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Abstract

The Mass Transference Principle proved by Beresnevich and Velani (Ann. Math. (2)
164(3):971-992, 2006) is a celebrated and highly influential result which allows us
to infer Hausdorff measure statements for lim sup sets of balls in R"” from a priori
weaker Lebesgue measure statements. The Mass Transference Principle and subse-
quent generalisations have had a profound impact on several areas of mathematics,
especially Diophantine Approximation. In the present paper, we prove a considerably
more general form of the Mass Transference Principle which extends known results
of this type in several distinct directions. In particular, we establish a Mass Transfer-
ence Principle for lim sup sets defined via neighbourhoods of sets satisfying a certain
local scaling property. Such sets include self-similar sets satisfying the open set con-
dition and smooth compact manifolds embedded in R". Furthermore, our main result
is applicable in locally compact metric spaces and allows one to transfer Hausdorff g-
measure statements to Hausdorff f-measure statements. We conclude the paper with
an application of our mass transference principle to a general class of random lim sup
sets.
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1 Introduction
1.1 Background

In Diophantine Approximation, Dynamical Systems, and Probability Theory, many
sets of interest can be characterised as lim sup sets. Recall that, given a countable
collection of sets (E) jen, we define the corresponding lim sup set to be

oo o0
limsup E; := m UE/

J=o0 j=ln=j

= {x : x € E; for infinitely many j € N}.

Often we are interested in determining the metric properties of limsup; _, ., E;. When
the sequence (E ;) jen is a collection of balls, a powerful tool in determining the metric
properties of limsup;_, , E; is the Mass Transference Principle [5], which allows us
to infer Hausdorff measure statements from seemingly less general Lebesgue measure
statements.

Given a ball B := B(x,r) in R" and a dimension function f : RT — RT
(see Sect. 3 for definitions), define another corresponding ball B/ := B(x, f (r)%).
Throughout, R* := [0, co). When f(r) = r® for some real number s > 0, we write
B* in place of B/ . In particular, B" = B for n € N. The following was established
by Beresnevich and Velani in [5].

Mass Transference Principle Let (B;) jen be asequence of balls inR" withr(Bj) — 0
as j — oo. Let f be adimension function suchthat x~" f (x) is monotonic and suppose
that, for any ball B in R",

H"(B Nlimsup B ) = H"(B).

j—o0
Then, for any ball B in R",

HS (B N lim sup B;l) =H/(B).

j—o00

Here, H/ (F) denotes the Hausdorff f-measure of a set F C R”. More gener-
ally, we will also use the notation HY (F) to denote the Hausdorff f-measure of a
set F C X where X = (X, d) is a locally compact metric space. For s > 0, H*(F)
denotes the standard Hausdorff s-measure of F'. These notions will be formally intro-
duced in Sect. 3. It is worth noting at this point though that if F is a Borel subset
of R", then H" (F) is a constant multiple times the n-dimensional Lebesgue measure
of F (see [9] for further details). Thus, as discussed previously, the Mass Transfer-
ence Principle genuinely does enable us to transfer Lebesgue measure statements to
Hausdorff measure ones.

A generalisation of the Mass Transference Principle, which is applicable to lim sup
sets of balls in locally compact metric spaces and not restricted to lim sup sets in
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R", was also given by Beresnevich and Velani [5]. Furthermore, this generalisation
allows for the transference of Hausdorff g-measure (not just Lebesgue measure) state-
ments to Hausdorff f-measure statements, where g and f are dimension functions
subject to some mild conditions. Before stating this result formally, we require some
preliminaries.

We say that a function f : RT™ — R7 is doubling if there exists a constant A > 1
such that

f2x) < A f(x) (D

for all x > 0.

Let (X, d) be a locally compact metric space and let g be a doubling dimension
function. Moreover, suppose that there exist constants 0 < ¢; < 1 < ¢ < oo and
ro > 0 such that

c18(r) < H8(B(x,r)) < c28(r) @)

forall x € X and 0 < r < rg. Given another dimension function f and a ball
B := B(x,r) in X we define

B8 = B(x, g ' (f(r))).

The following theorem was established in [5].

Theorem MTP* Let (X, d) and g be as above and let (B;) jen be a sequence of balls
in X withr(Bj) — 0as j — o00. Let f be a dimension function such that f/g is
monotonic and suppose that for any ball B in X we have

HE (B N lim sup B]f’g) = HE2(B).

j—o00
Then, for any ball B in X,

H/ (B Nlimsup Bj) = H/ (B).

j—o0

Compared with the Mass Transference Principle, this general theorem applies to
lim sup sets of balls in more general metric spaces and deals with a larger class of
(Hausdorff) measures. As an example, Theorem MTP* is applicable when X is, say,
the middle-third Cantor set. In this case, Theorem MTP* has been utilised in [18] to
solve a problem posed by Mahler regarding the existence of very well approximable
points in the middle-third Cantor set.

The Mass Transference Principle was originally motivated by a desire to establish
a Hausdorff measure analogue of the famous Duffin—Schaeffer Conjecture in Metric
Number Theory. Since their initial announcement, the Mass Transference Principle
and Theorem MTP* have been shown to have applications in many distinct areas of
mathematics. In particular, the fields of Number Theory, Dynamical Systems, and
Fractal Geometry have all benefited significantly from these results. For further appli-
cations of the Mass Transference Principle and Theorem MTP* see [2,4,5,16,24].
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In the Euclidean setting, Beresnevich and Velani extended the Mass Transference
Principle in another direction to allow for the transference of Lebesgue measure state-
ments to Hausdorff measure statements for lim sup sets defined via neighbourhoods
of “approximating planes” [6]. The result they obtained in this case, [6, Theorem 4.1],
was subject to extra technical conditions arising from their particular proof strategy.
Recently, the first author and Beresnevich have removed these additional constraints
in [1], thus unlocking a number of previously inaccessible applications in Diophan-
tine Approximation. We include here a statement of [1, Theorem 1] to enable ease of
comparison of this mass transference principle for planes with the statement of the
main result of the present article, namely Theorem 1 below.

Letn,m > 1 and [ > O be integers such that n = m + [. Let R := (R;) jen be a
family of /-dimensional planes in R". For every j € N and § > 0, define

A(Rj, ) := {x e R" : dist(x, Rj) < 8},

where dist(x, R;) = inf{|[x —y|| : y € R;} and || - || is any fixed norm on R".
Let T := (Y;)jen be a sequence of non-negative reals such that T; — 0 as
Jj — oo. Consider

A(Y) :={x e R" : x € A(R}, Y;) for infinitely many j € N}.

The following is shown in [1].

Theorem AB Let R and Y be as given above. Let f and g : r — g(r) := r~' f(r)
be dimension functions such that r =" f(r) is monotonic and let Q2 be a ball in R".
Suppose that, for any ball B in Q,

H (B naA (g(T)%)) — H"(B).
Then, for any ball B in L,
H/ (BN A(T)) =H/(B).

While we will be concerned here with generalising the aforementioned variations
of the Mass Transference Principle, we remark here, for completeness, that progress
has also been made towards mass transference principles in some other settings. For
example, progress towards proving a mass transference principle for rectangles in
the Euclidean setting has been made by Wang, Wu and Xu in [25] and an implicit
multifractal mass transference principle is given by Fan, Schmeling and Troubetzkoy
in [10].

In this paper, we extend the results of [1,5,6] by proving a general version of the
Mass Transference Principle which applies to lim sup sets in a locally compact metric
space which are defined in terms of neighbourhoods of sets satisfying a certain local
scaling property (see Sect. 1.2). Our main result, Theorem 1, extends the known Mass
Transference Principles of [1,5,6] in several manners. First of all, while it incorporates
mass transference principles for balls and planes, Theorem 1 is also applicable to
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more exotic sets. For example, we are able to consider lim sup sets generated by
sequences of neighbourhoods of smooth compact manifolds or self-similar fractals
satisfying the open set condition. Furthermore, unlike in previously known variants
of the Mass Transference Principle, as long as the local scaling property is satisfied,
the sets generating the lim sup sets in Theorem 1 need not all be of the same type
(e.g. all balls or all planes). Secondly, we deal with lim sup sets in a locally compact
metric space (X, d) and are not confined to the Euclidean setting. Finally, the result we
derive allows us to transfer Hausdorff g-measure statements to Hausdorff f-measure
statements, where f and g are dimension functions subject to some mild conditions.

Compared with its predecessors, the greater generality of Theorem 1 opens up a
number of new possible applications to explore. We include one such application in
Sect. 6 where we use Theorem 1 to deduce Hausdorff measure and dimension results for
a family of random lim sup sets. Within Diophantine Approximation, it is reasonable
to expect that Theorem 1 will enable the establishment of further Hausdorff measure
statements relating to approximation on manifolds (see [3,4] and the references therein
for more on this problem). Within Dynamical Systems, it is also reasonable to expect
that Theorem 1 will allow one to study a wider class of shrinking target problems, in
particular when our target is allowed to have a more exotic structure (see [21,23,24]
and the references therein for more on this problem). We hope to return to these topics
in a later work.

1.2 The main result

Let (X, d) be a locally compact metric space and let g be a doubling dimension
function satisfying (2). Given F C X and § > 0, we define the §-neighbourhood of
F to be

A(F,8) :={x € X :d(x, F) < 8},

where d(x, F) :=min{d(x,y) : y € F}.

The following local scaling property appears to be the key which enables us to
prove a “unifying” mass transference principle which incorporates and extends the
results presented in Sect. 1.1.

Local Scaling Property (LSP) Given a sequence of sets F := (F});jen in X and
0 < k < 1, we say that F satisfies the local scaling property (LSP) with respect to
if there exist constants c3, c4, 71 > 0 such that, forany 0 < r <r,8 <r, j € Nand
x € Fj, we have

c38(8)' 7 g < HEB(x,r) NA(F},8) < cag@®' ™ -gr).  (3)

If (3) is satisfied for one specific set F, say, we will also say that F satisfies the
local scaling property with respect to «. It should be clear from context when we are
referring to an individual set and when we are referring to a sequence of sets.
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If we restrict ourselves to the case where X = R” and H® = H" (that s, essentially,
Lebesgue measure), then (3) takes the form

38" < HY(B(x, r) N A(F;, 8)) < ca8" " - r* ", 4)

Many familiar subsets of Euclidean space satisfy (4) for an appropriate choice of «.
For example, in the next section we show that any smooth compact manifold embedded
in R” satisfies (4). In addition, we show that self-similar sets satisfying the open set
condition also satisfy the LSP. In these examples we will see that « is related to the box
counting dimension of the sets we are considering and we offer some discussion as to
why this should be the case. In the meantime, we present here two trivial examples of
sets satisfying the LSP.

Example 1 If F were a sequence of points, then it follows from (2) that F satisfies the
LSP with respect to k = 0.

Example 2 Suppose F C R" is a specific set satisfying (4). One can then define
a sequence F := (F;);en by defining each F; to be the image of F under some
isometry. Clearly F provides us with a sequence of sets satisfying the LSP.

Next, suppose T := (Y;)j € N is a sequence of non-negative reals such that
Y; — 0as j — oo. Consider the lim sup set

A(Y) :={x € X : x € A(F}, Y;) for infinitely many j € N}.

Our main result is the following theorem.

Theorem 1 Let (X, d) and g be as above. Let F := (F})jen be a sequence of sets
satisfying the LSP with respect to some 0 < k < 1, and let Y := (Y})jen be a
sequence of non-negative reals such that Y; — 0 as j — o0. Let f be a dimension
Sfunction such that f /g is monotonic and f/g“ is a dimension function. Suppose that
for any ball B in X we have

1
HE (BﬂA(g‘ ((;@)1))) = H*(B). 5)

Then, for any ball B in X we have

H (BN AY)) =H(B).

Although the sequence of neighbourhoods defining the lim sup set appearing on
the left hand side of (5) might at first seem arbitrary, it represents the correct scaling
of our initial lim sup set which is required to prove a mass transference principle in
this generalised setting. Furthermore, this particular choice of “scaled” lim sup set
naturally incorporates and extends the various mass transference principles discussed
in Sect. 1.1.
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Taking (F});en to be a sequence of points in X and x = 0, as in Example 1,
Theorem 1 coincides with Theorem MTP* given above. If, further, we insist that
X =R" and g(r) = r", we recover the usual Mass Transference Principle. Theorem
AB can also be deduced as a special case of Theorem 1 by taking X =  to be a
suitable ball in R", (F}) jen to be a sequence of /-dimensional planes (R;) jen in R",
K= ,Ll, and g(r) =r".

Restricting our attention to Euclidean space and s-dimensional Hausdorff measures,
Theorem 1 takes the following simpler form.

Corollary 1 Let F := (F}) jen be a sequence of subsets of R" satisfying the LSP with
respect to some 0 < k < L andlet Y := (Y ;) jen be a sequence of non-negative reals
such that Y; — O as j — oo. Let s > kn and suppose that for any ball B in R" we
have

H* (BN A(YT=01)) = H*(B).
Then, for any ball B in R" we have
HS (BN A(Y)) =H(B).

1.3 Structure of the paper

The rest of the paper is arranged as follows. Some examples of sets satisfying the LSP
are outlined in Sect. 2. In Sect. 3 we recall some useful preliminaries from geometric
measure theory. In Sect. 4 we prove some key technical lemmas which will be required
throughout the proof of Theorem 1, which is presented in full in Sect. 5. Finally, in
Sect. 6, we use Theorem 1 to deduce the Hausdorff dimension and measure of some
random lim sup sets.

2 Some sets satisfying the local scaling property

In this section we provide some discussion on connections between the LSP and
box counting dimension and Minkowski content. Thereafter, we briefly detail two
collections of sets that satisfy the LSP for appropriate choices of parameters.

2.1 Box counting dimension, Minkowski content and the LSP

In this section, we highlight the connection between (4) and the Minkowski/box count-
ing dimension of a set and why these quantities are likely to be related to « for sets
satisfying the LSP.

Instead of the usual box counting definition of lower and upper box counting dimen-
sion (see, for example, [9]), there is the following equivalent notion that is defined
using the volume of a §-neighbourhood of a set. Given a bounded set F C R”", the
lower and upper box counting dimension of F are defined to be, respectively,
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log H"(A(F,§
dimg (F) :=n — lim sup w
50 log s

and

n
dimg(F) := n — lim inf w.
8—0 logé

When these limits coincide we call the common value the box counting dimension of
F and denote it by dimp (F). It follows from this definition that if F' were a set whose
box counting dimension exists, and we were interested in whether (4) held for some
k., then the natural candidate for ¥ would be dimg(F) - n~!.

Two other useful quantities that describe how the volume of a §-neighbourhood of
a set F scales are the lower and upper Minkowski content. Given a bounded set F
contained in R” whose box counting dimension exists, we define the lower and upper
Minkowski content to be, respectively,

M(F) := liminf §"4ms(F) . £ (A(F, 8))
§—0

and

M (F) :=limsup 8"~4ms(F) . £ (A(F, §)).
§—0

Here £ is the n-dimensional Lebesgue measure. When M (F) = M (F) we call the
common value the Minkowski content and denote it by M (F'). Determining conditions
under which a set F has both M (F) and M (F) positive and finite is a well studied
problem, see [17]. Equation (4) does not follow directly from the positivity and finite-
ness of both M (F) and M (F). However, if F were reasonably homogeneous in small
neighbourhoods, we would expect this property to be sufficient to deduce (4).

2.2 Smooth compact manifolds

Let M C R”" be a smooth compact manifold of dimension /. Let us start by remarking
that when M is a smooth compact manifold, the tangent space map sending x — T\ M
is a continuous map from M into the Grassmanian of /-dimensional subspaces of
R”. Fixing x € M, and applying a rotation if necessary, we can identify 7, M with
R! x {0"!}. Since the tangent space map is continuous we know that for any y
sufficiently close to x its tangent space Ty M is approximately R’ x {0"~!}. As such,
we can assert that there exists R, > 0 such that the following two properties hold:

e Forany y € B(x, R,) N M and r > O such that B(y,r) C B(x, R,), we have
H (u(B(y,r) N M)) < r'. (6)

Here 7; is the projection map from R” to R! sending (x1, ..., x,) to (x{, ..., x7).
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e Forany y € B(x, R,) " M and § < R, we have
H' ({2 € A(M, 8) : (z) = m(y)}) =< 8" 7

The implied constants in (6) and (7) depend only upon M and x. Via an application
of (6), (7), and Fubini’s Theorem, it can be shown that for any y € B(x, R\/2),
r < Ry/2,and § < r we have

H'(B(y,r) N AM, §)) < rls" L. ®)

Again, the implied constants in (8) depend only upon M and x. Since { B(x, Ry /2)}xem
covers M, it follows by a compactness argument that there exists R > 0 such that for
anyy € M,r < Rand § <r we have

H(B(y,r) N AM, 8)) =< r's" .

L
T

Thus, we conclude that M satisfies the LSP with respect to x =

2.3 Self-similar sets satisfying the open set condition

Let ® = {¢1, ..., ¢} be a collection of contracting similarities acting on R"; that is,
® is a collection of maps such that

i (x) — ¢i (V)| =rilx — y| forallx,yeR",

and 0 < r; < 1foreach 1 <i <I[.Itis well-known (see, for example, [9]) that there
exists a unique non-empty compact set K C R” such that

1
K =|Jai(K).

i=1

Since all of the maps in ® are similarities, we refer to K as a self-similar set. We
say that ® satisfies the open set condition if there exists an open set O C R” such that
¢i(0) C O foreachl <i </and ¢;(0)N¢;(0) =¥ wheneveri # j.In[12]itis
shown that if ® satisfies the open set condition then there exist constants by, b, > 0
such that for all § sufficiently small

b18" % < H"(A(K,8)) < br6" ¢, )

where d is the box counting dimension of K. In [12], (9) was proved for the n-
dimensional Lebesgue measure. The statement given above follows since 7" is equal
to a scalar multiple of the n-dimensional Lebesgue measure.

We now prove that the local scaling property holds for K with x = %. To this end,
fix x € K and some small number » > 0. Then there exists a sequence (a;)jeN €
{1,..., 1} such that
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() @a; 00 ¢a, )(K) = x.
m=1

Next, note that there exists N € N such that

(ra; ---ray_,) - DiamK > r/2
and

(ray --.ray) - DiamK < r/2.
For this value of N and § < r/2, we have

H"(B(x,r) N A(K,8)) = H"(B(x,r) N A((¢a; © -+ 0 pay )(K), 8))
> H"(A(¢a; © - 0 Pay)(K), 8))
=H"((¢a; 0+ 0 Pay)(AK, 8 (ray ... 7ay) "))
= (ray - Tay)"H"(AK, 8 - (ray .. .Tay) ™)

©) b n—d
zb]'(ral...rgN)n'(r r )
a1 - Tay

=b1-(ray .. ray)? - 8"

= byrdsn, (10

The last line follows since ry, .. .74y, < r by our choice of N. Thus, we have proved
that the lower bound in the LSP holds in this case. It remains to prove the upper bound.
Given r > 0 let

o0 .
I .= {(a,...,a;) € 'Uo{l""’l}] Cray e ta SE<Fa ... Ta )}
Jj=

Importantly, {(¢a, © - - © P, ) (K)}ay.....ap)e1, forms a cover of K. In [9] it is shown
that when the open set condition holds, for any x € K and r > 0 we have

#{(ar,....ar) € I : Bx,r) N (¢a; 00 ¢q)(K) #V} < C (11)

for some C > 0 independent of r.
Fixing x € K and r > 0 and using (9) and (11), for § < 5 we obtain

H"(B(x,r) N A(K, 8)) < > H (A(pay © -+ 0 pa ) (K), 8))
(ai,....ap) €l
B(x,2r)N($a; 0+-0¢ay ) (K) 00
= > H ((Pay 0+ 0 Pa)(AK, 8+ (ray ... 7a) "))

(ay,....ap)€lry
B (x,2r)N(¢a) o+-0pay ) (K)#Y
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= > (Fay -+ Ta)"H (A(K, 8 - (ray - - . 7g,) ™))

(ay,....ap)€lpy
B(x»zr)m(¢a1 O'“O¢ak)(K)7£@

©) ) n—d
<b E Fay - 1) | ————
=72 (ray ax) (ral...rak>

(at,...,ar)€lp,
B(x,2r)N(¢ay 0++-0ay ) (K) £
<b > @rysn=d

(ar,....ar)€lry
B(x,2r)N(¢q; 0+-0¢a; ) (K)#V

(11)
< byC2rdsn—, (12)

Combining (10) and (12), we see that K satisfies (4) for § < r/2. Equation (4) trivially
holds for § € [r/2, r) since, in that case, B(x, r) N A(K, §) contains a ball of radius
r/2 and is contained in a ball of radius r. Therefore (4) holds for all § < r and K
satisfies the LSP with respect to x = % as claimed.

3 Preliminaries

In this section we state some definitions and recall some well known facts from geo-
metric measure theory. Throughout this paper we will say that f : R — Rt isa
dimension function if f is a continuous, non-decreasing function such that f(r) — 0
asr — 0. Given aball B := B(x, r) in X and a dimension function f, we define

v/(B) = f@r).

Recall that X = (X, d) is a locally compact metric space.

The Hausdorff f-measure with respect to the dimension function f is defined as
follows. Suppose F C X, let f be a dimension function and let p > 0. A p-cover for
F is any countable collection of balls {B;};en with r(B;) < p for every i € N and
F C ey Bi- We define

H’{:(F) = inf {Z Vf(Bi) : {B;}is a p—cover for F} .

1

The Hausdorff f-measure of F with respect to the dimension function f is then
defined as

H/(F) := lim HI(F).
p—0

A simple consequence of the definition of 7/ is the following useful fact (see, for
example, [9]).
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Lemma 1 Let (X, d) be as above. Suppose f and g are dimension functions such that
the ratio f(r)/g(r) — 0asr — 0, then H! (F) = 0 whenever H8(F) < oc.

When f(r) = r* (s > 0), the measure H is the familiar s-dimensional Hausdorff
measure, which we denote by H*. The Hausdorff dimension, dimy F, of a set F is
defined as

dimy (F) := inf {s > 0: H'(F) =0}.

When calculating the Hausdorff dimension of a set, a usual strategy is to obtain
upper and lower bounds separately. It is often the case that calculating an upper bound
is relatively straightforward while determining a lower bound is much more difficult.
Nevertheless, a standard tool which can frequently be employed in obtaining lower
bounds for Hausdorff dimension is the following Mass Distribution Principle.

Lemma 2 (Mass Distribution Principle) Let u be a probability measure supported on
a subset F of X. Suppose there are positive constants ¢ and rq such that

w(B) < ¢ V/(B)

for any ball B with radius r < ro. If E is a subset of F with u(E) = A > 0 then
HI(E) = A/ec.

For this precise statement of the Mass Distribution Principle, see [5, Section 2]. For
further general information regarding Hausdorff measures and dimension we refer the
reader to [9,19].

Let B := B(x,r) be a ball in X. For any « > 0, we denote by o B the ball B
scaled by a factor «; i.e.  B(x, r) := B(x, ar). A useful covering lemma which we
will use throughout is the following (see [13, Theorem 1.2] for the case of general
metric spaces or [19, Theorem 2.1] for a constructive proof when the metric space is
boundedly compact).

Lemma 3 (The 5r-Covering Lemma) Let (X, d) be a metric space. Every family F of
balls of uniformly bounded diameter in X contains a disjoint subfamily G such that

B c Uss
BeF BeG

We will also make use of the following adaptation of [7, Lemma 4].

Lemma4 Let B be a ball in a metric space X = (X, d) and let g be a doubling
dimension function such that (2) holds. Let (S;)ieN be a sequence of subsets in B and
let (8;)ien be a sequence of positive real numbers such that §; — 0 asi — oo. Let

A(S;, 8) :={x e X :d(S;,x) <6}
Then, for any real number C > 1,

HE (lim sup A(S;, 8;)) = HE(lim sup A(S;, C§;)).

i—00 i—00
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Note that [7, Lemma 4] is stated in the setting of Euclidean space. Going through
the steps in the proof of this lemma one can verify that the above analogue holds
in our setting. To prove this analogue we require a notion of the Lebesgue Density
Theorem that holds for our metric space (X, d) equipped with the measure H$. Such
an analogue is known to exist when g is a doubling dimension function and (2) holds.
See for example [22, Theorems 2.5 and 3.1].

In what follows we use the Vinogradov notation, writing A < B if A < ¢B for
some positive constant ¢ and A >> B if A > ¢’B for some positive constant ¢’. If
A < Band A > B we write A < B and say that A and B are comparable.

4 The Kg g-Lemma

Before proving Theorem 1, we formulate suitable analogues of [1, Lemma 4] and [1,
Lemma 5] which will be required in the present setting. Let

1
(ST
T ((gm)K) )

Given a ball B in X and j € N, we define
®;(B):={B(x,Y;) C B:x € Fj}.

The following is the analogue of [1, Lemma 4] or [5, Lemma 5], the so-called K¢, 5-
Lemma, we obtain in the setting currently under consideration.

Lemma5 Let (X,d), F, Y, g and f be as given in Theorem 1 and assume that the
hypotheses of Theorem 1 hold. Then, for any ball B in X and any G € N, there exists
a finite collection

Kgp C{(A1)):j =G, Aecd;(B)}

satisfying the following properties:
(1) if (A; j) € Kg,p then3A C B;

(i) if (A; ), (A', j)) € K, p are distinct then 3A N 3A" = (; and
(iii) there exists a constant c¢s > 0 independent of our choice of ball B such that

HS U A zcHEB).
(A;j)eKg.B

Similarly to [1, Lemma 4], the collection K¢, g here is a collection of balls drawn
from the families ® ;(B). These balls correspond to the lim sup set A(Y). From each
of these balls what we are actually interested in is extracting a suitable collection of
balls corresponding to the lim sup set A(T). We adopt the notation from [1] and write
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(A; j) for a generic ball from K¢ p to “remember” the index j of the family ®;(B)
that the ball A comes from, but just write A if we are referring only to the ball A
(as opposed to the pair (A; j)). Making such a distinction is necessary for us to be
able to choose the “right” collection of balls within A that at the same time lie in an
Y j-neighbourhood of the relevant F;. Indeed, for j # ;" we could have A = A’ for
some A € ®;(B) and A’ € ®;/(B).
Proofof Lemma 5 For j € N and a fixed ball B in X, consider the set of balls

®3(B) := {B(x,37)) C B:x € Fj}.
It follows from our assumption (5) that for any G > 1 we have

He | U (A(F;.3T) N B) | = HE(B).
j=G

Observe that T ; — 0as j — oo because g and f/g“ are dimension functions.
Therefore for j € N sufficiently large,

- 1
U LoA@F.37)Nn 5B
Leqﬁ(B)

Therefore for any sufficiently large G € N, we have
-~ 1 1
HS U U r]=mne U (A(Fj, 37N 53) =M <§B> :
JzG Led3(B) j=G

Suppose G’ € N is large enough that the above inequality holds for any G > G’.
Clearly for any G < G’ we also have

U U oy U ¢t

j=G Lecbi.(B) jzG’ Le<1>§(3)

Therefore for any G € N it follows that

HE U U L zHg<%B>. (13)

j=G Le<I>3f(B)
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Next, by the 5r-Covering Lemma (Lemma 3), there exists a disjoint subcollection
G C(L;j):j =G, L €®)(B))satisfying

OLCU U rc U st

(L;j)eg j=G Lecbj(B) (L;j)eg

LetG = {(%L; J) i (L; j) € G} be the balls from the collection G all scaled by a
factor of 1/3. Note that the balls in G’ are still disjoint when scaled by 3. By the above,
we have that

]

U ac U U Lc | 154 (14)

(A;j)eg’ j=G Le<I>§(B) (A;)eg’

It follows from (1), (2), and the disjointness of the balls in G that

@
Hel | A= DD HEAR DD g(r(A)
(A; j)eg’ (A;Heg’ (A; Heg’

&
> g(r(15A))

(A;j)eg’

> HE(154)
(A; Heg’

@

>H | ) 154

(A;j)eg’

Now also using (13) and (14), we see that

(14

|l | al>n U U ¢
(A;j)eg’ j=G Le(b?(B)

(13) 1

> HE (=B

= (57)

@gv(%B))

QB

Dz ().
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Thus, there exists a constant ¢’ > 0 such that

HEB)y<HE[ () A
(Aij)eg’

Since the balls in G’ are disjoint and contained in B, it follows that

HS U Al -0 asN — oo.

(A;eg’
Jj=N

Consequently, there must exist No € N such that

/
Hel | 4 <%H8(B).

(A;))eg’
J=No

We define K¢ p to be the subcollection of (A; j) € G’ with G < j < Np. By the
above we see that K¢ p is a finite collection of balls while still satisfying the required
properties (i)~(iii) with cs = . O

As mentioned previously, from each of the balls in K p we wish to extract a
collection of balls corresponding to A (Y'). The desired properties and existence of such
collections are summarised in the following lemma, which constitutes the required
analogue of [1, Lemma 5] in this setting.

Lemma6 Let (X,d), F, Y, f, g and B be as in Lemma 5 and assume that the
hypotheses of Theorem 1 hold. Furthermore, assume that f(r)/g(r) — ocoasr — 0.
Let Kg.p be as in Lemma 5. Then, provided that G is sufficiently large, for any
(A; j) € Kg, p there exists a collection C(A; j) of balls satisfying the following
properties:

(i) each ball in C(A; j) is of radius Y; and is centred on Fj;
(i) if L € C(A; j) then 3L C A;
(iii) if L, M € C(A; j) are distinct then 3L N 3M = 0,

(v) HE(AFLYHN3A) <« HE| | L| = HE(AF.T)NA); and

LeC(A;))
(V) there exist some constants dy, dy > 0 such that
i)\ T* i)\ T*
di x (M) <HC(A; ) < dn (M) . (1)
g(Y;) g(Y))



Page 170f38 39

A general mass transference principle
(16)

Proof We begin by showing that
T; .
— —> 0 asj — oo.

J
To this end, suppose that N € N. We aim to show that for all sufficiently large j € N
a7

we have
(18)

Observe that (17) holds if
?J’
8(Yj) <g o

Furthermore, by repeated application of (1), we see that
1 < fQO0)
g(Yr;)«

1
)l—/(

g(T)
AN TN

)

where A is the doubling constant. Consequently, (18) holds if

1
L L) NI
8000 < 3w (g(r,w)

Rearranging the above we get
aNA=K) f(Tj)_
g(1))

— ooasr — Oand Y; — Oas j — oo, we see that

By the assumptions that Lo
this inequality holds for sufficiently large j € N, thus verifying (16).
In light of (16) we can assume that G is sufficiently large so that
67; < Yj forany j > G. (19)

Letxy,...,x; € F; N %A be a maximal collection of points such that
(20)

d(x;, xp1) > 6, ifi #i’

Define C(A; j) to be the collection of balls
C(A; j) :={B(x1,Y)),...., B(x;, T))}

By construction, property (i) is satisfied by the collection C(A; j). Next, recall
that A € ®;(B) and so %A has radius %Tj. If L := B(x;,Y;) € C(A; j) then any
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y € 3L satisfies d(y, x;) < 37 ;. Supposing xy is the centre of A, we also have
d(x;, x9) < %? . Combining (19) and the triangle inequality we obtain

d(y, x0) < d(y, x;) +d(xi, x0) <37+ 37, < T;.

Therefore property (ii) follows. In addition property (iii) follows from (20).
Itis a consequence of the maximality of x, ..., x; that forany x € F; N %A, there
exists an x; from this collection such that d(x, x;) < 6 ;. Consequently

A(Fj.Tpnia c | 7L
LeC(A: j)

Therefore, by (1) and (2),

HEAF, Ypniay <Hs | | 7L
LeC(A:))
< ). HA(L)
LeC(A;))
< Y HEWL)
LeC(A:))

<HS| U L
LeC(A; )
However, by property (ii), we have
U L caw.rhna

LeC(A:))

This together with the previous inequality proves property (iv).

As a byproduct of (19) we have that T'; < % for all j > G. Therefore, by the LSP
we have

! iqi ’ 1-
HE A(Fj,Tj)ﬂiA =< g 7 -g(rj) T .
Combining this with the doubling property (1) and the LSP we obtain

1 5
HE <A(F.,-,TA,~)HEA> = g(T)-g(T)'™ =< HE(AF;, Y))NA). (1)
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By (2) and the disjointness of the balls in C(A; j) we have
Hl | L= ) HEW) = DD g(X)) =#C(A; j)g(Y)).
LeC(As)) LeC(As)) LeC(As))

Combining the above with (21) and property (iv) we get

socs jy = STV 8O0 (T (—f(Tf)>lfK
5 (1)) $(T)) <))

So property (v) holds. O

5 Proof of Theorem 1
5.1 Strategy

Fix an arbitrary ball By in X and suppose the assumptions of Theorem 1 hold. Our
goal is to show that

HT(By N A(T)) = HS (By). (22)

Since f /g is monotonic, there are three situations to consider:

(a) g((rr; — ocoasr — 0;

(b) g((:)) — 0asr — 0;and

(c) %—)Easreo,wher60<£<oo.

If we are in situation (b) it follows from Lemma 1 that H/(By) = 0. Since
By N A(Y) C By the result follows.

If we are in case (c) it can be shown that Y j =< ;. It then follows from
Lemma 4 that H8(By N A(Y)) = H8(By N A(Y)). In turn, it follows from (5) that
HE(BoNA(Y)) = HE(By). Finally, the proof is completed in this case by noting that
H/ = £ - H8 and therefore

HT(Bo N A(Y)) = €-HE(By N A(Y)) = £ - HE(By) = H' (By).

f@)
g(r)
as r — 0. In this case, it is a consequence of Lemma 1 that HS (By) = 0. So, to

prove Theorem 1 it suffices to show that

It remains to address case (a). Thus, from now on we will assume that — 00

HT(By N A(YT)) = oo.
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To achieve this goal we will show that for any n > 1, we can construct a Cantor set
K, contained in By N A (") which supports a probability measure u satisfying

(D
wD) < ¥ ; ) (23)

for all balls D with sufficiently small radii, where the implicit constants are independent
of D and n. The result then follows from the Mass Distribution Principle (Lemma 2)
upon taking n to be arbitrarily large since the Mass Distribution Principle yields
H/(K,;) > nand K, C By N A(Y).

5.2 Desired properties of K,

The construction of the Cantor set we present here is an adaptation of that given in
[1,5]. For ease of comparison we will generally adopt the notation used in [1].
Fix n > 1. Our Cantor set K,, will take the form

K, = ﬂ K(n)
n=1

where K(n) D K(n + 1). The fact that (X, d) is a locally compact metric space
guarantees that K, is non empty.

Each level K(n) of the Cantor set will be a union of balls and we will denote the
corresponding set of level n balls by K (n). For each ball B € K(n — 1) we will
construct an (n, B)-local level, henceforth denoted by K (n, B), which will consist of
balls contained in B. The set of level n balls, K (n), will then be defined by

K(n) := U K (n, B).

BeK (n—1)
Each (n, B)-local level will be constructed of local sub-levels and will take the form

lp
K(n, B):=|JK@®. B, i), (24)

i=1

where K (n, B, i) denotes the ith local sub-level and / g is the number of local sub-levels
forming K (n, B). What is more, each local sub-level will take the form

K. B.i)= | U ca@n. (25)

B'eG(n,B.i) (A;j)€K g pr

Here, G(n, B, i) will be a suitable collection of balls contained in B and, for each ball
B’ € G(n, B, i), K¢ p will be the corresponding finite collection whose existence is
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asserted by Lemma 5. The collections C(A; j) will be those arising from Lemma 6.
The set of pairs (A; j) included in (25) will be denoted by K (n, B, i). As such

K(n, B,i) = U Kg.p and K(n, B,i)= U C(A; j). (26)
B'€G(n,B.,i) (A;j)eK (n,B.i)

We will also require that K, satisfies the following properties.

The properties of levels and sub-levels of K,

(P0) K(1) = {Bo}.
(P1) Foranyn > 2 and B € K(n — 1) the balls

(3L: L € K(n, B))

are disjoint and contained in B.

(P2) Foranyn >2,B € K(n—1),andi € {1, ...,[p}, thelocal sub-level K (n, B, i)
is a finite union of some collections C(A; j) of balls satisfying properties (i)—(v)
of Lemma 6. Moreover, the balls 3A are disjoint and contained in B.

(P3) Foranyn >2,Be K(n—1),andi € {1,...,[p}, we have

Y VEAW) zcVEB)

(A; )€K (n,B.i)

where

1 2

c1\” cs
c6:=—|—) —.
2 (Cz) 7

The constants ¢1 and ¢; are those appearing in (2), c5 comes from Lemma 5 (iii),
A is the doubling constant associated with g, and c¢7 is a fixed constant such that

g(r(5B)) = ¢78(r(B))

for any ball B in X. Note that the existence of c7 is guaranteed by the doubling
property (1).

(P4) Foranyn > 2, B € Kn—1),i € {l,...,Ip — 1}, L € K(n, B,i), and
M e K(n, B,i + 1), we have

foedy g SeMD) o fed)

M .
JorMy) = === and )< = 250 (L)F
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(PS) The number of sub-levels is defined by

cn .
_— 1 fB = By:=K(
[CéHg(B)] R 0= K,

ZB = |: Vf(B)

m}‘Fl if B € K(n) withn > 2,

and lg > 2 for B € K(n) withn > 2.

5.3 Existence of K,

We now prove thatitis possible to constructaset K,, C BoNA(Y) satisfying properties
(P0)—(P5). To this end, let

[ [
K;(n, B) :=UK(n,B,i) and K;(n, B) ::Uk(n,B,i). (27)
i=1 i=1

Level 1 Let K(1) := By so (P0) holds.

All other levels of K, are defined inductively. Therefore, assume levels
K(1),...,K(n — 1) have been constructed. To construct the nth level, we need to
construct (n, B)-local levels for all balls B € K(n — 1).

Level n Fix B € K(n — 1) and let ¢ := &(B) be a small constant which will be
explicitly determined later. Let G be sufficiently large so Lemmas 5 and 6 can be
invoked. We may also assume that G is large enough that

) .
3g(r) ™ < W forall j > G, (28)
8(Y) <e¢ gr(B) forall j > G, (29)
Fx)) fr(B))
and r
[f( j)]zl forall j > G. (30)
c6g(Yj)

Here, cg is the constant appearing in (P3). Inequalities (28)—(30) are achievable since
f(r)/g(r) > occasr — 0.

Recall that the (n, B)-local level, K (n, B), consists of local sub-levels. These are
defined as follows.

Sub-level 1 For B and G as above let K¢, p be the collection of balls arising from
Lemma 5. We define the first sub-level of K (n, B) to be

Kn.B.):== | J c@.

(A;j)eKG.B
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Hence,

K(n,B,1)=Kgp and G(n, B,1) = {B).

Higher sub-levels The higher sub-levels are defined inductively. Suppose the
first [ sub-levels K(n, B, 1), ..., K(n, B,[) have been constructed and properties
(P1)—(P4) hold with / in place of /5. Since we require fairly stringent separation con-
ditions between balls in K,;, we first verify that there is “space” left over in B for the
sub-level K (n, B, + 1) after the first [ sub-levels, K (n, B, 1), ..., K(n, B, ), have
been constructed. Let

1

o._ !

AV = 2B\ | ] 4L.
LeK;(n,B)

We will show that
o 1 1
HEAY) > EHg EB . (€2))

Using (1), (2), and the upper bound for #C(A; j) given in (15), we obtain

nel J 4aL|= Y Hi@D

LeK;(n,B) LeK;(n,B)
< ) cgr@l)

LeK;(n,B)

(1
< Y gL

LeK;(n,B)

1
=>" ) e’g(r(L)

i=1 LeK(n,B,i)

I
=Y > crHC(A; je(T))

i=1(A;j)eK (n,B,i)

1 K
(15) Yi)\ =«
= czkzdz(f( ’)) (T

()

i=1 (A;j)eK (n,B.i)

I 1

—¢c )de Z Z f(Tj)I*K ) g(Tj)

T ~ ety OO
i=1(A;j)eK(n,B.i) J
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Recalling condition (29) and property (P2) we further see that

1
29 g(r(B))
HS ( U 4L) < 862K2d2~ 7 (B)) Z Z

LeK;(n,B) i

I
B -
= eczkzdz . 8(r(B)) Z Z g(Y1j)

f(r(B))

=1 (4;j)eK (n,B,i)

® oM g(r(B)) Xl: > HEA)

ct fr(B))

i=1(A; j)eK (n,B.i)

®2) A%dy  g(r(B))
< g .
- c f@r(B)
- cA*dy  g(r(B))
8 .
T f(r(B))
@ 8c§k2d2 . g(r(B))?
T f(r(B))

IHE(B)

(g — DH*(B)

(g —1).

To establish (31) we will show that

1 1
g s W7 N el
H ( l | 4L) < 2H (ZB).
LeK;(n,B)

By (2) we have

and by (1) we have

1B ! B
g(z >> g (B)).

Therefore it suffices to show that
1
8 4L — B)).
H ( U ) < 5,8 (B)
LeK;(n,B)
It follows from (32) that (33) is implied by

32> g(r(B))?
a frB)

(g — 1) < =g (r(B)).
2i

i=1 (A;j)eK (n,B.i)

(32)

(33)

(34)
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Taking

e(B) :=

C_1(C%K2d2 ~8(r(B))

-1
.\ ¢ f(r(B))(lB_l))

we see that (34) is satisfied and, thus, (33) and (31) both hold.
Next, observe that the quantity

dmin ;== min{r(L) : L € K;(n, B)}
is well-defined and positive since the collection K;(n, B) is finite. Let
A, B, 1) :={B(x, dmin) : x € AV},

By Lemma 3 there exists a disjoint subcollection G(n, B, [ + 1) of A(n, B,[) such
that

AVc | Bc lJ sB. (35)

B'eA(n,B,l) B'eG(n,B.,l+1)

Note that each element of the collection G(n, B, + 1) is a subset of B. Since the
balls in this collection are disjoint and all have the same radius, G(n, B, [ + 1) must
be finite. Furthermore, by our construction,

B'N ﬂ 3L = forany B’ € G(n, B, + 1). (36)
LeK;(n,B)

By (35) and (31) above we have

1 1
HS U 5B’ zHg(A(’))zzHg <§B). (37)
B'eG(n,B,l+1)

Since G(n, B, + 1) is a disjoint collection of balls we have the following

HE U sB'|= > HGB)
B’eG(n,B,l+1) B’eG(n,B,l+1)

2)
EXSRD DETeC) 0)

B'eG(n,B.,l+1)

< a7 Z g(r(B’))

B'eG(n,B.,l+1)
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2
22T geem)
€1 B’eG(n,B,l+1)

o
— %Hg U B’
c
! B'e€G(n, B,I+1)

Combining this with (37) from above implies

HE Uy 8= Hg(lB>. (38)

B'eG(n,B,l+1) 2267 2

Now, to construct the (I + 1)th sub-level K (n, B, 1+ 1), let G’ > G be sufficiently
large so that we can apply Lemmas 5 and 6 to each ball B’ € G(n, B, [+ 1). Moreover,
we assume that G’ is sufficiently large so that for every j > G’,

f(Tj)S%Lemin f(r(L)) and F) EAUCY) (39)

1
< — min .
K/(n,B) g(rj)* = 2 Lek(n,B) g(r(L))¥

Such a G’ exists since there are only finitely many balls in K;(n, B), Y; — 0 as
j — o0, and because f and f/g* are dimension functions.

To each ball B’ € G(n, B, + 1) we apply Lemma 5 to obtain a collection of balls
K¢’ pr. We then define

KmB.i+):= [J U cap.
B'€G(n,B.I+1) (A:j)eKg pr
Consequently,
Kn, B, l+1)= U Ko p .
B'€G(n,B,l+1)

As G' > G, properties (28)—(30) remain valid. We now verify that properties
(P1)—(P5) hold for this local sub-level.

To prove (P1) holds we first observe that it is satisfied for balls in
U(A;j)eKG/ , C(A; j) by the properties of C(A; j) and the fact that the balls in
Kg p are ’disjoint. The balls in K¢ g are by definition contained in B’ and the
balls B € G(n, B,[ + 1) are disjoint, therefore (P1) is satisfied for all balls L in
K(n, B,1 + 1). Last of all, combining this observation with (36) we can conclude
that (P1) is satisfied for all balls L in K;11(n, B). Property (P2) is satisfied for this
sub-level because of Lemma 5 (i) and (ii) and because the balls B’ € G(n, B, + 1)
are disjoint.
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We now prove that (P3) still holds for i = [ + 1. Recalling (2), we have

Y Vi = ) Y Vi@

(A;))eK (n,B,1+1) B'eG(n,B,I+1) (A;j)eKg g

%) 1 > > HEA).

c .
B'eG(n.BI+1) (A:j)eKqr pr

Combining this with Lemma 5 (iii) and the fact that the balls in G(n, B, + 1) are
disjoint, we see that

> VE(A) = - > esHE(B)

z 2
(A;j)eK (n,B,I+1) B'eG(n,B,l+1)

— C_ng U B’

€2 B’eG(n,B,l+1)
38 1 c
= 5 2HE(3B)
2coc7 ¢
2 c1 c5
> =18 (r(3B))

— 2cpc7 ¢
M 1 (c1\%cs
> — (L) 2B
= (cz) C7g(r( )
=ccVE(B).

Property (P4) is satisfied because of (39). Finally, property (PS), that /;, > 2 for any
ball L in K(n, B, [ + 1), follows from (30).

Therefore properties (P1)—(P5) are satisfied up to the local sub-level K (n, B, [ + 1).
This establishes the existence of the local level K (n, B) = Kj,(n, B) for each
B € K (n—1). This then establishes the existence of the nthlevel K (n) (and also K(n)).

5.4 The measure £ on K,

In what follows we adopt the notation:

L

PE

h =

oo

We now define our measure on K, which we will eventually see satisfies (23). For
each level we distribute mass according to the following rules.

When n = 1 we have that L = By := K(1) and let u(L) := 1.

For balls in K (n), with n > 2, we distribute mass inductively. Therefore, let n > 2
and suppose 1 (B) is defined foreach B € K(n—1). Let L be aballin K (n). Since the
balls in K (n — 1) are disjoint there is a unique ball B € K (n — 1) satisfying L C B.
By (24), (26) and (27), we know that
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Km.B):= ) c@.

(A;))eKiy (n,B)

Therefore, L is contained in one of the collections C(A’; j') appearing in the above
union. We define the mass on L to be

(L) ! )T (B)
" = — X — X u(B).
#C(A'; ) Z(A;j)GEIB(H’B) h(Y ;)T

This quantity is well-defined in light of the preceding comment.

Proceeding inductively we see that u is defined for each ball appearing in the con-
struction of K. We can extend u uniquely in a standard way to all Borel subsets of X
to give a probability measure 1 supported on K, (see, for example, [9, Proposition 1.7]
for further details). Given a Borel subset of X, say F, we let

p(F) = u(FNKy) =inf Y p(l).
LeC(F)

where the infimum is taken over all covers C(F) of F N K, by balls L € |J K (n).
neN
Let us conclude this section by observing that for any L € K (n) we have

n(L) <

e
h(Tj/)I*K _ x W(B)

— X
SO\ T=¢ o N T=—x
di (W]’)) 2o 4; Ry on,8) (L))

- L) —— X W(B). (40)
di Z(A;j)EE[B(n,B) h(Yj)T=x

This follows from (15) and the definition of /.

5.5 The measure of a ball in the Cantor set construction

Our ultimate goal is to prove that (23) is satisfied for any ball D of sufficiently small
radius. Moving towards that goal, we first prove that

n(l) < (41)

V(L)
n

for any ball L € K(n) for n > 2. We start with n = 2 and then tackle higher levels
of the Cantor set by induction. Let us fix a ball L € K(2) = K(2, By). Now, let
(A j) € Ky, (2, Bo) be such that L € C(A’; j"). Using the upper bound given by
(40), the definition of u, and the fact that w(Bg) = 1, we obtain
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QD)

1
dy Z h('r/') 1—k
(A:j)GKlBO (2,B0)

n(L) = (42)

Using properties (P3) and (P5) of the Cantor set construction we obtain

Yo k=Y VR4

(A:))eKiy, (2.Bo) (A: )€Ky, (2.Bo)
ZBO

= Z Z VE(A)

i=1 (A;j)eK (2.Bo.i)

®3) Lo

> ) ccVE(Bo)
i=1

= Ip,c6 V¥ (Bo)

2) C
> 15, —>H* (By)
(&)

(Ps) c c
> 20 Sps(py) = .
c6HS (Bo) 2

Combining this estimate with (42), and observing that f(Y;) = VI(L), we
obtain (41) as required.

We now consider n > 2. Assume that (41) holds for all balls in K(n — 1). Let
L be an arbitrary ball in K (n) and let B € K(n — 1) be the unique ball such that
L € K (n, B). Moreover, suppose (A’; j') € EIB (n, B) is the unique (A’; j') such
that L € C(A’; j’). By (40) and our induction hypothesis we have

f() 5 V/(B)
n

n(l) <

— (43)
A2 (a:jyekiy .8y ML T

Bounding the denominator of (43) we have
1 IB
D hOpTE=30 3 VE@
(A; j)eKiy (n, B) i=1(A;j/)eK(n,B,i)
Ip
(P3)
> Y c6VE(B)

i=1

=IpceVE(B)
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®5) v/ (B)
~ cV8(B)
=v/(B). (44)

c6VE(B)

Combining (43) and (44) we see that (41) holds for L. By induction (41) holds for all
L € K(n) forn > 2.

5.6 The measure of an arbitrary ball

Let ro := min{r(B) : B € K(2)} and take an arbitrary ball D such that r(D) < ry.
To conclude our proof of Theorem 1 it suffices to prove (23) for D, that is we wish to
show that

v/ (D)
w(D) « —

where the implied constant is independent of D and 5. To prove this bound we will
make use of the following lemma from [5]. This statement was originally (implicitly)
proved in the setting of Euclidean space equipped with the usual metric. With virtually
no change required to the proof, the same statement holds in an arbitrary metric space.

Lemma?7 Let A := B(xa,7ra) and M := B(xpy, ry) be arbitrary balls in a metric
space (X, d) suchthat ANM # @ and A\(cM) # O for some c > 3. Thenry < ra
and cM C 5A.

Recall that our measure u is supported on K, and we proved in the previous section
that it satisfies the above inequality whenever D is a ball in our Cantor set construction.
Consquently, without loss of generality, we may assume that D satisfies the following
two properties:

e DNK, #¥;
e for every n large enough D intersects at least two balls in K (n).

If DNK,, = @then u(D) = 0 since u is supported on K,,. If the second assumption
were false then D would intersect exactly one ball, say L,,, at level n; for infinitely
many i € N. Then, by (41), we would have (D) < u(L,;) — 0asi — oo. So, if
either of the above two assumptions fail we have u(D) = 0 and (23) holds trivially.

By these two assumptions there exists a well-defined maximal integer n such that

D intersects at least 2 balls from K (n) 45)
and
D intersects only one ball B from K (n — 1).

Since ro = min{r(B) : B € K(2)} it follows thatn > 2. Suppose B € K(n — 1) is
the unique ball which has non-empty intersection with D, then we may also assume that
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r(D) < r(B). To see why, suppose otherwise that 7(B) < r(D). Since DN K, C B
and f is increasing, it would follow from (41) that

VIB) _ fB) _ fr(D) V(D)
nooT n’

u(D) < n(B) K

and (23) would be satisfied.
Note that, since K (n, B) forms a cover of D N K,,, we have

Ip
MIOESY > (L)

i=1 LeK(n,B,i):LND#Y

5 5D SR T

i=1 (A;j)eK(n,B,i) LeC(A;))
LOD#p

Ip .
(41) Vi)
&y ¥ oy e o
i=1 (A;j)eK(n,B,i) LeC(A;)) 1
LOD#Y

The remainder of the proof of Theorem 1 will be concerned with showing that (46)
is suitably bounded. In order to perform this task, it is useful to partition sub-levels
into the following cases:

Case 1 Sub-levels K (n, B, i) for which

#{Le€ K(n,B,i): LND # @} =1.
Case 2 Sub-levels K (n, B, i) for which

#{Le K(n,B,i):LND # ¥} >2 and
#{(A; j) € I?(n,B,i) with DN L # @ forsome L € C(A; j)} > 2.

Case 3 Sub-levels K (n, B, i) for which

#{LeKmn B,i):LND#P >2 and
#{(A; j) € K(n, B, i) with DN L # @ for some L € C(A; j)} = 1.

Technically we should also consider those sub-levels K(n, B,i) for which
#{L € K(n,B,i) : LN D # (¢} = 0. However, these sub-levels make no contri-
bution to the sum on the right-hand side of (46) and can therefore be omitted.
Dealing with Case 1 Let K (n, B, i*) be the first sub-level whose intersection with D is
described by Case 1. There is a unique ball L* in K (n, B, i*) satisfying L* N D # §.
We know by (45) that there exists another ball M € K (n, B) such that M N D # (.
Moreover, we also know that 3L*N3M = ( by property (P1). Therefore D\3L* #
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and so, applying Lemma 7, we have r(L*) < r(D). Consequently, since f is a
dimension function and hence increasing,

viwr < v/ (D). (47)

Using property (P4) we know that fori € {i* +1,...,Ig} and L € K(n, B, i), we
have

VIL) = fr@) <2700 ferwry) =27 v,

Combining this inequality with (47), we see that the contribution to the right-hand
side of (46) from Case 1 is:

Y % Vi <3 20- ,*)vf<L*> Vi L vim)

ieCasel LeK(n,B,i) N n n
LND#(

i>i*

(48)

Dealing with Case 2 Let K(n, B,i) be a sub-level whose intersection with D is
described by Case 2. Thus, there exist distinct balls (A; j) and (A’; j') in I?(n, B,i),
and corresponding balls L € C(A; j) and L’ € C(A’; j') satisfying L N D # ¢ and
L'ND #@.Since LC Aand L’ C A’ wehave AN D # @and A’ N D # @. By
property (P2) of our construction we know that the the balls 3A and 3A’ are disjoint
and contained in B. Therefore D\3A # { and, applying Lemma 7, we see that
r(A) < r(D)and A C 3A C 5D. By the same reasoning we also have A’ C 34’ C
5D. Hence, on using (15) we get that the contribution to the right-hand side of (46)
from Case 2 is estimated as follows

S S i R

ieCase2 (A; j)EK(I’l B.i) LeC(A 7 " ieCase 2 (A;j)eE(n,B i)
ACS5D

D#)
(1s) f(T,-))lfK )
<2 X (g(T,»)

ieCase 2 (A;j)e[?(n,B,i) n
AC5D

S
> oy et

i€Case2 (A;j)eK(n.B.i) g(Yj)T== n
AC5D

for)TE )ﬁ I
> X .

ieCase2 (4; j)el((n B.i) g(T )] -
AC5D

> oy =7

ieCase 2 (A;j)e]?(n,B,i) 7
AC5D
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It follows upon combining this estimate with (1), (2), and the disjointness of balls
in K (n, B, i) guaranteed by property (P2), that

DD YD MRACE S35 SN SE

ieCase 2 (A: )R (n.B.i) LeC(A M T i eCase 2 (A;))eK (n,B.i)
D##h ACSD
@2 1
SF I IV
n ieCase 2 (A:j)eK (n,B.i)
ACS5D

1

< - Z HS(5D)
n ieCase 2

@ 1
L= Y V(5D

ieCase 2

M1

L= > VD)
ieCase 2

1
< —IpV8(D).
n

Finally, it follows from the above estimate together with property (P5) that

viiy®s1 (vIi(B
3 3 > ( )<<—<Vg§B)))Vg(D)
ieCase 2 (A;j)eK (n,B.i) Lec(f;éé) g 7

1 v/(D) .
< ;WV (D)
_ViD)

n

(49)

To deduce the penultimate inequality we used the facts that f/g is decreasing and
r(D) < r(B).

Dealing with Case 3 For each sub-level i whose intersection with D is described by
Case 3 there exists a unique (A;; ji) € K (n, B, i) such that D has non-empty inter-
section with balls in C(A;; j;). Let K(n, B, i**) denote the first sub-level described
by Case 3. There exists a ball L** in K (n, B, i**) such that L** N D # (. By the
assumption in (45) there must exist another ball M € K (n, B) such that M N D # (.
It follows from property (P1) that 3L** and 3M are disjoint and so D\3L** # (.
Applying Lemma 7, we have that r(L**) < r(D). As h is a dimension function it
follows that

h(r(L™)) < h(r(D)). (50)
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By property (P4) we know that for any i € {i** +1,...,/p} and L € K(n, B, i) we
have o
h(r(L)) =277 h(r (L)) (51

Recall that, by Lemma 6, each L € C(4;; j;) is centred on Fj,. Combining this fact
with the LSP, the relations given by (2), and the fact that the elements of C(A;; j;) are
disjoint, by straightforward measure theoretic considerations we have the following

estimate 1
g(Yj) ~“gr(D))*

g(Tj)

Therefore, the contribution to the right-hand side of (46) from Case 3 can be bounded
above as follows:

V(L) Vi)
<
D R
ieCase3 (A;j)eK (n,B.i) LeC(A;)) ieCase3 LeC(A;;ji)
LND#D LND#

-y oy

ieCase 3 LeC(A;:ji)
LND#}

(52) g(X) ™ g(r(D)YC  f(T})
< x
ie§se3 g(Tji) n
_ g(r(D))" F (X5
B N ieCXas:e3 g(Tji)K
_ g(r(D))K Z h(Y;)
= — Ji

ieCase 3

5 D))* IQ
% 8 ( ) 3 (jiws)

FEE
n

< ,8r (D))"

#HL eC(A;i; ji): LND # 0} K (52)

[>i%F

R(Cjun).

Recalling (50) and noting that Y., = r(L**), we observe that

f K
Z Z Z V(L) <« 2g(r(nD)) h(r(D))

ieCase 3 (A;j)eE(n,B,i) LeC(A;)) "
LOD A}

;
_,fe®) VD)
n n

(53)

Combining estimates (48), (49) and (53) with (46) gives u(D) <K @, thus prov-
ing (23) as desired. This completes the proof of Theorem 1.
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6 An application of Theorem 1: random lim sup sets

In this section we give an application of Theorem 1 to the study of random lim sup sets,
which is a classical topic of interest within Probability Theory. We refer the reader to
[14] and the references therein for more on this problem.

We start by imposing the additional assumptions that (X, d) is a compact metric
space and g(r) := r® for some s > 0. By rescaling if necessary, we may assume
without loss of generality that H*(X) = 1. Let (F;) jen be a sequence of sets satisfying
the LSP withrespecttosome 0 < « < 1. Assume that we are given a set of isometries ®
that are chosen randomly according to some law P. Given a sequence of non-negative
real numbers T := (Y1) ;en and a randomly chosen sequence (¢;) jeN € oV, we
define the corresponding random lim sup set as follows:

A((Pj), T) := {x € A(¢;(F;), ;) for infinitely many j € N}.

We are interested in determining the P-almost sure Hausdorff dimension and Haus-
dorff measure of A((¢;), T). When (F}) jen is a sequence of points, then the P-almost
sure Hausdorff dimension and Hausdorff measure of A((¢;), T) is well understood.
When (F;)jen is a more exotic sequence of sets, the problem of determining the
P-almost sure metric properties of A((¢;), YT) is more difficult. That being said, in
the Euclidean setting a comprehensive description of the P-almost sure metric prop-
erties of A((¢;), ) is given in [11]. See also [15] and [20]. Our application below
holds in the more general metric space setting and also provides an alternative proof
for some of the important results appearing in [11]. In what follows we assume that PP
satisfies the following properties:

e Forany j € Nand § > 0 sufficiently small:
P(x € A(¢;(Fj), 8)) = H'(A(F}, 8)). (54)

e For any sequence (J;) jen of sufficiently small numbers, we have that the sequence
of events (Ej)?il = ({x € A(¢;(F)), Sj)})j?ozl are independent, i.e. for any finite
set S C N we have

P rj E;j Z:I_[P(Ej)

jes jes

The main result of this section is Theorem 2 below. For convenience it is stated for
(Y})jen of the form (j~7) jen, although it holds in greater generality. To prove this
theorem we will make use of the following well known result from Probability Theory
known as the Second Borel-Cantelli Lemma, see [8].

Lemma 8 (Second Borel-Cantelli Lemma) Let (X, A, i) be a probability space. Let
(E;)jen be an independent sequence of events such that Z?ozl w(Ej) = oo, then
p(imsup;_, o, Ej) = 1.
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Theorem 2 Let (X, d), @, and P be as above. Suppose (F}) jen satisfies the LSP with
respect to some 0 < k < landlett > S_l7 Then, for P-almost every (¢;) jeN € oN,
we have

1
dimu(A((¢)), (7)) = ks + - and HEHT(A(@)), (G75)) = oo

Proof It follows from the LSP that for any j € N and § > 0 sufficiently small we have

H (A(F;, 8)) = 8%, (55)

. T(ks—t)

Using the notation of Sect. 4, we see that when f(r) = r’ we have 0% o= e
When t = ks + 1/t we have

oo o o
Sy 04 =\ 59 .
D P(x e Algi(F). 1)) = Y HI(AF;, 1)) = Y j ' =oc.
j=1 j=1 j=1
Applying Lemma 8, we may assert that for a fixed x € X we have

P(x € A((¢j), 7)) = 1.

Applying Fubini’s Theorem, we obtain that for P-almost every (¢;) jen € oY we
have ~
H (A((9)), 1) =1, (56)

i.e. our random lim sup set has full measure. Equation (56) tells us that for almost
every (¢j)jeN € ®N the assumptions of Theorem 1 are satisfied. Therefore, we may
apply Theorem 1 and conclude that for almost every (¢;) jen € ®N we have

HSTT(AWP)), (G75))) = o0,

since we assumed that H*(X) = l and ks + 1/7 < s.

To complete our proof, it suffices to show that H’(A((qu), G75)) = 0 for
any (¢j)jen € oN and t > ks + 1/z. Therefore fix (¢;)jen € oN. Apply-
ing the 5r-Covering Lemma (Lemma 3) we may construct for each j € N a
finite disjoint collection of balls {B(x; j, j~")}iey; such that {B(x;;,5j “}iey;
covers A(¢(Fj), j~"). Notice that the collection {B(x;,j, 5] "}ey;. j=nN covers
A((¢;), (j7F)) forany N e N. Furthermore, combining (2) and (55) we see that

HS(A(qu(Fj)’jfr)) _ j—r(s—lcs) ks

BY; < = ™ (57)

—1s i—Ts
J

Taking p > 0,& > Oand ¢t > «s+ 1/7, we may choose N sufficiently large such that

. n &
H;(A(((ﬁ/), (]_T))) < Z Z(Sj_f)t P 5! Z jTKS—T[ <

j=NleY; Jj=N
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Since ¢ and p were arbitrary we may deduce that H' (A ((¢), (j~7))) = 0 asrequired.
Therefore, for P-almost every (¢;) jeN € ®N, we have

1
dimu (A (@), (7)) = ks + -

O
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