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Abstract

Every poset with 0 is determined by various semigroups of isotone selfmaps which preserve 0. Two
theorems along these lines are given and applied to some recent results concerning relation
semigroups on topological spaces.
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1. Introduction

To any topological space there correspond various semigroups of maps or
relations which are in a certain sense compatible with the topology. Of particular
interest are those cases where an associated semigroup determines the space up
to homeomorphism (see Gluskin and others (1977)). Schein (1970) has demon-
strated that some results of this type are order theoretic in nature and thus
follow from fairly general theorems on isomorphisms between semigroups of
isotone maps. We will prove here (Theorem 2.2) a slight generalization of Schein
(1970), Theorem 2, which also covers the main results of Magill (1969) and
McAlister (1971).

2. Two isomorphism theorems

Let P be a poset with 0. By &, denote the endomorphism semigroup of
(P, <, 0), that is the semigroup of all isotone maps ¢: P — P such that Op = 0.
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The range of a mapping ¢ is denoted by im ¢; if im ¢ contains exactly two
elements, then ¢ is called 2-valued. We will say that a subsemigroup S of 6’, is
sufficient in case it satisfies

(1) for every x € P there exists { € S such thatim { = {0, x},

() if x,y € P and x { y, then there exists a 2-valued map { € S such that
x{ #0and y¢ = 0.
We note that every subsemigroup S of &, which is sufficient in the sense of
Schein (1970) is also sufficient in our sense, but not conversely. Instead of (1),
(2) Schein uses the conditions

(1Y if x,y € P andy 5 0, then there exists £ € § such thatim £ = {0, x} and

y€=x,
(2) if x,y € P and x § y, then there exists ¢ € S such that x¢ ¥ 0 and
yo = 0.

Clearly (1) implies (1). If x € y in P, then by (1'), (2’) there exist a map ¢ € §
and a 2-valued map § € S such that xp§ = x¢ # 0 and yp = 0, whence the
2-valued map { = ¢f gives (2).

In what follows let S be a sufficient subsemigroup of &,. For each x € P we
can pick a map {, € S such that im {, = {0, x}. For ¢ € S, the set R(gp) = {{
€ S|o- ¢ = 0} is called the right annihilator of ¢ in S.

2.1. LEMMA. Let S be a sufficient subsemigroup of &p.

(i) A map { € S is the zero map or 2-valued if and only if for each ¢ € S either
®-§=00r R(gp-{) = R().

(i) For x,y € P, x < y if and only if for all 2-valued maps § € S, §,-§ =10
implies §_- £ = 0.

(iii) For @, y € S, ¢ <y if and only if for all 2-valued maps ¢, £ € S,
$-y-&=0implies{-p-£=0.

Proor. Given any ¢, ¢ € S, R(y) C R(¢) holds if for each x € P there exists
y € P with xp < yy. On the other hand, if ¢, { € S such that im { = {0, y}
and there exists x € P with x¢ < y, then by virtue of (2) we can find a 2-valued
map £ € S for which ¢+ £+# 0 and {- £ = 0; hence R({) Z R(¢). Taking this
into account, (ii) and (iii) are readily verified. Now to prove (i) let @, { € S; if ¢
is 2-valued, then clearly either ¢-{ = 0 or ¢-{ and { have equal images and
hence equal right anni‘hilators. Conversely, if R({, - {) = R({) for some x € P,
then the images of { - { and { must be equal, and so ¢ is either the zero map or
2-valued.

2.2. THEOREM. Let P and Q be posets with 0 and let S and T be sufficient
subsemigroups of &op and 6Q respectively. If F: S — T is an isomorphism, then
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there exists a unique isomorphism 8: P — Q such that
(%) Flo)=0"9-0 forallpES.

ProoF. Trivially, F(0) = 0 and by 2.1 F restricts to a bijection between the
sets of 2-valued members of S and 7T respectively. If { € S has the same image
as {, then R({) = R({,); consequently, the right annihilators of F({) and F({,)
in T are equal, and so im F({) = im F({,). Therefore the map 8: P — Q defined
by im F({,) = {0, x#} (x € P) is a bijection and thus in view of 2.1 an
isomorphism. For all y € Q and 2-valued maps { € § we have im F({) =
im #7'- ¢ - 0 and further

yF(f) =O©F(§yg—l)'F(§) =0®§y0_|'{=0¢>y0_|.§.0=0.

Hence the equation (+) is true for all 2-valued maps ¢ € S. Now given ¢ € S
arbitrary, we infer for 2-valued maps {, £ € S,

o t=0 F(-9- 987 =0-F()- Fo)-F®)-0" = §-0- Fig)- 07 &
By 2.1 we therefore have F(p) = 7' - ¢ - 8 as required. Computing F(g,) for all
x € P, we see that 4 is the unique isomorphism satisfying ().

The preceding result generalizes Theorem 2 of Schein (1970). Comparing 2.2
with the results of McAlister (1971), we notice that by 2.1 a surjective homomor-
phism F: § — T between sufficient semigroups is an isomorphism if and only if
forp e S, F(¢) =0 ¢ =0.

Let us call a partial map ¢ on a poset P with domain A4 isotone if x € A,
y € P, x <y impliesy €4 and xp < yp. A semigroup S of isotone partial
maps on P is called sufficient if for every x € P there exists a constant partial
map { € S with value x and if for every x € y in P there exists a constant
partial map { € S whose domain contains x but not y.

Since for any poset P with O there is an obvious 1-1 correspondence between
the maps ¢ € &, and the isotone partial maps ¢ on the poset P — {0} (see
Schein (1970), p. 46), 2.2 may be restated as

2.3. COROLLARY. Let S and T be sufficient semigroups of isotone partial maps on
the posets P and Q respectively. Then every isomorphism F: S — T is induced by a
unique isomorphism §: P — Q.

An isotone map ¢ on a poset P is called residuated if there is another isotone
map @+ on P such that xp™ - ¢ < x < xp- @™ for all x € P. The set Res(P) of
all residuated maps on P forms a semigroup (under composition). Moreover, if P
is bounded, then Res(P) is a sufficient subsemigroup of &,. This is due to the
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fact that all maps

0 ifx<a,
b otherwise

{::x!—){

with a, b € P belong to Res(P) (see Blyth and Janowitz (1972)). Hence from
Theorem 2 of Schein (1970) or the above theorem one may deduce the following

2.4. COROLLARY. Let P and Q be bounded posets. Any isomorphism F: Res(P)
— Res(Q) is induced by a unique isomorphism 8: P — Q.

Thus, the semigroup Res(P) determines the bounded poset P up to isomor-
phism—a fact which was also established by Johnson (1971).

Next we will prove a more general isomorphism theorem for semigroups of
residuated mappings on complete lattices, which is not a consequence of 2.2.
Henceforth let L be a complete lattice. As is well known a map ¢ on L is
residuated if and only if ¢ preserves arbitrary joins (including 0). A subset K of
L is called join dense if every element of L is the join of some elements of K. We
now call a subsemigroup S of Res(L) sufficient if it contains the zero map and
satisfies the following two conditions:

(3) the set {1{|{ € S 2-valued} is join dense in L,

(4) if x, y € L and x ¢ y, then there exists a 2-valued map { € § such that
x¢{ # 0 and y{ = 0.

The right annihilator of A C S is the set R(4) = (Y € S|p-y =0 for all
¢ € A}. Again we begin with a lemma.

2.5. LEMMA. Let S be a sufficient subsemigroup of Res(L). For each x € L put
A, = {p € S|lp < x}.

(1)) For x,y € L, x < y if and only if R(A,) C R(4,).

(1)) A map §{ € S is 2-valued if and only if { # 0 and for each @ € S either
¢ ¢ =00r R~ {) = R(E).

(i) For o, ¢ € S, @ <y if and only if for all 2-valued maps §{, £ € S,
$ Y- §=0implies{-p-£=0.

(iv) A subset A of S is equal to A, for some x € L if and only if A is the left
annihilator of R(A).

PROOF. If x < y, then 4, C A, and hence R(A4,) C R(4,). If x €y, then there
exist ¢, { € S such that 19 <x, lp ¢y, @-{+#0, y{ =0; hence R(4,) €
R(A,), proving (i). Since there are 2-valued maps §, € S with im { = {0, x} for
elements x from a join dense subset of L, we can verify (ii) and (iii) in essentially
the same way as the corresponding assertions of 2.1. It remains to check (iv). If
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A C S, then ¢ € R(A) if and only if 1g- ¢ = 0 for all p € A4 or equivalently,
xy = 0 where x is the join of all 1¢ (¢ € 4). Given ¢ € S such that 1¢ € x, (4)
provides us with a map { € S which satisfies ¢ - { = 0 and x{ = 0; hence ¢ is
not in the left annihilator of R(4). We conclude that {¢ € S|l < x} is the left
annihilator of R(A4), completing the proof.

2.6. THEOREM. Let L and M be complete lattices and let S and T be sufficient
subsemigroups of Res(L) and Res(M) respectively. Every isomorphism F: S — T is
induced by a unique isomorphism 6: L > M.

Proor. By virtue of 2.5 we can define an isomorphism §: L - M by
F(A,) = A4 (x € L) or equivalently, by 1F(¢) = l¢- 8 for all ¢ € S. Further,
F establishes a bijection between the 2-valued members of S and T respectively.
If { € Sis2-valued, then 1F({)=10"'-¢-fandforallx € L,

x0-F({)=0ey-F({)=0 forally € 4,
<e@-{=0 forallg € 4,
eox{=0ext-0=0.

Hence F({) = #7'- {- 6. An application of 2.5 settles the equation F(g) = 8-
¢- 8 for all p € S, and we are done.

For a complete lattice L, let (L) be the semigroup of all residuated maps ¢
on L such that xp < x for all x € L. By virtue of Lemma 4 of Schreiner (1973),
2(L) is a sufficient subsemigroup of Res(L) if and only if L is completely
distributive. Hence 2.6 implies

2.7. COROLLARY. Let L and M be completely distributive complete lattices. Any
isomorphism F: Z(L) — Z(M) is induced by a unique isomorphism §: L — M.

3. Sufficient semigroups of relations

A binary relation p on a set X can be thought of as a mapping g on the power
set of X: Ap = Ap = {x € X|(a, x) € pfor some a € A}, 4 C X. Thus to any
relation semigroup there naturally corresponds a semigroup of isotone maps.
Therefore the results of the preceding section immediately apply to semigroups
of relations. %, and 9, will denote the semigroups of all relations on X and all
dense relations on X respectively; a relation p € B, is called dense whenever
Xp = Xp~!' = X (Schein (1970)).
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Let S be a subsemigroup of % , such that & € S. Put
s ={A4 CX|AXBe Sforsomed+#*BC X},
G ={BC X|4AXBe& Sforsomed#A4C X}.

If S satisfies the conditions

(5) forall x € X, {x} € G,

(6) for every B € G and x & B there exists 4 € % such that x € 4 and
AN B=g,
then S is called a sufficient subsemigroup of B .

A semigroup of dense relations is never sufficient in the preceding sense.
Instead, we call a subsemigroup S of 9, sufficient if X X X € S and S satisfies
(5) and (6) for the associated sets

s ={A4 CX[AX XU X X B¢& SforsomeB C X},
G ={BCX|[AXXUXXBE Sforsomed CX}.

If S is a sufficient subsemigroup of B, or 9,, then the semigroup S of all p:
Gy —> 8 or p: §5 —> G5 (p € S) is a sufficient subsemigroup of &p,, where P
denotes the poset (85, C, D) or (85, D, X X X), respectively. Now, from 2.2
one obtains without difficulty

3.1. THEOREM. Let S and T be sufficient subsemigroups of %, and By (or, D,
and D), then for every isomorphism F: S — T there exists a unique bijection a:
X > Y such that F(p) = a™' - p-a for all p € §.

PrOOF. By 2.2, F is induced by an isomorphism ¢: 83 — G, (¢: §5 — G,
respectively). Then the bijection a: X — Y defined by {xa} = {x}p (x € X)
induces ¢, whence F(p) = a'-p-a forall p € S.

A subsemigroup S of %, which contains all relations {(x, x)} (x € X) is
called a triform semigroup by Magill (1969) or an r-semigroup on X by
McAlister (1971). Hence 3.1 generalizes Theorem 2.2 of Magill (1969); and since
a surjective homomorphism F: S — T between sufficient subsemigroups of B,
and B, is an isomorphism in case F(p) =0«p =0 (p € §), 3.1 also estab-
lishes McAlister (1971), Theorem 6.

The typical application of 3.1 is the production of various isomorphism
theorems for relation semigroups on topological spaces. To illustrate this point
we will have a brief look at semigroups of continuous relations. A relation p on a
topological space X is called continuous if Ap™' is open whenever A4 is an open
set in X, Ap~' is closed whenever 4 is a closed set in X, and if {x}p is compact
for all x € X. The set C(X) of all continuous relations on X is a subsemigroup
of B (see Bednarek and Norris (1977)). Evidently, Fy, is the set of all clopen
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sets and QC(X) is the set of all compact sets in X. Thus, whenever X is a
0O-dimensional Hausdorff space, C(X) is a sufficient subsemigroup of B,.
Applying 3.1, we can therefore improve Theorem 4.7 of Bednarek and Norris
(1977):

3.2 CorOLLARY. Let X and Y be O-dimensional Hausdorff spaces. Then every
isomorphism F: C(X)— C(Y) is induced by a unique homeomorphism a: X — Y.

ProOF. The bijection « given by 3.1 induces a bijection between the sets of
clopen sets in X and Y respectively, and thus is a homeomorphism.

The analogous isomorphism theorem, of course, holds for the semigroups of
all continuous dense relations. All this may also be derived from Theorem 2 of
Schein (1970). His Theorem 1 settles another case which is not attainable by our
results. Call a relation p € B, wide if Xp~' = X; for a topological space X let
CW(X) denote the semigroup of all continuous wide relations on X. ByH(X)
denote the set of all non-empty compact sets in X. CW(X) corresponds to the
semigroup CW(X) of all p: H(X) = H(X), p € CW(X). Since for every clopen
set A and compact sets B, C B, in X, the relation 4 X B, U (X — A) X B, is
continuous and wide, for any 0-dimensional Hausdorff space X, CW(X )is a
sufficient subsemigroup of the semigroup of all isotone maps on H(X) in the
sense of Schein (1970). Hence we arrive at the following result which partially
answers a question of Bednarek and Norris (1977).

3.3. PROPOSITION. Let X and Y be O-dimensional Hausdorff spaces. Then every
isomorphism F: CW(X)— CW(Y) is induced by a unique homeomorphism «:
X->Y.

Proofr. From Schein (1970), Theorem 1 we infer that F must either be
induced by an isomorphism or a dual isomorphism between H(X) and K(Y).
Since the latter case is obviously impossible, we finally get the desired homeo-
morphism a as in 3.2.

The requirement for a subsemigroup S of %, that all singletons be in G (or
%) is not always necessary to prove a theorem analogous to 3.1. For, consider a
locally compact 0-dimensional space X. The lattice £, of all compact open sets
in X is a generalized Boolean lattice whose Stone space is homeomorphic to X
(see Gritzer (1978)). Because of the Stone duality any isomorphism between
such lattices £, and £, is induced by a unique homeomorphism a: X — Y.
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Hence 2.2 implies

3.4. COROLLARY. Let X and Y be locally compact O-dimensional spaces. Then
every isomorphism between the semigroups of all compact open relations on X and
Y is induced by a unique homeomorphism of X onto Y.

For compact 0-dimensional spaces 3.4 specializes to the isomorphism theorem
for the semigroups of all clopen relations on Boolean spaces, which was proved
by Bednarek and Magill (1976).
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