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ON GROUP UNIFORMITIES ON THE SQUARE OF A SPACE
AND EXTENDING PSEUDOMETRICS

MicHAEL G. TKACENKO

We give some conditions under which, for a given pair (d;,d2) of continuous
pseudometrics respectively on X and X?, there exists a continuous semi-norm
N on the free topological group F(X) such that N(z -y‘l) = di(=z,y) and

N(z syttt -z‘l) > di((2,y),(2,t)) for all z,y,z,t € X. The “extension” re-
sults are.applied to characterise thin subsets of free topological groups and obtain
some relationships between natural uniformities on X? and those induced by the
group uniformities *V, V* and *V* of F(X).

0. INTRODUCTION

By a theorem of Nummela [7] and Pestov [8], the two-sided uniformity *V* of the
free topological group F(X) induces the finest possible uniformity on X compatible
with its topology, that is, *V*|x = Ux, where Ux is the universal uniformity of X.
This important result is the starting point of our investigation of uniformities on X?
induced by *V, V* and *V*, the left, right and two-sided group uniformities of F(X).
There are at least three natural problems in this area:

A. What are the relations between the uniformities *V|x3,V*|x2 and *V*|x2
on one hand and Ux X Ux, Ux2 on the other hand (Ux2 stands for the
universal uniformity of X?)?

B. When does the equality *V*|ys = Ux x Ux hold?

C. For which spaces X does the equality *V*|x2 = Uxz hold?

One can as well replace *V* by *V or V* in Problems B and C, thus obtaining
four more problems. To settle these problems we elaborate a method of simultaneous
“extension” of a pair (d;,d2) of continuous concordant pseudometrics from X and
X? respectively to a continuous semi-norm N on F(X) (to a semi-norm on the open
subgroup G(X) of F(X), to be precise). Theorem 1.4 and Theorem 2.1 are the main
results of the paper going in this direction. However, we postpone treating Problems
A—C till the forthcoming paper (with the same title) because of the length of the present
one.
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Graev [3] was the first to apply an extension of continuous pseudometrics from a
set X of generators to the free topological group F(X) over X. Graev’s method of
extension of pseudometrics made possible a proof of the equality *V*|x = Ux (see {7,
8]). Various special extensions of continuous pseudometrics from a space X to different
free topological algebras generated by X were considered in [12, 6, 13, 11]. Graev ex-
tension was also used in [11] to show that if X admits a one-to-one continuous mapping
onto a metrisable space, then F(X) is a NSS-group, that is, has no small subgroups.
Unfortunately, we can not apply any of those constructions for our purpose because
they all produce invariant pseudometrics on F(X), and hence can not distinguish the
left and right group uniformities on F(X). The use of certain pseudometrics on X2
and their extensions to F(X) enables us to do that.

The principal idea of our construction is to produce continuous semi-norms on
F(X) which are “sensitive” to inner automorphisms of F(X) generated by elements of
X . More precisely, let N be a semi-normon F(X) which right-induces a pseudometric
d on X, that is, d(a,d) = N(a~b_1) for all a,b € X. Suppose that there exists a
function f on X such that N(z-a-b7'-z7) = f(z) - d(a,b) for all a,b € X. We
can say that f is a rate of sensibility of the semi-norm N. How fast can the function
f grow? The inequality

N(ya.b_ly"l) = N(y:t:_1 -zablz7t. :cy_l)
< N(yz_l) + N(:ca.b_lz_l) + N(zy_l) = N(zab'lz'l) + 2d(z,y)

shows that the pseudometric d is a natural regulator for N and f. In particular, if d is
reasonably non-vanished, that is, there exist points a,b € X with d(a,b) =1, then the
above inequality implies that |f(z) — f(y)| < 2d(z,y) for all z,y € X. This explains
our special attention in the second part of the paper to the case when the pseudometric
d satisfies the condition d(z,y) = |f(z) — f(y)| for all z,y € X.

In the first part of the paper we define the notion of right-concordant pseudometrics
(Definition 1.3) and prove that if continuous pseudometrics d; and d; on X and X?
respectively are right-concordant, then there exists a continuous semi-norm N on F(X)
such that N(ab™') = dy(a,b), N(azy'a™!) = dp((a,2),(a,y)) and N(azy~'b7!) >
d3((a,z),(b,y)) for all a,b,z,y € X (Theorem 1.4).

One natural way of construction of right-concordant pseudometrics is given in the
second part of the paper (see Theorem 2.1). In the forthcoming paper this special
method will be applied to solve Problems A-C for various classes of spaces. We apply
this method here only once to give an alternative and short proof of Theorem 3 of [15],
characterising subspaces of a space X which are thin in F(X).

The results of the paper on extension of concordant pseudometrics were announced
(without proofs) in [16].
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All spaces are assumed Tikhonov. The free topological group over a space X is
denoted by F(X). The set of positive integers is denoted by N*.

1. EXTENSION OF CONCORDANT PSEUDOMETRICS

Let X be a space. Every element g of the group F(X) has the form g =
zi' - ... ztn, where z;,...,2, € X and €;,...,6n = 1. Denote by l.(g) the
number of indices i € n with ¢; = 1, and I_(g) the number of indices ¢ < n with
e; = —1. We put

G(X) = {g € F(X): Lu(g) = L_(g)}

It is easy to see that G(X) is an open subgroup of F(X). Indeed, let f be a
mapping of X to the discrete group Z of integers, f(z) =1 for each z € X. Extend
f to a continuous homomorphism f: F(X) > Z. Then G(X) is the kernel of f, and
hence is open in F(X).

Thus, a study of properties of the group F(X) can practically be reduced to a
study of corresponding properties of G(X). We give here only one result showing the
difference between F(X) and G(X).

AsseERTION 1.1. The group G(X) is connected if and only if X is connected.

PROOF: Assume that the space X is connected. For every integer n € N* and
€ = (€1,..-,6n) € {1,—1}" denote by iy the mapping of X™ to F(X) defined by
ie(21,-..,2n) = 21" -...-z5" . The mapping iz is continuous, and since X™ is connected,

so is iz(X™). Let S(€) = ) ei;. Note that if S(€) = 0, then the identity e of
i=1

F(X) belongs to iz(X™). So, the connectedness of G(X) follows from the equality
G(X) = U{iz(X?*™) : n € N*,g € {1,-1}’" and S(¢) = 0}.

Assume then that X is disconnected. We can write X = U U V for some disjoint
open non-empty subsets U,V of X. Let G be a discrete free group with two generators
a and b. Denote by ¢ a mapping from X to G defined by ¢(z) = a for each z € U and
¢(z) = b for each z € V. Extend ¢ to a continuous homomorphism % : F(X) — G.
Then the kernel of @, ker 3, is clopen in F(X), and is a proper subset of G(X). Thus,
G(X) is disconnected.

DEFINITION 1.2: A real-valued non-negative function N defined on a group G
with identity e is called a semi-norm if it satisfies the following conditions:
(N1) N(e) =0;
(N2) N(g)=N(g7?) foreach g € G;
(N3) N(g-h)< N(g)+ N(h) forall g,h€@G.
Functions satisfying (N1)-(N3) were called norms in (5, 4]. Since there could be
elements g € G\ {e} with N(g) =0 (and such elements do exist if G does not admit
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a coarser metrisable topology), we prefer the term semi-norm, analogous to that in the
theory of linear spaces.

Let d be a continuous pseudometric on a space X. Denote by d the Graev exten-
tion of d to a maximal invariant pseudometric on the open subgroup G(X) of F(X).
[Of course, one can extend d to an invariant pseudometric on F(X); however, there
is no maximal and there is no “natural” among such extentions. This is the main
argument in favor of the consideration of G(X) instead of F(X).] We can define a
continuous semi-norm Ng on G(X) by Na(g) = E(g,e); g € G(X). By the definition
of d, , we have the following equalities for arbitrary z,y,z,t € X :

(GR) Ni(z-y™!) =d(=,y) and Ny(z-y-t7' - z71) = d(z,z) + d(y, 1);
(GL) Ni(z7!-y) =d(=,y) and Ny(y™' -z7! - z-t) = d(z,z) + d(y,1).

Suppose we are given another continuous semi-norm N on G(X) that right-induces
the same pseudometric d on X, that is, N(z . y"l) = d(z,y) for all z,y € X. De-
fine a continuous pseudometric d; on X? by dy((z,y),(z,t)) = N(z-y-t7!-27?) for
z,y,z,t € X. The main problem is the following one: can d; be any continuous
pseudometric on X2, or must there be some relations between d and d,?

For example, if N = N4, the pseudometric d completely defines the corresponding
pseudometric d, for da((z,y),(z2,t)) = d(z,y) + d(z,t) in this case. In general, we
can not hope to generate d; by means of d, but at least one relation between them is
obvious:

(R1) dy((a,z),(b,z))=N(a-z-27*-b"!) = d(a,b) for all a,b,z € X.

We can also say that the pseudometric d, is invariant with respect to lifting or
descent of horizontal intervals in the “plane” X2. So, d2(4, B) = d2(C, D) whenever
horizontal intervals [4, B] and [C, D] have the same projections to the first factor X.

T
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Figure 1

It does not seem surprising that (R1) is not the only relation between the pseudo-
metrics d and d; induced by the same semi-norm N. In the fourth part of the paper
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we give an example explaining this phenomenon. After this preliminary discussion we
are ready to present the main notion of the paper. Let X be a set and suppose that
d, and d; are pseudometrics on X and X ? respectively.

DEFINITION 1.3: Pseudometrics d; and d; are called right-concordant if they
satisfy the following conditions:

(C1) d2((a,z),(d,z)) = di(a,bd) for all a,b,z € X;
(C2) d2((a0’z0),(avn+lyzn)) < ‘é% dl(ai,fli+1)+i=21 d2((a1r(i),zi—1)’ (a-x(i),zi))

for all ag,a;,...,8n+1,%Z0,Z1,..-,Zn € X and any permutation 7 of the
set {1,...,n}.

Changing the places of ¢,b and z in (C1) and a;,z; in (C2) gives the definition
of left-concordant pseudometrics:
(CL1) dy((z,a),(z,b)) = di(a,b) for all a,b,z € X;
(CL2) dz((zo,ao), (z,.,a,,,.H)) { E dl(a,-, a..-+1)+ 21 dz ((z;_.l ’ a,..(,-)), (z.;, a.,,(,-)))
for all ag,...,8n+1,%0,- .'.-,?1:,. € X and ;my permutation 7® of the set
{1,...,n}.

The condition (C2) of the above definition is more obscure and complicated than
(C1). However, if we hope to induce both pseudometrics d; and dz by means of one
semi-norm on G(X) using a “reasonable” construction, it will likely (or inevitably)
require some special condition such as (C2) (see Example 4).

The following theorem is our main result on extension of pseudometrics.

THEOREM 1.4. (Rightcase) Let d, and d; be continuous right-concordant pseu-
dometrics on X and X? respectively. Then there exists a continuous semi-norm
N = N, on G(X) satisfying the following conditions:

(R1) N(a- b71) = N(a™!-b) = dy(a,d) forall a,b€ X;
(R2) N(a-z-y~'-a7?!) =dy((a,z),(a,y)) for all a,z,y € X;
(R3) N(a-z-y~1-b71) > do((a,2),(b,y)) for all a,b,z,y € X.

PROOF: Elements of G(X) having the form g-z¢-y~*-g™!, where g € F(X), z,y €
X and € = +1, will be called canonical. In particular, all elements z°-y~° with z,y € X
are canonical. For every canonical element A € G(X), a number M(h) > 0 will be
defined as follows. If h = z° - y=°, we put M(h) = d\(z,y). H h=a® -2° .y~ ¢.a"°
and a,z,y € X, we put M(k) = dz((a,z),(a,y)); if h =a°-27°-y°-a~°, we put
M(h) = dy(z,y) + d2((a,z),(a,y)). Suppose then that h = g-2z°-y=¢. g~! where

g=a3i'-...-af and a; € X, &; = £1 for each i < n; n > 2. In this case we put

M(h) = di(h) + 3 da((a:,2),(ai,y)), where d; is the Graev extension of d; to an
i=1

invariant pseudometric on G(X) {3, 6, 11].
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Let h be an arbitrary element of G(X). Consider all possible representations of
h in the form of a product A = hy -...- hy of canonical elements of G(X). To each of

such a representation there corresponds the sum 3 M(h;). Denote by N(h) the lower

bound of these sums. It is clear that N(e) =0 a.;lle(h) 2 0 for each h € G(X). One
easily verifies that the function N satisfies the conditions (N2) and (N3) of Definition
1.2, that is, N is a semi-norm.

Let us show that (R3) holds. We need some preliminary definitions. For a given
canonical element A = a7' - ... a5 - 2% -y~° -a " - ...-a; ! of G(X), each of
the pairs {z°,y7°}, {aj’,a; "'}, ..., {a%*,a,°"} will be called h-connected (in h).
Furthermore, we shall say that the pair {z°,y~°} h-depends on the pair {a;*,a; "},
1<i<n. Let hy,...,h, bearbitrary canonical elements of G(X). Consider the word
h = hihy...h,, in the alphabet XUX ™! generated by writing the words h;,hz,..., hm
consecutively. We shall get the element h = hy - ha - ... - hyy of G(X) if we perform
all possible consecutive reductions in k of coinciding neighbouring letters with opposite
exponents. Now fix some order of reductions in & that transform h to h, and define a
partition of letters of the irreducible word h to h-connected pairs. We use an induction
on the number of reductions and accompany it with the definition of the notion of
connectedness and dependence between pairs.

The partition of the letters of the word % to h-connected pairs is naturally defined
by partitions of the letters in each of the canonical elements h;, 1 < ¢ < m. Suppose
that a word &' is obtained by means of k consecutive reductions in k and that we have
already defined a partition of the letters of A’ to h'-connected pairs. Let h' = pz®z~*q,
where z € X, ¢ = £1, and suppose that the (k + 1)-th reduction in A’ is the deletion
of the letters z° and z° from h'. There exist letters y~° and 2° in A' such that
both pairs {y~¢,z°} and {z7¢,z°} are h'-connected. In the word A" = pq, h'-
connected pairs are exactly all h'-connected pairs of k', without two pairs {y~¢,z¢}
and {z7%,2°}, and we add one new A" -connected pair {y~%,2%} that arises instead of
these two “old” pairs.

Thus, we have defined the partition of letters of h to h-connected pairs (but
the notion of h-dependence has not yet been defined). This partition depends on a
representation of h in the form of a product h = h; - ... by of canonical elements of
G(X), and we also used some order of reductions in h=h1...hp.

The following auxiliary lemmas will be helpfull. We omit the simple proofs of them
that use an induction on a number of reductions.

LEMMA 1. A partition of letters in h to h-connected pairs does not depend on
the order of reductions in h.

LEMMA 2. Suppose that {z§,z;°} and {y¢,y;°} are h'-connected pairs in h'.
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Then the letters z$,z;°,y! and y; % can occur in the word h' in one of the following

ways:

(1) r=...zf..f.yfz50.; (2 R=...zf...y 0250
(B) KM=...z5%...¢f...y8...25..; (4) K=...z;°% ..y5°. .5, .25
(5) R'=..9f...zf...z;%...55%..; (6) R=...¢d...2;%...z5...95%..;
(M k=58 . zf...z50...4f...; (8 h=..p% z;°...25...4f..;

(9) h=..zf...z;%...4f...90.; (10) R =25z .yt oyl
Q1) A'=...z;%...zf.yf oyt (12) KM=.zptzbyt
(13) A =98 yb . 2fizgt; (14) K=yl ypt izt 2l
(15) K =...y%...4f...2f.2%.; (16) R =..y0. 0. 270 0.

Applying Lemma 2, we define the notion of h'-dependence between some h'-
connected pairs as follows. Let {z§,z;°} and {yf,y;°} be h'-connected pairs in A'.
Then in each of the cases (1)-(4) of occurence of z¢,z;°,3,y;% in h' (see Lemma 2)
we say that the pair {y%,y;°} h'-depends on the pair {z{,z;°}. In the cases (5)-(8)
we say that the pair {zf,z;°} h'-depends on {y?,y;°}. In cases (9)-(16) there is no
relation of h'-dependence between these two pairs.

We proceed to the proof of (R3). Suppose that an element a-z -y~ -b~! (with
a,b,z,y € X) is written in the form h, -...: h,,, where hi,...,h;,, are canonical
elements of G(X). By the definition of the semi-norm N it suffices to show that

da((a,z),(b,y)) < 3 M(h;). Without loss of generality one can assume that all ele-
i=1
ments h;, 1 £t < m, are irreducible. This follows from the next obvious lemma.

LEMMA 3. Let p = a;'...ai"z°y %a,*"...a; ! be a reducible word, where
@1y...,8n, 2,y € X and €,,...,6n,€ = £1. Then all possible reductions in P trans-
form p to a canonical element p € G(X), and M(p) < M(p).

Denote g =a-z-y~1-b7'. It is clear that both pairs {e,b~'} and {z,y~!} are
g-connected and the second pair g-depends on the first one. We need one notion more.

DEFINITION OF A CHAIN: A finite family P of unordered pairs of letters of the
alphabet X U X! is called a chain between u and v~! for some u,v» € X if one can
enumerate P = {p; : 1 <i < k +1} so that py = {u,w]'}, p2 = {w1,w; '}, ..., px =
{wi-1,wg'} and pit1 = {wi,v7'}.

Now we proceed an inductive construction by reductions in B = h, ..., (moving
in the “inverse” direction, from g to h). Assume again that an order of reductions in
h is given.
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Let P be the family consisting from one pair {a,57'} and Q, the family consisting
of the pair {z,y~!}. We shall say that the pair {z,y~'} is g-subordinated to the pair
{a,b71}.

Suppose that we have a word h' after some number s > 0 of reductions in the
word h, and r is a number of reductions transforming k' to g = azy~'b~!. Suppose
also that we have defined subfamilies P, and @, of the family of A'-connected pairs
and a relation of A'-subordination between some pairs of Q, and P, satisfying the
following conditions:

(1) the families P, and Q, are disjoint;

(2-) the family P, is a chain between a and 7!, and Q, is a chain betweeen
z and y!;

(3,) every pair of Q, 1s h'-subordinated to some pair of P,, and if ¢ € Q, is
h’-subordinated to some pair p € P, then g h'-depends on p.

Let h" be the word obtained after s — 1 reductions in h. The word h' arises after

a reduction of two neighbouring letters {¢ and ¢t~ of h"”. Consider four possible cases.
(a) {t°,t7°} is an h"-connected pair. Then we put Pry; = Pr and Qpy1 =
Q.. The relation of h'-subordination coincides with the relation of A'-
subordination.
(b) {t°,u~°} and {t7°,v°} are h"-connected pairs for some letters u~¢, v¢
of h'", and {u~%,v°} belongs to P,.. Denote

Pryr = (Pf \ {{u—e’vc}}) u {{tz,u-—z}’ {t—e,vz}} and Q,y1 = @-.

The relation of h'-subordination is considered as a mapping ¢, : @, — P»; the equality
p = p-(q) with ¢ € Q, and p € P, means that g is h'-subordinated to p. Define a
relation @p41 : @ry1 — Pry as follows. If g€ O, p = ¢-(g) and p # {u™%,v°}, put
pr+1(q) = p. If pr(q) = {u"%,v%}, consider three subcases.

(b1) Either A" =...t5t7 ... v*...u™%...,or A" = ... u". . v° . .t ... .
Then put pri1(g) = {5,577}

(b2) Either A" =...v®...u™®...t¢t~°..,or A" = ... t7%° ... u™°...v°... .
In this case we put p,41(q) = {t7°,v°}.

(bs) Either A" =...u~c...t5t"°...v°...,or K" = ... v5.. .75 ...u"". ...
Now the definition of ¢,41(q) is not straightforward. Let ¢ = {2%,2;°}. If the letters
28 and 2z;% occur in the word A" between the letters u™¢ and t¢, we put @,41(g) =
{u~%,t*}. Otherwise 2§ and 2z;® occur between v* and ¢~¢ (apply Lemma 2), and we
put pr41(q) = {t7°,v°}.

() {t°,u™°} and {t7¢,v°} are h"-connected pairs in k', and the pair

https://doi.org/10.1017/5S0004972700014143 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700014143

[9] On group uniformities 317

{u~%,v°} belongs to Q,. Then put
Qi1 = (@0 \ {{u=", 1) U {{t5,u"}, {t7%,"}} and Prys = P

Let ¢ € Qry1, but g # {t5,u~°} and ¢ # {t%,v°}. Then we define p,4+1(q) = ¢-(9).
Put also pr41({t%,v7°}) = @raa({t7%,v°}) = pr({u7%,v°}).
(d) {t°,u"°} and {t7°,v°} are h"-connected pairs in h" and the pair
{u~%,v*} does not belong to P. U Q,. Then define Pryy, Qry1 and
@r+1 asin the case (a).

Lemma 2 implies that (a)~(d) cover all possible cases. This completes our definition
of Pry1, Qrs1 and pry1. One can verify that the families P43, Q41 and the relation
of subordination .y satisfy conditions (1,41) ~ (37+1) in each of the cases (a)-(d).

Denote by n the number of reductions transforming h to g = azy~'b~!. Put
P=7P, Q= Qn and p = ¢,. Then P is a chain between ¢ and b1, Q is a chain
between z and y~! and each pair ¢ € Q is g-subordinated to the single pair ¢(g) € P;
moreover, ¢ h-dependson p. Let P = {p;: 1 i<k} and Q ={g; : 1 <j <}
be enumerations of P and @ that correspond the definition of a chain between two
letters. Thus, we can write p; = {a,¢; '}, p2 = {€c1,¢z'}, ---, Pk = {€k-1,b"1} and
a = {z,7'}, 2 = {t1,t3'}, .-+, @t = {ti-1,y7'}. Without loss of generality one
can assume that Q does not contain pairs of the form {t,£~!}, because the family Q'
obtained by deletion of such pairs from Q is again a chain between z and y~!.

The partition of the letters of h to h-connected pairs and the relation of &-
dependence between h-connected pairs are generated by partitions and relations ex-
isting “inside” canonical elements h;, 1 < i € m. Therefore distinct pairs of Q lie
in different elements h; and ¢(g') # ¢(g") whenever ¢' # ¢". [h-connected pairs are
considered to be distinct if their letters occupy different places in the word k. For
example, the word W = aab™'b~! consists of two W -connected pairs {a,b™'} and
{a,b'}, the first one contains the left and right letters of W, and the second one con-
tains the middle letters of W. We consider these pairs as different, keeping in mind the
places that their letters occupy.] From the definition of subordination it follows that for
each ¢; € Q, the pair p; = ¢(g;) has the form {¢,c™'}. Thus, for this p; = {ci—1,¢},
the points ¢;—; and ¢; coincide as elements of X (we put ¢¢ = a and ¢, = b), the
letters of the pairs p; and g; lie in the same canonical element A, for some s £ m, and
g; h,-depends on p;. In its turn this implies that da((ci,tj-1),(ci,t;)) < M(h,); we
assumethat to =z, 1=y. H 1< j <!, 1< <k and p; = p(gj), we put i = 9(j),
thus defining the mapping ¥ : {1,...,1} — {1,...,k}.

Let P; = ¢(Q). Then P, = {pi,,...,p;}, where 1 < 4; < ... < i < k. Delete
from P, = P\ P; all pairs of the form {c,c™!} and denote the resulting family by P;.
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Obviously, the family R = P; U P; is a chain between a and 5. Since distinct pairs
of R occur in different elements h;, we have the following inequality

(1) > dl(P)+Zd2((°¢(a), i-1)s (e, %)) < ZM(h )-

PEP3

Here di(p) stands for d;(u,v) if a pair p € Py has the form p = {u®,v"¢}, ¢ = +1.
Note that each pair of P, is of the form {c,c™'}, and hence P; is a chain between a
and b~!. Therefore, the triangle inequality for d; implies that

(2) 2_13411 (Cij,cij+1) < Y di(p),

PEP;

where ¢, = a, ¢;,, =b. Applying (1) and (2), we get

1 i m
(3) Yo di(eigscise ) + 20 dal(eotinstior)s (euiints)) < 3 M(ha).
i=0 j=1 s=1

Obviously, we have {pi;,...,Py} = P1 = {Py1),---»Py(1)}- Denote @; =¢i;, 1 <j <
l, @ =a and @141 = b. Let also u be amapping from {1,...,1} to {1,...,k} defined
by u(j) =1i;, 1 <j <!. Then m =u~'o% is a bijection of {1,...,I} onto itself, and
we can rewrite (3) as follows:

(4) Zdl(a.naﬁl)'*'ZdZ((“r(J)’ i- 1) aﬂ'(:)’ J)) ZM(h)

7=0
By condition (C2) of concordance of d; and d3, the left part of (4) is not less than
d2((@o,t0),(@1+1,t)). Thus, da((a,z),(b,y)) < 3 M(h,). This proves the inequality
s=1

(R3) of the theorem.

Let a,z,y € X be arbitrary. From (R3) it follows that di((a,z),(a,y)) <
N(a-z-y~!-a"'). However, the element a-z-y~!-a~! is canonical, and the defini-
tion of the semi-norm N implies the inequality N(a-z-y~!-a™?) < dz((a,2),(a,y)).
Thus, (R2) is proved.

To prove (R1), we need one auxiliary result. Recall that d; is the Graev extension
of d; to a maximal invariant pseudometric on G(X).

LEMMA 4. Let a‘-b_‘=go-a1-zl-yl'l-al_l-gl'a,z-zz-y;l-a.;l-...-a,,-z,,-
y:!-a;! - gn, where a,b,ai,z;,y; € X, ¢ = +1 and g; € G(X) for each i < n. Then

di(a,b) < ), El(g.-,e), where e is the identity of G(X).
1=0
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PROOF OF LEMMA 4: Suppose the contrary; let 3 zﬁ(gi,e) < di(a,b). Then a #
=0

b. Denote by w the word goai1z1y; lal' 1 g1--.anZny, a;'g, and choose a cancellation
order in w that transforms w to a®-b7°.

Recall the definition of the Graev extension d; of the pseudometric d; (see [3]
or [11]). We say that a partition of all letters of the word ¢ € G(X) to disjoint
pairs is a scheme for g, if the letters of each pair of the scheme have opposite ex-
ponents and every two distinct pairs {z°,z7°} and {y%,y7 %} of the scheme sai-
isfy the conclusion of Lemma 2. [For example, the word a;b;'bya;' admits two
schemes: {{a1,b7'},{a;?,b2}} and {{a1,a;'},{b;",b2}}.] For an arbitrary scheme

k
S={{z",y: "} ..., {zk,yp k) for g, put 4(S) = > d1(zi,¥:). Then dy(g) is de-

fined as the minimum of the numbers d,(S) where S r:m; through all possible schemes
for g. The pairs of a given scheme for g will be called g-connected.

For every i £ m choose a scheme S; for g; satisfying d,(S;) = (ﬂ(gi). It is
also convenient to choose the scheme T; = {{a;,a]'},{z;,y; '}} for the element h; =
a;z;y; 'al'; the pair {z;,y '} of this scheme will be called an obstacle; 1 < i< n. As
in the proof of (R3), the cancellation order for w produces a chain C between a® and
b=¢, say {a%,¢c;°}, {cf,e2°}s---,{c5,67°}. Note that the pairs of C are elements of
the schemes S; and T;; 0K 2,7 < n, 7 #£0.

Consider two cases.

I. The chain C does not contain any obstacle pair. Then, by the definition of 21,
we have (with ¢o = a, cpt1 = b):

P n

di(a,8) <Y di(ei,cirn) <Y di(Si) = Y di(g),

i=0 =0 i=0

a contradiction.

II. The chain C contains an obstacle pair {a:,-,yj_l} for some j < n. This is the
main case to deal with. The pair {z,-,yj_l} coincides with a pair {¢f,c;;,} of C for
some k, 0 < k < p (again, we put co = a, cp+1 = b). The idea is to represent the
element a®-b~° in the form of a product of “new” elements of G(X) as follows. For
each i < k both letters ¢, ¢;}°} occur in exactly one element g, (or hm) as a gm-
connected (respectively, h.,,-connected) pair; 0 < m < n. We replace ¢¢ by a° and
ciy1 by a™¢ in the word g (respectively, hm). Analogously, we replace the letters
¢ and c;}5), with 1 > k by b° and b™* respectively. Finally, we find r < n such that
{eficia} = {z,-,yj_l} is an h,-connected pair, and then replace ¢§ by a° and ¢},
by 5~¢ in the word h,. If {u®,v7%} is a g;-connected (or h;-connected) pair for some
i < n and it does not belong to C, we replace u® by a® and v~ by a¢ in the word
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gi (respectively, h;). After this procedure we obtain another representation of a°-57%,
say

(%) a-b™" =g -hy- g1 ... gny by gn,

where each of the words g},h] contains only the letters a,b,a™,b=. (To verify the
equality (**), use the fact that for each i < p the letters c;® and cf,, of the pairs
{c5_1,¢;°}, {c§,c;1} are deleted from w at some step of the reduction.) To each
scheme S; for g; and T; for h; there naturally corresponds a scheme S} for g} and T}
for h}. Note that, by the construction, all pairs of the schemes S} (0 <i < n)and T}
(i # 7) have the form {a,a™'} or {b,b'}. Therefore, h! = e for all i # r and we can
rewrite (**) as a®-b7° = g} - h. - g3, where

g =90 ---9r€GX), g5=9141--- 9 € G(X)

1 -1, -1
,a-b-a7 a7,

and A! coincides with one of four irreducible elements a-a-b7!-a
b-a-b71-571, b-b-a”!-b7!. We claim that g} = e = g}, thus obtaining an impossible
equality a®-b7° = h!l.

Indeed, note that every non-empty scheme § for an arbitrary word g € G(X)

contains a g-connected pair {zf,77%} such that the letters z° and y—¢

are neighbours
in g. Since the schemes S;, 0 < i < n, contain only the pairs {a,a™?} and {b,b71},
we conclude that gy =... =g} = e, and hence g} = e = g5. This completes the proof

of the lemma. ]

Let a¢,b € X and ¢ € {1,—1} be arbitrary. Since a°-b~* is a canonical element,
the definition of N implies N(a®-b7¢) < di(a,b). The inverse inequality follows from
Lemma 4. This proves (R1).

It remains to show that the semi-norm N is continuous. To this end, it suffices
to check that the set O = {g € G(X): N(g) < 1} contains an open neighbourhood of
the identity. (One easily substitutes the number 1 in the definition of O by any real
number € > 0.) This requires some notation. We use a description of a neighbourhood
base of F(X) at the identity [14].

Denote by X! a copy of X (with a homeomorphism ~! of X onto X ~!) and put
X = X®X !, the free topological sum of X and X ~!. Let i be the natural embedding
of X into F(X). For each integer n denote by i, the mappingof X to F(X) defined
by in(zi,...,25") =i(z1)" - ... - i(zn)™ for all z1,...,2, € X and €;,...6, = £1.
Let 3, : X" o F(X) be the mapping defined by jn(Z,7) = in(Z) - (42(F)) " for all
Z,¥ € X". The mappings i, and j, are continuous for all integers n.

For every n € Nt denote by U, the finest uniformity of X" compatible with
the topology of X", that is, the universal uniformity of X [2, Chapter 8]. For each
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sequence E = {U, : n € N*} with U, € U, for all n, we put

V(E) = U U Iy (Un(r)) - -+ -+ Gn) (Unmy) »
neN+ 7€Sn

where S, is the group of all permutations of the set {1,...,n}. By Theorem 1 of [14],
the set V(FE) is open in F(X) and the family of all sets of this form constitutes a base
of F(X) at the identity. Our aim is to define a sequence E = {U, : n € N*} satisfying
V(E)CO.

For every 6§ > 0 put

U1,6 = {(zz,y‘e) 12,y € X, e = =1, di(z,y) < 6}.

Then for every n > 2 and every § > 0 denote by U, s a subset of X" that consists of all
pairs (Z,7) with = (z,...,25*) € X and 7 = (3,...,957) € X (with arbitrary
£1,...,6n = +1) satisfying the conditions d;(zi,y:) < § and da((zi,25),(vi,y5)) < 6
forall 1,7, 1 €1 < 7 < n. One readily verifies that Up s € Uy, forall n > 1 and § > 0.

LEMMA 5. Let (2,9) € Ungs (n > 2), where T = (z7!,...,22), ¥ = (¥1'5- ..,
va). Then dy((2i,2;),(2i,95)) < 26 and dy((yir25), (¥:,95)) < 26 for all 4,5; 1 <
1L,7<n.

PROOF: By the definition of U, s and condition (C1) of the right-concordance of
dy and d;, we have

d2((2i25), (5,95)) < 8 and  do((vi,¥5), (2i,95)) = da(ws,2:) < 6.

Therefore

d2((3i,zj)3 (2i1yj)) < dz((zi,-’b‘j)a(yhyj)) + dz((yii yj)’(zivyj)) <26.

An analogous argument shows that da((yi,;),(vi,y;)) < 28. This proves the lemma. 0

Put §(n) = 277/n(n+1) and Un = Upg(n) for every n 2> 1. We claim that
V(E)C O, where E = {U,:n € N*}. Indeed, let n > 2 and suppose that an element
g € G(X) has the form g = z7'-...-zér -y *»-....y; ** for some z;,y; € X and ¢; = +1,

n
1 €1 < n. We represent g as a product of canonical elements of G(X) as follows. For
every i <m put p; = 25'-....z;* and by = 2ty %, by = picr-zi oy “pil, 1 < i< n.

It is clear that ¢ = Ay, - An_1 - ... h;. We shall call this representation of g standard.
Let g € jn(Un) be arbitrary, n > 2. Then g = 27" -... 2 -y ®n - ...y
for some z;,y; € X and ¢; = +1, 1 £ i £ n, where the points T = (z,,...,z,) and

7 = (¥1,..+,Yn) satisly the condition (Z,%) € U.. Represent g as a standard product,
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say g = hyn-...-hy, of canonical factors hy,...,h,. Lemma 5 implies that the following
inequality is valid for every 7, 1 <% < n:

i-1

M(k;) = dy(zi,y:) + Edz((zk,-’vi),(zk,yi)) < 2i- §(n).

k=1

Also, we have M(h,) = di(z1,11) < 8(n). Consequently, the definition of N implies
that

n n

N(g) <D M(h:) < 28(n)- Y i=n(n+1)-6(n)=2""

i=1 =1

If g € 71(U;) then g = 2° -y~ for some z,y € X and € = %1, and N(g) = M(g) =
di(z,y) < (1) < 27!. Thus, we have proved that N(g) < 27™ for each g € jn(Un);
neNt.

Pick an arbitrary element ¢ € V(E). By the definition of V(E), there exist
n € N1, a permutation m € S, and elements g; € j1(U1),.-.,9n € jn(Un) such that
g = gx(1) * - - - " §n(n)- Consequently, we have

N(g) < ZN(gn(i)) = EN(yi) < 22“ <1
i=1 =1 =1

The latter means that N(g) < 1 for each g € V(E), that is, V(E) € O. Thus, N
is a continuous semi-norm. The theorem is completely proved. 0

The next result and Theorem 1.4 are twins.

THEOREM 1.5. (Left case) Let dy and d, be left-concordant continuous pseu-
dometrics on X and X? respectively. Then there exists a continuous semi-norm N; on
G(X) satisfying the conditions

(L1) Ni(a'-b) =N(a-b') =di(a,b) forall a,b € X;
(L2) Ni(e™! z7'- y-a) =ds((z,a),(y,a)) for all a,z,y € X;

(L3) Ni(a™!-z7!-y-b) > da((z,a),(y,b)) for all a,b,z,y € X.

Having Theorem 1.4 proved, we can ask whether there exists a non-trivial example
of right-concordant pseudometrics, that is, an example of a pair (d;,d2) of continuous
pseudometrics on X and X2 respectively, such that dy essentially differs from the
natural pseudometric d5 on X? defined by d}((a,z),(b,y)) = di(a,bd) + d1(z,y). We
present one fairly general method of constructing right-concordant pairs in the next

section, thus answering the above question in the affirmative.
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2. CONSTRUCTING CONCORDANT PSEUDOMETRICS

The following theorem is our general tool for investigation of uniformities on X2
generated by group uniformities of the free topological group F(X). However, all
its applications (except one given in the fifth section) will be demonstrated in the
forthcoming paper.

THEOREM 2.1. Let p be a continuous pseudometric on X, p € 1, and f a
continuous mapping of X to a normed linear space I with a norm |-||. Then there
exist a continuous pseudometric d on X? and a continuous semi-norm N on G(X)
satisfying the following conditions:
(RP0O) dy and d, are right-concordant, where di(a,b) = ||f(a) — f(b)|| for all
a,be X;

(RP1) N(a-b7') =N(a'-b) =|f(a) - f(b)| for all a,b€ X ;

(RP2) N(a-z-y'-a?) = da((a,2),(a,¥)) = || f(a)l| - e(z,y) for all a,z,y €
X;

(RP3) N(a-z-y™-b7) > ds((a,2),(6,9)) > max{lf(@)ll, I} - e(z,v)

whenever a,b,z,y € X.

PRroOOF: We define a continuous pseudomertic d2 on X? as follows. Let A =
(z',y') and B = (z",y") be points of X%. We shall say that a sequence I' = {4, =
(zo,%0), A1 =(21,¥%1)s--+» An+1 = (Zn+1,Yn+1)} of points of X2 is a way from A to
B if A = A, Any1 = B and for each : =0,1,...,n either z; = z;41, or ¥i = yit1.
We define P={i<n:zi=zin1}, @={j <n:y; =yj+1} and put
(1) Dr(4,B) = Y [If(z)ll - e(wirgir1) + Y di(25,z541)-

iEP jEQ
Then define dy(A,B) as the lower bound of the numbers Dr(4,B), where T' runs

through all the ways from A to B. It is clear that d; is a pseudometric and we claim
that d; satisfies the following conditions for all z1,z2,¥1,y2 € X :

(1) dz((zls'yl)a(zhyl)) = dl(zl’zz);
(id) d2((z1,31)(21,92)) = | f(z1)ll - e(y1,92)-

Only (ii) requires a proof, because (i) readily follows from the definition of d;. The
inequality dz((z1,%1),(21,¥2)) < ||f(z1)ll- o(y1,¥2) is obvious; it suffices to consider the
way I' consisting of two points A = (z1,y:1) and B = (z1,y2). Let us prove the inverse
inequality. Consider an arbitrary way I’ from the point A to some point C = (z2,¥2)
whose second coordinate coincides with the second coordinate of B. Suppose that the
way I' consists of points

A= Ao = (ao,bo), A1 = (al,bl), seny An+1 = (a,,+1,b,.+1) = C
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where ag = z1, bp = ¥1, @nt1 = 22, bny1 = y2. (We do not assume that z, = z;, that
is, that C = B.) First, the following inequality has to be proved:

(2) I (z1)]l - e(y1,92) < Dr(4,0).
We have
(3) Dr(4,C) = Y [If(as)ll- o(bi,biv1) + Y di(aj, a541),
i€P jeQ

where P and Q are subsets of {0,1,...,n} defined in the same way as above. We shall
not change the number Dr(A4,C) if we delete neighbouring coinciding points from T'.
Therefore the sets P and @ are assumed disjoint. Without loss of generality we can
also assume that for each ¥ < n — 1, the numbers k and k& + 1 belong to different
sets P,Q, that is, either k € P and k+1 € Q or k € @ and k+ 1 € P. Indeed,
suppose that for some 7, 1 < ¢ £ n, the first coordinates of the points 4;_1,4; and
A;y1 coincide, ai—1 = a; = a4, (thatis, i —1 and ¢ belong to P). Denote by I'; the
way Ao,A1,...,A4i—1,Ai415...5An, Ant1. One easily verifies that

DI‘(A) C) - DI‘; (A, C) = ”f(a"l)” . [Q(bi—lvbi) + e(bi,b‘H—l) - Q(bi—lvbi+1)] 2 0,

and hence Dr,(A4,C) < Dr(4,C). Thus, we can assume that all even integers i < n
arein P and all odd 7 < n arein Q. Assume for convenience that n is odd, n = 2m+1
for some integer m. Then az; = a2i41 and byi41 = baiy2 for each 2 < m. Therefore,
(3) is equivalent to

(4) Dr(A4,C) =Y [1f(a)ll - e(bairbaiva) + Y | f(aziv2) — f(azi)] -
=0 =0
Obviously, (4) implies that the following inequality holds for each p < m:

(5) Dr(A,C) 2 [f(a0) — f(az)ll + Z 1f(az:)lt - @(bzi bzi+2)-

=0

Consider two cases.
m
I. Y o(b2i,b2i42) < 1. We have

=0

d2(A, B) < [|f(ao)ll - e(bos bam+2) < [ F(a0)ll - D o(bzi, bait2)-

i=0
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Let ||f(ao) — f(azx)|| be maximal among the numbers ||f(ao) — f(a2:)|[, 0 < i < m.
In view of (5) (with p = k), the inequality (2) will follow from

1£@0)ll - 3 ebass basa) < 1f(a0) = Flaan)ll + 3 1f(a2:)] - elbass baisa),

=0 =0
or equivalently, from

m

D o(baisbaiva) - (Il f(ao) ~ Flazi)ll) < [1f(a0) — f(azi)ll -

i=0

The latter, however, follows from our assumption (see I) and the inequalities || f(ao)| —
1f(a2:)ll < IIf(a0) — f(az:)ll < lIf(a0) — f(azr)l|, O <P < m.
IL. Y o(b2iyb2i42) = 1. Let ||f(az2i)|| be minimal among the numbers || f(a2:)|,

i=0

0 <1< m. From (5) (with p =) and the choice of [ it follows that

Dr(A4,C) > ||f(a0) — f(az1)|| + Z 17 (as)|| - o(bzisbaisa)

1=0
> [1£(a0) = f(azn)ll + | f(az)ll - Y e(boi, baiv2)
i=0

2 || f(ao) — flaza)ll + I f(az0)l| = | f(ao)ll > Il f(ao)ll - (Bo; b2m+2)-

So, the inequality ||f(ao)|| - e(bo,bzm+1) = Dr(A4,C), that is (2), is proved for
an arbitrary point C = (z2,y2) whose second coordinate coincides with the second
coordinate of B = (z;,¥2), and for any way I' from A to C. This implies the inequality

(6) lf(z1)ll - o(y1,92) < d2((21,91),(22,Y2)) for all z1,22,31,92 € X.

An analogous argument shows that

(6") | F(z2)Il - e(v1,2) < da((21,31), (22,y2)) for all z1,22,91,y2 € X.

To prove (ii) it remains to put z; = z; in (6). The continuity of the pseudometric d,
readily follows from (i) and (ii).
One can easily see that the pseudometrics d; and d; satisfy the condition (C1) of
Definition 1.3. Let us verify (C2). '
Suppose we are given points ag,@1,...,8n+1,20,Z1,-..,2Zn € X and a permutation
= of {1,...,n}. We prove the following inequality:

n

(7)  d2((a0,%0),(@n41,2a)) < E d2 ((ax(s)s zi1), (@niys 2i)) + Z di(ai,aiy1).

=1 =0
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Put M = min{{|f(a;)|| : 1 < i < n} and choose k < n with f(a;x) = M. By (i), we
have

Z: d2 ((@n(iys Ti-1) s (Bn(s)s 2i)) = Z £ (axiy) || - e(zi-1,2:)

> MY e(zi-1,2:) 2 | ()] - e(z0,2n) = d2((aks20), (ax,Zn))-

i=1

Thus, we have shown that the right part of (7) is not less than the following expression:
(8) dz((ak’ 30)1 (a‘k’ zﬂ)) + dl(ao, ak) + dl(aka an+1)-

Denote by I' the way A = Ao = (a0,%0), A1 = (ak,z0), A2 = (Gk,Zn41) and
As = (@n+1,Zn+1) = B. Then Dp(A4,B) is equal to the expression in (8). There-
fore, Dr(A, B) does not exceed the right part of inequality (7). However, we know that
d2((@0,%0),(ant+1,2n)) < Dr(A4, B) by the definition of d;. This completes the proof
of (7) and (C2), that is, dy and d, are right-concordant.

Apply Theorem 1.4 to define a continuous semi-norm N on the open subgroup
G(X) of F(X) satisfying (R1)-(R3). We need only verify that (RP3) holds. Let
points a,b,z,y € X be arbitrary. By (R3) of Theorem 1.4, N(a cz-oyTt. b_l) P
dz((a,z),(b,y)). Then apply (6) and (6') to conclude that

d2((a,2),(5:%)) > |f(a)ll - e(z,y) and dy((a,2),(b,y)) 2 [ £(B)Il - o=, )

The latter proves (RP3) and the theorem. 0

REMARK 2.2. The pseudometric d on X? and the semi-norm N defined in the proof
of Theorem 2.1 satisfy the condition

9) N(a-z- -y~ - b71) = da((a,2),(b,y)) for all a,b,z,y € X,

that is, N right-induces the pseudometric d .

Indeed, the inequality N(a-z -y~ -b7!) > da((a,z),(b,y)) follows from Theorem
1.4. The inverse inequality is a consequence of the following observation: for any way
T from A = (a,z) to B = (b,y) there exists a natural representation of the element

g=a-z-y ' -b! as a product g = h; - ... - h, of canonical elements of G(X)
such that > M(hk:) < Dr(A,B). (Here we use the notation and terminology of the
i=1

proof of Theorem 1.4.) It suffices to illustrate this by an example. Let 4; = A, A, =
(a2,z), A3 = (a2,2), Ay = (as,z), As = (as,y), A¢ = B be a way from A to B. Then
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we can write g = (a-a;l)-(a2~z~z'1 ~a;1)~(a2 'agl)-(a,s-z-y-l -a,;l)-(aa -b-l),
where all factors in the right part of the equality are canonical. We have

M(aa;') + M(a2zz7'a;") + M(a2a35") + M(aszy~'a3?) + M(ash™?)
= dl(a’ a2) + d2((a21z)1(a'2’z)) + d1(az,¢s) + dz((as,z),(as,y)) + dl(“Sab)
= Dr(A4, B).

It seems to be clear how to write a corresponding representation of g in the case
of an arbitrary way I’ from A to B. Since N(g) and dz(A,B) are defined as lower
bounds of the corresponding expressions appeared in the left and right parts of the
above equality, the inequality N(a -z -y~ -b71) < d2((a,z),(b,y)) (and hence (9)) is
proved.

As in the case of Theorem 1.4, the last result has its twin.

THEOREM 2.3. Let p be a continuous pseudometric on X, o < 1, and f a
continuous mapping of X to a normed linear space L with a norm |-|. Then there
exist a continuous pseudometric d on X? and a continuous semi-norm N on G(X)
satisfying the following conditions for all a,b,z,y € X :

(LPO) d, and d, are left-concordant, where dy(a,b) = || f(a) — f(b)]|;

(LP1) N(a™'-b) = N(a-b7") = [If(a) - FB)II;

(LP2) N(a™'-z7'-y-a) = dy((2,a),(y,0)) = |f(a)ll - e(2,¥);

(LP3) N(a™'-z7!-y-b) > do((=,a),(y,b)) > max{||f(a)ll, IF ()} e(=,¥).

Theorem 2.1 and Remark 2.2 supply us with a good many continuous semi-norms
on G(X). However, under certain circumstances those semi-norms do not vary rapidly
enough. The following constructions seem to be more flexible.

3. TWO MORE CONSTRUCTIONS

Let v be a locally finite family of non-empty open subsets of X. Suppose that
for every U € 4 we have defined a continuous pseudometric gy on X, gy < 1,and a
continuous mapping fuy of X to a normed linear space (L, ||-||) so that supp fy C U,
that is, fu(z) =0L foreach z € X \U.

Fix an element U € 7. Use py and fy to define a pair (dy,u,d; y) of right-
concordant continuous pseudometrics respectively on X and X2 as in Theorem 2.1,
where d; y(a,b) = || fu(a) — fu(b)|| for all a,b € X.

Then we define continuous pseudometrics d; on X and d; on X2 by

d, (a., b) = Z dl,U(aa b) and dz((a, z),(b,y)) = Z dZ,U((a, :c),(b,y))

Uey Uey
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for all a,b,z,y € X. The continuity of d; and d; follows from the choice of ¥ and the
functions fy, U € v, and the right-concordance of d; and d; is a consequence of that
for pairs (dy,u,d2,u); U € v. It remains to apply Theorem 1.4 and define a continuous
semi-norm N on G(X) that right-induces d; and d, (apply Remark 2.2).

The following theorem gives us a more tricky way of defining continuous semi-
norms on G(X) with the use of some locally finite family of sets in X . The theorem
will be applied to consider induced uniformities on the square of a metrisable space.

THEOREM 3.1. Let v be a locally finite family of sets in a locally compact
paracompact space X and suppose that for every W € v a continuous mapping fw is
given of X to alinear space L with a norm ||-||. Then for any continuous pseudometric
o on X there exists a continuous semi-norm N on G(X) satisfying the following

condition
(C) ifa,byz,y€ X, e==1, N(a®*-2°-y~°-b"°)<1 and z,y € W for some
W € v, then N(a®-2z°-y™°-b67%) > max{[|fw(a)l - e(=,¥), [|fw ()l
o(z,y)}-

PROOF: Let pg be a locally finite open cover of X such that the closure of every
element of p is compact and intersects only finitely many elements of 4. Denote
by p1 a locally finite open cover of X which star-refines puy. Choose a continuous
pseudometric ¢' on X so that {(z,y) € X? : o'(z,y) < 1} C HV XV : V € m},
and put g; = max{p,p'}. For every z € X and W € v denote by gw(z) the number
sup{|| fw (¥)I| : e1(2,¥) < 1}. The number gw(z) is finite, since fw is a continuous
function and {y € X : p1(z,y) < 1} C St(z,p1) C V- for some V, € po, where clV; is
compact. Here St(z, ;) stands for the set |J{U € py : 2 € U}. For every z € X we
also put h(z) =1+ Y {gw(z) : W € v, WN St(z,p0) # 0}. Obviously, 1 < h(z) < oo
by the choice of po and py.

Let a,z,y be points of X and € = +1. If pi(z,y) < 1, we put M(z°y™¢) =
oi(z,y) and M(a®z°y °a™°) = M(a®z °y°a"%) = h(a) - gl(z,y) Otherwise put
M(zfy~¢) = M(a®z°y~“a"¢) = M(a°z y%a™¢) = 1. If a1,...,8n,2,y € X and
€1y---,En,€ =11 (n > 1), we put

M(ail cearetyfar’ -“1—51) = Z M(a"z‘y_‘a ‘).

Thus we have defined the number M(g) for every canonical element g € G(X).
As in the proof of Theorem 1.4, consider all possible representations of an arbitrary
element g € G(X) in the form of a product ¢ = h; - ... h, of canonical elements of

G(X). To each such representation there corresponds the sum ) M(h;). Denote by
i=1
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N(g) the lower bound of these sums. This defines a semi-norm N on G(X). Note that
N(g) > 21(9g,¢) for each g € G(X), where p) is the Graev extension of g; to G(X) and
e is the identity of F(X). This follows immediately from the fact that M(g) > p21(g,¢)
for any canonical element g € G(X).

Let us prove (C). We only consider the case ¢ = 1; the reasoning for € = —1 is
completely analogous. Suppose that a,b,z,y € X, N(a:cy‘lb"l) <1and z,y e W
for some W € 4. We shall prove that the inequality

m

(1) > M(k,) > max{[| fw(a)| - ex(=,¥), | fw()] - er(z,9)}
s=1
holds for any representation of g = a-z-y = -b~! in the form of a product g = hy-...-hn,

of canonical elements hy,...,hn € G(X). This will easily imply (C). We first prove
that the left part of (1) is not less than ||fw(a)| - g1(z,¥). Since N(g) < 1, we can

assume that ) M(h,) < 1. Note that g,(a,b) + o1(z,y) = 21(g9,¢) < N(g9) < 1, so
a=1

ei(a,b) <1 and pi(z,y) < 1.

As in the proof of Theorem 1.4, fix an order of cancellations in the word § =
hy...h, that transform g to g, and define the relation of g-dependence. This also
gives us a chain P between a and 57!, a chain Q between z and y~!, and a relation
¢ : Q@ > P of g-subordination. Let P = {p; : 1 <i <k} and @ ={g;:1<j <!},
where p; = {a,¢]'}, p2 = {e1,¢5'}, ---5 Pk = {ck—1,07'} and 1 = {z,t]'}, @ =
{t,8'}, ooy e = {ti_1, 7'} Put co =@, cx = b, to ==, t; =y. For every j < I,
denote by (7) the number ¢ < k such that p; = p(g;), thus obtaining the mapping
¥ :{1,...,1} — {1,...,k}. Since both pairs g; and p;, = = ¥(j), lie in some element
hs, 1 € s < m, and the pair p; = {ci—1,¢] '} consists of the same letters, ¢;—; = ¢;,
we have h(c;) - p1(tj-1,t;) < M(h,). It is important to note that different pairs of Q
lie in different elements h,, s < m, and 3 is a monomorphic mapping.

As in the proof of Theorem 1.4, define families P; = ¢(Q), P2 = P\ P; and Ps,
a subfamily of P, consisting of pairs p; = {c;—1,¢; '} with ci_1 # c;. Since different
pairs of P* = P; U P; lie in different elements h,, we have

m

i
(2) Y ap)+ Y hleys) - exlti-nty) € 3 M(hh) < 1,

pEP3 j=1 =1

where g1(p) stands for g;(u,v) if p = {u,v7'}. Recall that P is a chain between a
and b7!; hence applying the triangle inequality for g, and (2), we have for every i < k:

e1(a,e) <Y i) < Y ealpr) = Y er(p) < 1.

pEP pEP3
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(We also use the fact that every pair p € P\ P; has the form {u,u2~'}.) Thus we have
proved that pi(a,c;) <1 for each i € k. This and the choice of g; together imply that

(3) {ci: 0< i<k} C Stla,p1) CV for some V € pg.

By (3), ci€ V foreach : <k and a e VN W # 0. So, the definition of the function
h implies that h(c;) > gw(e:i); 0 < i < k. Furthermore, since g,(a,¢;) < 1, from the
definition of gw it follows that gw(e:) 2 || fw(a)||, 0 < ¢ < k. This and the inequality
(2) gives us the following:

1 1 m
Il fw(a)ll - e(=,y) < || fw(a)ll - Z e1(ti-1,15) < ) h(ey(n) - ealti-n,t5) < Y M(h,).

j= i=1

The same argument shows that fw(b) - p1(z,y) < 3., M(h,). This proves (C). The
=1

continuity of N can be proved as in Theorem 1.4. a

4. THE EXAMPLE

We discuss here whether the condition (C2) of Definition 1.3 of the right-concordance
is strictly necessary in Theorem 1.4. The example below shows that it is necessary if
we define a continuous semi-norm N, on G(X) following the construction in the proof
of Theorem 1.4 (and very likely, something similar to (C2) is inevitable in general).

Let d; be an arbitrary continuous pseudometric on X . Define a continuous pseu-
dometric d3 on X? by d3((a,z),(d,y)) = di(a,d) + di(z,y) for all a,b,z,y € X.
It is clear that the pseudometrics d; and d} are right- and left-concordant. Note
also that if (g1,0%) and (p1,03) are two pairs of right-concordant pseudometrics and
o2 = max{p},0;), then p; and p, are right-concordant as well. Thus, we can in gen-
eral assume that a pair (d1,d;) of right-concordant continuous pseudometrics satisfies
the condition

(C3) dz((a;“’)a (b,y)) > di(a,b) + di(z,y) for all a,b,z,y € X.

The use of (C3) simplifies the proof of the equality (R1) of Theorem 1.4. However,
our example shows that (C3) can not substitute for any part of (C2) at all.

The idea of the example is based on the following equality:
(1)
(a0-a7*) (a1 -z 3 a7?) (a1-a5%) (a2 -y 2= -2y~ -a5) =ap-z-y " 05",
where a; (0 € ¢ £ 2) and z,y,z are elements of a space X. Our aim is to define

pseudometrics d; on X and d, on X? satisfying (C1) and (C3) such that the semi-
norm N on G(X) generated by the pair (d;,d,) would not satisfy the conclusion of
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Theorem 1.4. In our example the condition (R3) will fail. One can easily do this for a
finite space X (consisting of six points a;, 0 < ¢ < 2, and z,y, z); however, we prefer
to give an example constructed on a base of a connected space X, say X = R, the
reals.

Let d; be the usual metric on R, di(z,y) = |z —y|. Fix an integer n > 1
and a real ¢ > 0. Define elements ¢;,z,y,2 € Rby a9 =z =0, a1 = z = ¢
and a; = y = (n+1) -&. It suffices to define a continuous pseudometric d; on R?
(satisfying (C1) and (C3)) so that a corresponding semi-norm N would “evaluate” the
left part of (1) less than the right one, that is, so that

(2) di(ao, 1) + di(a1, a2) + [di(2, 2) + d2((a1,2),(a1,9)) + d2((a2, 2), (a2, 2))
+ da((y, 2), (¥, 2))] < d2((a0,2), (a2,9)),

or equivalently,

(3) 2di(ao,a1) + di(a1,a2) + d2((a1,82),(a1,81)) + 2d2((a2,a0), (a2, a1))
< dz((@0,a0), (az2,az)).

Note that the expression in square brackets in the left part of (2) is equal to
M(az-y-z7'-z-y'-a;') (see the definition of a semi-norm N in the proof of The-
orem 1.4).

The definition of a pseudometric d; will be explained with a help of the following
figure. Suppose that some point Z can only move horizontally (to the left and to
the right) or vertically (up and down) in the plane R%. Let the speed of a horizontal
movement be equal to 1, and the speed of vertical movement depend on a position
of the point: if the point does not belong to any of the shaded triangles, its speed is
equal to 1; otherwise the speed of the point is equal to 1/(2n + 1). Both triangles are
isosceles and their bases are parallel to the z-axis.
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The distance dz(P,Q) between arbitrary points P and @ of the plane is defined
as the minimal possible time that takes Z to get from P to @ according to the above
rules. It is clear that d,(P, Q) is equal to the lenght of the segment PQ if this segment
is horizontal. One can verify that if the segment PQ is vertical, then the minimal time
is obtained when Z moves vertically from P to @ (but this is not the only possibility),
and this time is not less than |PQ|. These two observations imply that d; and d;
satisfy the conditions (C1) and (C3). The continuity of d; is obvious.

Let us calculate the distance d;(A,C) between the points A = (ag,a9) and C =
(az,a2). We shall say that a way from A to C is economic if the point Z always goes
from left to the right or upwards. For example, the way

A—b B = (az,ao) — (az,al)—> (a,l,al) g (al,az) = D — C

is not economic. (However, the distance dz(A4,C) is attained in this way as we shall
see latter.) It is not difficult to show that for an arbitrary way from A to C there
exists an economic way with the same end points that requires the same (or less) time.
Every economic way from A to C lies in the rectangle ABCD. The sum of lengths
of horizontal links of such a way is equal to a; — ap = (n + 1) - € and the movement
along them requires (n + 1)¢ units of time. The sum of lengths of vertical links is equal
to (n+ 1)e. However, at least € of that length is in the shaded triangles. Thus, the
total time of vertical movement is not less than (2n + 1)e + ne = (3n + 1)e. This gives
us the estimate d3(A4,C) > (3n + 1)e + (n + 1)e = (4n + 2)e. On the other hand, this
number is attained on the way A - D - C.
It remains to calculate the left part of (3). We have

d2((a1,4a2),(a1,a1)) = ne, da((az,a0),(a2,a1)) = ¢, di(ag,a1) = ¢, di(a1,a2) = ne.

Therefore, (3) can be rewritten as (2n + 4)e < (4n + 2)e, that is true whenever n > 1.
This shows that the conclusion (R3) of Theorem 1.4 fails if we drop the condition (C2)
on the right-concordance of pseudometrics or replace it by (C3).

5. THIN SUBSETS OF FREE TOPOLOGICAL GROUPS

A subset T of a topological group G is said to be thin in G (see (15, 9, 10])
if for any neighbourhood U of the identity in G there exists a neighbourhood V of
the identity such that g -V - g7! C U for each ¢ € T. Every compact and every
pseudocompact subset of a topological group G is thin in G [15].

We consider here the following problem: characterise subspaces Y of a given space
X which are thin in the free topological group F(X).

This problem was solved by the author in [15] with the use of the notion of linearly
ordered topological field, considering separately the cases whether X is a P-space or
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not. Here we present a direct solution of the problem and demonstrate an application
of the tecnique developed in the previous sections. The following notion will be useful
to describe the subsets in question.

DEFINITION 5.1: (See [15].) Let 7 be an infinite cardinal and X a space. We call
X a P,-space if an intersection of fewer than = open sets is open in X .

DEFINITION 5.2: A subset ¥ of X is said pseudo-7-compact in X if for any
discrete (equivalently, locally finite) family v of open sets in X the cardinality of the
family {UNY : U € v} is less than 7.

The following theorem completely solves the above problem.

THEOREM 5.3. (See [15].) A subset Y of X is thin in F(X) if and only if
there exists an infinite cardinal T such that Y is pseudo-7-compactin X and X is a
P, -space. ’

PRrOOF: The existence of a cardinal 7 as in the theorem is sufficient to imply
thinness of Y in F(X). (Modify the proof of Theorem 1.1 of [1] or consult [15].) So
suppose that a subspace Y of X is thin in F(X). Denote by u the minimal cardinality
of a family of open sets in X whose intersection is not open. It is necessary to show
that Y is pseudo- 4-compact in X .

Assume the contrary. Then there exists a discrete family v = {Uq : @ < p} of
open sets in X such that U, NY # @ for each @ < p. From the definition of p it
follows the existence of a point z* € X and a decreasing sequence {V,, : @ < p} of open
neighbourhoods of z* such that z* does not belong to the interior of the intersection

(| Va. For every a < p pick a point aq € Uy NY and define continuous real-valued
a<py

functions f, and g, on X such that fa(an) = 1, ga(z*) = 1, fo(z) = 0 for each
z € X\U,, ga(y) =0 foreach y € X\V, and 0 € fo,9a < 1. For every a < g define
continuous pseudometrics dy o and g1, on X by dio(z,y) = |fa(z) — fa(y)| and
01,a(2,y) = |9a(z) — 9a(¥)|; =,y € X. Obviously, g1, < 1. Then apply the reasoning
of Section 2 to define right-concordant pairs (d;,q;d2,«) of continuous pseudometrics
satisfying for all a < p and a,z,y € X the condition

(U1) dz,a((a,z),(a,9)) = f(a) - 01,a(z,9).
Finally, put dy = ) dy,q, d2 = Y, d2,o. The pair (d;,dz) is right-concordant,
a<lpy alp

so Theorem 1.4 implies the existence of a continuous semi-norm N.-on G(X) satisfying
the condition

(U2) d2((a,z), (a,y)) = N(a 2.y '-a!) for all a,z,y € X.

Put O = {g € G(X) : N(g) < 1}, an open subset of G(X) and F(X). We claim
that the following holds.
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(A) For any neighbourhood W of the identity in F(X) there exists a < g such
that (aa-W - a3')\ O #0.
Indeed, for a given neighbourhood W of the identity, put W* = X N (W - z*).

Then W* is a neighbourhood of z* in X. Since z* is not in the interior of () V,,
alp

there exists a < p such that W* \ V, # 0. Pick a point y € W* \ V, and put
g=y (z*)"'. Then g € W, and we have

N(a"! ‘g9 ar;l) = d2((a'0t7y)’(”'mz‘)) 2 d2,°((amy)’(a'm”*))
= f(aa) ’ |ga(y) - ga(zt)l =1,

for f(aa) = go(2*) = 1 and ga(y) = 0. Thus, N(aa -g~a.;1) > 1 and, a fortiori,
ao-g-az' ¢ O. This proves (A). However, (A) implies that Y is not thin in F(X), a
contradiction.
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