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ANTONI TORRENS Semisimples in Varieties of
Commutative Integral

Bounded Residuated
Lattices

Abstract. In any variety of bounded integral residuated lattice-ordered commutative
monoids (bounded residuated lattices for short) the class of its semisimple members is
closed under isomorphic images, subalgebras and products, but it is not closed under
homomorphic images, and so it is not a variety. In this paper we study varieties of bounded
residuated lattices whose semisimple members form a variety, and we give an equational
presentation for them. We also study locally representable varieties whose semisimple
members form a variety. Finally, we analyze the relationship with the property “to have
radical term”, especially for k-radical varieties, and for the hierarchy of varieties (WLk)k>0
defined in Cignoli and Torrens (Studia Logica 100:1107-1136, 2012 [7]).
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Introduction

The aim of this paper is to present an approach to varieties of bounded
integral residuated lattice-ordered commutative monoids (bounded residu-
ated lattices for short) whose semisimple members form a variety; and their
relationship with the property “to admit radical term”. This property tells
us that there exists a unary term ¢(x) such that the (maximal) radical of
any member of the variety is the set all elements satisfying the equation
t(r)~T.

Our interest in these varieties arises from the results about varieties of
bounded residuated lattices having boolean retraction term obtained in [7].
In these varieties the class of semisimple members is the class of boolean
algebras, and so a variety. Moreover, the boolean retraction term is also
radical term. Something similar happens to the variety of n-contractive (n-
potent) bounded residuated lattices for any n > 0, because their semisimple
members form a variety and it admits radical term.
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The first goal of our work is to analyze varieties of bounded residuated
lattices whose semisimple members form a variety. This is done in Sect. 3,
in which we give some basic results on the class of semisimple algebras
of a variety of bounded residuated lattices, and we obtain an equational
characterization of these varieties (Theorem 3.4). For this purpose we use
some results of semisimple varieties given by T. Kowalski in [12] (see also [8]).

In Sect. 4, we analyze varieties whose members are isomorphic to a sub-
direct product of local bounded residuated lattices. For each m > 0, we
define m-locally representable varieties and we show that their semisimple
members form a variety (Corollary 4.9).

In Sect. 5, we study varieties admitting radical term. A simple argument
shows that in these varieties the class of semisimple members form a qua-
sivariety. Moreover, if the variety is k-radical, then the converse also holds,
and so the class of semisimple members form a quasivariety if and only if the
variety admits radical term. This result can be improved for subvarieties of
the variety WLy, defined by the equation k.xVk.—x =~ T, k > 0. We prove in
Theorem 5.7 that the subvarieties of WL, whose semisimple members form
a variety are its radical term subvarieties.

We also include two sections containing the main results and properties
of bounded residuated lattices needed throughout the paper.

In Sect. 1, after giving basic definitions, we introduce elementary terms
and recall their arithmetical properties. The proof of these properties can be
found in detail in [8] (see also [7,14]). Moreover, we also introduce two hi-
erarchies of varieties of bounded residuated lattices, namely the well-known
hierarchy of contractive bounded residuated lattices (Eny)m>0 and the hi-
erarchy (WLk)ks>o introduced in [7]; both hierarchies are used through the
paper.

In Sect. 2, we recall some notions of the filter theory of bounded residu-
ated lattices. In particular the isomorphism between implicative filters and
congruence relations. We also give the definition and several properties of
maximal implicative filters and the radical. In Lemma 2.8 we show that,
in general, product of radicals is not equal to the radical of the product,
in contrast to [9, Proposition 23]. We also define k-radical variety, and we
show that WLy and Ey are k-radical, for any k > 0.

Finally, at the end of the paper, we present an example of an n-contractive
bounded residuated which is not locally representable. This example also
clarifies the relationship between the considered hierarchies of varieties.

We assume that the reader is familiar with basic notions of residuated
lattices and Universal Algebra. The results needed to understand the paper
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can be found in [8,14] for residuated lattices, and in [1,4] for Universal
Algebra.

1. Preliminaries

Throughout this paper BRL denotes the class of bounded residuated lattices,
that is, the class of algebras A = (A;-,—,V,A, T, L) of type (2,2,2,2,0,0)
such that:

e (A;-,T) is a commutative monoid,

e (A;V,A, L, T)isabounded lattice with smallest element |, and greatest
element T,

e for any a,b,c € A a-b < cif and only if a < b — ¢, where < is the
partial order given by the lattice structure.

It is well known that bounded residuated lattices admit an equational
presentation, and so BRL is a variety (see for example [7,8,14]), that is,
if H, S and P respectively represent the operators homomorphic images,
isomorphic images of subalgebras and isomorphic images of direct products,
then HSP(BRL) C BRL.

In the next lemmata we list, for further reference, some well known prop-
erties of bounded residuated lattices.

LEMMA 1.1. Let A be a bounded residuated lattice. Then for any a,b,c € A
it satisfies

(a) a<bifand onlyifa - b=T,

)
&) (@—=b) = ((b—c)—=(a—0) =T,
(d) (a-b) = c=a—(b—c),
(e) (avb) —c=(a—c)N(b—c),
) a— (bAc)=(a—b)A(a— c).
On every bounded residuated lattice A we consider the unary operation:
-z :=x — 1, forall z € A.

By taking into account that the {—, L, T }-reduct of a bounded residuated
lattice is a bounded BCK-algebra we have ([7,10]):

LEMMA 1.2. If A is a bounded residuated lattice, then for any a,b € A the
following properties hold true:
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If we consider the binary term operation
T4y = (w - y),

then for every A € BRL (A4;+) is a commutative semigroup. For any non
negative integer n we define terms x” and n.x recursively:

o 2=Tand 2"t =2 27,
e Oz=_land (n+1)z=z+nuza.

We write - 2™ instead of —(2") = 2™ — L. Then it is straightforward to
show the properties listed in the next lemma.

LEMMA 1.3. ([7, Lemma 1.3]) Let A be a bounded residuated lattice. If a,b €
A and n,m are non negative integers, then

(f) n.(a+b) =n.a+n.b,
(g9) (mn).a =m.(n.a),
(h) if n < m, then n.a < m.a and a™ < a”,

Through the paper we consider several hierarchies of varieties of bounded
residuated lattices.

For any integer m > 0, let E;, denote the subvariety of BRL determined
by the identity
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(Em) 2™ ~ x™*+L,

The members of E,, are called m-contractive or m-potent bounded residuated
lattices. Moreover, it is easy to check that for any m > 0, E,, € En41.
Algebras in E; are also called Heyting algebras.

For each integer & > 0, WLy represents the subvariety of BRL given by
the identity (see [7])

(WLK) kaVk-z~T.

The variety WL, contains the class MTL of MTL-algebras, bounded residu-
ated lattices representable as subdirect product of totally ordered bounded
residuated lattices. MTL may be defined as the subvariety of BRL given by
the identity (x — y)V (y — z) = T.

From the results given in [7] we deduce:

LEMMA 1.4. The following properties hold true:

(a) WLy is the variety of stonean residuated lattices, i.e., the subvariety of
BRL given by the equation ~—x V -z ~ T.

(b) For any k >0, WL & WLy1.

(¢) For any k > 0, WLy N PRL = WLy, where PRL denotes the variety of
pseudocomplemented residuated lattices, i.e., the subvariety of BRL given
by the identity x N —~x ~ L.

2. Implicative Filters, Congruence Relations and Radical

An implicative filter (i-filter for short) of a bounded residuated lattice A is
a subset [’ of A satisfying the following conditions:

(F1) T € F.
(F2) For alla,be A, if b€ F and a < b, then b € F.
(F3) If a,b are in F, then a-b € F.

Alternatively, i-filters may be defined as subsets F' of A satisfying (F1)
and

(F4) if a,a - be F, thenbe F.
It is easy to prove that for each non empty set B C A,

(B)={acA:a* 2™ 2" <a, 1 <k,ni,...,ng x1,...,2, € B}
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is the smallest i-filter containing B, and it is equal to the intersection of all
i-filters containing B. For each a € A, we shall write (a) instead of ({a}).
The properties listed in the next lemma are easy to prove.

LEMMA 2.1. If A is a bounded residuated lattice, then
(a) {T} is the least i-filter, and (L) = A,
(b) for any BC A and any a € A,
(BU{a})={be A:a" — be (B) for somen >0},
(¢) foranya € A, (a) ={be B:a" —b=T for somen > 0}.
Given an i-filter F' of a bounded residuated lattice A, the binary relation
O(F) ={(z,y) e AxA:x —yeF and y —»z € F}

is a congruence on A such that F' = T /(F'), the equivalence class of T.
Actually, the correspondence F' +— 6(F) is an order isomorphism from the
set of i-filters of A onto the set of congruences of A, both sets ordered by
inclusion. Its inverse is given by the map 6 — T /0. We write A/F instead
of A/O(F), and a/F instead of a/6(F'), the equivalence class of a modulo
O(F'). Notice that in A, 07, is the identity and 6,y = A x A the universal
equivalence relation.

An i-filter I’ of a non trivial bounded residuated lattice A is proper
provided F' # A, that is L ¢ A. A mazimal i-filter is a proper i-filter M of
A such that for each a € AN M, (M U{a}) = A.

REMARK 2.2. Since in any bounded residuated lattice the set of its i-filters
is closed under upward directed families, by Zorn’s Lemma, an i-filter is
proper if and only if it is contained in a maximal i-filter.

The radical of a bounded residuated lattice A, represented by Rad(A),
is the intersection of its maximal i-filters, that is,

e a € Rad(A) if and only if a € M for each maximal i-filter M of A.

The following two results are well known and they can be found in the
literature. We include simple proofs of them (cf. [11,14]).

LEMMA 2.3. Let F be an i-filter of a bounded residuated lattice A. Then F
is maximal if and only if
(Mx) for any a € A, a ¢ F if and only if 3n > 0 such that —a™ € F.

PROOF. Assume that F' is maximal. Then a € ANF if and only if (FU{a}) =
A if and only if L € (F U {a}) if and only if there exists n > 0 such that
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—a™ =a" — L € F. Conversely, assume that F' is a proper i-filter satisfying
a ¢ F if and only if 3n > 1 such that —a™ € F. Then for any a ¢ F,
1 e (FU{a}), and so (FU{a}) = A. Thus F' is maximal. ]

LEMMA 2.4. For every bounded residuated lattice A and for any a € A, the
following are equivalent:

(1) a € Rad(A).

(#3) For alln >0 (—a™) = A.
(7it) For any n > 0 there is k > 0 such that k.a™ = T.
PROOF. (i) < (it): Assume a € Rad(A). Then for any maximal i-filter M
and for any n > 0, = a”™ ¢ M, and by Remark 2.2, we have that for any n > 0
the i-filter (—a™) is not proper. Conversely, if for any n > 0, (-a") = A,

then —a™ does not belong to any maximal i-filter, hence by Lemma 2.3, a
belongs to every maximal i-filter and so a € Rad(A).

(7i) < (i4i) follows from the fact that for any a € A, and any n > 0,
(ma™) = A iff L€ (=a")iff Ik >0st.T =(-a")F - L =ka™ |

COROLLARY 2.5. For each bounded residuated lattice A we have
Rad(A) ={a € A:¥Yn >0, 3k > 0 such that k.a™ = T}.
The following result is a consequence of above
LEMMA 2.6. The following properties hold true:

(a) If B is a subalgebra of a bounded residuated lattice A, then Rad(B) C
Rad(A).

(b) If (Ai)icr is a family of bounded residuated lattices, then Rad(]],c; A:)
C [c; Rad(A)).

(¢) If h: A — B is an homomorphism of bounded residuated lattices, then
h[Rad(A)] C Rad(B).

(d) For any i-filter F' of a bounded residuated lattice A, Rad(A)/F C Rad
(A/F).

Some authors claim without proof, that in item (b) of above lemma the
reverse inclusion is also satisfied, and in fact one has an equality (see [9,
Proposition 2.3] for example). However this claim is not true, as the next
lemma shows.

LEMMA 2.7. There is a family (Ayn)n>1 of bounded residuated lattices such
that [],,~, Rad(A,) € Rad(]], <, An)-
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PRrROOF. For n > 1, we consider the bounded residuated lattice m de-
scribed in [7, Sect. 5.1, p. 1131]. From the results given in [7], one deduces:

e For each n > 1 we can choose a,, € Rad(L/n:) such that n.a, # T.

Then @ = (an)n>1 € [],,51 Rad(L/n:). Moreover, for any k > 1, k.ax #

TL/’c+\1, and so for any k > 0, k-@ # Tlln>1Lnt1 Thus@ ¢ Rad(]] n>1 L/n:)
This closes the proof. [

Given an integer k > 0, we say that a bounded residuated lattice A is
k-radical provided that

Rad(A) ={a€ A:Vn >0, k.a" =T} (2.1)

A variety V is called k-radical whenever all its members are k-radical.

For any m > 0, E, is m-radical because for A € E,, Rad(A) ={a € A:
m.a™ = T}; moreover, it is shown in [7, Lemma 1.8] that for each k& > 0,
WLy is a k-radical variety. In particular since MTL C WL,, then MTL is a
2-radical variety.

For k-radical varieties we can improve item (b) of Lemma 2.6.

LEMMA 2.8. Let k be a positive integer. If (A;)icr is a family of k-radical
bounded residuated lattices, then Rad(]];c; Ai) = [1;c; Rad(A;).

PROOF. Let a = (ai)icr € [[;c; Ai, then since the operations in [],.; A; are
defined componentwise, we have that for any n > 0, k.a™ = T if and only if
for all i € I k.af = Ty, hence a € Rad(][,.; As) if and only if a; € Rad(A;)

for all i € I. Thus [[;.; Rad(A;) = Rad([];c; As)- n

3. Simple and Semisimple Bounded Residuated Lattices

Given a class K of algebras we represent by Kgg; the class of its finitely
subdirectly irreducible members, and we represent by Ks; the class of its
subdirectly irreducible members. Clearly Kg; C Kggj. Every variety is gener-
ated by its (finitely) subdirectly irreducible members. After [14, Proposition
1.4], we know that BRLgg is the class of bounded residuated lattices with T
join irreducible.

A special case of subdirectly irreducible algebras are simple algebras. An
algebra is called simple provided that it only has trivial congruence relations,
namely the identity and the universal. Hence a bounded residuated lattice
is simple if and only if {T} is its unique proper i-filter, or equivalently, {T}
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is maximal i-filter. Therefore a proper i-filter F' of a bounded residuated
lattice A is maximal if and only if the quotient algebra A/F' is simple.

Algebras representable as subdirect product of simple algebras are called
semistmples. Then an algebra is semisimple if and only if the intersection of
its proper maximal congruences is the identity. Therefore a bounded resid-
uated lattice A is semisimple if and only if Rad(A) = {T}. Notice that for
any bounded residuated lattice A, the quotient algebra A/Rad(A) is always
semisimple.

From now on V represents a variety of bounded residuated lattices, Vg
represents the class of its simple members, and Vsg represents the class of its
semisimple members. It follows from Lemma 2.6 that bounded residuated
lattices are hereditarily semisimple, then Vss is closed under isomorphic
images, subalgebras and products. Moreover, since Vss C SP(Vs) and Vg C
Vss, we have that Vs and Vss generate the same variety HSP(Vs). Notice
that HSP(Vs)S = VS, and HSP(Vs)SS = Vss.

It is shown in [13] that BRL, as a variety, is generated by its finite simple
members (see also [8]), but BRLss # BRL. On the other hand, for any
m > 0 it is straightforward to see that Enss is the variety EM,, of bounded
residuated lattices given by the equation:

(MEm) zV —2™ =~

Notice that EM; is the variety of Boolean algebras.
We say that a variety V is semisimple provided that all its members are
semisimple, that is, V = Vgs. The next result follows from those given in

[8,12] (cf. [16]).

THEOREM 3.1. FEach variety of bounded residuated lattices V satisfies:
(a) if V is semisimple, then V C E,, for some m > 0, and

(b) V is semisimple if and only V C EMy,, for some m > 0.

As a consequence of the above theorem, we obtain the following corollary

COROLLARY 3.2. For every variety V of bounded residuated lattices, the
following are equivalent:

(i) Vss is a variety.
(13) Vs C Ep, for some m > 0.
(#i1) Vss C Ep, for some m > 0.
(iv) Vss C EM,, for some m > 0.
(v) Vss = HSP(Vs).
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PRrROOF. (i) = (i7), (i17) = (iv) follow from Theorem 3.1, (i) = (i) is
true because Vss C SP(Vs), and (v) = (i) is trivial.

(iv) = (v): Assume that there is m > 0 such that Vss € EM,,. Then
HSP(Vs) = HSP(Vss) C EMy,. Hence every algebra in HSP(Vs) is semi-
simple, and so HSP(Vs) C Vss. The other inclusion always holds. [

Our next task is to analyze varieties of bounded residuated lattices whose
semisimple algebras form a variety. For this purpose we need some results
about free algebras. For every set of variables X, Fy/(X) denotes the | X|-free
algebra in V with set of free generators X = {Z : x € X}. The next lemma
follows from Lemma 4.1 and Theorem 4.3 of [5]. We include a direct proof
of item (b) obtained from the one given for Theorem 4.3 in [5], by taking
A € Vgs in place of S € Vs.

LEMMA 3.3. For each non-empty set of variables X, the following properties
hold true:

(a) (Rad( v(X))) is a fully invariant congruence on Fy(X), and
Fy(X )/Rad(FV(Y)) € Vss;
(b) Fv(X)/Rad(Fy(X)) is the | X|-free algebra in Vss, with
X/Rad(Fy(X)) ={Z/Rad(Fy(X)) : x € X} as set of free generators;
(¢) Fy(X)/Rad(Fy(X)) is the | X|-free algebra in HSP(Vs), with
X /Rad(A) as set of free generators.

PROOF. (b): Let X be a set of variables. Then Fy(X)/Rad(Fy(X)) is
semisimple and it belongs to Vss. Let A € Vss. Given a mapping h :
X/Rad(Fy(X)) — A, we consider hg : X — A defined by ho(T) =
h (Z/Rad(Fy(X))). Let Ho: Fy(X) — A be the homomorphism extend-
ing ho. Since Rad(A) = {T}, by item (c) of Lemma 2.6, Rad(Fy(X)) C
T/(ker Hy). Hence there is a homomorphism H from Fy(X)/Rad(Fy (X))
into A such that for any £ € Fy(X), H(t/Rad(Fy(X)) = Hy(f) and clearly
this homomorphism extends h. Thus Fy(X)/Rad(Fy(X)) is, up isomor-
phism, the |X|-free algebra in Vss. [

Now we can give the main result of this section.

THEOREM 3.4. Let V be a variety of bounded residuated lattices. Then Vss
is a variety if and only if there exists m > 0 such that

(SS) for each n > 0, there is k, > 0 such that V |= ky,.(zV —a™)" =~ T.

PROOF. Assume that Vss is a variety. Then there exists m > 0 such that
Vss E xV—a™ ~ T. Let F be a free algebra in V with at least one free
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generator z. Since F/Rad(F') € Vss, then F/Rad(F) = xV 2™ ~ T.
Hence (zV—2™)/Rad(F) = T /Rad(F), and so TV -z € Rad(F'), hence:

e for any n > 0 there is k,, > 0 such that k,.(z v -2™)" = T.

Since 7 is a free generator we have that (SS) holds.

Conversely, assume that (SS) holds. Let F' be a free algebra in V, with
set of free generators X # (). Then, by Lemma 3.3, F/Rad(F) is a free
algebra of the variety generated by Vss, and if # € X. Then Z/Rad(F)
is a free generator of F'/Rad(F'). By (SS), V-2 € Rad(F), and so
Z/Rad(F)V —(Z/Rad(F))™ = T/Rad(F'). Hence Vgg =V —z™ ~ T and
then Vgs C EM,,. Thus, by Corollary 3.2, Vss is a variety. [ |

Observe that, by (h) and (j) of Lemma 1.3, in (SS) the sequence k =
(kn)n>o0 can be taken increasing.

Theorem 3.4 shows how we can give an equational presentation of va-
rieties of bounded residuated lattices whose semisimple members form a
variety. However, these presentations depend of infinitely many parameters.
For any m > 0 and any increasing sequence of positive integers k = (ky,)n>0
we consider the variety

Vmk={A€BRL:Vn>0,AEk,.(zV-z™)"~T}
Then Theorem 3.4 can be reformulated as follows

COROLLARY 3.5. Let V be a variety of bounded residuated lattices. Then
Vss is a variety if and only if there are m > 0 and a increasing sequence of
positive integers k such that V C Vp, k. In this case Vss € EMy,.

In particular for k-radical varieties we have:

COROLLARY 3.6. Let V be a k-radical variety of bounded residuated lattices,
then Vss is a variety if and only if there is m > 0 such that for any n > 0

ViEk@V-z™"~T.

4. Local and Locally Representable Bounded Residuated Lattices

A bounded residuated lattice A is called local provided that it has only one
maximal i-filter, that is Rad(A) is (the unique) maximal i-filter. Observe this
is equivalent to A/Rad(A) being simple. Then we have (cf. [9, Proposition
2.4.]):

THEOREM 4.1. A bounded residuated lattice A is local if and only if
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(W) for any a € A, a ¢ Rad(A) if and only if there is n > 0 such that
a = 1.

PROOF. Assume that A is local. Since Rad(A) is the unique maximal i-filter
of A, then for any a € A: a ¢ Rad(A) iff (a) = A iff L € (a) iff there is
n > 0 such that a” = L.

Conversely, assume A satisfies (#). Then for any a € A, if a ¢ Rad(A),
then L € (Rad(A) U {a}). Thus Rad(A) is maximal i-filter. ]

As immediate consequences we have:

COROLLARY 4.2. Let F be a proper i-filter of a bounded residuated lattice
A. Then A/F is local if and only if F is contained in only one maximal

i-filter.

COROLLARY 4.3. Every homomorphic image of a local bounded residuated
lattice s also local.

We say that an algebra A in BRL is locally representable provided that
A is isomorphic to a subdirect product of local algebras. Then, a variety is
called locally representable if all its members are locally representable. From
subdirect product representation in varieties we deduce:

LEMMA 4.4. A wariety V of bounded residuated lattices is locally repre-
sentable if and only if any algebra in Vs is a local algebra.

For k-radical varieties we have:
THEOREM 4.5. Let A € BRLgs) be k-radical. Then A is local if and only if
(&) for any a € A there is n, > 0 such that k.aV —a™ = T.

PROOF. Assume that A is local. If @ € A is such that k.a # T, then
a ¢ Rad(A), and there is n, such that a* = 1, so —a™ = T. Hence for
any a € A there is n, such that k.a V —a™ = T, and (&) holds.

Conversely, assume (&). If a ¢ Rad(A), then there is m > 0 such that
k.a™ # T, hence since T is join irreducible, by (&) there is n = ngm > 0
such that —a™" = —=(a™)™ = T, and so "™ = L, hence, by Theorem 4.1,
A is local. [

It is well known that the variety MTL is locally representable, because
any totally ordered bounded residuated lattice is local. Moreover, we have:

LEMMA 4.6. If k > 0, then:
(a) any A € WLk is local,
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(b) any algebra in WLy is locally representable.

PROOF. (a): By item (i) in Lemma 1.3, (WLk) can be rewritten as k.xz V

—-x¥ ~ T, and so any member of WLy s satisfies (&). Then by Theorem 4.5
A is local.

(b) follows from Lemma 4.4, because WLys; € WLrs;. [
We recall that a proper i-filter P of a bounded residuated lattice A is
called prime provided that for any a,b € P, a Vb € P implies a € P or

b € P. It is well known that a proper i-filter F' of A is prime if and only if
A/F is a non trivial finitely subdirectly irreducible.

COROLLARY 4.7. Each prime i-filter of a member of WLy is contained in
only one maximal i-filter.

Given an integer m > 0, we say that a local bounded residuated lattice
A is m-local, provided that A/Rad(A) € EMy,, i.e., A/Rad(A) € EMys.

THEOREM 4.8. A bounded residuated lattice A is m-local if and only if:
(m&) for anya € A, a ¢ Rad(A) iff ~a™ € Rad(A).
PRrROOF. If A is m-local, then A/Rad(A) € EM,s. Thus
a ¢ Rad(A) iff a/Rad(A) # T /Rad(A)

iff - (a/Rad(A))"™ = T/Rad(A)

iff ~a™/Rad(A) = T/Rad(A)

iff ~a™ € Rad(A).
Conversely, (me) implies that Rad(A) is maximal i-filter, at the same time,

that A/Rad(A) satisfies x V —z™ ~ T. |

Given a positive integer m > 0, we say that a bounded residuated lattice
A is m-locally representable provided that A is isomorphic to a subdirect
product of m-local algebras. Then, a variety is called m-locally representable
if all its members are m-locally representable.

COROLLARY 4.9. IfV is an m-locally representable variety of bounded resid-
uated lattices, then Vss C EM,,.

Moreover, from subdirect product representation, we have:

LEMMA 4.10. A variety V of bounded residuated lattices has all its members
m-locally representable if and only if any algebra in Vs is m-local.
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Notice that for any m > 0, there are algebras in E,, which are not locally
representable, while E g5 is the variety EM,,. See the example given at the
end of the Sect. 5. We also note that for the variety of Heyting algebras Ej,
Eiss is the variety EM; of boolean algebras.

5. Radical Terms

In what follows, we shall consider unary {-,—, A, V, L, T }-terms, which we
call simply unary terms. Given a unary term t we write ¢(z) to indicate that
the variable which appears in ¢ is z. If A is a bounded residuated lattice,
then for any a € A, t(a) represents the interpretation of ¢ on A given by
the assignment x +— a.

Let t(x) be a unary term. We say that a variety V of bounded residuated
lattices has t(z) as a radical term, or that t(x) is a radical term for V,
whenever any A € V satisfies:

Rad(A)={a € A:t2a) =T} (5.1)

Notice that for any m > 0 m.x™ is a radical term for E,,, besides Enss =
EMp. We also know that any subvariety of BRL having t(x) as a boolean
retraction term has t(x) as a radical term. In particular, for any k£ > 0 the
variety V¥ given by the equation k.2*Vk.(=2%) ~ T has k.2* as radical term,
see Theorem 5.1 of [7] for details. Actually, the variety VK is the greatest
subvariety of WLy admitting a boolean retraction term ([7, Theorem 5.7]).
Moreover, if the variety V has boolean retraction term, then Vsg is the variety
of boolean algebras EM;. In these cases the class of semisimple algebras is
a variety.

In general, if £(z) is a radical term for V, then Vss is the subquasivariety
of V given by the quasiidentity

tz)~ T=ao~T. (5.2)
In similar way to Lemma 2.8 we can prove the following

LEMMA 5.1. (cf. [7, Lemma 3.7]) If (A;)icr is a family of bounded residuated
lattices having t(x) as radical term, then Rad(]],c; Ai) = [;c; Rad(A;).

Our next task in to analyze k-radical varieties admitting radical term.

Given a class of algebras K, let =k denote the equational consequence
relation relative to K, or determined by K, (see [3, Chapter 2] and [8, Page
54]). It is well known that if K is a quasivariety, then = is finitary (compact)
in the sense of [3, Chapter 2|, that is, for any set of equations ¥ U {¢ ~ ¢}
in the algebraic language of K, one has
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e Y Bk ¢ = pif and only if there is a finite subset {1; ~ ¢; : 0 < i < m}
of ¥ such that {i; ~ ¢; : 0 <i < m} =g ¥ =~ .

Recall that for every class K, {1; & ¢; : 0 < i < m} FEx ¥ & ¢ is equivalent
toKE (W o1 &... &y = pn) = V= p.

THEOREM 5.2. For every variety V of k-radical bounded residuated lattices,
the following are equivalent:

(i) Vss is a quasivariety.

(13) There is 7 > 0 such that Vss Fka" ~T = x~T.

(1ii) There is r > 0 such that for all A €V, Rad(A) ={a € A: k.a" =T}.
) There is r >0 such that Vss ={A eV :AEka" =~ T=z~T}

(1v

PROOF. (i) = (ii): Assume that Vss is a quasivariety. From the definition
of k-radical variety it follows that

{ka"~T :necw}ly,x~T,

then since Vss is a quasivariety, the operator =y, is finitary, and so there
are integers 0 < m, and 0 < ny < - -+ < Ny, such that

{ka™ =T, ka" ~ T}y, z~T.

For any A € Vss and any a € A k.o < --- < k.a™, hence if r = n,,, we
have

{ka"~ T}y, z~T,

andsoVss Fka" =T =ao~T.

(ii) = (vii): For any A € V, Rad(A) C {a € A : k.a” = T} always holds.
To see the reverse inclusion, we consider a € A such that k.a” = T. Then
k.(a/Rad(A))" = T/Rad(A) and since A/Rad(A) € Vss, by (ii), we have
a/Rad(A) = T/Rad(A). Hence a € Rad(A).

(73i) = (iv): Assume that there exists r > 0 such that (ii7) holds. Then (iv)
follows from the fact that A € Vss if and only if A € V and Rad(A) = {a €
A:ka” =T} ={T}. Indeed, A € Vss if and only if A € V and for any
a€ A, ka" =T implies a = T. This proves (iv).

(tv) = (i) is trivial. |

REMARK 5.3. Observe that if the variety V satisfies (i7) of the above theo-
rem, then for any [,m > 0,

Vss Fhka"=T=1la"~T.
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Moreover, for any s > r, since V = k.2® — k.z” ~ T, we have
V55|:]€..§L'S%T:>x%—|—,
hence if r < k we can take r = k, and we can assume that r > k, because if

k.x" is radical term for V, then for any s > r, k.x® is also radical term.

COROLLARY 5.4. Let V be a k-radical variety of bounded residuated lattices.
Then V has a radical term if and only if Vss is a quasivariety. In this case
the radical term is given by k.x”, for some r > k.

PROOF. If V has a radical term, then Vsg is a quasivariety by (5.1), and by
Theorem 5.2, Vsg is a quasivariety if and only if there exists » > 0 such that
k.x" is a radical term for V. [ |

The above results can be reformulated as follows:

COROLLARY 5.5. For any k > 0, and any variety V of bounded residuated
lattices, the following are equivalent:

(i) There is r > k such that k.x" is a radical term for V.
(#4) V is k-radical and Vss is a quasivariety.

LEMMA 5.6. Let V be a k-radical variety of bounded residuated lattices. If
Vss C EM,, then k.x™ is a radical term for V.

PRrROOF. Consider A € V, and a € A. We show that a € Rad(A) if and only
if kam=T.
o Ifae€ Rad(A), then k.a™ = T, because V is k-radical.

e If ka™ = T, then (ma™)® — L = T, and hence (=a™) = A. Thus
—a™ ¢ M for any maximal i-filter M as it is proper. By taking into
account that A/M = x VvV —2™ =~ T, we have a € M. Therefore a €
Rad(A). |

For subvarieties of WL, we can improve Theorem 5.2.

THEOREM 5.7. Assume that V is a subvariety of WLy, k > 0, then the
following conditions are equivalent:

(1) V admits radical term.
(ii) Vss is a variety.
PROOF. It is enough to see that (i) implies (i7). Assume that k.x" is a

radical term for V. By Corollaries 3.2, 4.9 and Lemma 4.10, to show that
Vss is a variety it suffices to prove that any algebra in Vs is kr-local. If
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A € Vg and a ¢ Rad(A), then k.a” # T and since T is join irreducible in
A, =(a"™) = k.—~a" = T € Rad(A), by Theorem 4.8, A is kr-local. |

REMARK 5.8. It follows from the above theorem that if a variety V. C WL
has k.z" as radical term, then Vss C EMy,. However, it may happen that
Vss C EM,, for some m < kr.

COROLLARY 5.9. Let V be a subvariety of WLy, then V has a radical term
if and only if Vss is a variety. In this case the term is given by k.x", for
somer > k.

There are well known subvarieties of WL, whose semisimple members do
not form a variety. The variety of BL-algebras is the subvariety BL of MTL
given by the equation = - (z — y) =~y - (y — z), and the variety MV of MV-
algebras is the subvariety of BL given by the equation ——z ~ x. It is well
known (see [6]) that for any A € BL, A/Rad(A) € MV, hence BLss = MVss,
however MVss C HSP(MVss) = MV. This means that neither BLss or MVsg
is a variety. Hence by Theorem 5.7, both BL and MV are subvarieties of WL,
that do not admit radical term.

An Example!

Forn>1,let A, ={rcew:1<r<n}U{L, T,a,3}. Consider the algebra
A, = (An;,—,V, A, L, T)? of type (2,2,2,2,0,0) such that (A,;V,A, L, T)
is the bounded lattice given by the diagram depicted in Figure 1.
Moreover, - is defined by the following prescription (cf. table in Figure 1):

o foranyx,y€ Ay, z-y=y-z,x-T =x,andx- 1L = 1.
o forany 1< r,s<n,r -s=min{r+s,n},

o foranyl<r<nandze€{of},re=x=x- =z
a-0=1.

I This example has been obtained with the help of Prover9-Mace4 available in [15].

2In fact, this algebra is the ordinal sum of the four element boolean algebra and the
n + 1-element MV-chain, see [2].
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T LT 1 2 3 n a B

1 B e A B

9 T|L T 1 2 3 n a B

1L 1 2 3 4 n a B

3 2L 2 3 4 n a B

:n nll n n n n n o f

all a a a « « 1

o p p|L B B B B g L B
1

Figure 1. The lattice reduct of A,,, and table of its monoid operation

It is easy to prove that - distributes V, and then - admits residual which we
represent by —. One can check that — is given by the following table

- L T 1 2 3 n a 0
T T T T T T T T
T L T 1 2 3 n a (
] L T T 1 2 n—1 o
20 L T T 2 3 n—2 o f
nl L T T T T T a p
aof g T T T T T T 0
B o« T T T T T a T

Notice that A is a Heyting algebra. It follows from the definition that for
any n > 0, A,, € E,. Moreover:

if £ > 0, then o* = a > L. Therefore A,, ¢ EM,, for each m > 0,

for any a € A,, a” = a"*!, however 1""! = n —1 > 1" = n. Thus
An S En N En—la

for any k > 0, k.a = o and k.—~a = k. = 3, and so k.a V k.(-a) =n #
T. Hence A, ¢ ;o WL

A,, is subdirectly irreducible, but it is not local, because Rad(A) is not
maximal, and E, is not locally representable.
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