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ABSTRACT. In this paper we extend the theory of conformal graph directed Markov systems
to what we call conformal pseudo-Markov systems. Unlike graph directed Markov systems,
pseudo-Markov systems may have a countable infinite set of vertices as well as a countable in-
finite set of edges. After having developed appropriate symbolic dynamics for pseudo-Markov
systems, we analyse these systems giving extensions of various aspects of the thermodynamical
formalism and of fractal geometry. Most important, by establishing the existence of confor-
mal measures along with their invariant versions, we obtain a generalised form of Bowen’s
formula for the Hausdorff dimension of the limit set of a conformal pseudo-Markov system,
as well as a formula for the closure of the limit set. Finally, we apply our analysis to the
theory of Kleinian groups. Here we obtain the existence of a rather exotic class of infin-
itely generated Schottky groups of the second kind (acting on (d + 1)-dimensional hyperbolic
space), containing groups with limit sets of Hausdorff dimension equal to any given number
t < d, whereas their Poincaré exponent can be less than any given positive number s < t.
Additionally, the dissipative part of the limit sets of these groups is shown to have further
interesting properties.

1. INTRODUCTION

In this paper we extend the theory of conformal graph directed Markov systems to what we call
conformal pseudo-Markov systems. These systems can have a countable infinite set of edges,
and unlike graph directed Markov systems (see [9] for a fairly complete exposition), they may
also have a countable infinite set of vertices. Additionally, certain distortion conditions are
significantly weakend in the present paper. After having developed suitable symbolic dynamics
for pseudo-Markov systems, we analyse these systems giving extensions of various aspects of
the thermodynamical formalism and of fractal geometry. Most important, by establishing the
existence of conformal measures along with their invariant versions, we obtain a generalised
form of Bowen’s formula [2] for the Hausdorff dimension of the limit set of a conformal pseudo-
Markov system, as well as a formula for the closure of the limit set. Finally, we apply our
formalism to the theory of Kleinian groups and obtain the existence of an interesting, rather
exotic class of infinitely generated Schottky groups of the second kind. Note that there is a
significant qualitative difference between pseudo-Markov systems with a countable infinite set
of vertices and graph directed Markov systems, and the step from a finite to an infinite set
of vertices is certainly much more demanding than the step from iterated function systems
(one vertex) to graph directed Markov systems (finitely many vertices). Also, we expect
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that pseudo-Markov systems will develop into a powerful geometric theory with interesting
applications in for instance complex dynamics and non-commutative geometry.

For our applications to Kleinian groups recall that Patterson [13], making use of a careful
computational study of Poincaré series of free products of finitely generated Schottky groups
acting on (d+1)-dimensional hyperbolic space H*!, showed that there are infinitely generated
Schottky groups of the first kind with critical exponent of their Poincaré series arbitrarily close
to zero. By applying the theory of conformal pseudo-Markov systems developed in this paper,
we extend this class of groups to infinitely generated Schottky groups G of the second kind
which have the properties that the Hausdorff dimension HD(L(G)) of their limit sets L(G) can
be equal to any given number ¢ € (0, d|, whereas the critical exponent §(G) of their Poincaré
series can be less than any given positive number s < t. Moreover, these groups have the
remarkable additional property that HD(L(G)) is equal to the Hausdorff dimension of the set
A(G) of accumulation points of the generating balls, whereas the complement within L(G)
of the G-orbit of A(G) has already Hausdorff dimension equal to 6(G).

Nevertheless, the main goal of this paper is the development of the theory of conformal
pseudo-Markov systems. This development was originally motivated by the combinatorics
and geometry of the type of Schottky groups just mentioned, where one should note that for
these groups the theory of graph directed Markov systems as developed for instance in [§]
and [9] is not applicable. More precisely, our analysis of conformal pseudo-Markov systems
is structured as follows. In Section 2 we extend various aspects of the thermodynamical
formalism to shift spaces generated by an infinite alphabet. Most notable, by studying the
Perron-Frobenius operator and some relevant pressure functions, we obtain for these systems
the existence of pseudo-conformal measures and their invariant versions. In Section 3 we
introduce the concept of pseudo-Markov systems and give a first analysis of the limit sets
of these systems. We then investigate certain families F' of functions and introduce the
notion ‘pseudo-conformality’ for a pseudo-Markov systems. Using the results of Section 2, we
eventually obtain for pseudo-conformal pseudo-Markov systems the existence of F-pseudo-
conformal measures under very weak conditions on the family F'. Finally, in Section 4 we
introduce conformal pseudo-Markov systems. After having discussed some of their main basic
properties, especially their pseudo-conformality, we introduce the concept of thinness for a
conformal pseudo-Markov system. Roughly speaking, thinness implies a rather rapid decay
of the sizes of the generators. Our main results in Section 4 are a generalization of Bowen’s
Formula and the existence of suitable conformal measures. In particular, we obtain that for
a thin conformal pseudo-Markov system the Hausdorff dimension of its limit set is equal to
its hyperbolic dimension, that is the supremum of the Hausdorff dimensions of the limit sets
of all finite subsystems.
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hospitality and excellent working conditions while we started with the work towards this
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2. THERMODYNAMICAL FORMALISM FOR SYSTEMS WITH COUNTABLE ALPHABETS

2.1. Symbolic Dynamics.
Throughout let E be a countable alphabet which is either finite or infinite, and let
A:ExFE—{0,1}
be some arbitrary function, called the incidence matriz. The set of infinite admissible words
is given by
EY ={we E*: A, =1 foralie N}

Let E% refer to the set of all finite admissable subwords of EY. Also, the left shift map
o: EY — EY is given for wijwy ... € EY by

o(wiwows ... ) 1= wows . . . .
Occasionally, we will consider this shift to be defined on words of finite length. Given w =
wiws . ..w, € E*, let |w| := n denote the length of the word w, and let E7 refer to the set of
all words in E% of length n. If w =wjwy... € EY and n € IN, then

Wlp =Wy e Wy

refers to the initial segment of w of length n. Finally, for 7 € E’} we define

7] ={we EY :w|, =7}

Throughout the entire paper we will always assume that the matrix A is finitely irreducible,
that is there exists a finite set = C E7 such that for all a,b € E there exists a € = such that
achb € 1.

2.2. Topological Pressure on the Symbol Space.

With the notation from the previous section, consider some arbitrary set D C E and some
arbitrary function f : DY — IR. For n € IN, the n-th partition function Z,(D, f) is defined
by

Zn(D, f) = Z exp( sup (Snf(T))),

weD? TelWNDY
where
n—1 )
Spf = Z foadl.
Jj=0

In case D = E, then we simply write Z,(f) instead of Z,,(E, f). One immediately verifies that
the sequence (log Z,(D, f)),c v is subadditive. This allows to define the topological pressure
of f with respect to the shift map o : DY — DY by

Po(f) = Jirgoilog Zu(D, f) = inf{iloan(D,f) ne JN}. (2.1)

In case D = F, then we simply write P(f) instead of Pg(f). Finally, we require the following
notion of finite acceptability, which is weaker than the finite accepability introduced in [9].
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Definition 2.1. A function f : EY — IR is called finitely acceptable if and only if f is
uniformly continuous and

sup(f\[eo — inf(f][e]> < oo foralle € E.

Note that the concept of acceptable functions considered in [9] is a slightly stronger. There
we assumed additionally that sup{sup (f][e]) — inf (f|[e}) re€ B} < .

Theorem 2.2. If f: EY — IR s finitely acceptable, then

P(f) =sup{Pp(f) : D C E finite}.

Proof. The inequality P(f) > sup{Pp(f)} is obvious. In order to prove the reverse
inequality, first suppose that P(f) < oo. Put ¢ := #A, p := max{|w| : w € E} and
T := min {inf(S‘w‘f> tw € E} Let € > 0 be fixed. Since f is uniformly continuituous, there

exists | € N such that |f(w) — f(7)] <, for all w, 7 € EY with w|; = 7|;. Now, let k € IN be
fixed. By subadditivity of the sequence (log Z, (D, f)),cn- We have that +log Z(f) > P(f).
Also, note that there exists a finite set D C F such that

;mg Zu(D, f) > P(f) — e (2.2)

Without loss of generality we can assume that D C =. Since f is finitely acceptable, it follows
Mp := max {sup(fhe}) - inf(fhe]) ce € D} < 00.

n
Now, for each 7 = mi1y...7, € (DZ) there exist elements aq,as, ... ,a,_1 € = such that

T = Ti00ToQs . . . Th_10n 1T, € E7. Note that the function given by 7+ 7 is at most ¢"~! to
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1. We then have for each n € IN,

kn+p(n—1) 7]
¢! Z Zi(F, f) > Z exp (supioaJ)

i=kn TE(Dk) [7:D] 7=0

7]
> Z exp (i{n}lefoaj)
71 20

TE(Dk )n

> > exp (Z inf (S (f))jm +7T(n — 1))
TE(Dk)
=exp(T(n—1)) > expzn:inf(Sk(f)) ]
re(Diyn i=l
> exp(T(n= 1) 3 exp (S5l — (0= e~ M) )

TE(DZ)"

=exp(T(n— 1) — (k= l)en — Mpln) > GXPZH:SUP(Sk(f))

re(Dk)n  i=1

[7:]

=e T exp(n(T — (k—=1)e— MDZ)> ( > exp(sup(Sk(f))hﬂ)) :

TE(DE‘)

Hence, there exists a sequence (i, )nen such that kn <i, < (k+ p)n and
1
Zi,(D, f) = —e T exp(n(T — (k — l)e = Mpl —log q)) Zx(D, f)"-
pn

Therefore, using (2.2), we obtain for k sufficiently large,

1 —|T l Mpl+1
Po(f) = Jim log 2, (D.f) 2 T — e 1 MUY L gy ge> p(p) -7

By letting € tend to 0, the assertion follows for the case P(f) < oo. The case P(f) = oo is
obtained in a similar way, and we omit its proof. [ ]

2.3. Perron-Frobenius Operators and Pseudo-Conformal Measures.
Throughout this section let f : EY — IR be a finitely acceptable function, and assume that
f is summable in the following sense.

Definition 2.3. A function f: EY — IR is called summable if
> exp(sup(fy)) < oo. (2.3)

ecE
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With Cy(EY) referring to the space of bounded continuous functions equipped with the
supremums norm || - ||, the Perron-Frobenius operator Ly : Cp(EY) — Co(EY) is defined
for g € Co(EY) and w = wywsy ... € EY by

Li(g)w) = > expflew)g(ew).

ecE
Aewr =1

Note that the summability of f gives that ||Lf|[oc < X ecrexp(sup(f]y))) < oo. Also, for each

n € IN we have
L) w) = Y exp(Suf(rw))g(rw).

TEE;’Z

Aﬂ'nwl =1

The dual operator L} : Cj (EF) — Cy(EY) is given by

Li(n)(g) = n(Ls(9) = [ £(g)dn

Throughout this section we will always assume that m is an f-pseudo-conformal measure.
This means by definition that m is an eigenmeasure of £} which is in particular a Borel
probability measure on E%°. Since L is a positive operator, we have for the eigenvalue
A = A(f) associated with m that A > 0. Also, since £3"(m) = A"m, we clearly have for each
g e Cb<E§XO )7

Zﬂ eXp(Snf(Tw))g(Tw)dm(w) = )\”/gdﬁz. (2.4)

Note that (2.4) extends immediately to the space of all bounded Borel functions on EY. Let
w € B, let B C EY be some Borel set such that A, ., =1, for every 7 = m7y... € B, and
consider g := 1 ,5. Then (2.4) implies

NiiwB) = [ Y exp(Suf (7)) Lun(Tp)diin(p)

TGEZ

Arppy =1

= exp (S, f(wp) )dim(p)

{pE€B:Awyp =1}
= [ exp(Suf(wp))dim(p).

The following lemmata will turn out to be useful.

(2.5)

Lemma 2.4. We have that m([e]) > 0, for each e € E.

Proof. Since EY = U.cgle], there exists a € E such that m([a]) > 0. Since A is irreducible,
for each e € E there exists a € E* such that eaa € E%. It then follows from (2.5) that

w(e]) > m(jeaa]) = A /[a] exp (S, f(cap) ) diin(p) > 0.
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Lemma 2.5. If f : EX — IR is summable and finitely acceptable, then \(f) = "),
Proof. In order to show that log A < P(f), we apply (2.4) for ¢ = 1 and obtain, for each

n e N,
NE DY /eXpSfTw))dm()

TEER e€E
Tne =1

< 3 3 exp(sup(Saflm) )n(le])

TEE e€E
< Z eXp<Sup(Snf|[‘r]>) - Zn(f)
TEEY
Inserting this estimate into the definition of P(f), the assertion follows.
In order to show that log A > P(f), let D C E be finite. Observe that by Lemma 2.4 we have

Qp = min{m([j]): j € D} > 0.

Therefore, an application of (2.4) with g = 1 gives for each n € IN, with Mp defined as in
the proof of Theorem 2.2,

>y Z /exp anu))dm( )

€Dy €D

> Z exp(—Mp) Z / exp sup(S f))
Teby Af:eDl
= 3 exp(—Mp) Y exp(sup(Snfhﬂ))m([d)
reDn Af:eDzl
> exp(=Mp)Qp Y Y eXp(S“p(S”f“T]))
reD” reD™

:exp( MD) QD <f7 )

It follows that log A > P(f), and by inserting this into the definition of P(f), the assertion
follows. [ |

Our aim is to show that a pseudo-conformal measure exists already under very mild conditions.
We start with the following well-known result which is essentially due to Bowen ([2]).

Lemma 2.6. If the alphabet E is finite and if f : EY — IR is continuous (and hence
summable and finitely acceptable), then there exists an f-pseudo-conformal measure.

Proof. Consider the map given by
b L5 ()
L5(p)(1)
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Clearly, this is a continuous automorphism of the compact convex space of all Borel probability
measures on £ into itself. The Schauder-Tychonov Theorem then guarantees the existence
of a fixed point, and one immediately verifies that this fixed point is an f-pseudo-conformal
measure. [ |

With these preparations we now turn to the main result of this section. Note that the proof
of the following theorem is similar to the proof of the corresponding result for graph directed
Markov systems in [9] (Theorem 2.7.3).

Theorem 2.7. Every finitely acceptable and summable function f : EY — IR gives rise to
an f-pseudo-conformal measure.

Proof. For ease of exposition we can assume without loss of generality that £ = IN. Since
A is finitely irreducible, there exists a strictly increasing sequence {D,}nen of finite sets
D,, C E such that

oo

\UD.=F and D; DE, forall neIN.

n=1
Clearly, the incidence matrix restricted to D, x D, is irreducible, for each n € IN. By
Lemma 2.6 we then have that there exists an eigenmeasure m,, of the conjugate L of the
Perron-Frobenius operator

Ly : C((Dn)X) — C((Dn)7)

associated to the function f|p,)e. Occasionally, we will view £, as acting on C(EF), and L,
as acting on C*(EY). Now, our first aim is to obtain tightness of the sequence {m,, },en of
Borel probability measures on EY. For this let P,, := P(0|( Doy fl Dn)vo)‘ Obviously, we have
P, > Py for all n € IN. Let m, : E — E be the projection onto the k-th coordinate, that is
mp(eres...) = e for each k € IN. By Lemma 2.5, e is the eigenvalue of £* corresponding
to the eigenmeasure m,,. Therefore, by applying (2.5), we obtain for each n,k € N and every
ee F,

ma(mit(e) = Y ma(w]) < Y exp(sup(Sifl) — Puk)

we(Dn)k we(Dn)k
WL =¢€ WL =¢€

<e PrEoN eXp(Sup(Sk—1f|[w})+Sup(f|[e]))

UJE(D'rL)IZ
Ldk:E

k—1
< e Pk (Z eSUP(fIm)) eSuP(flre))
i€E

Therefore,
k—1
i (' ([e + 1,00))) < e TP (Z eS“P<f|h‘1>> 3 e,

1€l j>e
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Now, let € > 0 be fixed. For each k € IN, let ny € IN be chosen such that

k—1
o~ Pik (Z esup(fl[i])> Z esup(£li5) < 2%

el j>ng

Then 1, (7, ([ng, + 1,00))) < €/2%, for all n, k € IV, and hence,

My, (Ejff sl [1,nk]) > 1= (g (e +1,00)) > 1= > 2% =1—e

keN keIN keIN
Since EY N Trew[l, nk] is a compact subset of £, it follows that the sequence {my, fnemn is
tight. We can now apply Prokhorov’s Theorem, which gives that there exists a weak-limit
point 1 of the sequence {1, nev. In order to show that Lim = PV, let g € C,(EY) and
¢ > 0 be fixed. Also, define the normalized Perron-Frobenius operator £y := ¢V )Ef. For
the remainder of the proof let us assume that n € IV is chosen sufficiently large such that the
following four inequalities are satisfied.

;l lgllo exp (sup(flp) — P(f)) < g, (2.6)
E;E lgllo exp(sup(flg))e ™ [P — e < < (2.7)
[mn(g) —m(g)] < % (2.8)
and
/co(g)drh — /ﬁo(g)dmn < g (2.9)

Note that (2.7) is satisfied, since by Theorem 2.2 we have that lim, .., P, = P(f). For n in
this range, we define g, := g|( D,y and consider the normalized Perron-Frobenius operator

Loy = e PnL,. Let us make the following two observations.

Loanle) = [, D gliw) exp(f(iw) — Pr)din(w)

iwn =

_ /(D - S gliw) exp(f(iw) — P,)din, (w)
WE = (2.10)

iwn =

- /(Dn)w S guliw) exp(f(iw) — P,,)diit, (w)

iwn:1

= Es,nmn(gn) = My (n)
and

M (gn) — Mn(g) = / (gn — g)diny, = / 0 drn, = 0. (2.11)
(Dn) (D)3

A
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Hence, using the triangle inequality, it follows
[Lom(g) —m(g)] < IE* (g ) - Eémn(g)l + | Lo (g) — Lo, (9)| +

In here we obtain for the second summand, by applying (2.6) and (2.7),

/Do Z g(iw (exp fliw) = P(f)) — exp(f(iw) —Pn)>dmn(W)

i<n

Ajon =1

+/ Z g(iw) exp(f(iw) — P(f))dm,(w)

>n
=1

zwn

< Z ||9||0€ we~ "|€ —e "| + Z ||9||0€Xp(sup(f|[i]) _ P(f)) (2.13)

i<n i>n

- €
= Z ll9lo eXp(Sup(f’[z‘]))e Pl\@P(f) — P 4 =

ieE 6
€, e_«c
6 6 3
Combining (2.12) with (2.8), (2.9), (2.10), (2. 11) and (2 13) it now follows that
[Lom(g) —m(g)] < g T3 -+ g

By letting € tend to 0, we conclude that Lim(g) = m(g), or alternatively Lim(g) = e"Pim(g).
Since g € Cy(EY) was assumed to be arbitrary, we have now shown that L3m = P,
|

Definition 2.8. A summable and finitely acceptable function f : EY — IR is called boundedly
distorted if and only if there exists a constant Q > 0 such that

if T|ne1 = Wlna1 for some w, 7 € EY andn € IN, then |S, f(w) — S, f(17)] < Q.
(2.14)

Also, we require the following notation. If w = w; ... w, € EY} for some n € IN, then we put
Y, ={re EY A, =1},
and let 0" : ¥ — EY refer to the map which is given for 7 € ¥ by
o, (1) == wr.
Remark 2.9. Note that the notion ‘boundedly distorted’ represents a slightly weaker condition
than the type of bounded distortion used in connection with graph directed Markov systems.

More precisely, for the analysis of graph directed Markov systems in (9] it was sufficient to
assume that |S, f(w)— S, f(T)] < Q as long as the first n entries of T and w coincide. Whereas
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here, where we allow an infinite set of vertices, it is necessary to demand that 7 and w coincide
at their first n + 1 entries.

The following theorem gives the final result of this section. We remark that a similar result
was obtained in [9] for graph directed Markov systems. The difference is that here we do not
necessarily have that the Radon-Nikodym derivative of m with respect to f is bounded from
below and above.

Theorem 2.10. Let m be an f-pseudo-conformal measure, for some summable, finitely ac-
ceptable and boundedly distorted function f : EY — IR. Then there exists a shift-invariant
Borel probability measure fi which is equivalent to m.

Proof. Fixe € E,n € IN, and 7 = 7y...7, € E} such that A, . = 1. Since m is
f-pseudo-conformal, it follows for each Borel set B C [e],

m(o;"(B)) = /B exp(Suf(7p) = P(f)n)dim(p) < e? exp(inf (S, f|(re ) )it B) 015

and

m(o;"(B)) = /B exp(Suf(7p) = P(f)n)din(p) > exp(inf (S, flir)) ) (B). 216

If in particular B = [e], then (2.15) reads as m(o;"([e])) < €% exp(inf(Snﬂ[Tfn([e}))m([e]).
Therefore, in this case we have

exp(inf (S, ) e—QW _ e—cﬂ;f([;])). (2.17)

Similarly, using (2.16), we obtain

exp(inf (S, f e ) ) < ”;SE’? (2.18)
Inserting (2.18) into (2.15) and (2.17) into (2.16), we obtain
e? -
(o (B)) € on((re)(B) (2.19)
and
e~ @
m(o"(B)) = m([e])m([m])m(B)- (2.20)
By summing (2.19) and (2.20) over all 7 € E7 for which A, . = 1, we conclude that
e @ e
m([re))im(B) < m(e™"(B)) < m([re])m(B). (2.21)

m([e]) m([e])
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Now, with L referring to a Banach limit defined on the Banach space of all bounded sequences
of real numbers, let i be defined by i(A) = L((m(a_"(A))) EW), for each Borel set A C

E¥. One immediately verifies that fi is a finite, non-trivial, o-invariant and finitely additive
function defined on the o-algebra of all Borel sets of EY. Furthermore, using (2.21), we
obtain for all e € E' and arbitrary Borel sets B C |e],
© ([re)m(B) < (B) < =

- m([Te])m(B) < u(B) < —

m([e]) m([e])
Hence, using the fact that m is a countably additive measure, it follows that ji must also be
countably additive. This finishes the proof.

m([re])m(B).

3. PSEUDO-MARKOV SYSTEMS

3.1. Preliminaries for Pseudo-Markov Systems.

In this section we introduce the concept ‘pseudo-Markov system’ and then give a first analysis
of the limit sets of these systems. Note that pseudo-Markov systems may have an infinite
set of vertices, and therefore these systems represent a significant extension of graph directed
Markov systems. As in the previous section, we always assume that F is a countable alphabet,
which is either finite or infinite, and that A : £ x E — {0, 1} is some given finitely irreducible
incidence matrix.

Definition 3.1. Let (Y, p) be a bounded metric space and let {X. : e € E} be a family of
compact subsets of Y. A set S = {¢. : € € E'} of continuous injections ¢ : X, — Y is called
a pseudo-Markov system if the following conditions are satisfied.

(a) The maps in S are uniform contractions. That is, there exists a constant 0 < s < 1
such that

p(de(y), Pe(x)) < sp(y, x) for alle € E, x,y € Xe.
(b) (Open Set Condition) If a,b € E and a # b, then

Bu(Int(X,)) N Gy(Int(X3)) = 0.
(¢) (Markov Property) If a,b € E, then
either ¢qo(Int(X,)) NInt(X,)) =0 or ¢.(X,) C Xp.
(d) If a,b € E such that Ag =1, then
on(Xp) C X,

For a finite word w = wywy . .. w, € E}, we write

Do = Py O Gy - .- 0 O,y + X, — Dy (XM).
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In order to define the limit set of a pseudo-Markov system S, observe that by condition
(d) in Definition 3.1, we have for w = wjwy ... € EY that the sequence (gzﬁw‘n (Xwn)) . is
a descending family of compact subsets of Y. Also, by condition (a) in Definition 3.1, we

have lim,,_, diam(¢w|n (Xwn)) = 0. Combining these two observations, it follows that the

intersection M)2; @y, (Xwn) is a singleton which will be denoted by 7(w). Clearly, this defines
the coding map

T BEY =Y.
Note that by assuming that E%° is equipped with a suitable metric, one immediately verifies,
using (a), that 7 is Hélder continuous. The limit set Js of a pseudo-Markov system S is then

defined by
Js = (EY).
The remainder of this section is devoted to investigations of the geometry, dynamics and

topology of this set. In the following a pseudo-Markov system S is said to be of finite
multiplicity if and only if

T :=sup{card{e € F: x € ¢.(X.))}} < 0.

zeY

The following lemma shows that finite multiplicity is sufficient to ensure that the geometry
of the iterations of a pseudo-Markov system is compatible with the geometry arising from the
coding. For ease of exposition, in here we use the notation

X, =X, forw=w...w, € E'{,n e IN.

Lemma 3.2. If S is a pseudo-Markov system of finite multiplicity, then

Js = ﬂ U Pu(Xo).

nelN weE"

Proof. Let x € Js be fixed. Then there exists w € EY such that = 7(w). By definition
of Js, it hence follows that = € @, (Xo) C Urepn ¢-(X-), for all n € IN. This implies that

JSC m U ¢w(Xw)'

nelN weE}

(Note that so far we did not use the assumption ‘finite multiplicity’). For the opposite
inclusion, let y € M2y Usepn ¢w (Xo), and for each n € IV consider the set

En(y) :={w € B} 1y € 0u(Xo)}
We then have that wl|,, € E,(y), for every w € E,1(y). This shows that the set {E,(y) : n €
IN} can be viewed as a tree. Since card(E,(y)) < T™ < oo, Ramsey’s Theorem gives that
there exists w € EY such that w|, € E,(y), for each n € IN. This implies that w € EY and
that y = 7(w). u
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Finally, we now briefly comment on a topological aspect of the limit set of a pseudo-Markov
system S. For this we introduce the ‘boundary set’

A(S) = {JLHgO Ge,, (Tn) : lim e, = oo for some arbitrary elements x, € X, }-

The following result will be important in the final section where we will use pseudo-Markov
systems to study limit sets of infinitely generated Schottky groups.

Proposition 3.3. If S is a pseudo-Markov system such that lim.cg diam(gzﬁe(Xe)) =0, then

Js=JsU U 0u(A(S)NX,).
weE?

Proof. Since the matrix A is finitely irreducible, for each e € E there exists w € EY such
that ew € EY. Therefore, using the assumption lim.e g diam (gbe(Xt(e))) = 0, we deduce that
A(S) C Js. Combining this observation and the continuity of the maps ¢, (which implies
that ¢, (A(S) N X,) C ¢u(Js N X,) C ¢u(Js N X,) C Js), it follows that

Js 2 JsU U ¢u(A(S)NXL).

wEEZ

In order to prove the reverse inclusion, let # € Js be fixed. Then there exists a sequence
(w(”)) N of elements w™ € EY such that 2 = lim, . 7(w™). For each k € IV, define

Ej(x) = {w™|, :n >k} and Ej(z) := 0,
and note that if 7 € Ej_ ,(z) then there exists v € Ej(z) such that 7|, = 7. This shows
that the set {E}(x) : k € IN} can be viewed as a tree rooted at the vertex Ej(z). We now
distinguish the following two cases. First, suppose that there exists & € IV such that E}(x)
has infinitely many elements, and define
q :=min{k > 0: E,(x) is infinite}.
Note that ¢ > 1, and that the set E, () is finite and non-empty (although it might be
equal to the singleton {()}). Then there exists 7 € E; () C E} and an infinite sequence
(wé”f )) N of distinct elements of E such that mé”f ) — w(”j)|q, for all j € IN. By passing
j
to a subsequence if necessary, we may assume without loss of generality that the sequence
(w(aqfl(w(”j)))) oy converges to a point y € X,. It follows that y € A(S), and furthermore,
j

r = limw (w("j)) = lim 7 (T(aq_l(u)("j)))> = lim ¢, (W(o‘q_l(w(nj))))

J—00 J—00 J—0o0
= 6 (Jim 70" (@))) = 6:() € 6 (AS) N X-).
j—00
This gives the assertion in this first case. Now suppose that the set Fj (z) is finite for each

k € IN. Since, as mentioned before, these sets form a tree rooted at E{(x), Ramsey’s Theorem
implies that there exists an infinite path w € E such that w|, € Ej(z), for each k €
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IN. Hence, there exists an increasing sequence (ny),., such that w|, = w™|,, for all
k € IN. Tt follows that 7(w), m(w™)) € ¢, (X,,). Combining this with the fact that

x = limy_,o (w(”k)) and limy,_, diam (¢w|k(ka)> = 0, we conclude that z = 7(w) € Js.
This completes the proof of the proposition. [ |

3.2. Summable Families of Functions.

Definition 3.4. A family F = {f® : X, — IR|e € E} of continuous functions f'¢ is called
acceptable if the function

F: U U {a} x ¢o(Xs) — R, given by Fle,z) := fO(x),

a€EE bEE
Agp=1

is uniformly continuous with respect to the metric inherited from the Cartesian product XY,
where E is assumed to be equipped with the discrete metric.

Since X, is compact for each e € E, it follows that each function £ of an acceptable family
F is uniformly continuous and of bounded oscilation, where bounded oscilation means that

sup(f®) — inf(f©) < +o0. (3.1)

Note that the analogous concept of bounded oscilation for graph directed Markov systems
in [9] required that in the formula above the supremum over all e € FE is finite. To link the
current setting with the previous chapter we now introduce the following special potential
function. A function f: EY — IR is called amalgamated function induced by F' if and only if

f(w) = f“)(m(o(w))) for all w = wyw, ... € EY.

Our convention will be to use lower case letters for the amalgamated function induced by a
given summable family of functions. By combining acceptability of the family F' and formula
(3.1), we immediately obtain the following result.

Proposition 3.5. If a family of funtions F' is acceptable, then the amalgamated function f
induced by F is finitely acceptable.

Throughout, a family F = {f® : X, — IR|e € E} is called summable if and only if
> exp(sup(f(e))) < 00. (3.2)

eclk
The topological pressure P(F) of the family F' is given by
1
P(F) := lim —log exp(sup(Sw(F))),

n—oo
n weEY
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where the function S, (F") : X, — IR is defined by

Su(F) =" f“9) 0 ¢y, for w = wiwy ... € EF.
j=1
A straightforward calculation shows that if F' is summable then
P(F) <log 3 exp(sup(f?)) < oc.
eck

A further link between the symbolic dynamics and pseudo-Markov systems is given by the
following.

Proposition 3.6. If F' is an acceptable family of functions and f is the amalgamated function
induced by F', then P(F) = P(f).

Proof. First note that for each w = wy...w, € E with n € IN arbitrary, and for every
T=7Ty... € EY with A, =1, we have

Su(F)(m Zf (@5) o G (T zn:f ol twr) ni:lf(ajun') = Spf(wT).
j=1 7=0 (3.3)

Hence,

exp(sup(Sw(F))) > exp(sup{Snf(wT) T E€EY, Avr = 1}) = exp(sup(Snfhw])).

This implies that P(F) > P(f). The opposite inequality is more delicate. Similar as in the
proof of Theorem 2.2, one verifies that

P(F) =sup{Pp(F) : D C F finite}.
Fix a finite set D C E. Since for each e € D the function f® : X, — IR is uniformly

continuous and of finite oscilation, and since diam (gzﬁw(Xw)) < slldiam(Y"), it follows that for
every € > 0 there exists a constant C,. > 0 such that, for all w € D% and z,y € X,

exp(Sw(F)(y)> < C.e*lexp (SW(F)(ZL‘)) (3.4)

Now fix € > 0, w = wy ...w, € £ with n € IN arbitrary, and some 7 = 775 ... € DY with
Ay, -, = 1. Using (3.3) and (3.4), we obtain for each x € X, ,

exp S, (F)(x) < Cee™ exp (SW(F)(W(T))) = Ce™ exp (Snf(wT)) < Ceeexp (Sup(Snfhw])).

It follows that exp (sup(Sw(F ))) < Cee™exp (sup(Sn fl [w])>~ Hence, by recalling the definition

of the pressure function and by letting € tend to 0, we deduce P(F) < P(f). This completes
the proof. [ |

Definition 3.7. With the notation above, a Borel probability measure m on Y s called an
F-pseudo-conformal measure if m is supported on the limit set Js and the following two
conditions are satisfied.
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(i) For every w € E% and each Borel set B C X, we have

m(6u(B) = [ exp(Su(F) = P(F)|w]) dim. (35)
(ii) For all incomparable words w, T € E%, we have
m(6u(Xo) N6, (X)) =0. (3.6)

A simple inductive argument shows that for m to be an F-pseudo-conformal measure, instead
of (3.5) and (3.6) it is enough to require that for every e € E and for each Borel set B C X,
we have

m(¢.(B)) = [ exp(f) —P(F)) dm. (3.7)
as well as, for all a,b € E such that a # b,
m(6a(Xa) N 64(X5)) = 0. (38)

In the following auxiliary result we use the notation

X.= |J o(Xp) C X, foracF.
beE
Agp=1

Lemma 3.8. With the notation above, let m be a Borel probability measure on the limit set
Js of the pseudo-conformal Markov system S. If m satisfies (3.6) and if (3.5) holds for all
Borel sets A C X, with e € E, then m is an F-pseudo-conformal measure.

Proof. Since (X, \ X.) N Js = 0 for each e € E, we have that
m(X.\ X.)=0. (3.9)

Let z € ¢, (X8 \ Xe) N Js be fixed, for some e € E. Then x = w(w) = ¢, (7(c(7))), for some
w € EY with w; # e. Hence, it follows that Js N ¢(Xe \ Xe) C Upze 66(Xp) N 6 (X ), and
consequently (3.8) implies
m((be(Xe \ Xe)) - m(JS N Cbe(Xe \ Xe)) < Zm(¢b(Xb) N ¢6<Xe>) =0.
b#e
Therefore, using (3.9), we obtain by induction, for each w € E% and every B C X,

m(ou(B) =m(s.(BN X)) = [

BNXy

:/Bexp<Sw(F)—P(F) w]) dm.

exp (S, (F) = P(F)|w|) dm
(3.10)
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In the following a family of functions F' = {f©) : X, — IR|e € E} is called boundedly
distorted if and only if there exists a constant () > 0 such that for all e € E and w € £ with
-Awe::17

sup (SW(F)

6o0x0)) = 0 (Su(F)]g.(x,)) < Q. (3.11)

Lemma 3.9. If F is a summable and boundedly distorted family of functions, then the amal-
gamated function induced by F' is finitely acceptable and boundedly distorted.

Proof. The assertion is an immediate consequence of (3.3). [ |

A finite word wr € E* is called a pseudo-code of an element x € Y if and only if w,7 € E
such that ¢,(X,;) C X, and = € ¢,(¢,(X,)). Note that the word wr is not required to
belong to E%. If in here we do not want to specify the element x, we simply say that wr is a
pseudo-code. Similar as for elements of E%, two pseudo-codes are called comparable if one of
them is an extension of the other. Also, two pseudo-codes wt and wp of an element x € Y are
said to form an essential pair of pseudo-codes of = if 7 # p and |7| = |p|. Finally, the essential
length of the essential pair of pseudo-codes wr and wp of x is defined to be equal to |w|. With
these preparations we can now define the notion of a conformal like pseudo-Markov system.
Namely, a pseudo-Markov system S is said to be conformal-like if and only if no element of Y
admits essential pairs of pseudo-codes of arbitrarily long essential lengths. One easily verifies
that a system which satisfies the strong separation condition (that is ¢,(X,) N (X)) = 0,
for all a,b € F with a # b) is always conformal-like. Also, in the next section we will see that
every conformal pseudo-Markov systems is conformal-like. Now, the following theorem gives
the main result concerning conformal-like systems and summable families of functions.

Theorem 3.10. Let S = {¢. : e € E} be a conformal-like pseudo-Markov system. If F
18 a summable and boundedly distorted family of functions, then there exists an F-pseudo-
conformal measure myp on Js. Moreover, we have that mp = mp o w %, where mp is the
f-pseudo-conformal measure whose existence follows from Theorem 2.6 and Lemma 35.9.

Proof. Let mp = mpon~!. In order to show that my is an F-pseudo-conformal measure,
assume by way of contradiction that mg(¢,(X,) N ¢-(X;)) > 0, for two incomparable words
p, T € E7. Without loss of generality we can assume that p and 7 are of the same length, say
q € IN. Then define, for n € IV,

V= ¢,(X,)Né- (X)) and V,, := | J ¢u(X,NV).

wekY

Since each element of V,, admits at least one essential pair of pseudo-codes of essential length
equal to n, and since the system S is confomal-like, it follows that

A Uv.=0.

k=1n=k
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On the other hand, we have V,, D w(o~" (7' (V))), which implies that 7=(V;,) D o (7~ 1(V)).
By Theorem 2.10 we know that there exists a o-invariant Borel probability measure iz equiv-
alent to mp. Hence, jip(7=1(V;)) > jip(c (77 1(V))) = fir o7~ 1(V) > 0, and therefore,

fipom (ﬂ U Vn> > jgpom H(V)>0.
k=1 n=k

In particular, this gives that N;2; Use, Vi, # 0, and hence we obtain a contradiction. This
shows that property (3.6) is satisfied. In order to prove (3.5), fix w = w; ... w, € E} as well
as a Borel set B C X, and define

. Y(B) ={rerm ! (B): A, =1}.

w

Consider some element 7 = 775... € 7 1(B) \ n;'(B). We then have A, , = 0 and
7(7) € B C X,. This implies that 7(7) = ¢.(X.), for some e € E with A, . = 1. Hence,
e # 1 and 7(7) € ¢e(Xe) N &7, (X, ), and therefore,

(71 (B) \ 731 (B)) € U ¢e(Xe) N (X5).
e#b

By combining this inclusion with (3.6), we obtain

mp(n ! (B)\ 7, (B)) < pomr (U be(Xe) N Xb))
7 (3.12)

=mp (U Pe(Xe) N ¢b(Xb)) = 0.

e#£b

Note that one immediately verifies that

“H¢u(B)) D a,"on, (B).

Now consider some element p € 7 !(¢,(B)) \ (0, o ;' (B)). Then 7(p) = ¢ue(z), where

Age =1, ¢(z) € Band p ¢ o, oY (B). If p|py1 = we then z = 7(a"p), and it follows
that 7T(60’n+1 ) = ¢e(m(0™p)) = ¢e(x). Consequently, p = wea" ™ (p) € 0" o ;1 (B), and
hence p|,41 # wi. This shows that

TB)\ (e em (B)) cat | U 6n(X) Ney(Xy)

TF#EN

Using (3.6) and the definition of the measure mp, it follows that

e (7 (¢u(B)) \ 0" o, (B)) = 0.
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Eventually, by combining the latter equality, (3.12) and (2.5), we obtain
mp(9u(B)) = mpon ! (9,(B)) = 1 (o," 0w, (B))
= [y, (525 () = P(f)n )it ()

= [y (ST (0) = P(F)n)dine(p)
/ﬂ eXp (S.E(x(p)) — P(F)n)diivr (p)

= /Bexp S.F(x) — P(F)n)dﬁzow’l(x) = /Bexp(SwF—P(F)n)dmp.

This shows that (3.5) is satisfied, and hence an application of Lemma 3.8 then completes the
proof of the theorem. [ |

4. CONFORMAL PSEUDO-MARKOV SYSTEMS

4.1. Preliminaries for Conformal Pseudo-Markov Systems.

In this section we consider a particular class of pseudo-Markov systems which we call conformal
pseudo-Markov systems. These systems are represented in some Euclidean space IRY, and
this allows to study the fractal and topological structure of their limit sets. Before giving the
definition of a conformal pseudo-Markov system, recall that a set X C IR? is called K -quasi-
convex, for some K > 1, if for every pair of points x,y € X there exists a piecewise smooth
path in X joining x and y of length less than or equal to K|z — y|.

Definition 4.1. Let S = {¢. : X, — Y |e € E} be a pseudo-Markov system. Then S is called
a conformal pseudo-Markov system if and only if Y is a compact subset of the Fuclidean space
IR?, for some d € IN, and if the following conditions are satisfied.

(1) (Quasi-Convexity) There exists a constant K > 1 such that X, and ¢.(X.) are K-
quasi-convex, for all e € E.

(2) (Derivative Decay) lim.cp ||¢L|| = 0.

(3) (Cone Condition) There exists 6 € (0,7/2) such that for alle € E and x € X, there
exists an open cone Cone(x, 0) with vertex x and central angle 6 such that Cone(z,6) C
Int(gbe(Xe)), the interior being taken with respect to the Euclidean topology of IR.

(4) (Conformal Extension) For each e € E, there exists an open connected set V., C'Y
such that X, C V., and such that the map ¢. : X, — Y extends to a C*T¢-conformal
diffeomorphism from V. to Y .

(5) (Pre-Distortion) There exist L > 1 and o > 0 such that for all ab € E% and all
T,y € ¢p(Xp),

ly — |

((% |¢>b(Xb))

-1l

[ ¢a(y)] — [0 (2)]| < L H
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Let us first collect a few geometric consequences which arise from the Pre-Distortion condition.

Lemma 4.2. If S = {¢. : X. — Y |e € E} is a conformal pseudo-Markov system, then for
allw e B and b € E such that wb € £,

llog ¢, (y)| — log |6, (2)]| < L(1 = s*) |y — 2], for all 2,y € $u(X,).

Proof. Let n := |w|, and define 2y := z and 2, := ¢y, ,,, 0P, ., 0" - -0, (2), for arbitrary
z € ¢p(X,p) and for all 1 < k < n. Using the Pre-Distortion condition (5) in Definition 4.1, it
follows for @,y € ¢p(X3),

R

[log (|6, (y)]) — log(|¢L,(x)])| =

|00, (4n—5)

7=1

og (1 19l - \¢;j|<xnj>|>|

< 316, 7 0y i) = 16, ()|
j=1
j=1
< LZ sa(”_j)|y —z|* < L(1 — s*) "ty — z|*
j=1
|

Let us define

Q := L(1 — s*)~*(diam(Y"))".
An immediate consequence of the previous lemma is that each conformal pseudo-Markov
system has the following property.

Bounded Distortion Property. For allw € E% and b € E such that wb € E7, we have
for all x,y € ¢p(Xp),

e L6 _
Sl = “2)

The following lemma gives a sufficient condition for the Pre-Distortion property to hold.

Lemma 4.3. Suppose that S = {¢. : X. — Y|e € E} is a pseudo-Markov system, with
d > 2, satisfying conditions (1)-(4) in Definition 4.1, and suppose that there exists k > 0
such that

dist(qbb(Xb), R\ Xa) > mdiam(qﬁb(Xb)) for all ab € E3.

Then S satisfies the Pre-Distortion property (5), and hence S is a conformal pseudo-Markov
system.
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Proof. The assertion follows immediately from Theorem 4.1.2 and Theorem 4.1.3 in [9]. W

Proposition 4.4. If S is a conformal pseudo-Markov system, then

Js=JsU U 0u(A(S)NX,).

wek?

Proof. Using the Mean Value Inequality, conditions (1) and (2) in Definition 4.1, and the
assumption that Y is bounded, we immediately obtain that

lim diam (¢.(X.)) = 0. (4.3)
Hence, we can apply Proposition 3.3, which then gives the assertion. [ |

Lemma 4.5. There exists 3 > 0 such that ¢, (ng (XT» contains an open central cone with
vertex ¢,(¢-(x)) and angle measure 3, for each v € Y and every pseudo-code wt of x.

Proof. By using the Cone Condition (3) in Definition 4.1, the proof is exactly the same as
the proof of formula (4.14) in [9], and will therefore be omitted. ]

One easily verifies that ¢, o ¢, (Int (X p)) N ¢ 0 ¢y (Int (Xﬁ,)) = (), for any two incomparable
pseudo-codes wp and 7. Hence, as an immediate consequence of the previous lemma we
obtain the following corollary. In here \;_; refers to the (d — 1)-dimensional Lebesgue on the
unit sphere S4-! c R%.

Corollary 4.6. With 3 as in the previous lemma, we have that for each x € Y there are at
most \g_1(S%1) /B3 mutually incomparable pseudo-codes of x.

Lemma 4.7. Fvery conformal pseudo-Markov system S is a conformal-like system.

Proof. Suppose on the contrary that there exists a point x € Y with the following proper-
ties. There exists an infinite increasing sequence (ny)ren of positive integers, and there exist

words w®) 7 p(*) ¢ E% for each k € IV, such that ¢_qu) (XT(k)) U@, (XT(k)) C X, such
that the words 7*) and p®) are incomparable, and

klim lw®| = oo, (4.4)

as well as
x € gbw(k) o ¢T(k) (XTUC)) N wa(k) o ¢p(k) (Xp(k)) for all k£ € INV.
We now construct by induction for each n € IN a set C, which contains at least n + 1

mutually incomparable pseudo-codes of x. The existence of such a set for large n will then
clearly contradict the statement in Corollary 4.6, and hence will finish the proof. Define

Oy = {7 M 0y
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and suppose that the set C,, has been obtained, for some n € IN. In view of (4.4), there exists
k,, € IN such that

lw*)| > max{|¢| : € € C,.}. (4.5)

If w)plkn) does not extend any word from C,,, then we have by (4.5) that w®n)p(k») is not
comparable with any element of (). We then obtain C,,,; from C),, by adding the word
w(k”)p(k“) to C,. Similarly, if w®n)7(* ) does not extend any word from C,,, then form Cha1
by adding w®*s)7(*n) to C,. On the other hand, if w®*»)pn) extends an element o € C,
and w*»)r(kn) extends an element 3 € C,, then we obtain from (4.5) that a = w*)|, and
B = wkn) 18- Since C), consists of mutually incomparable words, this implies that o = f3.
Now, form C,, by removing o = 3 from C,, and then adding both w»)plkn) and wFn)7kn),
Note that no element v € C,, \ {a} is comparable with w®n) p(kn) or (kn) (k) “since otherwise
vy = w(k")m, and consequently, v would be comparable with a. Since also w»)pk) and

wkn)r(kn) are not comparable, it follows that C,, 1 consists of mutually incomparable pseudo-
codes of x. This completes our inductive construction, and hence finishes the proof. [ |

4.2. Pressure Functions, Conformal Measures and Bowen’s Formula.
Throughout this section let S = {¢. : X, — Y : e € E'} be a given conformal pseudo-Markov
system. For each t > 0, consider the following family of functions

tLog := {tlog|¢.| : ¢ € E}.

Lemma 4.8. tLog is an acceptable and boundedly distorted family of functions, for each
t>0.

Proof. The assertion is an immediate consequence of Lemma 4.2. [ |

Let ¢ : EY — IR be the amalgamated function induced by the family Log, that is for every
W =wiwy... € EY we have

((w) = log|g,,, (m(ow))].
Then t¢ is the amalgamated function induced by the family tLog, for each ¢ > 0. Hence, by
combining Proposition 3.6 and Lemma 4.8, we have

P(i¢) = P(tLog),

and in the sequel we will simply write P(¢) to denote their common value. For the following
theorem note that by condition (2) (Derivative Decay) in Definition 4.1, we have that there
exists a unique number §(S) € [0, 00) such that the family tLog is summable for all ¢ > 0(S),
and not summable for all ¢ < 0(S). Clearly, P(6(S)) < oo if and only if #(S)Log is summable.
Finally, recall that a Borel probability measure m; on Js is a tLog-pseudo-conformal measure
if and only if

my (gbw(Xw) N ng(XT)) = 0 for all incomparable words w, T € F¥, (4.6)
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and

my(¢u(B)) = /B e~PO| g [tdm, for all w € E%, and B C X,, Borel. (4.7)

If P(t) = 0, then the measure m; is called t-conformal.

Theorem 4.9. If tLog is a summable family, and hence in particular if t > 6(S), then there
exists a tLog-pseudo-conformal measure m; on Js.

Proof. The assertion follows immediately by combining Theorem 3.10, Lemma 4.7 and
Lemma 4.8. |

The following proposition collects some of the basic properties of the pressure function t —
P(t). These properties are immediate consequences of the Holder inequality and the fact that
[|oL]| < s < 1forall e € FE, and we omit the proof.

Proposition 4.10. For the pressure function P : [0,00) — IR of a conformal pseudo-Markov
system S, the following holds.

(a) P is decreasing.

(b) Pligs),e0) i strictly decreasing.

(c) limy—,oo P(t) = —00.

(d) Pliocs),c) s conver, and hence, continuous.

For ease of exposition, let us introduce the following two parameters.
h = h(S) := HD(Js)

and

h* = h*(S) :=sup{HD(Js,)) : D C E finite},
where Sp = {¢. : e € D}. Also, we introduce the concept of thinness, which will turn out to
be crucial in the following.
Definition 4.11. A conformal pseudo-Markov system S is called thin if and only if

0(S) < h*(S).

We remark that an equivalent formulation of thinnes is that there exists a positive constant
k = K(S) < h*(S) such that
> LT < oo

eclk
Note that thinness implies in particular that

S g" < oc. (4.8)
ecE

Furthermore, if for instance 6(S) = 0, then the underlying pseudo-Markov system is thin.
The following auxiliary result will turn out to be useful in the proof of the next theorem.
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Lemma 4.12. If S is a finite (irreducible) conformal pseudo-Markov system, then P(h(S)) =
0.

Proof. Since 0 < P(0) < oo, Proposition 4.10 implies that there exists a unique n > 0 such
that P(n) = 0. Let m,, be the associated n-conformal measure (see Theorem 4.9). Note that
the system 8" = {¢, : &o(Xp) — 0u(Xa) |a,b € E, Ay, = 1} satisfies all the requirements of a
graph directed Markov system (see [9], page 71-72). Also note that the limit sets of &’ and
S coincide, and that the measure m,, is an n-conformal measure also for §’. The proof now
follows from Theorem 4.2.11 in [9], where primitivity can easily be replaced by irreducibility.

u
The following theorem represents the main result of this section. The theorem gives a exten-
sion of Bowen’s formula [2] to the setting of thin conformal pseudo-Markov systems.

Theorem 4.13. If S is a thin conformal pseudo-Markov system, then h(S) is the unique zero
of the pressure function P, and h(S) = h*(S).

Proof. Put h := h(S), h* := h*(S), and
u:=1inf{s > 0: P(s) < 0}. (4.9)

Our first aim is to show that h < u. For this, fix ¢ > u and observe that Proposition 4.10
implies that P(t) < 0. Since X, is K-quasi-convex for all e € E (see Definition 4.1 (1)), we
have by definition of P, for all n € IV sufficiently large,

ZEn (diam(,(X.)))" < K z}; 160,/ (diamn (X))’

< K'(diam (V)" 3 6Ll < K (diam(Y))' exp <1P(t)n> |

weEY 2

Letting n tend to infinity and using the fact that by Lemma 3.2 we have that {4, (X,) : w €
E7} is a covering of Jg, we conclude that the t-dimensional Hausdorff measure of .Js vanishes.
This shows that h < t, and hence by letting ¢ tend to u from above, it follows that

h < u. (4.10)

Our next aim is to show that u < h*. For ease of exposition and without loss of generality, let
us assume that £ = IN. Since A is finitely irreducible, there exists p € IN sufficiently large
such that = C {1,2,... ,p}*. For k > p, let

and let hy := h(Sg). One immediately verifies that limy_.., hy = h. Note that by Lemma 4.12
and Theorem 4.9, for every k > p there exists an hi-conformal measure associated with S.
Also, since the system S is thin, there exists 0 < k < h* and ¢ > p such that

> 1
/||Kk < —.

Jj=q+1
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Finally, by choosing p sufficiently large, we can always assume without loss of generality
that p > min{m : h,, > k}. With these preparations we now obtain for £ > ¢, using the
hi-conformality of the measure my,

1= ;mk (0;(X;)) = qulmk (6;(X;)) + ;Zlmk (0;(X;))
< V(00 + 3 [l ()
< S0+ X IS 5+ S me(6,06).

This implies that >7_; mg (¢;(X;)) > 1/2, and hence there exists a € {1,2,... ,q} such that

1
mg (¢a(Xa)) Z 27 (411)
q
Since k > q > p, for each e € {1,2,... ,k} there exists p € = such that epa is an admissable

word in Sg. Therefore, using (4.2) and (4.11), we obtain

mpde(Xe) = mi (Gep(0a(Xa))) = e[ 0, ][ mp($a(Xa)) = (20) " e[, ||

Since for every e € E there are at most #Z= possible paths of the form ep, we deduce that
inf{my(¢c(Xc)) : & > g} > 0. Consequently,

T,

q

= min{my(¢e(X)): 1 <e<qk>q}>0. (4.12)

For n € INU{oo} and k > ¢, let E} denote the set of all A-admissible words of length n over
the alphabet {1,2,... ,k}. For all t > 0, set

Za(t, k) = > ||¢L]]" and By := Z (¢, o0).

wekby
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Using the hy-conformality of my, as well as (4.2) and the definition of T}, we now obtain for
all n € IV and k > q,

Znta (W k) = Z Z Hdue‘

Y > el

weLy eSQ_l weEy 6><1:1
< >0 D0 bl lel™ + >0 Yol el
weEp e<q weE e>q
wnpe=1
« T ¢w<¢e(Xe)) *
< O NNy ol )+ > LI Y el
weEy A:Seq:1 mk(ﬁbe( e)) weEy e>q
S T 1€Qhk Z Z mk(¢w(¢e e )
weky e<q wEE”
wpe=1
< Tq_lth’“ Z Z mk(ﬁbw w) Z Jlos
wEE,’; e<q wEE”
wpe=1
* ].
= T, 3 [lel" Y mu(bu(X. ))+22 (h*, k)
e<q wEE”
Awnezl
= T S 2 R)
e<q
Aunezl

_ 1 .
< T;'eR%, + 5Zn(h k).
A straightforward inductive argument then gives
Zn(h*, k) < 28T 1e® + 270D 7 (h* k) < 25, T, €9 + Zy(h™, 00)
S (2T, e + 1) < o0,

where the last inequality follows from (4.8). Hence, we obtain

P(h*) = limsup — logZ (h*,00) < limsup — log(Zh*(ZT le@d 4 1)) = 0.

n—oo T n—oo T

It follows that h* > u. By combining this with (4.10), we conclude that A < u < h*. Since
obviously h* < h, we now obtain

u=h*=h.

Finally, using (4.9) and Proposition 4.10, we conclude that P(h) = 0, and also that & is the
only zero of the pressure function P. [ |
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5. APPLICATIONS TO INFINITELY GENERATED SCHOTTKY GROUP

5.1. Preliminaries for Kleinian Limit Sets. Hyperbolic geometry in the upper-half-space
model (HdH, dhyp) and conformal geometry on the boundary OH*! = IR? U {oo} have the

same automorphism group, namely the group Isom(d + 1) of hyperbolic isometries is isomor-
phic to the group Con(d) of conformal maps in JH?*!. Therefore, any transformation in
Isom(d + 1) gives rise to a conformal map in JHY™!| and vice versa. It is well-known that this
isomorphism arises naturally from the principle of Poincaré extension, based on the elemen-
tary observation that a (d+ 1)-dimensional hyperbolic half-space H in H?*! corresponds in a
unique way to a d-dimensional ball D := H N oH**!.

Recall that a Kleinian group G is a discrete subgroup of Con(d), and that the limit set L(G)
of G is the derived set of some arbitrary G-orbit, that is L(G) := G(z) \ G(z), for some
arbitrary z € H" U OH*. It is well-known that L(G) can always be decomposed into the
set L,(G) of radial limit points and the set L;(G) of transient limit points, where

L(G) = {5 € L(C) < liminf A(gy) < oo} and Ly(G) = {5 € L(G) : Jim A(r) = oo}.

In here, &7 refers to the point on the hyperbolic geodesic ray from 44 := (0,...,0,1) € OH*!
to & for which dpy,(i4,&r) =T, and A(&r) refers to the hyperbolic distance of &7 to the orbit
G(iq), that is A(&r) = inf{dpy,({r, 9(iq)) : ¢ € G}. Important subsets of L(G) are the set
L,-(G) of uniformly radial limit points and the set L;(G) of Jgrgensen limit points. These
are given as follows (cf. [4] [10]).

L, (G):= {f € L(G) : limsup A(ér) < oo} :

T—o0

L;(G) = {£€ L(G): there exists a geodesic ray towards & which is

fully contained in some Dirichlet fundamental domain of G'}.

One easily verifies that L,,.(G) C L,(G) and that L;(G) C L{(G). We remark that in
[1] it was shown for any arbitrary non-elementary Kleinian group G that the Hausdorff
dimension of L,.(G) is equal to the exponent of convergence §(G) of the Poincaré series
> gec exXp(—sdnyp(i4, g(iq))) associated with G (see also [14]). Finally, we briefly comment
on how L;(G) relates to some of the concepts used in the study of rigidity of Kleinian
groups acting on H? (for the proofs and further details we refer to [16] (see also [7])). With
F.(G) referring to the closure in R* of the Dirichlet polyhedron centred at » € H?, let
F*(G) := F,(G) N OH?. We then have that F>°(G) is a wandering set for G, that is we
have Ao (F2°(G) Ng (F°(G))) =0 for all g € G\ {id.} (where Ay refers to the 2-dimensional
Lebesgue measure). Note that if £ € F2°(G) then the orbit G(z) does not intersect the in-
terior of the horoball at § through z. Therefore, the Dirichlet set D (G) := U,eq g (F5°(G))
does not contain any horospherical limit points (recall that a point £ is called horospherical if
every horoball at £ contains infinitely many elements of G(z)). One then immediately verifies

that L;(G) C D,(G).
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5.2. Infinitely Generated Schottky Groups of Rapid Decay and Discrepancy Type.
We now restrict the discussion to a very special class of Kleinian groups which we will call
infinitely generated classical Schottky groups of rapid decay. In order to define these groups,
let D:={D! :n € IN,i € {0,1}} be an infinite set of pairwise disjoint open d-dimensional
balls in 9H*!. For ease of exposition we assume that diam(D?) = diam(Di®!) for all n € IV,
where ”@” refers to addition modulo 2. Furthermore, let {¢’ : n € IN,i € {0,1}} be a set of
hyperbolic transformations in Con(d) such that for all n € N and ¢ € {0, 1},

g (Ext(Dfl)) = Int(D®) for all n € IN,i € {0,1}. (5.1)

In here Int and Ext denote respectively the interior and exterior with respect to the Euclidean
metric in R?. We will always assume that D satisfies the following rapid decay condition,
where for o > 0 and for a ball D € D of radius r > 0 we let aD denote the ball of radius ar
with the same centre as D.

Rapid Decay Condition. There exists an increasing sequence (om,), o of real numbers
a, > 2 such that lim,,_, o, = oo and

anD! Na,D? =0 for all distinct pairs (n,i), (m,j) € IN x {0,1}. (5.2)

Finally, we always assume that there exists R > 0 such that «,, D!, C B(0, R) for all (n,i) €
IN x {0,1}, where B(0, R) refers to the closed d-dimensional ball with centre 0 € IR¢ and
radius R. Then put Y (G) := B(0,3R). Now, let G be the group generated by {g’ : n €
IN,i € {0,1}}. One easily verifies that Npep Ext(D) is a fundamental domain for the action
of G on OH! (cf. [5], Proposition VIII A.4). This then gives that G is a Kleinian group,
and we will refer to G as an infinitely generated Schottky group of rapid decay. We remark
that for d = 2, by viewing the g/, as elements of Isom(3), the set H*/G of equivalence classes
is topologically a 3-manifold whose interior is homeomorphic to a 3-dimensional ball to which
infinitely many solid handles are attached, and whose boundary is the surface of that handle-
body. We will now see that every infinitely generated Schottky group of rapid decay gives
rise to some conformal pseudo-Markov system.

Theorem 5.1. Let G be an infinitely generated Schottky group G of rapid decay as defined
above. Define X} = Y(G)\ o,,D}, and ¢}, == g}|xi, for each (n,i) € IN x {0,1}. Put
E = E(G) = IN x {0,1}} and define the incidence matrizc A : Ex E — {0,1} by Agiyim,) =
1 if and only if (n,i) # (m,j ®1). Then S(G) := {¢, : (n,i) € E} is a conformal pseudo-
Markov system.

Proof. Consider the system S(G) given as stated in the theorem, and note that by (5.1)
we have

$n(X,) C D (5.3)

One immediately verifies that A is finitely irreducible (take for instance = := {(1,0), (1,1)}).
In order to show that S(G) is a a conformal pseudo-Markov system, note that (b), (c) and (d)
in the definition of a pseudo-Markov system are immediate consequences of (5.2) and (5.3).
Also, (3) and (4) in the definition of a conformal pseudo-Markov system are trivially satisfied,
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and the pseudo-convexity in (1) of Definition 4.1 is satisfied with K = /2. In order to
show that the Pre-Distortion Property (5) in Definition 4.1 is satisfied, let (n,i), (m,j) € E
be fixed such that Ay, ;ym;) = 1. By (5.3) we have ¢/ (X7) C Di® C B(0,2R). Since

RN\ X! C (Rd \ Y(G)) Ua,D:, since (n,i) # (m, j @& 1) and since «,, > 2, (5.2) implies that

diam (], (X7,))
2

Hence, we can apply Lemma 4.3 with x = 1, which gives that the system S(G) has the Pre-
Distortion Property. In order to verify the remaining properties, let (n,7) € IV x {0,1} be
fixed. We now first give an upper estimate for the conformal derivative of ¢! . Note that we
can assume without loss of generality that iy = (0,...,0,1) € H%"! is not contained in the
Poincaré extensions of the balls in {DJ : (k,j) € IN x {0,1}}. By recalling that the conformal
derivative is given by the Poisson kernel and then using elementary Euclidean and hyperbolic
geometry, we obtain for each z € Ext(a,D?),

pa1 ((9,) " (i) _ Pa+1 ((9,) " (1a))
|2 = (9)"1()|” ~ ((andiam(D}) — diam(D},))/2)’

L pen (@) M) 1 ’
= (v, — 1)2 (diam(D%)/2)2 = (a, — 1)%

dist(¢7,(X7,), R\ X}) > am > diam(¢],(X7,)).

(9,) ()] =

In here pgyq : H¥t — IRT refers to the projection onto the (d + 1)-th coordinate. From this
we deduce that

(@01 < (an = 1)7% < dag,™. (5-4)

This formula immediately implies that conditions (2) in Definition 4.1 and (a) in Definition 3.1
are satisfied. This finishes the proof of the theorem. [ |

One immediately verifies that for an infinitely generated Schottky group G of rapid decay
there is the following dictionary translating the most important subsets of the limit set of
G into the corresponding subsets of the limit set of the associated conformal pseudo-Markov
system S(G). In here, Sp(G) refers to the subsystem of S(G) giving rise to all admissable
words built from the finite alphabet D C E(G).

L(G) = Js(c):
L(G)\ L;(G) = Js);
LuT(G) = UDcE(G) finite JSD(G);
Ly(G) = Usep;, 6u(AS(G)) N X,).
We therefore have in particular h*(S(G)) = HD(L,,(G)) and h(S(G)) = HD(L(G) \ L,(G)).

Hence, by combining Theorem 5.1 and Theorem 4.13, we obtain the following corollary.
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Corollary 5.2. Let G be an infinitely generated Schottky group G of rapid decay such that
the associated conformal pseudo-Markov system S(G) is thin. We then have

5(G) = HD(L,,(G)) = I (S(G)) = h(S(G)) = HD(L(G) \ L, (GY)).

Apriori, the existence of infinitely generated Schottky groups as considered in the latter
corollary is not clear. In fact, this will follow from our final theorem in which we obtain
the existence of a very special type of infinitely generated Schottky groups of rapid decay
fulfilling the thinness condition. Before stating this theorem, let us recall the notion of a
discrepancy group, introduced in [4]. Namely, a Kleinian group G is called discrepancy group
if and only if HD(L,(G)) < HD(L(G)). Kleinian groups of this type were first shown to exist
by Patterson in [12], Theorem 4.4 (see also [11] [13]). (For further discussions and examples
of Kleinian discrepancy groups we refer to [3] [4] [6]). We remark that the discrepancy groups
considered in [12] and [13] are Schottky groups of the first kind, that is their limit set is the
whole boundary of the underlying hyperbolic space. Therefore, a natural question to ask is if
there are Schottky discrepancy groups which are of the second kind. A particular outcome of
the following theorem will be to give an affirmative answer to this question. Also, note that
a Kleinian group G considered in the following theorem has the remarkable property that
HD(L,-(G)) = HD(L(G) \ L;(G)). Therefore, a further particular outcome of the following
theorem is that for discrepancy groups we can not expect in general that the dimension gap
between L, (G) and L(G) can be filled smoothly by subsets of L(G) \ L;(G).

Theorem 5.3. For all 0 < s < t < d there exists an infinitely generated Schottky group
G < Con(d) of rapid decay such that G is a discrepancy group with 6(G) < s < t = HD(L(G)).
Furthermore, the conformal pseudo-Markov system associated with G fulfills the thinness prop-
erty, and therefore,

6(G) = HD(L.r(G)) = HD(L(G) \ Ly(G)) < HD(L,(G)) = HD(L(G)) = t.

Proof. The proof consists of giving the explicit construction of an infinitely generated
Schottky group G < Con(d) of rapid decay which has the properties as stated in the theorem.
Suppose that W C IR? is some compact set such that HD(W) = ¢ and such that there exists
a countable set V = {v{ : n € IN,i € {0,1}} C IR\ W whose derived set is equal to W, that
is W =V\V. Also, let (o), be some increasing sequence of real numbers o, > 2 such
that

1
> e < 1 and > «a,? < oo for all § > 0. (5.5)

nelN neN

Furthermore, fix some decreasing sequence (¢,),,c Of positive numbers such that

lim a6, =0 and sup{ane, :n € IN} < 1. (5.6)

n—oo
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We will now construct a sequence {D! :n € IN,i € {0,1}} of d-dimensional open balls in IR?
by induction as follows. For n =1 and ¢ € {0, 1}, choose D} to be centred at v} such that

VNa Dl ={vi},a;D Ny D} = and diam(DY) = diam(D7) < e;.

For the inductive step suppose that the 2n balls {D} : 1 < k < n,i € {0,1}} have already
been constructed. For each i € {0,1}, we then choose the ball D! to be centred at v},
such that V N a,41D; = {vl,,} and

1 DY N DYy = 0, a1 Dy Ny DY =)
forall 1 <k <n,je{0,1}, as well as
diam(Dy, ;) = diam(D;,, ;) < €,41.
We then choose the set {g : n € IN,i € {0,1}} of hyperbolic elements of Con(d) such that
g (EX’L(D;)) = Int(D®) for all n € IN,i € {0,1}.

One immediately verifies that the group G generated by {¢ : n € IN,i € {0,1}} is an infinitely
generated Schottky group of rapid decay. (Note that the conditions in (5.6) are necessary
to ensure that Y(G) is bounded). By Theorem 5.1 we then have that G gives rise to a
conformal pseudo-Markov system S(G) such that Js) = L(G). Furthermore, by combining
(5.4) with the second condition in (5.5), we obtain that 3, ; ||¢%|? converges for every 6 > 0.
So, the system S(G) is thin. Combining in turn the first part of (5.5), (5.4) (which both
imply that P(s) < 0), Proposition 4.10 (a) and the first part of Theorem 4.13, we obtain that
6(G) = HD(Jse)) < s. Since L;j(G) = Uyep, (bw( (S(G))n w) and since by construction
A(S(G)) = W, we obtain that HD(L;(G)) = HD(W) = t. Combining these observations
with Proposition 4.4, it follows that HD(L(G)) = HD(L;(G)) =t > s > HD(Js()) = 4(G).
This finishes the proof of the theorem.

|
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