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NEW DIMENSION SPECTRA:
FINER INFORMATION ON SCALING AND HOMOGENEITY

JONATHAN M. FRASER AND HAN YU

ABSTRACT. We introduce a new dimension spectrum motivated by the Assouad dimension; a
familiar notion of dimension which, for a given metric space, returns the minimal exponent o > 0
such that for any pair of scales 0 < r < R, any ball of radius R may be covered by a constant
times (R/r)® balls of radius r. To each 6 € (0, 1), we associate the appropriate analogue of the
Assouad dimension with the restriction that the two scales r and R used in the definition satisfy
log R/logr = 0. The resulting ‘dimension spectrum’ (as a function of ) thus gives finer geometric
information regarding the scaling structure of the space and, in some precise sense, interpolates
between the upper box dimension and the Assouad dimension. This latter point is particularly
useful because the spectrum is generally better behaved than the Assouad dimension. We also
consider the corresponding ‘lower spectrum’, motivated by the lower dimension, which acts as a
dual to the Assouad spectrum.

We conduct a detailed study of these dimension spectra; including analytic, geometric, and
measureability properties. We also compute the spectra explicitly for some common examples
of fractals including decreasing sequences with decreasing gaps and spirals with sub-exponential
and monotonic winding. We also give several applications of our results, including: dimension
distortion estimates under bi-Holder maps for Assouad dimension and the provision of new bi-
Lipschitz invariants.
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1. NEW DIMENSION SPECTRA, SUMMARY OF RESULTS, AND ORGANISATION OF PAPER

The Assouad dimension is a fundamental notion of dimension used to study fractal objects in a
wide variety of contexts. It was popularised by Assouad in the 1970s [Asl, As2| and subsequently
took on significant importance in embedding theory. Recall the famous Assouad Embedding The-
orem which states that if (X, d) is a metric space with the doubling property (equivalently, with
finite Assouad dimension), then (X, d°) admits a bi-Lipschitz embedding into some finite dimen-
sional Euclidean space for any £ € (0,1). The notion we now call Assouad dimension does go back
further, however, to Larman’s work in the 1960s [L1, L2] and even to Bouligand’s 1928 paper
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[Bo]. It is also worth noting that, due to its deep connections with tangents (see [MT]), it is
intimately related to pioneering work of Furstenberg on micro-sets which goes back to the 1960s,
see [Fu]. Roughly speaking, the Assouad dimension assigns a number to a given metric space
which quantifies the most difficult location and scale at which to cover the space. More precisely,
it considers two scales 0 < r < R and finds the maximal exponential growth rate of N(B(z, R),)
as R and r decrease, where N(FE,r) is the minimal number of r-balls required to cover a set E.

The Assouad dimension has found important applications in a wide variety of contexts, including
a sustained importance in embedding theory, see [R, O, OR1]. It is also central to quasi-conformal
geometry, see [H, T, MT], and has recently been gaining significant attention in the literature on
fractal geometry and geometric measure theory, see for example [M, Lu, Fr, FO, KLV, KR, LDRJ.
However, its application and interest does not end there. For example, in the study of fractional
Hardy inequalities, if the boundary of a domain in R? has Assouad dimension less than or equal to
d—p, then the domain admits the fractional p-Hardy inequality, see [A, KZ, LT]. Also, Hieronymi
and Miller have recently used the Assouad dimension to study nondefinability problems relating
to expansions in the real number field, see [HM]. There are also connections between the Assouad
dimension and problems in arithmetic combinatorics, for example the existence of arithmetic
progressions or asymptotic arithmetic progressions, see [FY2, FSY].

Since it is an extremal quantity, the Assouad dimension gives rather coarse information about
the space and is often very large; larger than the other familiar notions of dimension such as
Hausdorff and box-counting dimension. Also, despite the fact that two scales are used (r and R),
the Assouad dimension returns no information about which scales ‘see’ the maximal exponential
growth rate described above. In this paper we propose a programme to tackle these problems:
we fix the relationship between the scales R and r and then compute the corresponding restricted
Assouad dimension by only considering pairs of scales with this fixed relationship. More precisely,
for a fixed # € (0,1), we look for the maximal exponential growth rate of N(B(z,R),r) as R
decreases and r is defined by log R/logr = #. One can then vary 6 and obtain a spectrum of
dimensions for the given metric space which can be viewed as providing finer geometric information
about the (lack of) homogeneity present and a more complete picture of how the space scales.
One may also be able to pick out s which ‘see’ the Assouad dimension, i.e., values where the
spectrum reaches the true Assouad dimension. If the Assouad dimension is ‘seen’ by the spectrum,
then we are able to glean more information about the Assouad dimension because the spectrum
is generally better behaved than the Assouad dimension, see for example Theorem 4.11.

Another key motivation for this work is that the finer the information we are able glean con-
cerning the scaling structure of the space, the better the applications should be. In particular,
we believe that the notions we introduce and study here should bear fruit in other areas where
the Assouad dimension already plays a role; such as embedding theory, quasi-conformal geometry,
and geometric measure theory.

We begin by considering how these spectra behave as functions of § for arbitrary sets. Some of
the notable results we obtain in this direction include:

(1) There are non-trivial (and sharp) bounds on the spectra in terms of familiar dimensions,
see Propositions 3.1 and 3.9, and also Corollaries 3.2 and 3.3.

(2) The spectra are continuous in 6, see Corollaries 3.5 and 3.10.

(3) The Assouad spectrum interpolates between upper box dimension and Assouad dimension.
In particular, as § — 0 the spectrum always approaches the upper box dimension, and
as 0 — 1 the spectrum always approaches its maximal value, which is often the Assouad
dimension. See Corollary 3.2, Corollary 3.6, and Proposition 3.7.

(4) The spectra are often, but not necessarily, monotonic, see Proposition 3.7 and Section 8.

(5) The spectra have good distortion properties under bi-Holder functions, which is in contrast
to the Assouad dimension, see Proposition 4.7.

(6) The Assouad and lower spectra are measureable, and of Baire class 2, when viewed as
functions on the set of compact subsets of a metric space, see Theorems 5.1 and 5.2.

(7) We analyse how the spectra behave under standard geometric operations such as unions,
closures and products, see Propositions 4.1 and 4.4.
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In a subsequent paper [FY1] we compute the spectra explicitly for a range of important classes
of fractal sets including: self-similar sets with overlaps, self-affine carpets, Mandelbrot percola-
tion and Moran constructions. In particular, the spectra can take on a range of different forms
demonstrating the richness of the theory we introduce here. Although the main purpose of this
article is to introduce, and conduct a thorough investigation of, our new dimension spectra, we
also obtain several results as corollaries or bi-products of our work, which are not a priori related
to the spectra. We summarise some of these results here:

(1) We provide new bi-Holder distortion results for Assouad dimension, see Theorem 4.11. In
particular, if the Assouad spectrum reaches the Assouad dimension, then we can give a
bound on how the Assouad dimension distorts under a bi-Hélder map. No such bounds
exist for general sets.

(2) We prove that the lower dimension is a Baire 2 function, which is sharp and improves
upon a previous result of Fraser (see [Fr, Question 4.6]) where it was only shown to be
Baire 3 (see our Theorem 5.3).

(3) We prove that sub-exponential spirals cannot be ‘unwound’ to line segments via certain bi-
Holder functions, see Corollary 7.3. This provides a natural extension to work of Fish and
Paunescu concerning bi-Lipschitz unwinding [FP], as well as classical unwinding theorems
of Katznelson, Subhashis and Sullivan [KSS].

(4) We prove that a spiral with ‘monotonic winding’ either has Assouad dimension 1 or 2, see
Theorem 7.1.

Finally, in Section 9 we collect several open questions and discuss possible directions for future
work.

We begin by recalling the precise definition of the Assouad dimension, which serves to motivate
our new definition. Let F' C X where X is a fixed metric space. The Assouad dimension of F' is
defined by

dimpy F = inf{a :(3C>0)(Fp>0)(Mo<r<R<p) (Ve eF)

N(B,R)nF,r) < C (R>a }

r

As described above, we will modify this definition by taking the infimum over the less restrictive
condition that the scaling property only holds for scales 0 < r < R < p satisfying a particular
relationship. For 6 € (0,1), we define

dimf F = inf{a : (3C>0)(3p>0)(VO< R< p)(Vr € F)

R o
N(B(z,R) N F,R"?) < C<Rl/0> }

We are particularly interested in the function 6 — dim% F' which we refer to as the Assouad
spectrum (of F). For convenience we extend dimf} F to § € (0,00) by setting dim§ F = 0 for
0>1.

Of course there are many other ways to fix the relationship between the scales r and R. However,
it turns out that if one wants to develop a rich theory, the most natural way to do this is what
we propose here. See the discussion in Section 9 at the end of the paper for more details on this
point.

The lower dimension, introduced by Larman [L1, L2], is the natural dual of the Assouad di-
mension. We refer the reader to [Fr] for an in-depth discussion of the relationships and differences
between these dimensions. Let F' C X be as above. The lower dimension of F' is defined by
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dimp, FF = sup{a :(3C>0)(Fp>0)V0<r<R<p) (VxeF)

R (03
N(B(z,R)NF,r) > C (r) }
Due to the local nature of this definition, it has many strange properties which may not be seen as
desirable for a ‘dimension’ to satisfy. For example, it is not monotone as the presence of a single
isolated point renders the lower dimension 0, and it may take the value 0 for an open subset of
Euclidean space, see [Fr, Example 2.5]. One can modify the definition to get rid of these (perhaps)
strange properties by defining the modified lower dimension by

dimyyp, F' = sup{dimp, E : 0 #E C F}.
For 6 € (0,1), we define

dim? F = sup{a :(3C>0)(Fp>0)(VO<R<p) (Ve eF)

R (03

1/6

N(B(z,R)nF,R"%) > C (Rl/e) }

Again, we are particularly interested in the function 6 — dimi F which we refer to as the lower
spectrum (of F). As before, we extend dim? F to 6 € (0,00) by setting dim? F = 0 for 6 > 1.
We can also modify this definition to force it to be monotone and to take on the ambient spatial
dimension for open sets. The modified lower spectrum (of F) is defined by

dimf; F = sup{dimiE : @#EQF}.

The key motivation behind these new definitions is that the geometric information provided by
the Assouad and lower dimensions is too coarse. We gain more information by understanding how
the inhomogeneity depends on the scales one is considering. Alternative approaches to getting
more out of these dimensions are possible. For example, Fraser and Todd [FT] recently considered
a quantitative analysis of the Assouad dimension where they looked to understand how inhomo-
geneity varies in space, i.e. as one changes the point x € F' around which one is trying to cover
the set. They found that for some natural examples this inhomogeneity could be described by a
Large Deviations Principle. In a certain sense our approach is dual to that of [FT] in that we put
restrictions on scale but still maximise over space, whereas in [F'T] restrictions were put on space,
but the quantities were still maximised over all scales.

2. NOTATION AND PRELIMINARIES

Here we summarise some notation which we will use throughout the paper. For real-valued
functions f,g, we write f(z) < g(z) to mean that there exists a universal constant M > 0,
independent of x, such that f(x) < Mg(x). Some readers may be more familiar with the notation
f(xz) = O(g(x)), which is sometimes more convenient and means the same thing. Similarly,
f(z) 2 g(x) means that f(z) > Mg(x) with a universal constant independent of z. If both
f(z) < g(x) and f(x) 2 g(x), then we write f(x) < g(z). Generally one should think of x as
being the tuple consisting of all variables in the expression f(z). Usually x will be a length scale
but could sometimes also incorporate points in the metric space in question or other independent
length scales.

For a real number a, we write a™ to denote a real number that is strictly larger than a but can
be chosen as close to a as we wish. Similarly, we write a~ to denote a real number that is strictly
less than a but can be chosen as close to a as we wish.

For real numbers a, b, we write a A b for the minimum of the two numbers and a V b for the
maximum. Also, for a non-negative real number = > 0, we write [z] for the integer part of x.



NEW DIMENSION SPECTRA 5

The Assouad and lower dimensions are closely related to the upper and lower box dimension.
The upper and lower box dimensions of a totally bounded set F' are defined by

— ) log N (F, R) ) .. . logN(F,R)
dimgF = ln}];ljgp TgR and dimpF = 11?J8f W

and if the upper and lower box dimensions coincide we call the common value the box dimension
of F' and denote it by dimp F. We refer the reader to [F2, Chapter 3] for more details on the
upper and lower box dimensions and their basic properties. In particular we note the following
general relationships which hold for any totally bounded set F:

dimLF < dlmMLF < @BF g MBF g dimAF,

see [Fr, L1, L2]. The upper and lower box dimensions will play an important role in our analysis.
Unlike the Assouad and lower dimensions, we can give simple explicit formulae for the dimension
spectra. Indeed, it follows immediately from the definitions that

Gl B o— 1 log N (B(z, R) N F, R'/?)
im = limsup sup
A roo ser  (1—1/0)logR

and

o ... . logN(B(z,R)NF,RY?)
dimy, F' = liminf inf
R0 z€F (1-1/0)logR
As with the definitions of Assouad and lower dimension, as well as the upper and lower box
dimensions, the definition of N(-,r) may be replaced with a number of related concepts without
altering any of the definitions. For example, if working in R? we could use the number of r-cubes
in an r-mesh which intersect the given set. Another possibility is to let N(E,r) be the maximal
cardinality of an r-packing of E, where an r-packing is a collection of closed pairwise disjoint balls
of radius r with centres in F. Also, using the explicit formulae given above, we see that letting
R — 0 through an exponential sequence of scales, such as 27% (k € N), yields the same limits. We
leave it to the reader to show that these variations lead to the same dimensions and spectra and
refer to [F2, Chapter 3]) for more details. It is often useful to adopt these different definitions of
N(-,7), in particular when we consider measureability properties in Section 5.

3. ANALYTIC PROPERTIES AND GENERAL BOUNDS

Our first proposition gives general (and sharp) bounds on the Assouad spectrum in terms of
the Assouad and box dimensions.

Proposition 3.1. Let F' be a totally bounded set. Then for all § € (0,1) we have
dimpF
1-6

Proof. We will write B for the upper box dimension of F'. First of all there is a clear upper bound
holding for any « € F' and small enough R:

dimpF < dim} F < A dimp F.

N(B(z,R) N F,RY%) < N(F,R'%) < R=B"/°.
This implies that

(3.1) sup N(B(z, R), R"?) < N(F,RY%) < R=B"/9
el

Whenever we have a covering of F' by R-balls, if we further cover each R-ball with RY/?-balls
then we get a cover of F' by RY/?-balls and an upper bound for N(F, Rl/(’). We can cover F' with
N(F,R) R-balls, and all those R-balls can be covered by at most sup,. N(B(z, R) N F, R'/%)

many R%—balls, therefore

sup N(B(z, R) N F, RV*)N(F,R) > N(F, R"?)
zeF
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and so

N(F, RY/%) .
2 Csup N(B(z, R) N F,RY?) < N(F, RY?).
NE Ry SN R < N

Since N(F,R) < R~B" for all small enough R and N(F,R) > R™5" for infinitely many R — 0
we have that

(3.2) sup N(B(z, R) N F,R/%) > N(F,RV"\RP" > R=B~/0+5"
zeF

holds for a sequence of R — 0. It now follows from (3.1) and (3.2) that

B~/§ - BT Bt/ Bt
1/6 -1 1/6—-1 1-6

< dim} F <

Finally, since dima F is a trivial upper bound for dim% F for all 6 € (0, 1), the desired conclusion
follows. O

The above estimates show that if the upper box and Assouad dimensions of a set coincide,
then the Assouad spectrum is constantly equal to the common value for all # € (0,1). Such sets
are highly homogeneous and therefore it is not surprising that the Assouad spectrum yields no
new information. Fortunately, sets with distinct upper box and Assouad dimensions abound and
we will focus on such examples. In this case, the above estimates show that, in some sense, the
Assouad spectrum must yield finer information than the upper box and Assouad dimensions alone.
Indeed, the only way the spectrum can be constant is if it is constantly equal to the upper box
dimension, but such behaviour would be quite striking since the definition is more similar to the
Assouad dimension than the upper box dimension. In such cases, the Assouad dimension is not
‘seen’ by any 6 and this shows that to obtain the Assouad dimension, one must use a complicated
collection of pairs (R,r) without any clear exponential relationship.

We also note that these general bounds are sharp. In particular, we show that the upper
bound is always attained for a natural family of decreasing sequences, see Section 6. We also give
examples where the lower bound is always attained (and the Assouad dimension is strictly larger
than the upper box dimension), see Example 6.3. We also note that for many natural examples the
spectrum lies strictly between these upper and lower bounds. For example, in the sequel [FY1] we
show that the spectra necessarily lie strictly between the general upper and lower bounds for the
self-affine carpets studied by Bedford and McMullen (provided the construction has non-uniform
fibres).

Letting 6 — 0 in the previous result we obtain the following corollary:

Corollary 3.2. For any totally bounded set F', we have
dim} F — dimpF
as 0 — 0.

We note that one cannot say anything as succinct about the limit of dimi Fas 60— 1, but it
is often the case that dim% F' = dima F in some (sometimes large) interval to the left of § = 1.

Proposition 3.1 has the following immediate corollary, which at first sight looks surprising since
the definition of the Assouad spectrum does not appear to depend so sensitively on the upper box
dimension.

Corollary 3.3. For any totally bounded set F with dimgF = 0, we have
dim F =0
for all 6 € (0,1).

We now move towards analytic properties of the spectra. Our first result is a technical regularity
observation, which has some useful consequences.
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Proposition 3.4. For any set F' and 0 < 01 < 03 < 1 we have

1 1 1 1
1 11 1

dimf’fF(of_1> < dim F < dimAF<011_912>+dim§3F<ef_1>.
01 01 01

Proof. Following similar ideas as in the proofs above, for 0 < 61 < 62 < 1, we have for any R > 0

sup N(B(z,R) N F, RY%) > sup N(B(z, R) N F, R"/%).

1
Within F' we can cover any R?-ball with

n
< (A2
Ré1

1
many R? -balls. Then for small enough R > 0 we have

dimp Ft

1\ dimp Ft
0
R 12 sup N(B(z,R) N F, R1/92) > sup N(B(z, R)N F, R1/01)‘
R& zeF zCF

Therefore,

. 1 1
dima P75, =90 sup N(B(x, R) N F, RY®2) > sup N(B(z, R) N F, RY/%)

zeF zeF

R

> sup N(B(z, R) N F,RY%)
zeF

Also notice that for a sequence of R — 0 we have
sup N(B(z, R) N F, R"/%) 2 RO~1/%2) aim 1
zelF ~
as well as for any sufficiently small R > 0 we have
sup N(B(x,R) N F, R1/62> S R(l—l/@Q)dimiz F+'
zeF
The desired bounds then follow immediately from the definitions. O

The bounds in Proposition 3.4 have some very useful consequences, such as continuity of the
spectrum.

Corollary 3.5. For any 0 < 61 < 02 < 1 we have
dimp F |
02(1 — 6y)

In particular, the function 0 — dim% F is continuous in 6 € (0,1) and for any € > 0, the function
0 — dim% F is Lipschitz on the interval [e,1 — €].

[dim% F — dim%? F| < 01 — 0.

Proof. This follows immediately from the bounds presented in Proposition 3.4. g

Continuity of the dimension spectra is a useful property, especially when dealing with random
fractals such as Mandelbrot percolation: a continuous function is determined by its values on a
countable dense set. We point out that the spectra are not any more regular than continuous, as
for most of our examples the spectra exhibit phase transitions where they fail to be differentiable.

Another useful consequence of Proposition 3.4 is that ‘if the spectrum reaches the Assouad
dimension of F', then it stays there’.

Corollary 3.6. If for some 6 € (0,1), we have dim F = dimp F, then
dim} F = dimp F

for all 9 € [0,1).
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Proof. Starting with the right hand inequality from Proposition 3.4, assume that dim,' F' =

dima F'. This immediately gives that dim(/’;2 F' > dimp F which, together with Proposition 3.1,
proves the result. O

Another natural question concerns monotonicity. Indeed, all of the ‘natural’ examples we
consider have monotone spectra, i.e. the spectrum is non-decreasing in 6. Surprisingly, this is not
always the case. We exhibit this by constructing an example in Section 8. The following result
shows that one does have some sort of ‘quasi-monotonicity’, however.

Proposition 3.7. For any F and 0 < 61 < 65 < 1 we have

1— —
dim% F < ( 92>dim9A2F+ <92 91>dim§;/92F.

1-— 91 1- 01
In particular, by setting 6o = /01, we have
dim} F < dim{" F

for any 01 € (0,1). Furthermore, this implies that for any 6 € (0,1), we can find ' arbitrarily
close to 1 such that dimeAl F > dimf F.

Proof. Fix 0 < 01 < 6 < 1 and notice that 0 < g—; < 1. For sufficiently small R > 0, we have:

1—L
b3

dim% FT
sup N(B(z, R) N F, R/%) < <R ) .
zeF

for ¢ = 1,2. We can also find infinitely many R — 0 such that:

1\ dim% F
sup N(B(z, R) N F, RY/%) > (RI_BT) A
zeF

Let R' = R%/% and observe that (R')Y/% = RY% . We can cover any R ball with at most

. 01/0
< (R/R)4ma"* F* balls with radius R’ for small enough R.
Then we need no more than sup,cx N(B(z, R') N F, R"/%) balls with radius R to cover any
R/-ball.
Given an arbitrary R-ball, first cover it with R’-balls, and then cover those R’-balls by R’ -balls
using optimal covers as indicated above. This yields

R dim%1/%2 p+
sup N(B(z, R) N F,R"/") < <,> sup N(B(z, R') N F, RY/%)
zeF R zeF

but since (R')'/% = RY% we have
L\ dim® P
sup N(B(z, )N F,RY") < (R)' 77 )"
zeF

for all R’ small enough and also

L1 dim} F
sup N(B(z, R) N F, RY/%") > (R o )
zeF

for some arbitrarily small R.
Therefore for some arbitrarily small R we get:

im%1/%2 p+ .0 .6
R’)dlmA 11 dim,l F 11 dim 2 F+
s R 91> < ((R’) 92)
R ( s

and so replacing R’ by R%/%1 taking logs, and dividing through by log R yields

1 1
b 1) a4 (1- 1) dmf o> 2 (12 1) dim £
01 91 91 (92
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This, in turn, yields

1— —
dim% F < ( 92>dim?fF+ (92 01>dim0Al/02F

1-6; 1-6;

as required. O

Remark 3.8. The strategy of the above proof is to cover a large ball with middle sized balls and
further cover the middle sized balls with smaller balls. This can be generalized to arbitrarily many
levels of covering to obtain more general results.

1
We can cover an R-ball with Ri—balls, then each of these balls with R%»-1 -balls and so on and
then applying the same proof strategy as above we end up with the following inequality: for

0<b<br<---<b,<1

we have

1-0 "L (6; —0;_ .y
.0 n - O 7 i—1 . 0;-1/0;
dim,' F' < (1_91) dimy* F' + ;:2 (1_91> dim’y /Y% o

n—i+1

By setting 0; =0, *  we end up with:

dimy F < dimY" F
for any 61 € (0,1) and any natural number n, which is a slightly stronger result.
We will now discuss the analogous properties for the lower (and modified lower) spectrum.
Proposition 3.9. Let F' be a totally bounded set. Then for all 8 € (0,1) we have
dimp, F < dim{ F < dimgF
and
dimy, F < dimfy F < dimgF

Proof. First note that it follows immediately from the definitions that dimy, F' < dimg F and
therefore also dimyy, F' < dim$y; F.

We will now prove the upper bounds and during the proof we will write b for the lower box
dimension of F. Fix § € (0,1) and R € (0,1). Let M (E,r) denote the largest possible cardinality
of an r-packing of a set F by closed balls of radius r. Take an optimal 2R-packing of F' by closed
balls and then inside each of these balls construct an optimal RY?-packing of the smaller ball
centered at the same point but with radius R. The resulting R*/?-balls are centered in F and are
pairwise disjoint and, therefore, one obtains an RY/?-packing of F' by more than

: 1/6
M(F,2R) inf M (B(x, R), R )
balls. This yields

M(F,RY%) _ Rt/ b+ J9—b-
inf M (B 1/0) < ’ < — Rp"/6-b7)
2k ( (2, R), R > M{F2R) ~ p 8

for infinitely many R — 0. It then follows from the definitions

bt /0 — b~
dm! F < =—4——
L 1/ 1
from which the desired upper bound follows. This also passes to the modified lower spectrum,
completing the proof. O

Since the lower dimension is bounded above by the modified lower dimension (and the Hausdorff
dimension if the set is compact, see [L1]) it is natural to ask if this is also (uniformly) true for the
lower spectrum, i.e., if the upper bounds in Proposition 3.9 can be improved? Perhaps surprisingly,
this is not the case. In particular, for self-affine carpets the lower spectrum approaches the box
dimension as 6§ — 0, see our sequel paper [FY1].
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Theorem 3.10. The functions 0 — dim? F and 6 — dim;; F are continuous in 6 € (0,1).
Moreover, they are Lipschitz on any closed subinterval of (0,1).

Proof. For any 0 < R < 1 and 0 < 0; < 0y < 1 we have R/%1 < RY/%  therefore it is clear that
forany 0 < R < 1:
inf N(B(z, R)NF, RY%2) < inf N(B(z, R)NF, R/,

fAS FAS
Now notice that,

. 1/01\ < 1/6 I
inf N(B(z, )N F,RY/™) 5 inf N(B(z, R) 0 F,RV™) <R1/91

This is because we may cover at least one R-ball with

~

< inf N(B(z,R)N F, RY/%2) (
S

balls of radius RY/?1, and therefore this number is no smaller than inf,cp N(B(z, R) N F, RY/%).
The above two inequalities imply that for infinitely many R — 0 we have

R(lfl/Gg)dim? P < R(lfl/él)dimil Ft

and also for infinitely many R — 0 we have

R(I-1/61) dim{! F~ < p(1-1/05) dimy? F+ pdima F¥(1/02-1/61)
It follows that

1 .6 . 1 1 1 .0
<1—02> dlmLQF—i—dlmAF(eQ—(gl) < <1—91> dim;' F

< <1 — 1) dim{? F
02
Dividing through by (1 — 1/6;) and then letting 6; ,* 05 establishes lower semicontinuity of
0 — dimy, F' at 0y and letting 02 N\, 01 establishes upper semicontinuity of # — dimg, F' at 6.

Since #1 and 0y are arbitrary the desired continuity follows.
The above discussion holds for any metric space F', and in particular for any subspace £ C F

we have
1 .6 . 1 1 1 s 0
(1 - 02> dim;? F + dimp E (02 - 01) < (1 - 91> dimy}

1

< (1 —~ ) dim??
)

Taking the supremum over all £ C F' throughout, we get
I\ .. o . 1 LY . 9
(1 — 92) dimgj; F' — dimp F <91 — 92) < <1 - 01) dimy F'
< D) dim®, 7
< 1-— @ imyjy

and therefore the modified lower spectrum is also continuous. Finally, the fact that the lower
spectrum and modified lower spectrum are Lipschitz on any closed subinterval of (0, 1) also follows
immediately by applying the above bounds. O



NEW DIMENSION SPECTRA 11

4. GEOMETRIC PROPERTIES

In this section we investigate how the various dimension spectra are affected by standard geo-
metric operations such as products, unions, and images under Holder continuous maps.
It is clear that the spectra satisfy the following properties and we leave the proofs to the reader.

Proposition 4.1 (Closure, monotonicity, and finite stability).

(1) For any set F in a metric space and any 6 € (0,1), we have:

dim{ F = dim}

ol

dim? F = dim{ F.
(2) For any F' C F and any 0 € (0,1), we have:
dimf ' < dimf F
dim$y, ' < dimfy, F.
(8) For any finite collection of sets {F;}}_, we have, for all 8 € (0,1),

n
dim% UE = max dim} F.
i1 i=1,2,...,n

1=

Interestingly, the modified lower dimension and modified lower spectrum are not stable under
taking closure as the following example illustrates.

Example 4.2. Let
X = {(/q,1/q9) : p,q €NT, p<yq, ged(p,q) =1} C [0,1]?

and observe that every point x € X 1is isolated and therefore any subset of X has an isolated point.
This implies that for any 6 € (0,1)

dimé;; X = dimy, X = 0.
However, [0,1] x {0} € X and so
dim{; X = dimyp X = 1.

Clearly the Assouad spectrum is not stable under countable unions. For example QN [0,1] is
a countable union of point sets, all of which have Assouad spectrum constantly equal to 0, but
QnN]J0, 1] has Assouad spectrum constantly equal to 1 by the closure property. The lower spectrum
is not even stable under finite unions: consider the union of [0, 1] U {2} and {0} U[1,2]. One can
say more if the sets in the union are properly separated.

Proposition 4.3 (Unions of properly separated sets). Let E, F be ‘properly separated’ subsets of
a metric space (X,d), i.e. sets such that

inf d 0.
zeflEI,lyeF (,y) >

Then,
dimyg, FUF = dimyg, E V dimyg, F
and, for all 6 € (0,1),
dim$y;, EUF = dim$; F vV dim$; F
and
dim{ EUF = dim? E A dim{ F.

Moreover, these results extend to arbitrary finite unions of pairwise ‘properly separated’ sets where
the mazimum/minimum is taken over all sets in the union.
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Proof. The argument for the lower spectrum is similar to [Fr, Theorem 2.2] and is omitted. For
the modified lower dimension and modified lower spectrum, the proof is straightforward and we
only briefly give the modified lower dimension argument. The lower bound (=) follows from
monotonicity. For the upper bound, we have

dimyp, FUF = sup dimp(ZNE)U(ZNF)
0£ZCEUF

= sup (dimL(ZﬁE) /\dimL(ZﬂF)>
0#£ZCEUF

sup dimp, Z | V sup dimp, Z
0AZCE PAZCF

= dimyg £ V dimyg, F

N

as required. Note that we used the fact that the lower dimension of the union of two properly
separated sets is given by the minimum of the individual dimensions, which is provided in [Fr,
Theorem 2.2]. We also adopt the convention that dimy, ) = +o0. O

There are many results in dimension theory related to how the dimension of a product space
depends on the dimensions of the marginals. A common phenomenon is that dimensions are best
considered in pairs and the following standard formula has been verified for many ‘dimension
pairs’ dim and Dim:

dmX 4+ dimY < dim(X xY) < dimX + DimY < Dim(X xY)
< DimX + DimY.

Such examples include Hausdorff and packing dimension, see Howroyd [How]; lower and upper
box dimension; and lower and Assouad dimension. For recent works on such product formulae see
[Fr, ORS, OR2|. We show below that the Assouad and lower spectra give rise to a continuum of
‘dimension pairs’.

There are many natural ‘product metrics’ to impose on the product X x Y of metric spaces
(X,dx) and (Y, dy), with a natural choice being the sup metric dxxy on X x Y defined by

dxxy ((z1,91), (22, y2)) = dx (z1,32) V dy (y1, y2)-
In particular, this metric is compatible with the product topology and bi-Lipschitz equivalent with

many other commonly used product metrics, such as those induced by p norms.

Proposition 4.4 (Products). Let E, F be metric spaces and equip the product E x F with any

suitable product metric. For any 6 € (0,1) we have
dim$y; E + dim% F < dim% (E x F) < dim} E + dim} F
dim? E + dim? F < dim? (E x F) < dim? E + dimf F

and
dimf}; E + dim{;; F < dimfy; (E x F) < dim{; E + dim§} F.

Proof. For the purposes of this proof we use the sup metric on the product space. In particular
this means that the product of two covering sets of diameter r is a set of diameter r and so covers
of parts of ¥ and F' can be easily combined to provide covers of the corresponding parts of E x F.
Let P and Pr denote the projection on to F and F' respectively. Then clearly for any R > 0 and
x € E x F we have
N(B(z,R)NE x F,R"%) < supN(B(y,R) N E,R"%)sup N(B(z,R) N F, R/’
yel zeF
< R(kl/@)(dimi Et+dim§ F1)

which proves that dimf (E x F) < dim§ E 4 dim} F. On the other hand for any E' C E:
N(B(z,R)NE x F,R'%) > N(B(z,R)NE' x F,R'%)
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> inf N(B(y,R)N E',RMOYN(B(Ppaz, R) N F, RY/9).
yeE’
Since z € E' x F can be chosen such that

N(B(Prz,R) N F,RY%) > sup N(B(z,R)NF,RY%)~

zeF
we have
sup N(B(z,R),RY%) > sup N(B(z,R)NE' x F,RY%)
r€EXF zEE'XF
> inf N(B(y,R)NE',RY%)sup N(B(2, R) N F, R"%)".
yer’ zeF

This implies that:

sup N(B(z,R),R"?) > inf N(B(y,R)NE',R"’)sup N(B(z,R) N F,R"?)

TEEXF yeE’ zEF
which, similar to above, yields dim4 (E x F) > dim{;;, E + dim} F as required. The second chain
of inequalities (which concern the lower spectrum) follow by a similar argument, which we omit.
The third chain of inequalities (which concern the modified lower spectrum) follow easily from
the second. In particular, for the lower bound choose nonempty subsets £/ C E and F’ C F such
that dim{ £’ > dim%;; £~ and dim{ F’ > dim%;; F~ and then apply monotonicity and the result
for the lower spectrum to obtain

dimf (E x F) > dim{; (E' x F') > dim? (E' x F') > dim? E' + dim? F’
> dlmf/IL E~ + dlmf/IL F
which proves the desired lower bound. For the upper bound, the upper bound concerning the
lower spectrum implies that

sup dim{ (F' x F) < sup dim{ E' + dim% F = dim{;; E + dim} F
E'CE E'CE

which is almost what we want, apart from that it is not a priori obvious that the quantity on the
left is equal to dim$;; (E x F). However, this follows since for any K C E x F we have for any
x € K and R > 0 that

B(xz,R)NK C B(z,R)N PpK x F

which yields that dim{ K < dim{ (PgK x F) completing the proof. O
We also obtain a sharp result for ‘self-products’.

Proposition 4.5 (Self-products). Let F' be a metric space, n € N, and equip the n-fold product
F" =F x --- x F with any suitable product metric. For any 0 € (0,1) we have

dim% (F") = ndim§ F,
dim? (F") = ndim? F
and
dimfy (F™) = ndim;; F.

Proof. This proof is similar to the general case and we omit the details. The key point is that, for
a self-product, one may choose x € F' which witnesses the extremal behaviour at some scale and
then consider the point (z,...,z) € F™. The projection of this point onto every coordinate then
witnesses extremal behaviour and this passes to F™. O

We note that using a similar approach one may also obtain the following minor, but useful,
improvement on [Fr, Theorem 2.1]. Specifically, we upgrade lower dimension to modified lower
dimension which is useful in situations where the lower dimension is small for reasons which do
not affect other dimensions, for example when the set E contains an isolated point.

Proposition 4.6. For metric spaces E, F' we have

dimypg, F + dimp F' < dima (B x F) < dimp F + dimy F.
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Another important aspect of a dimension is how it behaves under distortion by maps which
are ‘not too wild’. Indeed, all of the standard notions of dimension, such as the Hausdorff,
box, packing, Assouad and lower dimension, are stable under bi-Lipschitz distortion, for example.
Relaxing bi-Lipschitz to simply Lipschitz or even Holder, there are elementary bounds which show
that under distortion by an a-Holder map the Hausdorff or box dimensions cannot increase by
more than a factor of 1/, see [F2, Chapter 2-3]. Assouad and lower dimension do not enjoy such
stability and can wildly increase under distortion by even a Lipschitz map, see [Fr]. The reason for
this is that because one is trying to control two scales (one in each direction), one needs bounds
on the distortion of the map in both directions. Here we conduct a detailed analysis of how the
dimension spectra distorts under bi-Holder maps, i.e., Holder maps with Holder inverses. It is
noteworthy that one cannot relate the value of the Assouad spectrum of the set and its image
at a particular value 6, but rather at two different values of # which are related according to the
Holder parameters. This makes the theory of dimension distortion for our spectra rather more
subtle than for a dimension which returns a single exponent. Recall that a doubling metric space
is one for which there is a uniform constant C' such that any ball may be covered by fewer than
C balls of half the radius. This is easily seen to be equivalent to having finite Assouad dimension,
see [R, Lemma 9.4].

Proposition 4.7 (Holder maps). Let S : X — Y be a map between doubling metric spaces (X, dx)
and (Y,dy) such that for all x,y € X with dx(z,y) sufficiently small,

dx(z,y)° S dy(S(@),S(y)) S dx(z,y)"
for some fized constants 8 > 1> « > 0. Then, for any F C X and 6 € (0,1), we have

—ﬁe Bo — 20 ag
——a _dimy F < dim% S(F) < — B Qim?{ F
3= 0) dimy dim}} S(F) o —0) dim
1-8¢ s o 1-%6 s
m dlmﬁ‘ F < dlmL S(F) < m dlmﬁ F

and

1-8g s w 1-%6 =g
m dlmf/[LF < dlmML S(F) < m dlml\[j[L F.

Proof. First notice that S is invertible and for all z,y € S(X) with dy (x,y) sufficiently small we
have

dy (z, )" < dx(S7Hz), S (y)) < dy(z.y)"".

By the assumptions on S there are uniform constants C, ¢ > 0 such that for any sufficiently small
r>0and xz € X and y € S(X) we have

B(S(x),er’) € S(B(x,r)) € B(S(x), Cr®)

and
B(S~(y), er'/*) € S (By.r)) € B(S~\(y), Cr'/?).

Therefore, for 0 < r < R with R small enough (recall that our metric space has the doubling
property) we have

N(B(z, RY*),r'/%y < N(B(S(z), R),r) < N(B(z, RV, r'/®)

for any = € X. The left inequality holds because any r-cover of B(S(x), R) can be mapped under
S~! to yield an (up to multiplicative constants) r'/8-cover of B(z, RY/®) by the same number
of sets (up to another multiplicative constant depending on the doubling property of the space).
Similarly, the right inequality holds because any r'/®-cover of B(z, R'/#) can be mapped under
S to yield an (up to multiplicative constants) r-cover of B(S(x), R) by the same number of sets
(up to another multiplicative constant depending on the doubling property of the space).
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Setting » = RY/? from here we notice that for any sufficiently small R > 0 we have by definition

af

dim,” F+ »
1 A 1—29 2@
N(B(z, RYP), rl/oy < Lm _ (RI—I/G)W%) dim, F+
~ \(RVB)as
and, similarly, for infinitely many R — 0 we have
Bé

dim F
v\ o
N(B(l‘,Rl/a)ﬂ“l/B) > La _ (Rl—l/e)mmmA F '

To\@®yeym

6
Recall that if 86/a > 1, then dim ¢ F' = 0. Also by definition, for any sufficiently small R > 0 we
have

N(B(S(x),R),r) < (R\"H/0)dima ST

and for infinitely many R — 0 we have

N(B(S(z),R),r) > (R-"Y/0)dim} )~

~

Together these estimates yield that for infinitely many R — 0 we have
1-g0  of
(Rl—l/e)dimg S(F)~ <« (Rl—l/O)mdlmA Ft

and
B 89

(R1,1/9)7;&§:> dim & F~ S (lel/a)dimGA S(F)*
which gives
— 56 & 0 1-59 a

—2 _dimy F < dimj S(F) <« ———dim, F

/3( _9) A = A ( )\04(1—9) A
as required. The argument for the lower spectrum is similar and omitted. Since subsets of F' are
in one to one correspondence with subsets of S(F') through the map S, we may take supremum
over nonempty subsets of F' throughout, which yields the analogous estimates for the modified
lower spectrum, completing the proof. O

The lower bounds for the spectra of S(F') all become equal to 0 (and thus trivial) when 6 > o/
and the upper bounds for the spectra of S(F') blow up as § — 1. These are unfortunate properties
but are indicative of the complex relations between the spectra at different values of 8 once the
set has been distorted by S. One can rectify this situation somewhat by combining our estimates
with Lemmas 3.1 and 3.9 and the classical results that upper and lower box dimension cannot
increase by more than a factor of 1/a under distortion by an a-Hoélder map.

Corollary 4.8. Let S: X — Y be as in Proposition 4.7. Then for any F C X and 6 € (0,1)

1-8¢ s dimpF — 30 29
—2 _dimg® F < dimf S(F) < — P _dim? F
B0-0) img F Vv 5 imj S(F) ol —0) im
1- Bp 6 — 30 ag dimg F
— 2 dim.~ F < s 0 F) < BT 4. B F B
5 —-0) dimy dimy, S(F) ol —0) dim;’ A .
and
_ By 80 1— 29 ag dime F
o0 . 8o . 57 im
m dlmML F < dlmi/m S(F) < m dlmﬁL F A aB .

Note that in the above we could also bound dim% S(F) from above by dima S(F), but the point
is to bound dimensions of S(F') by expressions involving only dimensions of F' and the bi-Holder

restrictions on S are not enough to yield bounds for the Assouad dimension of S(F') in terms of
F.
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Also, we could have used Lemma 3.1 to apparently improve the upper bound for the Assouad
spectrum to include the bound
dimpS(F) - dimpF

dim} S(F) < 1-60) = al-0)

but by virtue of Lemma 3.1 it follows that

R o a9
dimgF > (1 — 66) dim, F
for all # € (0,1) and so this estimate cannot improve the one we already have.

It is important to comment on the sharpness of the estimates from Corollary 4.8. A first
observation is that such estimates cannot possibly be sharp in any precise sense, although letting
a, 8 — 1 shows that they are at least asymptotically sharp. The reason for this is that they are
based on knowledge of the extremal distortion of F' over the whole space and the spectra are only
sensitive to the extremal properties of the set in question. Indeed, the thickest part of the set F
(and S(F)), which determines the spectra, may occur at a location in the domain of S where the
distortion is less than the global extreme. We will consider our estimates in detail for a natural
family of sets and bi-Holder maps in Section 6.1.

Setting o« = = 1 in Proposition 4.7, we obtain bi-Lipschitz stability as another immediate
corollary.

Corollary 4.9. The Assouad, lower, and modified lower, spectra are bi-Lipschitz invariant.

Being bi-Lipschitz invariant is a useful property and one possible application is in classifying
metric spaces up to bi-Lipschitz equivalence. There has been considerable interest in this problem
since the seminal paper of Falconer and Marsh [FM] which sought to determine for which pairs of
self-similar subsets of the line one can find a bi-Lipschitz function taking one to the other. Having
the same Hausdorff dimension is a necessary condition, since Hausdorff dimension is a bi-Lipschitz
invariant, but it is not sufficient: there are self-similar subsets of the line which have the same
Hausdorff dimension but which are not bi-Lipschitz equivalent. As such, it is useful to find other
bi-Lipschitz invariants, such as the other notions of dimension mentioned above. Corollary 4.9
provides a new continuum of bi-Lipschitz invariants and so has potential applications in proving
that certain metric spaces are not bi-Lipschitz equivalent, even if their Hausdorff, box, packing,
Assouad and lower dimensions are equal.

Suppose S is a map on F such that

log [z — |
log[S(x) — S(y)|
uniformly as | —y| — 0. Such maps are sometimes called quasi-Lipschitz, see [LX1, LX2]. Rather

than setting « = 8 = 1 in Proposition 4.7, if we just let «, 3 — 1 we see that the spectra are also
all invariant under quasi-Lipschitz maps.

—1

Corollary 4.10. The Assouad, lower, and modified lower, spectra are quasi-Lipschitz invariant.

4.1. Bi-Holder distortion for Assouad dimension. In Proposition 4.7 we gave some estimates
for the Assouad spectrum of a set after distortion by a bi-Holder map. Similar, but simpler,
estimates hold for the other standard notions of dimension, such as the Hausdorff dimension and
upper and lower box dimension. In light of the other known results, one might expect that:

;dimAF < dimy S(F) < ldimAF
«

for any bi-Holder map with parameters 0 < a« < 1 < 8 < oco. In particular, these bounds hold
if Assouad dimension is replaced by Hausdorff, packing, upper box or lower box dimension. The
situation turns out to be more subtle for Assouad dimension. In particular, the Assouad dimension
may be distorted by an absolute constant for bi-Hélder maps with parameters arbitrarily close to
1, i.e., maps which are arbitrarily close to being bi-Lipschitz. In fact Lii and Xi [L.X2, Proposition
1.2] proved that for any s,¢ € (0, 1] one may find subsets of [0, 1] with Assouad dimension s and
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t respectively, such that one is a quasi-Lipschitz image of the other and vice versa. This shows
that there do not exist general bounds on the Assouad dimension of S(F') in terms of the Assouad
dimension of F' and the Hoélder parameters o and 3. However, we prove that if one assumes that
the Assouad spectrum reaches the Assouad dimension, then one can give non-trivial dimension
bounds for distortion under bi-Hélder maps. In particular, to obtain some bounds one needs
additional assumptions about the set F'.

Theorem 4.11. Let S : X — Y be as in Proposition 4.7 and let
0y = inf {9 € [0,1] : dim% F = dimy F}
assuming the set of suitable 0s is non-empty. Then for any F C X we have

dimp F

CHAT 1 gy,
B — o
In particular, if S is quasi-Lipschitz and dimi F = dimp F for some 0, then dima S(F') > dimy F.

dimp S(F) >

Before we prove the result, note that if 6y exists and dima F' > dimgF’, then Proposition 3.1
implies that
dimg F

— > 0.
dimp F

90/

Proof. We have for any 6 € [0,1] that
dimp S(F) > dim% S(F)
and Proposition 4.7 further implies that

dimf, S(F) > 1-g0 dim3’ F.
B(1—10)

Therefore, applying these inequalities with 6 = %00 € (0,1) proves the desired lower bound. [

Observe that the smaller 6, is, the better our lower bound for the Assouad dimension of S(F).
It is natural to consider an analogous upper bound, but this would require a priori knowledge
of the set S(F), i.e., we have to know 8}, = inf{# € [0,1] : dim} S(F) = dims S(F)}. One may
obtain a precise analogue by applying the above theorem with S replaced by S~!, but we do not
pursue the details here.

We can also derive similar results for the lower and modified lower dimension using Proposition
4.7, but we leave the precise formulations to the reader.

5. MEASUREABILITY PROPERTIES

In this section we consider the Borel measureability of the Assouad and lower spectra. This
question has previously been investigated in related contexts. For example, Mattila and Mauldin
[MM] proved that the Hausdorff dimension and upper and lower box dimensions are Borel mea-
surable and, moreover, are of Baire class 2, but packing dimension is not Borel measurable. In
[Fr] it was shown that the Assouad and lower dimensions are Borel measureable. More precisely,
it was shown that Assouad dimension is Baire 2, but it was only shown that lower dimension is
Baire 3, leaving open the possibility that it is Baire 2 [Fr, Question 4.6]. We solve this problem
here by proving that the lower dimension is in fact precisely Baire 2.

The Baire hierarchy is used to classify functions by their ‘level of discontinuity’ and is formulated
for functions between metric spaces (A, d4) and (B, dp) as follows. A function f : A — B is Baire
0 if it is continuous. The latter classes are defined inductively by saying that a function f: A — B
is Baire n + 1 if it is a pointwise limit of a sequence of Baire n functions. Thus functions lying
in higher Baire classes (and not in lower ones) are set theoretically further away from being
continuous. For more details on the Baire hierarchy, see [K]. In particular, if a function belongs
to any Baire class, then it is Borel measurable.
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Let K(X) denote the set of all non-empty compact subsets of a non-empty compact metric
space X and endow this space with the Hausdorff metric, dy, defined by

dy(E,F)=inf{fe >0: ECF. and F C E.}

for £, F € K(X) and where E. denotes the e-neighbourhood of E. The metric space (K(X), dy)
is compact. Equip the product space I(X) x (0, 1) with the product topology and any compatible
metric.

Theorem 5.1. The function Ay : K(X) x (0,1) — R defined by
Ap(F,0) = dim§ F

1s of Baire class 2 and, in particular, Borel measurable. Moreover, it is not in general of Baire
class 1.

Theorem 5.2. The function Ay, : K(X) x (0,1) = R defined by
AL(F,0) = dim{ F

is of Baire class 2 and, in particular, Borel measurable. Moreover, it is not in general of Baire
class 1.

We also answer [Fr, Question 4.6] in the affirmative:
Theorem 5.3. The function A} : K(X) — R defined by
Al (F) = dimp, F
is of Baire class 2.

We will prove Theorems 5.1, 5.2 and 5.3 in Section 5.2. Finally we remark that, by using similar
techniques, one may also prove that for a fixed € (0,1) the maps F — dim} F and F + dim{ F
are Baire 2 (and not Baire 1), but we omit the details.

Recall that for a fixed F' € K(X) the maps  — dim} F and 6 — dim? F are continuous (Baire
0), see Corollary 3.5 and Theorem 3.10. We are unaware of any a priori way of relating Baire
classes of a function on a product space which is separately measureable to the Baire classes of
its fibre maps (in this case 2 and 0). A classical result of Lebesgue shows that if a function on a
product space is separately continuous, then it is no worse than Baire 1, see [Le, Ru].

5.1. Semicontinuity of covering and packing functions. We first establish some technical
semicontinuity properties, from which the desired Baire classifications will swiftly follow in the
subsequent section. For clarity we write B(z, R) for the closed ball centered at z € X with radius
R > 0 and B°(x, R) for the open ball centered at € X with radius R > 0. Also, N(F,r) will
denote the smallest number of open sets required for an r-cover of F' C X and M (F,r) will denote
the maximum number of closed balls in an r-packing of F© C X, where an r-packing of F' is a
pairwise disjoint collection of closed balls centered in F' of radius r. For convenience we assume
that N(0,7) = M(0,r) = 0 for any r > 0.

We will establish semicontinuity of six related covering or packing functions, which we define
now. For fixed R € (0,1) define four functions N, N, MEP M3EP 1 K(X) x (0,1) — R by

NP (F.0) = sup N(B(z, R) N F, R"")
el
NR'(F,6) = inf N(B(x, R) N F, R'/")
Te
M3P(F,6) = sup M(B"(x, R) N F, R")
el

and

MEBN(F §) = inf M (B°(x,R) N F, R/?).
S
Also, for fixed R € (0,1) and r € (0, R) define Nj%, MM} : K(X) — R by
NR(F) = inf N(B(z,R) N F, 1)
FAS

T
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and
MEL(F) = inlfwM(BO(x,R) NE, r).
xe

It is useful to note that all of the infimums and supremums in the above definitions are actually
minimums and maximums, respectively. This is because the packing and covering numbers only
take positive integer values.

Lemma 5.4. For fized R € (0,1) and r € (0, R) the following semicontinuity properties hold:
(1) N3 is upper semicontinuous
(2) NIt is upper semicontinuous
(3) Msup is lower semicontinuous
(4) ./\/lmf is lower semicontinuous
(5) N mf is upper semicontinuous

(6) ./\/l;nR is lower semicontinuous
)

Proof. Fix R € (0,1) and r € (0, R).
(1) To prove that le%up is upper semicontinuous, it suffices to show that for any ¢ € R, the set

(5.1) {(F,0) € K(X) x (0,1) : N3'P(F,0) >t}

is closed. Fix t € R and let (Fj, 6;) be a convergent sequence of pairs from the above set,
with limit (F,60) € K(X) x (0,1). Thus for each ¢ we may find z; € F; such that

N(B(z;, R) N F;, RY%) > ¢

Take a subsequence of the sets B(x;, R) N F; which converges in the Hausdorff metric,
which we may do by compactness. Denote the Hausdorff limit of this sequence of sets by
Y and note that Y € B(x, R)NF. Let {U;} be any finite open R'/%-cover of B(z, R)NF.
We may choose i large enough to guarantee that {U;} is an open R'/%-cover of B(x;, R)NF;
and, moreover, we may simultaneously choose i large enough such that we may find an
open R'%_cover of B(z;, R) N F; by the same number of sets. If 6; > 6 then {U;} suffices
and if 6; < 0 then this can be achieved by shrinking the sets {U;} slightly, using the fact
that this is an open cover of a closed set and so there is room to do so. This guarantees

N(B(z,R)NF, RM%) >t

and thus the limit (F,6) belongs to (5.1), proving that it is closed.
(2) To prove that N, I‘%nf is upper semicontinuous, it suffices to show that for any ¢ € R, the set

(5.2) {(F,e) € K(X) % (0,1) : N (F,9) < t}

is open. Fix t € R and let (F,#) be a pair from the above set. Thus we may find x € F
such that
N(B(z,R)NF, R"%) <.
Let {U;} be an open RY?-cover of B(xz,R) N F by N(B(z,R) N F, RY/?) sets. If F' is
sufficiently close to F' in the Hausdorff metric, then we may find 2’ € F’ such that {U;}
is also an open R'/%-cover of B(z/, R) N F'. Moreover, if #' is sufficiently close to 6, then
we may distort {U;} to obtain an open RY?-cover of B(z/, R) N F' by the same number
of sets. This guarantees that if (F”,0’) is sufficiently close to (F,#) in the product metric,
then
NBHE' 0y < N(B(z, R)N F, RY%) < ¢

which proves that (5.2) is open.

(3) To prove that M?p is lower semicontinuous, it suffices to show that for any ¢ € R, the set

(5.3) {(F,0) € K(X) x (0,1) : MRP(F,0) >t}

is open. Fix t € R and let (F,#) be a pair from the above set. Thus we may find x € F
such that
M(B°(z,R)NF, RM?) >t
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Let {C;} be an R'/%-packing of B°(z,R) N F by M(B°(z,R) N F, R'/?) closed balls. If
F’ is sufficiently close to F' in the Hausdorff metric, then we may find 2’ € F” close to x
and {C!} with C! close to C; such that {C!} is an RY/?-packing of B°(2/, R) N F’ by the
same number of closed balls. Moreover, if §’ is sufficiently close to 6, then we may distort
the {C!} to obtain an RY?-packing of B%(z/, R) N F’. This guarantees that if (F”,¢') is
sufficiently close to (F,#) in the product metric, then

MEP(F'0') > M(B®(x, R) N F, RY%) >t

which proves that (5.3) is open.
(4) To prove that Mlﬁf is lower semicontinuous, it suffices to show that for any ¢ € R, the set

(5.4) {(F, 6) € K(X) x (0,1) : MBI(F,0) < t}

is closed. Fix t € R and let (Fj, 6;) be a convergent sequence of pairs from the above set,
with limit (F,60) € K(X) x (0,1). Thus for each i we may find z; € F; such that

(5.5) M(B°(z;, R) N F;, RY%) < t.

Take a convergent subsequence from the sequence {z;}, which we may do by compactness.
Denote the limit of this sequence by x and note that x € F. We claim that

M(B°(z,R)nF, R"%) <t

which shows that (F, 6) belongs to (5.4), proving that it is closed. It remains to prove the
claim, which we do by contradiction. Assume that {C;} is an R'/?-packing of B(z, R)NF
by strictly greater than ¢ closed balls. Following (3) above, if (F”,#’) is sufficiently close to
(F,0) in the product metric, then we may find 2’ € F’ close to = and {C!} with C! close
to C; such that {C!} is an RY?-packing of B°(z/, R) N F' by the same number of closed
balls. This contradicts (5.5) and thus completes the proof. We note that it was crucial to
our argument that B°(z, R) was an open ball.

(5) Upper semicontinuity of j\/;,r}g was already established in [Fr, Lemma 5.6], where it was
written as ®, g. The proof is very similar to (in fact slightly simpler than) the proof of
(2) above and is omitted.

(6) It was hinted at in [Fr| that M;f‘lf_z may not be lower semicontinuous, but we show here
that it is. This is the key to lowering the Baire class of lower dimension from 3 to the
sharp value of 2. The proof is very similar to (in fact slightly simpler than) the proof @‘
(4) above and is omitted.

5.2. Proofs of measureability results. To prove that a function from a metric space A to R
is Baire 2, it suffices to show that any open interval in R pulls back to a Gs, set in A, see [K,
Theorem 24.3]. Recall that a set is Gs,, if it can be expressed as a countable union of sets which are
themselves expressible as countable intersections of open sets. As such, throughout this section
let a,b € R with a < b and we will consider various pullbacks of the interval (a,b). We write QT
to denote the strictly positive rationals.

We begin by considering the Assouad spectrum. Straight from the definition, we obtain

AN ((a,b)) = {(F, 0) € K(X) % (0,1) : dim} F > a}

M {(F’H) € K(X) x (0,1) : dimf F < b}

= {(F, 0) € K(X) x (0,1): (3n € N)(VC > 0)(Vp > 0)(30 < R < p)

0 1/ R a+1l/n
EEEM(B (:U,R)ﬁF,R ) > C(Rl/@> }
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ﬂ {(F, 0) € K(X) x(0,1): (3n € N)(3C > 0)(Fp > 0)(V0O < R < p)

1/ R b—1/n
iggN( (x R)ﬂFR ) < C<R1/9> }

UN N U () (ermmenms)

neN CeQt peQt ReQN(0,p)

N(U U U N @) (- crimimeim)

neEN CeQt peQt ReQN(0,p)

which is G5, by the lower semicontinuity of ./\/lsup and the upper semicontinuity of A }S%ul), see
Lemma 5.4 parts (3) and (1) respectively. This completes the proof that A, is Baire 2.

We now turn to the lower spectrum, which is similar. By a similar decomposition argument we
obtain

Agl((a,b)) _ U U U ﬂ (Miﬁf)_l<(CR(1—1/9)(a+1/n)7oo)>

neEN CeQt peQt ReQN(0,p)

N(UN N U ) (- crtmmmem)

neN CeQt peQt ReQN(0,p)

which is Gs, by the lower semicontinuity of Mmf and the upper semicontinuity of N, see Lemma
5.4 parts (4) and (2) respectively. This completes the proof that Ay, is Baire 2.

Finally, it is straightforward to see that neither the Assouad spectrum nor the lower spectrum
are typically Baire 1. This can be seen by recalling that the points of continuity for a Baire 1
function form a dense Gy set, see [K, Theorem 24.14], but it is evident that the Assouad and lower
spectra are discontinuous everywhere (unless X has a particularly simple form). In particular,
every set in JC(X) can be approximated by finite sets (which all have dimension spectra equal to
0) or by their closed e-neighbourhoods (which typically have dimension spectra larger than 0). If
X is the Euclidean unit interval [0, 1], for example, then the closed e-neighbourhood of any set
in K(X) has lower spectrum equal to 1. Of course, pathological examples are possible: if X is a
single point, for example, then all of the dimension spectra are trivially continuous.

Finally, we prove that the lower dimension is Baire 2, thus answering [Fr, Question 4.6]. Another
decomposition argument yields

a)Men=(U U U N N M) (e@mm)

neN CeQt peQt ReQN(0,p) r€QN(0,R)

NUN N U U &) (- c@m-m)

neN CeQt peQt ReQN(0,p) reQN(0,R)

which is G5, by the lower semicontinuity of M5, and the upper semicontinuity of N3, see Lemma
5.4 parts (6) and (5) respectively. This completes the proof that A’ is Baire 2. It was observed
in [Fr] that A is not Baire 1, again since it is discontinuous everywhere.
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6. DECREASING SEQUENCES WITH DECREASING GAPS

In this section we will consider a simple family of countable compact fractal subsets of the line
which allow explicit calculation of the Assouad spectra. Observe that any countable compact set
has lower spectra and modified lower spectra equal to zero and so we omit discussion of these
spectra for the duration of this section. Despite being relatively simple, these fractal sequences
have several useful properties. First they provide us with a continuum of examples where the
upper bound from Proposition 3.1 is attained. Secondly, they provide examples where the lower
bound from Proposition 3.1 is attained, see Example 6.3. Thus we demonstrate the sharpness of
Proposition 3.1. They also allow us to analyse the bounds for dimension distortion under bi-Hélder
maps given in Corollary 4.8 in an explicit and representative way, see Section 6.1.

More precisely, we study decreasing sequences with decreasing gaps, which we formulate as
follows. Let f be a function from R* to [0, 1] such that f(z) and g(x) := f(x) — f(z+ 1) are both
strictly decreasing functions and they converge to 0 as £ — oo. We also assume for convenience
that both f and g are smooth. Our set of interest is then

F = {f(n)}n>1 U {0}.

The following result (stated using our notation) was proved by Garcia, Hare and Mendivil [GHM,
Proposition 4]. We also obtained this result, using a different proof, in answer to a question posed
to us by Chris Miller (Ohio State University), but we omit our argument and refer the reader to
[GHM]. We also refer the reader to our proof of Theorem 7.1, which proves a similar dichotomy
in a different setting.

Theorem 6.1 (Garcia, Hare and Mendivil). Let F' = {0} U {f(n)}nen be a decreasing sequence
with decreasing gaps as described above. Then the Assouad dimension of F is either 0 or 1.
Moreover, the Assouad dimension is 0 if and only if f(n) decays to 0 exponentially.

Our main result on dimensions of decreasing sequences with decreasing gaps is as follows and
shows that the Assouad spectrum only depends on the upper box dimension of the set. A pleasant
ancillary benefit of the explicit formula we obtain is that for all such sets the upper bound in
Proposition 3.1 is sharp. Also, we note that the upper box dimensions of such sets are well
studied and can be computed effectively. For example, the upper (and lower) box dimensions can
be estimated in terms of the exponential decay rate of the gap lengths g(n). See the ‘cut-out sets’
discussed in [F1, Chapter 3] for more information.

Theorem 6.2. Let F' = {0}U{f(n)}nen be a decreasing sequence with decreasing gaps as described
above. Then for all 6 € (0,1) we have

dimg F’

Al
1-0

dimf F =

Proof. 1f either dimpF = 0 or dimgF' = 1 then the result follows immediately from Proposition
3.1 and therefore we may assume from now on that

dimpF = B € (0,1).
We start by giving some general bounds. Let 0 < r < R < 1 and consider the number

sup N(B(z,R)N F,r).

zeF
For any r > 0, there is a smallest number n, such that g(n,) < r. Notice that by definition
ne=[g71(r)] = g 1(r) +O(1). If R < f(n,) then we will need approximately (R/r) many r-balls
to cover [0, R)N F, and this is already of the largest order possible. Therefore we will focus on the
case where R > f(n,). The following bound follows from the fact that the sequence has decreasing

gaps:

N(B(0,R/2)NF,r) < sup N(B(z,R/2)NF,r) < N(B(0,R)NF,r) < 2N(B(0,R/2)NF,r).
el
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If R > f(n,), then we have the key formula:

(6.1) NBO.R)NF) = 220 1y i,

This is because for points smaller than f o g~!(r) the gaps are smaller than r, and therefore we

need approximately M many r-balls to cover them. Moreover, for points between f o g~!(r)
and R, of which there are approximately ¢g~'(r) — f~!(R) many, we need one r-ball for each of
them.

Let 6 € (0,1 — B) and observe that if R > 0 is sufficiently small, then g~ (RY?) — f~1(R) > 0.

It therefore follows from the key formula (6.1) that

—1/p1/0
1oy _ Jog (RVY)
iggN(B(x’R)mRR ) < s

If we can find infinitely many R — 0 such that
gfl(Rl/G) <! (R(lfB*)w)

+g '(RY?) - fU(R).

then
fog ' (R
R1/0
% as required. Therefore assume that for all sufficiently small R > 0 we

g_l(Rl/(’) > f1 (R(l—B—)/9> '

This implies that for R small enough we have
fog ' (R) <R'™%

which in turn implies that for n large enough we have

fn) <gm)'™"" = (f(n) = fn+ 1)

> R—B7/9

and we get dim% F>
have

and
g(n) = f(n) — f(n+1) > f(n)/=57).

This holds for all large enough n and therefore we can assume it holds for all n without loss of
generality. For simplicity, we write a = 1_%, > 1. We have

fln+ D)= f(n)'7 = (f(n) + fn+1) = f(n))' 7 = f(n)'

_ yiea fi+ 1) = fm)\'7
- ((” ) 1)

> f(n)l—a ((1 _ a)f(n +f1()n)_ f(n))

Iterating the above inequality yields
f)' = f)* > (= 1n

and therefore )

o0 < (G mes)

This implies that for all large enough n we have
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and for small enough x we have

1 1 1133—
(6.2) @) 35| - :
Recalling that B € (0, 1) is the upper box dimension, we can find a sequence r; — 0 such that:

f(nn) +n > N(F,?“i> Z T,ZfB*.

Ti ~
L}

If for infinitely many ¢ we have
f(nr,)
ri
then the situation is the same as in the beginning of the proof and we get our conclusion. Otherwise
we have infinitely many ¢ such that

—B—
%

2

—B—
Ny, 275 i

It follows from the key formula (6.1), that for infinitely many i we have

sup N(B(x7Rl) N Fv Ti) Z g_l(ri) - f_l(Rl)
zeF

i
_ .—B~ —B~0/(1-B7)
= 7 7
Since # < 1 — B~ we have B~ > 1]539* and so
sup N(B(z, R;), ;) 2 r;37
zeF

for infinitely many i. It follows that for § € (0,1 — B) we have dim4 F > B~ /(1 — 6) which,
combined with Proposition 3.1, yields the desired result for this range of 6. Finally, continuity
of the spectrum (Corollary 3.5) gives that for § = 1 — B we have dim{ F = 1 = dimp F and
Corollary 3.6 yields that this also holds for all § € [1 — B, 1) completing the proof. O

Example 6.3. The set E = {e"V" : n € N} U {0} is a simple example where the spectrum
does not peak at the Assouad dimension. Straightforward arguments, which we omit, yield that
dimg FF = dim%E =0 < dimpy F = 1. Moreover, this can example can be modified to provide
constructions demonstrating the sharpness of the lower bound from Proposition 3.1, even if the
bozx dimension is positive. For example, consider F := [0,1] x E. It follows from the discussion
here and Proposition 4.4 that

dimg F = dim{ F = 1 < dimpy F = 2.

6.1. Sequences with polynomial decay. In this section provide our first concrete example
where we can compute the Assouad spectrum explicitly. We specialise to a particular continuously
parameterised family of decreasing sequences with prescribed polynomial decay. In particular, for

a fixed A > 0 we study the set
1
F, = {0} U< —

and give an explicit formula for dimg F)\. These sets F are some of the first examples one considers
when studying the box and Assouad dimensions (in particular Fj) and elementary calculations
reveal that for any A > 0

neN

1

We therefore have the following immediate Corollary of Theorem 6.2.
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Corollary 6.4. For all A >0 and 0 € (0,1) we have

1
dml Fy = LA,
MARA = Arpa—e

0.84

0.6

044 04 044

024 02 024

F1GURE 1. Three plots of the Assouad spectrum of F) for A = 1/5,1,10 going
from left to right. The bounds from Proposition 3.1 are shown as dashed lines,
although the upper bound is obtained in each case.

The family of sets {F)\} >0 studied in this section provide us with a simple continuum of sets
with the property that any one can be mapped onto any other by a bi-Hoélder map. Since we have
a very simple explicit formula for the Assouad spectrum of each F), this provides an excellent
opportunity to test the bounds obtained in Corollary 4.8. For a > 0, let S, : [0,1] — [0, 1] be
defined by S, (z) = x® and observe that, for any A > 0, we have S,(F)\) = F,). Also note that
if @ € (0,1) then S is a-Holder with a Lipschitz inverse, and if o > 1 then S is Lipschitz with a
1/a-Hélder inverse. In the « € (0, 1) region, the bounds on the Assouad spectrum from Corollary
4.8 yield that for 6 € (0,1)

1-0/a 1—ab
(1-20) a(l—0)
and applying the explicit formulae for the Assouad spectra derived above gives:
1-0/a 1 1
ANl) V < A1l
(1-9) (()\+1)(1—9/a) > (A+1) (aA+1)(1—0)
1—ab A 1
a(l—0)  a(A+1)(1-0)

dim¥® Fy v dimpF) < dim} Sa(F)) < dim%? Fy A 1

Al

0 02 04 06 0.3 1 0 0.2 04 06 08 1

FIGURE 2. Two plots of the bounds on the Assouad spectrum of the polynomial
sequence F under bi-Holder distortion by S,. On the left A = 2 and a = 2/3 and
on the right A = 15 and o = 1/2. The actual spectrum of S, (F)) is shown as a
solid line and the bounds are dashed.
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In the a > 1 region, the bounds on the Assouad spectrum from Corollary 4.8 yield that for
6 € (0,1)

1—ab

dimpFy
a(l —0)

1-0/a
1-46

0/

dimg? Fy v < dim{ Sa(F\) < dimy“ Fy A 1

and applying the explicit formulae for the Assouad spectra derived above gives:

1—af 1 1
a1=0) <(A+1)(1—a9) “) Vaor) S mana-a !

1—9/&/\ 1
146 A+ 1)(1 —0)

A1

F1cURE 3. Two plots of the bounds on the Assouad spectrum of the polynomial
sequence F) under bi-Holder distortion by S,. On the left A = 1 and o = 3 and
on the right A = 7 and a = 13/10. The actual spectrum of S, (F)) is shown as a
solid line and the bounds are dashed.

7. UNWINDING SPIRALS

In this section we consider the problem of ‘unwinding spirals’ or, more precisely, the question of
whether a given spiral can be mapped to a unit line segment via a homeomorphism with certain
‘metric’ restrictions; see [FP] for an overview of recent results in this direction. A classical positive
result is that the ‘logarithmic spiral’ can be ‘unwound’ to a unit line segment by a bi-Lipschitz map,
see [KSS]. Moreover, this is sharp in the sense that if the winding rate is slower than logarithmic,
then a simple length estimate shows that the spiral cannot be unwound by a bi-Lipschitz map. In
particular, the spiral has infinite length and bi-Lipschitz images of sets with infinite length must
have infinite length.

We are interested in the more general question of whether a spiral can be unwound via a bi-
Holder homeomorphism and what restrictions are there on the bi-Holder parameters? Our main
result is in the negative direction: we show that if the bi-Hoélder map is too close to being bi-
Lipschitz, then it cannot unwind the spiral, where ‘too close’ is precisely characterised by the upper
box dimension of the spiral. Our result is a simple application of our work on how the Assouad
spectrum can change under bi-Holder maps and, moreover, we show that one gets strictly better
information than if one considers the box or Hausdorff dimensions directly.

In general a spiral S is defined to be the set:

S ={¢(a)exp(ia) : a € [0,00)} U{0}

where ¢ is any continuous decreasing real-valued function such that lim, o ¢(a) = 0 and for
convenience we assume that ¢(0) = 1. We say a spiral is convez differentiable if ¢ is differentiable



NEW DIMENSION SPECTRA 27

and its derivative is non-decreasing. We also say that the spiral has monotonic winding if the
function

= ¢(x) — p(x + 27)
is decreasing in > 0. This is similar to the assumption that decreasing sequences have decreasing
gaps. Indeed, monotonic winding guarantees that any ray starting at the origin intersects the
spiral in a decreasing sequence with decreasing gaps. If ¢(z) = exp(—cx) for some ¢ > 0, then the
resulting spiral is often referred to as the logarithmic spiral (mentioned above). If

log ¢(x) 0
X

as x — 0o, then the winding is said to be sub-exponential. This is the interesting case since then
the spiral has infinite length and thus cannot be unwound by a bi-Lipschitz homeomorphism.

1 1

0.5 0.5

-1 -1

FIGURE 4. Two spirals: on the left, the logarithmic spiral with ¢ = 1/10; and, on
the right, a spiral with sub-exponential winding where ¢(x) = 1/(z/4 + 1).

First we prove a dichotomy for spirals with monotonic winding.

Theorem 7.1. Let S be a spiral with monotonic winding. If the winding is sub-exponential, then
dimp S = 2 and otherwise dimp S = 1.

To prove this result we prove that if the Assouad dimension is strictly less than 2, then the
winding must be exponential. Note that this is yet another proof of the fact that spirals with
sub-exponential winding cannot be unwound to a line segment by a bi-Lipschitz homeomorphism,
since such maps preserve Assouad dimension.

Theorem 7.2. Let S be a conver differentiable spiral with monotonic winding and such that
dimpS > 1. Then for all 6 € (0,1) we have
dimpS
1-40
note that such spirals must have sub-exponential winding.

dim4 S = A 2.

Clearly any spiral S is homeomorphic to the unit line segment [0, 1]. Let f be a homeomorphism
between these two sets and suppose that f is also bi-Holder with parameters 5 > 1 > o > 0, i.e.
for all z,y € S we have

o=y’ < 1f@) = f)l S le -yl
It follows immediately from the standard results for box dimension, that

;o‘limBS < dimpf(S) = dimg[0,1] = 1
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and so, provided the spiral has upper box dimension larger than its topological dimension, f must
be quantitatively far away from being bi-Lipschitz. In particular, we require

B > dimpS > 1.

Observe that if we consider Hausdorff dimension here, then we get no information on S because
the Hausdorff dimension of any spiral is 1. Fortunately, we can get more information if we consider
the Assouad dimension.

Corollary 7.3. Let f be a bi-Holder homeomorphism with parameters f > 1 > a > 0 mapping
a conver differentiable spiral S with sub-exponential and monotonic winding to a line segment.
Also, assume that dimgS > 1. Then

B > a+ dimgS (1_%) > (1+a/2)Vvdmps > 1.
and, if a« =1, then

B > 1 + dlmBS'
2
Proof. 1t follows from Theorem 4.11 that
dimp S
di S) > 1—-6
A f(S) > Ga (1= )
where -
. .0 . dimBS
Hozlnf{QE[O,l]:dlmAS’:dlmAS}zl— 5
by Theorem 7.2. Therefore, by Theorem 7.2, we have
> 2 . din;BS
dim
B—a (1 - TB>
and solving for § yields
B > a + dimpS (1—%)
as required. O

Note that Corollary 7.3 gives strictly better information than we get directly from the upper
box dimension, provided the upper box dimension of S is strictly less than 2. Otherwise, both
estimates reduce to 5 > 2.

For the purpose of the following proofs, define f(x) = ¢(2rz) and g(z) = f(z) — f(z +1). By
definition f is decreasing and monotonic winding guarantees that g is also decreasing. Clearly
g(x) < f(x) for any > 0. We will refer to the d-neighbourhood of S (or part of S) as a d-sausage
for § > 0.

7.1. Proof of Theorem 7.1. Let 0 < r < R < ¢(0) < 1 and observe that there is a unique
x, > 0 such that g(x,) = r, and a unique xg > 0 such that f(zg) = R. If x, < xr, we see that
the r-sausage of S will completely cover the ball B(0, R), thus the number of r-balls needed to
cover B(0, R)N S is > (R/r)?. If x, > xR, the r-sausage of S will completely cover a ball smaller
than B(0, R). It is easy to see that the smaller ball can be taken to be B(0, f(z,)), thus we need
> (f(x,)/r)? many r-balls to cover B(0,R)N S.

Since g and f are continuous decreasing functions and g < f we can deduce that the inverse
functions ¢!, f~! are also decreasing and g~! < f~! (on the appropriate domain). Therefore
g 1 (R) < f71(R) and there exists a unique r € (0, R) such that g~(r) = f~1(R). We see that
the number of 7-balls needed to cover B(0, R) N S is

_ 2
Z (flg='(r)/r)" = (R/r)?
Therefore, if the Assouad dimension of S is strictly smaller than 2, then it must be true that for
all small enough R > 0, the r defined above must be such that R/r is uniformly bounded from
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above. This reasoning is similar to the case of decreasing sequences. Suppose there exists M > 1
such that R/r < M for all small enough R and the r chosen above. Then we conclude that

g H(R) < g7l (r) = fTH(R) < g~ (R/M)
and so, applying g throughout, we get
R>g(f~'(R)) > R/M.

Observe that f~!(R) = zr and so

f(@r) > g(xr) > f(ar)/M
and subtracting f(zg) throughout and taking negatives yields

flar+1) < f(zr)(1 —1/M).

In particular this holds for sufficiently small R > 0 and so by continuity of f we can deduce that

fla+1) < f@)(1—1/M)
for any large enough x. From here it is clear that

lim |log f(z)/z| >0

because the limit holds for integral x, and since f(z) is a decreasing function the limit holds
in general. Therefore f, and hence ¢, is at least exponential and since spirals with exponential
winding are bi-Lipschitz equivalent to a line segment we deduce that dima S = 1.

7.2. Proof of Theorem 7.2. Denote the upper box dimension of S by B and recall that by
assumption and Theorem 7.1 we know 1 < B < 2 = dima S. We will prove that

B
dim% § > —
lmA 1_ 0
for 0 < 8 < 1 — B/2 which, combined with Proposition 3.1 and Corollary 3.6, proves the result.
Fix such a 6. If we can find a sequence of r; — 0 such that
_ _1, 1-B—/2
g ) <P
then we would have:
_B- _ 2
r P S (Flg7 )/ (r)” S N(B(0,70) N S, 7)
which proves the result. Therefore assume that for all > 0 small enough we have the inequality
g7 () > R

which also implies that for all » > 0 small enough

g ' (r)> ()

since # < 1 — B/2 and f~! is decreasing. This also implies that f(z) < g(z)*~5 /2 for all large
enough x. We assumed that f(z) is differentiable and convex and therefore for all large enough
x > 0 we have by the mean value theorem that

1
f@) =572 < g(z) = f(x) = fla+1) = =f'(() < —f'(2)
where ¢ € [z,2 + 1]. In fact it is true that for a suitable constant C' > 0 and all z > 0 we have

Cf(x)=7772 < —f'(z).
> 1. We have

f'(x) 1

[@  I-a

For simplicity we write a = ﬁ

—C > (f(x)'=)

which gives

(@) > Cla—1).
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Integrating both sides of this inequality yields
f@) == f0)7* > Cla— 1)z

and this implies for all large enough = that

1

71 1 a=1 < =i _1=B7/2
. a—1 — B~ /2
Ty 1@< (e o) 5o
and therefore

__B7/2
(7.2) f ) Sa 52,

We now move towards bounding N (S N B(z,r%),r). First of all we need

2 (Flg™' /()
many r-balls to cover
{#(a) explia) : a € [2mg~"(r),00)}

because the r-sausage will cover B(0, g~ 1(r)) completely. Now consider the subset of S given by

{#(a) explia) + a e (2mf ("), 2mg 7 (1))},
and decompose part of this set into the disjoint union of the sets
Sm = {¢(a) exp(iar) : v € (2mm,2m(m + 1))},

over integers [f~1(r%)] + 1 < m < [g7'(r)], where [2] denotes the integer part of z > 0. The
projection of each S, onto the real axis contains an interval of length f(m), so to cover S,, we
need at least 2 f(m)/r many r-balls. Since distinct sets S,, are at least r separated, in order to
cover all the sets in the above union we need at least

g™ =1 ()
FAFHE")] + k)

Vv
S =
(]

k=1
many r-balls. The sequence f([f~1(r?)] + k) for k =1,...,[g7 ' (r)] — [f~(r?)] is decreasing and
the minimum of the sequence is f([g71(r)]) = f(g~*(r)) > r. Since g is also decreasing we see

that
AN +R) = U+ R+1) = 7
for k=1,...,[g7 (r)] = [f~1(r?)] — 1. Therefore we have
FUEN+ g O =0 = k) = (k417
and applying this inequality to the above sum yields

[ )= L) [ ()1 ()
FAFHE+ k) > > kr
k=1 k=1
= %([9‘1(7“)] LA G ) (e o e VA G | I K

Z (g7 ) = £
where, in particular, the last 2 holds for all » — 0. Therefore we have
(7.3) N(B(0,7) N S,r) Z (g7 (r) = f1(r"))%

Now we will take into consideration the box dimension of the spiral. We have

N(S,7) S (Fla )/() + L/r
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where L is the length of the rectifiable part of the spiral corresponding to angles 0 to 2mwg~—*(r).
We may bound L from above by employing the classical length formula:

o /027rgl(r) Tﬂ—{—gﬁ? "
= /K\/eb2+¢'>2da+/K\/¢2+¢2da

where K1 = {a € (0,2ng7(r)) : |¢] > |§|}, K2 = {a € (0,2ng7 (1)) : |¢| < |¢|}. By splitting
the integral in this way we obtain

L < V2| ¢da — V2| ¢da
K1 K>

21 _1(r)
< ﬁ/ T da + V26(0)
0

lg~ ! (r)+1]
< V2 ) fR) + V2
k=0
where the last inequality comes from the fact that f is decreasing. Therefore
) [g7 " (r)+1]
NS S (fa eD/m)” + > fl)/r + 1/r.
k=0
Using (7.1) we can bound the middle term above by
[g71(r)+1] g™ )+ g L 1-B~ /2
Y. fWr s Yk EA STy ) B
k=0 k=0

Therefore
1 2 1 1 1_ﬂ
N(S,r) S (flg=Hr)/(r) +r g () B2 +1/r
Since the (upper) box dimension of S is B we can find a sequence of r; — 0 such that

_1-B” /2

(Fg )/ )2+ g7 ) T B2 41y 2 N(S,m) 2o

Since B > 1 we can assume B~ > 1, and then either the first term or the second term is 2 7, B
for infinitely many ¢. If this is true for the first term then by our initial observation we have
dimi S > %. If this is true for the second term, then we deduce that for infinitely many i we

have
O
Recalling the lower bound (7.3) and the assumption that # < 1 — B~ /2, we conclude that

N(BO,r)NS,r) Z (g () = fH(0]))?

(2

V
N
J‘
%
~
no

|
S
>

|
w|
| [~
~ N
(V)
~
o

o

<
3
[\
S~—

vV
=)
%

which completes the proof.
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8. AN EXAMPLE WITH NON-MONOTONIC SPECTRA

In this section we construct sets whose spectra exhibit strange properties. In particular, we
prove that the spectra are not necessarily monotone; monotonicity can be broken infinitely many
times; and, both the Assouad and lower spectra can have infinitely many phase transitions, i.e.
points where they fail to be differentiable.

Given an interval I of length L < 1 and numbers o > 3 > 1, we construct a set F,, g C I via
the following inductive procedure:

1st step. We pack closed intervals of length L® with gaps of length L? inside L. The particular way
of packing does not matter as long as it is by an optimal number. We let the union of the
closed intervals of length L® be denoted by I;.

2nd step. For each interval of length L% appearing at the first step, we optimally pack intervals of
length L% with gaps of length L*?. We let the union of the closed intervals of length Lo*
be denoted by Is.

kth step. For each interval of length Lot appearing at the (k — 1)th step, we optimally pack
intervals of length Lo with gaps of length Lo" '8 We let the union of the closed intervals
of length L°" be denoted by 1.

We obtain a nested sequence of compact sets I D 11 D Is D I3 D ... and finally we let

[ee]
Fop= ﬂ I
k=1

which is a non-empty compact set. We can compute the dimensions of F, g, but we leave the
details to the reader. In particular,

5—1 — -1« .
< dimpF,5 = — < dimp Fo5 = 1
a_1 Bl o, 8 a—18 AL a,p
The exact computation of the spectrum is complicated, but nevertheless we can get some infor-
mation without much effort.

dimLFa,,B =0 < @BFQ75 =

Lemma 8.1. Whenever loga% is an integer, we have

, p—1 :
dim? Fop= o dimgFy, g
and )
dim, F, 5 = 6:1; — dimpF, 4.

In particular, the Assouad/lower spectrum is equal to the upper/lower box dimension infinitely
often. This is the general lower/upper bound from Proposition 3.1/3.9.

Proof. Suppose log,, % = m is an integer. For any R € (0, L), there is a unique integer k£ > 1 such
that i -
LY <R< L™ .

In particular, this means that
Oék71+m

L < RV < L
There are two different cases to consider:
(1) L < R < L*7'F and Lo < RO < L2778,
For any « € F, g, the ball B(z, R) contains one re* interval, and any R/?-ball can
cover at most one L& ™™ interval because the distance between two disjoint intervals in the

. . k—1+m . . k. .
construction is L% 8. By construction, in each L®" interval the number of intervals of
k+m

length L% is
SR R ST K Sl ) i Gl B R Gl
where the [.] denotes the integer part. Therefore, the above argument shows that

N(B(LU,R),Rl/e) S L(ak+ak+1+ak+2+...+ak+m—l)(176) _ Lak%(l—a"")'
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We now derive a lower bound for N (B(z, R), R'/?). Recall we only need the behaviour of
N(B(z,R), R*?)
when R is sufficiently small. Choose R so small such that k will satisfy
[La’“(l—ﬂ)] S oo (1=8)

where ¢ > 21% This is possible because [x] > x(1 — 1/x) for any positive x, and for =
1

large enough we have 1 — 1/x > 517w+ Lhen for all small enough R > 0 we have

N<B(x7 R)7 Rl/e) 2 CmLak%(l_am) > %Lak%(l—am).

In summary, for all sufficiently small R satisfying the conditions of case (1) we have
N(B(z, R), RM?) = [*"1=a0-a™),
(2) LP < R< Lo " and LB < RO < LT

In this case any ball B(z, R) contains

R
o]

many intervals of length L2". Also to cover any interval of length LA™ we need
Lak+m—l
“ | 1

many R'/%-balls. Using the same tricks as in case (1), we may get rid of the integer part
and the +1. In summary, for all sufficiently small R satisfying the conditions of case (2)

we obtain
R by bty k2 g kemezy LT
0 - +m—
N(B(x,R),Rl/ ) — Lo T L(a +af 4ot 4 o )W
. R Lak%(l_amfl)_i_akerfl_akﬁ
- R1/6 :
Finally, applying the definition of k yields the desired result. (|

Lemma 8.2. For every §' such that log, 5 = m is an integer, there exists ¢ = e(m) > 0 such that
dim? F, 5 and dim% F,, 5 are not constant in the interval [0'(1 — €),9'].

Proof. Again, for any R > 0, there is an integer k such that
L <R<1¥.

The calculation may now proceed as in the proof of Lemma 8.1 but with 6 very close to, but
smaller than, ¢’. Write loga% = m + ¢ where m is the integer part and c is the fractional part
which is assumed to be small. We have now four cases, which we consider in turn. In each case,
we drop the integer part symbols [.] because we are only interested in the asymptotic behaviour
of N(B(z, R), RY/?).

(1) L* < R < L and L*"'™F < RY? < 12" Any ball B(z, R) with = € F, 5 will
contain one interval of length Lo and, for any Lot interval, we need approximately

c k+m

Lak+m
R1/0
many R'/?-balls to cover it. Therefore
Lak+m 1
N(B(z,R),R"%) = ef = -am).

R1/0
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c

(2) L*" " < R < L*" "% and L™ < RY? < L8, Any B(z,R) with z € F, 5 will
contain one L& interval and, on the other hand, every Le™™™ interval contained inside
this L interval needs one R'/%-ball to cover it. Therefore

N(B(z,R), RV?) = [ =2 (1=a™)

(3) L*" P < R < L7778 and LM < RY? < LT Any B(x, R) with # € Fa
contains approximately
R

many intervals of length Lo‘k, but for each interval of length L™ we need one RY/?-ball

to cover it. Therefore
R

N(B($,R),R1/0) = LakilﬁLak%(l—am)'

k4+m—1

(4) Lo < R < L and Lo"TTA < RYO < L@
contains approximately

. Any B(z,R) with x € F, 3
R
many intervals of length Lo Also for any Lo interval we need approximately
LO[
R1/0

kE4+m—1

many R'/?-balls to cover it. Therefore

N(B(;L"R)’ Rl/e) — &Lakﬂ(laml)+ak+mlakﬁ‘

It follows that for ¢ sufficiently small we have the following formula for spectra

2 (ot }) —at 41

and

which are not constant. The above formulae are obtained by considering the 4 cases above along
with estimates derived from the definition of k. This an expression for the asymptotic behaviour
of N(B(z, R), R"/?) which yields formulae for the spectra. These formulae only hold for ¢ smaller
than some constant ¢ € (0,1) (independent of m). This means they they are valid for

1 1
<0< —

am+co DR o™
for all positive integers m. O

The following corollary follows from the results (and proofs) given in this section. It shows that
the sets we construct here exhibit some new phenomena.

Corollary 8.3. For the sets Fy, g constructed in this section, the Assouad and lower spectra have
the following properties:

(1) they are not monotonic and, moreover, there are infinitely many disjoint intervals within
which they fail to be monotonic.
(2) they have infinitely many points of non-differentiability.

Proof. This follows immediately by combining Lemmas 8.1 and 8.2 with the fact that the spectra
are continuous, see Propositions 3.5 and 3.10. O
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9. OPEN PROBLEMS AND FURTHER WORK

In this section we collect several open questions concerning the work we have presented in this
paper.

Corollary 3.5 and Theorem 3.10 show that all of the spectra we consider are continuous in 6,
but many of our examples exhibit phase transitions, preventing the spectra from being any more
regular globally. However, in all of our examples the spectra are piecewise analytic and we wonder
if this is always the case, either with finitely or countably many phase transitions.

Question 9.1. Is it true that the dimension spectra are piecewise analytic, or at least piecewise
differentiable?

In Corollary 3.5 and Theorem 3.10 we proved that the Assouad and lower spectra are Lipschitz
when restricted to any closed subinterval of (0,1). However, we have not ruled out the possibility
of examples where the spectra exhibit less regularity on the whole domain.

Question 9.2. Is it possible for the Assouad and lower spectra to fail to be Lipschitz, or even
Hélder, on the whole interval (0,1)?

In Proposition 4.3 we proved that the modified lower dimension is stable under finite unions,
provided the sets are ‘properly separated’. Note that this property does not hold for the lower
dimension. We were unable to determine if the ‘properly separated’ condition can be dropped.

Question 9.3. Is it true that for subsets E, F of a common metric space, we always have
dimyg, FUF < dimyg, BV dimyg, F7
The opposite inequality is a trivial consequence of monotonicity.

Theorems 5.1-5.3 proved that the Assouad and lower spectra are of Baire class 2 and thus Borel
measureable. We have not been able to determine if the modified lower dimension or modified
lower spectrum are Borel measureable.

Question 9.4. Are the modified lower dimension and modified lower spectrum Borel measureable
and, if so, which Baire classes do they belong to (if any)?

Recall that in our study of spirals with sub-exponential and monotonic winding we needed to
make the additional assumption that the upper box dimension was strictly larger than 1. At first
this might seem like a strange assumption, but it is the analogue of assuming that a decreasing
sequence has positive box dimension. Indeed, if a set has box dimension 0, then Corollary 3.3
tells us that the Assouad spectrum is constantly equal to 0, thus hiding any strange properties
which may occur in that case. There is no analogous result here and it remains an interesting
problem to investigate what can happen when the box dimension of a spiral is 1. We suspect that
Theorem 7.2 no longer holds and that other phenomena are possible.

Question 9.5. What can one say in general about the dimension spectra of spirals with sub-
exponential and monotonic winding in the case where the box dimension of the spiral is 17

Also on the topic of spirals, we proved that if a straight line segment is mapped to a spiral
with sub-exponential and monotonic winding, then the Holder exponent of that map must satisfy
certain restrictions based on the upper box dimension of the spiral. It would be interesting to
investigate the sharpness of this result. A first step in this investigation could be the following
question.

Question 9.6. Can a spiral with sub-exponential and monotonic winding and with upper box
dimension strictly larger than 1 be mapped to line segment by a bi-Hélder map? If so, what are
the sharp bounds on the Hélder exponents?

Once one has a reasonable notion of metric dimension, one may wish to consider how this di-
mension behaves under canonical geometric operations, such as orthogonal projections or sections
(intersections with hyperplanes). This theory is very well-developed for the Hausdorff dimension,
starting with the classical paper of Marstrand [Mar], see also [Mat1] for the higher dimensional
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analogue and the survey papers [Mat2, FFJ] for more details and up-to-date references. Roughly
speaking, the philosophy behind Marstrand’s Theorem and later developments is that if F C R?
has ‘dimension’ s € [0, d], then the ‘dimension’ of the projection of F' onto hyperplanes of dimension
k < d should be almost surely constant, with respect to the natural measure on the Grassmanian
manifold. In the case of the Hausdorff dimension, the almost sure value is the largest possible,
namely s A k. However, for box dimension the almost sure constant is more subtle and given by
a dimension profile, introduced by Falconer and Howroyd see [FH1, FH2]. Recently Fraser and
Orponen [FO] proved that the Assouad dimension does not follow in the spirit of Marstrand’s
Theorem in that it can attain multiple values with positive probability (under projection). It
would be interesting to consider these results for the Assouad spectrum, since it can be viewed as
an interpolation between the Assouad and upper box dimension.

Question 9.7. For a given 6 € (0, 1), is the Assouad spectrum of given set almost surely constant
under projection onto hyperplanes?

Independent of the answer to the above question, it seems likely that a spectrum of dimension
profiles would play a role in the study of how the Assouad spectrum behaves under projection.

The key theme of this paper has been what happens when one fixes the relationship between
the two scales R and r used in the definition of the Assouad dimension. Of course, there are many
ways to fix this relationship. Indeed, let ¢ : [0, 1] — [0, 1] be a decreasing continuous function such
that for all ¢(x) < x for all z € [0,1]. Then one may define the ¢-Assouad dimension to be the
analogue where the relationship between the two scales is fixed by always choosing r = ¢(R). We
have studied the continuously parameterised family of functions ¢(x) = 2'/% and it turns out that
this really is the ‘correct’ family to consider in order to develop a rich theory. Indeed it follows

from our results that if
log

log ¢(x)
then the ¢-Assouad dimension coincides with the upper box dimension for any totally bounded
set. Moreover, if

—0 (z —0)

log

log ()
then the ¢-Assouad dimension coincides with the Assouad dimension for any set where the As-
souad dimension is ‘witnessed’ by the Assouad spectrum (i.e. the spectrum reaches the Assouad
dimension for some 6 € (0, 1)). Therefore one will (usually) only obtain a rich theory for functions
¢ which have an intermediate behaviour, which leads one directly to our functions ¢(z) = z1/.
However, sets for which the Assouad dimension is not ‘witnessed’ by the Assouad spectrum fall
through the net in some sense. We propose the following programme to deal with such examples.
For functions ¢ defined above, let

— 1 (x —0)

dimf F = inf{a . (3C > 0)(3p>0) (V0 <7 < p(R) < R< p)

R (03
supN(B(x,R) ﬂF,r) < C () }
z€F r

Notice that this is not quite the definition we alluded to above because we only require r < ¢(R),
and not r = ¢(R). However, this seems more natural for what follows. One now asks the question:
how difficult is it to witness the Assouad dimension? More precisely, the problem is to classify for

which functions ¢ we have dimﬁ F =dimp F.
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