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1.

ABSTRACT. We develop a versatile framework which allows us to rigorously estimate
the Hausdorff dimension of maximal conformal graph directed Markov systems in R”
for n = 2. Our method is based on piecewise linear approximations of the eigenfunc-
tions of the Perron-Frobenius operator via a finite element framework for discretization
and iterative mesh schemes. One key element in our approach is obtaining bounds for
the derivatives of these eigenfunctions, which, besides being essential for the imple-
mentation of our method, are of independent interest.
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1. INTRODUCTION

Understanding and determining the Hausdorff dimension of various and diverse at-
tractors has played a crucial role in advancing the fields of fractal geometry and dy-
namical systems. In particular, one of the most influential results in iterated function
systems, due to Hutchinson [25], asserts that if & = {</)i}f:1 is a set of similitudes which
satisfies the open set condition, and J is the unique compact set such that J = ui.‘d(p,- 0))
(frequently called the limit set or the attractor of %), then dim_g(J) is the parameter
t € [0,00) so that

k
(1.1) Y ri=1,
i=1

where r; € (0,1) are the contraction ratios of the maps ¢;.

The dimension theory of conformal iterated function systems (CIFS) is much more
complex. In [34] Mauldin and the third named author employed thermodynamic for-
malism to determine the Hausdorff dimension of limit sets of CIFSs. According to [34],
given a finite or countable collection of uniformly contracting conformal maps which
satisfies some natural assumptions then the Hausdorff dimension of its limit set coin-
cides with the zero of a corresponding (topological) pressure function, see Section 2 for
more details. We note that that this approach traces back to the the fundamental work of
Rufus Bowen [3], and frequently the zero of the previously mentioned pressure function
is called the Bowen’s parameter. Using Hutchinson’s formula (1.1) one can determine
the Hausdorff dimension of self similar sets with very high precision. However, due to
the complexity of the pressure function, obtaining rigorous and effective estimates for
the Hausdorff dimension of self-conformal sets is significantly subtler.

Consider for example the set of irrational numbers whose continued fraction expan-
sion can only contain digits from a prescribed set E c N, i.e.

]E:{[e]:eEEN} where [e] =[e1,e2,...] = n

er+...

e+

Quite conveniently, the set Jg is the limit set of the CIFS €% g = {¢p. : [0,1] — [0, 1]} ¢cE,
where

1
Pe(x) = ——

e+x
Estimating dim »(Jg) for E < N is of particular historical and contemporary interest.
The problem first appeared in Jarnik’s work [26] during the late 1920s in relation to
Diophantine approximation and badly-approximable numbers. Specifically, Jarnik ob-
tained dimension estimates when E = {1, 2}. Jarnik’s result was subsequently improved
and extended by many authors [6, 5, 10, 11, 12, 17, 21, 23, 22, 20, 27, 28, 29, 19, 40]. No-
tably, Pollicott and Vytnova in [40], were able to rigorously estimate dim z(J; ) with
an accuracy of 200 digits. They used the zeta function—an approach introduced in
this topic by Pollicott and his collaborators in previous studies—along with their “bi-
section method" to deliver very precise estimates for dim 7 (/g) when the alphabet E
is quite specific (for example when E is an initial segment of N or specific arithmetic
progressions). Additionally, rigorous bounds for dim_» (/) were needed in a seminal
work by Kontorovich and Bourgain [2] and follow up work of Huang [24] to prove an
almost everywhere version of Zaremba’s Conjecture. More precisely, lower bounds for
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dim 7 (Ji1,2,..501) and dim z (Ji1,2,... 5)) were respectively employed in [2] and [24]. These
bounds were justified rigorously in [30] and they also follow from [16].
Falk and Nussbaum [16, 18, 17], developed a quite versatile (although frequently less

accurate) method in order to provide rigorous estimates for CIFSs arising from contin-
ued fraction algorithms, both real and complex. In [8] the three first-named authors
further refined the Falk-Nussbaum method in order to rigorously estimate dim z (JE)
for a wide variety of subsets E c N, such as the primes, various powers, arithmetic pro-
gressions, etc. These estimates played a crucial in the study of the dimension spectrum
of continued fractions with restricted digits in [8], and they were also recently used in
[13].

So far we have only discussed rigorous Hausdorff dimension estimates for one very
specific family of CIFSs in the real line. As it happens, there exist very few rigorous di-
mension estimates for other CIFSs. Falk and Nussbaum [18] obtained rigorous dimen-
sion estimates for complex continued fractions and Vytnova and Wormell [43] recently
obtained very sharp dimension estimates for the Apollonian gasket (which as discov-
ered in [35] can be viewed as an infinite CIFS). These approaches are fundamentally
based on the specifics of the aforementioned systems. Our goal in this paper is to de-
velop a versatile method that can provide rigorous and effective Hausdorff dimension
estimates for a very broad family of conformal fractals.

We will focus our attention on dimension estimates of limit sets in the general frame-
work of conformal graph directed Markov systems (CGDMS). For the moment, we will
only describe CGDMSs briefly and we will discuss them in more detail in Section 2. A
CGDMS in R" is structured around a directed multigraph (E, V) with a countable set of
edges E and a finite set of vertices V, and an incidence matrix A: E x E — {0,1}. Each
vertex v € V corresponds to a pair of sets (X,, W), X,, W, c R" such that X, is compact
and connected, W, is open and connected and X, € W,,. For each each edge e € E there
exists a contracting map ¢, : X;) — Xic) which extends to C! conformal diffeomor-
phism from Wy, into Wj(). The incidence matrix A: E x E — {0, 1} determines if a pair
of these maps is allowed to be composed. A CGDMS is called maximal when t(a) = i(b)
ifand onlyif A, , = 1; i.e. all possible compositions are admissible.

We will always assume that CGDMSs satisfy the Open Set Condition (OSC) and the
finite irreducibility condition. Assuming these two conditions, we have at our disposal
a very rich and robust dimension theory of CGDMSs developed by Mauldin and the
third-named author in [36], see also [9, 39, 42, 31] for related recent advances.

We will show that:

The Hausdorff dimension of limit sets of maximal and finitely irreducible CGDMSs in
R”", n = 2, which satisfy either the WCC or the SOSC is effectively and rigorously com-
putable.

Limit sets of maximal and finitely irreducible CGDMSs encompass a diverse range of
geometric objects, including limit sets of Kleinian groups, complex hyperbolic Schottky
groups, Apollonian circle packings, as well as self-conformal and self-similar sets. This
diversity justifies our focus on studying dimension estimates within the unified frame-
work of CGDMSs.

Our approach relies on piecewise linear approximations of the eigenfunctions of
the following Perron-Frobenius operator. Given any maximal and finitely irreducible
CGDMS ¥ we define the Perron-Frobenius operator

Fi:C(X) = C(X),  F@x) =) IDpe(x)glhe(x)xx, (),

ecE
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where X = U,ey X, and ¢ is any parameter such that P(t), the topological pressure of
the system evaluated at ¢, is finite.

In Section 3 we prove that there exists a unique continuous function p;: X — [0,00)
so that

(1.2) Fi(py) =ePPp,.

Moreover, we show that the eigenfunctions p; are uniformly bounded above and be-
low (with bounds depending on ¢) and they are the uniform limits of the sequences
{e=P (”Ft”(l)}‘;’f:l. We also prove that the eigenfunctions p; are the Radon-Nikodym
derivatives ’ZZ’; , where m; is the ¢-conformal measure of the system and p; is the push
forward of the unique shift-invariant Gibbs state. Some of the results from Section 3
were earlier proved in [36, Section 6.1] for the case of CIFSs. We stress that the open set
condition is not required for any of our results in Section 3.

Since the Hausdorff dimension of the limit set of a CGDMS is the zero of its pressure
function P(#), it follows from (1.2) that it coincides with the parameter ¢*, for which
the Perron-Frobenius operator Fy« has 1 as the leading eigenvalue. So, instead of try-
ing to compute directly the zero of P(f), one can try to estimate t*. Especially if the
corresponding eigenfunction p;+ is smooth with derivatives that can be estimated, then
this alternative approach has proven to be very effective and has led to several rigorous
computational methods for estimating the Hausdorff dimension of the limit set.

One such method is based on the following fact: if for some positive function g > 0,
F;g < g, then P(f) < 0 and if F;g > g, then P(f) > 0. As a result, we get t < t* <7,
and if the interval | 5,7,‘] is small, one obtains a rigorous and effective estimate for the
Hausdorff dimension of the limit set. Thus, the main task in this method is to con-
struct such functions g. In the recent work [40], Pollicott and Vytnova constructed the
desired functions g as global polynomials. Once the basis is chosen, the problem of
computing the parameters ¢ and 7 reduces to a finite dimensional linear algebra prob-
lem. For certain problems this approach yields very impressive results with many digits
of accuracy; see for example the aforementioned paper [40], where highly accurate es-
timates are obtained for several one dimensional continued fractions susbsystems, and
the very recent paper of Vytnova and Wormell [40, 43] where the Hausdorff dimension
of the Apollonian gasket is estimated with high precision. We note however that this ap-
proach is heavily problem dependent and it is not straightforward to extend it to higher
dimensional problems.

Inspired by the work of Falk and Nussbaum [17, 18, 16], we develop a universal method,
which can be applied in a straightforward manner to any maximal and finitely irre-
ducible CGDMS in R”, n = 2, although presently, and due to computer power limita-
tions, is less precise than the method described in the previous paragraph. In this ap-
proach, instead of dealing with the finite dimensional problem of restricting the action
of the Perron-Frobenius operator F; to global polynomials, we focus our attention to the
action of F; on piecewise linear approximations of the eigenfunction p, on some mesh
domain X" 2 X. Provided that £ is small and good estimates for the second deriva-
tives of p; are available, we have accurate piecewise linear approximations of p, and
our method yields rigorous Hausdorff dimension estimates with several digits of accu-
racy even for limit sets in R” for n = 2.

As mentioned earlier, our strategy depends on certain derivative bounds for the eigen-
functions p; of the Perron-Frobenius operator F;. Falk and Nussbaum obtained such
bounds for second order derivatives in the case of CIFSs defined via real and complex
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continued fraction algorithms using some very technical arguments (especially in the
case of complex continued fractions). In Section 4 (Theorem 4.1) we prove that the
eigenfuntions p, admit real analytic extensions and they satisfy the desired inequalities
for derivatives of all orders. More precisely if . is a maximal and finitely irreducible
CGDMS in R”, n = 2, then for any multi-index a:

(1) There exists a computable constant C; (¢) > 0 such that if % consists of Mdbius
maps:

ID%p,(x)| < a! n*'2dist(X,0W) ¥ C (D ps(x), VxeX.
(2) There exists a computable constant C,(¢) > 0 such thatif n = 2:
ID%p;(x)] < a'dist(X,0W) ¥ C, (1) p, (%), Vxe€X.

Besides being key ingredients in our methods, we consider that these derivative bounds
have independent value and they might also find applications in other related problems.
The proof of Theorem 4.1, which is quite short and streamlined, employs complexifica-
tion and some basic tools from the theory of several complex variables. We also stress
that the open set condition is not required for Theorem 4.1, i.e. for (1) and (2).

In Sections 5 and 6 we discuss a sampler of CGDMSs where our method can be ap-
plied. Due to length considerations we decided not to include an exhaustive list of ap-
plications, but we focused on examples which highlight the versatility of our method.
We gather our estimates in Table 1.

We pay particular attention to CIFSs which are defined by continued fraction algo-
rithms. We rigorously estimate the Hausdorff dimension of limit sets of CIFSs defined by
complex continued continued fractions, earlier considered in [18], and for the first time,
we also provide estimates for the complex continued fraction system whose alphabet is
the set of Gaussian primes. We also introduce a CIFS modeled on higher dimensional
continued fraction algorithms and we provide the first dimension estimates for the limit
set of the three-dimensional continued fraction system. To the best of our knowledge
this is the first example of a genuine 3-dimensional CIFS (meaning that the generat-
ing conformal maps are defined in R?, they are not similarities, and the limit set is not
contained in any lower dimensional affine subspace of R®) where a rigorous numerical
method is applied in order to estimate the Hausdorff dimension of its limit set.

We also discuss how our method can be applied to limit sets of systems defined by
quadratic perturbations of linear maps. We included this example in order to highlight
the fact that our method can be also applied to systems which do not consist of Mobius
maps. All other known numerical methods for the estimation of the Hausdorff dimen-
sion of conformal fractals have focused on systems consisting of very specific Mobius
maps.

Since our method encompasses the general framework of CGDMSs, and not only
CIFSs, we also include a toy example of a system defined by a Schottky group (one of
the most well known families of fractals which can be viewed as limit sets of CGDMSs)
and we estimate its Hausdorff dimension.

Finally, we also provide rigorous estimates for the Hausdorff dimension of the Apol-
lonian gasket, and for the Hausdorff dimension of several limit sets of its subsystems.
Although there exist several non-rigorous estimates for the Hausdorff dimension of the
Apollonian gasket [37, 1], until this year there was only one rigorous estimate, due to
Boyd [4]. As mentioned earlier, Vytnova and Wormell [43] recently obtained rigorous
and very accurate (up to 128 digits) estimates for the Hausdorff dimension of the Apol-
lonian gasket. While our method applied to the gasket yields estimates that are notably
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less accurate compared to those achieved by Vytnova and Wormell, it offers the advan-
tages of ease of implementation and high flexibility. These attributes allow us to derive
rigorous and effective estimates for the Hausdorff dimensions of various subsystems of
the Apollonian gasket. This is crucial for an upcoming project aiming to identify the
gasket’s dimension spectrum, where we need rapid and reliable estimates for a broad
range of its subsystems.

We summarize our numerical findings in the following table.

TABLE 1. Hausdorff dimension estimates for various examples.

Example Hausdorff dimension
2D Continued fractions with 4 generators 1.149576 £ 5.5e - 06

2D Continued fractions 1.853 +4.2e—-03

2D Continued fractions on Gaussian primes 1.510+4.0e—-03
3D Continued fractions with 5 generators 1.452+9.7¢-03
3D Continued fractions 257+1.7e-02

A quadratic abc-example 0.6327142857142865 + 5.0e — 16
An example of a Schottky group 0.7753714285+1.5e—10
12 map Apollonian subsystem 1.0285714285713 +1.1e—-13

Apollonian gasket 1.30565 + 5e — 05
Apollonian gasket without a generator 1.2196 +2e - 04

Apollonian gasket without a spiral 1.2351 +£5.5e—-04

Table 1 illustrates the generality of our method by providing several rather distinct
examples, for which the Hausdorff dimensions are computed with various order of ac-
curacy. The accuracy of the computations depends mainly on the size of the alpha-
bet and the size of the discrete problem (see Section 5 for more details). Naturally, the
largest and the most computationally intensive problem is 3D Continued fractions on
an infinite lattice while our Schottky group example is the smallest. Our main objec-
tive in this paper is to elaborate that Hausdorff dimensions of a very broad family of
conformal fractals are effectively computable. We did not pursue the avenue of giving
the best results possible, which we plan to do in future works where we will explore the
computational boundaries of our method.

2. PRELIMINARIES

In this section we introduce all the necessary background and definitions about con-
formal graph directed Markov systems and their thermodynamic formalism.

Definition 2.1. A graph directed Markov system (GDMS)
(21) y:{V;E;A’ t)i’{XU}UEVr{(pe}eEE}

consists of

(1) adirected multigraph (E, V) with a countable set of edges E, which we will call
the alphabet of #, and a finite set of vertices V,

(2) anincidence matrix A: E x E — {0, 1},

(3) two functions i, t : E — V such that #(a) = i(b) whenever A, =1,

(4) afamily of non-empty compact metric spaces {X,}ev,
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(5) afamily of injective contractions

{¢e: Xete) —~ Xitor}oer
such that every ¢, e € E, has Lipschitz constant no larger than s for some s €
0,1).

When it is clear from context we will use the simpler notation . = {¢,}.cp for a
GDMS. We will always assume that the alphabet E is not a singleton and for every v e V
there exist e, ¢’ € E such that ¢(e) = v and i(e’) = v. GDMSs with finite alphabets will be
called finite.

Remark 2.2. When V is a singleton and for every e, e; € E, A¢ ¢, = 1ifand onlyif t(e;) =
i(e2), the GDMS is called an iterated function system (IFS).

We will use the following standard notation from symbolic dynamics. For every w €
E* :=US.,E", we denote by |w| the unique integer 7 = 0 such that w € E", and we call
lw| the length of w. We also set E® = {@}. For ne Nand w € EV, we let

wlpi=w...w0, €E".
Ifte E* and w € E* UEN, then
Tw:=(T1,..., T, ®1,...).

Forw, T € EN, the longest initial block common to both w and 7 will be denoted by wAT €
ENU E*. The shift map
o:EN - EN
is given by the formula
o (n)py) = (@ns)52) -
For amatrix A: E x E — {0,1} we let
EN:={weEV: Ayu,,, =1forall i N},
and we call its elements A-admissible (infinite) words. We also set
Eli={weE": Ay,p,,, =1foralll<si<n-1}, neN,
and
o0
Ey:=JE}
n=0
The elements of E’, are called A-admissible (finite) words. Slightly abusing notation, if
wEe E;; we let t(w) = t(w|e)) and i(w) = i(w;). For every w € E;, we let
w]:={r € E[}' DTy = w}.
Given v € V we denote
El(v)={we E}: t(w) =1}
and
E (V) = UpenEL (V).
For each a € E, we let
EY :={we EY: Auw,-1}

Definition 2.3. A matrix A: E x E — {0, 1} will be called finitely irreducible if there exists
a finite set A < E} such that for all i, j € E there exists w € A for which iwj € E}. If
the associated matrix of a GDMS is finitely irreducible, we will call the GDMS finitely
irreducible as well.
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We will be interested in maximal GDMSs.
Definition 2.4. A GDMS .¥ with an incidence matrix A is called maximal if it satisfies
the following condition:
Agp =11ifand only if ¢(a) = i(Db).
This notion has an easy colloquial description — a GDMS is maximal when one can
compose maps whose range and domain coincide.

Let & = {V,E, A 1,i,{Xy}vev,{¢elecr} be a GDMS. For w € E} we define the map
coded by w:

(2.2) o =bw, 0 0w, : Xtw,) = Xiw)) ifwek).

Forwe EL\1|’ the sequence of non-empty compact sets {¢),, (Xr(w,))}5~, is decreasing (in
the sense of inclusion) and therefore their intersection is nonempty. Moreover,

diam(¢y), (Xiw,))) < s"diam(Xy(y,)) < " max{diam(X,) : ve V}

for every n € N, hence

(W) = [ Pot, Xewn)

neN
is a singleton. Thus we can now define the coding map
(2.3) By - @PX, =X,
veV

the latter being a disjoint union of the sets X,, v € V. The set
J=Jg = n(EY)

will be called the limit set (or attractor) of the GDMS #.
For a > 0, we define the metrics d, on E§ by setting

(2.4) do(w,7) = e~oNTl,

We record that all the metrics d, induce the same topology. Moreover, see [9, Proposi-
tion 4.2], the coding map 7 : E§ — @ ,cv X, is Holder continuous, when E§ is equipped
with any of the metrics dy as in (2.4) and @,y X, is equipped with the direct sum met-
ric.

Let U be an open and connected subset of R*. A C! diffeomorphism ¢ : U — R"
will be called conformal if its derivative at every point of U is a similarity map. We will
denote the derivative of ¢ evaluated at the point z by D¢(z) : R” — R” and we denote
its operator norm by || D¢(2)||. It is well known by Liouville’s theorem, see [41, Theorem
19.2.1], that for

o n=1themap ¢ is conformal if and only if it is a C!-diffeomorphism,
* n =2 the map ¢ is conformal if and only if it is either holomorphic or antiholo-
morphic,
¢ n =3 the map ¢ is conformal if and only if it is a Mdbius transformation.
We can now define conformal GDMSs. *

Definition 2.5. A graph directed Markov system . = {V,E, A, t,i,{Xp}vev, {Pe}eck} is
called conformal (CGDMS) if the following conditions are satisfied.

(i) The metric spaces X,, v € V, are compact and connected subsets of a fixed Eu-
clidean space R” and X, = Int(X,) forallve V.

LThere are several variants for a definition of GDMS, see e.g. [41, 31]. The definition we are using is slightly
more restrictive however it is the more convenient for our applications.
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(ii) (Open Set Condition or OSC).Foralla,be E, a# b,
¢Pa(Int(X¢(g))) Npp(Int(Xy(p))) = B.

(iii) Foreveryvertex v € V there exist open and connected sets W, > X, such that for
every w € E*, the map ¢,, extends to a C' conformal diffeomorphism of Wy,
into Wj(y).

(iv) (Bounded Distortion Property or BDP) For each v € V there exist compact and
connected sets S, such that X, c Int(S,) = S, € W, so that ¢.(S¢)) < Si() for
allee E and

IDge(PI
Do ()l

where a >0 and L = 1 are two constants depending only on .#, S, and W,,.

1|<Llp—q|*forallec E and p, g € Sye),

We will use the abbreviation CIFS for conformal IFS.

Remark 2.6. If n = 2 the definition of a conformal GDMS can be significantly simplified.
First, condition (iii) can be replaced by the following weaker condition:
(iii)” For every vertex v € V there exists an open connected set W, > X, such that for
every e € E, the map ¢, extends to a C! conformal diffeomorphism of Wy, into
Wie).
Moreover, Condition (iv) is superfluous since Condition (iii)’ = Condition (iv)(with
a=1),seee.g. [36,31].

We record that the Bounded Distortion Property(BDP) implies that there exists some
constant depending only on . such that

1 D¢y (P -
1Dpw (@)

for every w € E’; and every pair of points p, q € Sy(w).
For w € E’, we set

(2.5)

Do lloo := 1Dl X, -
Note that (2.5) and the Leibniz rule easily imply that if w € E}; and w = Tv for some
T,VE EZ, then
(2.6) KM 1D¢r lloo 1Dy llos < 1D lloo < 1D lloo | Dy o

Moreover, there exists a constant M, depending only on .%#, such that for every w € E%,
and every p, 4 € Sy(w),

2.7) d(pw(P), b (q)) = MK Dy llod(p, q),
where d is the Euclidean metric on R". In particular for every w € E};
(2.8) diam(¢y (X¢())) = MK Depy, loodiam (X))

2.1. Thermodynamic formalism. We will now recall some well known facts from the
thermodynamic formalism of GDMSs. Let . = {¢.}cr be a finitely irreducible confor-
mal GDMS. For t = 0 and n e N let

(2.9) Zn(F0):=Zp(1):= ) |Dpo s

weEﬁ
Note that (2.6) implies that
(2.10) Zm+n(t) £ Zy () Zy (1),
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and consequently the sequence {log Z,, (1)}, is subadditive. Therefore, the limit

log Z,(t log Z,, (¢
Py (1) :=P(1) := JEIJO%TIMZ;Q,{,%T'M

exists and it is called the fopological pressure of the system .# evaluated at the parameter
t. We also define two special parameters related to topological pressure;
0(F):=0=inf{t=0:P(t)<+oo} and h(¥):=h=inf{t=0:P(t) <0}.

The parameter h(%) is known as Bowen’s parameter.
It is well known that ¢ — P(t) is decreasing on [0, +00) with lim;_.,, P(f) = —oo, and

it is convex and continuous on m, see e.g. [41, 19.4.6]. Moreover
(2.11) 0(F):=0=inf{r=0: P(t) <oo} =inf{t = 0: Z, (1) < o0},
andfort=0

(2.12) P(1) < +ooif and only if Z; (1) < +oo0.

The proofs of these facts can be found in [9, Proposition 7.5] and [7, Lemma 3.10].
Thermodynamic formalism, and topological pressure in particular, plays a funda-
mental role in the dimension theory of conformal dynamical systems:

Theorem 2.7. If. is a finitely irreducible conformal GDMS, then
h(&) =dim (&) = sup{dim »(JF) : F c E finite}.
For the proof see [9, Theorem 7.19] or [36, Theorem 4.2.13].

We close this section with a discussion regarding conformal measures and Perron-
Frobenius operators. If & = {¢p¢}eck is a finitely irreducible conformal GDMS we define

Fin(#) := {r>0: Z; (1) < +oo} :{t>0: Y 1IDgelll, < +oo}.
eeE

Gibbs measures are of crucial importance in thermodynamic formalism of countable
alphabet symbolic dynamics.

Definition 2.8. Let .# be a finitely irreducible conformal GDMS and let ¢ € Fin(.%). A
Borel probability measure p on E§ is called ¢-Gibbs state for . (or a Gibbs state for the
potential w — tlog| D¢, (m(o(w)))]) if and only if there exist some constant Curz1
such that

213)  Coye "Dy, o @) < pllwla)) < Cp e PO Dy, (@ @),
forallw € EY and neN.

For t € Fin(.%) the Perron-Frobenius operator with respect to . and ¢ is defined as
(2.14) Zigw)= Y gliw)Dg;mw)|’ for ge Cp(EY) and w e EY,
i Ai‘“l =1

where Ch(Eﬁ) is the Banach space of real-valued bounded continuous functions on E>‘.

It is well known that &£ : C,(EY) — Cy(E"). Moreover, by a straightforward inductive

calculation:

(2.15) Lle(w) = Y, gw)D¢; ()]’ for ge Cp(EY) and we EY.
T€EN: Ar oy =1

We will also denote by £} : C; (E/’?) — C; (EE') the dual operator of Z;. The proof of the

following theorem can be found in [9, Theorem 7.4].
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Theorem 2.9. Let ¥ = {(elecr be a finitely irreducible conformal GDMS and let t €
Fin(#).

(1) There exists a unique eigenmeasure m; of the conjugate Perron-Frobenius oper-
ator £} and the corresponding eigenvalue is e®.

(2) The eigenmeasure m; is a t-Gibbs state.

(3) There exists a unique shift-invariant t-Gibbs state [i, which is ergodic and glob-
ally equivalent to ;.

For all ¢ € Fin(%¥) we will denote
(2.16) my = mton_l and utzzﬁton_l.

Note that the measures m;, {1; are probability measures supported on J&. The measures
my will be called ¢-conformal and in the case when t = h = h(%#), the measure my, is
simply called the conformal measure of .

We will conclude this section with a bound for £/*(1) which will be of paramount
importance in Sections 3 and 4.

Proposition 2.10. Let . = {(.}.cg be a finitely irreducible conformal GDMS and let
t € Fin(&#). There exists a constant M; = 1 such that

(2.17) M;1ePOm < I (1) (w) < M eP 7,
forallw e Eﬁ’ and neN.

Proof. The upper bound follows from [41, Lemma 18.1.1]. We will now present the proof
for the lower bound. We remark that a much more general statement, which establishes
lower bounds for Perron-Frobenius operators with respect to general potentials, will
appear in the forthcoming book [14].

We will first show that forall ae Eand n e N:

(2.18) Y sup{llDgy, (@) : 7€ [al} = C; 2P

WeE!: Ayya=1
By Theorem 2.9 (3) and Definition 2.8 we know that there exists some C; > 0 such that
219 C;le "Dy, (o™ @) < i ((0])) < Cre™" O™ Dby, u (0" (@),
forallwe E§ and n € N. Note that (2.19) and the chain rule imply that

pe([apl) < Crexp(—(al+IBNP(1) sup{l Dpg ()l : T € [B1}
-sup{l| D ()l : Bp € ER},
forany @, f € E}, such that aff € E},.
Let a € E. We then see that:

C; e PD sup{| Dpo (1)) : at € EN}

(2.19) n
< pe(lal) = p(o™"([al)

= Y  wlwa)

wEE/’;:Awnazl

(2.20)

(2.20)
< Ce” PO sup(I Do)l :ar € EY} Y. sup{l Do (@) : T € [al}.

WeE: Appa=1

Thus (2.18) follows.



12 VASILEIOS CHOUSIONIS, DMITRIY LEYKEKHMAN, MARIUSZ URBANSKI, AND ERIK WENDT

We can now prove the lower bound in (2.17). Lett € E§ and n eN. If w € E/} and
wTE E/'\}' then by the bounded distrotion property:

(2.21) I Do @) E K~ suplll Do (o)1 : p € 7111,

Therefore,
LI@m= Y IDgyE@)I’
weE:wTeE
2.21) ___ (2.18) ___ _
S K'Y supllDpop)ll:pelrilt = K 'CePOn
wEEX:wTEE§
The proof is complete. (]

dp
dmt

3. THE RADON-NIKODYM DERIVATIVE py = FOR MAXIMAL CGDMS

In this section we study another Perron-Frobenius operator for CGDMSs. This opera-
tor is defined on C(X, C) and it is strongly related to the Perron-Frobenius operator that
we encountered in Section 2. A detailed study of its eigenfunctions are of paramount
importance for our method. We also note that the restriction of these eigenfunctions to
the limit set of the system coincide with the Radon-Nikodym derivative du;/dm;.

Our treatment generalizes earlier results from [36, Section 6.1], which only dealt with
CIFSs, to maximal CGDMSs. We also show discuss extensions of the Perron-Frobenius
operator to C(S). In what follows

y = {V)E, A’ t) l.’ {XU}UEV’ {(pe}eeE}

will denote a maximal CGDMS. We stress that the results in this sections do not require
any separation condition; in particular the open set condition is not needed.

Recall that X = @,y X, and similarly define S := @ ¢y S,. We will assume that these
unions are disjoint. This is not an essential restriction because, as it was described in
[9, Remark 4.20], given any GDMS we can use formal lifts to obtain a new GDMS with
essentially the same limit set but whose corresponding compact sets are disjoint.

In the rest of the section we will focus on the spaces of complex valued continuous
functions C(X) and C(S). We will denote by 1 and 0 the constant functions (defined on
X or S, depending on context) with values 1 and 0 respectively. We start by introducing
a Perron-Frobenius operator on C(X). For t € Fin(%#), g € C(X), let
3.1) Fi(@x) =) HD(pe(x)||tg((pe(x))xxt(e)(x).

ecEy

The following proposition shows that F; maps C(X) to itself.

Proposition 3.1. Suppose that . is a finitely irreducible, maximal CGDMS of and ¢ €
Fin(). For F; defined as above,

F;:C(X) — C(X),
and F;: (C(X), I - lloo) = (C(X), || - lloo) is @ bounded linear operator.
Proof. Since t € Fin(.¥), we have that

> 1D¢el, = Cr <o
ecE
Let g € C(X). By the compactness of X and the continuity of g,
B2 F@W= Y, [Doe)] g@eleDix ) = gl X [ Deells <00,
ecE

ecEy
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forall xe X.
Letxe Xande>0.If|V|>1, setd; = min{dist(X,,, X,,)}, and let §1 = 1 otherwise. By
[9, Lemma 4.16] or [4]1, Lemma 19.3.4] there exists §, > 0 so that whenever |x — y| < §>,

(3.3) |t(og | Do) —log | Db (|| < min{l, L}
6Cr

for all e € E. Moreover, using the uniform continuity of g and contractivity of ¢, we can
find 83 > 0 so that

€
3.4 18(Pe(x)) = 8(he()) < 2Cr

forall all e€ E and all x, y € Xy satisfying |x — y| < J3.
If x, y € X, then,

(3.5)
IFi@@-F(@W|=| Y [Doe| gpex) || Dpe | gcpe(»)
ecE, tle)=v
< > |IPge@] = [De || I8l +18@e 6D - gD Dpe|

e€E, t(e)=v
Let 6 = min{6,62,03} and let y € X such that |y — x| < 6. We analyze each part of (3.5)
separately. For the first part, notice that since |x — y| < 02
- ( |Dp.| )
D)
= [ De 0 1 - e Bl ogDgcoD)|

[1Dge " - [Dee)]] = [ Dpew0)]!

(3.6)
< | Dge(x)|'3|tlog | Dge ()| ~log [ Dpe (1) )]
3.3) : €
< |(|D _—
IDgetol 5o

where we also used that |e* — 1| < 3s when |s| < 1. Hence,
(3.7)
Y |Ipge@| - 1Dge]| 5= X [Dge] =5 ¥ [Dee]l <
2Cp 2Cr ;%

eeE, t(e)=v ecE, t(e)=v

€
2
For the second part of the sum, note that since |x — y| < §3:

(3.8)
34 € € €
Y 18@eN-8@eIDeellgy = 5= 3 [D¢elloo =55 X 1Dl =5
F ecE

ecE, t(e)=v 2CF ecE, t(e)=v

Hence, (3.5), (3.7) and (3.8) imply that F;(g) is continuous at x. Since x was arbitrary
we deduce that F;(g) € C(X). The fact that F;(C(X), || loo) = (C(X), |l - o) is @ bounded
linear operator follows by (3.2). O

We will now find an explicit formula for F}'. Starting with a single composition,

FA @) =F;| Y., |Dpe, O] 8e; x| ()
e1€Ex
= Y Do, @|" X [Dee, (he, || 8 ey e, O X xrie;) Do, DX X0y -
exeEy e1€Ex

To simplify this equation, notice first that when X;,) # Xi(e,), X Xiep) (e, (x)) = 0, dis-
allowing compositions for which X;(,) # Xj(,). Moreover, whenever ¢,, (x) € X;(,) we
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must have that X;,) = Xj(e,), so the characteristic function y Xrtey) (¢pe, (x)) can be ab-
sorbed into the expression ej e; € E;. Hence the second iterate of F; is given by

FA@® = Y | De,@e, (|| Do, ]| 8(bey 0 bey (1) x,qey (1)

2
€1€2€EA

Such reasoning easily generalizes to the n-th iterate of the operator, so

(3.9) Fl'@®) = Y. |Doo)]|gu()xx,0 X)-

weEg
Note that if x € X, then
(3.10) Flew= Y [Do)| gcpe(x)).

weE/’;(v)

The connection between the Perron-Frobenius operator F; and the symbolic Perron-
Frobenius operator defined in Section 2 can be easily obtained. For every g € C(X) and
nenN:

3.11) Zl'"(gon)=F'(g)om.
See [31, p. 425] for the straightforward calculation leading to (3.11).

Remark 3.2. We note that the main reason why we restrict ourselves to maximal sys-
tems is the fact that the iterates of the Perron-Frobenius operator F}*, see (3.10), are not
well defined if the GDMS is not maximal.

We will now show that the iterates F ;”) (1) are uniformly bounded above and below
with bounds depending on ¢ and n.

Proposition 3.3. Let.# be a finitely irreducible, maximal CGDMS. If ¢ € Fin(.¥) then for
allxe Xand neN:

(3.12) M7 K™ < F(1)(x) < MK e"P,
where M, is as in Proposition 2.10.

Proof. Letxe X.Then x€ X, forsomeve V. Lett € EE}‘ such that i(r) = i(r1) = v. Then,
by Theorem 2.10

FW@= Y D@ txwm= Y [Dou@]’
weER weER:t(wp)=v
FK Y g =KL m S K e

WeE: Ayyr, =1
The lower bound follows by a similar argument. O

In order to simplify notation we will also use the following normalized version of F;.
For ¢ € Fin(.%) we let

Fi @)= A F@0) =171 Y || Dpe(0)]| g(he(0) ¥ x,0) (%),

ecEx
where 1, = e’® is the spectral radius of F;. Recalling (3.9), we obtain a formula for I:“;’

given by
FlN@) ) = A" F (@) ) = A7 Y. | Do )| (oo () X X, (20

n
weE)
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Clearly, (3.11) implies that for every g € C(X) and n e N:
(3.13) 2" (gom) =Fg)om,

where .EE = A;l.ft. Moreover, Theorem 2.9 (1) implies that

m(F(g)) = myom  (Fy(g)) = f] Fi(@dimon™)
£

(3.14) =fEN I:“t(g)ondmt:fEN Fy(g)omdmy
A

A

:f gx(gon)dﬁh:/ goﬂdﬁlt:f gd(ﬁizOH_l):mt(g),
EN EY T

forall ge C(X).
As it turns out, the operator F,: C(X) — C(X) is almost periodic. We first recall the
definition of almost periodicity.

Definition 3.4 (Almost Periodicity). Suppose that L is a bounded operator on a Banach
space B, with L: B — B. Then L is called almost periodic if, for every x € B, the orbit
(L"(x))‘,’f’z0 is relatively compact in B.

We will now prove that F; is almost periodic.

Proposition 3.5 (F; is Almost-Periodic). Let #isa finitely irreducible, maximal CGDMS.
If t € Fin(.#) then the operator F, : C(X) — C(X) is almost periodic.

Proof. Fix a function g € C(X) and an € € (0,1). By the compactness of X we know that
g is uniformly continuous, and so there is a §; > 0 so that

(3.15) |g(x) — g(»)| < e whenever |x — y| < 6.

Since the family of functions {log | D¢ () ||} is equicontinuous, see e.g. [9, Lemma

weEZ
4.16] or [41, Lemma 19.3.4], we can choose 6, > 0 so that

(1
(3.16) |log|| D ()| = log || Dpey ()]]] < min { 5’6}

forallw € £, and all x, y € Xy(,) satisfying |x - y| < §2. We also let 63 = min{dist(X,, X;):
v,r € V,v # r}. The quantity §3 is positive since we assume that the sets X,, v € V, are
disjoint. Hence, taking x, y € X such that |x— y| < § = min{d;,62, 63} we know that x, y €
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X, forsome v € V and

IFZ’<x) ~Flw)|=

— Z | Do () || g (D)t 3,0y %) — = Z DG || gD X x10y )

!t weE} I weE}

Y DY) &) || Do )| g(dw )

n

t wEEZ(U)
1

<71 2 [8@u@ |IDgu@] = [Du ]|+ [D0s ] |80t - 800
t weER(v)

< 3 1ggu|[Dgu ] - [Dgu]|

t weEﬁ(v)
1
+= 2 [Dp]|gux) - gbu(y))].
t weE"(v)

We start by analyzing the latter term. Using the uniform continuity of g and our choice
of x and y, we see that

(3.17)
1 .
= Do | |80 - sG] < — ¥ Db = ek M,
oo
t weE}(v) t weEL (V)

Arguing exactly as in (3.6), we also get that
(3.18) ‘”D(,bw(x) I" = | Ppo ||t| <3et| Dy ()|".

Therefore,

1
7 L 186ul|[Dguta] - Dt ]|

t weE(v)

(3.19) (3 18)

(3.12)
setlglo X DG <" 36t | gl K M.

WweER ()
Combining these bounds, we find that for every n € Nif x, y € X and |x — y| < § then
|EF (@) (x) - F (@) (y)| <eBt| gl + DK M.
Hence, {F 1 (g)}52, is equicontinuous. Since it is also uniformly bounded by Proposition

3.3, so the Arzela-Ascoli theorem implies that {F7( 8)}5~,; has a convergent subsequence.
Therefore {F 1 ()52, is relatively compact. Ergo by deﬁmtlon F;is almost periodic. [J

We are now ready to prove the main result in this section.

Theorem 3.6. Let.% be a finitely irreducible, maximal CGDMS and let t € Fin(.#). There
exists a unique continuous function p;: X — [0,00) so that

(3.20) Fpr=p1, andfptdmtzl.

Moreover:
1) K'M;'<p,<K'M,,
2 {F"(l)}°° | converges uniformly to p; on X,

8) pily, = g
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Proof. ByProposition 3.3 the sequence {% Z;‘;(} F f (1}57, isuniformly bounded between

K~'M;! and K’ M;. Moreover, recalling the proof of Proposition 3.5, we know that

1 n-1 .
7]
-2 Fm
n i
is equicontinuous. Here, we make the convention that F?(l) = 1. Hence, the Arzela-
Ascoli Theorem implies that there exists some subsequence

1 n—1 " oo
e, = o ZO EFl
J= k=1

which converges to a function p; € C(X). Clearly, p; satisfies (1). We will now show that
Fi(py) = p;. Since F; is a bounded linear operator

F[(fk) — Fi(pp).
On the other hand if x € X then by Proposition 3.3

[e ]

n=1

N 1% 1 st F*Mm 1
F(fyx=—Y FImw=— Y FlOx+-———-——p.
Nk =1 k j=o ng ng

Thus F,(p;) = p; in X. Note also that for all n € N,
fﬁ{’(l)dmt(sé“fldmt: 1.

Therefore, [ frdm, = 1forall k € N. By Lebesgue’s dominated convergence (since K~ M, <
fr < K'M;) we then deduce that
[ptdmt =1.

The next step in the proof is to show that if p : X — [0,00) is a continuous function
such that p(X) c [a, b] for some a, b > 0 and

Fip=pand fpdmt =1,
dpy
dm;* —
that p ox is a fixed point of the normalized symbolic transfer operator Z; = A;l.,%t.
Specifically, .Z(p om) = pom. An application of [41, Corollary 17.7.6] implies that

then ply, = In particular, this will imply that p; satisfies (3). By (3.13) we see

(pomoa ! = (pom) € Al(ri,)

where
Al(riy) = {g € Li(my) : g(mtoa—l) - gmt'fEN gdri;=1,and g = 0}.
Now consider the measure '
Vi(A4) =pron(w)drﬁt(w).
Therefore,
fpon(a))drﬁt(w)zf pon(w)d(rﬁtoa_l)(w)zf pon(o(w))dmi(w),
A A o(4)

and v, is shift-invariant. Note also that ¥, is a ¢-Gibbs because p is bounded away from

0 and infinity. Since v; is both shift-invariant and a Gibbs State, [41, Corollary 17.7.5]

A
dmt :

implies that ¥; = fi;. Therefore, pom = ‘% and consequently p|;,, =
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We will now show that p; is the unique continuous function bounded away from
zero and infinity which satisfies (3.20). Suppose that p; and p» both satisfy (3.20) and
moreover p;(X) c [a,b],i = 1,2 for some a,b > 0. By the previous step .01|§ = p2|g.
We denote this common restriction by p;. For an € > 0 and choose 17 > 0 so small that
both [p1(x) — p1 ()| <€ and |p2(x) — p2(y)| < € whenever x, y € X and |x — y| < 1. We can
assume that 7 is so small so that if | x— y| < 7, then both x, y € X, for a single v € V. Since
the maps {¢p.}ec £ are contractive with Lipschitz constants bounded by s < 1,

diam (¢ (Xs(0)) < diam(X;() s

Fix n = 1 so large so that max,cy{diam(X,)}s"” <. Let z € X and let v € V such that
z€ Xy. Letw € E%(v) and take x € J.» N o (Xi(w)),

102(Pw(2)) = p1(Pw(2)] = |p2(pw (2)) — p(x)| + (%) — p1(Pw(2))] < 2€.
Therefore,

1p2(2) — p1(2)| = |F['p2(2) — F['p1(2)| = |E} (p2 — p1) (2)]
1
<s— Y 1p2(¢u(2) - p1(pu() | Dpu(2)|

t weEn(v)
<2y Ipgul L 2eki M,
 weE(v)

Taking € — 0, we see that p; (z) = p2(2).
Recall that by Proposition 3.5 the Perron-Frobenius operator F; : C(X) — C(X) is al-
most periodic. By a well known result of Lyubich [33] we can then deduce that

3.21) C(X) = Ey @ spanE,,
where
Eo=1{f € CQX): IET (Nl — O}
and
E,={fe€C(X):F;(f) = Af for some A € Cwith |1] = 1}.
Replicating the argument from [36, pg 147] we obtain that:

(3.22) spanE, = {cp;:ceC}.

Note that (3.21) and (3.22) imply that if a function p € C(X) satisfies F;(p) = p then
p = cp; for some c € C. This follows because if p € C(X) satisfies F;(p) = p then there
exist a unique pg € Ey and a unique c € C such that p = pg + cp;. Therefore,

p=Fl(p) = F(po) + cE (p) “2” Fl'(po) + cpr.
Letting n — 0, we conclude that p = cp;.
We showed earlier that p; is the unique function in C(X) which is bounded away
from zero and infinity and it satisfies (3.20). However, if p € C(X) satisfies (3.20) then by
the previous paragraph p = cp;. Since,

fpdmt:fptdmtzl

we deduce that ¢ = 1. Hence, we have proved the uniqueness of p; and the first part of
the theorem is complete.
Note that if f € Eg then [ fdm; = 0. To see this, let f € Ey. By (3.14)

ffdmt:fﬁt"(f)dmtforallnel\l.
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Since F'(f) — 0 uniformly and m; is a finite measure, Lebesgue’s dominated conver-
gences implies that

ffdmt = r}illgofﬁf(f)dmt =0.
By (3.21), the function 1 can be represented in a unique way as
(3.23) 1=po+cps

where pg € Eg and c € C. Since [ podm; =0and [ p;dm; = [1dm; =1 we deduce that
¢ = 1. Therefore,

IFf (1= plleo = IF' (1) = prllec — O.
The proof is complete. 0

We will also need extensions of the eigenfunctions p; on neighborhoods of X. They
will be used in Section 4 in order to show that the functions p; admit real analytic exten-
sions on S, and for technical reasons they will also be useful in the implementation of
our method in Section 5. First we need to define an extension of the Perron-Frobenius
operator in C(S). We assume that the sets S, are disjoint. For ¢ € Fin(.%*) and g € C(S),
we let

(3.24) G Q) = Y. | Dpe)| glpe () x5,y (1)

ecE

We also consider the normalized operators

G ) =716 @) = A7 Y. | Dpe®)| g pe(x) x5,y (1),

ecEy

where 1, = @,

Since (2.5) and [41, Lemma 19.3.4] hold in S, replicating the the proof of Proposi-
tion 3.1 and only replacing X by S we see that G; : C(S) — C(S) and G; : (C(S), || loo) —
(C(S), I lleo) is a bounded linear operator. Similarly we obtain analogues of Propositions
3.3 and Proposition 3.5.

Proposition 3.7. Let .# be a finitely irreducible, maximal CGDMS and let ¢ € Fin(.%).
Thenforall xe Sand neN:

(3.25) MUK ™D < G (1) (x) < KT M; e PO

Proposition 3.8. Let .# be a finitely irreducible, maximal CGDMS. If ¢ € Fin(.¥) then
the operator G, : C(S) — C(S) is almost periodic.

We can now state and prove the extension theorem that we will use in the following.

Theorem 3.9. Let.¥ be a finitely irreducible, maximal CGDMS. If t € Fin(.%) then there
exists a unique continuous function p;: S — [0,00) so that:

(3.26) Gipr=pr, andfﬁtdm,: 1.

(1 Gtﬁt =P

) Mj'K™?'<p, < M;K?,

(3) ptlx = ps, where p; is as in Theorem 3.6,
4 {G;’(l)};’;l converges uniformly to p; on S.
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Proof. The proof is identical to the proof of Theorem 4. Everything goes through with-
out issues because (2.5) and [41, Lemma 19.3.4] hold in S, and the open set condition
(which is not satisfied by the system {¢, : S¢(¢) — Si(e)} ) was never used in the proof of
Theorem 4 or in any other result in this section. We only comment on (3). If x € X then

5102 G

=470 Y | Dpe) | B (e x5, (X)
(3.27) 196“ )
=171 Y D) pi e (0)xx, (1)
ecEy

=Fi(p) ().

By the proof of uniqueness in Theorem 3.6 we know that p; : X — [0,00) is the unique
continuous function such that Ft(p 1) = p¢. Therefore, (3.27) implies that p; = p; in X,
and thus (3) has been proven.

O

We conclude this section with a small, visual prelude to our numerical results follow-
ing from this theory. Our numerical method uses approximations on p; to estimate the
Hausdorff dimension of GDMS attractors. The corresponding approximate eigenfunc-
tions for both the full Apollonian IFS & and a truncation to its first 12 maps «/|;» are
shown below.

FIGURE 1. An approxi- FIGURE 2. An approxi-
mation of p, for . mation of p, for o/|12

4. DERIVATIVE BOUNDS FOR p;

In this section we will prove derivative bounds for the eigenfunctions of the Perron-
Frobenius operator F; on maximal CGDMSs. These bounds will play a crucial role in our
numerical method. We stress that, as in Section 3, the open set condition is not needed
for any of the results in this section.

We start by introducing some standard notation. A multi-index « is an n-tuple of
non-negative integers a;. The length of a is

n
lal:= ) a;,
i=1

and we also denote
al=ay!-a!---a,.
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For a weakly |a|-differentiable function u, we define the operator D* by

Dau_(i)al...( 0 )“"(u)
“\ax 0xy, '

As in Section 3,
&= {V, E A, {Xvlvev, {(pe}eEE}
will denote a maximal CGDMS and we will again assume that the sets X, are disjoint.
Moreover, we will let
N = mindist(X,,0W,).
veV

Theorem 4.1. Let. = {(o}ecp be a a finitely irreducible, maximal CGDMS inR", n = 2.
Let t € Fin(%), let p; be as in Theorem 3.6, and let a be any multi-index.

(1) The eigenfunctions p; admit real analytic extensions onInt(S) = Uyey Int(S,).
(2) If consists of Mébius maps then for any u, s such that0 <u<s<v2-1,

1/2 \lal
) c(9)'pi(x), VxeX,
S

4.1) ID%p(x)| < a!(u

wherec(s)=(1-s2+s))"L
(3) Ifn=2, then

4.2) |D% (x)|<a'(ﬂ)lalex (IC (L)z) (x), VxeX
. Ot = ST p "\ p(X), )

wherer, s, M, L can be any numbers such thatr € (0,1),s€ (0,7),M >1,L>2 and
1+rn)?
Cr = lOg (—( rn) ) .
a-rmd

Proof. We will denote translation by a € R” by 7,(x) = x+ a, x € R”. The definition of the
Mobius group implies that for all w € E%, the map ¢,, has the form

€
bo = ‘[wa/lewo[ “oT_g,,

where a,, by, € R, A, >0, L, is an orthogonal transformation, ¢, € {0, 1}, 9 =1d and
1 _ _ )z
L (z)—t(z)—{i

Thus,
A .
Ao f =1,
IDguta] ={ el 5
Ao ife, =0 (i.e. f» =1d).

When (f is not the identity we have that a, € Wy().
We will first prove statement (2). We fix v € V and x € X,.. For any w € E}, (v) we define
a function p, : C" — C := C U {oo} given by

|x—ay? .
— el jfe,=1
pu@= | Tl

1, ife, =0,

where, ||| denotes the Euclidean norm in C”.
For simplicity of notation weletn:=ns. Let 0 < u < s < v/2—1 and set r = si. We will
first show thatif w € E Z(v) then

4.3) lpw(2)| < c(s), forall z€ Ben(x,r):={zeC":|lz— x|l <r}.
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Note that if p,, (z) = 1, we have nothing to prove. Therefore we may assume that
|x - ay|?

T (2 - @0)))*

Pw(2) =

Let z € Bcn(x,r). Then:

n n n n
(zj—(aw))* =Y (zj—xj+xj— () )* = Y (zj — x))* + Y (xj — (aw) )?
=1 i

j=1 j=1 j=1

J
n
+2) (zj—x))(xj = (aw) ),
j=1
and consequently

n

n
2
- lezj—le —ZZ,llzj—lelxj—(aw)jl
j= j=

n
Y (zj - (aw)j)*
J=1

=

n
(xj = (@u) )*
=1

(4.4) /

xeR" 2 2 <
= lx—aul’ = llz=xI* =23 |z; - xjllx; - (a0);1.
j=1

Since z € Ben (x, sn) and dg, € Wy

(4.5)

Using the Cauchy-Schwarz inequality,

n n 1/2 n
Y lzj—xjllxj— (aw)jl < (Z |z; —x,-|2) (Z |xj - (awmz)
j=1

(4.6) j=1 j=1

1/2

4.5) 9
=llz=xllx—awl = slx—awl".

Thus,
& (4.4)A(4.5)A(4.6)
Y (zj = (aw))? > 1x — apl? = $2|x — ay|* — 25| x — a,|?
4.7 j=1
=(1- 52+ 9)|x— aol’.
Therefore,
2
x—a, .7
| wl D s)

" e - 7]

Since B¢ (x, ) is simply connected, the analytic function
z2— py(2), z€Bcr(x,r),
has an analytic logarithm, see e.g. [32, Lemma 6.1.10]. Thus,
z— puw(2)’
is analytic for z € Bcn (x, 7). We then let

b= Y e POMp,(2)"|Dpy )|, z€Benlx,1).

weE} (v)
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Using Proposition 3.3 we see that for all m e Nand z € Ben (x, 1),
_ r (43) _ t
(@] =e O™ 3 pu (2" |Dpu )| = e PO Me(9) Y. | Do ()|
(48) L()EEXI(U) wEEZz(I/)
t —P(tym pm B2  rpt
<c(s)'e F M (x) = c(s)'K M.

Since the maps z — p,(z)! are analytic in Ben(x,r), Montel’s theorem (see e.g. [38,
Proposition 6]) and (4.8) imply that the maps b, are analytic in Ben(x,r). Let § € (u, s)
and set

7 =3n.

Asecond application of Montel’s Theorem implies that there is some subsequence (b, )32,
and a holomorphic function b : B¢ (x, 7) — C such that

4.9) by, — b uniformly on Ben (x, 7).
Therefore, Theorem 3.6 (2), (4.8) and (4.9) imply that
(4.10) b(2) < c(s)" p;(x) for all z € Ben (x, 7).

Note that for z € Ben(x, 1) N Xy:

/1 t
bn@= Y, e, |Dpyx)| =e PO Y (pw<z)—|z)

)
|lx—a
weET (v) weET (v) w

t
_ o~Pm Z (Z |x—aw|2 Aw )

n . 2 _ 2
wEEXl(U) j=1(z] (aw)]) |x dwl

t
—e PO ¥ ( Ao )
e \ Xj=1(%) = (@) j)?

="M Y Dgu@'

weEN (v)
= POmpmq)(z).
Thus, combining Theorem 3.6 (2) and (4.9) we deduce that
4.11) b=p,in XN Ben(x, 7).
Recall that the polydisk metric in C" is defined as
lz—wlp=max{lz;—w;|:i=1,...n}, z,weC".
A polydisk in C" is a set of the form
P(z,r):={weC":|w-zllp<r}, wherezeC",r>0.
It is easy to check that
(4.12) lz—wlp<llz—wl<vnlz-wlp.
Therefore,

_ 1 _
Plx,—un| < B¢, (x, un).
( N TI) ¢, (x, un)
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Recall that b is holomorphic in Bg, (x, 7) which is an open neighborhood of B, (x, un).

Therefore, if a is any multi-index, applying the Cauchy estimates (see e.g. [38, Chapter
1, Proposition 3]), we see that
(4.13)
1/2lal 410 172 lal
D%, “2" D b(x)| < a! (n—) max _ |b(z)| “Lm (n—) c(s) py(x).
um zeaP(x,%) um

Since v € V and x € X, were arbitrary, the proof of statement 2 is complete.
We will now prove statement 3. We fix v € V and we define

(4.14) bu(z)=e "0 Y D¢, )|
weER (V)

for ze W, and n € N. Note that for z € X,

(4.15) bu(2) = e "V F (1) (2).

Let w € E}}. Recall that since the maps ¢,, are conformal we have that either || D¢, (2) || =
I(/);,(z)l (when ¢,, is holomorphic) or ||D(pa,(z)|| = I(%)’ (2)| (when ¢, is antiholomor-
phic). By Proposition 3.3

3.12
(4.16) bn(z)( < )KfMt, forallze X and neN.

Forwe EZ, define
_ | ¢w, if ¢, is holomorphic
Vo= ¢uw, if ¢y, is anti-holomorphic.

Thus HD(pw(z) || = |y}, (2)]. Fix some {, € X, and, without loss of generality, assume that
{»=0.Given any w € E}, (v), define

Vi (2)
Y, (0)
To simplify notation we again let 7 := . Since B(0,7) is simply connected, p,, is ana-
lytic and it does not vanish, all of the branches oflog p,, are well defined on B(0, 7). After
choosing a suitable branch, an application of Kéebe’s Distortion Theorem [42, Theorem
23.1.6] gives

Pw(z) = zeW,.

0w (2] = —T1_
1-rn)?

1+ rn)
1-rn

on B(0, rn) for r € (0,1). Therefore log p,, = log|p| + i arg p,, is an analytic logarithm for
Pw and

and

|argpw(z)|5210g(

1+rn 1+rn i
(4.17) |Ingw(Z)|SlOg(m)-FZlOg(m)— C;.

for z € B(0,rn) and r € (0,1). Therefore we can write log p,, as a power series

[eo]
logpw =) amz™ inB(0,rn),

m=0
and by Cauchy estimates we can see thatforall s<r,
Cr
(4.18) laml <

Smnm :
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Hence, ifz=x+iy€ B(0,rn)

Re(logpy(2) = Re(

x|

am(x+iy)m)
m
k=0 k

k
fln+k(n-]: )inxkyn)

k
Re (amk(n;; )z") xkyn

k,n
Ckynx Yy

I8 T2

[=}

Il
=
@
—

T
™8

T
(=]

I
18
18

B
Il
(=)
b
I}
o

i
18
18

B
Il
(=}
=
I
(=]

Thusforall s<r

Cr2n+k
(ST])’Hk :

n+k (4.18)
(4.19) |Ck,n|5|an+k|( K )5|an+k|2n+k <

Consider the complex valued function, formally defined on C?, given by

(o)
F(z,w) = ckynzkw", z,weC.
n,k=0
Note that for L > 2, the function F is holomorphic in the polydisk P (0, %) Indeed,
(z,w)eP(0, %)

o0
k
IF(z,w)l < ) lcknllzl*lwl|"
k,n=0
00 Cr2n+k sn+k

= ) —— ol
ko (S‘l])"HC Ln+k

S )

k,n=0 k=0

n+k

(4.20)

L 2
= Cr (m) = Cl(r,L).

In the following we will use the embedding ¢ : C — C?,
x+iy)=(x+10,y+i0)
for all x, y € R. To simplify notation, we let
A=1(A)ifAcC.
Note also that B(0,7) = ¢(B(0,7)) < P(0, 7). Hence,
(4.21) F =Re(logp) on B(0,sn/L).

Let
By (z, w) = e "W Y ||IDgo O] tetFzw) 2 e C,neN.

weEﬁ(v)



26 VASILEIOS CHOUSIONIS, DMITRIY LEYKEKHMAN, MARIUSZ URBANSKI, AND ERIK WENDT

For(x,y)5x+iy=C€B(0,%)

Bu(Q) = Bp(x, y) 2" e nP0 Y |Dpu(0] etRetorra@

weER(v)
=e "0y ||D¢w(0)||tel°g'pw(()|t
weE(v)
(4.22) / t
:e—nP(t) Z ”D(,bw(o)”t w;u(()
weE (v) V(0
=e "0 N D@ = ba®.
weE ()

Now note that for all (z, w) € P(0, sn/L)

[Balz w)l = e 3 [ Dy ()] e

weE (1)

< e—nP(t) Z ”D(pw(o)”teRe(tF(z,w))
weE" (1)

(4.23) < P Z “D(pw(o)”tetlF(z,w)l
weEX(u)

U2V et D P05 D, ()]

weER(v)
— etCI (r,L) bn (0) .

Thus,
(4.23)A(4.16)
<

1By (2, w) K'M;te!C" D for (z,w) € P(0,sn/L).

Since the functions
(z, W) — e'FEW

are holomorphic in P(0, sn/L) and the partial sums of B, (z, w) are uniformly bounded,
an application of Montel’s Theorem implies that the functions
(Z, W) — Bn (zr W)

are holomorphic in P(0, sn/L). Via another application of Montel’s Theorem, we can
extract a sequence of functions B, converging uniformly to a holomorphic function B
in P (0, -7--) for any M > 1. Thus, Theorem 3.6 (2) and (4.22) imply that

» ML
(4.24) B=p,onB(0,~L)nX
. t ’ML v
Moreover, Theorem 3.6 (2) and (4.23) imply that
1C1(r,L) 5(g S
(4.25) |B(z,w)|<e 0:(0) for all (z, w) € P (0, ML) .
By the Cauchy Estimates, if a is any multiindex,
2 a!
D@ D BO < g max Bz, w)
(m) (z,w)€dP(0,377)
! !
(4;5) L(MLﬂaletCl(hL)pt(O) — a (ML)la\etCr(ﬁ)zpt(O).
(sn)""' (sn)'“'

The proof of (3) is complete.
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We will now prove (1). First observe that using (4.11) and (4.24) we can deduce that
for every x € X there exists an analytic function Ry : Bcn (x, 4‘11]) — C such that

RylxnBen(xa-1m) = Pt
We now set
71 = mindist(S,,0W,).
veV

Using Proposition 3.7, Theorem 3.9 and arguing exactly as in the proofs of (2) and (3) we
can deduce that for every x € S there exists an analytic function Ry : Ben (x,4’11~7) —C
such that

RelxnBen(rats) = Pr-
Clearly, p; is real analytic on Int(S) and (1) follows after we recall Theorem 3.9 (4). The

proof is complete. O

We conclude this section with two remarks.
Remark 4.2. Using Proposition 3.7, Theorem 3.9 and replicating the proofs of (2) and
(3) we obtain derivative bounds for the extensions g of the eigenfunctions p;:
(1) If.# consists of M6bius maps then:

1/2 1l
(4.26) ID“ﬁt(x)lsa!(r;—ﬁ) c(s)tﬁt(x), Vxes,

where 0< u<s<v2—-1andc(s)=(1—-s2+s)L.
2) If n=2, then

u ML\ - ( L \?
4.27 D%p sal|— tCr|——=| |p:(x), VxeS,
(4.27) ID%p ()] a(sﬁ) eXp( r(L_Z))pt(x) xXe
where 1,5, M, L can be any numbers such that r € (0,1),s € (0,7),M > 1,L > 2
and
- 1+rf)3
Cr=log((—”~')).
a-rp°

Remark 4.3. It is straightforward to check that Theorem 4.1 (2) also holds if . consists
of extended Mobius maps in C. Recall that a map f : Coo — C is an extended Mobius
map if f or f belong to the Mobius group.

5. NUMERICAL METHOD

In this section, we describe an algorithm that rigorously computes the Hausdorff di-
mension of limit sets of maximal GDMSs. The method is based on the Falk-Nussbaum
approach of approximating the eigenfunctions of the Perron-Frobenius operator [16],
and consists of the following steps:

¢ Discretizing C(X).

» Approximating the Perron-Frobenius operator.

¢ Computing upper and lower bounds for the Hausdorff dimension of the limit
set.

Before we describe the method, we introduce some notation and supplementary re-
sults.
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5.1. Notation and the Bramble-Hilbertlemma. Our numerical estimates apply results
from finite element methods. Suppose we are working on an open, bounded domain
Q in R". Throughout the paper, we will use the usual notation for the Lebesgue (LP),
Sobolev (W™P) and Holder (Ck’“) spaces with the corresponding norms and semi-
norms. Thus if u € W™P(Q), the corresponding norm is defined by

1/2
||u||wmvr’(m=( > “Da””irﬂ(m) ’
lal=sm

and the semi-norm by

1/2
Iulwm'v(Q)Z(lz “Da”“ip(m) :

al=m
To state the following version of the Bramble-Hilbert lemma, we recall that a domain
Q is star-shaped with respect to xy € Q if the segment
[x0,x] = {xot+x(1-10):2€[0,1]}cQ

for all x € X. Let 27, be the space of piecewise m-degree polynomials on Q. We will use
a version of the Bramble-Hilbert Lemma with a computational constant, found in [15].

Lemma 5.1 (Explicit Bramble-Hilbert). SupposeQ is an open bounded set which is star-
shaped with respect to every point in a measurable set of positive measure B < Q. Let
p=q>1, suppose that j < m, and let d = diam(Q). If f e WP (Q), then

m—j+nlq

—Eiigyfng-|fWMymm(Q)

5.1 inf [f—Ply; =C
6.1 Pe,, |f |W],q(Q) BH

where

. 172
o M- 14 1/q -2
Cpn=#{a:lal=j}- Y w) ( DI:1) ) .
nifa p-1-""1 1Bl=m—j

5.2. Discretizing C(X). To discretize C(X) we use a finite element approach. Take § >0
so that X (6) € W, where

X(6)={xeR":d(x,X) <6}.

For h < 6 choose a subdomain X" = R” such that X < X" X (6). We partition (trian-
gulate) X" into simplices, i.e. X" = u,7. For simplicity we choose a conformal mesh,
meaning that two neighboring simplices can intersect only by lower dimensional sim-
plices (faces, edges, or nodes). An example of 2-dimensional conformal triangulation is
shown in Figure 3.

Let h; = diam(7) and define & = max; h;. On an element 7 of the mesh, we define
1 () the space of linear functions on 7. Furthermore, let S, be the space of piecewise
linear functions on X"

Sp={reC’X) : vi;eP (1)}
By the Bramble-Hilbert Lemma 5.1, for any v € w2,
(5.2) inf |v -yl < Cprh?|vl 2,
XESh

for some constant Cpy independent of &, which can be explicitly estimated from the
Lemma 5.1.
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FIGURE 3. An example FIGURE 4. A nodal basis
of a triangular mesh of function for [P’l(Xh).
D.

Remark 5.2. Instead of triangulation, we could choose any other partition of X", for
example rectangular elements and use bilinear functions as was done in [18], which is
a valid alternative. However, in our opinion the triangulation provides more structure
that makes the implementation faster and easier.

To use the finite element space Sj, for computations, we need some basis functions.
Since any element from Sy, is uniquely defined by its values at the nodes of the triangu-
lation {x j};\’: o we choose basis functions {(pi(x)}f.\i 1 satisfying

1 i=j ..
(X :6: l, :1,2,...,N,
¢i(xj) =0ij {0 i%] J
and define a nodal (Lagrange) interpolation operator .#j, : C°(X) — Sy, by
N
Fpv(x) =) v(xj)pj(x).
j=1

Since the nodal interpolant ., is invariant on Sy, i.e. #,q = g for any g € Sy, and
bounded from L*® — L* with a constant 1, by the triangle inequality, for an arbitrary
g € Sy, we have

lv—Ipvlire <llv—gliro+11g—Fpvllir=

=llv—qlize + 125 (q = V)l 1o
=2|lv—ql .

Thus, we immediately obtain the following corollary.
Corollary 5.3. For any ve W?>(Q),
lv = F vl < 2Carh? V] 200 )
where Cgy is the same constant as in (5.2).
Provided we have the following continuity and derivative estimates for p;

(5.3) o) —pWI<Cllx-yl x,yex"

(5.4) ID%p¢(x)] < Calp ()] xex" jal=2,
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for some computable constants C; and C», for any x € 7, we obtain
0=1p:(x) = Fhp((x)] < 2Csrh2|pilw2coi) < 2Cpr(Crhr + 1) Coh2p,(x).
Thus we have
(5.5) (1—-erry) Fppe(x) < pr(x) = (1 +err) Fpps(x) Vxer, VT,
where
err; = 2Cpy(Cyhy +1)Co b2,

Thus, .#;,p; provides upper and lower pointwise bounds for p; and these bounds tend
to 1 quadratically as i — 0. From now on we assume that % is sufficiently small, so that

err := maxerr; < 1.
T

5.3. Approximating the Perron-Frobenius operator when the alphabet E is finite. Next
we want to approximate the Perron-Frobenius operator F; : C(X) — C(X) which was in-
troduced in (3.1). Recall that

Fi(@) =Y |Dpe@|gpec)x,, 1), geCX).

ecEy

Using (5.5), we have

(1—ern) ) 1D Fnpt(Pe(x) xx, (X) < Frpr(X)

ecEx

<(+er) Y D) Ihp(Pe(0)xx, () Vxe X",

ecEy

(5.6)

Let a € RY be a vector with entries
aj=pi(xj)=Ippe(x;) j=12,...,N,
and define two matrices A;, B; € RV*N such that

(Ar@)j = —ern) Y, DG Inpt(Pe(x)) ) xy0) (X))

ecEy

(Bia)j:=(1+err) Y. [IDPe(x)" Fppi(exj)xx,0 (X))-

ecEy

One of the technical difficulties of assembling the above matrices is to locate an element
7 that contains ¢ (x;). At this point, the structure of the triangulation comes very handy
as one can use a barycentric point location, which makes the assembly rather efficient.
For example if for the node x;, the image ¢.(x;) € 7; for some 1 < i < N, then we have
Pelxj) = Alx{ +eet }Ln+1xfl+1, where x{,...,xliﬁl are the vertices of the simplex 7; and
Ay Ape1 20, Ay + -+ Apyq = 1 are the barycentric coordinates of the point ¢ (x;).
Thus, we obtain the contribution to the entries of j-th columns of the matrices A and
B the rows corresponding to the global indices of the nodes x{ Yoo xil +1 weighted by the
barycentric coordinates A,,...,A,+1. This step can be vectorized for all e € E, making
the assembly very efficient.



RIGOROUS HAUSDORFF DIMENSION ESTIMATES FOR CONFORMAL FRACTALS 31

5.4. Computing upper and lower bounds of the Hausdorff dimension. The matrices
Ay, B; consist of non-negative entries and we can use the following key result for such
matrices [18, Lemma 3.2].

Lemma 5.4. Let M be an N x N matrix with non-negative entries and w an N-vector
with strictly positive components. Then,

if Mw)jzAwj, j=1,...,N, thenr(M)zA,
if Mw)j<Awj, j=1,...,N, thenr(M)=<A,

where r (M) denotes the spectral radius of M.

Since
(Frpo)(xj) =r(Fpe(xj) j=1,...,N,

where r(F;) = A, = eP'¥ denotes the spectral radius of F;, forall j=1,..., N,
(A[az)j = Fxpx(xj) = Atpr(x]') = T(Ft)(a’t)j,
and
(Bra) jzFepi(x) = Arpe(xj) = r(F)(ay) ;.
Therefore Lemma 5.4 implies that
r(Ap) <r(Fp) =As<r(By).

Let t* = dim_#(Js) and recall by Bowen’s formula from Section 2 that r(F+) = A4+ = 1.
Thus, our goal is to compute tight upper and lower bounds ¢, 7 such that * € (£, 7). Since
the map ¢ — A, is strictly decreasing, if we find ¢ such that r(A;) > 1, then r(F;+) =1 <
r(A;) < r(Fy) and as a result t* > ¢. Similarly, if we find 7 such that r(By) < 1, then
r(F7) <r(By) <1=r(F)and as aresult t* < t. In conclusion, we would have t<t*< 1,
which is a rigorous effective estimate for the Hausdorff dimension of the set Js.

Thus, given matrices A; and B; the problem essentially reduces to nonlinear problem
of computing a parameter ¢ that corresponds to a leading eigenvalue 1. Since there is a
spectrum gap between the leading eigenvalue 1 and the rest, this problem is well-suited
for a power method, which starting from arbitrary vector xj, generates an iterative se-
quence {xx}72 ) given by

Npar = ArXy
T A

and the corresponding sequence of numbers {ux}2, is given by

x] Arxp
Be=—7_—">
xk Xk
such that p; — 1 and x; converges to the corresponding eigenvector at the rate |uy|*.
Since |u2| < 1, the power method is rather efficient. Furthermore, since the power
method only requires matrix-vector multiplication, there is no need to construct the
matrices A; and B; explicitly, which is an important issue for large problems, for exam-
plein 3D.

Using the logarithm, the above nonlinear problem is equivalent to root finding prob-
lem. There are many good choices can be used. In our computations, we used a varia-
tion of a secant method, since good initial guesses for such problem are available.
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5.5. Case of infinite alphabet. In the case of the infinite alphabet, we consider the trun-
cated finite alphabet E c E and initially define the matrices on the truncated alphabet
as,
(Ar@)j=(1—ern) Y IDPe(xX)I"Inpr(e(x)) ) x,0 (X))
ecEx
(Bia)j=(1+ern) Y IDPe(x)" Fppi(Pex))x x,0 (X))-
QEEA
For estimating the lower bound ¢, we can use the matrix A;, however for estimating the
upper bound 7, we need to modify the matrix B, to account for the tail

A+ern) Y. I1DPex)I Fnp(he(X)) XX, (X))
eEEA\EA

Provided that
Y DGO Zhp (e xx 0 (X)
ecEA\Ex
converges uniformly in x, in view of the continuity estimate (5.3), we have that for any
1<j=N
A+ern) Y DY) Zhpi(e(x) X x,0) (X)) < Cop(x1).
e€E\Ey
Thus, for each j column of B; we only need to modify the first row of B;. In the above
estimate, the choice of x; is arbitrary, we could select any other node (or nodes) as well.
The exact estimate of the constant Cy, depends of course on a concrete problem and
the size of E. In many examples, we can chose the size of the truncated so large that the
modified matrix allows us to obtain a sharp upper bound 7.

Remark 5.5. In the case of infinite alphabet, We have two sources of errors, one is due
to discretization of the domain X and the other is due to truncation of the alphabet E.
The sizes of the matrices A; and B; only depend on the discretization parameter h and
not on the truncated alphabet E. The size of the truncation alphabet affects of course
the entries of the matrices A; and B; and the time it takes to assemble them. However,
as we already mentioned in the section 5.3, this step can be made very efficient and in
all our examples given below, we are able to take E so large (corresponding to Cy be very
small) that the dominating error is due to the discretization parameter % only.

5.6. Mesh Trimming. In this section we provide a meshing scheme for fractals gen-
erated by CGDMSs, that eliminates computationally redundant points in the iterative
creation of the mesh and some cases can reduce the number of degrees of freedom by
orders of magnitude. We visualize the method using the Apollonian gasket, although
the algorithm is presented below works for general CGDMS.

In section 5.3, we showed that elements of the approximating matrices are defined
by the expression
(6.7 Y IDG DI Fpp i (Pelx))).

ecE

Looking at Figure 5, which shows a general mesh on X" and the image of all the nodes
under the map ¢, as blue dots, one can see that the blue dots are not distributed uni-
formly. In fact most of the elements (triangles) do not contain any such dots. This im-
plies that when we generate the matrices using formula (5.7), the resulting matrices
will have many zero columns. Such columns do not play any role in computing the
corresponding eigenvectors, and the size of the matrix can be significantly reduced by
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FIGURE 5. The initial FIGURE 6. A new mesh
mesh X" with the image after deleting redundan-
set xM, cies.

FIGURE 7. The 5th iter- FIGURE 8. A zoomed in
ation of mesh trimming version of the aforemen-
applied to a truncated tioned mesh.

Apollonian gasket IFS.
The corresponding im-
age points are overlayed
in blue.

removing those zero columns and the corresponding rows. Alternatively, we could just
remove those elements altogether at the beginning, see the in the mesh on Figure 6,
which significantly saves time for generating the approximating matrices.

Remark 5.6. The step 3 for unstructured meshes may be computationally difficult,
however, if the meshes consist of shape regular simplices this step can be done directly
using the edge data structure.
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Algorithm 1 Mesh trimming

n

1. Choose initial mesh size & and generate an initial mesh on X h with nodes {x it j=E

2.SetE=¢.
for j=1:ndo
3. Compute ¢ (x;).
4. Detect all elements 7 containing ¢.(x;) and add them to the set E.
end for
5. Remove all elements which are not in E.
6. Refine h and repeat until the desired accuracy is achieved.

6. APPLICATIONS

In this section, we illustrate how the method can be applied to various CGDMSs. In
particular, we verify that these systems are indeed CGDMSs and highlight some prop-
erties of the general families that these systems belong to. In Section 6 we will describe
the specific implementation of our numerical method for these examples.

6.1. n-dimensional continued fractions. In this section we review n-dimensional con-
tinued fractions and some of their dynamical properties. We find their 8-number and
prove they are a CIFS.

Definition 6.1 (n-dimensional Continued Fractions IFS). Let vy, = (1/2,0,...,0) and let
| -] denote the Euclidean norm. The n-dimensional continued fraction IFS, denoted
€ F, consists of the maps

. n-1 _ xXt+e
6.1) {(/)e.X—>X|e€N><Z ,<pe(x)_|x+e|2},

where
n 1
X=35xeR 3|x_V1/2|5§ .

To verify that € % is a CIFS, first note that X = Int(X). We are left with three proper-
ties to check. First, the the system has to satisfy the OSC. Second, each ¢, must map X
to itself to be an IFS. Finally, there must exist an open set W © X furnishing a conformal
extension for each e€ E.

Lemma 6.2. Foranye;,e; € E withe) # ez,
Pe, (INt(X)) N pe, (Int(X)) = @.

Proof. Each ¢, in €, is the composition of two distinct maps — a translation 7, fol-
lowed by an inversion ¢ about the unit sphere:

(1) Te:x— x+e and
2) t:x— x/|x
Since |e; — e;| = 1 = diam(X), we see that for distinct e7,e; € E

Te, (INt(X)) N T, (Int(X)) = @.
Applying the injectivity of an inversion,
10T, (X)NtoT,, (X) =9,

so the open set condition is satisfied. (]
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We now provide an analytic proof that each ¢, maps X to itself, proving that € Zg is

an IFS.
Lemma6.3. Foreache€E, ¢,: X — X.

Proof. It suffices to show thatforall x€ X, e€ E

1
|pe(x) = v1/2| < >

Since X = B(vy/2,1/2),forallxe X, x; +e; =1,

\/1+(x2+ez)2+...+(xn+en)2s|x+e|.

Dividing through by | x + e|? and squaring both sides gives

1 4 X2+ e 2 Xptep 2 1
+ > +...+ > < R
|x+ el |x+ el |x+ el |x+ el

From here, subtracting terms yields

=

1 1 1] (x2+e2)2 (xn+en 2

1
_— e —— 4= -
lx+e?2 |x+el* 4 |x + e|? |x+ e|? 4

Equating

LS S ] B ( 1 1)2
x+el2 |x+e* 4] \|x+el2 2
and taking square roots, we see that

|pe(x) = v1/2] S\/

1 1\? Xo+ e 2 Xn+en 2 1
— =] + +...+ <-.
lx+e?2 2 |x + e|? |x + e|? 2

We are interested in the existence and maximality of conformal extensions of € Ff.
The existence of a conformal extension shows that € % is a CIFS, while finding maxi-

mal extensions is needed for eigenfunction bounds. Introducing some notation, for all

6>0,let
X(©6) ={xeR":d(x,X) <6}.

To show the existence of a uniformly contracting conformal extension we must find a

0 > 0 so that
P (X(0)) < X(0).

Note that in this lemma, we only consider ¢,, corresponding to words of finite length

greater than one, as it is not true for single letters (specifically, letting v = (1,0,...,0), we

see that || D¢, (0) n = 1 whenever e = v;). While this formally corresponds to a different

dynamical system, they clearly share the same limit set.

Lemma 6.4. Forany0<d<1,
¢w(X(0)) c X(9),

where w e E*\ E.
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Proof. To show this, note that since ¢, (X) c X, it suffices to show that ¢, (X (0)) € X
for any a, b € E. Consider the set

R={xeR":x;>1}.

We wish to show that ((R) = X. To do so, note that the boundary of 0R is a half plane,
and thus described uniquely by n + 1 points. If we can show that ((0R) = 60X, we will be
done.

By properties of Mdébius transformations, we know that ((6R) is either a sphere or
a n—1 hyperplane. Notably, any n + 1 points determine this image. For the point at
infinity, t(co) = 0. Moreover, i(e;) = e;. Now, let p;, i = 1,...,n—1 be the point e; + e;.
Certainly p; € OR for each i, as

_ e; _1
tpi) = e—‘|2 = E(el +e;) €0X,

so our claim is proven.
Defining the set

Rs={xeR":x;>-6}>X(5),
note that the first coordinate of any point in ¢, (Rs) is always positive when § < 1. Hence
forany x € Rsandany a € E, 1 (¢pp(x)+a) > 1,50 45 (X(0)) < ¢pgp(Rs) < X, verifying our
claim. Note also that this inequality is strict, for if 6 = 1 then —e; € X(9), and ¢, (—e)) is
undefined. U

Hence we have shown that n-dimensional continued fractions are a CIFS. We now
move onto tail bounds for these systems for continued fraction systems in any dimen-
sion.

Lemma 6.5 (Tail Bounds). LetR=1. Then forany x,y € X,

n-2t

(6.2) Y L el = 2 Caa (s,1) )
. eeE,|e|2R+2|x+e|2tpt¢e =Ty MalmniS By Py

where w1 is the surface area of the n — 1 sphere of radius R and

Claj=1(s,1) = min ‘/—ﬁ(l—s(zﬂ))‘f.
0<s<v2-1 §

Proof. Consider e € Q = {(ey,...,e,) € Nx Z"!:|e| = R+2}. From the definition of ¢,,
we immediately have

1
[pe(x)| < . VxeX.
In addition, by the Mean Value Theorem and the derivative estimate (4.1) with |a| =1,
we have
() —p:(Y) = C=1(s,D|x—yl Vx,yeX,

and as a result
(6.3)

> t(pe(x)) < diam(X)Ciai=1 (s, Dp (1) Y =Clai=1(5,Dp: (1) Y.

—p —_— —_—
= lx+ef?t = lx+el?t o lx+el?t

for any x, y € X. To estimate the sum we use the integral comparison test. Using that for
any x€ Xand anye€ E,

le—1|<|x+e|,
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we have

1 1 1 dx
2 2 |e—1|2f55f|

< .
ocn | X+ el?t ecQ) xI=R | x|2t
Using the spherical coordinates p = | x|, we compute

dx ® n-1-2t R"%
=Wy_ d =Wpn- .
fmzR [x2t " l[R P p=n1yr

Combining, we obtain the result.
O

Remark 6.6. Following the lines of more refined analysis from [17], we could obtain a
slightly sharper tail bounds. However, the above bounds are more than sufficient for our
purpose, and the dominating error is due to discretization of C(X).

6.2. Quadratic perturbations of linear maps (abc-examples). In this section we discuss
a CIFS in the the complex plane which does not consist of Mdbius maps. Suppose that
re(0,1), X=B0,r):={zeC: |z| <r}, and let

Ge(2) = aez+be + cez2

for e € E < N. The corresponding (formal) CIFS is denoted by #,; = {X,I,{¢po : X —
X}eeg}. An arbitrary set of such maps will not be a CIFS. The maps may not be contrac-
tions, have intersecting images, or be non-invertible. Conformality is automatic, so for
verification purposes we need to do the following:

(1) Verify the maps ¢; are contractions on X.

(2) Find an open, connected set W o X for which each ¢; extends to a uniformly
contracting map taking W into itself.

(3) Verify the OSC holds on X.

(4) Verify the Bounded Distortion Property.

Many of these questions may be verified using computational means, provided the
system satisfies appropriate separation properties. An investigation of these algorithms
is beyond the scope of the paper, and instead we show how to verify this is a CIFS in one
particular case. In particular, consider the CIFS .#,,. consisting of the maps

¢1(2) = 25iz+.1+.12%
¢$o(2) = 2iz—.1—.1i +.052%
$3(2) =.1z+.1—.1i +.042°

defined on X with r = 0.2. To show this system maps X to itself we use norm estimates.
Forall e=1,2,3, we have that

|pe(2)] < Tlael + bl + 12|l
implying
lp1(2)| <.25r +.1+.1r2 =.154< 0.2

2
lpo(2)| < .21 + V.02 +.05r% = \1/_(; +.042<0.2

2
lp3(2)| <.1r + V.02 +.04r% = 1—‘/0_ +.0216 < 0.2
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forall z € X. Hence ¢.(X) c X forall e € E. To verify the OSC, simply note that d(be,, be;) =
0.1 for all i # j. Pairing this with the fact that r|a,| + r2|cel = .054 < 0.1 for all e € E, it is
obvious that ¢, (X) N (/bej (X) =@ forall i # j. More explicitly, we have that

1(X) € B(by, lay|r +c117%) = B(0.1,.054)
$2(X) € B(by, |az|r +|ca|7?) = B(=0.1 - 0.11,.042)
¢3(X) € B(bs, |as|r +|c3|r?) = B(0.1-0.17,.0216).

Checking case by case, we find that
(1) For ¢ and ¢,

by — b2| =10.1—-(-0.1-0.17)| =

5
\1/—0_ =.096=.054+.042 =11 + 19,

so ¢1(X) and ¢, (X) are disjoint.
(2) For ¢ and ¢s,
1
|b; — b3 =10.1—(0.1-0.17)| = E >.0765=.054+.0216 =r; + 13,

so ¢ (X) and ¢3(X) are disjoint.
(3) For ¢, and ¢s,

|by —b3| =1-0.1-0.1i — (0.1 = 0.1i)| = = =.0258 =.042 +.0216 = 1, + 13,

o=

50 ¢2(X) and ¢3(X) are disjoint.
Hence our system satisfies the OSC. To find an open set W o> X satisfying property 3,
recall that
1 :=min{l, dist(X,0W},
we wish to find the supremum of r for which |D¢.(z)| < 1 whenever |z| < r. For an
arbitrary r > 0, taking the supremum norm on B(0, r) yields

[Dge| ., = ael +2rlcel,

we must solve

1-la;l
la;| +2rilcil=1=1r; = .
2|c;l
Doing so, we have that
1-0.25 1-0.2 1-.1
rn= =5:0.75=3.75, rp, = =08:-10=8, r3=——=0.9-12.5=11.25.
2:0.1 2:0.05 2-.04

Hence 71 = 1 for this example.
Moving onto injectivity, it is sufficient to show the existence of a nonzero directional
derivative for some direction. In particular, taking derivatives yields

—ip)(2) =.25- 2iz
—idh(z)=.2-.liz
¢4(z) =.1+.08z.
Since |z| < 0.2 we have that
Re(-i¢}(2)) =.25-.04=.21>0
Re(—i¢)(2)) =.2-.02=.18>0
Re(¢p5(2)) =.1-.016 =.084 >0,
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so injectivity has been proven. Of course, since the alphabet is finite, the tail bounds are
not needed.

FIGURE 9. The first (green) and second (red) iterations of a system
consisting of quadratic perturbations of linear maps.

6.3. An application to Schottky groups. Another application of our estimates it to 2D
Schottky Groups, specifically classical, nonhyperbolic Schottky Groups generated by
Mébius transformations. Suppose that Bj, j = £1,+2,...,+¢, are disjoint closed disks
in €, and consider Mobius transformations of the form

ajz+bj

gj:@\B_j—*Bj deﬁnedbygj(z)=m.

For each j, g; is a contraction on its domain of definition. However, this is not yet a
CGDMS as it does not satisfy the open set condition. To rectify this, consider the 2n(2n—
1) maps

gji:Bi— Bj, where gji= glefi
all of which are defined when i # —j. The incidence matrix A is then just a matrix of
I’s whenever i # —j, and zeros everywhere else. Moreover, extending g; to the whole
Riemann Sphere, itis apparent that |[Dg;(z)| = 1 onlywhen z € B_ j»S0 uniform contrac-

tivity follows from the finiteness of the system. We now provide a specific example of a
Schottky group for which our theory applies. Consider the initial, paired balls

By =B(-0.7—1i,.4), B_;=B(0,0.5);
B, = B(-0.8,0.2), B_,=B(0.8,0.2);
B3 =B(0.9,0.3), B-_3=B(0.8-0.94,0.6).
Visually, these circles are shown below:
The mappings between them were found computationally and are certainly not unique.
Because of this, Schottky groups give a great example CGDMSs whose 1-cylinder sets

agree but whose limit sets have different Hausdorff dimension. The maps used in this
paper are as follows:
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FIGURE 10. The initial FIGURE 11. The first it-
circles for our Schottky eration of our Schottky
group example. system. The original

disks are in green.

(—0.7—1)z+0.2
g@)=—m
- 0.2
1(2) = ——
§-1 z+0.7+1
(0827068
89 =""08
(- 20827068
(2= ————
§-2 Z2—08
()= (08-0.902-063-0.721
Z =
& 2-09i
() 0912063 -0.721
_3(Z) =
§-3 z—0.8i—09

A graphic representing the first iteration is in Figure 11.

6.4. The Apollonian gasket. We now focus our attention on one of the most famous
fractals, the Apollonian packing. To fully describe the packing as the limit of a conformal
IFS, suppose that k € {1,2,...,6} and consider the angles

2 2nk
O = (—1)"?” and 6} = % mod 27.

The generators of the system then have a representation via the maps

_ (V3-Dz+1

1@ —z+v3+1

) ng, and RG;c

where Ry is the standard complex rotation by angle 8. With this notation, the infinite
set of maps generating the Apollonian packing is

{prn:k=1,....6and neN}
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where
Pren = R@;C of"ngk of.
For the rest of this section, we let A = v/3.

Proposition 6.7 (W = B(0,1+ 1)). The maximal domain furnishing a conformal exten-
sion for the Apollonian IFS is B(0,1 + 7).

Proof. We will show that X; := B(0,6) with 0 = 1 + A satisfies ¢y, ,(Xs) < X;5. Writing

A-Dz+1
f(z)_—z+(/l+1)’
consider the matrix representation of f(z), M given by
A-1 1
M_(—l /1+1)'
Notice that
_ 1 (-1 1) (A 1)(0 -1
w=vv =5 )fo Al D)

as A is the single eigenvalue of multiplicity 2 for M. By nilpotence

0 o 1" .. ao1 (0 1) (AT pAn!
= /U+(0 0) — A"+ A (0 0)_(0 z

and so the matrix representation of f"(z) is
-1 1\(1 n/A\(0 -1
n_ qn
w=r ()l VIR D)
Using this representation, and the matrix representation for the rotation

Rek=( 0 1),

$r,n(2) = Ry o f"oRyg, o f(2)

has the matrix representation ®y. , given by

Cafe®% 0)(=1 1\(1 n/A\(0 -1\(e% oO\(A-1 1
(6.4) q)k,n—/l(o 1)(_1 0)(0 1 1 -1 0 1/ -1 A+1)°

Now we consider the action of each map on Xj. Start with the image of f(Xs). Since
1+6 =1++/3is apole of f(z), f(z) maps the ball X5 onto the right part of the plane of
the vertical line

we see that the map

L ==5gy +it, teR
This is easy to see, for
f(_l_\/g):—(ﬁ—l)(ﬁ+1)+1:_ 1
(V3+1)+v3+1 2(v3+1)
and
f((1+\/§)i):(\/§—1)(1+\/§)i+1_(2i+1)(1+i)_ —-1+3i 1 3i

= = - + )
—1+V3)i+v3+1 2V3+1)  2(V3+1)  2(vV3+1) 2(V3+1)
The equality follows by noticing that the real parts of both these points are equal.
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This is followed by a rotation by 27/3 — that is, finding the image after Ry, . By the
symmetry of the gasket maps under the complex conjugation, we will only need to con-
sider a rotation by 27/3. Under the rotation e2™i3 the line L(t) becomes

—l+i£ (—;+it)—— £+il t+ ! -1 v3
2 2 )\ 2(/3+1) - 4WV3+1)  4(/3+1)

2 2
Solving for real and i 1mag1nary parts to be zero, we see that the new line L(z) passes
through the points 1+/1 and — /1(1+/1)

The image after V! is given by the inversion by ;. This is a Mdbius transformation,
so it maps the line L(#) into a circle. To compute the center and the radius of this circle,

notice that
fv(£o0) =0

1 1+
fv (—) =a, where a= 0

B 1
fv=ip) = 1+[32 1+ﬁ2’ AL+

Thus, we need to compute the center and radius of circle passing through three points

where f=

(0,0), (1+1/A,0), and (1+/32’ 1+ﬁ2 ), which is equivalent of solving a 3 x 3 linear system
with the matrix
0 0 1
A= 2a 0 1
2 2B
1+ 1+p°
and the right hand side
0
b=-— a:2
1
1+52

Solving, we obtain that the desired center of the circle is (%, %) and the radius p =
A+l
-

The image after J is simply the translation by %, corresponding to the matrix

1 n/A
0 1)
Alternatively, this is the map z — z+ n/A, which is just a translation by n/A and the new

image is just a circle centred at (1;/{L +4 Azl) of radius p = ﬂ . We can represent it as

1+A n A+1 (A+1 A+1
Ct)=——+—+ cos(t)+l(T+ N

22 A A

We could now proceed with the next map 1— %, but we will use a different approach.
Due to the elementary fact that for functions g: X - Yand h: Y — X, g(X) c (X
implies h(g(X)) c X, a splitting argument for ¢ , may be used to show that ¢y ,,(X5) <
Xs. Here the map g(z) is the map corresponding to the product of matrices

1 n/A\(0 =1)(ef o0\(A-1 1
o 1 J{t -1J)lo 1)l -1 2A+1

and the map h(z) to the product of matrices

%% 0\(-1 1
o 1/J{-1 o0

sin(t)) , te(0,2m).
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Naturally the rotation leaves X; invariant. Since

-1 117" o -1
-1 0 1 -1)
we need to find the image of B(0,0) under the M6bius map fy(z) = —Z—il. We proceed

similarly when we treated V!, consider the image of three points (1 + A1), (=1 — 1), and
i(1+A).

frA+A)=——
1
ﬁd—l—lﬁzgiz
. 1 . B
fv(z(1+/1)):1+ﬁ2+zm, where f=1+A.

Thus, we need to compute the center and radius of circle passing through three points
(- % ,0), (ﬁ, 0), and (ﬁ, %), which is equivalent to solving a 3 x3 linear system with
the matrix

0 1
2

vy 0 1
2 _ 2B
1+p2 1+p2
and the right hand side

¥

A

b=- (2+1)L)2

T

with f =1+ A. Solving, we obtain that the center of the circle is (—m,O) and the

radius is p = M12+ +/1/1)

To conclude ¢y, (X5) = X5, we only need to establish that the distance between cen-

ters of the c1rcles c=(— /1(2 vy ,0)and ¢, = (“’1 Z, “1) is greater than the sum of the

radii p; = and p, = &1, Magically,

- /1(2+/1)

1+A +/1+1 A+1 3+7L
A2+ A) A A 2+/1

p1tp2=
and the direct computations show that even for n =1,
dist(c;,cp) =2.0442---> 2,

and of course the above distance is even greater for n = 2. O

Remark 6.8. The decomposition in (6.4) is also of practical interest. If one were to
naively compute M" for higher powers of n (specifically, for n = 1250) the entries of
M"™ would become so large they could not be stored in memory. Using the fact that
Mobius maps act on PGL(2,C), the scaling factor A" outside of the decomposition of
®;. , may be ignored, avoiding the aforementioned exponential scaling.
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FIGURE 12. illustration of inclusion, for n =1,2,3.

6.4.1. Tail Bounds. In this section we find tail bounds for the Apollonian gasket. As
mentioned with continued fractions, such bounds are necessary for rigorous Haus-
dorff dimension estimates of infinite systems, though the structure of such bounds will
change depending on the system. Generally, an ordering needs to be given on the maps
of the system, which in this case is given in it’s definition.

Recall that any Mobius transformation

@ az+b
z) =
§ cz+d
has a matrix representation
a b
ve=le )
and the norm of its derivative at z € C is given by the formula
|det(Mg)|
6.5 D =—0.
(6.5) |IDg(2)| lcz+dP

As in the previous section, the matrix form for ® ,, is
=Ry of

® Z/lne"% 0\(-1 1\(1 n/A\(0 -1\[(e% o0\(A-1 1
k.n o 1Jl=1 oJlo 1/t =1J)lo 1)l =1 A+1)

~ vl

~
=R,y ofn
o °f

Finding tail bounds for the system will amount to applying (6.5) and the chain rule.
Focusing on the rightmost matrices, note that Ry, is justarotation by 8, and thus leaves
the derivative unchanged. Taking the determinant,

A-1 1

det( 1 A+1

):/12—1+1=A2.

The ¢ and d terms for the map are —1 and A + 1, respectively, so the derivative will be
maximized when

[—z+A+1]

is minimized. This is at z = 1, giving the derivative 1?/1? = 1. Hence we have that

| DO ()] < | DRy o £ (Ro, (F@ || DRoy 0 o = | DR o £ (Roy (£120)
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We need to find Ry, o f(D). Since f is symmetric about the real axis, the points
2-1
-)=—— and D=1
f=D P F
are antipodal points on f(D). Thus f(D) = B(%, ﬁ). Without loss of generality, sup-
pose that 0 = 2?” Then rotating f(D) by e?*!/3 gives
1 A A
- + i
2+ 2+4 2+

Moving onto the next three maps, note that the final map is just a rotation by B;C, and
therefore doesn't change the norm of the derivative. Hence we can omit it from our
calculations. Furthermore,

ngOf(ID):B(

n

AT AT (e NP E SR N
-1 0Jlo 1 ){t -1/ —nong)
implying that
-2+1 n AT 0) (-2 +1 n
n(=2 ) — 2 p) _92n
det(/l ( f %+1))—det((0 A)( L)
Referring back to (6.5), this implies that
(DTe | A2n 1 (1)2 1
= — max —_— max —_—.
k,n A2n z€Rg, of (D) |—%z+1+%|2 1) zeRg of(D) |z—1—i 2

. . 1 A 2 o 1
Notice that the above maximum occurs at z € B (— 7 tagh m) that minimizes ‘z -1-4 ‘ .

It is well known from basic complex analysis that the minimum of |z— a| on the circle
|z — zg| = r is attained for

z=a+|1-

)(Zo—ﬂ),
|zp — al

. _ Ao A _ 1 A
w1tha—1+n,r——2+1,andzo— —2+A+—2+Az,wehave

1 1 2+ 1)?
max 5 = 7= . 2"
zeRekOf(lD)‘z_l_i) (lzo—al—r1) (I-1+Ai—-A+A/m)2+A)|-A)
n

Using that A = v/3, we compute,

A? 2+1)2 A2 2+1)2 3x1.28
”Dq)k,n” = N 2 5_2 . 2 < 2
ne (|=1+Ai—(1+A/n)R+A)|-A)* 1 (-1+1i-2-A)|-A) n

After a simple application of the integral comparison test, one finds that

S t o t
IDPenllee= X DOk
ke{l,... 6}, n=N+1 ke{l,...6}, n=N+1

o0
<6(3x1.28)! x 2Tdx<6x4" x LN‘”“.
N+1 2t—1

7. HAUSDORFF DIMENSION ESTIMATES

In this section, for the concrete example from the previous section, we provide the
estimates for all the constants and parameters needed for computations and give reli-
able computational range the Hausdorff dimensions.
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7.1. 2-dimensional continued fractions. In two dimensions 8 = (f1, 82), hence
1 3

1
B 2=1+-+-=2,
I%Z 4 4 2

and as a result Cgy = v/6 and by Bramble-Hilbert Lemma 5.1

loe = Inpelliom < 2VBhE|p ¢l e
By Theorem 4.1, for any |a| = 2, and takingn =1,

(7.1) ID%p,(x)| < -pr(x), Vxer.

s2(1-s(2+39)

Thus, we need to obtain an estimate for m which depends on the Hausdorff
dimension ¢ of the limit set. Although we do not know this exactly, good upper bounds
on the quantity can be applied.

7.1.1. Alphabet with four smallest generators. For a simple illustration we consider the
alphabet consisting with four generators,

E4 = {(1)O)v (]-y ]-), (]-y _]-)» (2,0)}

Denoting the limit set of the system by Jg,, the upper bound for the dim 7 (Jg,) is 1.15.

As aresult
1

s€(0,v/2-1) S<(1 —s(2+5))

combining the estimates we obtain
lpe = Inpilleq) < 8-41V6RTl ol 1.
Naturally, no tail bounds are required in this case. Using this estimate, we compute that

dim z(Jg,) € [1.149571...,1.149582....].

7.1.2. Infinite lattice alphabet. Now we consider the infinite alphabet E = Nx Z. For this
example, we know that ¢ < 1.86 and as a result

1
min ——————— <72,
5€(0,v2-1) (1 —s(2+5))
combining, we obtain
lor = Fnpell o < 8-72V6h2 el 1o r).-
For tail bound we use Lemma 6.5. Thus, since for ¢ < 1.86,
. 1
min ————— <14,
se(0,v2-1) S(1 —8(2+))
we have
2w,
Y 1D ) Fnpe(pe(x)) < ———R* ' p,(0),
ecE\E 2(t-1)

and to account for the tail, we need modify j-th column and the row of the matrix B,
that corresponds to the zero node.
Denoting the limit set of this system by /g, our computation found that

dim z(Jg) € [1.8488...,1.8572...].
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7.1.3. Gaussian prime alphabet. As an intermediate example, we consider the case when
the alphabet consist of Gaussian prime with positive real parts. For this example, we
know that ¢ < 1.515 and as a result

1
min S S
se(0,v2-1) S°(1—s(2+5))

’

combining, we obtain
lo: = Fnp il o < 8-56V6h2 [ pl o).

For tail bound we use Lemma 6.5. Thus, since for ¢ < 1.515,

1
min —————— <12,
se(0,v2-1) S(1 —8(2+))

we have

6v2
Y 1D Fnpe(elxj)) < ﬂRZ‘”m(O),
ecE\E 20t-1)

and to account for the tail, we need modify j-th column and the row of the matrix B,
that corresponds to the zero node.
Denote the limit set of this system by J,;;me. Then,

dim_zJprime € [1.5060...,1.5140...].

7.2. 3-dimensional continued fractions. In three dimensions = (81, 2, B3), hence

» 1 1 1 15
Y B T=141+ 14—+ -+ = —,
= 4711 4

and as aresult Cpy = v 15 and by Bramble-Hilbert Lemma 5.1
lor = Fnptllom) =2V 15h$|p[|w2,oo(.r).

By Theorem 4.1, for any |a| = 2, and takingn =1,

(7.2) ID%p(x)| < )tp,(x), VxeT.

s2(1—s(2+5s)

7.2.1. Alphabet with five smallest generators. First, we consider the alphabet consisting
with five generators,

E5 =1(1,0,0),(1,1,0),(1,-1,0),(1,0,1),(1,0,-D}.

Denoting the limit set of the system by /g, the upper bound for the dim #(Jg;) is 1.46.

As aresult
1

min ————— <54,
s€(0,v/2-1) (1 —s(2+5))

combining the estimates we obtain
lpe = Fnpelliom < 12-54VI5RZ 1ol 2o(r)-
Naturally, no tail bounds are required in this case. Using this estimate, we compute that

dim 7 (Jg;) € [1.4423,...,1.4617...].
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FIGURE 13. The first iteration of the 3D continued fraction IFS.

7.2.2. Infinite lattice alphabet. Now we consider the infinite alphabet E = N x Z?. For
this example, we know that ¢ < 2.6 and as a result

1
min ST s g S 112,
s€(0,v/2-1) $2(1 —s(2+5))

combining all estimates we obtain
loe = Inpillow <12-112VI5HZ ol popr).

To account for the tail bound, similarly to 2D case, we use Lemma 6.5. Thus, since for
1< 2.6,

1
min —— <18,
s€(0,v2—-1) S(1 —s(2 + 8))¢
we have
36V3m _4_
Y IDPex)N FInpi(e(x))) < ——— R p,(0),
2t-3

ecE\E
and again to account for the tail, we need modify j-th column and the row of the matrix
B; that corresponds to the zero node.
Suppose that Jg,,, is the limit set for the above 3-dimensional continued fraction sys-
tem. Using a mesh size of 1.7e — 02 we found that

dim z (JE,p) € [2.56...,2.58...].

7.3. Quadratic perturbations of linear maps. Similarly to Section 7.1, Czy = v/6 and
by Bramble-Hilbert Lemma 5.1

o= Fnp il < 2V6R21p¢l 2o -

However, since this system does not consist of Mébius transformations, to estimate
|0 ¢ly2.00 we will use (3) from Theorem 4.1, namely

a ML\« L \?
(7.3) ID%ps(x)| < al! N exp|tCr I3 po:(x), forallxe X,
A _
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where d, = dist(X,0W), R, s, M, L can be any numbers such that Re (0,r),s € (0,R), M >
1,L>2and Cg = log( L+ Rdy ) +210g( 1+Rd, ) Since dy =1,

(1-Rdy)3 1-Rd,

1+ Rd, 1+Rd2) ( 1+R ) (1+R)
Cp:=1 — | +21 =] —— | +21 — .
R og((l—Rd2)3)+ Og(l—Rdg B\u—m3) 8|1 R

Setting s = r = 0.2 and || = 2, we need to optimize the expression

(o7 ow{ie( 5]
min [—] ex — .
o101 ) “PIH2T2
As before, this varies depending on the parameter ¢ we are using. Setting ¢ = 0.633, an
upper bound for our system, we find that

|D?p;(x)] < 1833p(x).
for all x € X. Combining this with the Bramble-Hilbert Lemma, we see that
o _jh”L‘”(r) <2v6- 1833”pt”L°°(r)'

For our computations, we used a mesh of size 8.1e — 07. Denoting the limit set by
Jabe, a resulting computation gave

dim_z(J4pc) € [0.6327142857142860...,0.6327142857142869...].

This is up to standard MATLAB long precision and may be given as an equality, due to
the computed upper and lower bounds being equal. Expanding the precision of the
computation would therefore yield more digits.

7.4. Schottky groups. Error estimates for 2-dimensional, classical Schottky groups are
slightly different than continued fractions. Since we are in two dimensions, = (81, 82)
implying Cp = v/6. However, the optimization problem involving c(s) will necessarily
change, as 17 < 1 in many cases. The corresponding minimization problem then is

2
1
min 4 (—) _—
sev2-1 \sn) (1-s2+9)!
Note that n can become arbitrarily small, implying different bounds are needed for these

cases. In the provided example, it is straightforward to verify that n > 0.32. The subse-
quent minimization is

12 1
min 4 ( ) .
se,v2-1) \0.32s) (1—-s@2+9)!
This, like the other minimization, is changed for each ¢ we consider. That said, since
an upper bound on the dimension of our Schottky group is 0.78, one finds that

1 2
|Dp¢(x)| < min 4( )
PRET= ovin \032s) (I—s@2+9)f

Completing our bounds, just recall (4.1), and so

<1082p(x).

loe=hpe] ooy = 2v6- 1082h$|lpt”ﬂ’°(r)‘
Denote the limit set of the Schottky group by Jchott- Then
dim_ Uschort) € [0.7753714283...,0.7753714286...].

The maximum mesh size used for this computation was 1.67e — 05.
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7.5. Apollonian gasket. The bounds for the Apollonian packing are similar to those on
complex continued fractions. Since the generating IFS consists of Mdbius maps, the
bounds from the Bramble-Hilbert Lemma remain the same. Specifically, we have that
Cga=V6s0

”Pt - jhpt “LOO(T) =< 2\/€|ptlwz,oo.
Applying (4.1), we need to optimize the expression

6
min oo
se(0,v2-1) S“(1—s(2+5))

when |a| = 2 and ¢ is an upper bound for the Hausdorff dimension of J,. Since t <
1.306, one finds that

|ID%p(x)| <283p(x).

Excluding the tail, we find that
loe=Inpel oy = 2\/6'283h$||Pt||L°°(r)'
Adding in the tail bounds,
- r, Lo
> [ DDk || o Tnp i (Pe(x) <6x4"x —N 0:(0).
n=N+1, k=1,..6 2t

As shown below, similar bounds will hold for each subsystem we consider. For the
limit set /.4 of the Apollonian gasket, we have that

dim s (J ) € [1.305675...,1.3057...].

This bound was obtained using a mesh of size 1.1e — 03.

7.5.1. A Finite Apollonian Subsystem. The first subsystem of the Apollonian gasket we
consider is a finite subsystem consisting of the first 12 maps in it’s standard enumera-
tion. In particular, this is given by

Ao ={prn:k=1,....6andn=1,2},

with corresponding limit set J|,,. A visual of a system and its corresponding eigenfunc-
tion is found at the end of section 3 2. This system exhibits our methods capabilities to
estimate systems without the quadratic decaying tails seen in other examples. As such,
the bounds for it are similar to the original gasket. In this case, ¢ < 1.03, so optimizing
the expression yields

X 6
min —_—— <
se0,v2-1) $2(1 - s(2 +5))1-03

and so the Bramble-Hilbert lemma implies
o _ﬂhpt”L‘x’(r) = 2\/6'37hgnpt”L°°(r)'
Using a mesh size of 1.17e — 04, our numerics found that

dim 7 (</112) € [1.0285714285712...,1.0285714285714...].
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FIGURE 15. The Apollo-

FIGURE 14. The Apol- nian gasket IFS without
lonian gasket with one a spiral.
generator removed.

7.5.2. The Packing without a Generator. Due to the flexibility of our method, we can
find rigorous Hausdorff dimension estimates for infinite subsystems of the Apollonian
gasket. Starting with one of the simplest subsystems, we consider the fractal generated
from the Apollonian gasket without a generator. Specifically, let

s ={prn:k=2,...,6 and neN},
with corresponding limit set /4. Being a subsystem, all of the previous bounds carry
over. In this case, taking ¢ < 1.24 one finds

6

min = ———— o <267
se0v2-1) S2(1 — 52+ 5))124

and hence, excluding the tail
loe=Tnpel ooy <2V6-267h7 | 0t oo r)-
The appropriate tail bounds in this situation are
v L 2641
Y DPhnle I (@e(x) <5 x 4" x —N"#1p,(0).
n=N+1, k=2,..,6 2t
Moving onto our numerics, using a mesh size of 1.1e — 03 we found that

dim 7 (J.4) € [1.3056...,1.3057...].

7.5.3. The Packing without a Spiral. Another interesting subsystem of </ occurs when
a map from a different generator is removed for each level n. Taking from concurrent
maps, this yields a spiral of disks taken away from the fractal. Specifically, consider the
CIFS

ﬁfspiml ={prn:kel{l,...,6}\1+(n mod6),neN}.
It is clear that the tail bounds for this system are the same as in the previous example,
being

x 1
Y [ D@k oo I (Pe(x)) <5 x 4" z—tN*mpt(O).

n=N+1, (k,n)eEspiml
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where (k, n) € Egpirq if and only if @y ,, € of;)irq1. The specific eigenfunction bounds
differ at a certain level due to the higher dimension of the limit set for </, 4; compared
to the system missing a generator. In this case ¢ < 1.25, which is close enough to 1.24 so
that the same full bound applies

loe =1t ooy <2V6-267h2] 0t | joo(a)-

Denote the limit set of this system by Jo, , ,,- Then our numerics find that
dim 7 (g, ) € [1.2346...,1.2357...]
with mesh size 1.1e - 03.
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