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Introduction

In the early 1890’s, Richard Dedekind was working on a revised and enlarged
edition of Dirichlet’s Vorlesungen tiber Zahlentheorie, and asked himself the following
question: Given three subgroups A, B, C of an abelian group G, how many different
subgroups can you get by taking intersections and sums, e.g., A+ B, (A+ B) NC,
etc. The answer, as we shall see, is 28 (Chapter 7). In looking at this and related
questions, Dedekind was led to develop the basic theory of lattices, which he called
Dualgruppen. His two papers on the subject, Uber Zerlegungen von Zahlen durch
ihre grofsten gemeinsamen Teiler (1897) and Uber die von drei Moduln erzeugte
Dualgruppe (1900), are classics, remarkably modern in spirit, which have inspired
many later mathematicians.

“There is nothing new under the sun,” and so Dedekind found. Lattices, espe-
cially distributive lattices and Boolean algebras, arise naturally in logic, and thus
some of the elementary theory of lattices had been worked out earlier by Ernst
Schréder in his book Die Algebra der Logik. Nonetheless, it is the connection be-
tween modern algebra and lattice theory, which Dedekind recognized, that provided
the impetus for the development of lattice theory as a subject, and which remains
our primary interest.

Unfortunately, Dedekind was ahead of his time in making this connection, and
so nothing much happened in lattice theory for the next thirty years. Then, with
the development of universal algebra in the 1930’s by Garrett Birkhoff, Oystein Ore
and others, Dedekind’s work on lattices was rediscovered. From that time on, lattice
theory has been an active and growing subject, in terms of both its application to
algebra and its own intrinsic questions.

These notes are intended as the basis for a one-semester introduction to lattice
theory. Only a basic knowledge of modern algebra is presumed, and I have made no
attempt to be comprehensive on any aspect of lattice theory. Rather, the intention
is to provide a textbook covering what we lattice theorists would like to think every
mathematician should know about the subject, with some extra topics thrown in
for flavor, all done thoroughly enough to provide a basis for a second course for the
student who wants to go on in lattice theory or universal algebra.

It is a pleasure to acknowledge the contributions of students and colleagues to
these notes. I am particularly indebted to Michael Tischendorf, Alex Pogel and the
referee for their comments. Mahalo to you all.

Finally, I hope these notes will convey some of the beauty of lattice theory as I
learned it from two wonderful teachers, Bjarni Jénsson and Bob Dilworth.



1. Ordered Sets

“And just how far would you like to go in?” he asked....
“Not too far but just far enough so’s we can say that we’ve been there,’
the first chief.
“All right,” said Frank, “I’ll see what I can do.”
—Bob Dylan

)

said

In group theory, groups are defined algebraically as a model of permutations.
The Cayley representation theorem then shows that this model is “correct”: every
group is isomorphic to a group of permutations. In the same way, we want to define
a partial order to be an abstract model of set containment C, and then we should
prove a representation theorem for partially ordered sets in terms of containment.

A partially ordered set, or more briefly just ordered set, is a system P = (P, <)
where P is a nonempty set and < is a binary relation on P satisfying, for all
x,y,z € P,

(1) z <uz, (reflexivity)
(2) if z <yandy <z, then x =y, (antisymmetry)
(3) if x <yand y < z, then z < z. (transitivity)

The most natural example of an ordered set is (X ), the collection of all subsets of
a set X, ordered by C. Another familiar example is Sub G, all subgroups of a group
G, again ordered by set containment. You can think of lots of examples of this type.
Indeed, any nonempty collection ) of subsets of X, ordered by set containment,
forms an ordered set.

More generally, if P is an ordered set and @) C P, then the restriction of < to Q
is a partial order, leading to a new ordered set Q.

The set R of real numbers with its natural order is an example of a rather special
type of partially ordered set, namely a totally ordered set, or chain. C is a chain
if for every x,y € C, either x < y or y < z. At the opposite extreme we have
antichains, ordered sets in which < coincides with the equality relation =.

We say that x is covered by y in P, written z < y, if z < y and there is no z € P
with x < z < y. It is clear that the covering relation determines the partial order
in a finite ordered set P. In fact, the order < is the smallest reflexive, transitive
relation containing <. We can use this to define a Hasse diagram for a finite ordered
set P: the elements of P are represented by points in the plane, and a line is drawn
from a up to b precisely when a < b. In fact this description is not precise, but it
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is close enough for government purposes. In particular, we can now generate lots of
examples of ordered sets using Hasse diagrams, as in Figure 1.1.

The natural maps associated with the category of ordered sets are the order
preserving maps, those satisfying the condition z < y implies f(z) < f(y). We
say that P is isomorphic to Q, written P = O, if there is a map f : P — @
which is one-to-one, onto, and both f and f~! are order preserving, i.e., z < vy iff
f(x) < f(y).

With that we can state the desired representation of any ordered set as a system
of sets ordered by containment.

Theorem 1.1. Let Q be an ordered set, and let ¢ : Q — P(Q) be defined by
o(z) ={y€Q:y <z}

Then Q is isomorphic to the range of ¢ ordered by C.

Proof. If x < y, then z < z implies z < y by transitivity, and hence ¢(z) C ¢(y).
Since z € ¢(z) by reflexivity, ¢(z) C ¢(y) implies x < y. Thus z < y iff p(x) C H(y).
That ¢ is one-to-one then follows by antisymmetry. [

A subset I of P is called an order ideal if x < y € I implies x € I. The set
of all order ideals of P forms an ordered set O(P) under set inclusion. The map
2



¢ of Theorem 1.1 embeds Q in O(Q). Note that we have the additional property
that the intersection of any collection of order ideals of P is again in an order ideal
(which may be empty). Likewise, the union of a collection of order ideals is an order
ideal.

Given an ordered set P = (P, <), we can form another ordered set P? = (P, <9),
called the dual of P, with the order relation defined by z <¢ y iff y < z. In the finite
case, the Hasse diagram of P¢ is obtained by simply turning the Hasse diagram of
P upside down (see Figure 1.2). Many concepts concerning ordered sets come in
dual pairs, where one version is obtained from the other by replacing “<” by “>”
throughout.

P FIGURE 1.2 P

For example, a subset F' of P is called an order filter if x > y € F implies x € F.
An order ideal of P is an order filter of P¢, and vice versa.

An ideal or filter determined by a single element is said to be principal. We
denote principal ideals and principal filters by

le={ye P:y<al,
te={yeP:y>uz}
respectively.

The ordered set P has a mazimum (or greatest) element if there exists € P such
that y < x for all y € P. An element x € P is maximal if there is no element y € P
with y > x. Clearly these concepts are different. Minimum and minimal elements
are defined dually.

The next lemma is simple but particularly important.

Lemma 1.2. The following are equivalent for an ordered set P.
(1) Every nonempty subset S C P contains an element minimal in S.
(2) P contains no infinite descending chain
ag > ayp > ag > ...

() If

ag =2 a1 = as > ...

in P, then there exists k such that a, = ax for all n > k.
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Proof. The equivalence of (2) and (3) is clear, and likewise that (1) implies (2).
There is, however, a subtlety in the proof of (2) implies (1). Suppose P fails (1) and
that S C P has no minimal element. In order to find an infinite descending chain in
S, rather than just arbitrarily long finite chains, we must use the Axiom of Choice.
One way to do this is as follows.

Let f be a choice function on the subsets of S, i.e., f assigns to each nonempty
subset ' C S an element f(T) € T. Let ap = f(S), and for each i € w define
ait1 = f({s € S : s < a;}); the argument of f in this expression is nonempty
because S has no minimal element. The sequence so defined is an infinite descending
chain, and hence P fails (2). O

The conditions described by the preceding lemma are called the descending chain
condition (DCC). The dual notion is called the ascending chain condition (ACC).
These conditions should be familiar to you from ring theory (for ideals). The next
lemma just states that ordered sets satisfying the DCC are those for which the
principle of induction holds.

Lemma 1.3. Let P be an ordered set satisfying the DCC. If (x) is a statement
such that

(1) @(z) holds for all minimal elements of P, and
(2) whenever ¢(y) holds for all y < x, then ¢(x) holds,

then ¢(x) is true for every element of P.

Note that (1) is in fact a special case of (2). It is included in the statement of the
lemma because in practice minimal elements usually require a separate argument
(like the case n = 0 in ordinary induction).

The proof is immediate. The contrapositive of (2) states that the set F' = {z €
P : ¢(z) is false} has no minimal element. Since P satisfies the DCC, F' must
therefore be empty.

We now turn our attention more specifically to the structure of ordered sets.
Define the width of an ordered set P by

w(P) = sup{|A| : A is an antichain in P}

where |A| denotes the cardinality of A.! A second invariant is the chain covering
number ¢(P), defined to be the least cardinal « such that P is the union of v chains
in P. Because no chain can contain more than one element of a given antichain, we
must have |A| < |I| whenever A is an antichain in P and P = |J, ., C; is a chain
covering. Therefore

i€l

w(P) < c(P)

INote that the width function w(7) does not distinguish, for example, between ordered sets
that contain arbitrarily large finite antichains and those that contain a countably infinite antichain.
For this reason, in ordered sets of infinite width it is sometimes useful to consider the function
w(P), which is defined to be the least cardinal k such that k +1 > |A| for every antichain A of P.
We will restrict our attention to w(P).
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for any ordered set P. The following result, due to R. P. Dilworth [2], says in
particular that if P is finite, then w(P) = c¢(P).

Theorem 1.4. If w(P) is finite, then w(P) = c(P).

Our discussion of the proof will take the scenic route. We begin with the case
when P is finite, using Ralph Freese’s modification of H. Tverberg’s proof [17].

Proof in the finite case. We need to show ¢(P) < w(P), which is done by induction
on |P|. Let w(P) = k, so that every maximal-sized antichain has k elements.

First, suppose there exists a k-element antichain A = {ay,...,ax} that does not
consist entirely of maximal elements of P, or entirely of minimal elements. Set

L={x e P:z<a; for some i},
U={xe€P:x>a; for some j}.

Since every element of P is comparable with some element of A, we have P = LUU,
while A = L NU. Moreover, since A contains at least one element that is not
maximal in P, we have |L| < |P|. Dually, |U| < |P|. Hence L is a union of k chains,
L=D;U---UDy, and similarly U = Ey U --- U E} as a union of chains. Each of
these chains must contain exactly one a;, so by renumbering (if necessary) we may
assume that a; € D, N E; for 1 < i < k, so that C; = D; U E; is a chain. Thus

P=LUU=CiU---UC(C}

represents P as a union of k chains.

Hence we may assume that the only k-element antichains in P are its maximal
elements, or the minimal elements, or both. Let A = {a1,...,a,;} be the maximal
elements of P, and let B = {by,...,b,,} be the minimal elements. Both these are
maximal antichains, and at least one of ¢, m is k. Now b; < a; for some j. Let
Ci = {b1,q;}, and note that w(P — Cy) = k — 1. Thus P — C} is a union of k — 1
chains, and the desired result follows. [

So now we want to consider an infinite ordered set P of finite width k. Not
surprisingly, we will want to use one of the 210 equivalents of the Axiom of Choice!
(See H. Rubin and J. Rubin [14].) This requires some standard terminology.

Let P be an ordered set, and let S be a subset of P. We say that an element
x € P is an upper bound for S if x > s for all s € S. An upper bound z need not
belong to S. We say that x is the least upper bound for S if x is an upper bound
for S and =z < y for every upper bound y of S. If the least upper bound of S exists,
then it is unique. Lower bound and greatest lower bound are defined dually.

Theorem 1.5. The following set theoretic axioms are equivalent.

(1) (Axiom ofF CHOICE) If X is a nonempty set, then there is a map ¢ :
PB(X) — X such that ¢(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) Every 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 maximal element.

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

The proof of Theorem 1.5 is given in Appendix 2.

Our plan is to use Zorn’s Lemma to prove the compactness theorem (due to
K. Godel [6]); then, following a suggestion of Bjarni Jénsson, use the compactness
theorem to prove the infinite case of Dilworth’s theorem. We need to first recall
some of the basics of sentential logic.

Let S be a set, whose members will be called sentence symbols. Initially the
sentence symbols carry no intrinsic meaning; in applications they will correspond to
various mathematical statements.

We define well formed formulas (wff) on S by the following rules.

(1) Every sentence symbol is a wif.
(2) If « and § are wfls, then so are (—«), (o AND ) and (« OR f3).
(3) Only symbols generated by the first two rules are wifs.

The set of all wifs on S is denoted by 5.2
A truth assignment on S is a map v : S — {T, F'}. Each truth assignment has a
natural extension 7 : S — {T, F'}. The map ¥ is defined recursively by the rules
(1) (=) =T if and only if T(p) = F,
(2) (e AND ) =T if and only if T(p) =T and (¢)) =T,
(3) T(p OrR ¥) = T if and only if T(p) = T or v(yp) = T (including the case
that both are equal to T').

A set X C S is satisfiable if there exists a truth assignment v such that 7(¢) =T
for all ¢ € X. X is finitely satisfiable if every finite subset g C X is satisfiable.
Note that these concepts refer only to the internal consistency of ¥; there is so far
no meaning attached to the sentence symbols themselves.

Theorem 1.6. (THE COMPACTNESS THEOREM) A set of wffs is satisfiable if and
only if it is finitely satisfiable.

Proof. Let S be a set of sentence symbols and S the corresponding set of wifs.
Assume that ¥ C S is finitely satisfiable. Using Zorn’s Lemma, let A be maximal

2Technically, S is just the absolutely free algebra generated by S with the operation symbols
given in (2). We use AND and OR in place of the traditional symbols A and V for conjunction and
disjunction, respectively, in order to avoid confusion with the lattice operations in later chapters,
while retaining the symbol — for negation.

6



in PB(S) such that

(1) ZCA,

(2) A is finitely satisfiable.
We claim that for all ¢ € S, either ¢ € A or (—p) € A (but of course not both).

Otherwise, by the maximality of A, we could find a finite subset Ay C A such
that Ao U {¢} is not satisfiable, and a finite subset A; C A such that Ay U {—¢} is
not satisfiable. But AgU A is satisfiable, say by a truth assignment v. If () =T,
this contradicts the choice of Ag, while 7(—¢) = T contradicts the choice of Ay. So
the claim holds.

Now define a truth assignment p as follows. For each sentence symbol p € S,
define

up) =T iff peA.

Now we claim that for all ¢ € S, Ti(¢) = T iff ¢ € A. This will yield 7i(p) = T for
all p € 3, so that X is satisfiable. B
To prove this last claim, let G = {p € S:(p) =T iff p € A}. We have S C G,
and we need to show that G is closed under the operations —, AND and OR, so that
G=2S5.
(1) Suppose ¢ = = with € G. Then, using the first claim,
i) =T if @(g)=F
ifft g¢A
iff -geA
iff peA.
Hence p = = € G.
(2) Suppose ¢ = a AND 3 with a, 5 € G. Note that a AND f € A iff « € A
and 8 € A. For if a AND 8 € A, since {a AND [, ~a} is not satisfiable we must

have o € A, and similarly 8 € A. Conversely, if € A and 8 € A, then since
{a, B,—(a AND )} is not satisfiable, we have ae AND 5 € A. Thus

ilp) =T iff f(a) =T and 7(6) =T
iff aeAand geA
iff (o AND ) € A
ifft e A.
Hence ¢ = (a AND () € G.
(3) The case ¢ = a OR [ is similar to (2). O

We return to considering an infinite ordered set P of width k. Let S = {c,; : z €
P, 1 <i < k}. We think of ¢;; as corresponding to the statement “z is in the i-th
chain.” Let ¥ be all sentences of the form

(a) Cz1 OR ... OR Cyp
7



for x € P, and
(b) _'(Cgm' AND Cyi)

for all incomparable pairs z,y € P and 1 < ¢ < k. By the finite version of Dilworth’s
theorem, ¥ is finitely satisfiable, so by the compactness theorem X is satisfiable, say
by v. We obtain the desired representation by putting C; = {z € P : v(cy) = T}.
The sentences (a) insure that Cy U---UCY, = P, and the sentences (b) say that each
C; is a chain.

This completes the proof of Theorem 1.4.

A nice example due to M. Perles shows that Dilworth’s theorem is no longer true
when the width is allowed to be infinite [11]. Let & be an infinite ordinal,® and let P
be the direct product £ X k, ordered pointwise. Then P has no infinite antichains,
so w(P) = N, but ¢(P) = |x|.

There is a nice discussion of the consequences and extensions of Dilworth’s The-
orem in Chapter 1 of [1]. Algorithmic aspects are discussed in Chapter 11 of [4],
while a nice alternate proof appears in F. Galvin [5].

It is clear that the collection of all partial orders on a set X, ordered by set
inclusion, is itself an ordered set PO(X). The least member of PO(X) is the
equality relation, corresponding to the antichain order. The maximal members of
PO(X) are the various total (chain) orders on X. Note that the intersection of a
collection of partial orders on X is again a partial order. The next theorem, due
to E. Szpilrajn, expresses an arbitrary partial ordering as an intersection of total
orders [16].4

Theorem 1.7. FEvery partial ordering on a set X 1is the intersection of the total
orders on X containing it.

Szpilrajn’s theorem is a consequence of the next lemma.

Lemma 1.8. Given an ordered set (P,<) and a % b, there exists an extension <*
of < such that (P,<*) is a chain and b <* a.

Proof. Let a £ b in P. Then the transitive closure of < U (b,a) is a partial order
extending < in which b <’ a. Explicitly, let

<y
x<'y if or
z<banda <y.

It is straightforward to check that this is a partial order.

3See Appendix 1.
4The Polish logician Edward Szpilrajn changed his last name to Marczewski in 1940 to avoid
Nazi persecution, and survived the war.
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If P is finite, repeated application of this construction yields a total order <*
extending <’, so that b <* a. For the infinite case, we can either use the compactness
theorem, or perhaps easier Zorn’s Lemma (the union of a chain of partial orders on
X is again one) to obtain a total order <* extending <’. [

Theorem 1.7 now follows, because the intersection of all such extensions contains
only the pairs (¢, d) with ¢ < d.

Define the dimension d(P) of an ordered set P to be the smallest cardinal s
such that the order < on P is the intersection of s total orders. The next result
summarizes two basic facts about the dimension.

Theorem 1.9. Let P be an ordered set. Then

(1) d(P) is the smallest cardinal v such that P can be embedded into the direct
product of v chains,
(2) d(P) < c(P).

Proof. First suppose < is the intersection of total orders <; (i € I) on P. If we let C;
be the chain (P, <;), then it is easy to see that the natural map ¢ : P — [[,.; Cj,
with (¢(z)); = x for all x € P, satisfies < y iff p(x) < ¢(y). Hence ¢ is an
embedding.

Conversely, assume ¢ : P — [[,c; C; is an embedding of P into a direct product of
chains. We want to show that this leads to a representation of < as the intersection
of |I] total orders. Define

r<vy

z Ry if or
o(@): < p(y)i -

You should check that R; is a partial order extending <. By Lemma 1.8 each R;
can be extended to a total order <; extending <. To see that < is the intersection
of the <;’s, suppose # % y. Since ¢ is an embedding, then p(z); £ ¢(y); for some
i. Thus ¢(x); > ¢(y);, implying y R; x and hence y <; z, or equivalently = £; y (as
x #y), as desired.

Thus the order on P is the intersection of x total orders if and only if P can be
embedded into the direct product of k chains, yielding (1).

For (2), assume P = UjeJCj with each C; a chain. Then, for each j € J, the
ordered set O(C;) of order ideals of C; is also a chain. Define a map ¢ : P —
[Le;O(C)) by (p(2); ={y € Cj : y < a}. (Note § € O(Cy), and (p(z)); = 0
is certainly possible.) Then ¢ is clearly order-preserving. On the other hand, if
z £ yin Pand x € Cj, then z € (p(2)); and = ¢ (¢(y));, so (¢(2)); € (¢(y)); and
o(z) £ ¢(y). Thus P can be embedded into a direct product of |J| chains. Using
(1), this shows d(P) < ¢(P). O
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Now we have three invariants defined on ordered sets: w(P), ¢(P) and d(P).
The exercises will provide you an opportunity to work with these in concrete cases.
We have shown that w(P) < ¢(P) and d(P) < ¢(P), but width and dimension are
independent. Indeed, if » is an ordinal and ¢ its dual, then x x x¢ has width |«| but
dimension 2. It is a little harder to find examples of high dimension but low width
(necessarily infinite by Dilworth’s theorem), but it is possible (see [10] or [12]).

This concludes our brief introduction to ordered sets per se. We have covered
only the most classical results of what is now an active field of research. A standard
textbook is Schroder [15]; for something completely different, see Harzheim [7].

The journal Order is devoted to publishing results on ordered sets. The author’s
favorite papers in this field include Duffus and Rival [3], Jénsson and McKenzie [8],
[9] and Roddy [13].

EXERCISES FOR CHAPTER 1

1. Draw the Hasse diagrams for all 4-element ordered sets (up to isomorphism).

2. Let N denote the positive integers. Show that the relation a | b (a divides b)
is a partial order on N. Draw the Hasse diagram for the ordered set of all divisors
of 60.

3. A partial map on a set X is a map o : S — X where S = dom o is a subset of
X. Define o0 < 7 if dom o C dom 7 and 7(z) = o(x) for all z € dom o. Show that
the collection of all partial maps on X is an ordered set.

4. (a) Give an example of a map f : P — Q that is one-to-one, onto and
order-preserving, but not an isomorphism.

(b) Show that the following are equivalent for ordered sets P and Q.

(i) P = Q (as defined before Theorem 1.1).
(ii) There exists f : P — @ such that f(x) < f(y) iff z <y. (— means the map

is onto.)
(iii) There exist f : P — @ and g : @ — P, both order-preserving, with gf = idp
and fg = idg.

5. Find all order ideals of the rational numbers Q with their usual order.

6. Prove that all chains in an ordered set P are finite if and only if P satisfies
both the ACC and DCC.

7. Find w(P), ¢(P) and d(P) for

(a) an antichain A with |A| = k, where & is a cardinal,
) M., where k is a cardinal, the ordered set diagrammed in Figure 1.3(a).
) an n-crown, the ordered set diagrammed in Figure 1.3(b).

d) P(X) with X a finite set,
)

8. Embed M,, (2 < n < o0) into a direct product of two chains. Express the

order on M,, as the intersection of two totally ordered extensions.
10
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9. Let P be a finite ordered set with at least ab + 1 elements. Prove that P
contains either an antichain with a 4+ 1 elements, or a chain with b+ 1 elements.

10. Phillip Hall proved that if X is a finite set and S1,...,.5, are subsets of X,
then there is a system of distinct representatives (SDR) aq,...,a, with a; € S; if
and only if for all 1 < k < n and distinct indices iy, ..., i, we have | U1§j§k Si;| > k.

(a) Derive this result from Dilworth’s theorem.

(b) Prove Marshall Hall’s extended version: If S; (i € I) are finite subsets of a
(possibly infinite) set X, then they have an SDR if and only if the condition
of P. Hall’s theorem holds for every n.

11. Let R be a binary relation on a set X that contains no cycle of the form
zog Rz1 R ... Rz, Rz with x; # x;,1. Show that the reflexive transitive closure
of R is a partial order.

12. A reflexive, transitive, binary relation is called a quasiorder.

(a) Let R be a quasiorder on a set X. Define x = y if z Ry and y Rx. Prove
that = is an equivalence relation, and that R induces a partial order on X /=.

(b) Let P be an ordered set, and define a relation < on the subsets of P by
X <Y if for each x € X there exists y € Y with x < y. Verify that < is a
quasiorder.

13. Let R be any relation on a nonempty set X. Describe the smallest quasiorder
containing R.
14. Let wy denote the first uncountable ordinal.

(a) Let P be the direct product w; X wy. Prove that every antichain of P is
finite, but ¢(P) = Ry.
(b) Let Q = w; x wf. Prove that Q has width X; but dimension 2.

15. Generalize exercise 14(a) to the direct product of two ordinals, P = k X A.
Describe the maximal antichains in £ x A.
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2. Semilattices, Lattices and Complete Lattices

There’s nothing quite so fine
As an earful of Patsy Cline.
—Steve Goodman

The most important partially ordered sets come endowed with more structure
than that. For example, the significant feature about PO(X) for Theorem 1.7 is
not just its partial order, but that it is closed under arbitrary intersections. In this
chapter we will meet several types of structures that arise naturally in algebra.

A semilattice is an algebra S = (5, %) satisfying, for all z,y,z € S,

(1) zxx =z,

(2) wxy=yra,

(3) xx(y*xz)=(rxy)*z.
In other words, a semilattice is an idempotent commutative semigroup. The symbol
x can be replaced by any binary operation symbol, and in fact we will most often
use one of V, A, + or -, depending on the setting. The most natural example of
a semilattice is (P(X),N), or more generally any collection of subsets of X closed
under intersection. For example, the semilattice PO(X) of partial orders on X is
naturally contained in ((X?),N).

Theorem 2.1. In a semilattice S, define x < y if and only if x xy = x. Then
(S, <) is an ordered set in which every pair of elements has a greatest lower bound.
Conversely, given an ordered set P with that property, define x xy = g.l.b.(x,y).
Then (P, *) is a semilattice.

Proof. Let (S, %) be a semilattice, and define < as above. First we check that < is
a partial order.

(1) %z = x implies = < z.
(2) fe<yandy <z, thenzx=zxxy=yxx=y.
B) fax<y<z thenzxz=(r*xy)xz=xx*(y*z2)=xxy=ux,80z < 2.

Since (zxy)*xx =z * (x*xy) = (r*x)*xy = z*y) we have z x y < z; similarly
xxy <y. Thus zxy is a lower bound for {z,y}. To see that it is the greatest lower
bound, suppose z < z and z < y. Then zx (z*xy) = (zxz)xy = 2%y = 2z, 80O
z < x*y, as desired.
The proof of the converse is likewise a direct application of the definitions, and
is left to the reader. O
13



A semilattice with the above ordering is usually called a meet semilattice, and as
a matter of convention A or - is used for the operation symbol. In Figure 2.1, (a)
and (b) are meet semilattices, while (c) fails on several counts.

) (b) ()

FIGURE 2.1

(a

Sometimes it is more natural to use the dual order, setting z > y iff x xy = .
In that case, S is referred to as a join semilattice, and the operation is denoted by
V or +.

A subsemilattice of S is a subset T' C S which is closed under the operation * of
S:ifz,y € T then xxy € T. Of course, that makes T a semilattice in its own right,
since the equations defining a semilattice still hold in (7', ).

Similarly, a homomorphism between two semilattices is a map h : S — 7T with
the property that h(z xy) = h(x) * h(y). An isomorphism is a homomorphism that
is one-to-one and onto. It is worth noting that, because the operation is determined
by the order and wvice versa, two semilattices are isomorphic if and only if they are
isomorphic as ordered sets.

The collection of all order ideals of a meet semilattice S forms a semilattice O(S)
under set intersection. The mapping from Theorem 1.1 gives us a set representation
for meet semilattices.

Theorem 2.2. Let S be a meet semilattice. Define ¢ : S — O(S) by

o(x)={yeS:y <z}

Then S is isomorphic to (¢(S),N).

Proof. We already know that ¢ is an order embedding of S into O(S). Moreover,
d(x Ny) = ¢(x) NP(y) because x Ay is the greatest lower bound of x and y, so that
z<zxAyifandonlyif z <z and z <y. O

A lattice is an algebra £ = (L, A\, V) satisfying, for all z,y,z € S,

(1) 2Az=zand z V2 =z,

1However, it is not enough that the elements of T' form a semilattice under the ordering <. For
example, the sets {1,2}, {1,3} and (0 do not form a subsemilattice of (P({1,2,3}),N).
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(2) zAy=yAzandzVy=yVuz,

B) zA(yAz)=(xAy)ANzandzV (yVz)=(xzVy)Vz,

(4) zA(xVy)=zand zV (z Ay) = .
The first three pairs of axioms say that £ is both a meet and join semilattice. The
fourth pair (called the absorption laws) say that both operations induce the same
order on L. The lattice operations are sometimes denoted by - and +; for the sake
of consistency we will stick with the A and V notation.

An example is the lattice (P(X),N,U) of all subsets of a set X, with the usual
set operations of intersection and union. This turns out not to be a very general
example, because subset lattices satisfy the distributive law

(D) AN(BUC)=(ANB)U(ANC).

The corresponding lattice equation does not hold in all lattices: = A (y V z) =
(x Ay) V (z A z) fails, for example, in the two lattices in Figure 2.2. Hence we
cannot expect to prove a representation theorem which embeds an arbitrary lattice
in (P(X),N,U) for some set X, although we will prove such a result for distributive
lattices. A more general example would be the lattice Sub(G) of all subgroups of
a group G. Most of the remaining results in this section are designed to show how
lattices arise naturally in mathematics, and to point out additional properties that
some of these lattices have.

Mg N5
FIGURE 2.2

Theorem 2.3. In a lattice L, define x <y if and only if x Ny = x. Then (L, <)
1s an ordered set in which every pair of elements has a greatest lower bound and
a least upper bound. Conversely, given an ordered set P with that property, define
x ANy =g.lb (zr,y) and x Vy =lu.b.(z,y). Then (P,\,V) is a lattice.

The crucial observation in the proof is that, in a lattice, z A y = «x if and only
if  Vy = y by the absorption laws. The rest is a straightforward extension of
Theorem 2.1.

This time we leave it up to you to figure out the correct definitions of sublattice,
homomorphism and isomorphism for lattices. If a lattice has a least element, it
is denoted by 0; the greatest element, if it exists, is denoted by 1. Of special
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importance are the interval (or quotient) sublattices, for each of which there are
various notations used in the literature:

b,a]=a/b={zx e L:b<z<a}
la=a/0=(a]l]={ze€Ll:x<a}
ta=1/a=[a)={z € L:a<x}.

To avoid confusion, we will mostly use [b,a] and | a and 1a.?
One further bit of notation will prove useful. For a subset A of an ordered set P,
let A* denote the set of all upper bounds of A, i.e.,

AY={xreP:x>aforalac A}

:ﬂTa.

a€A

Dually, A? is the set of all lower bounds of A,

Al ={zcP:zx<aforallac A}

:ﬂia.

a€A

Let us consider the question of when a subset A of an ordered set P has a least
upper bound. Clearly A* must be nonempty, and this will certainly be the case if P
has a greatest element. If moreover it happens that A" has a greatest lower bound
z in P, then in fact z € A%, i.e., a < z for all a € A, because each a € A is a lower
bound for A*. Therefore by definition z is the least upper bound of A. In this case
we say that the join of A exists, and write z = \/ A (treating the join as a partially
defined operation).

But if S is a finite meet semilattice with a greatest element, then /\ A" exists for
every A C S. Thus we have the following result.

Theorem 2.4. Let S be a finite meet semilattice with greatest element 1. Then S
s a lattice with the join operation defined by

vy =Nz y}" = \(tan ty).
This result not only yields an immediate supply of lattice examples, but it pro-

vides us with an efficient algorithm for deciding when a finite ordered set is a lattice:

2The notations a/0 and 1/a were historically used irrespective of whether £ actually has a least
element 0 or a greatest element 1.
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if a finite ordered set P has a greatest element and every pair of elements has a meet,
then P is a lattice. The dual version is of course equally useful.

Every finite subset of a lattice has a greatest lower bound and a least upper bound,
but these bounds need not exist for infinite subsets. Let us define a complete lattice
to be an ordered set £ in which every subset A has a greatest lower bound A A and a
least upper bound \/ A.3 Clearly every finite lattice is complete, and every complete
lattice is a lattice with 0 and 1 (but not conversely). Again PB(X) is a natural (but
not very general) example of a complete lattice, and Sub(G) is a better one. The
rational numbers with their natural order form a lattice that is not complete.

Likewise, a complete meet semilattice is an ordered set S with a greatest element
and the property that every nonempty subset A of S has a greatest lower bound
N\ A. By convention, we define A () = 1, the greatest element of S. The analogue of
Theorem 2.4 is as follows.

Theorem 2.5. If L is a complete meet semilattice, then L is a complete lattice with
the join operation defined by

Va= A4 = Al 1ol

a€A

Complete lattices abound in mathematics because of their connection with closure
systems. We will introduce three different ways of looking at these things, each with
certain advantages, and prove that they are equivalent.

A closure system on a set X is a collection C of subsets of X that is closed under
arbitrary intersections (including the empty intersection, so (0 = X € C). The sets
in C are called closed sets. By Theorem 2.5, the closed sets of a closure system form
a complete lattice. Various examples come to mind:

(i) closed subsets of a topological space,
(ii) subgroups of a group,
(iii) subspaces of a vector space,
(iv) convex subsets of euclidean space R"™.
(v) order ideals of an ordered set,

You can probably think of other types of closure systems, and more will arise as we
go along.

A closure operator on a set X is a map I' : P(X) — P(X) satisfying, for all
subsets A, B C X,

(1) ACT(A),

(2) A C B implies I'(4) C T'(B),

(3) T(I'(4)) =T(A).

3We could have defined complete lattices as a type of infinitary algebra satisfying some axioms,
but since these kinds of structures are not very familiar the above approach seems more natural.
Following standard usage, we only allow finitary operations in an algebra (see Appendix 1). Thus a
complete lattice as such, with its arbitrary operations \/ A and A A, does not count as an algebra.
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The closure operators associated with the closure systems above are as follows:

(i) X a topological space and I'(A) the closure of A,
(ii) G a group and Sg(A) the subgroup generated by A,
(iii) V a vector space and Span(A) the set of all linear combinations of elements
of A,

(iv) R®™ and H(A) the convex hull of A.

(v) P an ordered set and O(A) the order ideal generated by A,
For a closure operator, a set D is called closed if T'(D) = D, or equivalently (by
(3)), if D =T'(A) for some A.

A set of closure rules on a set X is a collection X of properties p(S) of subsets
of X, where each ¢(S) has one of the forms

rzes

or
YCS — ze€ S

with z, 2 € X and Y C X. (Note that the first type of rule is a degenerate case
of the second, taking Y = ().) A subset D of X is said to be closed with respect to
these rules if ¢(D) is true for each ¢ € 3. The closure rules corresponding to our
previous examples are:

(i) all rules Y €S = z € S where z is an accumulation point of Y,
(ii) the rule 1 € S and all rules

resS = zles
{z,y} CS = zye S

with z, y € G,
(iii) 0 € S and all rules {z,y} C S = ax + by € S with a, b scalars,
(iv) forall 7, 7€ R and 0 <t < 1, the rules {Z,5} CS = tx+ (1 —-t)y € S.
(v) for all pairs with z < y in P therulesy € S = z € S,
So the closure rules just list the properties that we check to determine if a set .S is
closed or not.
The following theorem makes explicit the connection between these ideas.

Theorem 2.6. (1) If C is a closure system on a set X, then the map T'¢c : P(X) —
PB(X) defined by
Te(A)=(|{DecC:AcCD}

is a closure operator. Moreover, T'c(A) = A if and only if A €C.
(2) If T is a closure operator on a set X, let Xr be the set of all rules

ce S
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where ¢ € T'(0), and all rules
YCS — ze€ S

with z € T'(Y). Then a set D C X satisfies all the rules of Y if and only if
I'(D) =D.

(3) If X is a set of closure rules on a set X, let Cx, be the collection of all subsets
of X that satisfy all the rules of ¥. Then Cx, is a closure system.

In other words, the collection of all closed sets of a closure operator forms a
complete lattice, and the property of being a closed set can be expressed in terms of
rules that are clearly preserved by set intersection. It is only a slight exaggeration
to say that all important lattices arise in this way. As a matter of notation, we will
also use Cr to denote the lattice of I'-closed sets, even though this particular variant
is skipped in the statement of the theorem.

Proof. Starting with a closure system C, define I'¢ as above. Observe that I'c(A) € C
for any A C X, and I'(D) = D for every D € C. Therefore I'c(I'¢c(A)) =T'¢c(A), and
the other axioms for a closure operator hold by elementary set theory.

Given a closure operator I, it is clear that I'(D) C D iff D satisfies all the rules
of ¥r. Likewise, it is immediate because of the form of the rules that Cyx, is always
a closure system. [J

Note that if I is a closure operator on a set X, then the operations on Cr are

given by
AD.= D,
el el
\/ D: =T(| D»).
i€l i€l

For example, in the lattice of closed subsets of a topological space, the join is the
closure of the union. In the lattice of subgroups of a group, the join of a collection
of subgroups is the subgroup generated by their union. The lattice of order ideals
of an ordered set is somewhat exceptional in this regard, because the union of a
collection of order ideals is already an order ideal.

One type of closure operator is especially important. If A = (A, F,C) is an
algebra, then S C A is a subalgebra of A if ¢ € S for every constant ¢ € C, and
{s1,...,8,} C S implies f(s1,...,8,) € S for every basic operation f € F. Of
course these are closure rules, so the intersection of any collection of subalgebras of
A is again one.* For a subset B C A, define

Sg(B) = ﬂ{S : S is a subalgebra of A and B C S}.

4If A has no constants, then we have to worry about the empty set. We want to allow @ in the
subalgebra lattice in this case, but realize that it is an abuse of terminology to call it a subalgebra.
The term subuniverse is sometimes used to avoid this problem.
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By Theorem 2.6, Sg is a closure operator, and Sg(B) is of course the subalgebra
generated by B. The corresponding lattice of closed sets is Cg; = Sub A, the lattice
of subalgebras of A.

Galois connections provide another source of closure operators. These are rele-
gated to the exercises not because they are unimportant, but rather to encourage
you to grapple with how they work on your own.

For completeness, we include a representation theorem.

Theorem 2.7. If L is a complete lattice, define a closure operator A on L by
AA)={zeL:z<\/A}

Then L is isomorphic to Ca.
The isomorphism ¢ : £ — Ca is just given by ¢(z) =] z.

The representation of £ as a closure system given by Theorem 2.7 can be greatly
improved upon in some circumstances. Here we will give a better representation for
lattices satisfying the ACC and DCC. In Chapter 3 we will do the same for another
class called algebraic lattices.

An element ¢ of a lattice £ is called join irreducible if ¢ =\/ F for a finite set F’
implies ¢ € F, i.e., ¢ is not the join of other elements. The set of all join irreducible
elements in £ is denoted by J(L£). Note that according to the definition, if £ has a
least element 0, then 0 ¢ J(L), as 0 = \/ (.> To include zero, let Jo(£) = J(L£L)U{0}.

Lemma 2.8. If a lattice L satisfies the DCC, then every element of L is a join of
finitely many join irreducible elements.

Proof. Suppose some element of £ is not a join of join irreducible elements. Let
x be a minimal such element. Then z is not itself join irreducible, nor is it zero.
So x = \/ F for some finite set F' of elements strictly below z. By the minimality
of z, each f € F is the join of a finite set Gy C J(£). Then z = \/,.pV Gy, a
contradiction. [J

Analogously, an element ¢ of a complete lattice £ is said to be completely join
irreducible if ¢ = \/ X implies ¢ € X for arbitrary (possibly infinite) subsets X C L.
If ¢ is completely join irreducible, then ¢ has a unique lower cover, viz.,

q*:\/{ZEGL:JE<q}.

Moreover, x < ¢ implies * < ¢.. Let J*(L) denote the set of completely join
irreducible elements. In general, J*(£) C J(L), but for lattices satisfying the ACC,
equality holds.

5This convention is not universal, as join irreducible is sometimes defined by ¢ = r V s implies
q =r or ¢ = s, which is equivalent for nonzero elements.
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Let us consider lattices that satisfy both the ACC and DCC. By Exercise 6 of
Chapter 1, these are lattices in which every chain is finite, and thus just a slight
generalization of finite lattices. The representation of lattices satisfying both chain
conditions as a closure system is quite straightforward.

Theorem 2.9. Let L be a lattice satisfying the ACC and DCC. Let ¥ be the set of
all closure rules on J(L) of the form

FCS = qge8

where q is join irreducible, F' is a finite subset of J(L), and ¢ <\/ F. (Include the
degenerate cases p € S = q € S for q < pin J(L).) Then L is isomorphic to
the lattice Cx, of 3-closed sets.

Proof. Define order preserving maps f : L — Cy and g : Cs, — L by

f(x) =lznJ(L)
g9(S)=\/S.

Now ¢f(z) = z for all z € L by Lemma 2.8. On the other hand, fg(S) = S for any
Y-closed set, because by the ACC we have \/ S = \/ F for some finite ' C S, which
puts every join irreducible ¢ <\/ F in S by the closure rules. O

A generalization of the preceding theorem is given in Exercises 15-17 of Chapter 3.

As an example of how we might apply these ideas, suppose we want to find
the subalgebra lattice of a finite algebra A. Now Sub A is finite, and every join
irreducible subalgebra is of the form Sg(a) for some a € A (though not necessarily
conversely). Thus we may determine Sub A by first finding all the 1-generated
subalgebras Sg(a), and then computing the joins of sets of these.’

Let us look at another type of closure operator. Of course, an ordered set need
not be complete. We say that a pair (L, ¢) is a completion of the ordered set P if
L is a complete lattice and ¢ is an order embedding of P into £. A subset @ of a
complete lattice L is join dense if for every x € L,

r=\{g€Q:q<a}

A completion (£, ¢) is join dense if ¢(P) is join dense in L, i.e., for every = € L,

z=\/{o(p) : 6(p) <},

6The art of universal algebra computation lies in making the algorithms reasonably efficient.
See Ralph Freese’s Universal Algebra Calculator on the webpage http://uacalc.org. This builds on
earlier versions by Freese, Emil Kiss and Matt Valeriote.
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It is not hard to see that every completion of P contains a join dense completion.
For, given a completion (L, @) of P, let L be the set of all elements of L of the
form \/{¢(p) : p € A} for some subset A C P, including \/® = 0. Then L' is
a complete join subsemilattice of £, and hence a complete lattice. Moreover, L’
contains ¢(p) for every p € P, and (L', ¢) is a join dense completion of P. Hence
we may reasonably restrict our attention to join dense completions.

Our first example of a join dense completion is the lattice of order ideals O(P).
Order ideals are the closed sets of the closure operator on P given by

0(4) = | la,
acA
and the embedding ¢ is given by ¢(p) =] p. Note that the union of order ideals is
again an order ideal, so O(P) obeys the distributive law (D).

Another example is the MacNeille completion M(P), a.k.a. normal completion,
completion by cuts [9]. For subsets S,T C P recall that

St*={zreP:x>sforalseS}
T'={yeP:y<tforaltecT}.
The MacNeille completion is the lattice of closed sets of the closure operator on P
given by
M(A) = (A")",
i.e., M(A) is the set of all lower bounds of all upper bounds of A. Note that M (A)
is an order ideal of P. Again the map ¢(p) =/ p embeds P into M(P).

Now every join dense completion preserves all existing meets in P: if A C P and A
has a greatest lower bound b = A A in P, then ¢(b) = A ¢(A) (see Exercise 11). The
MacNeille completion has the nice property that it also preserves all existing joins
in P: if A has a least upper bound ¢ = \/ A in P, then ¢(c) =lc = M(A) =\ ¢(A).

In fact, every join dense completion corresponds to a closure operator on P.
Theorem 2.10. Let P be an ordered set. If ® is a closure operator on P such
that ®({p}) =lp for all p € P, then (Cp,d) is a join dense completion of P, where

o(p) =L p. Conversely, if (L,d) is a join dense completion of P, then the map ®
defined by

O(A)={geP:¢(q) < \/ ¢(a)}
acA
is a closure operator on P, ®({p}) =lp for allp € P, and Cs = L.

Proof. For the first part, it is clear that (Ce,¢) is a completion of P. It is a join
dense one because every closed set must be an order ideal, and thus for every C € Cg,

c=\/{2({p}) :peC}
=\{lp:lpcc}
=\/{e() : ¢(p) < C}.
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For the converse, it is clear that ® defined thusly satisfies A C ®(A), and A C B
implies ®(A4) C ®(B). But we also have V/ c4(4) ?(q) = V,ea ¢(a), so ©(P(A)) =
d(A).

To see that Co = L, let f: Co — L by f(A) = V,ca¢(a), and let g : L — Co
by g(z) = {p € P : ¢(p) < z}. Then both maps are order preserving, fg(z) = x for
x € L by the definition of join density, and gf(A) = ®(A) = A for A € Cs. Hence
both maps are isomorphisms. [

There is a natural order on the closure operators on a set X.

Lemma 2.11. Let I' and A be closure operators on a set X. The following are
equivalent.

(1) T(A) CA(A) for all AC X.

(2) A(C)=C impliesT(C)=C forallC C X.

Proof. 1If (1) holds and A(C) = C, then C CT'(C) C A(C) = C, whence I'(C) = C.
If (2) holds, then I'(A) CT(A(A)) = A(A). O

Let CI(X) be the set of all closure operators on the set X, ordered by I' < A
if the conditions of Lemma 2.11 hold. For any collection I'; (i € I) contained in
C1l(X), the operator A, ;I'; defined by

(/\ [)(A) = ﬂ ['i(A)

i€l i€l

iel

is easily seen to be a closure operator, and of course the greatest lower bound
of {I'; : i € I}. Hence CI(X) is a complete lattice. See Exercise 13 for a nice
generalization.

Let IC(P) be the collection of all closure operators on P such that I'({p}) =/ p for
all p € P. This is a complete sublattice — in fact, an interval — of C1(P). The least
and greatest members of K(P) are the order ideal completion and the MacNeille
completion, respectively.

Theorem 2.12. K(P) is a complete lattice with least element O and greatest ele-
ment M.

Proof. The condition I'({p}) =] p implies that O(A) C I'(A) for all A C P, which
makes O the least element of (P). On the other hand, for any I" € K(P), if b > a
for all a € A, then b =T({b) DT(A). Thus
D(A) € [ (b)) = (A")" = M(A),
becAv

so M is its greatest element. [J

The lattices K(P) have an interesting structure, which was investigated by the
author and Alex Pogel in [10].

We conclude this section with a classic theorem due to B. Knaster, A. Tarski and

Anne Davis (Morel) [5], [8], [11].
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Theorem 2.13. A lattice L is complete if and only if every order preserving map
f:L— L has a fized point.

Proof. One direction is easy. Given a complete lattice £ and an order preserving
map f: L — L, put A={x € L: f(z) > z}. Note A is nonempty as 0 € A.
Let a = \/ A. Since a > x for all x € A, f(a) > Ve f(2) =2 V,yen® = a. Thus
a € A. But then a < f(a) implies f(a) < f?(a), so also f(a) € A, whence f(a) < a.
Therefore f(a) = a.

Conversely, let £ be a lattice that is not a complete lattice.

CrLAIM 1: FEither £ has no 1 or there exists a chain C C L that satisfies the ACC
and has no meet. For suppose £ has a 1 and that every chain C in £ satisfying the
ACC has a meet. We will show that every subset S C L has a join, which makes £
a complete lattice by the dual of Theorem 2.5.

Consider S*, the set of all upper bounds of S. Note S“ # ) because 1 € L. Let P
denote the collection of all chains C' C S" satisfying the ACC, ordered by C; < Cs
if C1 is a filter (dual ideal) of Cs.

The order on P insures that if C; (i € I) is a chain of chains in P, then | J,.; C; €
P. Hence by Zorn’s Lemma, P contains a maximal element C,,. By hypothesis
A C., exists in £, say A Cp, = a. In fact, a = \/S. For if s € S, then s < ¢ for all
c€ Cp,s0s<A\Cp =a. Thusa e S" ie., aisan upper bound for S. If a £ ¢ for
some t € S*, then we would have a > a At € S*, and the chain C,, U{a At} would
contradict the maximality of C,,. Therefore a = A\ S* =\/ S. This proves Claim 1;
Exercise 12 indicates why the argument is necessarily a bit involved.

If £ has a 1, let C be a chain satisfying the ACC but having no meet; otherwise
take C' = (). Dualizing the preceding argument, let Q be the set of all chains D C C*
satisfying the DCC, ordered by D; < D5 if D; is an ideal of Dy. Now Q could be
empty, but only when C' is not; if nonempty, @ has a maximal member D,,. Let
D =D,, if @ # 0, and D = () otherwise.

CLAIM 2: For all z € L, either there exists ¢ € C with © £ ¢, or there exists
d € D with x # d. Supposing otherwise, let z € L with z < cforall¢c € C and z > d
for all d € D. (The assumption x € C* means we are in the case Q # (.) Since
z € C* and A\ C does not exist, there is a y € C* such that y £ x. SoxVy >z >d
for all d € D, and the chain D U {x V y} contradicts the maximality of D = D,,, in
Q.

Now define a map f: £ — L as follows. For each x € L, put

Cx)={ceC:x<Lc},
D(z)={deD:xz #d}.

We have shown that one of these two sets is nonempty for each x € L. If C(z) # 0,
let f(x) be its largest element (using the ACC); otherwise let f(x) be the least
element of D(z) (using the DCC'). Now for any z € L, either « £ f(z) or z # f(z),
so f has no fixed point.
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It remains to check that f is order preserving. Suppose z < y. If C(z) # 0 then
f(z) € C and f(z) £ y (else f(z) > y > x); hence C(y) # 0 and f(y) > f(2).
So assume C(z) = (), whence f(x) € D. If perchance C(y) # 0 then f(y) € C, so
f(z) < f(y). On the other hand, if C(y) = 0 and f(y) € D, then = # f(y) (else
y>x > f(y)), so again f(x) < f(y). Therefore f is order preserving. [

Standard textbooks on lattice theory include Birkhoff [1], Blyth [2], Crawley and
Dilworth [3], Davey and Priestley [4] and Grétzer [‘Gratzer, Gratzer2011’], each
with a slightly different perspective.

EXERCISES FOR CHAPTER 2

1. Draw the Hasse diagrams for

(a) all 5 element (meet) semilattices,
(b) all 6 element lattices,
(c) the lattice of subspaces of the vector space R2.

2. Prove that a lattice that has a 0 and satisfies the ACC is complete.

3. For the cyclic group Z4, give explicitly the subgroup lattice, the closure oper-
ator Sg, and the closure rules for subgroups.

4. Define a closure operator F' on R™ by the rules {Z,5} C S = tT+(1-t)ye S
for all t € R. Describe F'(A) for an arbitrary subset A C R”. What is the geometric
interpretation of F'?

5. Prove that the following are equivalent for a subset () of a complete lattice L.

(1) @ is join dense in L, i.e., x = \/{qg € Q : ¢ < x} for every z € L.
(2) Every element of L is a join of elements in Q.
(3) If y < z in £, then there exists ¢ € Q with ¢ <z but ¢ £ y.

6. Let £ be a complete lattice, and let X be a join-dense subset of L. Define
a closure operator I' on X by I'(S) = (J VS) N X. Prove that Cr = L. (This
generalizes Theorems 2.7 and 2.9, and anticipates Theorem 3.3.)

7. Find the completions O(P) and M (P) for the ordered sets in Figures 2.1 and
2.2.

8. Find the lattice K(P) of all join dense completions of the ordered sets in
Figures 2.1 and 2.2.

9. Show that the MacNeille operator satisfies M(A) = A iff A = B for some
BCP.

10. (a) Prove that if (£, ¢) is a join dense completion of the ordered set P, then
¢ preserves all existing greatest lower bounds in P.

(b) Prove that the MacNeille completion preserves all existing least upper bounds
in P.

11. Prove that if ¢ is an order embedding of P into a complete lattice £, then ¢
extends to an order embedding of M(P) into L.

12. Show that w x wy has no cofinal chain. (A subset C' C P is cofinal if for every
x € P there exists ¢ € C' with x < ¢.)
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13. Following Morgan Ward [12], we can generalize the notion of a closure oper-
ator as follows. Let £ be a complete lattice. (For the closure operators on a set X,
L will be P(X).) A closure operator on L is a function f : L — L that satisfies, for
all z, y € L,

(i) = < f(2),

(if) = <y implies f(z) < f(y),

(iii) f(f(2)) = f().

(a) Prove that Cy = {z € L : f(z) = x} is a complete meet subsemilattice of L.

(b) For any complete meet subsemilattice S of £, prove that the function fs
defined by fs(x) = A{s € S: s>z} is a closure operator on L.

14. Let A and B be sets, and R C A x B a relation. We define maps o : P(A) —
PB(B) and 7 : P(B) — P(A) as follows. For X C Aand Y C B let

o(X)={beB:xRbforal ze X}
7(Y)={ac€A:aRyforalyeY}.

Prove the following claims.

(a) X Cro(X)and Y Con(Y) forall X C A, Y C B.

(b) X C X’ implies o(X) D o(X’), and Y C Y’ implies n(Y) 2O w(Y’).

(c¢) o(X)=o0mo(X) and 7(Y) =mwon(Y) forall X C A Y C B.

(d) 7o is a closure operator on A, and Cr, = {7(Y) : Y C B}. Likewise o7 is a
closure operator on B, and Cor = {0(X) : X C A}.

(e) Cro is dually isomorphic to Cyy.

The maps o and 7 are said to establish a Galois connection between A and B. The
most familiar example is when A is a set, B a group acting on A, and a R b means
b fixes a. The case where A is a field and B the group of automorphisms of A gives
us the Galois Theory of equations. As another example, the MacNeille completion
is C, for the relation < as a subset of P x P.
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3. Algebraic Lattices

The more I get, the more I want it seems ....
—King Oliver

In this section we want to focus our attention on the kind of closure operators
and lattices that are associated with modern algebra. A closure operator I on a set
X is said to be algebraic if for every B C X,

I'(B) = U{F(F) : F is a finite subset of B}.

Equivalently, I' is algebraic if the right hand side RHS of the above expression is
closed for every B C X, since B C RHS C I'(B) holds for any closure operator.

A closure rule is said to be finitary if it is a rule of the form x € S or the form
FCS = z e S with F a finite set. Again the first form is a degenerate case of
the second, taking F' = (). It is not hard to see that a closure operator is algebraic
if and only if it is determined by a set of finitary closure rules; see Theorem 3.2(1).

Let us catalogue some important examples of algebraic closure operators.

(1) Let A be any algebra with only finitary operations — for example, a group,
ring, vector space, semilattice or lattice. The closure operator Sg on A such that
Sg(B) is the subalgebra of A generated by B is algebraic, because we have a € Sg(B)
if and only if a can be expressed as a term a = t(by,...,b,) for some finite subset
{b1,...,b,} C B, in which case a € Sg({b1,...,b,}). The corresponding complete
lattice is of course the subalgebra lattice Sub A.

(2) Looking ahead a bit (to Chapter 5), the closure operator Cg on A x A such
that Cg(B) is the congruence on A generated by the set of pairs B is also algebraic.
The corresponding complete lattice is the congruence lattice Con A. For groups
this is isomorphic to the normal subgroup lattice; for rings, it is isomorphic to the
lattice of ideals.

(3) For ordered sets, the order ideal operator O is algebraic. In fact we have

o(B) = Jto(sh) : v e B}

for all B C P.
(4) Let S = (S;V) be a join semilattice. A subset J of S is called an ideal if
(i) =,y € J implies x Vy € J,
(ii) z <z € J implies z € J.
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Since ideals are defined by closure rules, the intersection of a set of ideals of S is
again one. Since they are finitary closure rules, the lattice of ideals is algebraic. The
closure operator I on S such that I(B) is the ideal of S generated by B is given by

I(B):{xES:ajg\/Ffor some finite F' C B}.

The ideal lattice of a join semilattice is denoted by Z(S). Again, ideals of the form
lx are called principal. Note that the empty set is an ideal of (S;V).

(5) If S = (S;V,0) is a semilattice with a least element 0, regarded as a constant
of the algebra, then an ideal J must also satisfy

(i) 0 € J
so that {0}, rather than the empty set, is the least ideal. The crucial factor is not
that there is a least element, but that it is considered to be a constant in the type
of the algebra.

(6) An ideal of a lattice is defined in the same way as (4), since every lattice is in
particular a join semilattice. The ideal lattice of a lattice £ is likewise denoted by
Z(L). The dual of an ideal in a lattice is called a filter. (See Exercise 4.)

On the other hand, it is not hard to see that the closure operators associated with
the closed sets of a topological space are usually not algebraic, since the closure de-
pends on infinite sequences. The closure operator M associated with the MacNeille
completion is not in general algebraic, as is seen by considering the ordered set P
consisting of an infinite set X and all of its finite subsets, ordered by set contain-
ment. This ordered set is already a complete lattice, and hence its own MacNeille
completion. For any subset Y C X, let Y = {SeP:S5CY} IfY is an infinite
proper subset of X, then M (17) = X. On the other hand, for any finite collection
F={Z,...,Zy} of finite subsets, M (F') = Z1U- - -UZ. Thus for an infinite proper
subset Y C X we have M(Y) =X DY = [J{M(F) : F is a finite subset of Y}.

A subset S of an ordered set P is said to be up-directed if for every z, y € S there
exists z € S with x < z and y < z. Thus every chain, or more generally every join
semilattice, forms an up-directed set.

The following observation can be useful.

Theorem 3.1. Let I' be a closure operator on a set X. The following are equivalent.

(1) T is an algebraic closure operator.
(2) The union of any up-directed set of T'-closed sets is I'-closed.
(3) The union of any chain of T'-closed sets is I'-closed.

The equivalence of (1) and (2), and the implication from (2) to (3), are straight-
forward. The implication from (3) to (1) can be done by induction, mimicking the
proof of the corresponding step in Theorem 3.8. This is exercise 13.

We need to translate these ideas into the language of lattices. Let £ be a complete
lattice. An element x € L is compact if whenever x < '\/ A, then there exists a finite
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subset F' C A such that x <\/ F. The set of all compact elements of L is denoted by
L¢. An elementary argument shows that £¢ is closed under finite joins and contains
0, so it is a join semilattice with a least element. However, £¢ is usually not closed
under meets; see Figure 3.1(a), wherein z and y are compact but x A y is not.

A lattice £ is said to be algebraic, or compactly generated, if it is complete and L€
is join dense in L, i.e., z = \/({x N L°) for every x € L. Clearly every finite lattice
is algebraic. More generally, every element of a complete lattice £ is compact, i.e.,
L = L£¢ if and only if £ satisfies the ACC.

For an example of a complete lattice that is not algebraic, let K denote the
interval [0, 1] in the real numbers with the usual order. Then K¢ = {0}, so K is
not algebraic. The non-algebraic lattice in Figure 3.1(b) is another good example
to keep in mind. The element z is not compact, and hence in this case not a join of
compact elements.

(a) (b)

FIGURE 3.1

Historically, the role of algebraic closure operators arose in Birkhoff and Frink [3],
with the modern definition of a compactly generated lattice following closely in
Nachbin [12].

Theorem 3.2. (1) A closure operator T is algebraic if and only if T = ' for
some set 3 of finitary closure rules.

(2) Let T be an algebraic closure operator on a set X. Then Cr is an algebraic
lattice whose compact elements are {I'(F') : F is a finite subset of X}.

Proof. If T' is an algebraic closure operator on a set X, then a set S C X is closed if

and only if I'(F') C S for every finite subset F' C S. Thus the collection of all rules

FCS = ze€ S, with F a finite subset of X and z € I'(F), determines closure
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for T.1 Conversely, if 3 is a collection of finitary closure rules, then z € I's(B) if
and only if z € I'y(F') for some finite F' C B, making I's; algebraic.

For (2), let us first observe that for any closure operator I on X, and for any
collection of subsets A; of X, we have I'(|J A;) = \/ T'(4;) where the join is computed
in the lattice Cp. The inclusion I'(|J4;) 2 VI'(4;) is immediate, while (JA; C
UT(4:) € V/T(A;) implies T(U A;) € D(V (A7) = VVT(A,).

In particular, for all B C X,

I'(B) = \/{I‘(F) : I is a finite subset of B}.

Thus Cr will be an algebraic lattice, when I is an algebraic closure operator, if we
can show that the closures of finite sets are compact.

So assume that I' is algebraic, and let F' be a finite subset of X. If I'(F) < \/ 4;
in Cr, then

Fc\/ A =T(J4) = J{T(G) : G finite [ JA4;}.

Consequently each x € F is in some I'(G), where GG, is in turn contained in the
union of finitely many A;’s. Therefore I'(F) C I'(U,cp I'(G2)) € Ve s 4 for some
finite subset J C I. We conclude that I'(F') is compact in Cr.

Conversely, let C be compact in Cr. Since C is closed and I is algebraic, C' =
V{T'(F) : F finite C C}. Since C' is compact, there exist finitely many finite subsets
of C,say Fy,...,F,, such that C =T(Fy)V...VI'(F,) =T(F;U---UF,). Thus
C is the closure of a finite set. [

Thus in a subalgebra lattice Sub A, the compact elements are the finitely gen-
erated subalgebras. In a congruence lattice Con A, the compact elements are the
finitely generated congruences.

It is not true that Cr being algebraic implies that I" is algebraic. For example,
let X be the disjoint union of a one element set {b} and an infinite set Y, and let
I’ be the closure operator on X such that I'(A) = A if A is a proper subset of Y,
I'(Y) =X and I'(B) = X if b € B. The I'-closed sets are all proper subsets of Y,
and X =Y U{b} itself. Thus Cr is isomorphic to the lattice of all subsets of Y. But
b € I'(Y), while b is not in the union of the closures of the finite subsets of Y, so T’
is not algebraic.

The following theorem includes a representation of any algebraic lattice as the
lattice of closed sets of an algebraic closure operator.

Theorem 3.3. If S = (S;V,0) is a join semilattice with 0, then the ideal lattice
Z(S) is algebraic. The compact elements of Z(S) are the principal ideals | x with

n general there are also valid infinitary closure rules for I', but for an algebraic closure operator
these are redundant.

31



x € S. Conversely, if L is an algebraic lattice, then L€ is a join semilattice with 0,
and L= T(L°).

Proof. Let S be a join semilattice with 0. I is an algebraic closure operator, so Z(S)
is an algebraic lattice. If F¥ C S is finite, then I(F) = (\/ F')/0, so compact ideals
are principal.

Now let £ be an algebraic lattice. There are two natural maps: f : £ — Z(L°)
by f(z) =l N L and g : Z(L°) — L by g(J) = \/J. Both maps are clearly
order preserving, and they are mutually inverse: fg(J) = (\/J)/0N L = J by
the definition of compactness, and gf(z) = \/(} x N L¢) = = by the definition of
algebraic. Hence they are both isomorphisms, and £ =2 Z(£¢). O

Let us digress for a moment into universal algebra. A classic result of Birkhoff
and Frink gives a concrete representation of algebraic closure operators [3].

Theorem 3.4. Let " be an algebraic closure operator on a set X. Then there is an
algebra A on the set X such that the subalgebras of A are precisely the closed sets
of T.

Corollary. FEvery algebraic lattice is isomorphic to the lattice of all subalgebras of
an algebra.

Proof. An algebra in general is described by A = (A; F,C) where A is a set, F =
{fi : i € I} a collection of operations on A (so f; : A" — A), and C is a set of
constants in A. The third section of Appendix 1 reviews the basic definitions of
universal algebra.

The carrier set for our algebra must of course be X. For each nonempty finite
set G C X and element z € I'(G), we have an operation fg , : XIGl - X given by

xz if{ay,...;a,} =G
fG,x(aly---yan):{ { ' }

a1 otherwise.

Our constants are C = T'(0)), the elements of the least closed set (which may be
empty).

Note that since I is algebraic, a set B C X is closed if and only if I'(G) C B for
every finite G C B. Using this, it is very easy to check that the subalgebras of A
are precisely the closed sets of Cp. [

A direct proof of the Corollary is also of interest. Given an algebraic lattice L,
define an algebra B as follows. The carrier set of B is the set of compact elements
L€, the join V is one operation, and the least element 0 is a constant. For each
a € L¢, define a unary operation f, by

a fa<zx

fule) = {

x  otherwise.
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The construction insures that the subalgebras of B are exactly the ideals of L€,
whence Sub B =7(L°) = L.

However, the algebra constructed in the proof of Theorem 3.4 will have |X]|
operations when X is infinite, and that in the second construction has |£¢] + 1
operations. Having lots of operations is not necessarily a bad thing: vector spaces
are respectable algebras, and a vector space over a field F' has basic operations
fr:V =V where f.(v) = rv for every r € F. Nonetheless, we like algebras to have
few operations, like groups and lattices. A theorem due to Bill Hanf tells us when
we can get by with a small number of operations.?

Theorem 3.5. For any nontrivial algebraic lattice L the following conditions are
equivalent.

(1) Each compact element of L contains only countably many compact elements.

(2) There exists an algebra A with only countably many operations and constants
such that L is isomorphic to the subalgebra lattice of A.

(3) There exists an algebra B with one binary operation (and no constants) such
that L is isomorphic to the subalgebra lattice of B.

Proof. Of course (3) implies (2).

In general, if an algebra A has k basic operations, A constants and « generators,
then it is a homomorphic image of the absolutely free algebra W (X) generated by
a set X with |X| =+ and the same k operation symbols and A constants. This free
algebra can be constructed recursively: with £’ denoting the set of operation symbols
and C' the constant symbols, let Wy = X U C and Wiy = {f(t1,...,tn) : f €
F, t1,...,t, € Wi}. Then W(X) = (J, o Wg. Using this, it is easy to count that
|W(X)| < max(7,k, \,Rg), with equality unless x = 0. Moreover, |A| < [W(X)|
since the former is a homomorphic image of the latter.

In particular then, if C is compact (i.e., finitely generated) in Sub 4, and A has
only countably many basic operations and constants, then |C| < Xy. Therefore C has
only countably many finite subsets, and so there are only countably many finitely
generated subalgebras D contained in C. Thus (2) implies (1).

To show (1) implies (3), let £ be a nontrivial algebraic lattice such that for each
x € L | lezn L < Ny. We will construct an algebra B whose universe is L — {0},
with one binary operation *, whose subalgebras are precisely the ideals of £¢ with
0 removed. This makes Sub B = Z(L¢) = L, as desired.

For each ¢ € L® — {0}, we make a sequence (¢;);e., as follows. If 2 < | [eNL¢| =
n+1 < oo, arrange | ¢ N L — {0} into a cyclically repeating sequence: ¢; = ¢; iff
i = 7 mod n. If e¢N L€ is infinite (and hence countable), arrange ¢ L — {0} into
a non-repeating sequence (¢;). In both cases start the sequence with ¢y = c.

2This result is unpublished but well known.
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Define the binary operation * for ¢,d € L — {0} by

c*d=cVdif cand d are incomparable,

cxd=d*xc=ciq ifd=¢; <ec

You can now check that * is well defined, and that the algebra B = (L¢; %) has
exactly the sets of nonzero elements of ideals of £¢ as subalgebras. [

The situation with respect to congruence lattices is considerably more compli-
cated. Nonetheless, the basic facts are the same: George Gratzer and E. T. Schmidt
proved that every algebraic lattice is isomorphic to the congruence lattice of some
algebra [10], and Bill Lampe showed that uncountably many operations may be
required [9].

Ralph Freese and Walter Taylor modified Lampe’s original example to obtain a
very natural one. Let V be a vector space of countably infinite dimension over a
field F with |F| = k > Xg. Let £ be the congruence lattice Con V), which for vector
spaces is isomorphic to the subspace lattice Sub V (since homomorphisms on vector
spaces are linear transformations, and any subspace of V is the kernel of a linear
transformation). The representation we have just given for £ involves k operations
fr (r € F). In fact, one can show that any algebra A with Con A = £ must have
at least k operations.

We now turn our attention to the structure of algebraic lattices. The lattice L is
said to be weakly atomic if whenever a > b in L, there exist elements u,v € L such
that a > u > v > b.

Theorem 3.6. Every algebraic lattice is weakly atomic.

Proof. Let a > b in an algebraic lattice £. Then there is a compact element ¢ € L€
with ¢ < a and ¢ £ b. Let P = {z € a/b: ¢ £ }. Note b € P, and since c is
compact the join of a chain in P is again in P. Hence by Zorn’s Lemma, P contains
a maximal element v, and the element u = cV v covers v. Thus b <v <u <a. 0O

A lattice £ is said to be upper continuous if whenever D is an up-directed set
having a least upper bound \/ D, then for any element a € L, the join \/ ;. (a A d)

exists, and
a/\\/D: \/ (aNd).
deD

The property of being lower continuous is defined dually.

Upper continuity applies most naturally to complete lattices, but it also arises
in non-complete lattices. See Section I1.2 of Freese, Jezek and Nation [8] and for a
more general setting Adaricheva, Gorbunov and Semenova [1].

Theorem 3.7. Every algebraic lattice is upper continuous.

Proof. Let L be algebraic and D an up-directed subset of £. Of course \/ ;. ,(aAd) <
aAN\/D. Let r = a A/ D. For each compact element ¢ €] r N L°, we have ¢ < a
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and ¢ <'\/ D. The compactness of ¢ implies ¢ < \/ F for some finite subset F' of D.
By the up-directed property, we can choose e € D with \/ F' < e, so that ¢ < a Ae.
Consequently,
r= \/(M‘HLC) < \/ (aNd),
deD
and equality follows. [

Two alternative forms of join continuity are often useful.

Theorem 3.8. For a complete lattice L, the following are equivalent.

(1) L is upper continuous.
(2) For every a € L and chain C C L, we have a AN\/ C = \/ coaAc.
(3) For everya € L and S C L,

a/\\/S: \/ (a/\\/F).

F finite CS

Proof. 1t is straightforward that (3) implies (1) implies (2), so this is left to the
reader. Following Crawley and Dilworth [7], we will show that (2) implies (3) by
induction on |S|. Property (3) is trivial if | S| is finite, so assume it is infinite, and
let A\ be the least ordinal with |S| = |\|. Arrange the elements of S into a sequence
(ke : £ < N). Put Sg = {z, : v < &}. Then [S¢| < |S| for each £ < A, and the
elements of the form \/ S¢ are a chain in £. Thus, using (1), we can calculate

a/\\/S:a/\ \/\/Sg

E<A

=\ (an\/Se)

E<A

=V V (@r\F)

E<X F finite CS¢

=V @r\P),

F finite CS
as desired. O

An element a € L is called an atom if a > 0, and a coatom if 1 > a. Theorem 3.8
shows that every atom in an upper continuous lattice is compact. More generally,
if [ a satisfies the ACC in an upper continuous lattice, then a is compact.

We know that every element x in an algebraic lattice can be expressed as the
join of | & N L¢ (by definition). It turns out to be at least as important to know
how x can be expressed as a meet of other elements. We say that an element ¢ in a
complete lattice £ is completely meet irreducible if, for every subset S of L, ¢ = A\ S
implies ¢ € S. These are of course the elements that cannot be expressed as the
proper meet of other elements. Let M*(L) denote the set of all completely meet
irreducible elements of £. Note that 1 ¢ M*(L) (since A0 =1 and 1 & 0).
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Theorem 3.9. Let ¢ € L where L is a complete lattice. The following are equiva-
lent.

(1) g€ M*(L).

(2) Mz eL:x>q}>q.
(3) There exists ¢* € L such that ¢* = q and for all x € L, x > q implies x > q*.

The connection between (2) and (3) is of course ¢* = A{fx € L: 2z > ¢}. In a
finite lattice, ¢ € M*(L) iff there is a unique element ¢* covering ¢, but in general
we need the stronger property (3).

A decomposition of an element a € L is a representation a = A @ where @ is
a set of completely meet irreducible elements of £. An element in an arbitrary
lattice may have any number of decompositions, including none. A theorem due
to Garrett Birkhoff says that every element in an algebraic lattice has at least one
decomposition [2].

Theorem 3.10. If L is an algebraic lattice, then M*(L) is meet dense in L. Thus
for everyx € L, x = N(Tz N M*(L)).

Proof. Let m = A\(txz N M*(L)), and suppose z < m. Then there exists a ¢ € L°
with ¢ < m and ¢ £ z. Since ¢ is compact, we can use Zorn’s Lemma to find an
element ¢ that is maximal with respect to ¢ > z, ¢ 2 ¢. For any y € L, y > g implies
Yy > qV ¢, so q is completely meet irreducible with ¢* = ¢V ¢. Then ¢ eta N M*(L)
implies ¢ > m > ¢, a contradiction. Hence x =m. [0

Note that the preceding argument is closely akin to that of Theorem 3.6.

It is rare for an element in an algebraic lattice to have a unique decomposition. A
somewhat weaker property is for an element to have an irredundant decomposition,
meaning a = A\ Q but a < A(Q — {q}) for all ¢ € Q, where Q is a set of completely
meet irreducible elements. An element in an algebraic lattice need not have an
irredundant decomposition either. Let £ be the lattice consisting of the empty
set and all cofinite subsets of an infinite set X, ordered by set inclusion. This
satisfies the ACC so it is algebraic. The completely meet irreducible elements of
L are its coatoms, the complements of one element subsets of X. The meet of
any infinite collection of coatoms is 0 (the empty set), but no such decomposition
is irredundant. Clearly also these are the only decompositions of 0, so 0 has no
irredundant decomposition.

A lattice is strongly atomic if a > b in £ implies there exists u € L such that a >
u > b. A beautiful result of Peter Crawley guarantees the existence of irredundant
decompositions in strongly atomic algebraic lattices [5].

Theorem 3.11. If an algebraic lattice L is strongly atomic, then every element of
L has an irredundant decomposition.

If £ is also distributive, we obtain the uniqueness of irredundant decompositions.
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Theorem 3.12. If L is a distributive, strongly atomic, algebraic lattice, then every
element of L has a unique irredundant decomposition.

The finite case of Theorem 3.12 is the dual of Theorem 8.6(c), which we will
prove later.

The theory of decompositions was studied extensively by Dilworth and Crawley,
and their book [7] contains most of the principal results. For refinements since then,
see the section on decompositions in The Dilworth Theorems [4], Semenova [13],
and the references in [13] to papers of Erné, Gorbunov, Richter, Semenova and
Walendziak.

EXERCISES FOR CHAPTER 3

1. Prove that an upper continuous distributive lattice satisfies the infinite dis-
tributive law a A (V27 0i) = Ve (@ A by).

2. Describe the complete sublattices of the real numbers R that are algebraic.

3. Show that the natural map from a lattice to its ideal lattice, ¢ : L — Z(L) by
o(z) =l x, is a lattice embedding. Show that (Z(L£),¢) is a join dense completion
of £, and that it may differ from the MacNeille completion.

4. Recall that a filter is a dual ideal. The filter lattice F(L£) of a lattice L is
ordered by reverse set inclusion: F' < G iff F¥ O G. Prove that £ is naturally
embedded in F(L£), and that F(L£) is dually compactly generated.

5. Prove that every element of a complete lattice £ is compact if and only if £
satisfies the ACC. (Cf. Exercise 2.2.)

6. A nonempty subset S of a complete lattice L is a complete sublatticeif \| A € S
and \ A € S for every nonempty subset A C S. Prove that a complete sublattice
of an algebraic lattice is algebraic.

7. (a) Represent the lattices M3 and N5 as Sub A for a finite algebra A.

(b) Show that M3 = Sub G for a (finite) group G, but that A5 cannot be so
represented.

(c) For which values of n is M,, the lattice of subgroups of an abelian group G?7

8. A closure rule is nullary if it has the form x € S, and wnary if it is of the
form y € S = z € 5. Prove that if ¥ is a collection of nullary and unary closure
rules, then nonempty unions of closed sets are closed, and hence the lattice of closed
sets Cy; is distributive. Conclude that the subalgebra lattice of an algebra with only
constants and unary operations is distributive.

9. Let £ be a complete lattice, J a join dense subset of L and M a meet dense
subset of L. Define maps o : P(J) — P(M) and 7 : P(M) — B(J) by

o(X)=X"NM
(Y)=Y"NJ.

By Exercise 2.13, with R the restriction of < to J x M, wo is a closure operator on
J and o7 is a closure operator on M. Prove that C,, = L and that C,, is dually
isomorphic to L.
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10. A lattice is semimodular if a > a A b implies a V b = b. Prove that if every
element of a finite lattice £ has a unique irredundant decomposition, then L is
semimodular. (Morgan Ward)

11. A decomposition a = A Q is strongly irredundant if a < ¢* AN N(Q — {q})
for all ¢ € @. Prove that every irredundant decomposition in a strongly atomic
semimodular lattice is strongly irredundant. (Keith Kearnes)

12. Let £ be the lattice of ideals of the ring of integers Z. Find M*(L£) and all
decompositions of 0.

13. Complete the proof of Theorem 3.1. That is, let I" be a closure operator on a
set X, and assume that the union of any chain of I'-closed sets is closed. Prove by
induction on |S| that, for any S C X,

r's) = U{F(F) : F' is a finite subset of S}.

14. Let k be an uncountable cardinal. Show that the following are equivalent.

(1) Each compact element of £ contains at most x compact elements.
(2) There exists an algebra A with at most x operations and constants such that
L is isomorphic to the subalgebra lattice of A.

A complete lattice is said to be spatial if every element is a join of completely
join irreducible elements, i.e., x = \/({z N J*(L)). For applications and further ref-
erences, see for example Santocanale and Wehrung [11]. The next exercises develop
a generalization of Theorem 2.9.

15. Show that in a complete, upper continuous lattice, an element is completely
join irreducible if and only if it is (finitely) join irreducible and compact.

16. Let £ be a complete, upper continuous, spatial lattice. Show that L is
algebraic, and moreover, £ is isomorphic to the lattice of 3-closed sets for the
closure system ¥ on J*(£) determined by the rules

FCS = qge8

where ¢ is completely join irreducible, F' is a finite subset of J*(£), and ¢ < \/ F.
17. Prove that if £ is an algebraic lattice satisfying the DCC, then L is spatial.
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4. Representation by Equivalence Relations

No taxation without representation!

So far we have no analogue for lattices of the Cayley theorem for groups, that
every group is isomorphic to a group of permutations. The corresponding represen-
tation theorem for lattices, that every lattice is isomorphic to a lattice of equivalence
relations, turns out to be considerably deeper. Its proof uses a recursive construction
technique that has become a standard tool of lattice theory and universal algebra.

An equivalence relation on a set X is a binary relation FE satisfying, for all z,y, z €
X7

(1) z E x,

(2) z E y implies y E z,

(3) ifx Ey and y E z, then x E z.
We think of an equivalence relation as partitioning the set X into blocks of F-related
elements, called equivalence classes. Conversely, any partition of X into a disjoint
union of blocks induces an equivalence relation on X: x E y iff x and y are in the
same block. As usual with relations, we write z E y and (z,y) € E interchangeably.

The most important equivalence relations are those induced by maps. If Y is
another set, and f: X — Y is any function, then

ker f = {(z,y) € X% : f(z) = f(y)}

is an equivalence relation, called the kernel of f. If X and Y are algebras and
f: X — Y is a homomorphism, then ker f is a congruence relation.

Thinking of binary relations as subsets of X2, the axioms (1)-(3) for an equiv-
alence relation are finitary closure rules. Thus the collection of all equivalence
relations on X forms an algebraic lattice Eq X. The order on Eq X is given by set
containment, i.e.,

R<S iff RCS inP(X?)
iff (z,y) e R = (z,y) € S.

The greatest element of Eq X is the universal relation X2, and its least element is

the equality relation =. The meet operation in Eq X is of course set intersection,

which means that (z,y) € A,c; E; if and only if x E; y for all i € I. The join
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V.er Ei is the transitive closure of the set union (J,.; ;. Thus (z,y) € \/ E; if and
only if there exists a finite sequence of elements z; and indices 7; such that

T = X Eil T EiQ o2 ... Tk-1 E‘”C Tk =1Y.

The lattice Eq X has many nice properties: it is algebraic, strongly atomic, semi-
modular, relatively complemented and simple [8]; see Chapter 12 of Crawley and
Dilworth [1].] The proofs of these facts are exercises in this chapter and Chapter
11.

If R and S are relations on X, define the relative product R o S to be the set of
all pairs (z,y) € X? for which there exists a z € X with z Rz S y. If R and S are
equivalence relations, then because x R x we have S C R o .S; similarly R C Ro S.
Thus

RoS C RoSoR C RoSoRoS C ---

and it is not hard to see that RV .S is the union of this chain. It is possible, however,
that RV S is in fact equal to some term in the chain; for example, this is always
the case when X is finite. Our proof will yield a representation in which this is
always the case, for any two equivalence relations that represent elements of the
given lattice.

To be precise, a representation (by equivalence relations) of a lattice £ is an
ordered pair (X, F') where X is a set and F': £ — Eq X is a lattice embedding. We
say that the representation is

(1) of type 1 if F(z)V F(y) = F(x) o F(y) for all z,y € L,

(2) of type 2 if F(z)V F(y) = F(x) o F(y) o F(z) for all z,y € L,

(3) of type 3 if F(z)V F(y) = F(z) o F(y) o F(x) o F(y) for all z,y € L.
P. M. Whitman [11] proved in 1946 that every lattice has a representation. In 1953
Bjarni Jénsson [7] found a simpler proof that gives a slightly stronger result.

Theorem 4.1. FEvery lattice has a type 3 representation.

Proof. Given a lattice £, we will use transfinite recursion to construct a type 3
representation of L.

A weak representation of L is a pair (U, F') where U is a set and F' : L — Eq U
is a one-to-one meet homomorphism. Let us order the weak representations of £ by

(U,F)C (V,G)if U CV and G(x) NU? = F(x) for all z € L.

We want to construct a (transfinite) sequence (Ug, F¢)e< of weak representations
of £, with (Uy, F,) C (Ug, Fj3) whenever a < 3, whose limit (union) will be a lattice
embedding of L into Eq U§</\ Ue. We can begin our construction by letting (Uy, F)
be the weak representation with Uy = L and (y,z) € Fo(z) if y =z or y V 2z < x.
The crucial step is where we fix up the joins one at a time.

IThe terms relatively complemented and simple are defined in Chapter 10; we include them
here for the sake of completeness.
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Sublemma 1. If (U, F) is a weak representation of L and (p,q) € F(xz V y), then
there exists (V,G) 3 (U, F) with (p,q) € G(x) o G(y) o G(x) o G(y).

Proof of Sublemma 1. Form V by adding three new points to U, say V = U U {r, s, t},
as in Figure 4.1. We want to make

pGz)rGly) s Gx) t Gy) ¢

Accordingly, for z € L we define G(z) to be the reflexive, symmetric relation on U
satisfying, for u, v € U,
(1) wG(z) viff u F(2) v,
(2) riff z > 2 and u F(z2) p,
(2) siff z>xVyand u F(z) p,
(2) tiff z>yand u F(z2) g,
(2) siff z >y,
(2)

You must check that each G(z) defined thusly really is an equivalence relation, i.e.,
that it is transitive. This is routine but a bit tedious to write down, so we leave
it to the reader. There are four cases, depending on whether or not z > x and on
whether or not z > y. Straightforward though it is, this verification would not work
if we had only added one or two new elements between p and ¢; see Theorems 4.5
and 4.6.

FIGURE 4.1

Now (1) says that G(z) N U? = F(z). Since F is one-to-one, this implies G
is also. Note that for z, 2/ € L we have 2 A2’ > z iff 2 > z and 2’ > z, and
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symmetrically for y. Using this with conditions (1)—(7), it is not hard to check that
G(zANZ) = G(z) N G(2'). Hence, G is a weak representation of £, and clearly
(U,F)C(V,G). O

Sublemma 2. Let A be a limit ordinal, and for & < X let (Ug, F¢) be weak repre-
sentations of L such that a < B < X implies (Un, Fo) E (Ug, Fg). Let V =g, Ue
and G(z) = Ugy Fe(z) for all x € L. Then (V,G) is a weak representation of L
with (Ug, Fe) C (V,G) for each & < A.

Proof. Let &€ < . Since F,(z) = F¢(x) N U2 C F¢(x) whenever a < £ and F¢(z) =
Fg(z)N Ug whenever 3 > ¢, for all z € L we have

G(z)nU¢ = (| Fy() nT?
y<A

= J@®E @) nUE)

F<A

Thus (Ug, F¢) C (V,G). Since Fj is one-to-one, this implies that G is also.

It remains to show that G is a meet homomorphism. Clearly G preserves order,
so for any z, y € L we have G(z A y) C G(z) N G(y). On the other hand, if
(u,v) € G(z) N G(y), then there exists o < A such that (u,v) € F,(x), and there
exists B < A such that (u,v) € Fg(y). If v is the larger of @ and 3, then (u,v) €
F,(z)NFy(y) = Fy(x ANy) C G(z Ay). Thus G(z) NG(y) € G(xz Ay). Combining
the two inclusions gives equality. [

Now we want to use these two sublemmas to construct a type 3 representation of
L, i.e., a weak representation that also satisfies G(xVy) = G(z)oG(y) o G(z) o G(y).

Start with an arbitrary weak representation (Uy, Fp), and consider the set of all
quadruples (p,q,x,y) such that p,q € Uy and z,y € L and (p,q) € Fy(xz V y).
Arrange these into a well ordered sequence (pe, qe, xe,ye) for £ < n. Applying the
sublemmas repeatedly, we can obtain a sequence of weak representations (Ug, Fy)
for £ < 5 such that

(1) if & <, then (U, Fe) T (Ugtr, Feqr) and (pe, qe) € Feya(wg) o Feqa(ye) o
Feya(xe) o Fera(ye);
(2) if A <nis a limit ordinal, then Uy = g, Ue and Fx(z) = Ugy Fe(z) for
all z € L.
Let Vi = U, and G1 = F,,. If p,q € Uy, and z,y € L and p Fy(x V y) ¢, then

(p7Q7x7y) = (pf7QE7x€7y£) for some 6 < 7, SO that (puq) € FE+1(‘T) OFE+1(y) o
Fepi(x) o Feyq(y). Consequently,

Fo(zVy) € Gi(z) Ofl(y) o Gi(z) o Gi(y).
3



Note (Uo,F()) E (Vl,Gl).

Of course, along the way we have probably introduced lots of new failures of
the join property that need to be fixed up. So repeat this whole process w times,
obtaining a sequence

(Uo, Fy) = (Vo, Go) T (V1,G1) T (Vo,G) T -+

such that G, (xVy) C Gpi1(x)0Gri1(y)oGpi1(x)oGpryi(y) foralln € w, z,y € L.
Finally, let W = U, c,, Va and H(z) = U, c,, Gn(z) for all z € L, and you get a
type 3 representation of £. [

Since the proof involves transfinite recursion, it produces a representation (X, F')
with X infinite, even when L is finite. For a long time one of the outstanding
questions of lattice theory was whether every finite lattice can be embedded into
the lattice of equivalence relations on a finite set. In 1980, Pavel Pudlék and Jifi
Tuma showed that the answer is yes [10]. The proof is quite difficult.

Theorem 4.2. Fvery finite lattice has a representation (Y,G) with Y finite.

One of the motivations for Whitman’s theorem was Garrett Birkhoff’s observa-
tion, made in the 1930’s, that a representation of a lattice £ by equivalence relations
induces an embedding of £ into the lattice of subgroups of a group. Given a repre-
sentation (X, F') of L, let G be the group of all permutations on X that move only
finitely many elements, and let Sub G denote the lattice of subgroups of G. Let
h:L — Sub G by

h(a) ={m € G : z F(a) n(x) for all z € X}.

Then it is not too hard to check that h is an embedding.

Theorem 4.3. FEvery lattice can be embedded into the lattice of subgroups of a
group.

Not all lattices have representations of type 1 or 2, so it is natural to ask which
ones do. First we consider sublattices of Eq X with type 2 joins.

Lemma 4.4. Let L be a sublattice of Eq X with the property that RV S = RoSoR
for oll R, S € L. Then L satisfies

(M) x>y implies zNA(yVz)=yV(xA:z).

The implication (M) is known as the modular law.

Proof. Assume that £ is a sublattice of Eq X with type 2 joins, and let A, B,C € L
with A > B. If p,q € X and (p,q) € AN (B V C), then

pAgq
pBrCsBgyg
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for some r,s € X (see Figure 4.2). Since
rBpAqBs

and B < A, we have (r,s) € AN C. It follows that (p,q) € BV (A AC). Thus
AN(BVC)<BV(AAC). The reverse inclusion is trivial, so we have equality. [

C
T S
B B
p q
A
FIGURE 4.2

On the other hand, Jénsson gave a slight variation of the proof of Theorem 4.1
that shows that every modular lattice has a type 2 representation [7], [1]. Combining
this with Lemma 4.4, we obtain the following.

Theorem 4.5. A lattice has a type 2 representation if and only if it is modular.

The modular law (M) plays an important role in lattice theory, and we will see
it often. It was invented in the 1890’s by Richard Dedekind, who showed that the
lattice of normal subgroups of a group is modular [2], [3]. Note that (M) fails in
the pentagon N5. In fact, Dedekind proved that a lattice is modular if and only if
it does not contain the pentagon as a sublattice; see Theorem 9.1.

The modular law is equivalent to the equation,

(M) cA((xAy)Vz)=(xAy)V(zAz2).
It is easily seen to be a special case of (and hence weaker than) the distributive law,
(D) e A(yVz)=(xAy)V(xAz2)

viz., (M) says that (D) should hold for x > y.

Note that the normal subgroup lattice of a group has a natural representation
(X,F): take X = G and F(N) = {(z,y) € G* : zy~! € N}. This representation is
in fact type 1 (Exercise 3), and Jénsson showed that lattices with a type 1 repre-
sentation, or equivalently sublattices of Eq X in which RV S = R o S, satisfy an
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implication stronger than the modular law. A lattice is said to be Arguesian if it
satisfies

(A4) (ap V bp) A (a1 V by) < ag V by implies co < ¢V ¢y

where
c; = (aj V ak) VAN (bj V bk)

for {i,7,k} ={0,1,2}. The Arguesian law is (less obviously) equivalent to a lattice
inclusion,

(AI) (CLo\/bg)/\(al\/bl)/\(CLQ\/bg) SCLO\/(bO/\(C\/bl))

where
c=cao N (coVey).

These are two of several equivalent forms of this law, which is stronger than modular-
ity and weaker than distributivity. The Arguesian law is modelled after Desargues’
Law in projective geometry.

Theorem 4.6. If L is a sublattice of Eq X with the property that RV S = Ro S
for all R, S € L, then L satisfies the Arguesian law.

Corollary. FEvery lattice that has a type 1 representation is Arguesian.

Proof. Let L be a sublattice of Eq X with type 1 joins. Assume (A V By) A (A1 V
B;) < A3 V By, and suppose (p,q) € Cy = (Ag V A1) A (Bo V By). Then there exist
r, s such that

pAor A g
p By s By q.

Since (r,s) € (Ag V Bo) A (A1 V By) < Ay V Bs, there exists ¢ such that r Ay t By s.
Now you can check that

(p,t) S (Ao Vv AQ) A\ (Bo V Bg) = 01
(t,q) c (Al V AQ) A (Bl vV Bg) = Cg

and hence (p,q) € Cy VvV Cy. Thus Cy < Cy Vv C1, as desired. (This argument is
diagrammed in Figure 4.3.) O

It follows that the lattice of normal subgroups of a group is not only modular,
but Arguesian; see exercise 3. All these types of lattices are Arguesian: the lattice of
subgroups of an abelian group, the lattice of ideals of a ring, the lattice of subspaces
of a vector space, the lattice of submodules of a module. More generally, Ralph
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FIGURE 4.3

Freese and Bjarni Jonsson proved that V is a variety of algebras, all of whose con-
gruence lattices are modular (such as groups or rings), then the congruence lattices
of algebras in V are Arguesian [4].

Mark Haiman has shown that the converse of Theorem 4.6 is false: there are
Arguesian lattices that do not have a type 1 representation [5], [6]. In fact, his proof
shows that lattices with a type 1 representation must satisfy equations that are
strictly stronger than the Arguesian law. It follows, in particular, that the lattice of
normal subgroups of a group also satisfies these stronger equations, as do the other
types of lattices mentioned in the preceding paragraph. Interestingly, P. P. Palfy
and Laszlo Szabd have shown that subgroup lattices of abelian groups satisfy an
equation that does not hold in all normal subgroup lattices [9].

The question remains: Does there exist a set of equations ¥ such that a lattice
has a type 1 representation if and only if it satisfies all the equations of ¥ ¢ Haiman
proved that if such a 3 exists, it must contain infinitely many equations. In Chapter
7 we will see that a class of lattices is characterized by a set of equations if and only
if it is closed with respect to direct products, sublattices, and homomorphic images.
The class of lattices having a type 1 representation is easily seen to be closed under
sublattices and direct products, so the question is equivalent to: Is the class of all
lattices having a type 1 representation closed under homomorphic images?

EXERCISES FOR CHAPTER 4

1. Draw Eq X for | X| = 3,4.
2. Find representations in Eq X for
(a) B(Y), Y a set,
(b) N57
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(¢) My, n < oo.

3. Let G be a group. Let F': Sub G — Eq G be the standard representation by
cosets: F(H) = {(z,y) € G* :xy~! € H}.

(a
(b
(c
(d

Verify that F'(H) is indeed an equivalence relation.

Verify that F' is a lattice embedding.

Show that F(H)V F(K)=F(H)o F(K) if HK = KH (= HV K).
Conclude that the restriction of F' to the normal subgroup lattice N (G) is a
type 1 representation.

4. Show that for R, S ¢ Eq X, RvS=RoSiff SoRCRoSiff RoS=S0oR.
(For this reason, such equivalence relations are said to permute.)

5. Recall from Exercise 6 of Chapter 3 that a complete sublattice of an algebraic
lattice is algebraic.

(a) Let S be a join semilattice with 0. Assume that ¢ : S — Eq X is a join
homomorphism with the properties

(i) for each pair a, b € X there exists o(a,b) € S such that (a,b) € ¢(s) iff
s > o(a,b), and
(i) for each s € S, there exists a pair (zs,ys) such that (zs,ys) € ¢(t) iff s <.

Show that ¢ induces a complete representation @ : Z(S) — Eq X.

(b) Indicate how to modify the proof of Theorem 4.1 to obtain, for an arbitrary
join semilattice S with 0, a set X and a join homomorphism ¢ : § - Eq X
satisfying (i) and (ii).

(¢) Conclude that a complete lattice £ has a complete representation by equiva-
lence relations if and only if £ is algebraic.

6. Prove that Eq X is a strongly atomic, semimodular, algebraic lattice.

7. Prove that a lattice with a type 1 representation satisfies the Arguesian inclu-
sion (A").

8. Mimicking the proof of Theorem 4.6, find an 8-variable implication, like the
Arguesian law, that holds in every lattice of permuting equivalence relations. (The
hard part of Haiman’s work was to show that such laws are not a consequence of
the Arguesian law, nor of each other as more variables are added.)
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5. Congruence Relations

“You’re young, Myrtle Mae. You’ve got a lot to learn, and I hope you never
learn it.”
- Vita in “Harvey”

You are doubtless familiar with the connection between homomorphisms and
normal subgroups of groups. In this chapter we will establish the corresponding ideas
for lattices (and other general algebras). Borrowing notation from group theory, if X
is a set and 6 an equivalence relation on X, for x € X let 0 denote the equivalence
class {y € X : 0 y}, and let

X/0 ={x0:2¢€ X}

Thus the elements of X /6 are the equivalence classes of 6.
Recall that if £ and I are lattices and h : £ — K is a homomorphism, then the
kernel of h is the induced equivalence relation,

ker h = {(z,y) € L? : h(x) = h(y)}.

We can define lattice operations naturally on the equivalence classes of ker h, viz.,
if 6 = ker h, then

x0 vV yd = (xVy)d

(8) x0 N yd = (x Ay)b.

The homomorphism property shows that these operations are well defined, for if
(x,y) € ker h and (r, s) € ker h, then h(xVr) = h(z)Vh(r) = h(y)Vh(s) = h(yV s),
whence (z V r,y V' s) € kerh. Moreover, L/ker h with these operations forms an
algebra L£/ker h isomorphic to the image h(L), which is a sublattice of . Thus
L/ ker h is also a lattice.

Theorem 5.1. FIRST ISOMORPHISM THEOREM. Let £ and IC be lattices, and let
h: L — K be a lattice homomorphism. Then L/ker h with the operations defined by
(8) is a lattice L/ ker h, which is isomorphic to the image h(L) of L in K.

Let us define a congruence relation on a lattice £ to be an equivalence relation 6
such that # = ker h for some homomorphism h.! We have seen that, in addition to

IThis is not the standard definition, but we are about to show it is equivalent to it.
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being equivalence relations, congruence relations must preserve the operations of L:
if # is a congruence relation, then

(1) zOyandrdsimplieszVrlyVs,

and analogously for meets. Note that (f) is equivalent for an equivalence relation 6
to the apparently weaker, and easier to check, condition

(" x 0y impliesxzVz0yV z.

For (1) implies (') because every equivalence relation is reflexive, while if § has
the property (') and the hypotheses of (1) hold, then applying () twice yields
zVrlyvroiyVs.

We want to show that, conversely, any equivalence relation satisfying (1') and the
corresponding implication for meets is a congruence relation.

Theorem 5.2. Let L be a lattice, and let 0 be an equivalence relation on L satisfying

x 0y impliesxVz0yV z,

1)

x 60y impliesx ANz0yAz.

Define join and meet on L]0 by the formulas (§). Then L/0 = (L/0, A, V) is a lattice,
and the map h: L — L]0 defined by h(x) = x6 is a surjective homomorphism with
ker h = 40.

Proof. The conditions (f) ensure that the join and meet operations are well defined
on L/6. By definition, we have

h(zVy)=(xVy)d=z0Vyd=h(x)Vh(y)

and similarly for meets, so h is a homomorphism. The range of h is clearly L/6.

It remains to show that £/ satisfies the equations defining lattices. This follows
from the general principle that homomorphisms preserve the satisfaction of equa-
tions, i.e., if h: £L — K is a surjective homomorphism and an equation p = ¢ holds
in £, then it holds in K. (See Exercise 4.) For example, to check commutativity of
meets, let a,b € K. Then there exist z,y € L such that h(z) = a and h(y) = b.
Hence

aNb=h(z) A h(y)

h(z Ay)
h(y A x) = h(y) A h(xz) =bA a.

Similar arguments allow us to verify the commutativity of joins, the idempotence
and associativity of both operations, and the absorption laws. Thus a homomorphic
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image of a lattice is a lattice.? As h : £ — £/0 is a surjective homomorphism, we
conclude that £/ is a lattice, which completes the proof. O

Thus congruence relations are precisely equivalence relations that satisfy ().
But the conditions of () and the axioms for an equivalence relation are all finitary
closure rules on L?. Hence, by Theorem 3.1, the set of congruence relations on a
lattice £ forms an algebraic lattice Con £. The closure operator on L? that gives
the congruence generated by a set of pairs is denoted by “con” or sometimes “Cg.”
So, with the former notation, for a set () of ordered pairs, con () is the congruence
relation generated by @Q); for a single pair, Q@ = {(a,b)}, we write just con(a,b).

Moreover, the equivalence relation join (the transitive closure of the union) of a set
of congruence relations again satisfies (). For if 0; (i € I) are congruence relations
and x60;, 110,72 ... 0; y, then xV 20; r1 V20,72V z...0; yV z and likewise
for meets. Thus the transitive closure of | J,.; 0; is a congruence relation, and so it
is the join \/,; 6; in Con L. Since the meet is also the same (set intersection) in
both lattices, Con L is a complete sublattice of Eq L.

Theorem 5.3. Con L is an algebraic lattice. A congruence relation 6 is compact
in Con L if and only if it is finitely generated, i.e., there exist finitely many pairs
(a1,b1),..., (ag,bi) of elements of L such that 6 =\/| ., con(a;,b;).

Note that the universal relation and the equality relation on L? are both con-
gruence relations; they are the greatest and least elements of Con L, respectively.
Also, since z 0 y if and only if x Ay 6 x V y, a congruence relation is determined by
the ordered pairs (a,b) with a < b which it contains.

A subset S C Lis convexif t <y < z and z, z € S implies y € S. The reader
should verify that if 8 is a congruence relation on a lattice L, then every congruence
class is a conver sublattice of L. This observation helps immensely in computing
lattice congruences.

A congruence relation 6 is principal if § = con(a,b) for some pair a, b € L. The
principal congruence relations are join dense in Con L: for any congruence relation
0, we have

0= \/{con(a, b) : a6 b}.
It follows from the general theory of algebraic closure operators that principal
congruence relations are compact, but this can be shown directly as follows: if
con(a,b) < \/,c;0;, then there exist elements ci, ..., ¢y, and indices i, ..., i, such
that

a@io C1 Hil CQ...@imb,

whence (a,b) € 0;, V...V 0;, and thus con(a,b) < V<<, 0i;-
One of the most basic facts about congruences says that congruences of L/6
correspond to congruences on £ containing 6.

2The corresponding statement is true for any equationally defined class of algebras, including
modular, Arguesian and distributive lattices.
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Theorem 5.4. SECOND ISOMORPHISM THEOREM. If § € Con L, then Con (L/6)
is isomorphic to the filter 160 in Con L, i.e., Con (L/0) = {p € Con L : ¢ > 6}.

Proof. A congruence relation on £/6 is an equivalence relation R on the #-classes
of L such that
0 Ryf implies z6 V 20 Ryl V 20

and analogously for meets. Given R € Con L/6, define the corresponding relation
pon L by xzpy iff z60 R yf. Clearly p € Eq L and 6 < p. Moreover, if x py and
z € L, then

(xVz)0 =20V 20 Ryd vV z0 = (yV 2)0,

whence = V z p y V z, and similarly for meets. Hence p € Con L, and we have
established an order preserving map f: Con L/0 —16.

Conversely, let o €16 in Con L, and define a relation S on L/ by z6 S y0 iff
xoy. Since 0 < ¢ the relation S is well defined. If x68 S yf and z € L, then zoy
implies x V zoy V z, whence

20V 20 = (xV2)0S (yVz)0 =yoV 20,

and likewise for meets. Thus S is a congruence relation on £/0. This gives us an
order preserving map g :16¢ — Con L/6.
The definitions make f and g inverse maps, so they are in fact isomorphisms. [J

It is interesting to interpret Theorem 5.4 in terms of homomorphisms. Essentially
it corresponds to the fact that if h : L — K and f : L - M are homomorphisms
with h surjective, then there is a homomorphism g : K — M with f = gh if and
only if kerh < ker f. This version of the Second Isomorphism Theorem will be
used repeatedly in Chapters 6 and 7.

A lattice L is called simple if Con L is a two element chain, i.e., |[L| > 1 and
L has no congruences except equality and the universal relation. For example,
the two-dimensional modular lattice M,, is simple whenever n > 3. A lattice is
subdirectly irreducible if it has a unique minimum nonzero congruence relation, i.e.,
if 0 is completely meet irreducible in Con L. So every simple lattice is subdirectly
irreducible, and N5 is an example of a subdirectly irreducible lattice that is not
simple .

The following are immediate consequences of the Second Isomorphism Theorem.

Corollary. L£/0 is simple if and only if 1> 60 in Con L.

Corollary. L/ is subdirectly irreducible if and only if 0 is completely meet irre-
ducible in Con L.

Now we turn our attention to a decomposition of lattices which goes back to
R. Remak in 1930 (for groups) [10]. In what follows, it is important to remember
that the zero element of a congruence lattice is the equality relation.
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Theorem 5.5. If 0= A,.;0; in Con L, then L is isomorphic to a sublattice of the
direct product [],.; £L/0;, and each of the natural homomorphisms m; : L — L/0; is
surjective.

Conversely, if L is isomorphic to a sublattice of a direct product [],.; K; and each
of the projection homomorphisms m; : L — K; is surjective, then K; = L/ ker 7; and
Nicrkerm; =0 in Con L.

Proof. For any collection 6; (i € I) in Con L, there is a natural homomorphism
m: L — [[L£/0; with (7(z)); = x6;. Since two elements of a direct product are
equal if and only if they agree in every component, kerm = A 6;. So if A6; = 0,
then 7 is an embedding.

Conversely, if 7 : L — [[K; is an embedding, then ker7m = 0, while as above
ker m = A ker m;. Clearly, if m;(L) = K; then K; =2 L/ker ;. O

A representation of £ satisfying either of the equivalent conditions of Theorem 5.5
is called a subdirect decomposition, and the corresponding external construction is
called a subdirect product. For example, Figure 5.1 shows how a six element lattice
L can be written as a subdirect product of two copies of N5.

1 (1,1)
x <$7Z> <Z,l‘>
Y (y,2) (z,9)
0 (0,0)
Ns
FIGURE 5.1

Next we should show that subdirectly irreducible lattices are indeed those that
have no proper subdirect decomposition.

Theorem 5.6. The following are equivalent for a lattice L.

(1) L is subdirectly irreducible, i.e., 0 is completely meet irreducible in Con L.

(2) There is a unique minimal nonzero congruence p on L with the property that
0 > p for every nonzero 6 € Con L.

(3) If L isisomorphic to a sublattice of [[K;, then some projection homomor-
phism m; is one-to-one.

(4) There exists a pair of elements a < b in L such that a 6 b for every nonzero
congruence 6.
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The congruence p of condition (2) is called the monolith of the subdirectly irre-
ducible lattice £, and the pair (a,b) of condition (4), which need not be unique, is
called a critical pair.

Proof. The equivalence of (1), (2) and (3) is a simple combination of Theorems 3.8
and 5.5. We get (2) implies (4) by taking a = z Ay and b = = V y for any pair
of distinct elements with x p1y. On the other hand, if (4) holds we obtain (2) with
w=con(a,b). O

Now we see the beauty of Birkhoff’s Theorem 3.9, that every element in an
algebraic lattice is a meet of completely meet irreducible elements. By applying this
to the zero element of Con L, we obtain the following fundamental result.

Theorem 5.7. Fvery lattice is a subdirect product of subdirectly irreducible lattices.

It should be clear that, with the appropriate modifications, Theorems 5.5 to 5.7
yield subdirect decompositions of groups, rings, semilattices, etc. into subdirectly
irreducible algebras of the same type. Keith Kearnes [8] has shown that there are
interesting varieties of algebras whose congruence lattices are strongly atomic. By
Theorem 3.10, these algebras have irredundant subdirect decompositions.

Subdirectly irreducible lattices play a particularly important role in the study of
varieties; see Chapter 7.

So far we have just done universal algebra with lattices: with the appropriate
modifications, we can characterize congruence relations and show that Con A is
an algebraic lattice for any algebra A. (See Exercises 10 and 11.) However, the
next property is special to lattices and related structures. It was first discovered by
N. Funayama and T. Nakayama [5] in the early 1940’s.

Theorem 5.8. If L is a lattice, then Con L is a distributive algebraic lattice.

Proof. In any lattice L, let
m@,y,2) = (@A) V (@A 2)V (YA 2).

Then it is easy to see that m(z,y,2) is a majority polynomial, in that if any two
variables are equal then m(x,y, z) takes on that value:

m(x,z,z) =x
m(z,y,x) =

m(x,z,z) = z.

Now let a, 8,7 € Con L. Clearly (¢ AB)V (A7) < aA(BVy). To show the
reverse inclusion, let (z,2) € a A (8V 7). Then z a z and there exist yi,. .., yx such
that

=y By Yy By = 2.
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Let t; = m(x,y;, z) for 0 <1i < k. Then

and for all 7,
= m($7yi7z) @ m(x7yi7$) =7,

t;
so t; at;11 by Exercise 4(b). If i is even, then
ti = m(x,yi, 2) Bm(T, Yit1,2) = tip1
whence t; o A B t;41. Similarly, if ¢ is odd then ¢; o Ay t; 1. Thus
r=toaNBtiaANylsaNB.. .ty =2

and we have shown that a A (BV ) < (e A B) V (e A ). As inclusion holds both
ways, we have equality. Therefore Con L is distributive. [

In the 1940’s, R.P. Dilworth proved that every finite distributive lattice is iso-
morphic to the congruence lattice of a lattice. (This result appeared as a (starred)
exercise in the 1948 edition of Birkhoff’s Lattice Theory book.) For a long time
thereafter, it was conjectured that every distributive algebraic lattice was the con-
gruence lattice of a lattice, and evidence in favor of the conjecture was amassed. A
distributive algebraic lattice D is isomorphic to the congruence lattice of a lattice if

(i) D= O(P) for some ordered set P (R. P. Dilworth, see [6]), or
(ii) the compact elements are a sublattice of D (E. T. Schmidt [12]), or
(iii) D has at most N; compact elements (A. Huhn [7]).

In Chapter 10 we will prove (i), which includes the fact that every finite distributive
lattice is isomorphic to the congruence lattice of a (finite) lattice.

But in 2005, Fred Wehrung constructed distributive algebraic lattices that are
not isomorphic to congruence lattices of lattices [15]. Wehrung’s original counterex-
amples have N, 1 or more compact elements, but Pavel Ruzicka refined Wehrung’s
arguments to produce a counterexample with Ry compact elements [11].

This completely settles the problem for lattices, but it remains an open question
whether every distributive algebraic lattice is isomorphic to the congruence lattice of
an algebra with finitely many operations. Surveys on this problem, but pre-dating
Wehrung’s results, can be found in M. Tischendorf [13] and M. Plos¢ica, J. Ttuma
and F. Wehrung [9], [15].

We need to understand the congruence operator con @), where @) is a set of pairs,
a little better. A weaving polynomial on a lattice £ is a member of the set W of
unary functions defined recursively by

(1) w(x)=zeW,
(2) if w(z) € Wand a € L, then u(z) = w(z) Aa and v(z) = w(x) Va are in W,
(3) only these functions are in W.
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Thus every weaving polynomial looks something like
w(x) = (... (((xAs1)Vsa)Asz)...) Vs

where s; € L for 1 < ¢ < k. The following characterization is a modified version of
one found in Dilworth [2].

Theorem 5.9. Suppose a; < b; fori € I. Then (x,y) € \/,c; con(a;, b;) if and only
if there exist finitely many r; € L, w; € W, and i; € I such that

rNy=rg2ry =2 2rg =Ny

with wj(b;;) = r; and wj(a;;) =41 for 0 < j < k.
Proof. Let R be the set of all pairs (x,y) satisfying the condition of the theorem. It
is clear that

(1) (as,b;) € R for all 4,

(2) R <V, con(as,b;).
Hence, if we can show that R is a congruence relation, it will follow that R =
Viercon(a;, b;).

Note that (z,y) € R if and only if (zx Ay,zVy) € R. It also helps to observe that
ifr Ryand z <u <wv <y, then u Rv. To see this, replace the weaving polynomials
w(t) witnessing x Ry by new polynomials w’(t) = (w(t) V u) A v.

First we must show R € Eq L. Reflexivity and symmetry are obvious, so let
xz Ry R z with

TNVNY=r92r = Zrg=xANy

using polynomials w; € W, and
YyvVz=s0282"28Sm=YyYNz

via polynomials v; € W, as in the statement of the theorem. Replacing w;(t) by

wi(t) = w;(t) VyV 2z, we obtain

xVyVz=rogVyVz>rVyvVz>--->(xAy)VyVz=yVz.
Likewise, replacing w;(t) by w} (t) = w;(t) Ay A z, we have
yNz=(xVYANYANz>2riAyAz>--2ry AyAz=xAyAz.

Combining the two new sequences with the original one for y R z, we get a sequence
from zVyVzdowntox AyAz Hence x AyAz RxVyV 2z By the observations
above, Az RxV z and z R z, so R is transitive.

Now we must check (f). Let # Ry as before, and let z € L. Replacing w;(t) by
uj(t) = w;(t) V 2z, we obtain a sequence from x Vy Vv z down to (x Ay) V z. Thus
(xAy)VzRazVyVz and since (xAy)Vz< (zVz)A(yVz) <zVyVz, this
implies x V 2z R y V 2. The argument for meets is done similarly, and we conclude
that R is a congruence relation, as desired. [

The condition of Theorem 5.9 is a bit unwieldy, but not as bad to use as you
might think. Let us look at some consequences of the theorem.
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Corollary. If 0; € Con L fori € I, then (x,y) € \/,c; 0; if and only if there exist
finitely many r; € L and i; € I such that

TVYy=rg>ri =21y =T ANy
and rj 0;; rjy1 for 0 < j <k.

At this point we need some basic facts about distributive algebraic lattices (like
Con £). Recall that an element p of a complete lattice is completely join irreducible
if p =\ Q implies p = ¢ for some ¢ € Q. An element p is completely join prime if
p <V @ implies p < ¢ for some ¢q € Q. Clearly every completely join prime element
is completely join irreducible, but in general completely join irreducible elements
need not be join prime.

Now every algebraic lattice has lots of completely meet irreducible elements (by
Theorem 3.9), but they may have no completely join irreducible elements. This hap-
pens, for example, in the lattice consisting of the empty set and all cofinite subsets of
an infinite set (which is distributive and algebraic). However, such completely join
irreducible elements as there are in a distributive algebraic lattice are completely
join prime!

Theorem 5.10. The following are equivalent for an element p in an algebraic dis-
tributive lattice.

(1) p is completely join prime.

(2) p is completely join irreducible.

(3) p is compact and (finitely) join irreducible.

Proof. Clearly (1) implies (2), and since every element in an algebraic lattice is a
join of compact elements, (2) implies (3).

Let p be compact and finitely join irreducible, and assume p < \/ Q. As p is
compact, p < \/ F for some finite subset F' C ). By distributivity, this implies
p=pA(\VF)= \/qup/\q. Since p is join irreducible, p = pAq < ¢ for some ¢q € F.
Thus p is completely join prime. (Cf. Exercise 3.1) O

We will return to the theory of distributive lattices in Chapter 8, but let us now
apply what we know to Con L. As an immediate consequence of the Corollary to
Theorem 5.9 we have the following.

Theorem 5.11. If a < b, then con(a,b) is completely join prime in Con L.

The converse is false, as there are infinite simple lattices with no covering relations
(E. T. Schmidt). However, for finite lattices, or more generally principally chain
finite lattices, the converse does hold. A lattice is principally chain finite if every
principal ideal | ¢ satisfies the ACC and DCC. This is a fairly natural finiteness
condition that includes many interesting infinite lattices, and many results for finite
lattices can be extended to principally chain finite lattices with a minimum of effort.
Recall that if x is a join irreducible element in such a lattice, then x, denotes the
unique element such that z > z,.
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Theorem 5.12. Let L be a principally chain finite lattice. Then every congruence
relation on L is the join of completely join irreducible congruences. Moreover, ev-
ery completely join irreducible congruence is of the form con(z,x,) for some join
wrreducible element x of L.

Proof. Every congruence relation is a join of compact congruences, and every com-
pact congruence is a join of finitely many congruences con(a, b) with a > b. In a prin-
cipally chain finite lattice, every chain in a/b is finite by Exercise 1.5, so there exists a
covering chain a = rg = 11 = -+ = 1, = b. Clearly con(a,b) = ;4 con(r;,7j41),
and these latter are completely join prime by Theorem 5.11. Thus every congruence
relation on £ is the join of completely join irreducible congruences con(r,s) with
> Ss.

Now let a > b be any covering pair in £. By the DCC for | a, there is an element
x that is minimal with respect to the properties < a and z £ b. Since any element
strictly below x is below b, the element x is join irreducible and x, = x A b. It is
also true that a = x V b, since b < x Vb < a, and it follows easily from these two
facts that con(a,b) = con(z,z,). O

There is much more to be said about congruence lattices of finite lattices, or
more generally, principally chain finite lattices. We will return to these matters in
Chapter 10. See also the references there.

We have ignored congruence lattices of semilattices, interesting on their own and
applicable in universal algebra. Unlike congruence lattices of lattices, which are dis-
tributive, congruence lattices of semilattices satisfy no lattice identities. For the ba-
sic results, see Freese and Nation [4], Fajtlowicz and Schmidt [3], and Adaricheva [1].

EXERCISES FOR CHAPTER 5

1. Find Con L for the lattices (a) M,, where n > 3, (b) N5, (c) the lattice £ of
Figure 5.1, and the lattices in Figure 5.2.

(d) (e) (f)

FIGURE 5.2
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2. An element p of a lattice L is join prime if for any finite subset F of L, p < \/ F
implies p < f for some f € F. Let P(£) denote the set of join prime elements of L,
and define

x Ay iff leNP(L) =lynP(L).

Prove that A is a congruence relation on L.
3. Let X be any set. Define a binary relation on P(X) by A ~ B iff the symmetric
difference (A— B)U(B—A) is finite. Prove that ~ is a congruence relation on P(X).
4. Lattice terms are defined in the proof of Theorem 6.1.

(a) Show that if p(x1,...,z,) is a lattice term and h : £ — K is a homomor-
phism, then h(p(ai,...,a,)) = p(h(ai),...,h(a,)) for all a;,...,a, € L.

(b) Show that if p(zq,...,x,) is a lattice term and § € Con L and a; 6 b; for
1 <i<mn, then p(ay,...,a,) 0 p(by,...,by,).

(c) Let p(z1,...,z,) and q(x1,...,x,) be lattice terms, and let h : £ — K be a
surjective homomorphism. Prove that if p(aq,...,a,) = q(a1,...,a,) for all
a,...,an € L,then p(ey,...,cp) =q(c1,...,cn) holdsforall¢q,... ¢, € K.

5. Show that each element of a finite distributive lattice has a unique irredundant
decomposition. What does this say about subdirect decompositions of finite lattices?
6. Let § € Con L.

(a) Show that x > y implies 26 > y6 or 20 = y6.
(b) Prove that if £ is a finite semimodular lattice, then so is £/6.
(c) Prove that a subdirect product of semimodular lattices is semimodular.

7. Let £ be a finitely generated lattice, and let # be a congruence on L such that
L/0 is finite. Prove that 6 is compact.

8. Prove that Con £; x L3 = Con £; x Con L,. (Note that this is not true
for groups; see Exercise 9.)

9. Find the congruence lattice of the abelian group Z, x Z,, where p is prime.
Find all finite abelian groups whose congruence lattice is distributive. (Recall that
the congruence lattice of an abelian group is isomorphic to its subgroup lattice.)

For Exercises 10 and 11 we refer to §3 (Universal Algebra) of Appendix 1.

10. Let A = (A; F,C) be an algebra.

(a) Prove that if h : A — B is a homomorphism and 6 = ker h, then for each
fer,

(¥) x;0y; for 1 <i<n implies f(x1,...,2,)0 f(y1,---,Yn)-
(b) Prove that (¥) is equivalent to the apparently weaker condition that for all
f € F and every i,
($) x; 0y implies f(z1,..., T 2n) 0 f(T1,.. . Y, .. Tp).

(¢) Show that if § € Eq A satisfies (¥), then the natural map h: A — A/f is a
homomorphism with 6 = ker h.
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Thus congruence relations, defined as homomorphism kernels, are precisely equiva-
lence relations satisfying (¥).
11. Accordingly, let Con A = {6 € Eq A : 0 satisfies (¥)}.

(a) Prove that Con A is a complete sublattice of Eq A. (In particular, you
must show that \/ and A are the same in both lattices.)
(b) Show that Con A is an algebraic lattice.

12. Let A = B x C be a direct product of two algebras. Let m; and 7 denote the
kernels of the projections onto B and C. Prove that:

(i) A/m =B and A/m =C.
(ii) In Con A, my Amy =0 and m Vmy =m omg =mg oy = 1.

Conversely, let A be an algebra with congruences @1 and ¢ satisfying the analogues
of the properties in (ii). Prove that A= A/p; x A/ps.
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6. Free Lattices

Freedom’s just another word for nothing left to lose ....
—Kris Kristo erson

If X, y and z are elements of a lattice, then x (y (X z)) = x vy is always
true, while x y = z is usually not true. Is there an algorithm that, given two lattice
expressions p and ¢, determines whether p = q holds for every substitution of the
variables in every lattice? The answer is yes, and finding this algorithm (Corollary
to Theorem 6.2) is our original motivation for studying free lattices.

We say that a lattice L is generated by a set X L if no proper sublattice of L
contains X. In terms of the subalgebra closure operator Sg introduced in Chapter 3,
this means Sg(X) = L.

A lattice F is freely generated by X if

(D F is a lattice,
(1) X generates F,
(111 for every lattice L, every map hg : X - L can be extended to a homomor-
phismh:F - L.

A free lattice is a lattice that is freely generated by one of its subsets.

Condition (1) is sort of redundant, but we include it because it is important
when constructing a free lattice to be sure that the algebra constructed is indeed
a lattice. In the presence of condition (Il), there is only one way to define the
homomorphism h in condition (I11): for example, if xX,y,z X then we must have
h(x (y 2z))=hg(X) (ho(y) ho(2)). Condition (I11) really says that this natural
extension is well defined. This in turn says that the only time two lattice terms in
the variables X are equal in F is when they are equal in every lattice.

Now the class of lattices is an equational class, i.e., it is the class of all algebras
with a fixed set of operation symbols ( and ) satisfying a given set of equations
(the idempotent, commutative, associative and absorption laws). Equational classes
are also known as varieties, and in Chapter 7 we will take a closer look at varieties
of lattices. A fundamental theorem of universal algebra, due to Garrett Birkho [3],
says that given any nontrivial® equational class V and any set X, there is an algebra
in V freely generated by X. Thus the existence of free groups, free semilattices,
and in particular free lattices is guaranteed.? Likewise, there are free distributive

1A variety T is trivial if it satisfies the equation x =y, which means that every algebra in T
has exactly one element. This is of course the smallest variety of any type.
2However, there is no free lunch.
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lattices, free modular lattices, and free Arguesian lattices, since each of these laws
can be written as a lattice equation.

Theorem 6.1. For any nhonempty set X, there exists a free lattice generated by X.

The proof uses three basic principles of universal algebra. The principles corre-
spond for lattices to Theorems 5.1, 5.4, and 5.5 respectively. However, the proofs of
these theorems involved nothing special to lattices except the operation symbols
and , which can easily be changed to arbitrary operation symbols. Thus, with only
minor modification, the proof of this theorem can be adapted to show the existence
of free algebras in any nontrivial equational class of algebras.

Basic Principle 1. Ifh: A B is a surjective homomorphism, then B = A/ ker h.
Basic Principle 2. If f : A - Bandg: A C are homomorphism with ¢
surjective, and ker g < ker f, then there exists h : C - B such that f = hg.

Figure 6.1

Basic Principle 3. If ¢ = ; ,8; in Con A, then A/{ is isomorphic to a
subalgebra of the direct product I1; | A/6;.

With these principles in hand, we proceed with the proof of Theorem 6.1.

Proof of Theorem 6.1. Given the set X, define the word algebra W (X) to be the set
of all formal expressions (strings of symbols) satisfying the following properties:

(1) X W(X),

(2) ifp,g W(X),then(p ¢g)and (p q) arein W(X),

(3) only the expressions given by the first two rules are in W (X).
Thus W (X) is the absolutely free algebra with operation symbols and generated
by X. The elements of W (XX), which are called terms, are all well-formed expressions
in the variables X and the operation symbols and . Clearly W (X) is an algebra
generated by X, which is property (I1) from the definition of a free lattice. Because
two terms are equal if and only if they are identical, W (X) has the mapping property
(111). On the other hand, it is definitely not a lattice. We need to identify those
pairs p,qg W (X) that evaluate the same in every lattice, e.g., Xx and (X (X Y)).
The point of the proof is that when this is done, properties (I1) and (I111) still hold.

Let A={6 Con W(X) :W(X)/6 is a lattice}, and let A = A. We claim
that W (X)/A is a lattice freely generated by {xA:x X}.
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By Basic Principle 3, W (X)/A is isomorphic to a subalgebra of a direct product
of lattices, so it is a lattice.> Clearly W (X)/A is generated by {xA : x X}, and
because there exist nontrivial lattices (more than one element) for X to be mapped
to in di erent ways, X =y implies xA = yA for X,y  X.

Now let L be a lattice and let f; : X — L be any map. By the preceding
observation, the corresponding map hg : X/A - L defined by ho(xA) = fp(x)
is well defined. Now fp can be extended to a homomorphism £ : W(X) - L,
whose range is some sublattice S of L. By Basic Principle 1, W(X)/kerf =S so
kerf A, and hence ker f = A. If we use € to denote the standard homomorphism
W(X) WCX)/A with g(u) = uA for all u W (X), then kerf = kere = A. Thus
by Basic Principle 2 there exists a homomorphism h : W (X)/A - L with he = f
(see Figure 6.2). This means h(uA) = f(u) for all u W (X); in particular, h
extends hg as required.

f
W) ——— L

z
/

€ - h

7
3

__J ’
W (X)/A
Figure 6.2

It is easy to see, using the mapping property (I11), that if F is a lattice freely
generated by X, G is a lattice freely generated by Y, and |[X]| = |Y |, then F = G.
Thus we can speak of the free lattice generated by X, which we will denote by
FL(X). If |X] = n, then we also denote this lattice by FL(n). The lattice FL(2)
has four elements, so there is not much to say about it. But FL(n) is infinite for
n = 3, and we want to investigate its structure.

The advantage of the general construction we used is that it gives us the existence
of free algebras in any variety; the disadvantage is that it does not, indeed cannot,
tell us anything about the arithmetic of free lattices. For this we need a result due
to Thoralf Skolem [22] (reprinted in [23]), and independently, P. M. Whitman [25].*

3This is where we use that lattices are equationally defined, since we need closure under subal-
gebras and direct products. For example, the class of integral domains is not equationally defined,
and the direct product of two or more integral domains is not one.

4The history here is rather interesting. Skolem, as part of his 1920 paper which proves the
Lowenheim-Skolem Theorem, solved the word problem not only for free lattices, but for finitely
presented lattices as well. But by the time the great awakening of lattice theory occurred in the
1930’s, his solution had been forgotten. Thus Whitman’s 1941 construction of free lattices became
the standard reference on the subject. It was not until 1992 that Stan Burris rediscovered Skolem’s
solution.
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Theorem 6.2. Every free lattice FL(X) satisfies the following conditions, where
X,y X and p,q,p1,P2,d1,02  FL(X).

D x=syi x=y.

(2) x=q1 Qi X=qi0rX<qQ.

(B) p1 p2=Xi pr=xorp=x

(4) pr p2=qi pi=gand p;=q.

®)p=q1 G2i p=gand p=qy.

6) p=p1 P2=0U1 Ga=qi p1=qorpz=qorp=ds Or p=qap.
Finally, p=qi p<gand q=<np.

Condition (6) in Theorem 6.2 is known as Whitman’s condition, and it is usually
denoted by (W).

Proof of Theorem 6.2. Properties (4) and (5) hold in every lattice, by the definition
of least upper bound and greatest lower bound, respectively. Likewise, the “if”
parts of the remaining conditions hold in every lattice.

We can take care of (1) and (2) simultaneously. Fixing x X, let

Gx={w FL(X):w=xorw=< F forsome finite F X —{x}}.

Then X Gy, and Gy is closed under joins and meets, so Gx = FL(X). Thus every
w  FL(X) is either above x or below F for some finite F X —{x}. Properties
(1) and (2) will follow if we can show that this *“or” is exclusive: X F for all
finite F X —{x}. Solet hyg : X - 2 (the two element chain) be defined by
ho(X) =1, and ho(y) =0fory X —{x}. This map extends to a homomorphism
h:FL(X) - 2. For every finte F X —{x} we have h(x) =1 0=h( F),
whence x F.

Condition (3) is the dual of (2). Note that the proof shows x H for all finite
H X —{x}.

Whitman’s condition (6), or (W), can be proved using a slick construction due
to Alan Day [5]. This construction can be motivated by a simple example. In the
lattice of Figure 6.3(a), the elements a,b,c,d fail (W); in Figure 6.3(b) we have
“fixed” this failure by makinga b ¢ d. Day’s method provides a formal way of
doing this for any (W)-failure.

Let I = u/v be an interval in a lattice L. We define a new lattice L[I] as follows.
The universe of L[I]is (L—1) (I x2). Thus the elements of L[I] are of the form
xwith x /1, and (y,i) withi {0,1} andy 1. The order on L[l] is defined by:

Xxsyifx=s_y
x,D)=syifx=s_y
x=(y,))ifx=_y

x, D=, ))ifx=s,yandi=<]j.
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@ Figure 6.3 ®)

It is not hard to check the various cases to show that each pair of elements in L[I]
has a meet and join, so that L[I] is indeed a lattice.> Moreover, the natural map
K: L[] L with k(x) =x and k((y,i)) =y is a homomorphism. Figure 6.4 gives
another example of the doubling construction, where the doubled interval consists
of a single element {u}.

Now suppose a, b, ¢,d witness a failure of (W) in FL(X). Letu=c¢ d,v=a b
and 1 = u/v. Let hg : X - FL(X)[I] with ho(x) = x if x /7 I, ho(y) = (y,0) if
y I, and extend this map to a homomorphism h. Now kh : FL(X) - FL(X) is
also a homomorphism, and since kh(x) = x for all x X, it is in fact the identity.
Therefore h(w) k= 1(w) for all w  FL(X), i.e., h(w) is one of w, (w,0) or (w,1).
Since a,b,c,d 7/ I, thismeans h(t) =tfort {a,b,c,d}. Nowv=a b<c d=u
in FL(X), so h(v) < h(u). But we can calculate

h(v)=h(@ h)=a b=(,1) (U0 =c d=h{) h(d)=h(u)

in FL(X)[1], a contradiction. Thus (W) holds in FL(X).

Theorem 6.2 gives us a solution to the word problem for free lattices, i.e., an
algorithm for deciding whether two lattice terms p,q W (X) evaluate to the same
element in FL(X) (and hence in all lattices). Strictly speaking, we have an eval-
uation map € : W(X) - FL(X) with ¢(x) = x for all x X, and we want to
decide whether g(p) = €(q). Following tradition, however, we suppress the € and
ask whether p = q in FL(X).

5This construction yields a lattice if, instead of requiring that I be an interval, we only ask that
it be convex, i.e., if X,z l and x <y <z, theny |. This generalized construction has also
proved very useful; see Section 11.3 of [12], which is based on Day [6], [7] and [8].
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@) Figure 6.4 ©)

Corollary. Let p,qg W(X). To decide whether p < g in FL(X), apply the condi-
tions of Theorem 6.2 recursively. To test whether p = q in FL(X), check both p < q
and q < p.

The algorithm works because it eventually reduces p < g to a statement involving
the conjunction and disjunction of a number of inclusions of the form x <y, each of
which holds if and only if x =y. Using the algorithm requires a little practice; you
should try showing thatx (y z) (X y) (X 2z)in FL(X), which is equivalent to
the statement that not every lattice is distributive.® To appreciate its significance,
you should know that it is not always possible to solve the word problem for free
algebras. For example, the word problem for a free modular lattice Fn,(X) is not
solvable if | X| = 4 (see Chapter 7).

By isolating the properties that do not hold in every lattice, we can rephrase
Theorem 6.2 in the following useful form.

Theorem 6.3. A lattice F is freely generated by its subset X if and only if F is
generated by X, F satisfies (W), and the following two conditions hold for each
x X

(1) ifx= G for some finite G X, thenx G;
(2) if x= H for some finite H X, then x H.

It is worthwhile to compare the roles of Eq X and FL(X): every lattice can be
embedded into a lattice of equivalence relations, while every lattice is a homomorphic
image of a free lattice.

6The algorithm for the word problem, and other free lattice algorithms, can be e ciently
programmed; see Chapter Xl of [12]. These programs have proved to be a useful tool in the
investigation of the structure of free lattices.
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Note that it follows from (W) that no element of FL(X) is properly both a meet
and a join, i.e., every element is either meet irreducible or join irreducible. Moreover,
the generators are the only elements that are both meet and join irreducible. Thus
the generating set of FL(X) is unique. This is very di erent from the situation say
in free groups: the free group on {Xx,y} is also generated (freely) by {x, xy}.

Each element w  FL(X) corresponds to an equivalence class of terms in W (X).
Among the terms that evaluate to w, there may be several of minimal length (total
number of symbols), e.g., (x (y 2)), ((y X) 2z), etc. Note that if a term p can
be obtained from a term g by applications of the associative and commutative laws
only, then p and q have the same length. This allows us to speak of the length of a
term t = t; without specifying the order or parenthesization of the joinands, and
likewise for meets. We want to show that a minimal length term for w is unique
up to associativity and commutativity. This is true for generators, so by duality it
su ces to consider the case when w is a join.

Lemma 6.4. Lett= t; in W(X), where each t; is either a generator or a meet.
Assume that €(t) = w and €(tj) = w; under the evaluation map € : W (X) - FL(X).
If t is a minimal length term representing w, then the following are true.

(1) Each t; is of minimal length.
(2) The wj’s are pairwise incomparable.
(3) If t; is not a generator, so t;j = j Gis then e(tjj) =w;;  w for all j.

Proof. Only (3) requires explanation. Suppose w; =  w;j in FL(X), corresponding
tot; = t;; in W(X). Note that w; < w;; for all j. If for some jo, we also had
Wij, = W, then

w = Wi = Wij, WK =W,

whence w = wijj, k=i Wk. But then replacing t; by t;j, would yield a shorter term
representing w, a contradiction.

If A and B are finite subsets of a lattice, we say that A refines B, written A B,
if foreacha A thereexistsb B with a <bh. We define dual refinementby C D
if for each ¢ C there exists d D with ¢ = d; note that because of the reversed
order of the quantification in the two statements, A B isnotthesameasB A.
The elementary properties of refinement can be set out as follows, with the proofs
left as an exercise.

Lemma 6.5. The refinement relation on finite subsets of a lattice L has the fol-
lowing properties.
(1) A Bimplies A= B.
(2) The relation is a quasiorder on the finite subsets of L.
) IfA Bthen A B.
(4) If Ais an antichain, A Band B A, then A B.
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(5) If A and B are antichains with A B and B A, then A=B.
6) fA BandB A, then A and B have the same set of maximal elements.

The preceding two lemmas are connected as follows.

Lemma 6.6. Let w = wi = uk in FL(X). If each w; is either a

1<i=m 1=k=n
generator or a meet wj = ; Wijj with w;;  w for all j, then
{Wwi,...,Wm} {ui,...,un}

Proof. For each i we have wj =< uk. If wj is a generator, this implies w; < ug for
some s by Theorem 6.2(2). If w; = w;j, we apply Whitman’s condition (W) to
the inclusion w; = w;j =< ux = w. Since we are given that w;;  w for all j, it
must be that w; < u; for some t. Hence {w1,...,wm} {u1,...,Un}.

Now let t = t; and s = s; be two minimal length terms that evaluate
to w in FL(X). Let g(tj)) = w; and &(sj) = uj, so that w = w; = u;j
in FL(X). By Lemma 6.4(1) each t; is a minimal length term for wj, and each
sj is a minimal length term for u;. By induction, these are unique up to as-
sociativity and commutativity. Hence we may assume that t; = s; whenever
Wi = u;j. By Lemma 6.4(2), the sets {wy,...,Wmn} and {us,...,un} are antichains
in FL(X). By Lemma 6.4(3), the elements w; satisfy the hypothesis of Lemma 6.6,
so{wW1,...,Wm} {ug,...,un}. Symmetrically, {us,...,un} {wi,...,wm}. Ap-
plying Lemma 6.5(5) yields {w1,...,wm} = {us,...,un}, whence by our assumption
above {t,...,tn} ={s1,...,Sn}. Thus we obtain the desired uniqueness result.

Theorem 6.7. The minimal length term representing an element w  FL(X) is
unique up to associativity and commutativity.

This minimal length term is called the canonical form of w. The canonical form
of a generator is just x. The proof of the theorem has shown that if w is a proper
join, then its canonical form is determined by the conditions of Lemma 6.4. If w is
a proper meet, then of course its canonical form must satisfy the dual conditions.

The proof of Lemma 6.4 gives us an algorithm for finding the canonical form of
a lattice term. Lett= t; in W(X), where each t; is either a generator or a meet,
and suppose that we have already put each t; into canonical form, which we can do
inductively. This will guarantee that condition (1) of Lemma 6.4 holds when we are
done. For each t; that is not a generator, say t; = t;j, check whether any tj; <t
in FL(X); if so, replace t; by t;;. Continue this process until you have an expression
u = u; which satisfies condition (3). Finally, check whether u; < u; in FL(X)
for any pair i = j; if so, delete uj. The resulting expression v = v; evaluates to
the same element as t in FL(X), and v satisfies (1), (2) and (3). Hence v is the
canonical form of t.

If w= w; canonically in FL(X), then the elements w; are called the canonical
joinands of w (dually, canonical meetands). It is important to note that these
elements satisfy the refinement property of Lemma 6.6.
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Corollary. If wis a proper join in FL(X) and w = U, then the set of canonical
joinands of w refines U.

This has an important structural consequence, observed by Bjarni Jonsson [16].

Theorem 6.8. Free lattices satisfy the following implications, for all u,v,a,b,c
FL(X):
(SD ) ifu=a b=a cthenu=a (b 0),

(SD ) ifv=a b=a cthenv=a (b c).
The implications (SD ) and (SD ) are known as the semidistributive laws. Ex-
ercises 5 and 6 concern properties of finite join semidistributive lattices.

Proof. We will prove that FL(X) satisfies (SD ); then (SD ) follows by duality.
We may assume that u is a proper join, for otherwise u is join irreducible and the

implication is trivial. Soletu=u; ... up be the canonical join decomposition.

By the Corollary above, {us,...,un} refines both {a, b} and {a,c}. Any u; that is

not below a must be below both b and c, so in fact {u,,...,un} {a,b c}. Hence
u= u<a (b c)=u,

whenceu=a (b c), as desired.

Now let us recall some basic facts about free groups, so we can ask about their
analogs for free lattices. Every subgroup of a free group is free, and the countably
generated free group FG(w) is isomorphic to a subgroup of FG(2). Every identity
which does not hold in all groups fails in some finite group.

Whitman used Theorem 6.3 and a clever construction to show that FL(w) can
be embedded in FL(3). It is not known exactly which lattices are isomorphic to a
sublattice of a free lattice, but certainly they are not all free. The simplest result
(to state, not to prove) along these lines is due to the author [18].

Theorem 6.9. A finite lattice can be embedded in a free lattice if and only if it
satisfies (W), (SD ) and (SD ).

We can weaken the question somewhat and ask which ordered sets can be em-
bedded in free lattices. A characterization of sorts for these ordered sets was found
by Freese and Nation ([13] and [19]), but unfortunately it is not particularly enlight-
ening. We obtain a better picture of the structure of free lattices by considering the
following collection of results due to P. Crawley and R. A. Dean [4], B. Jonsson [16],
and J. B. Nation and J. Schmerl [20], respectively.

Theorem 6.10. Every countable ordered set can be embedded in FL(3). On the

other hand, every chain in a free lattice is countable, so no uncountable chain can

be embedded in a free lattice. If P is an infinite ordered set that can be embedded in
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a free lattice, then the dimension d(P) =< m, where m is the smallest cardinal such
that |P| < 2™.

R. A. Dean showed that every equation that does not hold in all lattices fails in
some finite lattice [9] (see Exercise 7.5). It turns out (though this is not obvious)
that this is related to a beautiful structural result of Alan Day ([6], using [17]).

Theorem 6.11. If X is finite, then FL(X) is weakly atomic.

The book Free Lattices by Freese, JeZzek and Nation [12] contains more infor-
mation about the surprisingly rich structure of free lattices. Two papers of Ralph
Freese contain analagous structure theory for finitely presented lattices [10], [11].

Chapter 2 of the Free Lattice book contains an introduction to upper and lower
bounded lattices, a topic only hinted at in Exercise 11. These ideas grew from the
work of Bjarni Jonsson and Ralph McKenzie; the paper [17] is a classic. For more
recent results in this area, see Kira Adaricheva et. al. [1], [2] and the references
therein.

Exercises for Chapter 6

1. Verify that if L is a lattice and | is an interval in L, then L[I] is a lattice.

2. Use the doubling construction to repair the (W)-failures in the lattices in
Figure 6.5. (Don’t forget to double elements that are both join and meet reducible.)
Then repeat the process until you either obtain a lattice satisfying (W), or else prove
that you never will get one in finitely many steps.

@ Figure 6.5 ®)

3. (@ Showthatx ((x y) z) vy (z (x vy))inFL(X).

(b) Find the canonical formof x ((x y) (X 2)).

(c) Find the canonical formof (x ((x y) (X z) ( 2)) y 2).
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4. There are five small lattices that fail SD , but have no proper sublattice failing
SD . Find them.

5. Show that the following conditions are equivalent (to SD ) in a finite lattice.

(@ u=a b=a cimpliesu=a (b c).

(b) For each m  M(L) there is a unique j  J(L) such that for all x L,

m X=mi Xx=j.
(c) Foreacha L, thereisasetC J(L) such thata= C, and for every
subset B L,a= B impliesC B.

(du= ;ui= ;v implies u = i’j(ui vj).

In a finite lattice satisfying these conditions, the elements of the set C given by part
(c) are called the canonical joinands of a. See Jonsson and Kiefer [15].

6. Anelementp Lisjoinprimeifp=x yimpliesp < Xxorp=<y; meet prime
is defined dually. Let JP(L) denote the set of all join prime elements of L, and let
MP(L) denote the set of all meet prime elements of L. Consider a finite lattice L
satisfying SD .

(a) Prove that the canonical joinands of 1 are join prime.

(b) Prove that the coatoms of L are meet prime.

(c) Show that for each ¢ MP(L) there exists a unique element n(q) JP(L)
such that L is the disjoint union of 1gq and 1 n(q).

7. Prove Lemma 6.5.

8. Let A and B be lattices, and let X A generate A. Prove that a map
ho : X — B can be extended to a homomorphism h : A - B if and only if, for every
pair of lattice terms p and g, and all Xy,...,Xn X,

P(X1,...,Xn) = 4(X1,...,Xn) implies p(ho(X1), ..., ho(Xn)) = q(ho(X1),...,ho(Xn)).

9. A complete lattice L has canonical decompositions if for each a L there exists
a set C of completely meet irreducible elements such that a = C irredundantly,
and a= B implies C B. Prove that an upper continuous lattice has canon-
ical decompositions if and only if it is strongly atomic and satisfies SD (Viktor
Gorbunov [14)).

For any ordered set P, a lattice F is said to be freely generated by P if F contains
a subset P such that

(1) P with the order it inherits from F is isomorphic to P,

(2) P generates F,

(3) for every lattice L, every order preserving map hg : P - L can be extended
to a homomorphism h: F - L.

In much the same way as with free lattices, we can show that there is a unique (up
to isomorphism) lattice FL(P) generated by any ordered set P. Indeed, free lattices
FL(X) are just the case when P is an antichain.

72



10. (a) Find the lattice freely generated by {x,y,z} with x =y.
(b) Find FL(P) for P = {Xg, X1, X2, 2} With Xg < X1 < X>.

The lattice freely generated by Q = {Xg, X1,X2,X3,2} With Xg < X; < X, < X3
is infinite, as is that generated by R = {Xo, X1, Y0,Y1} With Xg < X; and yo < y;
(Yu. I. Sorkin [24], see [21]).

11. A homomorphism h : L - K is lower bounded if foreacha K, {x L :
h(x) = a} is either empty or has a least element [3(a). For example, if L satisfies
the DCC, then h is lower bounded. We regard 3 as a partial map from K to L. Let
h:L - K be a lower bounded homomorphism.

(a) Show that the domain of 8 is an ideal of K.
(b) Prove that [ preserves finite joins.
(c) Show that if h is onto and L satisfies SD , then so does K.
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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 L to satisfy p = q is that
P(X1,...,Xn) = q(X1,...,Xn) Whenever elements of L are substituted for the vari-
ables. This is captured by the formal definition: L satisfies p = q if h(p) = h(q) for
every homomorphism h : W(X) - L. We say that L satisfies a set = of equations
if L satisfies every equation in Z. Likewise, a class K of lattices satisfies X if every
lattice L K does so.

As long as we are dealing entirely with lattices, there is no loss of generality in
replacing p and g by the corresponding elements of FL(X), since if terms p and
p evaluate the same in FL(X), then they evaluate the same for every substitution
in every lattice. In practice it is often more simple and natural to think of equa-
tions between elements in a free lattice, rather than the corresponding terms, as in
Theorem 7.2 below.

A variety (or equational class) of lattices is the class of all lattices satisfying some
set > of lattice equations. The class L of all lattices is defined by equations (the
idempotent, commutative, associative and absorption laws), so it forms a variety.
Contained within L are some familiar subvarieties:

(1) the variety M of modular lattices, satisfying (x y) (X z2)=x (z (X Yy));
(2) the variety D of distributive lattices, satisfyingx (y z)=(X y) (X 2);
(3) the variety T of one-element lattices, satisfying X =y (not very exciting).
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 hpg : X - L can be extended to a
homomorphism h: 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 Birkho [5]
who proved the basic theorem about varieties in the 1930’s.

Theorem 7.1. If K is a honempty class of lattices, then the following are equiva-
lent.
(1) K is a variety.
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(2) K is closed under the formation of homomorphic images, sublattices and
direct products.

(3) Either K = T (the variety of one-element lattices), or for every nonempty
set X there is a lattice F(X) that is K-freely generated by X, and K is
closed under homomorphic images.

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 that is closed under the formation of sublattices and direct products, and
letk= {8 ConW(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 {xk : x X}. Unless K = T, the classes xk (x X) will be
distinct. Thus (2) implies (3).

Finally, suppose that K is a class of lattices that is closed under homomorphic
images and contains a K-freely generated lattice Fi(X) for every nonempty set
X. For each nonempty X there is a homomorphism fx : W(X) Fk(X) that is
the identity on X. Fix the countably infinite set Xg = {X1,X2,X3,...}, and let
be the collection of all equations p = g such that (p,q) kerfx,. Thus p=gqis
in Z if and only if p(X1,...,Xn) = q(Xs,...,Xn) in the countably generated lattice
Frk(Xo) = Fk(w).

Let Vs be the variety of all lattices satisfying >; we want to show that K = V5.
We formulate the critical argument as a sublemma.

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

Proof. If K satisfies p = q, then fy (p) = fy (q) because F(Y) K. Conversely,
if fv (p) = fy(q), then by the mapping property (I111) every lattice in K satisfies
p=g.t

Applying the Sublemma with Y = Xg, we conclude that K satisfies every equa-
tionof 2, so K Vs.

Conversely, let L V5, and let X be a generating set for L. The identity map
on X extends to a surjective homomorphism h : W (X) L, and we also have
the map fx : W(X) - Fk(X). For any pair (p,q) kerfx, the Sublemma says
that K satisfies p = q. Again by the Sublemma, there is a corresponding equation
in X~ (perhaps involving di erent variables). Since L Vs this implies h(p) =
h(q). So ker fx < kerh, and hence by the Second Isomorphism Theorem there is

IHowever, if Y is finiteand Y  Z, then F (Y ) may satisfy equations not satisfied by F (Z).
For example, for any lattice variety, F (2) is distributive. The Sublemma only applies to equations
with at most |Y | variables.

76



a homomorphism g : F(X) - L such that h = gfx. Thus L is a homomorphic
image of Fi(X). Since K is closed under homomorphic images, this implies L K.
Hence Vs K, and equality follows. Therefore (3) implies (1).

The three parts of Theorem 7.1 reflect three di erent ways of looking at varieties.
The first is to start with a set Z of equations, and to consider the variety V () of all
lattices satisfying those equations. The given equations will in general imply other
equations, viz., all the relations holding in the relatively free lattices Fy (5)(X). It
is important to notice that while the proof of Birkho ’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 Fn(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 Fnp(5) is
unsolvable: there is no algorithm for determining whether p = q in Fpm(5). Christian
Herrmann [10] later showed that the word problem for Fn,(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 that holds in all finite modular lattices, but not
in all modular lattices.

Skipping to the third statement of Theorem 7.1, let VV be a variety, and let K be
the kernel of the natural homomorphism h : FL(X) - Fv(X) with h(x) = x for all
X  X. Then, of course, F\,(X) = FL(X)/k. We want to ask which congruences on
FL(X) arise in this way, i.e., for which 8 Con FL(X) is FL(X)/0 relatively free?
To answer this, we need a couple of definitions.

An endomorphism of a lattice L is a homomorphism f : L - L. The set of
endomorphisms of L forms a semigroup End L 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,...,Xn) = p(F(X1),...,F(Xn)) for any lattice term p. In particular,
an endomorphism f of FL(X) corresponds to a substitution x; — f(X;) of elements
for the generators.

A congruence relation 8 is fully invariant if (X,y) 8 implies (F(X),f(y)) 6 for
every endomorphism T of L. The fully invariant congruences of L can be thought
of as the congruence relations of the algebra L = (L, , ,{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 Birkho [4].

Theorem 7.2. FL(X)/0 is relatively freely generated by {x6 : 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(x) = x for
all x X. Then h(p) = h(qg) if and only if V satisfies p = g (as in the Sublemma).

2|If 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 F\,(X) is solvable. This
result is due to A. I. Malcev for groups; see T. Evans [7].
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Hence, for any endomorphism f and elements p, ¢ FL(X), if h(p) = h(qg) then

hf(p) = h(F(p(X1, ..., Xn))) = h(P(F(x1), ..., F(xn)))
= h(q(f(Xl), . ,f(Xn)))
= h(f(q(Xq,...,%n))) = hf(q)

so that (F(p),f(q)) kerh. Thus the congruence ker h is fully invariant.

Conversely, assume that 8 is a fully invariant congruence on FL(X). If 6 =
lcon FL(x), then 8 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 Kk :
FL(X) - FL(X)/8 be the canonical homomorphism with kerk = 6. Let V be the
variety determined by the set of equations ~ = {p =09 :(p,q) 0}. To show that
FL(X)/8 is V-freely generated by {x8 : x X}, we must verify that

(1) FL(X)/6 V, and
(2) it M  V and hg: X - M, then there is a homomorphism h : FL(X)/6 -
M such that h(x8) = hg(X), i.e., hk(X) = ho(x) for all x X.

For (1), we must show that the lattice FL(X)/8 satisfies every equation of Z, i.e.,
that if p(X1,...,%Xn) 0 g(X1,...,Xn) and wq,...,w, are elements of FL(X), then
pP(Wq,...,Wn) 8 g(wyg,...,wn). Since there is an endomorphism f of FL(X) with
T(xj) = w; for all i, this follows from the fact that 0 is fully invariant.

To prove (2), let g : FL(X) - M be the homomorphism such that g(x) = hg(X)
for all x  X. Since M is in V, g(p) = g(q) whenever p = q is in Z, and thus
B = kerk < kerg. By the Second Isomorphism Theorem, there is a homomorphism
h: FL(X)/6 - M such that hk = g, as desired.

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\ that is 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 (X) 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) SP(K)
PH(K) HP(K)

SH(K)  HS(K).
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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 6). The many advantages of this point of view will soon become apparent.

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 L is a subdirect product of sub-
directly irreducible lattices L/¢ with ¢ 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 F\,(X), being a subdirect
product of subdirectly irreducible lattices F\,(X)/¢ in V, is a subdirect product of
lattices in K. Hence F,(X) KandV 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
Jonsson, requires that we once again venture into the world of logic.

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

11 F,

(2) X,y F impliesx y F,

(3) z=x F impliesz F.

Forany x L, the set 1 x is called a principal filter. As an example of a nonprincipal
filter, in the lattice P(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 Lj (i 1) be lattices, and let F be a filter on the lattice of subsets P(l). We
define an equivalence relation =g on the direct product ; , L; by

xseyif{i 1:xj=vyi} F.

A routine check shows that =g 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 maximal with respect to the properties F Ganda G.

(2) A proper filter U on P(1) is an ultrafilter if and only if for every A 1,
either A Uorl—A U.

(3) If U is an ultrafilter on P(1), then its complement P(l) — U is a maximal
proper ideal.

(4) If U is an ultrafilter and A; -+ 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.
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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
suchthat AnB = ,i.e.,, B | —A. ForifF isafilter and A is a subset of | with
the property that A/ F and AnB = forall B F, then the filter G generated
by F {A} does not contain , and G F properly. Thus U is an ultrafilter if
and only if A / U implies 1 —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, then it contains a singleton {ig}, and hence is principal with
U=1{ig}={A 1:ip A} Conversely, if U is a principal ultrafilter 1+ S, 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 P(l).

Proof. Apply Lemma 7.5(1) with L = P(l), F the filter of all complements of finite
subsets of I, and a =

If F is a filter on P(l), the quotient lattice ; , L;/=g is called a reduced
product. If U is an ultrafilter, then ; | Li/ =y 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 with members denoted x,vy, z, ...,
(2) equations p =q with p,q W (X),

(3) logical connectives and, or, and —,

(4) quantifiers x and x forall x X.

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

(1) Every equationp=gqisaw .

(2) If aand B are w s, then so are (—a), (a and B) and (a or B).

(3) Ifyisaw andx X, then ( xy) and ( xy) are w Ss.

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

Now let L be a lattice, let h : W(X) - L be a homomorphism, and let ¢ be a
well formed formula. We say that the pair (L, h) models ¢, written symbolically as
(L, h) E ¢, according to the following recursive definition. By way of notation, for
g:W(X) - LandY X, g|y denotes the restriction of g to Y.

(1) (L,h) Ep=gifh(p) =h(q), i.e., if p(h(x1),...,h(xn)) = q(h(x1), ..., h(Xn)).

(2) (L,h) E (=a) if (L, h) does not model a (written (L, h) E a).

(3) (L,h) E (o and B) if (L, h) £ a and (L, h) = B.
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4 (L,h) E(aorp)if(L,h) Eaor (L, h) EB (or both).

(5) (L,h) F ( xy)if (L,g) F v for every g such that g|x—g = hlx—gg-

(6) (L,h) F ( xy)if (L,g) Fy for some g such that g|x—gg = hlx—fg-
Finally, L satisfies ¢ if (L, h) models ¢ for every homomorphism h : W (X) - L.

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

(1) For an equation, Fp~q is the set of all variables that actually appear in p or
q.

2) Foq =Fq.

) Faand B = Fa F|3-

(4) Faorg =Fa Fg.

() F xa = Fa —{X}.

(6) F xa = Fa—{X}.
A first order sentence is a well formed formula ¢ such that Fg is empty, i.e., no
variable occurs freely in ¢. It is not hard to show inductively that, for a given
lattice L and any well formed formula ¢, whether or not (L, h) = ¢ is true depends
only on the values of h|g,, i.e., if g|lr, = hlr,, then (L,g) E¢ i (L,h) F ¢. Soif
¢ is a sentence, then either L satisfies ¢ or L satisfies —¢.

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 g = q. Likewise, the logical
connective = is omitted because (a = ) 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 x¢ is equivalent to = x(=¢).

Secondly, for any well formed formula ¢, a lattice L satisfies ¢ if and only if it
satisfies the sentence X;, ... X; ¢ 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) L satisfies p =q.
(2) L satisfies the semidistributive laws (SD ) and (SD ).
(3) L satisfies Whitman’s condition (W).
(4) L has width 7.
(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
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these. The sort of things that 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.

Now we are in a position to state for lattices the fundamental theorem about
ultraproducts, due to J. Los in 1955 [14].

Theorem 7.6. Let ¢ be a first order lattice sentence, L (i 1) lattices, and U
an ultrafilter on P(I). Then the ultraproduct ; | Li/ =y satisfies ¢ if and only if
{i |:L; satisfies ¢} is in U.

Corollary. If each L; satisfies ¢, then so does the ultraproduct ; , Li/=y.
Proof. Suppose we have a collection of lattices L (i 1) and an ultrafilter U
on P(l). The elements of the ultraproduct ; , Li/=y are equivalence classes
of elements of the direct product. Let pu : Li - Li/ =y be the canonical

homomorphism, and let m; : L; - Lj denote the projection map. We will prove
the following claim, which includes Theorem 7.6.

Claim. Let h: W(X) - ; , L; be a homomorphism, and let ¢ be a well formed
formula. Then ( Li/=y,ph) ¢ ifandonly if {i 1 :(L;,mih) E¢} U.

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

Note that for a,b L; we have u(a) = u(b) if and only if {i : mij(a) = m;(b)}
U. Thus, for an equation p = g, we have

( Li/=u,ph)Ep=q i ph(p) = ph()
i {i:mh(p) =mh@3} U
i {i:(Li,mh)Fp=q} U.

For a conjunction aand B, using AnB Ui A UandB U, we have

( Li/=yph)Faandfi ( Li/=y,ph)Faand( Li/=y,uh)Fp

i {i:(Lj,mhyFEa} Uandd{i:(Lj,mh)ER} U
i {i:(Lj,mjh)FaandB} U.
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For a negation —a, using the factthat A Ui | —A /U, we have

( Li/=uuh)F-a i ( Li/=uuh)Fa
i {i:(Li,mh)Ea}/U
I {:(L,mh)Fa}y U
i {: (Lj,T[jh) E-a} U

Finally, we consider the case when ¢ has the form xy. First, assume A = {i :
(Li,mih) E xy} U,andletg: W(X) - L; be a homomorphism such that
MOlx—{x3 = Mh|x—gx3. This means that for each y X — {x}, the set By = {j :
mg(y) = mjh(y)} U. Since F is a finite set and U is closed under intersection,
it follows that B = y Ey—O3 By = {j : mja(y) = mjh(y) forally F, —{x}}
U. Therefore An B = {i: (Li,mih) F Xy and miglr,—3 = Mible,—pa} U
Hence {i : (Lj,mig) F vy} U, and so by induction ( Lj/=y,g) E y. Thus
( Li/=y,uh) E xy, as desired.

Conversely, suppose A = {i : (L;j,mih) E xy} /7 U. Then the complement

I-A={j:(L;,mjh) F xy} U. Foreachj I —A, thereis a homomorphism
gj - W(X) - Lj such that gj|x—f3 = Mjhlx—gg and (Lj,0;) F y. Letg:
W(X) - L; be a homomorphism such that mjg = g; forall j 1 —A. Then

HOlx -3 = Mhlx—gg but (- Li/=y,pg) Fy. Thus ( Li/ =y, ph) F xy.
This completes the proof of Lemma 7.6.

To our operators H, S and P let us add a fourth: Py (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 L HSP(K), then L HSP(K).

Proof. Now L HSP(K) means that there are lattices Kij K (i 1), a sublattice
S of ; ,Kj, and a surjective homomorphism h : S L. If we also assume that
L is finitely subdirectly irreducible (this su ces), then ker h is meet irreducible in
Con S. Since Con S is distributive, this makes ker h meet prime, i.e., ¢ W < kerh
implies ¢ < ker h or ¢ < ker h.

For any J I, let my be the kernel of the projection of S onto i 1Ki- Thus
fora,b Swehaveamn;bi a =bhb; forallj J. Notethat H J implies
My <Ty,and thatm; k =1y Tk.

Let H={J 1 :my < kerh}. By the preceding observations,

() 1 Hand /H,

(2) H is an order filter in P(1),

3)J K Himpliesd Hor K H.
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However, H need not be a (lattice) filter. Let us therefore consider
Q={F P():Fisafilteron P(1)and F 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 | such that A and | — A are both
not in U. By the maximality of U, this means that there exists a subset X U
such that An X / H. Similarly, thereisaY U such that (I —A)nY / H. Let
Z=XnY. Then Z U, and hence Z H. However, AnZ A n X, whence
AnZ / Hby (2) above. Likewise (I —A)nZ / H. But

(AnZ) (I1-A)nZ)=Z H,

contradicting (3). Thus U is an ultrafilter.

Now =y Con K;j, and its restriction is a congruence on S. Moreover, S/ =
is (isomorphic to) a sublattice of K;/=y. If a, b are any pair of elements of S
suchthata=y b,thenJ ={i:aj =hj} U. Thisimpliesd H andso mj < kerh,
whence h(a) = h(b). Thus the restriction of =y to S is below kerh, wherefore
L = h(S) is a homomorphic image of S/=y. We conclude that L HSP,(K).

The proof of Jonsson’s Lemma [12] uses the distributivity of Con L in a crucial
way, and its conclusion is not generally true for varieties of algebras that 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 P(1) andJ U. ThenV ={B J:B
U} is an ultrafilter on P(J), and i Lj/ =y is isomorphic to ; , Li/=u.

Proof. V is clearly a proper filter. Moreover, if A Jand A/V,thenl —A U
and hence J—A=Jn (1l —A) U. It follows by Lemma 7.5(2) that V is an
ultrafilter.

The projection p; : ; , L i alLi is a surjective homomorphism. As A n
J Uifandonlyif A U, itinduces a (well defined) isomorphism of ; | Li/ =y
onto ; ;Lj/=v.

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

J.

Proof. By Jonsson’s Lemma, L is a homomorphic image of a sublattice of an ultra-

product ; , Li/=y with each L; isomorphic to one of Ky,...,Kn. Let A; = {i

I :Li =Kj} AsA; -+ Ap =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 P(A;) such that
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the original ultraproduct is isomorphic to |, 5, Lk/=v, wherein each L = K.
However, for any finite lattice K there is a first order sentence ¢ such that a lattice
M satisfies ¢ if and only if M = K. Therefore, by Los’ Theorem, Aj L/ =v
is isomorphic to Kj. Hence L  HS(Kj), as claimed.

Since a variety is determined by its subdirectly irreducible members, we have the
following consequence.

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

Note that HSP({Kq,...,Kn}) = HSP(K; % --- x K,), so w.l.o.g. we can talk
about the variety generated by a single finite lattice. The author has shown that
the converse of the Corollary is false [18]: 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.

There are many other consequences of Jonsson’s Lemma, especially for varieties
of modular lattices. Many contributors combined to develop an elegant theory of
lattice varieties, which we will not attempt to survey. The standard reference on
the subject is the book of Peter Jipsen and Henry Rose [11].

Let us call a variety V finitely based if V =V (Z) for some finite set of equations
2. These are just the varieties that are dually compact in the lattice A of lattice
varieties. Ralph McKenzie [15] 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 [19]), and likewise the variety generated by a finite
ring (R. Kruse [13]). See R. McKenzie [16] for a common generalization of these
finite basis theorems. There are many natural examples of finite algebras that do
not generate a finitely based variety; see, e.g., G. McNulty [17]. A good survey of
finite basis results is R. Willard [20].

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

If V is a lattice variety, let Vg 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 (V  W)si = Vsi Ws;.
Corollary. A is distributive.

Theorem 7.11 does not extend to infinite joins. For example, finite lattices gen-
erate the variety of all lattices (see Exercise 6) but there are infinite subdirectly
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irreducible lattices. 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 I (L) of ideals of L. An elementary argument
shows that the map x - | x embeds L into I(L). A classic theorem of Garrett
Birkho [4] says that I (L) satisfies every identity satisfied by L, i.e., (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 1 (L) HSPy(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 a lattice and V a lattice variety. Show that there is a unique minimum
congruence pv on L such that L/py V.

3. (a) Prove that if L is a subdirectly irreducible lattice, then HSP(L) is (finitely)
join irreducible in the lattice A of lattice varieties.

(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 P(l), then =g is a congruence relationon ; , L;.

5. (a) Show that if F is a filter on P(l), then F is the intersection of the
ultrafilters U such that U F.

(b) Then prove that the congruence =g on ; , L; is the intersection of congru-
ences =y with U an ultrafilter.

(c) Conclude that the reduced product ; , L;/ =g is a subdirect product of
ultraproducts ; , L/ =y.

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

The standard solution to Exercise 6 involves lattices which turn out to be lower
bounded (see Exercise 11 of Chapter 6). Hence they satisfy SD , 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 M3
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.

7. Give a first order sentence characterizing each of the following properties of a
lattice L (i.e., L has the property i L E ¢).
(a) L has a least element.
(b) L is atomic.
(c) L is strongly atomic.
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(d) L is weakly atomic.
(e) L has no covering relations.

8. A lattice L has breadth n if L contains n elements whose join is irredundant,

but every join of n + 1 elements of L is redundant.

is

th

10.

11.

12.

13.
14.

15.
16.

17.

18
19

(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 L and its dual LY have the same breadth.

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

10. Prove Theorem 7.11.

11. Prove that I (L) is distributive if and only if L is distributive. Similarly, show
at 1 (L) is modular if and only if L is modular.
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8. Distributive Lattices

Every 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 F\,/(n) is finite for every
integer n > 0.

Theorem 8.1. If L is a finite lattice and VV = HSP(L), then
IFv ()] < L™,

Hence HSP(L) is locally finite.

Proof. If K is any collection of lattices and VV = HSP(K), then F\,(X) = FL(X)/6
where 8 is the intersection of all homomorphism kernels ker ¥ such that f : FL(X) -
L forsome L K. (This is the technical way of saying that FL(X)/8 satisfies exactly
the equations that hold in every member of K.) When K consists of a single finite
lattice {L} and |X| = n, then there are |L|" distinct mappings of X into L, and
hence |L|" distinct homomorphisms f; : FL(X) - L (1 <i < |L|™).! The range
of each f;j is a sublattice of L. Hence F\,(X) = FL(X)/8 with 8 = Kker f; means
that F\,(X) is a subdirect product of |L|" sublattices of L, and so a sublattice of
the direct product ;_;_y,;n L = LI'I", making its cardinality at most [L|I"

It is sometimes useful to view this argument constructively: F\,(X) is the sub-
lattice of LI-I" generated by the vectors X (x  X) with X; = fi(x) for 1 < i < |L|".

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.

1The kernels of distinct homomorphisms need not be distinct, of course, but that is okay.
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Lemma 8.2. The following lattice equations are equivalent.
M x y )= y) (x 2)
@ x (y )= y) (x 2)
B x vy x 2y 2)=Kx vy x 2) ¢ 2

Thus each of these equations determines the variety D of all distributive lattices.

Proof. If (1) holds in a lattice L, then for any X, y, z L we have

x y) x 2)=[x y) x [x y) zZ]
=x x 25 ( 2
=x (y 2

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 L. Making the
substitution y — x vy, we see that (3) implies that

x (x y) 9= vy) x 2)

which is the modular law, so L must be modular. Now for arbitrary X, y, z in L,
meet x with both sides of (3) and then use modularity to obtain

x (y 7)=x [x y) x 239 (y 2)]
=x y) x 29 Xy 2
=x y) x 2

sincex=(x y) (X 2z). Thus (3) implies (1).

(Note that we have shown that (3) is equivalent to (1). Since (3) is self-dual, t
follows that (3) is equivalent to (2). The first argument, that (1) is equivalent to
(2), is redundant!)

In the first Corollary of the next chapter, we will see that a lattice is distributive
if and only if it contains neither Ns 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 : L 2 should yield the following
conclusions. By a proper ideal or filter, we mean one that is neither empty nor the
whole lattice.

Lemma 8.3. LetL he alatticeandh:L 2 = {0, 1} a surjective homomorphism.
Then h™1(0) is a proper ideal of L, and h—1(1) is a proper filter, and L is the disjoint
union of h=1(0) and h=1(1).
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Conversely, if 1 is a proper ideal of L and F a proper filter such that L =1 F
(disjoint union), then the map h: L - 2 given by

0 ifx I,

h —
CO="1 x F

is 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 | of a lattice L is said to be prime if x y | implies
X lory 1. Dually, a proper filter F is prime if x 'y F impliesx F or
y F. It is straightforward that the complement of an ideal | is a filteri I is a
prime ideal i 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 leta b in D. Then there exists
a prime filter F witha Fandb/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 x / M,
the filter generated by x and M must contain b, whence b=x m for somem M.
Suppose X,y / M, withsayb=x mandb=y nwherem, n M. Then by
distributivity

b=(x m) (y n=x y) x n (m y) (m n).
The last three terms are in M, so we must have x y / M. Thus M is a prime

filter.

Now let D be any distributive lattice, and let T, = {& Con D : D/¢ = 2}.
Theorem 8.4 says that if a = b in D, then there exists ¢ Tp with (a,b) /7 ¢,
whence Tp =0in 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

ox)={F S:x F}
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is 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<x yimpliesp<xorp=<y. Ina finite lattice, prime filters are necessarily of
the form tp where p is a join prime element.

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) Every element a D has a unique irredundant join decomposition a= A
with A J(D).

Proof. In a distributive lattice, every join irreducible element is join prime, because
psx yisthesameasp=p X y)=FE X)) (p V).

For any finite lattice, themap ¢ : L — O(J(L)) given by @¢(x) =i x 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 | is an order ideal of J(D), then forp J(D) we have by (1) thatp< 1
p I,and hencel =@( ).

The join decomposition of (3) is then obtained by taking A to be the set of
maximal elements of ta n J(D).

It is clear that the same proof works if D is an algebraic distributive lattice
whose compact elements satisfy the DCC, so that there are enough join irreducibles
to separate elements. In Lemma 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 ={X1,...,Xn}. 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; = X;,

Xi.. Another easy argument shows that the meet of a nonempty proper subset
of the generators is join prime in Fp(X); note that =1land X =0 do not
count. (See Exercise 3). Thus the set of join irreducible elements of Fp(X) is
isomorphic to the ordered set of nonempty, proper subsets of X, ordered by reverse
set inclusion, 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 [7] 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 [12]). While there exist more accurate expressions, the
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X'y X z y z

J(Fp(3)) Figure 8.1 Fpo(3)

simplest estimate is an asymptotic formula due to D. J. Kleitman:

n

log, [Foml

The representation by sets of Theorem 8.5 does not preserve infinite joins and
meets. The corresponding characterization of complete distributive lattices that
have a complete representation as a lattice of subsets is derived from work of Alfred
Tarski and S. Papert [11], and was surely known to both of them. An element p of
a complete lattice L is said to be completely join prime if p< X implies p < x
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 x <y in D implies there exists a
completely join prime element pwithp<=x and p=<y.

Thus, for example, the interval [0, 1] in the real numbers is a complete distributive
lattice that 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
ifa b=0anda b= 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
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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 di erent example, the finite and cofinite subsets of an infinite set form
a Boolean algebra.

If we regard Boolean algebras as algebras B = B, , ,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 = {Xy,...,Xn}, then FBA(X) has 2" atoms, viz., all meets
Z1 ... Zn Where each z; is either x; or x{. Thus in this case FBA(X) = P(A)
where |A] = 2". On the other hand, if X is infinite then FBA(X) has no atoms;
if | X|] = o, 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 [15]. Recall that a topological space is totally disconnected if for every pair
of distinct points X, y there is a clopen set V withx V andy /V.

Theorem 8.8. Every Boolean algebra is isomorphic to the Boolean algebra of clopen
subsets of a compact totally disconnected (Hausdor ) 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 F, be the set of all prime filters of B, and
for x B let

Ve ={F Fy:x F}L

The sets V, will form a basis for the Stone topology on Fp,.
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 F, suchthat G F and x / F.

Next we establish the basic properties of the sets Vy, all of which are easy to
prove.

1) Vx VWi x=y.

(2) Vx nVy =Vy y.

() Vx Vy =Vyxy.

(4) If B has a least element 0, then Vo = . ThusVy nVy = i x y=0.

(5) If B has a greatest element 1, then V,; = F,. ThusV, Vy=Fp,i x y=1
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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 | g Vx = Fp,
so we can legitimately take {Vx : X B} as a basis for a topology on Fp.

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

Sublemma.

Sublemma B. If B has a greatest element 1 and , ¢ Vx = F, then there exists
a finite subset T S suchthat T =1, and hence , ; Vyx =Fp.

Proof. Setlo={ T :T S, T finite}. If 1 / Iy, then Iy generates an ideal | of
B with 1 /7 1. 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 / | S Vy, else
z Kiforsomez S,whilstz 1y B — K. This contradicts our hypothesis, so
we must have 1 g, 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 x¢ denote the complement of
x in B.

First, note that by properties (4) and (5) above, Vx nVye = and Vx Vye = Fp.
Thus each set Vi (x B) is clopen. On the other hand, let W be a clopen set. As
itisopen, W = | oVyforsomesetS B. But W is also a closed subset of the
compact space Fp, and hence compact. Thus W = |V, =V 1 for some finite
T S. Therefore W is a clopen subset of Fy, if and only if W =V, for some x B.

It remains to show that F, is totally disconnected (which makes it Hausdor ).
Let F and G be distinct prime filters on B, withsay F  G. Letx F —G. Then
F Vg and G / Vg, so that Vyx is a clopen set containing F and not G.

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 [6].

In 1880, C. S. Peirce proved that every lattice with the property that each element
b has a unique complement b , with the additional property that a b = 0 implies
a < b, must be distributive, and hence a Boolean algebra. After a good deal
of confusion over the axioms of Boolean algebra, the proof was given in a 1904
paper of E. V. Huntington [10]. Huntington then asked whether every uniquely
complemented lattice must be distributive. It turns out that if we assume almost
any additional finiteness condition on a uniquely complemented lattice, then it must
indeed be distributive. As an example, there is the following theorem of Garrett
Birkho and Morgan Ward [5].

Theorem 8.9. Every 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, due to Bandelt and Padmanabhan [4],
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and upper continuity, due independently to Bandelt [3] and SaliT [13], [14]. A mono-
graph written by SaliT [16] gives an excellent survey of results of this type.

Nonetheless, Huntington’s conjecture is very far from true. In 1945, R. P. Dil-
worth [8] proved that every lattice can be embedded in a uniquely complemented
lattice. This result has likewise been strengthened in various ways. See the surveys
of Mick Adams [1] and George Grdtzer [9].

The standard book for distributive lattices is by R. Balbes and Ph. Dwinger [2].
Though somewhat dated, it contains much of interest.

Exercises for Chapter 8

1. Show that a lattice L is distributive if and only if x (y 2)<y (x 2z) for
all x,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.

3. These are the details of the construction of the free distributive lattice given
in the text. Let X be a finite set.

(a) Letd denote the kernel of the natural homomorphism from FL(X) Fp(X)
with X - X. Thusudovi u(Xg,...,Xn) =V(Xg,...,Xn) 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 d w . (Show that the set of all such elements
w is a sublattice of FL(X) containing the generators.)

(b) Let L be any lattice generated by a set X, and let Y  X. Show that
forallw L,eitherw= Y orw=s (X-Y).

(c) Show that Y (X —=Y) in Fp(X) by exhibiting a homomorphism
h:Fp(X) - 2withh( Y) h( (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

(@) {Xo,X1,Yo,Yy1} With Xo < X1 and yo <y,

(b) {Xo,X1,X2,¥} with Xg < X1 < X>.

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

6. Let D be a distributive lattice with 0 and 1, and let x and y be complements
in D. Prove that D =t x x 1ty. (Dually, D =1 x x 1y;in fact, 1 x =1y and
1y =1 X. This explains why Con L; < L, = 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 x of D, letk(X) = {y D:y x}. Then
K(x) is meet irreducible and k(x) Xx.
(b) Foreach x J(D), D =1x IK(X).
(c) The map k: J(D) - M(D) is an order isomorphism.
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8. A join semilattice with 0 is distributive if x <y z implies there existy <y
and z <z such that x =y z. Prove that an algebraic lattice is distributive if
and only if its compact elements form a distributive semilattice.

9. Find an infinite distributive law that holds in every algebraic distributive
lattice. Show that this may fail in a complete distributive lattice.

10. Prove Theorem 8.7.

11. Prove Peirce’s theorem: If a lattice L with 0 and 1 has a complementation
operation such that

Db b =0andb b =1,

(2) a b=0impliesa<b,

)b =b,
then L is a Boolean algebra.

12. Prove Papert’s characterization of lattices of closed sets of a topological space
[11]: 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 Xx <y in D implies there exists a (finitely)
join prime element pwithp<=xand p<vy.
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9. Modular and Semimodular 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 [5].

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 Ns as a sublattice. Conversely,
suppose L is a nonmodular lattice. Then there exist x >y and z in L such that
X (y z)=y (X z). Now the lattice freely generated by X, y, z with x =y is
shown in Figure 9.1; you should verify that it is correct. The elements x (y 2),
y (X 2),z,x zandy z form a pentagon there, and likewise in L. Since the
pentagon is subdirectly irreducible and x (y z)/y (x 2z)is the critical quotient,
these five elements are distinct.

Birkho [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

M. Conversely, let L be a nondistributive modular lattice. Then, by Lemma 8.2,

thereexist X, y,zinLsuchthat(x y) (x z) (y z2)>(Xx y) (X z2) (v 2).

Now the free modular lattice Fy,(3) is diagrammed in Figure 9.2; again you should
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X y z
X (y 2)
z
y (x 2)
y X z
y z

Figure 9.1: FL(2+1)

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

X ¢v 21 ¢ 9=x ¢ 2] ¢ 2
y x 21 x )=y (x 2] (x 2)
[z x Y] x )= x yl x Y

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

x ¢ 291 v 9 Iy x 2] x =[x (v 2] vy (x 2)]
=[x v 2) vyl x 2)
=xy) x 2) (v 2.

Symmetrically, the other pairs of elements also jointo (x y) (x z) (y 2).
Since the second expression for each element is dual to the first, each pair of these
three elements meetsto (x y) (X z) (y 2z). Because the diamond is simple, the
five elements will be distinct, and hence form a sublattice isomorphic to Ms.

1Recall from Chapter 7, though, that Fnq(n) is infinite and has an unsolvable word problem
for n = 4.
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Figure 9.2: Fm(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
N\ 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(Ns) 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(Ns) and HSP(M53)
are covered by their join HSP{Ns, M3} = HSP(N5s < M3). George Gratzer and
Bjarni Jonsson ([8], [11]) showed that HSP(MJ3) has two additional covers, and
Jonsson and lvan Rival [12] proved that HSP(N5s) has exactly fifteen other covers,
each generated by a finite subdirectly irreducible lattice. You are encouraged to
try and find these covers. Because of Jonsson’s Lemma, it is never hard to tell if
HSP(K) covers HSP(L) when K and L 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;
see [16].
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Now we return to modular lattices. For any two elements a, b in a lattice L there
are natural maps 45 : (@ h)/b - a/(a b)andwv,:a/(a b) - (a b)/bgiven by

Ha(X) =X a
W(X) =X b

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 p, and v, are
mutually inverse isomorphisms, whence (a b)/b = a/(a b).

Proof. Clearly, ua and vy, are order preserving. They are mutually inverse maps by
modularity: for if x (a b)/b, then

VpHa(X) =b (@ x)=(0 a) x=Xx

and, dually, pavp(y) =y forally a/(a h).
Corollary. In a modular lattice, a a bifandonlyifa 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 A B, then
the quotient groups A/A B and A B/B are isomorphic.

A lattice L is said to be semimodular (or upper semimodular) ifa a b implies
a b binL. Equivalently, L is semimodular ifu v impliessu x v X, 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 that is both upper and lower semimodular is
modular. (See Theorem 3.7 of [3]; you are asked to prove the finite dimensional
version of this in Exercise 3.)

Dedekind proved in his seminal paper of 1900 that every maximal chain in a finite
dimensional modular lattice has the same length. The proof extends naturally to
semimodular lattices.

Theorem 9.4. Let L be a semimodular lattice and let a < b in L. If there is a
finite maximal 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=a a -+ an=h

Ifn=1,ie.,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.
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Let C be another maximal chain in b/a. If, perchance,c=a; forallc 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.

Thus we may assume that there is an element d C — {a} such thatd a;.
Moreover, since b/a; has finite length, we can choose d such that d a; is minimal,
ie,e a;=d a;foralle C—{a}. Wecanshow thatd a as follows. Suppose
not. Thend >e > a for some e L; since C is a maximal chain containing a and
d, we can choosee C. Nowa; a=d a; =e a;. Hence by semimodularity
d a; dande a; e. Butthe choice of d impliese a;=d a; d=>eg,
contradicting the second covering relation. Therefored a.

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

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

0X)=n if 0=c¢g ¢ -+ Ch=X

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) 9(0) =0,

(2) x>y implies 3(x) = d(y),

(3) x vy implies 38(x) =o(y) + 1,

(4) 3(x y)+o(x y)=0(x)+d(y).
Conversely, if L is a lattice that 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 L 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 x
and y be elements of L, and consider the join map vy : y/(X y) - (X y)/x defined
by vx(z) =z x. Recall that, by semimodularity, u vimpliessu x v X. Hence
vy takes maximal chains in y/(x y) to maximal chains in (x y)/X. So the length
of (x y)/x is at most that of y/(x ), i.e.,

0(x y) —3(x) =0o(y) —d(x )

which establishes the desired inequality.
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Conversely, suppose L is a lattice that admits a function 4 satisfying (1)-(4). Note
that, by (2), 3(x) = 6(z) +2 whenever X >y > z; hence if x = z and 3(x) = 4(z) +1,
then x  z.

To establish semimodularity, assume a a b in L. By (3) we have 3(a) =
0(a b)+1, and so by (4)

0(@ b)+d(@ bh)=d()+aob)
=d(a h)+1+3(h)

whence 6(a b)<d(b)+1. Asa b>b,infacté(a b)=93(b)+1landa b b,
as desired.

Foranya L,ifa=ax > ak—1>--->agisany chainin | a, then 3(a;) >
d(aj—1) so k = d(a). Thus every chain in | a has length at most d(a).

For modular lattices, the map Lk 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) 3(0) =0,

(2) x>y implies 3(x) = d(y),

(3) 3a(x y)+o(x y)=0(x)+o(y).
Conversely, if L is a lattice that 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.

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
c/difa d=canda d=b We then say that c/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 L that contains all transposed pairs x/(x y),(X y)/y .
Thus a/b is projective to c/d if and only if there exists a sequence of quotients

20ne standard trick to construct semimodular lattices is to take a finite dimensional modular
lattice L, of dimension n say, so that (1) = n. Choose an integer k < n, and remove all elements
X L with k = 4(x) < n. (Alternatively, take the join semilattice congruence collapsing all these
elements to 1.) The result is a semimodular lattice L of dimension k. The lattice in Figure 9.3 was
obtained by applying this method to the lattice of subsets of a four element set. See Exercise 1 of
Chapter 11.
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Figure 9.3

a/b = apg/bg,a1/by,...,an/by = c/d such that aj/b; and aj+1/bj+; are transposes
(up or down).

The strengthened version of Theorem 9.4 goes thusly. This can be (and was
originally) obtained by a slight extension of Dedekind’s arguments. The proof given
here is due to George Griatzer and the author [9].

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

0= Co C1 e Ch = 1
0=dg o} . dr, =1
Then there is a permutation 1 of the set {1,...,n} such that cj/cj—; is projective

in two steps (up-down) to dpiy/driy—1 for all i.

Proof. Again, the proof is by induction on the length n. The statement is obvious
for n < 2, so assume n > 2. The argument is illustrated in Figure 9.4.
Let k be the largest integer withc;  dg, notingk < n. If k =0, thenc,; = d; and
the statement follows by the induction hypothesis. So we can assume that k > 0.
ForO=j<n,lete; =c; dj. Note that ep = c; and ex = €x+1 = dk+1, and
indeed e; = d; for j =k + 1. Now

C1 = 6€p e1 €k = ek+1 Ek+2 en:]_

is @ maximal chain in the interval 1/c;. By induction, there is an bijective map
o0:{2,...,n} - {1,...,k,k+2,...,n} such that, for i > 1, each interval c¢j/cj—;
is projective up to some prime interval u;/v; in L, which in turn projects down to
€o(iy/€ociy—1- FOr j =Kk, ej/ej—, projects down to dj/dj—1, while for j > k +1 we
have e;/ej—1 = dj/dj—1. Meanwhile, ¢1/0 projects up to dy+1/dx. So we may take
T to be the permutation with (i) = o(i) for i =1, and (1) =k + 1.
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dk+2

ek = & Ok+1

di

di—1

0
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}=Nog<N;<:---<Ng=6G

then every chief series of G has length k. Moreover, if
{1} =Ho<H;<:--<Hg=6G

is another chief series of G, then there is a permutation  of {1,...,k} such that

Hi/Hij—1 = Nn(i)/NT[(i)—l for all i.

A subgroup H is subnormal in a group G, written H G, if there is a chain in
Sub G,
H=Hy H; ... Hk=6G

with each Hj—; normal in H; (but H; need not be normal in G for j < k). Herman
Wielandt proved that the subnormal subgroups of a finite group form a lattice [20].

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

H=Hy H; ... HL=G
K=Ky K; ... K,=6G.
Then H n K; H n Kj+1, and so we have the series
HnK HnK; HnK, ..HnG=H H; ... 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 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

|G| <G,

(2 ifH<L G,thenL K G; likewise, if K <M G,thenH M G.
If there is a subnormal proper subgroup S of G that contains both H and K, then
H and K are subnormal subgroups of S (by the observation above). In that case,
H K S by the first assumption, whence H 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 H K=G6=H K.

Finally, if both H and K are normal in G, then so is H K. Thus we may assume
(by symmetry) that

(5) H is not normal in G, and hence H <H; <= Hyn—1 <G.
Now G is generated by the set union H; K by assumption (4), so we must have
X IHx=H forsome x H; K.ButH Hi, soktHk=H forsomek K.

However, k~1HKk is a subnormal subgroup of H,—1, because

k™*Hk k™*Hik ... k*Hm—1k =Hm—1

as Hm—1 G. Applying assumption (1) withG = Hpn—1, we find that H k~'Hk is a
subnormal subgroup of H,—1, and hence of G. Moreover, H <H k™ 'Hk<H K,
whence (H k™*Hk) K =H K. Using assumption (2) with L =H k™ tHK,
it follows that H K =L K is subnormal in G, as desired.

Finally, ifH K H in SN(G), then H H K: by the observation after the
first argument, H and H K both subnormaland H=H K makesH H K,
and since it is a covering relation in SN (G) thenH H K. Moreover, (H K)/H
is simple. By one of the group isomorphism theorems, K/(H K) is likewise simple,
so K H K. 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 Jordan-Holder structure
theorem for groups.
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Corollary. If a finite group G has a composition series of length n,
{1}=Ho H; ... H =6

then every composition series of G has length n. Moreover, if
{I}=Ko K; ... Kn=6

is another composition series for G, then there is a permutation m of {1,...,n} such
that Ki/Kj—1 = HT[(i)/HT[(i)—l for all i.

Historical note. The Jordan-Holder theorem provides a good example of the
interaction between groups and lattice theory, with a long history. For the interestd
reader, the primary references are, in order, Jordan [13], Holder [10], Dedekind [5],
Schreier [18], Zassenhaus [21], and Wielandt [20]. Secondary sources are Burnside
Chap. V [2], Zassenhaus Chap. I1.5 [22], and Birkho (1963 ed.) Chap. I11.7 [1].
Slick modern proofs are in Gratzer and Nation [9] and Czedli and Schmidt [4].

A finite decomposition of an element a L is an expression a = Q 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 di erent 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).

Theorem 9.9. If a is an element of a modular lattice and

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

is an irredundant decomposition.

Proof. Let a = Q = R be two irredundant finite decompositions (dropping
the subscripts temporarily). Fixq Q,andletg= (Q —{q}). By modularity,
g U/q=0/q T =0/a. Since q is meet irreducible in L, this implies that a is meet
irreducible in g/a. However, a =7 R= | g(@ r) takes place in g/a, so we
must have a=7q r forsomer R.

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

It remains to show that |Q| = |R|. Let Q = {qy,...,qm} say. By the first part,
there is an element r; R such thata = r, (Q —{aq:}) = R irredundantly.
Applying the argument to these two decompositions and g, there is an element
r, R such thata = r; (Q —{a41,02}) = R. Moreover, r; and rp
are distinct, for otherwise we would have a = r; (Q — {0g1,92}), contradicting
the irredundance of a = r; (Q — {g1}). Continuing, we can replace gz by an
element r3 of R, distinct from r; and r,, and so forth. After m steps, we obtain
a=ry - Im,whence R={ry,...,rm}. Thus |Q| =|R]|.

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

Theorem 9.10. If a is an element of a modular lattice anda= Q= R are
two irredundant finite decompositions of a, then for eachq Q thereisanr R
such that

a=r Q-{gh=a R—-{r}.

The proof of this, and much more on the general theory of decompositions in
lattices, can be found in Crawley and Dilworth [3]; see also Dilworth [7].

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 Birkho ’s Theorem. Consider,
for example, the chain C = (0 + 1)¢, the dual of w + 1. This satisfies the ACC, and
hence is algebraic. The least element of C is meet irreducible, but not completely
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 = Q is a finite,
irredundant decomposition into completely meet irreducible elements, and a = R
is another decomposition into meet irreducible elements, then there exists a finite
subset R 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
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sublattice of Con A. This subject is treated thoroughly in Chapter 5 of McKenzie,
McNulty and Taylor [15].

Let us close this section by mentioning a nice combinatorial result about finite
modular lattices, due to R. P. Dilworth [6].

Theorem 9.12. In a finite modular lattice L, let Ji (L) be the set of elements that
cover exactly k elements, and let My (L) be the set of elements that are covered by
exactly k elements. Then |Jx(L)| = [Mk(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. In fact, Joseph Kung proved
that in a finite modular lattice, there is a bijection m : J(L) {0} - M(L) {1}
such that x < m(x); see Kung [14] and Reuter [17].

We will return to modular lattices in Chapter 12. The standard reference for
semimodular lattices is the book by Manfred Stern [19].

Exercises for Chapter 9

1. (a) Prove that a lattice L is distributive if and only if it has the property that
a c=Db canda c=b cimplya=h.

(b) Show that L is modular if and only if, whenevera=bandc L,a c=b ¢
anda c=Db cimplya=h.

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.

() Lissemimodular: a a bimpliesa b bh.
(i) If aand b both cover a b, then a b covers both a and b.
(iii) If b and c are incomparable and b ¢ < a <, then there exists x such that
b c<x=sbanda=c (a Xx).

5. Let L be a finite length semimodular lattice, and let C be any maximal chain in
L. Prove that any congruence relation on L is uniquely determined by its restriction
to C. (Use Theorem 9.7) (George Grdtzer)

6. Let a and b be elements of a finite dimensional semimodular lattice, and let
w:al(a b) - (a b)/bbywv,(xX) =x b. Show that vy, is a join embedding, i.e.,
one-to-one and join-preserving.

7. (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.

8. Prove that every arguesian lattice is modular.

9. Let L be a lattice, and suppose there exist an ideal I and a filter F of L such
thatL=1 FandIlnF =

(a) Show that L is distributive if and only if both I and F are distributive.
109



(b) Show that L is modular if and only if both 1 and F are modular.

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

x (y @ x 9Y)=x @z ¢y & v).

11. Let C and D be two chains in a modular lattice L. Prove that C D generates
a distributive sublattice of L. (Bjarni Jonsson)

12. Let a and b be two elements in a modular lattice L such thata b = 0.
Prove that the sublattice generated by ta b is isomorphic to the direct product
tax b,

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

14. Let A= ; _ Z> be the direct product of countably many copies of the two
element group. Describe two decompositions of 0 in Sub A,say0 = Q= R,
such that |Q] = o and |R| =2 o°.
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10. Finite Lattices and their Congruence Lattices

If memories are all | sing
I’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 di erent 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 e cient 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
Jonsson, 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 L is isomorphic to
the lattice of order ideals O(J(L)), where J(L) is the ordered set of nonzero join
irreducible elements of L. This reflects the fact that join irreducible elements in a
distributive lattice are join prime. In a nondistributive lattice, we seek a modification
that 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 additional
e ort a larger class of lattices satisfying a strong finiteness condition. Recall that a
lattice L is principally chain finite if no principal ideal of L contains an infinite chain
(equivalently, every principal ideal | x 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 L, we say that X refines Y (written X Y ) if for each
X X there exists y Y with x < y. It is easy to see that the relation is a
quasiorder (reflexive and transitive), but not in general antisymmetric. Note X Y
implies X Y.

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

q J(L).

1For 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 J(L)andc (B —{b}) <awheneverc<b B. An equivalent way to write
this technically isthata= B minimallyifa= CandC B impliesB 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,ie, p< BandB AimpliessA B.

We define a binary relation D on J(L) as follows: p D q if there exists x L
suchthatp=qgq xbutp=<gq x. This relation will play an important role in our
analysis of the congruences of a principally chain finite lattice.3

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=<ainL, then there exists p J(L) withp<bandp<a.

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

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

Proof. (1) Since b < a and | b satisfies the DCC, the set {x 1b: x < a} has at
least one minimal element p. Because y < p impliesy <a foranyy L, we have
{y L:y<p}=p a<p,andhencep J(L)withp =p a.

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

Let B = {by,...,bc}. Using the DCC on | by, we can find ¢; < b, such that
t=cy by ... Dbk, butcy; cannot be replaced by any lower element: t>u b, ...bg
whenever u < ¢;. Now apply the same argument to b, and {c.,b,,...,bc}. After
k such steps we obtain a join cover C that 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 t, and hence has a minimal join expression. Choose a minimal join expression
Ec for each ¢ C. It is not hard to check that E = _ - E¢ is a minimal join
expression fort,and E  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 Asuchthatu< 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 = q, 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 = . ¢ Ec exactly as before. Then E will be a minimal join cover of u, and again
E C B A

(3) AssumepDag,andlet x Lbesuchthatp=q xbutp=sqg X By (2),
we can find a minimal join cover A of pwith A {q,x}. Sincep<qg X, we must
have ¢ 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}).

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.
ForS J(L), let

rS)={p JL):p= F forsome finite F S}

It is easy to check that I is an algebraic closure operator. The compact (i.e.,
finitely generated) I'-closed sets are of the form '(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 C- of closed sets; however, for a principally chain finite
lattice L the compact closed sets actually form an ideal (and hence a sublattice) of
Cr. Forif S TI'(F) with F finite, then S | ( F), which satisfies the ACC. Hence
{ G:G S and G isfinite} has a largest element. So S = G for some finite
G S, from which it follows that '(S) = I'(G), and I'(S) is compact. In particular,
if L 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(L) :p =< x} is an isomorphism of L onto the lattice of compact I'-closed
subsets of J(L).

Proof. Note that if x = A is a minimal join expression, then @(x) = '(A), so ¢(x)
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 N'(F) = ¢( F)
for each finite F  J(L).

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
M-closed if and only if

(1) C is an order ideal of J(L), and
(2) if Ais a minimal join cover of p J(L)and A C,thenp C.
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Proof. It is easy to see that I'-closed sets have these properties. Conversely, let
C J(L) satisfy (1) and (2). We want to show '(C) C. If p I(C), then
p< F for some finite subset F 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. 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(L) and the minimal join covers of elements of J(L). Hence,
by Theorem 10.2, L 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 L we can find J(L) 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 1 : Con G - N(G) given by t(6) ={x G :x01}
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 ¢ map Con L to
the lattice of subsets P(J(L)) by

c@®={p JML):pbp}
Then o is a one-to-one complete lattice homomorphism.

Proof. Clearly o is order preserving: 6 < () implies a(6) o(U).

To see that ¢ is one-to-one, assume 8 < (. Then there exists a pair of elements
a,b Lwitha<band (a,b) 6—. Since (a,b) Y, we also have (x,b) ¢
for any element x with x < a. Let p < b be minimal with respect to the property
p Y x implies x < a. We claim that p is join irreducible. If y1,...,y, < p, then for
each i there exists an x; such that yi y x; < a. Hence vyijy Xj<a,so Vyj<p.
Nowp=p bBp a=<p, implyingpbp ,ie,p oc(6). But (p,p) U because
p Ux<a for some x; thusp a({). Therefore a(8) o(y).

Itiseasy toseethat a( 8;) = a(6;) for any collection of congruences 6; (i 1).
Since o is order preserving, we have ¢(6;) o( 0;), and it remains to show that
a( 8i) a(8i).

If (p,p) Bi, then there exists a connecting sequence

P = Xo0i, X10i, X2... Xk—10i Xk =P .

Letyj=(Xj p) p. Thenyo=p,yk =p,andp <y; <pimpliesy; {p ,p}for
each j. Moreover, we have y;j—10i;yj for j = 1. There must exist a j with yj—; =p
and y; = p , whence p6j;p and p  a(8;;) 0(0i). 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  J(L). Then
S=0®) forsomeB ConLifandonlyif pDq S impliesp S.

Proof. Let S =0(8). Ifq S andpDgq, thenq8 g, and for some x L we have
p<q Xxbutp=sq Xx. Thus

p=p @ x)8p (@ x)<p.

HencepOp andp o(8)=S.

Conversely, assume we are given S J(L) satisfying the condition of the theorem.
Then we must produce a congruence relation 6 such that () = S. Let T =
J(L) — S, and note that T has the property thatq T whenever pDgandp T.
Define

X0yif IXnT =1ynT.

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 L generated by
T {0}

Three things should be clear: 8 is an equivalence relation; x 6 y impliesx z8y z;
and forp J(L),p06p ifandonlyifp T,ie.,p S. (The last statement will
imply that o(8) = S.) It remains to show that 8 respects joins.

Assume xBy,andletz L. Wewanttoshow (X z)nT (y z)nT,solet
p T andp<x z. Then there exists a minimal join cover Q of pwith Q  {Xx, z}.
Ifq Qandqg=z thenofcourseq=<y z. Otherwise q<x, andsincep T and
pDg (by Lemma 10.1(3)), we haveq T. Thusgq IXnT =lynT,soq<y<y z.
Itfollowsthatp= Q<y z. Thisshows | (X z)nT 1(y 2z)nT;bysymmetry,
they are equal. Hence x z08y z.

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(L), modulo which  is a partial
order, viz., p=qifandonlyifp gandqg p. If welet 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(QL).

Because the D relation is easy to determine, it is not hard to find Q. for a finite
lattice L. Hence this result provides a reasonably e cient 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 characterization.

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. Recall from Chapter 5 that
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Fred Wehrung has shown that there are distributive algebraic lattices that are not
isomorphic to the congruence lattice of any lattice. However, we can represent a
large class that includes all finite lattices.

Not every distributive algebraic lattice is isomorphic to O(P) for an ordered set
P. Indeed, those that are so 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) Every 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 1 is compact in O(P) if and only if it is finitely generated, i.e.,
l =ipy -+ Ipk for some pq,...,px P. Moreover, each |p; 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. Forifp< U, thenp< U for some
finite subset U 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
0(xX) =ix 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 L. We need to begin by
seeing how Q. can be recovered from Con L.

Theorem 10.7. Let L be a principally chain finite lattice. A congruence relation
B is join irreducible and compact in Con L if and only if 8 = con(p,p ) for some
p J. Moreover, for p,q J, we have con(q,q ) <con(p,p )i q p.

Proof. We want to use the representation Con L = O(Q.). Note that if Q is a
partially ordered set and I is an order ideal of Q, then I = |, 1 X, and, of course,
set union is the join operation in O(Q). Hence join irreducible compact ideals are
exactly those of the form | x for some x Q.

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

Proof. We must construct L with Q_ = 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® 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
{pi,qgk} C impliesp' C whenever p<gqin P and {i,j} = {0, 1}. Our lattice L
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 L and

p<p o~

whenever p<qin P. Thusp' D gki p=q. (This is where you want only one copy
of each maximal element). It remains to check that L is indeed a principally chain
finite lattice with Q,_ = P, as desired. The crucial observation is that the closure of
a finite set is finite. We will leave this verification to the reader.

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 Grdtzer 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 x y =a
and x y="h?

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 L is modular, andlet p D gwithp<qg Xbutp=sgq x
Using modularity, we have

@ (P x) x=@ x (P x=p

sog=p X. Ontheother hand,ifg=p X, we would have

p=p @ x)=p (P x)=p x p=p,

a contradiction. Henceq=p X, and gD p.
Now assume L is relatively complemented and p D g as above. Observe that
a join irreducible element in a relatively complemented lattice must be an atom.

4Thus a relatively complemented lattice with 0 and 1 is complemented, but otherwise it need
not be.
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Hencep =q =0,and given x suchthatp<q X,p X, we want to find y such
thatq<p yandg Vy.Sincex<p X=<=(qg X, wecan choosey to be a relative
complement of p x in the interval (q X)/x. Thenp y=p X y=q,andq Yy
for otherwise would imply p<y (p X) = X, a contradiction. Thus q D p.

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

A lattice is simple if |[L| > 1 and L has no proper nontrivial congruence relations,
i.e., Con L = 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 L (i 1) be a collec-
tion of lattices with 0. The direct sum  L; is the sublattice of the direct product
consisting of all elements that 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 q implies p = q. We
can write J(L) as a disjoint union of =-classes, J(L) = ; ,Aj. Let

Li={x L:x= F forsome finite F A;}.

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

The crucial technical detail is this: if p J(L), F J(L) is finite,and p= 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 musthave G F. Butp D g (and
hence p=g) for everyg G.

Now we can show that each L; is an ideal of L. Suppose y < x Lj. Then

x= F forsomeF Aj,andy = H for some minimal join expression H J(L).
By the preceding observation, H A;, and thusy L;.
Defineamapg:L - ; , Libyo(X) = (Xi)i 1, wherex; = 1x n A;j). 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)i = X; Vi. Itsu ces
to show that if p  J(L) and p =< (X V)i, then p < X; vy;. Since L; is an ideal,
we have p  A;. Furthermore, since p < x v, there is a minimal join cover F of p
refining {x,y}. Foreacht F,wehave f=xorf=<y,andpD f impliesf A;j;
hence f=xjorf<y;. Thusp=s F =X V;i.
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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]

(a) (b) ()
Figure 10.1
3. Leta= B be ajoin expression in a lattice L. Prove that the following two

properties (used to define minimality) really are equivalent.

(@ B J(L)andc (B —{b}) <awheneverc<b B.

(b)a= CandC B impliesB 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 g implies p = q.

6. Let L be a principally chain finite lattice, and p J(L). Prove that there is a
congruence Y, on L such that, forall® ConlL, (p,p ) 6 ifandonly if 8 < .

(More generally, the following is true: Given a lattice L and a filter F of L, there
is a unique congruence Y= maximal with respect to the property that (x,f) 6
impliesx F forallx Landf 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. A complete lattice is completely distributive if it satisfies the identity

Xij = Xif (i)
i1jJ £ J0i
where J' denotes the set of all £:1 - J.

(1) Show that this identity is equivalent to its dual.
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(2) Prove that O(P)) is completely distributive for any ordered set P.

(Indeed, a complete lattice L is completely distributive if and only if there is a
complete surjective homomorphism h : O(P) - L, for some ordered set P; see
Raney [10].)
9. Let L be a principally chain finite lattice, and let T  J(L) have the property
thatpDgandp T impliesq T.
(a) Show that the join subsemilattice S of L generated by T {0}, i.e., the set
of all F where F is a finite subset of T {0}, is a lattice. (S need not a
be sublattice of L, because the meet operation is di erent.)
(b) Prove that the map f : L S given by f(x) = IX n T)is a lattice
homomorphism.
(c) Show that the kernel of T is the congruence relation 8 in the proof of Theorem
10.5.

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

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

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

13. Let L be a lattice with 0, K a finite lattice, and ¥ : L K a lower bounded,
surjective homomorphism. Let T ={B(p):p J(K)}. Show that:

(@ T J(L);

(b) K is isomorphic to the join subsemilattice S of L generated by T  {0};

(c) foreacht T, every join cover of tin L refines to a join cover of t contained
inT.

14. Conversely, let L be a lattice with 0, and let T be a finite subset of J(L)
satisfying condition (c) of Exercise 13. Let S denote the join subsemilattice of L
generated by T {0}. Prove thatthemap f: L Sgivenby f(x)= 1I1xn T)
is a lower bounded lattice homomorphism with Bf(t) =tforallt T.
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15. Let T be the (essentially unique) homomorphism from FL(3) onto Ns. Show

that T is lower bounded. (By duality, T is also upper bounded.)

10.
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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 I,” 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) Each pointp P is an element of the geometry.

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

(4) 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
( ™) 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.!

1The basic properties of geometric lattices were developed by Garrett Birkho in the 1930’s [3].
Similar ideas were pursued by K. Menger, F. Alt and O. Schreiber at about the same time [12].
Traditionally, geometric lattices were required to be finite dimensional, meaning 4(1) = n < oo,
The last two examples show that this restriction is artificial.
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We should note here that the geometric dimension of an element is generally
one less than the lattice dimension d: points are elements with d(p) = 1, lines are
elements with 6(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.

In fact, we will show that if L is a geometric lattice and K its set of finite
dimensional elements, then L = I (K) and K is the set of compact elements of L.

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. Forifa Oanda F for every finite F U, then by Theorem 3.7
we have a Uu= (a F) =0, whence a U. Thus in a lattice L satisfying
condition (2), the compact elements are precisely the elements that are the join of
finitely many atoms, in other words (using semimodularity) the finite dimensional
elements. Let K denote the ideal of all finite dimensional elements of L. Then K is
a semimodular principally chain finite sublattice of L, and it is not hard to see that
themap ¢ : L - 1(K) by 9(x) =1x n K is an isomorphism.

Finally, we need to show that if K is a semimodular principally chain finite lattice
with every element the join of atoms, then 1 (K) is a geometric lattice. Clearly 1 (K)
is algebraic, and every ideal is the join of the elements, and hence the atoms, it
contains. It remains to show that I (K) is semimodular.

Supposel I nJdinlI(K). Fixanatoma |1—J. Thenl=(1nJ) 1la, and
hencel J=la J. Letx beanyelementin (Il J)—J. Sincex | J, there
exists J J such that x <a ]J. Because K is semimodular,a J j. On the other
hand, every element of K is a join of finitely many atoms, so x J implies there
exists an atomb<xwithbh J. Nowh=<a jandb<j,sob j=a ], whence
as<b jJ. Thusib J=1 J;a fortioriit follows that ix J =1 J. As this
holds for every x (I J)—J,wehavel J J, as desired.

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

A closure operator I has the exchange property ify (B {x})andy / I'(B)
implies x (B {y}). Examples of algebraic closure operators with the exchange
property include the span of a set of vectors in a vector space, and the geometric
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 [11].
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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 L, we can define a closure operator I on the set A
of atoms of L by

rX)y={a A:as X}

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 ¢ : L - Cr given by o(X) ={a A :a =< x} 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, IM(x), is either the least element I'( ) or an atom of Cr-: ify [(X), then
x I(y),so'(x) =r(y). Clearly, for every closed set we have B = | gI'(B). It
remains to show that Cr is semimodular.

Let B and C beclosed setswithB B nC. ThenB =T({x} (B nC)) for any
X B—=—(BnC). SupposeC<D =B C=I(B C),andlety beany element
inD—C. Fixany elementx B—-—(BnC). Theny TI(C {x}) =B C,and
y I(C)=C.Hencex T(C {yp,andB=T(C {yp)=D. ThusD=B C,
and we conclude that Cr is semimodular.

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

Proof. Leta < x < b in a geometric lattice. By upper continuity and Zorn’s Lemma,
there exists an element y maximal with respect to the properties a <y < b and
X y=a. Suppose X Yy <b. Then thereisanatompwithp<sbandp=x V.
Note thaty p vy, wherefore (x y) (y p)=y. But then

X (y p=x X y) (y px y=a,

a contradiction. Thus x y =b, and y is a relative complement of x in [a, b].

Let L be a geometric lattice, and let K 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,
L = 1(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 K; (i 1), we have I( K;j) =
1 (Kj).

Proof. If we identify K; with the set of all vectors in  K; that are zero except

in the i-th place, then there is a natural map ¢ : 1( K;j) - 1 (Kj) given by

o) = Jii,where Jj ={x Lj:x J} Itwill be a relatively straightforward
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argument to show that this is an isomorphism. Clearly J; 1(Kj), and the map ¢
is order preserving.

Assume J,H I( Kj)withd H,andletx J—H. There exists an ip such
that x;, / H, and hence J;, Hj;,, whence 9(J) ¢@(H). Thus (J) < ¢(H) if and
only if J < H, so that ¢ is one-to-one.

It remains to show that @ is onto. Given T i | 1(Kj), let J = {x L;:
Xij Tjforalli}. Thend I1( K;), and it is not hard to see that J; = T; for all
i, and hence ¢(J) = T; i 1, as desired.

Thus if L is a geometric lattice and K = K, with each K; simple, its ideal of
compact elements, then L =  1(K;). Now each K;j is a simple semimodular lattice
in which every element is a finite join of atoms. The direct factors of L are ideal
lattices of those types of lattices.

So consider an ideal lattice H = 1(K) where K is a simple semimodular lattice
wherein every element is a join of finitely many atoms. We claim that H is subdi-
rectly irreducible: the unique minimal congruence W is generated by collapsing all
the finite dimensional intervals of H. This is because any two prime quotients in
K are projective, which property is inherited by H. So if K is finite dimensional,
whence H = K, then H is simple, and it may be simple even though K is not finite
dimensional, as is the case with Eq X. On the other hand, if K is modular and infi-
nite dimensional, then p will identify only those pairs (a,b) such that[a b,a b]is
finite dimensional, and so L will not be simple. Summarizing, we have the following
result.

Theorem 11.5. Every geometric lattice is a direct product of subdirectly irreducible
geometric lattices. Every 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 [4],
and the extension is due to J. Hashimoto [8]. The best version of Hashimoto’s theo-
rem states that a complete, weakly atomic, relatively complemented lattice is a direct
product of subdirectly irreducible lattices. A nice variation, due to L. Libkin [10], 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 L be a finite geometric
lattice, and let

wig = |{x L:3(X)=Kk}.

The unimodal conjecture states that there is always an integer m such that
l=Wo=W1<.. W1 =<Wm=Wmn+1=...Wpo1 =W, = 1.

This is true if L is modular, and also for L = Eq X with X finite ([7] and [9]). It
is known that w; < wy always holds for for 1 < k < n (J2] and [6]). But a general
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resolution of the conjecture still seems to be a long way o . For related results, see
Dowling and Wilson [5].

We note in closing that a very di erent kind of geometry is obtained if one
considers instead closure operators with the anti-exchange property: y (B {x})
andy / I'(B) implies x / (B {y}). For a comprehensive account of these convex
geometries, as well as the appropriate history and original sources, see Adaricheva,
Gorbunov and Tumanov [1].

Exercises for Chapter 11

1. This exercise gives a method for constructing new geometric lattices from
known ones.

(a) Let L be a lattice, and let F be a nonempty order filteron L, i.e., x=f F
implies x  F. Show that the ordered set L obtained by identifying all the elements
of F (a join semilattice congruence) is a lattice.

(b) Let L be a finite dimensional semimodular lattice, with dimension n say, so
that 6(1) = n. Let k < n, and let the order filter F consist of all elements x L
with dimension 6(x) = k. Show that L is again semimodular, with dimension K.
Note that if L is atomistic, then so is L.

(c) Give an example of a geometric lattice L and a filter F such that the lattice
L obtained by this construction is not semimodular.

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

(a) Eq 4,

(b) Sub (Z,)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 ", and
interpret them geometrically. Which ones have the exchange property, and which
the anti-exchange property?

(@ Span(A) ={ ' Nai:k=1,a A {0}}

M) ra)y={ ' nai:k=1a A | AN=1}

© AA)={  Nai:k=1a A S A=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 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 E 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.

5. Show that the lattice for plane Euclidean geometry ( 2) 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 P x<L.
Then we can make P L {0,1} into a partially ordered set K in the obvious way,
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(a) V) ©
Figure 11.1

interpretingp lasp=<1. Whenis 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.
(i) 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 L be a geometric lattice, and let A denote the set of atoms of L. A subset
S Aisindependent ifp= (S—{p}) forallp S. Asubset B A is a basis for
L if B is independentand B =1.

(a) Prove that L has a basis.

(b) Prove that if B and C are bases for L, 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 existsa L withx=a 0. Prove
that every element of a complete, relatively complemented, atomic lattice is a join
of atoms.

9. Let I be an infinite set, and let X ={pi :i 1} {gi:i 13}. Define a subset
S of X to be closed if S = X or, for all i, at most one of p;j, gj isin S. Let L 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 L 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 (Ore [13]).

11. Let L be a modular geometric lattice. Prove that L is subdirectly irreducible
(in the finite dimensional case, simple) if and only if the following condition holds:
for any two distinct atoms a, b of L, there exists a third atom ¢ such thata b=
a c=bhb c, i.e., the three atoms generate a diamond. Give an example to show
that this condition is not necessary in the nonmodular (but still semimodular) case.
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12. On a modular lattice M, define a relation apb i [a b,a Db] has finite

length. Show that p is a congruence relation.

10.

11.

12.

13
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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:c<d} forsomed 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: a, B,y, etc. For example, w denotes the order type of the natural numbers,
which is the smallest infinite ordinal. We can order ordinals by setting a < B if
a = [ or ais isomorphic to a segment of 3. 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 B be an ordinal, and let B be the set of all ordinals a with a < 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 ={Xq:a<p}
for some (. Transfinite induction is a method of proof that 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 : a < 3} has a largest element. Otherwise, 8 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 £ : 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 < n if there exists a one-to-one map f : X Y (equivalently, if
there existsanontomap g: 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 a 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=|X Y|
m-n=|XxY|
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 P¢(X)
the lattice of finite subsets of X. Then |P(X)| = 2X!I and |P£(X)| = |X].

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

1Again, 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 di erent 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.” Thus
universal algebra is the study of the properties that di erent 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" . Aforsomen . 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, and . We use
di erent 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 commonly revert to a more old-fashioned notation and
write them separately, as A = A;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 di erent names, e.g., 0 and 1, be distinct.

A subalgebra of A is a subset S of A that is closed under the operations, i.e., if
S1,...,Sn S and f F, then f(s1,...,S4) 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 that preserves the
operations, i.e., h(f(as,...,an)) = f(h(ay),...,h(ay)) for all a;,...,a, A and
f F. Thisincludes that h(c) =cforallc C.

A homomorphism that is one-to-one is called an embedding, and sometimes writ-
tetn h: A Bor h:A=B. Ahomomorphism that is both one-to-one and onto is
called an isomorphism, denoted h: A = B.

These notions directly generalize notions that 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 that 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]. The former text [1] is
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out of print, but available for free downloading at Ralph Freese’s website:
/www.math.hawaii.edu/%7Eralph/Classes/619/.

Also on that website are other references, and universal algebra class notes by both
Jarda JeZek and Kirby Baker.
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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 ¢ :
P(X) - X such that g(A) A for every nonempty A X.

(2) (Zermelo well-ordering principle) Every nonempty set admits a well-
ordering (a total order satisfying the DCC).

(3) (Hausdorff maximality principle) Every 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 maximal element.

(5) If every chain in an ordered set P has a least upper bound in P, then P
contains a maximal 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 X and R is a well ordering of Y, i.e., R Y xY is a total
order satisfying the DCC. Order Q by (Y,R) (Z,S) if Y is an initial segment
of Z and R is the restriction of S to Y. In order to apply Zorn’s Lemma, check
that if {(Yq,Rq) : a A} is a chain in Q, then (Y,R) = ( Y4, Rg) Q
and (Yo,Ra) (Y,R) for every a A, and so (Y,R) is an upper bound for
{(Yo,Ra) : a 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)withU =U {z}and T =T {(u,z) :u U} would satisfy
(U, T) (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"Y denote the set of all
upper bounds of S, i.e., SY¥={x P:x=sforalls 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 P. We use the choice function ¢ to construct a function that assigns
a strict upper bound to every subset of P that has one as follows: if S P and
SY—S={x P:x=>sforalls S} isnonempty, define y(S) = @(S" —9S).
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Fix an element xo P. Let B be the collection of all subsets B P satisfying
the following properties.

(1) B is a chain.

(2) xo B.

(3) xo=syforaly B.

(4) If A is a nonempty order ideal of B and z B n (AY — A), then y(A)
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 B is nonempty, since {Xo} 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,andlet A={t BnC:t/0n B =
t/0 n C}. Thus A is the largest common ideal of B and C; it contains Xy, and by
assumption is a proper ideal of both B and C. Letbh B —Aandc C—A. Now
B is a chain and A is an ideal of B, sob / A implies b > a for all a A, whence
b Bn(AY—A). Likewisec Cn(AY—A). Hence by (4), y(A) BnC. Moreover,
since b was arbitrary in B — A, again by (4) we have y(A) < b forallb B — A,
and similarly y(A) <c forall c C — A. Therefore

V(A0 nB=A {y(A)}=y(A)/0nC

whence y(A) A, contrary to the definition of y.

It follows, thatif Band C arein B,b B andc C,andb<c, thenb C.

Also, you can easily check that if B B and BY — B is nonempty, then B
{v(B)} B.

Now let U = g gB. Weclaim that U B. It is a chain because for any two
elements b, c U thereexist B,C Bwithb Bandc C;oneof BandCis
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
boundz U, thenz 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 x. On
the other hand, UY — U must be empty, for otherwise U {y(U)} B, whence
y(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 {Cq:a Al}isachainin Q, then Cgisachainin P that
is the least upper bound of {Cq : a 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,theninfactbh 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 A x< B induces a
pair of closure operators, described as follows. For X A, let

o(X)=4{b B:xRbforall x X}
Similarly, forY B, let
mY)={a A:aRyforally Y}
Then the composition o : P(A) - P(A) is a closure operator on A, given by
no(X)={a A:aRbwhenever x Rbforall x X}.
Likewise, ot is a closure operator on B, and for Y B,
o(Y)={b B:aRbwheneveraRyforally Y}.

In this situation, the lattice of closed sets Cyq P(A) is dually isomorphic to
Con  P(B), and we say that R establishes a Galois connection between the mo-
closed subsets of A and the om-closed subsets of B.

Of course, Crg 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 R A xB byaR b if and only if a<b. Then, with o
and 1 defined as above, L = Crg (and L is dually isomorphic to Cgy).

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 L is nite, 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" (Gegenstande) and M a set of relevant \attributes™ (Merkmale). The relation
I 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 G,Y M, X =n(Y)and Y = ag(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 Cpg andY  Cgr. Thus if we order concepts by

X,Y = UV i X U (whichisequivalenttoY V), then we obtain a lattice
B(G, M, 1) isomorphic to Crg.

A small example will illustrate how this works. The rows of Table Al correspond
to seven ne musicians, and the columns to eight possible attributes (chosen by a
musically trained sociologist). An > 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.

Instrument | Classical | Jazz | Country | Black | White | Male | Female

J. S. Bach x < x <
Rachmanino x x x x

King Oliver x x x x

W. Marsalis x x x x x

B. Holiday x x x
Emmylou H. x x x
Chet Atkins x x < x <

Table Al.

Figure A2

170 avoid confusion, androgynous rock stars were not included.
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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]. For online introductions, see the
website of Uta Priss,

/www.upriss.org/fca/fca.html

Likewise, the representation of a nite 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 e ective 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 L = O(Q(L)) from the table.

Given a nite lattice L, forg J(L) and m M(L), de ne

g m ifg mbutg=sm ,ie,g<nforaln>m,
m g ifm gbutm=g,ie,m=hforall h<g,
g m ifg mandm g.

Note that these relations can easily be added to the table of J(L) < 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) suchthatg m h.

Proof. If g D h, then there exists x L suchthatg<h xbutg h x Letm
be maximal such that m=h xbutm ¢g. Thenm M(L),g=m ,m=h
butm h. Thusg m h.

Conversely, supposeg m h. Theng=m =<h mwhileg m=h m.
Therefore g D h.

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 nd that |Q._| =1, whence L is simple.
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=M |CI|J|Co| B |W]|F
b=r x x x
0 < < <
m < X | x <
h x x =
e x xX | x
a < x| x <
Table A3.
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