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PROJECTIVE AND INJECTIVE DISTRIBUTIVE LATTICES

RAYMOND BALBES

This paper is concerned with the properties of projective
and injective distributive lattices.

By considering the minimal Boolean extension of a dis-
tributive lattice L, the question of the injectivity of L is
transferred to the category of Boolean algebras, where a
characterization is known. The result is that L is injective-
in the category of distributive lattices-if and only if it is a
complete Boolean algebra.

The first section deals with a method of defining E-free sequences
of elements in a distributive lattice. Roughly speaking, these are
elements which satisfy a given set E of inequalities and no others
except consequences of F.

We prove that a finite distributive lattice is projective if and only
if the sum of any two meet irreducible elements is meed irreducible.
For the general case we show that a distributive lattice is projective
if and only if it is generated by an E-free sequence, where E is a
certain set of one-sided inequalities.

The last section concerns the projectivity of Boolean algebras,
chains, and direct products.

1. E-free distributive lattices. Throughout this paper {x;}, 7 € I,
will denote a sequence of distinct variables.

DerFINITION 1.1. An imnequality in {x;},i€ I, is a formula of the
form
(1) Ly oo

1 &

B SRERIE S

DErINITION 1.2. Suppose {a;}, 7€, is a sequence of elements of a
distributive lattice and IS J. Then {a;}, 7 €J, satisfies the inequality
@ if a; oorcas, S a; + -0 +a; . If B is a set of inequalities in
{x;}, 1€ 1, then {a;}, 1 e, satisfies E if it satisfies all members of E.

THEOREM 1.3. If {a;},i€dJ, is a sequence of elements of a dis-
tributive lattice L, IS J, and f: L—M is a homomorphism into
o distributive lattice M, then <if {a;},1€d, satisfies a set E of
inequalities in {x;}, 1€ I, then {f(a;)}, i€ dJ, satisfies E.

Proof. This follows from the fact that homomorphisms preserve
order.
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DEFINITION 1.4, Let E be a set of inequalities in (;),7¢ I, and
e an inequality in (x;),7¢J, where IS J. Then e is said to be a
consequence of E if and only if whenever {a;}, 7€ J, is a sequence in
a distributive lattice L which satisfies F, then it satisfies e.

DerINITION 1.5. If E is a set of inequalities in {z;}, 7€ I, then a
sequence {a;},1edJ, [ < J, is said to be E-free if and only if:

(i) {aj},ted, satisfies E.

(ii) If {a;}, 7€ J, satisfies an inequality e in (x;),7€ I, then e is
a consequence of FE.

It is clear that if {a;}, 7€ J, is E-free and e is a consequence of
E, then {a;}, 1€ J, satisfies e.

THEOREM 1.6. Let {a;}, 7 e I be a sequence in a distributive lattice.
Then there exists a set E of imequalities in {x;}, © € I, such that {a;},
1€ 1, is an E-free sequence.

Proof. Let

E:{xil' coe oD

Now {a;},tel, is E-free for it satisfies E and if it satisfies an
inequality e in {x;},7¢ I, then ec E. It is trivial that ec E, implies
that e is a consequence of K.

ijl—{.- cen +xfm$ai1' oo '“in§“h+ oo +ajm}.

iy =

LEmMMA 1.7, A mapping f of a set G of generators of a dis-
tributive lattice L into a distributive lattice M can be extended to
a homomorphism f': L— M if and only if for any finite nonempty
subsets S, T of G, whenever

(2) n(S) = 3(T)
then
(3) n(f(S)) = 2(f(T)) where f(S) = {f(s)|seS}.

Proof. The necessity follows immediately. Now if ae L, then
a = S, 7w(S;) where S; is a finite nonempty subset of G for 1 <7 < .
Define f': L— M by f(a) = 32 w(f(S:)). Since 32 7(S;) = 37— n(T;)
is equivalent to a collection of relations of the form (2), which by
hypothesis are preserved by f, the function f’ is well defined. It is
now easy to show that f’ is a homomorphism and an extension of f.

THEOREM 1.8. If {a;},tedJ, generates a distributive lattice L
and E s a set of inequalities in {x;},1e I, IS J, then {a;},1¢€d, is
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E-free if and only if

(i) {a},1ed, satisfies E.

(ii) whenever {b;}, 1€ dJ, is a sequence of elements of a distribu-
tive lattice M such that {b;},1ed, satisfies E, then there exists a
homomorphism f: L — M such that f(a;) = b;.

Proof. For the necessity of (ii), let M be such a distributive
lattice. By Lemma 1.7, we need only show that

(4) Wigs w00 Oy, S Q5 + 200 @ implies
(5) by vee vb
But if (4) holds then {a;}, ¢ € J, satisfies

Sbj1+"'+bjm-

1y =

g:mi’. cee o ij1+ NN +mjm'

Tty =

Since {a;},7e€J is E-free, ¢ is a consequence of E. But M satisfies
E so (5) holds. Conversely, suppose {a;}, 7€ J satisfies an inequality
e in {z;},7eJ. To show e is a consequence of FE, let {b;}, i€, be a
sequence in a distributive lattice M which satisfies E. By hypothesis
there is a homomorphism f:L— M such that f(a;) = b,. Thus, by
Theorem 1.3, {b;}, 7 e J, satisfies E. So ¢ is a consequence of E.

THEOREM 1.9. (Euxistence) If E is a set of imequalities {w;},
1el, and J 2 I, then there exists an E-free sequence {A;}, i€ J.

Proof. For each inequality ¢ = ;- .-+ -®
{w;}, 7€, let

Ye) = {se2’|s(i) = +++ =5(i,) =1, 8(J) = +++ = s(J,) = 0}

and if E is a set of such inequalities, let (E) = J,ex 2e). Let
A; ={se27|s(t) =1, s¢ ¥(&)}. Finally, for each icJ, set A;;, = 4;
and A;, =27 — A,.

We first show that

(1) If N 4.y = @ then se Q(H).

(ii) Let {a;}, 7€, be a sequence of members of a ring of subsets
of aset Xandlet e=w; -+ 2, <o; + o0 +a; .

Then {a;}, 7 ¢ J, satisfies e if and only if );a;:, = @ for all se &(e),
where a;, = a; and a;, = X — a,.

For (i) if s¢ Q(F) then if s(t) =1, se 4;, and if s(i) = 0, s€ 4;,.
Hence se): Ai,,;). For (ii) first suppose {a;}, ¢z € J, satisfies e. Then
a; N+ Na;,Na; N---Naj =@ and hence (; &;,.;) = @ whenever
se ¥(e). Conversely, suppose there exists

Sx, e in

tn = Im

peailﬂ e ﬂainﬂa’jiﬂ oo N ak

Im *
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Define se2’ by s(¢) =1 if and only if pea;,., Then sc&e) but
D€ Wiysrin.
Suppose

xi' LRI

1 ’xinéle—l—“'“{'xjmeE.

Then Ni-, 4:, = Ui A,-l, for if s¢ X&) and s(@,) = --- =s(1,) =1
then s(j;) =1 for some le{l, -..,m}. Hence {4;},7¢J, satisfies K.
Now suppose {A4.},7¢eJ, satisfies an inequality e¢ in {z;},7eJ and
{a;}, 1€, is a sequence in a distributive lattice M which satisfies E.
We can assume that M is a ring of sets. Note that if we apply (ii)
to {4}, 7€ J, then (i) shows that every member s of ¥(e) is in 2(F).
Again by (ii), {a;}, 7 € J, will satisfy e provided every member of 2(e) is
a member of £(¢’) for some ¢ ¢ E. But this follows since £(e) & ¥(F).

DerinITION 1,10, A distributive lattice is said to be E-free if it
is generated by an E-free sequence.

By Theorem 1.6 every distributive lattice is FE-free for some set
E, and any -free distributive lattice is free.

THEOREM 1.11. (Uniqueness) Let E be a set of inequalities in
{&;},vel. If L and M are distributive lattices generated by E-free
sequences {a;},1€d, and {b;},ieJ, where IS J, then L = M.

Proof. Follows immediately from Theorem 1.8,

The following type of theorem is easily proved: Suppose L is
generated by the FE-free sequence {a,}, © € I, where the inequalities of
E are of the form x;, < ;. If P and Q are finite nonempty subsets
of {a;},7¢ I, and n(P) < 3(Q), then there exist a,e P and a,€Q and a
finite sequence a, < a; < --- < a;, < a, such that all of the inequalities
T, =X, e, %, =, are in B, Also it can be shown that if e is a
consequence of E then it is a consequence of a finite subset of E.

Again suppose E is a set of inequalities in {x;},7e I and {4;},7¢ I,
is the E-free sequence as in the proof of Theorem 1.9. Let L be the ring
of sets generated by {4.},7¢l. Setting X' = {se2'|s¢Q(FE)}, the
following theorem can be proved by direct computation.

THEOREM 1.12. F 1is a prime filter in L if and only if F 1is
the filter generated by {A;|s(i) = 1} for some se X',

Thus we obtain the following characterization of the Stone space
of the E-free distributive lattice L.
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THEOREM 1.13. The Stone space of L is X' with {A;|1e I}, as
a subbasis for its topology.

2. Definitions. The definitions in this section are of a universal
nature, so we consider an arbitrary category of algebras.

DEFINITION 2.1, An algebra A is a retract of an algebra A, if
there exist homomorphisms f: 4;,— 4 and g: A— A, such that fg = L,
the identity function on A.

DEFINITION 2.2. An algebra A is injective if for every pair of
algebras A; and A,, every homomorphism h: A, — A, and every mono-
morphism g¢: A, — A,, there exists a homomorphism f: A4, — A such
that fg = h.

DEFINITION 2.3. An algebra A is projective if for every pair of
algebras A, and A,, every homomorphism #h:A-— 4, and every
epimorphism f:A4,— A,, there exists a homomorphism g: 4 — A, such
that fg = h.

The terms retract, injective, and projective, when prefixed by
(0, 1)-, will be taken in the category of distributive lattices with a
smallest and a greatest element, and homomorphisms which preserve
0 and 1. Otherwise, the category will be distributive lattices. It is
immediate that retracts of injective (projective) distributive lattices
are injective (projective).

3. Injective distributive lattices. We make use of the following
theorem, proved by Halmos [3; p. 141] in the category of Boolean
algebras: A Boolean algebra is injective if and only if it is complete.

LEmMmA 8.1, A complete Boolean algebra L is (0, 1)-injective.,

Proof. Let M be a distributive lattice with 0 and 1. Nerode has
shown that there exists a Boolean algebra A, and a (0, 1)-monomorphism
@: M — A such that ¢(M) Boolean generates A. A is unique to within
isomorphism, and is called the minimal Boolean extension of M [4].

Now let L, and L, be distributive lattices with 0 and 1, h: L,— L
a (0, 1)-homomorphism, and ¢:L,— L; a (0,1)-monomorphism. Let
B, B, and B, be the minimal Boolean extensions of L, L,, L, and
@, ¢, @, the corresponding (0, 1)-monomorphisms. By a theorem of
Nerode [4, p. 399] there exists Boolean homomorphisms 4’: B,— B and
¢’: B,— B, such that #'p, = ph and ¢'p, = ¢,g.
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Furthermore since ¢ is one-to-one, so is ¢’. By hypothesis, L is a
Boolean algebra, so @: L — B is an isomorphism. Now since B is
complete, it is injective in the category of Boolean algebras. Therefore,
there is a Boolean homomorphism f’: B,— B such that f’¢’ = k’. Since
@ is an isomorphism, we can define f:L,— L by f= ¢ 'f'®». Then
f9 =97 f'pg = 97 f'g'p, = o7h'p, = ¢~'ph = h. Clearly f preserves
0 and 1.

THEOREM 3.2. A distributive lattice is injective if and only if
1t s a complete Boolean algebra.

Proof. Suppose first that L is a complete Boolean algebra. Let
L, and L, be distributive lattices, h:L,— L a homomorphism and
9: L,— L, a monomorphism. Let Lj= L,U {0, 1} where 0’ <z <1
for all xe L,, and L} = L, U {0*, 1*} where 0* < 2 < 1* for all z¢ L,.
Define #': L;— L by h'|L, = h, k'(0*) =0, and A'(1*) =1,. Define
g:L,— L by ¢'|L,=g, ¢(0¥) =0 and ¢'(1*) =1'. Since L is a
complete Boolean algebra, it is (0, 1)-injective so there is a (0, 1)-
homomorphism f’: L — L such that f'¢’ = h'. Define f:L,— L by
f=7f"1L. Then if ze L, fg(x) = f'g'(x) = h'(x) = h(x).

Conversely, suppose L is injective and B is the complete Boolean
algebra of all subsets of the collection of prime filters of L. Then
there exists a monomorphism g¢g:L — B. Since L is injective there
exists a homomorphism f: B— L such that fg = I,. Thus L is the
homomorphic image of a Boolean algebra and is therefore a Boolean
algebra. For completeness, let S& L. Then X{g(s)|se S} = p exists
in B. It is easily verified that X,(S) = f(p).

4. Basic properties of projective distributive lattices.

LEMMA 4.1, A distributive lattice is projective if and only if
it 1s a retract of a free distributive lattice.
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Proof. Essentially as in [3, p. 137].

Shanin [5, p. 91] has shown the topological dual of the statement
that free Boolean algebras contain no uncountable chains. This implies
the same condition of free distributive lattices, so we have:

THEOREM 4.2, There are no uncountable chains in a projective
distributive lattice L.

Proof. Since L is projective, there is a free distributive lattice
F and a monomorphism ¢g: L— F. If C was an uncountable chain
in L, {G(¢)|ce C} would be an uncountable chain in F.

In the category of Boolean algebras, every projective Boolean
algebra satisfies the w-chain condition. For distributive lattices there
is an even stronger condition.

DEFINITION 4.8. A subset S of a distributive lattice L is said
to be a-disjointed (ae L) if zy = a whenever & and y are distinct
elements of S.

LEMMA 4.4, Let {Z},i=1,---,m and {T},2=1,2 .- be
sequences of finite sets such that

ZI%TM "°7ZM%T1
ZI%TZ’ ...)ZM%TZ'

Then there exists ©,J such that 1= 3, and Zy & T; U T+, Z, L T; U T,.
Proof. The sequence {Z, — T;},7v = 1,2, .-- contains only finitely

many distinet sets since Z, is finite. So there exists a subsequence
{szi}y 1= 17 2’ «e+ of {Ti}7 1= 1’ 2; .-+ such that Zl S R Zl -

T,,=---. Hence Z, £ T,,UT,,U---. Proceeding by induction,
suppose {T,.:},t=1,2,... is a sequence such that Z, — T,,, = Z, —
T,.=---. Now the sequence {Z,,, — T,.;},7=1,2,-.. contains only

finitely many distinct sets, so there is a subsequence {T,.:}, 7 =
1,2,...0f{T,,;},2=1,2,---suchthat Z,,, — T, ;. =Z, 11 — Tpi1o=+-".
Hence Z,.1 £ T,41.UTy11,, U-+-. In particular, Z, & T,,,U T, U---.
Now for each nef{l,...,m}, Z, £ T,,UT,,,U--- and since {T,. .}, =
1,2, --- is a subsequence of {T,,;},72=1,2,.--- wehave Z, £ T,.,U T,
for all ne{l, -, m}.

LEMMA 4.5, Let F be a free distributive lattice generated by an
independent set G. Then w(S;) + -+ + n(S,) < n(T) + +++ + #n(T,),
where S; and T; are finite nonempty subsets of G if and only if for
each 1€{l, «++, n} there exists je{l, «--, m} such that T; = S,.



412 RAYMOND BALBES

Proof. The sufficiency follows immediately. On the other hand
if there exists pe{l, -+-, n} such that for each je{l, ..., m} there

is an element t;e T; — S,, then #n(S,)<¢ + --- + t,, contradicting
independence.

THEOREM 4.6. In a free distributive lattice L, every a-disjointed
subset is fimite.

Proof. Let L be generated by the independent set G and suppose
D={d;|1=1,2,...} is an infinite a-disjointed subset. There are
finite nonempty subsets S;; of G such that d;, = >297n(S;,;). Let
a = >, n(Z;) where Z, is a finite nonempty subset of G for 1 <
7 < m. We can assume a¢ D. Thus we have

(i) a<d; 1=1,2,--.).

(ii) d;d; = a whenever ¢ = j.

(iii) There exists a positive integer n such that for each
ke{l, .-, pn)}, Z, & S,,, for some re{l, ..., m}.

If (iii) does not hold then for each ¢ there is an S;; such that
Z, & S;,; for all refl, ..., m}. By Lemma 4.4 there exists S;,;, and
Sy, (0 # k) such that Z, £ S,; US,,; for all re{l,...,m}. But
7(Si,5, U Sij,) = did; = a, so by Lemma 4.5 there is an r such that
Z, = 8S;,;; US4, a contradiction.

By (iii) we have d, < a, contradiction (7).

COROLLARY 4.7. In a projective distributive lattice every a-
disjointed set is finite. ’

Proof. Similar to the proof of Theorem 4.2,

ExAMPLE 4.8. Neither the ring of all sets of integers nor the
ring of finite sets of integers is projective since the singletone form
an infinite disjointed set.

EXAMPLE 4.9. The field of all finite and co-finite sets of integers
is Boolean projective [3; p. 139, Corollary 2], but not projective.

5. Some characterizations of projective distributive lattices.

THEOREM b.1. A distributive lattice L generated by an E-free
sequence {a;}, 1€ I, is projective if and only if for each i there exist
finite nonempty subsets S;,, +-+, Sipu of I such that

(i) a;= 239 P(S;,;) where P(S;,,) = m{a, |l e S},

(i) If

Byoomee o, < le—!- cee x].meE

then for each fe P(i, ++-,1,) there exist q,r such that qu,rg
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Ui S, r6, where P(iy, -+, 1,) s the set of all fumction on {iy, + -+, 1,}
such that for each t, f(i,) is a positive integer <p(i,).

Proof. Suppose L is projective and F is the free distributive
lattice generated by the independent sequence {b;},ieI. Let h: F— L
be an epimorphism such that i(b;) = a;. By hypothesis there exists a
homomorphism g: L — F' such that hg = I,. Let g(a;) = 329 Px(S;,.)
where for each ¢ and k&, S;,, is a finite nonempty subset of I and
Py(S;,.) = {b,|1eS;,}. Then

a; = hg(a;) = ,El:.l h(Ps(S::)) = %P(Si,k) .

Next suppose Lyo vov W, S@; + -+ +a; €B. Since {a},iel is
E-free, we have a; - +-- -a;, < a;, + -+ +a; , 80 g(a;)- -+ +9(a;) <
9(a;) + +++ + g(a; ). Thus for each fe P(i, -+, ,)

Pe(U i) = (S PeSi)- o+ (S P(Se, )
S22 Pe(S; ) + oo+ 5?“ Pre(S; .4)

k
By Lemma 4.5, we have that for each f, there exist ¢, such that
qu,r S U Sit,f(it)'

Now suppose (i) and (ii) hold and again let F be the free
distributive lattice generated by the independent sequence {b.},7¢ I,
and h: F'— L an epimorphism such that A(b;) = a;. Define a sequence
{e},ieI in F by ¢, = 3329 Px(S;,;) for each 1e¢I. We will show
that {c;}, ie I satisfies B. If ;- ----a; <a; + -+ +a; €E, then
by hypothesis, for each fe P(%, ---,%,), there exist q,r such that
S;}',;,r & Ut Sit,f(it)- So Pr(U?- S'itf(it)) = PF(qu,r) = Ci, =6, tF 6,
Thus,

et G = ZPF(SMC) eee s ZPF(Sin,k)
(2PrS0)- - (S PriS0)
= %__‘JPF<QI Sityf(it)> ¢, + 0 +cy, -

Since {¢;}, 1 € I satisifies E, by Theorem 1.8, there exists a homomorphism
g: L — F such that g(a;) = ¢;. Hence hg(a;) = h(c;) = >34 P(S,,:) = a,.
By Lemma 4.1, L is projective,

It may be remarked that for each i, the sets S;,, +--, S;, ) may
be chosen so that no one of them contains any other one.

COROLLARY 5.2, Suppose L s a distributive lattice generated by
a sequence {a;}, i€ I. Then L is projective if and only if for each
i, there exists finite nonempty subsets S;,., +++, S; 0 0f the distinct
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elements of {a;}, 1€ I, such that
) o)
(1) a; = > 7(S:,).

k=1
(it) Ifa;-----a; <a; +---+a; , then for each fe P(i,,-+-,1,),
there ewist q,r such that S, .S Uiz Si,ru,, where P(iy «--,1,) is
the set of all functions on {t,, ---, 1,} such that for each t, f(i,) is a

positive integer =p(i,).

Proof. This follows immediately from Theorem 5.1 by defining
FE as in Theorem 1.6.

In Theorem 5.1 and Corollary 5.2, we shall refer to condition (i)
as the projective representation of the element a,, and to (ii) as the
projective criterion for @; - .- -m; =@; + oee + @y (@0 00 0y
a;, + -+ +a; ). Observe that in (ii) of Corollary 5.2, if a;, = a;, for
some 1, and j,, then the criterion is automatically satisfied. From

this we again see that free distributive lattices are projective.

DerINITION 5.3. An inequality e = a; - -+ -»; = ®; + .-+ +a; in
{x;}, e 1, is said to be ong-sided if n=1or m =1. If G={a;|1e I},
is a subset of a distributive lattice then G is said to be lower semi-
independent (upper semi-idependent) if whenever G satisfies e then
there exists pe{l, ---,n} such that a; = a; + -+- + a;, (there exists
gefl, ---, m} such that a;« --- -a; = a;,)-

For the following theorem {x;}, 7 € I, will be, as before, a sequence
of distinet variables. Fix a definite simple ordering of I. If 7, <---< 1,
and X = {w;,---,a; }, then 7(X) will denote the expression ;- -+- &,
and Y(X) will denote @; + --- + @, .

THEOREM 5.4. Let L be a distribulive lattice generated by {a.},
1el. If L is projective then {a;},1€ I, 1s E-free for some set E of
one-sided inequalitics. Specifically, L is projective if and only if
{a;},1e I, 1s E-free for some set K of inequalities of the form
E,U E, where

B = Y ®X,) S wild =1, -+, ()} and
€7
By =\ {o S 3(Yo )3 =1, -+, q()} and

(i) X, is a finite subset of {x;liel}, 1 <75 = p(i).

(ii) For each i: Yy, +-+, Y0 are all possible sets of the form
<o @y} where w, € X ;.

(i) If wge----m, =a; +---+;, €K (sothat n=1o0r m=1),
then for each feP(iy, +--,1,), there exist q,r such that qu,r c

Utn=1 Xi,,fu',)-

{«

iy
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Proof. For sufficiency, let
,,,"7 {k;kaXhJ} and T,;,j = {k|xk€ Yi'j} .

Since {a;}, 7 € I, satisfies E, for each i, we have n{a,|ke S,,,} < a; for
j=1,+-+,p(4). Therefore >2% n{a,|keS;;} < a;. Similarly, a; <
Saplke T} forj=1,---,q(3). A simple calculation shows that a; =

59 P(S;,;) where P(S;;) = m{a,[keS;;}. Since X; .S Ula Xi,rup
1mp11es S]q,r € Uri Si,.a,, L is projective by Theorem 5.1,

For the necessity we use Theorem 5.2, Thus, let a; = >34 7n(S;,;)
be a projective representation for each 7. Then for each ¢ we have
n(S;;) < a; for j=1,..-,p(t) and a; < X(T;,;) for j =1, ---, q(t) where
Tia + ¢, Ti00 are all possible sets of the form {a;,---, a; } and a;; € S,
Setting X, = {z,]a,€S;,;} and Y, ; = {x;|a, € T;,;}, define E as in the
statement of the theorem. Consequently (i) and (ii) are satisfied. For
(iii) suppose ; + +++ +&; = @; + +-- +x; € K. By the definitions of
Siis Tiriy Xiyjs and Y, we have Qg+ vov @, = @a; + -+ +a; . But
L is projective so for each fe P(%y,---,1,) there exist ¢, » such that
qu,r € Ui Si, 56, Hence qu,r S Ut Xi,riip-

It remains to show that {a;},7€l, is E-free. First, {a;},7¢ I,
obviously satisfies . Now suppose {a;}, ¢ € I, satisfies an inequality
6=+ orr oWy S Ly F e+ T Then a; - -+ -a; =< a; + -+ ay,.
Since L is pro;ectlve for each feP(iy ---,1,) there exist q,r such
that S; ., & Ui Si, 6. Hence

(6) gg T fldg) o

To show e is a consequence of FE, let {b;},7¢ I, be a sequence in a
distributive lattice that satisfies E. Let B;; = {b,|x,€ X;,;}. Then
b, = S29 m(B;,,) and by (6), for each fe P(i,---,1,) there exist q, »
such that B; .S Ui Bi,suy. Hence m(Uin By, riup) = n(B;,.) = b,
Thus

H

bi.

1

( 7 il,k)). '(Zﬂ(Bi,,,k))
P UB”,f“t))> < b+ e+ b

i

So ¢ is a consequence of E, and {a;}, ¢ I, is E-free.

ExamPLE 5.5. Let {x;},7=1,2,..- be a sequence of distinct
variables and E = {#,x, < x, + «,}. Then any E-free distributive lattice
is nonprojective for x4, < x, + =, is not a consequence of one-sided
inequalities.

ExAMPLE 5.6. Let {x;},7=1,2 ... be a sequence of distinct
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variables and

E = {20, = @ 010, S @,y T3 = 04 + B, B = X+ 5}

Then the distributive lattice generated by the FE-free sequence {a,},
i ¢ I, is projective for a projective representation is: «a, = ma, + a,a;,
Uy = gy Ay = Gy + sty + W0y, @, = A, + @0, and a; = a; for 7 = 5.

6. Meet and join irreducible elements.

DEFINITION 6.1. An element a of the lattice L is called meet
irreducible (M.I.) if whenever xy < a then z <a or y <a. Join
irreducible (J.1.) elements are defined dually.

In a distributive lattice the following are equivalent

(i) ais M.IL
(ii) If a,- +-+ +a, < a then a; < a for some i€e{l, ---, n}.
(iii) If ay- -+ -a, = a then a; = a for some te{l, ---, n}.

THEOREM 6.2. In a projective distributive lattice the sum of
any two meet irreducible elements is meet irreducible and the product
of any two join irreducible elements is join irreducible.

Proof. Let L = {a;,}1<€I and suppose a, and a, are M.I. and
(7) ae, = a, + a, .

Let a; = 329 7(S;,;,) be a projective representation for each 7. If
a; Z a, + a, and a, £ a, + a, then there exist integers m, n such that
w(Ss,n) Z a, + a, and 7(S,,,) £ a, + a,. For otherwise, for either k =1
or k=2, n(S,;) <a,+ a, for all te{l, ---, p(k)} and so a, < a, + a,.

Now choosing fe P(3,4) such that f(3) = m and f(4) = n, we have
(8) ”(St,f\'t)) La, +a, for t =3,4.

By the criterion (applied to (7) and for the given f), there exist
ge{l,2} and refl, .-, p(q)} such that S,, & S, ;s US, ;. Hence
(S5, ;)T (Ss ) = 7(S,,,) =< a,. But a, is M.I. so for either » = 3 or
n =4, (S, ;) < ¢, < a, + a,, contradicting (8).

Since the dual of a projective distributive lattice is projective,
the second statement follows.

7. Finite projective distributive lattices. We will now choose
a special set of generators and apply Theorem 5.2, In particular,
recall that in a finite distributive lattice every element is a product
of M.I. elements.
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THEOREM 7.1. In a finite distributive lattice L, the following
are equivalent.

(i) L 1is projective.

(ii) L 1s generated by a lower semi-independent set.

(ii") L 1is generated by an upper semi-independent set.

(iii) The sum of any two meet irreducible elements ts meet
irreducible.

(iii") The product of any two join irreducible elements is join
wrreducible.

Proof. (i)=(iii) and (i) = (iii’) follows from Theorem 6.2, (iii)=
(ii): Let G be the set of M.I. elements. Then G generates L. If

Qs+ voe Sajl_[_ cee _}.ajm

. Ty =

where a;, a;,€ G then by (iii) a;, + -+ + a; is M.L., so there exists
pefl,---,n} such that a;, =a; + .-+ +a; . (iii")=(@i'): This is
the dual of (iii) = (ii). (ii") == (i). For each a; e G, it will be proved
that a projective repesentation is a; = 7(S;,) + --- + 7(S; ;) Where
the S;,; are all possible sets such that n(S;,;) < a;. Equality holds
since one of these sets is {a;}. To show the criterion is satisfied,
suppose @; -+ +-- +@; = a;- -+ +a; . Then there exists ¢ such that
Qoo i, S0 Let fe P(4y, ++-,1,), then

n n
7T<tU_1 Si,,,f(it>> = [[lﬂ(sit,f(it)) S Qe e, S Q.

f
t= a

But by the definition of S; ,, S;,., -+ - there is an » such that Sjpr =
Ui Si,r6p. (1) = (1): Since (ii') = (i), by duality if (ii) then the
dual of L is projective and hence L is projective.

The hypothesis of finiteness is essential for the J.I. elements in
ring of subsets of the integers are the singletons and @. So (iii’) is
satisfied but we have seen (Ex. 4.8) that this lattice is not projective.

ExaAMPLE 7.2, Let f be the free distributive lattice generated
by the independent set {a,, a,, @;}. Then the sublattice

L, = {010,035, 0,05, 0103, 0:(@; + @s), @y, Q3 + A5, @ + a3 + s}

is not projective for a, and a, + a; are J.I. in L, but a,a, + a.,a, is
not J.I. in L,.

By considering the partially ordered set of nonzero J.I. elements of
a finite distributive lattice we obtain the following theorem [1, p. 139].

THEOREM 7.3. Ewvery finite distributive lattice s isomorphic
with the family of all hereditary subsets of partially ordered set.
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Conversely, the family of all hereditary subsets of a finite partially
ordered set is a lattice.

By adding a 0 and 1 to the partially ordered set, we find that
every finite distributive lattice is isomorphic with the family of all
nonempty proper hereditary subsets of a partially ordered set with 0, 1,
Conversely, every such family is a distributive lattice. In contrast,
for finite projective distributive lattices we have:

THEOREM 7.4, FEwery finite projective distributive lattice is
wsomorphic with the family of all nonempty proper hereditary
subsets of a finite lattice. Conversely, the family of all nonempty
proper hereditary subsets of a finite lattice is a projective distribu-
tive lattice.

Proof. Let L be a finite projective distributive lattice and P
the set of all nonzero J.I. elements. Then L is isomorphic with the
family of hereditary subsets of P. Let M = {0} UP U{1*} where 1* >z
for all xe L. Now M will be a lattice if S & M implies 7(S) exists.
If S=@ then n(S) =1*e M and if S % @ it is sufficient to consider
S = {x,y}. If  or y equals 0 then 7(S) =0 and if = or y equals 1*
then 7(S) equals y or x respectively. Thus, suppose %,y € P. Since
a2,y are J.I. and L is projective z.;y€ P U{0} and therefore is equal
to z-,y. Hence, M is a lattice. Finally, the lattice of hereditary
subsets of P is isomorphic with the lattice of nonempty proper he-
reditary subsets of M under the correspondence He P« {0} UHe M.

Now suppose L is the family of all nonempty proper hereditary
subsets of a finite lattice M. Clearly L is a distributive lattice. Let L,
be the set of all hereditary subsets of M; then L, = {¢, M} U L. By
the proof of [1, Th. 5, p. 139], the set of all nonzero J.1. elements of L,
is isomorphic with the collection of principal ideals of M. Therefore,
the set of J.I. elements of L is isomorphic with the set consisting of @
and all proper principal ideals of M, and is therefore closed under
products. Hence L is projective.

8. Applications and Examples.

THEOREM 8.1. Boolean algebras and Boolean rings are projective
of and only if they are finite.

Proof. Infinite Boolean algebras and rings contain infinite dis-
jointed sets, and hence can not be projective. On the other hand,
a finite Boolean ring is a Boolean algebra and every finite Boolean
algebra is isomorphic with the collection of all subsets of a finite
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set.- Clearly the J.I. elements-the singletons and -are closed under
products.

THEOREM 8.2, A chain is projective if and only 1f it is countable.

Proof. Theorem 4.2 shows the necessity. Now suppose C =
{a;]9=1,2, ...} is a chain. It will be shown that C is a retract of
the free distributive lattice F' generated by the independent set {b;|7 =
1,2,..-}. Let f: F— C be an epimorphism such that f(b,) = a; for
1=1,2,-... Define,inductively, a function g: C — F by g(a,) = b, and

g(a,) = b,{g(a:) | a; > a,, © < n} + Zgla) | a; < a,, © < n}.
Then g is a homomorphism and fg = I,.

ExAaMPLE 8.3. Let C be the chain of nonnegative integers. Then
C x C is not projective.

Proof. C x C is generated by the elements a; = (7,0) and b, =
(0, 5) where 7 > 0,5 > 0. If C x C is projective then there exists a
projective representation:

a; = (S;) + <+ + T(Sipw) (2> 0)
b, = w(T;1) + <o+ + 7(Tj00) (4> 0).

Now for some », say r =1, S;,, is of the form S;, = {a;, ---, a;,
where 1 < 4, < --- < 1,. For if not, by distributivity, we have a; <
¢ + + -+ + ¢,, where for each 7, ¢, €8;, and either ¢, = b; for some j
or ¢, = a, for some k <4. This is impossible, as is seen by comparing
first coordinates. Similarly, we may assume 7, = {b,,---,b;, }, where
J=h < <Ju ‘

Now let p be an integer larger than the subscripts of all elements
a; or b; which occur in the projective representation of @,. Since
a,b, < a,, by the projective ecriterion, S,,U T, 2 S,,; for some 1.
This is a contradiction.

THEOREM 8.4. The direct product [l;e; L; of finite distributive
lattices is projective if and only if L; s projective for each el
and | L;| =1 for all but finitely many 1€ I.

Proof. Suppose the condition holds. Then it is sufficient to show
that if L, and L, are projective then L, x L, is projective. It is
easily verified that the M.I. elements of L, x L, are those of the
form (v, %), (x,1) and (1,%) where xz and y are M.I. in L, and L,
respectively. But since the M.I. elements of IL,(L,) are closed under
sums, the M.I. elements of L, X L, also have this property. Hence
L, x L, is projective. Conversely, each L, is a retract of [[;e; L; and
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is therefore projective. If L;>1 for infinitely many 4 ¢ I, then [[.e; L;
has an infinite disjointed subset and could therefore not be projective.
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