Algebra Univers. (2020) 81:36
(© 2020 Springer Nature Switzerland AG
1420-8911,/20/030001-23

published online June 19, 2020 I Algebra Uni li

https://doi.org/10.1007/500012-020-00666-6 gebra Universalis
Check for
updates

On semiconic idempotent commutative
residuated lattices

Wei Chen

Abstract. In this paper, we study semiconic idempotent commutative
residuated lattices. An algebra of this kind is a semiconic generalized
Sugihara monoid if it is generated by the lower bounds of the monoid
identity. We establish a category equivalence between semiconic general-
ized Sugihara monoids and Brouwerian algebras with a strong nucleus.
As an application, we show that central semiconic generalized Sugihara
monoids are strongly amalgamable.
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1. Introduction

Idempotent commutative residuated lattices form a useful tool both in alge-
bra and logic, see e.g., [5] for details. Among them, both integral ones and
non-integral ones play important roles, since they include several important
algebraic counterparts of substructural logics, e.g., Brouwerian algebras, i.e.
the algebras of positive intuitionistic logic, and positive Sugihara monoids
(see [17]); these algebras model the positive fragment of the system R-mingle.
In general, integral residuated lattices are better understood than their non-
integral counterparts, so the establishment of a category equivalence between
a non-integral and an integral class can increase our comprehension of the
former.

A commutative residuated lattice is integral if each of its elements lies
below the monoid identity; is conic if each of its elements lies above or below
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the monoid identity; is semilinear if it is a subdirect product of totally or-
dered commutative residuated lattices; is semiconic if it is a subdirect product
of conic commutative residuated lattices; is involutive if it possesses a compat-
ible involution — (see [7]); is idempotent if its monoid operation is idempotent.
A semilinear idempotent commutative residuated lattice is called a Sugihara
monotd if it is involutive; is called a relative Stone algebra if it is integral; is
called a generalized Sugihara monoid if it is generated by the lower bounds of
the monoid identity. A Sugihara monoid is called odd if its monoid identity
e satisfies e = e. A semiconic idempotent commutative residuated lattice is
called a Brouwerian algebra if it is integral; is called a semiconic generalized
Sugihara monoid if it is generated by the lower bounds of the monoid iden-
tity. In [7], the authors proved that the variety of odd Sugihara monoids and
the variety of relative Stone algebras are categorically equivalent. However, a
semiconic idempotent involutive commutative residuated lattice is a Sugihara
monoid (see [12]). In [8], the authors established a category equivalence be-
tween generalized Sugihara monoids and relative Stone algebras with a nucleus.
In this paper, we will show that semiconic generalized Sugihara monoids and
Brouwerian algebras with a strong nucleus are categorically equivalent, which
generalizes the main result of [8].

We proceed as follows: in Section 2, we recall some definitions and ba-
sic facts needed in later proofs. In Section 3, we discuss some properties of
semiconic idempotent commutative residuated lattices. In Section 4, we study
strong nuclear Brouwerian algebras and obtain some properties of such al-
gebras. Section 5 is devoted to establishing a category equivalence between
semiconic generalized Sugihara monoids and strong nuclear Brouwerian alge-
bras, which generalizes [8, Theorem 8.7]. In Section 6, we use this category
equivalence to prove that the variety of central semiconic generalized Sugihara
monoids is strongly amalgamable, which generalizes [8, Theorem 13.3].

2. Preliminaries

In this section, we will recall some basic definitions and facts on commutative
residuated lattices.

A po-monoid is defined as a monoid (M, -, e) which is also a poset (M, <),
and in which < is compatible with -, in the sense that (Va,b,c € M) a < b=
ca < cb,ac < be. Here and subsequently, xy abbreviates x - y. By a lattice-
ordered monoid, we mean a po-monoid (M, -, e, <) in which the poset (M, <)
is a lattice. Moreover, a lattice-ordered monoid (M, -, e, <) is called idempotent
if for all @ € M, aa = q; is called commutative if the monoid reduct (M, -, e)
is a commutative monoid; is called conic, if for all a € M, a < e or a > e.
For detailed information on lattice-ordered monoids, the reader is referred to
reference [2].

We need the following lemma.

Lemma 2.1 [20]. Let (M, -, e, <) be an idempotent lattice-ordered monoid with
identity e, and a,b € M.
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(1) anb<ab<aVhb.

(2) If a,b>e, then ab=aVb.
(3) Ifa,b<e, then ab=a Ab.
(4) If a < e < ab, then ab="b.
(5) If ab < e < a, then ab="b.

Now, let (P, <) be a poset. A (binary) commutative operation - is called
residuated if there exists a (binary) operation — on P such that

(Va,y,ze P)aoy<z<=y <z — 2

In this case, the operation — is called a residual of the operation -. It is well
known that a commutative operation - on the poset (P, <) is residuated if and
only if < is compatible with - and for all a,b € P, {p € P : ap < b} contains
a greatest element (denoted by a — b). A commutative residuated lattice is
defined as an algebra L = (L, A, V, -, —, e) satisfying the following conditions:
(RL1) (L,A,V) is a lattice;

(RL2) (L,-,e) is a commutative monoid with identity e; and

(RL3) the operation — is a residual of the operation -.

In this case, we call the lattice (L,A,V) and the monoid (L,-,e) the
lattice reduct and the monoid reduct of L, respectively, and we denote the
lattice order by <. Commutative residuated lattices are exactly commutative
lattice-ordered monoids L such that for all a,b € L, {c € L : ac < b} contains
a greatest element. Sometimes, commutative residuated lattices are also called
commutative residuated lattice-ordered monoids and abbreviated by CRLs.

A CRL L is said to be idempotent if for all a € L, aa = a; is said to be
integral if for all a € L, a < e; is said to be totally ordered if the lattice reduct
is a chain, i.e., for all a,b € L, a < b or a > b; is said to be semilinear if it
is a subdirect product of totally ordered CRLs (see [18]); is said to be conic
ifforalla € L, a <eora>e (see [4,6,12]). As in [12], a CRL L is said to
be semiconic if it is a subdirect product of conic CRLs and the class of all
semiconic CRLs is a variety. The variety of semiconic CRLs is axiomatized,
relative to CRLs, by the identity (x Ae) V ((x — €) A e) = e. More details on
semiconic residuated lattices can be found in [3,11,12].

The following well-known properties of CRLs will be needed (see [5,13]).

Lemma 2.2. Let L= (L,A\,V,-,—,¢) be a CRL and z,y,z € L.

(1) z(yVz)=2ayVaz.

2) z—=WAz)=(x—=y A —2).

(B) (yvz)—z=(y—z)N(z— 1)

(4) yly —x) <.

(5) e<z—ux.

6) (z—y)—y) my=z—y.

() 2= (y—2)=(2y) — 2
From now on, we denote a — e and (a — e¢) — e by a* and a**, respec-
tively. Next, we shall list some known results on conic idempotent CRLs used
in the sequel.
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Lemma 2.3 [12]. Let L be a conic idempotent CRL, and a,b € L.

(1) If a and b are incomparable, then a* = b*.
(2) The elements a and b* are comparable.
(3) a£bif and only ifa — b <e.

(4) Ifa<e, then a* = a — a.

(5) {a*:a € L} is a chain in (L, A\, V).

(6) If a <b, then ab = a or ab=b.

3. Some properties

Let L = (L, A, V,-,—,¢e) be a conic idempotent CRL. For a,b € L, a || b means
that a and b are incomparable under <.

Proposition 3.1. Let L be a conic idempotent CRL. The following statements
are true for a,b € L:

(1) Ifa <e, then a* > e and aa* = a.

(2) If a > e, then a* < e and aa™ = a*.

(3) Ifa,b< e and a || b, then a* =b* = (a Ab)* = (a V b)*.

(4) Ifa€ L, then (aNe)* — (aNe)=aAe.

(5) Ifa,a’ € L such that aV o' = e and o”** =d/, then a =e orda’ =e.

Proof. (1) Let a € L such that a < e. Thenae =a <eandsoa <e<a—
e = a*. Since aa* = a(a — e) < e by Lemma 2.2(4), aa* = a by Lemma 2.1(5).

(2) Let a € L such that a > e. Then by Lemma 2.3(3), a* =a — e < e.
Since aa* = a(a — €) < e by Lemma 2.2(4), aa* = a* by Lemma 2.1(5).

(3) Let a,b € L such that a,b < e and a || b. Then by Lemma 2.3(1),
a* = b*, and so by Lemma 2.2(3), (aVb)* = (aVb) - e=(a—e)A(b—
e) =a* Nb* =a* =b*.

Next, we shall prove that (a A b)* = a*. As a Ab < a, we have a —
e < (aAb) — e, ie, a* < (aAb)*. Also, as a,b < e, we have a A b = ab,
so by Lemma 2.2(7), (a A b)* = (ab) — e = a — b*, so it suffices to show
that @ — b* < a — e, or equivalently, that a(a — b*) < e. Now a(a — b*) =
a’(a — b*) < ab* = aa* < e, as required.

(4) Let a € L.If a > e, then (ahe)* — (aNhe) =e* me=e —e=e=aA
e. Ifa < e, then by (1), a* > e and aa* = a, so a < a* — a. On the other hand,
since a* > e > a, a* — a < e by Lemma 2.3(3) and so a*(a* — a) € {a*,a* —
a} by Lemma 2.3(6), which together with a*(a* — a) < a < e, derives that
a* —a=a"(a*—a) <a Thus (aNe)" - (aNe)=a"—a=a=aAle.

(5) By assumption, a’ = a’** }f a by Lemma 2.3(2). Thena’ < aora < a'.
Because aVa =e,a=aVad =eorad =aVva =e. O

Proposition 3.2 [3]. Let L be a conic idempotent CRL, and let a,b € L such
thata <e.Ifb<aoral b, thena—b="bora—b| a.

Let L be a conic idempotent CRL and A C L. The subalgebra Sg"“A of
L generated by A is defined as the intersection of all subalgebras B of L such
that A C B, but it is well known that Sg“A4 is also the set of all t*(ay,...,a,)
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such that n € w and t is an n-ary term in the signature -, —,A,V,e and
ap,...,an € A.Let Lt ={a€L:a>e}and L~ ={be L:b<e}.

Theorem 3.3. Let L be a conic idempotent CRL. If a € SgPL~ such that
a > e, then a =b* for someb e L™.

Proof. In L, the product of two comparable factors is always one of the factors,
by Lemma 2.3 (6). Also, {z* : « € L} is a chain , by Lemma 2.3(5), so
r*y* e Ay* e Vy* € {o*,y*} for all z,y € L. (These facts are used repeatedly
without comment below.)

Now a = t%(ai,...,a,) for suitable n € w, @ = ay,...,a, € L~ and
a term t in the signature -,—,A,V,e. We prove the desired conclusion by
induction on the complexity of .

If ¢ is e or a variable, then since a; < e < a for all i, we have a = e = e*.

Now assume that ¢ is neither e nor a variable, and that, whenever e <
sU(¢) for a less complex term s than ¢ and some ¢ € L, then s%(¢) = b* for
some b € L. This is the induction hypothesis (IH). We may assume that
e < a, again because e = e*.

Now t is r O s for some O € {-,—,A,V} and some terms r,s in -, —
, A\, V, e, both of which are therefore less complex than ¢.

Suppose first that O is -, so a = rL(@)s*(a@). As a > e and L is conic, at
least one of r%(@), s"(a@) belongs to L. If both belong to L, then by the IH,
a = b*c* € {b*,c*} for some b, ¢ € L~. In the opposite case, we may assume (by
symmetry) that (@) < e < s%(@), so a € {rL(a), s*(@)}, but 7%(@) < e < a,
so a = s¥(@) = b* for some b € L™, by the IH.

Next, suppose (1 is —. Since e < a = r%(@) — s%(a@), we have r%(@) <
s¥(@). Every idempotent CRL satisfies e < 2 <y = o — y = 3, so0 if e <
r1(&@) then a = s(@) = b* for some b € L™, by the IH. Also, every idempotent
CRL satisfies 7 < y < e = 2 — y = z*, so if s¥(@) < e then a = r¥(@)*
(with (@) € L™). We may therefore assume that (@) < e < s!(@), as L is
conic. Every conic idempotent CRL satisfies x < e <y = x — y = z*y, by
[12, Lemma 2.7(iv)], so a = rL(a@)*s¥(@) = b*c* € {b*,c*} for bi=rl(a) € L~
and some ¢ € L™, by the TH.

If O is A, then since e < a = (@) A (@), we have r%(@), s(@) € LT, so
by the IH, a = b* A ¢* € {b*,c*} for some b*,c* € L™.

Finally, suppose [J is V. As L is conic and e < a = r*(@) Vv s*(@), at least
one of r%(a@), s¥(@) belongs to L*. If both belong to LT, then a = b* V ¢* €
{b*,¢*} for some b, ¢ € L™, by the IH. In the opposite case, we may assume (by
symmetry) that (@) < e < s%(@), whence a = s¥(@) = b* for some b € L~
by the TH. O

Definition 3.4. The variety SGSM of semiconic generalized Sugihara monoids
consists of the semiconic idempotent CRLs that satisfy (z V e)™ =z Ve.

Finally, we obtain some properties of semiconic generalized Sugihara
monoids.

Lemma 3.5. Let L be a semiconic generalized Sugihara monoid. Then L satis-
fies x = (x Ae)(z* Ne)*.
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Proof. Because L is semiconic, it suffices to prove this under the assumption
that L is conic.

Let a € L. If a < e, then by Proposition 3.1(1), a* > e, so (a* Ae)* =
e*=ec. Hencea=aNe=(aNe)e=(aNne)(a* Ne)*. If a > e, then a* < e
by Proposition 3.1(2). Since L is a semiconic generalized Sugihara monoid,
a=aVe=(aVe)™ =a** = (a*)* = (a* Ne)*. Hence a = ea = (aNe)(a* Ne)*.

O

An element a of a CRL will be called negative if a < e. We have the
following results.

Corollary 3.6. A semiconic idempotent CRL L is a semiconic generalized Sug-
thara monoid if and only if it is generated by its negative elements.

Proof. The forward implication follows from Lemma 3.5. In the implication
from right to left, L can be assumed conic, because of three facts: (1) L is
semiconic; (2) a surjective homomorphism always maps a generating set onto
a generating set; (3) a homomorphism A from L onto a conic algebra M sends
L~ onto M~. In (3), h[L7] € M, because h is isotone and preserves e.
Conversely, if m € M, then m = h({) for some ¢ € L, in which case {Ae € L™
and h(¢Ae) = mAe = m. Let L be a conic idempotent CRL which is generated
by its negative elements. Let a € L such that a > e. Then by Theorem 3.3,
there exists ¢ € L™ such that a = ¢*, so by Lemma 2.2(6), a = ¢* = ¢***
It follows that for all b € L, (bVe)*™* = bVe, which implies that L is a semiconic
generalized Sugihara monoid. 0

— a**.

Corollary 3.7. Let L be a conic idempotent CRL that is generated by its neg-
ative elements. Then LT is a chain in L.

Proof. By the previous corollary, L satisfies zVe = (zVe)**, so L is contained
in {a* : a € L}, which is a chain. O

Lemma 3.8. Let L be a semiconic generalized Sugihara monoid. Then L satis-
fies (x Ay)* = a* Vy*.

Proof. Because L is semiconic, it suffices to prove this under the assumption
that L is conic.

Let a,b € L. If a < b, then b* =b — e < a — e = a* by Lemma 2.2(3)
and so (a A b)* = a* = a* V b*. Similarly, if b < a, then (a A b)* = a* V b*.
If a || b, then by Corollary 3.7, a,b > e is impossible, so a,b < e, whence
(a ANb)* =a* vV b* by Proposition 3.1(3). O

4. Strong nuclei

A nucleus of a CRL L is a function N : L — L such that, for all a,b € L,
(N1) a < Na= NNa,

(N2) N(aAb) < Na,

(N3) NaNb < N(ab).
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A nuclear CRL is the expansion of a CRL L by a nucleus N. For detailed
information on nuclear CRLs, the reader is referred to references [5,8].
For our purpose, we introduce the following concept.

Definition 4.1. Let L be a CRL and let ¢ be a nucleus of L. { is a strong
nucleus if it satisfies the following conditions: for all a,b € L,
(SN1) O(aVvb) = 0aV Ob,
(SN2) e < (Oa — b) V (b — Oa).
The expansion of a CRL by a strong nucleus ¢ is called a strong nuclear

CRL.

Since a strong nuclear CRL L is nuclear, by [8, Theorem 7.1], we have
the following result.

Theorem 4.2. A strong nuclear CRL B and its CRL-reduct A always have
the same congruences. In particular, B is [finitely] subdirectly irreducible if
and only if A is.

Notation 4.3. For a class C of CRLs, we use SNC to denote the class of all
strong nuclear CRLs (A, 0) such that A € C.

Because the definition of a strong nucleus can be made purely equational,
we have:

Theorem 4.4. If V is a variety of CRLs, then SNV is also a variety.

Theorem 4.5. Let L be a semilinear CRL. If (L, ) is nuclear, then (L, Q) is
strong nuclear.

Proof. Assume (L, Q) is nuclear. Then (N1 — 3) hold. Because L is semilinear,
it suffices to prove (SN1 — 2) under the assumption that L is a chain. Let
a,b € L. If a < b, then by (N2), 0a < Ob, so O(a Vb) = Ob = Qa Vv Ob.
Similarly, if b < a, then {(a V b) = Qa VvV Ob. Thus (SN1) holds. Since L is a
chain, 0a < bor b < Qa. Then e < $a — b or e < b — {a, which implies that
(SN2) holds. O

A Brouwerian algebra is an integral idempotent CRL, i.e., a CRL in
which ab = a A b for all elements a,b. The variety of Brouwerian algebras is
denoted by BrA. A relative Stone algebra is a semilinear Brouwerian algebra,
i.e., a subdirect product of totally ordered Brouwerian algebras. The variety
of relative Stone algebras is denoted by RSA.

Notation 4.6. From now on, SNBrA shall denote the variety of strong nuclear
Brouwerian algebras, and SNRSA the variety of strong nuclear relative Stone
algebras.

Definition 4.7. Let L be a strong nuclear CRL. L is called a {-chain if for all
a,be L, Qa lfb.

It is well known that a CRL L is finitely subdirectly irreducible if and
only if its identity element e is join-irreducible in the lattice reduct (L, V, A)
and an idempotent CRL L is subdirectly irreducible if and only if the set
{a € L:a < e} has a greatest element (see [8]).
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Proposition 4.8. Let L € SNBrA.
(1) If L is finitely subdirectly irreducible, then L is a {-chain.
(2) If L is subdirectly irreducible, then L is a Q-chain in which the set {a €
L:a < e} has a greatest element.

Proof. (1) If L is finitely subdirectly irreducible, then by Theorem 4.2, the
CRL-reduct of L is finitely subdirectly irreducible, so e is join-irreducible. Let
a,b € L. Since L is integral, by (SN2), e = (0a — b)V(b — Qa),s0 0a — b=¢e¢
or b — Qa = e. It follows that ¢a < b or b < Qa. Thus Qa }f b, which implies
that L is a {-chain.

(2) If L is subdirectly irreducible, then by Theorem 4.2, the CRL-reduct
of L is subdirectly irreducible, so the set {a € L : a < e} has a greatest
element, which implies that e is join-irreducible. Thus L is finitely subdirectly
irreducible. By (1), L is a {-chain. O

Corollary 4.9. If B € SNBrA, then B is a subdirect product of strong nuclear
Brouwerian algebras that are O-chains.

Definition 4.10. For every CRL L, the negative cone of (L, A,V, -, —,¢e) is the
algebra L™ = (L~ ,A,V,-,— ,e), where L ={x € L:x <e},andz —~ y =
(x —y)Neforz,ye L™.If a € L™, then a** € L~. When L is semiconic and
idempotent, then L~ € BrA and a strong nucleus of L™ is defined by $a = a**
(ie., Oa = (a =" e) =L e for all a € L™). We use Ly to denote the resulting
algebra (L™, Q) € SNBrA, which we call the strong nuclear negative cone of
L.

Example 4.11. Let L = {a1,e,by, by, b3, bs, bs}. We define an order relation <
on L by by < bg,b3 < by < by < e < aj and by || b3, see Figure 1. We can
define a multiplication operation on L by xy = x Ay for all z,y € L™ \{e} and
ce = ¢ for all ¢ € L. We define a binary operation on L by a — b = max{p €
L :ap < b} for all a,b € L. Tt is clear that L = (L, A,V,-,—,e) € SGSM
and L™ € BrA. Since the set {a € L : a < e} has a greatest element, L is
subdirectly irreducible. So L™ ¢ RSA. We can define a strong nucleus on L™
by <>b1 == <>b2 = Qb3 = <>b4 = <>b5 = b1 and <>€ = e. Then (L_,O) € SNBrA.
But (L™, 0) ¢ SNRSA.

5. A functor from SNBrA To SGSM

Recall that two categories C' and D are said to be equivalent if there exist
functors F : C — D and G : D — C such that GoF =2 1¢c and FoG = 1p,
where = denotes the natural isomorphism of functors. In the concrete category
associated with a class of similar algebras, the objects are the members of the
class, and the morphisms are all the algebraic homomorphisms between pairs
of objects. We denote the set of homomorphisms of L into M by Hom(L, M).
Two isomorphically-closed classes of similar algebras, C' and D, are said to be
categorically equivalent if the corresponding concrete categories are equivalent.
For this, it is sufficient (and necessary) that some functor F' : C' — D should
have the following properties:
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FIGURE 1. L

(i) for each U € D, there exists L € C' with F(L) 2 U, and
(ii) the map h +— F(h) from Hom(L, M) to Hom(F'(L), F(M)) is bijective, for

allL,M e C.

In this case, F' and some functor G from D to C witness the equivalence of
these concrete categories. We call G a reverse functor for F', and vice versa.
Note that C' and D are not assumed to have the same algebraic similarity type.

In this section we will prove that SGSM and SNBrA are categorically
equivalent. Definition 4.10 gives us a way to associate a strong nuclear Brouw-
erian algebra L, with a given semiconic generalized Sugihara monoid L. The
construction becomes a functor from SGSM to SNBrA if we also restrict
SGSM-morphisms to the negative cones of their domains. We call this the
strong nuclear negative cone functor. Next we will construct a reverse functor
from SNBrA To SGSM.

To begin with, we introduce some concepts.

Let L = (L,A,V,-,—,¢,0) be a strong nuclear Brouwerian algebra,
where, as usual, < denotes the lattice order of L. We define S(L) = {(a,d’) €
LxL:aVva =eand ¢d =a'}.

Define an order < on S(L) as follows: for (a,a’), (b,b') € S(L),

(a,a’) < (b, V') if and only if both a < b and b’ < d’.
Lemma 5.1. (S(L), <) is a lattice.

Proof. Since L is a lattice, we have (a,a’) Vv (b,b') = (aVb,a’ AV') and (a,a’) A
(b,0") = (aAnb,a’ V). We only need to prove that (aVb,a’ Ab'), (aAb,a' V') €
S(L). Since L is a Brouwerian algebra, (L, A, V) is a distributive lattice. We
have (aVb)V (a'AY) = (aVbVa' )A(aVbVY) = (eVb)A(eVa) =eNe =eand
(anb)V(a' V') = (aVa' VY )A(bVa' V) = (eV )A(eVa') = eAe = e. By (N2),
we have O(a’ Ab') < Qa’ and O(a’ AV) < O, which imply O(a’Ab') < Oa’ AQY .
On the other hand, by (N3), 0a’ A OV = 0’0V < O(a’t) = O(a’ AY'). Thus
O(a'ANV) = Oa’ ANOY = o’ AV'. By (SN1), we have ¢(a’Vb') = Qa’ VO = a' Vb .
This implies that (a VvV b,a’ AD'),(a Ab,a’ V') € S(L). O

Lemma 5.2. Let L € SNBrA such that L is a O-chain and (a,a’) € S(L).
Then
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1)
(2) a—d =d andd — a=a;

(3) Oa=0b=0(anb)=0(aVb) for allb e L such that b || a;
(4) Ga <bAc forallb,c e L such that Ga < b and Qa < c;

(5) b— Oa = Qa for allb € L such that b > Qa.

Proof. (1) If a || @/, then since (a,a’) € S(L), 0a’ = a’ || a. But since L is a
O-chain, Qa’ }f a, a contradiction. Thus a Jf a’. We have

e:a\/a’:{a if d <a

a if a >a.
This implies that a = e or a/ = e.

(2) Let (a,a’) € S(L).By (1),a=eora =e.Ifa=e¢,thena — a’ = e —
o =d andd wa=d we=e=a.lfd =e,thena —a' =a—e=e=d
andad - a=¢— a=a.

(3) Let b € L such that b || a. Since L is a ¢-chain, a }f 0b. Because a || b
and b < Ob by (N1), a < ¢b. This implies that ¢a < O(0b) = Ob by (N1 —2).
Similarly, 0b < ¢a. Thus ¢a = Ob. It follows that O(a Ab) = Oa A Ob = Qa by
(N2 —=3) and ¢(a Vb) = OaV Ob= Qa by (SN1).

(4) Let b,c € L such that ¢a < b and Qa < c. Suppose that ¢a = b A c.
Then by (N2 — 3), Oa = 00a = O(bAc) = Ob A Qc. Since L is a {-chain,
Qb A Qe = Ob or Ob A Oc = Qc. Hence Qa = Ob or Qa = Qc. But 0a < b < Ob
and Qa < ¢ < Qc by (N1), a contradiction. Consequently, Oa < b A c.

(5) Let b € L such that b > Qa. Then b — ¢a = Qa or b — Qa || b by
Proposition 3.2. Suppose that b — Oa || b. Then we have bda = b A Qa =
Oa = Qa <b— Qa = Qa =bla < b(b — Qa) < a = b(b — Oa) = Qa.
Thus by (N1) and (3), we have Oa = O00a = O(b(b — Oa)) = OB A (b —
Oa)) = Ob > b > Qa, a contradiction. Consequently, b — Qa = Qa. O

We define a multiplication o on S(L) in the following way: for (a,a’),

(b,0') € S(L),
(a.a') o (b)) = (((a — V) A (b— ') = (aAb),(a — V) A (b — a')).

Lemma 5.3. (S(L),o,(e,e)) is an idempotent commutative monoid with an
identity (e, e).

Proof. Let (a,a’), (b,b’) € S(L). We need to prove that (a,a’) o (b,0") € S(L).
Let m = (a — V') A (b — d') and so (a,a’) o (b,') = (m — (a Ab),m). We
need to show that Om = m and (m — (a A b)) Vm = e. By Corollary 4.9, L is
a subdirect product of strong nuclear Brouwerian algebras that are ¢-chains,
so it suffices to prove the equalities under the assumption that L is a ¢-chain.
Then by Lemma 5.2(1), we have a =eor o’ =eand b=cor b/ =e.

We consider the following cases:

elfa =candb=c¢ then m = (¢ — V')A (e — a) = b Ad. Thus
by (N2 —3), Om = O(b' Ad') = OV AQd' = b ANd = m and (m —
(and)Vm=((m—e)Vm=eVm=e.
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o Ifa’ =cand b/ =e, then m = (a — e) A (b — ¢) = e. Thus Om = Qe =
e=mand (m— (aAb)Vm=(e— (aAb))Ve=ce.

elfa=ecandd =e, then m = (e > e) A (b — a') = b — d. Since L
is a {-chain, @’ }f b. This implies that b < a/ or o’ < b. If b < o/, then
m=>b—a =e Thus Om = Qe = e¢and (m — (aAD))Vm = (e —

(anb))Ve=e. If a’ <b, then by Lemma 5.2(5), m = b — o’ = a’. Thus

Om=0d =a =mand (m — (aAdb))Vm=(a — (eAb))Va = (d —

b)va =eVvad =e.

e If @/ = ¢ and b = e, then the result follows from the previous case, by

Symimetry.

Thus, S(L) is closed under o.

By symmetry, (a,a’) o (b,b") = (b,b') o (a,a’) for (a,a’), (b,V) € S(L). We
will show that for all (a,a’) € S(L), (a,a’)o(a,a’) = (a,d’) and (e,e)o(a,a’) =
(a,a’). By the subdirect decomposition, it suffices to prove that (a, a’)o(a,a’) =
(a,a’) and (e,e) o (a,a’) = (a,a’) under the assumption that L is a ¢-chain.
By definition of o and Lemma 5.2(2), (a,d’) o (a,a’) = (((a — a') A (¢ —
a)) — (aNa),(a — d)A(a — d)) = (a,d) and (e,e) o (a,a’) = (((e —
ad)N(a—e)) — (eNa),(e —=ad)A(a—e)=(d — a,d)=(a,a), for any
(a,a’) € S(L). Now, it remains to show that o satisfies the associative law. Let
(a,a’), (b,0'),(c, ') € S(L). We only need to show that ((a,a’)o(b,t'))o(c,c’) =
(a,a’) o ((b,b")o(c,c")) under the assumption that L is a {-chain. Because o is
commutative, we only need to consider the following cases:

e Ifa=e,b=¢e,c=e¢, then

((e;a’) o (e,0)) o (e,¢") = (((e = V') A (e — a')) — (e Ae),
(e =) A(e—a))o(ed)
=((a AV) —e,d ANV)o(e )
e,a’ Nb')o (e )
= (e,(e = ) A (e — (a' NV)))
e,d N(a' AD))
e,;a ANb'AC)

~ o~~~

and
(e;a’) o ((e,b') o (e,c)) = (e,a’) o (e,b/ A L)

= (e,(b' N)Nad")
= (e,a NV NC).

Thus ((a,a’) o (b,V)) o (¢, ') = (a,a’) o ((b,V") o (¢, ).

e Ifa=¢c,b=-¢,c =e, then
((e,a’) o (e, 1)) o(c,e) = (e,;a’ ANV)o(c,e)
=((c— (d ANV)) = c,e— (d AV))
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(e,a’ NV) ifc>dorc>¥ (by
Lemma 5.2(5));

{(c,e) if c<d.,b,

and
(e;a’) o ((e,0)) o (e e)) = (e;a’) o ((c = V) — ;e = V)
(e =) A (((c=b) —e)—ad)) —
((c—=b)—=c)(c=V)A(((c= V) —c)—d))

(c,e) if e<d,V,

(e,a’ NO) if ¢>b (by
= Lemma 5.2(5)),
)

(e,a') = (e,a’ ANV) if a/ <ec <V (by
Lemma 5.2(5)

| (ce) if e<a,bV,
Tl (e, AY) if e>d ore>V.

b

It follows that ((a,a’) o (b,0')) o (¢c,c) = (a,a’) o ((b,b") o (¢,c)).
e Ifa=-¢c,l/ =e,c =e, then
((eval) o(bye))o(ce)=((b— a/) —bb— a'/) o (ce)
(b,e)o(c,e) =(bAcye) if b<d,
(e,a’) o (c,e) = (c,e) if e<d <b(by
= Lemma 5.2(5)),
(e,a’) o (c,e) = (e,a) if o’ <b,c (by
Lemma 5.2(5));

=(((bAc)—=d)— (bAc),(bAc) —d)
(bAc,e) if b<d,
J((e—=d)—ce—d)=(ce) if c<d <b,
) (@ = (bAc),d) = (e,d) if o’ <b,c (by
Lemma 5.2(4,5)).
However, ((a,a’) o (b,

b ° ((b,0") o (¢, ).
elfd =eb =c =e o(c,e) = (aNnbye)o(c,e) =
(aNbAce) and (a,€) )=1(a,e)o(bAc,e)=(aNbAc,e).
Hence ((a,a’) o (b,b")) o (¢,¢') = (a,a’) o ((b,1) o (¢, )).

O
Moreover, we may prove the following result.

Lemma 5.4. Let L be a strong nuclear Brouwerian algebra. Then (S(L),o,
(e,e), <) is an idempotent commutative lattice-ordered monoid.
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Proof. Let (a,a’),(b,t') € S(L) such that (a,a’) < (b,b"). We only need to
prove that (a,a’) o (¢,c’) < (b,0') o (¢, ) for every (c,c’) € S(L).

Since (a,a’) < (b,0'), a < b and ¥ < o. Then by Lemma 2.2(2,3),
b—cd <a—cdandec—V <c— a. Thus we have (b — /) A (c = V') <
(@ = )A(c—a) = (b= )N (c=V))(((a = )A(c—d)) = (ahc)) <
((a—=d)N(c—=d)(((a— )N (c—d")) = (anc)) <aAc<bAc, whence
((a = )N (c—d)) = (ance) < ((b— )A(c = 1)) — (bAc). Consequently,
(0,@') o (e,¢) = (((a — &) A (e — a)) = (ane), (@ — ¢)A (e — a)) < (b —
c) ANe—=b))—=bAe),(b—=)N(e=b))=(bV)o(c ).

We may define a binary operation — on S(L) in the following way: for
(a,a"), (b,b") € S(L),
(a,a’) — (b,6") =((a—=b)A B —d),((a—=b)AB —a))— OlanbAD)).

Theorem 5.5. Let L = (L, \,V,0,—,¢) be a strong nuclear Brouwerian alge-
bra. Then S(L) = (S(L),A,V,0,—, (e, e)) is a semiconic generalized Sugihara
monoid.

Proof. Firstly, we shall prove that (a,a’) — (b,b") € S(L) for all (a,d’), (b, V') €
S(L). We need to verify that (((a — b)) A (b — a')))V(((a = b)A (b —a')) —
OlanbAb)) =eand O(((a = b)) AN — d)) = ClanbAD)) = ((a —
b)A (W — a')) — OlanbAY). We may assume without loss of generality that
L is a {-chain. We consider the following cases:

Case 1 a =e,b=e. We only need to check the following subcases:

(1) If ¥ < d, then ((a = )A QM — a))V(((a =AM —d)) —
OlanbAY )= =)V (W —d)— QV)=eV(e—V)=eand
Ollla = D)AM — d)) = OlanbAD)) = Qe = OV) = OOV =
b=((a—=b)Ab —d))—0laNbAD).

(2) If v > «, then by Lemma 5.2(5), ((a — b)) A (V) — d')) V (((a
)N —a')) = OlanbAY) =0 —d)V (b —d)—
a Vv —-V)=dVvVe=-eand O(((a = b) A — a)) — O
bAY)) =0(d — OV) =0 =) =0ec=e=((a—b) A
a)) — GlanbAD).

Case2 a = ¢,b/ =e. Then ((a - ) A (W — a))V(([a—=bAD —d)) —
QlanbAY) = bAd)V((bAD) = Ob) = (bAd)Ve = e and
O(((a—=b)AM —ad)) = OlanbAY)) =0((bAd") — Ob) = Qe =€ =

((a—>b)/\(b'—>a’))—><>(a/\b/\b’).
Case3 o’ = e,b=e. Then ((a = ) A (Y — d))V (((a —
(a/\b/\b’))—e\/(e—><>(a/\b/))—eand O(((a —
OlanbAY)) = (e—><>(a/\b’))—<><>(a/\b’):Oa/\b'):((a—>
YA —ad)) = OlanbAD).
Cased a' = e, b’ = e. We only need to check the following subcases:
(1) f a < b, then ((a — b)) AV — d))V((a— b AN —d) —
OlanbAb)=eV((a—b) — O(anb)) =cand O(((a — b) A —
@) = 0la AbAY)) = 0((a — b) — O(a A b)) = Oe — Oa) =
O00a=0a=((a—=b) AN —d))— OlanbAD).

b) A (b’ —d)) —



36 Page 14 of 23 W. Chen Algebra Univers.

(2) If a > b, then by Proposition 3.2, a — b =bora — b || a. If
a—b=2>bthen (a = 0)AV =) V((a =AM —da)) —
O(anbAb)) = bV (b — Ob) = bVe =eand O(((a — D)A(Y — a')) —
OlanbAb))=0e=e=((a—=b A0 —ad))—=0anNbAV). T
a— bl a, then ¢a = O(a — b) = O(a A (a — b)) by Lemma 5. 2(3)
Since ab = aAb=b,b < a — b, and so b = ab < a(a — b) < b, which
implies that a(a — b) =b. Thus a — b < O(a — b) = O(a A (a —
b)) = O(ala — b)) = Ob, whence ((a — b)) A (Y — ')V (((a —
)ND —a')) = OlanbAY))=(a—b)V((a—b) — Ob) = (a—
b)Ve=ceand O(((a = b)A (b — d')) = O(aANbAY)) =0e=¢=
((a—=b)AD —d))— OlanbAl).

(3) If a || b, then $a = Ob = O(a Ab) by Lemma 5.2(3) and a — b =5
or a — b || a by Proposition 3.2. If a — b = b, then ((a — b) A (b —
a))V(((a—=d)Al —=d))—=O0anbAb))=bV(b— O(and)) =
bV(b— Ob) =bVe =eand O(((a — b)A(D — a')) — O(aNbAY)) =
Oe=e=(a =AM —d) = OlanbAl). Ifa — b | a,
then ¢(a — b) = Q¢a = Ob = O(a A b) by Lemma 5.2(3). Hence
((a = B) A (B — @)V (((a— B)A (Y — @) — Oa AbAY)) =
(@a—=0b)V(la—1b) = 0and) =(a—0bV(a—>b—0—
b)) =(a—b)Ve=cand O(((a = D)A (D — d')) = O(aADAY)) =
Qe=ec=((a—=Db)A M —d))—OlanNbAD).

Secondly, we establish the residuation axiom
(c,d) < (a,a") — (b,V) < (a,a') o (¢,c) < (b,b).

We need to verify (a,a’) — (b,b") = max{(c,c) € S(L) : (a,a’) o (¢, ) <
(b,0')} for all (a,a’), (b,b’) € S(L). Once again, we may assume without loss
of generality that L is a {-chain.

Let (a,a’), (b,b"),(c, ) € S(L) such that (a,a’) o (¢,¢') < (b, b/) Then
(6 — &) A e — @) — (ane),((a— ¢) A e = @) < (B,). So ((a —
A)N(e—=d)) = (ane) <band ¥ < (a — ) A (c — d). To show that
(a,a’) — (b,b) = max{(c,c/) € S(L) : (a,a’) o (¢,) < (b,V')}, we need to
consider the following cases:

Casel a = e,b=e. We only need to check the following subcases:

(1) If ¥/ < d/, then by the definition of —, (a,a’) — (b,V') = (e,a’) —

(€,0) = ((e = e) A — d),((e = ) AV — d)) — OleA

b)) =0 — d, b — d) = V) = (e,e = V) = (e, V). So by
the definition of o, (a,a’) o ((a,a’) — (b,v)) = (e,a’) o (e,b’) =
(e,a’ AV') = (e,b') < (b,b"). On the other hand, since (a,a’)o(c, ') =
(e.d) o () < (bb) = (b, (¢ A (e — a) — e A e —
a')) < (e, ). It follows that ¥’ < ¢ A (¢ — a’) < /. This implies
that (¢,¢') < (e,b') = (a,a’) — (b,b). Thus (a,a’) — (bv) =
max{(c,c) € S(L) : (a,a’) o (¢,") < (b, V')}.

(2) If ¥’ > d/, then by the definition of — and Lemma 5.2(5), (a,a’) —
(0.1) = (e0') — (&) = (e — ) A Y — ), (e — €) A (F —
@) = e AY)) = (' — @, () — d) — OV) = (a0 — ) =
(a’,e). So by the definition of o, (a,a’) o ((a,a’) — (b,b)) = (e,a’) o
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Case2

Case3

Case4

(a/,e) = (a’,e) < (b,b). On the other hand, since (a,a’) o (¢,c¢') =
(e,d) o (e:¢) < (bb) = (), (¢ A (¢ — @) — o A (e —
a')) < (e,b"). Thus b’ < ¢ A (¢ — a'). Suppose that ¢ > a’. Then by
Lemma 5.2(5), 0’ < ' A (c — a') = ANd' < d, which is contrary
tob > d. Thus ¢ < a’ <V < e, whence ¢ = e. It follows that
(¢,d) = (c,e) < (dye) = (a,ad’) — (b,b) and so (a,a’) — (b,b') =
max{(c,d') € S(L) : (a,a’) o (¢,c') < (b,0)}.
a = e,b’ = e. Then by the definition of —, (a,a’) — (b,V') = (e,a’) —
(bye) = (bAd,(bAa") — Ob) = (bAd,e). So by the definition of o,
(a,") o ((a,a') — (0,1)) = (e,a’) o (b A d',e) = (((bAa) — af) —
bnad),(bAd) — d) = ((DbANd,e) < (be) = (bb). On the other
hand, since (a,a’) o (¢,¢') = (e,a’) o (¢, ') < (b,0') = (bye), (( A(c —
a)) — ¢, AN(c — a')) < (bye). Thus (¢/ A (¢ — a’)) — ¢ < b and
' A (¢ — a') = e. The latter formula derives ¢/ = e and ¢ — a’ = e.
Since a’ = Qa’ and L is a {-chain, o’ }f ¢. Then ¢ < @’ or ¢ > a’. Suppose
that ¢ > a’. Then by Lemma 5.2(5), ¢ — @’ = @, which derives that a’ =
c—a =e. Bute>c>d,acontradiction. Consequently, ¢ < a’. Thus
(' AN(e—d')) — c=(eNe) — ¢ =c < b, which together ¢ < o, derives
c < bAd. Tt follows that (¢,c) = (c,e) < (bAd',e) = (a,a’) — (b, V),
whence (a,a’) — (b,b') = max{(c,c’) € S(L) : (a,a’) o (¢, ) < (b, V')}.
a’ = e,b = e. Then by the definition of —, (a,a’) — (b,b') = (a,e) —
(e,t') = (e,0(a A V). So by the definition of o, (a,a’) o ((a,a’) —
(0.1)) = (a,€) o (e, 0(a A ) = (a — O(a A D)) = a,a — O(a A D).
Since al/ = aAb < O(and'), b < a— O(anb’) and so (a,a’)o((a,a’) —
0,0') =((a—= O(aAV)) = a,a— O(and)) < (e,b') = (b,b"). On the
other hand, we have (a,e)o (¢,d') = (a,a’)o(¢,c) < (b,b) = (e, V) =
((a — ) — (anc),a — ) < (e,b’) Thusd < a — = anb =ab' <
= 0(aNb) <O = = (¢,d) < (e,0(aAD)) = (a,a') — (b,}).
Consequently, (a,a’) — (b,b') = max{(c,¢') € S(L) : (a,a') o (¢,') <
(0, 0)}.
a’ = e, b’ = e. Then by the definition of —, (a,a’) — (b,V') = (a,e) —
(b,e) = (a — b,(a — b) — O(a AD)). So by the definition of o, (a,a’) o
(a,0) — (b,)) = (@) o (@ — b,(a — b) — O(anb) = ((a —
((a = ) = 0@ D) = (@A (@ — b))a— ((@— b) — OaAb)).
Since a(a — b) < b and ala — b) = a A (a — b) < a, we have
ala —b) <aAb=a<(a—b)— (aAb) < (a—b) = Oland)
a— ((a—0b) — O(aAb)) =e. Thus (a,a’) o ((a,a’) — (b,b")) = ((
((a = B) — O(a b)) — (@A (a— b)a— ((a—b) — Oanb)) =
(e — (aA(a — b)), €) = (aA(a — b), ) = (ala — b),€) < (b,€) = (b, ).
On the other hand, we have (a,e) o (¢,c/) = (a,a’) o (¢,¢') < (b b) =
(b,e)ﬁ((aﬂc')ﬂ(a/\c)aﬁc’) < (b, e) Hence( )
(anNc)<banda— ¢ =e. Soac=aAhc=e— (aNc)= (a—>c)
(anc) <band a = ae = ala — ) < . It follows that ¢ < a —
and Qa < Oc¢ = . Thus we have O(a Ab) < 0a = (a — b) —
Oland) <(a—b) — Oa<(a—b) —c <c—  =c. Therefore

ll

!

a
A

(
b
(

l !

(=)
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(¢,d) < (a—b,(a—b) — Olanbd)) = (a,a’) — (b,b"). Consequently,
(a,a’) — (b,b') = max{(c,c’) € S(L) : (a,a’) o (¢, ) < (b,V)}.

We conclude that S(L) = (S(L), A, V, 0, —, (e, €)) is an idempotent CRL.
Finally, we will show that S(L) is a semiconic generalized Sugihara monoid. We
only need to prove that ((a,a’)A(e,e))V(((a,a’) — (e,e))A(e,e)) = (e, e) and
((a,a") V (e,e))*™ = (a,a’) V (e, e) for all (a,a’) € S(L). Again, we may assume
that L is a ¢-chain. Let (a,a’) € S(L). Then we have ((a,a’)A(e, e))V(((a,a’) —
(e,€)) A ( e)) = (a,e) vV ((a;a" — Qa) A(e,e)) = (a,e) V(a,e) = (aVa',e) =
() and ((a, ) V (e, ) = (((a,a') V (e,)) = (e,)) — (e,¢) = ((e,a') —
(e,e)) — (e, 6) = (a',d — Qe) — (e,e) = (d',e) — (e,e) = (e,e — Qa’) =

(e,0a') = (e,a’) = (a,ad') V (e, €). O

Theorem 5.6. If L = (L,A\,V,,—,e,0) is a strong nuclear Brouwerian alge-
bra, then L= S(L), .

Proof. We can define a mapping 6 as follows:
0:L—8S(L),; aw (a,e).

Obviously, 6 is a bijection, which preserves A,V and e. It remains to show that
0 preservers — and ¢. Let a,b € L. Then 6(a — b) = (¢ — b,e) = ((a —
b) ANe,((a —b) — Olanb))Ve)=(a— b(a— b — Oland))A(ee) =
((a,€) — (bye)) A (e;e) = (a,e) = (bye) = O(a) = 0(b) and Ob(a) =
Ola,e) = ((a,€) — (e,¢)) = (e,€)) = (e,0a) — (e,€) = (Oa,e) = 0(0a). D

We shall prove that any semiconic generalized Sugihara monoid L is iso-
morphic to S(Ly ).

Theorem 5.7. If L = (L,A\,V,-,—,e) is a semiconic generalized Sugihara
monoid, then L= S(Ly).

Proof. We can define a mapping h as follows:

h:L—S(Ly); aw (aAea” Ae).

Let a € L. Then by Lemma 2.2(6), a*** = ((a — ¢) > ¢) > e=a — e = a*.
Since L is a semiconic generalized Sugihara monoid, (a Ae) V (a* Ae) = (a A
e)V(la—e)Ne)=eand O(a* Ne) = (a* Ne)™ = (a™ Ve*) = (a™ Ve) =
a*** Ne* = a* Ae by Lemmas 3.8 and 2.2(3). So h(a) = (aAe,a* Ae) € S(Ly).
This implies that the definition of h is logical.

It follows from Lemma 3.5 that h is one-to-one. To see that it is onto, let
(a,a") € S(Ly ), s0 a,a’ <ein L, aVa' =eand a** = Q¢a’ = a’ by Definition
4.10. Let b = (a — a’) — a. We claim that h(b) = (a,d’), i.e., that

(((a—ad) = a) e, ((a—d) —a)" Ne) = (a,a').

Because L is semiconic, it suffices to prove this under the assumption
that L is conic. Since a™** = Qa’ = a’, by Proposition 3.1(5), a = e or a’ = e.
If a = e, then since @’ < e, we have b= (a — d') ma=(e —d) —e=d —
e = (a’)* > e by Proposition 3.1(1), and b* = (a’)** = 0a’ = a’. Hence h(b) =
(bAeb* Ne) = ((a)* ANeya' Ne) = (e,d') = (a,d'). If o = e > a, then a* > e,
whence a* > a, so by Proposition 3.1(4), b= (a — d') ma=(a —€) - a=
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a* — a = a. In this case, h(b) = (bAe,b* Ne) = (ahe,a* Ne) = (a,e) = (a,ad’).
This implies that h is onto.
Obviously, h(e) = (e, e). By Lemmas 2.2(3) and 3.8, h preserves V and A.
Next, we show that h preserves -. Let a,b € L. The desired result h(a) o
h(b) = h(ab) boils down to

(u—"(anbAe),u) = ((ab) Ne,(ab)" Ae),

where u = (((aAe) == B*Ae))A((bhe) = (a* Ne)) = ((ane) —

@ ne)A((bAhe)— (a* Ne)) Ae.

Again we may assume that L is conic. We consider the following cases:
Casel a < e,b < e. Then by Lemma 2.1(3), ab = a Ab < e and by Proposition

3.1(1), a* > e, b* > e, (ab)* > e. Sou = (a = e)A(b — e)ANe =

a* Nb* Ne = e. Hence h(a) o h(b) = (e =~ (aANbAe)e) = (e —

(anb))Neye)=(aNb,e) = ((ab) Ae,(ab)* Ae) = h(ab).

Case2 a > e,b > e. Then by Lemma 2.1(2), ab = a Vb > e and by Proposition
3.1(2), a* <e,0* <e,(aVh)* <e. So (aVb)*™ =aVb by the definition
of semiconic generalized Sugihara monoid and v = (e — b*) A (e —
a*YNe =b"Na*Ne = a* Ab* = (aVb)* < e by Lemma 2.2(3).
Hence h(a) o h(b) = ((a* AD*) =~ (aAbAe),a* AND*) = ((a* ANbD*) —
e)ANe,a* Ab*) = ((a* Ab)* Ae,(aVb)*) = ((aVD)*™ ANe,(aVb)*) =
((aVvbd)Ne,(aVb)* ANe) = ((ab) Ae,(ab)* Ae) = h(ab).

Case3 a < e < b. Then b* < e < a* by Proposition 3.1(1,2). We only need to
check the following subcases:

(1) fab=a, thenab <e = ae=a<b—e=0b"= e < a— b
Hence u = (a — b*) A (e — ¢€) A e = e, whence h(a) o h(b) = ((e —
(anbAe))Ne,e) = (a,e) = (ane,a*Ne) = ((ab)Ae, (ab)* Ae) = h(ab).

(2) If ab = b, then since b*b = b* by Proposition 3.1(2), b* Aa = b*a =
b*ba = b*b = b*, which implies that b* < a and b* < a — b*. On the
other hand, by Lemma 2.2(7), b(a — b*) = b(a — (b — e) = b(ab —
e) =ablab —e) <e=a — b* <b— e=">0" Thus a — b* = b*.
It follows that u = (a — b*) A (e — €) A e = b* A e = b*. Thus by
Proposition 2.3(3), h(a)oh(b) = ((b* — (aAbAe))Ne, b*) = ((b* —
a) Ne,b*) = (e,b*) = (bAe, b* Ne) = ((ab) Ne, (ab)* Ae) = h(ab).

Cased b < e < a. Similar to Case 3, h(a) o h(b) = h(ab).

We have proved that h is an isomorphism between the lattice-ordered
monoid reducts of L and S(Ly ). Since z — y = max{z € L : 2 < y} for
all x,y € L, — is first-order definable in terms of -, A. Therefore h(a — b) =
h(a) — h(b) for all a,b € L. It follows that h is an isomorphism between L and
S(Ly)- O

Lemma 5.8. Let L be a strong nuclear Brouwerian algebra, and (a,a’) € S(L).
Then (a,a’) = (a,e) o (e,a’).

Proof. Tt suffices to prove the equality under the assumption that L is a -
chain. By Lemma 5.2(2), we have (a,e) o (e,a’) = (((a — a’) — a),a — a’) =
(a/ = a,d) = (a,d). O

Theorem 5.9. Let L and M be strong nuclear Brouwerian algebras.
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(1) If h: L — M is a homomorphism, then S(h) : (a,a’) — (h(a),h(a")) is
a homomorphism from S(L) into S(M).
(2) The map h— S(h) is a bijection from Hom (L, M) to Hom(S(L), S(M)).

Proof. (1) follows straightforwardly from the definitions of the operations.

(2) Let hy,he € Hom(L,M) such that S(h1) = S(hz). Let a € L. Then
(a,e) € S(L). We have S(hi)(a,e) = S(ha)(a,e). It follows that (hq(a),hi(e))
= (ha(a),h2(e)) and so (hi(a),e) = (hz2(a),e). Hence hyi(a) = ha(a), which
implies that hy = hg. Thus the map h — S(h) is injective on Hom(L, M).
Finally, we will show the map h — S(h) is surjective.

Let g € Hom(S(L),S(M)) and a € L. Suppose that g(a,e) = (a, e). Then
since (a,e) < (e,e) and g(e,e) = (e, e), g(a,e) = (a,e) < (e,e), and so € > e,
which implies that € = e. Hence g(a,e) = (a,e). We can define a mapping §
as follows:

g:L — M;a +— a such that g(a,e) = (a,e).

We will prove that § € Hom(L,M). Let a,b € L. Then since g € Hom
(S(L),S(M)), (g(ab), e) = (g(a Ab),e) = g(aAb, 6)—g(aAb eVe) =g((a,e) A

(be)) = gla,e) Ng(b,e) = (a,e) A (b,e) = (aN/\b eVe) = (ab,e), which implies
that g(ab) = ab = g(a)g(b) and §(anb) = anb = G(a)Ag(b). Similarly, (a\/b)
g(a)V g(b). By Theorem 5.6, L = S(L),, . It follows that (a — b,e) = (a,e) —

(b,e) and (Qa,e) = O(a,e). Hence (§(a — b),e) = g(a — b,e) = g((a,e) —
(b.€)) = gla.e) =~ glb.e) = (§(a).c) =~ (3(b).€) = (§(a) — G(b),e) and
(9(0a),e) = g(0a,e) = g(O(a,e)) = Ogla,e) = O(g(a), ) = (0g(a),e). Thus
gla — b) = g(a) — g(b) and §(Oa) = Og(a). Consequently, § € Hom(L, M).
Let (a,a’) € S(L). Then ¢a’ = o’ and so ¢g(a’) = g(Oa’) = g(a’). Thus
(@) = (@e) = (1) = (@ = €) Ae — o), (@ = ) (e — €)) —

O(a" Ne)) = (e,0a') = (e,a). Similarly, (a’,e)* = (e,a’) = (e,g(a’)). By
Lemma 5.8, we have (a,a’) = (a, ) (e,a’). ThUb gla,a’) = g((a,e)o(e,a’)) =
g9((a,e) o (a’ e)*) = gla,e) o (g ( e))* = (g(a),e) o (g(a’),e)* = (g(a),e) o
(e;g(a’)) = (§(a), g(a)) = S(§)(a,a’). Therefore, g = 5(g). O

By Theorems 5.6-5.9, we have the following result, which generalizes [8,
Theorem 8.7].

Theorem 5.10. The variety of semiconic generalized Sugihara monoids and the
variety of strong nuclear Brouwerian algebras are categorically equivalent.  In
particular, a category equivalence from SNBrA to SGSM is witnessed by the
functor that sends L to S(L) and h to S(h) for all L, M € SNBTA and all
h € Hom(L, M).  The strong nuclear negative cone functor sending L to L,
and g to g|p- for all Ly, M € SGSM and g € Hom(L, M) is a reverse functor
for S.

6. Applications

In this section we will use the present category equivalences to give some new
results about non-integral varieties, which generalize the main results of [8].
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Let K be a quasivariety of algebras. A homomorphism h between algebras
in K is called a (K-)epimorphism provided that, for any two homomorphisms
f,g from the co-domain of h to a single member of K, if f o h = g o h, then
f = g. Clearly, every surjective homomorphism between algebras in K is an
epimorphism. If the converse holds, then K is said to have the ES property.
The strong ES property for K is the demand that, whenever A is a subalgebra
of some B € K and b € B\ A, then there are two homomorphisms from B to a
single member of K that agree on A but not at b. The weak ES property for
K forbids non-surjective K-epimorphisms h : A — B in all cases where B is
generated (as an algebra) by X U h[A] for some finite X C B.

The amalgamation property for a class K of similar algebras is the demand
that for any A, B, C € K and any two embeddings gg : A — Band go : A —
C, there exist an algebra D € K and embeddings fp : B — D and f¢ : C —
D such that fpogp = fcoge. The strong amalgamation property for K asks, in
addition, that D, fp and fo can be chosen so that (fpogp)[A] = fe[B]Nfc[C].

These conditions are linked as follows (see [10, Sec.2.5.3] and [14,15,19]).

Theorem 6.1. A quasivariety has the strong amalgamation property if and only
if it has the amalgamation and weak ES properties. In that case, it also has
the strong ES property.

Given a class X of similar algebras, we use V(X) to denote the variety
generated by X. A variety is finitely generated if it has the form V(X) for some
finite set X consisting of finite algebras.

Theorem 6.2 [1]. Let K be a variety consisting of expansions of Brouwerian
algebras, where every member of K has the same congruences as its Brouwerian
algebra reduct. Then (i) K has the weak ES property, and (ii) if K is finitely
generated, it has the ES property.

Recall that a category equivalence F' between two varieties V and W in-
duces an isomorphism F : E +— {B € W : B = F(A) for some A € E} between
their subvariety lattices. Moreover, F restricts to a category equivalence from
E to F(E) for each subvariety E of V. In this situation, E is finitely generated if
and only if F(E) is. It is well known that a category equivalence functor F be-
tween quasivarieties preserves the amalgamation, E.S, weak ES and strong E.S
properties. By the remarks above, Theorem 6.2 (ii) and the category equiv-
alence in Theorem 5.10, we have the following result, which generalizes [1,
Theorem 7.3].

Theorem 6.3. FEvery finitely generated subvariety of the variety SGSM has
the ES property.

The following result is essentially due to Maksimova (see [9, Chapter 6]).

Theorem 6.4 (Maksimova). The variety all Brouwerian algebras has the amal-
gamation property.

Definition 6.5. The variety CSGSM of central semiconic generalized Sugihara

monoids consists of the algebras in SGSM that satisfy e < 2™ V (z** — x).
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The subdirectly irreducible algebras in CSGSM are exactly the conic
idempotent CRLs L such that the set {a € L : a < e} has a greatest element
and for all a € L, a** = a or a* = e.

Let U be the subvariety of SNBrA axiomatized by O(0z — x) =e.

Let A be a totally ordered Brouwerian algebra and B be a Brouwerian
algebra such that ANB = {e}. The ordinal sum A®B is the unique Brouwerian
algebra with universe A U B such that the order < of AU B restricts to the
original order of A and to that of B, while a < b whenever e # a € A and
be B.

Lemma 6.6. Let L € U such that L is [finitely] subdirectly irreducible. Let
Li={a€eL:0a=a} and Ly={a € L:Qa =e}. Then

(1) Ly is a chain, Ly N Ly = {e} and L = L1 U Ls.

(2) Ly and Lo are subalgebras of L and L = Ly & Lo.

(3) If Ly is nontrivial, then Lo is [finitely] subdirectly irreducible.

Proof. (1) Because L is [finitely] subdirectly irreducible, L is a ¢-chain and e
is join-irreducible by Theorem 4.2 and Proposition 4.8. Then Oa } b for all
a,b € L. This implies that Ly is a chain. Let a € L1 N Ly. Then $a = a and
Oa = e. Hence a = e. Thus Ly N Ly = {e}. Let a € L such that a ¢ L;.
Then a < Qa by (N1). Hence 0a — a = a or $a — a || a by Proposition
3.2. Suppose that Q¢a # e. Then ¢(Qa — a) = Qa # e by Lemma 5.2(3). But
since L € U, {(0a — a) = e, a contradiction. Thus Qa = e, which implies that
a € Lo. Consequently, L = Ly U Ls.

(2) Let a,b € Ly. By (N2), 0(a Ab) < Oa and O(a Ab) < Ob. Hence
O(anb) < Oandb = Qadb < O(ab) = O(anb) by (N3) and so O(ab) = O(and) =
OaNOb = e, which implies that ab,aAb € Ly. By (SN1), O(aVb) = GaVOb=e
.HenceaVb € Ly. Ifa <b,thena - b=eandsoa — b€ Ly. Ifb<aora | b,
then by Proposition 3.2,a — b=bora — b | a.Ifa — b="b,thena — b € Ls.
If @ — b a, then since L is a {-chain, ¢(a — b) = 0a = e by Lemma 5.2(3).
Hence a — b € Ly. Consequently, Ly is a subalgebra of L. Similarly, L; is a
subalgebra of L. We claim that for all @ € Ls and b € L1\{e}, b < a. Since
Ob = b, b Jf a by Proposition 4.8. Suppose that there exist b € L;\{e} and
a € Ly such that b > a. Then by (N2), e = 0a < Ob =b < e, a contradiction.
Thus for all @ € Ly and b € Li\{e}, b < a. It follows that L = Ly & L.

(3) Let L € U such that L is finitely subdirectly irreducible and Lg is
nontrivial. Suppose that Ly is not finitely subdirectly irreducible. Then there
exist a,b € Ly such that a || b and a Vb = e. Since L = L; & Lo, e is not join-
irreducible in L, which implies that L is not finitely subdirectly irreducible. It is
a contradiction. Consequently, Lo is finitely subdirectly irreducible. Similarly,
if L € U such that L is subdirectly irreducible and Ly is nontrivial, then L is
subdirectly irreducible. O

By Lemma 6.6, the subdirectly irreducible algebras in U are exactly the
strong nuclear Brouwerian algebras L such that the set {a € L : a < e} has a
greatest element and for each a € L, the element Qa is a or e.

Theorem 6.7. CSGSM is categorically equivalent to U.
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Proof. Let L € SGSM. Then L = S(L, ), by Theorem 5.7. So by the above

remarks, L is a subdirectly irreducible member of CSGSM if and only if Ly is
a subdirectly irreducible member of U, and the result follows from [8, Theorem
9.3]. O

Proposition 6.8. Let Ly be a totally ordered strong nuclear Brouwerian algebra
such that for all a € Li,0a = a. Let Ly € SNBrA such that for all b €
Lo, Ob=c¢. Let L = L; ® Ly. Let L° be the expansion of L in which Qa = a
for all a € Ly and Ob = e for allb € Ly. Then
(1) LY € U;
(2) if Ly is nontrivial, then L° is [finitely] subdirectly irreducible if and only
if Ly is [finitely] subdirectly irreducible.

Proof. (1) Tt is clear that LY € SNBrA. Let a € L. If a € Ly, then {(¢a —
a) = O(a — a) = Qe =e. If a € Lo, then O(0a — a) = O(e — a) = Qa = e.
Hence L € U.

(2) By Lemma 6.6 (3) and the definition of L°, L is [finitely] subdirectly
irreducible if and only if Ly is [finitely] subdirectly irreducible. O

For our purpose, we need the following result, which is essentially due to
Maksimova (see [9, Chapter 6], [16] and [8, p.3213] for clarification).

Theorem 6.9 (Maksimova). Let K be a wariety consisting of expansions of
Brouwerian algebras, where every member of K has the same congruences
as its Brouwerian algebra reduct. Then the following conditions are equiva-
lent: (i) K has the amalgamation property. (i) The class of finitely subdirectly
wrreducible algebras in K has the amalgamation property.

Lemma 6.10. The variety U has the amalgamation property.

Proof. Let U be the class of all finitely subdirectly irreducible algebras in U.
Let Li,Ly € U, and let Ly be a subalgebra both of L; and of Ly. Then Ly € U.
By Theorem 6.9, we only need show that there exist B € U and embeddings
hi: Ly — B and hy : Ly — B, with hy |p,= ha |, - We may assume without
loss of generality that Lo = L1 N L.

By Lemma 6.6, we have L; = L, @ L, where i € {0, 1,2}, the sets

L!'={a€L;:0a=e} and Lj;:=(L,\L})U{e}
are subuniverses of L; and, because Ly is a subalgebra of L;, we have
Ly=L'NL, and Lj=L{NLj.

Let L; and L be the BrA-subreducts of L; whose universes are L. and
L respectively. Since by Lemma 6.6, L/ € BrA and are finitely subdirectly ir-
reducible algebras, by Theorems 6.4 and 6.9, there exists a finitely subdirectly
irreducible algebra B” € BrA such that, for each i € {1,2}, there are embed-
dings g/ : L] — B" with g} 7= 9% |7 - By Lemma 6.6, L} are chains. Hence
by Theorem 6.9 and [8, Theorem 12.7], there exists a totally ordered algebra
B’ € BrA such that, for each i € {1,2}, there are embeddings ¢} : L, — B’
with ¢} |L6: gh |z - Let B = B’ @B, so B € BrA. Let B® be the expansion
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of B in which ¢b = b for all b € B’ and Ob = ¢ for all b € B”, so by Proposi-
tion 6.8, B® € U. For each i € {1,2}, the relation h; = g, U g/’ is a function
embedding L; into BY, and hy |Lo= h2 |L,- It follows that the variety U has
the amalgamation property. O

By Theorem 6.7, we have the following result, which generalizes [8, The-
orem 13.3].

Theorem 6.11. The variety CSGSM has the strong amalgamation property,
and therefore the strong ES property.

Proof. Amalgamation follows from Lemma 6.10 and the category equivalence
in Theorem 6.7. Then strong amalgamation and the strong E.S property follow
from Theorems 6.2 and 6.1. O
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