Attainable forms of intermediate dimensions

AMLAN BANAJI & ALEX RUTAR

ABSTRACT. The intermediate dimensions are a family of dimensions
which interpolate between the Hausdorff and box dimensions of sets. We
prove a necessary and sufficient condition for a given function h(6) to be
realized as the intermediate dimensions of a bounded subset of R?. This
condition is a straightforward constraint on the Dini derivatives of h(f),
which we prove is sharp using a homogeneous Moran set construction.
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1. INTRODUCTION

The Hausdorff and box dimensions of a set F' C R* are two widely studied notions
of dimension. We denote these dimensions by dimy F' and dimg F' respectively.
The box dimension is a coarse measurement of dimension, in the sense that it only
takes into account the size of the set at a fixed scale 9, as § goes to zero. On the other
hand, the Hausdorff dimension takes into account all small scales simultaneously.
When the box and Hausdorff dimensions are equal, they indicate that the set has a
large amount of spatial regularity. For example, in [ ], Shmerkin established
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Falconer’s distance problem for subsets of the plane with equal Hausdorff and
box dimensions, whereas this conjecture is wide open in general.

However, the box and Hausdorff dimensions of sets can also differ: this is
often the case for natural “fractal” sets, such as self-affine sets. In order to better
understand this situation, the authors of | ] introduced the intermediate
dimensions of the set F'. This is a family of dimensions, which we will denote by
dimy F' for 6 € [0, 1], which satisfy dim /' = dimy F, dim; F' = dimp F', and which
are continuous on the interval (0, 1] (though not necessarily at 0). The intermediate
dimensions are defined by allowing an increasing amount of flexibility in the sizes
of the covering sets as ¢ tends to zero. Precise definitions are given in the next
section. We remark that intermediate dimensions are an example of dimension
interpolation, of which the Assouad spectrum is also an example. We refer the
reader to [ ] for a recent survey of this topic.

In a very heuristic sense, the intermediate dimensions for # > 0 behave more
like box dimensions than Hausdorff dimensions. Assuming the intermediate
dimensions are continuous at zero, one would hope to obtain information about
the Hausdorff dimension of a set I’ in terms of the intermediate dimensions,
which may a priori be easier to bound. For example, in [ ], as an application
of general results on intermediate dimensions of projections, the authors obtain
novel bounds on the box dimensions of projections of sets with intermediate
dimensions continuous at zero. Continuity at zero also provides information
about the box dimensions of images of sets under fractional Brownian motion
[ 1

Moreover, intermediate dimensions can distinguish bi-Lipschitz equivalence
even when other notions of dimension give no information [ ]. In fact, quanti-
tative information about Holder exponents can be obtained for any bi-Holder map
between sets with distinct intermediate dimensions [ , Theorem 3.1]. We refer
the reader to [ ] for a survey of some recent results concerning intermediate
dimensions.

In this paper, we study the forms of the intermediate dimensions dimy F' for
6 € [0,1]. In general, the intermediate dimensions are known to satisfy certain
regularity constraints (see [ , Prop 2.1] and [ , Proposition 2.1]). On
the other hand, intermediate dimensions have been computed for some specific
families of sets. For example, Bedford-McMullen carpets are a recent example
of a natural family of sets for which the intermediate dimensions exhibit inter-
esting properties [ ]. Other sets which have been studied in the literature
include infinitely generated self-conformal sets [ ] and elliptical polynomial
spirals [ ]. However, in general, no progress has been made on determining
sharpness of the general constraints on the intermediate dimensions.

Our main result is to obtain a full characterization of possible intermediate
dimensions for subsets of R

Given a function f: R — R, we denote the (upper right) Dini derivative (see
(1.2)) of f at z by D*f(z). We then have the following result.

Theorem A. Let h: [0,1] — [0,d] be any function. Then there exists a non-empty
bounded set F' C R* with dimg F = h(0) if and only if h is non-decreasing, is continuous
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on (0, 1], and satisfies

hO)(d = h(8))

(1.1) Dh() < =

forall 0 € (0,1).

We see that the intermediate dimensions can have highly varied behaviour; such
behaviour has not been seen in any prior examples. In particular, without stronger
assumptions on the set F, very little can be said about the possible forms of the
intermediate dimensions.

For example, it follows directly from (1.1) that if f is any non-decreasing
Lipschitz function on [0, 1], there exists some constants ¢ > 0, b € R, and a set
F C Rsuch that dimy F' = af(#) + b for all § € [0, 1]. In particular, the following
behaviours for the intermediate dimensions are all possible:

(i) Constant on countably many disjoint closed intervals in [0, 1], and strictly
increasing otherwise.
(ii) Strictly concave, strictly convex, or linear and non-constant, on [0, 1].
(iif) Non-differentiable at each point in a dense subset £ of (0, 1) with dimyg £ =1
(in fact, the points of non-differentiability can form an arbitrary G, subset
of [0, 1] with Lebesgue measure zero [ D.
This resolves all remaining questions asked in Falconer’s survey [ I
We observe that the bound (1.1) is attained at all § € (0, 1) for the sets

Gpa = {z/ |z|*:ze{nP:nec N}'}

where d € N and p > 0. These sets have intermediate dimensions given by
dimg Gpq = df/(p+ 0) forall 0 € [0,1] [ , Proposition 3.8] (see also [ ,
Prop 3.1] for the case d = 1).

Results similar to the existence result in Theorem A have also been obtained
for the Assouad spectrum | ], though a full characterization for the As-
souad spectrum is not known. Both our results, and the results in that paper, use
homogeneous Moran sets as the basis of the construction.

1.1. Notation. We fix some d € N and work in R?, equipped with the max norm.
Given r € R?, we denote the j coordinate of = by z(/). We write B(x, r) to denote
the open ball with radius r centred at x.

All sets F are non-empty bounded subsets of R?. We write F' to denote the
topological closure of F. We also denote by N, (F) the minimal number of sets
with diameter r required to cover F.

1.2. Statement and summary of main results. We begin with a precise definition
of the intermediate dimensions.

Definition 1.1. Let F ¢ R%. For 0 < 6 < 1, the upper intermediate dimensions are
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given by
dimy F = inf{s > 0 :(Ye > 0) (36 > 0) (YO < § < &) (3 a cover {U;}, of F) s.t.
6% < diam U; < § and Z(diam U;)® < e}.
=1

Similarly, the lower intermediate dimensions are given by
dimyF' = inf{s > 0:(Ve > 0) (Voy > 0) (3 < 6 < dpand a cover {U;}:2, of F) s.t.

6/ < diam U; < § and Z(diam U)® < e}.
=1

Clearly dim,F < dimgF. If dimy,F = dimyF, we denote this common value by
dimy F'. We make the following basic observations:

e dimy F = dim,F = dimF,
e dim,F and dimyF are monotonically increasing in , and
e dim, F = dimg F and dim; F = dimg F.

We also recall the definitions of the Assouad and lower dimensions of the set F'.
As we will see, these dimensions influence the possible forms of the intermediate
dimensions in a natural way.

Definition 1.2. Let F' c R%. The Assouad dimension of F is given by

dimy F = inf{a :(3C > 0) (V0 <r < Rand z € F),

N,(B(z,R)NF) < C (E)a}

r

and, dually, the lower dimension of F' is given by

dimy, F = sup{/\ (30> 0) (V0 <r < R < diam Fand z € F),

N,(B(z,R)NF) > C (E)A}.

r

In general, we have dimy, F' < dimy F' < dimg F' < dimg F < dimu F. We refer the
reader to [ ]and [ ] for more details on these notions of fractal dimension.
Recall that the upper Dini derivative of a function f: R — R at x is given by

fla+— fw)

(1.2) D*f(z) = limsup

e—0t
We then define the following classes of functions.

Definition 1.3. Let 0 < A < o < d. If A < «, we denote by H(\, a) the set of
functions h: [0, 1] — [\, o] which satisfy the following constraints:
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(i) his non-decreasing,
(ii) his continuous on (0, 1], and
(iii) for each @ € (0,1), we have

(h(0) = M) (a = h(6))
(v — N0

(1.3) D*h(0) <

Otherwise, A = a and we let H (), a) be the set consisting only of the constant
function h(6) = a.

We note that in (1.3) one could take instead the lower Dini derivative and the class
of functions would remain unchanged (this follows from Corollary 2.3).
We now state our main result precisely.

Theorem B. Suppose F' C R? has dimy, F' = X and dims F = «. Then with h(f) =
dim, F and h(0) = dimgF, we have h, h € H(\, «), h < h, and h(0) = h(0).

Conversely, if 0 < A\ < o < dand h,h € H(\, ) satisfy h < h and h(0) = h(0),
then there exists a compact perfect set F C R? such that dimy, ' = ), dimy F' = q,
dim,F = h(0), and dimyF = h(0) for all § € [0, 1].

The proof of this result is given in Theorem 2.6 and Corollary 3.13. This result gives
a full characterization of all possible forms of the upper and lower intermediate
dimensions of a bounded set ' C R%.

Constraint (1.3) generalizes all previously known bounds, namely those in
[ ; ] and the first arXiv version of | ]. Note that (1.3) also provides
quantitative information about the Assouad and lower dimensions in terms of the
intermediate dimensions. This is in contrast to the box and Hausdorff dimensions,
which provide no more information about the Assouad and lower dimensions
beyond the usual order constraints. We can also view the bound in (1.3) as (260)~!
times the harmonic mean of h(¢) — A and o — h(6). In particular, if 0 < X < X <
a < o < d, then H(N,a') 2 H(), a). Of course, by taking h = h we can also
ensure that the intermediate dimensions exist. Therefore, Theorem A follows from
Theorem B.

The proof of the bound (1.3) is given in Theorem 2.6. The strategy is essentially
as follows. Given € > 0, we want to convert an optimal cover U for some set
of scales [6/? 4] into a cover for a smaller set of scales [0"/“T9 §] c [61/° 4]. If
U € U has large diameter, then we can replace it using sets with smaller diameter
using the Assouad dimension; and we can cover the U € U with small diameter
with fewer sets of larger diameter using the lower dimension. Then ¢’ is chosen
carefully to optimize this process.

In order to establish a converse to this general bound, our main strategy is to
construct sets which we call homogeneous Moran sets. These sets are analogous to
the 2?-corner Cantor sets in R?, except we only require the subdivision ratios to be
equal within each stage in the construction, and not necessarily between stages.
The following nice property was essentially observed in [ ]: the optimal
covers for a homogeneous Moran set can be taken to consist of sets with equal
diameter. This result is given in Lemma 2.10. A direct application of this result is a
convenient formula for the upper intermediate dimensions of these sets, given in
Proposition 2.11.
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Using this formula, in Lemma 3.4 and Lemma 3.7, we present a general strategy
to construct homogeneous Moran sets with upper intermediate dimensions given
by an infimum over a “sliding window” of a function g satisfying certain derivative
constraints. Then for any h(6) satisfying the general bounds, in Theorem 3.9 we
construct a function satisfying the derivative constraints so that the corresponding
Moran set has upper intermediate dimensions given by the prescribed formula.
This establishes Theorem B for the upper intermediate dimensions.

Finally, in Theorem 3.11, we construct an inhomogeneous Moran set which,
at a fixed scale, looks like a finite union of homogeneous Moran sets each with
prescribed upper intermediate dimension £(6). This process is done in such a way
to ensure that the intermediate dimensions exist. Then, taking a disjoint union of
this set with the set provided in Theorem 3.9, we complete the proof of Theorem B.
The details are provided in Corollary 3.13.

Heuristically, the covering strategy for Theorem 2.6 will be sharp when the
relative covering numbers in the Assouad and lower dimensions are realized
uniformly on the entire set for a fixed scale. In some sense, this motivates the
choice of homogeneous Moran sets, which have the maximum possible uniformity
at a fixed scale. The key observation is that inhomogeneity between scales is
sufficient to obtain all possible forms of the intermediate dimensions.

2. INTERMEDIATE DIMENSIONS AND GENERAL BOUNDS

2.1. Some elementary results on Dini derivatives. We begin with some standard
results on Dini derivatives, which will be useful later in the paper. We refer the
reader to [ ] for more details.

Definition 2.1. Let g: R — R be a function. Then the upper right Dini derivative is
given by

gz +¢) —g(z)

D*g(z) = limsup

e—0t

The lower right Dini derivative is denoted D, g, and the left Dini derivatives are
analogously denoted D7g and D_g.

We first make the following observation.

Lemma 2.2. Let f and g be continuous functions on [a, b] with D,g < D*f and g(a) =
f(a). Then g < f.

Proof. Observe that D¥(f —g) = D*f—D,g > 0soby | , Corollary 11.4.2],
f — g is non-decreasing. But (f — g)(a) =0sog < f. O

As an application, we obtain the following analogue of the mean value theorem.

Corollary 2.3. Let g be a continuous function on [a,b] and set s = W. Then for
El?’lygb S {D+ ,D+g,D_g,ng},

(i) there exists x € [a, b] such that ¢(x) < s, and

(ii) there exists x € [a, b] such that ¢(x) > s.
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Proof. We prove that there is some z such that D, g(z) > s; the other cases
are similar. Without loss of generality, there is some z € (a, b) such that g(z,) >
g(a) + s(zo — a). Suppose for contradiction D,g(x) < s for all z € [a,x¢]. By
Lemma 2.2, g(x) < s(z — a) + g(a) for all x € [a, x|, contradicting the choice of
To. OJ

We now have the following elementary result.

Lemma24. Let0 < A< a <dletg: R— (A «) be continuous, and let U C R be an
open set. Then the following are equivalent:
(i) Dfg(x) € [N —g(x),a — g(x)] forall z € U.
(ii) Dig(x) € [N\ —g(x),a — g(z)] forall x € U.
(iii) D g(z) € [N\ —g(z),a — g(z)] forall x € U.
(iv) D_g(z) € [\ —g(x),a — g(z)] forall x € U.

Proof. We will see that D, g(x) € [\ — g(x),a — g(x)] for all z € U implies that
Dg(x) € [N — g(x),a« — g(x)] for all z € U; the remaining implications are similar.

Suppose for contradiction there is some =y € U such that Dtg(z) ¢ (A —
g(xg), a—g(x0)]. If DYg(xg) < A— g(x¢) this is immediate, so we assume Dg(zo) >
a — g(zo). Then there is some ¢ > 0 and x; such that

g(w1) — g(x0)

> a— g(xg) + ¢,
1 — Xy

[0, 1] C U, and |g(y) — g(x0)| < €/2 for all y € [zg,21]. Then by Corollary 2.3,
there is some y € [z, z1] such that

€
Dig(y) > a—g(xo) +€>a—g(y)+ 3

a contradiction. O

2.2. Bounding the intermediate dimensions. In this section, we provide a general
bound for the intermediate dimensions.

Definition 2.5. Given 6 € [0, 1], we say that a family of sets {U; }°, is a (d, #)-cover
of Fif F C|J;2, U; and §%/% < diam U; < 6 for each i € N.

We take 0'/° = 0. For convenience, given a cover U = {U;}3°,, we define the s-cost
of the cover by C*(U) = 3 _°, (diam U;)*. With this terminology, we recall that for
0 <0 < 1, the upper intermediate dimensions are given by

dimyF = inf{s >0: 35 > 00 < § < 8, 3(6,0)-cover U of F s.t. C3(U) < 1}
and the lower intermediate dimensions are given by

dim,F = inf{s >0:Vd > 030 <6 < dpand (0,68)-cover U of F's.t. C°(U) < 1}.

Of course, it suffices to show that C*(i/) < M for some constant M not depending
on J.
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We now prove the following general bound for subsets of R%. The proof uses a
similar strategy to the proof of the bound [ , Theorem 3.5] for a more general
family of dimensions known as the ®-intermediate dimensions. The idea behind
the proof is as follows. We will bound dimg,F in terms of 4, dimyF, and the
Assouad and lower dimensions of F'. Given an optimal cover for [§'/?, §], we want
to convert this to a cover for the smaller range of scales [§%/(%+9) §°] c [5'/?, 4].
We then use the Assouad dimension to replace the sets with large diameter with
sets with smaller diameter (corresponding to the indices in /3), and the lower
dimension to optimally cover the sets with small diameter (corresponding to the
indices in /;). The remaining elements of the cover remain essentially the same.
The parameter [ is chosen to optimize this process.

In order to obtain bounds corresponding to the lower dimension, we find
it convenient to use lower dimensions of measures. If ;. is a Borel probability
measure, the lower dimension of y is given by

dimy, p = sup{/\ :(3C > 0) (V0 < r < R < diam(supp p) and x € supp p),

wae 2o () )

”
We refer the reader to [ , Section 4.1] for more details.

We recall that a measure 4 is doubling if there exists M > 1, called the doubling
constant, such that p(B(z,2r)) < Mu(B(z,r)) for all x € supp(p) and r» > 0. We
also recall that H(\, a) is defined in Definition 1.3.

Iheorem_2.6. Let F c R? be any bounded set wi_th A =dimp, F, o« = dimpa F'. Write
h(0) = dimgF and h(6) = dim, F and let h € {h, h}. Then, h € H(\, «). In particular,
if h(0) € {\, a} for some 0 < 6 < 1, then h(0) is constant on (0, 1].

Proof. We prove this for h(f) = dimgF; the case when k() = dim, F is similar.
We also assume that A < «, or else the result is trivial. Firstlet ¢ € (0,1) and
€ € (0,1 —6), and let n, 5 be the unique solutions to the equations

a=h(®) ~ fla—n@) - =0 @@ +n-x+ 2 <o
One can verify that  and § are given by
_ (h(0) = N (o = h(B))e 5 () =Ne
(h(0) — Ne + (o — A)B (a@— N0
Now for s > h(f),let s € (h(f),s), & > acand N < ) satisfy
o/—s—Bla —s—n)>0 ef_e(s+n—)\’)+>\/_5/>0.

For all sufficiently small 6 € (0,1) there exists a (0, #)-cover {U, };c; of F' whose
s’-cost is less than 1. Define

I ={iel:diamU, < 67}
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I ={i€I:6 < diamU; < 6°/2}
Iy ={icI:diamU; > 6°/2}.

There exists C' > 0 such that for all 0 < r» < 2R, any set of diameter R contained
in F' can be covered by |C(R/r)*' | balls of diameter 7. Then for k € I, let

B, .-, By o2 diam 0y) /65)e" |
satisfy
|C((2diam Uy) /65) |
diam Bkﬂ- =6% and S5ﬁ/(e+e)(Uk) NFE C U Bkﬂ-,
i=1
where S, (U) denotes the r-neighbourhood of the set U. Let z1, . .., zx be a maximal

46P/(9+¢)separated subset of

(2.1) F\( U S . (Ui)>.

1€loUl3

Set
U = {B(zm,559i+e) 1<m <K}
Z/{Q = {S(SGLj-e(UJ) j € IQ}
Us = | J{Bre: t=1,....[C((2diam U})/6")* | }.

kels

Then for sufficiently small 9,
(22) U = Z/{l U Z/[Q U Ug,

isa (6°,0 + €)-cover of F.

We now bound the (s + 7)-cost of & independently of 6. First consider ;.
By [ , Theorem 2], there exists a doubling Borel probability measure ; with
supp ¢ = F and dimy, 1 € (X, \]. Let M be a doubling constant for . In particular,
there is ¢ > O such thatif 0 < r < R < diam F' and = € F then

B R) <R>

p(B(z, 7)) v

Form e {1,..., K} let
D= {1 € 1 U7 Bl 87049) £ )

If i € J,, fixing z; ,, € U; N B(2, 6,3/(9+6)),

(D) < (Bain, 2diamn(V1))) < (Bl 2077)) ( — )
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(B2, 079)) < 3 p(U;) < ¢ M2 (B2, 0752)35 75 S (diam U)Y

1€Jm 1€Jm

Note that u(B(zm,de%e)) > 0 since suppp = F. Moreover, if i € I, then U;
intersects at most one of the balls of radius 6?/+), so for sufficiently small §,

ct Uy = Zdlam (z, 559+6))S+’7

i€l

K
= 3 (10675 )1 < 107716 M 267 G070 3 (diam U,)Y

m=1 el

< 105 N2 TR N g2 > (diam U;)* < 10°H7¢ M,

i€l
Next, consider Us:
CH U Z diam(S eie )5 < Z 3diam U;)* " < 3517,
J€l2 j€l>
Finally, consider Us. Since diam U}, < 6,
C((2diam Uy,)/8%)e J
i)~ 3 S am B S 32O )5 )
kels kels
<27C) (diam Uy)*6® —* 0004 < 20y “(diam Uy)* < 2'C.
kels kel

Thus C>*"(U) < 10°Fc= M? + 3577 + 2%’ C which does not depend on 6.
Since s > h was arbitrary, we have shown that (0 + ¢) < k() + 7. Dividing
through by € gives

h(0+¢) = h®) _ (h(0) = M)(a = h(6))

(23) c = h(8) = Ne+ (a— N0

Passing to the limit, we verify (1.3). That & is non-decreasing follows immediately
from the definition.
Moreover, (2.3) implies that & is continuous on (0, 1). To see that /(6) is contin-
uous at 1, with minor modifications to the above proof we can take e = 1 — 0.
The particular cases h(f) = A or h(f) = « for some ¢ € (0, 1] follow directly
from (2.3). O

Remark 2.7. We also observe that the bound (2.3) for any ¢ € [0,1 — 6] can be
obtained directly by solving the differential equation corresponding to (1.3) and
applying Lemma 2.2 (using continuity of 4(#) on (0, 1]).



ATTAINABLE DIMENSIONS 11

FIGURE 1. Plots of the bound in Corollary 2.8 for A = 0.05, a = 0.52,
and box dimensions h;(1) =i/10fori =1,2,... 5.

As an application, we can get a general lower bound for A(f) in terms of the
lower, box, and Assouad dimensions of the set. Recall that dim; ' = dimg F' and
dim, F' = dimg F'.

Corollary 2.8. Let dimy, F' = X and dimy F = a. For h(0) = dimyF or h(f) = dim,F,

ab(h(1) = A) + Ao — h(1))
0(h(1) = A) + (a — h(1))

forall 6 € (0,1].

Proof. Substitute ¢ = 1 — 6 into (2.3). Rearranging, we obtain the desired
result. O

Remark 2.9. Differentiating twice, we see that the general lower bound in Corol-
lary 2.8 is a concave function of §. As dimgp F’ approaches dimy F (resp. dimy, F'),
the lower bound converges pointwise to the Assouad (resp. lower) dimension
for all # > 0. The lower bound is always equal to dimy, F' for § = 0. Plots of the
lower bound for particular parameters are given in Figure 1. The bounds (2.3) and
Corollary 2.8 have subsequently been proved in a class of metric spaces which are
more general than R?, see | , Theorem 3.12 and Corollary 3.14].

2.3. Intermediate dimensions of homogeneous Moran sets. We first define the
main object used in our construction, which we will call homogeneous Moran sets.
The construction is analogous to the usual 2?-corner Cantor set, except that the
subdivision ratios need not be the same at each level.

Fix Z = {0, 1}%. We write Z* = | J;~ ,Z", and denote the word of length 0 by &.
Suppose we are given a sequence r = (r,)>>, with 0 < r, < 1/2 for each n € N.
Then for each n and i € Z, we define S?': R* — R by

SH(x) = rpx + b}
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where b € R? has

(1)) = {0 V=0

1—r, 49 =1

Giveno = (4y,...,4,) € I", we write S, = S o ---0 S} . Then set

Co={J S(0,11) and C=C(r):=[)Ch
A SIAL n=1
We refer to the set C' as a homogeneous Moran set. Note that C,, consists of 29"

hypercubes each with diameter p,, .= r; - - - r,, (with respect to the max norm).
Given 0 > 0, let k£ = k(0) be such that p, < ¢ < pr_1. We then define

5(6) = 5¢ () = %

One can interpret s(9) as the best candidate for the “box dimension at scale §”.

We now prove the following key covering lemma for intermediate dimensions.
This result essentially shows that the optimal covers for a homogeneous Moran
set can be taken to consist of balls all of the same diameter.

Lemma 2.10. Let 6 € (0,1] be arbitrary. Then for all § > 0 sufficiently small, with
t= inf(be[(;l/e,(g] s(9),

ldgmqﬁwyU$a@®{wwdC}§L

Proof. Let ;1 denote the uniform Bernoulli measure on C. Let U be a set with
5% < diamU < 4§, and let k be such that p, < diamU < p,_;. Note that
(diam U)*(diam¥) = 2=kd Then since U intersects at most 4? hypercubes in Cy,

p(U) < 4% 275 = 4 (diam U)*@=m ) < 49(diam U)".

In particular, if / is an arbitrary (4, #)-cover of C,

1=p(C) <) pU) <44 (diam U)’
Ueu veu
so that C*(U) > 47
Conversely, since s(0) is continuous and increasing on each interval [py, pi—1),
there is ¢ € [6'/%,6] such that t = s(¢) = %. For each y = (ji1,...,J4) €
{0,1}¥ and o € I*, let E, 4(y) denote the hypercube with side length ¢ contained
in S,([0,1]%), with edges aligned with the coordinate axes, and containing the

point S, (y). Since ¢ > pi(4),
V= |J {E.sly):yef{o1}9)
ocTk(@)~1

is a cover for Cyy), and therefore C, consisting of 2¥(?)¢ hypercubes each with
diameter ¢. Thus C*(V) = 1. O
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As a direct application, we have the following formula for the intermediate dimen-
sions of C'.

Proposition 2.11. Forany 6 € (0,1],

dimyC' = lim su inf s
’ 5»0p(¢6[51/‘9,5} (¢>)

and

dimy C' = dim,C = dimy C = lim inf s(9).

6—0

3. CONSTRUCTIONS WITH MORAN SETS

In this section, we prove the converse direction to Theorem B.

In §3.1, we will establish a general strategy for constructing homogeneous
Moran sets. We first introduce the following definition, which is in some sense
analogous to the definition of H(\, «).

Definition 3.1. Given 0 < A < «a < d, we write G(\, a) to denote the functions
g: R — [\, o] which are continuous and satisfy

(3.1) Dg(z) € (A — g(z),a — g(z)]

for all x € R.

We will essentially show that for any function g € G(0, d), there exists a homo-
geneous Moran set such that s(J) ~ g(loglog(1/d)). The transformation § —
log log(1/9) is useful since it converts the exponentiation map & + ¢'/? into addi-
tion x — z + log(1/6).

In order to construct such a set, it suffices to define the corresponding contrac-
tion ratios by “discretizing” the function g¢. In particular, in Lemma 3.4, we show
that there exists a sequence of contractions r such that the corresponding covering
numbers s, (J) are close to g(loglog(1/0)) in the precise sense given in (3.3). Of
course, depending on the choice of the function g, this bound may be impossible
to attain for small z. Thus we begin with a function § and then translate it by some
constant amount. The contraction ratios are then used to define a corresponding
Moran set C, and (3.3) is useful to prove dimension results for the Moran set C'.

Then, in §3.2 and §3.3, we use this technique to construct Moran sets with
the desired properties. In Theorem 3.9, we construct the function g depending
on some h € H(A, a) such that the corresponding Moran set has the desired
dimension formulas. This construction is also used in Theorem 3.11, where we
use the sequence of contraction ratios provided by Lemma 3.4 directly. Here,
translations of the function ¢ are used to define an inhomogeneous Moran set
which “locally” looks like the Moran set C, but with a much greater amount of
uniformity between scales (so that the intermediate dimensions exist). Finally,
these results are combined in Corollary 3.13 to obtain a proof of Theorem B.
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3.1. Constructing homogeneous Moran sets. We first describe a general strategy
to construct homogeneous Moran sets.

Lemma3.2. Let 0 < A< a <dandlet g: R — [\ «]. Then g € G(\, o) if and only if
forall xy € Rand x > 0,

A= (A= g(x)) exp(—z) < g(zo +2) < — (a — g(x0)) exp(—2).

Proof. This is a direct application of Lemma 2.2. O

Definition 3.3. Given a sequence of functions (fi);2, each defined on some inter-
val [0, ay], the concatenation of (fx)72, is the function f: (—o0, Y -, ar) — R given

as follows: for each x > 0 with Z;:é a; <z < Z?:o a; where ay = 0, we define

fla) = fi <a: - )

and for = < 0 we define f(x) = f1(0).

Given a function g € G(\, @) and w € R, we define the offset x.,,(g9) € G(\, @) by

We also say that a function g € G(\, «) is rapidly decreasing if thereisay € Rand a
constant C' > 0 so that for all z > y,

(3.2) g(w) < g(y) exp(y — x) + C exp(—x).

Note that if g is rapidly decreasing, then lim,_,., g(z) = 0. Moreover, for all w € R,
g is not rapidly decreasing if and only if x,,(g) is not rapidly decreasing.

The following lemma is stated to be useful in the proof of Theorem 3.11, where
many offsets of the same function will be required.

Lemma3.4. Let 0 < A < a < dandlet g € G(\, o). Suppose g is not rapidly decreasing.
Then there is a constant w, € R depending only on §(0) and d such that for all w > wy,
there exists a sequence r = (r;)32, C (0,1/2] so that g := r,,(g) satisfies

(3.3) |sr(exp(—exp(z))) — g(x)| < dlog(2) - exp(—z)
for all x > wy,.

Proof. Noting that §(0) € (0,d), choose r; such that 1?;;}?%21)) = §(0). Then let

wy = loglog(1/ry), let w > wy be arbitrary, and let g = k,,(§). Since g is not rapidly
decreasing, g is also not rapidly decreasing so by (3.2) for every y € R there is a
minimal ¢(y) > y so that

g(y)exp(y — ¥(y)) = g(¥(y)) — dlog(2) - exp(—y(y)).
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Now set z; = wy and, inductively, set z;,1 = ¢(z)) for each & € N. Let
pr = exp(— exp(zy)) denote the corresponding scales (note that p; = 1), and set
Tr = pr/pr—1 for k > 2. Observe that r, € (0, 1) for all k. Thus for 0 < § < ry,if k
is such that p, < § < pp_1, we set

 kdlog?
~ log(1/8)

We will prove by induction that for each k£ € N we have 7, € (0,1/2], 5(px) =
g(zx), and

5(0)

(3.4) g(x) — dlog(2) exp(—z) < 5(exp(—exp(x))) < g(x)

holds for all z € [z, zx]. From this, the result follows.

We first note that, by construction, € (0,1/2] and 5(p;) = g(z1) = §(0). In
general, suppose the hypothesis holds for £ € N. By definition of ¢ and the fact
that g(zx) = 5(px),

9(Trs1) = 5(pr) exp(—Tpq1 + 71) + dlog(2) exp(—p41)
d(k+1)log2
= BE T8 exp(— dlog(2) exp(—
S exp( ) exp() +dlog(2) exp( i)
dlk+2)1log2 _
= Atk + 2)log2 = 5(pr+1)-
exp(Tri1)
Moreover, by Lemma 3.2, g(x) > g(xy) exp(—z + zi) for all x > z; so that (3.4)
follows for x € [z}, zx11] by the minimality of x4, in the definition of ¢. Finally,
again by Lemma 3.2, g(z341) < d — (d — g(zy)) exp(—xy41 + o). Substituting, this
implies that

d(k +2)log2 _(; d(k+1)log2\ log(1/py)
log(1/prry) " (d log(1/pr) > log(1/ prs1)

which after simplification gives that py+1 < p/2,i.e. 141 < 1/2. O

Remark 3.5. If instead g is rapidly decreasing, then the function g decays faster
than any function s, for a sequence = C (0, 1/2].

Remark 3.6. The bound (3.4) is optimal since s(J) has discontinuities of size
dlog 2

log(1/0) "

We now use the sequence r constructed in the previous lemma to define a homo-
geneous Moran set C, and prove that it satisfies the correct properties. Recall that
G is defined in Definition 3.1.

Lemma 3.7. Let g € G(0,d) and suppose r = (r;)32, C (0,1/2] satisfies
(3.5) |sr(exp(—exp(z))) — g(x)] < dlog(2) - exp(—x)

for all x sufficiently large. Then the corresponding homogeneous Moran set C' = C(r) C
R? satisfies:
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(i) dimyC = limsu ( inf ) or 6 € (0,1],
’ MSUP { pih1jo IW) ) (0.1

(ii) dim,C = dimyg C = liminf g(z) for 6 € (0,1],
T—r00
(iii) dima C' < limsup,_, . (DYg(x) + g(z)), and
(iv) dimy, C' > liminf, .. (D%g(x) + g(x)).
Moreover, suppose 1: R — R is any function such that lim,_,. (exp(y(x)) —exp(z)) =
00. Then
(v) dimy C > limsup ( inf (D%g(y) + g(y))), and

T—500 y€[z, ()]

(vi) dimy, C' < liminf ( sup (Dg(y) +g(y))>.

o0\ yelzp(a)]

Proof. We first observe that (i) and (ii) follow immediately from Proposi-
tion 2.11. We will verify (iii) and (v); (iv) and (vi) are given by an analogous
argument.

We first establish a general formula for the Assouad dimension of C' in terms
of the numbers s,.(§). Suppose 0 < §; < 0, are arbitrary. Then the number of
subdivision steps between scales J; and J,, up to an error of size 2, is

sr(d1)log(1/01) — sr(82) log(1/02)
dlog 2

Thus there is a bounded function h(x, d1, d2) such that

log Ns, (B(x,02) NC)  5,(01)1log(1/01) — s(02) log(1/d2) + h(x, 1, d9)

log(d2/61) B log(1/d1) — log(1/d>)

Therefore by the definition of the Assouad dimension, for all §, € (0, 1),

Sp(01) log(1/61) — $7-(d2) log(l/ég).

3.6 dimy C'=1lim su
. VOBt Tog(1/0) — Tog(1/B)
1>€02

Now we may inductively choose sequences of positive numbers (9 )5, and
(02,n)5 such that 64,,/d2, and 05, converge to 0, and

3r<51,n) lOg(l/(Sl,n) - 37"(52,71) IOg(l/(SZn)
log(l/&lvn) — log(l/égm)

foralln € N.
For 0 <z <y, let

e (dimAC—%,dimAC’—k 1)

n

sr(exp(= exp(y))) — sr(exp(= exp(x)))

O(z,y) = 1 —exp(x —y)

+ s (exp(—exp(z))).

Next, write z,, = loglog(1/d2,,) and y,, = loglog(1/d1 ). Let W denote the family of
functions ¢: R — R™ such that lim, . (exp(¥(x)) — exp(x)) = oo. The condition
that 6, ,,/92,, converges to 0 is equivalent to exp(y,) — exp(x,) diverging to infinity.
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Thus we may choose a function ¢y € W so that ¢y(z,,) = y, for infinitely many n.
Then with some rearrangement using (3.6) and the definition of @,

lim sup ®(z, ¢¥o(x)) > dimy C.

T—r00

Conversely, if ¢ € W is arbitrary, applying the substitutions J, = exp(—exp(x))
and ; = exp(—exp(¢(x))) and using the fact that ¢, /J, converges to 0 as z — oo
gives

lim sup ®(z, ¥ (z)) < dimy C.

T—r00

Therefore

(3.7) dima C' = sup limsup ®(x, 1(x)),

PYEW x—00

and moreover the supremum is attained.
To conclude the preliminaries, we also note, for 0 < = < y,

exp(—y) + exp(—7) )= 2
1 —exp(z — y) exp(=) exp(y) — exp(z)

(3.8) + 2exp(—x).

This bound will be used to control the error resulting from (3.5).
We now prove (iii). Write

@ = limsup(D*g(z) + g(x)),

T—r00

and let ¢ > 0. Then there exists M, > 0 such that for all x > M, we have
Dg(x) + g(x) <@+ e. For x > M,, define g, : [z,00) — R by
G.(y) =a+e—(@+e—g(x))exp(x —y).

Then g(z) = g,(z), and

7,(y) +7,(y) =a+e>DY(y) + g(y)

for all y > z. It follows from Lemma 2.2 that g(y) < g,(y) for all y > z. Now
taking a function 1)y which attains the supremum in (3.7), for all x > M, using
(3.5) and (3.8) combined with the condition on 1y,

9(Yo(x)) — g(z)
®(z,40(7)) < 77 exp(z — tho(z

D +g(x)

2aog(2) o el ).
Moreover, since ¢y € W,
. 1
hiILs;ip 2d1og(2) <exp(2/10(m)) ~exp(7) + exp(—x)) =0.
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Thus

lim sup ®(z, ¢¥o(z)) < limsup

g(o(e)) — g(x)
(1 ~ oxp(z — (@) T g(‘”))

| 7, (Wolx)) — g(2) L
Shﬁsoﬂp(l—expm—%(x)) *""(‘”)) sate

But € > 0 was arbitrary, giving the claim.
Finally, we prove (v). Fix any ¢ € YW and € > 0, and write

T—00 y€[z,p(z)]

a = lim sup ( inf (Dg(y) + g(y))) :
Get a sequence (z);2, diverging to infinity such that for all £ € N,

inf  (D¥g(y) +9(y) > a—e
yE[zk, Y (zk)]

Exactly as above, define g, : [y, 00) — R by

g_]k(x) =a+e— (a+e—g(xg)) exp(ay — x).
Then g(z) = g, (vx) and g(z) > g, (2) for all © € [y, ¢(2x)]. Thus the same
computations as before yield that
lim sup ®(z, ¥ (z)) > lim sup @ (xg, ¥(xy))
o o 2dlog 2

2 O € (@) — oxp(a)

2

— € — 2dlog(2) exp(—xy).
Since exp(v(xy)) — exp(zy) diverges to infinity and e > 0 was arbitrary, the claimed
inequality follows. O

Remark 3.8. In general, (iii) and (iv) will not be equalities since one would require
more robust regularity assumptions about the function g.

3.2. Prescribing the upper intermediate dimensions. Now, using the general
construction in the previous section, we show how to construct homogeneous
Moran sets with upper intermediate dimensions given by a function A: [0,1] —
(0,d). The main idea is to construct certain functions which have the property that
for any h(6) there are exactly two points {z, z + log(1/60)} which have value h(6).
This ensures that the limit supremum of infima over windows [z, z + log(1/0)] is
exactly h(6). See Figure 2 for a depiction of this construction.

Theorem 3.9. Let 0 < A < o < dand let h € H(\, «). Then there exists a homogeneous
Moran set C such that dim, C' = A, dimp C = «, dim,C = h(0), and

dimeC = h(6)

forall 0 € [0,1].
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h(1)

h(0)

I

|
h(en) :
I

|
I l
x* z + log(1/0) log(1l/en)

FIGURE 2. The construction of the mountain f,.

Proof. We will assume that A < h(0) < h(f) < o for all § € (0, 1], and that there
exists 6y > 0 such that 2(6y) < h(1). The other cases are easier and can be proven
with minor modifications or using a direct Moran construction.

Let (e,)5°, C (0,1) converge monotonically to 0 and (7,)22, C (), &) converge
monotonically to #(0) in such a way that 7, < h(€,41) < h(1) for all n € N, and
Y + 1/n < h(en41) for all n sufficiently large. Note that if 4(0) > A we can take
7n = h(0) for all n. We will define what we refer to as mountains f,, and valleys e,,;
a valley will be used to connect two mountains. Graphical representations of the
functions f, and e, are given in Figure 2 and Figure 3 respectively. Then we will
define a function g by concatenating the f,, and e,, and the corresponding Moran
set C' will be given by Lemma 3.7.

The functions f, will ensure that dimyC' = h(6) for § > 0, and the functions e,,
will ensure that g is continuous, dimy C' = h(0), dimy, C' = ), and dima C' = a.

Part 1. Construction of the mountain f,: [0,log(1/e,)] — [h(€,), h(1)] for n € N.

. o — h(ey)
w0
and for z € [0, z*] define f,(x) = a — (o — h(e,)) exp(—x). Observe that f,(0) =
h(en), fu(x*) = h(1), and

(3.9) D_fu(z) = (a = h(en)) exp(=2) = @ = fu()

for x € (0,z*].

Now for = € [0, z*], if 0, is such that h(6,.) = f.(z), we define f,,(z+log(1/0,)) =
h(6,). This is well-defined since h is non-decreasing and continuous. In particular,
fn(x) is non-increasing and continuous on [z*,log(1/¢,)] with f,(log(1/e,)) =
fn(o) = h(€n>'

We now wish to bound D_ f,,(z + log(1/6,.)) for x € (0, z*]. First, note that

Then rearranging (1.3), we obtain

First set

D*h(0,) < (h(6,) — \) (hl();;—(ﬁi + 9%) .
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h(en)

h(en+1)

1(0)

|
|
Il
|
0 w* W,

FIGURE 3. The construction of the valley e,,.

Since h(6,) < a, D'h(6,) < O‘_giez) so that f(;:)(e_’”; + é > (. Therefore,
D*h(6,
(3.10) o O] N h8) = X = fula + log(1/0,).
a—h(0;) Bz

But x+1log(1/6,) is a smooth function of 6, and h(6,), and h(6,) = f.(z+1og(1/6.)),
so since = decreases as 6, decreases,

D) =D pta-+1otjog) - (L0 )

which when combined with (3.10) yields D_ f,, (z+log(1/6,.)) > A— fn(x+log(1/6,)).
Note that we have shown that

D_fn(x) € A= fulz), 00 = fu(2)]
for all x € (0,log(1/e,)].

Part II. Construction of the valleys e,,: [0,w,] — [V, h(€,)] where w, is given in (3.11)
forn e N.

Set

w* = log (—h(en) — A)
Tn — A

and for z € [0, w*] define e,,(x) = A— (A —h(e,)) exp(—z). Observe that e, (w*) = 7.
Let

o — ’}/n
3.11 w, = w" +lo _
G.11) g(a—h@mo)

and for x € [w*, w,] define e,,(z) = a — (o — y,,) exp(—z + w*). Of course, e, (w,,) =
h(€n+1). Itis clear that D_e,(x) = A —e,(z) for z € (0,w*] and D_e,(z) = a —e,(z)
forall z € (w*, wy).

Part II1. Construction of g € G(\, ) and the corresponding Moran set C.

Let g denote the concatenation of the sequence (fi, e1, fo, €2,...). By Lemma 2.4, g
satisfies the hypotheses of Lemma 3.4 (note that ¢ is not rapidly decreasing since
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since limsup,_,.. §(x) > 0), and get a corresponding function g and sequence r.
Note that g € G(\, ). Let C' = C(r) denote the corresponding Moran set.

That dimyC = h(f) for § € (0, 1] follows by definition of the functions f,, and
the fact that

. e
. (Q&En] en@‘)) < )

Moreover, Lemma 3.7 directly gives that dimy C' = dim,C = h(0) for § € [0, 1],
A < dimy, C, and dimy C < a.

To see that dims C' > a, note that the derivative of the strictly increasing part
of each mountain is uniformly bounded above by «. Therefore, for all n € N, the
length of the domain of the n™ mountain can be uniformly bounded below:

log (i) > log <l> S M= ha) o,

€n €1 o

Similarly, for all n sufficiently large, the length w,, of the domain of the n'" valley
can be bounded below by 1/(an). Therefore there exists § > 0 and a sequence
(b)2°_, such that for all m € N we have b,, > dm, and D*g(z) + g(x) = « for all
x € [by, by, +6/m]. Then

o (4 2) ot = (e (£) 1) it

> J - exp(dm) moos,
m

Thus we can define a function ¢: R — R™ such that v (b,,) = b,, + 6/m for all
m € N and lim, . (exp(¢(x)) — exp(x)) = oo. In particular, Dtg(y) + g(y) = «
for all y € [by,, ¥ (b,,)] and infinitely many m. By Lemma 3.7 (v), it follows that
dimA C Z .

An analogous application of Lemma 3.7 (vi) gives that dim;, C' < . O

3.3. Prescribing the intermediate dimensions. We can get more varied behaviour
for the lower intermediate dimensions by taking a finite union of Moran sets. For
example, the following proposition is straightforward to verify:

Proposition 3.10. Suppose g; € G(0,d) for i = 1, ..., m have corresponding sequences
r; C (0,1/2] satisfying

19i(x) = s, (exp(— exp(2)))] < dlog(2) exp(—).

Let M be a disjoint union of translations of the homogeneous Moran sets C(r;). Then for

0 € (0,1],
1. dimyM = limsup max ( inf gi(y)),

i
g—o0  =1m yelz,z+log(1/6)]
2. dim,M = liminf max inf i ,
— z—o0 i=1,..., m<ye[x,ac+log(1/0)]g (y))
3. dimg M = max liminf g;(x).

i=1,....m xz—00
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Suppose h(f) satisfies h(e) = h(0) for some ¢ > 0, and let g denote the infinite
concatenation of a mountain f: [0,log(1/¢)] — (0,d) constructed as in Theorem 3.9.
If C denotes the corresponding Moran set, then dimyC' = h(6).

Now suppose N is large, and define functions ¢; = k,,(g) where w; =
% log(1/€) for each i € {1,..., N}. Write A = dlog(1/¢). Then if z is arbitrary,
since the g; are Lipschitz continuous with constant d, there is some i depending on
x such that

m i
yElz,xz+log(1/6)] g N

for all large x. In particular, if M denotes the set given by Proposition 3.10, this
implies that

A _
h(6) — 5 < dimyM < TmyM = h(6).

In other words, by taking a finite union of homogeneous Moran sets, we can
ensure that the upper and lower intermediate dimensions are arbitrarily close.

Motivated by this observation, we now construct a set such that the intermedi-
ate dimensions exist and are given by a prescribed formula i (). At a fixed scale
0 > 0, the set M will look like a finite union of Moran sets each with the same
upper intermediate dimensions. As ¢ goes to zero, the resolution increases, so that
the intermediate dimensions exist. The construction here is mildly complicated by
the fact that the mountains f,, and valleys e, can have arbitrarily large support if
h(0) > h(0) for all 6 > 0.

Theorem 3.11. Let 0 < A < a < dand let h € H(\, ). Then there exists a compact
perfect set M such that dimy, M = X\, dimy M = « and

dimy C' = h(0)
forall 6 € [0,1].

Proof. We will assume that A < h(0) < h(f) < a forall § € (0, 1], and that there
exists #y > 0 such that h(6y) < h(1). The remaining cases follow by similar, but
slightly easier, arguments.

Part 1. Construction of the set M.

As in the proof of Theorem 3.9, fix non-increasing sequences (¢,)2° ; and (7,,)52
and construct corresponding mountains (f,,)2> ; defined on intervals [0, z,,] and
valleys (g,,)22, defined on intervals [0, w,], where z,, = log(1/e,) and w,, is defined
as in (3.11). We may choose ¢,, and v, so that w,, + z, = 2".

Let U = {0,1} x {0,1,2,3} and let U* = |J~, ¥". We first associate to each
n € U* a number a(n) € [0,00) as follows. Given k € Nand i = (u,v) € ¥, we
define

(ki) = u2™F + v
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and then for n = (iq, ..., i), we set

Observe that a(V*) = {j27%: j € Z} N[0, 4%).
For k € Nand i € U, we define ¢, ;(x) = h(e;) for all z € [0, (k,i)]. Now for
eachn = (iy,...,14,) € ¥¥ let §, denote the concatenation of the sequence

(f17 €1, Cl,ip f27 €9, 02,1'27 s 7fn7 €n, Cn,ina fn+17 €n+1, fn+27 €n+2, - - )

and set g, '= Ky, (gy), Where wy is guaranteed by Lemma 3.4 and does not depend
on the choice of 7 since ¢,/(0) = f1(0) for all , and moreover w, can be taken to be
arbitrarily large.

Thus there is a sequence (1) = (r;(n))32; C (0,1/2] such that for all x > wy,

|sy(exp(—exp(z))) — gy(2)| < dlog(2) - exp(—x)

where s, = 5,(;).

Let @ denote the word of length 0, and let p, = () - - - 74,(@). For k > 0, let
Yp = Wo + Zle(wi + z;) = wg + 281 — 1. Then let n; be the maximal index such
that loglog(1/py,) < yx. Choosing w, large, we may assume that n; > 3k for all
k e N.

LetZ = {0,1}? and let L: Z° — V¥ be given by L(i,j, k) = (¥, U + 2(kW)).
For ¢ € N, we let k£, denote the maximal index such that n;, < ¢. We then define a
map A: Z* — ¥* by

A(i17 LR 7if) == (L(Zh i27 i3)7 L(’i’47 i57 i6)7 LN} L(i3(k‘g—1)+17 i3(k:g—1)+27 i3(kg—1)+3))'

This is well-defined since ¢ > ny, > 3k;.

We now construct our inhomogeneous Moran set M as follows. Given a word
o = (i1,...,4) € I', let n = A(o). We then set S, = S}, o---0 5] where
S;yn(:z:) = r;(n) - © + bi(n) with

) ) 0 - 30) =
bi ()W) — ' _
i(1) {1 —ri(n) d9) =1

We now set
M, = | S.([0,1]%).
o€t

Note that if o is a prefix of 7, then A(c) is a prefix of A(7) and therefore S, ([0, 1]%) 2
S-([0,1]%). Thus My 2 M; D - -+ so that the set

M = ﬁMg

=0



24 BANAJI & RUTAR

is non-empty.

Intuitively, at a fixed scale §, M looks like a union of gk homogeneous Moran
sets corresponding to the sequences r(n) for n € ¥*. We can make this precise in
the following sense. For € U*, we define

Bi(n) = {(oy,...,01) € T%* : L(0;) = n; foreach 1 <14 < k},
Jo=J s.(0.1%.

o€By(n)

Let C,, = C(r(n)) denote the homogeneous Moran set corresponding to the
function g,,. Let £ € N satisty

ye +a(n~) <loglog(1/(ri(n)---re(n))) < yrs1 + a(n)

where = € U*! is the unique prefix of 1. Since g4 (yx) = g,(vx + a(n™)), if o € Z¢,
then 7 is a prefix of A(c). Moreover, if 7 € U* is any word with 7 as a prefix,
g-(z) = g,(zx) for all x < yj+1 + a(n). Thus for any such ¢, we have

(3.12) MynJ, = (Cy)e N Jy.
But then if 7/’ is a prefix of 7, r4(1) = r4(n) for all ¢ such that

(3.13) loglog(1/(ri(n) - --re(n))) < yrsr + al(n).

Thus (3.12) holds for any ¢ satisfying (3.13).
We also note that (C),), N J, consists of exactly 2%~3* hypercubes with diameter

ri(n) -+ -re(n).
Part II. Proof that dimy M = h(6) for 6 € (0, 1].

Fix 0 € (0, 1]. We first show that dimyM < h(f). Let § be sufficiently small so
that 6 < py, where ¢, < 6. Now let k be such that p,, < 9 170 Tt now follows by the
same argument as Lemma 2.10 that for each € ¥*, with s, := inf bei51/0.6] Sn(®),

inf{CS’7 (U) : U is a (9,0)-cover of (C,) e N Jn} <8k

where /(1) is minimal such that r,(n) - - - 7,(n) < §'/%. But £(n) satisfies (3.13) since
Py, < 6%, 50 that M C |, cqn(Cy)eN Jy. Therefore, s, < h(6) + dlog(2) - exp(—yn, )-
This implies that dimyM < h(f).

Now fix ¢ > 0: we will show that dim,M > h() — (2 + d)e. The various
variables in this proof are depicted in Figure 4. Let k be such that 2% < e. Let
0 > 0 be small and let = := loglog(1/J). We may assume that

(a) dlog(2) exp(—z) < ¢,
(b) = > yx, and
(¢) * > y,, for some m with ¢,, < 4.

For each m € N, there is some v, such that f,,(v,,) = h(f). Equivalently,

92 (Ym + vm) = h(0). Let m be maximal such that y,, + v,, < z. Since Yy, 11 + Vmr1 —
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/o

/9o
h(0)
h(em)

— a(n) — —
9=
| | | | |
I I I I I
Ym Ym + vm . z + log(1/0) Ym+1

FIGURE 4. Choice of g, for the lower bound of dimy M.

(Ym + vm) < 4™, there is some 7y € ¥™ such that |a(n) — (7 — Y — vm)| < 275
Then since D*g,(z) € [—d,d] forall z € R,

inf > inf —€e>h(0) — (1 +d)e.
¢e[15111/9,5] () 2 ye[m,xH}og(l/G)] 9n(y) =€ = h(6) = ( )e
Set s = h(f) — (2 + d)e. Again by the same argument as Lemma 2.10, since
x +10g(1/0) < Ym+1 + Vi1 < Ymyo, with n € U™ satisfying g, = g,, we have

—€

C- 58m < inf{CS(U) :U is a (6, 0)-cover of M N Jn}

< inf{Cs(Z/{) :U is a (4, 0)-cover of M}
for some constant C' > 0 not depending on 6. But x > y,,, > 2™ — 1, so

% > (exp(expéQm — 1)))E moco,

as required.
Part II1. Proof that dimy M = h(0), dim;, M = A, and dimy M = o
It is clear that dimy M > h(0) since liminfs .o s,(6) > h(0) for all n € ¥*. Con-
versely, let € > 0: we will show that dimy M < h(0) + 2¢. Let ny be sufficiently
large so that v, < h(0) + e. Then let § > 0 be sufficiently small so that with
x = loglog(1/9), we have = > y,,+1 and dlog(2) - exp(—z) < e.

Let m be such that = < y,,. For each € ¥, by the choice of n,, there exists
some = < z, < Y41 + a(n) such that

gn(Ty) = ym < h(0) + €.

Then by the same argument as Lemma 2.10, since dlog(2) - exp(—z) < ¢, with
s = h(0) + 2¢ we have with /(n) minimal so that loglog(1/psu)) > =y,

inf{CS(u) :Uis a (0,0)-cover of (Cy)em) N JT,} <8

Moreover, for z sufficiently large, we can ensure loglog(1/pe)) < Ymt1 < Yms1 +
a(n). Thus M C {J, cgm(Cye) N Jy so that

inf{Cs(Z/l) :U is a (0,0)-cover of M} <1
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But § > 0 was arbitrary, so that dimy M < h(0) + 2¢, as required.

Now we will see that dimy M = o; the proof that dim;, M = X follows
similarly. To see that dimy M > «, observe that there is some § > 0 such
that Dgy(x) + go(x) = aforallm € Nand z € [ymi1 — O, Yms1]- Let 7 =
{(0,0), (0,0,),...,(0,0)} € ¥™ and observe that g, = g,. Then if loglog(1/p,) €
[Ym+1 — 0, Ym+1], we have My, N J. = Cy N J;. Thus dimy M > « follows by the
same computation from Theorem 3.9.

Conversely, it suffices to show for all € > 0 there is some a > 0 so that for all
(eN, I e M,withdiamI = R,

N(INM) < (R/r)~t>

forall 0 < r < aR. Let m, k be minimal so that log log(1/r) < loglog(1/pm) < ys.
First suppose ¢ > 3k. Then there is a unique € U* such that I C J,, so that

for all ¢ < j < m. Then since D*g, + g, < o, a similar computation to the proof of
Lemma 3.7 gives that for all € > 0 and ¢ sufficiently large depending on ,
N1 0 M) < (@7 < (renan) )75 < (Rypryeattone

Otherwise, ¢ < 3k. Let n € U* satisfy J, NI # @ and let 0 € I% have

S,([0,1]%) C I N J,. Again,
NAIN (Cyh) < ()7 < (Rfr)* e
so that
No(I 0 (Cy)m N 85([0,1])7) < (2972 = (297229
< <2d>Z—3k(R/r>a+m27fz.
But I N (Cy)m N S,([0,1]%) = I N M,, N S,(]0,1]%) and there are precisely (27)3*~
words o, so that
N.(INM) < N.(INMy) < (R/r)* .

We can therefore choose a small enough so that in either case N,(I N M)

<
(R/r)*t2%, as required. O

Remark 3.12. It is clear from the construction that there are inhomogeneous
Moran sets for which any cover approximating the intermediate dimensions
arbitrarily closely would require an unbounded number of scales as ¢ tends to
zero. This answers a question of Falconer [ 1.

Using this construction, along with the preceding construction for the upper
intermediate dimensions, we can now simultaneously prescribe the upper and
lower intermediate dimensions.
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Corollary 3.13. Let 0 < A < a < dand let h,h € H(X, o) satisfy h(0) = h(0) and
h < h. Then there exists a compact perfect set M such that dim;, M = \, dimy M = «
and

dim,C' = h(6) dimyC' = R(6)
forall 6 € [0,1].

Proof. Let E, F' be disjoint compact perfect sets such that dimy, £ = dimy, F' = J,
dimp F = dimp F = o, dimyg F = dimy F' = h(0) = h(0), and for § € (0, 1]

dim,F < dimg E = h(0) < h(#) = dimyF.

For example, such a set I is provided by Theorem 3.11 and such a set F'is provided
by Theorem 3.9. Let M = E U F..

Then dim;, M = min{dimy, £, dim, F'} = A, dima M = max{dim, E,dim, F'} =
Q,

h(0) = dimyF < dimyM < max{dimgFE, dim,F} = h(f),
and
mgM = max{ng,ﬁgF} = E(@)

for 6 € (0,1]. Thus M satisfies the requirements. O
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