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ABSTRACT

In this paper we establish a general form of the mass transference principle for
systems of linear forms conjectured in 2009. We also present a number of applications
of this result to problems in Diophantine approximation. These include a general
transference of Lebesgue measure Khintchine—Groshev type theorems to Hausdorff
measure statements. The statements we obtain are applicable in both the homogeneous
and inhomogeneous settings as well as allowing transference under any additional
constraints on approximating integer points. In particular, we establish Hausdorff
measure counterparts of some Khintchine-Groshev type theorems with primitivity
constraints recently proved by Dani, Laurent and Nogueira.

1. Introduction

The main goal of this paper is to settle a problem posed in | | regarding the mass
transference principle, a technique in geometric measure theory that was originally discovered
in | | having primarily been motivated by applications in metric number theory. To some
extent the present work is also driven by such applications.

To begin with, recall that the sets of interest in metric number theory often arise as the
upper limit of a sequence of ‘elementary’ sets, such as balls, and satisfy elegant zero-one laws.

Recall that if (E;);en is a sequence of sets then the upper limit or limsup of this sequence is
defined as

limsup F; : = {x : x € E; for infinitely many i € N}
1—> 00
-AUs
neNizn

These zero-one laws usually involve simple criteria, typically the convergence or divergence of a
certain sum, for determining whether the measure of the limsup set is zero or one. To give an
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A MASS TRANSFERENCE PRINCIPLE FOR SYSTEMS OF LINEAR FORMS

example, consider Khintchine’s classical theorem | | that deals with the set () of z € [0, 1]
such that

lgz — p| < ¥(q) (1)

holds for infinitely many (p, q) € Z x N. Clearly, IC(¢)) is the lim sup set of the intervals defined
by (1), which are the ‘elementary’ sets in this setting. Khintchine proved that for any arithmetic
function ¢ : N — Rt := [0, +00) such that ¢i(q) is monotonic the Lebesgue measure of K (1)) is
zERO if 3702 ¥(q) < 0o and ONE otherwise.

Around 1930, Jarnik and Besicovitch both independently considered the size of K(1)) using
Hausdorff measures and dimension, thus proving results enabling us to see the difference between
sets IC(¢) indistinguishable by Khintchine’s result. For example, the Jarnik—Besicovitch theorem
says that the Hausdorff dimension of K(q + ¢7") is 2/(v + 1) for v > 1.

Over time the findings of Khintchine, Jarnik and Besicovitch have been sharpened and
generalised in numerous ways, including to involve problems concerning systems of linear forms.
The theories for the ambient measure and Hausdorff measures had been evolving relatively
separately until the discovery of the so-called mass transference principle | |. This is a
technique that enables one to easily obtain Hausdorff measure statements from a priori less
general Lebesgue measure statements.

Let f be a dimension function and let H/(-) denote Hausdorff f-measure (see §3.1 for
definitions). Given a ball B := B(z,r) in R¥ of radius r centred at z, let B := B(xz, f(r)'/*).
When f(x) = x° for some s > 0 we will denote B/ by B*. In particular, we always have that
B¥ = B. The following statement is the main result of | |.

MASS TRANSFERENCE PRINCIPLE. Let {B;};en be a sequence of balls in R* with r(B;) — 0 as
j — o0o. Let f be a dimension function such that x~" f(x) is monotonic. Suppose that, for any
ball B in R¥,

HE (B N lim sup Bf) =H*(B).

Jj—>o0
Then, for any ball B in R¥,
HI (B N lim sup Bf) =1/ (B).

j—o00

The original mass transference principle | | stated above is a result regarding lim sup
sets which arise from sequences of balls. For the sake of completeness, we remark here that
recently some progress has been made towards extending the mass transference principle to deal
with lim sup sets defined by sequences of rectangles | |. In this paper, we will be dealing
with the extension of the mass transference principle in the setting where we are interested in
approximation by planes. This is not a new direction of research. Indeed, such an extension has
already been obtained in | |. However, the mass transference principle result of | |
carries some technical conditions which arise as a consequence of the ‘slicing’ technique that was
used for the proof. These conditions were conjectured to be unnecessary and verifying that this
is indeed the case is the main purpose of this paper.

Let k,m > 1 and [ > 0 be integers such that £ = m + [. Let R := (R;)jen be a family of
planes in R¥ of common dimension [. For every j € N and § > 0, define

A(Rj,9) == {x € R* : dist(x, R;) < 6},

where dist(x, R;) = inf{||x — y|| : y € R;} and || - || is any fixed norm on R*.
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D. ALLEN AND V. BERESNEVICH

Let Y :N — R: j+— T; be a non-negative real-valued function on N such that T; — 0 as
J — oo. Consider

A(Y) := {x € R*: x € A(R;,Y;) for infinitely many j € N}.
In | |, the following was established.

THEOREM BV1. Let R and Y be as given above. Let V be a linear subspace of RF such that
dimV =m = codim R,

(i) VN R;j # 0 for all j € N; and
(ii) sup;eydiam(V NA(R;,1)) < oo.

Let f and g : v — g(r) := r~'f(r) be dimension functions such that =% f(r) is monotonic and
let Q be a ball in R*. Suppose that, for any ball B in €,

HI(BNA(g(D)™) = HE(B).

Then, for any ball B in €,
H/ (BN A(T)) =H/(B).

Remark. In the case that | = 0 and Q = R*, Theorem BV1 coincides with the mass transference
principle stated above.

The conditions (i) and (ii) in Theorem BV1 arise as a consequence of the particular proof
strategy employed in | |. However, it was conjectured | , Conjecture E] that
Theorem BV1 should be true without conditions (i) and (ii). By adopting a different proof
strategy (one similar to that used to prove the mass transference principle in | | rather than
‘slicing’) we are able to remove conditions (i) and (ii) and, consequently, prove the following.

THEOREM 1. 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 Q be a ball in R¥. Suppose that, for any ball
B in Q,

HE(B O A(g(T)/™)) = HH(B). 2)

Then, for any ball B in €,
HY (BN A(Y)) = H/(B).

At first glance, conditions (i) and (ii) in Theorem BV1 do not seem particularly restrictive.
Indeed, there are a number of interesting consequences of this theorem, see | , |
However, in the following section we present applications of Theorem 1 which may well be out
of reach when using Theorem BV1. In §3 and §4 we establish necessary preliminaries and some
auxiliary lemmas before presenting the full proof of Theorem 1 in §5.

2. Some applications of Theorem 1

In this section we highlight merely a few applications of Theorem 1 which we hope give an idea of
the breadth of its consequences. In § 2.1 we show that, using Theorem 1, with relative ease we are
able to remove the last remaining monotonicity condition from a Hausdorff measure analogue of
the classical Khintchine—Groshev theorem. We also show how the same outcome may be achieved,
albeit with a somewhat longer proof, by using Theorem BV1 instead of Theorem 1. In §2.2 we
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A MASS TRANSFERENCE PRINCIPLE FOR SYSTEMS OF LINEAR FORMS

obtain a Hausdorff measure analogue of the inhomogeneous version of the Khintchine-Groshev

theorem.
In §2.3 we present Hausdorff measure analogues of some recent results of Dani, Laurent
and Nogueira | |. They have established Khintchine-Groshev type statements in which

the approximating points (p,q) are subject to certain primitivity conditions. We obtain the
corresponding Hausdorff measure results. On the way to realising some of the results outlined
above, in §2.2 and § 2.3 we develop several more general statements which reformulate Theorem 1
in terms of transferring Lebesgue measure statements to Hausdorff measure statements for very
general sets of U-approximable points (see Theorems 4, 5 and 6). The recurring theme throughout
this section is that, given more-or-less any Khintchine-Groshev type statement, Theorem 1 can
be used to establish the corresponding Hausdorff measure result.

2.1 The Khintchine—Groshev theorem for Hausdorff measures
Let n > 1 and m > 1 be integers. Denote by 1" the unit cube [0, 1] in R™”. Throughout this

section we consider R™ equipped with the norm | - || : R™ — R defined as follows:
= 3
Il = v s e )
where x = (x1,...,X;,) with each x; representing a column vector in R" for 1 < /¢ < m, and |- |2

is the usual Euclidean norm on R™. The role of the norm (3) will become apparent soon, namely
through the proof of Theorem 2 below.
Given a function ¢ : N - R™ let A, () denote the set of x € I"™ such that

lax + p| < ¥(|q])

for infinitely many (p,q) € Z™ x Z"\{0}. Here, | - | denotes the supremum norm, x = (z;) is
regarded as an n X m matrix and q and p are regarded as a row vectors. Thus, qx represents a
point in R™ given by the system

Qe+ e (1<<m)

of m real linear forms in n variables. We will say that the points in A, ,,, (1)) are ¢-approximable.
That A, ,,, (1)) satisfies an elegant zero-one law in terms of nm-dimensional Lebesgue measure
when the function 1 is monotonic is the content of the classical Khintchine—Groshev theorem.
We opt to state here a modern version of this result which is best possible (see | D.

In what follows | X| will denote the k-dimensional Lebesgue measure of X C R*.

THEOREM BV2. Let ¢ : N — R* be an approximating function and let nm > 1. Then

0 if > ¢"Mp(g)™ < o0,

A ()] = .

1if Y g ()™ = 0.
q=1

The earliest versions of this theorem were due to Khintchine and Groshev and included
various extra constraints including monotonicity of 1. A famous counterexample constructed by
Duffin and Schaeffer | | shows that, while Theorem BV2 also holds when m =n =1 and 1 is
monotonic, the monotonicity condition cannot be removed when m = n = 1 and so it is natural
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to exclude this situation by letting nm > 1. In the latter case, the monotonicity condition has
been removed completely, leaving Theorem BV2. That monotonicity may be removed in the case
n =1 is due to a result of Gallagher and in the case where n > 2 it is a consequence of a result

due to Schmidt. For further details we refer the reader to | | and references therein. The
final unnecessary monotonicity condition to be removed was the n = 2 case. Formally stated as
Conjecture A in | |, this case was resolved in | |.

Regarding the Hausdorff measure theory we shall show the following.

THEOREM 2. Let v : N — R™ be any approximating function and let nm > 1. Let f and
g:1r— g(r) :=r ™= f(r) be dimension functions such that r—™"™f(r) is monotonic. Then,

0 if Zq"+mlg<w) < 00,
q=1 a

wr ™y it an+m—lg(q ) -
=1 q
q
Theorem 2 is not entirely new and was in fact previously obtained in | | via

Theorem BV1 subject to ¥ being monotonic in the case that n = 2. The deduction there was
relying on a theorem of Sprindzuk rather than Theorem BV2 (which is what we shall use). In
fact, with several additional assumptions imposed on % and f, the result was first obtained by
Dickinson and Velani | |. Indeed, the proof of the convergence case of Theorem 2 makes use
of standard covering arguments that, with little adjustment, can be drawn from | |.

In what follows we shall give two proofs for the divergence case of Theorem 2, one using
Theorem BV1 and the other using Theorem 1. The reason for this is to show the advantage of
using Theorem 1 on the one hand, and to explicitly exhibit obstacles in using Theorem BV1
in other settings on the other hand. In the proofs we will use the following notation. For
(p,q) € Z™ x Z™\{0} let

Rpq:={xeR" :qx+p =0}

Note that, throughout the proofs of Theorem 2, (p, q) will play the role of the index j appearing
in Theorem BV1 and Theorem 1. Also note that for 6 > 0 we have

A(Rpq,0) = {x € R" : dist(x, Rp q) < 0},

where

inf |x —z|| = vrlax +p|

z€Rp q |CI‘2
We note that if ¢(r) > 1 for infinitely many r € N, then A, ,,, (1)) = I and the divergence
case of Theorem 2 is trivial. Hence, without loss of generality we may assume that ¢(r) < 1 for
all » € N. First we show how

dist(x, Rp q)

Theorem BV1 and Theorem BV2 imply the divergence case of Theorem 2. (4)

Proof. Recall that
Z qn+mlg<w(Q)> = 00. (5)
q=1 q

To use Theorem BV1 we have to restrict the approximating integer points q in order to meet
conditions (i) and (ii) of Theorem BV1. We will use the same idea as in | |; namely, we will
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impose the requirement that |q| = |¢x| for a fixed K € {1,...,n}. Sprindzuk’s theorem that is
used in | | allows for the introduction of this requirement almost instantly. Unfortunately,
this is not the case when one is using Theorem BV2 and hence we will need a new argument.
For each 1 < i < n define the auxiliary functions ¥; : Z"\{0} — R* by setting

() - {¢D i Jal = ol

otherwise.
In what follows, similarly to A, (1), we consider sets A, ,, (V) of points x € I such that

lax + p| < ¥(q)

for infinitely many pairs (p,q) € Z™ x Z"\{0}, where ¥ : Z"\{0} — RT is a multivariable
function. Since, by definition, ¥;(q) < v (|q|) for each 1 <i < n and each q € Z™\{0}, it follows
that

A (V) C Ap (1)  for each 1 <i < n. (6)

By (6), to complete the proof of (4), it is sufficient to show that
H (A (Tg)) = H(I"™)  for some 1 < K < n. (7)
Without loss of generality we will assume that K = 1. Define

S={(p,q) € Z" x Z"\{0} : [q| = |:| and |p[ < M|q]},

M= max{Qn,sup 2g(¢(r))l/m}. (8)

reN v r

where

Note that, since g is increasing and 1 (r) < 1, the constant M is finite. Let Tp q := ¥1(q)/|q]
for each (p,q) € S. The purpose for introducing this auxiliary set S will become apparent later.
Now, for each (p,q) € S,

)\
A(Bp.q Tpa) NI = {x e, Vilax+pl _ ¥i(q) }

lql2 Iq|

lal2¥1(q)

=qxel":|jgx+p| < —F— 1=
{ Vilq|
C{xel™:|gx+p| < ¥i(q)},
since |q|2 < v/n|q]. It follows that A(T) NI C A, ,, (V1) C I"™, where

A(T) =limsup A(Rpq. Tp.q)
(p,a)es

and, in taking this limit, (p,q) € S can be arranged in any order. Therefore, (7) will follow on
showing that
HI(A(Y) NI = 1F (1. (9)

Showing (9) will rely on Theorem BV1. First of all observe that conditions (i) and (ii) are met
with the m-dimensional subspace

Vi={x=(x1,%x2,...,%Xm) ER"™ :zyy=0forall{=1,... mandi=2,...,n}.
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Indeed, regarding condition (i), we have that Rp q NV consists of the single element

b P2 _DPm
a g @ a
0 0 0 |
0 0 0

and so is non-empty. Regarding condition (ii), for (p,q) € S we have that
VNA(Rpqg 1) ={xeV :dist(x,Rpq) <1}
:{XGV Vilax +p| _ }

|C1|2

nlqx
:{XGanZ max M<1andzi520fori#l}
1<f<m lal2
C{XGR”m:maX :Irlg—i— <1anda:,;(g:0fori7é1}
1<l<m Q1

since |¢1| = |q| and |q|2 < v/n|q|. Hence diam(V N A(Rp,q,1)) < 2 and we are done.
Now let § : N — R* be given by

0(r) \;’ﬁg(z/}ir))l/m

and, for each 1 <i < n, let ©; : Z"\{0} — R* be given by

, 1/m : — g
0,(q) = Mg<%(q)) _ {g(|Q|) if |a| = |ail,

vn la] otherwise.

Similarly to (6), we have that A, ,,,(©;) C A, m(0) for each 1 < i < n. Furthermore,

n

Anp.m(0) = U Apm(0;). (10)

Indeed, the ‘D’ inclusion follows from the above. To show the converse, note that for any x €
Apm(0) the inequality |gx + p| < 6(|q|) is satisfied for infinitely many (p,q) € Z™ x Z™\{0}.
Clearly, for each q € Z™\{0} we have that 6(|q|) = ©;(q) for some 1 < i < n. Therefore, there
is a fixed ¢ € {1,...,n} such that |gx + p| < 0(|q|) = ©,(q) is satisfied for infinitely many
(p,q) € Z™ x Z™\{0}. This means that x € A, ,,,(©;) for some 4, thus verifying (10).

Next, observe that, by (5), the sum

o0

o -5 (40) L

diverges. Therefore, by Theorem BV2, we have that |A,, ,,,(#)| = 1. Hence, by (10), there exists
some 1 < K < n such that | A, ., (k)| > 0. By the zero-one law of | , Theorem 1], we know
that [Apm(Ok)| € {0,1}. Hence,

S

[Anm(Ok)| = 1.
Without loss of generality we will suppose that K = 1, the same as in (7).
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Now, using the fact that |q| < |qle, for (p,q) € S we have that

U 1/m
A(Rp,q,g('rp,q)l/m) AT — {X c mm . \/ﬁ\qx+p| < g< 1(Q)> }

ldl2 lq]
o |l <\v1<q>)1/M}
=qxel™:|lgx+p| < —=yg
{ [+ el < 29 g
al <w1<q>>1/7“}
ODxel™ :|lgx+p| < —g
{ | | Vn lq|
={xel":|gx+p| < O1(q)}.

Furthermore, observe that if {x € I"" : [qx+p| < ©1(q)} # ¥, then |p| < M|q| and so (p,q) € S.

Therefore,
An.m(01) € A(g(D)Y™)y N1 C T,

In particular, |A(g(Y)Y/™)N1""| = 1 and so for any ball B C I we have that H™™(A(g(Y)"/™)
N B) = H"(B). Hence, we may apply Theorem BV1 with £k = nm, [ = m(n — 1) and m to
conclude that, for any ball B C I"™, we have H/(B N A(Y)) = H#/(B). In particular, H/(A(Y)
N1™"™) = H/(I"™) and the proof is thus complete. O

We now show how

Theorem 1 and Theorem BV2 imply the divergence case of Theorem 2. (11)

Proof. As before, we are given the divergence condition (5). For each pair (p,q) € Z™ x Z"\{0}
with |p| < M|q|, where M is given by (8), let

¥(lal)

Rpq ={xeR":qx+p=0} and Ypq:= al
q

For such pairs (p,q) we have that

A(Rp,q, Tp,q) NI = {X el \/m]q(i - < w‘((’l(‘]’)}
2

C{x el :|gx+p| <¢(al)}

since |ql2 < v/n|q|. Therefore
A(T) NI C Ay, () C I,

where the lim sup is taken over (p,q) € Z™ x Z"\{0} with |p| < M|q|.
Consequently, if we could show that H/(A(Y) N I"™) = H/(I"™) the divergence part of

Theorem 2 would follow.
Define 6 : N — R by
0(r) = . o(r) Hm
B \/ﬁg r

and note that

1/m
Alfipag(Tpq) M) = {x e VIEER] (00

lal2 la]
lalo <w<\qr>>”m}
=<¢xel™:|gx+p| < —g| ——=
{ | | Vn q
1021
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{rerm e (N0 )

= {xel™ :|ax+p| <0(al)},

where this penultimate inclusion follows since |q| < |q]a.
Observe that if {x € I"™ : |gx + p| < 0(|q|)} # @, then |p| < M|q|. It follows that

Anm(8) € A(g(0)Y™) n1m,

Now, by Theorem BV2 and the divergence condition (5), we know that | A, ,(0)| = 1 since
0 > nt+m—1
q q
E q"'0(q E mg< ;)>=oo'

Hence, |[A(g(Y)Y™) NI"™| = 1 and so we may apply Theorem 1 with k = nm, | = m(n — 1)
and m to conclude that, for any ball B C I"™, we have H/(B N A(Y)) = H/(B). In particular,
HI(A(Y) NI?™) = HT(I™™) and so the proof is complete. O

Remark 1. Note that the proof of (11) is not only shorter and simpler than that of (4) but it
also does not rely on the zero-one law | , Theorem 1]. This seemingly minor point becomes
a substantial obstacle in trying to use the same line of argument as for (4) in other settings,
for example, in inhomogeneous problems. The point is that, as of now, we do not have an
inhomogeneous zero-one law similar to | , Theorem 1], see | | for partial results and
further comments. The approach based on using Theorem 1, on the other hand, works with ease
in the inhomogeneous and other settings.

2.2 Inhomogeneous systems of linear forms

In this section we will be concerned with the inhomogeneous version of the Khintchine-Groshev
theorem presented in the previous subsection. Given an approximating function ¥ : Z™\{0}
— R and a fixed y € I, we denote by A3 ,,(¥) the set of x € I"™ for which

lax +p —y| < ¥(q)

holds for infinitely many (p,q) € Z™ x Z"\{0}. In the case that ¥(q) = ¢(|q|) for some function
¥ : N - R we write A () for A o (P).

Regarding inhomogeneous Diophantine approximation, we have the following statement
which can be deduced as a corollary of | , ch. 1, Theorem 15]. In the case that 1 is monotonic
this statement also follows as a consequence of the ubiquity technique, see | , 812.1].

INHOMOGENEOUS KHINTCHINE-GROSHEV THEOREM. Let m,n > 1 be integers and let y € I'™.

Ifv : N — R* is an approximating function which is assumed to be monotonic ifn =1 orn = 2,
then

o
0 if > " Mp(g)™ < oo,

1 if an_lw(q)m = oo.
q=1

The following is the Hausdorff measure version of the above statement.

[ A% (V)] =

1022
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THEOREM 3. Let m,n > 1 be integers, let y € 1™, and let 1 : N — RT be an approximating
function. Let f and g : r — g(r) := r—™™=1 f (1) be dimension functions such that r—"™f(r) is
monotonic. In the case that n = 1 or n = 2 suppose also that rg(i(r) /r)'/™ is monotonic. Then,

0 if Zq""'m_lg(u}(q)) < 0,
q=1 1

HI (A (0) = o
er(]Inm) if an—i-m—lg(w(q)> - 0.

q=1 4
Remark 2. Although the condition that rg(¢(r)/r)'/™ being monotonic when n = 1 or n = 2
is the one that we naturally arrive at upon combining Theorem 1 with the inhomogeneous
Khintchine-Groshev theorem, it is worth noting here that this condition may be relaxed. In
the case when n = 2, by appealing to the more general theorem of Sprindzuk | , ch. 1,
Theorem 15] (from which the inhomogeneous Khintchine-Groshev theorem stated above can be
deduced for n > 2), it is possible to replace monotonicity of rg(1(r)/r)"/™ in the statement of
Theorem 3 with the more aesthetically pleasing assumption that 1) is monotonically decreasing.
When n =1 it should be possible to make the same assumption replacement by using ideas from
ubiquity (see | , §12.1] and references within).

The proof of the convergence case of Theorem 3 once again makes use of standard covering
arguments. The divergence case is a consequence of the inhomogeneous Khintchine-Groshev
theorem and Theorem 1. The proof of the divergence case is almost identical to that of (11) and
we therefore leave the details out. Furthermore, exploiting this same argument a little further,
we can use Theorem 1 to prove the following two more general statements from which both
Theorems 2 and 3 follow as corollaries. In some sense Theorems 4 and 5 below are reformulations
of Theorem 1 in terms of sets of W-approximable (and v-approximable) points.

THEOREM 4. Let ¥ : Z"\{0} — R™ be an approximating function and let y € I"™. Let f and
g:r— g(r) :=r~™"=Vf(r) be dimension functions such that r—™" f(r) is monotonic. Let

1/m
© :Z"\{0} — RT be defined by ©(q) = |qlg <\I/(q)> .

q
Then
|AY (©)] =1 implies H/(AY,, (¥)) =/ T"™).

The following statement is a special case of Theorem 4 with ¥ (q) := 1 (|q|).

THEOREM 5. Let 1) : N — R be an approximating function, let y € I™ and let f and g : r —
g(r) :== r~—™(=1) (1) be dimension functions such that r~"™ f(r) is monotonic. Let

1/m
0:N— R"Y be defined by 0(r) = rg<¢§f')> .
Then

Ay () =1 implies H/(AY () = H/(T"™).
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The proof of Theorem 4 is similar to that of (11). We shall explicitly deduce it from the even
more general result of § 2.3, where the approximating function will be allowed to depend on p as
well as q. Theorem 3 now trivially follows on combining the inhomogeneous Khintchine-Groshev
theorem with Theorem 5. Furthermore, any progress in removing the monotonicity constraint
on 1 from the inhomogeneous Khintchine-Groshev theorem can be instantly transferred into
a Hausdorff measure statement upon applying Theorem 5. Indeed, we suspect that a full
inhomogeneous analogue of Theorem BV2 must be true. Recall that it is open only in the
case whenn=1or n = 2.

2.3 Approximation by primitive points and more
The key goal of this section is to present Hausdorff measure analogues of some recent results
obtained by Dani, Laurent and Nogueira in | |. The setup they consider assumes certain
coprimality conditions on the (m+mn)-tuple (q1,...,qn,p1,...,pm) of approximating integers. To
achieve our goal we will first prove a very general statement which further extends Theorems 4
and 5 and is of independent interest. In particular, we will allow for the approximating function to
depend on (p, q) and will also introduce a ‘distortion’ parameter ® that allows certain flexibility
within our framework. This allows us, for example, to incorporate the so-called ‘absolute value
theory’ | , , |.

Within this section ¥ : Z™ x Z™\{0} — RT will be a function of (p,q), y € I will be a
fixed point and ® € "™ will be a fixed m X m square matrix. Further, define M%Z%(\P) to be
the set of x € I such that

lax +p® —y| < ¥(p,q)

holds for (p,q) € Z™ x Z™\{0} with arbitrarily large |q|. Based upon Theorem 1, we now state
and prove the following generalisation of Theorems 4 and 5.

THEOREM 6. Let W : Z™ x Z™"\{0} — R™ be such that

lim sup 2P (12)

lal—ocopezm |4

and let y € I™ and ® € I™™ be fixed. Let f and g : r — g(r) := v~ ("D f(r) be dimension
functions such that r~™" f(r) is monotonic. Let

¥(p.q)\ "
O :Z"™ x Z"\{0} — R"  be defined by O(p,q) = \q]g( |q,] > .

Then
IMY2(O)| =1 implies HI(MIP (D)) =HI(IT"™).

Proof. Let

M = max{?)n, sup 3@(10’(:1)}
(pa)ezmxzm\{o} V14|

By the monotonicity of g and condition (12), we have that M is finite. Let
S :={(p,q) € Z" x Z"\{0} : [p®| < M|ql}

and let Sg be any fixed subset of S such that for each (p’,q) € S there exists (p,q) € S¢ such
that
p® =p'® and O(p’,q) <26(p,q). (13)
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Furthermore, let S¢ be such that for all (p,q), (r,s) € S¢ we have
(p®,q) # (r®,s) if (p,q) # (r,s).

The existence of Sg is easily seen. For each (p,q) € Sg, let

¥(p,q)

Rpgq={xeR":qx+pP—-y=0} and YTpq:= al
q

For (p,q) € S¢ we have that

A(an’ Tp,q) A — {X o \/ﬁ|qx +pd — y| < lI’(p7 q)}
lal2 al
C{xel":|qx+p®—y| < ¥(p.a)}

since |ql2 < v/n|q|. Also note that for each q € Z™\{0} there are only finitely many p € Z™ such
that (p,q) € Sg. Therefore

A(T) NI € ME2 (W) C I, (14)

where, when defining A(Y), the lim sup is taken over (p, q) € S¢. Hence, by (14), it would suffice
for us to show that
HI(A(T) NIV = 7S @),

Consider A(g(Y)/™), where the limsup is again taken over (p,q) € Sp. Take any (p’,q) € S
and let (p,q) € S satisfy (13). Then, since |q| < |q|2, we have that

A - ax+pP—y U(p,q) )"
A(Bp g 9(Tpa)/™) N1 ={er vl ‘<g(( ))

lal2 !q!
_ nm ‘Q|2 1/m
=<xel":|gx+pP—y| <
\IJ 1/m
) {x el : |gx+pP —y| < |q| < |q| ) }
=<¢xel:|gx+pP—-y| < —@ }
{ 7
1
Dyxel™ :|gx+p'® —y| < —=0O(p/, q)}
(= v

Also observe that if

{XGH"mrqu+p’¢>YI < 79( )} # 0,

then |p’®| < M|q|. It follows that

y,®
Mt (770

Recall that |M%S1(@)\ = 1. Furthermore, in view of | , Lemma 4], we have that

() -

Together with (15) this implies that |A(g(T)Y/™)NI"™| = 1. Further, note that, by (12), Yp.q — 0
as |q| = oo. Therefore, Theorem 1 is applicable with k = nm, [ = m(n—1) and m and we conclude
that for any ball B C I we have that H/(B N A(Y)) = #f(B). In particular, this means that
HI (I N A(T)) = HS(I™™), as required. O

> c Alg(m)Y™y c 17, (15)
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Proof of Theorem 4. Let ¥ be as in Theorem 4. First observe that if U(q) > 1 for infinitely
many q € Z", then A}, ,,,(¥) = I"™ and there is nothing to prove. Otherwise we obviously have
that U(q)/|q| — 0 as |q] — oo. In this case, extending ¥ and © to be functions of (p, q) so that
U(p,q) := ¥(q) and O(p,q) := O(q), we immediately recover Theorem 4 from Theorem 6. O

Theorem 6 can be applied in various situations beyond what has already been discussed
above. For example, divergence results of | | can be obtained by using Theorem 6 with

I, 0
e (5 ).

where I, is the identity matrix. In what follows we shall give applications of Theorem 6 in which
the dependence of ¥ on both p and q becomes particularly useful. Namely, we shall extend the
results of Dani, Laurent and Nogueira | | to Hausdorff measures.

First we establish some notation. For any d > 2 let P(Z?) be the set of points v = (vy, ..., vq)
€ 74 such that ged(vy,...,vq) = 1. For any subset o = {i1,...,i,} of {1,...,d} with v > 2, let
P(0) be the set of points v € Z? such that ged(vy,,...,v;,) = 1. Next, given a partition 7 of
{1,...,d} into disjoint subsets 7, of at least two elements, let P(7) be the set of points v € Z¢
such that v € P(m;) for all components 7, of 7.

Given an approximating function ¢ : N — RT and fixed ® € I and y € I', let M%ja(w)
be the set of x € I such that

lax + p® — y| < ¥(|q]) (16)

holds for (p,q) € Z™ x Z"\{0} with arbitrarily large |q|. Also, given a partition 7 of {1,...,
m+n}, let /\/l;r,j%'qi@ (1) denote the set of x € I for which (16) is satisfied for (p,q) € Z"™ xZ™\{0}
with arbitrarily large |q| and with (q1,...,¢qn,p1,--.,Pm) € P(w). Now specialising Theorem 6
for the approximating function

\If(p,q) = {gj(‘q’) if (Q17--'7Qn7p17”-7pm) € P(Tr)v

otherwise,

gives the following.

THEOREM 7. Let v : N — R™ be an approximating function such that 1 (q)/q — 0 as ¢ — oo.
Let m be any partition of {1,...,m + n} and let ® € I"" and y € I'" be fixed. Let f and
g:r— g(r) = r~™"=D f(r) be dimension functions such that r—"™ f(r) is monotonic and let
0 :N — Rt be defined by 6(q) = qg(¥(¢q)/q)*/™. Then

MEEEO) =1 implies 1 (MG (1)) = /(™).

Now, let us turn our attention to the results of Dani, Laurent and Nogueira from | |-

For the moment, we will return to the homogeneous setting. Given a partition 7 of {1,...,m+n}
and an approximating function 1 : N — RT we will denote by A7 (1) the set of x € I such
that

lax + p| < ¥(|q)

holds for (p,q) € Z™ x Z"\{0} with arbitrarily large |q| and (¢1,...,4n,p1,---,Pm) € P(7).
We note that in this case the inequality holds for (p,q) € Z™ x Z™\{0} with arbitrarily large
|q| if and only if the inequality holds for infinitely many (p,q) € Z™ x Z™\{0}. The notation
Ap.m (1) will be used as defined in §2.1. The following statement is a consequence of | ,
Theorem 1.2].
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THEOREM DLN1. Let n,m € N and let m be a partition of {1,...,m + n} such that every
component of m has at least m + 1 elements. Let 1) : N — R be a function such that the
mapping © — " %)(x)™ is non-increasing. Then,

0 if Y g™ p(g)™ < oo,
q=1

AR (V)] = s
1if Y g (g™ = oo
q=1

The following Hausdorff measure analogue of Theorem DLN1 follows from Theorem 7.
THEOREM 8. Let n,m € N and let w be a partition of {1,...,m+n} such that every component
of m has at least m + 1 elements. Let 1) : N — RT be an approximating function. Let f and g :

r— g(r) :=r~"™"=D f(r) be dimension functions such that the function r~"™ f(r) is monotonic
and ¢""™1g(1)(q)/q) is non-increasing. Then,

0 if Zq’”rmlg(w(q)) < 00,
q=1 1

HI(@™) if i q”+m1g<¢éq)> = 00

q=1

HI (AT (0) =

Proof. First note that in light of the fact that ¢"*™ 1g(¢(¢)/q) is non-increasing we may assume
without loss of generality that ¥(q)/q — 0 as ¢ — oo. To see this, suppose that 1(q)/q - 0.
Therefore, there must exist some € > 0 such that ¢ (q)/q > ¢ infinitely often. In turn, since g is a
dimension function, and hence non-decreasing, this means that ¢" "™ 1g((q)/q) = ¢ ™™ tg(e)
infinitely often. However, since this expression is non-increasing, we must have that g(¢) = 0. In
particular, this means that g(r) = 0 and, hence, also f(r) = 0 for all r < e. Thus H/(X) = 0 for
any X C I"™ and so the result is trivially true.

In view of the conditions imposed on m, we must have that mm > 1. Furthermore,
since AT ,.(¥) C Anm(¥), it follows from Theorem 2 that H/(AT, (1)) = 0 when
Zgil "™ 1g(v(q)/q) < oo. Alternatively, one can use a standard covering argument to obtain
a direct proof of the convergence part of Theorem 8.

Regarding the divergence case, observe that A7, (v) = ZZS{I’” (v), where I,,, represents
the m x m identity matrix. Therefore, if |[MEo™(0)| = |A7 ,(0)] = 1 where 6 : N — R is
defined by 6(q) = qg(¥(q¢)/q)"/™, then it would follow from Theorem 7 that HI(AT () =
HI(MEZ™ (9)) = 1 (1),

Now, by Theorem DLN1, |[A7 (0)] = 1 if ¢ — ¢"7'6(¢)™ is non-increasing and
Py " 10(q)™ = co. We have that ¢"10(q)™ = ¢"*" 1g(x(q)/q) which is non-increasing
by assumption. By our hypotheses, we also have

an_lﬁ(q)m _ an—i-m—lg <¢(q)> — oo,
q=1 q=1

Hence the proof is complete. g

1027

Downloaded from https://www.cambridge.org/core. IP address: 146.198.89.151, on 04 Apr 2018 at 08:46:19, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1112/50010437X18007121


https://www.cambridge.org/core/terms
https://doi.org/10.1112/S0010437X18007121
https://www.cambridge.org/core

D. ALLEN AND V. BERESNEVICH

If 1 (q) := ¢~ 7 for some 7 > 0 let us write A7, (1) := A7 ,,,(¢). The following result regarding
the Hausdorff dimension of A7 ,,(7) is a corollary of Theorem 8.

COROLLARY 1. Let n,m € N and let w be a partition of {1, ..., m+n} such that every component
of m has at least m + 1 elements. Then

m-+n
when T >

)

m(n—1)+
dim (A, (7)) = Tl
nm when T <

S[=3]=s

Proof. For 7 > n/m the result follows on applying Theorem 8 with

m-—+n
T+1°

f5(r) := %t where s = m(n —1) +

Indeed, with ¢ sufficiently small, all the conditions of Theorem 8 are met and furthermore, as is
easily seen, we have from Theorem 8 that

. 0 it § >0,
HE (A1) = {?—Lf5 (™) it § <0.

This means that H(AT (7)) =0 for 6 > 0 and H (AT, (1)) = HOTO(I"™) for § < 0.
Therefore, if s9 < nm then dimpy (A7, ,,(7)) = so since, in this case, HooH(I") = oo whenever
d < 0. Finally, note that sy < nm if and only if 7 > n/m.

In the case where 7 < n/m observe that A7, (1) D A7 ,,(n/m) so

n

dimpy (A7 (7)) > dimp <Ag,m (m)) =nm.

Combining this with the trivial upper bound gives dimy (A7 ,,(7)) = nm when 7 < n/m, as
required. O

Next we consider two results of Dani, Laurent and Nogueira regarding inhomogeneous
approximation. As before, for a fixed y € I"™ we let A3}, ,,, (1)) denote the set of points x € I"™ for
which

lax +p —y| <¥(la) (17)

holds for infinitely many (p,q) € Z™ xZ"\{0}. Given a partition 7 of {1,...,m+n}, let Ay ()
be the set of points x € 1" for which (17) holds for infinitely many (p,q) € Z™ x Z"\{0} with

(Q17 e 7Q’Vlap17 e 7pm) € P(ﬂ-)
Rephrasing it in a way which is more suitable for our current purposes, a consequence of
| , Theorem 1.1] reads as follows.

THEOREM DLN2. Let n,m € N and let m be a partition of {1,...,m + n} such that every
component of m has at least m + 1 elements. Let 1) : N — R™ be a function such that the
mapping © — " 14 (x)™ is non-increasing. Then,

(i) if Y2021 ¢" ()™ = oo then for almost every y € I™ we have |Ap7h(¢)] = 1;

(i) if 3202, q"11(q)™ < oo then for any y € I'™ we have | A}, 1 (1)| = 0.
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The corresponding Hausdorff measure statement we obtain in this case is as follows.

THEOREM 9. Let n,m € N and let w be a partition of {1,...,m+n} such that every component
of ™ has at least m + 1 elements. Let 1 : N — RT be an approximating function. Let f and g :
r— g(r) := r~"™"=1Y f(r) be dimension functions such that the function r~"™ f(r) is monotonic
and ¢"*" " 1g(3)(q)/q) is non-increasing. Then,

(i) if 2202 "™ 1g(¢(q)/q) = oo then for Lebesgue almost every y € I™ we have
HI (AR () = HI (™)
(i) if D202, "™ 1g9(¢(q)/q) < oo then for any y € I™ we have HS (A} m () = 0.

Proof. This is similar to the proof of Theorem 8 with the only difference being the introduction
of y. O

Finally, let us reintroduce the parameter ® € I""". In this case, considering the sets ng%;@ ()
(as defined on p. 13), it follows from | , Theorem 1.3] that we have:

THEOREM DLN3. Let n,m € N and let m be a partition of {1,...,m + n} such that every
component of m has at least m + 1 elements. Let 1) : N — R be a function such that the
mapping © — " %(x)™ is non-increasing. Then, for any y € I"™,

(i) if 352, ¢ '4p(q)™ = oo then for almost every ® € I™™ we have that |ME%®(¥)] = 1;

(i) if 302, ¢ 1p(q)™ < oo then for any ® € I™™ we have | M3 m(1)| = 0.

Combining this with Theorem 7 we obtain the following Hausdorff measure statement.

THEOREM 10. Let n,m € N and let  be a partition of {1, ..., m+n} such that every component
of ™ has at least m + 1 elements. Let 1) : N — RT be an approximating function. Let f and g :
r— g(r) := =™V f(r) be dimension functions such that the function r~"™ f(r) is monotonic
and ¢"t™~1g(x)(q)/q) is non-increasing. Then, for any y € I™,
(i) if D202, "t 1g(1(q)/q) = oo then for Lebesgue almost every ® € I™™ we have that
I (ME® () = #I (17,
(i) if Yog02; "™ 1g(v(q)/q) < oo then, for any & € I™", we have that HI (M (1)) = 0.

Proof. Once again the proof is similar to that of Theorem 8. O

3. Preliminaries to the Proof of Theorem 1

3.1 Hausdorff measures

In this section we give a brief account of Hausdorff measures and dimension. Throughout, by a
dimension function f:R*T — RT we shall mean a left continuous, non-decreasing function such
that f(r) — 0 as r — 0. Given a ball B := B(xz,7) in R¥, we define

VI(B) = f(r)

and refer to V7/(B) as the f-volume of B. Note that if m is k-dimensional Lebesgue measure
and f(z) = m(B(0,1))z*, then V/ is simply the volume of B in the usual geometric sense; i.e.
VI (B) = m(B). In the case when f(z) = z° for some s > 0, we write V* for V/.
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The Hausdorff f-measure with respect to the dimension function f will be denoted
throughout by H/ and is defined as follows. Suppose F is a subset of R¥. For p > 0, a countable

collection {B;} of balls in R* with radii r(B;) < p for each i such that F C |J; B; is called a
p-cover for F'. Clearly such a cover exists for every p > 0. For a dimension function f define

/H},C(F) = inf{z VI (B;) : {B;} is a p-cover for F}

The Hausdorff f-measure, H/(F), of F' with respect to the dimension function f is defined by
H/(F) := lim H/(F) = sup H}(F).
p—0 p>0

A simple consequence of the definition of H7 is the following useful fact (see, for example,
U

LEMMA 1. If f and g are two dimension functions such that the ratio f(r)/g(r) — 0 asr — 0,
then H/(F) = 0 whenever HI(F) < oc.

In the case that f(r) = r* (s > 0), the measure H/ is the usual s-dimensional Hausdorff
measure H® and the Hausdorff dimension, dimg F', of a set F' is defined by

dimy F':=inf{s > 0: H*(F) = 0}.
For subsets of R¥ H* is comparable to the k-dimensional Lebesgue measure. Actually, H* is
a constant multiple of the k-dimensional Lebesgue measure (but we shall not need this stronger
statement).

Furthermore, for any ball B in R¥ we have that V*(B) is comparable to |B|. Thus there are
constants 0 < ¢; < 1 < ¢g < 0o such that for any ball B in R* we have

aVF(B) < H*¥(B) < e2V¥(B). (18)

A general and classical method for obtaining a lower bound for the Hausdorff f-measure of
an arbitrary set F' is the following mass distribution principle. This will play a central role in
our proof of Theorem 1 in §5.

LEMMA 2 (Mass distribution principle). Let u be a probability measure supported on a subset
F of R*. Suppose there are positive constants ¢ and r, such that

u(B) < v/ (B)
for any ball B with radius r < r,. If E is a subset of F with u(E) = X > 0 then H/(E) > \/c.

The above lemma is stated as it appears in | | since this version is most useful for our
current purposes. For further information in general regarding Hausdorff measures and dimension
we refer the reader to | , |

3.2 The 5r-covering lemma
Let B := B(z,r) be a ball in R¥. For any A > 0, we denote by AB the ball B scaled by a factor
A; i.e. AB = B(z, \r).

We conclude this section by stating a basic, but extremely useful, covering lemma which we
will use throughout | |.

LEMMA 3 (The 5r-covering lemma). Every family F of balls of uniformly bounded diameter in
R¥ contains a disjoint subfamily G such that

| Bc |58

BeF Beg
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4. The Kg g covering lemma

Our strategy for proving Theorem 1 is similar to that used for proving the mass transference
principle for balls in | ]. There are however various technical differences that account for the
different shape of approximating sets. First of all we will require a covering lemma analogous to
the K¢ p-lemma established in | , §4]. This appears as Lemma 4 below. The balls obtained
from Lemma 4 correspond to planes in the limsup set A(g(Y)'/™). Furthermore, for the proof
of Theorem 1 it is necessary for us to obtain from each of these ‘larger’ balls a collection of balls
which correspond to the ‘shrunk’ limsup set A(T). The desired properties of this collection and
the existence of such a collection are the contents of Lemma 5 of this section.

To save on notation, throughout let 'fj = g(7y) /™ For an arbitrary ball B € R* and for
each j € N define

®;(B):={B(x,Y,) C B:x € R;}.

Analogously to | , Lemma 5] we will require the following covering lemma.

LEMMA 4. Let R, T, g and Q be as in Theorem 1 and assume that (2) is satisfied. Then for any
ball B in £ and any G € N, there exists a finite collection

Kap C{(4;7):j>G,Acd(B)}

satisfying the following properties:
(i) if (A;j) € Kg,p then 3A C B;
(ii) if (A;74),(A’;j") € Kg,p are distinct then 3A N 3A" = §; and
1

(Aj)eKG, B

Remark 3. Essentially, Kg p is a collection of balls drawn from the families ®;(B). We write
(A;j) for a generic ball from Kg p to ‘remember’ the index j of the family ®;(B) that the
ball A comes from. However, when we are referring only to the ball A (as opposed to the pair
(A;7)) we will just write A. Keeping track of the associated j will be absolutely necessary in
order 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 R;. Indeed, for j # j/ we could have A = A’ for some
A€ ‘I)J(B) and A’ € @J/(B)

Proof of Lemma 4. For each j € N, consider the collection of balls
®¥(B) := {B(x,3Y;) C B:x € R;}.
By (2), for any G > 1 we have that
H* < U (a(r;,37;)n B)> = H*(B).
j2G

Observe that
U LcAR;,3T,)NB
Le®¥(B)
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and that the difference of the two sets lies within 3Tj of the boundary of B. Then, since T; — 0,
and consequently T; — 0, as j — oo, we have that

H’“(U U > (U (A(R;,37;) ﬁB)) =H*(B) as G — .

J2G Led?(B) i=G

In particular, there exists a sufficiently large G’ € N such that for any G > G’ we have

H’“(U U > H*(B).

712G Le®¥(B)
However, for any G < G’ we also have
JU Uy UL
726G Le®¥(B) J>G" Le®¥(B)
Thus, for any G € N we must have

(U U ) H (B). (19)

j=G Le<I>3
In fact, using the same argument as above it is possible to show that for any G € N we
have Hk(Uj>G Ureaspy L) =2 (1 - e)H*(B) for any 0 < ¢ < 1 and hence that we must have
~ J
Hk(Uj>G Ureasp) L) = H*(B). However, (19) is sufficient for our purposes here.
~ J
By Lemma 3, there exists a disjoint subcollection G C {(L;j):j > G, L € @?(B)} such that

OLCU U zc | 5L

(Lij)eg =G Led¥(B) (Lij)egd

Now, let G’ consist of all the balls from G but shrunk by a factor of 3; so the balls in G’ will
still be disjoint when scaled by a factor of 3. Formally,

={(3L;j) : (L;j) € G}.

Then, we have that

U Acl) U Lc | 1A (20)

(A;)eg’ j>G Led?(B) (Asj)eg’

From (19) and (20) we have that

f}!k< ] ) S kA
(Aif)eg’ (Aij) €’
= 3 —1;7{ (15A)

(A;9)eg’

15,;{’“( U 15A)

(A;9)€g’
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> (U U z)

J2G Le®3(B)

! HE(B).

P
2 x 15k

Next note that, since the balls in G’ are disjoint and contained in B and Tj — 0 as j — oo, we

have that
’Hk( U A)—)O as N — oo.

(A;9)eg’
i>N

Therefore, there exists a sufficiently large Ny € N such that
1
k k
A B).
H<U ><4><15kH()

(A59)eg’
Jj=No

Thus, taking K¢ p to be the subcollection of (4;7) € G’ with G < j < Ny ensures that K¢ p is
a finite collection of balls while still satisfying the required properties (i)—(iii). O

LEMMA 5. Let R, Y, g, Q and B be as in Lemma 4 and assume that (2) is satisfied. Furthermore,
assume that r—*f(r) — co as r — 0. Let Kg p be as in Lemma 4. 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 Rj;
(ii) if L € C(A;j) then 3L C A;
(iii) if L, M € C(A;j) are distinct then 3L N3M = @;
(iv) 7FHE(A(R;, ) N 5A) < HM(Upecragy L) < HF(A(R;, T5) N A); and
(v)

there exist some constants di,ds > 0, independent of G and j, such that

dy x <W>l S #C(4;)) <dg x <g(TTJ)1/m>Z (21)

Proof. First of all note that, by the assumption that » =% f(r) — oo as 7 — 0, we have that
T, )
= —> 0 asj— oo.
J
In particular we can assume that G is sufficiently large so that
6Y; <Y, foranyj>G. (22)
Let x1,...,x; € Rj N %A be any collection of points such that
lx; —xy| >6Y; ifi#4d (23)

and t is maximal possible. The existence of such a collection follows immediately from the fact
that R; N $A is bounded and, by (23), the collection is discrete. Let

C(A:j) = {Blx1. T))..... B(x, 1))},
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Thus, property (i) is trivially satisfied for this collection C(A;j). Recall that, by construction,
A € ®;(B), which means that the radius of 34 is %Tj. If LeC(A;j),say L :=B(x;,Y;),and Ais
centred at X, then for any y € 3L we have that ||y —x;|| < 3Y; while [|x;—xo|| < 3T;. Then, using
(22) and the triangle inequality, we get that ||y —xo| < ||y — x|+ [|xi — o] < 37; + %Tj <7;.
Hence 3L C A whence property (ii) follows. Further, property (iii) follows immediately from
condition (23).

By the maximality of the collection x1,...,x, for any x € R; N %A there exists an x; from
this collection such that ||x — x;|| < 67;. Hence,

1
A(R; X)) NgAC U 7L
LeC(4;5)
Thus
1
k k
H (A(Rj,rj) n 2A> < > HA(TL)
LeC(A;j)
< ) THEID)
LeC(A;j)
= 7’“%’“( U L).
LeC(4;5)
On the other hand, by property (ii), we have that
U LCA(Rj,Tj)ﬂA,
LeC(A;j)

which together with the previous inequality establishes property (iv).
Finally, property (v) is an immediate consequence of property (iv) upon noting that

HY(A(R;, T5) N EA) < HE(A(R;, T;) N A) < YT'T)

and
Hk( U L) — HC(A; JJHN (L) = #C(4; )T,
LeC(A;j)
where [ is the dimension of R;, m = k — [ and L is any ball from C(A4;j). O

Remark. Throughout 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 < B and A >> B we write

A= B.

5. Proof of Theorem 1
As with the proof of the mass transference principle given in | | and the proof of
Theorem BV1 given in | |, we begin by noting that we may assume that % f(r) — oo as

r — 0. To see this we first observe that, by Lemma 1, if =¥ f(r) — 0 as » — 0 we have that
#HF(B) = 0 for any ball B in R*. Furthermore, since BN A(Y) C B, the result follows trivially.

Now suppose that r =¥ f(r) — X as r — 0 for some 0 < A\ < oo. In this case, H/ is comparable
to H* and so it would be sufficient to show that H*(B N A(Y)) = H*(B). Since r*f(r) — X
as r — 0 we have that the ratio f(r)/r* is bounded between positive constants for sufficiently
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small r. In turn, this implies that, in this case, the ratio of the values g(Tj)l/ " and T; is
uniformly bounded between positive constants. It then follows from | , Lemma 4] that

HE(B N A(g(1)/™)) = HE(B 1 A(Y)).

This together with (2) then implies the required result in this case.

Thus, for the rest of the proof we may assume without loss of generality that =% f(r) — oo
as r — 0. With this assumption it is a consequence of Lemma 1 that H/ (By) = oo for any ball
By in 2, which we fix from now on. Therefore, our goal for the rest of the proof is to show that

HT (By N A(Y)) = 0.

To this end, for each n > 1, we will construct a Cantor subset K,, of By A(Y) and a probability
measure /. supported on K, satisfying the condition that for any arbitrary ball D of sufficiently
small radius (D) we have
VIi(D

e (24)
where the implied constant does not depend on D or n. By the mass distribution principle
(Lemma 2) and the fact that K, C By N A(Y), we would then have that H/(By N A(T)) >
H/(K,) > n and the proof is finished by taking 1 to be arbitrarily large.

5.1 The desired properties of K,

We will construct the Cantor set K, := (172, K(n) so that each level K(n) is a finite union of
disjoint closed balls and the levels are nested, that is K(n) D K(n+ 1) for n > 1. We will denote
the collection of balls constituting level n by K(n). As with the Cantor set in | |, the
construction of K,, is inductive and each level K(n) will consist of local levels and sub-levels. So,
suppose that the (n — 1)th level K(n — 1) has been constructed. Then, for every B € K(n — 1)
we construct the (n, B)-local level, K(n,B), which will consist of balls contained in B. The
collection of balls K (n) will take the form

Kmn):= |J K@B)

BeK(n—1)

Looking even more closely at the construction, each (n, B)-local level will consist of local sub-levels

and will be of the form l
B

K(n,B) := | JK(n,B,i). (25)
i=1
Here, K (n, B, i) denotes the ith local sub-level and /g is the number of local sub-levels. For n > 2
each local sub-level will be defined as the union

K(n,B,i) := U U C(4;7), (26)

B'e€G(n,B,i) (Asj)eKqr pr

where B’ will lie in a suitably chosen collection of balls G(n, B,i) within B, K¢ g will arise
from Lemma 4 and C(A;j) will arise from Lemma 5. It will be apparent from the construction
that the parameter G’ becomes arbitrarily large as we construct levels. The set of all pairs (A; j)
that contribute to (26) will be denoted by K (n, B, ). Thus,

K(n,B,i):= |J) Kap and K(n B,i)= U C(A; ).
B'eG(n,B;i) (A;j)eK (n,Byi)
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If additionally we start with K(1) := By then, in view of the definition of the sets C(A;j), the
inclusion K,, C By N A(Y) is straightforward. Hence the only real part of the proof will be to
show the validity of (24) for some suitable measure supported on K. This will require several
additional properties which are now stated.

The properties of levels and sub-levels of K,

(P0) K(1) consists of one ball, namely By.
(P1) For any n > 2 and any B € K(n — 1) the balls

{3L:Le K(n,B)}
are disjoint and contained in B.
(P2) For any n > 2, any B € K(n—1) and any ¢ € {1,...,lp} the local sub-level K (n, B,1) is

a finite union of some collections C(A4;j) of balls satisfying properties (i)—(v) of Lemma 5,
where the balls 34 are disjoint and contained in B.

(P3) Foranyn>2, Be K(n—1)and i€ {1,...,lp} we have
> V’“(A) > e3VH(B)

(Asj)eK (n,B,i)

2
— 1 a
87 Ok¥8 x5k x 15k <CQ>

with ¢; and ¢y as defined in (18).
(P4) Foranyn >2, Be K(n—1),any i€ {1,...,lp—1} and any L € K(n, B,i) and M € K(n,
B,i+ 1) we have

where

Fr(M)) < 3f(r(L)) and  g(r(M)) < 59(r(L)).
(P5) The number of local sub-levels is defined by

C21] .
_— 1 if B= By :=K(1
il 1 8= B0 =0
B =
v/ (B) ) )

and satisfies [p > 2 for B € K(n) with n > 2.

Properties (P1) and (P2) are imposed to make sure that the balls in the Cantor construction
are sufficiently well separated. On the other hand, Properties (P3) and (P5) make sure that there
are ‘enough’ balls in each level of the construction of the Cantor set. Property (P4) essentially
ensures that all balls involved in the construction of a level of the Cantor set are sufficiently
small compared with balls involved in the construction of the previous level. All of the Properties
(P1)—(P5) will play a crucial role in the measure estimates we obtain in §5.4 and §5.5.

5.2 The existence of K,
In this section we show that it is possible to construct a Cantor set with the properties outlined
in §5.1. In what follows we will use the following notation:

! l
Ki(n,B):= | JK(n,B,i) and K (n,B):=|JK(n,B,i)
i=1 =1
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Level 1. The first level is defined by taking the arbitrary ball By. Thus, K(1) := By and Property
(PO) is trivially satisfied. We proceed by induction. Assume that the first (n — 1) levels K(1),
K(2), ..., K(n — 1) have been constructed. We now construct the nth level K(n).

Level n. To construct the nth level we will define local levels K (n, B) for each B € K(n — 1).
Therefore, from now on we fix some ball B € K(n — 1) and a sufficiently small constant ¢ :=
¢(B) > 0 which will be determined later. Recall that each local level K (n, B) will consist of local
sub-levels K (n, B,i) where 1 < < lp and [ is given by Property (P5). Let G € N be sufficiently
large so that Lemmas 4 and 5 are applicable. Furthermore, suppose that G is large enough so

that
37, < g(Tj)l/m whenever j > G, (27)
k
f(TTjj) < Efzif;k;) whenever j > G, (28)
and
[iii})] > 1 whenever j > G, (29)

where cj3 is the constant appearing in Property (P3) above. Note that the existence of G satisfying
(27)—(29) follows from the assumptions that r ¥ f(r) — oo as r — 0 and T; — 0 as j — oo.

Sub-level 1. With B and G as above, let K g denote the collection of balls arising from Lemma 4.
Define the first sub-level of K(n, B) to be

K(n,B,1):== | C(4)),

(Asj)EKa, B

thus

K(n,B,1) = Kgp and G(n,B,1)={B}.
By the properties of C(A;j) (Lemma 5), it follows that (P1) is satisfied within this sub-level.

From the properties of K¢ p (Lemma 4) and Lemma 5 it follows that (P2) and (P3) are satisfied
for ¢ = 1.

Higher sub-levels. To construct higher sub-levels we argue by induction. For | < [, assume that
the sub-levels K(n, B,1),...,K(n, B,l) satisfying Properties (P1)—(P4) with Ip replaced by [
have already been defined. We now construct the next sub-level K(n, B,l + 1).

As every sub-level of the construction has to be well separated from the previous ones, we
first verify that there is enough ‘space’ left over in B once we have removed the sub-levels
K(n,B,1),...,K(n, B,l) from B. More precisely, let

We will show that
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First, observe that

4L> < ) HMD)
€K;(n,B) LeK(n,B)
(18)

<Ay Y VAL

LGK[(TL,B)

l
=) ) VRO

i=1 LeK (n,B,i)

= CQZ > #C(A) x XY

(A,])GK(n B,i)

(21) ) m\!
Ve ¥ ()

=1 (A;j)€K (n,B,i)

l
= 4k02d2 Z Z g(Tj)l/mT;n

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

l m
= dFcyd g(r)km

=1 (A;5)€K (n,Byi)

l N
= dend Y )

=1 (A;j)€K (n,B,i)

Hence, by (28), we get that

k k T(B)k l Kk
H U 4r) <4 C2d2€f( B) > g(Tj)*m
T
LeK;(n,B) =1 (A5 eK (n,B}i)
k l

= 4k62d25f2§a?;) Vk(A)

=1 (4;j)eK(n,B,)
< 20, IO S Y W

b T (B)) &

(A;5)€K (n,B,i)

2 pe2,  r(B)F
< 4, f(r(Bk))m (B)
kCQ T(B) _ k
< 4h2d Ef(r(B))(lB DM (B).

If B = By, set

Otherwise, if B # By, set

e =e(B) = e(Bo) x 7o = 1(‘”>2C3.
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Then, it follows from (31) combined with (P5) that
H’“( U 4L> < 17—[’“<1B>
~ 2 2 )
LeK;(n,B)
thus verifying (30).
By construction, K;(n, B) is a finite collection of balls. Therefore, the quantity
dmin == min{r(L) : L € K;(n,B)}

is well defined and positive. Let A(n, B, ) be the collection of all the balls of diameter dy;, centred
at a point in AW, By the 5r-covering lemma (Lemma 3), there exists a disjoint subcollection

G(n,B,l+ 1) of A(n, B,1) such that
AVc |J Bc |J 5B
B'cA(n,B,l) B'e€G(n,B,l+1)
The collection G(n, B,l + 1) is clearly contained within B and, since the balls in this collection

are disjoint and of the same size, it is finite. Moreover, by construction

B'n |J 38L=¢ forany B'€G(n,B,1+1); (32)
LeK;(n,B)

i.e. the balls in G(n, B,l + 1) do not intersect any of the 3L balls from the previous sub-levels.

It follows that )
30) 1 1
k / kAl Lokl L
B') = HF(AD) > B).
H ( U s ) HA(AD) > oH ( 5 )
B’eG(n,B,l+1)
On the other hand, since G(n, B,l + 1) is a disjoint collection of balls we have that
H’“( U 5B’> < > HGB)
B’eG(n,B,l+1) B’eG(n,B,l+1)

(18) ¢y

< 5/{,‘7 k B/
D DI ACD
B'€G(n,B,I+1)

_ kcj k ° /
=5 qH ( U B).
B'€G(n,B,l+1)

Hence,

k ° C1 k 1
1 ( 9 B/) > ot <2B>. (33)
B'€G(n,B,l+1)

Now we are ready to construct the (I + 1)th sub-level K(n,B,l + 1). Let G’ > G + 1 be
sufficiently large so that Lemmas 4 and 5 are applicable to every ball B’ € G(n, B,l+ 1) with G’
in place of G. Furthermore, ensure that G’ is sufficiently large so that for every i > G’,

f(X5) < %Le%i(g,B)f(r(L)) and g(T;) < %Lelrgi(gB)g(r(L)) (34)

Imposing the above assumptions on G’ is possible since there are only finitely many balls in
K;(n,B), Y; - 0 as j — oo, and f and g are dimension functions.
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Now, to each ball B € G(n, B,l+1) we apply Lemma 4 to obtain a collection of balls K¢ g/
and define
K(n,B,l+1):= U U c).

B’eG(n,B,l+1) (A;j)GKGv/,B/

Consequently,
K(H,B,l-i-l): U KG’,B"
B'€G(n,B,l+1)

Since G’ > G, properties (27)—(29) remain valid. We now verify Properties (P1)—(P5) for this
sub-level.

Regarding (P1), we first observe that it is satisfied for balls in U(A;j)eKG/ o Urecaj) L by
the properties of C(A;j) and the fact that the balls in K¢/ pr are disjoint. Ne;{t, since any balls
in K¢ p are contained in B” and the balls B’ € G(n, B,1 + 1) are disjoint, it follows that (P1)
is satisfied for balls L in K(n, B,l + 1). Finally, combining this with (32), we see that (P1) is
satisfied for balls L in K;1(n, B). That (P2) is satisfied for this sub-level is a consequence of

Lemma 4(i) and (ii) and the fact that the balls B’ € G(n, B, + 1) are disjoint.
To establish (P3) for ¢ = [+ 1 note that

oo vy = Y > VR4

(A;§)€K (n,B,l+1) Breg(n.Bi+1) (4j)eKer
(18) 1 k
5 E E H¥(A)

Bleg(n7B7l+1) (A;j)GKG/,B/
Then, by Lemma 4 and the disjointness of the balls in G(n, B,l + 1), we have that

k 1 1 k /
> -
Z Vi4) 2 o Z 4><15kH (B)

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

1 k /
. R— B
02><4><15kH< U )

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

> °B
cz><4><15"‘2><02><5kH <2 )

(18) 1 e\ 2 L
> — B
9k+3 % 5k x 15F <CQ> ViB)

= VH(B).

Finally, (P4) is trivially satisfied as a consequence of the imposed condition (34) and (P5), that
lr, > 2 for any ball L in K(n,B,l+ 1), follows from (29).

Hence, Properties (P1)—(P5) are satisfied up to the local sub-level K(n,B,l + 1) thus
establishing the existence of the local level K(n, B) = Kj,(n,B) for each B € K(n — 1). In
turn, this establishes the existence of the nth level K (n) (and also K(n)).

5.3 The measure p on K,

In this section, we define a probability measure p supported on K,;,. We will eventually show that
the measure satisfies (24). For any ball L € K(n), we attach a weight p(L) defined recursively
as follows.
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For n = 1, we have that L = By := K(1) and we set u(L) := 1. For subsequent levels the
measure is defined inductively.
Let n > 2 and suppose that p(B) is defined for every B € K(n — 1). In particular, we have

that
> wB) =1

BeK(n—1)

Let L be a ball in K(n). By construction, there is a unique ball B € K(n — 1) such that L C B.
Recall, by (25) and (26), that

K(n,B) := U e
(Asj)eKy, (n,B)

and so L is an element of one of the collections C(A’; j') appearing in the right-hand side of the
above. We therefore define
1 g(Tj)k/m

n(L) = X — % u(B).
#C(A'; 5") Z(A;j)éf?zB(n,B) g(Tj)k/

Thus p is inductively defined on any ball appearing in the construction of K,. Furthermore, x
can be uniquely extended in a standard way to all Borel subsets F' of R¥ to give a probability
measure 4 supported on K. Indeed, for any Borel subset F' of R,

u(F) = p(F NK,) =inf Y (L),
LeC(F)

where the infimum is taken over all covers C(F) of F NI, by balls L € |J,,cy K(n). See | ,
Proposition 1.7] for further details.
We end this section by observing that

1 g(Tj)k/m
p(L) < x X u(B)
dy (Q(Tj’)l/m/rj’)l Z(A;j)ef(lB(n,B) g(Xy)k/m

f(Xy)
- m x /L(B)- (35)
il Z(A;j)GfQB (n,B) g(Tj)k/

This is a consequence of (21) and the relationship between f and g. In fact, the above inequality
can be reversed if d; is replaced by ds.

5.4 The measure of a ball in the Cantor set construction
The goal of this section is to prove that

VIi(L)
1

for any ball L in K(n) with n > 2. We will begin with the level n = 2. Fix any ball L €
K(2) = K(2,By). Further, let (A';j) € K, (2,Bo) be such that L € C(A";j'). Then, by (35),
the definition of x and the fact that p(Bp) = 1, we have that

(L) < f(Ty)
d Z(A;j)efﬁBO (2,50) 9

n(l) < (36)

P (37)
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Next, by Properties (P3) and (P5) of the Cantor set construction, we get that

DR 16 9) KA S 1 ')

(Aj)€K i (2,B0) (A)€Kip (2,B0)

I5,

=2 2 V@&

=1 (A;5)€K (2,Bo,i)

lp,

(P3) -

> ) esVR(By)
i=1

= Ip,c3VF(By)
(18)

C:
> zgogjﬂk(Bo)

®5) e ez,
> ——————H"(Boy) =1. 38
Combining (37) and (38) gives (36) as required since f(Y;) = f(r(L)) = V/(L).
Now let n > 2 and assume that (36) holds for balls in K(n — 1). Consider an arbitrary ball
L in K(n). Then there exists a unique ball B € K(n — 1) such that L € K(n, B). Further, let
(A";5") € Ki,(n,B) be such that L € C(A’;5"). Then it follows from (35) and our induction
hypothesis that
T vVIi(B
(L) < F(Xy) o X ( ). (39)
N X )Ry (n.5) 9(T5) n

Now, we have that

I
T GRS S SRS o)

(Aij)EK , (n,B) =1 (4;5)eK (n,B,i)

(P3) (&
> ) esVH(B)
i=1

= V/(B). (40)

Since V/(L) = f(Y;/), combining (39) and (40) gives (36) and thus completes the proof of this
section.

5.5 The measure of an arbitrary ball
Set 7o := min{r(B) : B € K(2)}. Take an arbitrary ball D such that r(D) < ro. We wish to
establish (24) for D, i.e. we wish to show that
u(p) < 2)
n
where the implied constant is independent of D and 7. In accomplishing this goal the following
lemma from | | will be useful.
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LEMMA 6. Let A := B(xa,74) and M := B(xp,ry) be arbitrary balls such that AN M # ()
and A\(cM) # @ for some ¢ > 3. Then ry; < ra and cM C 5A.

A good part of the subsequent argument will follow the same reasoning as given in | ,
§5.5]. However, there will also be obvious alterations to the proofs that arise from the different
construction of a Cantor set used here. Recall that the measure 1 is supported on K,. Without
loss of generality, we will make the following two assumptions:

(i) DNK, #¥;
(ii) for every n large enough D intersects at least two balls in K (n).
If the first of these were false then we would have (D) = 0 as p is supported on K,, and so
(24) would trivially follow. If the second assumption were false then D would have to intersect
exactly one ball, say Ly, from levels K,,, with arbitrarily large n;. Then, by (36), we would have

w(D) < u(Ly,;) — 0 as i — oo and so, agam, (24) would be trivially true.
By the above two assumptions, we have that there exists a maximum integer n such that

D intersects at least 2 balls from K (n) (41)
and
D intersects only one ball B from K(n — 1).

By our choice of 9, we have that n > 2. If B is the only ball from K(n — 1) which has
non-empty intersection with D, we may also assume that r(D) < r(B). To see this, suppose to
the contrary that r(B) < r(D). Then, since DNK,, C B and f is increasing, upon recalling (36)
we would have

and so we would be done.
Now, since K (n, B) is a cover for D NK,, we have

l
)< > p(L)
=1 Le K(n,B,i):LND#{
I
=2 X X
1= 1(A])€K(nBZ)L6C(¥é)

36) f
Yy oy > (42)

=1 (4;5)eK (n,Bi) LGC( ﬂ)

To estimate the right-hand side of (42) we consider the following types of sub-levels.
Case 1: Sub-levels K(n, B, i) for which

#{L € 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) € K(n, B,i) with DN L # @ for some L € C(A;5)} > 2.

1043

Downloaded from https://www.cambridge.org/core. IP address: 146.198.89.151, on 04 Apr 2018 at 08:46:19, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1112/50010437X18007121


https://www.cambridge.org/core/terms
https://doi.org/10.1112/S0010437X18007121
https://www.cambridge.org/core

D. ALLEN AND V. BERESNEVICH

Case 3: Sub-levels K(n, B, i) for which
#{Le K(n,B,i): LND # @} >2
and
#{(A:j) € K(n, B,i) with DN L # @ for some L € C(A;5)} = 1.

Strictly speaking we also need to consider the sub-levels K (n, B, i) for which #{L € K(n,

B,i): LN D # @} = 0. However, these sub-levels do not contribute anything to the sum on the
right-hand side of (42).
Dealing with Case 1. Let K(n, B,1*) denote the first sub-level within Case 1 which has non-empty
intersection with D. Then there exists a unique ball L* in K (n, B,:*) such that L* N D # ¢. By
(41) there is another ball M € K(n, B) such that M N D # @. By Property (P1), 3L* and 3M
are disjoint. It follows that D\3L* # {). Therefore, by Lemma 6, we have that r(L*) < r(D) and
S0, since f is increasing,

vI(L*) < V(D). (43)
By Property (P4) we have, for any i € {i* +1,...,lg} and any L € K(n, B, 1), that
VI(L) = f(r(L)) <270 f(r(L7)) = 27 V(LX)

Using these inequalities and (43) we see that the contribution to the right-hand side of (42) from
Case 1 is:

i€Casel LeK (n,B,i) " [T N N N
LND#Y

Dealing with Case 2. Let K(n, B,i) be any sub-level subject to the conditions of Case 2. Then
there exist distinct balls (A; ) and (A’;j') in K(n, B,i) and balls L € C(A;j) and L' € C(A’; ")
such that LN D # @ and L' N D # @. Since LN D # @ and L C A we have that AN D # @.
Similarly, A’ N D # (. Furthermore, by Property (P2), the balls 34 and 3A’ are disjoint and
contained in B. Hence, D\3A # (. Therefore, by Lemma 6, r(A) < r(D) and A C 34 C 5D.
Similarly, A’ C 34’ C 5D. Hence, on using (21) we get that the contribution to the right-hand
side of (42) from Case 2 is estimated as follows

f .
SIED SR DI SN DI R

1€Case 2 (Asj)eK (n,B,i) LEC(A;7) 1€Case 2 (A;5)€K (n,B,i)
LND#Y AC5D

(21) THY™N (Y
< Z Z <9( T)j )f( )

. = n
i€Case2 (4;5)eK (n,B.i)
AC5D

=2 X

i€Case2 (4;j)eK (n,Bi)
ACS5D

=2 X

i€Case (Aj)eK (n,B.i)
AC5D

g(r )™ hg (1)
n

g(x)!m
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- g(X;)k/m
B T

i€Case2 (A;5)eK (n,B,i)
AC5D

_ VF(4)
-y oy Ve

i€Case2 (A;5)eK (n,B,i)
AC5D

Combining this with Properties (P2) and (P5) we get

DI SEEND SR C A SR DN 0)

i€Case 2 n.B.1) LEC(A; zGCaseQ n.B.i
(Aip)eR (n,Byi) LECLA) (AJ)Eé(( B.i)
DLy U 4
7 ieCase (A;j)€K (n,Byi)
AC5D
< HE(5D)
o 2
i€Case 2
< —SleHk(D)
c1n
(18)
< Z2585VRD)
c1n
() ey o (2VF(B)\
< =5 V*(D).
o <c3v'f<B>> (D)

Recalling our assumption that r(D) < 7(B) and the fact that r—%f(r) is decreasing, we obtain
that

Vf 2 V/(D
R S T e

c1n
i€Case2 (A:5)eK (n,B,i) LEC(A,j)

D#(
205" V/(D)
c1¢3 n
V(D
< é ), (45)

Dealing with Case 3. First of all note that for each level ¢ of Case 3 there exists a unique
(Ai;ji) € K(n,B,i) such that D has a non-empty intersection with balls in C(A;;j;). Let
K (n, B,i**) denote the first sub-level within Case 3. Then there exists a ball L** in K (n, B,i**)
such that L** N D # (. By (41) there is another ball M € K(n,B) such that M N D # #. By
Property (P1), 3L** and 3M are disjoint. It follows that D\3L** # @ and therefore, by Lemma 6,
we have that r(L**) < r(D) and so, since g is increasing, we have that

g(r(L™)) < g(r(D)). (46)
Furthermore, by Property (P4), for any ¢ € {i**+1,...,lp} and any L € K(n, B,i) we have that

g(r(L)) <27 g(r(L™)).
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Then, the contribution to the sum (42) from Case 3 is estimated as follows

VI(L)
77

VI(L)
1

2.2

icCase3 (4;5)eK (n,B,i) LEC(A))
LND#(Y

2. 2

1€Case 3 LeC(A;35:)
LND#W

=2

1€Case3 LeC(A;;5:)
LND#Y

(2

N

f(sz‘)
n

i€Case 3

D l
<L 5
N i€Case 3
r(D)!
n

<2 gr; ).

Noting that Y., = 7(L**) and recalling (46) we see that

i€Case3 (A:5)€K (n.Bi)

Vi) __r(D) _fr(D)) V(D)
> > LGCZW) , <2 g(r(D)) =2 < .7
LND#%

Finally, combining (44), (45) and (47) together with (42) gives u(D) < V/(D)/n and thus
completes the proof of Theorem 1.
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