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ABSTRACT. Let X be a countable discrete metric space and let X* denote the
family of all functions on X. In this article, we consider the problem of finding
the least cardinality of a subset A of ¥* such that every element of X% is a
finite composition of elements of A and Lipschitz functions on X. It follows
from a classical theorem of Sierpinski that such an A either has size at most 2
or is uncountable.

We show that if X contains a Cauchy sequence or a sufficiently separated,
in some sense, subspace, then |A| < 1. On the other hand, we give several
results relating |A| to the cardinal 9; defined as the minimum cardinality of
a dominating family for NN. In particular, we give a condition on the metric
of X under which |A| > © holds and a further condition that implies |A| < 0.
Examples satisfying both of these conditions include all subsets of N* and
the sequence of partial sums of the harmonic series with the usual euclidean
metric.

To conclude, we show that if X is any countable discrete subset of the real
numbers R with the usual euclidean metric, then |A| = 1 or almost always, in
the sense of Baire category, |A| = 0.

1. INTRODUCTION AND PRELIMINARIES

Let X be a semigroup and let Y be a subset of X. The relative rank of X modulo
Y, denoted by rank(X :Y), is defined as the least cardinality of a subset Z of X
such that Y U Z generates X. We may also refer to rank(X : Y) as the relative
rank of Y in X.

The subject of relative ranks of subsemigroups of transformation semigroups
has been intensively investigated. The roots of the study can be traced back to
Sierpinski [16] and Banach [2]; the notion of relative ranks first appeared explicitly
in [12] and [13]. The ranks of several standard examples of subsemigroups, such as
the symmetric group, the set of idempotents and so on, of the full transformation
semigroup and related semigroups were determined in [10], [12], and [13]. In [1],
[9], and [11] similar considerations we made for other classes of semigroups, such
as order preserving mappings and linear mappings of vector spaces. Galvin [§],
and Bergman and Shelah [4] considered related topics for permutation groups. The
relative rank of Lebesgue measurable subgroups of the reals under addition were
also studied, under a different guise, in [5].

The topic of relative ranks of continuous mappings Cx modulo Lipschitz map-
pings £x on metric spaces X was considered in [6]. It was shown that for two
large classes of metric spaces, which include many natural examples, rank(Cx : £x)
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is uncountable. Moreover, it was shown that the relative rank of the semigroup
of Lipschitz mappings £ on the Baire space N in the semigroup of all contin-
uous mappings Cnr on N is equal to the smallest uncountable cardinal Ni, i.e.
rank(Cpr : £xr) = Ny. Somewhat surprisingly, if an arbitrary point z is removed
from the Baire space N, then this rank becomes 1.

The example of the Baire space illustrates that the cardinal rank(Cx : £x) is
sensitive to changes in the metric structure of X even if its topological structure
remains the same; the spaces A" and N\ {z} are homeomorphic. Although all count-
able discrete metric spaces X are topologically identical, their metric structures can
vary widely, and it is natural to ask how the differences in these metrics affect
rank(Cx : £x). Moreover, in this particular case the semigroup of all continuous
mappings on X coincides with the well investigated semigroup ¥* of all mappings
from X to X. Hence, by Sierpinski’s Theorem [16], rank(Cx : £x) € {0,1,2} or
> N().

Of course, when rank(X* : £x) > Ry, if we assume that the Continuum Hy-
pothesis (CH) holds, then rank(X¥ : £3) = 2%, the cardinality of the continuum.
However, if we do not assume that CH holds, then the question of the precise value
of rank(X* : £x) remains open. This question motivated the majority of the results
presented here.

To specify the cardinal numbers involved we require the following notions. A
function f € NV is said to dominate another function g € NV if (i) > g(i) for all
i € N. The study of the notion of dominance, and related ideas, in the 70s and 80s
of the previous century gave rise to the following cardinal numbers, introduced by
van Douwen. The cardinal b is the least cardinality of a subset U of NY such that
for any countable V' C N there exists f € U such that f is not dominated by any
g € V. The cardinal 0 is defined to be the least cardinal of a family F such that
for all f € NN there exists g € F that dominates f. Cichon’s diagram connects the
cardinals b and 0, and as such the notion of dominance in N¥, with other cardinals
related to Baire category and Lebesgue measure; see [3] or [7].

The following relations are obvious: R; < b < 9 < 2%, If the CH holds, then
b = 0 = 2%0. Moreover, the following theories are consistent: ZFC + (b =0 = ¥; <
2%0) ZFC + (R; < b =0 =Ry = 2%) and ZFC + (R; = b < 0 = 2%); see [3].

Let X be a countable discrete metric space. In Section 2, we give several sufficient
conditions for rank(X* : £x) to be finite. For example, if X contains a Cauchy
sequence, then rank(X* : £x) = 1. The main theorem of Section 3 asserts that if
every open ball in X is finite, then rank(X* : £x) is at least 0. A condition for
rank(X¥ : £x) to be at most 9 is given in the main theorem of Section 4. Several
natural metric spaces X are shown to satisfy the hypotheses of both theorems
and thus have rank(X* : £x) = 0. For instance, any infinite subset X of N¥
for any k > 1 satisfies rank(X* : £x) = 0. In Section 5 we deduce from the more
general theorems of the preceding sections that the countable subsets X of R satisfy
either rank(X* : £x) = 1 or rank(X* : £x) > 0. In Theorem 5.4 we show that
rank(X* : £x) = 0 for a large class of countable subsets of R. In fact, in Section 6,
we prove that almost all, in the sense of Baire category, countable subsets X of R
have rank(X* : £¢) = 0.

As usual, if S is a semigroup and U C S, then we denote by (U) the subsemigroup
generated by U. For brevity, if U,V C S, then we will write (U, V ) instead of the
formally correct (U UV ).
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2. SPACES WITH FINITE RANK

Throughout this section let X denote a countable discrete metric space with
metric d. We now give sufficient conditions on d for rank(X* : £x) to be finite.
We will say that a metric d is bounded below to mean there exists € > 0 such that
d(z,y) > e for all x # y.

Theorem 2.1. The metric d is bounded above and below on the entire space X if
and only if rank(X* : £x) = 0.

Proof. If « is a lower bound on d(z,y) for all z,y € X and § an upper bound,
then every mapping in X* is Lipschitz with constant 3/a. Hence £x = X* and
rank(X¥ : £x) = 0.

In either of the cases that d is not bounded above or d is not bounded below on
X, there is a mapping that is not Lipschitz. Thus rank(X* : £x) > 0. O

For subsets U,V C X let d(U,V) = inf{d(u,v) : u € U,v € V}. Throughout the
paper, if A is any set and we write A = {a1,as,...}, then we assume that a; # a;
whenever i # j. Furthermore, if A is finite, then we may write A = {a1,a2,...} to
mean A = {ay,az,...,a,}.

Theorem 2.2. Let X contain an infinite subset U such that d(U, X\ U) > 0 or
X = U, d is bounded above on U, and U can be partitioned into countably many
non-empty sets Uy, Us, ... satisfying inf; ; d(U;, U;) > 0. Then rank(X* : £¢) < 1.

Proof. Let U = {uj,ug,...} and let V = {v1,vq,...} be any set where v; € U;
for all 5. The metric d is bounded above and below on V' by positive reals § and
a = inf; ; d(U;,U;)(> 0), respectively. Every mapping from V to U is Lipschitz
with constant A = 3/«. Furthermore, every mapping [ : V' — U can be extended
to a Lipschitz mapping 1:%— X, by fixing all the elements in X \ U pointwise
and mapping every x € U; to l(v;). In fact, if u,v € X\ U, then obviously T

satisfies d(z\(u),lA(v)) = d(u,v). Let u € U; and v € U; for some i,j. If i = j, then
d(I(u),1(v)) = 0. Otherwise, d(l(u),1(v)) = d(I(v;),1(v;)) < (8/@)d(u,v). Finally,
ifueU; and v e X\ U, then

d(l(u),l(v)) = d(l(vs),v) < d(l(v3),u) + d(u,v) < B+ d(u,v) < (B/7+ L)d(u,v)
where v = d(U, X\ U) > 0.

To complete the proof, it is necessary to define a mapping f : X — X such
that every element of ¥* can be given as a finite composition of elements of £x
and f. Partition V into sets A = {a1,a2,...}, B = {b1,b2,...}, and C such that
|A| = |C| = |U| and |B| = |X\ U|. Also let X\ U = {dy,ds,...}. Note that the sets
B and X\ U can be finite, even empty, or infinite.

Let ¢t : (U\V)UC — C be a bijection. It is now possible to define the mapping
f as follows (if X = U, then the second and third clauses in the definition of f are
vacuous)

T re A
di .T:bi
f@=1 Ty

t(x) ze(U\V)UC.
Note that f maps X\ U bijectively to B, and vice versa, and im(f) = (X\U)UV.
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Before doing anything else, we prove that there exists a bijection from X to AUB
that is a composition of f and an element of £x. If [; is the extension, as defined
above, of any bijection I; : V' — A to a Lipschitz mapping, then

h=foliof:X— AUB

is the desired bijection.

Let g € X% be an arbitrary element. Then in our decomposition of g there must
be one Lipschitz mapping that depends on g. Let I : V' — AU B be any function
such that for all y € AU B we have that

~Jai ifg(h () = wi
) = {b i g(h (1) = .

Then [5 can be extended to a Lipschitz mapping lAg as described above.

The final Lipschitz mapping that we require is the extension lA3 of any mapping
I3 : V. — U such that l3(a;) = u; for all a; € A.

So, if x € X and g(x) = u; € U, then

lsofolofoliof()=lsofob(h(x)=1lso fla;) = ls(a;) = ui = g(x).
Finally, if x € X and g(z) = d; € X\ U, then

lzofolyofoliof(z) =130 fola(h(x)) =130 f(b) =13(di) = di = g(x).
Hence X* = ( £x, f ). O

The following corollaries are immediate consequences of Theorem 2.2.

Corollary 2.3. If X contains an infinite subset U such that d(U, X\ U) > 0 or
X =U and d is bounded above and below on U, then rank(X* : £¢) < 1.

Corollary 2.4. If d is bounded below but not above and X contains an infinite
subset where d is bounded above, then rank(X* : £x) = 1.

The next theorem provides another way of determining the relative rank of £x
in X% in certain cases.

Theorem 2.5. If X contains a Cauchy sequence of distinct elements, then rank(X* :
L£x)=1

Proof. Since d is not bounded below, rank(X* : £x) > 1. The opposite inequality
is proved using an argument similar to that used in the proof of Theorem 2.2.

Let X = {z1,22,...} and let U = (uj,us,...) be a Cauchy sequence of distinct
elements of X. Assume without loss of generality that d(wm,u,) < 1/min{m,n}.
Let © € X be arbitrary and define

a(z) =inf{d(z,y) : yeX,y# 2z}
Note that a(z) > 0 for all x € X since X is discrete. Partition U into infinitely
many infinite sets Uy, Us, ... and let f be any function in X% that is constant with
value z; everywhere on U;.

Let g € X* be arbitrary. We define a function [ : X — U (that in some sense
encodes g) recursively, starting with I(x1) = u,a) € U,y where g(z1) = 2p,(1)
and n(1) > 1/a(x1). Thereafter, for i > 1, define [(x;) = up) € Up() where
9(25) = iy and n(i) > max{n(1),...,n(i —1),1/a(z;)}.
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If x;, x; € X are arbitrary, then

d(l(mi)’l(xj» = d(un(i)aun(j)) < 1/ mln{n(l)vn(.j)} = max{l/n(i), 1/”(])}
< max{a(x;), a(x;)} < d(z;, ;).

Thus [ is Lipschitz with constant 1.
To conclude, if 2; € X, then f ol(x;) = f(un)) = Tma) = 9(xi)- O

The next example is that of a space that satisfies the condition of Theorem 2.2
but not that of Theorem 2.5.

Example 2.6. Let X = {1, 22, ...} (recall that we use the convention that z; # z;
if 7 # j). Define a metric d on X by

0 i=j
d(zi,z;) = ¢+ {i,5} = {2k — 1,2k} for some k € N
1 otherwise.

Clearly, X contains no Cauchy sequences and d is bounded above by 1 on X. Al-
though the metric is unbounded below, if Uy, = {xar_1, %2}, for all k € N, then
inf; ; d(U;,U;) = 1. Thus by Theorems 2.1 and 2.2, rank(X* : £3) = 1.

3. AT LEAST 0

In this section we consider those metric spaces X where the open balls B(x,r) =
{ye X : d(z,y) <r} are finite for all z € X and for all » > 0. Note that the
condition that all balls are finite is equivalent to d being unbounded above on every
infinite subset of X. In order to provide succinct proofs of the theorems in this
section we require some auxiliary notions taken from Bergman and Shelah [4] and
Mesyan [15].

Let U,V be subsets of X*. Then we will write U < V if there exists a countable
subset C' of X* such that U C (V,C). We will write U =~ V ifU x VandV x U. It
is straightforward to show that < is a preorder and that ~ is an equivalence relation
on the subsets of X*. Of course, if U < V and rank(X* : V) is infinite (and hence
uncountable by Sierpiriski’s Theorem [16]), then rank(X¥ : U) > rank(X* : V).

Let X = {x1,22,...} and let X2 denote the semigroup of functions f in X*
satisfying f(z;) € {x1,22,...,2;} for all x; € X. Of course, the definition of Xaé
depends on the enumeration x1, xs, . .. of X. However, it is straightforward to verify
that any two enumerations give rise to semigroups that are equivalent under ~ and
so for the problems considered here we can write %2 without ambiguity. When
X = N we assume that f(i) <iforall f € Nli and ¢ € N.

We will prove a series of lemmas that lead to the proof of the following theorem.

Theorem 3.1. If every open ball in X is finite, then £x < %é and rank(X¥ : £x)
= 0.

Recall that a function f € NV is said to dominate another function g € NV if
f(i) > g(i) for all i € N. A subset U of NN dominates a family V C NV if for all
g € V there exists f € U such that f dominates g. Let f € U be arbitrary and
define f’ € NV inductively by

(i) = max(f'(i — 1) + 1, £(i)).
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In this way it is possible to replace any dominating family U for V by a dominating
family U’ that consists entirely of strictly increasing functions and where |U’| = |U]|.
The following lemma is routine and the proof is omitted.

Lemma 3.2. Let U,V be arbitrary subsets of NN and let X,Y be dominating fam-
ilies for U,V , respectively, consisting of increasing mappings. Then { U,V ) is
dominated by ( X,Y ).

A function f € NV is said to be eventually dominated by another function g € NV
if there exists m € N such that f(n) > g(n) for all n > m. A function g eventually
dominates a family of mappings U in N if it eventually dominates every element
of U.

Lemma 3.3. Let U be an arbitrary subset of NY. Then the following are equivalent:

(i) U is eventually dominated by a single mapping;
(ii) U is dominated by a countable family;
(i) U < NE.
Proof. (i) <= (ii) is straightforward to verify.

(ii)=-(iii) Let V denote a countable dominating family for U. As mentioned
above, we may assume that V' consists of strictly increasing, and hence injective,
functions. Now, if f € U is arbitrary, then let ¢ € V denote any function that
dominates f. Then there exists h € NN< such that h(g(i)) = f(i) for all ¢ € N, since
g(i) > f(i) for all i € N. Hence f = hog and so U C <NN<,V>.

(iii)=-(ii) Since U < NE there exist a countable set C' C NN such that U C
(NE,C). Thus (NY,C') dominates U. The monoid NY is dominated by the
identity mapping ly. Hence, by Lemma 3.2, U is dominated by ( C, 1y ), which is
countable. g

Recall that the cardinal b is the least cardinal of a family of mappings in NN
that is not eventually dominated by any single element of NV,

Corollary 3.4. Let U be any subset of NY with [U] < b. Then U < NY and
U % NY.

Lemma 3.5. The relative rank of NS in NN is 0. Likewise, rank(X* : X2) = 0.

Proof. We start by proving that rank(N" : N¥) < 0. Let U be any dominating
family for N¥ with cardinality 0. Then (NY,U ) = NN by the same argument as
that used in the proof that (ii) implies (iii) in Lemma 3.3.

To prove that rank(NY : NIE) > 0 note that if (NN<7 U) =N for some U, then
(NY,U) dominates NY. Let V be a family of increasing mappings that dominates
U such that |V] is at most [U]. Then, by Lemma 3.2, (NZ,U ) is dominated by
(1n,V). Hence ( 1y,V ) dominates NN and so 0 < |( 1y, V )| = |V| < |U|. Thus
rank(NV : NE) >0.

It remains to prove that rank(X* : %2) =10. Let ¢ : X — N be any bijection.
Then ® : X* — NN defined by ®(f)(x) = ¢ o f o ¢~ !(z) is an isomorphism and
®(X%) ~ NL. Thus rank(X* : X2) = 0. O

The following alternative proof that rank(NY : Ni) > 0 was suggested by S.
Solecki. By Tychonoff’s Theorem [14, Proposition 4.1(vi)], NE is compact in NN
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with the product topology. The mappings ® ¢, ¥ : NN — NN defined by ®(g) =
fogand Ws(g) = go f are continuous on NV, Using the fact that the continuous
image of a compact set is compact, it follows that (Nli, U ) is the union of |U|
compact sets. If A is a compact subset of NV then { f(i) : f € A} is finite
for all 4+ € N. Hence every compact set is dominated by a single mapping, and so
NN = (N, U ) is dominated by |U| mappings. Thus [U] > 0.

Proof of Theorem 3.1. Assume without loss of generality that X = N with the
metric d from the hypothesis of the theorem. Note that d is not necessarily the
usual euclidean metric on N. Let

L(c,i) ={ f € £ : f is Lipschitz with constant ¢ & f(1) =1 }.

Then for all f € L(c,4) and for all n € N we have that f(n) € B(i,c - d(n,1)).
Define h.; € N¥ by h.;(n) = max{B(i,c-d(n,1))}. Clearly h., dominates L(c, 1)
and so £y is countably dominated. Hence from Lemma 3.3 we know that £y < NN<
and it follows from Lemma 3.5 that rank(NY : £y) > rank(NY : Ni) =0. O

4. AT MOST 0

In this section we give some sufficient conditions on the space X for the rank of £

in X* to be at most 0. The complexity of the statement of the main theorem in

this section reflects the variety of examples of spaces which satisfy its hypothesis.

These examples include many of the most natural countable discrete metric spaces.

For example, all subsets of N* for all k& € N satisfy the hypothesis of the theorem.
Recall that if A, B are subsets of a metric space X with metric d, then

d(A,B) =inf{d(z,y) : v€ A,y € B}.
If U is a partition of X, then for U,V € U define
dy(U, V) =inf{d(Vi,Va) + -+ d(Vi=1, Vi) : V; €U, Vi =U,V; =V, andi € N}.

It is straightforward to verify that dy, is a metric on &. The main theorem of this
section is the following.

Theorem 4.1. Let X be a countable discrete metric space with metric d. If there
exists a partition U = {U1,Us, ...} of X with inf; ; dyy(U;, U;) > 0 and where every
open ball in (U, dy) is finite, then %z < Lx and so rank(X¥ : £x) <.

The following notion and lemma are used in the proof of Theorem 4.1. Let
z,y € X. Then any finite sequence x = ¥y1,...,yn, = y of not necessarily distinct
points such that d(y;,yi+1) < C for some fixed C' and for all 7 is called a C-chain
from x to y.

Lemma 4.2. If there is no C' > 0 such that every pair x,y € X can be connected
by a C-chain, then %z < £x and so rank(X¥ : £¢) < 0.

Proof. Let X = {x1,22,...} and let ¢ € N. Define V; to be the set of all points
that can be reached from z; by an i-chain. By assumption, the sequence V; \ V;_1
contains infinitely many nonempty sets. Denote these nonempty sets by U; =
Vi) \ Vin(y=1, U2 = Vin2) \ Vin2)—1, - - - for the appropriate (strictly increasing)
sequence of naturals {m(j)};jen. Of course, Vi, (x) \ Vin(k)=1 = Vin(k) \ Vin(k—1)- Note
that if v € Uj, then there is a m(j)-chain from v to z1 but not an i-chain for any
i <m(j). Fix y; € U; for each 1.
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Let g € X* be the function defined by g(x;) = yn() where {n(i)}ien is any
strictly increasing sequence satisfying

n(i) > max{ d(xz;,x) : jk<i}+1

We will prove that ( £x,¢) contains Xé

Let f € %é be arbitrary. We will define a Lipschitz function A such that Aog = f.
First, A is defined on the set of all y,,;y by AMynu)) = f(zs). Although X is not
yet fully defined, Ao g(z;) = AMyn(i)) = f(2;). The definition of X is completed by
defining A(y) = f(x;) whenever y € U; and n(i) < j < n(i+1).

The proof is concluded by showing that A is Lipschitz. Let u,v € X with u € Uj,
veU;,n(r)<i<n(r+1),and n(s) < j <n(s+1). If r = s, then A(u) = f(z,) =
A(v). If r < s, then

d(A(u), A(v)) = d(f(zr), f(5)) < max{ d(zg,z;) : k,I<s}<n(s) -1<j—1

Now, there exists an m(i)-chain from z; to v and no (m(j) — 1)-chain from x; to
v. As r < s it follows that ¢ < j and so m(i) < m(j). Hence there is no (m(j) —1)-
chain from u to v. In particular, d(u,v) > m(j) —1 > j — 1 (the last inequality
holds as {m(j)};en is strictly increasing). Hence X is Lipschitz with constant 1. [

If Uy,Us, ... are the sets used in the proof of Lemma 4.2, then dy(U;,U;) >
m(j) — 1 whenever j > 4. Hence inf; ; dy(U;,U;) > m(2) — 1 > 1. It follows that
these sets satisfy the hypothesis of Theorem 4.1. Hence any space X satisfying the
hypothesis of Lemma 4.2 also satisfies that of Theorem 4.1.

Proof of Theorem 4.1. If X satisfies the hypothesis of Lemma 4.2, then there is
nothing to prove. Hence we may assume that there exists C' > 0 such that for all
x,y € X there is a C-chain from x to y.

The elements z1,x2,... of X can be arranged into a sequence yi,¥s,... with
possible repetitions such that d(y;,y;+1) < C for all i. Define ¢ : ¥ — N by

¢(x;) =min{ j : ; =y; }.

Let n: N — N be any function satisfying
(1) n(2i — 1) = n(2i — 2) > n(2i — 2) — n(2i — 3) > max{P(z1), P(z2), ..., o(z;)}.

For the sake of brevity, in what follows we will denote the balls By (U, Ck),
k € N, of radius Ck around U; with respect to dy by B(k).

We will now prove that B(k+1)\ B(k) # 0 for all k¥ € N. Seeking a contradiction
assume that there exists k& € N such that B(k + 1)\ B(k) = 0. Let u € Uy, let
v € U; where U; € U \ B(k), and let u = 21, 29,...,2, = v be any finite sequence

in X. Then there exists ¢ such that z; € U; with U; € B(k) and z;41 € U, with
U, & B(k). Since B(k+ 1)\ B(k) = 0, it follows that U, ¢ B(k + 1). Hence
d(zi,ziH) = E(UJ‘7 U,) = du(Uj, U,) > C.

Thus there is no C-chain from wu to v, a contradiction. Hence we infer that each of
the sets B(k+1)\ B(k) is nonempty. Thus we may fix V; € B(n(2i—1))\B(n(2i—2))
for all ¢ and where B(n(0)) = 0.

Let v; € V; be fixed for all i. Then define a function g € X* by g(x;) = v;. We
will eventually prove that X% C ( £x,9).

To this end, let f € .’{x be arbitrary. Note that f(z;) = Yo(f () for all i. We
will define a Lipschitz mappmg A whose composition with g is f. The definition
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is made in two stages. First, if w € U with U € B(n(2i — 1)) \ B(n(2i — 2)), then
define

(2) M) = Yo(s(a)-
In particular, AM(v;) = yg(f(z:)) = f(2:). Hence, although the definition of A is not
yet complete, we have that

Ag(wi)) = Mvg) = Yo(f(xs)) = f(xs).
It only remains to complete the definition of A\ and show that A is Lipschitz.
The second stage of the definition of A is made by defining A on the points in
X not in any U € B(n(2i — 1)) \ B(n(2¢ — 2)). Each such point v lies in some
Ve B(k+1)\ B(k) C B(n(2i))\ B(n(2i —1)). Let

En@io D) o) — o(f (@) + B(F ().

k) = e @i = 1)

Then define

(3) AV) = Ylr(k,i))-

We will now prove that A is Lipschitz. We start by showing that for all k if
weUandveV withU e B(k+1)\ B(k) and V € B(k +2)\ B(k + 1), then
Au), A(v) € {yt, yt4+1} for some ¢.

Ifn(2i —2) <k+1<n(2i—1), then U,V € B(n(2i — 1)) \ B(n(2i — 2)). Thus
Au) = A(v) by (2). f k+1=n(2i—1), then U € B(n(2i — 1)) \ B(n(2i — 2))
and V' € B(n(2i)) \ B(n(2i —1)). Hence A(u) = Yg(f(z:)) and ANv) = Y[r(kt1,)] =
Ylr(n(2i—1),i)) by (2) and (3), respectively. But

. o~ n(2i—1)—n(2i—1)

2%—1).4) = V) — , N — Y
rln(2i=1),i) = 2D BB 6 a0)) - o) 0 2) = o)
Therefore A(u) = A(v).

Ifk+1=mn(2i—2), then U € B(n(2i—2))\ B(n(2i—3)) and V € B(n(2i—1))\
B(n(2i —2)). Hence A(u) = Y|r(k,i-1)] = Y[r(n2i-2)-1,i—1)) a0d A(V) = Yg(f(x;)) bY
(3) and (2), respectively. But

rin(2i=2)-1,i-1) = 2B B o (0o )] 1)

_ vy U (@) = o(f(wi1))
= oUE)) —  G g —n@i—3)
But since f € X% and by (1) we have that

(4) o(f (i) = o(f(wi-1))| < max{@(f (1)), o(f (xi-1))}
< max{o(z1), p(x2), ..., ¢(x;)} <n(2i —2) — n(2i — 3).
Therefore |r(n(2i —2) — 1,0 — 1)] = ¢(f(x;)) — 1 or ¢(f(x;)), as required.
Finally, if n(2i — 1) < k+1 < n(2i), then U,V € B(n(2i))\ B(n(2i —1)). Hence
)\(u) = y\_r(k,i)j and )\(’U) = y\_?'(k-&-l,i)] by (3) But
. a9 (i) — o(f (@0))]
Ir(k + 1,4) — r(k, )| = n<25— @ <!

by (4). Therefore ||r(k+ 1,4)| — |r(k,4)]| < 1 and so A(u) and A(v) are either the
same or consecutive elements of the sequence y1,y2, .. ..
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Let ke N, U € B(k+ 1)\ B(k), and V € B(k+2) \ B(k + 1) be arbitrary. We
have shown that A(u), A(v) € {yt,yt4+1} for all w € U and v € V. Hence

AN AW) < € < Sdu,v)

where ¢ = inf; ; dy(U;, U;). On the other hand, if U is as before and V € B(1+1)\
B(l),1 >k +1, then
d(u,v) > AU, V) = dy(U, V) = C(l —k —1) > C.
Thus
dA(u), A\(v)) < (I -k)C=(1-k—-1)C+C <d(u,v)+C < 2d(u,v).
It follows that A is Lipschitz with constant max{2,C/c}. O

The following are straightforward corollaries of Theorems 3.1 and 4.1.

Corollary 4.3. If every open ball in X is finite and d is bounded below, then
rank(X¥ : £x) = 0.

Corollary 4.4. If X is any infinite subset of N*, for some k € N, with the usual
euclidean metric, then rank(X* : £x) = 0.

The next corollary demonstrates why elements of the partition U of X were used
in Theorem 4.1 rather than individual elements.

Corollary 4.5. Let X be a countably infinite subset of R that contains no Cauchy
sequence. If the differences of infinitely many pairs of consecutive elements in X
are greater than some ¢ > 0, then rank(X* : £x) = 0.

Note that Corollary 4.5 applies to all sequences of partial sums of any divergent
series of positive real numbers with infinitely many terms greater than some ¢ > 0.
Also note that the metrics of spaces satisfying the hypothesis of Corollary 4.5 are
not necessarily bounded below.

The following lemma provides a further method of proving that rank(X%* : £x) =
0 for certain types of space X.

Theorem 4.6. If every open ball in X is finite and every Lipschitz mapping from
any subset to itself can be extended to a Lipschitz mapping of the whole space, then
Lx ~ .’{é and so rank(X* : £x) = 0.

Proof. That £x < %;5 follows from Theorem 3.1.
To prove %2 < £%, note that since d is unbounded above on X there exists a set
Y ={y1, 1, ...} satisfying
d(yiv1,y1) = 2d(yi, 1)

for all 5. Let X = {x1,79,...}. Then define f € X¥ by f(z;) = y; and let f~!
denote any extension of the inverse of f to an element of X*.
Let g € %é be arbitrary, let ¢ : N — N be the function such that g(z;) = x4,

and let h € Y be defined by h(y;) = y(;). Note that ¢(i) < i for all i. Then for all
1 < j we have that

d(h(y:), M(y;)) < d(h(y:), y1) + d(h(y;), y1) < d(ys, y1) + d(y;, 1) < 2d(y;, 1)
< A4d(yj,y1) — 4d(yi, y1) < 4d(y;, vi)-
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Thus h is Lipschitz on ), and so, by assumption, can be extended to an element h
of ,Qx
Now, for any z; € X
P Rf @) = Ry = £ ) = 2 = 9(aa)
andx§§<£%7f,f71>' 0

By Corollary 4.4, we know that the rank of £y in NV, with the usual euclidean
metric, is 0. An alternative proof of this fact can be obtained using Theorem 4.6.

Corollary 4.7. £y~ NI and rank(N" : £y) = 0.

Proof. The naturals N with the usual euclidean metric trivially satisfy the first
condition of Lemma 4.6, that is, all open balls in N are finite. Thus it remains to
prove that we can extend every Lipschitz mapping f from any subset A of N to A, to
a Lipschitz mapping fon the entire space. If the elements of A are a1 < as < ---,
then the function fdeﬁned by

A(x = { {W(I —ai) + f(ai)J a; T < Qg1
f(al) T <

is one possible such extension. O

a1

Using the same argument as in the proof of Corollary 4.7, it is possible to prove
that rank(Z% : £7) = 0.

5. COUNTABLE SUBSETS OF THE REAL NUMBERS

In this section we consider countably infinite discrete metric spaces arising as
subsets of the real numbers R. The following theorem is a straightforward conse-
quence of the results in Sections 2 and 3.

Theorem 5.1. Let X be a countably infinite subset of the real numbers R with the
usual euclidean metric. Then either

(i) X contains a Cauchy sequence and rank(X* : £x) = 1; or
(ii) X contains no Cauchy sequences and rank(X* : £x) > 0.

Proof. If X contains a Cauchy sequence, then, by Theorem 2.5, rank(X¥ : £x) = 1.
Otherwise every open ball in X is finite and so, by Theorem 3.1, £y < %2 and

rank(X% : £x) > 0. O

However, in this section we will prove that £x ~ f{ﬁ for certain types of subsets
X of R. It will follow immediately that rank(X¥ : £x) = 0.

Our original aim was to classify countable discrete subsets X of R according
to rank(X¥ : £x). Although we have not completely accomplished this aim, we
have succeeded in the sense that many natural examples of such spaces satisfy the
condition of Theorem 5.4.

Every countably infinite subset X of R that contains no Cauchy sequences can
be given as -+ < z_1 < 20 < 21 < --- (not necessarily infinite in both directions).
Recall that in previous sections we let X = {x1,za,...}. In this section we will use
both of these enumerations of X as appropriate, in particular, .’{é continues to be
defined in terms of the z;.
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Note that since X is a subset of R with no Cauchy sequences, to prove that
a mapping f € X% is Lipschitz with constant A € R it suffices to prove that
|f(z:) = f(zit1)] < A|zi — ziq1]| for all 4.

We will use the following lemma in the proof of the main theorem in this section.

Lemma 5.2. If o = {y1,...,ym} CR and y1 < y2 < ... <y, then there exists
a Lipschitz mapping [ : 0 — {y1,ym} with constant at most M where f(y1) = y1

and f(ym) = ym-
Proof. Tt is straightforward to see that there exists n with 1 <n < M and

[Yn+1 — Yn| = H'yM — il
Then

<k<n
Ym n<k<

is the desired function. O
Definition 5.3. Let M, N € N. Then an (M N)-expander of length k is a set

{zi(1), zi2), - -+ Ziky } Where z;(1) < z2) < -+ < Ziry and |i(j + 1) —i(j)] < M for
all 1 <7 <k —1 and either

(5) N|2Zitm41) = Zigm)| 2 2in41) — Zigy| forall T<m <n <k -1
or
(6) |Zi(m+1) Zl(m)| N|zz (n+1) — Zi(n)| forall<m<n<k—1.

We will say that two expanders X and Y are non-overlapping if max(X) <
min(Y) or max(Y) < min(X).

Theorem 5.4. Let X be a countably infinite subset of the real numbers R with the
usual euclidean metric that contains no Cauchy sequences but does contain (M, N)-
expanders of unbounded length for some fired M and N. Then %2 ~ L£x and so

rank(X* : £x) = 0.

Proof. There are two steps in the proof. First, we will prove the theorem under
the assumption that X contains (1, N)-expanders of unbounded length satisfying
(5). The proof of the theorem for the case of (1, N)-expanders of unbounded length
satisfying (6) follows by an analogous argument.

Let Uy, Us, ... be (1, N)-expanders in X and let

Un ={u (—nr)n (7”72+17 . u(nl)au(()n)’ (1) "'7U£Ln)}
where u( ) < u( )+1 < < u( 1) < u(n) < ugn) < < usln) for all n. Note that,

as there are unbounded ( 1, N)- expanders in X, we may assume that Uy, Us, ... are
non-overlapping,.

Let f € %é be arbitrary and let t : N — N such that f(z;) = 24¢;. Note that
t(i) < i for all 7 from the definition of %x. We define a function g € X% by

ug?z) ifx = ug " and 0 < i < t(n)
(7) g(x) = ué?j_t(n) if x = u( and if —#(n) <i<0

T otherwise.
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We will prove that g is an element of £x. The mapping g fixes all the elements of
X outside Uy, Us, ... and all the points u( ™) where —n <i1< —t(n)ort(n) <i<n.
If —t(n) <i <0, then

(n)

l9(u{™h) = g(u™)] = [ul) " " ull’)

2i+24t(n) u2i+t(n)| = ‘u2i+2+t( y 21+1+t(n)|

(n) | < 2N|u21+1+t(n) ul™ | < 2N2|u ugn)|

u21,+t(n) 2i+t(n)

+|u21+1+t(n) i+1

If 0 <4 < t(n), then |g(ui" )—g(u Ei)l)| = 0. Thus g is Lipschitz with constant 2N?
on the entire space X.

Let h € X% be defined by h(z,) = ul" for all n € N and let k € X* be any
mapping such that k(uin)) =zx; for alln € Nand 0 <7< n. Then

kgh(an) = kg(ug"”) = k(ul()) = w4y = f(2n)-

Therefore %g C (£x,h,k) and so, by Theorem 3.1, %z ~ Lx. It follows that
rank(X¥ : £x) =0, as required.

The proof is concluded by showing that if X contains (M, N)-expanders of un-
bounded length satisfying (5) and where M > 1, then %%E ~ L£x. As above let
Ui, Us, ... be pairwise disjoint (M, N)-expanders in X where

U, ={u (_7172’ (_nT)H_l, .. u("l), ugn), gn), ... ,u;”)}
for all n. In addition, let Uy denote those points in X that do not lie between
elements in any U;, that is © € Uy if whenever y > z (y < z) for some y € U; we
have z > = (2 < z) for all z € U;.
Let n,i € N and let f,; : [ul™ u{] 0% — [u{™, u{")] N % be the Lipschitz

i i ) H—l
function with constant M given by Lemma 5.2. Then the function f : X —

UpuU Uy U--- defined by

o = { ) eI ®

T otherwise

is Lipschitz with constant M. Let g : UyUU; U--- — Uy UU; U- - - be the function
defined in (7). Then go f : X — X is a Lipschitz function with constant 2M N?
and by the same argument as that given above .’fé C(Lx,h k). O

In the previous section, using Theorem 3.1 we deduced that £y < Nli and so
rank(NY : €y) > 0. In Corollary 4.7 we proved that the opposite inequalities also
hold. Theorem 5.4 provides an alternative argument that Nli < Ly since N contains
unbounded (1, 1)-expanders.

Example 5.5. Let $) be the sequence of partial sums of the harmonic series with
the usual euclidean metric d., i.e. $={> ;_,1/i : n € N}. Since d. is unbounded
above on every infinite subset of $, it follows from Theorem 3.1 that £4 < H3 2 and
rank($H% : £4) > 0. By Theorem 5.4, since § is an infinite (1,1)-expander, it follows
that the opposite inequalities also hold. That is, £¢ =~ Sﬁg and rank(H? : £4) = 0.
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6. ALMOST ALL SUBSETS OF R

In the previous section, we showed that if X is a countably infinite subset of R
that does not contain a Cauchy sequence, then rank(X* : £¢) > 0. In Sections 4
and 5, we established the equality

(8) rank(X¥ : £x) =0

for many of the commonly encountered subsets X of R. We have not succeeded in
showing that (8) holds for all subsets X of R with no Cauchy sequences. However,
in this section we will show that (8) holds for almost all such subsets of R\ {0} in
the sense of Baire category. The omission of 0 is by no means essential; we simply
consider R\ {0} rather than R to avoid technicalities.

Let X be a countably infinite subset of R \ {0} that does not contain a Cauchy
sequence. Then X is the disjoint union of a series of non-negative numbers and
a series of non-positive numbers. (We follow the convention of defining a series
as the sequence of its partial sums.) The first of these series corresponds to the
elements of X N (0,00) and the second corresponds to X N (—o0,0). If X has no
negative or no positive elements, then the corresponding seriesis Y .~ 0. Obviously,
instead of considering a sequence of non-positive terms we may consider, by taking
its negative, two series of non-negative terms. As X is infinite, the sequence of
terms of one of these two series has only positive terms. We will think of X as an
element of the completely metrizable topological space [0, 00)" x [0, 00)" (with the
usual product topology). Throughout the remainder of the section we will use x to
denote a sequence (;);en in [0,00)N. We consider the following conditions on x:

(i) Yoo @i =00 and x; > 0 for all i € N;

(ii) there exists N € N such that x; =0 for alli > N, and z; > 0 for all i < N.
Let X be a countably infinite subset of R\ {0} that does not contain a Cauchy
sequence. Then in the next theorem we identify X, as described above, with an
element (x,y) € [0,00)N x [0, 00) such that either both x and y satisfy condition
(i) or one satisfies condition (i) and the other condition (ii).

Theorem 6.1. The family of all countably infinite subsets X of R\ {0} with no
Cauchy sequences satisfying rank(X% : £x) = 0 is comeagre in [0,00)N x [0, 00)".

Proof. Let A denote the set of all (x,y) € [0,00)" x [0,00)" where either both x
and y satisfy condition (i) or one satisfies condition (i) and the other condition (ii).
It suffices, by Corollary 4.5, to prove that the set
B={(x,y) €A : y >1 for infinitely many ¢ }
is comeagre in [0, 00)N x [0, c0)N.
We start by proving that the set
D= {x¢€[0,00)" : 2; > 1 for infinitely many i }

is dense G in [0,00)N. Let z € [0,00)" be arbitrary. Then the sequence (z%);en
where z' = (21,...,2;,2,2,...) € D converges to z. So, D is dense. If j € N is
arbitrary, then the set {z : z; < 1} is closed in [0,00)". Hence

0,00"\D= [ J [J{ze0,00)" : 25 <1}

n=1j>n

is F, and so D is Gj.
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In particular, it follows that the set E = {x € [0,00)" : x satisfies (i) or (i)} D D
is comeagre in [0,00)N. Thus E x D = B is comeagre in [0, 00)N x [0, 00). O

In the proof of Theorem 6.1 we used the fact that in almost all (in the sense
of Baire category) sets considered the difference of infinitely many consecutive ele-
ments is greater than some fixed ¢ > 0. We will now consider only those subsets of
R\ {0} that do not have this property and show that the analogue of Theorem 6.1
holds in this restricted space.

Let X be such a subset. Then, as above, X is identified with (x,y) € [0,00)N x
[0, 00)N with the extra assumption that x and y tend to 0. If

e ={x=(z:)ien € [0,00)" : (Vi €N) (2; = 0) and z; — 0},

then, in the following theorem, X is identified with an element of c¢j x cd. Note

that ¢ x cf is completely metrizable with the metric

d(x,y) = max{ [z; —y;| : i€ N}
on CEJ‘F.

Theorem 6.2. The family of all subsets X of R\ {0} where rank(X* : £x) = 0,

and X can be identified with an element of c¢j x cf is comeagre in cf x cf .

Proof. Consider the following sets:
A={xeccl : (VieN)(r;>0)},B={x€cf : Zmi:oo}’
i=0

D={xecl : (Vn)(3k) 2 > Tpy1 >+ > Tppn }-

We will prove that A, B, and D are all dense G in cg.

If j € N is arbitrary, then the set A; = {x € car : xj > 0} is open in car.
Let x € ¢o \ A; be arbitrary and let € > 0. Then the sequence y € A; with terms
yi = x;, i # j, and y; = €/2 satisfies d(x,y) = €¢/2 < e. Hence A, is dense in c.
As ;enAj = A, we have shown that A is dense G in ct.

Let Byy={x€cf : Zle x; > N}, let x € By g, and let € = (Ele x;/k) —
N/k. Then ify € ¢f and d(x,y) < ¢, then y € By and so By is open. It follows
that By = Uy, B,k is also open.

Let x € ¢f and € > 0 be arbitrary. Then there exists K € N such that K > 1/e.
Let y be the sequence with terms y; = a; + (1/K) if i < NK and y; = a; + (1/iK)
if i > NK. Then d(x,y) = 1/K < € and vajfyl = ZZN:Ifo + N > N. Thus
y € By vk and so By is dense. So, B is dense Gy, as ﬂ?zl By = B.

Let D, = {x €cl : (3k) (xx > 1 > -+ > Tpyn) }. Let x € D, be arbitrary,
let k € N such that zp > xgr1 > -+ > Tiyn, and let € = min{ xg 41 — g : 0 <
i<n—1}. Theny €D, forally € ¢l with d(x,y) < ¢/2. Hence D,, is open and
soD=[",D, is Gs in cf.

It remains to prove that D is dense in ¢ . Let § > 0 be arbitrary and let x € cj .
Then there exists m such that z; < 6 for all i > m. Let y € ¢ be defined by
y; = x; when ¢ < m and y; = §/i when i > m. It follows that d(x,y) < § and
y € D. Thus D is dense, as required.

It follows that E = ANBND is dense G in cg' and so E x E is dense G in
cd x ¢f. Note that every element of D (and hence E) contains (1, 1)-expanders of
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unbounded length. Hence if X = (x,y) € E x E, then X satisfies rank(X* : £x) =0
by Theorem 5.4. (]
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