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TOPOLOGICAL EMBEDDINGS INTO TRANSFORMATION MONOIDS

S. BARDYLA, L. ELLIOTT, J. D. MITCHELL AND Y. PERESSE

ABSTRACT. In this paper we consider the questions of which topological semigroups embed topologi-
cally into the full transformation monoid N" or the symmetric inverse monoid Iy with their respective
canonical Polish semigroup topologies. We characterise those topological semigroups that embed
topologically into NV and belong to any of the following classes: commutative semigroups; compact
semigroups; groups; and certain Clifford semigroups. We prove analogous characterisations for topo-
logical inverse semigroups and Iy. We construct several examples of countable Polish topological
semigroups that do not embed into N, which answer, in the negative, a recent open problem of
Elliott et al. Additionally, we obtain two sufficient conditions for a topological Clifford semigroup to
be metrizable, and prove that inversion is automatically continuous in every Clifford subsemigroup of
NY. The former complements recent works of Banakh et al.

1. INTRODUCTION

As is well-known, Cayley’s Theorem states that every group is isomorphic to a subgroup of a sym-
metric group Sx on some set X. Analogous statements hold for semigroups and inverse semigroups.
More specifically, every semigroup is isomorphic to a subsemigroup of the monoid XX consisting of
all transformations of some set X with operation the usual composition of functions; for more details
see [20, Theorem 1.1.2]. Similarly, every inverse semigroup is isomorphic to an inverse subsemigroup
of a symmetric inverse monoid Iy, consisting of all partial permutations of the set X with operation
the usual composition of binary relations; see [20, Theorem 5.1.7]. Monoids of transformations and
partial permutations have been extensively studied in the literature; of particular relevance to this
paper are [8, 13, 15, 17, 22, 23, 24, 25, 26, 27, 28, 32, 33, 34, 36].

It seems natural enough to ask if there is an analogue of Cayley’s Theorem for semigroups endowed
with topologies that are compatible with their algebraic structures. The monoids NV, Sy, and Iy each
possess a canonical topology with respect to which their operations are continuous. As a topological
space, NN with the Tychonoff product topology arising from the discrete topology on N, is the well-
known Baire space. The space NV is Polish, i.e. completely metrizable and separable; for further
details see [21, Section 3]. Multiplication as a function from NY x NN (with the product topology)
to NN is continuous, and as such NV is also a topological semigroup. It was shown in [14, Theorem
5.4(b)] that the unique Polish semigroup topology on N is the topology of the Baire space. We refer
to this topology as the canonical topology for NV,

Topological groups and inverse semigroups are defined analogously, where both multiplication and
inversion are continuous. Since Sy is a G subset of the Baire space NV, the subspace topology on Sy
is Polish. Gaughan [18] showed that this topology is contained in every Hausdorff group topology on
Sn. On the other hand, every Borel measurable bijection between Polish groups is a homeomorphism
([14, Propositions 3.2 and 3.3]). Hence if G is a Polish topological group with respect to topologies
T1 and T3 where 71 C Ta, then the identity function from (G, 72) to (G, 7T7) is continuous, and hence
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Borel measurable, which implies that 77 = 75. It follows that the subspace topology induced by
the canonical topology on NN is the unique Polish group topology on Sy. As such we refer to the
subspace topology on Sy induced by the canonical topology on NN as the canonical topology for Sy.
Although not a subspace of NV, the symmetric inverse monoid Iy also possesses a natural unique
Polish inverse semigroup topology [14, Theorem 5.15(ix)]; a subbasis for this topology is given in (2).
The symmetric group Sy is a subgroup of both Iy and NY and the canonical topologies on these
semigroups both induce the canonical topology on Sy. The canonical topologies on Sy, NN and Iy
are zero-dimensional, i.e. they each possess a basis consisting of clopen sets (see (1) and (2) for
further details). Since all three spaces are Polish, zero-dimensional, and their compact subsets have
empty interior, the Alexandrov-Urysohn Theorem (|21, Theorem 7.7]) implies that Sy, Iy and NN are
homeomorphic, although they are clearly not isomorphic monoids.

Throughout the remainder of this paper, unless explicitly stated otherwise, we write Sy, NV, and
Iy to mean the corresponding topological group, monoid, and inverse monoid endowed with their
canonical topologies.

In this paper we consider the problems of which topological semigroups can be topologically embed-
ded into NV, and which topological inverse semigroups embed topologically into Iy. It is well-known
that a Hausdorff topological group G embeds topologically into the symmetric group Sy if and only
if G is second-countable and possesses a neighbourhood basis of the identity consisting of open sub-
groups; see, for example, [8, Theorem 5.1]. This characterisation can be readily applied to an arbitrary
topological group G to determine whether or not G embeds topologically into the symmetric group.
For example, the additive group Q of rational numbers endowed with the subspace topology inherited
from the real line, despite being second-countable and zero-dimensional, cannot be embedded into
Sn, because (—1,1) NQ is an open neighborhood of 0 which contains no open subgroup of Q.

There are natural analogues, in the contexts of semigroups and inverse semigroups, of the aforemen-
tioned characterisation for groups, in terms of right congruences; see Propositions 3.1 and 3.2. Right
congruences of topological semigroups are, in general, much more complicated, and harder to work
with than subgroups of topological groups. As such, unlike in the case of groups, Propositions 3.1
and 3.2 do not often simplify the process of determining whether or not a topological semigroup is
topologically isomorphic to a subsemigroup of NN or Iy. Every countable Polish group is discrete,
and so the trivial group is a neighbourhood basis of the identity; that is, every countable Polish group
embeds topologically into Sy, and hence into N and Iy also. On the other hand, the situation for
countable Polish semigroups that are not groups is unclear; the following question was posed in [14].

Question 1.1 (cf. Question 5.6 in [14]). Does every countable Polish semigroup embed topologically
into NN 2

In this paper, we provide several alternate characterisations of particular types of topological
semigroup that embed into NV or Iy.

The paper is organised as follows. In Section 2 we state the main results of the paper; in Section 3
we prove the main theorems; and in Section 4 we provide a number of examples demonstrating the
sharpness of our main results and we show that the answer to Question 1.1 is negative.

2. STATEMENT OF MAIN RESULTS

We start by giving some preliminary material required to state the main results of this paper.
Recall that, a semigroup S is called an inverse semigroup if for each element x € S there exists a
unique inverse element ! € S such that zz 'z = z and 27 'zz~! = 2. An inverse semigroup S
is called Clifford if xzz=' = 'z for all z € S; or, equivalently, S is a strong semilattice of groups.
Recall that a semilattice is a commutative semigroup of idempotents. For every inverse semigroup .S
the set E(S) = {e €S:e?= e} is a semilattice. For a partial function f on X we denote the domain
and image of f by dom(f) and im(f), respectively. Throughout this paper we will write partial
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functions to the right of their arguments and compose from left to right; it will also be convenient to
identify partial functions f : X — X with their graphs {(z, (z)f) : # € dom(f)} € X x X. Elements
of Ix are referred to as partial permutations of the set X.

A subbases for the canonical topologies on NN consists of the sets:

(1) Ux,y:{fGNN:(:E,y)Gf}.

The complement of U, , is J, 2y Uz 2, which shows that the subbasic open sets are clopen, and

hence NV with its canonical topology is zero-dimensional. The following sets form a subbasis for the
canonical topology on Iy:

(2) Upy={hely:(v,y)€h}, Wo={h€ly:z¢dom(h)}, W,'={hecly:z¢im(h)},

where x,y € N.

An embedding of a semigroup S into a semigroup 7' is an injective homomorphism from S to T
For topological semigroups S and 1" an embedding ¢ : S — T is called topological if both of the maps
¢ and ¢~1 : (S)¢ — S are continuous. The term topological isomorphism is defined analogously.

In this paper we characterize the commutative topological subsemigroups of NN and Iy as follows.

Theorem 2.1. A commutative topological semigroup S embeds topologically into NN if and only if
there exists a countable family {S, : n € N} of countable discrete semigroups such that S embeds
topologically into the Tychonoff product [], cn Sn.

A semigroup S with adjoined external zero is denoted by S°.

Theorem 2.2. A commutative topological inverse semigroup S embeds topologically into Iy if and
only if there exists a countable family {G,, : n € N} of countable groups such that S embeds topologi-
cally into the Tychonoff product T], oy GY, where each factor is discrete.

A topological space X is called totally disconnected if the only connected subsets of X are singletons.
It is well-known that every Tychonoff zero-dimensional space is totally disconnected, but there exists
a Polish totally disconnected topological group which is not zero-dimensional [12, Proposition 4.3].
However these two notions coincide for subspaces of the real line. It is also well-known, see [21,
Theorem 7.8] for example, that a topological space X is homeomorphic to a subspace of NN if and
only if X is metrizable, zero-dimensional, and second-countable. In this paper we obtain the following
characterization of the compact subsemigroups of NV,

Theorem 2.3. Let S be a compact topological semigroup. Then the following are equivalent:

(i) S is homeomorphic to a subspace of NN (and Iy);
(ii) S embeds topologically into NV;
(iii) S is metrizable and totally disconnected.

The compact inverse subsemigroups of Iy are characterized as follows.

Theorem 2.4. Let S be a compact inverse topological semigroup. Then the following are equivalent:

(i) S is homeomorphic to a subspace of NN (and Iy );
(ii) S embeds topologically into Iy;
(iii) S embeds topologically into NN;
(iv) S is metrizable and totally disconnected.

Turning to topological groups, we obtain the following characterisation.

Theorem 2.5. Let G be a Hausdorff topological group. Then the following conditions are equivalent:

(i) G embeds topologically into Sy;
(ii) G embeds topologically into Iy;
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(iii) G embeds topologically into NV;
(iv) G is second-countable and has a neighbourhood basis of the identity consisting of open sub-
groups.

Perhaps the next most natural objective is to characterize those countable Polish Clifford semi-
groups that topologically embed into NN or Iy. The following notion introduced by Banakh and
Pastukhova [6] is crucial for this purpose.

Definition 2.6. An inverse semigroup X endowed with a semigroup topology is called ditopological if
inversion is continuous; and for any point x € X and any neighborhood O of x there are neighborhoods
U and W of x and zz ™!, respectively, such that

{s€S:AbeU, dec WNE(S) suchthatb:es}ﬁ{SGS:.ss_l eW}co.
The countable Polish Clifford subsemigroups of Iy are characterised as follows.

Theorem 2.7. A countable Polish Clifford semigroup S embeds topologically into Iy if and only if S
is ditopological and the semilattice E(S) embeds topologically into Iy.

There exist countable commutative Polish Clifford semigroups with compact semilattice of idem-
potents that are not ditopological; see Proposition 4.6.

Automatic continuity of inversion in paratopological groups, or more general, inverse topological
semigroups was investigated by many authors in [4, 7, 9, 16, 19, 29, 35, 38, 39]. The following theorem
implies that inversion is automatically continuous in every Clifford subsemigroups of NV,

Theorem 2.8. Each Clifford subsemigroup of NN is ditopological.
Also, Theorem 2.8 allows us to characterize countable Polish Clifford subsemigroups of NV,

Theorem 2.9. A countable Polish Clifford semigroup S embeds topologically into NN if and only if
S is ditopological and the semilattice E(S) embeds topologically into NV,

Given Theorem 2.7 and Theorem 2.9 it is natural to ask if the semilattice E(S) embeds into
NN if and only if it embeds into Iy when S is any countable Polish Clifford semigroup. We will
show in Proposition 3.9 that every subsemilattice of Iy embeds topologically into NN. The converse
implication, however, fails, see Proposition 4.2 for a counter-example. Furthermore, in Proposition 4.7
we give an example of a countable Polish linear semilattice which is not topologically isomorphic to
a subsemigroup of either NN or Iy.

For an element z of a semilattice X let o = {y € X : = < y}.

Definition 2.10. A semilattice X endowed with a topology is called a:
(i) U-semilattice, if for every open set U and every z € U there exist y € U and an open
neighborhood V' of = such that V' C 1y;
(ii) Us-semilattice, if for every open set U and every x € U there exist y € U and a clopen ideal
I C X such that x € X \ I C 1y.

Clearly, any Us-semilattice is a U-semilattice, but the converse implication fails (see [6] and [10]
for more details).
Theorems 2.7 and 2.9 are derived from the following more general theorems.

Theorem 2.11. Let S be a Clifford topological semigroup whose set of idempotents E(S) is a U-
semilattice. Then S embeds topologically into Iy if and only if S is Hausdorff, ditopological and every
mazimal subgroup of S, as well as the semilattice E(S), embed topologically into Iy.

Theorem 2.12. Let S be a Clifford topological semigroup whose set of idempotents E(S) is a Us-
semilattice. Then S embeds topologically into NN if and only if S is Hausdorff, ditopological and every
mazximal subgroup of S, as well as the semilattice E(S), embed topologically into NV,
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Theorems 2.11 and 2.12 imply the following corollary which complements results of Banakh et al.
about the metrizability of Clifford topological inverse semigroups [1, 3, 5].

Corollary 2.13. A topological Clifford semigroup S is metrizable and zero-dimensional if one of the
following conditions holds:

(i) S is Hausdorff, ditopological, E(S) is a Us-semilattice which embeds topologically into NN and
each mazimal subgroup of S embeds topologically into NV ;

(ii) S is Hausdorff, ditopological, E(S) is a U-semilattice which embeds topologically into Iy and
each mazimal subgroup of S embeds topologically into Iy.

3. PROOFS OF THE MAIN THEOREMS

In this section we prove the main results of this paper each in its own subsection. We begin by
recording some results that are useful throughout this section.

An equivalence relation p on a semigroup S is called a right congruence if for any z,y,z € S,
(z,y) € p implies (zz,yz) € p. If p is a right congruence on a semigroup S and = € S, then the set
{y € S:(x,y) € p} is denoted by [z],.

Proposition 3.1 (cf. Theorem 5.5 [14]). A Hausdorff topological semigroup S is topologically isomor-
phic to a subsemigroup of NN if and only if there exists a countable family {p; : i € N} of right congru-
ences of S, each having countably many equivalence classes, such that the family {[x],, : v € S,i € N}
is a basis for the topology on S.

A right congruence p on an inverse monoid S is called Vagner-Preston if for every s € S either:
t € [s], implies that 1 € [tt!],; or [st], = [s], for all t € S. The following analogue of Proposition 3.1
for the symmetric inverse monoid Iy was proven in [14, Theorem 5.21].

Proposition 3.2. A Hausdorff topological inverse monoid S is topologically isomorphic to an inverse
subsemigroup of Iy if and only if there exists a sequence {p; : i € N} of Vagner-Preston right congru-
ences, each having countably many equivalence classes, such that the family {[s] i [s]p_il :seSie N}

is a subbasis' of the topology on S.

As we mentioned in the introduction, for any countable semigroup S the diagonal congruence
Ag = {(z,z) : x € S} has countably many equivalence classes and the family {[z]r, : 2 € S} forms
a basis for the discrete topology on S. Combined with Proposition 3.1 this observation yields the
following corollary.

Corollary 3.3. Each countable discrete semigroup embeds topologically into NN,
The following lemma will be useful for detecting semigroups topologically embeddable into NY.

Lemma 3.4. Suppose that S, is a topological semigroup for every n € N. Then the following hold:
(i) If S, is topologically isomorphic to a subsemigroup of NN for every n € N, then the Tychonoff
product [], .y Sn embeds topologically into NN,
(ii) If S, is topologically isomorphic to a subsemigroup of Iy for every n € N, then the Tychonoff
product [], .y Sn embeds topologically into Iy.

Proof. We only prove part (ii), the proof of item (i) is similar. We will show that the Tychonoff power
III\\; embeds topologically into Iy. Fix any partition of N into countably many infinite subsets A; for
i € N. Consider the subsemigroup Y = {f € In: (A;)f C A; for all i € N} of Iy. For each f € Y
let fn, = fl4,. Then it is straightforward to check that the map ¢ : Y — [[;cn1a;, = I§ defined by
(f)® = (fn)nen is the desired topological isomorphism. d

IThe term “subbasis” cannot be replaced with “basis” here, unlike in Proposition 3.1.
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A semigroup S is called countably prodiscrete if S can be embedded into the Tychonoff product of
countably many countable discrete semigroups. Corollary 3.3 and Lemma 3.4 imply the following.

Corollary 3.5. Every countably prodiscrete semigroup can be topologically embedded into NN,

3.1. Proof of Theorem 2.1. We need to show that a commutative topological semigroup S embeds
topologically into NV if and only if S is countably prodiscrete.

Proof. (<) By Corollary 3.5 each countably prodiscrete semigroup embeds topologically into N,

(=) Fix any commutative subsemigroup S of NN, By Proposition 3.1, the semigroup S possesses
a countable family {p, : n € N} of right congruences of S, each having countably many classes, such
that the family {[z],, : # € S,n € N} is a basis of the subspace topology on S inherited from NM.
Since S is commutative, for each n € N, p, is a two-sided congruence. Clearly, for every n € N
the quotient semigroup S,, = S/p,, is countable. We will show that S embeds topologically into the
Tychonoff product [],, .y Sn, where each factor is endowed with the discrete topology. For every n € N
let f, : S — S, be the homomorphism associated with the congruence p,. Since each equivalence
class [z],, is clopen, the homomorphism f,, (onto the discrete semigroup S,,) is continuous. It follows
that the diagonal map ® : S — [],cn Sn, (2)® = ((2)fa)nen is continuous as well. Since NV is
Hausdorff, S is Hausdorff and so (1, cy[z],, = {z} for every x € S. Thus, ® is injective. To show
that @ is a topological embedding, fix any open basic set [z],, of S. The image

([2]p,)® = {(zi)ien € ()P : 2 = (2) fn}
is open in (S)®. Hence the map ® is open onto its image, which implies that ® is a topological
embedding. O

Recall that for a semigroup S by S! and S° we denote the semigroup S with adjoined external
identity and zero, respectively. If S is a topological semigroup, then, unless otherwise stated explicitly,
we write S to mean the topological semigroup obtained from S by extending the topology of S and
where the adjoined identity is isolated. An analogous statement holds for SY. In order to prove
Theorem 2.2 we need the following lemmas.

Lemma 3.6. For a topological semigroup S the following assertions are equivalent:
(i) S embeds topologically into NN;
(i) S' embeds topologically into NN;
(iii) S° embeds topologically into NV,

Proof. The implications (ii) = (i) and (iii) = (i) are trivial. Let S be a topological semigroup which
embeds topologically into NY. Put 2N = {2n : n € N}. Since 2N?" is topologically isomorphic to N
we obtain that S is topologically isomorphic to a subsemigroup T' of 2N?. For each element ¢t € T
let
t'=tu{(1,H)}u{2n+1,3):neN\{0}}.

Clearly, T" = {t':t € T} is a subsemigroup of NY. It is easy to check that S' is topologically
isomorphic to a subsemigroup 7" U {idy} of NV, where by idy we denote the identity permutation of
N. Hence the implication (i) = (ii) holds. Also, it is easy to check that S is topologically isomorphic
to a subsemigroup 7" U {z} of NY, where z = {(n,1) : n € N}. Hence the implication (i) = (iii)
holds. g

Similarly one can prove the following lemma.

Lemma 3.7. For a topological semigroup S the following assertions are equivalent:
(i) S embeds topologically into Iy;
(i) S' embeds topologically into Iy;
(iii) SY embeds topologically into Iy.
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Lemma 3.8. Fvery quotient of a commutative inverse monoid by a Vagner-Preston congruence is a
group or a group with zero adjoined.

Proof. Let S be a commutative inverse monoid and p be a Vagner-Preston congruence on S. Clearly,
S is a Clifford semigroup and so is the quotient semigroup S/p. If for each z € S, zz~! € [1] p» then
the Clifford semigroup S/p contains the unique idempotent [1],, which implies that S/p is a group.
Assume that there exists an element s € S such that ss™! ¢ [1],. Fix any element ¢ € S such that
tt=1 ¢ [1] p- Since p is a Vagner-Preston congruence and the semigroup S is commutative, we get that
[s], and [t], are two-sided ideals in S. Then [s], N [t], # 0, which shows that [t], = [s],. Thus, for
each = € S either zz~! € [1] p Or T € [s],. At this point it is easy to see that the quotient semigroup
S/p contains only two idempotents [1], and [s],. Moreover, [1], is an identity of S/p and [s], is zero
of S/p. Hence S/p is a group with adjoined zero. O

3.2. Proof of Theorem 2.2. We need to show that a commutative topological inverse semigroup S
is topologically isomorphic to a subsemigroup of Iy if and only if S embeds into a Tychonoff product
[L.en GY, where G, is a discrete countable group for every n € N.

Proof. (<) Clearly, for each group G the diagonal congruence on the monoid G° is a Vagner-Preston
congruence. Proposition 3.2 implies that for every countable group G the discrete monoid G° embeds
topologically into Iy. Lemma 3.4(ii) implies that for every countable family {G,, : n € N} of countable
discrete groups the Tychonoff product [], oy GY embeds topologically into Iy. It follows that each
topological subsemigroup S of [], oy G embeds topologically into Iy.

(=) Consider a commutative inverse subsemigroup S of Iy and assume that S carries the subspace
topology inherited from Iy. By Lemma 3.7, S' embeds topologically into Iy. Proposition 3.2 implies
that the monoid S! possesses a countable family {p, : n € N} of Vagner-Preston right congruences,
each having countably many classes, such that the family {[m] pns [:E]p_nl cxeSlne N} is a subbasis
of the topology on S'. By the commutativity of S', each p, is a congruence on S'. It follows
that [x];nl = [z71],, for every z € S! and n € N. Hence the family {[z],, :z € S,n € N} is a
subbasis of the topology on S'. For each n € N let u, = (-, pi- It is straightforward to check that

{[#]u, : @ € S,n € N} is a basis of the topology on S'. By Lemma 3.8, for each n € N the quotient
semigroup S'/pu, is isomorphic either to G, or G for some group G,,. By the definition of s, the
group G, is countable. For every n € N let f,, : S — G be the homomorphism associated with the
congruence fi,. Since each equivalence class [z],, is clopen, we get that the homomorphism f, (into
a discrete monoid GY) is continuous. Similarly as in the proof of Theorem 2.1 it can be checked that
the diagonal map ® : S* — [,y GY, (2)® = ((2)fr)nen is a topological embedding of the monoid
S1 into the Tychonoff product | = GY | where each factor is discrete. It follows that the topological
semigroup S is topologically isomorphic to a subsemigroup of ], oy GY. g

3.3. Proof of Theorem 2.3. We will show that for a compact topological semigroup S, the following
conditions are equivalent:

(i) S is homeomorphic to a subspace of NN (and Iy);
(ii) S embeds topologically into N;
(iii) S is metrizable and totally disconnected.

Proof. Let S be a compact topological semigroup. The implications (ii) = (i) and (i) = (iii) are
obvious.

(iii) = (ii). The celebrated result of Numakura [30, Theorem 1] states that each Hausdorff compact
totally disconnected topological semigroup S is profinite, i.e. can be embedded into a Tychonoff
product of finite discrete semigroups. Moreover, from the proof of [30, Theorem 1] follows that
if the diagonal A = {(z,z): 2 € S} is a G5 subset of xS, then S can be embedded into the
Tychonoff product of countably many finite discrete semigroups. Since the diagonal of any metrizable
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space X is a G5 subset of X x X, the result of Numakura implies that each compact metrizable
totally disconnected topological semigroup S is countably prodiscrete. By Corollary 3.5, S embeds
topologically into NV, O

3.4. Proof of Theorem 2.4. We need to prove that for any compact topological inverse semigroup
S the following conditions are equivalent:

(i) S is homeomorphic to a subspace of N (and Iy);
(ii) S embeds topologically into In;

(iii) S embeds topologically into NN;

(iv) S is metrizable and totally disconnected.

Proof. The equivalences (i) < (iii) and (iii) < (iv) are established in Theorem 2.3.

The implication (ii) = (iv) follows from the fact that Iy is metrizable and totally disconnected.

(iv) = (ii). As we already showed in the proof of Theorem 2.3, each totally disconnected compact
metrizable topological semigroup S embeds into a Tychonoff product [],, o Y5 of finite discrete semi-
groups Y, n € N. For each n € N consider the projection (S)m, C Y, of S on the n-th coordinate.
Clearly, the semigroup (S)m, is inverse. By the Wagner-Preston Theorem, each countable inverse
semigroup embeds into Iy. Since for each n € N the semigroup (S)m, is finite, the discrete semigroup
(S)m, embeds topologically into Iy. Taking into account that S C [],,cn(S)my, Lemma 3.4(ii) implies
that S is topologically isomorphic to a subsemigroup of I. O

Besides the canonical topology, Iy can be endowed with a Polish semigroup topology 7 which is
generated by the subbasis consisting of the sets U, , and W, (defined in the introduction), where
x,y € N. The topology T was investigated in [14] under the name Z5, and is used in the proof of the
next proposition.

Proposition 3.9. If a topological Clifford semigroup S embeds topologically into Iy, then S is topo-
logically isomorphic to a subsemigroup of NN,

Proof. Observe that each Clifford subsemigroup S of Iy consists of partial permutations of subsets
of N, i.e. for any x € S, dom(x) = im(z). Thus, for any Clifford subsemigroup S of Iy the subspace
topology on S inherited from the canonical topology on Iy coincides with the subspace topology
inherited from 7 (as defined above). Hence it remains to check that (Iy,7) embeds topologically
into NN, A routine verification shows that the map ¢ : Iy — NN defined by

(@)¢ ={(z+Ly+1):(z,y) € g} U{(z+1,0) : x € N\ dom(g)} U{(0,0)}
is a topological embedding of (I, T) into NN, O

Lemma 3.10. Let G be a subgroup of NN and e be the identity of G. Then the following conditions
hold:

i) (v)eg == for every x € im(eq);

ii) im(g) = im(f) for any f.g € G;
or any g € G the restriction gl;

1)

(i)

(iii) im(g) 8 @ permutation of im(g);

(iv) for any g € G the restriction g~ ! lim(g) 18 equal to the inverse permutation of gliy(g) 1 Sim(g);
(Vi for any J,9 € G, f =g if and only if flinp) = liniy)

(vi) if f € G, x € N and 2’ € im(f) be such that ( )f = (a')f, then for every g € G, (z)f = (x)g
if and only if (') f = (2')g.

Proof. (i) Since eq is the identity of G we obtain that ((z)eg)eq = (x)eq for every z € N. Then
(y)eg =y for each y € im(eq).

(ii) Since f = fg~'g we obtain that im(f) C im(g). Similarly, the equality g = gf~'f implies that
im(g) € im(f). Hence im(g) = im(f) for each f,g € G.
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(iii) Fix g € G and z,y € im(g) such that (z)g = (y)g. By item (ii), z,y € im(eg). By item (i),

z=(zv)eq = ((2)9)g " = ((1)9)g" = W)ea =y,

and so the map gy, is injective. Item (i) implies that im(gg) = im(g). It follows that g[
permutation.

(iv) Follows from items (i), (ii) and (iii).

(v) Assume that Jlim(f) = 9lim(g) for some f,g € G. Then (gf 1) lim(g) 1 the identity permutation
of im(g). It is straightforward to check that gf ' is an idempotent. Since E(NY)NG = {eg}, we get
that gf ' =eqg, and so f = g.

(vi) First assume that (2')f = (z)f = (z)g for some f,g € G, z € N and 2/ € im(f). Since
2’ € im(g) we obtain the following:

(a1)g = ((')ec)g = (&) )f g = (@) fF g = (@)ec)g = ((z)g)ec = (x)g = (') f.
Assume that (z)f = (2/)f = (2/)g for some f,g € G, z € N and 2/ € im(f). Then
(@)g = ((x)ec)g = () ))f'g = (") ff g = ((@))ec)g = (a)g = (2)f. O

3.5. Proof of Theorem 2.5. We need to prove that for a topological group G the following condi-
tions are equivalent:

im(g) 15 2

(i) G embeds topologically into Sy;
(ii) G embeds topologically into Iy;
(iii) G embeds topologically into NN;
(iv) G is second-countable and has a neighbourhood basis of the identity consisting of open sub-

groups.
Proof. The implication (i) = (ii) is trivial; the implication (i) = (iii) follows from Proposition 3.9;
and the equivalence (i) < (iv) is well-known and follows from [14, Theorem 5.5].

(iii) = (i). Let G be a subgroup of NN. Let X = im(g) for some g € G. Lemma 3.10(ii) implies that
the set X does not depend on the choice of g. By Lemma 3.10(v), G acts faithfully by permutations
on the set X. This gives a natural algebraic embedding ¢ : G — Sx defined by (g)¢ = Glim(g)- It
remains to show that this embedding is topological. A subbasic open set in the topology on (G)¢ has
the form

{9 (G)o: (z,y) € g}
for some z,y € X. By the definition of ¢,
({g € (@)¢: (x,y) egho™ ={g € G (x,y) € g},
which is open in the topology on G. Hence the map ¢ is continuous. Conversely, a subbasic open set
in the topology on G has the form
{9€G:(2,y) €g}
for some z € N and y € X. By Lemma 3.10(iii), there exists 2’ € X such that (z')g = y.
Lemma 3.10(vi) implies that

{geG:(z,y) egh)d=1{g€(G)¢:(2,y) € g}
and hence the map ¢ is a topological embedding. ]

Definition 3.11. A topological inverse semigroup X is called weakly ditopological if for any point
z € X and a neighborhood O of x there are neighborhoods U, V and W of the points z, 2~ 'z and

xax !, respectively, such that

seo: c U, dec N such that b=es;yN{s€ S:s5 ~ € NisedS:s s¢& C 0.
S:3be U, Je € WnNE(S) such that b S:sslew S:slsevico

Clearly, each ditopological inverse semigroup is weakly ditopological. However, the converse is not
true (see [31, Example 3.4]). Since zz~! = 2~ 'z in Clifford semigroups, we get the following.
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Proposition 3.12. A Clifford semigroup S is ditopological if and only if S is weakly ditopological.
Proposition 3.13. The topological inverse semigroup Iy is weakly ditopological.

Proof. Fix a partial injection f € Iy and a basic open neighborhood O of f. Then there exist finite
subsets Aj, A, Ag of N such that A; C dom(f), A Ndom(f) =0, A3 Nim(f) =0 and

0= {g €In:gla, = fla,, dom(g) N Ay =0 and im(g) N Az = (Z)}.
By id 4 we denote the identity function on a subset A C N. Consider the open neighborhoods
W ={g€ly:gls =ida, and dom(g) N Ay =0}
and
V= {g € In:glia,)f =1da,)y and im(g) N A3 = @}
of ff~'and f~1f, respectively. Put U = O and

D={sely:3be U, Je € WnNE(S) such that b = es}
ﬂ{sEIN:ss_lEW}ﬂ{selst_lsGV}.
In order to show that D C O fix any y € D. There exist b € U and e € W such that b = ey.
Consequently, blqom(e) = Yldom(e)- Since A1 C dom(e) and f[4, = bl4, we deduce that y[ 4, = f[4,.
By the definition of W, for each element z € {s € In:ss™' € W} we have that dom(z) N Ay =
(. Consequently, dom(y) N Ay = (). Analogously, for each z € {s cly:s'se V} we have that

im(z) N Az = 0. Tt follows that im(y) N A3 = (). Hence y € O, and so the semigroup Iy is weakly
ditopological. O

By 2" we denote the Cantor set endowed with the semilattice operation of taking coordinate-wise
minimum.

Lemma 3.14. The semilattice of idempotents of Iy is topologically isomorphic to 2V.

Proof. Note that any idempotent e of Iy is the identity map on the set dom(e). A routine verification
shows that the map ¢ : E(Iy) — 2" which assigns to each element e € F(Iy) the characteristic
function of dom(e) is a topological isomorphism. O

For an element x of a semilattice X let
ffz = {z € X : there exists an open neighborhood V' of z such that V' C ftz}.

A subset A of a topological semilattice X is called U-dense if for each point € X and a neighborhood
U of x in X there exists a point y € U N A such that x € fy. A semilattice X is called U-separable if
it possesses a countable U-dense subset.

The following result was proved in [6, Proposition 2.5]

Proposition 3.15. Each second-countable U-semilattice is U-separable.

Recall that if X is a topological semigroup, then X carries the unique topology 7 such that the
point 0 is isolated in (X°,7) and the subspace topology on X inherited from (X°, 7)) coincides with
the original topology on X. Let X be an inverse semigroup and e € E(X). Then the maximal
subgroup {x cX:xxl=ec= x_la:} is denoted by H.. The following nontrivial result proved by
Banakh and Pastukhova in [6, Theorem 3.2] is crucial for this paper.

Theorem 3.16. Let S be a Hausdorff ditopological Clifford semigroup whose set of idempotents E(S)
18 a Us-semilattice, and A be any U-dense subset of S. Then S can be topologically embedded into the
Tychonoff product
E(S)x [[#2) e,
ecA
where H, is endowed with the subspace topology inherited from S.
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3.6. Proof of Theorem 2.11. We need to show that a topological Clifford semigroup S whose set
of idempotents F(S) is a U-semilattice embeds topologically into Iy if and only if S is Hausdorff,
ditopological and every maximal subgroup of S, as well as the semilattice E(S), embed topologically
into Iy.

Proof. (=) If a Clifford topological semigroup S embeds topologically into Iy, then S is Hausdorff.
Also the maximal subgroups of S and the semilattice E(S) embed topologically into Iy. According
to [31] each inverse subsemigroup of a weakly ditopological inverse semigroup is weakly ditopological.
Then Proposition 3.13 implies that the Clifford semigroup S is weakly-ditopological. Proposition 3.12
yields that S is ditopological.

(<) Let S be a Hausdorff ditopological Clifford semigroup whose set of idempotents E(S) satisfies
the following properties:

(1) E(S) is a U-semilattice which embeds topologically into Iy;
(2) for every e € E(S) the maximal subgroup H, = {z € S : zz~
ically into Iy.

l—e= x_lx} embeds topolog-

By [6, Proposition 2.4(6)], each U-semilattice which embeds topologically into 2" is a Us-semilattice.
Lemma 3.14 implies that E(S) is a Us-semilattice. Hence S satisfies conditions of Theorem 3.16.
Therefore, for any U-dense subset A C S, S can be topologically embedded into the Tychonoff
product
E(S)x [] () 0.
ecA

Since the space Iy is Polish, the semilattice E(S) is second-countable. Proposition 3.15 implies that
we lose no generality assuming that the set A is countable.

By Lemma 3.7, for each idempotent e € S the topological monoid H? embeds topologically into
Iy. Since the set A is countable, Lemma 3.4(ii) implies that for every e € E(S) the topological
semigroup (H2)A™MMe embeds topologically into Iy. Using one more time Lemma 3.4(ii) we get that
[Toes(H2)AMMe embeds topologically into Iy.

By the assumption, E(S) is topologically isomorphic to a subsemigroup of E(Iy). Lemma 3.4(ii)
ensures that E(S)x [[.c4(H, 0)Anfie embeds topologically into Iy. Hence S is topologically isomorphic
to a subsemigroup of Iy. O

Proposition 3.17. Let S be a Clifford subsemigroup of NY. Then S endowed with the subspace
topology is a topological inverse semigroup.

Proof. Suppose that S is any Clifford subsemigroup of N, Throughout this proof it will be convenient
to denote s[j,(s) by ¢s for every s € S. Since every Clifford semigroup is a union of groups, if s € S,
then s belongs to a subgroup of NY. In particular, by Lemma 3.10, for each s € S, ¢, is a permutation
of im(s) and ¢; ' = ¢,-1, where by ¢;! we mean the inverse permutation of ¢,. Although ¢s & NN
unless s is a permutation itself, if ¢ € NV is any transformation such that im(¢) C im(s), then the
compositions t o ¢, and t o ¢; ' (as binary relations) belong to NY. For the sake of brevity, we will
denote them as t¢s and t¢; !, respectively. Taking into account that (x)¢s = (z)s for all z € im(s),
Lemma 3.10 implies the following: s¢;'s = s and s¢; ! = ss7! = s71s = s71¢, for any s € S.
Clearly, it is enough to show that inversion is continuous in S. For a finite partial function f on
N consider a nonempty basic open set U = {u € S : f C u}. Fix an arbitrary s € U~!. In order to
show that the set U~! is open, we need to find an open neighbourhood V of s such that V C U™,

Let
T = (dom(f))s¢; " = {x € im(s) : (x)s € (dom(f))s},
and
Z =dom(f)UT U (T)p; .
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Observe that the set 7 is finite. We define
W ={teS:VoeZ(r)sp;" €im(t) and (v)t = (x)se; 't}
and
W={teS:im(s)NZ Cim(t)} NnW'
Taking into account that for each finite subset A C N the set { geNN:AC im(g)} is open in NV,
it is routine to verify that the set W’ is open and contains s. It follows that the set W is an open
neighborhood of s. We will show that

WC{teS:im({t)NZ =im(s)NZ}.

It suffices to check that for every t € W if x € Z \ im(s), then x € Z \ im(¢). If z € Z \ im(s),
then = € dom(f) and, consequently, (z)s¢;! € T C im(s) N Z. By the definition of W', (x)s¢;! €
im(t) and (z)t = (2)sp;'t. But z ¢ im(s) and (x)sp;' € im(s) and so x # (z)s¢;!. On the
other hand, (z)s¢;! € im(¢) and t is a permutation of im(t), and so = ¢ im(t). Thus, W C
{teS:im(t)NZ =1im(s)N Z}.

We define V.=Wn{teS:tl, =sl,}. Clearly, V is an open neighborhood of s. It remains to
check that V C UL, Let t € V be arbitrary. We need to show that f C t~1. As

teV=Wn{keS:kly,=sl,} C{keS:imk)NZ=im(s)NZ}N{keS ki, =sl,},

we know that t], = s, and im(¢) N Z = im(s) N Z.
Let = € dom(f) be arbitrary. We will show that ()t~ = (x)f. Since ¢t~ = t~'¢, Lemma 3.10(iii)
and (iv) imply the following:

(3) ()t = ()t et = (@)t = (2)tey Lot
SincesEU‘l:{ueSzfQu}_l:{u_leS:fQu}:{ueS:fQu_l} we get that
(4) (@)f = (@)s7" = (2)s7 ss™ = (x)ssTIs T = ()30 o

By assumption z € Z and so (z)t = (z)s. Since (x )sqﬁ_l €T C Z and s|y = t|,, we get that
(5) (x)s¢5 't = (2)s¢; s = (2)s.
Clearly, (z)s¢;! € im(s) N Z = im(t) N Z, and so (x )8(;5 1 ¢ im(t). Hence
(6) (2)s05" = ()55 dudy | = (x)s¢5 ey | = (x)sey '

(the last equality holds by (5)). Similarly, (x)s¢;t¢;! € (T)¢;1 € Z Mim(s) implies (7)sp; 1ot €
im(t). Since s|, = t[, we have that (z)s¢;lo;t = (x)s¢ 1o ts = (z)spst. So

(7) (2)s05 65" = (2)s¢7 07 'ty = ()5 'y
Hence
(@3t = (a)téy '¢r ' by (3)

= (2)s¢; '¢;' asxz € dom(f) C Z and s|, =t|,

= (x)so; ¢y Dby (6)

= (x)so;'ost by (7)

= (z)f by (4).
Since 2 € dom(f) was arbitrary, we obtain that f C ¢t~!, and so t € U~!. It follows that V C U™,
Thus, the set U~! is open, implying the continuity of inversion in S. O

By the proof of Proposition 3.9, the inverse topological semigroup (I, 7 ) embeds topologically
into NN, However the inversion is not continuous in (Iy, 7). Hence Proposition 3.17 doesn’t hold for
an arbitrary inverse subsemigroup of NN,

Proposition 3.18. Each topological inverse subsemigroup of NN is ditopological.
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Proof. Let S be a topological inverse subsemigroup of NY. By 7 we denote the subspace topology on
S inherited from NN, By Proposition 3.1, there exists a family {p, : n € N} of right congruences on
S, each having countably many equivalence classes, such that the family {[z],, : €S, n € N} is a
basis of T.

To show that S is ditopological fix any € S and an open neighborhood O of . Then there exists
n € N such that [z],, C O. Let U = [z],, and W = [zz™1],,. It remains to check that

D={yeS:3beU, Jec WnNE(S) Suchthatb:ey}ﬂ{yGS:yy_lGW}QO.

Fix any y € D. Then there exist b € U and e € W N E(S) such that b = ey. The choice of the sets
U and W implies that (b,x) € p, and (e,zx~!) € p,,. Since yy~t € W we get that (zz~1,yy~!) € py,
and, consequently, (e,yy~') € p,. Then

Hence y € U, and so S is a ditopological inverse semigroup. O

3.7. Proof of Theorem 2.8. We need to show that each Clifford subsemigroup of NV is ditopolog-
ical.

Proof. By Proposition 3.17, each Clifford subsemigroup of NY is a topological inverse semigroup.
Proposition 3.18 implies that Clifford subsemigroups of NN are ditopological. O

3.8. Proof of Theorem 2.12. We need to show that a Clifford topological semigroup S whose set
of idempotents E(S) is a Us-semilattice embeds topologically into NV if and only if S is Hausdorff,
ditopological and every maximal subgroup of S, as well as the semilattice E(S), embed topologically
into NI,

Proof. (=) Let S be a Clifford topological subsemigroup of NY¥. Then S is Hausdorff and every
maximal subgroup of S, as well as the semilattice F(S), embeds topologically into NV, Theorem 2.8
implies that S is ditopological.

(<) Let S be a Hausdorff ditopological Clifford semigroup whose set of idempotents E(S) is a
Us-semilattice which embeds topologically into N and for every e € E(S) the maximal subgroup
H, = {:17 €S:zx l=e= :E_ll‘} embeds topologically into NN, Then S satisfies conditions of The-
orem 3.16. Therefore, for any U-dense subset A C S, S can be topologically embedded into the
Tychonoff product

E(S)x [J =A™,
ecA
Since the space NV is Polish, the semilattice F (S) is second-countable. By Proposition 3.15 we can
assume that the set A is countable.

By Lemma 3.6, for each idempotent e € S the topological monoid H? embeds topologically into
NN, Since the set A is countable, Lemma 3.4(i) implies that for every e € E(S) the topological
semigroup (H2)47¢ embeds topologically into NN. Using one more time Lemma 3.4(i) we get that
[Toes(H2)AMMe embeds topologically into NN. By the assumption, E(S) is topologically isomorphic
to a subsemigroup of NN. Lemma 3.4(i) ensures that E(S)x [[,c4(H2)A™¢ embeds topologically
into N, Hence S is topologically isomorphic to a subsemigroup of NV, O

A space X is called scattered if every subset A of X contains an isolated (in the subspace topology)
point. Recall that Cantor-Bendixson derivatives of a scattered space X are defined by transfinite
induction as follows, where X’ is the set of all accumulation points of X:

i) X°=X;

(i)

(ii) X+ = (X°)"

(iif) X =s<q X7 if a is a limit ordinal.
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The set X\ X! is called the a-th Cantor-Bendizson level of X and is denoted by X(®) (this
notation is used in the proof of Lemma 3.19). The height of a scattered space X is the smallest
ordinal ht(X) such that X"(X) = ¢

A semilattice X endowed with a topology T is called:

(i) semitopological if for every a € X the shift I, : X — X, (z)l, = za is continuous;
(ii) Us-semilattice at a point x if for every open neighborhood V' of x there exist a point y € V
and a clopen ideal I C E such that z € X \ I C 1y.

Lemma 3.19. FEach scattered T semitopological semilattice is a Us-semilattice.

Proof. 1t is easy to check that for each open subset U of X the upper set 1U = |J, ;T2 is open.
Since each singleton is closed in X and the semilattice X is semitopological, the set Tx is closed for
every = € X. Hence for every x € X (the 0-th Cantor-Bendixson level of X) the set 1z is clopen.
Then for each z € X© the clopen ideal I = X \ Tz together with the point z implying that X has the
U, property at z € X(© . Assume that for some ordinal o < ht(X), X has the Us property at every
T € Ugea X© . Fix any z € X and open neighborhood U of z. Since the space X is scattered,

we lose no generality assuming that U C [J, X € and U N X® = {z}. The continuity of shifts in
X yields the existence of an open neighborhood V' of x such that 2V C U. There are two cases to
consider:

(1) zz=x for all z € V;
(2) there exists z € V such that xz =y € U \ {z}.

In case 1 we have that V' C Tz. Clearly, the set Tz is closed. Let us show that the upper cone Tz
is open. Pick any a € Tx. The continuity of shifts in X yields an open neighborhood W of a such
that Wz C V' C Tz, establishing that the element a belongs to the interior of Tz. Hence the set 1 is
clopen. Thus, the clopen ideal I = X \ 1 together with the point = show that X is a Us-semilattice
at x.

Assume that case 2 holds. The choice of U implies that y € U§€ o X (€). By the inductive assump-
tion, there exist p € U and a clopen ideal I such that y € X \ I C 1p. Note that

xp = z(yp) = (xy)p = xw2p = x2p = Yp =P,

implying that x € 1p. Since xy = zxz = vz = y we get that = ¢ I, because otherwise y = xy € I,
contradicting the choice of I. Thus, the point p € U and the clopen ideal I prove that the semilattice
X has the Us property at the point x.

Hence X is a Us-semilattice at each point x € X, implying that X is a Us-semilattice. O

3.9. Proof of Theorem 2.7. We need to show that a countable Polish Clifford semigroup S embeds
topologically into Iy if and only if S is ditopological and the semilattice F(S) embeds topologically
into Iy.

Proof. (=) According to [31] each inverse subsemigroup of a weakly ditopological inverse semigroup is
weakly ditopological. Then Proposition 3.13 implies that each Clifford subsemigroup S of Iy is weakly
ditopological. Proposition 3.12 yields that S is ditopological. Clearly, since the entire semigroup S
embeds into Iy, so too does its semilattice of idempotents.

(<) Let S be a ditopological countable Polish Clifford semigroup such that the semilattice E(.S)
embeds topologically into Iy. The continuity of the inversion in .S implies that maximal subgroups
of S are closed and hence Polish. Since non-discrete Polish topological groups are of cardinality
continuum, we deduce that each maximal subgroup of S is discrete and, thus, embeds topologically
into Iy by Theorem 2.5. Clearly, every countable Polish space is scattered. By Lemma 3.19, the
semilattice E(S) is a Us-semilattice and, consequently, a U-semilattice. Theorem 2.11 implies that
X embeds topologically into Iy. O
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3.10. Proof of Theorem 2.9. We need to show that a countable Polish Clifford semigroup S embeds
topologically into NV if and only if S is ditopological and the semilattice £(S) embeds topologically
into NN,

Proof. (=) By Theorem 2.8 each Clifford subsemigroup S of NV is ditopological. Clearly the semi-
lattice of idempotents of S embeds in NN, since S embeds into NV,

(<) Let S be a countable Polish ditopological Clifford semigroup such that the semilattice E(S)
embeds topologically into NY. Similarly as in the proof of Theorem 2.7 it can be checked that each
maximal subgroup of S embeds topologically into NN and the semilattice E(S) is a Us-semilattice.
Theorem 2.12 implies that X embeds topologically into NV, O

4. COUNTEREXAMPLES

In this section we collect counterexamples to Question 1.1 as well as other examples which show
the sharpness of the results proved in the previous section.

Given Theorem 2.4 and Proposition 3.9, it might be tempting to think that Iy embeds topologically
in NN, The following lemma shows that this is not the case.

Proposition 4.1. The topological inverse semigroup Iy cannot be topologically embedded into NN.

Proof. Seeking a contradiction, we suppose that there is such an embedding. It follows from Propo-
sition 3.1, that there is a countable family {p; : ¢ € N} of right congruences on Iy such that the
equivalence classes of these congruences form a basis for the canonical topology on Iy.

Clearly, the set U = {f € Iy : 0 ¢ im(f)} is an open neighborhood of (} in Iy. Then there is k € N
such that [],, C U. Since the set [()],, is open in Iy, there are finite subsets X,Y C N such that

V={gely:dom(g)NX =0,im(¢g) NY = (}

satisfies
DeVv i), CU.
eV

Fix an arbitrary n € N\ (X UY). We have that {(n,n)} C [0],,- Since py, is a right congruence

we get that
{(n,0)} ={(n,n)} o{(n,0)} € Do {(n,0)}p, = [0]p, CU={f€In:0¢im(f)},
which is a contradiction. ]

Each semilattice X carries a natural partial order < defined by e < fifef = e foranye, f € X. A
semilattice X is called chain-finite if every linearly ordered subset in (X, <) is finite. The following
proposition shows that Proposition 3.9 cannot be reversed.

Proposition 4.2. Fach countable infinite discrete chain-finite semilattice X embeds topologically into
NN, but not into Iy.

Proof. Since the semilattice X is countable and discrete, Corollary 3.3 implies that X embeds topo-
logically into NN, Lemma 4.1 from [2] implies that for each topological embedding ¢ of X into a
zero-dimensional Hausdorff topological semigroup Y the image (X)¢ is closed in Y. Consequently,
for each topological embedding ¢ : X — Iy the image (X)¢ C E(Iy) is closed. Since the semilattice
X is noncompact, Lemma 3.14 yields that X cannot be embedded topologically into Iy. O

Looking at Theorems 2.11 and 2.12 it is natural to ask whether each subsemilattice of Iy or NV ig
a U-semilattice. The following lemma gives a negative answer to this question.

Proposition 4.3. There exists a topological semilattice X which is not a U-semilattice at any of its
points, but embeds topologically into Iy and NN,
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Proof. Let R be the real line endowed with the usual topology and the semilattice operation of taking

the minimum. Consider the discrete subsemilattice Z = {n%_l :neN } U {2 - n%rl ‘n € N} of R.

Note that Z = Z U {0, 2} is a compact zero-dimensional topological semilattice. Let

X = {(xn)neN e ZN .z, =1 for all but finitely many n € N}

be a subsemilattice of the Tychonoff product ZN. It is easy to see that Y = ARTE compact
metrizable zero-dimensional topological semilattice which contains X. By Theorem 2.4, Y embeds
topologically into Iy. It follows that X embeds topologically into Iy and hence into NN as well, by
Proposition 3.9.

Fix a point (z,,)nen € X, an open neighborhood U of x and a point (y,)nen € U. In order to show
that X is not a U-semilattice at x consider a basic open neighborhood V' = {(2)nen € X : 2, = z, for
all n <k} of z. Let t € Z be such that t < ygy1. It is clear that (zg,...,z,,t,1,...,1,...) € V\ Ty
implying that x doesn’t belong to the interior of Ty. Since y was chosen arbitrarily, X is not a
U-semilattice at the point x. O

Let X be a non-empty topological space. The strong Choquet game on X is defined as follows:
Player I chooses a pair (xg,Uy) where Up is an open subset of X and xg € Uy. Player II responds
with an open subset Vj such that zg € Vy C Uy. At stage n Player I chooses a pair (z,,, U,) such that
U, is an open subset of X and z,, € U, C V,,_1. Player II responds with an open set V,, C U,, which
contains z,. If (), ¢, Un = 0, then Player I wins. Otherwise, Player IT wins. The following result was
proved in [11].

Theorem 4.4. A metrizable space X is completely metrizable if and only if Player II has a winning
strategy in strong Choquet game on X.

The following lemma is helpful in detecting scattered Polish spaces.
Lemma 4.5. A scattered space X is Polish if and only if X is reqular and second-countable.

Proof. (=) Clearly, each Polish space is regular and second-countable.

(<) By the Urysohn Metrization Theorem, each regular second-countable space X is metrizable
and separable. By Theorem 4.4, to prove that X is Polish it suffices to show that Player II has a
winning strategy in the strong Choquet game on X. Assume that we are at stage n of the strong
Choquet game and Player I chose a corresponding pair (U, x,). Find an ordinal o € ht(X) such that
,, belongs to the Cantor-Bendixson level X(®). Player II can respond with any open neighborhood
V,, C U, of x, such that V, N X =V, N X = {z,}. Then, using the fact that ordinals do not
possess infinite decreasing sequences, it is straightforward to check that this is a winning strategy for
Player II. O

In the following four propositions we construct counterexamples to Question 1.1.

Proposition 4.6. There exists a countable commutative (and hence Clifford) Hausdorff topological
imwverse semigroup S such that

(i) S is locally compact and Polish;
(ii) the semilattice E(S) is compact;
(iii) S cannot be topologically embedded into NN,

Proof. By T we denote the set {0} U {z,, : n € N} endowed with the semilattice operation

ab:{a’ if a = b;

0, otherwise.



TOPOLOGICAL EMBEDDINGS INTO TRANSFORMATION MONOIDS 17

Let {1,—1} be the two-element multiplicative group. Then the direct product S = T'x{1,—1} is a
countable commutative inverse semigroup whose semilattice E(S) coincides with the set T'x{1}. We
endow S with the topology T defined as follows:

(1) each element z € S\ {(0,1)} is isolated;

(2) the sets U, = {(0,1)} U{(x;,1) : i > n}, n € N form an open neighborhood basis at (0, 1).
It is easy to check that (S,7) is a locally compact regular scattered second-countable topological
inverse semigroup and the semilattice E(S) = T'x{1} is compact. By Lemma 4.5, the space (S,T)
is Polish. To derive a contradiction, assume that (S,7) can be embedded topologically into NY. By
Proposition 3.1, there exists a family {p, : n € N} of right congruences on S such that the collec-
tion {[z],, : # € S,n € N} is a base of the topology 7. Since S is commutative, p, is a two-sided
congruence for every n € N. It follows that for any n,m € N, ((zy,1),(0,1)) € py, if and only if
((xn,—1),(0,—1)) € pp. By the definition of T, for each m € N there exists g, € N such that
((xn,1),(0,1)) € py, for every n > qp,. It follows that for each m € N, ((z,,—1),(0,—1)) € p,, for
every n > ¢, and so the point (0, —1) is not isolated in (S,7). The obtained contradiction implies
that (S,7) cannot be topologically embedded into N, O

Proposition 4.7. There exists a countable linearly ordered locally compact Polish topological semi-
lattice X which cannot be topologically embedded into NN,

Proof. Let X be the semilattice ({%-‘rl in € N} U {0}, min) endowed with the topology 7 which

is defined as follows: each non-zero element of X is isolated and an open neighborhood basis at 0

consists of the sets U, = {ﬁ in > m} U {0}, m € N. One can easily check that X is a locally

compact regular scattered second-countable linearly ordered topological semilattice. By Lemma 4.5,
the space (X,7T) is Polish. To derive a contradiction, assume that X is topologically isomorphic
to a subsemigroup of NN, Taking into account the commutativity of X, Proposition 3.1 yields the
existence of a family {p, : n € N} of congruences on X such that the collection {[z],, : € X,n € N}

is a basis of the topology 7. Then there exists n € N such that [0],, € U; = {ﬁ tn > 1} U {0}.

Observe that if there exists m € N such that Wlﬂ € [0],,, then ﬁ € [0],, \ U1, which contradicts
our assumption. Otherwise, [0],, = {0}, and so 0 is an isolated point in (X,7), which contradicts
the definition of 7. The obtained contradictions imply that X is not topologically isomorphic to a
subsemigroup of NV, O

Proposition 4.8. Let S be a right simple semigroup. Then there exists no topology T on S° such
that 0 is not isolated and (S°,T) embeds topologically into NV.

Proof. Let S be a right simple semigroup. Fix a right congruence p on S° such that [0] p is not
singleton. Then there exists a € X such that (0,a) € p. By the right simplicity of S, aS = S. It
follows that for every b € S there exists ¢ € S such that b = ac. Then [b], = [ac], = [0c], = [0],.
Hence for each right congruence p on S° the equivalence class [0] p is either singleton or coincides with
SY. By Proposition 3.1, if 0 is not isolated in (S°,7), then (S°, 7)) doesn’t embed topologically into
NN, O

A semigroup S is called congruence-free if S admits only trivial (diagonal and universal) two-sided

congruences.

Proposition 4.9. There exists a countable congruence-free Hausdorff locally compact Polish topo-
logical inverse semigroup S with a compact semilattice of idempotents which cannot be topologically
embedded into NV,

Proof. Let S be the subsemigroup of Iy which consists of all partial bijections of cardinality < 1, and
T be the topology on S which satisfies the following conditions:
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(1) each nonempty partial bijection is isolated in (S, 7T);
(2) the sets Uy = {0} U{{(n,n)} : n >k}, k € N form an open neighborhood basis at §.

Clearly the semigroup S is isomorphic to the countable Brandt semigroup over the trivial group.
By [37, Theorem 2], S is congruence free. One can check that (S,7) is a regular locally compact
second-countable topological inverse semigroup, and the semilattice E(S) = {(n,n) :n € w}U{0} is
compact. Lemma 4.5 implies that the space (S, 7)) is Polish.

Assume that ({(n,n)},0) € p for some right congruence p on S. Then for any m € N we have that

({(n7m)}7 @) = ({(n7n)} o {(nvm)}v 0o {(nvm)}) € p.

Consequently, {{(n,m)}:m € N} C [0],. Hence for each right congruence p on S the inclusion
0], € {{(n,n)} : n € N} U {0} implies that [0], = {0}. Proposition 3.1 yields that the topological
inverse semigroup (.5, 7) cannot be topologically embedded into NN, O
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