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Abstract

We study shift-generated finite conformal constructions; i.e. confor-
mal constructions generated by a general shift (shift of finite type, sofic
shift and non-sofic shift alike) over a finite alphabet. These construc-
tions are not restricted to shifts of finite type or sofic shifts as in the
classical limit set constructions. In particular, we prove that the limit
sets of such constructions satisfy Bowen’s formula, which gives the Haus-
dorff dimension of the limit set as the zero of the topological pressure.
We look at several examples, including a one-dimensional construction
generated by the so-called context-free shift.

1 Introduction

Finite iterated functions systems (IF'Ss) have been studied for more than 30
years now (among others, see [6, 2], as well as the textbooks [4, 1]). Of major
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interest is their limit set and its Hausdorff dimension. Bowen’s formula char-
acterizes the Hausdorff dimension of the limit set as the zero of the topological
pressure function of the system (in a more general context, see also [3]).

Finite IF'Ss are generated by a full shift over a finite alphabet. Systems gen-
erated by subshifts of finite type were later studied (for instance, see [13, 14]).
These systems are nowadays called graph directed Markov systems (GDMSs)
and have even been examined when generated by countably infinite alphabets
(see [9, 10, 16, 12]). It turns out that Bowen’s formula holds for every finite
conformal GDMS (see [5]). However, there are many IFS- or GDMS-like con-
structions that are generated by subshifts which are not of finite type. An
example is given in this paper of a construction generated by the context free
shift (cf. section 4). In this case, the underlying space of the construction is
neither of finite type nor sofic (see [7] for a general presentation of shifts).

In section 2 we give a general overview of shift-generated constructions
that are just an extension of the standard IFSs to the case where a full shift
is replaced by a subshift. In section 3 we first define the topological pressure
function for such a construction. Then we prove Bowen’s formula by construct-
ing a measure on the symbolic space and pushing it downwards to the phase
space. The fact that the shift space is compact permits such a construction.
Many techniques from the theory of IFSs and GDMSs will be used as well as
many results previously proven. Finally, in section 4 we look at several exam-
ples including the one-dimensional conformal construction generated by the
context-free shift. In the particular case where the generators are similarities,
the topological pressure function of the construction is closely related to the
topological entropy of the context-free shift, and thus the Hausdorff dimension
of the limit set of the induced constructions can be expressed in terms of the
topological entropy of the context-free shift.

2 Preliminaries

Let E be a finite set with at least two elements. Let A be a subshift of the
(one-sided) full shift E*° on E. This is equivalent to A being shift invariant
and closed, and therefore compact. Every w € A is said to be an infinite
admissible word. Let B,,(A) be the set of all subwords of length n > 1 that
appear in words of A. Hence B,,(A) contains all the admissible words (a.k.a.
blocks) of length n. Let B(A) = U,,>18,(A) be the set of all finite admissible
blocks. For every w € B(A), we denote by |w| the length of w. For every
we B(A)UA and 1 <n < |w|, we denote by w|, the word wiws . ..wy,.

Let X be a non-empty compact metric space. A construction generated by
the subshift A is based upon a set of generators ® = {, : X — X }ccp, where
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the ¢.’s are one-to-one contractions and the X.’s are non-empty compact
subsets of X such that ¢(Xs) C X, whenever ef € By(A). Let 0 < s <1 be
such that all these generators have a contraction ratio that does not exceed s.
For every w € B(A), set X, = X, and

Yot Xy = X, Puw = Puy ©Puwy © - O Py, -

Given w € A, the compact sets ¢, (X,,), n > 1, are decreasing and their
diameters converge to zero. More precisely,

diam (¢, (Xy,)) < s"diam(X).
This implies that the set

M eol (Xup,)

n>1
is a singleton. We define the coding map = : A — X by
{r(@)} = [ Pl (Xu,)
n>1

and by
Ja =7(A4)

the limit set associated to the construction generated by A.

We call a shift-generated construction conformal if the following conditions
are satisfied:

(1) X, is a connected compact subset of a Euclidean space R? and X, =
Intga(X,) for every e € E, where d is common to all e.

(2) (Open Set Condition (OSC)) For every e, f € E, e # f,

pe(Int(Xe)) N y(Int(Xy)) = 0.

(3) Forevery f € E, there exists a connected open set Wy with X; C Wy C R4
so that the map ¢ extends to a C! conformal diffeomorphism of W into

N w.

ecE:efeBa(A)
(4) There are two constants L > 1 and a > 0 so that
llpe(@)] = lee@)I| < Lll(ee) M- o —y|*

for every e € E and for every pair of points z,y € W, where |¢/,(x)| represents
the norm of the derivative.
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Remark 1. Ifd > 2 and a construction satisfies conditions (1) and (3), then
it also satisfies condition (4) with o = 1 according to Proposition 4.2.1 in [11].

As a straightforward consequence of (4) we get the following:

(4) (Bounded Distortion Property (BDP)) There exists K > 1 such that
for all w € B(A) and for all z,y € W,,,

len, ()] < Kl ()]

We shall now list some basic geometric consequences of conditions (1)—
(4"). They directly extend the properties found on pages 73 and 74 of [11].
We included their proofs for the sake of completeness.

We first obtain a metric upper bound on the size of the image of any
convex set, as well as a set-theoretic upper bound on the image of any ball.
For every w € B(A), set |l = [, x, = sup,ex. [¢L(2)] and [l ]lw, =
sup, iy, [, (@),

Lemma 2. For all w € B(A) and all conver subsets C' of W,
diam(pw(C)) < [l llw, diam(C) < K||¢, || diam(C). (1)

Moreover, for allw € B(A), all z € X, and all radii 0 < r < dist(X,,, 0W,,),

vu(B(z,1)) € Blyw(@),rll¢Lllw.,) € B(pw(z), Krlle,l). (2)
PrROOF. These results are simple consequences of the Mean Value Inequality
and BDP. O

We now give an upper bound on the size of the images of the sets Xe.

Lemma 3. For each 0 <r < min{dist(X.,0W,) : e € E}, there is a constant
D = D(r) > 1 such that

diam(pu(B(Xo,7))) < Dll¢,lw, < KD|¢ll, Yw € B(A). (3)
In particular, there exists D = D(0) > 1 such that
diam(p(X.)) < Dlle,lw, < KD|gLl, Yo € B(A). (4)

PROOF. Take 0 < r < A := min{dist(X.,0W,) : e € E} and let v’ = A —r.
Then ¢¢(B(Xys,1)) C B(Xe,sr) for all ef € By(A), which implies that we

may take B(X.,r) as W, for all e € E. Since the set B(X,,r) is compact and
connected, we may cover it by a finite chain of balls B(zl,r’),..., B(z4,r")
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with centers zl,..., 2% in B(X,,r); i.e. B(z!,r") N Bzttt r") # 0 for each
1<i<gqand|J_, B(zi,r") O X.. Using (1), we then conclude that

diam (¢u(B(Xw, 7)) < dallgllw.2r" < Dljglllw.,
for all w € B(A), where D = 2Aq. O

We shall now obtain lower bounds. First, we establish the counterpart
of (2).
Lemma 4. For allw € B(A), allx € X, and all 0 < r < dist(X,,,0W,,),

¢u(B(z,7)) 2 B(pu(x), K~ 'rll¢lllw.,)- ()
PRrOOF. First, using BDP observe that for any w € B(A) and z € W,
_ -1 _ _
(051 (2] = (05 (0ul2) | = lel(2)] = K e, .
So
1) Nlow ey < KNl - (6)

Now, fix w, = and r as in the statement. Let R > 0 be the maximal radius
such that
(@,7)). (7)

B(pu(2), ) C pu(B
) # ), and in view of the Mean Value

Then 0(B(pw (), R)) N d(pw(B(
Inequality and (6), we have

¢, (B(ew(z),R)) € B(z,RIl(¢5") lpow.)) € Bz, KR|,lw.,),

which implies that B(g, (), R) C ¢, (B(z, KR||¢.,|lw,)). It ensues from the
openness of map ¢,, that KR||g0L,||§V1w > r. Using (7), we finally obtain (5). O

We shall now prove the counterpart of (4).
Lemma 5. There exists a constant D > 1 such that
diam(p,(Xy)) = D7 @ llw,, Yw € B(A). (8)

PROOF. Let A = dist(X,,,0W,). Fixz € X, andy € (X,\{z})NB(z, K *A).
For every w € B(A) we have by (5) that

Pu(B(z,A)) 2 B(puw(x), K Al lw,),

while we have by (2) that

¢ (y) € B(pu(z), K~ Al llw,)-
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Applying the Mean Value Inequality to ¢ ! restricted to the convex set
B(pu(z), K~'All¢l|lw,,) followed by (6), we obtain

ly — 2| = log (vu(®) — 05" (vu())]
<" lpo W lw () — u()|
< KL It [ew(y) — pu(@)].

Thus,
diam (g (Xw)) > |¢w(y) — pu()] > K_1||§0£;||Ww|y —xl.

O

Finally, we make a simple geometric observation which follows from the

OSC.

Lemma 6. For all 0 < k1 < kg < 00, all > 0 and all x € X, the cardinality
of any collection of mutually incomparable words w € B(A) that satisfy the
conditions

0w(Xy) N B(z,r) #0

and

k1r < diam(p, (X)) < Kar
is bounded above by the number
(1 + k2) KD(RK1) ™),

where R is the minimum between the radius of the largest ball that can be
inscribed in all the sets X, and min{dist(X.,0W,) : e € E}.

PROOF. Let Vg = Ag(B(0,1)) be the Lebesgue measure of the unit ball in
Re Fix 0 < k1 < kg < 0o, 7 > 0 and z € X. Let W be a collection of
incomparable words as described in the statement. Then for every w € W, we
have

Yu(Xw) € B(z,r + diam(py,(Xw))) € B(z, (1 + k2)r).

Since all the sets {p,, (Int(X,))}wew are mutually disjoint by the OSC, us-
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ing (5) and (4) successively we obtain that
(1+r2)r?Vy = Xa(B(z, (1+ k2)r))
MU we(mt(X.)

weW

Z Ad (@w (Int(Xw)))

wew

Z Ad (Spw(B(x’ R)))

wew

3" Ma(B(puw(@), K R lw.))
weWw

> Xi(B(pu(x), K~'RD™ diam(p.(X.,))))
wew

> Aa(B(pu(), (KD) ' Rrar))
weWw
= #W((KD) 'Rrir)%V,.

v

Y

%

%

v

Hence
#W < ((1+ r2)(KD)(Rr1) ™).

3 Bowen’s formula for finite conformal constructions

Next, we define the topological pressure function which will play a central role
in studying shift-generated conformal constructions.

Given t > 0 and n > 1, we denote the nth-level partition function Z, 4(t)
by

Znat)= D lebll"

weB,(A)

For every t > 0, the sequence (Z, (t))n>1 is submultiplicative and thus we
can define the topological pressure function P4(t) of the construction by

1 1
Pa(t) = lim —log Z, a(t) = TlLI;f; - log Z,, a(t).

n—oo N

The topological pressure function P4 : [0,00) — R is strictly decreasing to
negative infinity, convex and hence continuous. Indeed, the strictly decreasing



106 E. A. GHENCIU AND M. Roy

behavior of the pressure can be more precisely described as follows. Let 0 <
t1 < to. Then Z, a(t2) < s”(t?_tl)Zn)A(tl) for all n > 1. Therefore Py(t2) <
(ta—t1)log s+ Pa(t1). The convexity of the pressure follows from the convexity
of its partition functions Z,, 4. The continuity is a direct consequence of the
convexity.

Let h be the unique zero of the topological pressure function. The following
proposition affirms that the Hausdorff dimension of the limit set is less than
or equal to that zero.

Proposition 7. Let ® be a finite conformal construction generated by a sub-
shift A, and let h be the zero of its topological pressure function. Then

HD(J4) < h,

where HD(J4) is the Hausdorff dimension of the limit set Ja. In particular,
if h =0, then HD(J4) = h = 0.

PROOF. Let ¢ > h. Then Ps(t) < 0. Using (4), for every sufficiently large
n > 1, we get that

3 [diam(pu (X)) < (D) N el )t < (KD)ernPa®),
weB,(A) w€eB,(A)

Since the families {¢., (X )}wes, (4), > 1, are covers of J4 whose diameters
tend to 0 as n — oo, we conclude that H'(J4) = 0, where H' represents the
t-dimensional Hausdorff measure. Thus, HD(J4) < ¢ and since ¢ > h was
arbitrarily chosen, we conclude that HD(J4) < h. O

Proposition 8. Let ® be a finite conformal construction generated by a sub-
shift A, and let h be the zero of its pressure function. There exists a constant
S > 1 so that for each 0 <t < h there exists a Borel probability measure p on
A such that

p(w)) < Sllell's YV we B(A).

PROOF. Assume momentarily that A > 0. Fix 0 < ¢t < h. For every k > 1
and every w € By (A), choose an arbitrary (, € [w] and thereafter define

ZweBk(A) 1L 1%0e.,
Zy A(t)

for every Borel subset B of A, where d¢ is the Dirac measure concentrated at
(. In particular,

pu(B) =

[
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for every w € Bp(A). Since t < h, we know that P4(t) > 0 and hence
Supy>1 Zk,a(t) = oo. Thus, there exists a strictly increasing subsequence
(k;);j>1 of natural numbers so that for every j > 1 and for every 1 < p < k;,

Zi, a(t) > Zy a(L).

Since F is finite, the sets E*° and A are compact and therefore the sequence
(pr,)j>1 has a convergent subsequence in the weak® topology. Without loss
of generality, we may denote such a subsequence by the same notation as the
sequence itself and let u be its weak* limit. Let n > 1 and w € B,,(A). Choose
j so that k; > n. We then have

() = (U wal)= Y g (wal)

aEBkj—n(A) aEBkj—n(A)
 Seeso WAL gat)
= ij,A(t) - @w ij,A(t) — gpw :

Since [w] is clopen, we deduce from the Portmanteau theorem that

p((w]) < Nl 11"

If t = h (whether h = 0 or not), a dichotomy exists: either sup,~q Zx, a(h) = 0o
or supys Zx,a(h) < co. In the former case, the above argument applies. In
the latter case, since P4(h) > 0 we know that infg>1 Zi,a(h) > 1. Therefore,
the argument above yields

pu(lw]) < Sl ll",

where i is the weak* limit of a convergent subsequence of (px)r>1 and 1 <
S :=supy>q Zr,a(h). O

This measure p on A induces a measure m on X via the coding map. For
every Borel set Y C X, let

m(Y) = u(r =1 (Y)).
Note that m is supported on .J4.

Proposition 9. Let ® be a finite conformal construction generated by a sub-
shift A, and let h be the zero of its pressure function. There exists a constant
C > 1 such that for all0 <t < h, allz € J4 and all 0 < r < %diam(X) we
have
m(B(z,r))
rt
In particular, HD(Ja) > h and H"(J4) > 0.

<C.
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PROOF. Let 0 <t < h. Fix z € J4 and 0 < r < 3diam(X). Then z = m(w)
for some w € A. Let W be the family of all minimal (in the sense of length)
words 7 € B(A) such that

o (X;)NB(z,r) #0 and diam(p, (X)) < 2r.

Let 7 € W. Then diam(<p7|‘ﬂ71(Xﬂ|T‘7l)) > 2r, and it successively follows
from (8), BDP and (4) that

diam (o, (X)) > D Y|l |w, > (KD)_1||<PIT||T|_1||WTHT‘71
> (KD)~' D~ diam(yy,, -, (Xry,,))E
> 2(KD?*) " ¢r,

ler,, lw,

where £ := min{||¢.|| : e € E} > 0. Given that the family W consists of
mutually incomparable words and in virtue of Lemma 6 with k1 = 2(K D?)~1¢
and ko = 2, we get

#W < (3KD(RAKD?)'¢) )" = (3K°D(2RE) )"

Since 71 (B(x,7)) € U, e [7], we obtain using Proposition 8 and (8) that

m(B(z,r)) = por ' (B(z,r)) < p(Urew[r]) = Y u([r])

TEW
< Sl <8 > (Ddiam(p- (X)) < SEHW)(D - 2r)!
TeW TeW
< S(3K2D3(2R¢))"(2D) %",
This finishes the proof. O

Using Propositions 7 and 9, we obtain Bowen’s formula.

Proposition 10. Let & be a finite conformal construction generated by a
subshift A, and let h be the zero of its pressure function. Then HD(J4) = h
and H"(J4) > 0.

If we additionally assume that the strong separation condition is fulfilled,
then we further have the following.

Proposition 11. If ® satisfies the strong separation condition, i.e. if
Pe(Xe) Nps(Xy) =0, Ve,f € E.e# [,

then the measure m supported on Ja is such that for every 0 < t < h and
w € B(A),
m(@w(Xw)) < S”(p;”t
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PROOF. Since 7([w]) C ¢, (X,), we obtain

m(pu(Xo)) = p(m™ (u(Xo))) > p(w).

Since both m and p are probability measures and the same-level sets are
mutually disjoint, we deduce that

m(pu (X)) = p((w]) < SleLll*

by Proposition 8. O

4 Examples

Context-free shift-generated constructions

In this section we look at some examples including the limit set inside the
unit interval generated by the context-free subshift on a three-letter alphabet
and three similarities that have the same ratio 0 < a < % We give the exact
value of the Hausdorff dimension of the limit set of such constructions, using
the value of the topological entropy of the context-free shift (see [8]). So let
X =[0,1]and 0 < a < i. Let E = {0,1,2}. For every e € E, let ¢, : X — X
be defined by ¢.(x) = ax + §. Let A be the context-free subshift of £°; i.e.
the subshift which has for a forbidden set of words F = {01¥2!0: 0 < k # [}.
Let ® = {pc}o<e<2. Let’s have a look at the topological pressure function
associated to this construction. For every n > 1, we have

Zual)= Y llebll'= Y (") =#Ba(4) ™.

weEB,(A) weB,(A)

Therefore,

1
Pa(t) = lim —log Z, a(t)

n—oo N,
1 t1
= lim —log#B,(A) + lim 8%
n—oo N n—00 n

= huop(A) + tloga,

where hyp(A) is the topological entropy of the context-free shift as a symbolic
system. Consequently, the Hausdorff dimension of the limit set, which is the
zero of the topological pressure function P4 according to Bowen’s formula, is

equal to
HD(J,) = _Mer(4) _ log(1+V1+v3)
AT T oga loga '
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Families of one-dimensional systems generated by any shift-generated
conformal construction

Let E = {1,....,k}, k > 2, and let A be any subshift of the one-sided full
shift £>. Consider also 0 < a < +. Let X = [0,1]. For every e € E let
e : X = X; pe(x) = ax + §. As before, for every n > 1 we have

Zna®)= Y lleLlf= Y (a") =#Bu(4)-a™,

wEB,(A) wEB, (A)
and so
Pu(t) = 1i 11 Zna(t
A(t) = lim —log Zn, (1)
.1 . ntloga
= lim —log#B,(A4) + lim
n—oo N n—00 n
= hyop(A) +tloga.
Thus,
hiop(A
HD(J4) = ——22222 o(4),
loga

Remark 12. When 0 < a < %, the strong separation condition is satisfied

and we also have 0 < HD(J4) < %
Remark 13. The only case in which the limit set has positive Lebesgue mea-
sure is when a = % and A is the full shift.
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