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On the metric dimension of converging sequences

LADISLAV MISIK JR., TIBOR ZACIK

Abstract. In the paper, some kind of independence between upper metric dimension and
natural order of converging sequences is shown — for any sequence converging to zero there
is a greater sequence with an arbitrary (< 1) upper dimension. On the other hand there
is a relationship to summability of series — the set of elements of any positive summable
series must have metric dimension less than or equal to 1/2.
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Let (K,d) be a compact metric space. We say that an open covering € of K is
an r-covering if for every C' € € diam(C) < r. Let us denote by N(r,K) the least
cardinality of an r-covering of K. The following characteristic of the “massiveness”
of the set IC:

dim £ = lim inf M
r>0 —logr
was defined in [P-S] and it is called the lower metric dimension of the set K. In
[K-T] both lower and upper (defined by lim sup) dimensions were investigated.

Let us recall some basic relations of the lower and upper metric dimensions to
the well known topological dimension — td and Hausdorfl dimension — hd. The
inequalities

td K < hdK < dim K < dim K

hold (c.f. [V]) for each totally bounded metric space K. For some “nice” spaces K
(e.g., for the subsets of R” with nonempty interior) the inequality td X = dim K
holds. On the other hand, the main difference between the lower (upper) metric
dimension and Hausdorff dimension consists in the fact that Hausdorff dimension of
any countable set is zero, while the lower (upper) metric dimension can be positive.
It is proved in [M-Z, Theorem 4] that in each compact metric space K there is
a converging sequence S of points of C with dim S = dim K (by the upper metric
dimension of the sequence we mean the upper metric dimension of the set of points
of the sequence), which is not true for lower metric dimension. This fact was
the starting point of our interest in the upper metric dimension of sequences. On
the other hand, the upper metric dimension gives an important characteristic of
sequences — a characteristic of another kind compared with a ‘speed of convergence’
(see Theorem 2).

Conventions: For simplicity we will speak about dimension instead of the upper
metric dimension. For the converging sequence {an}>2; we will write A = {ay}
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instead of A = |J {an}U{ lim ay} if there is no danger of misunderstanding. For

an, € R, the symbols an " a (ap\, a) will mean that the sequence {ay} is strictly
monotonically increasing (decreasing) and converging to a. By |X| we will denote
the cardinality of the set X. R, RT and N will denote the set of all real, positive
real and natural numbers, respectively. By minimal r-covering of the set K we mean
any r-covering consisting of N(r, ) sets.

In this paper we will deal with the upper metric dimension of the converging
sequences of real numbers. The outstanding position of the real sequences is given
by the following fact.

Proposition 1. Let (K,d) be a compact metric space and S = {s,} a sequence
in K converging to sg. Put dp = d(sg, sn) for each n € N and D = {dp}. Then
dim D < dim S.

This fact is a consequence of the following

Theorem 1. Let (K,d) and (L, o) be two compact metric spaces. Let f: K — L
be a-Holderian for « € (0,1), i.e., there is a constant L > 0 such that

1) p(f(2), f(y)) < Lld(z,y))*
for any z # y. Then dim f(K) < é dim /.

PrOOF: Take r > 0 and let €(r) be a minimal r-covering of . Then by (1)
we have diam f(C) < L -r® for every C € €(r) and, moreover, all sets f(C)
cover f(K). Each f(C) has a neighbourhood with diameter less than Lr®. Therefore
N(Lr*, f(K)) < N(r,K) and

BN SK) g N () _

di K)=1 =1
U0 = e g T e T g e
log N 1 log N _
hmsupog—WC)f_hm g N(nK) _ 1.
ot —alogr—logL o ,_ g+ —logr
g

Remark 1. We will use the previous theorem for a Lipschitzian (o = 1) surjective
mapping f: K — L, in this case we have dim £ < dim K.

PROOF OF PROPOSITION 1: Define 7: S — D by 7(sg) = 0 and 7 (sy,) = dy, for
n € N. It is easy to see that for each z,y € S we have the inequality |7 (z) — 7(y)| <
d(x,y). Now it is sufficient to apply Theorem 1 to get the result.

We can define the algebraic operations of addition and multiplication of two
converging sequences as well as the scalar multiplication of a converging sequence
— this can be considered as a particular case of multiplication with a constant
sequence. Hence, if A = {a,} and B = {b,} are two converging sequences, then

A+B={an+0bn},
A-B={ayp by},
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and, for a € R,
a-A={a-ap}.

First we will consider the behaviour of the dimension with respect to these op-
erations.

Proposition 2. Let A = {an}, B = {bn} be two converging sequences of real
numbers and « € R, a # 0. Then the relations

dim (A + B) < dim A + dim B,
dim (A-B) <dim A +dim B,
and L L
dim A = dim oA
hold.

PrOOF: First note that the inequality dim (A x B) < dim A + dim B holds for
compact A, B C R. Indeed, if 2(r) and B(r) are minimal r-coverings of the sets A
and B, respectively, then € = {A x B; A € (r), B € B(r)} is a (V2 - r)-covering
of Ax B C R%. Hence N(v/2-r,Ax B) < N(r,A) - N(r, B) and by the properties
of lim sup the statement is obtained.

Moreover, dim A < dim B if A C B and A, B are compact (see [M-Z, Propo-
sition 3 (ii)]). Put D = {(an,bn)} C A x B and apply the above facts to get
dim D < dim Ax B < dim A+dim B. Define 7: D — A+B by w((an,bn)) = ap+bn
and note that

|(an + bn) - (am + bm)| < |an - am| + |bn - bm| < \/E\/(an - am)z + (bn - bm)2 .

Applying Theorem 1 we get the first inequality.

Now define 7': D — A - B by 7/((an,bn)) = an - by and choose some a, 3 > 0
with a > ay, and 8 > by, for each n € N. Now the following inequalities are true for
each m,n € N:

|anbn - ambm| <
< |anbn — ambm — (anbm - ambn)| + |anbn — ambm + (anbm - ambn)| =

= [(an + am)(bn — bm)| + [(an — am)(bn + bm)| < 20|bp — bin| + 28]an — am| <

< 2V2(a+ )1/ (an — am)? + (bn — bm)?.

Applying Theorem 1 we get the second inequality.

For the proof of the third equality define B = {by,} by by, = « for each n € N and
note that dimension of finite space is 0. This follows dimaA =dim B - A < dim A.
Now define C' = {cp} by ¢ = é for each n € N. Thus dim A = dimC - (aA4) <
dim oA and the proof is finished. O

The following Corollary is a straightforward application of Proposition 2.
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Corollary 1. Let A= {an}, B = {bn} be converging real sequences and
dim B = 0. Then dim (A + B) = dim A and dim (A - B) < dim A.

Theorem 1 implies that the dimension is invariant under Lipschitzian homeo-
morphisms. That is the reason why in the rest of the paper we will consider only
the sequences converging to zero. Note that dim A = dim — A and dim (AU B) =
max{dim A, dim B}, so we can restrict to positive sequences. Moreover, the dimen-
sion of the sequence is the dimension of the set of the values of the sequence. That
is why we will consider only the set ST of positive strictly decreasing sequences
converging to zero, where we do not distinguish sequences which differ on the finite
set of indexes. Define a partial order on ST in the usual way:

{an} < {bn} <= {n; an > by} is finite.

The relations between dimension and this partial order will be considered in the
next part of the paper.

Denote A, = {n—lk}%ozl By [Y] dim A, = k+—1 and Ay < A; for k > I, so that
smaller sequence has smaller dimension. The sequence {2%} has dim zero and is
smaller than any A, above. On the contrary the sequence {@} is greater than

any previous sequence and its dim is 1 (see, e.g., [Z]). It might seem that greater
sequences have greater dimensions, but the relations are much more complicated.

Lemma 1. For each {a,} € ST there is a {b,} € ST with {b,} = {an} and
dim {b,} = 0.

ProOOF: By induction we will construct two sequences {7}, }7° ¢, {n;}7>, such that

e\ 0, ng " oo:

Put ry = % and choose an np such that ap, < r;. Take an r9 < rp for which
1

(%)5 > n1 + 2 and an ng such that ap, < ra.

Suppose we have chosen all r,_; and ng_q, for some k£ > 3. Then we can find r,
with

1) (i)% Sy 42,

Tk
and, moreover, satisfying the inequality
(2) Tk <Tk—2 — anj_g -
Finally, there exists also an nj such that
(3) any, < T -
Choose an arbitrary sequence by, \, 0, for which

(4) brgyi—1s- -5 0ny € (any, any + Tp42)-
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Let r € (rg11, 7). Then

o
Nregr, | 0}] =1,

1=ngy1
because from (4) and (2) we have by, < anyq + Th+3 < Thtl;

nk+1—1

N Tk+1, U {bl} = 15

iZTLk

as any, <bpy -1 <0 <bp, <an, +rpgoand rgpo < Tpyr;

TLk—l
N Tk+1, U {bz} = ].
1=ng_1
from the same reason and
nk,1—1
N Tht1s U {bl} <np_1—1.
=1

Hence by (1) and the choice of r,

1\*% 1\ %
N(Ta{bi})<1+1+1+nk—1_1—nk—1+2<(r_) <<—> :
k

/o
Therefore dim ( U {b2}> =0. O

i=1
Theorem 2. For each {an} € ST and for each o € (0,1) there is {b,} € ST with
{bn} = {an} and dim {b,,} = a.

PrROOF: Let o € (0,1) and A = {an} be given. Lemma 1 states the existence
of a greater sequence D with dimension zero and [M-Z, Theorem 4| guarantees
the existence of a sequence C' = {c,} with {c,} € ST and dimC = «a. Then
B=D+C =D A and by Corollary 1 dim B = dim C = a. O

The above fact implies that there are arbitrary big sequences with prescribed
dimension. This is not true for smaller sequences (see Theorem 4 and Remark 2
below). On the other hand, if two sequences are in some sense mutually uniformly
distributed, then their dimensions are equal. This is the content of the following
theorem.
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Theorem 3. Let A = {a,} and B = {b,} be two sequences from ST and let there
be a constant ¢ € N such that for every k > 0

{3 apt1 <bi <ag}| <.

Then dim A > dim B.

PrOOF: For r > 0 let A(r) be a covering of A by N(r, A) sets of diameter less
than r. Denote m = N(r, A) — 1. Then there are numbers ni,ng, ..., ny such that
each interval (an,,a1), (ang: @ny+1), (@npy, Anpy+1)s -5 (0, an,,+1) is a subset of
one set from 2A(r). This covering covers also all points of the sequence B except
for points in the intervals (an,+1,an;),- - -, (@n,,+1,@n,, ). Their number is at most
(¢ —1)m, therefore N(r,B) < m+14+ (¢ —1)m < l(m+1)=£-N(r,A). From this
we derive dim B < dim A. O

Example. Let {a,} be a sequence in RT, monotonically converging to zero, and
dim {a,} = a. Let {b,} be a subsequence of {a, } with b, = a7,. What we can say
about dim {b,}?

First note that if we denote A = {ay} and B = {b,}, then B C A and by [M-Z,
Proposition 3] we obtain the inequality dim B < dim A.

Now, for any natural k > 1 there are exactly seven elements az(j 1), a7(k41)—1, - - -
..., agg of A between by 1 and by. By the above theorem we have then dim A <
dim B, the opposite inequality.

The answer is: dim {b,} = a.

Theorem 4. Let for a set A of elements of a series ioz an, ap > 0, the inequality
n=1
dim A > 14 hold. Then the series is divergent.

PRrROOF: To simplify the proof we will use the equivalent definition (see [K-T] and
[M-Z] for more details) of the upper dimension of a given compact K:

S log M
(4) dim IC = lim sup e ML) (. )
r—0+ —logr

where M (r, KC) for r > 0 means the maximal cardinality of r-discrete subsets of K.
X C K is called r-discrete iff inf{d(z,y); =,y € X,z #y} >r.

By the assumption of the theorem dim A > 15 + «, where 0 < a < 1p. Then by
(4) for every positive rg € R there exists a number r, 0 < r < rg, such that

1 1/2"1‘0{
(5) M(r, 4) > <—) .

r
Fix this r for a moment and denote m = M(r,A). Let A(r) be a subset of A
corresponding to M (r, A), so that if z,y € A(r) and x > y, then x —y > r. This
set is finite, hence it can be ordered as an increasing sequence

0<al(r) <ag(r) <--- <am(r),
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where a;(r) —a;—1(r) =7, i =2,...,m. By this property we obtain inequalities
aj(r) = (j —r, i=12,...,m.
Further, using these inequalities and (5),

m(m — 1)

ar(r) +az(r)+ - +am(r) =r(1+2+-+ (m—1)) =r—— >
(1) Yota ((1)1/2+a _ 1) )
r r = = (p—20 _ (Y2—0)
2T 5 =5 (r r ) .

As 1o — a > 0, the last expression tends to infinity for r — 07. Therefore for any
S

£ > 0, there is a sufficiently small » > 0 such that > ap > ¢, where ag = a1(r) for
k=1

o0
this r. This means that the series > ay, is divergent. O
n=1

Remark 2. Theorem 2 states the existence of a greater sequence to a given se-
quence from ST with an arbitrary dimension between 0 and 1. Theorem 4 in [M-Z]
guarantees the existence of a smaller sequence with dimension less than or equal
to a dimension of a given sequence. But the situation is not wholly symmetrical
— Theorem 4 in contrast to Theorem 2 prevents the existence, in general case, of
a smaller sequence with an arbitrary dimension near to 1. Indeed, let A = {a;}72

[ee)
be a sequence such that  aj < co. Then for every sequence B = {b;,}7° ;, B < A4,
k=1

[e.°] JE—
we have Y b, < oo and by Theorem 4 we have dim B < 4.
k=1
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