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Abstract

We describe a class of semigroup biacts that is analogous to the class
of completely simple semigroups, and prove a structure theorem for those
biacts that is analogous to the Rees-Sushkevitch Theorem. Precisely, we
describe stable, J-simple biacts in terms of wreath products, translations
of completely simple semigroups, biacts over endomorphism monoids of
free G-acts, tensor products and matrix biacts. Applications to coprod-
ucts and left acts are given.
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1 Introduction and notations

A large part of semigroup theory is devoted to their structure. Within this
approach we distinguish (at least) two types of results. One is the so-called
local theory, which provides fine descriptions of semigroups in certain classes -
such as that of completely simple semigroups - and traces its origins back to
Sushkevitch [28], Rees [23] and Clifford [6]. The second is the global theory,
which to a large extent relies on the Krohn-Rhodes Theorem [13, 14, 24] and
gives a broad description of the large class of finite semigroups. Historically,
local theory came first, and makes great use of Green’s relations on principal
ideals [8]. The global theory, with its approach to decomposing semigroups
using wreath products, and classifying up to divisibility, is more modern. It is
interesting to note that the first proofs of the Krohn-Rhodes Theorem actually
relied on the study of transformation monoids, that is, on monoid acts.
Whether or not the global theory of semigroups naturally applies to semi-
group acts, there has been (to the knowledge of the author) only a few attempts
to develop directly a local theory of semigroup acts, at least not without strong
assumptions on the semigroup (as for instance in [3], [17] or [19], where the semi-
groups are assumed to be left or right zero semigroups, or completely 0-simple
semigroups, see also [15] and [21] for actions of inverse semigroups). One in-
stance of a general approach is [20], and the other is Section 3 of [27]. Oehmke’s



work [20] relies on a condition slightly weaker than finiteness, and the study of
certain congruences on S induced by elements of the S-act. Steinberg [27] relies
on a proper study of certain (finite) transformation semigroups. Neither of these
works is based explicitly on notions corresponding to Green’s relations, even if
both need the action to be transitive (thus £-simple in the sense we introduce
later). In particular both Oehmke and Steinberg consider cyclic acts only. This
may be due to the lack of symmetry of (one-sided) semigroup acts. Our aim is
to show that a general (local) theory of semigroup biacts can be constructed,
similar, but not equivalent to, the local theory of semigroups, by using Green’s
relations on these semigroup biacts. We emphasise that we do this without any
assumption on the semigroup. Precisely, we prove in Section 4 that faithful,
stable, J-simple biacts (defined in Sections 2 and 3) admit descriptions up to
isomorphism (and not just division) in terms of:

1. wreath products involving a group G;

2. left and right translations over a completely simple semigroup (with struc-
ture group G);

3. biacts over endomorphism monoids of free G-acts, where G is a group;
4. tensor products of biacts over a group G;
5. matrix biacts with coefficients in a group G.

This theory may then be fruitfully applied to one-sided semigroup acts (Section
5).

While reading the present article, it is important to have in mind the follow-
ing principle that served as a guideline for this research: in order to properly
understand a general semigroup biact, we believe that one must forget about the
semigroups per se and consider only the action of the elements of the semigroups
on the elements of the act. The reader may think of this as an automaton-
theoretic point of view. In particular, this means that we use only recursively
enumerable sets or relations (formulas with the existential quantifier only) on
the level of elements.

We will use the following conventions for functions on a set. For any two
sets A and B, B4 denotes the set of functions from A to B. If X is a set,
by 7(X) we mean the full transformation monoid on X, with composition
as binary operation, where we write f on the left of its argument z € X.
That is 7(X) = (XX,0) with fog :  — f(g(x)). By T°°(X) we mean
the opposite monoid (XX,0°) with f o g : z +— g(f(z)), where we write
functions on the right of their arguments and denote o°? by juxtaposition, so
that fo% g = fg:z— x(fg) = (zf)g.

To avoid pathological cases, all our semigroups are non-empty. If S is a
semigroup (or a monoid, or a group), we will denote by S its underlying set to
emphasize its role as a set (and by constrast, the role of S as a semigroup) as
in the following sentence: “Let S be a semigroup. Then S is a right S-act with



action x © s = xs,z € 8,5 € S.” We denote the fact that S is a subsemigroup
of Tby ST .

Finally, we try as much as possible to use the following conventions. Lower-
case Latin letters will denote elements, or functions on a set. Lowercase Greek
letters will denote functions with additional structure (morphisms between semi-
groups, semigroup actions...), or congruences. Uppercase letters will denote sets.
An exception to these conventions is made for Green’s relations, in order to fit
with the traditional notation. We thus use script uppercase letters for Green’s
relations and Latin uppercase letters for the associated classes.

2 Semigroup acts and biacts, categories

2.1 Semigroup acts and biacts, (7, S)-biacts

A right semigroup act is a triple X = (X, S, 8) where X is a set, S is a semigroup,
and 8 : X x S — X is a semigroup action, that is, a function such that for all
s, € Sand x € X f(x,s8') = B(B(x,s),s"). A right monoid act is a right
semigroup act X = (X, N, §) where N is a monoid and $ is a unitary semigroup
action, that is, in addition to being a semigroup action, we have 5(x,1) = x for
all z € X.

By contrast, if S (resp. N) is a given semigroup (resp. monoid), then a right
S-act (resp. right N-act) is just a pair (X, /) where §: X x S — X (resp.
B:X x N — X) is a semigroup (resp. monoid) action, and we simply say that
X is a right S-act (resp. right N-act). If we want to emphasize the distinction
between the right S-act and its underlying set, we may denote the former by
Xg. Left semigroup or monoid acts are defined dually, as are left T-acts (resp.
left M-acts) for T' (resp. M) a given semigroup (resp. monoid).

We remark that S-acts appear under different names in the literature, includ-
ing S-sets, S-systems, S-operands, S-polygons, S-automata, S-semimodules,
monars etc.

By a semigroup biact, we mean a 5-tuple X = (T, X, S, o, 8) where (T, X, «)
and (X, S, 3) are left and right semigroup acts and the following compatiblity
condition holds:

(Vt e T\Vx € X,Vs € S) a(t, B(z, s)) = B(a(t, ), s).

A monoid biact X = (M, X, N, «, 8) is defined accordingly. When T" and S are
fixed, the triple (X, «, 8) (usually abbreviated to X or 7Xg) is a (T, S)-biact.
For any t € T,z € X and s € S, when no confusion is possible, we will simply
denote «(t,z) by tz (or ¢t - z) and B(x,s) by zs (or z ® s) and simply refer to
the biact as the triple X = (T, X, S). The compatiblity condition then reads

(Vt e T,V € X,Vs € §) t(zs) = (tx)s

and the expression txs = t(xs) = (tx)s is unambiguous.
In this article, we prefer to work with semigroup biacts than semigroup acts
for reasons of symmetry and duality, that will become more obvious in the study



of Green’s relations on biacts.

An important example of a monoid biact is the biact of matrices over a given
ring. This example will lead to a convenient representation of certain biacts in
the sequel.

Example 2.1. Let R be aring. For any positive integers p, ¢ denote by M, ,(R)
the set of matrices with p rows and ¢ columns. Now fix p and ¢. Endow M, ,(R)
and M, ,(R) with the matrix product. Then

Rp,q = (Mpp(R), My q(R), Mg,q(R))
with biaction the matrix product is a monoid biact.
Actually, the previous biact may be derived from the following construction:

Example 2.2. Let S be a semigroup and e, f two idempotents of S. Then
(eSe,eSf, fSf) is a monoid biact.

To recover Example 2.1, set S = M1 4 p44(R), e = L 0 , f= 00
: 0 0 0 I,

and identify M, ,(R) with the upper right corner eSf = (8 MP’S(R))

2.2 The category (T, S)—Biact
Let S and T be semigroups. We form the category (T, S)—Biact as follows:

e Objects are (T, S)-biacts (X, a, 8) (thus, a and 8 are compatible actions);

e Morphisms (X, a, ) — (X', o/, 8') are functions f : X — X’ compatible
with the semigroup actions, that is,

(Vt e T,Vs € S,Vz € X) f(tz) =tf(x), f(zs) = f(x)s.

The categories Left T-act and Right S-act are defined accordingly. Prod-
ucts and coproducts exists in those three categories. They are defined as the
classical product and coproduct (disjoint union) of sets with the obvious induced
actions. A direct proof of the coproduct case is given in [11] Proposition 2.1.8.
A direct proof for products can be deduced from the fact that the category Left
T-act is actually an equational category (Example 13.15 in [1]). Thus by [1,
Proposition 1.21] products (indeed, more generally, limits) exist and are built
up at the level of sets.

By a (T, S)-subact of the (T,S)-biact (X, «, ) we mean a subset ¥ C X
such that TY UYSUTY S C Y, endowed with the restrictions of the actions.



2.3 The category SemBiact

It will also be useful to consider the larger category of biacts over any semi-
groups. We therefore form the category SemBiact as follows:

e Objects are semigroups biacts X = (T, X, S);

e Morphisms (7, X,S) — (T7,X’,S’) are triples ® = (¢, f,v) where f :
X — X' is a function, ¢ : T — T/ and ¢p : S — S are semigroup
morphisms and

(Vt e T\Vs € S,Va € X) f(tx) = ¢(t) f(x), f(zs) = f(z)(s).

The categories LeftSemAct and RightSemAct are defined accordingly.

A morphism ® = (¢, f,v) € Hom(X,X') is epi if ¢, f and 1 are onto. It
is mono if ¢, f and 1 are one-to-one. It is an isomorphism if ¢, f and ¢ are
bijections; note that in this case the reciprocals automatically define morphisms.

Example 2.3. (The free semigroup biact over {t}, {z}, {s}.)

Let {t},{z}, {s} be three one-element sets. Let T" = (t) be the free semigroup
generated by ¢, and S = (s) be the free semigroup generated by s. Finally
define X = {t*xs' k,1 > 0} (with the convention t°z = x = 25°) with actions
for any p,q > 0, k,1 > 0, tP - (t*zs!) = tPT*xs! and (tF2s!) © 57 = tFos'*. Then
X = (T, X,S) is the free semigroup biact over {t},{z}, {s}.

We will also use the notion of tensor product of biacts (see [11]). Let X =
(T, X,R) and Y = (R,Y,S) be two semigroup biacts. Define the equivalence
relation v on X x Y generated by all pairs of the form ((zr,y), (x,ry)). Then
XQ®Y = X xY/vis called the tensor product of the right act (X, R) and the left
act (R,Y) (and indeed satisfies a universal property). The semigroups T and S
acts on X ® Y in a compatible way so that the biact X @ Y = (T, X ®Y,5) is
well defined.

2.4 The regular representation

Let X be a set and T be a subsemigroup of 7(X). Then T acts on X on the left
by evaluation, so that any transformation semigroup defines a left semigroup act.
Conversely, a classical argument associates to any left T-act X a subsemigroup
of T(X) that is a homomorphic image of T. The morphism ¢ : T — T(X) is
defined by ¢(t) = 6, for all t € T', where 6; :  — tx is the left translation on X
induced by t. This construction extends to biacts as follows.

Two subsemigroups 7' < T(X) and S < T°P(X) are compatible if they
commute as functions from X to X, that is for any v € X, f € T and g € S
we have that (f(x))g = f(x)g. If this is the case, they define a semigroup biact
(T,X,9).

Conversely, let X = (T, X, S) be an object in SemBiact. For any ¢t € T one
can define the left translation 0; € T(X) by d; : & — tx (resp. for any s € S, the
right translation 75 € T°P(X) by 75 :  +— xs). Then ¢ : T — T(X), t — 0; is a



semigroup homomorphism from T to 7 (X) and dually, ¢ : S — TP(X), s — 7
is a semigroup homomorphism from S to 7°P(X), such that ¢(T") and ¢ (S) are
compatible. Putting RegT = ¢(T) and Reg(S) = ¢(S) we have the biact
RegX = (RegT, X, RegS) is the regular representation of X = (T, X, S).

If & = (¢,idx, ) is an isomorphism then we say that 7" and S act faithfully
on X, or that X = (7, X, S) is a faithful biact.

Example 2.4. Let (T, X, S) be a semigroup biact with X finite. Then for any
t € T there exits a power t* € T, k > 1 whose action on X is idempotent. Indeed,
consider the regular representation (RegT, X, RegS). As X is finite then 7T (X)
(hence RegT) are finite semigroups and §; € RegT has an idempotent power
0F = 6,». For any = € X, it then holds that t*t*2 = 6,k 0z = 6 = tF.

This representation by functions is very close to the classical case, but it can
in certain cases be interestingly replaced by the following one.

Let (T, X,S) be a semigroup biact. Then pX is a left T-act and it makes
sense to define T-endomorphisms as elements of the endomorphism monoid
End°? (T, X)) = End°®?(rX) = Hom?(rX,rX) in the category Left T-act
(the “op” meaning that product is conjugation in reverse order). Dually, we can
also define End ((X,S)) = End(Xs) = Hom(Xgs, Xg) in the category Right
S-act. As (tx)s =t(xs) forall t € T, s € S,z € X then the right translation 7,
actually defines an element of End°?(rX), and the left translation d; actually
defines an element of End(Xg).

In the sequel, we will therefore mostly consider RegT as a submonoid of
End(Xg) and RegS as a submonoid of End®?(rX) rather as submonoids of
functions.

In particular, we will use the following construction (inspired by the con-
struction of the dual in functional analysis): Let (T, X) be a left semigroup act
(equivalently, let X be a left T-act). Then End°?(rX) is a monoid, that acts on
X on the right by point evaluation: * © g = [z]g € X, g € End°?(rX), such
that (T, X, End°?(7X)) is a semigroup biact. The dual construction holds.

Lemma 2.5. Let (T, X,S) be a faithful biact. Then (T, X) embeds in the left
act (End(Xg), X), and dually.

Proof. As the biact is faithful, then T' ~ RegT < End(Xg). O

Example 2.6. Consider the right act (X,1). Then any function from X to X
is an 1-endomorphism and (End(X1),X) = (T(X), X).

Example 2.7 (See also [27]). Let M be a monoid, e an idempotent of M.
Then M acts on the principal left ideal Me on the left, so that (M, Me) is a
left monoid act. It holds that (Me, End°?( pyMe)) ~ (Me,eMe) with right
multiplication as right action. First, the map 7 : eme — Teme is injective
because Me > e. Second, as multiplication in a monoid is associative, then
T(eMe) < End°?(pMe). Finally, let g € End®?(pMe) and pose m' = efelg.
By construction m’ € eMe. Let x = me = me® € Me. Then [z]g = [med]g =
meelelg = mem’ = xm/ and 7,,,; = g. This ends the identification.



It may happen that the endomorphism monoid End®?(rX) is too large for
our purpose, and we will sometimes replace it with Aut®?(rX), automorphism
monoid of 7X.

3 Analysis of monoid biacts by Green’s relations

In this section, we consider a given semigroup biact X = (T, X, S), or equiva-
lently a fixed (T, S)-biact 7 Xs.

3.1 Green’s relations and Green’s lemma for semigroup
biacts

Analogously to Green'’s relations, we define the following relations on the (T, S)-
biact 7Xg. These relations are defined in [11], but only few results (see Lemma
3.3) are derived from these definitions. As usual S (resp. T') denotes the
monoid generated by S (resp. T'). Let z,y € X.

1. 2Ry < (Is,8' € S)ws =y and ys' = v & x5! = ySt.

2. oLy (At eNtr=yand ty=a < T'o=T"y.

3. H=RAL.

4. D=RV L.

5. 1Ty e (3t,t' € T,3s,8 € S)tws =y and t'ys' = o & T oSt = TlySt.

It follows from their definition that these relations are equivalence relations
on X. Relation R (resp. L) is a left (resp. right) congruence, that is for any
t € T, xRy implies tx Rty. We will frequently use the following cancellation
property, well known for semigroups: for any xRy and ¢,t' € T, if tx = t'z
then ty = t'y, and dually for L.

Let KC denote any of these relations. Then the semigroup biact X = (T, X, S)
(resp. the (T,S)-biact 7Xg) is K-simple if X consists of a single K-class.
Thus,the statement “the (left) action of 7' on X is transitive” is equivalent
to “the left T-act 7X is L-simple”.

Example 3.1. let H and K be subgroups of a group G, and consider the biact
(H,G, K) with multiplication as actions. Let z,y € G. Then x Ly & Hx =
Hy & x € Hy since H is a group, and L-classes are left cosets. Dually, R-
classes are right cosets and J-classes are two sided cosets J, = HxK. The
H-class of 1is H N K.

We will need the following (very straightforward) lemma:

Lemma 3.2. Let (T, X) be a L-simple left semigroup act, and x € X. Then
Tz =Tx=X.



Proof. As (T, X) is L-simple, then T 'z = Ty foranyy € X and X C Tz C X.
Let now t € T. As y = tz Lz then exists ¢ € T, ¢tz = x with ¢t € T so that
r € Tx and T'z = Tx. O

In the rest of the section, we show that most of the classical results in
semigroup theory regarding Green’s relations admit a biact version.

Lemma 3.3. It holds that D=RoL =LoR and D C J.
This is Proposition 4.48 in [11]. We recall the proof for self-containedness.

Proof. Let x,y,z € X such that 2 Ry L z. Then exists s,s' € S', x = ys and
y = xs’, and exists t,t' € T' such that ty = z and t'z = y. It follows that
y = t'ty = yss’ and as Ry and y Lz, then x = t'tx andz = zss’. Pose
u = tys =tx = zs. Then z Ru L x as required. By duality R and £ commute,
and D=Ro L.

The inclusion D C J then follows from R, L C J. O

Example 3.4 (Bicyclic biact). Let T'=< t > be the free semigroup generated
by t, and S =< s > be the free monoid generated by s. Let {z} be a one
element set and pose X = {z = t%z = 25° tP2,2s%,p,q > 0}. There are
compatible semigroup actions defined for any p, g > 0,k > 0 by t?-(tFz) = tPT*z,
P (xs?) =P 92 = (tPx) © sTif p— ¢ > 0 and P - (xs?) = xs97P = (tPx) © s¢
if p—¢q < 0 and (z5%)s? = 2519 The semigroup biact X = (T, X, S) is the
quotient of the free semigroup biact over {t}, {z}, {s} by the relation generated
by tzs = x. By analogy with the semigroup case, we call this biact the bicyclic
biact. In X, it holds that £L =R = D = A the diagonal of X x X. But relation
J is the universal relation as TyS = X for any y € X.

Green’s lemma holds for these relations.

Lemma 3.5. Let v,y € X and s,s’ € S* such that xs =y and ys' =z (xRy).
Then the right translation Ts : z — zs is a bijection from L, to L, with inverse
T, that preserves R-classes. In particular it sends H-classes to H-classes.

Proof. Let z,y € X and s,s’ € S* as in the lemma and let z € L,. Then by
right congruence zs Lxs = y and 7, maps L, to L,. Symmetrically 7, maps
L, to L,. Also by cancellation, as zss’ = x then zss’ = z and as ys's = y then
z8's = z, and 75, Ty are reciprocal (also, as zss’ = z then zs R z). O

By duality:

Lemma 3.6. Let v,y € X and t,t' € T' such thattx =y and 'y =x (v Ly).
Then the left translation 6; : z — tz is a bijection from R, to R, with inverse
Oy that preserves L-classes. In particular it sends H-classes to H-classes.

We deduce directly from these lemmas that within a single D-class, the
‘H-classes are in bijection.

Corollary 3.7. Any two H-classes in the same D-class are equipotent.



As a second consequence of Lemmas 3.5 and 3.6 we get:
Corollary 3.8. Letz,y € X, t,t' € T" and s,s' € S'. Then
1. Bither HysN Ry =0 or Hys N Ry, = Hyy = Hys;
If H,sN R, =0 then Hyss' N R, = 0;
If HisN R, =0 and txLx then Hyys N Ry, = 0;
Either tH, "L, =0 ortH, N L, = Hy, = tH,;
IftH, N L, =0 then t'tH, N L, = 0;

S & o e

IftH, N L, =0 and xsRx then tH,, N L, = 0.
Proof. We prove only the three first statements. The others are dual.

1. Assume H,sN R, contains an element y = zs with 2z H z. By Lemma 3.5
right multiplication by s is a bijection from L, to L, that sends H-classes
to H-classes, so that H, = H,s. But H, = H, N R, and as y Rz, the
conclusion follows.

2. Assume H,ss' N R, contains an element y = zss’ with zHx. Let us
prove that zs Rx. As y Rz exists u,u/ € S, zu = y and yu’ = x. Thus
zss'u' = yu' = x. Also as z Rz exists v,v’ € S! such that v = z and
2v' =z, and zs = zvs. Finally 2s Rz and H,s N R, is not empty.

3. Assume tx Lz and H;,sN Ry, is not empty. Then by the first item Hy,sN
Ri» = Hips = Hips and tzs Rtx, so that exists s € S! such that txss’ =
tz. Also, as tx Lz then exists ¢ € T! such that t'tz = x. Finally z =
t'tr = t'tess’ = xs’ and xs € Hys N R,,.

O

In particular, we have the equivalences H,s C H, < H,s = H, < xsHs
and their dual tH, C H, < tH, = H, < trHx. Also, we have the following
corollary:

Corollary 3.9. Let z,y € X, t € T and s € S*.
1. Ift Ry, thenta Hzx < tyHy.
2. If x Ly, then xsHzx < ysHy.

Proof. Assume that Ry and tz H x. By Lemma 3.6 left translation by ¢ is a
bijection from R, to R, that preserves L-classes, so that ty € R, N L, = H,.
This ends the proof. The other statement is dual. O



3.2 Stability

Definition 3.10. We say that the semigroup biact X = (T, X,S) (resp. the
(T, S)-biact 7Xg) is left stable (resp. right stable, stable) if © J tx < x Litx for
any x € X, t € T (resp. * J xs < x Ras for any x € X, s € S, resp. both).

It is completely left stable (resp. completely right stable, completely stable) if
x Ltx for any x € X,t € T (vesp. x Rws for any # € X,s € S1, resp. both).

The definition of left (resp. right) complete stability carries on to one-sided
acts and is equivalent to x Ltz for any « € X,t € T (resp. zRaxs for any
z€e X, s€S).

Example 3.11. Let S be a semigroup. then (S,5,5) is completely stable if
and only if S is completely simple. Indeed, if (S, S, S) is completely stable, then
for any s,t € S, sR st Lt and S is D-simple. Also, S is completely regular since
for any s € S, sRs%Ls, and thus s is group invertible by [8] Theorem 7 and
corollary thereto. It follows that S is completely simple as a completely regular
and D-simple semigroup.

Conversely, if S is completely simple it is completely regular and J-simple, and
D=J. Let t € S,z € S. As R, N L; is non void (xDt) and the semigroup
is completely regular then R, N L; contains an idempotent element. By [18]
Theorem 3, tx € L, N R; and the biact is left completely stable. We conclude
by duality.

It holds that:

Lemma 3.12. Let X be a left T-act and x € X. Then txLx for allt € T
if and only if L, = Tx. In particular, a left T-act X is completely left stable
if and only if it is the coproduct (in Left T-acts) of its L-classes, which are
minimal cyclic T-subacts.

Proof. First, for any 2 € X, L, C T'2z. And tz Lz for all t € T if and only if
Tx C L, is a tautology. We thus only have to prove that € Tz. Let t € T (T
is non-void by assumption). Then tx £z and there exists ¢’ € T, t'tx = x. But
t't € T so that x € Tz and finally L, = Tx.

Thus, if X is completely left stable, it is the coproduct of its L-classes, which
are cyclic left subacts. Let L = L, be an L-class, and y € L’ subact of L. Then
yLzxand Ty =L, =L, = Lsothat L C L' C L, and L is minimal. Conversely,
assume that X is the coproduct of its L-classes and let z € X. Then L, is a
T-subact and tz Lz for all t € T O

A prototypical example of completely left stable act is a space X with a left
group action, for if G is a group acting on X, then for any z € X and g € G
-1
g t(g.x) =

Example 3.13. Let G be a group acting on X on the left. Then X is com-
pletely left stable, hence the coproduct of its orbits which are transitive spaces.

It is well known that finite semigroups are stable. So are finite biacts.
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Lemma 3.14. Any finite biact is stable.

Proof. Let (T, X, S) be a biact with X finite, and x € X, s € S such that z J xs.
Then there exist u € S',v € S! such that vrsu = z. It follows that for any
k € N, v*z(su)* = z. Consider 74, € T°P(X). As X is finite 7°P(X) is a finite
semigroup and there exists an integer k > 1 such that 7%, is idempotent. Then
wsu(su)k—1 k P (su)® (su)* koo k k k. k k

= z(su)® = vz = vkprk 7k = oFerk = vkr(su)k = 2.

We conclude by duality. O
Lemma 3.15. Let (T, X, S) be stable. Then J =D.

Proof. We already know that D C 7. We prove that J C D. Let z,y € X such
that 2 J y. Then there exist s € S*,¢ € T' such that z = tys. Then T'yS! =
T'zS' = TltysS! C T'tyS!, and also T'tyS' C T'yS'. Hence T'tyS! =
TlyS* and dually T'ysS! = TlyS'. Hence ty JyJ ys and as (T, X,S) is
stable, then ty LyRys. As L is a right congruence then tys Lys and finally,
xLysRy, and x Dy since D = Lo R. O

Example 3.16. Let (T, X) be a left semigroup act, and pose S = Aut®?(pX).
Then (T, X, S) is completely right stable. Indeed, for any x € X, s € Aut®?((rX)
it holds that [z]ss™! = x.

Regarding completely stable biacts, we have:

Lemma 3.17. Let 1 Xg be a completely stable (T, S)-biact. Then it is the co-
product of its J-classes.

Conversely, a stable (T, S)-biact that is the coproduct of its J-classes is com-
pletely stable.

Proof. Assume that 7Xg is completely stable and let z € X, t € T!,s €
S1. Then txs £Lxs Rz by complete stability and txs D x, whence T 'zS* C J,
(D C J in general, and D = J in our particular case). But J, C TS since
Jr C TxSt (by definition of J) and x € TxS by complete stability and 7', S
being non empty semigroups (by convention), see Lemma 3.17. Thus the two
sets are equal. In particular J, is a (cyclic) (7, S)-subact, and since [J-classes
form a partition of X, rXg is the coproduct of its J-classes.

Conversely, if 7Xg is stable and the coproduct of its [J-classes, then each J-
class is a (T, S)-subact. If t € T,z € X then tz J x and by stability, tx L 2. We
conclude by duality. O

Corollary 3.18. Let X be a unitary right N -act, with N a monoid. It is com-
pletely right stable and indecomposable if and only if it is of the form X ~ N/p,
where p is a transitive right congruence on N: (Ym,m' € N,3In € N) mnpm’.

Proof. Consider the monoid biact X = (1, X, N) where 1 is the monoid with
one element with unitary action on X. Assume first that X is completely right
stable and indecomposable. Then X is completely stable hence the coproduct
of its J-classes, and since it is indecomposable X = .J, = &N for some x € X.
As a cyclic right monoid act, it is of the form X ~ N/p, where p is a right
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congruence (define p by mpn < xogm = zgn, where xg € X satisfies X = zoN).
And any two p-classes are J hence R-related so that p is transitive. Indeed, let
m,m’ € N. Then zom R zogm’ and there exists n € N such that xgmn = zom’,
and finally mnpm/.

Conversely, if X ~ N/p for p a transitive right congruence on N, then X = zoN
for some z¢g € X (xg = p1 works) and any two elements of X are R-related,
whence it is completely right stable and indecomposable. O

Theorem 2.54 of O. Andersen [2] states that any simple semigroup which is
not completely simple contains a copy of the bicyclic semigroup. We prove an
analogous result for semigroup biacts.

Theorem 3.19. Let X = (T, X, S) be a J-simple semigroup biact and assume
that there exist x € X, t € T, s € S such that (tz,x) ¢ L and (x,xs) ¢ R. Then
it contains a copy of the bicyclic biact.

Proof. Let x,t,s as above. As txs J x then there exist ' € T',s’ € S! such that
t'(txs)s’ = x. U t'te L x then tax Lz, thus (t'tx, z) ¢ L and dually (z,zss’) ¢ R.
Let (A,U, B) be the bicyclic biact over {a},{u},{b} and (77, X’,S’) be the
subact of (T, X,S) with T =< t't > the subsemigroup of T generated by t't,
S’ =< ss’ > the subsemigroup of S generated by ss’ and X’ = T"2S’. The map
(¢, f,0) : (A,U,B) — (T, X’,5’) defined for any p,q > 0 by ¢(a?) = (t't)?,
fu) =z, f(aPu) = (t't)Px, f(ub?) = x(ss')? and (b?) = (ss')? is a surjective
morphism of biacts. Assume that ¢ is not injective. Then there exist 0 < p < p’
such that (#t)? = (#'t)?" and consequently there exists p” such that (£'t)?" is
idempotent. It follows that

P e = )Pz = ()P ) a(ss)? = ()P (s =a
and t'tx L x, which is absurd. Thus ¢ is injective. Duall is injective. The
] Yy ]

same arguments (on translations of X’) give that f is also injective, and finally
(¢, f,1) is a bijective morphism, whence an isomorphism. O

Example 3.20. Let X be a finite (7,5)-biact. Then it has (at least one)
minimal subact which is J-simple and completely stable.

3.3 Schiitzenberger groups

Let X = (T, X, S) be a given semigroup biact (equivalently let 7 Xg be a given
(T, S)-biact).

Let H=RNL and K = RN L' be two H—classes in the same R-class. The
left stabilizer of H defined by stab(H) = {t € T'|tH = H} is a submonoid of
T, equal to {t € T'|tH C H} by Green’s lemma 3.6. It also coincides with
staby(K) = {t € T'|tK = K} by Corollary 3.9. The elements of stab;(H) =
stab)(K) define a set of left translations of R (resp. of H) Aj(H) = {& €
T(R),t € stab(H)} (vesp. 0, u(H) = {6 € T(H),t € stab;(H)}), which is a
group by Green’s lemma. We call A;(H) the left Schiitzenberger group of H,
by analogy with the classical case [25] (but in contrast, we consider translations
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of R rather than translations of H, that is A;(H) instead of its isomorphic
group A; g (H)). This group acts freely and transitively on H on the left, and
consequently H is isomorphic (as a left A;(H)-act) to Aj(H). In particular it
acts simply transitively on H, that is for any =,y € H there exists a unique
f € Ay(H) such that f(z) =y.

Lemma 3.21. Let x € X. Pose H = H,. Then the function 6 : H — A;(H)
that maps y = tx — 03 is a bijection, with reciprocal 7 : 0 — tx. In particular
A (H) acts freely and transitively on H (by 6;.h = th).

Proof. Let x € X and ¢,t' € T such that tx = t'x € H, = H. By cancellation,
if zH x then tz = t'z and 6; = 6. Also §; € Aj(H) by Lemma 3.6. Finally, by
definition of A;(H) and Lemma 3.6, and as d; :  — tz then 7 is well-defined
from A;(H) to H. Tt is the reciprocal of 6 by construction. Finally let y, z € H.
Then (0(2)0(y)~1).y = (0(2)0(y)~1).(0(y)x) = 6(z).x = 2 and the action is
transitive. It is free since §;.y = y means ty = y and by cancellation, tz = z so
that d; = 1, the identity of the group. O

By construction, the left Schiitzenberger groups of H and K in the same
R-class R are equal, that is, Aj(RNL) = A;(RNL'). By duality, we define the
right Schiitzenberger group of H = RN L as the group of right translations of
LA(H)={r, € T(L)?,s € stab,(H)}.

We now prove that right Schiitzenberger groups and left Schiitzenberger
groups are isomorphic (but the isomorphism is not canonical).

Lemma 3.22. Let ¢ € X. Pose H = H,. Then the function oy : N(H) —
A, (H) that maps 0; — Ts where tx = xs is a group isomorphism, with reciprocal
om: An(H) = A(H) that maps 75 +— 6.

Proof. Let x € X and t € stabj(H). Then txr Hz and exists s € S1, tx = zs.
As zsH x then s € stab,(H) by Green’s lemma. Let s’ € S! such that tz = x5/,
and let yLx. As xs = xs’ then by cancellation ys = ys’, and 75 = 7. as
functions on L = L,, and ¢ is well-defined. Let now t,t’ € stabl;(H), and let
s,s" such that tx = zs and t'z = xs’. Then t'tx = t'zs = xs’s, and @ is a
morphism. By duality ¢g : A.(H) — A;(H) that maps 75 — d; where tx = xs
is also well-defined and a morphism, and the two morphisms are reciprocal. [

3.4 Coherent cross sections

Consider a D-class D of the (T, S)-biact 7 Xg. Denote by I the set of R-classes
and A the set of L-classes of D, and assume that I and A contain an element
denoted by 1. For ¢ € I and A\ € A we pose H;y = i N A and denote it by
i\ for short. A family {z;y € i\|i € I, A € A} is called a cross-section. Any
element © € D may be uniquely written = f(x;)) = [z;2]g with f € A;(iA)
and g € A,(IA).

The cross-section is called coherent if the diagram of Figure 1 defined by
the isomorphisms of Lemma 3.22 is commutative, or equivalently if we have the
equality iy = @indjupi, for alli,j € I and A, pu € A.
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Figure 1: Coherence of a cross-section

The following result was obtained by Grillet [10] in the case of semigroups.

Theorem 3.23. Any family {x1) € 1\, x; € il]i € I, A € A} can be completed
in a coherent cross-section.

Proof. Let {x1x € 1\ x;; € illi € I,A € A}. By definition of £ and R,
for any i € [ and A\ € A there exist #;,t;, € T" and sy,s, € S! such that
i1 = ti®11, T = t;x1 and 1y = T115x, T11 = T1aSy. Set T\ = ;T8N =
t;x1x = z;18x. Then computations similar to the semigroup case [10] give that
{zirli € I, X € A} is a coherent cross-section. First, it holds that z;xs,s, = 2,
and tit;xjﬂ =ux;, foranyi,j € T and A, p € A. Fix 4,5 € I and A, pp € A and let
6 € 6(iN). Let u,w € S',v € T' such that tz;, = z;,u,vzrj, = Tj,u, vz =
zjzw so that ©ixd;.iu(d:) = 7. It holds that

t:l?i)\ = ttixllsA = ttixllsus;s)\
= tst/“s)\ = xwus;s)\
= tit;xmus;s,\ = tit;.vxjusibs,\
= tit;vxﬂsg\sus;s)\ = tit;-a:ﬂw
= Tp\w
so that ¢;x(0:) = Tw. O

Figure 2 describes the construction of the coherent cross-section.

We now interpret cross-sections in terms of biaction of a group. Let H =
11. As for any i,7 € I and \,u € A we have the equality A;(iN\) = A;(ip)
and A.(i\) = A.(jA), we can define group isomorphisms a;y = ¢;x © Y1 :
A(11) — A(iN) and bjx = @ix 0 i1+ Ap(11) — A,(iA). The group G =
A(11) acts on D on the left by g - x = a;n(g)(z) for any = € ¢\. This is
a group action since ¢’ - (¢ - x) = ¢’ - a;n(g)(x) with a;x(g)(z) € @A, hence
g (g-x) = aix(g')(airn(g)(x)) = a;n(g’g)(x) since a; is an isomorphism. Dually
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T11 T12 . Tix = T115x
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/\

i1 = t;r11 e Tixn = ;118

Figure 2: Construction of a coherent cross-section

A, (11) acts on D on the right, and since A;(11) and A, (11) are isomorphic,
G = A;(11) acts also on D on the right by = ® g = [z]bix(¢11(9))-

These group actions are free on D, and always compatible since they are left
and right translations of a biact.

Lemma 3.24. The left and right actions of G (defined as above by a given
cross-section) are free on D, and always compatible.

Proof. By construction, the Schiitzenberger groups act freely on their respective
H-class, so that the group G acts freely on D. Let g,¢' € G and = € i\,
Then exists t € stab;(i\),s € stab.(i\), a;n(g’) = §; and b;x(g) = 75. Thus
g - (o g) =txs) = (tr)s = (¢’ - 2) O g. O

Lemma 3.25. The cross section is coherent if and only if
(Vz €iX g € Q) z®g=[z]pir(g).
Proof. Let i,j € I and A\, u € A. Let also z € i\ and g € G = Ay(11).

If the cross-section is coherent, then ;) = Y;jr¢;upiu and O g = bix(p11(9)) =

pirdirp11(g) = [zle1a(g).
Conversely, if the equality holds then ¢;)¢;1¢011 = ¢1x and since the maps are

bijective, then p;x = p1rd110i1. Also viy = Y1,0110i1, Pjx = P1ad119j1 and
Gju = Oj191101,. We finally get
CixPjuPin = P1IAP11Pj1051911P1uP1uP11P41
= S01A¢1190i1
= Pix
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O

Coherence expresses that the actions of G are actually compatible (in the
sense given below) with the actions of T and S.

Proposition 3.26. If the cross-section is coherent then the monoid biact (G, D, Q)
satisfies for any g € G:

1. g-(xzs) = (g-x)s for any s € S,x € D such that x R xs;

2. (tr)Og=tlx®g) for anyt € T,x € D such that tx L x;

8. g -xix=xix©®g foralli eI, \eA.
Proof. Let g € G, t € T,s € S,x € i) such that tx Lx R zs. Pose j = Ry, and
p = Lgs.

1. By definition (g - z)s = ¢inp1r(g)(z)s, and g - (xzs) = ¢;up1,.(9)(xs).
As the cross-section is coherent, then the left translations ¢;yp1x(g) and
Ginp1u(g) are equal and (g - z)s = g - (zs).

2. By Lemma 3.25 t(x © g) = t[z]e1r(g), and (tz) © (9) = [tx]pia(g) with
©1x(g) a right translation, so that the two elements are equal.

3. By definition ¢ - z;x = dixe1a(g)(zin). Set §, = dinp1r(g) with v €
staby(iA). Then by definition of ;x, vEix = [Tia]@ir(dy) thus g - x;\ =
[Zix]eindiapin(g) = [xia]e1a(g). Now since the cross-section is coherent
Zix © g = [2ia]p1a(g) by Lemma 3.25. This ends the proof.

O

4 Structure of stable, J-simple biacts

4.1 Wreath products, tensor products and related con-
structions

We start with general constructions on semigroup acts. Semidirect products

of semigroups, wreath product of semigroups and left (right) acts, and wreath

products of left (right) acts are relatively well-known constructions. We recall

them for convenience, and generalize them to the case where one of the acts in
question is a biact.

Definition 4.1 (Wreath Product). Let M (resp. (M,X), (M,X,N)) be a
semigroup (resp. a left semigroup act, a semigroup biact) and (7,Y) (resp.
(Z,89)) be a left (resp. right) semigroup act. Then T (resp. S) acts on MY
(resp. NZ) by composition on the right (resp. left).

1. The semidirect product (T,Y) ! M =T x MY with product

(ta f)(t/7 f/) = (tt/, (f ° 5t’)f/)
(where 0; : x — tx) is called the wreath product of (T,Y) and M.
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2. Dually, the semidirect product N ¢ (Z,S) = NZ x S with product

(g/a Sl)(ga 8) = (g/(TS' 0% g)a SIS)
is called the wreath product of N and (Z, 5).
3. The semigroup (T,Y) 1 M acts on the left on Y x X by

The left act (7,Y) 1 (M, X) = ((T,Y) I M,Y x X) is called the wreath
product of (T,Y) and (M, X).

4. Dually, the semigroup N (Z,S) acts on the right on X x Z by

(l‘,Z) © (975) = (.13[2]972’8)

The right act (X,N)1(Z,5) = (N1(Z,5),X x Z) is called the wreath
product of (X, N) and (Z,S).

5. The biact (T, Y)U(M, X, N) (resp. (M, X, N)(Z,S)) is the 5-uple ((T, Y )1
MY x X, N,a, ) (resp.(M,X x Z, N1 (Z,S),«,3)) with actions
a((t, f), (. z) =& f)y.z) =y, f(y)z), B((y,2),n) = (y,2)On = (y,2n)
(resp. a(m,(z,z)) = m-(x,2) = (mz,z2), B((z,2),(g,5) = (z,2) ®
(9,8) = (z[]g, 25)).
6. Finally, we define (T, Y) (M, X, N)1(Z,S) as (T, Y) 1 M,Y x X x Z, N2
(Z,S),a, p) with actions
a((t, ), (yz.2) = (1) (y,2,2) = (ty, f(y)z, 2),
B((y,x,2),(g,5) = (y,2,2) © (g,5) = (y, z[2]g, z5).

The actions are indeed compatible as (for instance in 5.) ((¢, f) - (y,z))©On =
(ty, f(y)zn) = (¢, f) - ((y,z) ©n). We cannot unambiguously define a wreath
product (T,Y,N) (M, Z,S), because the left action (of (T,Y) 1 M onY x Z)
and the right action (of N1 (Z,5) on Y x Z) will not be compatible in general.

The wreath product of left (right) acts is associative up to an isomorphism
(see, for example, [11]). Incorporating biacts into the picture, we have, more
generally:

Lemma 4.2. Let (M, X, N) be a semigroup biact, and (T;,Y;) (resp. (Z;,S;))
be left (resp. right) semigroup acts fori =1,2,3. Then

1. (Associativity) ((T1,Y1) 1 (T2, Y2))U(T3,Y3) ~ (Th, Y1) U (T2, Y2) 0 (T5,Y3)).
2. (Associativity) (Z1, S1)0((Z2,52) 1 (Z3,53)) ~ ((Z1,51) 1 (Z2, 52) )W Zs, S3).
3. (Left action) (T1, Y1) ! (T, Y2) (M, X, N) ~ (T1, Y1 (T2, Ya) L (M, X, N)).
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4. (Right action) (Z1, S1)((Z2,S2) V. (M, X, N)) ~ ((Z1,51) 1 (Z2, S2) (M, X, N).
5. (Compatibility) ((T1,Y1) L (M, X, N))(Z1,S1) ~ (T, i (M, X, N) 1 (Z1, 51)).

Also (Th, Y1) L (M, X, N)) 2 (Z1,51) ~ (T1, Y1) L (M, X, N) 1 (Z1,51) (defined in
Definition 4.1).

Proof. The proof is just technical, and consists in just computing all the different
products. O

Our next lemma studies Green’s relations on wreath products of semigroup
acts.

Lemma 4.3. Let (M, X) (resp. (M,X,N)) be a left semigroup act (resp. a
semigroup biact), and (T,Y) be a left semigroup act. Letxz,x’ € X andy,y’ €Y,
and assume that M'x = Mz, M2’ = Ma', T'y =Ty, Y'y' =Ty'. Then

1. (y,2) Ly, ") in (T,Y) L (M, X) (resp. (T,Y) (M, X,N)) if and only if
yLy (in (T,Y)) and x L2’ (in (M, X), resp. in (M, X,N)).

2. (y,2) Ry, 2") in (T,Y)L(M,X,N) if and only if y =y and x Rz’ (in
(M, X,N)).

3. (y,x) T (v, ") in (T,Y) L (M, X,N) if and only if yLy' (in (T,Y)) and
xJx (in (M,X,N)).

Proof. We prove only the first item. Assume that there exist t € T, m € M
such that 3 = ty and 2’ = maz. Let f € MY be the constant function m.
Then (t, 1) - (4,2) = (ty, f()2) = (ty,ma = (5/,a’). Thus (by symmetry)
yLy and x Lo’ = (y,z) L (y,2’). Conversely, assume that there exist ¢ € T,
f € M! such that (¢, f) - (y,x) = (y/,2'). Then ty =y and f(y)r = 2/, and by
symmetry (y,x) L (y',2') =y Ly and x La’. O

The conclusion may fail without the equality of left ideals, as shows next
example.

Example 4.4. Let T' =<t > be the free semigroup of 1 generator ¢, and G be a
(non trivial) group. Form (T, T)(G, G) the wreath product of the left semigroup
acts (T,T) and (G,G). Let g#h € G. Then gL hin (G,G) and t Lt in (T,T),
but (¢,g9) # (t,h) are not L-related in (T,T) (G,G). Indeed, any element of
T x GT is of the form (t*, f) with p > 0 and (¢, f)- (t,g) = (tP*L, f(t)g) # (¢, h)
since p+1 > 1.

We deduce the result for right semigroup acts by duality. As a corollary, and
using Lemma 3.2, we get results concerning J, £, R-simplicity and stability of
wreath products of semigroup acts and biacts.

Corollary 4.5. Let (M, X) (resp. (M, X,N)) be a left semigroup act (resp. a
semigroup biact), and (T,Y) (resp. (Z,5)) be a left (resp. right) semigroup act.
Then
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1. (T,Y) UM, X) (or (T,Y)U(M, X, N)) is L-simple (resp. left stable) if and
only if (T,Y) and (M, X) (or (M, X,N)) are L-simple (resp. left stable).

2. (X,N)1(Z,8) (or (M,X,N)1(Z,S)) is R-simple (resp. right stable) if
and only if (X,N) (or (M,X,N)) and (Z,S) are R-simple (resp. right
stable).

3. (T,Y)1 (M, X,N) is J-simple (resp. stable) if and only if (T\Y) is L-
simple (resp. left stable) and (M, X, N) is J-simple (resp. stable).

4. (M, X, N)1(Z,S) is J-simple (resp. stable) if and only if (Z,S) is R-
simple (resp. right stable) and (M, X, N) is J-simple (resp. stable).

5. (VYY) (M, X, N (Z,S) is J-simple (resp. stable) if and only if (T,Y)
is L-simple (resp. left stable), (Z,S) is R-simple (resp. right stable) and
(M, X, N) is J-simple (resp. stable).

We now apply the previous results on wreath products to a specific act, the
full transformation semigroup on a set, and a specific biact, a monoid acting on
itself by left and right multiplication (or even more specifically in some cases, a
group). Precisely, let I be a set and M be a monoid. Let 7(I) = (I1,0) be the
full transformation semigroup on I with composition of functions. The monoid
T(I) acts on I on the left so that (7(I),I) is a left monoid act. Dually, let
A be a set. Then (A, T°P(A)) is a right monoid act. Let M be a monoid (we
will mainly consider the case M = G is a group afterwards). Then M acts on
itself on the left and on right by multiplication in a compatible way, so that
(M, M, M) is a monoid biact (where, according to our conventions, M is the
underlying set of M). We can then form the monoid biact

FB(I,M,A) = (T(I),I)0(M,M, M) (A, T(A))
= (T(I) x M', T x M x A, M™ x TP()\)).

We will call this monoid biact the Full Biact over (I, M, A).
The following lemma is straightforward:

Lemma 4.6. Let I, A be sets. Then (T(I),I) is L-simple and (A, T°P(A)) is
R-simple. In particular, they are respectively left and right stable.

Proposition 4.7. Let I, A be sets and G be a group. Then the monoid biact
FB(I,G,A) =(T(I),) (G,G,G) (A, T°P(A)) is TJ-simple and stable.

Proof. As (T(I),I) is L-simple by Lemma 4.6 and left stable and (G, G, G) is J-
simple and stable, then (7(I),1)(G,G, G) is J-simple and stable by Corollary
4.5. Still by Corollary 4.5, as also (A, 7(A)) is R-simple and right stable then
FB(1I,G,A) is J-simple and stable. O

The set of R-classes of FB(I, G, A) is in bijection with I, its set of L-classes
is in bijection with A and each H-class is equipotent with G. An interpretation
of this biact is as follows. Let P = (P;)) be any sandwich matrix over G and
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form the (completely simple) Rees matrix semigroup C' = M(I,G, A, P). From
[22] and [7], see also Proposition 4.1 in [9], the semigroup L(C) of left transla-
tions of C' (I(xy) = I(x)y (Vz,y € C)) is isomorphic to (T (I),ING = T(I)x G,
and dually the semigroup R(C) of right translations of C is isomorphic to
G (T°?(A),A) = G* x T(I) so that FB(I,G,A) ~ (L(C),C, R(C)), bi-
act of left and right translations acting on the completely simple semigroup
C = M(I,G,A,P). Conversely, by Rees Theorem any biact of the form
(L(C),C, R(C)) for some completely simple semigroup C' is isomorphic to the
biact FB(I,G,A) for some sets I, A and group G.

It is proved in [11] Theorem 6.18, see also [26], that wreath products of the
type (T(X), X) 1 (M, M) where M is a monoid can be described by means of
endomorphisms of free M-acts. Precisely, denote by XM = (X x M, M, f)
the free right M-act with basis X and action 8 ((z,m),m') = (z,mm’). By
End(XM) we mean Hom((X x M), (X x M)y) in the category Right M-
act. The monoid End(X M) acts on X x M in a canonical way.

Theorem 4.8 ([11] Theorem 6.18).
The left acts (T(X), X)) (M, M) and (End(XM),X x M) are isomorphic.

Indeed, M-endomorphisms of XM are in bijection with functions from X
to M. In the same spirit, it is not difficult to make the following identification:

Proposition 4.9. Let I, A be sets and M be a monoid. Then End(IM) (resp.
End°?(MA)) acts on (I x M xA) on the left (resp. on the right) by ¢- (i, m, \) =
o(i,m)A (resp . (i,m, ) ® ¥ = i[m, A\]©)) and these actions are compatible. It
holds that

FB(I,M,A) ~ (End(IM),I x M x A, End®(MA))

We will write EB(I, M,A) = (End(IM),I x M x A, End°?(MA)), Endo-
morphism Biact over (I, M, A).

We can use the following classical notation to describe this biact. Write
any element x = (i,m,\) by juxtaposition, x = iémA. Then ¢ - (im\) ®@ ¢ =
@(I1)m[1IA] for ¢ € End(IM), 1 € End°?(MA).

We can also describe this biact in terms of tensor products when M = G
is a group (the situation we will encounter later). Consider the two biacts
(End(IG),I xG,G) and (G,G x A, End°?(GA)). Then some calculations prove
that their tensor product is isomorphic to (End(IG),I x G x A, End°?(GA)):

(End(IG), IxG, G)®(G, Gx A, End®®(GA) ~ (End(IG),I x G x A, End’(GA)).
Indeed, by introducing tossings [11] in the picture, we can prove that (,g) ®
(h,A) = (¢,¢) ® (B, XN) if and only if ¢ = i',gh = ¢’h and A = X so that

(i,9) ® (h,\) — (i,gh, ) is a bijection from (I x G,G) ® (G,G x A) onto
I x G x X that respects the left and right actions.
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We can finally represent this biact as square matrices acting on (non-square)
matrices over a monoid with zero (denoted by x afterwards). Indeed, define
M§ (M) as the I x I matrices with coefficients in the monoid M (J{x} (with x
the zero of the monoid) such that each column contains exactly one coefficient
in M, and the others x. Such matrices are sometimes called column-monomial
matrices (over M). Define a partial sum on M | J{x} by x+* = x and x+m =m
for any m € M, and the product on M ;(M) by the classical formula

Ax B(i,j) =Y A(i, k)B(k, j).

kel

Then End(IM) ~ M (M) with isomorphism given by ¢ — Ag, with A4(Z,5) =
m if ¢(j1) = im and * otherwise. Dually, we can define M} ,(M) (each
row contains exactly one coefficient in M i.e. row-monomial matrices) and
identify End®?(MA) ~ M} (M) with isomorphism given by 1 — By, with
By(A, ) = m if [IA]p = mpu. Finally define M3 , (M) as the I x A matrices
with coefficients in M | J{*} such that exactly one coefficient is in M, in bijec-
tion with (I x M x A) by = (i,m,\) — C, such that C,(i,\) = m and (x
otherwise). Matrix multiplication (on the left and on the right) define a monoid
biact
M(I, M, A) = (M7 (M), Mra(M), M (M)).

Proposition 4.10. With the above notations, it holds that
EB(I,M,A) ~ M(I,M,A)

Proof. We only have to check that the previous isomorphisms preserve the biac-
tion, or equivalently the left and right actions. We consider the left action (the
right action is dual). Let ¢ € End(IM) and « = (i,m,\) in I x M x A. Then
¢-x = ¢(il)mA = jm'mA for some j € I,m’ € M. Define A, and C, as above.
Then [AyCy](k, 1) = *if I # X, and [A,Cy)(k, A) = Ag(k,i)m = x if k # j and
m/m if k = j. This ends the proof. O

Example 4.11. We illustrate (some of) the various representations on a toy
example. Let I = {1,2} and M =< m >! be the monoid generated by m. An
element of T(I) x M' is a function from I to I x M. Consider for instance f
with f(1) = (2,m) and f(2) = (2, m?). We associate to f the M-endomorphims
of IM ¢y defined by ¢;(1m*) = 2m**1 and ¢;(2m*) = 2m**3, and then to

¢ = ¢y the matrix
* ok

Let finally z = (1,m?). Then f -z = (f(1), f(1)m?) = (2,m?). Equivalently
¢+ (1m?) = 2m3 and

(3= ) ()= ()
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4.2 Stable, J-simple biacts

We are now in position to produce a structure theorem for stable, J-simple
semigroup biacts.

Let X = (T, X,S) be a stable, J-simple semigroup biact. Let {z;x,i €
I\ € A} be a coherent cross-section of X and set G = Hj;. Any element
x € i\ may be uniquely written as (4, g, A) with g the unique element of G such
that g- ;) =z =x;, ® g, so that X ~ I x G x A. We now describe the action
oft €T on z.

Lemma 4.12. Leti € I, t,t' € T and x € i. Pose j = R(tx;1) the R-class of
te;1. Thentx € j and t'ta Rt'z 1.

Proof. By stability, tz;; Lx;; and by Green’s Lemma 3.6 left translation by ¢
maps the R-class 7 to the R-class j. By the same arguments, left translation by
t" maps the R-class j to a R-class and t/(tz) Rt'z;;. O

We locate the product ¢tz in its H-class as follows. Let x € i\,  ~ (1,9, A)
(or equivalently = x;, ©g) and ¢t € T. By stability tz £z, and by Lemma 4.12
tx Rtx;1 so that tx ~ (4,9, A) with j = R(tx;1) and ¢’ € G the unique element
such that tx = z,;, ® ¢’. By Proposition 3.26 tz = t(x;x ® g) = (tz;n) © g. As
tz;n € j\ then exists a unique g, € G, g cTiy = triy =1\ O g7, and finally
g =gpg, and tx ~ (R(tw;1), g g, \).

We end up with a family of functions ¢* from T to (I x G)f ~ I x G*
which send t € T to the function i +— (R(tz;1),g;) where g is the unique
solution to g3 - xj\ = tx;n = 7\ ® gi. We finally show that these functions
are equal (independent of A\). By construction of the coherent cross-section
(Theorem 3.23) there exists sy € S! such that xx\ = 215y for all k € I. As
gl - xj1 =try = ;1 © gf then (gf - j1)sx = (txi1)sy and by Proposition 3.26,
gt - (w;0) = gi - (xj18\) = txirsy = tx;n. Thus ¢* is independent of A\. We
denote this function by ¢ afterwards.

Lemma 4.13. Function ¢ : T — (T(I),I) VG is a morphism of semigroups
such that the left act (¢(T),I x G) is L-simple. It is one-to-one if and only if
T acts faithfully on X.

Proof. Let t,t' € M and pose ¢(t) = (7, f),o(t') = (T/,f/). Let i € I. By
definition of the wreath product, ¢(t)p(t') (i) = (7, f) (7', f') = (o7, (for') f).
Pose j = 7'(i) = R(t'z;1) and k = 7(j) = (tle) Pose also ¢’ = f'(i) the
solution to ¢’ - xj1 = t'z;1 = zj1 © ¢’ and g = f(j) the solution to g - xx1 =
trj1 = k1 © g. As R is a right congruence and t'z;; R z;1 then tt'z;1 Rtz
and tt'z;; € k. Pose ¢’ = gg’. Then

i1 © 99" = (21 © g)g’
= (tzj1) © ¢
=t(xj1 ®¢') by Proposition 3.26
=t(t'z;1)
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and finally, ¢(tt') = ¢(t)d(t').

Let 4,5 € I and g,h € G. As z;1 Lxj1 ® hg™! then there exists ¢ € T such
that tz;1 = xj1 ©@ hg™!. If t = 1 then ¢ = j and hg~! = 1 (the action is free)
and (i,g9) = (j,h) are indeed L-related. So assume t € T. By definition of ¢,
it holds that ¢(¢)(i) = (j,hg—1) and ¢(t) ® (i,9) = (j,hg"'g) = (j,h). This
proves that (¢(T),I x G) is L-simple.

Finally let © € i\, x = ;) ® g, and let t,#' € T. Then tz = t'x & (tx;\) © g =
(t'z;)) ® g by Proposition 3.26, and since G is a group this happens if and only
if to;y = t'z;y if and only if tx;y = t'z;1, that is ¢(¢)(i) = ¢(¢')(¢). This ends
the proof. O

Theorem 4.14. Let X = (T,X,S) be a faithful, stable, J-simple semigroup
biact. Then there exist two sets I, A, a group G and a subact (Tr,I x G x A, Sy)
of FB(I,G,A) such that:

1. (T7,I x G) is L-simple;
2. (G x A, Sp) is R-simple;
3. (T,X,8) ~ (Tr,I x G x A, Sy).
Conversely, any semigroup biact of this form is faithful, stable, and [J-simple.

Proof. Let I (resp. A) be the set of R-classes (resp. L-classes) of X. Let
{zi;, (i, A) € I x A} be a coherent cross-section and G the Schiitzenberger group
of 11. Define as previously the map ® = (¢, f,v) by

1. For all t € T, ¢(t) : i — (J,g¢) with j = R(tz;1) and g¢; is the unique
solution to g; - xj1 = mx; = ;1 © G;

2. For all z € X, f(z) = (4,9,A) with i = R, A = L, and g the unique
element of G such that g-x;» =z =x;) ®g;

3. For all s € S, ¥(s) : A — (gs, u) with g = L(z1)8) and g5 is the unique
solution to gy - 1, = tx1n = 1, © g:.

By definition of the Schiitzenberger group f is a bijection, and by Lemma 4.13,
¢:T — (T(U),I) G is a injective morphism of semigroups such that the left
act (¢(T), I x G) is L-simple. Dually, 9 is an injective morphism of semigroups
such that the right act (G x A,¥(S)) is R-simple. Also by Proposition 3.26,
and since the biact is stable, ® = (¢, f, ) is a morphism of biacts.

The converse is straightforward. O

In this theorem, the set I (resp. A) is equipotent with the set of R-classes
(resp. of L-classes) of X and G is isomorphic to any Schiitzenberger group of
X. If we drop the faithfulness conditions, then we get that any stable, J-simple
semigroup biact admits an epimomorphism onto a biact (17,1 x G x A, Sp) that
satsifes the above conditions, bijective on the second variable.

Regarding embeddings, we have realized X = (7T,X,S) as a subact of
FB(I,G, A). Equivalently, X can be seen as the underlying set of a completely
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simple semigroup C, and T (resp. S) as a certain subsemigroup of left (resp.
right) translations of C.

Corollary 4.15. Let X = (T, X, S) be a faithful, stable, J-simple semigroup
biact. Then there exist a completely simple semigroup C, and subsemigroups

T < L(C), Sp < R(C) (of left and right translations) such that:
1. (Vz,y € C) xzLy in C if and only if xLy in (Tr,C);
2. (Vx,y € C) xRy in C if and only if xRy in (C, Rs);
3. (1,X,8) ~ (T, C, Sg).
Conversely, any semigroup biact of this form is faithful, stable, and J-simple.

Proof. Assume thatX = (T,X,S) is faithful, stable, and J-simple. Then
(T, X,8) ~ (Tr,I x G x A, Sp) where (17,1 x G) is L-simple and (G x A, Sh)
is R-simple. Define C' = M(I, G, A, P) with sandwich matrix P = (1). Then
T; defines a set Ty, of left translations of C by t(i,g,\) = (¢.(i,9),\) since
t[(i7g7/\)(j7hnu)] = t(iaghvﬂ') = (t.(i,gh),,u) = (t'(i’g)’)‘)(j’ hv“) since T' acts
on I x G by G-endomorphims. By definition of the left translation associated
to t, (4,9,A) L(j,9p) in (Tr,C) if and only if A = p and (i,9) and (4, ) are
L-related in (77,1 x G) if and only if A = p if and only if z Ly in C. We
conclude by duality.

The proof of the converse is similar. O

We can actually form another embedding, intermediate between (77, I X G x
A, Sy) and FB(I, G, A), that will prove interesting to iterate the decomposition
process (see next section). Write ¢ = (¢1,¢2), where ¢ is the map defined
previously. Then ¢1(T) = T/ is a subsemigroup of 7 (I) such that (77, 1) is
L-simple, and we have ¢(T) < T7 x GT QT (I) x G! so that:

Corollary 4.16. Let X = (T, X, S) be a faithful, stable, J-simple semigroup

biact. Then there exist two sets I, A, a group G, a left subact (T{ ,I) of (T(I), 1)
and a right subact (A, ST) of (A, T°P(A)) such that:

1. ,I) is L-simple;

Ty
2. (A, ST) is R-simple;
3. (

T,X,8) = (T], I(G,G,GN (A, S]) withT — T] onto, X — I xGxA
a bijection and S — ST onto.

Conversely, any semigroup biact of this form is faithful, stable, and J-simple.

Proof. We only prove that (T/, I) is faithful and £-simple. As T} are functions
on I, the act (T],I) is clearly faithful. We prove that it is L-simple. Let
it = Ry,j = Ry € I. Then there exists ¢t € T such that tx = y by L-simplicity.
Pose ¢(t) = (r,9), f(z) = (i,h) and f(y) = (j, k). Then (j,k) = f(y) = f(tx) =

o(t)f(x) = (T, 9)(i,h) = (r(i),g(i)h) and 7"(2) = j with » € T7. The left act
(T7,1) is L-simple. O
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We deduce from Theorems 4.8 and 4.14 a second equivalent characterization
of stable, J-simple biacts.

Corollary 4.17. Let I, A be two sets and G a group. Let Ty < End(IG) (resp.
Sx < End°?(GA)) be a subsemigroup of the endomorphism monoid of the free
right G-act over I (resp. of the (opposite of the) endomorphism monoid of
the free left G-act over A) such that (Vi € I)T1(i,1) = I x G (resp. (VA €
MN[(1,\)]Sa = G x A). Then the biact (T1,I x G x A, Sp) is faithful, stable and
J -simple.

Conversely, any faithful, stable, J-simple semigroup biact is isomorphic to a
biact of this form.

Proof. The left act (T, IxG) is L-simple if and only if (Vi € I,Vg € G)T1(i,9) =
I x G if and only if (Vi € INT7(4,1) = I x G, and dually. O

Such subsemigroups are coined transitive subsemigroups of End(IG) in [16].
Finally, Proposition 4.10 allows a description by matrices:

Corollary 4.18. Let I, A be two sets and G a group. Let Ty < Mg ((G) (resp.
Sa S MY A(GQ)) be a subsemigroup of the monoid of matrices over GU{x} such
that for all i,j € I and all g € G, there exists M € Ty, M(i,) = g and dually
for all \,n € A and all g € G, there exists M € Sy, M(\,u) = g. Then the
biact (T1, M3 A\(G), Sa) is faithful, stable and J-simple.

Conversely, any faithful, stable, J-simple semigroup biact is isomorphic to a
biact of this form.

Example 4.19. Let G be a group and H, K be subgroups of G such that
HK = G, and consider the monoid biact X = (H,G, K) with multiplication
as actions. The actions are free since G is a group hence faithful. Let g =
hk € G,h € H)k € K. Then HgK = HhkK = HK = G and G is J-
simple. Let also ¢ = 'K € G,h € H,k' € K. Then gLg" if and only if
Hg = Hg' and it is left stable Moreover we can identify the set A of L-classes
with the left coset space H/G. Dually it is right stable with I ~ G\K. Finally
gH1 & g € HN K and we may take as Schiitzenberger group the group
H N K. By Theorem 4.14, X admits an embedding into the wreath product
(T(G\K),G\K))(HNK,HNK,HNK) 1 (H/G, T°?(H/G)) (bijective on its
second coordinate).

For instance let Z15 be a group of order 15 and Z3 and Z5 be the Sylow p-groups
of Z15 with order 3 and 5 respectively. They are normal subgroups so that
Z3Z5 is a subgroup of Z5 (that contains Z3 and Z5). By Lagrange Theorem,
we gCt that Z3Z5 = Z15. Also Z3 N Z5 = {1} The biact (Z3,Z15,Z5) (Wlth
multiplication as actions) is faithful, J-simple and stable. By Theorem 4.14, it
admits an embedding into the wreath product (7(3),3) ¢ (1,1,1)2(5,7T°P(5))
(where n is a set with n elements). On the other hand, the biact (Z15, Z15, Z5)
(with multiplication as actions) admits an embedding into the wreath product
(T(3),3) 1 (Zs, Zs, Z).
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Example 4.20. Consider the setup of Example 4.19, with G a group and H, K
subgroups of G such that HK = G. By Corollary 4.17, X = (H, G, K) is isomor-
phic to (M,G\K x (HN K)x H/G, N) with M a submonoid of End(G\K(H N
K)) and N a submonoid of End°?((HNK)H/G). Since H and K are groups, so
are M and N. Thus M (resp. N) is a transitive subgroup of the automorphism
group of the right (H N K)-act G\K(H N K) (resp. of the left (H N K)-act
(HNK)H/G).

Example 4.21. Let S = M(I,G, A, P) be a completely simple semigroup and
define X = (5, 5,5). This biact is faithful. We construct

Y = (T(I),1)1(G,G,G) L (A, TP(A)) = (T(I) x GI, I x G x A,G* x TP(\))
and define the map ® = (¢, f,¢) : X = Y as follows:

1. ¢:8 — T(I) x G maps t = (j,g,)) to the function i — (4, gpxi);

2. f: S8 — 1 xG x A is the identity function on S;

3.1 : S — GM x T°P(\) maps s = (4,9, 1) to the function A — (pxig, i)

Obviously, X = (5,5, ) is also isomorphic to the biact defined by the semi-
groups of inner left and right translations of the completely simple semigroup
S acting on S.

It comes to no surprise that the representation of a completely simple semi-
group in Rees matrix form also entails a simple representation of the associated
biact in terms of a matrix biact.

Example 4.22. Consider the setting of Example 4.21, with S = M(I, G, A, P)
a completely simple semigroup and X = (5,85, S5). Pose Y = M7 ,(G) (set
of matrices indexed by I x A with all coefficients * except a single one in G)
and define S; = Y P subsemigroup of MRI(G) , Sy = PY subsemigroup of
M) A(G). Then X ~ (YPY,PY), where ¢ : t — CiP, f : x = C, and
Y s PC, t,x,s € S with C(; 4 \) the matrix with g in position i, A and x
otherwise.

4.3 Structure of completely stable semigroup biacts

We now apply the previous results to completely stable semigroup biacts. Let
X = (T, X,S) be a faithful, completely stable semigroup biact. Then by Lemma
3.17 7 X is the coproduct of its J-classes (in (T, S)-biacts), which are stable
and J-simple. Let €2 denote the set of J-classes of X. For any w = J, € (Q,
(T,w, S) is a stable, J-simple biact but not faithful in general. By the previous
results, there exist (for each w € ) two sets I, and A,, a group G, and
two subsemigroups T,, < Endg,(l,G,) and S, < Endgpw(GwAw) such that
(T,w, S) admits a surjective morphism onto (7., I, x G, x A, S,) with the
central map a bijection, (T, I, X G,) is L-simple and (G, X Ay, S,) is R-simple.
Denote this morphism by @, = (¢, fw, ¥w). Finally, form the direct product of
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the previous semigroups Q = Il,cqT.,, subsemigroup of HyeqEnd(1,G,), and
P =Tl,c0S., subsemigroup of I,cqFEndg,, (G,A,). These semigroups act on
Y = Uyea Lo X Guw X Ay by (tw,w € Q) -y =ty fory € Iy x Gy X Ay, and
dually. Define ® = (¢, f,¢) : (T, X,S) = (Q,Y,P) by ¢ : t — (P, (t),w € Q),
f(@) = fw(x),z € W and ¥ : s = (Yu(s),w e Q). As (T,X,5) is faithful,
the morphism ® is a monomorphism and by construction, ¢(7") is a subdirect
product of @ = Il,cqT,,. Finally, we have proved half of the following statement
(which converse is routine):

Corollary 4.23. Let (T, X,S) be a faithful, completely stable semigroup biact.
Then there exists a set Q, and for each w € Q two sets 1,, and A, a group
Gy and two subsemigroups T,, < Endg, (1,G.) and S, < Endgpw (GwA,) such
that:

o (T, 1, x G,) is L-simple;
e (G, x Ay, S,) is R-simple;

e (T, X,8) is isomorphic to (Q',Y,P") with Y = |J,cqlw X Guw X Ay, Q'
is a subdirect product of Q = Il,eqT,, and P’ is a subdirect product of
P - Hweﬂsw.

Conversely, any semigroup biact (Q',Y, P') of this form is a faithful, completely
stable semigroup biact.

The matrix representation appears to be very convenient for the study of
coproducts.

Corollary 4.24. Let I,,A,, be sets and G,, groups indexed by w € Q, and let
I, A and G denote their respective disjoint unions over Q. Let Tp < M?l}lOCk(G)

(resp. Sp < be,l\OCk(G)) be a subsemigroup of the semigroup of block diagonal
matrices with respect to the decomposition I = \J,cq L. with coefficients in
G, U {x} respectively for each block such that for all i,j € I, g € G, there
erists M € M?:}}lOCk(G) such that M(i,7) = g (resp. for all \,u € Ay, g €
G, there exists M € MX?/ZXOC’C(G) such that M(\,u) = g). Then the biact

(TI,M??\ZOC’C(G), SA) is faithful and completely stable, where M;:%OC}C(G) is the
set of matrices indexed by I X A with all coefficients x except a single one in G,
on some row i € I, and column A\ € A, for some w € Q .

Conversely, any faithful completely stable biact is isomorphic to a biact of this
form.

Example 4.25. Let C be a completely regular semigroup. Then it is a semi-
lattice E of its J-classes J., which are completely simple semigroups. Let T' =
Meep L(J,) direct product of left translations of J., and dually S = .cgR(J.).
Then (T,C,S) is a faithful, completely stable semigroup biact. The matrix
representation of each completely simple [J-classes J. entails the previous de-
scriptions.
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5 Application - Decomposition of certain com-
pletely stable left acts

We first consider the subclass of £-simple left acts, and give structure theorems
for these left acts. Then we produce a second structure theorem for completely
stable left acts.

5.1 Decomposition of L-simple left acts

Let (T, X) be a faithful, £-simple left semigroup act (one also says that the (left)
action of T on X is transitive), and consider any subgroup G < Aut°?(rX),
automorphism monoid of the T-act X (with opposite composition as prod-

uct). First, we recover Oehmke and Steinberg’s results by studying the biact
(T, X, @G)).

Lemma 5.1. Let (T, X) be a faithful L-simple left monoid act and let G be any
subgroup of Aut®?(pX). Then X carries a (T,G)-biact structure such that X
is J-simple, I set of R-classes is equipotent to (X\G), space of right cosets, A
set of L-classes is a one element set, and we can identify any Schiitzenberger
group with G.

Proof. By definition of G, X carries a (T, G)-biact structure. As X is L-simple,
it is left stable. It is right stable since G is a group (hence [z]gg~! = z for
all z € X, g € G). It is J-simple since it is L-simple by assumption. Still by
L-simplicity, R-classes and H-classes coincide, and since G is a group H, = G
for all z € X, so that I is equipotent to (X\G), space of right cosets. Also
we can identify any Schiitzenberger group with G. More precisely, A,.(L) = G,
where L = X is the only L-class of X. O

Then, as direct consequences of Corollary 4.18 and Theorem 4.14 we deduce
the following lemmas:

Corollary 5.2. Let (T, X) be a faithful L-simple left semigroup act and let G
be any subgroup of Aut°?(pX). Then X = (T,X) admits an embedding into
(MG (G), M7 1(G)).

Thus we realized (T, X) as a semigroup of column-monomial matrices over a
group G acting on a “vector space” of monomial vectors over G, which is exactly
the purpose of Oehmke’s main Theorem[20]. But our corollary shows that the
assumption of Oehmke that 7" has a left simple left ideal with idempotent is
superflous.

Corollary 5.3. Let (T, X) be a faithful L-simple left semigroup act and let G
be any subgroup of Aut°?(pX). Then X = (T,X) admits an embedding into
the wreath product (T(X\G), (X\GQ)) 1 (G, G) bijective on its second coordinate
(equivalently, into the left act (End((X\G)G), (X\G) x G), where (X\G)G =
((X\G) x G,G) is the free right G-act with basis (X\G)).
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This is an analogue of the Kaloujnine-Krasner Theorem[12]. Actually, this
extension to monoid acts has already been obtained directly in a very close
formulation by Steinberg[27] Corollary 3.17 (for right monoid transitive actions).

We deduce the following simplification for commutative semigroups (see also
[5] Lemmas 9, 10 and Theorem 11):

Corollary 5.4. Let (T, X) be a faithful L-simple left monoid act, with T com-
mutative semigroup. Then T is a group and (T, X) ~ (T,T).

Proof. Let (T, X) be a faithful £-simple left monoid act, with 7" commutative
semigroup, and pose G = Aut®?(1rX). We can identify T" with a subsemigroup
of G (T 9 Q) since T is commutative. Thus (7, X,G) is R-simple and X
consists of a single H-class, so that X ~ G by Lemma 5.1. Let € X. We have
G = A (Ly) ~ Ay(Ry) ~ stab(H,). We prove that ¢ : stabj(H,) = T, §; — t
is well defined and an isomorphism. Let ¢, € T such that §; : H, — H, and
0y Hy — H, are equal, and let y € X. As y Lz then exists s € T,y = sz so
that ty = tsx = stx = st'z = t'sz = t'y, and ¢ and t’ are equal by faithfulness.
Thus ¢ is well defined and as dss = 50, for any s,s € T it is a morphism.
Conversely, let t € T and € X. As (T, X) is L-simple then tx £z and exists
r € T, rtx = x so that tx = [z|g:,x = [tx]g, where ¢g; and g, € G are the
automorphisms induced by ¢ and r. Finally ¢ € stab;(H,) and the map d;t — &;
is a well defined morphism from 7" to stab;(H,). By definition the maps ¢ and
d are reciprocal, hence isomorphisms. O

Example 5.5. Let A = (]0,1],.) acting on A =]0,1[ by a(a,y) = y*(Va €
A,y € A) and form the semidirect product A x A with product (a,b)(a’,V’) =
(aad’,b(b')?*). Let (U,.) be the group of units of (C,.) viewed as a multiplicative
monoid, and D* = {z € C,0 < |z| < 1} the open unit disk of C*. Then
T = (Ax A) x U acts faithfully on D* on the left by (a,b,n) -z = b|z|*~'2n (for
any (a,b,m) € T and z € D*). Some calculations prove that (T, D*) is L-simple:
let z = rei®, 2/ =1'e? € D*. As 1’ <1 and 0 < 7 then limg_or® =1 > 7/ and
exists a €]0,1[,r* > r’. Choose such an element a, and define b = 7//r®. Let
finally = ¢® =9 Then (a,b,n) - z = b|z|* 12 = bréein = 1/ = 2.

We now find a decomposition as in Corollary 5.3. First, the group U acts on
D* on the right by multiplication, and this action is compatible with the action
of T. Indeed, ((a,b,n).2) ® ¢ = blz|*"Lzn¢ = blz|*Y|¢|* " 2¢ = ((a,b,1).(2 ® C)
since |¢] = 1. Tt follows that U is a subgroup of Aut®?(rD*). Second, it holds
that D* =]0, 1[xU, and the elements of T' define endomorphims of the free U-act
10, 1[U7 since (a,b,1) - (rC’) = bronc¢’ = ((a,b,1) - (r¢)) ¢’ (for any (a,b,17) € T
and 0 < r < 1, € U). Thus (T, D*) embeds in (End(]0,1[U),]0,1[xU) with
the monomorphism bijective on its second coordinate.

We finally consider the finite case, and use the embedding (rather than the
isomorphism) result (Corollary 4.16) to get an iterated decomposition. First,
from Lemma 5.1 and Corollary 4.16 we deduce the following lemma.

Lemma 5.6. Assume X finite, |X| = n. Then either Aut(rX) = {1x} or
exist a set I,|I| < n, and a group G,|G| > 2 such that X = (T, X) admits an
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embedding bijective on its second coordinate into a wreath product (Tr, IN(G, Q)
with T — Ty onto and (T1,1I) a faithful, L-simple left semigroup subact of
(T, 1).

As above, we can take G = Aut®?(7X) as a Schiitzenberger group of X,
and identify I with the space of right cosets X\G. By construction, X carries
a right action of G = Aut°?(pX) that is T-equivariant.

By iteration of Lemma 5.6 on faithful, £-simple left semigroup acts until
their automorphism group is trivial we get:

Corollary 5.7. Let (Ty, Xo) be a faithful L-simple semigroup left act with X
finite. Then there exist finite sequences:

e of non-trivial groups G, ...,Gp;
o of semigroups T, ..., Tp;
o of sets Xq,...,Xp;
such that for any k=1,...,p:
1. Each group Gy, acts on Xp_1 on the right, and the action is Ty _1 -equivariant;
2. Xi ~ Xk—1\Gg;

3. Ty acts on Xy, on the left and each left act (T, Xi) is faithful and L-
stmple;

4. (Tx—1,Xp—1) admits an embedding, bijective on its second coordinate, into
the wreath product (T, Xi) (G, Gk), with Ty—1 — Ty onto;

and such that finally Aut(r, X,) is trivial. Moreover, we can take Gy, ~ Aut®(r,_, Xp—1)
forallk=1,...,p.

In particular (Tp, Xo) embeds in the iterated wreath product (T}, X,)?
(Gp, Gp) 1 (Gp=1,Gp=1) 1... 1 (G1,G1). Using the dual construction we get:

Corollary 5.8. Let (T, X, S) be a faithful J-simple semigroup act with X finite.
Then there exist:

1. a finite sequence of non-trivial groups Go, GY, ..., Gi,, T Gys
2. a L-simple left act (T, X,) such that Aut(r,X,) is trivial;
3. and a R-simple left act (Xq,Ty) such that Aut®?((X,)s,) is trivial
such that (T, X, S) embeds in the iterated wreath product
(T, Xp) UG, GV UG, GE) U(Go, Go, Go) UG, G U (G, G) U (X, Sg)

Finally, for a finite, £-simple left semigroup act, it happens that End(rX) =
Aut(rX) (this was recognized in [27] Proposition 2.4, and also appears in Chen’s
Thesis[4]):
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Proposition 5.9. Let (T, X) be a L-simple left semigroup act with X finite.
Then End(rX) = Aut(rX).

Proof. Let f € End°?(7rX). Then [X]f is a T-subact of X and by L-simplicity
[X]f = X, thus f is surjective. As X is finite then f is bijective, and its
reciprocal being an endomorphism, f € Aut®?(7X). O

5.2 Structure of completely stable left semigroup acts

Regarding completely stable left semigroup acts, we have:

Corollary 5.10. Let (T,X) be a faithful left semigroup act, completely left
stable. Then (T, X, Aut°P(r X)) is faithful and completely stable.

In particular, it decomposes as in Corollaries 4.23 or 4.24.

Proof. By the previous results, (T, X, Aut®?((7X)) is a faithful completely left
stable biact. Let z € X, g € Aut?(7X). Then [z]gg~! = x and [z]gR z, so
that the biact is completely right stable. O

Example 5.11. We consider the semigroup T = (A x A) x U of Example 5.5,
and define a left action of 7" on C by:

(a,b,n)-0=0

(a,b,m)-z="blz|*"tanif 0 < |2] <1

(a,b,m) - z=2nif |z| =1

(a,b,n) -z =0b"tz[*tznif 1 < |2

The same calculations as in Example 5.5 show that it is completely left

stable, hence the coproduct of its L-classes. There are exactly four L-classes:
{0}, D*, U and {z € C,|z| > 1}. As (T,C) is also faithful, it decomposes as in
Corollary 4.23: (T, C) is isomorphic to (T7,Y) with

Y ={0}U(]0,1[xU)UU U (]1,400[xU)

and 7" a subsemigroup of the semigroup of functions (C0:*[ ) with pointwise
multiplication that leave invariant each of the previous sets {0}, (|0, 1[xU), U,
(]1,400[xU), and whose action is transitive on each set.

6 Conclusion and perspectives

The results obtained in this article plaid in favor of a thorough study of semi-
group biacts and Green’s relations upon them, as it has been the case for
semigroups. There are however at least two major and obvious obstacles to
a straightforward rewriting of the existing semigroups results. One is the lack
of symmetry between the semigroups and the set on which they act. The second
is the absence of “idempotents” in semigroup biacts. This renders for instance
constructions defined for regular semigroups (that play a prominent role in the
local structure theory of semigroups) not directly attainable.
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In forthcoming papers, we will try to pursue this research and study notably
minimal subacts (“kernels”), Rees quotients and traces of D-classes (biacts with
zero), finitness properties based on Green’s relations, and extensions of the
Green’s relations.
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