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Iterated function systems with a weak separation condition
by

KA-SING LAU (Hong Kong) and
XIANG-YANG WANG (Hong Kong and Guang-Zhou)

Abstract. Nonoverlapping contractive self-similar iterated function systems (IFS)
have been studied in great detail via the open set condition. On the other hand much less
is known about IFS with overlaps. To deal with such systems, a weak separation condition
(WSC) has been introduced recently [LN1]; it is weaker than the open set condition and
it includes many important overlapping cases. This paper has two purposes. First, we
consider the class of self-similar measures generated by such IFS; we give a necessary and
sufficient condition for the self-similar measures to be absolutely continuous with respect
to Hausdorff measures. This extends a result in [LNR]. As most of the known examples of
the WSC involve algebraic integers (e.g., the golden ratio, integral dilation matrices) and
the contraction ratios are equal, our second goal is to give new examples of self-similar
IFS with the WSC and with more arbitrary contraction ratios.

1. Introduction. We call a family {5 }é\le of contractive maps on R?
an iterated function system (IFS). It is well known that there exists a unique
nonempty compact subset X C R? such that K = U;V:]L Sj(K). We call K
the tnvariant set or attractor of the IFS. Furthermore, if we associate with
the IFS a set {pj}é\[:l of probability weights, then there exists a unique
probability measure u supported by K and satisfying

N
(1.1) p(A) =Y pjuoS;(A)
j=1

for all Borel sets A C R? [Hut]. We call p the invariant measure of the IFS
with respect to the weights {p; }jvzl As is well known the invariant measure
is either continuously singular or absolutely continuous with respect to the
Lebesgue measure on R

In order to obtain sharp results on the invariant measures, it is often
assumed that the maps {5; }jvzl are similitudes. The corresponding K and p
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in (1.1) are called the self-similar set and self-similar measure respectively.
For the iteration, it is often assumed that the IFS satisfies the open set
condition (OSC), i.e., there exists a nonempty bounded open set O C R?
such that

N
Us;(0)co, S(0)ns;(0)=0 Vi
j=1

In this case the S;(K)’s are “essentially” disjoint. The advantage of this is
that the IF'S on the set K can be identified with the shift map (actually the
branches of the inverse of the shift map) on a symbolic space, and many
properties can be derived from there. Without the OSC, the S;(K)’s have
overlaps. The identification thus fails and it is more difficult to handle the
situation. For example, even the simplest case

Si(x) =rx, Si(z)=rz+(1-r),

with 1/2 <r < 1 and p, = %W o Sfl + %W o S;l, is not completely under-
stood. The measure p, is referred to as the Bernoulli convolution because
of its origin from the consideration of the discount sum » >, r"X,,, where
the X,,’s are i.i.d. Bernoulli random variables [E], [G]. This is the most basic
example for overlapping IFS; the details of this can be found in the excel-
lent survey article by Peres, Solomyak and Schlag [PSS] and the references
therein.

One direction to study the overlapping IFS is to use a density argument
on the parameters of the families of IFS ([PoSi], [S], [PS1,2], [PSiS]). In an-
other direction Lau and Ngai [LN1] introduced a weak separation condition
(WSC) which is weaker than the open set condition and includes many IFS
with overlaps; in particular the above case of Bernoulli convolution with
r = (v/5 — 1)/2 satisfies that condition. Under that condition the absolute
continuity of the self-similar measures was studied in [LNR], the general
mulitfractal structure was considered in [LN1] and many special cases have
been analyzed in detail in [LN2, 3], [FLN], [HL], [LW]. Note also that Zerner
[Z] gave a few equivalent definitions of the WSC. We will introduce another
equivalent definition which is most convenient for our purpose and it seems
to be adaptable to the nonlinear case.

Throughout the paper we assume that {Sj}j-v:l is an IFS of contrac-
tive similitudes on R? with contraction ratios 0 < rj < 1. Let X* =
U2 o{1,..., N}" be the space of finite sequences (by convention {1,..., N}°
=, Sy is the identity map, ry = 1 and py = 1). For J = j;...j, € X*,
let |J| = n denote the length of J, Sy =S 0...08;,,r;=rj ...rj, and
DJ = Pj; ---Pj,- For 0 < b <1, we let

jb:{J:jl...jnEE*:TJ§b<Tj1_.jn71}.
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Note that S; may be equal to S for some J # J'. We let
Ay ={S:5=5;,J €T}

In this way we can consider the distinct S’s in A, and each S has contraction
ratio around b. For S € A;, we denote by rg the contraction ratio of S.
Note that brmin < rg < b, where rpin = min{r; : j = 1,...,N}. Let
ps =>Aps:S; =25, J € Jp}. It is well known that the self-similar identity
(1.1) can be written as = » g 4, PSH© S-L.

We say that {Sj}é»v:l satisfies the weak separation condition (WSC) if

there exist ¥ > 0 and a compact subset D C R? with D° # () and
Ué\le S;(D) C D, such that for any 0 < b < 1 and = € R?,

(1.2) #{SeA,:xeS(D)} <n.

This definition yields a kind of finite covering at any point x by the S(D),
where S € A, and S(D) has diameter of the same order as b. It generalizes
the open set condition; it has also been used in [LNR] extensively as a major
property derived from the original definition of the WSC. In the following
we will see that they actually coincide through the equivalent conditions of
Zerner [Z]. Our main theorem is

THEOREM 1.1. Let {Sj}j-v:l be contractive similitudes satisfying the
WSC. Let K be the self-similar set and let p be the self-similar measure
defined by (1.1). Then p is singular with respect to HY|x (o = dimp K) if
and only if there exist b > 0 and S € Ay such that r§ < ps.

The theorem gives a very convenient criterion to check the singularity
of a self-similar measure under the WSC (see §4). In particular for o = d,
the theorem gives a necessary and sufficient condition for the absolute con-
tinuity with respect to the Lebesgue measure. For the WSC, there is no
formula for @ = dimyg K analogous to the one in the case of the open set
condition [F]. However, for certain classes (e.g., when the Sj_l’s are integral
self-similar maps), there are algorithms to calculate such o ([HeLR], [NWa]).
In the proof of the theorem, the more difficult part is the sufficiency; it has
been considered in [LNR] for the special case where 1y = ... = ry and
for the Lebesgue measure. Here we will adopt a similar method with some
modifications.

As an important consequence of the theorem we have

THEOREM 1.2. Under the above assumptions, if the self-similar measure
w is absolutely continuous with respect to H|k, then the Radon—Nikodym
deriative of 1 is bounded.

We remark that if we do not assume the WSC in Theorem 1.1, then
it is possible that the self-similar measure p is absolutely continuous and
the condition r¢ < pg is satisfied; there are examples among the Bernoulli
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convolutions [PS1]. However the corresponding Radon—Nikodym derivatives
are unbounded [HLW].

To the best of our knowledge, in most existing examples of WSC, the
maps are constructed using the integers or algebraic integers [LNR]; also
in all these cases, they have equal contraction ratios, or exponentially com-
mensurable at the best, i.e., there exists a constant 0 < p < 1 such that
rj = o" for some kj € N, j =1,...,N. It has been suggested that IFS’s
satisfying the WSC might just be like that. One of our main purposes in this
paper is to disprove this by constructing new examples of the WSC with
more general contraction ratios. For such IFS we also provide a calculation
of the dimension of the self-similar sets.

The organization of the paper is as follows. We begin in §2 with some
explanations of the new definition. We prove the two theorems in §3. In
84, we give some illustrations of the theorems and study in detail a new
class of IFS with the WSC. The last section is devoted to some remarks; in
particular we discuss the possible extension of the WSC to nonlinear maps.

2. Preliminaries. Throughout the paper we assume that the invariant
set K is in general position, i.e., K is not contained in a hyperplane, which
is needed in the proof of the equivalence of (ii), (iii) and (iv) in Proposition
2.1. We will use £ to denote the Lebesgue measure on R¢, E° the interior
of E, and |E| the diameter of E. Our first goal is to clarify the definition
of WSC in (1.2) in comparison with the previous considerations in [LN1],
[LNR] and [Z]. For any a > 0 and any bounded subsets U and D in R%, we
let

Aa,U,D = {S € Aa\U\ : S(D) nu 7& @}, Ya,D = Sl[}p #-Aa,U,D~

PROPOSITION 2.1. Let {S; }jvzl be contractive similutudes. Then the fol-
lowing are equivalent:

(i) there exist v € N and a compact subset D C RY with D° # () such

that #{S € Ay :x € S(D)} <~ for any 0 < b < 1 and z € R%;

(ii) there emist xg € R? and v € N such that for any J € X*, any ball of
radius b contains at most v points of {S(Sy(xzg)) : S € Ap};

(iii) there exist a > 0 and a nonempty bounded subset D C R? such that
Ya,D < OQ;

(iv) for any a > 0 and for any nonempty bounded subset D C R?
Ya,D < OO.

Proof. Note that (ii) is a simple variation of the original definition of the
WSC in [LN1]; the equivalence of (ii), (iii), (iv) was proved in [Z].

(i)=(iii). We first strengthen statement (i) slightly: there exists 4" such
that for any = € R?,



Tterated function systems 253

#{S € Ay : S(D)N By(x) #0} <4/,
where By(x) is the open ball with radius b and centered at z. Indeed, if we
let n = (1 +|D|)b, then S(D) C By(x). By (i), each point in D is covered
by at most vy of the S(D), S € A,. It follows that

> {L(S(D)): S € Ay, S(D) N By(w) # 0} < yL(By(x)).

Note that (rminb)?L(D) < r¢L(D) = L(S(D)) and L(B,(z)) = en? for
some constant ¢ > 0. Since D° # ) , we have £(D) > 0 and by letting
v =ye(1+ |D)4(rd. £L(D))~!, the above inequality implies the claim.
Now to prove (iii), we choose a = 1 and let D be as given in (i). Let U be
any bounded set, and let B be a ball of radius |U| and containing U. Then

{SEA‘U‘ :S(D)QU#Q}C{SEAHH : S(D)N B # 0}.

By applying the claim for b = |U|, we have v1 p = supy #A1.up <7'.
(iv)=(i). Let D be any fixed compact subset in R?. Then for any z € R¢
and 0 < b < 1,

#{S € A1z € S(D)} < #{S € Ay : S(D) N Byp(w) # 0}
< #A1B, j(x),0 < 71,0 < 00. m
The last proof actually yields

COROLLARY 2.2. Condition (i) is equivalent to: For any compact set D,
there exists vy (depending on D) such that #{S € Ay : © € S(D)} < v for
any 0 < b <1 and x € RY,

In view of this we see that the choice of D in the definition of weak
separation condition in (1.1) is quite flexible. We assume D to be compact,
D° # () and Uévzl S;(D) C D because this implies that the invariant set K
is contained in D.

An important consequence of the WSC is

PROPOSITION 2.3. Suppose {Sj}év:l satisfies the WSC and let o =
dimpg K. Then 0 < H*(K) < oo and there exists a constant C; > 0 such
that for any 0 < b < 1,

(2'1) #A, < Cib™ .

Proof. That 0 < H*(K) < oo is proved in [Z]. For (2.1), we adopt
a similar proof as in the last proposition. Note that for any 0 < b < 1,
K = J{S(K) : S € Ap}. By the definition of the WSC, we know that
K C D and each x € K is covered by at most 7 of the S(K) with S € Ay.
Hence
> HS(K)) < yH(K).

SeA,
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For each S € A, it is clear that rpnb < rg; hence (rminb)*H*(K) <
rgH*(K) = H*(S(K)). It follows that

(rminb)aHa(K)#-Ab < ’YHOC (K>
and by making use of 0 < HY(K) < oo, the assertion follows. m

PROPOSITION 2.4. Suppose {Sj}é.v:l satisfies the WSC. Then for any fi-
nite subset A C X*, the family {Sy : J € A} also satisfies the WSC.

Proof. We will first prove the proposition for the family {S12, 51, S, ..
..., Sn}. For convenience, we write Sy = Si2. Let J, and Aj be defined
with respect to the index set {0,1,..., N}.

Let J =j1...5k € J,. Then rj,_j, <b<rj. j.,. If jr #0, then it is
trivial that J € Jp; if jir = 0, then by noting that rq = r179, the inequality
Tjregp1T1T2 SO <Tj gy

implies that either

TjregpoaT1T2 SO <Tj gy r1 o or Ty 71 S b <Thg o,
i.e., either S € Ay or S = S oSy with S € Ap. Thus

Ag C Ay U Ay 0 Ss.

It follows that for any = € D,

#{Se A :xeS(D)} <#{Se€A:xeSD)}

+#H{S €Az € S05 (D)} <2y

(note that So(D) C D). Hence the proposition is true for A = {12,1,2,...
..., N}. By repeating this argument, we see that it is also true for A =

Ur_{1,..., N}*. The general statement follows by observing the trivial fact
that if an IFS satisfies the WSC, then so does any subfamily of the IFS. =

3. The theorems. We need to introduce more notations. Let 2* be the
space of finite indices as defined earlier and let X = {1,..., N}. For J € ¥*,
let C'y be the cylinder set in X' and for A € X* let Cy = |J{C : J € A}; for
JeX* let [J]={J € X¥*:S;=Sy}. Let P be the product probability
measure on Y induced by the weights {pj}j-V:l. For A C J, we will use the
abbreviated notation P(A) to denote P(C,). Let 7 be the projection of X
to R? defined by

(1) =) Sir.ga(K), T =jija...
n=1

Then 7(Cy) = S;(K). Note that = Pox~!. Hence if S = S, then

W(S(K)) = P(r'S(K)) = P({Cy: Sy =SP = 3 po.
J'el]]
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LEMMA 3.1. For A C Ty, let
/T:{Je/l- > Py > e },
€[JnA

where Cy is as in Proposition 2.3. Then P(A) > 1/2 implies that P(A) >
1/4.
Proof. By Proposition 2.3, we have #.A4, < C1b~. It follows that
PANA) =Y {ps: T e\ =>" 3 {py:J €4\ 4}
(7] J'elJ]
b~ 1
4Cy — 4
and P(A) = P(A) — P(A\A)>1/2—1/4=1/4. =

< HA -

Proof of Theorem 1.1. To prove the necessity, we suppose that y is sin-
gular with respect to H|x. Then there exists Ko C K such that u(Kp) =1
but H*(Kp) = 0. Thus for any € > 0, there exists a d-cover {U;} of Ky such
that ), |U;|* < e. Let b; = |U;|; then U; C By, (z;) := B;, where z; is any
fixed element in U;. Note that

i) = Z{psﬂ 0 S™HBy): S €Ay, S(K)N B; # 0}
< {ps: S €Ay, S(K)NB; #0}.

If the necessity is not true, then pg < rg < b for all S € Aj and all b > 0.
Hence the above inequality and Proposition 2.1(iv) imply that p(B;) < CbY
and

1 = u(Ko) <ZN <C’Zba<Ce

Since C' is independent of €, the right side can be arbitrarily small, which is
a contradiction.

For the sufficiency, the proof follows the same technique of [LNR], where
all the contraction ratios are equal and the singularity is with respect to the
Lebesgue measure. For completeness we include a modified proof here. Our
aim is to choose, for any ¢ > 0, a subset £ C K such that u(E) > 1/2 and
HY(E) < e. Without loss of generality we assume that b = 1 and p; > r{.
Otherwise, we can replace {5; } , with A, and rearrange the indices such
that S is the first map in A, and satisfies pg > rg.

Let g € N be such that

(e}

r q
401HY(K) (—1> <e,

b1
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where C is as in Lemma 3.1. Let A; = {1,..., N} and A = {jeA:p;j>
1/(4C1)}. Lemma 3.1 implies that P(A;) > 1/4.

Let n = r{. We extend the index j € A; to j1...1 € J,, and denote this
set by A7, i.e.,
A= {1 e gy e A}
(the construction of A} and Aj in the following makes use of the sufficient

condition r{* < p; and is the key step in the proof). Note that for j1" € 7,
we have rjrf <n=r{ < rjr?_l. It follows that n < ¢. Also

P(A}) > P(An)p] > 3pf
and for J € A} , p; > 1&p] > (r{/e)HY(K). If we let By = J{Ss(K) :
J € A7}, then
(3.1) HYE1) < r{"HY(EK) - #{S;: J € A7} <e Y pj < eP(A}).
JeAs

Suppose that for 1 < ¢ < k — 1 we have chosen A7 C jni, and F; =
U{Ss(K) : J € Af} such that

(i) C’A;k ﬂCA;f = for j < 1;
(i) P(4F) > 3o
(iii) H*(E;) < eP(AY).

If Zk ! P(A*) > 1/2, we stop the construction. Otherwise Zf;ll P(AY) <
1/2; we let J|,, denote the first n coordinates of J and define

k—1
Ak: {JEjnkfl J|l¢]L:JlA;,Z§ |J‘}7

~ a(k—l)
A = A /
k {JE ko Z pyr > 10 }7

JINAy,

Ar = {J1" e jnk e M}y, Ep=|J{Ss(K):J €A}

We need to show that these sets satisfy (i)-(iii). In fact Cxy N Cyy = 0 for
1 < i < k follows from the choice of A. For J1" € A}, a similar argument
to the one above shows that n < ¢. Hence (ii) is a direct consequence of
P(Ag) > 1/2, P(A},) > 1/4 and the construction of A (see the proof for the
case k = 1). The proof of (iii) is similar to (3.1).

In view of (ii), the process must stop at some finite step, say at k. Let
E =", Ei. We have

m(Car) = |J Su(K

JeA;
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This implies that =((J*_, C A:) = E and it follows that

k k
W(E) = P(rE) > P( U CA;> =3 P(Car) = %
=1 =1

On the other hand, (iii) implies that

k k
HYE) <> HY(Ei)<e) P(Car)<ce.

The singularity of u is proved. m

Proof of Theorem 1.2. Let v = H%|k and let f be the Radon—Nikodym
derivative of p with respect to v. Suppose f is unbounded. Then a density
theorem [M, §2.14] implies that for any M,c > 0, there exist x € K and
b > 0 such that

V({1 € K [(0) > M} Bal@) > v(Ba@)/2
Hence

W(Bal)= | FO)dvlt) 2 Mu({t € K : 1(t) > M} Ba(a)
Bcb(r)
> Mv(Bep(x))/2.

Let ¢ = | K| in the above inequality. Note that x € K = [J{S(K) : S € A},
and hence there exists S € Ay such that x € S(K). That |S(K)| =rg-|K| <
be implies that S(K) C Be(x). It follows that
(3.2) w(Bep(x)) > Mv(S(K))/2 > (rminb) *Mv(K)/2.
On the other hand,

p(Bep(r)) = > {pspo S (Ba(x)) : S € Ay, S(K) N Bey(x) # 0}
< {ps: S € Ay, S(K) N Bay(x) # 0}

By Proposition 2.1(iv), there are at most v terms in the last summation. We
choose M such that &, Mv(K)/2 > ~. Then (3.2) and the above inequality
imply that there exists S € A, such that ps > b* > rg. Now we consider
the family of maps A;. Proposition 2.4 implies that it satisfies the WSC.

The measure ;. can be expressed as
p=> pspoS,
SeA,
i.e., p is a self-similar measure with respect to Ap. It follows from Theorem
1.1 that p is singular with respect to v, a contradiction. =

We remark that in Theorem 1.1, the assumption that {Sj}é-v:l satis-
fies the WSC is essential. For the Bernoulli convolution as defined in §1
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(with weights p, 1 — p instead), Peres and Solomyak [PS1] proved that if p €
[1/3,2/3], then p is absolutely continuous for almost all r € [pP(1—p)' =7, 1].
Note that (1/3)Y/3(2/3)%/3 ~ 0.5291 < 2/3. Hence if we take 7 and p such
that 22/3/3 < r < p = 2/3, we see that there are ju, absolutely continu-
ous with respect to the Lebesgue measure. Theorem 1.1 does not apply to
these .

Furthermore, it was proved in [HLW] that if {5} }é\;l satisfies rg < pg for
some S and is absolutely continuous with respect to the Lebesgue measure
(note that {.S; }évzl cannot satisfy the WSC in view of Theorem 1.1), then the
Radon—Nikodym derivative is unbounded. In particular the above example
of u, has unbounded derivatives.

It is also interesting to know that if the self-similar measure u is ab-
solutely continuous with respect to H%|x, then the two measures must be
equivalent, regardless of whether {S; }é\;l satisfy the WSC or not ([HLW],
[MSi]).

It is well known that if the IFS satisfies the OSC then the Hausdorff
dimension of K satisfies Zjvzl ri = 1. The set of probability weights p; = T
is called the natural weight of the IFS and the corresponding self-similar
measure is CH*|x with the constant C' = 1/H*(K). By using Theorem 1.1,
we can prove the following.

COROLLARY 3.2. Suppose {Sj}é»v:l satisfies the OSC and K is the self-
similar set. Then the self-similar measure p in (1.1) is absolutely continuous
with respect to H*|k (a = dimy K) if and only if the weights p; are rf,
j=1,...,N.

Proof. To prove the sufficiency, we observe that the OSC implies that
Sy # Sy for any distinct J, J' € J,. Hence for each S € J,, S = S for a
unique J. The assumption p; = r§' implies that pg = p; = rj = rg for all
S € Ay, b > 0. Theorem 1.1 implies that p is absolutely continuous with
respect to HY| k.

For the necessity, if 1 is absolutely continuous with respect to H®|g, then
Theorem 1.1 implies that p; < rjc-“, j=1,...,N. It follows from Zj-vzlpj =

S r¢=1thatp;=r%forallj=1,...,N.u

We can also apply the theorem to the dilation equation in wavelet theory
[DL].

COROLLARY 3.3. Consider the dilation equation
N
(33) f@)=) ¢fz—j), z€R,
§=0

with ¢; > 0 and Zj coj = Zj c2j+1 = 1. Then (3.3) has a bounded solution.
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Proof. We reformulate the equation as follows: Let S;(z) = %(:H—j), pj =
¢j/2,j=0,1,...,N. Then {p; ;VZO satisfies ijzj = ij2j+1 = 1/2. Let
u be the corresponding self-similar measure defined by p = Z;V:O Djjo S;l.
It is clear that if p is absolutely continuous with respect to the Lebesgue
measure, then the Radon-Nikodym derivative is the solution of (3.3).

It is easy to see that {Sj}?]:l satisfies the WSC [LNR]. To prove the
absolute continuity, we iterate the self-similar identity for p n times to get

N/
p=2 wpe
=0

where Tj(z) =2""(z+j), 7 =0,1,...,N and N’ = (2" — 1)N. It follows
that {w; }é\[:/o satisfies the summing rule

Wanj = wonj41 = ... = Wanjpon_1 = 2
J J J

(wj = 0 for j # 0,1,...,N’), which implies that w; < 27" for all j =
0,1,..., N’. Theorem 1.1 implies that the above p is absolutely continuous
with respect to the Lebesgue measure, and Theorem 1.2 implies that the
derivative f must be bounded. u

It is interesting to see whether the f in the above corollary will be con-
tinuous. The reader can refer to [Wa] for more detail. We further remark
that Corollary 3.3 still holds if we replace the scale “2” by any 2 < ¢ € N
and modify the summing rule in an obvious way.

4. Examples. In this section, we will use some examples to demonstrate
the two theorems in the last section. We also give a new class of IFS with
more arbitrary contraction ratios and which satisfy the WSC.

EXAMPLE 4.1. Let r = (v/5 — 1)/2 be the golden ratio and let S1(z) =
ra, So(x) = re+1—r. Then the IFS satisfies the WSC [LN1]. For 0 < p < 1,
let ji,-5 be the self-similar measure defined by the weights p and 1 —p. Then
lrp is singular with respect to the Lebesgue measure.

Proof. We consider three cases:

(i) p<1—ror p>r. Then Theorem 1.1 implies that ., is singular.

(ii) 1 —r < p < r. Note that Sigo(x) = So11(z) = 73z + 72, and the

corresponding weight satisfies p(1 — p)? + p*(1 — p) = p(1 — p) > 3. Again
Theorem 1.1 implies that j,, is singular.

(iii) p=1—r. Note that S21211(-T) = Sgllgg(x) = 512222(33) =rdr+rt+

r? € A,s with weight p?(1 — p)2 + p?(1 — p)® + p(1 — p)* = 2r6 > ¢5; by

symmetry, the same is true for p = r. Hence p,, is singular forp =7, 1—7r. =
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For p =1/2, 4 /2 is the well known singular case of a Bernoulli convo-
lution [E]. The example is also true for 7—! being a Pisot number; it is well
known for p = 1/2, and for 0 < p < 1 it has been proved in [LNR] using a
Fourier transform argument.

ExAMPLE 4.2. For 0 < r <1, let
Si(xz)=rx, Se(z)=rx+r, Si3(x)=rz+l.

This family satisfies the WSC [LNR] and o = dimyg K = —log (%) /logr
[NWa]. It is interesting to observe that for any weights {pj}§:17 the self-
similar measure is singular with respect to H%|x.

Proof. We consider three cases:

(i) If p1 > r* = (3 — v/5)/2, then Theorem 1.1 implies that j is singular
with respect to H%|.

(i) If v/5 — 2 < p1 < (3 —V/5)/2, we notice that So; = S13 := S € A,
where b = 72, and pg = pap1 + p1ps = p1(1 — p1) > b*. The same reasoning
as above shows that p is singular.

(iii) If p1 < v/5 —2, then py +p3 = 1 —p; > 3 — /5 = 2r. It follows
that either py > r® or p3 > r®. Once again Theorem 1.1 implies that p is
singular. =

EXAMPLE 4.3. Let Si(z) = rz, So(z) = rex+1—r9, with0 < ry,79 < 1
and 1 + 7o < 1. It is clear that {S, Sy} satisfies the OSC. Consider the

family {5} }3?:1, where S3 = Sqo. It is obvious that the two IFS have the same
invariant set K; Proposition 2.4 implies that {S; }5?:1 satisfies the WSC.

We claim that the self-similar measure p associated with the {S; }?:1 is
absolutely continuous with respect to HY| g (o = dimpg K) if and only if
p1 =r{, p2 = r§ and p3 = 0.

Proof. The sufficiency is clear. To prove the necessity, we conclude from
Theorem 1.1 that p; < r{ and ps < r§. By applying the self-similar identity
3 Z
W= ijlpj,uo Sj Lto S1(K), we get

3
p=p1( Do pino Sy o STH) +papo S5t + papo Sy
j=1

Noting that S;l o Sfl = Sfjl and S3 = Si2, we have

p=pipo Syt + (p1p2 + 3o Syt + pipsp oS3t + papo Syt

Proposition 2.4 implies that {511, 53, S13, 52} satisfies the WSC; the abso-
lute continuity of u and Theorem 1.1 hence imply that

pip2 + p3 < (r1m2)”.
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On the other hand, we recall that S1, S satisfies the OSC and r{* +r§ = 1.
Hence
pp2+ps=pp2+1—pr—p2=1—-p1)(1—p2)
> (L=r)(1—r3) = (rir2)™.
This implies that p1 =7, p2 =75, p3 =0. =
So far all the known nontrivial examples of IFS {5 };VZI with the WSC

have the following property: there exists a constant r such that r; = ri for
Jj=1,...,N, where k; € N and r; is the contraction ratio of S;. Example
4.3 is not of this kind as long as logr;/logre is irrational, but it is more or
less a consequence of the OSC. In the rest of this section, we will give a new
class of examples of IFS with quite arbitrary contraction ratios.

PROPOSITION 4.4. Let
(4.1) Si(x) = oz, Sa(x)=rx+o(l-7r), Ss(z)=rz+1-r

with0< o<1, 0<r<1lando+2r—ro<1. Then {Sj}§:1 satisfies the
WSC.

For convenience, we will denote by r; the contraction ratio of Sj, i.e.,
r1 = o, r9 = r3 = r. We will prove the proposition after a series of lemmas.
First it is straightforward to check

LEMMA 4.5. Let {S; }?:1 be as in Proposition 4.4. Then

(1) 0= 51(0) < S2(0) < S1(1) < Sa(1) < S3(0) < S3(1) =1.
(ii) Sig6 = Sory for any k € N.

It follows from (ii) that the IF'S will not satisfy the OSC.

0 o(l —7) r+o(l—r) 1

4 1-—
s/ "
SQ SS

Fig. 4.1. The IFS in Proposition 4.4

Let ¥* = |52 ({1,2,3}". By convention we let {1,2,3}% := 0, j° = 0,
0J = J0; Sy = identity map, rg = 1. Let

X' ={J € X* : no segment of J is 21}.

Then {Sy:J € X*} = {S; : J € X'}. This follows from Lemma 4.5(ii) by
replacing the segments 2¥1 in the index J with 13*. Let

=X"N0T T ={J21eFy:JeX}.
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Recall that A, = {S : S = Sy, J € Jp}, which means the set of distinct
Sy, J € Jp. Let A} and Aj be defined similarly with respect to 7, and J;".

LEMMA 4.6. With the above notations:

() if 0> 1, then Ay = A
(ii) if o < r, then Ay = Ay U A},

Proof. The relation of A, and Aj is obtained from replacing segments
of 21 in the index with 13.

Let J = J2*1 where the last entry of J is not 2. We replace all the 21
in J by 13 and obtain J’ = J13*, J € ¥’. By Lemma 4.5(ii), Sy = Sy, and
hence 7; = rp. In case (i), J € J, implies J' € J, because for o > r (i.e.,
r > 7’2),

ry S b < T‘j2k = T S b < leBk_l.

In case (ii), we note that .., < b may happen so that J' ¢ J;. In this
case we keep the last pair of 21 unchanged and only replace the preceding

21 with 13. This is the set 7,". =

We consider the lexicographic order < on X*; for the subsets of X*, we
will use the induced order. For a subset A C X* and J € A we say that
J* € A is (right) adjacent to J in A if J < J* and there is no J € A such

that J < J < J*. In the following we will identify the adjacent elements in
Jy and J} separately. Let ; = S;(0) and y; = S;(1).

LEMMA 4.7. Assume that J* is adjacent to J in J.

() If J = J'1, then J* = J'2! for somel > 1, and xj < xj« < yj < yj*.
(it) If J = J'2, then J* = J'3 and xj < yj < zj« < yj=.
(iii) If J = J'13%, k> 1, then J* = J'2! for some 1 >k, and x5 < xj+ <
Ys <Yy
(iv) If J = J'23%, k> 1, then J* = J'31! for somel > 1, and x5 < y; <
Ty < Yj*.
Proof. We only prove (i); the other cases can be proved similarly. First

we note that J'1.J & J/ for any J # (, i.e., we cannot add any more indices
to J'1 to be in J/. That J € J; implies that

rpry <b<rjp.

By the lexicographic order in 7y, and since the adjacent element J* € J/
cannot contain segment 21, the only choice is that J* = J'2! with

rjlré <b< TJ/Tl2_1.
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For the last part of the statement, we make use of Lemma 4.5 to get
xg=Sy1(0)=5S,;(0) < SJ/Ql(O) =T j*,
T jx = SJ/QI(O) = SJ/QII(O) = SJ/13l (O) < SJ/13Z(1) = SJ/l(]-) =YJ,
ys = Syg(1) = Sy (1) < Syp(l) =y« u

Similarly, for the set J;, we have

LEMMA 4.8. Assume that o < r and J* is adjacent to J in J'.

(i) If J = J'121, then either (a) J* = J'1221 or (b) J* = J'221.

(ii) If J = J'221, then either (a) J* = J'231 or (b) J* = J'321.

(iii) If J = J'13%21, k > 1, then either (a) J* = J'13¥221 or (b) J* =
Jl2k+11_

(iv) If J = J'23%21, k > 1, then either (a) J* = J'23%221 or (b) J* =
J'31121 for some | > 0.

Furthermore, in case (a), we have |J| < |J*| and x5 < xj« < yj = Yj=;
in case (b), we have vy < yj < T < Yj*.

Proof. We only prove (i). It is straightforward to check that if J =
J'121 € g, then J'1J21 ¢ 7, where J € X' contains coordinate 1. For
o <r (ie.,r; <ry),the assumption J = J'121 € 7, implies that r jy17or <
b<ryre. If

lelrg’l“l <b< TJ/17"§7
then the adjacent index is J* = J'1221; otherwise,

TJ/T%Tl <b< 'I"Jl'l"%,
and J* = J'221. The proof for the rest of the statement is similar to the
corresponding part of Lemma 4.7. =

Proof of Proposition 4.4. Let D = [0,1]. Then U?:l Sj(D) € D. We
consider two cases:

(i) If o > r, then by Lemma 4.6, A, = Ay = {S; : J € J}. We rearrange
Ty ={Ji:i=1,2,...,m} so that J; < Ji11 and claim that

S;,(D)N Sy, . (D)=0 foralliandk > 3.
To see this, we consider J; = J1,J2,J13% J23% k > 1 as in Lemma 4.7.
For each case, we can use the last assertion of Lemma 4.7 to check that

vy, < xj,,, and the claim follows. The claim also implies that S (D) N
S, (D) =0 for all i and k > 3. Hence we conclude that

#{Sec Ay :xzecSD)}<5 foranyzecRY
ie., {S; }?:1 satisfies the WSC with D = [0,1] and v = 5.
(ii) If o < r, then by Lemma 4.6, Ay, = {S;: J € J/U J/'}. By what we
have just proved, #{S;:x € S;(D), J € J,} <5 for each x € D.
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On J/', we let M > 0 be such that 3’ < ry and we claim that
S;,(D)N Sy, . (D)=10 for any i and for k > M.

If this were not true, then part (b) in the last assertion of Lemma 4.8 cannot
hold. Hence only part (a) holds; we have y5, =y, ., = ... = yJ,,,,,» and the
expression for J* implies that
TJiins < ryrdt < bry.
This contradicts the fact that J;1a € J;' and proves the claim. It follows
that
#{S:xeSD),SeA}<2M—1 for any z € R%.

Combining this with the above statement for J € Jb’, we see that each

r € R? is covered by at most v = 2(M + 2) of the S(D), S € A;. This
proves that {5 }?:1 satisfies the WSC. u

PROPOSITION 4.9. Let {Sj}g?:l be the IF'S in Proposition 4.4. Then the
Hausdorff dimension a of the invariant set K is given by

(4.2) 0%+ 2r% — (or)* = 1.
Moreover, the self-similar measure defined by this IFS is singular with re-

spect to H|k .

REMARK. For the case @ = 1, K = [0, 1]; it is interesting to note that
all the singular measures induced by this IFS are singular with respect to
the Lebesgue measure.

Proof. The proof makes use of an idea in [H|. Let K be the invariant set
of the IFS. Then K = U?Zl S;(K). By applying the set identity to Si(K)
and S3(K) and noting that S13 = Sa;1, we have

2
K = ( U sij(K)) U Sa3(K) U S3(K).

ij=1

Inductively,

K= ( U SJ(K)) U (O U SJ23(K)) U S3(K),

| T|=n+2 i=0|J|=i

where J € [ J;7 ({1,2}". Letting n — oo, we have

o0

(4.3) K =100 (|J U Ssms(8)) USs(K),

=0 |J|=i

where Ko = (o2 U{Ss(K) : J € {1,2}"}.
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We claim that the sets in the family

B = {SJ23(K) e {1,2}"} U {S5(K)}
n=0

are pairwise disjoint except possibly for only one point, i.e., for any A, B € B,
AN B contains at most one point.

To see this, first we note that max{Si(1),S2(1)} < S3(0), and hence
if A or B is S3(K), then the claim holds. Secondly, it is easy to prove by
induction that

(4.4) Sjl~--jn23<1) < SQQ(l) (S SQg(O)), Jls---yJn € {1,2}, n > 1.

It follows that the claim holds if A or B is S23(K). Now we need only prove
the claim for the subfamily

B, = {sJ23(K) Je 6{1,2}”}.

Let Ji,J2 € Une1{1,2}", Ji # Jo. Without loss of generality, we assume
that |J;| < |J2|. Then there are two possible cases:

(a) Jo = J1J' for some |J/| > 1;
(b) Ji = J*iJ] and Jp = J*jJ; for some J*, J{, Jy € U, o{1,2}" and
i j.
In case (a), by making use of (4.4), we have

S1,23(1) = Syy023(1) < Spp02(1) < Spy23(0).
It follows that Sj,23(K) N Sy 23(K) contains at most one point.

In case (b), let D = [0, 1—7r]. We note that S3(K) C D, U?:1 S;(D)cC D
and S1(D) N Sy(D) = {o(1 —r)}. Hence

Sp23(K) N Sppe3(K) C Sy (D) NSy, (D) C Sy+i(D) N Sy+(D)
= {Sy-(o(1 =7))}.
This yields the claim.

Now we will prove that H*(Ky) = 0, where o = dimyg K. We observe
that Ky is the invariant set of S1, S5. The family satisfies the OSC as o+1 <
0+ 2r —rp < 1. Hence dimyg Ky = a1, where

0™ 4+ =

On the other hand, the disjointness of the sets in (4.3) (except Ky) implies

(4.5) HAK) > (ra 305 (15 T € {1, 2}%‘})7{&(1@.
=0
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Since 0 < H*(K) < oo (Proposition 2.3), we can reduce the above inequality
to 1> r® + 2932 (0% + r®)" (note that ry = g, 72 = r3 =), so that

(4.6) 0% +2r* — (or)* < 1.

Hence o 4+ r* < 1 and comparing it with the equation for «, we see that
a1 < «. This implies that H*(Kp) = 0. It follows that (4.5) is an equality
and so is (4.6).

The last assertion follows from a similar argument to that in Examples
4.1 and 4.2. Let u be the self-similar measure corresponding to the weights
{p; };3»:1. We consider three cases:

(i) If p1 > 0“, then Theorem 1.1 implies that p is singular.

(ii) If 1 —2r* < py < p%, then we iterate the identity u = Z?Zl pjuon_l
to get u = Zg’,j:l pijuoSigl. Let S = S13 = S21. Then we have rg = rp and
ps = p13 + p21 = p1(1 — p1) > rg. Proposition 2.4 and Theorem 1.1 imply
that p is singular.

(iii) If p1 < 1 — 2r®, then po + p3 = 1 — p1 > 2r®. Hence pa > r® or
p3 > r®, and p is singular. =

5. Remarks. In both of the main theorems, the results depend a priori
on the Hausdorff dimension « of the invariant set K. Unlike the OSC, there
is no explicit formula for dimp K under the WSC. In [HeLR], He et al.
consider IFS of the form Sj(xz) = A~ (z + d;), where A is an integral self-
similar matrix and is expanding (i.e., all eigenvalues have modulus > 1)
and d; € Z%. By using a graph-directed system, they gave an algorithm
to calculate the dimension of K or the dimension of the boundary of K if
K° # (). There are also other approaches to the problem [DV], [NWa]. In all
these cases, the maps are assumed to have the same matrices. There is no
complete solution for the IFS with the WSC yet. We also remark that for
the above similitudes Sj(x) = A~1(z + d;), the absolute continuity of x can
be reduced to finding the eigenvalue of a “transition” matrix constructed
from the weights {p; é\;l [LNR].

An interesting question is whether the WSC can be extended to a self-
conformal family {Sj}é\le (i-e., the derivative S%(z) is a self-similar matrix
for x in a suitable domain). Our definition of WSC can be applied directly
to such maps. The main problem is whether there are sufficiently many non-
trivial examples (other than the affine maps and those that satisfy the OSC).
We have found such an example by modifying the one in Proposition 4.4:

Si(z) = oz, Sa(z)= ax® +rz + o(1—o0a—r),
S3 = gax?® +rz+ (1 — pa — 1),

where 0 < 0,7 < 1,a > 0,2a+7 < 1 and o+2r — or + (1 + 0+ 0%)a < 1. The
proof is similar to Proposition 4.4 but a little more complicated. We can
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also prove that Theorems 1.1 and 1.2 hold for IFS of self-conformal maps
with WSC. The details will appear elsewhere.
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