7. Varieties of Lattices

Variety is the spice of life.

A lattice equation is an expression p &~ ¢ where p and ¢ are lattice terms. Our
intuitive notion of what it means for a lattice £ to satisfy p =~ ¢ (that p(x1,...,2,) =
q(z1,...,7,) whenever elements of £ are substituted for the variables) is captured
by the formal definition: £ satisfies p ~ q if h(p) = h(q) for every homomorphism
h: W(X) — L. We say that £ satisfies a set ¥ of equations if £ satisfies every
equation in X. As long as we are dealing entirely with lattices, there is no loss of
generality in replacing p and ¢ by the corresponding elements of FL(X), and in
practice it is often more simple and natural to do so (as in Theorem 7.2 below).

A wvariety (or equational class) of lattices is the class of all lattices satisfying some
set X of lattice equations. You are already familiar with several lattice varieties:

(1) the variety T of one-element lattices, satisfying = ~ y (not very exciting);
(2) the variety D of distributive lattices, satisfying A (yV z) = (z Ay)V (z A 2);
(3) the variety M of modular lattices, satisfying (xVy)A(zVz) = xV (2A(zVy));
(4) the variety L of all lattices, satisfying = ~ x.

If K is any class of lattices, we say that a lattice F is K-freely generated by its
subset X if
(1) F €K,
(2) X generates F,
(3) for every lattice £L € K, every map hg : X — L can be extended to a
homomorphism A : F — L.

A lattice is K-free if it is K-freely generated by one of its subsets, and relatively free
if it is K-free for some (unspecified) class K.

While these ideas floated around for some time before, it was Garrett Birkhoff [5]
who proved the basic theorem about varieties in the 1930’s.

Theorem 7.1. If K is a nonempty class of lattices, then the following are equiva-
lent.

(1) K is a variety.

(2) K is closed under the formation of homomorphic images, sublattices and
direct products.

(3) FEither K = T (the variety of one-element lattices), or for every nonempty
set X there is a lattice Fx (X) which is K-freely generated by X, and K is
closed under homomorphic images.
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Proof. It is easy to see that varieties are closed under homomorphic images, sublat-
tices and direct products, so (1) implies (2).

The crucial step in the equivalence, the construction of relatively free lattices
Fk(X), is a straightforward adaptation of the construction of FL(X). Let K be
a class which is closed under the formation of sublattices and direct products, and
let Kk =(){0# € Con W(X): W(X)/6 € K}. Following the proof of Theorem 6.1,
we can show that W(X)/k is a subdirect product of lattices in K, and that it is
K-freely generated by {zx : x € X}. Unless K = T, the classes zx (x € X) will be
distinct. Thus (2) implies (3).

Finally, suppose that K is a class of lattices which is closed under homomorphic
images and contains a K-freely generated lattice Fx (X) for every nonempty set X.
For each nonempty X there is a homomorphism fx : W(X) — Fk(X) which is
the identity on X. Fix the countably infinite set Xo = {z1,z2,23,...}, and let X
be the collection of all equations p ~ ¢ such that (p,q) € ker fx,. Thus p = ¢ is
in ¥ if and only if p(xy,...,z,) = q(z1,...,2,) in the countably generated lattice
.7'-K(X0) > Fi(w).

Let Vy be the variety of all lattices satisfying >; we want to show that K = V.
We formulate the critical argument as a sublemma.

Sublemma. Let Fx(Y) be a relatively free lattice. Let p,q € W(Y') and let fy :
W(Y) - Fx(Y) with fy the identity on Y. Then K satisfies p = q if and only if
fy(p) = fv(q).

Proof. 1f K satisfies p ~ ¢, then fy(p) = fy(q) because Fx(Y) € K. Conversely,

if fy(p) = fy(q), then by the mapping property (III) every lattice in K satisfies
1

pqg- O

Applying the Sublemma with Y = X, we conclude that K satisfies every equa-
tion of X, so K C Vy.

Conversely, let £ € Vy, and let X be a generating set for £. The identity map
on X extends to a surjective homomorphism h : W(X) — £, and we also have
the map fx : W(X) — Fx(X). For any pair (p,q) € ker fx, the Sublemma says
that K satisfies p =~ ¢q. Again by the Sublemma, there is a corresponding equation
in ¥ (perhaps involving different variables). Since £ € Vy this implies h(p) =
h(q). So ker fx < ker h, and hence by the Second Isomorphism Theorem there is
a homomorphism g : Fx(X) — £ such that h = gfx. Thus £ is a homomorphic
image of Fx (X). Since K is closed under homomorphic images, this implies £ € K.
Hence Vy C K, and equality follows. Therefore (3) implies (1). O

The three parts of Theorem 7.1 reflect three different ways of looking at varieties.
The first is to start with a set ¥ of equations, and to consider the variety V(%) of all

'However, if Y is finite and Y C Z, then Fxk (Y) may satisfy equations not satisfied by Fi (Z).
For example, for any lattice variety, Fi (2) is distributive. The Sublemma only applies to equations
with at most |Y| variables.
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lattices satisfying those equations. The given equations will in general imply other
equations, wiz., all the relations holding in the relatively free lattices Fy (x)(X). It
is important to notice that while the proof of Birkhoff’s theorem tells us abstractly
how to construct relatively free lattices, it does not tell us how to solve the word
problem for them. Consider the variety M of modular lattices. Richard Dedekind [6]
showed in the 1890’s that Fng(3) has 28 elements; it is drawn in Figure 9.2. On the
other hand, Ralph Freese [9] proved in 1980 that the word problem for Fng(5) is
unsolvable: there is no algorithm for determining whether p = q in Fa(5). Christian
Herrmann [10] later showed that the word problem for Fy(4) is also unsolvable. It
follows, by the way, that the variety of modular lattices is not generated by its finite
members:? there is a lattice equation which holds in all finite modular lattices, but
not in all modular lattices.

Skipping to the third statement of Theorem 7.1, let 'V be a variety, and let k be
the kernel of the natural homomorphism A : FL(X) — Fy(X) with h(z) = x for all
x € X. Then, of course, Fy(X) = FL(X)/k. We want to ask which congruences on
FL(X) arise in this way, i.e., for which § € Con FL(X) is FL(X)/0 relatively free?
To answer this, we need a couple of definitions.

An endomorphism of a lattice £ is a homomorphism f : £ — L. The set of
endomorphisms of £ forms a semigroup End £ under composition. It is worth
noting that an endomorphism of a lattice is determined by its action on a generating
set, since f(p(x1,...,z,) = p(f(z1),..., f(x,)) for any lattice term p. In particular,
an endomorphism f of FL(X) corresponds to a substitution x; — f(z;) of elements
for the generators.

A congruence relation 6 is fully invariant if (z,y) € 0 implies (f(z), f(y)) € 0 for
every endomorphism f of £. The fully invariant congruences of £ can be thought
of as the congruence relations of the algebra £* = (L,A,V,{f : f € End L}). In
particular, they form an algebraic lattice, in fact a complete sublattice of Con L.

The answer to our question, in these terms, is again due to Garrett Birkhoff [4].

Theorem 7.2. FL(X)/0 is relatively freely generated by {z0 : x € X} if and only

if 0 is fully invariant.

Proof. Let V be a lattice variety and let h : FL(X) — Fv(X) with h(z) = z for
all x € X. Then h(p) = h(q) if and only if V satisfies p ~ ¢ (as in the Sublemma).
Hence, for any endomorphism f and elements p, ¢ € FL(X), if h(p) = h(q) then

hf(p) = h(f(p(z1,... 20))) = h(p(f(21),. .., f(20)))
- h(q(f(xl)v ce 7f(xn))
h(f(g(z1,.. . 2n))) = hf(q)

2If a variety V of algebras (1) has only finitely many operation symbols, (2) is finitely based,
and (3) is generated by its finite members, then the word problem for Fv(X) is solvable. This
result is due to A. I. Malcev for groups; see T. Evans [7].
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so that (f(p), f(q) € ker h. Thus ker h is fully invariant.

Conversely, assume that 6 is a fully invariant congruence on FL(X). If § =
LGon FL(X), then @ is fully invariant and FL(X)/6 is relatively free for the trivial
variety T. So without loss of generality, 6 is not the universal relation. Let k :
FL(X) — FL(X)/6 be the canonical homomorphism with ker k = 6. Let V be the
variety determined by the set of equations ¥ = {p ~ ¢ : (p,q) € 0}. To show that
FL(X)/6 is V-freely generated by {z6 : x € X}, we must verify that

(1) FL(X)/0 € V, and
(2) if M €V and hy : X — M, then there is a homomorphism h : FL(X)/0 —
M such that h(z0) = ho(z), i.e., hk(z) = ho(x) for all x € X.

For (1), we must show that the lattice FL(X)/0 satisfies every equation of ¥, i.e.,
that if p(x1,...,2,) 0 q(z1,...,2,) and wy,...,w, are elements of FL(X), then
p(wi,...,wy) 0 q(wy,...,w,). Since there is an endomorphism f of FL(X) with
f(x;) = w; for all 7, this follows from the fact that 6 is fully invariant.

To prove (2), let g : FL(X) — M be the homomorphism such that g(x) = ho(z)
for all z € X. Since M is in V, g(p) = ¢(q) whenever p = ¢ is in ¥, and thus
0 = ker k < ker g. By the Second Isomorphism Theorem, there is a homomorphism
h:FL(X)/0 — M such that hk = g, as desired. O

It follows that varieties of lattices are in one-to-one correspondence with fully
invariant congruences on FL(w). The consequences of this fact can be summarized
as follows.

Theorem 7.3. The set of all lattice varieties ordered by containment forms a lattice
A dually isomorphic to the lattice of all fully invariant congruences of FL(w). Thus
A is dually algebraic, and a variety V is dually compact in A if and only if V =
V(%) for some finite set of equations X.

Going back to statement (2) of Theorem 7.1, the third way of looking at varieties
is model theoretic: a variety is a class of lattices closed under the operators H
(homomorphic images), S (sublattices) and P (direct products). Now elementary
arguments show that, for any class K,

PS(K) C SP(K)
PH(K) C HP(K)
SH(K) C HS(K).

Thus the smallest variety containing a class K of lattices is HSP(K), the class of all

homomorphic images of sublattices of direct products of lattices in K. We refer to

HSP(K) as the variety generated by K. We can think of HSP as a closure operator,

but not an algebraic one: A is not upper continuous, so it cannot be algebraic (see

Exercise 5). The many advantages of this point of view will soon become apparent.
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Lemma 7.4. Two lattice varieties are equal if and only if they contain the same
subdirectly irreducible lattices.

Proof. Recall from Theorem 5.6 that every lattice £ is a subdirect product of subdi-
rectly irreducible lattices £/6 with 6 completely meet irreducible in Con L. Suppose
V and K are varieties, and that the subdirectly irreducible lattices of V are all in
K. Then for any X the relatively free lattice Fyv (X), being a subdirect product of
subdirectly irreducible lattices Fv(X)/0 in V, is a subdirect product of lattices in
K. Hence Fy(X) € K and V C K. The lemma follows by symmetry. [

This leads us directly to a crucial question: If K is a set of lattices, how can
we find the subdirectly irreducible lattices in HSP(K)? The answer, due to Bjarni
Jénsson, requires that we once again venture into the world of logic.

Let us recall that a filter (or dual ideal) of a lattice £ with greatest element 1 is
a subset F' of L such that

(1) 1eF,

(2) z,y € F implies z Ay € F,

(3) z>x € F implies z € F.

For any x € L, the set 1/x is called a principal filter. As an example of a nonprincipal
filter, in the lattice 3(X) of all subsets of an infinite set X we have the filter F of all
complements of finite subsets of X. A maximal proper filter is called an ultrafilter.

We want to describe an important type of congruence relation on direct products.
Let £; (i € I) be lattices, and let F' be a filter on the lattice of subsets P(I). We
define an equivalence relation =p on the direct product [[,.; £; by

r=pyif{iel:z; =y} €F.

A routine check shows that = is a congruence relation.

Lemma 7.5. (1) Let L be a lattice, F' a filter on L, and a & F. Then there exists
a filter G on L mazimal with respect to the properties F C G and a € G.

(2) A proper filter U on B(I) is an ultrafilter if and only if for every A C I,
either AcU orI —AeU.

(8) If U is an ultrafilter on P(I), then its complement P(I) — U is a mazimal
proper ideal.

(4) If U is an ultrafilter and Ay U---U A, € U, then A; € U for some i.

(5) An ultrafilter U is nonprincipal if and only if it contains the filter of all
complements of finite subsets of I.

Proof. Part (1) is a straightforward Zorn’s Lemma argument. Moreover, it is clear

that a proper filter U is maximal if and only if for every A ¢ U there exists B € U

such that AN B =10, i.e., BC I — A. Thus U is an ultrafilter if and only if A ¢ U

implies I — A € U, which is (2). DeMorgan’s Laws then yield (3), which in turn

implies (4). It follows from (4) that if an ultrafilter U on I contains a finite set,
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then it contains a singleton {ig}, and hence is principal with U = 1/{ip} = {A C I :
ig € A}. Conversely, if U is a principal ultrafilter 1/5, then S must be a singleton.
Thus an ultrafilter is nonprincipal if and only if it contains no finite set, which by
(2) means that it contains the complement of every finite set. [

Corollary. If I is an infinite set, then there is a nonprincipal ultrafilter on B(I).

Proof. Apply Lemma 7.5(1) with £ = B(I), F' the filter of all complements of finite
subsets of I, and a = (0. O

If F'is a filter on B(I), the quotient lattice J],.; Li/ = is called a reduced
product. If U is an ultrafilter, then [, ; £;/ =v is an ultraproduct. The interesting
case is when U is a nonprincipal ultrafilter. Good references on reduced products
and ultraproducts are [3] and [8].

Our next immediate goal is to investigate what properties are preserved by the
ultraproduct construction. In order to be precise, we begin with a slough of defini-
tions, reserving comment for later.

The elements of a first order language for lattices are

(1) a countable alphabet X = {x1,z9,23,...},
(2) equations p = ¢ with p,q € W(X),

(3) logical connectives AND, OR, and —,

(4) quantifiers Vz; and Jz; for i =1,2,3....

These symbols can be combined appropriately to form well formed formulas (wifs)
by the following rules.

(1) Every equation p = ¢ is a wif.

(2) If a and 3 are wils, then so are (—«), (o AND ) and (« OR [3).

(3) If yisawffand ¢ € {1,2,3,... }, then Vz;v and Jx;v are wifs.

(4) Only expressions generated by the first three rules are wifs.

Now let £ be a lattice, let h : W(X) — L be a homomorphism, and let ¢ be a
well formed formula. We say that the pair (£, h) models ¢, written symbolically as
(L,h) E ¢, according to the following recursive definition.

(£,h) = p~ qifh(p) = h(q), Le., if p(h(z1), ..., h(zn)) = q(h(z1),. .., h(zn)).
L,h) = (—a) if (£, h) does not model a (written (£, h) = «).

L,h) = (e AND ) if (L, h) E «a and (L, h) = (.

L,h) E (eorf)if (L,h) Eaor (L,h) E S (or both).

L, h) |= Yy if (£, g) | v for every g such that g|x_ ;1 = hlx—{2,}-

L,h) | Jxyy if (L, 9) = v for some g such that g|x (2.} = hlx—{a,}-

(For Y C X, gly denotes the restriction of g to Y.)

We say that L satisfies ¢ (or £ models ) if (£, h) models ¢ for every homomor-
phism h: W(X) — L.

We are particularly interested in well formed formulas ¢ for which all the variables
appearing in ¢ are quantified (by V or 3). The set F,, of variables that occur freely
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in @ is defined recursively as follows.

(1) For an equation, F~, is the set of all variables x; which actually appear in
p or q.

F.,=F,.

) FQANDﬁzFaUFﬁ.

) FQOR[;:F&UF[;.

) FVzia - Fa - {xz}

) Fﬂmia - Fa - {xz}

A first order sentence is a well formed formula ¢ such that F, is empty, i.e., no
variable occurs freely in ¢. It is not hard to show inductively that, for a given
lattice £ and any well formed formula ¢, whether or not (£,h) = ¢ depends only
on the values of h|g,, i.e., if g|r, = h|r,, then (£, g) | @ iff (£,h) = ¢. So if ¢ is
a sentence, then either £ satisfies ¢ or L satisfies —p.

Now some comments are in order. First of all, we did not include the predicate
p < q because we can capture it with the equation p V ¢ = ¢. Likewise, the logical
connective = is omitted because (o« = f3) is equivalent to (—a) OR . On the
other hand, our language is redundant because OR can be eliminated by the use of
DeMorgan’s law, and Jz;¢ is equivalent to =Vz;(—¢).

Secondly, for any well formed formula ¢, a lattice £ satisfies ¢ if and only if it
satisfies the sentence Vz;, ... Vx;, ¢ where the quantification runs over the variables
in F,. Thus we can consistently speak of a lattice satisfying an equation or Whit-
man’s condition, for example, when what we really have in mind is the corresponding
universally quantified sentence.

Fortunately, our intuition about what sort of properties can be expressed as first
order sentences, and what it means for a lattice to satisfy a sentence ¢, tends to be
pretty good, particularly after we have seen a lot of examples. With this in mind,
let us list some first order properties.

(1)
2) L satisfies the semidistributive laws (SDy ) and (SDy).
) L satisfies Whitman’s condition (W).
) L has width 7.
)
)

2)

(

(3
(4
(5
(6

L satisfies p = q.

(
(3
(4
(5) L has at most 7 elements.
(6) L has exactly 7 elements.
(7) L is isomorphic to Ms.
And, of course, we can do negations and finite conjunctions and disjunctions of these.
The sort of things which cannot be expressed by first order sentences includes the
following.

(1) L is finite.
(2) L satisfies the ACC.
(3) L has finite width.
(4) L is subdirectly irreducible.
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Now we are in a position to state for lattices the fundamental theorem about
ultraproducts, due to J. Los in 1955 [13].

Theorem 7.6. Let ¢ be a first order lattice sentence, L; (i € I) lattices, and U
an ultrafilter on *B(I). Then the ultraproduct [],.; Li/ =u satisfies ¢ if and only if
{i € I:L; satisfies p} is in U.

Corollary. If each L; satisfies @, then so does the ultraproduct [];.; Li/ =u.
Proof. Suppose we have a collection of lattices £; (i € I) and an ultrafilter U
on B(I). The elements of the ultraproduct [],.; £;/=u are equivalence classes
of elements of the direct product. Let p : [[£; — [[L£:/=u be the canonical

homomorphism, and let 7; : [[ £; — L; denote the projection map. We will prove
the following claim, which includes Theorem 7.6.

Claim. Let h: W(X) — [[;,c; £i be a homomorphism, and let ¢ be a well formed
formula. Then ([ L;/ =u, ph) E ¢ if and only if {i € I : (L;,m;h) =} eU.

We proceed by induction on the complexity of ¢. In view of the observations
above (e.g., DeMorgan’s Laws), it suffices to treat equations, AND, = and V. The
first three are quite straightforward.

Note that for a,b € [[ £; we have u(a) = p(b) if and only if {i : m;(a) = m;(b)} €
U. Thus, for an equation p ~ ¢, we have

([ £i/=v,uh) Ep~q iff ph(p) = ph(q)
ifft {i:mh(p)=mh(q)} €U
iff {’L(ﬁz,ﬂzh) ):p%q}EU

For a conjunction o AND (3, using AN B e U iff A€ U and B € U, we have

([ £i/=v,uh) E o ano giff (][ £i/=v,uh) =« and ([ ] £i/=v,ph) E 8
iff {Z : (ﬁz,ﬂzh) ': Oé} € U and {’L : (ﬁz,ﬂzh) ): ﬁ} eU
iff {i: (L, mh) =a AND B} € U.

For a negation —«, using the fact that A € U iff I — A ¢ U, we have

L/ =0, uh) = it ([ £/ =vouh) I a
ifft {i:(L;,mh)E=a}¢U
iff {j:(ﬁj,ﬂjh) l#Oé}EU

iff {j : ([,j,ﬂ'jh) ): ﬁCM} eU.
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Finally, we consider the case when ¢ has the form Vzvy. First, assume A = {i :
(Li,mh) = Voy} € U, and let g : W(X) — [[ £; be a homomorphism such that
19| x —{z} = Mh|x—{z}. This means that for each y € X — {x}, the set B, = {j :
mj9(y) = mih(y)} € U. Since F, is a finite set and U is closed under intersection,
it follows that B = (,cp _(,y By = {j : mjg(y) = m;h(y) for all y € F, — {a}} €
U. Therefore AN B = {i : (L;,mh) = Yoy and mig|lp _(z) = mih|p, (o1} € U.
Hence {i : (L;,mg) E v} € U, and so by induction ([[£;/=u,ug) = v. Thus
(I1£i/ =u, ph) = Vary, as desired.

Conversely, suppose A = {i : (£;,mh) = Yoy} ¢ U. Then the complement
I—A={j:(L;,mjh) =Vavy} € U. For each j € I — A, there is a homomorphism
gj + W(X) — L; such that g;|x_{s3 = 7jh|x_(s and (Lj,g;) = 7. Let g :
W(X) — [[L£; be a homomorphism such that m;g = g; for all j € I — A. Then
19|x —(xy = phlx—(zy but (I1Li/ =u, ng) . Thus ([[Li/ =u, ph)  Vay.

This completes the proof of Lemma 7.6. O

To our operators H, S and P let us add a fourth: P,(K) is the class of all
ultraproducts of lattices from K. Finally we get to answer the question: Where do
subdirectly irreducibles come from?

Theorem 7.7. JONSSON’S LEMMA. Let K be a class of lattices. If L is subdirectly
irreducible and £ € HSP(K), then £ € HSP,(K).

Proof. Now £ € HSP(K) means that there are lattices K; € K (i € I), a sublattice
S of [],c; Ki, and a surjective homomorphism h : S — L. If we also assume that
L is finitely subdirectly irreducible (this suffices), then ker h is meet irreducible in
Con §. Since Con S is distributive, this makes ker h meet prime.

For any J C I, let m; be the kernel of the projection of & onto HjeJ K;. Thus
for a, b € S we have a 7y b iff a; = b; for all j € J. Note that H O J implies
g < 7wy, and that m; x =75 A Tk.

Let = {J CI:7m; <kerh}. By the preceding observations,

(1) TeHand D ¢ 9,
(2) $ is an order filter in PB(I),
(3) JUK € $ implies J € H or K € §.

However, $) need not be a (lattice) filter. Let us therefore consider
Q={F C*B(I): Fis a filter on P(I) and F' C H}.

By Zorn’s Lemma, Q contains a maximal member with respect to set inclusion, say
U. Let us show that U is an ultrafilter.

If not, then by Lemma 7.5(2) there exists A C I such that A and I — A are both
not in U. By the maximality of U, this means that there exists a subset X € U
such that AN X ¢ §. Similarly, there is a Y € U such that (/ — A)NY ¢ §. Let
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Z =XNY. Then Z € U, and hence Z € $. However, ANZ C AN X, whence
ANZ ¢ $H by (2) above. Likewise (I — A)NZ ¢ $. But

(ANZ)U(I-A)NZ)=Z €9,

contradicting (3). Thus U is an ultrafilter.

Now =y € Con []K;, and its restriction is a congruence on S. Moreover, S/ =y
is (isomorphic to) a sublattice of [[K;/=y. If a, b are any pair of elements of S
such that a =¢ b, then J = {i : a; = b;} € U. This implies J € § and so m; < ker h,
whence h(a) = h(b). Thus the restriction of =y to S is below ker h, wherefore
L = h(S) is a homomorphic image of S/ =y. We conclude that £ € HSP,(K). O

The proof of Jénsson’s Lemma [11] uses the distributivity of Con £ in a cru-
cial way, and its conclusion is not generally true for varieties of algebras which do
not have distributive congruence lattices. This means that varieties of lattices are
more well-behaved than varieties of other algebras, such as groups and rings. The
applications below will indicate some aspects of this.

Lemma 7.8. Let U be an ultrafilter on PB(I) and J € U. Then V ={B C J:B¢€
U} is an ultrafilter on B(J), and [[;c; L;/=v is isomorphic to [[,c; Li/ =v.

Proof. V is clearly a proper filter. Moreover, if AC Jand A¢ V,then ] —AecU
and hence J — A =JN (I —A) € U. It follows by Lemma 7.5(2) that V is an
ultrafilter.

The projection py : [[,c; Li — Hje, L; is a surjective homomorphism. As AN
J € U if and only if A € U, it induces a (well defined) isomorphism of [],.; Li/=u
onto [[;c;L;/=v. O

Theorem 7.9. Let K = {Ky,...,K,} be a finite collection of finite lattices. If L
is a subdirectly irreducible lattice in the variety HSP(K), then £ € HS(IC;) for some
7-

Proof. By Jénsson’s Lemma, £ is a homomorphic image of a sublattice of an ultra-
product [],.; £;/ =u with each £; isomorphic to one of Ky,...,/KC,,. Let A; = {i €
I:L;=K;}. As AjU---UA, =1 € U, by Lemma 7.5(4) there is a j such that
A; € U. But then Lemma 7.8 says that there is an ultrafilter V" on B(A4;) such that
the original ultraproduct is isomorphic to ], A, Ly / =v, wherein each £ = Kj.
However, for any finite lattice K there is a first order sentence ¢ such that a lattice
M satisfies i if and only if M = K. Therefore, by Los’ Theorem, [], . a, Lk /=v
is isomorphic to ;. Hence £ € HS(K;), as claimed. [

Corollary. If V = HSP(K) where K is a finite collection of finite lattices, then V
contains only finitely many subvarieties.

Note that HSP({K4,...,K,}) = HSP(K; x---xK,,), so w.l.o.g. we can talk about
the variety generated by a single finite lattice. The author has recently shown that
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the converse of the Corollary is false [17]: There is an infinite, subdirectly irreducible
lattice L such that HSP(L) has only finitely many subvarieties, each of which is
generated by a finite lattice.

Let us call a variety V finitely based if V. = V(%) for some finite set of equations
3. These are just the varieties which are dually compact in the lattice A of lattice
varieties. Ralph McKenzie [14] proved the following nice result.

Theorem 7.10. The variety generated by a finite lattice is finitely based.

Kirby Baker [1] generalized this result by showing that if A is any finite algebra
in a variety V such that (i) V has only finitely many operation symbols, and (ii)
the congruence lattices of algebras in V are distributive, then HSP(A) is finitely
based. It is also true that the variety generated by a finite group is finitely based
(S. Oates and M. B. Powell [18]), and likewise the variety generated by a finite
ring (R. Kruse [12]). See R. McKenzie [15] for a common generalization of these
finite basis theorems. There are many natural examples of finite algebras which do
not generate a finitely based variety; see, e.g., G. McNulty [16].

We will return to the varieties generated by some particular finite lattices in the
next chapter.

If V is a lattice variety, let V; be the class of subdirectly irreducible lattices in
V. The next result is proved by a straightforward modification of the first part of
the proof of Theorem 7.9.

Theorem 7.11. If V and W are lattice varieties, then (VV W)g = Vg U Wy,.
Corollary. A is distributive.

Theorem 7.11 does not extend to infinite joins (finite lattices generate the variety
of all lattices - see Exercise 5). We already knew the Corollary by Theorem 7.3,
because A is dually isomorphic to a sublattice of Con FL(w), which is distributive,
but this provides an interesting way of looking at it.

In closing let us consider the lattice Z(L£) of ideals of £. An elementary argument
shows that the map z — x/0 embeds £ into Z(L). A classic theorem of Garrett
Birkhoff [4] says that Z (L) satisfies every identity satisfied by L, i.e., Z(L£) € HSP(L).
The following result of Kirby Baker and Alfred Hales [2] goes one better.

Theorem 7.12. For any lattice L, we have Z(L) € HSP,(L).

This is an ideal place to stop.

EXERCISES FOR CHAPTER 7

1. Show that fully invariant congruences form a complete sublattice of Con L.
2. Let L be alattice and V a lattice variety. Show that there is a unique minimum
congruence py on L such that £/py € V.
3. (a) Prove that if £ is a subdirectly irreducible lattice, then HSP(L£) is (finitely)
join irreducible in the lattice A of lattice varieties.
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(b) Prove that if a variety V is completely join irreducible in A, then V. = HSP(K)
for some finitely generated, subdirectly irreducible lattice K.

4. Show that if F is a filter on B(/), then =p is a congruence relation on [],.; £;.

5. Prove that every lattice equation which does not hold in all lattices fails in some
finite lattice. (Let p # ¢ in FL(X). Then there exist a finite join subsemilattice S of
FL(X) containing p, ¢ and 0 = A X, and a lattice homomorphism h : FL(X) — S,
such that h(p) = p and h(q) = q.)

The standard solution to Exercise 5 involves lattices which turn out to be lower
bounded (see Exercise 11 of Chapter 6). Hence they satisfy SDy, and any finite
collection of them generates a variety not containing Mg, while all together they
generate the variety of all lattices. On the other hand, the variety generated by Ms
contains only the variety D of distributive lattices (generated by 2) and the trivial
variety T. It follows that the lattice A of lattice varieties is not join continuous.

6. Give a first order sentence characterizing each of the following properties of a
lattice £ (i.e., £ has the property iff £ = ¢).

(a) L has a least element.

(b) L is atomic.

(c) L is strongly atomic.

(d) L is weakly atomic.

(e) L has no covering relations.

7. A lattice £ has breadth n if L contains n elements whose join is irredundant,
but every join of n 4+ 1 elements of L is redundant.

(a) Give a first order sentence characterizing lattices of breadth n (for a fixed
finite integer n > 1).

(b) Show that the class of lattices of breadth < n is not a variety.

(c) Show that a lattice £ and its dual £? have the same breadth.

8. Give a first order sentence ¢ such that a lattice £ satisfies ¢ if and only if £
is isomorphic to the four element lattice 2 x 2.

9. Prove Theorem 7.11.

10. Prove that Z(£) is distributive if and only if £ is distributive. Similarly, show
that Z(£) is modular if and only if £ is modular.
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8. Distributive Lattices

FEvery dog must have his day.

In this chapter and the next we will look at the two most important lattice
varieties: distributive and modular lattices. Let us set the context for our study of
distributive lattices by considering varieties generated by a single finite lattice. A
variety V is said to be locally finite if every finitely generated lattice in V is finite.
Equivalently, V is locally finite if the relatively free lattice Fyv (n) is finite for every
integer n > 0.

Theorem 8.1. If L is a finite lattice and V = HSP(L), then
[Fv(n)| < ||
Hence HSP(L) is locally finite.

Proof. 1f K is any collection of lattices and V = HSP(K), then Fv(X) = FL(X)/0
where 6 is the intersection of all homomorphism kernels ker f such that f : FL(X) —
L for some £ € K. (This is the technical way of saying that FL(X')/6 satisfies exactly
the equations which hold in every member of K.) When K consists of a single finite
lattice {£} and |X| = n, then there are |L|™ distinct mappings of X into L, and
hence |L|™ distinct homomorphisms f; : FL(X) — £ (1 <4 < |L|*).! The range of
each f; is a sublattice of £. Hence Fy (X) = FL(X)/0 with 6§ = () ker f; means that
Fv(X) is a subdirect product of |L|™ sublattices of £, and so a sublattice of the
direct product [, ;< zjn £ = LIX"  making its cardinality at most |L|/*I".2 O

We should note that not every locally finite lattice variety is generated by a finite
lattice.

Now it is clear that there is a unique minimum nontrivial lattice variety, viz., the
one generated by the two element lattice 2, which is isomorphic to a sublattice of
any nontrivial lattice. We want to show that HSP(2) is the variety of all distributive
lattices.

Lemma 8.2. The following lattice equations are equivalent.
(1) zA(yV2)=(zAy)V(zAz)
(2) zV(yAz)=(zVy A(zVz2)
B) (xvVy) A(xV2)A(yVz)=(xAy)V(eAz)V(yAz)

IThe kernels of distinct homomorphisms need not be distinct, of course, but that is okay.
2t is sometimes useful to view this argument constructively: Fy (X) is the sublattice of £IZ1"
generated by the vectors T (z € X) with T; = f;(z) for 1 < ¢ < |L|™.
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Thus each of these equations determines the variety D of all distributive lattices.

Proof. 1f (1) holds in a lattice £, then for any z, y, z € L we have

(VY A(xVz)=[zVy) Az]VzVy) Az
=zV(@xAz)V(yAz)
=z V(yAz)

whence (2) holds. Thus (1) implies (2), and dually (2) implies (1).

Similarly, applying (1) to the left hand side of (3) yields the right hand side, so
(1) implies (3). Conversely, assume that (3) holds in a lattice £. For x > y, equation
(3) reduces to x A (y V z2) = y V (x A z), which is the modular law, so £ must be
modular. Now for arbitrary x, y, z in £, meet = with both sides of (3) and then use
modularity to obtain

cA(yVz)=xzA[(xAy)V(zAz)V(yAz)]
=@Ay)V(@Az)V(xAyAz)
=(@Ay)V(zAz)

since x > (x Ay) V (x A z). Thus (3) implies (1). (Note that since (3) is self-dual,
the second argument actually makes the first one redundant.) O

In the first Corollary of the next chapter, we will see that a lattice is distributive
if and only if it contains neither A5 nor M3 as a sublattice. But before that, let us
look at the wonderful representation theory of distributive lattices. A few moments
reflection on the kernel of a homomorphism h : £ — 2 should yield the following
conclusions.?

Lemma 8.3. Let L be a lattice and h : L — 2 ={0,1} a surjective homomorphism.
Then h=1(0) is an ideal of £, h=1(1) is a filter, and L is the disjoint union of h=1(0)
and h=1(1).

Conversely, if I is an ideal of L and F a filter such that L = IUF (disjoint
union), then the map h : L — 2 given by

[0 ifrel,
h<x)_{1 ifzeF

18 a surjective homomorphism.

This raises the question: When is the complement L — I of an ideal a filter? The
answer is easy. A proper ideal I of a lattice £ is said to be prime if x Ay € I implies

3This is one point where we really don’t want to assume that £ has a 0 and 1. So in this
chapter, an ideal of a lattice means a nonempty subset I such that x Vy € I whenever z, y € I,
and z € I whenever z < x € I. A filter is defined dually.
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x € I or y € I. Dually, a proper filter F' is prime if x Vy € F implies x € F or
y € F. It is straightforward that the complement of an ideal I is a filter iff I is a
prime ideal iff L — I is a prime filter.

This simple observation allows us to work with prime ideals or prime filters (in-
terchangeably), rather than ideal/filter pairs, and we shall do so.

Theorem 8.4. Let D be a distributive lattice, and let a ﬁ b inD. Then there exists
a prime filter F with a € F and b ¢ F'.

Proof. Now 1/a is a filter of D containing a and not b, so by Zorn’s Lemma there
is a maximal such filter (with respect to set containment), say M. For any = ¢ M,
the filter generated by z and M must contain b, whence b > x A'm for some m € M.
Suppose z, y ¢ M, with say b > z Am and b > y An where m, n € M. Then by
distributivity

b>(xAm)V(yAn)=(xVy A@Vn)A(mVy)A(mVn).

The last three terms are in M, so we must have z Vy ¢ M. Thus M is a prime
filter. O

Now let D be any distributive lattice, and let Tp = {¢ € Con D : D/p = 2}.
Theorem 8.4 says that if a # b in D, then there exists ¢ € Tp with (a,b) ¢ o,
whence (\Tp = 0 in Con D, i.e., D is a subdirect product of two element lattices.

Corollary. The two element lattice 2 is the only subdirectly irreducible distributive
lattice. Hence D = HSP(2).

Corollary. D is locally finite.

Another consequence of Theorem 8.4 is that every distributive lattice can be
embedded into a lattice of subsets, with set union and intersection as the lattice
operations.

Theorem 8.5. Let D be a distributive lattice, and let S be the set of all prime filters
of D. Then the map ¢ : D — P(S) by

p(x) ={FeS:xzeF}

1$ a lattice embedding.

For finite distributive lattices, this representation takes on a particularly nice
form. Recall that an element p € L is said to be join prime if it is nonzero and
p < zVyimplies p <z or p < y. In a finite lattice, prime filters are necessarily of
the form 1/p where p is a join prime element.
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Theorem 8.6. Let D be a finite distributive lattice, and let J(D) denote the ordered
set of all nonzero join irreducible elements of D. Then the following are true.

(1) Every element of J(D) is join prime.

(2) D is isomorphic to the lattice of order ideals O(J(D)).

(3) Ewvery element a € D has a unique irredundant join decomposition a =\/ A

with A C J(D).

Proof. In a distributive lattice, every join irreducible element is join prime, because
p<zVyisthesameasp=pA(zVy)=(pAx)V(pAy).

For any finite lattice, the map ¢ : £L — O(J(L)) given by ¢(x) = z/0 N J(L)
is order preserving (in fact, meet preserving) and one-to-one. To establish the
isomorphism of (2), we need to know that for a distributive lattice it is onto. If D is
distributive and I is an order ideal of J(D), then for p € J(D) we have by (1) that
p <\ Iiff p e, and hence I = ¢(\/ I).

The join decomposition of (3) is then obtained by taking A to be the set of
maximal elements of a/0 N J(D). O

It is clear that the same proof works if D is an algebraic distributive lattice
whose compact elements satisfy the DCC. In Theorem 10.6 we will characterize
those distributive lattices isomorphic to O(P) for some ordered set P.

As an application, we can give a neat description of the free distributive lattice
Fp(n) for any finite n, which we already know to be a finite distributive lattice. Let
X ={z1,...,z,}. Now it is not hard to see that any element in a free distributive
lattice can be written as a join of meets of generators, w = \/ w; with w; = xz;; A...A
Z;,. Another easy argument shows that the meet of a nonempty proper subset of
the generators is join prime in Fp(X); note that A ® = 1 and A X = 0 do not count.
(See Exercise 3). Thus the set of join irreducible elements of Fp(X) is isomorphic
to the (dual of, but it is self-dual) ordered set of nonempty, proper subsets of X, and
the free distributive lattice is isomorphic to the lattice of order ideals of that. As
an example, Fp(3) and its ordered set of join irreducibles are shown in Figure 8.1.

Dedekind [6] showed that |Fp(3)| = 18 and |Fp(4)| = 166. Several other small
values are known exactly, and the rest can be obtained in principle, but they grow
quickly (see Quackenbush [10]). While there exist more accurate expressions, the
simplest estimate is an asymptotic formula due to D. J. Kleitman:

log, |Fp(n)| ~ <Ln’}2 J)

The representation by sets of Theorem 8.5 does not preserve infinite joins and
meets. The corresponding characterization of complete distributive lattices which
have a complete representation as a lattice of subsets is derived from work of Alfred
Tarski and S. Papert [9], and was surely known to both of them. An element p of
a complete lattice £ is said to be completely join prime if p < \/ X implies p < z
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for some x € X. It is not necessary to assume that D is distributive in the next
theorem, though of course it will turn out to be so.

Theorem 8.7. Let D be a complete lattice. There exists a complete lattice embed-
ding ¢ : D — P(X) for some set X if and only if © £ y in D implies there exists a
completely join prime element p with p <z and p £ y.

Thus, for example, the interval [0, 1] in the real numbers is a complete distributive
lattice which cannot be represented as a complete lattice of subsets of some set.

In a lattice with 0 and 1, the pair of elements a and b are said to be complements
ifaAnb=0and aVb=1. A lattice is complemented if every element has at
least one complement. For example, the lattice of subspaces of a vector space is a
complemented modular lattice. In general, an element can have many complements,
but it is not hard to see that each element in a distributive lattice can have at most
one complement.

A Boolean algebra is a complemented distributive lattice. Of course, the lattice
P(X) of subsets of a set is a Boolean algebra. On the other hand, it is easy to
see that O(P) is complemented if and only if P is an antichain, in which case
O(P) = P(P). Thus every finite Boolean algebra is isomorphic to the lattice P(A)
of subsets of its atoms.

For a very different example, the finite and cofinite subsets of an infinite set form
a Boolean algebra.
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If we regard Boolean algebras as algebras B = (B, A,V,0,1, ), then they form
a variety, and hence there is a free Boolean algebra FBA(X) generated by a set X.
If X is finite, say X = {x1,...,2,}, then FBA(X) has 2" atoms, wviz., all meets
21 N ...\ zp, where each z; is either z; or z§. Thus in this case FBA(X) = PB(A)
where |A| = 2. On the other hand, if X is infinite then FBA(X) has no atoms;
if | X| = Np, then FBA(X) is the unique (up to isomorphism) countable atomless
Boolean algebra!

Another natural example is the Boolean algebra of all clopen (closed and open)
subsets of a topological space. In fact, by adding a topology to the representation
of Theorem 8.5, we obtain the celebrated Stone representation theorem for Boolean
algebras [13]. Recall that a topological space is totally disconnected if for every pair
of distinct points x, y there is a clopen set V with z € V and y ¢ V.

Theorem 8.8. Fvery Boolean algebra is isomorphic to the Boolean algebra of clopen
subsets of a compact totally disconnected (Hausdorff) space.

Proof. Let B be a distributive lattice. (We will add the other properties to make B
a Boolean algebra as we go along.) Let §, be the set of all prime filters of B, and
for x € B let

Ve={FeF,:zeF}

The sets V,, will form a basis for the Stone topology on §.
With only trivial changes, the argument for Theorem 8.4 yields the following
stronger version.

Sublemma A. Let B be a distributive lattice, G a filter on B and x ¢ G. Then
there exists a prime filter F' € §, such that G C F and x ¢ F.

Next we establish the basic properties of the sets V., all of which are easy to
prove.
1) VyCVyiff z <uy.
(2) VanVy=Vypy.
(3) Vo UV, = Vyy,y.
(4) If B has a least element 0, then Vy =0. Thus V, NV, =0 iff z Ay = 0.
(5) If B has a greatest element 1, then V; = §,. Thus V, UV, =g, iff e vy = 1.

Property (3) is where we use the primality of the filters in the sets V.. In particular,
the family of sets V, is closed under finite intersections, and of course | J,c 5 Vo = 8p,
so we can legitimately take {V, : € B} as a basis for a topology on §,.

Now we would like to show that if B has a largest element 1, then §), is a compact
space. It suffices to consider covers by basic open sets, so this follows from the next
Sublemma.

Sublemma B. If B has a greatest element 1 and |J,c 4 Ve = Fp, then there exists
a finite subset T C S such that \/ T =1, and hence |J,cr Ve = Sp-
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Proof. Set Iy = {\/T : T C S, T finite}. If 1 ¢ I, then I, generates an ideal I of
B with 1 ¢ I. By the dual of Sublemma A, there exists a prime ideal H containing
I and not 1. Its complement B — H is a prime filter K. Then K ¢ (J, ¢ V2, else
z € K for some z € S, whilst z € Iy C B — K. This contradicts our hypothesis, so
we must have 1 € Iy, as claimed. [

The argument thus far has only required that B be a distributive lattice with 1.
For the last two steps, we need B to be Boolean. Let ¢ denote the complement of
x in B.

First, note that by properties (4) and (5) above, V; N Ve = 0 and V, U Ve = F).
Thus each set V, (x € B) is clopen. On the other hand, let W be a clopen set. As
it is open, W = |J,cg Vi for some set S C B. But W is also a closed subset of the
compact space §p, and hence compact. Thus W = J . Ve = W, for some finite
T C S. Therefore W is a clopen subset of §p if and only if W =V, for some x € B.

It remains to show that §, is totally disconnected (which makes it Hausdorff).
Let F and G be distinct prime filters on B, with say FF Z G. Let x € F — G. Then
F eV, and G ¢ V,, so that V, is a clopen set containing F' and not G. O

There are similar topological representation theorems for arbitrary distributive
lattices, the most useful being that due to Hilary Priestley in terms of ordered
topological spaces. A good introduction is in Davey and Priestley [5].

In 1904 Huntington [8] conjectured that every uniquely complemented lattice
must be distributive (and hence a Boolean algebra). It turns out that if we assume
almost any additional finiteness condition on a uniquely complemented lattice, then
it must be distributive. As an example, we have the following theorem of Garrett
Birkhoff and Morgan Ward [4].

Theorem 8.9. Fvery complete, atomic, uniquely complemented lattice is isomor-
phic to the Boolean algebra of all subsets of its atoms.

Other finiteness restrictions which insure that a uniquely complemented lattice
will be distributive include weak atomicity (Bandelt and Padmanabhan [3]) and
upper continuity (Bandelt [2] and Salif [11], [12] independently). A monograph
written by Salii [14] gives an excellent survey of results of this type.

Nonetheless, Huntington’s conjecture is very far from true. In 1945, R. P. Dil-
worth [7] proved that every lattice can be embedded in a uniquely complemented
lattice. (For a strengthened version, see Adams and Sichler [1]).

EXERCISES FOR CHAPTER 8

1. Show that a lattice £ is distributive if and only if x V (y A 2) > (z V y) A z for
all z, y, z € L. (J. Bowden)
2. (a) Prove that every maximal ideal of a distributive lattice is prime.
(b) Show that a distributive lattice D with 0 and 1 is complemented if and only
if every prime ideal of D is maximal.
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3. These are the details of the construction of the free distributive lattice given
in the text. Let X be a finite set.

(a) Let ¢ denote the kernel of the natural homomorphism from FL(X) — Fp(X)
with z — z. Thus u 6 v iff u(xy,...,2z,) = v(z1,...,2,) in all distributive
lattices. Prove that for every w € FL(X) there exists w’ which is a join of
meets of generators such that w ¢ w’. (Show that the set of all such elements
w is a sublattice of FL(X) containing the generators.)

(b) Let £ be any lattice generated by a set X, and let ) C Y C X. Show that
for all w € L, either w > AY or w < \/(X —Y).

(c) Show that AY £ /(X —Y) in Fp(X) by exhibiting a homomorphism
h:Fp(X) — 2 with H(AY) £ h(V(X = Y)).

(d) Generalize these results to the case when X is a finite ordered set (as in the
next exercise).

4. Find the free distributive lattice generated by

(a) {zo,x1,Y0,y1} With xg < 21 and yo < y1,
(b) {zo, 21, 22,y} with xg < z1 < z3.

5. Let P = QUR be the disjoint union of two ordered sets, so that ¢ and r are
incomparable whenever ¢ € @, r € R. Show that O(P) = O(Q) x O(R).

6. Let D be a distributive lattice with 0 and 1, and let = and y be complements
in D. Prove that D =2 1/x x 1/y. (Dually, D =2 z/0 x y/0; in fact, 1/x = y/0 and
1/y = 2/0. This explains why Con £ x L3 = Con £L; x Con L, (Exercise 5.6).)

7. Show that the following are true in a finite distributive lattice D.

(a) For each join irreducible element z of D, let k(z) = \/{y € D : y # z}. Then
x(z) is meet irreducible and s(x) ? .

(b) For each z € J(D), D =1/zUk(x)/0.

(¢) The map k : J(D) — M(D) is an order isomorphism.

8. A join semilattice with 0 is distributive if x < y V z implies there exist ¢y’ <y
and 2’ < z such that x = ¢’ V 2/. Prove that an algebraic lattice is distributive if
and only if its compact elements form a distributive semilattice.

9. Prove Theorem 8.7.

10. Prove Papert’s characterization of lattices of closed sets of a topological space
[9]: Let D be a complete distributive lattice. There is a topological space T and an
isomorphism ¢ mapping D onto the lattice of closed subsets of T, preserving finite
joins and infinite meets, if and only if v £ y in D implies there exists a (finitely)
join prime element p with p < x and p £ y.
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9. Modular Lattices

To dance beneath the diamond sky with one hand waving free ...
—-Bob Dylan

The modular law was invented by Dedekind to reflect a crucial property of the
lattice of subgroups of an abelian group, or more generally the lattice of normal
subgroups of a group. In this chapter on modular lattices you will see the lattice
theoretic versions of some familiar theorems from group theory. This will lead us
naturally to consider semimodular lattices.

Likewise, the lattice of submodules of a module over a ring is modular. Thus our
results on modular lattices apply to the lattice of ideals of a ring, or the lattice of
subspaces of a vector space. These applications make modular lattices particularly
important.

The smallest nonmodular lattice is N5, which is called the pentagon. Dedekind’s
characterization of modular lattices is simple [3].

Theorem 9.1. A lattice is modular if and only if it does not contain the pentagon
as a sublattice.

Proof. Clearly, a modular lattice cannot contain N5 as a sublattice. Conversely,
suppose L is a nonmodular lattice. Then there exist x > y and z in £ such that
xA(yVz)>yV(zAz). Now the lattice freely generated by z, y, z with x > y is
shown in Figure 9.1; you should verify that it is correct. The elements x A (y V z),
yV(xAz),z xAzand yV z form a pentagon there, and likewise in £. Since the
pentagon is subdirectly irreducible and x A (y V 2)/y V (xz A z) is the critical quotient,
these five elements are distinct. [J

Birkhoff [1] showed that there is a similar characterization of distributive lattices
within the class of modular lattices. The diamond is M3, which is the smallest
nondistributive modular lattice.

Theorem 9.2. A modular lattice is distributive if and only if it does not contain
the diamond as a sublattice.

Proof. Again clearly, a distributive lattice cannot have a sublattice isomorphic to

Ms. Conversely, let £ be a nondistributive modular lattice. Then, by Lemma 8.2,

there exist x, y, z in £ such that (zVy)A(zVz)A(yVz) > (xAy)V(zAz)V(yAz).

Now the free modular lattice Fpg(3) is diagrammed in Figure 9.2; again you should
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xVz

YNz
FIGURE 9.1: FL(2+1)

verify that it is correct.! The interval between the two elements above is a diamond
in Fm(3), and the corresponding elements will form a diamond in L.
The details go as follows. The middle elements of our diamond should be

AV 2V (yAz)=[zV(yA2)]A(YVz2)
[YyA(xVz)]V(eAz)=yV(xA2)]A(xV2)
[zA(zvylVv @Ay =[zV(cAy)]A(zVy)

where in each case the equality follows from modularity. The join of the first pair
of elements is (using the first expressions)

[A(yV2)|VyAz)ViyA(zVz)|V(eVz)=[xzAyVz)]VyAxVz)
=[zA(yVz)VyA(xV=2)
=@Vy A@Vz)A(yVz2).

Symmetrically, the other pairs of elements also join to (z Vy) A (x V z) A (y V z).
Since the second expression for each element is dual to the first, each pair of these
three elements meets to (zAy)V (zAz)V (yAz). Because the diamond is simple, the
five elements will be distinct, and hence form a sublattice isomorphic to Ms3. [

IRecall from Chapter 7, though, that Fp(n) is infinite and has an unsolvable word problem
for n > 4.
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FIGURE 9.2: Fnm(3)

Corollary. A lattice is distributive if and only if it has neither N5 nor M3 as a
sublattice.

The preceding two results tell us something more about the bottom of the lattice
A of lattice varieties. We already know that the trivial variety T is uniquely covered
by D = HSP(2), which is in turn covered by HSP(N5) and HSP(M3). By the
Corollary, these are the only two varieties covering D.

Much more is known about the bottom of A. Both HSP(N;) and HSP(M3) are
covered by their join HSP{N;, M3} = HSP(N5 x M3). George Gritzer and Bjarni
Jénsson ([6], [7]) showed that HSP(M3) has two additional covers, and Jénsson and
Ivan Rival [8] proved that HSP(N5) has exactly fifteen other covers, each generated
by a finite subdirectly irreducible lattice. You are encouraged to try and find these
covers. Because of Jénsson’s Lemma, it is never hard to tell if HSP(K) covers
HSP(L) when K and £ are finite lattices; the hard part is determining whether
your list of covers is complete. Since a variety generated by a finite lattice can have
infinitely many covering varieties, or a covering variety generated by an infinite
subdirectly irreducible lattice, this can only be done near the bottom of A.

Now we return to modular lattices. For any two elements a, b in a lattice £ there
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are natural maps p, : (aVb)/b— a/(aAb) and v, : a/(a Ab) — (aV b)/b given by

to(x) =2 Na
vp(x) =z Vb

Dedekind showed that these maps play a special role in the structure of modular
lattices.

Theorem 9.3. If a and b are elements of a modular lattice L, then u, and vy are
mutually inverse isomorphisms, whence (aV b)/b = a/(a A'b).

Proof. Clearly, u, and v are order preserving. They are mutually inverse maps by
modularity: for if z € (a V b)/b, then

vppe(z) =bV(aNz)=(bVa) Nz =1z

and, dually, p,vp(y) =y for ally € a/(a AD). O
Corollary. In a modular lattice, a = a A'b if and only if a V b = b.

For groups we actually have somewhat more. The First Isomorphism Theorem
says that if A and B are subgroups of a group G, and B is normal in A4 V B, then
the quotient groups A/ A A B and AV B/B are isomorphic.

A lattice L is said to be semimodular (or upper semimodular) if a = a A b implies
aV b= bin L. Equivalently, £ is semimodular if u > v implies uV x > v V z, where
a > b means a covers or equals b. The dual property is called lower semimodular.
Traditionally, semimodular by itself always refers to upper semimodularity. Clearly
the Corollary shows that modular lattices are both upper and lower semimodular.
A strongly atomic, algebraic lattice which is both upper and lower semimodular is
modular. (See Theorem 3.7 of [2]; you are asked to prove the finite dimensional
version of this in Exercise 3.)

Our next result is a version of the Jordan-Holder Theorem for semimodular lat-
tices, first proved for modular lattices by Dedekind in 1897.

Theorem 9.4. Let L be a semimodular lattice and let a < b in L. If there is a
finite mazimal chain from a to b, then every chain from a to b is finite, and all the
maximal ones have the same length.

Proof. We are given that there is a finite maximal chain in b/a, say
a=ayg<a; <+ <a, =b.

If n =1, 1i.e., a < b, then the theorem is trivially true. So we may assume inductively
that it holds for any interval containing a maximal chain of length less than n.

Let C be another maximal chain in b/a. If, perchance, ¢ > ay for all c € C' —{a},
then C' — {a} is a maximal chain in b/a;. In that case, C' — {a} has length n — 1 by
induction, and so C' has length n.
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Thus we may assume that there is an element d € C' — {a} such that d # a;.
Moreover, since b/a; has finite length, we can choose d such that d V a; is minimal,
ie,eVa; >dVa forall e € C—{a}. We can show that d > a as follows. Suppose
not. Then d > e > a for some e € L; since C' is a maximal chain containing a and
d, we can choose e € C. Now a; > a =d A a; = e A a;. Hence by semimodularity
dVay > dand eV a; = e. But the choice of d implies e Va; > dVay = d > e,
contradicting the second covering relation. Therefore d > a.

Now we are quickly done. As a; and d both cover a, their join a1 V d covers both
of them. Since a; V d > a;, every maximal chain in b/(a; V d) has length n — 2.
Then every chain in b/d has length n — 1, and C has length n, as desired. O

Now let £ be a semimodular lattice in which every principal ideal /0 has a finite
maximal chain. Then we can define a dimension function § on L by letting 6(x) be
the length of a maximal chain from 0 to z:

dz)=n if 0=c<c1<-<¢,=u.

By Theorem 9.4, § is well defined. For semimodular lattices the properties of the
dimension function can be summarized as follows.

Theorem 9.5. If L is a semimodular lattice and every principal ideal has only finite
maximal chains, then the dimension function on L has the following properties.

(1) 6(0) =0,

(2) = >y implies 6(x) > d(y),

(3) = >y implies 6(x) = d(y) + 1,

(4) 6(z Vy)+d(xAy) <d(x) +d(y).
Conversely, if L is a lattice which admits an integer valued function ¢ satisfying (1)-
(4), then L is semimodular and principal ideals have only finite maximal chains.

Proof. Given a semimodular lattice £ in which principal ideals have only finite
maximal chains, properties (1) and (2) are obvious, while (3) is a consequence of
Theorem 9.4. The only (not very) hard part is to establish the inequality (4). Let z
and y be elements of £, and consider the join map v, : y/(zAy) — (xVy)/z defined
by v, (z) = zVz. Recall that, by semimodularity, u > v implies uVx = vV z. Hence
v, takes maximal chains in y/(x A y) to maximal chains in (z V y)/z. So the length
of (zVy)/x is at most that of y/(xz Ay), i.e.,

d(xzVy)—d(x) <o(y) —o(zAy)

which establishes the desired inequality.

Conversely, suppose L is a lattice which admits a function ¢ satisfying (1)—(4).
Note that, by (2), 6(z) > 0(z) +2 whenever > y > z; hence d(z) = d(2)+ 1 implies
x> z.
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To establish semimodularity, assume a > a A b in L. By (3) we have d(a) =
d(a Ab)+ 1, and so by (4)

d(a Vv b)+d(aNb) <d(a)+d(b)
=0d(aNb)+1+4(b)

whence §(a Vb) < 6(b) +1. AsaVb>b,in fact §(aVb) =4d(b) +1and aVb>b,
as desired.

For any a € L, if a = ap, > ar—1 > --- > ao is any chain in a/0, then 6(a;) >
d(aj—1 so k < 6(a). Thus every chain in a/0 has length at most 6(a). O

For modular lattices, the map p, is an isomorphism, so we obtain instead equality.
It also turns out that we can dispense with the third condition, though this is not
very important.

Theorem 9.6. If L is a modular lattice and every principal ideal has only finite
maximal chains, then

(1) 6(0) =0,

(2) = >y implies 6(x) > d(y),

(3) d(zVy)+d(xAy)=4dx)+(y).
Conversely, if L is a lattice which admits an integer-valued function § satisfying
(1)-(3), then L is modular and principal ideals have only finite maximal chains.

At this point, it is perhaps useful to have some examples of semimodular lat-
tices. The lattice of equivalence relations Eq X is semimodular, but nonmodular
for | X| > 4. The lattice in Figure 9.3 is semimodular, but not modular. We will see
more semimodular lattices as we go along, arising from group theory (subnormal
subgroups) in this chapter and from geometry in Chapter 11.

FIGURE 9.3

For our applications to group theory, we need a supplement to Theorem 9.4.
This in turn requires a definition. We say that a quotient a/b transposes up to
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c¢/dif avd=cand a ANd =b. We then say that ¢/d transposes down to a/b.
We then define projectivity to be the smallest equivalence relation on the set of all
quotients of a lattice £ which contains all transposed pairs (z/(x A y), (z V y)/y).
Thus a/b is projective to ¢/d if and only if there exists a sequence of quotients
a/b = ag/by,a1/b1,...,an/b, = c/d such that a;/b; and a;1/b; 1 are transposes
(up or down).

The strengthened version of Theorem 9.4, again due to Dedekind for modular
lattices, goes thusly.

Theorem 9.7. Let C' and D be two maximal chains in a finite length semimodular
lattice, say

O=cp<cp<--<ep,=1
O0=dp<dy <---=<d,=1.

Then there is a permutation 7 of the set {1,...,n} such that c¢;/c;—1 is projective
to dr(;)/dx(iy—1 for all i.

Proof. Again we use induction on n. We may assume c¢; # dj, for otherwise the
result follows by induction. Then ¢;/0 transposes up to (¢ V dy)/dy, and di/0
transposes up to (c; Vdy)/c1.

Let ¢; Vdy = e3 <e3 < -+ < e, =1 be a maximal chain in 1/(c; V dy). By

induction, there is a permutation o of {2,...,n} such that ¢;/c;—;1 is projective to
eo(iy/€o(iy—1 if 0(i) # 2, and ¢;/c;_1 is projective to ez /c1 = (c1 Vdi)/cy if o(i) = 2.
Similarly, there is a permutation 7 of {2,...,n} such that d;/d;_; is projective

to er(j)/er(j)—1 if 7(j) # 2, and d;/d; 1 is projective to ey/dy = (c1 V dy)/dy if
7(j) = 2. Now just check that the permutation = of {1,...,n} given by
7 lo(k) if k>1and o(k) #2
m(k) =<1 if k> 1and o(k) =2
12) ifk=1
has the property that cy/cx—1 is projective to dy(xy/dr(k)—1-
This argument is illustrated in Figure 9.4.

Theorems 9.4 and 9.7 are important in group theory. A chief series of a group G
is a maximal chain in the lattice of normal subgroups N (G). Since N (G) is modular,
our theorems apply.

Corollary. If a group G has a finite chief series of length k,
{1}:N0<N1<“‘<Nk:g
then every chief series of G has length k. Moreover, if

(W=Hy<H < <H,=G
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FIGURE 9.4

is another chief series of G, then there is a permutation © of {1,...,k} such that
H;/H;—1 = Np(iy/Nz(iy-1 for alli.

A subgroup H is subnormal in a group G, written H << G, if there is a chain in
Sub G,
H=Hy<H{«..<H,=¢G
with each H;_; normal in H; (but not necessarily in G for i < k). Herman Wielandt
proved that the subnormal subgroups of a finite group form a lattice [10].

Theorem 9.8. If G is a finite group, then the subnormal subgroups of G form a
lower semimodular sublattice SN (G) of Sub G.

Proof. Let H and K be subnormal in G, with say

H=Hy<H;«...<H,,=G
K=Ky<Ki«...<K, =¢G.

Then HN K; <«H N K, 1, and so we have the series
HNK<HNK;<«xHNKy<..HNG=H<xH;«...«G.

Thus H N K << G. Note that this argument shows that if H, K << G and K < H,
then K << H.

The proof that SN(G) is closed under joins is a bit trickier. Let H, K 11 G
as before. Without loss of generality, H and K are incomparable. By induction,
we may assume that |G| is minimal and that the result holds for larger subnormal
subgroups of G, i.e.,

(1) the join of subnormal subgroups is again subnormal in any group G’ with
9'] <191,
(2) if H < L<< @, then LV K << G; likewise, if K < M << G, then HV M << G.
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If there is a subnormal proper subgroup S of G which contains both H and K, then
H and K are subnormal subgroups of S (by the observation above). In that case,
HV K < S by the first assumption, whence H V K << G. Thus we may assume that

(3) no subnormal proper subgroup of G contains both H and K.
Combining this with assumption (2) yields
(4) HHVK =G =HV K;.
Finally, if both H and K are normal in G, then so is H V K. Thus we may assume
(by symmetry) that
(5) H is not normal in G, and hence H < Hy < H,,_1 < G.
Now G is generated by the set union H; U K (assumption (4)), so we must have

x ' Hx # H for some x € Hy UK. But H< Hy, so k"'Hk # H for some k € K.
However, k! HE is a subnormal subgroup of H,,_;, because

k'Hk<k ‘Hik<...9k 'H,_1k = H,_1

as H,,_1<G. Thus, by assumption (1), HVk~!Hk is a subnormal subgroup of H,, 1,
and hence of G. But H < HV k™ 'Hk < HV K,so (HVk 'Hk)VK =HV K.
Therefore H V K is subnormal in G by assumption (2).

Finally, if HV K = H in SN(G), then H < H V K (using the observation after
the first argument), and (H V K)/H is simple. By the First Isomorphism Theorem,
K/(HAK) is likewise simple, so K = HAK. Thus SN(G) is lower semimodular. [

A maximal chain in SN(G) is called a composition series for G. As SN(G) is
lower semimodular, the duals of Theorems 9.4 and 9.7 yield the following important
structural theorem for groups.

Corollary. If a finite group G has a composition series of length n,
{1} =Hy<H1<...<H,=¢G

then every composition series of G has length n. Moreover, if
{1} =Ko<K;<...<K,=¢G

is another composition series for G, then there is a permutation m of {1,...,n} such
that Kz‘/Kz‘—l = Hw(i)/Hw(i)—l fOT’ all 7.

A finite decomposition of an element a € L is an expression a = A @ where
Q is a finite set of meet irreducible elements. If L satisfies the ACC, then every
element has a finite decomposition. We have seen that every element of a finite
distributive lattice has a unique irredundant decomposition. In a finite dimensional
modular lattice, an element can have many different finite decompositions, but the
number of elements in any irredundant decomposition is always the same. This
is a consequence of the following replacement property (known as the Kurosh-Ore
Theorem).
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Theorem 9.9. If a is an element of a modular lattice and
a=qN...Ngm=T1/\...\Tp

are two irredundant decompositions of a, then m = n and for each q; there is an r;

such that
a=r;N /\ qk
ki

1 an irredundant decomposition.

Proof. Let a = NQ = AR be two irredundant finite decompositions (dropping
the subscripts temporarily). Fix ¢ € @, and let § = A(Q — {¢}). By modularity,
qVq/q = G/qNG=7q/a. Since q is meet irreducible in L, this implies that a is meet
irreducible in g/a. However, a = §A AR = A\, cx(@ A7) takes place in G/a, so we
must have a = g A r for some r € R.

Next we observe that a = r A A(Q — {¢}) is irredundant. For if not, we would
have a = r A A\ S irredundantly for some proper subset S C @ — {¢q}. Reapplying
the first argument to the two decompositions a = r A A S = A Q with the element
r, we obtain a = ¢’ A \ S for some ¢’ € Q, contrary to the irredundance of Q.

It remains to show that |@Q| = |R|. Let Q@ = {q1,...,qn} say. By the first part,
there is an element 7 € R such that a = 1 A A(Q — {¢1}) = A R irredundantly.
Applying the argument to these two decompositions and g9, there is an element
ro € R such that a = r1 Aro A AQ — {q1,92}) = AN R. Moreover, r; and
are distinct, for otherwise we would have a = r1 A A(Q — {q1,¢2}), contradicting
the irredundance of a = 1 A A(Q — {¢1}). Continuing, we can replace g3 by an
element r3 of R, distinct from ry and r9, and so forth. After m steps, we obtain
a=11 A ATy, whence R = {rq,...,rn}. Thus |Q| = |R|. O

With a bit of effort, this can be improved to a simultaneous exchange theorem.

Theorem 9.10. If a is an element of a modular lattice and a = NQ = A\ R are
two irredundant finite decompositions of a, then for each q € ) there is anr € R
such that

a=rAN\Q—{a}) =an \R~{r}).

The proof of this, and much more on the general theory of decompositions in
lattices, can be found in Crawley and Dilworth [2]; see also Dilworth [5].

Now Theorems 9.9 and 9.10 are exactly what we want in a finite dimensional mod-
ular lattice. However, in algebraic modular lattices, finite decompositions into meet
irreducible elements need not coincide with the (possibly infinite) decomposition
into completely meet irreducible elements given by Birkhoff’s Theorem. Consider,
for example, the chain C = (w + 1)4, the dual of w + 1. This satisfies the ACC, and
hence is algebraic. The least element of C is meet irreducible, but not completely
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meet irreducible. In the direct product C", the least element has a finite decom-
position into n meet irreducible elements, but every decomposition into completely
meet irreducibles is necessarily infinite.

Fortunately, the proof of Theorem 9.9 adapts nicely to give us a version suitable
for algebraic modular lattices.

Theorem 9.11. Let a be an element of a modular lattice. If a = N\ Q is a finite,
irredundant decomposition into completely meet irreducible elements, and a = \ R
1s another decomposition into meet irreducible elements, then there exists a finite

subset " C R with |R'| = |Q| such that a = \ R irredundantly.
The application of Theorem 9.11 to subdirect products is immediate.

Corollary. Let A be an algebra such that Con A is a modular lattice. If A has
a finite subdirect decomposition into subdirectly irreducible algebras, then every ir-
redundant subdirect decomposition of A into subdirectly irreducible algebras has the
same number of factors.

A more important application is to the theory of direct decompositions of con-
gruence modular algebras. (The corresponding congruences form a complemented
sublattice of Con A.) This subject is treated thoroughly in McKenzie, McNulty
and Taylor [9].

Let us close this section by mentioning a nice combinatorial result about finite
modular lattices, due to R. P. Dilworth [4].

Theorem 9.12. In a finite modular lattice L, let Ji, (L) be the set of elements which
cover exactly k elements, and let My (L) be the set of elements which are covered by
exactly k elements. Then |Ji(L)| = |My(L)| for any integer k > 0.

In particular, the number of join irreducible elements in a finite modular lattice
is equal to the number of meet irreducible elements.
We will return to modular lattices in Chapter 12.

EXERCISES FOR CHAPTER 9

1. (a) Prove that a lattice £ is distributive if and only if it has the property that
aVec=bVcand aANc=bAcimply a =b.

(b) Show that £ is modular if and only if, whenever @ > band c € L, aVe=0bVe
and a A c=0bA cimply a =b.

2. Show that every finite dimensional distributive lattice is finite.

3. Prove that if a finite dimensional lattice is both upper and lower semimodular,
then it is modular.

4. Prove that the following conditions are equivalent for a strongly atomic, alge-
braic lattice.

(i) £ is semimodular: a > a A b implies a V b > b.
(ii) If @ and b both cover a A b, then a V b covers both a and b.
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(iii) If b and ¢ are incomparable and b A ¢ < a < ¢, then there exists = such that
bAc<x<band a=cA(aV ).

5. (a) Find infinitely many simple modular lattices of width 4.

(b) Prove that the variety generated by all lattices of width < 4 contains subdi-
rectly irreducible lattices of width < 4 only.

6. Prove that every arguesian lattice is modular.

7. Let £ be a lattice, and suppose there exist an ideal I and a filter F' of £ such
that L=TUF and INF # (.

(a) Show that £ is distributive if and only if both I and F' are distributive.
(b) Show that £ is modular if and only if both I and F' are modular.

(R. P. Dilworth)
8. Show that modular lattices satisfy the equation

cAyV(zA(xzVE))=zA(zV(yA(xVi))).

9. Let C' and D be two chains in a modular lattice £. Prove that CU D generates
a distributive sublattice of £. (Bjarni Jénsson)

10. Let a and b be two elements in a modular lattice £ such that aAb = 0. Prove
that the sublattice generated by a/0 U b/0 is isomorphic to the direct product
a/0 x b/0.

11. Prove Theorem 9.11. (Mimic the proof of Theorem 9.9.)

12. Let A =[], Z2 be the direct product of countably many copies of the two
element group. Describe two decompositions of 0 in Sub A4, say 0 = A Q = AR,
such that |Q| = Ny and |R| = 2%°.
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10. Finite Lattices and their Congruence Lattices

If memories are all I sing
1’d rather drive a truck.
—Ricky Nelson

In this chapter we want to study the structure of finite lattices, and how it is
reflected in their congruence lattices. There are different ways of looking at lattices,
each with its own advantages. For the purpose of studying congruences, it is useful
to represent a finite lattice as the lattice of closed sets of a closure operator on its
set of join irreducible elements. This is an efficient way to encode the structure, and
will serve us well.!

The approach to congruences taken in this chapter is not the traditional one. It
evolved from techniques developed over a period of time by Ralph McKenzie, Bjarni
Jénsson, Alan Day, Ralph Freese and J. B. Nation for dealing with various specific
questions (see [1], [4], [6], [7], [8], [9]). Gradually, the general usefulness of these
methods dawned on us.

In the simplest case, recall that a finite distributive lattice £ is isomorphic to
the lattice of order ideals O(J(L)), where J(L) is the ordered set of nonzero join
irreducible elements of £. This reflects the fact that join irreducible elements in a
distributive lattice are join prime. In a nondistributive lattice, we seek a modification
which will keep track of the ways in which one join irreducible is below the join of
others. In order to do this, we must first develop some terminology.

Rather than just considering finite lattices, we can include with modest addi-
tional effort a larger class of lattices satisfying a strong finiteness condition. Recall
that a lattice L is principally chain finite if no principal ideal of £ contains an infi-
nite chain (equivalently, every principal ideal x/0 satisfies the ACC and DCC). In
Theorem 11.1, we will see where this class arises naturally in an important setting.?

Recall that if X,Y C L, we say that X refines Y (written X < Y) if for each
x € X there exists y € Y with z < y. It is easy to see that the relation < is a
quasiorder (reflexive and transitive), but not in general antisymmetric. Note X C Y
implies X <Y.

If ¢ € J(L) is completely join irreducible, let ¢, denote the unique element of
L with ¢ > g.. Note that if £ is principally chain finite, then ¢, exists for each
qge J(L).

IFor an alternate approach, see Appendix. 3
2Many of the results in this chapter can be generalized to arbitrary lattices. However, these
generalizations have not yet proved to be very useful unless one assumes at least the DCC.
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A join expression of a € L is a finite set B such that a =\/ B. A join expression
a = \/ B is minimal if it is irredundant and B cannot be properly refined, i.e.,
B C J(L) and a > b, vV \/(B — {b}) for each b € B. An equivalent way to write this
technically is that a = \/ B minimally if a = \/ C and C' < B implies B C C.

A join cover of p € L is a finite set A such that p < \/ A. A join cover A of p
is minimal if \/ A is irredundant and A cannot be properly refined to another join
cover of p,i.e., p<\/ B and B < A implies A C B.

We define a binary relation D on J(L) as follows: p D ¢ if there exists z € L
such that p < ¢V x but p £ ¢, V . This relation will play an important role in our
analysis of the congruences of a principally chain finite lattice.?

The following lemma summarizes some properties of principally chain finite lat-
tices and the relation D.

Lemma 10.1. Let L be a principally chain finite lattice.

(1) If b £ ain L, then there exists p € J(L) with p <b and p £ a.

(2) Ewvery join expression in L refines to a minimal join expression, and every
join cover refines to a minimal join cover.

(3) For p,q € J(L) we have p D q if and only if g € A for some minimal join
cover A of p.

Proof. (1) Since b £ a and b/0 satisfies the DCC, the set {x € b/0 : x £ a} has at
least one minimal element p. Because y < p implies y < a for any y € L, we have
V{ye L:y<p}<pAa<p,and hence p € J(L) with p, =pAa.

(2) Suppose £ contains an element s with a join representation s = \/ F' which
does not refine to a minimal one. Since the DCC holds in s/0, there is an element
t < s minimal with respect to having a join representation ¢ = \/ A which fails to
refine to a minimal one. Clearly ¢ is join reducible, and there is a proper, irredundant
join expression t = \/ B with B < A.

Let B = {by,...,b;}. Using the DCC on b,/0, we can find ¢; < by such that
t=c1VbaV...Vb, but c; cannot be replaced by any lower element: ¢ > uVbs V... by
whenever u < ¢;. Now apply the same argument to by and {cy, ba, ..., bx}. After k
such steps we obtain a join cover C' which refines B and is minimal pointwise: no
element can be replaced by a (single) lower element.

The elements of C' may not be join irreducible, but each element of C' is strictly
below ¢, and hence has a minimal join expression. Choose a minimal join expression
E. for each ¢ € C. Tt is not hard to check that £ = | cec Eec 1s a minimal join
expression for ¢, and F <« C <« B <« A, which contradicts the choice of ¢t and B.

Now let u € L and let A be a join cover of u, i.e., u < \/ A. We can find
B C A such that u <'\/ B irredundantly. As above, refine B to a pointwise minimal

3Note that D is reflexive, i.e., p D p for all p € J(L). The relation D, defined similarly
except that it requires p # ¢, is also important, and D stands for “D or equal to.” For describing
congruences, it makes more sense to use D rather than D.
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join cover C'. Now we know that minimal join expressions exist, so we may define
E = ,cc E. exactly as before. Then E will be a minimal join cover of u, and again
E<(C<xBxA.

(3) Assume p D ¢, and let € L be such that p < ¢V z but p € ¢. V z. By (2),
we can find a minimal join cover A of p with A < {q,z}. Since p € ¢« V z, we must
have g € A.

Conversely, if A is a minimal join cover of p, and ¢ € A, then we fulfill the
definition of p D q by setting x = \/(A — {q¢}). O

Now we want to define a closure operator on the join irreducible elements of a
principally chain finite lattice. This closure operator should encode the structure of
L in the same way the order ideal operator O does for a finite distributive lattice.
For S C J(L), let

I'S)={peJL):p< \/F for some finite F' C S}.

It is easy to check that T' is an algebraic closure operator. The compact (i.e.,
finitely generated) I'-closed sets are of the form I'(F) = {p € J(L) : p < \/ F'} for
some finite subset F' of J(L). In general, we would expect these to be only a join
subsemilattice of the lattice Cr of closed sets; however, for a principally chain finite
lattice £ the compact closed sets actually form an ideal (and hence a sublattice) of
Cr. For if § CT'(F) with F finite, then S C \/ F'/0, which satisfies the ACC. Hence
{VG:GC S and G is finite} has a largest element. So \/ .S = \/ G for some finite
G C S, from which it follows that I'(S) = I'(G), and I'(S) is compact. In particular,
if £ has a largest element 1, then every closed set will be compact.

With that preliminary observation out of the way, we proceed with our general-
ization of the order ideal representation for finite distributive lattices.

Theorem 10.2. If L is a principally chain finite lattice, then the map ¢ with ¢(x) =
{p € J(IL) : p < x} is an isomorphism of L onto the lattice of compact T'-closed
subsets of J(L).

Proof. Note that if x = \/ A is a minimal join expression, then ¢(x) = I'(4), so ¢(z)
is indeed a compact I'-closed set. The map ¢ is clearly order preserving, and it is
one-to-one by part (1) of Lemma 10.1. Finally, ¢ is onto because I'(F) = ¢(\/ F)
for each finite ' C J(£). O

To use this result, we need a structural characterization of I'-closed sets.
Theorem 10.3. Let L be a principally chain finite lattice. A subset C of J(L) is

I'-closed if and only if

(1) C is an order ideal of J(L), and
(2) if A is a minimal join cover of p € J(L) and A C C, thenp € C.
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Proof. 1t is easy to see that I'-closed sets have these properties. Conversely, let
C C J(L) satisfy (1) and (2). We want to show I'(C) C C. If p € I'(C), then
p <\ F for some finite subset /' C C. By Lemma 10.1(2), there is a minimal join
cover A of p refining F; since C is an order ideal, A C C. But then the second
closure property gives that p € C, as desired. [

In words, Theorem 10.3 says that for principally chain finite lattices, I' is deter-
mined by the order on J(£) and the minimal join covers of elements of J(L£). Hence,
by Theorem 10.2, £ is determined by the same factors. Now we would like to see
how much of this information we can extract from Con L. The answer is, “not
much.” We will see that from Con £ we can find J(£) modulo a certain equivalence
relation. We can determine nothing of the order on J(L£), nor can we recover the
minimal join covers, but we can recover the D relation (up to the equivalence). This
turns out to be enough to characterize the congruence lattices of principally chain
finite lattices.

Now for a group G, the map 7: Con G — N(G) given by 7(§) = {z € G : 201}
is a lattice isomorphism. The next two theorems and corollary establish a similar
correspondence for principally chain finite lattices.

Theorem 10.4. Let L be a principally chain finite lattice. Let o map Con L to
the lattice of subsets P(J(L)) by

o@)={peJ(L):p0p:}.
Then o is a one-to-one complete lattice homomorphism.

Proof. Clearly o is order preserving: 6 < 1 implies o(6) C o(v)).

To see that o is one-to-one, assume 6 £ 1. Then there exists a pair of elements
a,b € L with a < b and (a,b) € § — 1. Since (a,b) & 1, we also have (z,b) & 9
for any element x with x < a. Let p < b be minimal with respect to the property
px implies x £ a. We claim that p is join irreducible. If yq,...,y, < p, then for
each ¢ there exists an z; such that y; ¥ x; < a. Hence \/y; ¢ \/ z; < a, so \/y; < p.
Now p =pAblpAa < p,, implying pOp,, i.e., p € o(f). But (p,ps) & 1 because
px ¥ x < a for some x; thus p & o(v). Therefore o(0) Z o(1).

It is easy to see that o(A ;) = [ o(6;) for any collection of congruences 0; (i € I).
Since o is order preserving, we have | Jo(6;) C o(\/ 0;), and it remains to show that
o(V 0:;) € Ua(0;).

If (p,p«) € V 6;, then there exists a connecting sequence
p=x00; 210, x2... 251 0;, T = .

Let y; = (z; Vp«) Ap. Then yg = p, yr, = p, and p, < y; < p implies y; € {p.,p} for
each j. Moreover, we have y; 10; y; for j > 1. There must exist a j with y; 1 =p
and y; = p., whence pb;, p, and p € o(0;,) € (Jo(0;). We conclude that o also
preserves arbitrary joins. [

Next we need to identify the range of o.
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Theorem 10.5. Let L be a principally chain finite lattice, and let S C J(L). Then
S =0o(0) for some § € Con L if and only if p D q € S implies p € S.

Proof. Let S = o0(0). If ¢ € S and pD q, then ¢ 6 g, and for some = € L we have
p<qVxbutp<Lqg,Vex Thus

p=pA(qVz)dpA(qgVz)<p.

Hence p 0 p, and p € 0(0) = S.

Conversely, assume we are given S C J(L£) satisfying the condition of the theorem.
Then we must produce a congruence relation 6 such that o(f) = S. Let T' =
J(L£) — S, and note that T" has the property that ¢ € T' whenever pDq and p € T.
Define

x@yifx/0NT =y/0NT.

The motivation for this definition is outlined in the exercises: 6 is the kernel of
the standard homomorphism from L onto the join subsemilattice of £ generated by
T U {0}.

Three things should be clear: 6 is an equivalence relation; x 6 y implies xAz 0 yAz;
and for p € J(L), p 0 p, if and only if p € T, i.e., p € S. (The last statement will
imply that o(f) = S.) It remains to show that 6 respects joins.

Assume z 0 y, and let z € L. We want to show (zVz)/0NT C (yVz)/0NT, so let
p € T and p < xV z. Then there exists a minimal join cover @ of p with Q < {z, z}.
If g € Q and ¢ < z, then of course ¢ < y V z. Otherwise ¢ < z, and since p € T
and pDq (by Lemma 10.1(3)), we have ¢ € T. Thus ¢ € z/0NT = y/0NT, so
q <y <yVz. Itfollows that p <\/ Q < yVz. Thisshows (zVz)/0NT C (yVz)/0NT;
by symmetry, they are equal. Hence xVz 80 yVz. O

In order to interpret the consequences of these two theorems, let < denote the
transitive closure of D on J(L£). Then < is a quasiorder (reflexive and transitive),
and so it induces an equivalence relation = on J(£), modulo which < is a partial
order, viz., p = q if and only if p < ¢ and g < p. If we let Q- denote the partially
ordered set (J(L£)/ =, ), then Theorem 10.5 translates as follows.

Corollary. If L is a principally chain finite lattice, then Con L = O(Qr).

Because the D relation is easy to determine, it is not hard to find @), for a finite
lattice £. Hence this result provides a reasonably efficient algorithm for determining
the congruence lattice of a finite lattice. Hopefully, the exercises will convince you
of this. As an application, we have the following observation.

Corollary. A principally chain finite lattice L is subdirectly irreducible if and only
if Qr has a least element.

Now let us turn our attention to the problem of representing a given distributive
algebraic lattice D as the congruence lattice of a lattice.* Not every distributive

4Recall from Chapter 5 that it is an open problem whether every distributive algebraic lattice
is isomorphic to the congruence lattice of a lattice.
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algebraic lattice is isomorphic to O(P) for an ordered set P. Indeed, those which
are have a nice characterization.

Lemma 10.6. The following are equivalent for a distributive algebraic lattice D.

(1) D is isomorphic to the lattice of order ideals of an ordered set.

(2) Ewvery element of D is a join of completely join prime elements.

(3) Every compact element of D is a join of (finitely many) join irreducible
compact elements.

Proof. An order ideal I is compact in O(P) if and only if it is finitely generated,
ie, I =p1/0 U---U pg/0 for some py,...,pr € P. Moreover, each p;/0 is join
irreducible in O(P). Thus O(P) has the property (3).

Note that if D is a distributive algebraic lattice and p is a join irreducible compact
element, then p is completely join prime. For if p < \/ U, then p < \/ U’ for some
finite subset U’ C U; as join irreducible elements are join prime in a distributive
lattice, this implies p < u for some u € U’. On the other hand, a completely join
prime element is clearly compact and join irreducible, so these elements coincide.
If every compact element is a join of join irreducible compact elements, then so is
every element of D, whence (3) implies (2).

Now assume that the completely join prime elements of D are join dense, and
let P denote the set of completely join prime elements with the order they inherit
from D. Then it is straightforward to show that the map ¢ : D — O(P) given by
¢(z) =x/0 N P is an isomorphism. [

Now it is not hard to find lattices where these conditions fail. Nonetheless,
distributive algebraic lattices with the properties of Lemma 10.6 are a nice class
(including all finite distributive lattices), and it behooves us to try to represent each
of them as Con L for some principally chain finite lattice £. We need to begin by
seeing how (), can be recovered from Con L.

Theorem 10.7. Let L be a principally chain finite lattice. A congruence relation
0 is join irreducible and compact in Con L if and only if 0 = con(p,p.) for some
p € J. Moreover, for p,q € J, we have con(q, q.) < con(p,px) iff ¢ < p.

Proof. We want to use the representation Con £ = O(Q,). Note that if @ is a
partially ordered set and I is an order ideal of @, then I = J ., 2/0, and, of course,
set union is the join operation in O(Q). Hence join irreducible compact ideals are
exactly those of the form x/0 for some z € Q.

Applying these remarks to our situation, using the isomorphism, join irreducible
compact congruences are precisely those with o(8) = {¢ € J(L) : ¢ < p} for some
p € J(L). Recalling that p € o(0) if and only if p 6 p,, and con(p,p,) is the least
congruence with p 0 p,, the conclusions of the theorem follow. [J
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Theorem 10.8. Let D be a distributive algebraic lattice which is isomorphic to
O(P) for some ordered set P. Then there is a principally chain finite lattice L such
that D = Con L.

Proof. We must construct £ with @, = P. In view of Theorem 10.3 we should try
to describe L as the lattice of finitely generated closed sets of a closure operator on
an ordered set J. Let P° and P! be two unordered copies of the base set P of P,
disjoint except on the maximal elements of P. Thus J = P? U P! is an antichain,
and p® = p! if and only if p is maximal in P. Define a subset C of .J to be closed if
{p/,q*} C C implies p* € C whenever p < ¢ in P and {i,j} = {0,1}. Our lattice £
will consist of all finite closed subsets of J, ordered by set inclusion.
It should be clear that we have made the elements of J atoms of £ and

p'<p Vv

whenever p < ¢ in P. Thus p’ D ¢" iff p < q. (This is where you want only one copy
of each maximal element). It remains to check that £ is indeed a principally chain
finite lattice with @, =2 P, as desired. The crucial observation is that the closure of
a finite set is finite. We will leave this verification to the reader. [J

Theorem 10.8 is due to R. P. Dilworth in the 1940’s, but his proof was never
published. The construction given is from George Grétzer and E. T. Schmidt [5].

We close this section with a new look at a pair of classic results. A lattice is said
to be relatively complemented if a < x < b implies there exists y such that t Ay =a
and x Vy = b.>

Theorem 10.9. If L is a principally chain finite lattice which is either modular
or relatively complemented, then the relation D is symmetric on J(L), and hence
Con L is a Boolean algebra.

Proof. First assume £ is modular, and let p D ¢ with p < ¢V x but p £ ¢, V z.
Using modularity, we have

(gh(pVz))Ve=(qgVx)A(pVr)=>D,

so ¢ < pV . On the other hand, if ¢ < p, V z, we would have

p=pA(gVa)<pA[p.Var)=p.V(xAp)=Dps,

a contradiction. Hence ¢ £ p, V z, and q D p.
Now assume L is relatively complemented and p D ¢ as above. Observe that
a join irreducible element in a relatively complemented lattice must be an atom.

5Thus a relatively complemented lattice with 0 and 1 is complemented, but otherwise it need
not be.
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Hence p, = ¢, = 0, and given z such that p < ¢V z, p £ x, we want to find y
such that ¢ <pVy, ¢ £ y. Using the ACC in ¢ V x/0, let y be maximal such that
r<y<qVzandp <Ly Ify<pVy<qVz, then the relative complement z of
pVyin qV x/y satisfies z > y and z # p, contrary to the maximality of y. Hence
pVy=gqVa,ie, q¢q<pVy. Thus ¢ D p.

Finally, if D is symmetric, then Q. is an antichain, and thus O(Q) is isomorphic
to the Boolean algebra P(Q,). O

A lattice is simple if |[L| > 1 and £ has no proper nontrivial congruence relations,
i.e., Con £ = 2. Theorem 10.9 says that a subdirectly irreducible, modular or
relatively complemented, principally chain finite lattice must be simple.

In the relatively complemented case we get even more. Let £; (i € I) be a collec-
tion of lattices with 0. The direct sum »_ L; is the sublattice of the direct product
consisting of all elements which are only finitely non-zero. Combining Theorems
10.2 and 10.9, we obtain relatively easily a fine result of Dilworth [2].

Theorem 10.10. A relatively complemented principally chain finite lattice is a
direct sum of simple (relatively complemented principally chain finite) lattices.

Proof. Let L be a relatively complemented principally chain finite lattice. Then
every element of L is a finite join of join irreducible elements, every join irreducible
element is an atom, and the D relation is symmetric, i.e., p D g implies p = ¢g. We
can write J(L£) as a disjoint union of =-classes, J(L) = |J,c;Ai. Let

L,={z EL:x:\/Ffor some finite F' C A;}.

We want to show that the L;’s are ideals (and hence sublattices) of £, and that
L= Zie[ Li.

The crucial technical detail is this: if p € J(L), F C J(L) is finite, andp < \/ F,
then p = f for some f € F. For F can be refined to a minimal join cover G of p,
and since join irreducible elements are atoms, we must have G C F. But p D ¢ (and
hence p = g) for each g € G.

Now we can show that each £; is an ideal of £. Suppose y < x € L;. Then
x = \/ F for some F C A;, and y = \/ H for some H C J(L). By the preceding
observation, H C A;, and thus y € L,.

Define a map ¢ : £ — > .., L; by ¢(x) = (24)ier, where z; = \/(z/0 N A;).
There are several things to check: that ¢(x) is only finitely nonzero, that ¢ is one-
to-one and onto, and that it preserves meets and joins. None is very hard, so we
will only do the last one, and leave the rest to the reader.

We want to show that ¢ preserves joins, i.e., that (x Vy); = x; V y;. It suffices
to show that if p € J(£) and p < (z V y);, then p < x; V y;. Since L; is an ideal,
we have p € A;. Furthermore, since p < x V y, there is a minimal join cover F' of p
refining {z,y}. For each f € F, we have f <z or f <y, and p D f implies f € A;;
hence f <z;or f <y;. Thusp<VF <z;Vy,. O
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EXERCISES FOR CHAPTER 10

1. Do Exercise 1 of Chapter 5 using the methods of this chapter.
2. Use the construction from the proof of Theorem 10.8 to represent the distribu-
tive lattices in Figure 10.1 as congruence lattices of lattices.

(0]

o

(a) (b) ()

FiGure 10.1

3. Let a = \/ B be a join expression in a lattice £. Prove that the following two
properties (used to define minimality) really are equivalent.

(a) BC J(L) and a > b,V /(B —{b}) for each b € B.
(b) a=\C and C <« B implies B C C.

4. Let P be an ordered set satisfying the DCC, and let Q be the set of finite
antichains of P, ordered by <. Show that Q satisfies the DCC. (This argument is
rather tricky, but it is the proper explanation of Lemma 10.1(2).)

5. Let p be a join irreducible element in a principally chain finite lattice. Show
that p is join prime if and only if p D ¢ implies p = q.

6. Let £ be a principally chain finite lattice, and p € J(L£). Prove that there is a
congruence 1, on L such that, for all # € Con L, (p,p.) & 0 if and only if § < 1),,.

(More generally, the following is true: Given a lattice £ and a filter F of L, there
is a unique congruence ¥ maximal with respect to the property that (z, f) € 6
implies x € F for all z € L and f € F.)

7. Prove that a distributive lattice is isomorphic to O(P) for some ordered set P
if and only if it is algebraic and dually algebraic. (This extends Lemma 10.6.)

8. Let £ be a principally chain finite lattice, and let ' C J(L£) have the property
that p D g and p € T implies ¢ € T'.

(a) Show that the join subsemilattice S of £ generated by T'U {0}, i.e., the set

of all \/ F where F' is a finite subset of T'U {0}, is a lattice. (S need not a
be sublattice of £, because the meet operation is different.)
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(b) Prove that the map f : L — S given by f(z) = \/(z/0 N T) is a lattice
homomorphism.

(c) Show that the kernel of f is the congruence relation 6 in the proof of Theorem
10.5.

9. Prove that if £ is a finite lattice, then £ can be embedded into a finite lattice
KC such that Con £ = Con K and every element of K is a join of atoms. (Michael
Tischendorf)

10. Express the lattice of all finite subsets of a set X as a direct sum of two-
element lattices.

11. Show that if A is a torsion abelian group, then the compact subgroups of A
form a principally chain finite lattice (Khalib Benabdallah).

The main arguments in this chapter originated in a slightly different setting,
geared towards application to lattice varieties [7], the structure of finitely generated
free lattices [4], or finitely presented lattices [3]. The last three exercises give the
version of these results which has proved most useful for these types of applications,
with an example.

A lattice homomorphism f : £ — K is lower bounded if for every a € K, the set
{z € L: f(x) > a} is either empty or has a least element, which is denoted ((a). If
f is onto, this is equivalent to saying that each congruence class of ker f has a least
element. For example, if £ satisfies the DCC, then every homomorphism f : £ — K
will be lower bounded. The dual condition is called upper bounded. These notions
were introduced by Ralph McKenzie in [7].

12. Let £ be a lattice with 0, I a finite lattice, and f : £L — K a lower bounded,
surjective homomorphism. Let T'= {3(p) : p € J(K)}. Show that:

(a) T C J(L);

(b) K is isomorphic to the join subsemilattice S of £ generated by T'U {0};

(c) for each t € T', every join cover of ¢ in L refines to a join cover of ¢ contained
inT.

13. Conversely, let £ be a lattice with 0, and let T" be a finite subset of J(L)
satisfying condition (c) of Exercise 12. Let S denote the join subsemilattice of £
generated by T'U {0}. Prove that the map f: £ — S given by f(z) =\/(z/0 N T)
is a lower bounded lattice homomorphism with Sf(¢) =t for all t € T'.

14. Let f be the (essentially unique) homomorphism from FL(3) onto N5. Show
that f is lower bounded. (By duality, f is also upper bounded.)
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11. Geometric Lattices

Many’s the time I've been mistaken
And many times confused . ...
—Paul Simon

Now let us consider how we might use lattices to describe elementary geometry.
There are two basic aspects of geometry: incidence, involving such statements as
“the point p lies on the line {,” and measurement, involving such concepts as angles
and length. We will restrict our attention to incidence, which is most naturally
stated in terms of lattices.

What properties should a geometry have? Without being too formal, surely we
would want to include the following.

(1) The elements of a geometry (points, lines, planes, etc.) are subsets of a given
set P of points.

(2) The set P of all points is an element of the geometry, and the intersection
of any collection of elements is again one.

(3) There is a dimension function on the elements of the geometry, satisfying
some sort of reasonable conditions.

If we order the elements of a geometry by set inclusion, then we obtain a lattice in
which the atoms correspond to points of the geometry, every element is a join of
atoms, and there is a well-behaved dimension function defined. With a little more
care we can show that “well-behaved” means “semimodular” (recall Theorem 9.6).
On the other hand, there is no harm if we allow some elements to have infinite
dimension.

Accordingly, we define a geometric lattice to be an algebraic semimodular lattice
in which every element is a join of atoms. As we have already described, the points,
lines, planes, etc. (and the empty set) of a finite dimensional Euclidean geometry
(R™) form a geometric lattice. Other examples are the lattice of all subspaces of
a vector space, and the lattice Eq X of equivalence relations on a set X. More
examples are included in the exercises.!

We should note here that the geometric dimension of an element is generally
one less than the lattice dimension ¢: points are elements with 6(p) = 1, lines are

I The basic properties of geometric lattices were developed by Garrett Birkhoff in the 1930’s [2].
Similar ideas were pursued by K. Menger, F. Alt and O. Schreiber at about the same time [10].
Traditionally, geometric lattices were required to be finite dimensional, meaning 6(1) = n < oo.
The last two examples show that this restriction is artificial.
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elements with §(1) = 2, and so forth.
A lattice is said to be atomistic if every element is a join of atoms.

Theorem 11.1. The following are equivalent.

(1) L is a geometric lattice.

(2) L is an upper continuous, atomistic, semimodular lattice.

(3) L is isomorphic to the lattice of ideals of an atomistic, semimodular, prin-
cipally chain finite lattice.

Proof. Every algebraic lattice is upper continuous, so (1) implies (2).

For (2) implies (3), we first note that the atoms of an upper continuous lattice
are compact. For if a > 0 and a £ \/ F for every finite F' C U, then by Theorem 3.7
we have a A\/ U = \/(a A\ F) =0, whence a £ \/ U. Thus in a lattice £ satisfying
condition (2), the compact elements are precisely the elements which are the join of
finitely many atoms, in other words (using semimodularity) the finite dimensional
elements. Let JC denote the ideal of all finite dimensional elements of £. Then £ is
a semimodular principally chain finite sublattice of £, and it is not hard to see that
the map ¢ : L — Z(K) by ¢(z) = 2/0 N K is an isomorphism.

Finally, we need to show that if KC is a semimodular principally chain finite lattice
with every element the join of atoms, then Z(K) is a geometric lattice. Clearly Z(K)
is algebraic, and every ideal is the join of the elements, and hence the atoms, it
contains. It remains to show that Z(K) is semimodular.

Suppose I = INJ in Z(K). Fix an atom a € I —J. Then I = (I NJ) V a/0,
and hence IV J =a/0 V J. Let x be any element in (I vV .J) — J. Since x € I V J,
there exists j € J such that x < aV j. Because K is semimodular, aV j > j. On the
other hand, every element of I is a join of finitely many atoms, so x ¢ J implies
there exists an atom b < x withb¢& J. Nowb<aVjand b<£ j, sobVj=aVj,
whence a < bV j. Thus b/0 vV J =1V J; a fortiori it follows that /0 vV J =1V J.
As this holds for every x € (I V J) — J, we have I V J > J, as desired. [

At the heart of the preceding proof is the following little argument: if L is
semimodular, a and b are atoms of L, t € L, andb < aVt butb <Lt, thena <bVt.
It is useful to interpret this property in terms of closure operators.

A closure operator I' has the exchange property if y € I'(B U {z}) and y ¢ I'(B)
implies x € T'(B U {y}). Examples of algebraic closure operators with the exchange
property include the span of a set of vectors in a vector space, the geometric closure
of a set of points in Euclidean space, and the convex closure of a set of points in
Euclidean space. More generally, we have the following representation theorem for
geometric lattices, due to Saunders Mac Lane [9].

Theorem 11.2. A lattice L is geometric if and only if L is isomorphic to the lattice
of closed sets of an algebraic closure operator with the exchange property.

Proof. Given a geometric lattice £, we can define a closure operator I' on the set A
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of atoms of £ by
NX)={acA:a<VX}

Since the atoms are compact, this is an algebraic closure operator. By the little
argument above, I' has the exchange property. Because every element is a join of
atoms, the map ¢ : £ — Cr given by ¢(x) = {a € A: a < z} is an isomorphism.

Now assume we have an algebraic closure operator I' with the exchange property.
Then Cr is an algebraic lattice. The exchange property insures that the closure of
a singleton, I'(z), is an atom of Cr: if y € I'(x), then z € I'(y), so I'(z) = I'(y).
Clearly, for every closed set we have B = \/,_5 I'(B). It remains to show that Cr is
semimodular.

Let B and C be closed sets with B = BNC. Then B =T'({z}U(BNC)) for any
x € B—(BNC). Suppose C < D < BVC =T(BUC), and let y be any element
in D — C. Fix any element z € B — (BNC). Then y € I'(CU{z}) = BV C, and
y¢I'(C)=C. Hence z € I'(CU{y}), and B <I'(CU{y}) < D. Thus D =BV C,
and we conclude that Cr is semimodular. O

Now we turn our attention to the structure of geometric lattices.
Theorem 11.3. FEwvery geometric lattice is relatively complemented.

Proof. Let a < x < bin a geometric lattice. By upper continuity and Zorn’s Lemma,
there exists an element y maximal with respect to the properties ¢ < y < b and
x Ay = a. Suppose x Vy < b. Then there is an atom p with p < band p £ z V y.
By the maximality of y we have x A (y V p) > a; hence there is an atom ¢ with
g<zA(yVp) and g £ a. Now q < yVp but ¢ £ y, so by our usual argument
p<qVy<axVy, acontradiction. Thus x Vy = b, and y is a relative complement
of xinb/a. O

Let £ be a geometric lattice, and let I be the ideal of compact elements of L. By
Theorem 10.10, K is a direct sum of simple lattices, and by Theorem 11.1, £ = Z(K).
So what we need now is a relation between the ideal lattice of a direct sum and the
direct product of the corresponding ideal lattices.

Lemma 11.4. For any collection of lattices L; (i € I), we have Z(Y_ L;) = [[Z(L;).

Proof. 1If we identify £; with the set of all vectors in > £; which are zero except
in the i-th place, then there is a natural map ¢ : Z(>_ L;) — [[Z(L;) given by
o(J) = (Ji)icr, where J; = {x € L; : x € J}. It will be a relatively straightforward
argument to show that this is an isomorphism. Clearly J; € Z(L£;), and the map ¢
is order preserving.

Assume J, K € Z(>_ L;) with J £ K, and let « € J — K. There exists an i such
that z;, € K, and hence J;, £ K;,, whence ¢(J) £ ¢(K). Thus ¢(J) < ¢(K) if and
only if J < K, and ¢ is one-to-one.

It remains to show that ¢ is onto. Given (T});cr € [[Z(L:), let J ={z € > L;:
x; € T; for all i}. Then J € Z(D>_ L;), and it is not hard to see that J; = T; for all
i, and hence ¢(J) = (T;)icr, as desired. O
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So we are left with the task of describing the lattice of ideals of a simple semi-
modular principally chain finite lattice in which every element is a join of atoms. If
L = Z(K) where K is such a lattice, then £ is subdirectly irreducible: the unique
minimal congruence p is generated by collapsing all the finite dimensional elements
to zero. So if K is finite dimensional (whence £ = K), then £ is simple, and it may
be otherwise, as is the case with Eq X. On the other hand, if I is modular and
infinite dimensional, then p will identify only those pairs (a, b) such that aVb/aAb is
finite dimensional, and so £ will not be simple. Summarizing, we have the following
result.

Theorem 11.5. FEvery geometric lattice is a direct product of subdirectly irreducible
geometric lattices. Fvery finite dimensional geometric lattice is a direct product of
simple geometric lattices.

The finite dimensional case of Theorem 11.5 should be credited to Dilworth [3],
and the extension is due to J. Hashimoto [6]. The best version of Hashimoto’s
theorem states that a complete, weakly atomic, relatively complemented lattice is a
direct product of subdirectly irreducible lattices. A nice variation, due to L. Libkin [§],
is that every atomistic algebraic lattice is a direct product of directly indecomposable
(atomistic algebraic) lattices.

Before going on to modular geometric lattices, we should mention one of the most
intriguing problems in combinatorial lattice theory. Let £ be a finite geometric
lattice, and let

wr = |{z € L:i(x) =k}

The unimodal conjecture states that there is always an integer m such that
l=wy<wy < .. w1 S Wy 2 Wipyp1 2 -0 W1 2> Wy = 1.

This is true if £ is modular, and also for £ = Eq X with X finite ([5] and [7]). It
is known that w; < wy always holds for for 1 < k < n ([1] and [4]). But a general
resolution of the conjecture still seems to be a long way off.

EXERCISES FOR CHAPTER 11

1. Let £ be a finite geometric lattice, and let F' be a nonempty order filter on £
(i.e., x > f € F implies z € F'). Show that the lattice £ obtained by identifying all
the elements of F' (a join semilattice congruence) is geometric.

2. Draw the following geometric lattices and their corresponding geometries:

(a) Eq4,

(b) Sub (Z3)3, the lattice of subspaces of a 3-dimensional vector space over Z.

3. Show that each of the following is an algebraic closure operator on R"™ with
the exchange property, and interpret them geometrically.

(a) Span(A) = {>F  Nai: k> 1, a; € AU{0}}
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(b) D(A) = {>F  Na;:k>1, a,€ A, X8 N=1}

(€ AA) ={XF  Nai:k>1, a,€ A, S8 N =1, A >0}

4. Let G be a simple graph (no loops or multiple edges), and let X be the set of
all edges of G. Define S C X to be closed if whenever S contains all but one edge
of a cycle, then it contains the entire cycle. Verify that the corresponding closure
operator F is an algebraic closure operator with the exchange property. The lattice
of E-closed subsets is called the edge lattice of G. Find the edge lattices of the
graphs in Figure 11.1.

(a) (b) ()

Figure 11.1

5. Show that the lattice for plane Euclidean geometry (?) is not modular. (Hint:
Use two parallel lines and a point on one of them.)

6. (a) Let P and L be nonempty sets, which we will think of as “points” and
“lines” respectively. Suppose we are given an arbitrary incidence relation € on Px L.
Then we can make P U LU{0,1} into a partially ordered set K in the obvious way,
interpreting p € [ as p < 1. When is K a lattice? atomistic? semimodular? modular?
subdirectly irreducible?

(b) Compare these results with Hilbert’s axioms for a plane geometry.

(i) There exists at least one line.
(ii) On each line there exist at least two points.
(iii) Not all points are on the same line.
(iv) There is one and only one line passing through two given distinct points.

7. Let £ be a geometric lattice, and let A denote the set of atoms of £. A subset
S C Ais independent if p £ \/(S —{p}) for all p € S. A subset B C A is a basis for
L if B is independent and VB = 1.

(a) Prove that £ has a basis.

(b) Prove that if B and C' are bases for £, then |B| = |C|.

(c) Show that the sublattice generated by an independent set S is isomorphic
to the lattice of all finite subsets of S.

8. A lattice is atomic if for every x > 0 there exists a € L with z > a > 0. Prove
that every element of a complete, relatively complemented, atomic lattice is a join
of atoms.
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9. Let I be an infinite set, and let X = {p; : i € [}U{q; : i € I'}. Define a subset
S of X to be closed if S = X or, for all 4, at most one of p;, ¢; is in S. Let £ be the
lattice of all closed subsets of X.

(a) Prove that L is a relatively complemented algebraic lattice with every ele-
ment the join of atoms.
(b) Show that the compact elements of £ do not form an ideal.

(This example shows that the semimodularity hypothesis of Theorem 11.1 cannot
be omitted.)
10. Prove that Eq X is relatively complemented and simple.
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12. Complemented Modular Lattices

Lookout, the saints are comin’ through
And it’s all over now, Baby Blue.
—Bob Dylan

Traditionally, complemented modular lattices are the alii! of lattices, and sub-
directly irreducible geometric modular lattices are the alii nui®. In this chapter we
will see why.

Lemma 12.1. FEvery complemented modular lattice is relatively complemented.

Proof. Let ¢ be a complement of « in a modular lattice, and let a« > = > b. Consider
the element z = a A (b V ¢), and note that z = bV (a A ¢) by modularity. Then
xAz=xANbVec)=bV(xAc)=bV0=b, and dually zV z = a. Thus z is a relative
complement of z in a/b. O

Theorem 12.2. FEwvery algebraic complemented modular lattice is geometric.

Proof. Let L be an algebraic complemented modular lattice. We need to show that
the atoms of £ are join dense, i.e., a > b implies that there is an atom p with
p < aand p £ b. But we know that £ is weakly atomic, so there exist elements
¢, d such that a > ¢ > d > b. Let p be a relative complement of d in ¢/0. Then
c¢/d = (pVvd)/d=p/(pAd) = p/0, whence p is an atom. Also p < ¢ < a, while
p % d implies p £ b. O

The next result, though not needed in the sequel, is quite nice. It is due to Bjarni
Jénsson [2], extending O. Frink [1].

Theorem 12.3. Fvery complemented modular lattice can be embedded in a geomet-
ric modular lattice.

Sketch of Proof. Let £ be a complemented modular lattice. Let F(L£) denote the
lattice of filters of £ ordered by reverse set inclusion, i.e., FF < G iff FF O G. Since L
has a 0, every filter of £ is contained in a maximal (w.r.t. set inclusion) filter; hence
F(L) is atomic (every nonzero element contains an atom). However, F(L£) is dually
algebraic, so we form the ideal lattice Z(F (L)), which is algebraic and is still atomic
(but it may not be atomistic). Let 2 denote the set of atoms of Z(F(L)), and let
A =\/2, so that A is the ideal of F (L) generated by the maximal filters. Then the

! Hawaiian chiefs.
2Hawaiian big chiefs.
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sublattice L = A/0 of Z(F(L)) is modular, algebraic, and atomistic, whence it is
geometric.

It remains to show that £ is embedded into K by the map h(z) = \/{F € A :x €
F'}. This is a nontrivial (but doable) exercise. [

Since every geometric modular lattice is a direct product of subdirectly irreducible
ones, the following lemma comes in handy.

Lemma 12.4. A geometric modular lattice is subdirectly irreducible if and only if
for each pair of distinct atoms p, q there is a third atom r such that p, q and r
generate a sublattice isomorphic to Ms.

Proof. First, suppose that the condition of the lemma holds in a geometric modular
lattice £. Since a geometric lattice is relatively complemented, every nontrivial
congruence relation on L collapses some atom to 0. The condition implies that
if one atom collapses to 0, then they all do. Thus the congruence u generated
by collapsing all the atoms to 0 is the unique minimum nontrivial congruence of
L, making it subdirectly irreducible. (In fact, p collapses every finite dimensional
quotient a/b of L£; unless the lattice is finite dimensional, this is not the universal
congruence. See exercise 3.)

Conversely, assume that £ is subdirectly irreducible. Then the compact elements
of £ form a simple, principally chain finite lattice; otherwise, as in the proof of
Theorem 11.5, £¢ would be a proper direct sum and £ would be a direct product.
Thus |Qre| = 1, and for any two atoms p, g of £ there is a sequence of atoms with

p=poDp D...Dp,=q.

Therefore, by induction, it will suffice to prove the following two claims.

(i) If p, ¢ and r are atoms of £ with p D g D r, then p D r.
(ii) If p and q are distinct atoms with p D g, then there is an atom s such that
p, q and s generate a diamond.

Let us prove (ii) first. If p and ¢ are distinct and p D g, then by definition there is
an element x € L such that p < ¢V but p £ ¢, V& = z. Note that, by modularity,
gV x> xand hence pVaz =qVx. Set s=xA(pVq). Since pV g has dimension
2 and p £ x, we have s = 0. Now p £ x implies p As < p Az = 0. Similarly
q % z and that implies ¢ A s = 0, while p # ¢ gives p A ¢ = 0. On the other hand,
pVs=(pVz)A(pVq) =pVq, and similarly ¢V s = pVq. Thus p, ¢ and s generate
an M3.

To prove (i), assume p D g D r. Without loss of generality, these are distinct,
and hence by (ii) there exist atoms x and y such that p, ¢, = generate a diamond
and ¢, r, y likewise. Set z = (pV r) A (z Vy). Then

rVz=({pVr)A(rVzVy)
=(@Vr)A(xVgVvy)

=(@Vr)AN(pVqVy) >p.
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Now there are two possibilities. If p £ z, then p D r via z, and we are done. So
assume p < z. Then p < xVy and x V y has dimension 2, soxVy=pVx =qV x.
But then ¢ < xV y, whence x Vy = q V y also, i.e., the tops of the two diamonds
coincide. In particular p, ¢ and r join pairwise to x V y, so that again p D r. U

It turns out that dimension plays an important role in subdirectly irreducible
geometric lattices. We define the dimension of a geometric lattice £ to be the
length of a maximal chain in £. Thus §(£) = 6(1) if §(1) = n < oo; more generally,
d(L) = |B| where B is a basis for L (see exercise 11.7).

Of course 2 is the only geometric lattice with §(£) = 1. Geometric lattices with
d(L) = 2 are isomorphic to M, for some cardinal x, and these are simple whenever
K> 2.

Subdirectly irreducible geometric modular lattices with 6(£) > 2 correspond to
projective geometries of geometric dimension > 2. In particular, for §(£) = 3 they
correspond to projective planes. Projective planes come in two types: arguesian and
nonarguesian. The nonarguesian projective planes are sort of strange: we can con-
struct lots of examples of them, but there is no really good representation theorem
for them.

On the other hand, a theorem of classical projective geometry translates as fol-
lows.

Theorem 12.5. FEvery subdirectly irreducible geometric modular lattice with (L) >
4 18 arguesian.

Now we are ready for the best representation theorem of them all, due to Birkhoff
and Frink (but based on older ideas from projective geometry). Recall that the lat-
tice of subspaces of any vector space is a subdirectly irreducible geometric arguesian
lattice.

Theorem 12.6. Let L be a subdirectly irreducible geometric arquesian lattice with
(L) = k > 3. Then there is a division ring D such that L is isomorphic to the
lattice of all subspaces of a k-dimensional vector space over D.

A later version of these notes will include a proof of Theorem 12.6, but not this
one.

That’s all, folks!

EXERCISES FOR CHAPTER 12

1. For what values of n is M,, = Sub V for some vector space V?
2. The following steps carry you through the proof of Theorem 12.3.

(a) Show that if £ is a complete, upper continuous, modular lattice and 1 is a
join of atoms, then L is geometric (i.e., algebraic and atomistic).
(b) Find a finite semimodular lattice in which the atoms join to 1, but not every
element is a join of atoms.
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(c) For the map h : £ — K given in the text, h(z) is an ideal of F (L), and hence
a set of filters. Show that F' € h(z) iff F' is the intersection of finitely many
maximal (w.r.t. set inclusion) filters and = € F. Note that this implies that
h preserves order.
(d) Use (c) to show that h(z Ay) = h(z) A h(y).
(e) Show that, in order to prove that h preserves joins, it suffices to prove that
h(z Vy) < h(x)V h(y) whenever z Ay = 0.
(f) Prove that if x Ay = 0 and F is a maximal filter with F' € h(x V y), then
there exist G € h(z) and H € h(y) such that F < GV H,ie, F DO GNH.
Thus h preserves joins (by (e)).
3. Define a relation £ on a modular lattice £ by (a,b) € £ iff (a VvV b)/(a Ab) is
finite dimensional. Show that £ € Con L. Give examples to show that £ can be 0,
1 or neither in Con L.
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Appendix 1: Cardinals, Ordinals and Universal Algebra

In these notes we are assuming you have a working knowledge of cardinals and
ordinals. Just in case, this appendix will give an informal summary of the most
basic part of this theory. We also include an introduction to the terminology of
universal algebra.

1. ORDINALS

Let C be a well ordered set, i.e., a chain satisfying the descending chain condition
(DCC). A segment of C' is a proper ideal of C, which (because of the DCC) is
necessarily of the form {c¢ € C': ¢ < d} for some d € C.

Lemma. Let C and D be well ordered sets. Then

(1) C is not isomorphic to any segment of itself.
(2) Either C = D, or C is isomorphic to a segment of D, or D is isomorphic
to a segment of C.

We say that two well ordered sets have the same type if C' = D. An ordinal is
an order type of well ordered sets. These are usually denoted by lower case Greek
letters: «, 3,7, etc. For example, w denotes the order type of the natural numbers,
which is the smallest infinite ordinal. We can order ordinals by setting o« < (3 if
a =2 [ or « is isomorphic to a segment of 5. There are too many ordinals in the
class of all ordinals to call this an ordered set without getting into set theoretic
paradoxes, but we can say that locally it behaves like one big well ordered set.

Theorem. Let 3 be an ordinal, and let B be the set of all ordinals a with o < (3,
ordered by <. Then B = (.

For example, w is isomorphic to the collection of all finite ordinals.

Recall that the Zermelo well ordering principle (which is equivalent to the Axiom
of Choice) says that every set can be well ordered. Another way of putting this is
that every set can be indexed by ordinals,

X ={zq:a<p}
for some (. Transfinite induction is a method of proof which involves indexing a set
by ordinals, and then applying induction on the indices. This makes sense because
the indices satisfy the DCC.

In doing transfinite induction, it is important to distinguish two types of ordinals.
B is a successor ordinal if {a : @ < [} has a largest element. Otherwise, [ is called
a limit ordinal. For example, every finite ordinal is a successor ordinal, and w is a
limit ordinal.
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2. CARDINALS

We say that two sets X and Y have the same cardinality, written | X| = |Y|,
if there exists a one-to-one onto map f : X — Y. It is easy to see that “having
the same cardinality” is an equivalence relation on the class of all sets, and the
equivalence classes of this relation are called cardinal numbers. We will use lower
case german letters such as m, n and p to denote unidentified cardinal numbers.

We order cardinal numbers as follows. Let X and Y be sets with |X| = m and
Y| = n. Put m < nif there exists a one-to-one map f : X »— Y (equivalently, if
there exists an onto map ¢ : Y — X). The Cantor-Bernstein theorem says that this
relation is anti-symmetric: if m < n < m, then m = n, which is the hard part of
showing that it is a partial order.

Theorem. Let m be any cardinal. Then there is a least ordinal o with |a| = m.
Theorem. Any set of cardinal numbers is well ordered.!

Now let |X| =m and |Y| = n with X and Y disjoint. We introduce operations
on cardinals (which agree with the standard operations in the finite case) as follows.

m+n=|XUY]|
m-n=|X xY|
m* = |{f:Y = X}|

It should be clear how to extend + and - to arbitrary sums and products.
The basic arithmetic of infinite cardinals is fairly simple.

Theorem. Let m and n be infinite cardinals. Then

(1) m+n=m-n=max{m,n},
(2) 2™ >m.

The finer points of the arithmetic can get complicated, but that will not bother
us here. The following facts are used frequently.

Theorem. Let X be an infinite set, P(X) the lattice of subsets of X, and Ps(X)
the lattice of finite subsets of X. Then |P(X)| = 21X| and |Ps(X)] = |X].

A fine little book [2] by Irving Kaplansky, Set Theory and Metric Spaces, is easy
reading and contains the proofs of the theorems above. The book Introduction
to Modern Set Theory by Judith Roitman [4] is recommended for a slightly more
advanced introduction.

L Again, there are too many cardinals to talk about the “set of all cardinals”.
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3. UNIVERSAL ALGEBRA

Once you have seen enough different kinds of algebras: vector spaces, groups,
rings, semigroups, lattices, even semilattices, you should be driven to abstraction.
The proper abstraction in this case is the general notion of an “algebra”. Univer-
sal algebra is the study of the properties which different types of algebras have in
common. Historically, lattice theory and universal algebra developed together, more
like Siamese twins than cousins. In these notes we do not assume you know much
universal algebra, but where appropriate we do use its terminology.

An operation on a set A is just a function f : A™ — A for some n € w. An algebra
is a system A = (A; F) where A is a nonempty set and F is a set of operations on
A. Note that we allow infinitely many operations, but each has only finitely many
arguments. For example, lattices have two binary operations, A and V. We use
different fonts to distinguish between an algebra and the set of its elements, e.g., A
and A.

Many algebras have distinguished elements, or constants. For example, groups
have a unit element e, rings have both 0 and 1. Technically, these constants are
nullary operations (with no arguments), and are included in the set F of operations.
However, in these notes we sometimes revert to a more old-fashioned notation and
write them separately, as A = (A4; F,C), where F is the set of operations with at
least one argument and C is the set of constants. There is no requirement that
constants with different names, e.g., 0 and 1, be distinct.

A subalgebra of A is a subset S of A which is closed under the operations, i.e.,
if $1,...,8, € S and f € F, then f(s1,...,8,) € S. This means in particular that
all the constants of A are contained in S. If A has no constants, then we allow the
empty set as a subalgebra (even though it is not properly an algebra). Thus the
empty set is a sublattice of a lattice, but not a subgroup of a group. A nonempty
subalgebra S of A can of course be regarded as an algebra S of the same type as A.

If A and B are algebras with the same operation symbols (including constants),
then a homomorphism from A to B is a mapping h : A — B which preserves the
operations, i.e., h(f(a1,...,a,)) = f(h(a1),...,h(a,)) for all a1,...,a, € A and
f € F. This includes that h(c) = ¢ for all c € C.

A homomorphism which is one-to-one is called an embedding, and sometimes
written h : A »— Bor h: A< B. A homomorphism which is both one-to-one and
onto is called an isomorphism, denoted h : A = B.

These notions directly generalize notions which should be perfectly familiar to
you for say groups or rings. Note that we have given only terminology, but no
results. The basic theorems of universal algebra are included in the text, either
in full generality, or for lattices in a form which is easy to generalize. For deeper
results in universal algebra, there are several nice textbooks available, including A
Course in Universal Algebra by S. Burris and H. P. Sankappanavar [1], and Algebras,
Lattices, Varieties by R. McKenzie, G. McNulty and W. Taylor [3].
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Appendix 2: The Axiom of Choice

In this appendix we want to prove Theorem 1.5.

Theorem 1.5. The following set theoretic axioms are equivalent.

(1) (AxioM OF CHOICE) If X is a nonempty set, then there is a map ¢ :
PB(X) — X such that p(A) € A for every nonempty A C X.

(2) (ZERMELO WELL-ORDERING PRINCIPLE) Every nonempty set admits a well-
ordering (a total order satisfying the DCC).

(3) (HAUSDORFF MAXIMALITY PRINCIPLE) Fvery chain in an ordered set P can
be embedded in a maximal chain.

(4) (ZorN’s LEMMA) If every chain in an ordered set P has an upper bound in
P, then P contains a mazrimal element.

(5) If every chain in an ordered set P has a least upper bound in P, then P
contains a mazximal element.

Let us start by proving the equivalence of (1), (2) and (4).

(4) = (2): Given a nonempty set X, let Q be the collection of all pairs (Y, R)
such that Y C X and R is a well ordering of Y, i.e., R C Y X Y is a total order
satisfying the DCC. Order Q by (Y,R) C (Z,5) if Y C Z and R C S. In order
to apply Zorn’s Lemma, check that if {(Y,,R,) : @« € A} is a chain in Q, then
(Y,R) = (UYa,URs) € Q and (Y, Ry) C (Y, R) for every a € A, and so (Y, R)
is an upper bound for {(Y,,R,) : « € A}. Thus Q contains a maximal element
(U, T). Moreover, we must have U = X. For otherwise we could choose an element
z € X—U, and then the pair (U’,T") with U’ = UU{z} and T" = TU{(u,2) :u € U}
would satisfy (U,T) C (U’,T"), a contradiction. Therefore T is a well ordering of
U = X, as desired.

(2) = (1): Given a well ordering < of X, we can define a choice function ¢
on the nonempty subsets of X by letting ¢(A) be the least element of A under the
ordering <.

(1) = (4): For a subset S of an ordered set P, let S* denote the set of all
upper bounds of S, i.e., S* ={x € P:x > s for all s € S}.

Let P be an ordered set in which every chain has an upper bound. By the Axiom
of Choice there is a function ¢ on the subsets of P such that ¢(S) € S for every
nonempty S C P. We use the choice function ¢ to construct a function which
assigns a strict upper bound to every subset of P which has one as follows: if S C P
and S* — S ={x € P:x > s for all s € S} is nonempty, define y(S) = ¢(S* — S).
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Fix an element 2y € P. Let B be the collection of all subsets B C P satisfying
the following properties.

(1) B is a chain.

(2) T € B.

(3) zp <y forally e B.

(4) If A is a nonempty order ideal of B and z € BN (A" — A), then y(A4) €
B n z/0.

The last condition says that if A is a proper ideal of B, then y(A) is in B, and
moreover it is the least element of B strictly above every member of A.

Note that 9B is nonempty, since {z¢} € B.

Next, we claim that if B and C' are both in B, then either B is an order ideal of
C or C is an order ideal of B. Suppose not, and let A={te BNC :¢t/0 N B =
t/0 N C}. Thus A is the largest common ideal of B and C; it contains z(, and by
assumption is a proper ideal of both B and C. Let b € B— A and ¢ € C — A. Now
B is a chain and A is an ideal of B, so b ¢ A implies b > a for all a € A, whence
be BN(A*—A). Likewise ¢ € CN(A*—A). Hence by (4), v(A) € BNC. Moreover,
since b was arbitrary in B — A, again by (4) we have v(A) < b for all b € B — A,
and similarly v(A) < ¢ for all ¢ € C' — A. Therefore

1(A4)/0Nn B=AU{y(4)} =~(4)/0nC

whence v(A) € A, contrary to the definition of .

It follows, that if B and C arein B, b€ Band ce€ C, and b < ¢, then b e C.

Also, you can easily check that if B € B and B" — B is nonempty, then B U
{y(B)} € B.

Now let U = Upey B We claim that U € B. It is a chain because for any two
elements b, ¢ € U there exist B, C' € B with b € B and ¢ € C'; one of B and C' is
an ideal of the other, so both are contained in the larger set and hence comparable.
Conditions (2) and (3) are immediate. If a nonempty ideal A of U has a strict upper
bound z € U, then z € C for some C' € B. By the observation above, A is an ideal
of C, and hence the conclusion of (4) holds.

Now U is a chain in P, and hence by hypothesis U has an upper bound z. On
the other hand, U* — U must be empty, for otherwise U U {v(U)} € B, whence
v(U) € U, a contradiction. Therefore x € U and x is maximal in P. In particular,
P has a maximal element, as desired.

Now we prove the equivalence of (3), (4) and (5).

(4) = (5): This is obvious, since the hypothesis of (5) is stronger.

(5) = (3): Given an ordered set P, let Q be the set of all chains in P, ordered
by set containment. If {Cy, : a € A} is a chain in Q, then |JC, is a chain in P
which is the least upper bound of {C,, : & € A}. Thus Q satisfies the hypothesis of
(5), and hence it contains a maximal element C', which is a maximal chain in P.
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(3) = (4): Let P be an ordered set such that every chain in P has an upper
bound in P. By (3), there is a maximal chain C' in P. If b is an upper bound for
C, then in fact b € C' (by maximality), and b is a maximal element of P.

(There are many variations of the proof of Theorem 1.5, but it can always be
arranged so that there is only one hard step, and the rest easy. The above version
seems fairly natural.)
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Appendix 3: Formal Concept Analysis

Exercise 13 of Chapter 2 is to show that a binary relation R C A x B induces a
pair of closure operators, described as follows. For X C A, let

o(X)={beB:xRbforal ze X}.
Similarly, for Y C B, let
m(Y)={a€A:aRyforalyeY}.
Then the composition 7o : P(A) — P(A) is a closure operator on A, given by
mo(X) ={a € A:a Rbwhenever x R for all z € X}.
Likewise, o7 is a closure operator on B, and for Y C B,
on(Y)={b€ B:a Rbwhenever a Ry for all y € Y}

In this situation, the lattice of closed sets Cr, C JP(A) is dually isomorphic to
Cor C P(B), and we say that R establishes a Galois connection between the mwo-
closed subsets of A and the on-closed subsets of B.

Of course, C,, is a complete lattice. Moreover, every complete lattice can be
represented via a Galois connection.

Theorem. Let L be a complete lattice, A a join dense subset of L and B a meet
dense subset of L. Define RC A X B bya Rb if and only if a < b. Then, with ¢
and  defined as above, L = Cr, (and L is dually isomorphic to Cyr).

In particular, for an arbitrary complete lattice, we can always take A = B = L. If
L is algebraic, a more natural choice is A = L¢ and B = M*(L) (compact elements
and completely meet irreducibles). If £ is finite, the most natural choice is A = J(L)
and B = M(L). Again the proof of this theorem is elementary.

Formal Concept Analysis is a method developed by Rudolf Wille and his col-
leagues in Darmstadt (Germany), whereby the philosophical Galois connection be-
tween objects and their properties is used to provide a systematic analysis of cer-
tain very general situations. Abstractly, it goes like this. Let G be a set of “ob-
jects” (Gegenstinde) and M a set of relevant “attributes” (Merkmale). The relation
I C G x M consists of all those pairs (g,m) such that g has the property m. A
concept is a pair (X,Y) with X C G, Y C M, X =n(Y) and Y = o(X). Thus
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(X,Y) is a concept if X is the set of all elements with the properties of Y, and
Y is exactly the set of properties shared by the elements of X. It follows (as in
exercise 12, Chapter 2) that X € C;, and Y € C,,. Thus if we order concepts by
(X,Y) <(U,V)iff X CU (which is equivalent to Y D V), then we obtain a lattice
B(G, M, I) isomorphic to Cr,.
A small example will illustrate how this works. The rows of Table A1 correspond
to seven fine musicians, and the columns to eight possible attributes (chosen by a
musically trained sociologist). An x in the table indicates that the musician has
that attribute.! The corresponding concept lattice is given in Figure A2, where the
musicians are abbreviated by lower case letters and their attributes by capitals.

FIGURE A2

ITo avoid confusion, androgynous rock stars were not included.
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Instrument | Classical | Jazz | Country | Black | White | Male | Female

J. S. Bach X X X X
Rachmaninoff X X X X

King Oliver X X X X

W. Marsalis X X X

B. Holiday X
Emmylou H. X X X
Chet Atkins X X X X X

Table Al.




Formal concept analysis has been applied to hundreds of real situations outside
of mathematics (e.g., law, medicine, psychology), and has proved to be a useful tool
for understanding the relation between the concepts involved. Typically, these ap-
plications involve large numbers of objects and attributes, and computer programs
have been developed to navigate through the concept lattice. A good brief intro-
duction to concept analysis may be found in Wille [2] or [3], and the whole business
is explained thoroughly in Ganter and Wille [1].

Likewise, the representation of a finite lattice as the concept lattice induced by
the order relation between join and meet irreducible elements (i.e., < restricted to
J(L) x M(L)) provides and effective and tractable encoding of its structure. As an
example of the method, let us show how one can extract the ordered set Q, such
that Con £ = O(Q(L)) from the table.

Given a finite lattice £, for g € J(£) and m € M(L), define

g,/ m if g mbutg<m* ie, g<nforaln>m,
m\,g ifm#gbutm> g, ie,m>hforalh<yg,

glm ifg /" mandm\,g.

Note that these relations can easily be added to the table of J(L) x M (L).
These relations connect with the relation D of Chapter 10 as follows.

Lemma. Let L be a finite lattice and g, h € J(L). Then g D h if and only if there
exists m € M (L) such that g /" m \, h.

Proof. If g D h, then there exists x € L such that g <hV z but g £ h, V. Let m
be maximal such that m > h, V2 but m #? g. Then m € M(L), g < m*, m > h,
but m # h. Thus g /" m\ h.

Conversely, suppose g /' m \, h. Then g < m* < hVm while g £ m = h, V m.
Therefore g D h. O

As an example, the table for the lattice in Figure A2 is given in Table A3. This is
a reduction of the original Table Al: J(L) is a subset of the original set of objects,
and likewise M (L) is contained in the original attributes. Arrows indicating the
relations , \, and | have been added. The Lemma allows us to calculate D
quickly, and we find that |Q,| = 1, whence £ is simple.

I=M|Cl|J|Co|B|W|F

b=r| x | x| [\|x]|]
0 x | ] |x x| |
X | xIx|N\[x|1]|1

h TN XN x| T x
e TINd T x| T x]x
a X | TIx|x|T|x]|1
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Table A3.
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