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Abstract

A collection £ of bounded linear operators in /; is constructed in such a manner that given any
separable metric space X, and any countable collection .# of continuous self-maps of X, there
is a homeomorphism / of X onto a subset of /; such that for each f € & there is P € P with
hf = Ph.

While similar results were obtained by Baayen and De Groot, our construction makes it pos-
sible to impose additional conditions on 4 (depending on ¥ ). For example, if all the members
of ¥ are uniformly continuous then 4 too can be made uniformly continuous.
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1. Introduction

By a well-known result of Urysohn [3], every separable metric space X is
homeomorphic to a precompact subset of /,. If f is a self-map of X and
h: X — [, is a homeomorphism onto A#[X] then a self-map F of A[X] is
induced, where F = hfh~!. Of course F is topologically indistinguishable
from f. However, in the setting of a linear space the natural preference is
to have F related to a linear mapping. Thus, in /;, we may wish to choose
h in such a manner that F become the restriction of a bounded linear oper-
ator. Somewhat surprisingly, a much stronger requirement can be satisfied.
For, as shown by DeGroot and McDowell [2], one can produce a bounded
linear operator in Hilbert space, such that an appropriate / exists, making
the induced map a restriction of that operator.
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Along similar lines Baayen and DeGroot [1] proved existence theorems for
semigroups of mappings on a metric space.

In this paper we construct a concrete collection 2 of bounded linear oper-
ators on /,, which generates a free semigroup, and has the following univer-
sality property: given a separable metric space X and a countable family of
self-maps f of X there is an 4 such that to any f € .# there is a P € & with
hf = Ph. Since there is considerable latitude in the manner in which / can
be chosen one may impose some additional requirements on it. It is in this
direction that our discussion is aimed. Thus, we show that if all members of
the family of maps on X are uniformly continuous, or the semigroup gener-
ated by it is equicontinuous, then A, as constructed, is uniformly continuous.
Similarly, if each map satisfies a Lipschitz condition then 4 can be made to
satisfy a similar condition (with coefficient 1).

2. Construction of the set &

2.1. We begin by defining a sequence {P,: n = 1,2,...} of linear operators
on /;. The action of each P, on an arbitrary x = (xp, X;,...) € , could
be roughly described as a generalized shift. Hence the need for setting up
appropriate correspondences between the indices of the coordinates x; of x
and those of P,(x). If k, m are nonnegative integers set

rtk;m) =4k + m)(k +m+1)+m
and write r(k) for r(k;0).

2.2. LeMMA 1. For every nonnegative integer n there is exactly one ordered
pair of nonnegative integers k, m such that

1) n = r{k; m).

PrOOF. For 0 < n < 1 the result is trivially true (with 0 = r(0;0) and
1 = r(1;0) uniquely). Proceeding by induction, suppose that for some n > 1
(1) is satisfied uniquely, and consider the mutually exclusive cases: (i) k > 1;
and (ii) k = 0. In case (i) we have, by direct calculation, n+1 = r(k;m)+1 =
rtk—1;m+1). And, if n+1=r(k'— 1;m’ + 1) for k’,m’ > 0 then we must
have n = r(k’,m’) implying k¥’ = k and m’ = m. (To rule out the other
alternative, namely n + 1 = r(k’;0), we observe that r(k’;0) =r(k—1;m+1)
clearly implies k' > k > 1. Hence r(k’;0) = r(k’ — 1;1) + 1 and, therefore,
n = r(k' — 1;1) = r(k;m). Uniqueness for n being assured, it follows that
k' =k + 1 and m = 1. However, then

r(k's0) = r(k + 1;0) = (k+1)(k+2) < (k+1)(k+2)

2 3 +2=rk-1,2),
a contradiction).
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In case (ii) n+ 1 =r(0;m) + 1 = r(m + 1;0) = 1(m + 1)(m + 2). Suppose
n+1=r(m;m")withm” > 1. Thenn+1=r(m'+1;m"-1)+1 and
n = r(m' + 1;m"” — 1) which is impossible as m’ + 1 # 0. Hence m"” =0
and m’ = m + 1, proving that n + 1 = r(m + 1;0) uniquely. Thus, in both
cases, n + 1 satisfies the conclusion of the lemma, and every integer n > 0 is
uniquely representable by (1).

2.3. Todefine P,: hb — L (n=1,2,...) set

(2) Pn(x) = (xr(O;n), xr(l;n)axr(2;n); .o ) (x € 12)

Because the coordinates of P,(x) are chosen from those of x without repe-
tition it is clear that each P, is well defined. Furthermore, P, is linear, with
|1 Pall < 1.

2.4. Let {A,: n=1,2,...} be a given sequence of real numbers with 4, >
2" (n=1,2,...), and set

3) P={A"P,:n=1,2,...}.

2.5. In the sequel we shall need an extended definition of r. Thus we
define r(k; my, m;y) = r(r(k; m)); my), and inductively

(1) rikomy,...,mu_y,my) =r(r(k;my,...,m,_1);my).

Here k, m,,..., m, are arbitrary nonnegative integers.

LEMMA 2. Let k,ml,...,m,,,m’l,...,m} be integers with 1 < n < j, k >
0,my,>1(1 <p<n),m>1(1<q< ) Ifriksmy,...,m,) =
r(k;m’l,...,m}) then j =n and m; =m; (1 <i < n).

ProOF. We proceed by induction on the positive integer n. For n = 1 the
result is an easy consequence of Lemma 1. Suppose the assertion is true for
n=1-1. Then rtk;my,....my_;,m) = r(k;my,...,m;_,,m}) with k, my,
my, satisfying the hypotheses of the lemma. It follows that

r(r(ksmy,...,mp_);my) = r(r(k;my,...,m5_,); m})

and, by Lemma 1, r(k;m,,...,m;_;) = r(k;m’l,...,mj._l) as well as m; =
m;-. This, together with the inductive hypothesis shows that, as asserted,
Jj =1and m} = m; (1 <i <), completing the induction and the proof of
the lemma.

Next we define s(k; m,,..., m,) by setting s(k) = r(k) and s(k; my,...,m,)
=r(k;0,m,,...,m,), where k,m,,..., m, are integers; the first nonnegative;
the rest positive.
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LEMMA 3. For every nonnegative integer p there exists an integer k > 0
and an ordered set (possibly empty) of positive integer my,. .., m, such that

(1") p=s(k;m1,...,m,,).

Furthermore the representation in (1”) is unigue.

ProOOF. Suppose, for a contradiction, that there exist nonnegative integers
for which no such representation is possible and let p be the smallest among
them. By Lemma 1, p = r(k; m) for a unique ordered pair of nonnegative
integers k, m; and, clearly, m > 1. Now since k < p we have, by the
defining property of p, k = r(k’;0,my,...,m;) =s(k';my,...,m;), with k' >
0 and my,,...,m; positive. It follows that, contrary to the assumption, p =
s(k';my,...,m;,m). Finally, the uniqueness property of the representation

(1”) follows directly from Lemma 2.

2.6. We observe that the set {P,} is free of relations and, therefore, the
semigroup & generated by it is a free semigroup. Indeed, by definition,
(Pm(x))k = Xy(k;m)- Hence

(Pmlpmz T Pm,,(x))k = (sz te Pm,.(x))r(k;m,)
= (ng s Pmn (x))r(r(k;ml);mz)

If then Py, Py, - - - Pm, = P Py, - - - P;; with, say, j < nthenr(k;my, my,...,my)
=r(k;ii,i,...,i;). By Lemma 2 we have n = j, my = iy,...,m, = i (= ij),
and the only relation is the identity.

3. Construction of a homeomorphism

Let X beasubsetof ,and f,: X — X, n=1,2,..., continuous mappings.
For x = (xo, X1, X2,...) € I set g5y (x) = x; and, inductively on n,

(4) ¢s(k;m|,mz,...,m,.)(x) = A;t,,m"qss(k;ml,mz ..... m,,_.)(fm,, (x))
Having thus defined ¢;(x) for i=0,1,2,... we set
(5) h(x) = (¢o(x), $1(x), P2(x),...).

ProPOsSITION 1. Let (X,d) be a bounded separable metric space and let
i X — X, n=1,2,..., be continuous self-maps of X. Let & be a countable
base for the topology of X consisting of balls B, = B,(x"),r,), centered at
points x™ € X and of radii r,, with

(6) m<ATi<2" (n=1,2,...).
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where {A,: n =1,2,...} is a given sequence of reals. Let
2~%=linf{d(x,y): y € X\Bi} if Bx # X,

(7 Fs(iy(x) = .

0 ifB, =X,

.....

X homeomorphically onto a precompact set in l,; and with P,, as given by (2),
(8) h(fa(x)) = AnPp(h(x)) (x€X; n=12,...).

Proor. From (4) it readily follows that

Also, @ypy(u) < 27k—! where § = sup{d(v,w): v,w € X} (u € X), and
A;! <277 Hence

[e ¢} [o o] [o o] [ o]
”h(X)”2 < ZZ_Zk—ZJZ Z Z 2=2m | ... Z 2—2m, < 00,
k=0 n=0 m =1 my=1
showing that % is well defined (and A[X] is bounded). To prove that A is
continuous and A[X] is precompact let A¥): X — [, be defined by setting

if t = k+ )7 ;m < N, and zero otherwise. It readily follows that
lA(x) — AM(x)|? < 6232y, 27 . Hence AM(x) — h(x) uniformly over
X proving that 4 is continuous. Further, #(¥)[X] is precompact since it is
a bounded subset of a finite dimensional subspace of /;,. Givene > 0an N
exists such that ||a(x) — AV (x)|| < &/3 (x € X). Let {x|,Xx2,...,x,} C X
have the property that, to any x € X, there is a j = j(x), 1 < j < n, such
that |AM(x) — A™(x;)|| < &/3. Then
1A (x) = (x| < 1A(x) = AN + AN (x) = AN (x|
+1AM(x;) — h(xj)| < &/3+e/3+¢/3 =¢,

showing that #[X] is precompact. That / is one-to-one is obvious. [If x,y €

X, x # y, then there is an integer j such that x € B, y € X\B;, so that

Biio/(¥) = 0 but gy (x) # 0.]

It is also clear that A~! is continuous. [If not then there must be a sequence
{h(x™): n =1,2,...} converging to some a(x) in ,; with {x(": n=1,2,...}
having no convergent subsequence. But then there is an open ball B; such
that x € Bj and {x™: n =1,2,...} C X\Bj, so that ¢s;,(x\™) /A ¢y)(x); a
contradiction.] Finally,

.....
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3.2. PROPOSITION 2. Let X be a separable (not necessarily bounded) metric
spaceand f,: X —» X, n=1,2,..., continuous. Let P and {A,: n=1,2,...}
be as defined before. Then, as in the conclusion of Proposition 1, there is a
homeomorphism h: X — h[X) C L, such that h[X] is precompact and

h(fa(x)) = An Py (R(X)) (xeX;n=12,...).

ProoF. Let Y be a bounded metric space which is homeomorphic to X.
Then Y is separable too. Let A;: X — Y be a homeomorphism and, for n =
1,2,....set fu=h f,,hl". Then, by Proposition 1, there is a homeomorphism
h, of Y onto a precompact subset of I, such that iy f, = A, P.hy (n=1,2,...).
Let h = hyh,. Then h maps homeomorphically X onto a precompact subset
of 4 and

hfy = hohi fu = hahih! fuhy = ha fuh
= AnPuhohy = APk (n=1,2,...).

4. Uniformly continuous homeomorphisms

4.1. THEOREM 1. Let {f,: n = 1,2,...} be uniformly continuous self-maps
on the separable metric space (X,d). Then the conclusions of Proposition 2
hold and the homeomorphism h is uniformly continuous.

ProoF. Since the identity mapping from (X,d) to (X, d) with d(x,y) =
min{1,d(x,y)} is a uniformly continuous homeomorphism, we may assume
that (X, d) is bounded with diam X = 1. Let 2: X — [, be defined by (2)
with 4, = 2". In view of the conclusions of Proposition 2 it remains to be
shown that £ is uniformly continuous. Let £ > 0 be given, and observe that,

by (7),

|$sr) () = Ssry (V)| < |D(u, X\By) — D(v, X\By )|
where, for {z}, § C X, D(z,S) = inf{d(z,w): w € S}. Thus, since D is
Lipshitzian with coefficient 1,

b5y (1) — sy (V)] < d(u,v) < diam X = 1.

Hence the series expansion for ||h(x) — h(y)||* is dominated by a convergent
positive series and therefore uniformly convergent. Now let N be such that

N N
lA(x) — R)|1* < Z 222 E 9=2(my++--+my)

k,n=0 my,..,my=

2
X (@, S (0 oy Sema O + 5.

https://doi.org/10.1017/51446788700035643 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700035643

220 Michael Edelstein and Raymond D. Holmes 71

Since this sum involves finitely many continuous mappings a § > 0 exists
such that it is less than ¢2/2 whenever d(x,y) < 6. Thus d(x,y) < J implies
that ||A(x) — h(y)|| < € proving the assertion of the theorem.

REMARK. The following example serves to show that the assumption of
uniform continuity for each f,, n =1,2,..., is essential for the conclusion of
the theorem. Let X = {1/n: n=2,3,...}U{]1,2,3,...} with the usual metric
and take f: X — X to be defined by f(1/n) = n, n =2,3,..., f(n) =1,
n even, and f(n) = 2, n odd. If there exists a bounded linear operator
P: I, — I, and a homeomorphism 4 of X into /; such that A(f(x)) = P(h(x))
with & uniformly continuous then the sequence {A(1/n): n=1,2,...} must
converge to some point u € . Now ha(f(n)) = P(h(n)) = P(h(f(1/n))) =
P2(h(1/n)) — P2(u). But A(f(n)) = k(1) if n is even and A(2) if n is odd
implying k(1) = h(2), a contradiction.

4.2. THEOREM 2. Let ¥ = {f,: n=1,2,...} be a countable and equicon-
tinuous semigroup of self-maps on a separable metric space (X,d). Then there
is a uniformly continuous homeomorphism of X into I, satisfying the conclu-
sion of the preceding theorem.

PROOF. As in the proof of Theorem 1 we proceed by assuming, as we may,
that (X,d) is a bounded metric space with diamX = 1. Let h: X — /; be
defined by (4) and (5) with 4, = 2". By (4),

<2 fo o () Fry -+ o ).

By the equicontinuity of ¥, given ¢ > 0, there is a § > 0 such that the above
distance is less than ¢ if d(x,y) < . It follows that ||a(x) — A(y)| < Me for
some positive M, independent of x, y, proving the theorem.

5. Nonexpansive homeomorphisms

5.1. THEOREM 3. Let {f,: n = 1,2,...} be continuous self-maps of the
separable metric space (X, d) satisfying the Lipschitz condition

(9) d(f;l(x)9f;l(y)) < Lnd(xsy) (x,y €EX, n= 1’2"")'

Then, with 2, > max(2",2"L,), there is a homeomorphism h of X onto a
precompact subset of I, such that

(10) I2(x) — AW <d(x,y)  (x,y € X),
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and
h(fa(x)) = AnPa(h(x)) (x€X; n=12,...).

ProoF. In view of Proposition 2 only (10) has to be verified. From (9) it
follows that

Ao+ Sna 0, -+ () € 2 272 dl (x, )

m mp

< 27 imttma) g x, ).

Hence

llA(x) = RD)II? < 22"2" 22 Z 272mttma)(d(x, y))?
n=0 my,....mp=1
< ( (x,y))z,
and so ||A(x) — h(y)|| < d(x,y) as claimed.

6. Unboundedness

The universal set & consists of operators 2" P, where || P|| = 1; hence & is
not uniformly bounded. As shown below all such universal sets of operators
share this property.

6.1. PROPOSITION 3. Let Q be a countable set of linear operators in a
separable Hilbert space H having the following universal property. Given a
separable metric space X and a countable collection & of self-maps of X there
is a homeomorphism h of X into H such that for any f € ¥ thereisaqe€ Q
with hf = qh. Then Q is not uniformly bounded.

Proofr. Choose X = /; and ¥ = . Then there is a homeomorphism 4 of
l, into H such that h(2"P,) = q,h, n = 1,2,..., for some {g,} C Q. Suppose
Q is uniformly bounded; that is, ||g|] < M for all ¢ € Q and some M > 0.
Let y be an arbitrary, but fixed, nonzero point in /. For each n > 1, P, !(y)
contains exactly one point z, with ||z,|| = ||¥||. (The coordinates of z, are
equal to the corresponding ones of y in those coordinate positions selected
by P,, and zeros elsewhere.) If x, = 27"z, then x, — 0 and 2"P,(x,) =y
Since lim,— o A(Xn) = h(0), ||A(xn) — h(0)|| < € for givene > O0and alln > N
for sufficiently large N. Hence

eM > ||gn(h(xn)) — an(h(0))||
= [|A(2" Pu(Xn) = R(2"Po(0))|| = ||A(y) — R(O)].
Thus A(y) = h(0), implying y = 0, a contradiction.
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