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1. Introduction. For positive integers m, n, and any positive number
7, define the set W(m,n;7) to be the set of points X = (z11,...,Z1p,- .-,
Tmly---sTmn) € R™™ for which there are infinitely many integer vectors
q=1(q1,...,qn) € Z" such that

(11) H quxij
j=1

where |g| = max{|¢;| : j = 1,...,n}, and for any z € R, ||2] denotes the
distance from z to the nearest integer. The set

<lg|”", 1<i<m,

W(l,1;7) ={z € R:||qz|| < |g|”" for infinitely many ¢ € Z}

was studied by Jarnik [8] and Besicovitch [3] and shown to have Hausdorff
dimension 2/(1 + 7), for 7 > 1. Later Jarnik [9] and Eggleston [7] showed
that the set

Wim,1;7) ={(z1,...,2m) ER™ : |lqgz;]| < l¢|77, 1 <i<m,
for infinitely many ¢ € Z}

has dimension (m+1)/(147), for 7 > 1/m. More recently it was shown by
Bovey and Dodson [5] that dim W (m,n;7) = m(n — 1) + (m+mn)/(1 + 1),
for > n/m.

In [7] Eggleston generalized the set W(m,1;7) by requiring that the
integers ¢ in the definition belong to a given subsequence of integers. To
be precise, for any infinite subset Q C Z", let Wg(m,n;7) be the set of
points X € R™" such that (1.1) holds for infinitely many vectors q € Q.
Then, under certain hypotheses on @ (roughly speaking () must be suffi-
ciently “dense” or sufficiently “sparse”) Eggleston obtained the dimension
of Wg(m,1;7). These results were extended by Borosh and Fraenkel [4],
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who obtained the dimension of this set for all sequences (). In this paper
the dimension of Wg(m, n;7) will be determined for all sequences Q.

THEOREM. Let Q C Z"™ be an infinite set of integer vectors and let v,
0 < v < n, be the unique number such that the series >, .o |q|™" " is
divergent when € < 0, but is convergent when € > 0. Then

dim Wg(m,n;7) = m(n — 1) + (m +v)/(1 + 1),
for all T > v/m.

This theorem will be proved in the next section. The result is identical
with that in [4] when n = 1. Also, Bovey and Dodson [5] obtain the dimen-
sion of Wg(m,n; 1) for certain sequences () having v = n and satisfying a
“coprimality” condition which, in essence, ensures that the vectors in the
set () are pairwise linearly independent. No such condition is imposed here,
which causes considerable complications in the proof of the Theorem.

We conclude this section by remarking that throughout the above dis-
cussion, if 7 does not satisfy the relevant inequality then the corresponding
set W or Wg has full Lebesgue measure, i.e. the complement of the set has
measure zero. In each case, this follows from Groshev’s theorem (see [10]).

2. Proof of Theorem. Since Borosh and Fraenkel have dealt with the
case n = 1, we will assume that n > 1. Also, for notational simplicity, we
will only deal with the case m = 1. The proof of the general case is similar.
We will use the notation @ = (z1,...,x,) for points in R", and for any
x,y € R”,

n
xy= ijyj, x|y = (z.2)'/?.
j=1

With this notation we have
W(l,n;7) ={x € R": ||g.z|| < |q|”" for infinitely many q € Q}.

Before starting the proof we first recall the definition of the Hausdorff
dimension of a set E in R™. Let Z be a countable collection of bounded sets
I C R™. For any p > 0, the g-volume of the collection 7 is defined to be

Vo(T) =) d)e,
Iel

where d(I) = sup{|x — y|2 : ¢,y € I} is the diameter of I. For every n > 0
define

my(1), B) = inf V,(Z),

where the infimum is taken over all countable collections, Z, of sets I with
diameter d(I) < n that cover E. Now define the o-dimensional Hausdorff
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outer measure of E to be

me(E) = supmy(n, E) .
n>0

The Hausdorff dimension of F is defined to be
dim E = inf{p : m,(E) = 0}.

We also require some further notation. For any finite set A, we let |A]
denote the cardinality of A. The notation a < b (respectively a > b) will
denote an inequality of the form a < ab (respectively a > ab), where o > 0
depends at most on n, v and certain constants v, § and ¢ which will be
introduced below. If both the inequalities a < b, a > b hold then we write
a ~ b. An integral plane in R™ is a set of the form

H(g,t)={xcR":qe+t=0}, qe€Z", q#0,tecZ.

Clearly this is an (n — 1)-dimensional plane in R™, orthogonal to the integer
vector g. For any two parallel planes H, H', we let |H — H'|5 denote the
Euclidean distance between the planes, measured along the normal direction.
A set B C R" of the form B = {& € R™ : | — bl < d/2} is said to be a ball
of diameter d and centre b. If a > 0 is a real number then aB will denote
the ball with centre b and diameter ad. The unit cube U in R” is the set

U={zxecR":0<x;<1,i=1,...,n}.
We can now begin the proof. Suppose that 7 > v. We first show that
dimWo(l,n;7) <n—1+1+v)/(1+7).

Since the set Wg(1,n;7) is invariant under translations by integer vectors,
it suffices to show that

(2.1) dimWo(l,n;7)NU <n—1+14+v)/(1+7).
For any non-zero q € (Q and any t € Z let
T(qt)={wcU:lga+1 <|ad~"}.

This set consists of the set of points in U lying within a distance |q|~7|q|; " <
|q|~(1*7) of the integral plane H(q,t). Clearly the number of integers ¢ for
which T'(g,t) is non-empty is < |q|. Since H(g,t) is (n — 1)-dimensional,
it can be seen that the set T'(g,t) can be covered by a collection B(q,t) of
balls B of diameter 4|q|~(**7) such that

|B(g, t)| < |g|"
(if T(q,t) is empty we suppose that B(q,t) is empty). Now, by definition,
Wo(L,mr)nU c | (JB(gt)

qeQ tezZ
lg|>M
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for all integers M > 1, so the set W (1,n;7)NU is covered by the collection

of balls
Bu= |J UBa1).

qeEQ tEZ
lg|>M

Now let p =n—1+ (1 +v)/(1 + 7) + € for arbitrary € > 0. The g-volume
of the collection B, satisfies

Vo(Bu) < > > |Blg,t)llg et

qeQ tezZ
lg|>M
< Z |q‘1+(1+7)(n—1)—g(1+7) _ Z ‘q’_V_E(H_T) )
qeQ qeqQ
lg|>M lq|>M

This series is convergent, by the definition of v, so by taking M sufficiently
large the p-volume V,(Bas) can be made arbitrarily small. By the definition
of Hausdorff dimension this proves that dim Wg(1,n;7) N U < p, and since
¢ is arbitrarily small, (2.1) follows.

To prove the Theorem we will now prove the reverse inequality for
dim Wy (1,n;7). Suppose, for now, that v > 0 and let 6 > 0 be an ar-
bitrarily small number satisfying

0 <6 <min{y,7 —rv,1}.

Some other restrictions will be imposed on § below, but essentially § is a
fixed “sufficiently small” number.

We also suppose that the series ) 7€Q |g|~" is divergent, i.e. the series
in the statement of the theorem is divergent when ¢ = 0. If this assumption
does not hold we replace v with v + ¢, ¢ < 0, throughout the following
argument to obtain dim Wg(1,n;7) > n— 14+ (1 +v +¢)/(1 + 7), which
yields the result since € < 0 is arbitrary.

LEMMA 2.1. For any integer ko > 0 there exists an integer k > ko such
that

(2.2) > 1z2ME
qeqQ
2+ <|q<2"+!

Proof. The proof is the same as the proof of Lemma 2 of [4].

From now on, N will always denote an integer of the form 2%, where k is
such that (2.2) holds. By Lemma 2.1 there are infinitely many such integers.
Thus, writing

Q(N)={qeQ:N <|q| <2N},
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we have

(2:3) Q)| = N"=9/2,

for all sufficiently large N (of the above form). Now, for any vector q €
Q(N), let [g] C @ denote the set of all those vectors ¢ € Q(N) which are
linearly dependent on q. Clearly the relation of linear dependence is an

equivalence relation on the set Q(N) and we let [Q(N)] denote the corre-
sponding set of equivalence classes [q].

LEMMA 2.2. There exists a number v, § < v < v, and a subset @ CcQ
such that, for infinitely many N,

(2.4) [QIN)]] =~ N7~°,
(2.5) lq]] = N7,
for all equivalence classes [q] € [Q(N)]. Thus
(2.6) |Q(N)| ~ NV

Proof. Let &' =¢§/2, ¢t = [1/¢'] (where [] denotes the integer part of a
number here). For i =0,1,... ¢, let
L(N) = {lg] € [QN)]: N* < [g]] < N(+D7}
For all sufficiently large N, we must have |[g]| < 2N < N+ g0
t

D LN INEEDT > Q(N)] .
i=0
Hence, by (2.3) we have, for all sufficiently large N,

t
S ILINCEDT Y 2
=0

Therefore, for some i there exist infinitely many N’s for which
[T (N)| > Nv= 429"
If v —id" > 6, put v = v —id’ < v, otherwise put v = 0. Since |I;(N)| > 1
for each of these N’s, we have
IL(N)| > N7, [g]] > N = NV

for all [q] € I;(IN). We now select a subset [Q(N)]" C I;(N) such that
[[Q(N)]'| ~ N7Y~? and for each [g] € [Q(N)]’, we select a subclass [g]’ of the
g’s in the equivalence class [q] such that |[g]'| = N¥~7. Defining the set @

to be the union of all the vectors g € [g’, [g]" € [Q(N)]', for all the above
N’s, it is clear that this set has the properties (2.4), (2.5) and (2.6).

We now suppose that v — v > 0. The case where this does not hold will
be discussed below.
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LEMMA 2.3. Let L,e > 0 be positive numbers with L < 1. There exist
arbitrarily large integers N such that, for every ball C C U with diameter
L and every equivalence class [q] € [Q(N)] there is a set S = S(C,[q]),
consisting of pairs (q,t), where q € [q] and t € Z, with the properties:

(i) for all (g,t) € S, the plane H(q,t) intersects the ball %C;
(i) for all distinct pairs (q',t'), (¢?,t%) € S,

(2.7) |H(q",t") — H(g®,#*)[s > N~'7/+70;
(iii) the number of pairs (q,t) in S satisfies
(2.8) S| > Lx([q]) > LN,

where x([q]) = Y qeiq @(1al) and ¢ is the Euler function;
(iv) for any set I C C with d(I) > N~1%9,
(2.9) |51 < d(I)x(lg)) < d(I)N~F77,
where Sy denotes the set of pairs (g,t) € S for which H(q,t) intersects I.

Proof. To prove the lemma we will reduce the construction, for each
equivalence class, to a one-dimensional problem by orthogonally projecting
onto the line spanned by the equivalence class and then using the results of
[4]. Choose N sufficiently large that it satisfies the conditions imposed on
the number @ in the first two sentences of the proof of Lemma 4 of [4]. For
any equivalence class [q] € [@(N )] choose some g € [q] and let u = q/|q|
(note that w depends only on [g], not on the particular choice of g € [q]).
Let J be the interval [c.u—L/4, c.u+ L/4], where c is the centre of C. Now,
suppose that the pair of integers (g,t) is such that ¢ = |q| for some q € [q]
and —t/q € J. Then the plane H(q,t) intersects the ball %C. Also, if (¢/,t')
is another such pair then the distance between the corresponding integral
planes is equal to |t/q —t'/q’|. Thus, the proof reduces to finding a set of
such pairs (g, t) satisfying the analogues of the conditions (ii), (iii) and (iv)
(in the analogue of (iv), I becomes a subinterval of .J). However, Lemma 4
of [4] constructs a set of pairs (g,t) having the required properties, and the
above condition on the size of N is sufficient to ensure that this construction
works for each equivalence class [g] € [Q(N)] (note that the notation in [4]
is slightly different from ours; in particular, our v — v corresponds to v in
[4]). Thus we have proved the lemma.

We now suppose that L and C are fixed, and choose N so that Lemma 2.3
holds. For any equivalence class [q] € [Q(N)] let

E(lgdh)= U Hgtno),
(g,t)eS([a])

where S([g]) is the set constructed in Lemma 2.3 (to simplify the notation
slightly we have suppressed the dependence of S on C). Since the planes
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H(q,t), (g,t) € S([q]), pass through the ball £C, the (n — 1)-dimensional
Lebesgue measure (which we denote by pu,_1) of the set H(q,t) NC satisfies
pn—1(H(g,t)NC) > L™ ! and hence by (2.8),

(2.10) pn—1(E(g))) > L"x([q]) > L"N' =77
(taking € < 9). B
Now, for any p € Q(N), p € [q], s € Z and any pair (q,t) € S([q]), let
F(p,s;q,t) ={x c H(q,t)NC : |p.x +s| <2nN""°}.
This set consists of the intersection, in C, of the hyperplane H(q,t) with
the set of points in R” lying within a distance 2nN~*~%|p[;t > N~1-v—9

of the hyperplane H(p,s). Thus, since p and g are linearly independent,
F(p, s;q,t) is a (possibly empty) strip on the planar set H(g,t) N C. Let

Fla)= U U U F@sa).

peQ(N) s€Z (g,t)€S(lq])
pE[q]

LEMMA 2.4. For any [q] € [@(N)L

pn—1(F((q]))
tn—1(E([q]))

Proof. For any p # 0 and any n > 0, let
Ap(n) ={z €U : |px| <n}.

It is shown in [10] or in [6] that if p and p’ are any linearly independent
integer vectors then, for any 1, ’ > 0,

(2.11) pin (Ap(n) N Ap: (1)) = mnf

(the arguments in [6] are geometrical and include pictures which illuminate
some of the geometrical arguments used in this part of this paper). Now,
by definition,

< L "N79.

Flahc U U @@V N Ag(0)),
o

212)  paaF() < S0 S toa(Ap(20N V%) 1 44(0).

peQ(N) g€ld]
pE[q]

For 1 > 0 the set Ap(2nN~"7%) N A4(n) is an n-dimensional “thickening”
of the set A,(2nN~"7%) N A4(0) (which consists of portions of (n — 1)-
dimensional planes) with “thickness” 7|q|;'. Thus

Mn—l(Ap@nNﬂ/ig) N A4(0)) = %ii%ﬂn(Ap(aniyid) N Aq(’n))/n!m{l .
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Hence by (2.5), (2.6), (2.11) and (2.12),

pna(F(lg) < ) Z%igg)%N_”_én/nquEl

peQ(N) g€ld]
pZlql

< NV—ENV—'le—V—é — N1+1/—'y—25 ’
so the result follows from (2.10).

Now, by geometrical arguments, it can be seen from Lemma 2.4 and the
construction of the set F'([g]) that for N sufficiently large we can choose a
collection B([q]) of pairwise disjoint balls BCC, of diameter n~1(2N)~(+7),
whose centres b lie on E([q])\F'([q]), and satisfy
(2.13) b—b|y>N"U+) ifb£b,
and such that
(2.14)  |B([a)] > pa-1(B(la])/(N~TH)=1 > L x([g)) N DY

(by (2.10)).

Repeating the above constructions for all [q] € [Q(NN)] we can define the
collection of balls

B= U Bld)-
[g]€[Q(N)]
If B € B([q]), B’ € B(lq]"), [q] # [q]’, and b, b are the centres of B, B’,

respectively, then it follows from the definition of the sets F(p,s;q,t) and
the fact that b € E([q])\F([q]) that

(2.15) b—b|y > N"17v=9,
Collecting together the above results we obtain the following lemma.

LEMMA 2.5. Let L,e > 0 be positive numbers with L < 1. There exist
arbitrarily large integers N such that for every ball C C U with diameter L
there is a collection B of pairwise disjoint balls B C C, such that:

(i) each B € B has diameter n=*(2N)~(0+7);
(ii) for all B € B, there exists q € Q(N) such that
lg.x|| <|q|”" forallx € B;
Nl+l/*57€'

Proof. Since by construction the balls in the collections B([g]) have
diameter n~1(2N)~(+7) (i) holds. The fact that the balls in B are pairwise
disjoint follows from (i) and (2.13) and (2.15) for N sufficiently large (since
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T > v +0). Now, for any B € B([q]), and any « € B, there is a pair
(q,t) € S([q]) such that the centre b of B lies on H(q,t), and hence
gz +1t| < |q.b+t|+ |g.(x — b)|
< |glal@ — bl < n'2|gn~ ' (2N)" ) < g7,

which shows that (ii) holds for all B € B([g]), and hence for all B € B. To
show that (iii) holds we combine the estimate (2.14) with the definition of
B to yield

B> 3 D) N0 = L (NN

[a]€[Q(N)]

The estimate for X (V) follows from (2.4) and (2.8). This completes the

proof.

LEMMA 2.6. Let B be the collection of balls constructed in Lemma 2.5
and let I be a set in R™ with d(I) > $n=2(2N)~0+") which intersects h of
the balls B in B. Then if d(I) < N~1+9,

(2.16) h < ed(I)" T NUFDUTU (4 d(DNTE),
while if d(I) > N~1+9,
(2.17) h < czd(I)”N(l"‘T)("_l)X(N) )

Proof. For any [g] € [Q(N)] and any pair (g,t) € S([g]), let B(q,1)
be the set of balls B € B whose centres lie on the plane H(g,t). We begin
by estimating the number h(q,t) of balls B € B(q,t) which can intersect I.
Since the balls B € B(q,t) have diameters n~'(2N)~(*7) and their centres
all lie on the (n — 1)-dimensional plane H(q,t) and are a distance at least
N—0+7) apart, it follows from volume considerations on the plane H (q,t)
that

(2.18) h(gq,t) < (%) -

Now suppose that d(I) < N~17¥=9/4. In this case it follows from the
construction of the collection B that I can intersect balls from at most < 1
collections B(q,t), thus h < h(q,t). Next, suppose that N~17v=%/4 <
d(I) < N7'*%  Then we can choose a collection of balls D of diameter
N~1=v=9/4 covering I, such that the number h’ of balls D is bounded by

v ()

Using (2.18) to estimate the number of balls B intersecting each D we obtain,
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for this case,

N—l—z/—6
N-(+7)
Combining (2.18) and (2.19) proves (2.16).

Now, suppose that d(I) > N~'*°. Then by (iv) of Lemma 2.3, for each
[q] € [Q(N)], the number h” of collections B(q,t), (g,t) € S([g]), which
have at least one ball intersecting the set I is bounded by h"” < d(I)x([q]).
Thus, using (2.18),

h< > dDx(lahd(D)" T NOED = gy x (V)N e,
[g]€[Q(N)]
which completes the proof.

Now let p = n—1+(1+v)/(1+7)—35. We will prove that dim Wg(1,n; 1)
> p, which, since § is arbitrarily small, proves the Theorem. The proof is
based on some of the methods used in [1] and [2]. Choose Ny > 0 sufficiently
large that
(220) N01+V—(1+6)(1+T) S 6162—1477171

(this is possible since 7 > v). Let F be any countable family of sets I in R™
of positive diameter d(I) < 1n=1(2Ny)~(*7) with

(2.21) Vo(F)=> _dI)°<1.
IcF

n—1
(2.19) h< h’( ) — d(I)P N AT ()

We will show that the family F cannot cover the set Wg(1,n; 7) and hence,
by definition, m,(Wq(1,n;7)) > 0, which proves that dim Wy (1,n;7) > o.
To do this we construct a sequence of sets U D Jy D J; D ..., where J; is
the union of M; > 0 pairwise disjoint balls and integers Nog < IN; < ... such
that for j > 1, the following conditions are satisfied:

(i); J; intersects no I € F with d(I) > in~1(2N;) -0+,

(ii); each ball of J; has diameter n~1(2N;)~(+7);

(i), if € Jj, thereis a g € Q(N;) such that ||q.z| < |q|™7;

(iv), M; > 40261_1n”2”(1+7)NHV*NHTH(HT)("*D.

J = J

Supposing that such sequences exist, let

Joo = ﬁ Jj .
7=0

Since the sequence J;,j = 0,1,..., is a decreasing sequence of non-empty
closed bounded sets in R, J is non-empty. By (i);, Jo does not intersect
any set I € F, while by (iii);, Joo C Wg(1,n;7). Thus, F does not cover
Wo(1,n;7).
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The construction is by induction. Let Jy be the ball of diameter 1 and
centre (%, cel %), and let Ny be as above. Now suppose that Jo, J1,...,J;_1,
No, Ni,...,N;_1 have already been constructed satisfying the above condi-
tions, for some j > 1. We will construct J; and N;. Let D be a ball of J;_;
and let C = %D. Applying Lemma 2.5 to C' we choose N; = N such that

Nj_1+6 < n_l(QNj—ﬂ_(HT), and we obtain the corresponding collection of
balls B = B(D). Let
gj = U B(D).
Der_l
Now let
Fl={IeF:Lin '(2N;)" () < d(I) < N7 '0Y,
FP={I€F:N;"° <d(I) < jn'(2N;_y)" 7},

and let H; be the set of balls in G; which intersect a set I € F} U F;. We
define J; to be the union of the balls in the collection G; \Hj. Thus, we have
J; C Jj—1 and (i); holds (because d(I) < in=1(2No)~U+7) T € F,if j =1,
and because of (i);_; if j > 1). Also, (ii); and (iii); follow from (i) and (ii)
of Lemma 2.5. It remains to consider (iv);.

If I € Fj UF?, I cannot intersect B(D) for two distinct balls D € J;_;
(because of (ii);_1, if j > 1). Therefore, by Lemma 2.6,

(2.22) |H]‘ < ¢9 Z d(I)n—lN](lJr'r)(nfl)(l —I-d(I)le+V+5)
Ie]—‘jl
+e Y d()" NI X ().
Ie]—‘f

It follows from (2.21) and the definitions of ]-']1, ]:]2, that, if ¢ is sufficiently
small,

Z d([)nfl < N}+V*5(1+7) Z d([)n < Nf(1*5)(1*(1+1’)/(1+7')+5)
— 7 ) — Vi )
o7 i

S a(nyr < N,
IeF?
Hence,
(2.23)  [H;| < ep(NITTO0HT) | Nl (=0) (A=) /(14 T)+0)
: < : :
+ NP () N+
1+r—(1+0)(1+7 1+7)(n—1
< 26, Ny~ x (v N )

for sufficiently large N; if 0 is sufficiently small (using the estimate for X (V)
in Lemma 2.5 with ¢ sufficiently small).
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Now suppose that j = 1. By (iii) of Lemma 2.5 (with d(C) = 1/4),
together with (2.20) and (2.23),

1G1] > 147X (N NI > 97,
Hence
My > [Gi] = [Ha] > 272" X (N NP0
so (iv); holds for sufficiently large Ny if § is sufficiently small (again using

the above estimate for X (N)).
Next suppose that j > 1. Then, by (iii) of Lemma 2.5, (ii);—1 and (iv);_1

(2.24) |G| = Mj_yean™ " (2N; 1) "D X (N N
> 4C2lej{/—(1+6)(1+T)X(Nj)NJ(1+T)(n_1) > 21,

Thus, M; > |G;| — |H;| > |G;|/2, and it follows from (2.24) that (iv); holds
for sufficiently large N; if 0 is sufficiently small. This completes the proof
of the Theorem when v — v > 0.

To obtain the lower bound for dim W (1, n; 7) in the cases when v —v =
0, v > 0, and when v = 0, we observe that in both these cases we may choose
a subset @@ C @ such that for an increasing sequence of N’s, Q(N) contains
exactly one vector g. This is the analogue of Lemma 2.2 for this case and
provides sufficient vectors to obtain the required lower bound. Since there is
only one vector g € Q(N) the analogue of Lemma 2.3 can easily be obtained
(with v —+ = § = ¢ = 0, and omitting the function x) simply by considering
the set of planes H(q,t), t € Z which intersect %C’ . Similarly, the collection
B of Lemma 2.5 can be constructed easily (the sets F' and Lemma 2.4 are not
now required since these planes are parallel and hence do not intersect each
other) and the analogue of Lemma 2.6 can be proved by the same means as
above. Finally, the required lower bound can be obtained as before.
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