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Abstract

We study the dimension theory of limit sets of iterated function systems con-
sisting of a countably infinite number of conformal contractions. Our focus
is on the Assouad type dimensions, which give information about the local
structure of sets. Under natural separation conditions, we prove a formula for
the Assouad dimension and prove sharp bounds for the Assouad spectrum in
terms of the Hausdorff dimension of the limit set and dimensions of the set of
fixed points of the contractions. The Assouad spectra of the family of examples
which we use to show that the bounds are sharp display interesting behaviour,
such as having two phase transitions. Our results apply in particular to sets
of real or complex numbers which have continued fraction expansions with
restricted entries, and to certain parabolic attractors.
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1. Introduction

1.1. Background

An iterated function system (IFS) is a finite set of contractions {S; : X — X};¢;, where X is a
closed subset of Euclidean space. For each IFS there is an associated limit set (or attractor)
F satisfying F = U; ¢;S;(F), which will typically be fractal in nature. IFSs and the dimension
theory of the associated limit sets have been studied extensively since Hutchinson’s important
paper [28]. In a seminal 1996 paper [32], Mauldin and Urbanski extended the theory to infinite
conformal iterated function systems (CIFSs, defined in definition 2.1) consisting of countably
many conformal contractions. The maps are assumed to be sufficiently separated, with the
contraction ratios uniformly bounded above by some £ < 1. One well-studied family of sets
which are generated by CIFSs are sets of numbers which have continued fraction expansions
with restricted entries.

There are several notions of fractal dimension which give information about the scaling
properties of sets. For background on the Hausdorff and box dimensions, which are defined
using global covers of the set, we refer the reader to [14]. In this paper, however, we will focus
more on the Assouad type dimensions, which are defined using local covers. The Assouad
dimension was introduced in [2] and has been the subject of intensive study in the contexts
of embedding theory (see [30, 38]) and fractal geometry (see [18]) in recent years. Fraser
and Yu [24] introduced a parameterised family of dimensions, called the Assouad spectrum,
which lie between box and Assouad dimension and will be a key focus of this paper. These
dimensions are defined in section 2.1.

The dimension theory of infinite IFSs has been studied extensively, for example in [4, 11,
31-33, 42]. There are many similarities between finite and infinite iterated function systems,
but also several differences. One notable difference is that the Hausdorff, box and Assouad
dimensions coincide for the limit set of any finite CIFS, but can differ for infinite CIFSs,
indicating that the presence of infinitely many maps can cause the limit set to have greater
inhomogeneity. Mauldin and Urbanski showed in [32, theorem 3.15] that for an (infinite)
CIFS the Hausdorff dimension dimy F' can be determined from a topological pressure function
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(defined in (2.8)). For notions of dimension dim which are not countably stable, a naive guess
for a formula for the dimension of the limit set might be dim F' = max{dimg F,dim{S;(x)}},
where x is any given point in the limit set. Mauldin and Urbanski [33, theorem 2.11] proved
that the upper box dimension does indeed satisfy this formula. As the main result of [4], we
proved that the upper intermediate dimensions dimg also satisfy the naive formula, that is,
dimgF = max{dimg F,dim{S;(x)}} forall § € [0, 1]. The intermediate dimensions are a fam-
ily of dimensions (introduced in [15] and studied further in [3, 6, 7, 9]) which are parameterised
by 0 € [0, 1] and interpolate between the Hausdorff and box dimensions. We provided some
(often counterintuitive) applications to the dimensions of projections, fractional Brownian
images, and general Holder images. We refer the reader to [19] for the general area of ‘dimen-
sion interpolation’, which includes both the intermediate dimensions and Assouad spectrum.
One of the most interesting features of the analysis in this paper is that the naive formula does
not always hold for the Assouad spectrum, which instead satisfies two bounds which can be
sharp in general. In [4], we also proved bounds for the Hausdorff, box and intermediate dimen-
sions of the limit set without assuming conformality or separation conditions. However, the
Assouad dimension can be particularly sensitive to separation conditions even in the case of
finite IFSs (see [18, section 7.2]), and in this paper we assume conformality and appropriate
separation conditions throughout.

1.2. Structure of paper and summary of results

In section 2 we introduce notation and define CIFSs and their limit sets. We prove geomet-
ric estimates for CIFSs which will be useful when proving dimension results later. We also
define the notions of dimension we will work with, in particular the Hausdorff, upper box and
Assouad dimensions (denoted dimy, dimg and dim, respectively), and the Assouad and upper
Assouad spectra at § € (0,1) (denoted dimi an ﬁi respectively).

In section 3 we prove that under an appropriate separation condition the Assouad dimension
of the limit set F satisfies the expected formula

dimp F = max {dimy F,dimp P},

where P is the set of fixed points of the contractions.
In section 4 we prove one of our main results, namely that the Assouad spectrum of the
limit set is monotonic in # and satisfies the bounds

max{dimHF,miP} gdimiFg(ﬁm[%x]f(Q,gb). (1.1)
€[o,1
Here, for 6 € (0,1) and ¢ € [0, 1], the function f is defined by

(6" — 1) dimy P+ (6= — ¢~ ") dimpF

OO T

and can be thought of as an appropriately weighted average of the Assouad spectrum of P
and the upper box dimension of F. As with Mauldin and Urbarnski’s proof for the upper box
dimension, our proof uses an induction argument to show that the existence of efficient covers
at larger scales implies the existence of efficient covers at smaller scales. We also prove several
consequences of these bounds, showing for instance that if the Assouad spectrum of the set of
fixed points satisfies a form (which we call the three-parameter form) that is often observed,
then the Assouad spectrum of the limit set must too.
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In section 5 we provide a family of examples which show that the bounds in (1.1) are sharp
in general. The Assouad spectra of the family of examples which we use to do so display inter-
esting behaviour not seen previously in dynamically generated sets. In particular, the spectra
can have two phase transitions, and need not satisfy the three-parameter form. Figure 1 shows
the graphs of the Assouad spectra of a selection of these sets.

Finally, in section 6 we turn our attention to the Assouad spectra of a well-studied class of
infinitely generated self-conformal sets, namely sets of numbers which have continued fraction
expansions with restricted entries. Many of the interesting properties of the Assouad spectra
witnessed in section 5 also hold in this setting. We calculate a precise formula for the Assouad
spectrum of the full complex continued fraction set in terms of its Hausdorff dimension, which
has in turn been estimated in [17, 27, 32, 37]. We also investigate parabolic IFSs by applying
our methods to the ‘induced’ uniformly contracting CIFS. This in particular allows us to cal-
culate the Assouad spectrum of sets of numbers generated by backwards continued fraction
expansions.

2. Setting and preliminaries

2.1. Notation and notions of dimension

We denote the natural logarithm by log, the cardinality of a set using #, the (Euclidean) dia-
meter of a subset of RY by | - |, and d-dimensional Lebesgue measure on R? by £¢. The symbol
N will denote {1,2,3,...}. In sections 5 and 6 it will be convenient to write Y < Z (or Y 2 Z) to
mean Y < CZ (or Y > CZ, respectively). If Y < Zand Y 2 Z then we write Y = Z. We will spe-
cify which parameters the implicit constant C >0 is allowed to depend on. The symbol || - ||
will denote either the Euclidean norm on R? or the supremum norm of a continuous function,
depending on context. We write

B(x,r):= {yGRd: [ly — x|| <r}

for the open ball of radius 7 > 0 centred at x € RY. All the sets we consider will be non-empty,
bounded subsets of Euclidean space. For F C R let N,(F) be the smallest number of balls of
radius r needed to cover F. For d € N and r > 1, we denote by A, € N the smallest integer
such that for all U C RY there exist Uy, ..., Uy,, € RY, each of diameter |U|/r, such that

Ad,r

ve|Ju 2.1
k=1
Let F be non-empty, bounded subset of R with the Euclidean metric. The Hausdorff dimension
is defined by

dimyg F =inf {5 > 0 : for all £ > 0 there exists a finite or countable cover

2.2
{U,,0,,...} ostuchthatZ|UiS<s}, 22)

and the upper box dimension is

S logN, (F
dimgF := limsup L().
r—0t - IOg r
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Turning now to notions of dimension which describe the local structure of sets, the Assouad
dimension is defined by

dimy F = inf{« : there exists C > 0 such that for all x € F and
0<r<R, wehave N, (B(x,R)NF) < C(R/r)*}. (2.3)

For 6 € (0,1), the Assouad spectrum of F at 6 is defined by fixing the scales R = r:

dimiF =inf{«: there exists C > 0 such that for all x € F and
0 <R <1, we have Ngiyo (B(x,R)NF) < CR>(1-1/6) 1.

Clearly dimpF < dimﬁF < dimy F for all 6 € (0,1). The Assouad spectrum is not always
monotonic in € (see [24]). The upper Assouad spectrum at 6, however, is monotonic, and
is defined by

miF =inf{a: there exists C > 0 such that for all x € F and
0<r<RY"<R<1, wehave N, (B(x,R)NF) < C(R/r)*}.

The Assouad spectrum was introduced in [24] and has been calculated for various families of
fractals in [10, 22, 23] and other works. Recently, Rutar [40] has given a complete description
of the attainable forms of Assouad spectra of sets, showing that a wide variety of behaviour is
possible in general. The Assouad spectrum can be used to give information about dimensions
of orthogonal projections of sets [16], and has applications related to spherical maximal func-
tions [39] and conformal geometry [12]. The quasi-Assouad dimension, introduced in [29],
can be defined by

dimga F:= lim dim{ F, (2.4)
0—1—

or equivalently dimga F :=limy_, - ﬁiF (see [18, corollary 3.3.7]). We always have
dimy F < dimpF < dimf, F < dimF < dimga F < dim, F,

and all inequalities can be strict in general. We sometimes write dim} or dim, to mean the
. . . . .70 T . . .
quasi-Assouad dimension, and since dim, F — dimpF as § — 01, we sometimes write dlmg F

or dimy F to mean the upper box dimension of F. The Assouad spectrum and upper Assouad
spectrum are continuous in 6 € (0, 1), see [20, 24]. In [20], Fraser ef al show that we always

-0 . 4 . . . .
have dimy F' = supy, ¢ g,9) dlmz F. Therefore if 0 — dlsz is monotonic (as holds for many
sets of interest, see lemma 4.2) then we can use the Assouad spectrum and upper Assouad
spectrum interchangeably. For a set F C R? we define the quantity

p=pri= inf{e c[0,1] : dim’ F = diquF} - inf{e €[0,1] :ﬁiF:diquF},
2.5)

which will often represent a phase transition in the Assouad spectrum of F. The two expres-
sions are equal by [18, corollary 3.3.3].



Nonlinearity 37 (2024) 045004 A Banaji and J M Fraser

2.2. CIFSs

We follow the setup of Mauldin and Urbanski [32, 33], for which we need to introduce some
notation. Given a countable index set [, define Iy := {@} and I* := | J;=, I". We call elements of
I* finite words and elements of IV infinite words. We usually denote words by the letter w, and
we writew =iy - --i, andw = iyi ... instead of w = (iy,...,i,) andw = (i1, 1, . ..) respectively.
We say that a word in I" has length n, and an infinite word has length co. If w € I* U and
n € N does not exceed the length of w then we write w|,, :=wy...w, € I", and w|y := @. If
weLhyUI* UNand v € Iy UT* then we say that v is a prefix of w if there exists n € {0,1,2,...}
such that v = w|,.

In the following definition, the assumption that the contractions are conformal maps (mean-
ing that they locally preserve angles) is especially important. In one dimension, conformal
maps are functions with a non-vanishing Holder continuous derivative, in two dimensions
they are holomorphic functions with non-vanishing derivative, and in three dimensions they
are Mobius maps (by Liouville’s theorem).

Definition 2.1. Let d € N and let X be a compact, connected subset of R¢, equipped with the
Euclidean metric. Consider a collection of maps S; : X — X, i € I, where I is a countable index
set. This system forms a CIFS if the following additional properties are satisfied:

(1) (Open Set Condition (OSC)) The set X has non-empty interior U := Intg.X, and S;(U) C U
forall i € I, and S;(U) N S;(U) = @ for all i,j € I with i }.

(2) (Cone condition) inf,cxinf, (o ) L4(B(x,r) NIntgaX) /4 > 0.

(3) (Conformality) There exists an open, bounded, connected subset V C R such that X C V
and such that for each i € I, S; extends to a C'™¢ diffeomorphism S; from V to an open
subset of V. Moreover, S; is conformal on V, which means that for all x € V the differential
S;'|, exists, is non-zero, is a similarity map (so |[S; |«(y)|| = |ISi [x|| - ||| for all y € R%),
and is e-Holder continuous in x. Furthermore, there exists ¢ € (0,1) such that |[S; || < &
forall i € 1, where || - || is the supremum norm over V.

(4) (Bounded Distortion Property (BDP)) There exists K > 0 such that ||S},|,|| < K]|S;,|.|| for
all x,ye Vandw € I*.

For w € I" we define
Sy =8y, 0---08,,

and we define Sy to be the identity function on X. Since [S,,, (X)| < &"[X| by the uniform
contractivity, the map

N X, m(w) =) S, (X)
n=1

is well-defined and continuous. We are interested in the following set, which will typically be
fractal in nature.

Definition 2.2. The limit set or attractor of a CIFS is defined by

F=n(I")= | ﬁSW (X).

welNn=1
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Forw € I" define F,, = Fs, := S,,(F) and X,, = X5, := S,,(X). Now, F is clearly non-empty
and satisfies the relation

F= UF[. (2.6)
iel

In fact there are many sets which satisfy (2.6), and F is the largest of these by inclusion. If [ is
finite then F is compact (and is indeed the only non-empty compact set which satisfies (2.6) by
Hutchinson’s application of the Banach contraction mapping theorem [28]), but if [ is infinite
then F will not generally be closed. For w € I,, define

[1Sw () = Sw ()

ry=rs, = inf ———————"—;
XJGXJ?&)’ | ‘x - y‘ | (2 7)
Sy (x)—S '
fmhy i s 0 SOI
x,YEX xF£y | |x - y||

noting that 0 < r,, < R, < £. The value R, is the smallest possible Lipschitz constant for S,,.
Mauldin and Urbanski [32] introduced

Un (1) =Y [IS]I

wel"

forn € N, 1 € (0,00), and defined the topological pressure function P: (0,00) — [—00, 00] by

_ . 1
P(r) = lim —loguy (1). (2.8)
Mauldin and Urbanski [32, theorem 3.15] proved that the Hausdorff dimension of the limit set
is given by

hi=dimgF=inf{r>0:P(1)<0}. (2.9)

Throughout the paper, we reserve the letter / for the quantity in (2.9). In fact, this formula
holds even if the cone condition (2) is not assumed, see [42, theorem 19.6.4]. However, the
cone condition is used in the proof of [4, lemma 2.11], which is in turn used in the proofs of
theorem 4.4 below. The condition will in particular be satisfied if X is convex or has smooth
boundary.

Since the pressure function is decreasing, the finiteness parameter of the system

O:=inf{r>0:P(r) < oo} €[0,00] (2.10)

is always a lower bound for the Hausdorff dimension.
We will use many properties of CIFSs. It is well known (see [4, lemmas 2.9 and 2.12], for
example) that for any CIFS there exists D > 1 such that for all w € I*,

D7IS,I| < 1w < Ry < DI, (2.11)
D7YIS),]| < |Fu| < |X,| < DJ|S,, |- 2.12)
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In [4, lemma 2.11] we proved that there exists M € N such that for all z € R4 and r> 0, if
wi,...,w; are distinct words in I* such that for all i,j € {1,...,}, w; is not a prefix of w;, and

B(z,r)NS,, (X) # @ and |S,, (X)| = r/2foralli € {1,... 1}, (2.13)
then / < M. We will use the following consequences of conformality of the maps when proving
results about the Assouad-type dimensions.

Lemma 2.3. For any CIFS and any X\ >0 there are only finitely many w € I* with ||S}|| > .

Proof. Let D be as in (2.11), (2.12). Note that there exists a ball B(x,r) C Intg«(X). For n €
{1,...,N—=1}letS,:={wel":||S,|| > A}.Foreachw € L,, S,,(Intg«(X)) contains a ball B,,
of radius Ar/D by (2.11). Moreover, if w,v € L, are distinct then by the OSC, B,, N B, = &.
Therefore by a Lebesgue measure argument, #L, < oco. But if N € N is large enough that
&NV < A, then #L, =0foralln > N. Thus #{w e I : ||S,|| > A} =32 | #L, < oc. O

Lemma 2.4. There exists D' > 0 such that for all Y C X, w € I* and r > 0,

(D") "N, (Y) < Nijszj1r (Su (¥)) < DN, (Y);

(D") ™ No(¥) < Nixyp (S (Y)) < Ny (S () < DN, (Y).

Proof. Let D’ be the constant A;op from (2.1). Let Y C X, w € I* and r > 0. For the upper
bound note that there exist balls By, ...,By,(y) of radius r which cover Y. Assume without
loss of generality that each of these balls intersects Y. Then by the upper bound of (2.11), for
each j,

S (BN X)| < DI|S, || - 1B; N X] < DIISL|| - [Bj| = DI|S, [[ (2r) -

The B; cover Y so {S,,(B;NX)}; covers S,,(Y). For each j we can cover S,,(B; N X) by D’ balls
of radius [[S},[|r, s0 Njjs71(Sw(Y)) < D'N.(Y).
For the lower bound, note that there exist balls By, ... ,B,’V‘ (S (1) of radius ||S},||r which

cover S,,(Y), each intersecting S,,(Y). By the lower bound of (2.11), for each &,
18, (BN S (V) [ < DIIS,II7" - [BLNSw (V)]
< DIy~ 1Byl
= DS, /|~ IS5 Ir)
=2Dr.
The {S;,'(B{NS,,(Y))}« cover Y. We can cover each of these sets by D’ balls of radius r, so

N.(Y) < D'Njjs:1+(Sw(Y)), proving the lower bound. In light of (2.12) we may increase D’
further to ensure that the second string of inequalities also holds. O

The following lemma is similar to [33, proposition 2.9] and [4, lemma 3.3]. Recall the
notation from (2.1), and recall that M is defined in (2.13).

Lemma 2.5. Consider a CIFS and fix n € N. If P and Q are both subsets of U; S;(X) which
intersect S,,(X) in exactly one point for each w € I' then for all x € X and R,r > 0,

N, (PNB(x,R)) < (Ags + M)N:(QNB(x,R)). (2.14)
Moreover, dimy P = dimy Q, and dim4 P = dim4 Q and miP = miQfor all 9 € (0,1).

8
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Proof. The set of maps corresponding to words of length n forms another CIFS, so we may
assume without loss of generality that n= 1. Suppose x,...,xy € X are such that the balls
B(x1,r),...,B(xy,r) cover Q. Foreachj =1,...,Nletyj1,...,y4,, € X be such that

Ade

B(x;,3r) C UB(ij,r) .
I=1

Then this union covers S;(X) for each i € I such that |S;(X)| < r and S;(X) N B(x;,r) # @.
By [4, lemma 2.11] there exist i1, ...,iy € I, depending on j and not necessarily distinct, such
that S, (X) N B(x;,r) # @ for k=1,...,M, and such that if i € I'\ {iy,...,in} and |S;(X)| > r
then S;(X) NB(x;,r) = @. If k=1,...,M then we can cover the single element of PN S;, by a
ball B, ; of radius r. Since {B(x;,r)}; covers Q,

Age M

PC U UB<yj,lar)U UBj‘k ;
=1 k

j =1

proving (2.14). It follows immediately that dims P = dimy Q and dimiP = dimiQ for all
6 €(0,1). Since ﬁiF: SUPy ¢ (0,0] dimi’F for all F CR? (see [20]), it also follows that
dimi P = dim4 0. O

3. Assouad dimension of the limit set

Theorem 3.1 gives a simple formula for the Assouad dimension of the limit set under an addi-
tional separation condition, which we assume in this section only. As discussed in section 7,
we do not know whether the additional assumption can be removed. Recall that & := dimy F.

Theorem 3.1. Consider a CIFS with notation as in definition 2.1 and assume that S;(V) N
S;(V) = @ for all distinct i,j € I. Let P be a subset of U; S;(X) intersecting Si(X) in exactly one
point for each i. Then the limit set F satisfies

dimp F' = max {h,dimp P} .

Proof. Letx € Fand 0 < r < R < |F|, and write B := B(x,R). We will cover BN F efficiently
at scale r by noting that by the separation condition, the cylinders with size much greater than
R which intersect B must form a nested sequence. Within the deepest of these cylinders, we
will count subcylinders of a given size between r and R using the Assouad dimension of P and
cover each using the box dimension of F, and we use dimy P to cover all cylinders which are
smaller than r.

Fix 6 € (0,dist(X,R?\ V)), and let X’ be the closed d-neighbourhood of X. By the proof
of [4, lemma 2.9], we may increase D (which is defined near (2.11)) so that (2.11) holds even
if the infimum and supremum in the definition of r,, and R,, respectively (see (2.7)) are taken
over X’ instead of X. First observe that by the assumed separation condition, there is a unique
w € I* such that F,, N B # @ and |F,,| > D*R/§ and such that if v € I* satisfies F, N B # & and
|F,| > D*R/6 then v is a subword of w. Then BNF = BNF,,. It is possible that w could be
the empty word, in which case recall that Sy is defined to be the identity map. If i € I is such
that S;,;' (B) N F; # @, then |F;| < D3R/(8]|S"||). Let ko > 0 be such that D3R2~ ko +1) /5 <
r<D?R27% /§. For 0 < k < ko, define
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= {i e1:FinS; (B) £ o, D’R2-CD /(8]|SL|]) < |Fi| < D’R27%/ (8]ISL]) }

Let > s > max{h,dima P} and let C >0 be the constant from the definition of Assouad
dimension (2.3) corresponding to exponent s. Since ¢ > dimgF, we may increase C further
so that for all " € (0,|F|] we have N,/ (F) < C(r')~'. Then

#I <#{i €1:X; CB(S;"' (x),2D°R/ (3]IS,I]))
D’R2™® D/ (5|IS011) < [Fi| < DR/ (3]1S1) }

MNpsgo-as0 a1y (POVB (S, (x),2D°R/ (6]1S,11)) ) (M is from (2.13))
4MC2".

NN

If i € I} then by lemma 2.4 and (2.12),

N,yis:1 (Fi) <D'N, ) (F) < cD' (D*R27%/ (6r))" = cD'D¥6 27" (R/r)".

AUSARING
We also define

SMALL := {j el:F;nB(S," (x),DR/||S,]]) # @, |F| < D*R2~ %ot /(5]|S2|) } .
Then since s > dimy P, recalling that A, 3 is from (2.1),

DR/||S,ll

N’/HS‘LH ({FJ 1j € SMALL}) gAd’3C (/
r/l1Sll

)x — AusCD* (Rr)’.

Also, S, 1(B)NF C B(S;'(x),DR/||S.||) N F, so by lemma 2.4,
N,(BOF) <D'N,yysy (S, (B)NF)

ko
<D’ <Z(#Ik) CD'D*5~27 M (R/r)' + N,y sy ({ F - € SMALL})>
k=0

<D’ <4MCZD’D4’5T D ook +Ad73CDS> (R/r)".
k=0

Since s,t were arbitrary, the result follows. O
The Assouad dimension is related to porosity. A set is said to be porous if there exists

a € (0,1/2) such that for all x € Fand r > 0 there exists y € B(x,r) such that B(y,ar) N F = &.

Corollary 3.2. Suppose a CIFS on R satisfies S;(V) N S;(V) = & whenever i #j. Let P be a
subset of U; S;(X) intersecting S;(X) in exactly one point for each i, and assume the limit set F
satisfies dimy F < d. Then F is porous if and only if P is porous.

Proof. A subset of R is porous if and only if its Assouad dimension is less than d (see for
example [18, theorem 5.1.5]). Therefore the result follows from theorem 3.1. O

10
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4. Bounds for the Assouad spectrum

4.1. The bounds

The following lemma shows that there is a certain uniformity in the definition of the upper
Assouad spectrum.

Lemma 4.1. For all bounded sets F C RY £>0, 0 < B < 1 there exists Rp g, € (0,1) such
that for all € (0, 8] and x € F, if 0 < r < RY? <R < Ry - then

N, (B(x,R) N F) < (R/r)"™ I+

Proof. Since diimiF is a continuous function of 4, for all 6 € (0,1) there exists n =y >
0 small enough that n < max{6,1 — 6} and ﬁff”F < ﬁi_nF-i—e/Z There exists o €
(0, 8) small enough that dimy F < dimgF + /2. Since [, 3] is compact, there exists a finite
set 01,...,0, € [a, ] such that [cv, B] C U'_,(0; —n4g,,0; +1p,). By definition of the upper
Assouad spectrum, for each i there exists C; > 1 such that forall 6 € (6; —ny,,0; +19,),x € F
and 0 < r < RY? <R <1 (sor < RY@i+10)) we have

P ——0
Nr (B ()C,R) mF) < Ci (R/V)dlmA Fte/2 < Ci (R/r)dlmAF+E/2,

There exists Cy > 1 such that forall 6 € (0,a],x € F,0 < r <R <R < 1(sor <RY®), we
have

dimy -6
Nr (B (_x7R) ﬁF) < CO (R/r)dlmBF+€/2 < CO (R/r)dlmAF+6/2 )

Let Cg. :=maxogi<,Ci. Choose Rp g . € (0,1) small enough that R;ﬁ;;_l)e/z < Cgla

Suppose 0 < r < R'/? <R< R < 1. Then

——0 P
N, (B (x7R) ﬁF) < Cﬁ,e (R/r)dlmAF+s/2 < (R/r)chmAFJre7

as required. O

In [24, section 8] it was shown that the Assouad spectrum of sets is not always monotonic,
but the following lemma shows that for limit sets of a CIFS it is in fact monotonic.

Lemma 4.2. If F is the limit set of a CIFS then the function 0 — dimiF is increasing in
0 €(0,1).

Proof. Suppose 0 < 6 < ¢ < 1. The idea is that if a part of F is difficult to cover at a scale
corresponding to 6, then the image of this part of F within a cylinder with an appropriately
chosen contraction ratio will be difficult to cover at the scale corresponding to ¢. Moreover,
we can iterate any given map to choose a cylinder with the desired contraction ratio up to a
constant multiple.

Let 7 € (0,dim% F). Then there exist sequences x, € F and r, € (0,1) such that r,, — 0 as
n — oo and

PI=ON, (FOB (x,,7)) — 0o asn — oo. 4.1)

1
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Let S be any map in the IFS and define S° to be the identity function on V, and §' := So--- 0,
I times, and F; := S'(F). Fix n € N. Noting that ||(S")’|| is decreasing in /, let k = k(n) be the
smallest natural number such that ||(S¥)|| < (Drf=%) 71, where D is from (2.11). Then

Nyso i (FﬂB (Sk(xn)v <|| (Sk)l||rn)¢>)

Z Nji(s9/ | (FQB (Sk (x4),DI| (8%) /Hi’f),)) by the definition of k
> Njjsty |1, (S (FOB (xa,17))) by (2.11)
> (D/)_lNrn (FﬂB(xn,rﬁ)) by lemma 2.4.

It follows that

(” (Sk)l”r")t(l¢)N||<Sk)/||r,, (FﬂB (S" (). (II () ||rn> ¢>)
> <H (Sk_l>/|| ’ ||S/||K_lrn>[(1¢) (D/)_lNrn (FﬂB(xn,rg» by the BDP

1 1(1—9)
> (((Drz_¢> o ) \|S’\|K*1rn) (D") "' N, (FmB (xn,rg)) by the definition of k
=D~||s"| =KD (D) T AN, (FO B, )
— 00 asn— oo by (4.1).
Therefore dimﬁ F > 1, and letting t — (dimi F)~ gives dimi F> dimi F, as required. O

Fix an arbitrary P C U; S;(X) intersecting S;(X) in exactly one point for each i. For § € (0,1)
and ¢ € [0, 1], we introduce the continuous function

(¢=' = 1) dimy P+ (6~ — ¢~!) dimpF

£0,9) = T

4.2)
By lemma 2.5, the function f{#, ) does not depend on the choice of P. Recall that dimgF =

max{h,dimgP} by [4, theorem 3.5]. Note in particular that f(6,6) :ﬁiP and f(0,1) =
dimgF. It will be important to note that by the continuity of the upper Assouad spectrum,
for fixed 0 € (0, 1), the function ¢ — f(6, ¢) is continuous, and hence attains a maximum, on
the interval ¢ € [6, 1]. The following technical lemma will be used in the proof of theorem 4.4.

Lemma4.3. [f0<0' <O <land§' <¢'<1thenf(0',¢") <maxyepo,11f0,0).

Proof. We may assume 6" < 6. Let ¢ € [0, 1] be such that max,cjo/ 11 f(0",0) =0, ¢1).

If dimgF >@ﬁ]P then clearly ¢; =1 (so in fact ﬁﬁ]P = dimga P by definition), and
f0',¢1) = dimgF = f(0,1) = maxy c[9,1)./(0, ¢). Therefore we may henceforth assume that

dimpF < mﬁl P. Using the quotient rule, if §” < ¢, then forall 6, € (#’,min{¢,0}) we have
I(61,41) > 0. Thus

f(017¢,) <f(917¢1) <f(m1n{¢>1,9} 7¢1) .

12
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Therefore if ¢; < 0, then

F(0',0") < f(61,01) = T F < TmyF =£(0,6) < max f(6.6).

If, on the other hand, ¢; > 6, then

f(0,a¢/) gf(oa(vb]) < max f(o,(f)) :

#€l0,1]
In either case, the required bound holds. O

Theorem 4.4 provides bounds for the Assouad spectrum of a CIFS, and is the main result
of this section. These bounds will be illustrated by examples and figures in section 5, which
also show that the bounds are sharp. Here and in subsequent sections, we assume only the
conditions in definition 2.1, and not the additional separation condition from section 3. Recall
the definition of /{6, ¢) from (4.2), and recall that # := dimy F.

Theorem 4.4. Let F be the limit set of any CIFS with notation as above. Let P be any subset
of U; Si(X) which intersects S;(X) in exactly one point for each i. Then for all 6 € (0,1),

max {h,diimiP} < diimiF: dim} F < ¢ré1[%xl]f(9,¢).
Proof. Fix any 6 € (0,1). By lemma 2.5 we may assume without loss of generality
that P = {S;(x):i €I} for some x € Intgs(X) NF. Since mi is monotonic for subsets,
ﬁinﬁiF, and by [32, theorem 3.15], h:dimHFgﬁiF ) max{h,miP} <
ﬁiF . Lemma 4.2 says that the Assouad spectrum of F' is monotonic, so since ﬁiF =
SUPg - ¢ (0,0] dimil F, we have miF = dimi F.

It remains to show that diimiF <maxy g, 11/(0, ). Let t > maxye(p,11/(0,¢) and fix s €
(maxg o, /(0,¢),1). Let

€= % (s max f(6 ¢)) . (4.3)

belf1]

Let C. > 0 be large enough that for all r € (0,1], N,(F) < C.r~(@msF+€) We use the same
constants Ay ,,D,D',M from (2.1), (2.11), (2.12), lemma 2.4, (2.13). We introduce the
constants:

i d+e
Csmall = Ad,32 )

Coum := M2232/2D/ C. i 9= (k+1)(e/2) :
k=0
Cred 1= M2¢T2D'C..,
Cvig :=MD'D’,
Ciot :=4max {Csmant, Csum, Cmed, Chig } -

Note that Ciot > Csman > 1. Fix A € (0,1) small enough that

A=07)6=0 o1 (4.4)
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We now want to make all the contraction ratios small enough so that the constants in the
induction argument below do not grow too fast. Suppose ||S; || = max;¢;||S/|| > A. Then we
can form the new CIFS {S; :i € I\ {i;} }U{S;;:j €1}. In a similar way, we can replace a
map in this new CIFS whose derivative norm is largest. By lemma 2.3, after repeating this
finitely many times we will obtain a set { 7; : j € J} with each ||T/|| < A. By induction, {7}
will form a CIFS with the same limit set as {S;}, namely F. Moreover, (2.11), (2.12), lemma 2.4
and [4, lemma 2.11] will hold with the same constants D,D’, M. Recalling that P = { S;(x) :
i €1}, define Q := {Tj(x) :j € J}. Then Q is the union of finitely many bi-Lipschitz copies of
cofinite subsets of P. Thus if dim is any notion of dimension that is stable under bi-Lipschitz
maps (for example any of the dimensions considered in this paper) then dim{ S;(x) :i € I} =
dim{T;(x):j €J}.

The main step in the proof is the following claim. Inspired by Mauldin and Urbanski’s proof
of [33, lemmas 2.8 and 2.10] for the upper box dimension, this is proved using an inductive
argument to construct efficient covers at smaller scales using efficient covers at larger scales.

Claim 4.5. There exists a large constantA € [1,00) such thatforalln € N,ifx e X, " <R < 1
and 0 < r < RY? then

N,(FNB(x,R)) <ACL, (R/r)".

Proof of claim. First note that s > f(6,1) +¢ = dimgF + . Therefore we can choose 3 €
(0,1) to be close enough to 1 that

(;1> (d+e) < (;1> (s — @maF — ). 4.5)

Let N € N be large enough that A~(V=1) < Rp.,c/2/2 and AN=1/0 < X\N=1/5 /10, where
Rp 5.c/2 is the constant from lemma 4.1. Since s > f(6,1) = dimgF, by choosing A large
enough we may assume the claim holds for n =1,2,...,N. Suppose n > N and assume the
claim holds for 1,...,n — 1. We may assume that \" < R < \"~!. Suppose x € X and 0 < r <
R'/9 Define 0, € (0,0] and k, € Nby R = r% and R'/82~*+2) < < R/B2~(k+1) 'We break
up the set of cylinders which intersect B(x,R) into pieces depending on size. We will then
bound the number of balls of radius r needed to cover each piece separately. The following
sets depend on x and n:

SMALL := {j €J:FNB(x,R) £ @, |X;| < R/F2~ (kD }
L= {j €J:F,NB(x,R) #@,RV/%2 0+ < x| < R'/ﬁz—k} for 0 < k < k.
MED := {j €J:FiNB(x,R) # 2, RYP < |X|| <R},
BIG:={jeJ:F;,NB(x,R)# 2, |X;| >R}.
Note that these sets are different to the sets SMALL and I}, from the proof of theorem 3.1; those
sets described indices whose cylinder sets intersect a different ball (not B(x, R)).

First consider SMALL. The cost of covering elements of SMALL at scale r is comparable
to the cost of covering the corresponding elements of Q, so we will use the upper Assouad

spectrum of Q to obtain a bound. Since 2R < Ry 3 ./, there exist at most (2R/ r)miQJrE balls
of radius r which cover Q N B(x,2R). If j € SMALL then Q NX; € B(x,2R), so the set of balls

14



Nonlinearity 37 (2024) 045004 A Banaji and J M Fraser

with the same centres and radii 3r will cover {X;:j € SMALL}. By covering each of these
larger balls with balls of radius r,

-6
N U x| <A4as2 R/ < Coar (R (4.6)
jESMALL

The last inequality holds since s > f(6,0) +¢ = ﬁiQ +e.

Now consider I;. We will bound the number of such cylinders using the upper Assouad
spectrum of O, and bound the cost of each using the upper box dimension of F. This is where
the form of the function (6, ¢) comes from. Let ¢y € [6,, 3) be such that R'/82~k+1) — R1/¢x,
For 0 < k <k,

#Ikg#{jeJ:)(jcB(x,zk),Rl/¢k< \X,»|<R}

< MNpi/o, (QNB(x,2R)) (M is from (2.13))
R\ dmi0+e/2 4.7
<M <R1/¢k> by lemma (4.1)
< pp+e/2g(1=00 ) (@ Q) 5 — 1) (o/2)
where in the last line we use that R' 5~ > 1. Ifj € I then by lemma 2.4,
N, (F}) < D'Nyypy (F) < D'C. (r/|X) (7)< preateglen' =0 ) (@mree),
Therefore
kr
N U X <w | UX
‘EU’;’:oh k=0 J €l (48)
< . pli=o") (dimyko+e)+(op ' —0,") (dimsFe)
~ sum
< Cam (R/1)".

The last inequality is since s > maxg (9,11 f(0, ) + 2¢ = f(0,, #r) + 2¢ by the definition of ¢
in (4.3) and lemma 4.3.

Now consider MED. We will use that /3 is close to 1 to show that the cardinality of MED is
not too large. We then use the upper box dimension of F to bound the cost of each element of
MED. As in (4.7),

EBQJrE
2R > U <=5 e

#MED <M (RW

Ifj € MED then
N, (Fj) <D'N, (F) < D'C. (r/R) ™ (FmF+<)

15
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Using the definition of /3 in (4.5), and since r < R'/?,

N U x| <m2trer0-8 )@ pre, (rnfR) T HE) < Gy R/ 4.9)

jEMED

Finally, consider BIG. The conformality and OSC give an absolute bound for the cardinality:
#BIG < M from (2.13). We now use conformality (through lemma 2.4) to compare the cost
of each piece with the cost of its (larger) preimage, which can be bounded using the inductive
hypothesis. Indeed, if j € BIG then

N, (B(x,R)NF;) < DNy (Tj—1 (B(x,R) ij)) by lemma 2.4
< prac— [ PRATITY by inductive hvbohesi
X tot W y 1nductive hypothesis

7

=ACL'D'D* (R/r)".

We were able to apply the inductive hypothesis at the crucial step because r < R'/? and | IT7|| <
A<1so

1/0 1/0
r/IIT{ | < (R/NTFI) " < (RD/|T7]))
and
DR/||T{|| = R/x = X"~
Now,
N, ij < ACHg Ol  (R)7)". (4.10)

JEBIG
Putting together (4.6), (4.8), (4.9), (4.10) and using the definition of Ciy gives
N, (FNB(x,R)) < (Csmall + Csum + Cined +ACbing’o{l) (R/r)' <ACL,(R/r)",

completing the proof of the claim. O

We now complete the proof of theorem 4.4. If n e N, " < R< 1, x€Xand 0 < r < R!/Y,
then

N, (FNB(x,R)) <ACL (R/r)' < ACLRU= )00 (R/ry!
<ACHN ) (R

<A(R/r). 4.11)

The last inequality is by the definition of X in (4.4). Thus ﬁiF < t, as required. O

In (4.11), we exploited the exponential gap between the scales » < R'/? and R that is in
the definition of the Assouad spectrum but not the Assouad dimension. This allowed us to
complete the proof of theorem 4.4 without assuming the separation condition that is assumed
in theorem 3.1.
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4.2. Consequences of theorem 4.4

We now consider what can be deduced from theorem 4.4 about the general form of the Assouad
spectrum of infinitely generated self-conformal sets. Throughout section 4.2, F will denote the
limit set of a CIFS, P will denote an arbitrary subset of U; S;(X) intersecting S;(X) in exactly one
point for each 7, and 4 = dimy F. Recall that the quasi-Assouad dimension is defined in (2.4).

Corollary 4.6. We have dimgs F = max{h,dimgs P}.

Proof. Since dimgF = max{h,dimgP}, we have maxc(9,11/(0,¢) < max{h,dimgs P} for all
6 € (0,1), so the result follows from theorem 4.4 upon letting ¢ — 1. O

Corollary 4.7. If h > dimga P then dimf F = h for all 6 € (0,1).

Proof. Immediate from corollary 4.6. O
Corollary 4.8. If dim{ P = dimpP for all 6 € (0,1) then dim§ F = dimgF for all § € (0,1).
Proof. This follows from corollary 4.6 and the fact that dimgF = max{h,dimg P}. O

Recall that the phase transition py for the Assouad spectrum of a set F is defined in (2.5).
Corollary 4.9. If h < dimga P then pr = pp.

Proof. It follows from lemma 2.5 and corollary 4.6 that pg < pp, so it remains to prove the
reverse inequality. Fix 6 € (0, pp), so f(6,60) = EZP < dimga P. If ¢ € (6,1] then

(67" = 1) dimga P+ (07— ¢~") max { , dims P
61

f(0,0) <

< diquP.

Therefore miF < dimga P by theorem 4.4, so pp > 0. It follows that pr > pp, as required.
O

In light of corollary 4.9, when there is no confusion we will sometimes write p for the
common value pp = pr.

Definition 4.10. If G C R is non-empty and bounded then we say that the Assouad spectrum
of G has the three-parameter form if either dimgG = dimga G, or else

(1—pg)0

dim?, G:min{dim G+
A T (1-0)pe

(diqu G- EBG) ,diqu G}

forall 0 € [0,1).

The three parameters are the upper box dimension, the quasi-Assouad dimension, and the
dimpG
dimga G’
sets, such as polynomial sequences and spirals, Bedford—-McMullen carpets, Kleinian limit sets
and Julia sets happens to take the three-parameter form (see [18, section 17.7] and [22]). It is
perhaps noteworthy that infinitely generated self-conformal sets do not necessarily satisfy the
three-parameter form (as we will see in theorem 5.1). However, they sometimes will satisfy
this form, as the following result shows.

phase transition pg € [1 — 1] (defined in (2.5)). The Assouad spectrum of many natural
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Corollary 4.11. Assume that the Assouad spectrum of P is non-constant and has the three-
parameter form as in definition 4.10. Then the upper bound of theorem 4.4 is the three-
parameter form for F, namely

dim) F < 0,¢) = d F+(7 dimgs F — dimgF) ,d F}
imy ¢I£[?,(1]f( ®) mm{ img =0 ,OF( imga img ) imga
4.12)

In particular, if h < dimg P then the bounds iriheorem 4.4 coincide, with dimi F= dimg P for
all 6 € [0,1]. If; on the other hand, we have dimgP < h < dimga P, then the upper and lower
bounds of theorem 4.4 differ for all 6 € (0, pp).

Proof. Case I:1f h > dimga P then clearly max¢(g,1)f(0,¢) =f(0,1) = h.

Case 2: If h < dimgP = dimga P then max (9,11 /(0,¢) = f(0,60) = dimgP.

Case 3: If h < dimgP < dimga P then max,c(o,11/(6,¢) =f(0,¢") = ﬁiP for all ¢’ €
[0, pp), and the bounds coincide.

Case 4: If dimgP < h < dimga P then a direct calculation shows that for 6 € (0, pp),

(I—pp)b . -0
max f(6,¢)=f(0, =h+ ———— (dimga P — h) > dim, P.
¢€[9,1]f( (b) f( pP) (1—9)pp( qA ) A

We see that in all cases dimiF has the three-parameter form. O

One setting where corollary 4.11 is applicable is where the maps are concentrated around
the sets F), := {i™” :i € N}, where p € (0,00) is a constant. Fraser and Yu [24, corollary 6.4]
showed that

1

This is the three-parameter form with dimgF), = (p+1)7", dimga F, = 1, pp, = Fan g
Lemma 4.12. Let p € (0,00), t€ [p+1,00) and h € (1/t,1). Then there exists a CIFS on
X=1[0,1] with I ={2,3,4,...} and limit set F such that the following hold:

o Forall i €N, i =2 there exists ¢; € (0,(i—1)7? —i™?) such that S;(x) =c;x+i~" for
all x € [0,1], so S; is a similarity map with contraction ratio ¢; and i * = S;(0) < S;(1) <
(i—1)".

e There exists N € N such that ¢; = pi~' for all i > N.

o dimpF=nh

In fact any CIFS which satisfies the first two conditions will have finiteness parameter © =
1/t and dimg F € (1/1,1].

Proof. By a mean value theorem argument, (i —1)™” —i 7 > pi— D foralli €N, i >2.
By (2.9) we have h = inf{s > 0: >/, ¢} < 1}. Therefore since 1/ < h < 1, we can choose
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N >2 sufficiently large that p"> >\ i7" <1 and Y ((i—1)77—iP)">1. By an
intermediate value theorem argument, there exist ¢; € (0,(j—1)7 —;77) for 1 <j <N
such that

Zc +Ph Z l—th:

i=N+1
It now follows from [32, theorem 3.15] that dimy F = h. ]

We now use lemma 4.12 to give an example with dimgF = dimpF), and the Assouad spec-
trum satisfying the three-parameter form.

Corollary 4.13. Consider a CIFS satisfying the three conditions in lemma 4.12 witht > p + 1
and h=dimg F € (1/t,(p+ 1)~"]. Then for all 6 € [0,1],

1
dim F = dim} F :min{,l}.
A AT (I+p)(1-0)

Proof. This is immediate from corollary 4.11. O

5. Sharpness of the bounds and attainable forms of Assouad spectra

Theorem 5.1 provides a family of examples with dimp F' = dimy F' =: & which show in partic-
ular that the bounds in theorem 4.4 are sharp in general. The graph of the Assouad spectrum
for a certain choice of parameters is shown in figure 1.

Theorem 5.1. Consider a CIFS satisfying the three conditions in lemma 4.12 with
he ((p+1)~1,1). There are three different cases depending on the parameter t:

(1) Ift=p+1 then

(5.1)

) h+ (1—h) forO 6 < =
0 - __ p(l 0) ’ I+p
dlmAF—{ 1. fo <9<1

(2) Ifp+1<t<p-+h"then

(h+hp—1
h+ 7= gy (1=h(t=p)),  for0< ﬁ
-6 _ (h+hp—1)p
dimy F =\ ey for (5t <0< ik
1, Jor L T si<1
(3) Ift=p+h~! then
h, for0<0< th(rf’f_;)l
s 0 - 1 h+hp—1
dmaF =1 e frias <0<

1, f0r1+p\9<1
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dimf F

P
1+p
Figure 1. Assouad spectra of the sets in theorem 5.1 for p =1.8 and 2~ 0.5. In black:
the upper bound (attained when ¢ = p + 1). In brown: the lower bound (attained when
t>p+h~"). In dashed blue: some more choices of 7 € (p+ l,p—l—h’l). In dotted

green: the case ¢t = 2p, which is also the dimension of the continued fraction set from
proposition 6.3.

By corollary 4.11, the bounds from theorem 4.4 (or from corollary (4.11)) differif 0 < 6 <

PE, = ffp. Moreover, in (1) the upper bounds are attained, in (2) dimiF lies strictly between

the bounds for all 6 € (0, %), and in (3) the lower bounds are attained. We note that
the formula in (3) does not depend on the precise value of € [p+h~! 0).
We now give a technical lemma that forms the main part of the proof of the upper bound of

theorem 5.1 (2).

Lemma 5.2. Consider a CIFS satisfying the conditions of lemma 4.12 with (p+ 1)~ <h < 1
and p+1<t<p-+h~'. Since for each i > 2, S;([0,1]) and S;1,([0,1]) are sufficiently well
separated, we can choose ¢ > 0 large enough that for any interval B (of length R, say) there
exists at most one i € I such that |F;| > cR and F; N B # &. Let s be any number greater than
the claimed formula for dimiF in theorem 5.1 (2). Then if 0 < r < 1 and B is any interval of
length ¥ such that whenever i € I is such that BN F; # & we have |F;| < cr?, then

N, (BNF) <A0=Ds,

where the implicit constant in < can depend on p,h,t,F,s but not on r or B.
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Proof. By increasing the implicit constant if required, we may assume that r is small enough
that if BN S;([0,1]) # @ then S;([0,1]) = [i77,i77 +pi~']. Since BNF C U, ¢/.prr, 20 Fis it
suffices to prove that N,(U; ¢/.prr, 20 Fi) < r(0=1)s_First note that since s > dim, P,

N, U  F|snvenp s
i EI:BNF; #9,|F;|<r

Therefore it remains to prove that N-(U; ¢;.pnr, 20, < |y <o Fi) S H6=1s To do so, we con-

sider three cases depending on the value of 6, corresponding to the location of the point i ™7
p6

that satisfies i~ ~ r. For such an i, in Case 1,i7? <%, inCase 2,/ <i 7 < rﬁ, and in Case

iR . Lo 20, .. .
3, rr¥1 <i7P. The significance of 77+ is that this is where gaps between consecutive elements
of P are ~ rY.

Case 1: Assume 0 < 6 < p/t. Since s > h = dimg F, we have

)

N, U Fil< Y Na(F)
i €L.BNF; £ r<|Fi| <0 /p i=[r=9/r|

r—l/z

~ / (') " dx
—0/p

—h (rlfth) —0/p

r(9—l)s.

VANRYAN

Let 1 be such that supB = 7. We may assume without loss of generality that < 6. We now
have two subcases depending on the value of 7.

e Subcase 1.1: Assume n > %.Ifth >p+1 then% < h, whereasifth < p + 1

1= h) +ph—p6 .
then % < h+}ﬁ(l — h(t—p)), so if we define

6:1_Zp/t(s (h+p(19_e)(1h(tp))>> >0

n(p+1—th)+ph—pb

then o(1—0)

+ l_zp/te < s. Then

#{i€l:BNF; #&,|F| >r} <r /P — (r’7+r‘9)_1/”

— n/p (1 —(1 Jr,ﬂfn)’l/l’)
< r—71/r'-|r9—77—57
where the last bound is by Taylor’s theorem. Furthermore, if F,, N B # & and |F;| > r then

|F;| = r"/P, and N,(F;) & Ny, (F) < r=(=n1/P)(i+€) Putting this all together gives

N, U Fi | < F—1/p+0—n—e—(1—nt/p)(h+e)

i €I:BNF; 2 ,|Fi|>r

(p+1—1th)+ph—pb 2
= (971)(n, li(l—ﬁ)p ' Jrl—li/re)

< r(@—l)s.
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e Subcase 1.2: Assume 1 < p(%. Then since |B| =r?, we have #{i € [:BNF; #2} < 1.
Therefore

Nr( U Fl) SNr/cre (F> Sr(Q—l)S.

i€l:BNF;

Case 2: Assume p/t < § < (p+ 1) /t. Again let ) be such that supB = 7. If > % then by
a similar argument to the proof of Subcase 1.1 we have

N, U Fi | <00,
i ELBNF; £2,|Fi|>r

If, on the other hand, 1 < %, then as in Subcase 1.2 we have #{i € [: BNF; # 2} <150
Ne(Uierprr 20 Fi) S 0=,
op
Case 3: Assume (p+1)/1 <0 <1. Then if r < |F;| <cr’ and BNF; # & then r7+7 <
/" < inf B. Therefore

#{i61:BﬁF,~#®,r<|Fi\<cr0}§l.

Consequently,

N, U F; 51’(071)‘?.

i €ELBNF; £, r<|Fi|<cr?
O

Proof of theorem 5.1. We begin with the upper bounds. Case (1) follows from theorem 4.4.
Assume p+ 1 <t < p+h~" and let s be larger than the claimed upper bound. The argument
now uses a similar trick to the proof of theorem 3.1. Let 0 < r < 1 and let B be a ball of radius
r? intersecting F. Recall the constant ¢ from lemma 5.2. Let w € I* be the unique word such
that F,, N B # & and |F,,| > cr? and such that if v € I* satisfies F, N\ B # @ and |F,| > cr? then
v is a subword of w. Then BN F = BN F,,. If ¢,, is the contraction ratio of S, then
N, (BOF) =N, (S, (BOF)) <Ny, (S, (B)NF) <71

by lemma 5.2, since the claimed formula is increasing in 6. The upper bound now follows.
Case 3 can be proved using a similar (but easier) argument.

We now consider the lower bounds. Case (3) follows from corollary 4.11, so assume ¢ < p +
h~!. The bound for 6 > % is immediate from theorem 4.4. Since p/t > %, it
suffices to prove

0
dimiF>h+m(1—h(t—p)) forall 6 € (0,p/1).
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Fix € € (0,(th—1)/t). In the < notation below, the implicit constant can depend on p, h,t,e
only. Since dimg F = h we have N,(S;(F)) ~ N,:(F) > (ri')~""=2) for sufficiently small » >0
and all i € N such that r < i/, by lemma 2.4. Therefore

/1)
N (Fnfof) 2 S0 Y
i=[r—0/r|

r—l/l

~ r—(h—s)/ x—t(h—s)dx

—0/p

~ r—(h—s)’f%(lft(hfe))

_ 0= (ht gy (1=hl—p) — 5242 )

Since € was arbitrary, this completes the proof. O

We note that the Assouad spectrum can be used to distinguish between different sets in
this setting in cases where no other notion of dimension is able to. For any fixed p € (0, 00),
consider two sets from theorem 5.1 that are chosen to have the same Hausdorff dimension %
but use different values of 7 € [p+1,p +h~!], so have different Assouad spectra. Since the
Assouad spectrum is stable under bi-Lipschitz maps, we deduce that the two sets cannot be
bi-Lipschitz equivalent. In fact, [24, proposition 4.7] can be used to give quantitative inform-
ation about the possible exponents of bi-Holder maps between two such sets. However, the
Hausdorff, box and intermediate dimensions (studied in [4]) of each of the sets will be &, and
the Assouad and quasi-Assouad dimensions will be 1, independent of ¢, so none of these other
dimensions provide information about Lipschitz equivalence or Holder distortion.

The Assouad spectra of the sets in theorem 5.1 (1) satisfy the three-parameter formula and
so have only one phase transition. The sets in (2) and (3), on the other hand, are sets which
exhibit self-similarity and whose Assouad spectrum displays interesting behaviour in that it

e does not satisfy the three-parameter formula,
e has two phase transitions.

These are the first examples of dynamically defined fractals whose Assouad spectrum has
two phase transitions, though the elliptical polynomial spirals in [10] can also have Assouad
spectrum with two phase transitions. We will see in section 6 that this behaviour can also
be observed for classes of infinitely generated self-conformal sets defined using continued
fraction expansions.

If we do not insist that the set of fixed points forms a polynomial sequence, then we will
see in proposition 5.4 by making the contraction ratios extremely small that the Assouad spec-
trum of the limit set can be very wild, and indeed display behaviour that is as general as what
is possible for arbitrary sets. To prove this we need lemma 5.3, whose proof uses homogen-
eous Moran sets. These are topological Cantor sets formed by starting with a closed interval,
removing an open interval from its centre, removing an open interval from the centre of each
of the remaining intervals, and repeating this process indefinitely. The size of each interval
removed is constant at each level but can vary between levels, resulting in a set which is very
homogeneous at each given scale, but which can look much sparser at some scales than others.
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Homogeneous Moran sets have proved very useful in the theory of dimension interpolation and
are described more formally in [7, 40].

Lemma5.3. IfG C R is non-empty and bounded then there exists a countable set P C R which
accumulates only at 0 such that dim§ P = dim G for all § € (0,1).

Proof. It is known that there exists a homogeneous Moran set M (whose initial interval is
[0, 1], say) with dim4 M = dim% G for all § € (0,1). Indeed, this was first proved in [40] using
techniques from [7], and a more explicit proof was subsequently described in [8, remark 1.4].
For each n > 2, let P, be a maximal n~"-separated subset of MN[0, 1/n], and let P := U2 | Py,
so P is countable and accumulates only at 0. Since P C M, dimiP < dimf\M = dimi G for all
0.

For the reverse inequality, we note that for all § € (0, 1), for all n sufficiently large (depend-
ing on #) and r € [n='/% n="], N,(PN[0,1/n]) =~ N,(MN[0,1/n]). But since M is a homo-
geneous Moran set, N.(M N [0,1/n]) > N.(M N [x,x+ 1/n]) for all x € R. Therefore dim} P >
dimiM = dimi G, completing the proof. O

Proposition 5.4. Let G C R be any non-empty bounded set with dimga G > 0. Then there

exists a CIFS of similarity maps on [0,1] whose limit set F satisfies dimiF = diimiG for all
6e(0,1).

Proof. Let P be the set from lemma 5.3 associated to G, and write P = {py,pa,...} where
p1 > pz > ---. Choose positive numbers {c1,cs, ... } small enough that { S;(x) = c;x+p; : i €
N}ies forms a CIFS on [0, 1]. Since dimga G > 0, it is known from work in [20, 24, 26] that
dimpG > 0. By decreasing the ¢; if necessary, we may assume that the Hausdorff dimension
h of the limit set F of our CIFS satisfies # < dimgG. Decreasing the c¢; even further, we may
assume that ¢, < ¢, for all n € N. Then following the proof of theorem 4.4, we see that for
all § € (0,1) and n sufficiently large (depending on 6), the sets defined in claim 4.5 satisfy

# (MEDU Ulk> €{0,1},

k=0

so in this case the same proof strategy gives dimiF = max{h,miP}. Therefore by
lemma 5.3 and [20], dim{ F = diimZP = ﬁiG, as required. O

In particular, different possible forms for the Assouad spectrum of the limit set include
being concave on open intervals, being a non-trivial differentiable function on (0, 1), or being
non-differentiable on every open interval, see [40]. However, these exotic behaviours are com-
ing from the set of fixed points rather than from the dynamical structure of the limit set. After
submitting this paper, the authors in collaboration with Banaji et al [5] have shown that for a
class of finitely generated self-affine sets called Gatzouras—Lalley carpets, the Assouad spec-
trum can also have interesting behaviour, such as being concave on open intervals, or being a
non-trivial differentiable function on (0, 1), or having many phase transitions.

6. Applications: continued fractions and parabolic IFSs

In this section we apply our methods to calculate the Assouad spectra of several interesting
families of fractal sets. Sets of real or complex numbers which have continued fraction expan-
sions with restricted entries are especially well-studied in the dimension theory of dynamical
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systems, see for instance [4, 11, 33] and [18, section 9.2]. For a non-empty, proper subset
I C N, define

1
Fi:=42€(0,1)\Q:z=———— b, €lforallneN
bl+b2+L

Then F} is the limit set of the CIFS given by the inverse branches of the Gauss map G: [0,1] —
[0,1] (given by G(x) = {1/x} where {y} denotes the fractional part of y > 0) corresponding to
the elements of /.

Lemma 6.1. Working in R, letting X :=[0,1] and V:= (—1/8,9/8),

o If1 ¢ Ithen {Sy(x) :=1/(b+x):bel}isa CIFS with limit set F|.

o Ifl elthen{Sy(x):=1/(b+x):bel,b#1}U {Slb(x) = [H_ﬁ b 61} is a CIFS with
T4x
limit set F|.
Proof. This is well known (see [33, pg 4997], for example). ]

Lemma 6.1 shows why our general results can be applied in this setting, and is one of the
reasons why we proved the general bounds above for conformal contractions rather than just
for similarities. Recall that by [32, theorem 3.15], the Hausdorff dimension / can be determined
by the topological pressure function.

We first show that subsets of N which satisfy an asymptotic condition give rise to continued
fraction sets whose Assouad spectrum satisfies the three-parameter form and attains the upper
bounds of theorem 4.4 and corollary 4.11.

Proposition 6.2. If I C N satisfies

fimsup P2 U0 [N

=1 6.1
N— oo logN ( )

then for all 6 € (0,1) we have

h+ (129)(1_/1)’ for0<0<1/2

1, for1/2<6<1

dimf F; = {
Proof. If I C N satisfies the condition (6.1) then by the proof of [18, lemma 14.1.4],

dimi{l/b:bel}:min{z(ll_e),l}

for all 6 € [0, 1]. This will equal the Assouad spectrum of the set of fixed points of the con-
tractions comprising the CIFS from lemma 6.1 even if 1 €/, because the Assouad spec-
trum is finitely stable and unchanged under bi-Lipschitz transformations. Fix an integer

k > 10. By (6.1) there exists a sequence of integers M < M, < --- such that M, ;| > Mk,,/(k_z)
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and #(IN [I,Mﬁ/(k_z)}) > (Mﬁ/(k_z))lfl/k foralln € N. Then #(IN [Mn,Mﬁ/(k_z)]) > M7,
with the implicit constant independent of n. Now

k=1

-2 % ° —2\ % > % k/(k—2) -2 % B

b)) " > E Z b)) " = E M, M, = oo.

bel n=1 bel 2
M, <b<MK/ =2

The finiteness parameter (recall (2.10)) of the system therefore satisfies © > 2k . Letting k —
oo shows that © > 1/2, sodimg F=h > 1/2. Fix s<hand § € (0,1/2). By lemma 2.4,

Nyivo (FO[0.M;1]) > N, 1o (Fm [M,,‘k/("_z),Mn_lD

- —2k/(k=2)\ ¢
=1 M,
> M < 78 >
IMn

s(1—=2k6 / (k—2))40(k—1 k=2
—(1—1/6) (HU=ROLU=D)0G=1)/G=2)
n

The result follows upon letting s — 2~ and k — oc. O

In propositions 6.3 and 6.4 we consider the Assouad spectra of continued fraction sets for
particular families of infinite subsets of N. In proposition 6.3, the numbers that we allow to be
included in the continued fraction expansions are eventually spaced apart like { [#”| : n € N}
(similar to [4, example 4.4] for the intermediate dimensions). However, we need to allow an
arbitrary choice for the first finitely many digits of / to ensure that the Hausdorff dimension
can be in the range that yields non-trivial behaviour for the Assouad spectrum (such as two
phase transitions).

Proposition 6.3. Fix p € (1,00). Assume that I C N is such that the symmetric difference of I
and { |n”] : n € N} is finite and that h € (1/(p +1),1/p). Then

h+hp—1
; h+p(1 9)( —ph), for0 < \W
i = (h+hp—1)p
dlmAFI_ W’ for“‘ﬂ’)(#<0<m
1, for £ 5 < <1

In particular, dimi F has two phase transitions and lies strictly between the bounds in the-

h+hp—1
orem 4.4 for all 6 € (0, %)

Proof. We start with the appropriate CIFS from lemma 6.1 (depending on whether or not
1 € I). Although the OSC always holds, the separation condition in theorem 3.1 does not hold
if I contains consecutive digits. To deal with this, we use the same trick as in the proof of
theorem 4.4, namely to iterate finitely many times to form a new CIFS where each conformal
copy of F is very small and use an induction argument. The proof is now very similar to the case
t = 2p of the proof of theorem 5.1 (2), but with the additional technicality that the bound from
lemma 2.4 needs to be used since we are in the self-conformal (rather than strictly self-similar)
setting. The details are left to the reader. O

In proposition 6.3, if 2 € (1/(2p),1/(p + 1)] then the bounds coincide at the Assouad spec-
trum of the set of fixed points (which equals dimy F), = min{ m7 1}) by corollary 4.11.

If, on the other hand, & € [1/p, 1), then the lower bounds are attained. The Assouad spectrum
for the above sets for a certain choice of parameters is shown in green in figure 1.
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In proposition 6.4, the elements of I are very clustered together (in contrast to proposi-
tion 6.3), resulting in the upper bound from theorem 4.4 and the three-parameter form being
satisfied.

Proposition 6.4. Fix o € (0,1) and let I C N be such that the symmetric difference of I and
NNUZ, [2, 28 + 2% is finite. Then the phase transition is p =1 — «/2, and

h*#&—a)(l—h), for0<0<p

dim F; =
A { 1, forp<6<1

Proof. A direct calculation shows that dim};a/ ’p
lemma 3.4.4]) shows that dim{ P = min{z(%e), 1} for all 8 € (0,1). Moreover, dimg F =

h > «a/2, since the finiteness parameter is easily calculated to be © = /2 in this case.
Moreover, for all £ >0 and k € N we have 2% — (27 4-2k¢) =1 ~ 2=%(2=2) with the impli-
cit constant independent of k. Therefore by lemma 2.4,

=1, and combining this with [18,

9—2k h—e
' Kk n—k(2—a) H—k kex
Ny—rc-ay/o (Fi N[(2° =277, 277]) 2 2 <2k(2a)/0>

_ oM~ =a) (1= (h+ =gty (1= = (352 ~2)e]

Since € was arbitrary, this completes the proof. O

We now calculate the Assouad spectrum of a special set related to complex continued frac-
tion expansions. Namely, define

1
Fnyzi=q2€Ciz=———— b, €N+ ZiforallneN
bi+ 7

It is clear from [32, section 6] that

{Sp(z):=1/(b+2z): b€ (N+Zi)\{1}}u{51b(z) = b_,_lL :bGN-l—Zi} (6.2)
I+z

is a CIFS with limit set Fyz;. Estimates for the Hausdorff dimension & = dimyg Fiy47z; are
given in [32, section 6] and [27, 37]. To our knowledge, the tightest bounds to date are
1.85574 < h < 1.85589 from [17]. The following result states that the Assouad spectrum sat-
isfies a formula in terms of the Hausdorff dimension, given by the upper bound from the-
orem 4.4.

Proposition 6.5. We have

h+72502—h), for0<6<1/2

s 0
Frpzi =
dimy P4z { 2, for1/2<0<1

Proof. Let P be the set of fixed points of the CIFS in (6.2). A similar proof to the proof of
the p = 1 case of (4.13) in [24, corollary 6.4] shows that dim P = min{(1 — 6)~',2}. Fix 0 <
6 < 1/2 and very small € € (0,1), and suppose 0 < R < 1. Let I . := {i € N+ Zi : R'"*¢ <
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z<Rforallz€ F; }. Then #Ig . ~ R~2, with the implicit constants depending on ¢ but not
on R. Using the Koebe distortion theorem we have |F;| 2 R2(1+9) foralli € Ig .. Therefore by
lemma 2.4,

R2(14¢) h—e —1\ (s 1—26¢
Niso (B(O,R) N Fuszi) 2 Y Newjo (F;) 2 R? (Rl/e) — p1-07")(f0.1/2) - 25=e)
iEIR,E

Letting ¢ — 0% gives dim} Fyz > f(6,1/2), from which the result follows. O

It would be possible to study the Assouad spectra of the limit sets of appropriately chosen
subsystems of the CIFS in (6.2), but we will not pursue this.

Our results also have applications to the dimension theory of parabolic iterated function
systems. In such a system, each map S: X — X still satisfies ||S(x) — S(y)|| < ||x — || for all
x,y € X, but may contain a parabolic fixed point p € X, meaning that S(p) = p but the derivative
of S (or an extension of S) at p has norm 1. The theory of parabolic IFSs has been developed by
Mauldin and Urbanski in [34], and they have also been studied in [35, 41], [18, section 9.2],
and many other works.

Given a (possibly infinite) parabolic IFS as defined in [34, section 2], one can associate an
‘induced’ uniformly contracting infinite CIFS (see [34, theorem 5.2]). It is clear that if F is
the limit set of the parabolic IFS and F* is the limit set of the induced CIFS then F* C F with
F\ F* countable, and F and F* have the same closure. Therefore if dim is any of the notions of
dimension mentioned in this paper then dim ' = dim F*. In particular, [4, theorem 3.5] for the
intermediate dimensions and theorem 4.4 for the Assouad spectrum can be applied directly to
the induced system to give information about the corresponding dimension of F.

As an example, we consider a finite parabolic IFS on the line with a single parabolic fixed
point of Manneville-Pomeau type at 0. In this setting, the Hausdorff dimension (denoted /)
equals the box dimension [41] and the Assouad dimension is 1 [18, theorem 9.2.1]. In propos-
ition 6.6 we show that the Assouad spectrum attains the upper bound from theorem 4.4.

Proposition 6.6. Fix N € N and ,q > 0. Suppose Si,...,Sy: [0,1] — [0, 1] satisfy |S;(x) —
Si(y)| < |x—y| for all x,y € [0,1] and extend to C'*¢ maps on (—¢,1 +¢€). Assume S, ...,Sy
are &-Lipschitz for some <1 and that S;((0,1)) N S;((0,1)) = & whenever i#j. Finally,
assume S1(0) =0 and

x— S (x)

+
R —1 as x—07.

Let F denote the limit set of this parabolic IFS. Then for 6 € (0,1),

0
diml pd P (I=h), for0<O< g 6.3)
A 1, forlj_—q<9<l

Proof. Let P be the set of fixed points of the induced CIFS
{S?OSZ' Sl’lGN,Zgl‘ gN}U{Sz,,SN}
Estimates similar to [35, (4.2)~(4.4)] show that dim% P = dim% ({i~'/% : i € N'}). The result

now follows by a similar argument to the proof of theorem 5.1 (1), using estimates similar
to [35, (4.1)]. O
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More generally, one could consider a finite parabolic iterated function system that gener-
ates a ‘parabolic Cantor set’ in the sense of [41]. Then several of the maps S; can have a para-
bolic fixed point p; with local behaviour S;(x) = p; + a; (x — p;)! 7% + o((x — p;)!+%), and the
Assouad spectrum will take the form of (6.3) with ¢ = max; g;.

Finally, we apply proposition 6.6 to calculate the Assouad spectrum of sets generated by
backwards continued fraction expansions. For I C {2,3,4,...,} define

1
Bii={z€(O.)\Q:z=1—-————b,elforallne N
]_bz—#

Recall that the Rényi map R : [0, 1] — [0, 1] is defined by R (x) := { = } Then B; is the limit
set of the (possibly parabolic, possibly infinite) IFS consisting of the inverse branches of the
Rényi map corresponding to the elements of 1.

Corollary 6.7. If1 C {2,3,4,...,} is finite with 2 € I then

9 h+i5(1—h), for0<0<1)2
dlmAB’_{ 1, for1/2<0<1
Proof. The inverse branch of the Rényi map corresponding to 2 € I is x — x/(1 + x), which
has a parabolic fixed point at 0, and all other branches are uniformly contracting. Therefore
using Taylor’s theorem, corollary 6.7 follows from the g = 1 case of proposition 6.6. 0

7. Further work

We conclude the paper with some potential directions for future research. While theorem 5.1
shows that the bounds in theorem 4.4 are in a sense sharp, there are further questions that
one could ask about the possible form of the Assouad spectrum of the limit set of a CIFS. In
particular, suppose we fix a countable set such as P = F), := {i"? : i € N} where p € (0,00),
and fix h € (dimgP,dimga P). If we consider only those CIFSs whose set of fixed points is
precisely the set P, and vary the contraction ratios in such a way that the Hausdorff dimension
of the limit set F stays constant at 4, then the bounds from theorem 4.4 will stay the same, but
we expect it would be a delicate problem to give a precise description of how dimi F can vary
between those bounds.

Throughout this paper, as in [32, 33], we always assume at least the Open Set Condition
(OSC) (the separation condition from definition 2.1). In section 3, we additionally assume that
Si(V)NS;(V) = @ forall distinct i,j € I. This is satisfied in many natural settings. For example,
it holds for the family of CIFSs in lemma 4.12 with 7 > p + 1. Nonetheless, it is natural to
ask whether the assumption is really needed, or whether the OSC suffices. The lower bound
dimp F > max{h,dimu P} is immediate from lemma 2.5 even without the assumption, but it
is not obvious to us how to prove the other inequality without the assumption.

Question 7.1. In the statement of theorem 3.1, can the assumption that S;(V) N S;(V) = @ for
all distinct i,j € I be removed?

For attractors of certain finite IFSs, one can say something about the Assouad dimension
even if the OSC is not assumed. Indeed, Fraser ef al [21] prove a dichotomy for the Assouad
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dimension of self-similar sets on the line: if a condition called the Weak Separation Property
(WSP) holds then Hausdorff and Assouad dimension coincide, but if the WSP fails then the
Assouad dimension is 1. This result has a natural generalisation to self-conformal sets on the
line [1], and the Assouad dimension of overlapping self-similar sets in higher dimensions has
been studied in [25]. Ngai and Tong [36] and Chu and Ngai [13] study the Hausdorff, box and
packing dimensions of the limit sets of IIFSs with overlaps that do not satisfy the OSC but
do satisfy suitable extensions of the WSP. It is therefore natural to ask (though we will not
pursue this) what can be said about the Assouad type dimensions of the limit sets of infinite
iterated function systems with overlaps that do not satisfy the OSC but perhaps satisfy weaker
separation conditions such as those considered in [36].

Finally, as described in [18], there are notions of dimension which are dual to the Assouad
type dimensions, and describe the ‘thinnest’ part of the set in question. The lower dimension
of a bounded set F C R? with more than one point is defined by

dimy F = sup{)\ :3C > 0 such that Vx € F,Y0 < r < R < |F|,N, (B (x,R) N F) > C(R/r)* }
The lower spectrum at 6 € (0,1) is
dim! F = sup{)\ :3C > 0 such that Vx € F,Y0 < R < |F|,Ngi/6 (B(x,R) N F) > CR*1 71/ }

These dimensions satisfy dimp, F < dimiF < dimgF for all §. For infinitely generated self-
conformal sets, these share some properties with the Assouad type dimensions. For instance,
although there are sets for which the lower spectrum is not monotonic in 8 (see [24, section 8]),
for the limit set of a CIFS the function 6 — dimﬁ F is monotonic by a very similar argument to
the proof of lemma 4.2. It would be possible to calculate formulae for the lower type dimen-
sions of the sets in lemma 4.12 using a direct covering argument and ideas from the proof of
theorem 5.1, but we will not do this because this rather long calculation would not illuminate
new phenomena within the scope of this paper, whose main focus is on the Assouad spectrum.
One notable feature of the lower type dimensions in the context of infinite IFSs is described
by proposition 7.2.

Proposition 7.2. There exists a CIFS consisting of similarity maps whose limit set F satisfies

dim  F=dim{ F=0  forallf € (0,1).

Proof. For i > 2, let S;(x) :=2 x+i~!. This clearly forms a CIFS on [0,1]. But for all
6 € (0,1), for all i sufficiently large (depending on ), FN (i~! —2719/2 i=1 4+ 279 /2) =
Si(F), s0 Ny—i(FN (i7" =2719/2,i~' +2719/2)) = 1. Therefore dim{ F =0, and so also

This result is in stark contrast to the situation for finite IFSs. Indeed, limit sets of finite
self-conformal IFSs with the OSC are known to be Ahlfors—David regular (see [18, corol-
lary 6.4.4]), so all the dimensions considered in this paper coincide for such sets. Moreover,
[18, theorem 6.3.1] implies that if F is the attractor of an arbitrary finite IFS of consisting
bi-Lipschitz contractions, and F is not a singleton, then dimfF > 0 for some 6 € (0,1).
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