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Ideals in residuated lattices

DUMITRU BUSNEAG, DANA PICIU and ANCA-MARIA DINA

ABSTRACT. The notion of ideal in residuated lattices is introduced in [Kengne, P. C., Koguep, B. B., Akume,
D. and Lele, C., L-fuzzy ideals of residuated lattices, Discuss. Math. Gen. Algebra Appl., 39 (2019), No. 2, 181-201]
and [Liu, Y., Qin, Y., Qin, X. and Xu, Y., Ideals and fuzzy ideals in residuated lattices, Int. J. Math. Learn & Cyber.,
8 (2017), 239-253] as a natural generalization of that of ideal in MV algebras (see [Cignoli, R., D’Ottaviano, I.
M. L. and Mundici, D., Algebraic Foundations of many-valued Reasoning, Trends in Logic-Studia Logica Library
7, Dordrecht: Kluwer Academic Publishers, 2000] and [Chang, C. C., Algebraic analysis of many-valued logic,
Trans. Amer. Math. Soc., 88 (1958), 467-490]). If A is an MV algebra and I is an ideal on A then the binary
relation ¢ ~; y iff z* © y,x © y* € I, for z,y € A, is a congruence relation on A. In this paper we find
classes of residuated lattices for which the relation ~; (defined for MV algebras) is a congruence relation and
we give new characterizations for i-ideals and prime i-ideals in residuated lattices. As a generalization of the
case of BL algebras (see [Lele, C. and Nganou, ]J. B., MV-algebras derived from ideals in BL-algebras, Fuzzy Sets
and Systems, 218 (2013), 103-113]), we investigate the relationship between i-ideals and deductive systems in
residuated lattices.

1. INTRODUCTION

Residuated lattices have been investigated in [5], [8], [15]. Apart from their logical
interest, these lattices have interesting algebraic properties and include two important
classes of algebras: BL algebras and MV algebras. The notion of ideal has been introduced
in many algebraic structures (lattices, rings and MV algebras). The ideal theory is a very
effective tool for studying various algebraic and logical systems.

In modern fuzzy logic theory, residuated lattices and some related algebraic systems,
play an important role because they provide an algebraic frameworks to fuzzy logic
and fuzzy reasoning. By using the theory of residuated lattices, Pavelka has built up a
more generalized logic systems and he has proved the semantical completeness of the
Lukasiewicz’s axiom system (see [12]). From a logical point of view, various filters and
ideals corresponding to various sets of provable formulae.

In rings, MV algebras and lattice implication algebras, the ideal is in the center position.
However, in BL algebras, MTL algebras or residuated lattices the focus has been on filters
or deductive systems.

By definition, ideals in MV algebras are kernels of homomorphisms ([3]). In residuated
lattices the notion of ideal was introduced as a natural generalization of that of ideal in
MYV algebras and the relation between filters and ideals was discussed (see [9], [10] for BL
algebras and [7], [11] for residuated lattices).

It is known the fact that an ideal is a dual of a filter in some special logical algebras (for
example, in lattice implication algebras). Unlike in lattice implication algebras, ideals and
the dual of filters be quite differently in non regular residuated lattices, see [11].

We recall that if I is an ideal of an MV algebra A, then the binary relation = ~; y iff
0y, z@y* e€l,forxz,y € A,isa congruence relation on A. In [11], for an i-ideal /
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in a residuated lattice L is defined a congruence relation on L, z ~; y iff (x — y)* and
(y—=>ax)* el

In this paper we study the relationships between the binary relations ~; and ~; on
residuated lattices. Also we find other classes of residuated lattices for which the relation
~r (defined for MV algebras) is a congruence relation. Thus, we show that if L is a di-
visible residuated lattice, a Girard monoid or a De Morgan residuated lattice satisfying
the identity (z — y)** = z™* — y** then ~; is a congruence relation on L, see Theorem
3.4. Moreover, if L is a divisible residuated lattice and I € I,(L) , then (L/I,8,*,I) is an
MYV algebra, see Corollary 3.1. The notion of prime i-ideal in residuated lattices coincides
with the concept of prime ideal in MV algebras. Then we attempt, to generalize some
results about prime ideals in residuated lattices instead MV algebras. Also, we establish
the relationship between ideals and filters (deductive systems) in residuated lattices (see
Theorems 4.7, 4.8 and Corollary 4.2).

2. PRELIMINARIES

A residuated lattice ([5], [14], [15]) is an algebra (L, vV, A, ®, —,0,1), where V, A, ®, — are
binary operations on L and 0,1 € L such that:

(RLy) (L,V,A,0,1)is a bounded lattice (with partial order denoted by <);
(RLy) (L,®,1) is a commutative monoid;
(RL3) Forz,y,z € L,z ® z < yiff z < x — y (the law of residuation).
In a residuated lattice L we consider the following identities:
(div) =z © (z — y) = = Ay (divisibility);
(prel) (z —y) V (y — z) = 1 (prelinearity);
(DN) x** = x (Double Negation), for every x,y € L.

Definition 2.1. ([3], [6], [14]) A residuated lattice L is called
(1) divisible if L verifies (div);
(#4) an MTL algebra if L verifies (prel);
(#4i) a BL -algebra if L verifies (div) and (prel);
(iv) a Girard monoid if L verifies (DN );
(v) an MV algebra if it satisfies the additional condition: (z — y) - y = (y — z) — =z,
forevery z,y € L;
(vi) a De Morgan residuated lattice if it satisfies the identity: (x Ay)* = 2* V y*, for every
z,y € L. Examples of De Morgan residuated lattices are Boolean algebras, MV
algebras, BL algebras, MTL algebras and Girard monoids.

Let L be a residuated lattice. For x € L and n > 2 we define2” = 2" '@z, 2" =2 — 0
and z** = (z*)*.

For z,y, z € L we have the following rules of calculus (see [2] and [11]):

(1) 12 zrz=zandz <yiffz -y =1;

(o) fz<y,thenz0ax<z20y,z—zx<z—>yy—>z<x— 2

(c3) 20 (yVa)=@oy)V(zoz),z— yYAz)=@ =y A(lx—=2),2— (y—2)=
(xOy) — z

(cq) 0 = 1,1* = 0,z @ a* = 0,z < 2™, 2" = 2* (xVy)* =z*ANy*, 2 - y* =
(zOy) =y =%

« (ca)

For z,y € L, we definez By = (z* © y*) s y*andz ~y=a*0uy.
If z,y, z € L, then we have the following rules of calculus (see [2]):
(c6) v,y<zBy,zBy=yBz,cB0=z"2c8z*=1,(cBy)Bz=c8B (yB z2).
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3. I-IDEALS AND THE BINARY RELATION ~

In residuated lattices the notion of ideal (called implicative ideal or i-ideal) generalizes the
notion of ideal in MV algebras and BL algebras, see [3] and [11]. Unlike in M V-algebras,
ideals and filters behave quite differently in residuated lattices.

Definition 3.2. ([11]) A nonempty subset I of a residuated lattice L is called implicative
ideal (or i-ideal) of L if :

(I) fx<yandy € I, thenz € I;

() Ifz,ye I, thena* —»yel.

Remark 3.1. If [ is an i-ideal of L, then 0 € I and z € I iff 2** € I. Also, using (i), I is an
i-ideal of L if it satisfies (I;) and (1)) : If z,y € I, thenz By € I.

Obviously, every i-ideal is a latticeal ideal, but the converse is not true. If the residuated
lattice is an MV algebra, the notion of i-ideal as well as the concept of ideal in MV algebras
coincide.

An i-ideal I is called proper if I # L. We denote by I,(L) the set of all i-ideals of L.

Example 3.1. ([6]) Let L = {0,n,a,b,¢,d,1} with0 < n < a < b < ¢,d < 1,and ¢,d are
incomparable. L becomes a residuated lattice relative to the following operations:

=10 n a b ¢ d 1 ®|0 n a b ¢ d 1
0|1 1 1 1 1 11 0/0 O OO O 0O
nid 1 1 1 1 11 n|0 0 0 0 n 0 n
aln n 1 1 1 1 1 al0 0 a a a a a
bln n a 1 1 1 1° b0 0 a b b b b
c|0 n a d 1 d 1 c|0 n a b ¢ b ¢
dln n a c ¢ 1 1 d|0 0 a b b d d
110 n a b ¢ d 1 110 n a b ¢ d 1

It is immediate that {0, n} is the only proper i-ideal of L, so I;(L) ={{0},{0,n}, L}.

Remark 3.2. The residuated lattice from Example 3.1 is not an MV algebra since for ex-
ample, (a - b) = b=b#1=(b—a)—a.

Let L be a residuated lattice and S C L be a nonempty subset of L. We denote by (5]
the i-ideal of L generated by S (that is, (5] is the least i-ideal of L containing S).

For I € I;(L) and a € L we denote I(a) = (I U {a}].

Also, for z € L and a natural number n > 1 we denote nx = x B ... H z, where n
indicates the number of occurrences of x.

Proposition 3.1. ([2]) Let L be a residuated lattice, S C L a nonempty subset, a € L and

I € I;,(L). Then:

(1) (S]={xeL:x<s B..Bsy,forsomen>1landsy,...,s, € S};

(#4) I(a) ={z € L:x <ilBna,forsomeic andn > 1};

(15i) (I;(L), C) is a complete lattice, where for Iy, Io € L;(L), 1 NIy = 1 NIy and I V I,
=L UL]l|={ax€L:x<iyBis,withiy € I and iy € I}.

Proposition 3.2. In a residuated lattice L we have the following rules of calculus for every
z,y,z € L:

(cr) 2~~2=00~wax=z,2~0=0z~1=a"1~z=02~ 2™ =0;

(cg) y<zBziffr~y<z*andx ~y=0iffy < z**

(co) fx <ythenz~~x <z~ yandy~ z <z~ z;

)

(ci0) T~y <y, (.~ y) ~»y <z~ (y~2) =y~ (T~ 2);



56 Dumitru Busneag, Dana Piciu and Anca-Maria Dina

r (V) = (2 ) V (@ o 2)

(xBy)*™ =xByand (nx)*™* = nz, forn > 2;

cB @y Az")=(zBy) A (zHz2);

x A (yBz) < (@ Ay*™) B (2" A 2*);

z A (ny) < n(z** Ay*™) and (mx) A (ny) < (mn)(z** A y**) for every m,n > 2.

(c11)
(c12)
(c13)
(c1a)
(c15)

Proof. (c7). Obviously.

(cg). Wehavey < zHziffy — (xHz) =1iffy — (z* — ™) = 1iff (z*Oy) - 2" =1
iff x ~y <z Forz=0,z~y=0iff y <az**.

(cg). fz < ythen z* ©z < z* ®y, thatis, z ~ = < z ~ y. Also, from y* < z* we
deduce that y* © z < 2* ® 2,50,y ~ 2z < x ~ 2.

(c10).Clearly, z ~ y = 2*0y < yand (z ~ y) ~ y = (z*0y)* Oy = yO(y — =**) < z**.
Also,x ~ (Y~ 2) =20y 02)=y*" O (z*02) =y~ (z ~ 2).

(e11)- 7~ (yV2) =27 © (yV 2) = (2 © y) V (2° © 2) = (& ~ ) V (3 = 2).

(c12). (x By)™ = (2" © y*)* = x B y. We prove that (nz)** = nx, for n > 2, by
mathematical induction on n. For n = 2, (22)** = 2z is true from (x B y)** = 2 By, for
x = y. If we suppose that (nz)** = nz, for some n > 2, then [(n + 1)z]** = [z B (nz)]** =
zH (nz) = (n+ 1)z.

(613). + H (y** A Z**) = (y** A Z**)**
)= (zBy) A (zH2).

(c14). We have (x** Ay™ ) B (2™ A 2**) = (™ Ay*™)* — (™ Az*)**
(™ A 2*) =
[* = (& Ay A [2* = (@ Ay*™)] = [2* = (@ Ay™)|A[2* = 2] A[z* — y™*]. Since
x<a* = (zAy*™)and z < 2** < 2* — ** wededuce thatx < [z* — (2™ Ay™)|A[z* —
z*l,sox A (yBz) =z Ay — 2*) <[z* = (@AY A5 = 2] A [y* — 2]

(c15). First we show that z A (ny) < n(z** A y**) by mathematical induction on n. For
n = 2, by (c14), x A (2y) = 2(z** A y**). If we suppose that z A ny < n(z** A y**), then

(C:5) N (y** A Z**) (C:3) (x* N y**) A (:E* N

(2) (l‘** /\y**)* _

(c14) ciz
eAn+Dy=x2A(yBny) < (& Ay*™)B (@™ A(ny)™) (c22) (x** Ay*™) B (2** A (ny)) <
(** Ay*)B [n(z* Ay*™)] = (n+ 1) (™ A y™). Also, we have (mx) A (ny) < n[(mz)** A

=12 nl(ma) Ay < (mn)(@* Ay*). O

Theorem 3.1. Let I be a nonempty subset of L. Then I is an i-ideal of L iff [0 € I and for every
z,ye Life,x~y€l, theny € I].

Proof. First, let I C L be an i-ideal. Clearly 0 € I and we consider x,y € L such that
z,x ~y € I. Then x B (x ~ y) € I, thatis, 2* — (x ~ y)* = 2" = (z ~ y)*™* =
¥ = (oY) =2 = (2 ©y**) € I.Since y < z* — (z* © y**) we deduce thaty € I.
Conversely, we consider z,y € L such thatz <yandy € I.Sincey* ©z < z*©x =0, we
obtain y,y ~ x € I,s0, 2 € I. Letnow z,y € I. Since y,y ~» y* =0 € I we gety** € I,
so from x ~ (x By) = 2* © (a* — y**) < y** € I we deduce that z ~ (x Hy) € I. From
xz,x ~ (xBy) € I weobtain z By € I, hence I is an i-ideal. a

Theorem 3.1 is a kind of dual modus ponens for i-ideals.

We recall that if A is an MV algebra and I is an ideal of A then the binary relation
x ~pyiff 2* @y, ©y* € I, forz,y € A, is a congruence relation on A. Moreover,
I ={x € L:x~;0}. Also the assignment I ~» ~7 is a bijection from the set I;(A) onto
the set of congruences on A, see [4].



Ideals in residuated lattices 57

In [11], for a residuated lattice L and ani-ideal I of L is defined the congruence relation
x~pyiff (v — y)*, (y > x)* € 1.

In the following for an i-ideal I of a residuated lattice L we study the relationships
between the binary relations ~; and = on residuated lattices and we find classes of
residuated lattices for which the relation ~; (defined for MV algebras) is a congruence
relation.

So, let I be an i-ideal of a residuated lattice L and we consider the binary relations
zr~pyiffa* oy,z0y* eliffe ~y,y~zxelandz ~;yiff (z - y)*and (y — )" € 1.

Proposition 3.3. For z,y € L the following hold: [z ~; y iff2* ~; y*] and [x ~; y implies
z ~ryl

Proof. Clearly, z ~; yiff 2* © y, z © y* € I iff (z* © y)**, (x © y*)** € I iff (z* — y*)*,
(y* — x*)* € Iiff 2* =; y*. Now we suppose that 2 ~; y. Since ~; is a congruence
relation on L we deduce that z* ~; y*,sox ~; y . (]

Remark 3.3. In general, if L is a residuated lattice, z,y € L and I € I;(L) then z ~; y
does not imply z ~; y. For example, if we consider the residuated lattice from Example
3.1. For I = {0} wehavea ~y bsincea* @b=a0b*=0€ I,but(b—>a)*=n¢ I,s0a
is not in relation =~ with b.

Theorem 3.2. For a residuated lattice L and I € 1,(L), the relation ~ is an equivalence relation
on L compatible with ®,V,* ** and 8.

Proof. Clearly, the relation ~; is reflexive and symmetric. To prove the transitivity of
~ylet z,y,z € Lsuch thatz ~; yand y ~; z. Since (z* © y)* @ (z* @ 2) = (z* —
Y ) Oz* Oz < y* Oz e I, we deduce that (z* ©® y) ~ (z* ©® z) € I, hence, by Theorem
3.1, 2" ©® z € I. Similarly, ¢ ® z* € I, hence x ~; z, that is, ~; is transitive. Now we
prove the compatibility of ~; with ®, V,* ** and B. Let a, z,y € L such that z ~; y. Since
(aex)*©(a0y)=(a—2*)0ady<z* Oy e Iwededuce that (a ®z)* ® (a®y) € I.
Similarly, (a ® z) ® (a ©®y)* € I,s0 (a ® x) ~1 (a ® y). Also we have (a V z)* ® (a Vy) =
(a* Nz*)© (aVy) = [(a* Ax*) ®a]V[a* Azx*) Oyl Since a* A z* < a* we deduce
that (¢* AN2*) @a<a*©®a=0,s0(aVz)* ©(aVy) =@Azs")o0y <z*Oy el
hence (a V 2)* ® (a Vy) € I. Similarly, (a V) ® (aVy)* € I,s0 (aV z) ~; (aVy).
From Proposition 3.3, z ~; y & 2* =; y* = 2™ ~; y* and as an immediate consequence,
T~y = p** ~7 y**

To prove the compatibility of ~; with H, we use the compatibility of ~; with ® and *.
We deduce that x ~; y implies * ~; y*, so (z* ® a*) ~1 (y* ©® a*). Thus, (z* © a*)* ~;
(y*®a*)*and (zBa) ~; (yBa). O

Remark 3.4. z ~; z**, forevery z € L. Indeed, z* © z** =z © (z**)* =0 € I.

Let L be a residuated lattice, I € I,(L) and « € L. We denote by z/I the equivalence
class of z modulo ~; and by L/I = {z/I : © € L} the factor set. For x,y € L we define on
L/I the unary operation (x/I)* = z*/I and the binary operation /I By/I = (x By)/I.
Following Theorem 3.2 these operations are well defined. Clearly, 0/ = {x € L : z ~;
Oy={zeLl:zel}=Ilandl/I={zecLlL:z~;1}={zeL:z*ecl}.
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Example 3.2. ([6]) Let L = {0,b,¢,d,1} with 0 < b,c < d < 1 and b, ¢ incomparable. L
becomes a residuated lattice relative to the following operations:

=10 b ¢ d 1 10 b ¢ d 1
01 1 1 1 1 0j(0 0 0 0 O
b|ld 1 d 1 1 b0 0O 0 0 b
cld d 1 1 1° c|0 0 0 0 ¢
dld d d 1 1 dlo 0 0 0 d
1 ({0 b ¢ d 1 110 b ¢ d 1

Remark 3.5. The relation ~; is not compatible with A and — . Indeed, if we consider
the residuated lattice L from Example 3.2, then for I = {0} € I;(L) we have b ~; d
since b* ©d =b®d* = 0,but (bAc) =»; (dAc)since 0 »; ¢ (0* ©c = ¢ ¢ I). Also,
(b—b) =y (d— b)since 1 »; d (because d* ©®1=4d ¢ I).

Theorem 3.3. If I is an i-ideal of a residuated lattice L, then (L/I,8,I) is a commutative monoid
and forevery x € L, x/I = (x/I)* and 1/IBz/I = 1/I.

Proof. Using (cs) we deduce that B is associative and commutative on L/I. Clearly, for

x e L, xz/TBO/I = (xB0)/I (o) x** /I = x/I, since © ~; x**, from Remark 3.4. We
conclude that (L/I,H,0/I) is a commutative monoid. Also, 1/IBz/I = (18Bz)/I =1/I,
and by Remark 3.4, z ~; ** so x/I = z**/I = (z/I)**. O

Remark 3.6. If we consider the residuated lattice L from Example 3.1and I = {0} € I,(L),
then (n*Ba)*Ba = dand (a*Bn)*Bn = 1. We remark that (n*Ba)*Ba ~; (a*Bn)*Hn,
sincel ©d*=n¢ 1.

We recall that an MV algebra (see [3]) is an algebra (M, ®,*,0) of type (2,1,0) such
that : (M, ®,0) is a commutative monoid; z** = z, 1 @ ¢ = 1, (where 1 = 0*) and
ey dy=(y* ®x) Pz, forevery z,y € M.

Corollary 3.1. If L a divisible residuated lattice and I € 1,(L), then (L/I,8,* ,I) is an MV
algebra.

Proof. For z,y € Lwehave (z*By)*By = (¢ 0y*)* By = (z™ o0y )By =[O
vy oyl =yoly =) =W A7) =y Br) Ba.

We deduce that ((x/I)* B (y/1))* B (y/I) = ((y/I)* B (z/I))* B (x/I). From Theorem
3.3 we conclude that (L/I,H,*, I) is an MV algebra. O

Lemma 3.1. Let L be a residuated lattice, I € I;(L) and x,y € L. Then the following are
equivalent:
(1) @ ~1y;
(13) (& — a™) ~1 (y** — a™*), forevery a € L;
(71) (a** — 2**) ~1 (a** — y**), for every a € L;
(i) (& Aa**) ~p (y™* ANa**), for every a € L.

Proof. (i) = (i), (#4), (iv). Using the compatibility of ~; with ®, V,* and **.

(#i) = (i). Fora = x, 1 ~; y** — 2™, s0 (y** = 2*)* = (y* 0 z*)* =y™* 0 z* € I,
thus, y © 2* € I. Similarly, for a = y we obtainz © y* € I, sox ~; y.

(#91) = (4). Similarly with (ii) = (4).

(tv) = (i). For a = 1, we deduce z** ~; y**. Using Remark 3.4, z ~ y. O

Theorem 3.4. Let L be a residuated lattice and I € I,(L).

(2) If L is divisible then ~ is a congruence relation on L;
(#9) If L is a Girard monoid then ~ is a congruence relation on L;
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(#91) If L is a De Morgan residuated lattice with property that (x — y)** = x** — y**, for
every x,y € L, then ~; is a congruence relation on L.

Proof. (i). We recall that if L is a divisible residuated lattice, then for every z,y € L, (x A
y)* = Ay* and (x — y)** = 2™ — y**, see [1].

To prove the compatibility of ~; with A and —, let z,y,a € L such that z ~; y. Since
a ~1 a** using Lemma 3.1, we have the following:

r—=ar~(z—=a)* =" 25a" ~y"F —2adF=(y—a) ~ry—a,
a—=zr~y(la—=z)*=a" 252 ~pad™ 5y =(a—=y) ~ra oy,
zAha~p (xAhNa)™ =2 Nad™ ~py™ ANad™ = (yANa)™ ~;yAa.
From Theorem 3.2 we conclude that ~; is a congruence relation on L.
(7). From Theorem 3.2 and Lemma 3.1 since z = z**, for every z € L.

(#4¢). Similarly with (), using the fact that if L is a De Morgan residuated lattice then
(x Ay)*™* =a** Ay*™*, forevery x,y € L. a

4. PRIME I-IDEALS IN RESIDUATED LATTICES

In this section we give new characterizations for prime i-ideals in residuated lattices.
The notion of prime i-ideal in residuated lattices generalizes the concept of prime ideal in
MYV algebras.

Proposition 4.4. Let L be a residuated lattice, z,y € L and I € I;(L). Then I(x Ny) C

I(z) N I(y) C I(z** Ay™).

Proof. Clearly, I C I(x)NI(y). Since z Ay < z,y we deduce that I(z Ay) C I(x),I(y) so

Iz ANy) CI(x)NI(y). Letnow z € I(z) N I(y). Then, z < i B (mx) and z < j B (ny) with

i,jelTandm,n > 1.If denote k =iHje I, thenz < kHmzand z < kHny. lf m,n > 2

we deduce successively z < (kBmz) A (kBny) = [k* — (mz)*]Ak* = (ny)*™] = [k* —
* (e3) 14

(ma)] A [k = (ny)] = k" — [(ma) A (ny)]

(c15) c
%5 E* — [mn(x™ A y*)] (22) e [mn(z** A y*))** = kB [mn(z*™ A y*)], hence
z € I(z** Ay**). Similarly for m = n = 1 and for m = 1, n > 2 (or conversely). We deduce
that I(z) N I(y) C I(z* A y*™). O

Definition 4.3. ([13]) Let L be a residuated lattice. An i-ideal I € I;(L) is called prime
if I # L and I is a prime element in the lattice (I;(L), C), that is, if J, K € I;(L) and
JNK CI,thenJ ClorK C1.

Because (I;(L), C) is a distributive lattice, then meet-irreducible and meet-prime el-

ements are the same. So, I is a prime element in the lattice ( I;(L), C), that is, if J, K
e(L)and JNK =1,thenJ =Tor K = 1.
Proposition 4.5. ([13]) Let L be a residuated lattice and I € 1,(L). Then:

(). Iisprimeiff ** Ny** € I impliesx € I ory € I;

(23) If L is a De Morgan residuated lattice, I is prime iff x Ny € I impliesxz € [ory € I.
Proposition 4.6. Let L be a residuated lattice and I be a proper i-ideal of L such that for every
x,y € L,x* ~ y* € [ory* ~» a* € I. Then I is prime.

Proof. Let z,y € L such that ** A y** € I and we suppose that z* ~» y* € I. It follows
that (z** © y*) B (z** A y**) (c1s) [(z* oy ) By Al(z*™* oy*)Bz] € I. Butz < 2™, so
2O @ 2 y*) <2 (@ —y”) <y Thus, 20 (2" By) <y~ <o < (@7 0y*) By
Since z < (z** © y*) B x, we deduce that « < [(z** © y*) By| A [(2** © y*) B z]. We get
« € I. Similarly, if y* ~» «* € I we obtain y € I, so I is prime. O
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Example 4.3. ([6]) Let L = {0,a,b,¢,1} with 0 < a,b < ¢ < 1 and q, b incomparable. L
becomes a residuated lattice with the following operations:

— 10 a b ¢ 1 ®|l0 a b ¢ 1

1 1 1 11 0 00 0O
alb 1 b 1 1 al0 a 0 a a
bla a 1 1 17 b0 0 b b b
c|0 a b 1 1 c|0 a b ¢ c
1({0 a b ¢ 1 110 a b ¢ 1

It is immediate that I,(L) = {{0},{0,a},{0,b}, L} and {0,a}, {0, b} are prime ideals of L.
Also, we remark that I = {0} is not prime since a** Ab** =0 € I buta,b ¢ I.

Theorem 4.5. Let L be an MTL algebra and I € 1;(L). The following are equivalent:
(¢) Iisa prime i-ideal of L;
(13) a* ~y* € Lory* ~> z* € I, for every z,y € L.

Proof. (ii) = (i). From Proposition 4.6.

(i) = (i1). We have (2" ~ ") A (y* ~ z7) = (2™ O y") A (y™ O a") = (& O y")™ A
MTL algebras are De Morgan residuated lattices, from Proposition 4.5, (ii), we deduce
that x* ~» y* € T or y* ~ o* € I. O

Theorem 4.6. (Prime i-ideal theorem) Let L be a residuated lattice. If I € 1;(L) and F is a
filter in the lattice (L, A\, V,0, 1) such that I N F = &, then there is a prime i-ideal P of L such
that ] CPand PN F = @.

Proof. LetZ; = {I' € I;(L) : I C I’ and I' N F = @}. Using Zorn’s lemma we show that Z;
has a maximal element P. Suppose by contrary that P is not a prime i-ideal, that is, there
are a,b € L such that a™* Ab** € P,buta ¢ P and b ¢ P. By the maximality of P we
deduce that P(a), P(b) ¢ Z;, hence P(a) N F # @ and P(b) N F # @, that is, there are p; €
P(a) N F and ps € P(b) N F. By Proposition 3.1, p; < f B (ma) and p; < g B (nb), with
f,ge Pand m,n > 1.

(c14)
If m,n > 2, then p; Aps < (fEHma)A(gBnb) < (f**Ag™)B(f** A(nb)**)B((ma)** A
koK ko koK (c12) ko koK Kok koK (e15
g*") B ((ma)™ A (nb)™) “=" (f** A g™) B (f** A (nb)) B ((ma) A g*) B((ma) A (nb)) <
(f*" A g™) B (f™ A (nb))B ((ma) A ™) B (mn) (@™ Ab™).
Since f**Ag**, f** A(nb), (ma)Ag**, (mn)(a** Ab**) € P we deduce that p; Ap; € PNF,
hence P N F # @, a contradiction. Thus, P is a prime. Similarly if m = 1 orn = 1. O

g

Remark 4.7. Using Theorem 4.6, we remark that any proper i-ideal of a residuated lattice
can be extended to a prime i-ideal.

Lemma 4.2. If L is a De Morgan residuated lattice and P is a prime i-ideal of L, then L\P is a
filter in the lattice (L, A\, V,0,1).

Proof. Indeed, since P is proper, 1 € L\P.If a < band ¢ € L\P, then b € L\ P, since P is
ani-ideal of L. If a,b € L\P, then a A b € L\ P, since P is prime. O

Remark 4.8. In a residuated lattice L, for a prime i-ideal P of L, L\ P is not necessary a fil-
ter in the lattice (L, A, V, 0, 1). Indeed, if we consider the residuated lattice L = {0,b,¢,d, 1}
from Example 3.2 thus, I = {0} is a prime i-ideal of L, but L\I = {b, ¢, d, 1} is not a filter
in the lattice (L, A, V,0,1), because b A c =0 ¢ L\I.
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Example 4.4. ([6]) Let L = {0,n,a,b,c,d,m,1} with0 <n < a,b <c<m < 1and a,b are
incomparable, b < ¢,d < m < 1 and also c, d are incomparable. L becomes a residuated
lattice relative to the following operations:

-0 n a b ¢ d m 1 ®©l/0n a b ¢c d m 1
0j1 1 1 1 11 1 1 0/{0 O OO OO O O
n| m 1 1 1 1 1 1 1 n|0 0 0 0 0 0 0 n
al|ld d 1 d 1 d 1 1 al0 0 a 0 a 0 a a
b|lc ¢ ¢ 1 1 1 1 1, b0 0 0O 0O O b b b
c|b b c d 1 d 1 1 cl|0 0 a 0 a b ¢ c
d|la a a ¢c ¢ 1 1 1 d{0 0 0 b b d d d

m|ln n a b ¢ d 1 1 m|0 0 a b ¢ d m m
110 n a b ¢ d m 1 110 n a b ¢ d m 1

It is easy to see that 2** = z, for every x € L.

Remark 4.9. In a residuated lattice, a proper i-ideal that contains a prime i-ideal is not
necessarily prime. Indeed, if we consider the residuated lattice L = {0,n,a,b,¢,d,m,1}
from Example 4.4, then I; = {0}, I, = {0,n}, I3 = {0,n,a}, Is = {0,n,b,d} are i-ideals.
Moreover, Iy, I3 and I4 are prime i-ideals of L and I; is not a prime i-ideal of L (because
a** ANb** =n € I, buta,b ¢ Iy). We remark that I; is a prime, I; C I, but I isnot a prime
i-ideal of L.

Remark 4.10. If L is a BL algebra, then every proper i-ideal of L that contains a prime
i-ideal is prime (see [9], Proposition 5.17).

Remark 4.11. In a residuated lattice, the set of proper i-ideals including a prime i-ideal
is not a chain. Indeed, if we consider the residuated lattice L = {0, n, a, b, ¢, d, m, 1} from
Example 4.4, then the set of proper i-ideals of L including the prime i-ideal I; = {0} is not
a chain because I3 ¢ Iy and I, ¢ Is.

Remark 4.12. If L is a BL algebra, then for a prime i-ideal P of L the set Zp = {I € I;(L) :
P C Iand I # L} is totally ordered by inclusion, see [13].

We recall that an i-ideal I of a residuated lattice L is called maximal (see [13]) if it is
proper and it is not contained in any other proper i-ideal of L. Obviously, in a residuated
lattice, every proper i-ideal can be extended to a maximal i-ideal and every maximal i-
ideal is prime.

Example 4.5. If we consider the residuated lattice L from Example 3.1 it is easy to see that
the prime i-ideals are {0}, {0, n} and the only maximal i-ideal is {0, n}.

In a residuated lattice L, we denote the intersection of maximal i-ideals by Radq(L).
Obviously that Radrq(L) € I;(L).

Proposition 4.7. In a residuated lattice L, B(L) N Radq(L) = {0}, where B(L) is the set of all
complemented elements of L.

Proof. We recall that if e € B(L) theneVe* =1, e Ae* = 0and e = e**. Obviously,
0 € B(L) N Radjq(L). Lete € B(L),e # 0. By Theorem 4.6, there is a prime i-ideal P of
L such thate ¢ P. Wehave 0 = e A e* = e** A (e*)** € P,so e* € P (since P is prime
and e = ¢** ¢ P). Also, there is a maximal i-ideal M such that P C M. It follows that

e* € M,soe ¢ M, because if ¢ € M, then e H e* (co) 1 € M, a contradiction. Thus,
(& ¢ Rad[d(L). O
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As a generalization of the case of BL algebras (see [9]) we investigate the relationship
between ideals and deductive systems in residuated lattices.
Let L be a residuated lattice.

Definition 4.4. ([14]) A subset D of L is called deductive system if : 1 € D and [If z,z —
y € D, theny € D].

An equivalent definition for a deductive system is ([14]):
(ds1) Ifz <yand z € D, theny € D;
(ds2) Ifz,y € D,thenz ®y € D.

Following this equivalence, a deductive system of L is also called an implicative filter.
We denote by Ds(L) the set of deductive systems of L. D € Ds(L) is called prime if D # L
and forx,y € L,ifx Vy € Dthenx € Dory € D.

We recall that for any subset X of a residuated lattice L we denote by X* = {z* : = €
X}and by N(X) = {z € L : z* € X} the set of complement elements (with respect to X).

As a generalization of the case of BL-algebras (see [9]) we have:

Theorem 4.7. Let L be a residuated lattice, I € 1;(L) and D € Ds(L). Then
(i) N(I) € Ds(L) and I* C N(I);

(i) N(D) is the i-ideal of L generated by D*;
(ii) I = N(N(I));
(iv) D C N(N(D))and N(D) = N(N(N(D))).
Proof. (i). Since I € I;(L) and 0 € I we deduce that 1 € N(I). Let z,y € N(I). Then

oyt elLa*By* =2 2 y* =y > 2" =(yox) € I,thusz®y € N(I). Now let
x,y €L such thatx <yand z € N(I). Then z* € I. Since y* < z*,z* € I, we deduce that
y* € I, thus y € N(I). We conclude that N(I) € Ds(L).

Obviously, I* C N(I), since forany z € L, x € I iff 2** € I.

(#3). Since D € Ds(L) and 1 € D we deduce that 0 € N(D).

Let z,y € N(D). Then z*,y* € D. Since D € Ds(L), then z* ©® y* € D.But z* © y* <
(z*0y*)*,so(zBy)* € Dand By € N(D). Now let z,y € L such that 2 < y and
y € N(D). Then y* € D. Since y* < z*,y* € D we deduce that z* € D, thus x € N(D).
We conclude that N(D) € I;(L).

To prove that N (D) is generated by D*, we prove first that D* C N (D).

Let 2* € D*, withx € D. Then 2** € D because z < 2** and D is a deductive system.
Hence z* € N(D) so D* C N(D). Finally, let J be an i-ideal containing D* and let z €
N(D). Then z* € D, so z** € D* C J. Hence ** € Jso x € J. Thus N(D) = (D*].

(i79). Since I is ani-idealof L, then N(N(I)) ={z € L:a* €I} ={zx e L:z eI} =I.

(iv). Let z € D. Since x < 2**, then 2™ € D,sox € N(N(D)) and D C N(N(D)).
Since D € Ds(L), from (i), N(D) € I;(L). Using (iii), for I = N(D), we deduce that
N(D) = N(N(N(D))). O

Theorem 4.8. Let L be a residuated lattice, I € I,(L) and D € Ds(L). Then
(¢) If Iis a prime i-ideal of L, then N (I) is a prime deductive system of L;
(23) If L is a De Morgan residuated lattice and D is a prime deductive system of L, then N (D)
is a prime i-ideal of L.

Proof. (i). Usmg Theorem 4.7, (i), N(I) € Ds(L). Letz,y € Lsuch thatzVy € N(I). Then
(xVy)* =z*ANy* = (x*)™ A (y*)** € I.Since I is a prime i-ideal we deduce that z* € I
ory* € I,sox € N(I)ory € N(I). Thus, N(I) is a prime deductive system of L.

(7). Using Theorem 4.7, (ii), N(D) € I;(L). Let z,y € L such that x Ay € N(D). Then
(x Ay)* =a* Vy* € D.Since D is a prime deductive system of L we deduce that 2* € D
ory* € D,sox € N(D)ory € N(D). Hence N(D) is a prime i-ideal of L. O
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Using Theorems 4.7 and 4.8, we conclude that:

Corollary 4.2. Let L be a De Morgan residuated lattice and I € 1;(L). Then I a prime i-ideal of
L iff N(I) is a prime deductive system of L.
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