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Abstract

The framework of C-varieties, introduced by the third author, extends
the scope of Eilenberg’s variety theory to new classes of languages. In
this paper, we first define C-varieties of actions, which are closely related
to automata, and prove their equivalence with the original definition of
C-varieties of stamps. Next, we complete the study of the wreath prod-
uct initiated by Esik and Ito by extending its definition to C-varieties in
two different ways, which are proved to be equivalent. We also state an
extension of the wreath product principle, a standard tool of language
theory. Finally, our main result generalizes to C-varieties the algebraic
characterization of the closure under product of a variety of languages.

Through the work of Eilenberg [3] and Schiitzenberger [13], the theory of
varieties of finite semigroups and monoids emerged as an essential tool in the
study of the algebra underlying families of regular languages. The current liter-
ature on the subject (see [10, 2] for a comprehensive bibliography) attests to the
richness of this theory and the diversity of its applications in an increasing num-
ber of research fields including automata theory and formal languages but also
model theory and logic, circuit complexity, communication complexity, discrete
dynamical systems, etc. However, some important families of languages arising
from open problems in language theory (the generalized star height problem),
logic and circuit complexity [17], do not form varieties of languages in the sense
originally described by Eilenberg. To study these new varieties of languages,
Straubing [18] recently introduced the notion of C-varieties. A similar notion
was introduced independently by Esik and Ito [6]. The formal definition of a
C-variety of languages is quite similar to Eilenberg’s except that it only requires
closure under inverse images of morphisms belonging to some natural class C.
(In the important applications, this class C is typically either the class of all
length-preserving morphisms, or of all length-multiplying morphisms. In con-
trast, the theory developed by Eilenberg requires closure under inverse images of
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arbitrary morphisms, or all non-erasing morphisms.) In place of the finite semi-
groups and monoids of the original theory, Straubing considers stamps, which
are surjective morphisms from a free monoid onto a finite monoid. This new
approach permits an algebraic study of families of languages that could not be
treated in Eilenberg’s original framework. Examples include languages occur-
ring in circuit complexity, temporal logic [5, 6, 7], and languages of generalized
star height < n for a given n.

The original tools developed for the restricted theory must now be extended
to this new setting. Early papers by Kunc [8], Pin-Straubing [11], and Esik-
Ito [6] have already shown the way by generalizing the equational theory for
C-varieties, the Mal’cev product and the cascade product. The present paper
is a further contribution to the theory. We first define C-varieties of actions,
which are closely related to automata, and prove their equivalence with the
original definition of C-varieties of stamps. Next, we complete the study of
the wreath product initiated by Esik and Ito by extending its definition to C-
varieties in two different ways, which are proved to be equivalent. We also state
an extension of the wreath product principle, a standard tool of language theory.
Finally, our main result generalizes to C-varieties the algebraic characterization
of the closure under product of a variety of languages: if V is the C-variety of
stamps associated with a C-variety of languages V, then the variety of stamps
associated with the closure of V under concatenation product is the Mal’cev
product A @) V.

Throughout the paper, all monoids are either finite or free. In particular,
”variety of monoids” will mean variety of finite monoids.

1 C-varieties

In this paper, C denotes a class of morphisms between finitely generated free
monoids that is closed under composition and contains all length-preserving
morphisms. Examples include the classes of all length-preserving morphisms
(morphisms for which the image of each letter is a letter), of all length-multiplying
morphisms (morphisms such that, for some integer k, the length of the image of a
word is k times the length of the word), all non-erasing morphisms (morphisms
for which the image of each letter is a nonempty word), all length-decreasing
morphisms (morphisms for which the image of each letter is either a letter or
the empty word) and all morphisms.

We now define successively C-varieties of stamps, of actions and of languages.

1.1 Stamps

We briefly recall the definitions introduced in [18, 11]. Similar, but slightly more
restricted notions, were also introduced in [5, 7].

A stamp is a morphism from a finitely generated free monoid onto a finite
monoid. A stamp ¢ : A* — M is said to be trivial if M is the trivial monoid. A
C-morphism from a stamp ¢ : A* — M to a stamp ¢ : B* — N is a pair (f, «),
where f: A* — B*isinC, a« : M — N is a monoid morphism, and ¢o f = cop.
If f and « are both bijections then the pair (f, «) is an isomorphism. Note that
this implies f is length-preserving and thus the notion of isomorphism does not



depend upon the class C. In the remainder of this paper, we do not distinguish
between isomorphic stamps.

A stamp ¢ : A* — M C-divides a stamp ¢ : B* — N if there is a pair
(f,m) (called a C-division), where f : A* — B*isin C, n: N — M is a partial
surjective monoid morphism, and ¢ = now o f. If f is the identity on A*, the
pair (f,n) is simply called a division. Note that C-division is transitive [18] but
not antisymmetric. However, if ¢ C-divides ¢ and v C-divides ¢, then the finite
monoids Im(p) and Im(¢)) are isomorphic.

The product of two stamps @1 : A* — M7 and @y : A* — My is the stamp
¢ with domain A* defined by ¢(a) = (p1(a),p2(a)). The image of ¢ is a
submonoid of M; x Ms.

A C-variety of stamps is a class of stamps containing the trivial stamps and
closed under C-division and finite products. When C is the class of all (resp.
length-preserving, length-multiplying, non-erasing, length-decreasing) morphisms,
we use the term all-variety (resp. Ip-variety, Im-variety, ne-variety, ld-variety).

As was mentioned before, Eilenberg’s varieties can be considered as a partic-
ular case of C-varieties. Indeed, given a variety of monoids V, the class of stamps
whose range is in V is an all-variety of stamps, and any all-variety of stamps
is of this form [18]. A similar observation holds for varieties of semigroups and
ne-varieties.

1.2 Actions
1.2.1 Definitions

Let P be a finite non-empty set. Recall that a transformation on P is a function
u :p+— p-u from P into itself. The product of two transformations v and v
is the transformation uv defined by p- (uv) = (p-u)-v. We denote by T(P) the
monoid of all transformations on the set P.

Let A be an alphabet. A (right) action of A on P is a map P x A — P,
denoted (p,a) — p-a. An action of A on P is usually denoted by (P, A, -), but
the symbol - is often omitted, in the same way as operation symbols are omitted
in group or semigroup theory. An identity action on the alphabet A is an action
(P, A) such that p-a = p for each p in P and a in A. Such an action is denoted
by Ip (A)

We now detail the connections between stamps and actions. We first asso-
ciate a stamp with an action (P, A) as follows. Extend recursively the action of
A on P toamap P x A* — P by setting, for all p € P, p-1 = p and for all u
in A* and a in A, p-ua = (p-u)-a. Then the function y : A* — T(P) which
maps the word u onto the transformation p — p- u defines the stamp associated
with the action (P, A) and is denoted by Stp(P, A). The set u(A*) is called the
transformation monoid of the action (P, A).

Conversely, given a stamp ¢ : A* — M, define an action (M, A) by setting,
for each m € M and a € A, m-a = mep(a). This action is called the action
associated with the stamp @, and is denoted by Act(y).

The product of two actions (P, A) and (P, A) (denoted by (Py, A) x (Ps, A))
is the action (P; X P2, A) defined by (p1,p2)-a = (p1-a,p2-a). This corresponds
to the notion of a direct product of automata, see [6]. A C-morphism from
an action (P, A) into an action (@, B) is a pair (f,n) where f: A* — B* is



inC and n : P — @ is a function satisfying, for each p € P and a € A,
n(p-a) =n(p)- f(a).

An action (P, A) C-divides an action (Q, B) if there is a pair (f,n) (called
a C-division) where f: A* — B* isin C and 1 : @ — P is a surjective partial
function such that for each ¢ € Dom(n) and each a € A, n(q)-a = n(q- f(a)).
When A = B and f is the identity on A*, the pair (f,n) is simply called
a division. The notion of C-division generalizes the definition of division of
transformation monoids and captures the intuitive notion of simulating one
automaton by another. The class C enters the picture in the manner in which
letters of the divisor action are encoded by words in the divided action. It is
easy to see that C-division of actions is transitive. We will need the following
straightforward lemma in the sequel.

Lemma 1.1 Let (P;, A), (Qi, A) be actions such that (P;, A) divides (Q;, A) ,
fori=1,2. Then (Py, A) x (P, A) divides (Q1,A) x (Q2,A).

Although it is clear that for any stamp ¢, Stpo Act(p) = ¢, the action
Act o Stp(P, A) differs in general from (P, A). However the following result holds.

Lemma 1.2
(1) The action ActoStp(P, A) divides the product (P, A)I*!.
(2) The action (P, A) divides the product Ip(A) x ActoStp(P, A).

Proof. Let (M, A) = Acto Stp(P, A).

(1) The natural embedding of M into P? respects actions of A.

(2) Let n : P x M — P be the map defined by n(p,m) = p-m. This map
is onto since p-1 = p, and for every a € A, p € P and m € M, n(p,m)-a =
(p-m)-a = p-(m-a) = n(p,m-a) = n((p,m)-a). Thus the pair (Ida~,n) is a
division from (P, A) into Ip(A) x (M, A). O

1.2.2 (C-varieties of actions

Let 'V be a C-variety of stamps, and let V,¢; be the collection of all actions
whose underlying stamp belongs to V. We call V,; a C-variety of actions. The
proof of the following result is trivial.

Proposition 1.3 The mapping V +— Vet is one-to-one.

The inverse of this mapping assigns to a C-variety of actions W the collection
of stamps {Stp(P, 4) | (P, A) € W}.

As an example, given a variety of monoids V, the class of actions whose
transformation monoid is in V is an all-variety of actions [18]. When C is the
class of Ip-morphisms, C-varieties of actions correspond to the g-varieties of [6].
Length-preserving and length-decreasing varieties of actions closed under the
cascade product also appeared in [4].

The main result of the section is:

Theorem 1.4 A collection of actions is a C-variety if and only if it contains
all identity actions and is closed under product and C-division.



Proof. We will use the following auxiliary lemmas:

Lemma 1.5 Let (P, A) and (P2, A) be two actions. Then Stp((Py, A)x (P2, A)) =
Stp(PlvA) X Stp(PQa A)

The proof is trivial.

Lemma 1.6
(1) If an action (P, A) C-divides an action (Q,B), then Stp(P, A) C-divides
Stp(Q, B).
(2) If a stamp ¢ C-divides a stamp 1, then Act(yp) C-divides Act(1)).

Proof. (1) Let (f,n) be a C-division from an action (P, A) into an action (@, B).
Let p = Stp(P, A) and v = Stp(Q, B). We claim that, for every u,v € A*,
vo f(u) = vo f(v) implies pu(u) = p(v). Indeed, let p € P and let ¢ € Q be
such that n(q) = p. If vo f(u) = v o f(v), then in particular ¢- f(u) = ¢- f(v),
whence 7(q- f(u)) = n(g- f(v)). Now n(g- f(u)) = n(q)- v = p-u and similarly,
n(q- f(v)) = p-v. It follows that, for each p € P, p-u = p-v and thus p(u) =
w1(v), which proves the claim. Consequently, there is a surjective morphism
p:Im(vo f) — Im(p) such that povo f = p, and p C-divides v.

(2) Let (f,n) be a C-division from a stamp ¢ into a stamp . Then one
verifies easily that (f,7n) is also a C-division from Act(p) into Act(¢)). O

We return to the proof of Theorem 1.4. By Lemmas 1.5 and 1.6, it is immedi-
ate that a C-variety of actions is closed under C-division and product. Further,
it is clear that for any identity action Ip(A), Stp(Ip(A)) is a trivial stamp.
Therefore, a C-variety of actions contains all identity actions. Conversely, let
A be a collection of actions containing all identity actions and closed under
C-division and product. Let V = {Stp(Q, A) | (Q, A) € A}. We show that V
is a C-variety of stamps and that A = V,¢;. First, by Lemma 1.5, V is closed
under product. Now, let ¢ be a stamp in V and let ¢ be a stamp C-dividing 1.
By construction of V, ¥ = Stp(Q, A), for some (@, A) in A. By Lemma 1.2, the
action Act(¢)) = Act o Stp(Q, A) divides (Q, A)!9! and is thus in A. By Lemma
1.6, Act(p) C-divides Act()). Thus, Act(yp) is in A and Stpo Act(p) = ¢ is in
V. Therefore, V is a C-variety of stamps. By definition of V, it is immediate
that A C V,e. Conversely, let (P, A) € V,et. Then Stp(P, A) is in V, which
means that Stp(P, A) = Stp(Q, A), for some action (@, A) in A. Therefore,
by Lemma 1.2, Acto Stp(P, A) divides (Q, A)I®! and is thus in A. By Lemma
1.2, (P, A) divides Ip(A) x ActoStp(P, A) and since A contains all identity
actions, (P, A) is in A. Thus, A = V,, and A is a C-variety of actions. O

Note that the condition on identity actions is truly necessary. Indeed, there
exist collections of actions closed under product and C-division that are not C-
varieties. For example, let A be the collection of actions (P, A) such that for
any p,p’ in P and a in A, there exists n > 0 such that p-a™ = p-a"*t! = p’-a" =
p'-a™t. Then, one can verify that A contains I;(A), is closed under product
and Ip-division, and does not contain I3(A). Since Stp(I1(A4)) = Stp(I2(4)) =
p: A* — {1}, A is not a Ip-variety of actions.



1.3 (C-varieties of languages

A language L C A* is recognized by a stamp ¢ : A* — M if and only if there
exists a set I C M such that L = o~ 1(I). Similarly, a language L C A* is
recognized by an action (P, A) if and only if there exist an initial state py € P
and a set of final states F C P, such that L = {u € A* | pp-u € F}.

Given a language L C A*, let (@, A) be the action induced by the complete
minimal automaton of L. It follows from standard automata theory that an
action (@, A) recognizes L if and only if (Qr,A) divides (@, A). We shall also
use the following straightforward lemma.

Lemma 1.7 If an action (P, A) divides an action (Py, A), any language rec-
ognized by (P1, A) is recognized by (Pa, A).

The stamp associated with the action (Qr, A) is called the syntactic stamp
(or syntactic morphism) of L. In particular, a language is recognized by a stamp
@ if and only if its syntactic stamp divides .

A class of recognizable languages V assigns to each finite alphabet A a set
V(A*) of recognizable languages of A*. Given a C-variety of stamps V, the class
V of languages recognized by some stamp in V is called a C-variety of languages.
Note that a language is in V if and only if its syntactic stamp is in V. It is
shown in [18] that a class V of languages is a C-variety of languages if and only
if it satisfies

(1) for every alphabet A, V(A*) is a Boolean algebra, that is, is closed under
finite union, finite intersection and complement,

(2) if L € V(A*) and a € A then a™'L and La™! are in V(4%),
(3) if ¢: A* — B* is a morphism in C, L € V(B*) implies ¢~(L) € V(A*).
Moreover, the correspondence V — V is one-to-one.

We now state an analogous result for C-varieties of actions. A similar result
was proved by Esik for [p-varieties (see [6, Theorem 2.9] and [7, Theorem 8.5]).

Theorem 1.8 Let V be a C-variety of stamps, and let V consist of all the
languages recognized by actions in Vaer. Then V is the C-variety of languages
corresponding to V.

Proof. The result follows almost immediately from the properties of the syn-
tactic stamp recalled above. O

2  Wreath products

2.1 Sequential products of actions

The sequential product of actions corresponds to the notion of cascade product
of automata in the work of Esik and Ito [6].

The sequential product of two actions (P,Q x A) and (Q, 4) is the action
(PxQ, A) defined by (p,q)-a = (p- (q,a), q-a) and denoted by (P, @x A)o(Q, A).
Observe that for a word u = ay - - - ayn,

(p.@)-u=(p-(q,a1)(q-a1,a2) - (q- a1+ Gn_1,an),q- u).



We now state some basic properties of the cascade product in terms of ac-
tions. The straightforward proofs are omitted.

Proposition 2.1 For any actions (P,Q x R x A), (Q,R x A) and (R, A), the
sequential product ((P, QxRxA)o(Q,Rx A)) o(R, A) is isomorphic to (P, Q X
RxA)o ((Q,Rx A)o (R, A)).

Proposition 2.2 Let S; be a sequential product (P;, Q;x A)o(Q;, A) fori=1,2.
Define an action U = (P X Py, Q1 x Q2 x A) by setting (p1,p2) - (q1,92,a) =
(p1-(q1,a),p2 - (g2,a)). Then Uo ((Q1,A) X (Q2,A)) is isomorphic to S1 X Sa.
Moreover, U can be obtained from the actions (P;, Q; x A) by lp-divisions and
product.

The next proposition shows that the sequential product preserves division.

Proposition 2.3 Let B = Q x A and suppose that the action (P, B) divides
the action (Pa, B). Then for any action (Q, A), (P1, B)o(Q, A) divides (P, B)o
(Q,A).

Proof. Let the pair (Idp~,n) be a division from (Pi,B) into (P, B). Let
(Q,A) be an action. Define the partial function 7 : P, x @ — P; X Q by
setting, for each (p,q) in Dom(n) x Q, 7(p,q) = (n(p),q). One verifies that the
pair (Ida-,7) is a division from (P, B) o (@, A) into (P, B) o (Q,A). O

2.2 Wreath product of C-varieties of actions

Let V, W be two C-varieties of actions. A (V, W)-sequential product is an
action of the form (P,Q x A) o (Q,A) with (P,Q x A) in V and (Q, A) in W.
We define V + W to be the class of all actions that C-divide a (V, W)-sequential
product. The class V x« W is called the wreath product of the C-varieties of
actions V and W.

To avoid technical difficulties, we restrict ourselves to some specific classes of
morphims, that nevertheless include all classical examples. A class of morphisms
C is said to be convenient if it is closed under composition, contains all length-
preserving morphisms and satisfies that membership of a morphism f : A* — B*
in C depends only on the set of integers {|f(a)| | « € A}. We did not find
any natural example of nonconvenient classes. A rather artificial example of a
nonconvenient class is the class of all morphisms f : A* — B* such that, for
each letter a in A, there exists b in B such that f(a) € b*.

Although the definition of the wreath product depends on the class C, the
following proposition shows that one can write V x* W without referring to C,
provided C is convenient. Indeed, in this case V * W appears to be the class of
all actions that Ip-divide a (V, W)-sequential product.

Proposition 2.4 Let C be a convenient class of morphisms and let V. and W
be two C-varieties of actions. An action (P, A) is in V « W if and only if there
exist a (V, W)-sequential product (T,Q x A)o(Q, A) and a division from (P, A)
into (T,Q x A) o (Q,A).



Proof. Let (P, A) be an action in V « W. By definition, there exist a (V, W)-
sequential product (T, Q x B) o (Q, B) and a C-division (f,n) from (P, A) into
(T,Q x B)o(Q, B). Define a morphism g: (Q x A)* — (Q x B)* by g(¢,a) =1
if f(a) =1 and

9(q,a) = (g,b1)(q-b1,b2) -~ (q- b1 -~ b1, b)

when f(a) = by---bx. The morphism g is in C because f is in C and C is
convenient. Define an action (T, Q x A) by setting

t-(gq,a) =t g(q,a).

The pair (g, Idr) is a C-division from (T,Q x A) into (T,Q x B) and thus
(T,Q x A) is in V. In the same way, define an action (Q, A) by setting

q-a=q- f(a).

This action is in W since (f, Idg) is a C-division from (Q, A) into (@, B). Con-
sider now the (V, W)-sequential product S = (T,Q x A) o (Q,A). Let us
show that the pair (Ida-,n) is a division from (P, A) into S. Indeed, for each
(t,q) € Dom(n) and a € A,

n((t,q)-a) =n(t-(q,a),q-a) =n(t-(g,b1) (g b1+ bk—1,bx),q- f(a))
=n((t,q) fla)) =n(t,q)-a
where by - by, = f(a). O

Theorem 2.5 IfC is a convenient class of morphims and V, W are C-varieties
of actions, then V x W is a C-variety of actions.

Proof. It is immediate that V « W contains W and thus all identity actions.
Closure of V « W under C-division is given in the definition itself. Thus, we
only verify that V «* W is closed under product. To this end, let (P;, A) and
(P2, A) be two arbitrary actions in V « W. By Proposition 2.4, there exist two
divisions (Ida-,n;) for i = 1,2, from (P;, A) into a (V, W)-sequential product
S; of the form (T}, Q; x A) o (Q;, A). By Proposition 2.2, the product S; x Sy
is in Vx W. By Lemma 1.1, the product (P;, A) X (P2, A) divides S X Ss.
This shows that (P, A) X (P2, A) is in VW, which completes the proof. O

2.3 Wreath product of C-varieties of stamps

Our definition of the wreath product of C-varieties of stamps is not as easy to
manipulate as the wreath product of C-varieties of actions. Notice though that
we require the same restriction on convenient sets of morphisms as in the case
of actions.

In the case of monoids, recall that the wreath product N o K of two monoids
N and K is defined on the set N¥ x K by the following product:

(f1,k1)(f2, k2) = (f, k1k2) , with f(k) = f1(k) f2(kk1).

Let C be a convenient class of morphisms and let V, W be two C-varieties of
stamps. A (V, W)-product stamp is a stamp ¢ : A* — M such that:



(1) M is a submonoid of a wreath product N o K, where N and K are finite
monoids.

(2) Let # : No K — K be the canonical projection morphism. Then the
stamp mo @ : A* — (M) is in W.

(3) For a in A, we can write ¢(a) = (fa, mo¢(a)) where f, is in N¥. We now
treat K x A as a finite alphabet and we define a stamp ® : (K x A)* —
Im(®) C N by ®(k,a) = fo(k). We require ® to be in V.

We define V «+ W to be the class of all stamps that C-divide a (V, W)-product
stamp. The class V « W is called the wreath product of the C-varieties of
stamps V and W. We will need the following technical lemma, whose proof is
straightforward.

Lemma 2.6 Let ¢: A* - M C NoK be a (V,W)-product stamp defined with
the notations used in the above definition. Then, for each k in K, the stamp
O (m(M) x A)* — Im(Py) C N, defined by Pp(z,a) = fo(kx), is in V.

We are now ready to state the main result of this section.

Theorem 2.7 Let C be a convenient class of morphisms, and (R, B) an action.
Let V and W be C-varieties of stamps. Then (R, B) € Vet * Wyt if and only
if Stp(R,B) € V«W.

Proof. Let (R, B) € V,uet*¥Wact. Then, (R, B) C-divides a (Vact, Wact )-sequential
product (P,Q x A) o (Q,A). Denote by p: A* - X C T(P x @) the stamp
Stp((P,Q x A) o (Q, A)). We show that pis in V « W.

Denote by 9 : A* — K the stamp Stp(Q, A). Note that K is a submonoid
of T(Q). Let N = Z(P)?, and for each a in A, let f, : K — N be the following
function: for each k in K, f,(k) is the function @ — T(P) defined, for each ¢
in @ and p in P, by

pfa(k)(q) = p- (g, a). (1)
In the latter formula, ¢k is an element of @ and p- (¢k, a) denotes the result of
the action of the letter (gk,a) of @ x A on the element p of P.

Define a stamp ¢ : A* — M C N o K by setting, for each a in A, p(a) =
(fa,¥(a)) and let m: N o K — K be the natural projection morphism.

Lemma 2.8 The stamp ¢ is a (V, W)-product stamp.

Proof. It suffices to verify the properties defining a (V, W)-product stamp:
(1) M is a submonoid of N o K,
(2) the stamp 7o @ is in W,
(3) the stamp @ is in V.

The first property is trivial. The second one follows from the equality mop = 1.
Note also that 7(M) = mop(A*) = »(A*) = K. For the third one, observe that
® is the product of the stamps ~y, from (K x A)* onto a subset of T(P) defined
by setting, for each ¢ in @,

Yq(kya) = fa(k)(q).



Thus it suffices to show that each stamp v, is in V. Such a stamp is associated
with the action (P, K x A),, defined by setting, for each p in P and (k,a) in
(K x A),
p- (k,a) = 74(k,a)(p) = pfa(k)(q)-

Proving that 7, is in V amounts to showing that (P, K x A)q is in Vet Let gq
(K x A)* — (Q x A)* be the length-preserving morphism defined by g,(k,a) =
(gk,a). Then, the pair (g4, Idp) is a C-division from the action (P, K x A), into
(P,QxA). Now since (P, @xA)isin Vue, (P, K x A)4 is in Ve, as well, and thus
vq 18 in V. It follows that ® is in V and ¢ is a (V, W)-product stamp. O

We claim that the stamp p C-divides . We first need the following lemma.

Lemma 2.9 For any words u,v in A*, o(u) = p(v) implies p(u) = p(v).

Proof. Let w =aj---a,. Then

SD(U’) = (flll ) 1/’(@1)) T (fanuw(an)) = (f’m ¢(U)) (2)
where, for each k in K, f,(k) is a map from @ into T(P) which satisfies
fulk) = fa, (k) fay (K(a1)) - -+ fa, (Kip(ay - - an_1)). (3)

Since 9 is the stamp associated with the action (@, A), it follows from (1) that,
for 1 <4< n and for eachp € P and q € Q,

pfa;(Y(a1---a;i-1))(q) = p-(q-a1---a;-1,a;).

Equation (3) becomes in particular,

fu(l) = fa1(1)fa2 (dj(al)) T fan (dj(al T an—l))

whence
pfu(1)(q) = p- (¢, a1)(q-ar,a2) - (q- a1+ an—1,an). (4)
Now, by definition of the sequential product (P x @, A) = (P,@ x A) o (Q, A),

(p,@)-u=(p-(g,a1) (g a1 an—1,an),q-u) = (pfu(1)(q), ¢ ¥(u). (5)

It follows from (2) that if p(u) = ¢(v), then f, = f, and ¥ (u) = ¢ (v). Thus,
by (5), (p,q)-u = (p,q)-v for each (p,q) in P x Q, that is, p(u) = p(v). O

Now, by Lemma 2.9, there exists a surjective morphism « : M — X such that
a oy = p, so that (Ida+,a) is a division from p into ¢. Thus, p is in V x W
and since by Lemma 1.6, Stp(R, B) C-divides p, Stp(R, B) is in V « W as well.

Conversely, let (Q, B) be an action such that Stp(Q,B) € V « W. Then,
Stp(Q, B) C-divides a (V, W)-product stamp ¢ : A* - M C No K. Let 7
be the natural projection from N o K into K. We can write for each word w,
o(u) = (fu, mop(u)), with f, : K — N. By definition, the map 7oy is in W and
by Lemma 2.6, the stamp @, : (w(M) x A)* — I, C N, defined by Py (z,a) =
fa(kz), isin V for each k € K. In order to show that the action (M, A) = Act(y)

10



is in Vieq * Wyey, we will verify that Act(¢) C-divides (L, 7(M) x A)o Act(mwop),
where (L, m(M) x A) denotes the product [], ., Act(®x). Notice that L is a
subset of N¥. The action (L, 7(M) x A) satisfies, for each £ = ({},)rex € L,x €
m(M) and a € A,

(- (x,a) = (ﬂk ‘I’k(xva))kel( = (ﬂk fa(kx))kel('

The action ([T, Act(®r))oAct(rop) is of the form (Lx (M), A) and satisfies
(4,z)-a= (¢ (x,a),z- a). For the sake of conciseness, given a word u = ay - - - an
in A* and z in 7(M), we denote by ®j(x,u) the element

D ((z,a1)(xmop(ar),az) - (xmop(ar - an—1),an)).

Then we have for each word v and each k in K:

41, 1) = far (k) far (Km0 p(a1)) -+ fa, (kw0 p(ar -~ an,)) = fu(k)

Now let R = {((®x(1,u))rex,mo p(u)) | u € A*}: R is a subset of L x 7(M).
Moreover, it follows from the above remark that R = {(fu, 70 ¢(u)) | u €
A*} = M. Consider a partial function n : L x 7(M) — M, with domain
R = M, as the identity on its domain. This function maps onto M, and
the pair (Ida~,n) is a trivial division from the action Act(y) into the action
(TTyex Act(®r)) o Act(m o ).

Now, for each k in K, Stpo Act(®;) = P, is in V. Thus, by Lemma 1.5,
Stp([Trex Act(®r)) = [lrex StpoAct(®y) is in 'V and [], o Act(Py) is in
Vaet- One also verifies that Act(m o ¢) is in W,et. Finally, Act(y) C-divides a
(Vact, Waet )-sequential product, and thus it is in Vet * Wayet. By Lemma 1.6,
ActoStp(Q, B) C-divides Act(p). Moreover, by Lemma 1.2, (Q, B) C-divides
Io(B) x (ActoStp(Q, B)). Thus, (Q, B) is in Vag * Waet as well. O

As a consequence, we get by Proposition 1.3:

Theorem 2.10 VW is the C-variety of stamps corresponding to Vet * Wyct.

3 The Wreath Product Principle for C-varieties

The wreath product principle (WPP for short) gives a description of languages
recognized by an action of V x W. Results of this section are based on similar
results for automata, transducers and monoids [15, 12] as well as extensions of
these results to Ip-varieties [6]. Proposition 2.4 enables us to readily extend the
results of [6] to all C-varieties, when C is convenient. Thus, we shall assume from
now that C is a convenient class. We will state the WPP in terms of actions
rather than stamps since it will be used this way in the sequel.

Recall that a (pure sequential) transducer is a 6-tuple 7 = (Q, 4, B, qo, - , *)
where A = (Q, A, qo, ) is a complete deterministic finite automaton, B is a
finite alphabet called the output alphabet, and (g,a) — g *a € B* is called
the output function. This output function can be extended to a function from
Q x A* to B* by setting ¢ * 1 = 1 and, for each word u, each letter a and each
state ¢,

qx (ua) = (¢ +u)((q-u) * a).
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The function realized by the transducer 7 is the function o : A* — B* defined by
o(u) = go*u. The input action of T is the action (Q), A) defining the transitions
of 7. The output morphism of T is simply the morphism from (Q x A)* into B*
which maps every letter (g, a) of @ x A onto the word gxa in B*. The transducer
T is a C-transducer if its output morphism belongs to C. A C-sequential function
is a function that can be realized by a C-transducer. Notice that if C = lp, an
Ip-transducer is just a Mealy automaton. The following proposition illustrates
the natural links between sequential products and C-sequential functions.

Proposition 3.1 Let V and W be two C-varieties of actions. Let V (resp. U)
be the C-variety of languages associated with 'V (resp. V « W ). Then, if L is
a language of V(B*) and o: A* — B* is a C-sequential function realized by a
transducer whose input action is in W, then o1 (L) is in U(A*).

We now focus on some specific Ip-sequential functions in order to state the
WPP. Given an action (@, A) and go in @, we define the function o4, : A* —
(Q x A)* by setting

Oqo ((11 e 'an) = (QOaal)(QO' a17a2) e ((ZO ap--- an—luan)

The function oy, is realized by a Mealy automaton with initial state g, input
action (Q, A), output function defined by ¢ * a = (¢,a) and all states final. A
sequential function o is said to be associated with (Q, A) if o0 = o, for some ¢
in Q. We now state the WPP in terms of actions.

Theorem 3.2 (WPP) Let L C A* be a language recognized by an action of
the form (P,Q x A)o (Q,A). Then L is a finite union of languages of the form
Wno=Y(V), where W C A* is recognized by (Q, A), o is a C-sequential function
associated with the action (Q, A) and V C (Q x A)* is recognized by (P,Q x A).

Recall that a positive Boolean algebra on A* is a set of languages of A* that
is closed under finite intersection and finite union. We can now state the WPP
in terms of varieties.

Proposition 3.3 Let V, W be two C-varieties of stamps and let U be the C-
variety of languages associated with V x W. For each alphabet A,

(1) U(A*) is the smallest positive Boolean algebra containing W(A*) and the
languages of the form o=*(V'), where o is the C-sequential function asso-
ciated with an action (Q,A) in W and V is in V((Q x A)*).

(2) Fach language in U(A*) is a finite union of languages of the form W N
oY (V) where W is in W(A*), o is the C-sequential function associated
with an action (Q,A) in W and V is in V((Q x A)*).

4 Closure under concatenation product
In view of Eilenberg’s variety theorem, one may expect some relationship be-
tween operators on languages (of a combinatorial nature) and operators on va-

rieties of stamps (of an algebraic nature). Several such results have been proved
in the setting of Eilenberg’s varieties. In particular, the third author gave in
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[14] an algebraic counterpart to the closure of languages under concatenation
product .

In the present section we extend this result to C-varieties. The algebraic part
makes use of the Mal’cev product, an operation that was extended to varieties
of stamps in [11]. Let A be the variety of all aperiodic monoids. A relational
morphism 7 : M — N is said to be aperiodic if, for every idempotent e of
N, the semigroup 7~ !(e) is aperiodic. It is well-known that 7 is aperiodic if
and only if, for every aperiodic subsemigroup 7' of N, the semigroup 7 (7T
is also aperiodic. It follows in particular that the composition of two aperiodic
relational morphisms is aperiodic.

Given a C-variety of stamps V, we denote by A @ V the class of all stamps
@ : A* — M for which there exists a stamp 1 : A* — N of V such that
the relational morphism % o ¢! is aperiodic. It is proved in [11] that A @V
is a C-variety of stamps, called the Mal’cev product of A and V. Note that
AMAODV)=A®V.

A collection £ of languages of A* is closed under marked product if, for all
Lo,...,L, € Land aq,...,a, € A, the language LoaiL; - - an L, belongs to L.
We are now ready to state the main result of this section.

Theorem 4.1 Let V be a C-variety of stamps and let V be the associated C-
variety of languages. For each alphabet A, let V(A*) be the smallest Boolean
algebra of languages containing V(A*) and closed under marked product. Then
V is a C-variety of languages and the associated C-variety of stamps is A V.

The proof given below is adapted from the one given in [14]. The first
part consists in expressing the Mal’cev product A 8 V as a product of varieties
(Theorem 4.2). The main argument of the second part (Theorem 4.8) states
that the C-variety of languages corresponding to A  V is contained in V. Its
proof relies on the wreath product principle on the one hand, and on the Krohn-
Rhodes theorem for aperiodic monoids on the other hand.

To any monoid M is associated the reverse monoid M", whose underlying
set is M and whose multiplication (denoted by o) is defined by z oy = yz.
Given a stamp ¢ : A* — M, we denote by ¢" : A* — M" its reverse stamp,
defined, for all a € A, by ¢"(a) = ¢(a) — so that, for every word u = ay - - ap,
" (u) = ¢ (a1) o0 (an) = p(an) - - - p(a1). By extension, if V is a variety
of stamps, we denote by V' the variety of all stamps ", where ¢ € V. Finally,
we set Vx. A =(AxV")".

Theorem 4.2 The equality AMV = A x (V . A) holds for any C-variety of
stamps V.

We first establish the inclusion of the product into the Mal’cev product.

Proposition 4.3 The inclusion A xV C A®@V holds for any C-variety of
stamps V.

Proof. Let 1) be a stamp of AxV. By definition, ¢ C-divides an (A, V)-product
@ : A* — M. In particular,
(1) M is a submonoid of a wreath product N o K.

(2) Let 7 : NoK — K be the canonical projection morphism and let o = wo.
Then the stamp a : A* — w(M) is in V.
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(3) For each u in A*, set p(u) = (fu,a(u)), where f, is in NX  and let
®: (K x A)* — Im(®) C N be the stamp defined by ®(k,a) = f,(k) for
each letter a in A. Then Im(®) is an aperiodic monoid.

We claim that the morphism 7 : M — (M) is aperiodic. Let e be an idempo-
tent of (M) and let s be an element of 7=1(e) N M. It suffices to show that
s" = s"*! for some n > 0. For each k € K, define the sequential function oy,
from A* into (K x A)* by

op(ar--an) = (k,a1)(kalar),as) - - (ka(ay -+ - an—1),an).

Let u be a word of A* such that s = ¢(u). Then p(u) = (fy, a(u)) where, for
each k € K, f,(k) = ®(ok(u)). Similarly, for each n > 0, s" = o(u™) = (fun,e),
where, for each k € K,

fur (k) = @ (04 (u)one (u)" ™) = (o (u)) P (ke (u))"

Now, since Im(®) is aperiodic, ®(oke(u))" ! = ®(oke(u))™ for some n > 0. It
follows that fyn+1 = fu» and s™ = s"*1, which proves the claim. Now since «
is in V, the stamps ¢ and 1 belong to A V. O

It is now easy to prove the first half of Theorem 4.2.

Corollary 4.4 The inclusion A * (V %, A) C A®V holds for any C-variety
of stamps V.

Proof. We first claim that (A@V")" = A®V. Indeed, if p : A* — M is
a stamp of (AE V")", then ¢" belongs to AM V" and there exists a stamp
1 1 A* — N in V" such that the relational morphism 1 o (¢")~! is aperiodic.
Thus the graph of 1 o (¢")~! is an aperiodic subsemigroup S of N x M". Tt
follows that S”, which is the graph of the relational morphism %" o ¢! is also
aperiodic. Thus ¥" o ¢! is an aperiodic relational morphism and since "
belongs to V, ¢ belongs to A@ V. Thus (A®V")" C A V. Applying this
relation to V", we get (A@V)" C AMV", whence AV C (A@MV")",
which proves the claim.

The inclusion A * V C A @V follows from Proposition 4.3. Applying this
result to V. A, we get A x (V. A) C A@(V *, A). Furthermore, V *, A =
(AxV") C (AMV") = A®V. Thus Ax (V* A) C ADA®MV) =
A®MV. O

To complete the proof of Theorem 4.2, it remains to establish the opposite
inclusion:

Proposition 4.5 The inclusion AV C A x (V. A) holds for any C-variety
of stamps V.

Proof. The proof relies on properties of two classical constructions of semigroup
theory, the derived semigroup and the Rhodes expansion. We briefly review
these constructions and state their main properties. Given a semigroup S, we
shall denote by S’ the monoid obtained by adjoining a new identity element to
S (even if S already has an identity)
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Let v: M — N be a morphism. The derived semigroup D of -y is defined as
follows:
D ={(n,m,n’) | n' =ny(m)} U{0}

with multiplication given by

/ : !
(n1,mima,nh) if nj =ng

ni,my,ny)(ne, ma,nb) =
(n1,m1,n})(n2, ma2,n3) 0 otherwise

We now give a weak version of [3, Proposition 8.1, p. 356]. The original result
was stated for relational morphisms between semigroups. Our version deals with
monoid morphisms.

Lemma 4.6 Let v : M — N be a monoid morphism and let D be its derived
semigroup. Then M divides D' o N. Further, if v is aperiodic and if the right
stabilisers of the elements of N are aperiodic, then D! is aperiodic.

Proof. Let o : M — D! o N be the map defined by a(m) = (f,v(m)), where
f is the map from N to D! defined by f(n) = (n,m,ny(m)). Then « is
clearly injective. Further, if a(mi) = (f1,n1) and a(ms) = (f2,n2), then
a(mi)a(ms) = (f,n1n2), where f : N — D! is defined by

fn)=h (n)f2(nnl) = (nvmlannl)(nnlum2annln2) = (n7m1m2,nn1n2)-

This shows that « is an injective semigroup morphism. Since the identity el-
ement of D! o N does not belong to the range of a, one can extend a to an
injective monoid morphism from M?' to D! o N by setting a(I) = 1. Now the
map 7 from M! onto M defined by m(m) = m if m € M and 7(I) =1 is a
morphism. Thus M divides D! o N.

Let z be an element of D. We claim that, under the assumptions of the
second part of the lemma, the subsemigroup (z) generated by z is aperiodic.
Let 2 = (n,u,n’). If n # n/, then 22 = 0 and the result is trivial. If n = n’,
then (x) is isomorphic to the subsemigroup M,, of M defined by M, = {m €
M | ny(m) = n}. Now, v induces a morphism from M, onto N,, the right
stabiliser of n in N. Since N,, and « are aperiodic, so are M,, and (x). Thus D,
and hence D!, are aperiodic. O

Let us now recall the definition of the relations <, and £ on a monoid M.
Given two elements s and t of M, we write s <, t if s = xt for some z in M
and s Lt if s <, t and t <, s. Finally we write <, for s <, t and not s L t.

Let M be a monoid. The reduction p of an <g-chain (s, sp—1,...,51) of
M is defined inductively as follows:

(1) p(s1) = (s1)

P(Sns Sn—2,...,81) if s, L 81
(2) p(Sn,...,Sl): .
($ny P(Sp—1,---,81)) if $p <z Sp—1.

In other words, p(sy,...,s1) is the <,-chain obtained from (s, ..., s1) by re-
moving from right to left all the terms s; such that s;11 £ s;. Consider the set
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L(M) of all <,-chains of M. One can verify that the following operation makes
L(M) a semigroup

(5717 cey 81)(tm; H '7t1) = p(sntma S’n,fltma LR Sltmvtmvtmfla R tl))

called the Rhodes expansion of M. Note that L(M) is not in general a monoid.
The Rhodes expansion enjoys the following properties (see [3, 14]):

(1) The map nps : L(M) — M defined by

nM(Snu-'wSl):Sn

is a surjective aperiodic morphism from L(M) onto M.
(2) If v : M — N is a surjective morphism, the morphism L(vy) : L(M) —
L(N) defined by

L(V)(Sna [ 31) = P('Y(Sn)7 ce 77(51))

is surjective and satisfies v oy = nny o L(7y). Further, if v is aperiodic,
so is L(y).
(3) The right stabilisers of the elements of L(M) are aperiodic semigroups.
(4) The monoid L(M)" divides a wreath product of the form T o M", where
T is an aperiodic monoid.
(5) If vy : M — N is an aperiodic morphism, then M divides U o L(N) for
some aperiodic monoid U.
Our objective is now to extend this construction to stamps. Let ¢ : A* — M
be a stamp. We define a semigroup morphism @ : At — L(M) by setting, for

each a € A,
@(a) = (p(a)).
I

This morphism extends to a monoid morphism ¢ : A* — L(M)'. Setting
M= P(A*), we now have a stamp $ : A* — M. Furthermore, it follows from
(3) that the right stabilisers of the elements of M are aperiodic monoids.

Similarly, 7y extends naturally to a morphism from L(M)! onto M by
setting nps (1) = 1. The restriction of nys to M satisfies N o @ = o and is still
surjective and aperiodic.

Finally, let v : M — N be a surjective morphism and let ¥» = v o . The
morphism L(7y) can be first extended to a morphism from L(M)! into L(N)E.
Furthermore, for every letter a € A,

L(7)[@(a)] = L) [(¢(a))] = (vop(a)) = (¥(a)) = ¥(a)
It follows that L(y)o ¢ = zz and hence L(7) induces a surjective map 7 from
M onto N, where N = @(A*), such that 9 0 3 = 1. Further, by (2), if v is
aperiodic, so is 7.
Let ¢ : A* — M be a stamp of A @ V. By definition, there exists a stamp
1 : A* — N in V such that the relational morphism 1 o ¢! is aperiodic. Let
0 : A* — R be the product of p and ¢ and let mpy : R — M and 7y : R — N
be the natural projections. The situation is illustrated in Figure 4.1
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A*

Y/ RcMxN \¥

NO7TM

N

Figure 4.1: A relational morphism

When we apply the Rhodes expansion to all the monoids and morphisms of
Figure 4.1, we obtain Figure 4.2:

A*

)

Figure 4.2: Rhodes expansion applied to Figure 4.1

A standard result on relational morphisms (see, for instance [9, Proposition 5.5,
p. 69]) states that 7y ow;; is aperiodic if and only if my is aperiodic. It follows
that the morphism 7y : R — N is also aperiodic. Since the right stabilisers of
N are aperiodic semigroups, it follows from Lemma 4.6 that R divides a wreath
product of the form U o N, where U is aperiodic.

In order to transpose this result to stamps, we now consider a more general
situation. Let ¢ : A* — M be a stamp and let 3 : M — N be a surjective
morphism. Suppose that M divides a wreath product U o N for some aperiodic
monoid U. Then there is a surjective morphism a : K — M where K is a
submonoid of U o N. Denote by 7 : K — N the restriction to K of the natural
projection U o N — N.

Proposition 4.7 Assume that 1 = Soa. If oy belongs to V, then ¢ belongs
to AxV.

Proof. Since « is surjective, there exists a morphism x : A* — K such that
a o k = . The situation is summarized in the following diagram
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A* F . KCcUoN —TL N
@ @ 3
M

Let R = k(A*). The restriction of a to R is still surjective. For each a € A, let
(@) = (far 70 5(a)) = (far B0 @ 0 (a)) = (fa B0 9(a)).

Let @ : (N x A)* — Im® C U be the stamp defined by ®(n,a) = f,(n).
Since U is aperiodic, ® belongs to A and thus x is an (A, V)-product stamp.
The result follows since (Ida-,ar) is a division from ¢ to k. O

We have seen that R divides U o N. We thus have the following diagram:

)

A*

KQUON

Let W be the C-variety of stamps generated by zz The stamp Eo 7N, which is
equal to ¢, is in W. Furthermore, the morphism 7n projects R onto N. Thus
by Proposition 4.7, 6 belongs to A * W. Since ¢ divides @, which itself divides
0, ¢ belongs to A x* W as well.

Similarly, Property (4)(or rather, its proof, see [14, p. 322]) can be used to
show that N divides a wreath product of the form T o N", with T aperiodic.
Furthermore, this division satisfies the requirement of Proposition 4.7. It follows
that W is contained in V %, A and thus ¢ belongs to A x (V *,. A). O

The second part of the proof of Theorem 4.1 consists of proving that V is
the C-variety of languages associated with A §) V.

The proof in one direction is easy. Let L = LgaiL; ---anL, be a marked
product of languages of A*. Let v : A* — M (respectively n; : A* — M)
be the syntactic morphism of L (respectively L;, for ¢ = 0,...,n) and let n
be the product of the stamps 71,...,m,. It is well-known that the relational
morphism 1 o~~1! is aperiodic [16]. In particular, if  belongs to A &V, then ~y
belongs to A &(A @ V), which is equal to A 8 V. It follows that the C-variety
of languages associated with A & V contains V.

We claim that the proof of the opposite direction reduces to establishing The-
orem 4.8 below. Indeed, this theorem implies that the languages corresponding
to V %, A are in V and that the languages corresponding to A * (V %, A) are
in V. Since V =V, and since A x (V %, A) is equal to A @ V by Theorem 4.2,
the C-variety of languages associated with A & V is contained in V. Let us now
prove this theorem.

Theorem 4.8 The C-varieties of languages associated with A« 'V and V x, A
are both contained in V.
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Proof. Since the operators V — V" and V — V commute [14], the statement
on V%, A follows immediately from the statement on A % V. Indeed, assuming
the result on A *V, the languages corresponding to V x, A will be in (V)" = V.

The proof for A * V relies on special case of Krohn-Rhodes theorem (see
[3]): every aperiodic monoid divides an iterated wreath product of copies of Us,
where Uy denotes the monoid {1, a, b}, defined by zy = y for all x,y in {a,b}.
Let us recall a well-known result (see for instance [3, p. 255]).

Lemma 4.9 Let L C A* be a language recognized by an action (Q,A) whose
transformation monoid divides Us. Then L is a Boolean combination of lan-
guages of the form A*aB* where B C A and a € A.

We now describe the languages recognized by a sequential product whose
first operand divides Us.

Proposition 4.10 Let (Q, A) be an action and let B be the Boolean algebra
generated by all languages recognized by (Q, A). Let B be the smallest Boolean
algebra of languages containing B and closed under marked product. Let (P, Q X
A) be an action whose transformation monoid divides Uy. Then, any language
recognized by (P,Q x A) o (Q, A) belongs to B.

Proof. Let L C A* be a language recognized by (P,Q x A) o (Q, A). Then, by
Theorem 3.2, L is a finite union of languages of the form V N o~1(R) where V
is recognized by (Q, A), o is a sequential function associated with (@, A), and
R is recognized by (P,Q x A). Since V belongs to B by definition, it suffices to
show that o~1(R) belongs to B.

Since o' commutes with Boolean operations, we may assume by Lemma
4.9 that R = (Q x A)*¢B* where ¢ = (¢,a) and B C Q@ X A. Let u = ay - - -a, be
a word of A*, where aq,...,a, are letters of A. If o is the sequential function
associated with (@, A) and some element gq in @, the word o(u) is in R if and
only if the following holds:

(1) there exists i in {1,...,n} such that (go-a1---ai—1,a;) = (g, a),

(2) for any j > 1, (go-a1---aj,aj41) = (- a1 ---a;,aj41) is in B.
Let Ly = {v € A* | qo-v = q}. The above two conditions amount to saying that
u = uiaus where uq is in Ly and ug = by - - - by, satisfies

(2/) For 0 << k, (q aby - - 'bj;ijrl) isin B.
The negation of condition (2’) can be stated as

(3) There exists j in {0,...,k — 1} such that (¢-aby---b;,bj+1) isin D =

(Qx A)\ B.

Set, for each p in Q, K, = {v € A* | ¢-av = p}. Condition (2’) is then equivalent
to saying that ug belongs to the language

Ly=A"\ |J KpdA*.
(p,d)eD

Altogether, we get 01 (R) = LiaLs. Since Ly and all languages K, are recog-
nized by (Q, A), the languages Ly and o~ 1(R) belong to B. O

Let U be the C-variety of languages associated with A * V.
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Theorem 4.11 Any language L in U(A*) is recognized by a sequential product
of the form

(Qk?Qk—lXQk—2X-..XQOXRXA)O---
0 (Q1,Q0 X R x A) o (Qo, R x A) o (R, A),

where each of the actions (Q;, Qi—1 X -+ X Qo X R x A) has a transformation
monoid that divides Us, and (R, A) is in V.

Proof. Let L be a language recognized by an action (Q,A) in A x'V. By
Proposition 2.4, there exists a division from (@, A) into an (A, V)-sequential
product (P,R x A) o (R, A). By Lemma 1.7, L is recognized by the action
(P,Rx A)o(R,A).

Let (N, R x A) = Act o Stp(P, R x A). The monoid N is the transformation
monoid of both actions (P,R x A) and (N, R x A). Thus, N is an aperiodic
monoid. By Lemma 1.2, (P, R x A) divides the product Ip(Rx A) x (N, Rx A).
Thus, by Proposition 2.3, (P, R x A) o (R, A) divides the action D = (Ip(R x
A) x (N,R x A))o (R, A). Further, it is easy to verify that D is isomorphic to
the action D’ = Ip(A) x (N, Rx A)o(R, A)). Therefore, L is recognized by D’.
We need here the following lemma, whose proof is straightforward and omitted.

Lemma 4.12 Any language recognized by an action of the form Ip, (A)x (Py, A)
is recognized by (Pa, A).

By Lemma 4.12, L is recognized by the sequential product (N, Rx A)o(R, A).
Let 0 : (R x A)* — (N x R x A)* be the Ip-sequential function associated with
the action (N, R x A) and the element 1y, and let

T=(N,RxANXRxA 1N, ,*71)

be its minimal transducer. Its input action is (N, R x A) and its output function
is defined by n*r (r,a) = (n,r,a). The transformation monoid of 7 is N, which
is aperiodic. By the Krohn-Rhodes theorem, N divides UsoUso- - -oUs (k terms),
for some integer k > 0. Eilenberg showed in [3, Corollary 3.3, p. 167] that one
can then write 0 = gy 00%_10---007, where each o; : A} ; — A} is a sequential
function realized by a transducer 7; = (Q;—1, Ai—1, 4;, -, *) whose input action
(Qi—1,A;_1) has a transformation monoid that divides U,. Further, a closer
look at the proof of this result shows that, since o is length-preserving, each o;
is also length-preserving. Notice that Ag = R x A and A, = N x Rx A. It
follows that o is also realized by a transducer 7/ = (Qr—1 X - - X Qo, Ao, Ak, -+ , %)
whose input action S is defined by

(Qk—lan—% e 7610)' (’f', (l) =

(Qkfl' (Qk*Q * ("'(qo * (Tva))"'))v"'7Q1' (qo * (Taa))vqo' (T,CL)).

Since 7 is the minimal transducer of o, there exists a unique morphism from
T’ onto 7. In particular, there is a surjective function ¢ : Qp_1 X -+ X Qo — N
such that, for each state (gx—1,...,9),

o((qr-15qk—2,---,q0) (1,0)) = ©(qk—1,qk—2,---,q0)" (1, Q).
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This morphism induces a division (Id(gx a)«,®) from (N, R x A) into S. More-
over, the action S can be written as a sequential product

(Qk—lan—2XQk—3 X"'XQQXRXA)Q--.
0(Q1,Q0 x R x A)o(Qo, R x A),

where the action (Q;, Q;—1 X -+ X Qo X R x A) is defined by

Qi (qi-15--+590,70) = qi* (qi-1 % (gi—2 % (- (g0 * (r,@)) -+ ))).

Since, for each 0 < i < k, the action (Q;,Qi—1 X -+ X Qo X R x A) Ip-divides
(Qi, Aj), its transformation monoid divides Us. By Proposition 2.3, (N, R X
A) o (R, A) divides S o (R, A). Finally, by Lemma 1.7, L is recognized by
So(R,A). O

We now complete the proof of Theorem 4.8 by proving the inclusion U (A*) C
V(A%).
Proof. Let L be a language in U(A*). By Theorem 4.11, L is recognized by a
sequential product

S =(Qr, Qr—1 X Qr—2%X-+xQ1XRXxA)o---0(Q1,Rx A)o(R,A),

where, for ¢ = 1,...,k, the transformation monoid of the action (Q;, Qi—1 X
- x Q1 x R x A) divides Uy and (R, A) is in V. Set Sy = (R, A) and for
n=1,...,k

Sp = (Qn,Qn-1XQn-2X--XQ1xRXxA)o---0(Q1,Rx A)o(R,A).

By associativity of the sequential product, S, = (Qn,@n-1 X -+ X Q1 X R X
A) 0 S,,—1. We show by induction on n that any language recognized by .S, is
in V(A*). The result holds for n = 0, since (R, A) is in V. Let K be a language
recognized by S,+1. By Proposition 4.10, K belongs to the smallest Boolean
algebra containing all languages recognized by S,, (which, by the inductive hy-
pothesis, belong to V(A*)) and closed under marked product. This suffices to
conclude that K € V(A*). Finally, since L is recognized by S = Sy, L is in
V(A*). o

Let us conclude this section with an example. If ¢ : A* — M is a stamp,
consider the set ¢(A) as an element of the monoid P (M) of the subsets of M.
This element has a unique idempotent power, which is also a subsemigroup of
M, called the stable subsemigroup of ¢. Given a variety of finite semigroups V,
a stamp is said to be a quasi-V stamp if its stable subsemigroup belongs to V.
It is stated in [18] that the quasi-V stamps form an Im-variety (and therefore
also an Ip-variety), denoted by QV.

We now recover a characterization of the languages corresponding to QA,
first given in [1].

Theorem 4.13 A language L C A* is recognized by a stamp in QA if and

only if it belongs to the smallest Boolean algebra closed under marked product
containing the languages (A9)* for ¢ > 0.
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Proof. It is proved in [11] that QA = A §) MOD, where MOD is the class of
all stamps ¢ from a free monoid A* onto a finite cyclic group such that, for all
a,be A, p(a) = (b). It is shown in [6, 11] that MOD is an Im-variety.

Furthermore, the languages of A* corresponding to MOD are precisely the
Boolean combinations of the languages (A%)*A” for 0 < r < ¢. Thus the result
follows from Theorem 4.1. O
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