GENERAL THEORY OF ALGEBRAS

DON PIGOZZI

1. LATTICES

A notion of “order” plays an important role in the theory of algebraic structures. Many of
the key results of the theory relate important properties of algebraic structures and classes
of such strutures to questions of order, e.g., the ordering of substructures, congruence
relations, etc. Order also plays an important role in the computational part of the theory;
for example, recursion can conveniently be defined as the least fixed point of an interative
procedure. The most important kind of ordering in the general theory of algebras is a lattice
ordering, which turns out to be definable by identities in terms of of the least-upper-bound
(the join) and greatest-lower-bound (the meet) operations.

Definition 1.1. A lattice is a nonempty set A with two binary operations V:A x A — A
(join) and A: A x A — A (meet) satisfying the following identities.

(L1) xVy=yVaz TANYy=yAzx (commutative laws)
(L2) (xVy)Vz=zV(yVz) (@Ay)Az=xA(yAz) (transitive laws)
(L3) xVr=zx TANx=2x (idempotent laws)
(L4) zV(zAy) ==z zA(zVy) =z (absorption laws)

Examples. (1) (2-element) Boolean algebra: A = {T,F}.

a b aVvdb anbd
T|T| T T
TIF| T F
F|T| T F
FIF| F F

(2) Natural numbers: A = w = {0,1,2,...}. a Vb = LCM(a,b), the least common
multiple of a and b; a AN b = GCD(a, b), the greatest common divisor of a and b.

1.1. Some Set Theory. Sets will normally be represented by uppercase Roman letters:
A, B,C, ... and elements of sets by lowercase Roman letters a, b, ¢, .. .. The set of all subsets
of a set A is denoted by P(A).

f: A — B: a function with domain A and codomain B. f(A) ={f(a):a€ A} C B is
the range of f.

(a1, ...,an): ordered n-tuple, for n € w. (a1, ...,a,) = (b1, ..., by) iff (if and only if), for
all © < n, a; = b;.
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Ay x - x Ay ={{a1,...,ay): foralli <n, a; € A; }: Cartesian (or direct) product.

Ay x - x A, = A" if A; = A for all i < n: n-th Cartesian power of A.

An n-ary operation on A is a function f from the n-th Cartesian power of A to itself,
ie, f: A" — A. We write f(ai,...,ay) for f({a1,...,an)). fis binary if n = 2. If f is
binary we often write a f b instead of f(a, b); this is infiz notation.

An n-ary relation on A is a subset R of the n-th Cartesian power of A, i.e., RC A". R
is binary if n = 2. In this case a Ra’ means the same as (a,d’) € R.

Definition 1.2. A partially ordered set (poset) is a nonempty set A with a binary relation
< C A x A satisfying the following conditions

(P1) r<uwx (reflexive law)
(P2) x<yandy < zimpliesx < z (transitive law)
(P3) x <yandy <zimplieszx =y. (antisymmetric law)

A is a linearly ordered set or a chain if it satisfies
r<yory<cz

a<b<cmeansa <bandb<c a<bmeansa <banda#b a~<0bmeansa <b
and, for all ¢ € A, a < ¢ < b implies a = ¢ or ¢ = b; we say that b covers a in this case,
and < is called the covering relation. Note that, if A is finite, then a < b iff there exist
Coy---,Cn € A such that a = cg < ¢1 < --- < ¢, = b. So every finite poset is completely
determined by its covering relation.

The Hasse diagram of a finite poset is a graphical representation of of its covering relation,
where a < b if there is a edge that goes up from a to b. Here are the Hasse diagrams of
some posets. The set of natural numbers w with the natural ordering, although infinite, is

OB R

also determined by its covering relation. But the set of real numbers R with the natural
ordering is not; the covering relation is empty.

Let A be a poset with partial ordering <. Let X be a subset of elements of A. UB(X) =
{ye€ A:z <y for every x € X }; the set of upper bounds of X. The least-upper-bound of
X, in symbols LUB(X), is the smallest element of UB(X), if it exists, i.e., LUB(X) is the
unique element a of UB(X) such that a < y for all y € UB(X). The set of lower bounds,
LB(X) and the greatest-lower-bound, GLB(X) are defined by interchanging < and >.
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Definition 1.3. A poset A is a lattice ordered set (a loset) if every pair of elements has a
least-upper-bound (LUB) and a greatest-lower-bound (GLB).

Among the posets displayed above only the third fails to be a loset.

The lattice (A, V,A) will be denoted by A; in general boldface letters will be used to
denote lattices and posets and the corresponding lowercase letter will denote the underlying
set of the lattice or poset. The underlying set is also called the universe or carrier of the
lattice or poset.

Theorem 1.4. (i) If (A, <) is a loset, then (A, LUB, GLB) is a lattice.
(ii) Conversely, if (A,V, ) is a lattice, then (A, <) is a loset where a < b ifaVb=10b
(equivalently, a N'b = a).

Proof. (i). The axioms (L1)—(L4) of lattices must be verified. (L4) says that LUB(a, GLB(a, b)) =
a. But GLB(a, b) < a by definition so the above equality is obvious.
(L2). We must show that

(1) LUB(a, LUB(b, ¢)) = LUB(LUB(a, b), ¢).

Let d be the left-hand side of this equation. d > a and d > LUB(b, ¢). The second inequality
implies d > b, d > ¢. From d > a and d > b we get d > LUB(a,b), which together with
d > c gives d > LUB(LUB(a, b), ¢)). This gives one of the two inclusions of (1). The proof
of the other is similar. The verification of the remaining lattice axioms is left as an exercise.

(ii). We note first of all that, if a Vb =1b, then a Ab=aA (aV b) = a by (L4). Similarly,
aAb=aimpliesaVb=(aAb)Vb=">bby (L1)and (L4). We verify (P1)—(P4).

(Pl). a<aiff aNa=a.

(P2). We must verify that aVb=>band bVc=cimplissaVe=c. aVec=aV (bVc) =
(aVb)Ve=bVce=c.

(P3). Suppose aVb=">band bV a = a. Then a = b by the commutativity of V. O

For any set A, (P(A), C) is clearly a loset with LUB(X,Y) = X UY and GLB(X,Y) =
X NY. Thus by the theorem (P,U,N) is a lattice.

If (A, <) is a loset, then a < b iff LUB(a,b) = b (equivalently, GLB(a,b) = a). Thus, if
we start with a loset (4, <) and form a lattice (A, LUB, GLB) by (i) and then a loset by
(ii) we get back the original loset. Conversely, the following lemma shows that if we start
with a lattice, form a loset by (ii) and then a lattice by (i), we get back the original lattice.

Lemma 1.5. Let (A,V,A) be a lattice, and define a < b and as in part (ii) of the theorem.
Then, for all a,b € A, LUB(a,b) = a Vb and GLB(a,b) = a Ab.

Proof. a N (aVb)=a. Soa<aVb bA(aVb)=bA(bVc)=b Sob<aVb. Suppose
a,b<c. ThenaVe=candbVe=c Thus (aVb)Vec=aV(bVec)=aVec=c So
aV b < c. Hence LUB(a,b) = a V b. The proof that GLB(a,b) = a V b is obtain from the
above by interchanging “<” and “>” and interchanging “V” and “A”. O

So the mappings between lattices and losets given in Theorem 1.4 are inverses on one
another; the lattice (A, V, A) and the loset (A, <) are essentially the same and we normally
will not distinguish between them in the sequel.

Definition 1.6. An isomorphism between lattices A = (A,V,A) and B = (B, V,A) is a
bijection (i.e., a one-one correspondence) h: A < B such that, for all a,a’ € A, h(aV a') =
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h(a)V h(a') and h(a) Aa’) = h(a) A h(a'). A and B are isomorphic, in symbols A = B, if
there is an isomorphism A between them. We write h: A = B.
Definition 1.7. An order-preserving map between posets A = (A, <) and B = (B, <) is
a function h: A — B such that, for all a,a’ € A, a < a’ implies h(a) < h(a’). A mapping h
is strictly order-preserving if a < o’ iff h(a) < h(a).

A mapping h is (strictly) order-preserving map between two lattices if it (strictly) pre-
serves that lattice orderings.
Theorem 1.8. Let A = (A,V,A\) and B = (B,V, A) be lattices and Let h: A — B. Then
h: A = B iff h is a strictly order-preserving bijection, i.e., h is a bijection and h and h™*
are both order-preserving.

Proof. =>: Let a,a’ € A. We must show that h(LUB(a,da’)) = LUB(h(a),h(a’)) and
h(GLB(a,a’)) = GLB(h(a), h(a')). Let o’/ = LUB(a,d’). a,a’ < a”. So h(a), h(a’) < h(d").
Suppose h(a), h(a’) < b€ B. Then a = h~'(h(a)),b=h1(h(a’)) < h71(b). Soa” < h1(b)
and h(a”) < h=Y(h71(b)) = b. The proof for GLB is similar.

+=: Exercise. (]

Definition 1.9. Let A = (A, vA, A1), B = (B,VB AB) be lattices. A is a sublattice of
Bif ACBandaVBd =aVvAd and aABd =a A2 d forall a,d € A.

1 1

0

The lattice on the left is a sublattice of Bs (the three-atom Boolean algebra).

Let A = (A, <), B = (B, <B) be posets. B is a subposet of A if B C A and, for all
b€ B, b<BViff b <AV,

Suppose A and B are losets. In general it is not true that B is a sublattice of A if B is
a subposet of A. For example, the second lattice in the above figure is a subposet of Bg
but not a sublattice.

Let G = (G,-,!¢e) be a group, and let Sub(G) = {H : H < G} be the set of
(underlying sets of) all subgroups of G. (Sub(G), C) is a loset, where H A K = HN K and
HVK=({L<G:HK<G} (Sub(G),C) is a subposet of (P(G),C) but is not a
sublattice. HVK =HUK it HC K or K C H.
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Definition 1.10. A lattice A = (A, V, A) is distributive each of join and meet distributives
over the other, i.e.,

(D1) xA(yVz)=(xAy)V(zAz),
(D2) xV(yAz)=(xVy) A(zVz).
Theorem 1.11. FEither one of the two distributive laws is sufficient, i.e., in any lattice A,
(D1) implies (D2) and (D2) implies (D1).
Also, in every lattice A, the following inidenitities hold
(2) cA(yVz)z(@Ay)V(zAz),
(3) zV(ynz)<(zVy)A(zVz).
Thus either of the two opposite inidentities is sufficient for distributivity.

Proof. (D1) = (D2).

(xVy)AN(zVz)=(xzVy Az)V((xVy) Az), (DI1)
=zV((xAz)V(yAz)), (L1), (L4) and (D1)
=(@V(EANz)V(yAz), (L2)
=z V(yAz), (L4).

The proof of (D1) = (D2) is obtained from the above by interchanging “v” and “A”.
Proof of (2). x Ay < x and z A z < z together imply
(4) (xAy)V(zAz) <z
xAy<y<yVzandz Az <z<yV z together imply
(5) (xAy)V(zANz)<yVz.
(4) and (5) together together imply (2).
The proof of (3) is obtained by interchanging “v” and “A” and “<” and “>”. 0
In every lattice, z < y and z < w together imply both x Az <yAwand zV 2z <yVw.
To see this we note that A 2z < x <y and z A 2z < z < w together imply x Az < y A w.
Proof of the other implication is obtained by the usual interchanges.
As an special case, we get that x < y implies each of x Az < y Az, zAz < 2 Ay,

xVz<yVz and zVzx < zVy. Thus, for every lattice A and every a € A, the mappings
r—xAa,aNx,xVa,aV x are all order preserving.

DEPARTMENT OF MATHEMATICS, IoWA STATE UNIVERSITY, AMES, IA 50011, USA
E-mail address: dpigozzi@iastate.edu
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Definition 1.12. A poset A = (A4, <) is complete if, for every X C A, LUB(X) and
GLB(X) both exist.

We denote LUB(X) by \/ X (if it exists) and GLB(X) by A X.

If Ais alattice and X = {z1,...,2,} is finite, then LUB(X) and GLB(X) always exist
and equal z1 V---Vx, and x1 A- - - Ax,, respectively. Thus every finite lattice is complete.

(w, <), (Q, <) (Q the rational numbers), and (R, <) (R the real numbers) are not com-
plete, but the natural numbers and the real numbers can be made complete by adjoining a
largest element oo to the natural numbers and both a smallest element —oco and a largest
element 400 to the reals. The rationals cannot be completed so easily; in fact, for every
irrational number r, {g € Q : ¢ < r} fails to have a least upper bound. For any set A,
(P(A), Q) is a complete lattice. \/ K =K and A K = |JK for every K C P(A).
Theorem 1.13. Let A = (A, <) be a poset. For every X C A, \/ X exists iff, for every
X C A, AX exists. Thus a poset and in particular a lattice is complete iff every subset
has a LUB, equivalently, iff every subset has a GLB.

Proof. =>. Assume LUB(X) exists for every X C A. It suffices to show that, for every
X C A, GLB(X) = LUB(LB(X)); recall that LB(X) ={y € A:forevery x € X,y <z},
the set of lower bounds of X. Let a = LUB(LB(X)). For every z € X, € UB(LB(X)).
Thus, for every z € X, © > LUB(LB(X)) = a. So a € LB(X), and clearly, for every
y e LB(X),a>y.

<=. The proof is the dual of the one above, i.e., it is obtained by interchanging “<”
and “>”, “LUB” and “GLB”, and “UB” and “LB”. O

For any group G, Sub(G) = (Sub(G), C) is a complete lattice. For every K C Sub(G),
VK=NKand NANK=N{H € Sub(G) :|JK C H}.

Why doesn’t (w, <) contradict the above theorem? Isn’t the greatest lower bound of
any set of natural numbers the smallest natural number in the set? This is true for any
nonempty set, but () has no GLB in w. For any poset A, GLB(0) (if it exists) is the largest
element of A, and LUB(0) is the smallest element of A.

Let A = (wU{a,b, o0}, <), where < is the natural order on w, for every n € w, n <
a,b, 00, and a,b < co. Every finite subset of A has a LUB (including (}), but GLB(a,b)
does not exist. So the requirement that X ranges over all subsets of A in the theorem is
critical. But if A is a finite poset, and LUB(a, b) exists for every pair of elements of A and
A has a smallest element, then A is a complete lattice.

Some notation: if A is a complete lattice, 1 = \/ A = A 0 will denote the largest element
of A, and 0 = A A =\/ 0 will denote the smallest element.

Definition 1.14. Let A = (A,V,A) and B = (B,V,/A\) be complete lattices. B is a
complete sublattice of A if, for every X C A, \/B X = \/A X and /\B X = /\A X.

({—2}U(—1,+1)U{+2}, <) is a complete lattice and a sublattice of the complete lattice
({—00} UR U {400}, <) but not a complete sublattice.



Definition 1.15. Let A be a set. E C A? is an equivalence relation on A if

(E1) r R,
(E2) zFEyand yEzimply x F z,
(E3) x Eyimplies y Ex. (symmetric law)
Eq(A) will denote the set of all equivalence relations on A. Let K C Eq(A).
(6) (K € Eq(A).

Check (E1)-(E3).

(E2). Assume (a,b), (b,c) € (VK. For every E € K, (a,b), (b,c) € E. Thus, for every
E €K, (a,c) € E. So (a,c) € (K. (E1) and (E3) are verified similarly.

So (Eq(A), C) is a complete lattice with \/ K = (| K and

(7) ANE=({EcEq4): | JKCE}

The smallest equivalence relation on A is the identity or diagonal relation, Ay = {{a,a) :
a € A}, read “delta A”. The largest equivalence relation is the universal relation, V4 =
A x A, read “nabla A”.

The description of the join operation in (7) is what can be called a “coinductive” or
“from above” characterization; it is very useful for theoretical purposes, for example proving
general propositions about the join, but it does not give much information about what the
elements of the join of K look like in terms of the elements of the subgroups or the ordered
pairs of the equivalence relations of K. For this we need an “inductive” or “from below”
characterization.

Theorem 1.16. Let H, K be subgroups of G = (G, -, L e).
HVK=HKUHKHKUHKHKHKU---= U (HK)",

1<n€cw
where (HK)" ={hy ki hyn-kn:hi,...;hy € Hky,...,k, € K}.
Proof. Let L =J;<pe,(HK)". We must show three things.

(8) L € Sub(G),
9) HKCL,
(10) for all M € Sub(G), H, K C M implies L C M.

Proof of (8). Clearly L # (). Let a,b € L. We must show ab € L (following convention
we often omit the “” when writing the product of elements of groups) and a=! € L.
a € (HK)" and b € (HK)™ for some n,m € w. So ab € (HK)"™™ C L, and a™! €
K'H-' K 'H' = (KH)" = {e}(KH)e} = H(KH)"K = (HK)" C L.

(9). H=H{e}C HK CLand K C {¢}K C HK C L.

(10). Suppose H, K C L € Sub(G). We prove by induction on n that (HK)™ C M.
HEK C MM C M. Assume (HK)" C M. Then (HK)™' C (HK)"HK C MM C M. O
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A similar argument gives a inductive characterization of the join of an arbitrary set of
subgroups { H; : i € I }. We leave as an exercise the proof that

VH= |J H - Hy,,

i€l (h1yeeshn)ET*
where I* is the set of all finite sequences of elements of I.

We next obtain a similar “inductive” characterization of the join of equivalence relations.
For this purpose we need to explain some basic results in the “calculus of relations”. Let
A, B, C be arbitrary sets and R C A x B and S C B x C. By the relative product of R and
S, in symbols R o .S, we mean the relation

{(a,c) € A x C : there exists a b € B such that a RbSc}.

The relative product is a binary operation on the set of all binary relations on any set A
such that A4 acts as an identity (i.e., AgjoR= RoA4 = R). Also V4 acts like an infinity
element on reflexive relations, i.e., A4 C A implies Vo R = RoVy = V4. We also
have a unary converse operation that has some of the properties of the inverse of a group
(but is not a group inverse). R = {(a,b): (b,a) € R}, i.e., a Rbiff bRa. a(Ro S)~ d iff
@' (R o S)a iff there exists a b such that a’ Rb S a iff there exists a b such that a Sb Ra’ iff
aSoRd. So(RoS)~ =SoR.

We note that the notation of the calculus of relations can be used to formulate the defining
conditions of an equivalence relation in very simple terms. The reflexive law: A4 C F; the
transitive law: E o E C F; the symmetric law: ECE.

Theorem 1.17. Let E, F € Eq(A).

EVF=EoFUEoFoEoFU---= | ] (EoF)"
1<n€cw

Proof. Let G = ;< e, (E o F)". We show that G € Eq(A). Ay = ApoAp CEoF CQG.
Assume (a,b), (b,c) € G, i.e., that there exist n,m € w such that a (Eo F)"b(Eo F)™c.
Then {(a,c) € (Eo F)"o (EoF)™ = (Eo F)"™ C G. We also have that (b,a) €
((EoF)")~ = (FoE)"= (FoE)"C (EoF)" C G. The proof that G = E V F is left
at an exercise. O

We also leave as an exercise the following inductive characterization of the join of an
arbitrary set { E; : i € I } of equivalence relations on a set A.

\/[%:: LJ Eklo'--olﬂn.

Exercise. Let R C A? be an arbitrary binary relation on A. Prove that (J, ., R",
where R = Ro Ro---o R with n repetitions of R, is the smallest transitive relation that
includes R. It is called the transitive closure of R.

Every equivalence relation is uniquely determined by its corresponding partition.

P is a partition of a set A if

o P CP(A)\{0},
e JP(=U{X:XeP})=A,
e forall X, Y € P, X #Y implies X NY = (.
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Let E € Eq(A). For each a € A, let [a]Jgp ={x € A:x Ea}, called the equivalence class of
a (over E); [a]g is also denoted by a/E.

{la]g : a € A} is a partition of A (exercise). Conversely, if P is a partition of A,
define a =p by the condition that there is an X € P such that a,b € X. Then =p is an
equivalence relation whose partition is P (exercise). Moreover, for each equivalence relation
E, ={la]g:a€A} = E.

Part(A) denotes the set of partitions of A, and Part(A) = (Part(A), <), where < is the
partial ordering on Part(A) defined as follows: P < Q if, for each X € P, there exists a
Y € 9 such that X C Y, equivalently, each equivalence class of Q is a union of equivalence
classes of P. The mapping P — =p is bijection between the posets Eq(A) and Part(A)
that is strictly order-preserving (exercise). Thus Part(A) is a complete lattice and the
above mapping is a lattice isomorphism.

It is usually easier to picture the partition of a specific equivalence relation rather than the
relation itself. The following characterizations of the join and meet operations in Part(A)
are left as exercises. In the lattice Part(A),

PAQ={XNY:XeP,YeQ XNY #£0}.

A finite sequence X1,Y7,..., X,,, Yy, where Xq,..., X, € P and Yi,...,Y, € P is called
connected if X; NY; #( for all i <n and Y; N X; 41 # 0 for all i < n. Exercise: show that,
for every a € A, b € [a]pyg iff there exists a connected sequence X1, Y1,...,X,,Y, such
that a € X1 and b € Y,,.

Exercise. For each n € w\ {0}, define = (mod n) € Z? by a =b (mod n) if a = b+ kn
for some k € Z, i.e., nla —b. Show = (mod n) € Eq(Z). Describe the partition of =
(mod n). Describe = (mod n) A= (mod m) and = (mod n) V= (mod m).

The lattices of subgroups and equivalence relations have special properties. In the sequel
we write X' C, X to mean that X' is a finite subset of X.

Definition 1.18. Let A be a lattice. An element ¢ of A is compact if, for every X C A
such that \/ X exists,

c < \/X implies there exists a X’ C,, X such that ¢ < \/X'.

The set of compact elements of A is denoted by Comp(A).
A is compactly generated if every element of A is the join of the compact elements less
than or equal to it, i.e., for every a € A,

a:\/{ceCompA:cga}.

A lattice is algebraic if it is complete and compactly generated.

We note that an element is compactly generated iff it is the join of some set of compact
elements, since in this case it must be the join of all compact elements less than or equal
to it.

Examples.

e Every finite lattice is algebraic.
e The lattice (w U {oo}, <) is algebraic. oo is the only noncompact element and
oo =\ w.
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e ([0,1],<), where [0,1] = {z € R: 0 < x < 1}, is complete but not algebraic; 0 is
the only compact element and hence the only element that is the join of compact
elements.

e (Sub(G), C), for every group G, and (Eq(A), C), for every nonempty set A, are
algebraic lattices, but this will be shown until later.

1.2. Closed set systems and closure operators. A family K of sets is said to be upward
directed by inclusion, or upward directed for short, or even shorter, simply directed, if each
pair of sets in K is included in a third member of K, i.e.,

for all X,Y € K there exists a Z € K such that X VY C Z.

Definition 1.19. A closed set system consists of a nonempty set A and a C C P(A) such
that C is closed under intersections of arbitrary subsets, i.e.,

for every K C C, ﬂK eC.

A closed set system (A, C) is algebraic if C is closed under unions of upward directed subsets,
ie.,
for every directed K CC, U KeCcC.

Note that by definition C always contains A since A = (0. Since Sub(G) and Eq(A)
are closed under intersections of arbitrary subsets, to show they form algebraic closed-set
systems it suffices to show they are closed under unions of directed subsets.

The union of any, not necessarily directed, K C Sub(G) contains the identity and is
closed under inverse. Assume that K is directed. Let a,b € |JK, and let H, L € K such
that a € H and b € L. Choose M € K such that K UL C M. Then abe M C |JK. So
UK € Sub(G).

The union of any, not necessarily directed, K C Eq(A) includes A4 and is closed under
converse. Assume that K is directed. Let (a,b), (b,c) € |JK, and let H, L € K such that
(a,b) € H and (b,c) € L. Choose M € K such that K UL C M. Then (a,c) € M C|JK.
So JK € Eq(A).

Each of the defining conditions of a group involves only a finite number of group elements,
and, similarly, each of the conditions that define equivalence relations involves only a finite
number of ordered pairs. This is the common property that guarantees subgroups and
equivalence relations form an algebraic lattice. This vague observation will be made more
precise in the next chapter.
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With each closed-set system we associate a closure operation.

Definition 1.20. Let (A,C) be a closed-set system. Define Clg: : P(A) — P(A) as
follows. For every X C A,

Cle(X)=(Y{Cec:XxCcC}.

Cle(X) is called the closure of X.
Theorem 1.21. Let (A,C) be a closed-set system. Then for all X, Y C A,

(11) X C Cle(X), (extensivity)
(12) Cle (Cle(X)) = Cle(X), (idempotency)
(13) X CY implies Clg(X) C Cle(Y), (monotonicity)

and if (A,C) is algebraic,
(14) Cle(X) = | J{Cle(X") : X' Cu X }. (finitarity).

Proof. Note that since C is closed under intersection, Clg(X) € C and thus Clg(X) is the
smallest member of C that includes X, and that X € C iff Clg(X) = X. The conditions
(11) and (12) are immediate consequences of this fact, and, if X C Y, then every member
of C that includes Y, in particular Clg(Y'), necessarily includes X and hence also Cle(X).
Thus (13) holds.

Assume (A, C) is algebraic. By (11) {Cle(X') : X’ C,, X } is directed, because, for all
X', X" C X, Clg(X') U Clg(X") C Cls(X'UX"), and X' U X" C,, X.

X=J{x":X'cx} c [J{ox): X' c,X}ecC
(11)

So Cle(X) € U{Cle(X’) : X' C, X }. The opposite inclusion follows by monotonicity.

Thus (14). U

Now suppose that a mapping Cl: P(A) — P(A) satisfies (11)—(13). Let C = {X C
A Cl(X) = X} (called the closed sets of Cl). Then C is a closed-set system (exercise).
Moreover, C is algebraic if Cl satisfies (14). To see this let K C C be upward directed.
We must show CI(JK) € UK. By (14) C(UK) = U{CI(X) : X C, UK }. Since
K is directed, for every X C, |JK, there is a Cx € K such that X C Cyx, and hence
Cl(X) C Cx, since Cx is closed. Thus

{ax): xc. K} {ox:xcu Ky C K.

Thus (algebraic) closed-set systems and (finitary) closure operators are equivalent in a
natural sense, and we can go back-and-forth between them without hesitation. The next
theorem shows that every (algebraic) closed-set system gives rise to an (algebraic) lattice.

Theorem 1.22. Let (A,C) be a closed-set system.
(i) (C,C) is a complete lattice. For every K CC, NK =K and

VE={cec:|JKcC}=Cl(JK).
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(ii) If (A,C) is algebraic, then (C,C) is an algebraic lattice. Moreover, the compact
elements of (C,C) are the closed sets of the form Clg(X) with X C,, A.

Proof. (i). Exercise. (The proof is just like the proofs that (Sub(G), C) and (Eq(A), C) are
complete lattices.)

(ii). Assume (A,C) is algebraic. We first verify the claim that the compact elements are
exactly those of the form Cl¢(X) with X C,, A. Let C' = Cl¢(X) with X C,, A. Suppose

cc\/E=Cl(JK)=J{Cl(¥): VY C, | JK}.

Since X is finite and {Cle(Y) : Y Co, UK } is directed, X C Cle(Y) for some Y C,, |J K.
Thus there exist Dq,...,D, € K suchthat Y C DyU---UD, CD{V---V D,. Hence

C=Cleg(X)CCle(Y) T Dy V-V D,.

So C'is compact in the lattice (C, C).

Conversely, assume C is compact in (C,C). Then C = J{Cle(X) : X C, C} =
V{Cle(X) : X C, C'}. So there exist X1,...,X, C, C such that C = Clg(X1) V-V
Cle(X,) =Cleg(X; U---UX,). Since X3 U---U X, is finite, we have, for every C' € C,

For every C € C, C = J{Cle(X): X' C X } = V{Cle(X): X" C X }. Soevery C €C
is the join of compact elements. Hence (C, C) is algebraic. ]

For any group G, Clg,(g) (X)) the subgroup generated by X, which is usually denoted by
(X). The finitely generated subgroups are the compact elements of Sub(G) = (Sub(G), C).
The compact elements of Eq(A) are the equivalence relations “generated” by a finite set of
ordered pairs.

The notion of a lattice was invented to abstract a number of difference phenomena in
algebra, and other mathematical domains, that have to do with order. We have seen three
levels of abstract so far: at the lowest level we have the lattices of subgroups and equivalence
relations. At the next level the lattices of algebraic closed-set systems, and at the highest
level the algebraic lattices in which all notions of set and subset have been abstracted away.
The next theorem shows that in a real sense there is no loss in abstracting from algebraic
closed-set systems to algebraic lattices.

Theorem 1.23. Every algebraic lattice A = (A, <) is isomorphic to the lattice of (C,C)
of closed sets for some algebraic closed-set system (B,C).

Proof. Let B = Comp(A), the set of compact elements of A. For each a € A, let C, =
{c € Comp(A) : ¢ <a}. Let C ={C,:a € A}. Because A is compactly generated,
a = \/ Cy; hence the mapping a — C,, is a bijection from A to C. Moreover, the mapping
is strictly order-preserving since, clearly, a < b iff C, C C. So by Theorem 1.8 (C,C) is
a complete lattice and the mapping a — C, is it is an isomorphism between the lattices
(A, <) and (C, Q).

It only remains to show that (Comp(A),C) is an algebraic closed-set system. Let K C C;
K ={C;:z € X} for some X C Comp(A). Then

ﬂ{Cx:xGX}:C/\X.

To see this consider any ¢ € Comp(A). Then c € ({Cp:xz € X }iff, forall z € X, c€ C,
iff, forallz € X, c<ziff ce Cp x.
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Assume now that K is upward directed. Since z <y iff C;, C C,, we see that X is also
directed by the ordering < of A. We show that

J{Crizext=Cyx.
Let ¢ € Comp(A).
ceCyx iff CS\/X

iff for some X' C, X, c < \/X', since c is compact
iff for some z € X, ¢c<x, since X is directed
iff for some z € X, ce C;,

iff cEU{Cz:xGX}.
SoV{Cy:2e X} =J{C,:2z € X}, and hence (C,C) is algebraic. O
2. GENERAL ALGEBRAIC STRUCTURES

An algebraic structure is a simply a set with a possibly infinite set of operations on it
of finite rank. For example a group is a set together with the binary operation of group
multiplication, the inverse operation, which is of rank one, and what we call a “distinguished
constant”, the group identity. The latter can be viewed as as an operation of “rank zero”.
In order to compare two algebras of the same kind, it is useful to have some way of indexing
the operations so that an operation on one algebra can matched with the corresponding
operation of the other algebra. For instance, when we compare two rings we don’t want
to match addition on the first ring with multiplication on in the second ring. When one is
dealing with only a few kinds of algebraic structures, like group, rings and vector spaces,
this is not a problem. But in the general theory where a wide range of algebraic types
are considered we have to be more precise. The custom now is to specify a the type of an
algebraic structure by the formal language associated with it. This motivates the following
definition.

Definition 2.1. A signature or language type is a set X together with a mapping p: X — w.
The elements of X' are called operations symbols. For each o € X, p(0) is called the arity
or rank of o.

For simplicity we write X' for (X, p), treating the rank function as implicit.
Definition 2.2. Let X be a signature. A Y-algebra is a ordered couple A = <A, (o4 :0c
E)>, where A is a nonempty set and 04 : A?(9) — A for all o € ¥.

0-ary operations: if p(oc) = 0, 04: A — A. But by definition A° = {}}. It is usual to
identify the function o with the unique element in its range, namely o (()); the latter is
called a distinguished constant of A. In general the functions o are called the fundamental
operations of A.

We give a number of examples of signatures and algebras. We consider two kinds of
groups depending on the signature.

= {}a p() =2. 2= {',71,6}; P() =2, p(71> =1, p(e) =0.
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G = (G, {-G}) is a group of type I if it satisfies the following two conditions.

(15) Vx,y,z((a:~y)-zzx~(y-z))

(16) Hx(Vy(x cy~yandy- -z ~y)andVydz(y-z ~zand z -y ~ a;))

G = (G, {C, _1G,eG}> is a group of type II if (15) holds together with the following:
(17) Ve(e-z~zrandz- e~ x)

(18) Ve(z-z ' ~eandz !z ~e).

In the general theory of algebras we are careful to distinguish between the symbol for the
equality symbol, =, the identity relation { (a,a) : a € A} on a given set A, which is usually
denoted by the symbol “=". One should think of the identity relation as the interpretation
of the symbol = in the set A in much the same way -& is the interpretation of the operation
symbol - in the group G. In the spirit of the notation of signatures and algebras we can
write &4 is =.

The two types of groups are equivalent in the sense that, if G = (G, {-¢}) is a group of
type I, then there is a unique f: G — G and g € G such that (G, -G, f, g) is a group of type
I1. Conversely, if G = (G, -©, *1G,6G) is a group of type II, then (G, -©) is a group of type
I.

However, from the viewpoint of the general theory of algebras, the two types of groups
have very different properties. Note that the definition conditions (15), (17), and (18)
are what we call identities: equations between terms with all the variables universally
quantified. We note that although (17) is not strictly an identity, it is logically equivalent
to the pair of identities Vz(e-x ~ x) and Vz(z-e ~ x).) (16) is not logically equivalent to any
set of identities as we shall soon see. We mention also that is conventional to omit explicit
reference to the universal quantifiers when writing an identity. Thus (15), the associative
law, is nomally written simply “(x-y) -z~ x - (y - 2)”

We shall use the following simplifying notation. If X is finite we write A = (A, 0}, 04, ...,
UA>, where X = {01,...,0,} and p(o1) > p(02) > -+ > p(0,). We omit the superscripts

n
“A» on the “04” when there is not chance of confusion.

More examples. A = (A, +,-, —,0), where + and - are binary, — unary, and 0 nullary, is
a ring if (A, +, —,0) is Abelian group (of type II), i.e., it satisfies the identity VzVy(z +y ~
y + x), and the - is associative and distributes over +, i.e.
Ve,y(z-(y+2)~ (z-y)+(x-z)and (y +2) -z~ (y - x) + (2 - z)).
An integral domain is a ring satisfying
Vz,y((z -y~ 0) = (z ~0)or (y =0)).

Notice this is not an identity.
A field is an algebra (A, +,-, —,0, 1) such that (A, +,-, —,0) and the following conditions
are satisfied.

Ve(r-y~y-x)
Vae(l -z~ x)
Vz(not(z ~ 0) = Jy(z -y ~ 1)).
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We cannot define a field as an algebra of type (A, +,-, —, 71,0, 1) because 0~ is not defined
and by definition every operation of an algebra must be defined for all elements of the
algebra.

Lattices are Y-algebras, with X' = {V, A}, defined by identities.

We now consider an algebra of quite different character, the algebra of nondeterministic
while programs. Let X = {or,;,do}, where or and ; are binary and do is unary. These
operation symbols denote three different ways of controling the flow of a program. If P and
Q are programs, then Por( is the program that nondeterministically passes control to P or
Q. P;Q passes control first to P and when P terminates to (). do P loops a nondeterministic
number of times, possibly zero, through P. A set W of programs is said to be closed with
respect to these control structures if P,@Q € W imply (P or Q),(P;@),(doP) € W.
For any set S of “atomic programs”, let WP(S) be the smallest closed set containing S.
WP(S) = (WP(5),or,;,do) is an algebra of nondeterministic while programs.

WP(S) is different from the other algebras we have considered in that we have not
specificed any conditions that it must satisfy (other than its signature). It is typical of
algebras that arise from programming languages in this regard; we will study this kind of
algebra in more detail later.

A wvector space over a field (F,+,-, —,0,1) is an Abelian group (4, +, —,0) with a scalar
multiplication F' x A — A satisfying the following conditions, for all r,7’ € F and a,d’ € A.

la = a,
r(a+ad)=ra+rd,
(r+rYa=ra+ra,

(r-mb=r(r'a).

This is not an algebra in our sense but can be made into one by expanding the signature
of Abelian groups by adjoining a new unary operation for each element of the field. Let
Y ={+,-,0tU{o, : r € F}, where p(o,) =1 for every r € F. (Note that X' is infinite
if I is infinite.) A vector space is a Y-algebra A = (A, +4, —4 04 04),.cr such that
(A, 44, —4,04) is an Abelian group and, for every r € F and a € A, o(a) = ra, the
scalar product of a by r.

A vector space in this sense is defined by identities, but in general an infinite number.
The properties of both the scalar multiplication the field must be expressed in terms of
identities. For example, the last of the four defining condtions on scalar multiplication takes
the form of a possibly infinite set of identities, namely, {0,../(z) ~ o(o.(z) : r,7' € F},
while the the commutativity of the ring multiplication is reflected in the set of identities
{ov(0p(2)) = o (op(x)) im0’ € F }.

A more satisfactory treatment of vector spaces requires a generalization of the notion of
a signature.

A mult-sorted signature consists of a nonempty set .S of sorts together with a set X' of
operation symbols and, for each o € X, a nonempty sequence p(o) = (s1,..., Sp,t) of sorts,
called the type of 0. We usually write the type in the form sq,...,s, — t. The sequence of
sorts s1, ..., Sy, and the single sort t are called respectively the arity and target sort of o.
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A Y -algebra is an ordered pair
A={((As:5€8), (040 X)),

where (A; : s € S), which is usually denoted by A, is a nonempty finite sequence of
nonempty sets. For each o € X if s1,...,s, — t is the type of o, then

crA:As1 X oo X Ag, — Ag
Vector spaces over a field can be most naturally viewed as multi-sorted algebras where

S ={V,F} and ¥ = {+v,—v,0v,+F, r,—r,0r, +v, —v, 0y, 1y, x}, where the types of
the various operation symbols are given in the following table. * denotes scalar multiplica-

operation type operation type
+v V.V -V +F FF—F
-V V-V —F F—F
Oy -V Op — F

1p — F

o FF—F
* FV -V

tion. The defining identities are left to the reader.

We give an example of a multi-sorted algebra that arises in the algebraic theory of data
types, the algebra of lists of data. S = {D, L}, ¥ = {head, tail, append, derror, lerror}.
The type of each operation symbol is as follows: head: . — D; tail: L — L; append: D, L —
L, derror: — D; lerror: — L.

The algebra of lists over a nonempty set A is

List(A) = (List(A), head"t() £ai1154(4) appendist(4) qerror™st(4) 1errorlist(4))

where A* = {{a1,...,an) :n €Ew,a,...,a, € A}, the set of all finite sequences of elements
of A.
head ™) ((ay,... a,)) = a1 if (a1,...,ay) is not empty,
head“*(4)(()) = derror,
head ™) ((ay, ... an)) = (as,...,an) if (a1,...,ay) is not empty,
head™ st (()) = 1error,
appendLiSt(A)(b, (a1, ...,an)) = (b,ai,...,ay),
derror™std) = ¢
lerror™st(4) — ¢,
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A signature is unary if p(o) <1 for every o € X; mono-unary if ¥ = {o} and p(c) = 1;
a groupoid if X = {o} and p(c) = 2. An algebra is unary, mono-unary, a groupoid if its
signature is. In the sequel, for each n € w, X, = {0 € Y : p(0) =n}.

2.1. Subuniverses and subalgebras.

Definition 2.3. Let A be a XY-algebra and B C A. B is a subuniverse of A if, for all
new, o€ Xy, and by,...,b, € B, 0%b1,...,b,) € B, i.e., B is closed under o4 for each
o € Y. The set of all subuniverses of A will be denoted by Sub(A).

Note that this implies 04 € B for every o € X, and that the empty set is a subuniverse
of A iff ¥y =), i.e., A has no distinguished constants.

Theorem 2.4. (A,Sub(A)) is an algebraic closed-set system for every X-algebra A.

Proof. Let K C Sub(A). Let ¢ € X and ay,...,a, € (K, where n = p(c). Then for
every B € K, ay,...,a, € B and hence 04(ay,...,a,) € B. So 04(ay,...,a,) € K. So

K € Sub(A).

Suppose now that K is directed. Let ay,...,a, € |JK. Since there is only a finite number
of the a;, they are all contained in a single B € K. So 0(ay,...,a,) € B € |JK. Hence
UK € Sub(A). O

Note that if X' is unary, then |JX € Sub(A) for every K C Sub(A) because a € [JK
implies a € B for some B € A, and hence c4(a) € B C JK.

Note also that Sub(A) = P(A), i.e., every subset of A is a subuniverse of A, iff, for every
ne X, everyo € X, and all ay,...,a, € A, 0%(a1,...,a,) € {ay,...,a,}.

The closure operator associated with the closed-set system (A, Sub(A)) is denoted by
SgA. Thus Sg2:P(A) — Sub(A) and Sg#(X) = N{ B € Sub(A) : X C B}; this is called
the subuniverse generated by X.

Theorem 2.5 (Birkhoff-Frink). Let (A,C) be an algebraic closed-set system over A. There
there exists a signature X and a X-algebra A such that C = Sub(A).

Proof. For every X C, A and every b € Cl¢(X), let o be an operation symbol of rank
| X|, the cardinality of X. Let ¥ = {ox;: X C, A,b € Clg(X) }. Let A be the Y-algebra
with universe A such that, for every ox € X and all ay,...,a, € A, where n = |X]|,

b if o =X
UA(a17' "7an) - ' {ah . 70%}
a1 otherwise.

If X =0,08,=0

In order to establish the conclusion of the theorem it suffices to show that,

for every Y C A, Cle(Y) = SgA(Y).

D: We first show that Clg(Y) is closed under the operations of A. Let X C,, A and b €
Cle(X). Let ay,...,an € Cle(Y), weren = | X|. If {a1,...,a,} = X, then U}“}’b(al, cey Q) =
b € Clg(X) C Clg(Y), since X C Clg(Y); otherwise, U)‘?,b(al, ..yap) = a1 € Cle(Y). So
Y C Cle(Y) € Sub(A), and hence Sg#(Y) C Cle(Y).

C. Let b € Clg(Y). Since (A,C) is a algebraic by hypothesis, Clg(Y) = [J{ Cle(Y) :
Y' C, Y}. So there is a finite subset Y’ of Y such that b € Clg(Y'). If Y/ = (), then b

17



18

is in every subuniverse of A, in particular in Sg(Y). So assume Y # 0, and let Y/ =
{a1,...,an}, where the ay,...,ay, are all distinct. Then b = oy’ p(a1,...,an) € SgA(Y).
So Cle(Y) C SgA(Y). O
We examine the subuniverse lattices of some familiar algebras. Let Z = (Z, +, —,0). We
begin by showing that
(19) Sub(Z) ={nZ:new},
where nZ = {n-k:k € Z} and - is integer multiplication.
Let H € Sub(Z). If H = {0}, then H = 0Z. Assume H # {0}. Then H Nw # {0},

because if k € H and h < 0, then —k € H. Let n be the least element of H N (w\ {0}). Let
ke Z.

e Ifk=0,nk=0¢€ H.

e Ifk>0,n-k=n+n+---+neH.
—_——
k
e lfk<O,n-k=—n+-n+---+-neH.
“k

SonZ C H.
Suppose k € H. By the division algorithm, k = gn 4+ r, where 0 <r <n. r=k —qn €
H Nw. So r =0 by the minimality of n. Thus k € nZ, and H C nZ. This verifies (19).
Let Sub(Z) be the complete lattice (Sub(Z), Vv, N). We note that nZ vV mZ = { gn+pm :
p,q € Z} ={GCD(n,m)r:r €Z}.So

nZ N nZ = GCD(n,m)Z.
It is left as an exercise to show that nZAmZ = LCM(n, m)Z. Thus Sub(Z) = (w, GCD, LCM).

Note that Sub((w, S) = {[n) : n € w }U{0}, where S is the successor function, i.e., S(n) =
n+1,and [n) ={k €w:n <k} Wehave [n)V[m)=[n)U[m)=[Min(n,m)) and [n) N
[m) = [Max(n,m)). Thus (Sub({w,S)),V,N) = (w U {oco}, Min, Max). So (Sub((w,S)), C
) 2 (U {oo}, >)

Sub({w, P) = {[0,n] : n € w }U{0}, where P is the predecessor function, i.e., P(n) = n—
if 0 < n; P(0) =0. (Sub({w, P)),V,N) = (wU {oo},Max, Min). So (Sub({w, P)),C) =
(U o0, <)

If A= (A,V,A) is a lattice, (A, A, V) is also a lattice, called the dual of A. Its Hasse

diagram is obtained by turning the Hasse diagram of A up-side-down. The lattices of
subuniverses of (w, S) and (w, P) are duals of each other.

—_

A lattice is bounded if it has a largest element, i.e., an element that is an upper bound
of every element of the lattice, and also a smallest element. These elements are normally
denoted by 1 and 0, respectively. The elements of the lattice that cover 0 (if any exist) are
called atoms, and the elements that are covered by 1 are called coatoms. The coatoms of the
lattice Sub(A) of subuniverses of a X-algebra A are called mazimal proper subuniverses.
Thus B is a maximal proper subuniverse of A if B # A and there does not exist a C €
Sub(A) such that B C C C A.
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The maximal proper subuniverses Z are of the form pZ, p a prime. The only maximal
proper subuniverse of (w,S) is [1), while (w, P) has no maximal proper subuniverse. This
is a reflection of the fact that Z and (w, S) are both finitely generated, in fact by 1 and 0,
respectively, while (w, P) is not finitely generated. This connection between the existence of
maximal proper subuniverses and finite generation is a general phenomenon as the following
theorem shows. Note that since every natural number greater than 1 has a prime factor,
every proper subuniverse of Z is included in a maximal proper subuniverse, and trivially
(w, S) has the same property.

Theorem 2.6. Let A be a finitely generated X'-algebra. Then every proper subuniverse of
A is included in a mazximal proper one.

Let B be a proper subuniverse of A. The theorem is obvious if A is finite: If B is
not maximal, let B’ be a proper subuniverse that is strictly larger than B. If B’ is not
maximal, let B” be a proper subuniverse that is strictly larger than B’. Continue in this
way. If |A| = n, this process cannot continue for more than n steps. If B is infinite, the
process may continue w steps (here we are thinking of w as a ordinal number). In order
to prove the theorem in general we need to be able to extend the process beyond w steps
to the transfinite. Zorn’s lemma' allows us to do this. Let (A, <) be a (nonempty) poset
with the property that every chain (i.e., linearly ordered subset) has an upper bound in A.
Then Zorn’s lemma asserts that (P, <) has a maximal element.

We are now ready to prove the theorem.

Proof. Let A =SgA(X), X C, A. Let B € Sub(A), B# A. Let K ={K € Sub(A): B C
K ¢ A}. K is nonempty since it contains B. Let C C K be any chain. C is directed, so
JC € Sub(A). JC is a proper subuniverse, because if | JC = A, then X C [JC, and hence
X C K for some K € K, because X is finite and C is directed. But this is impossible since
X C K implies K = A and hence K ¢ K. So every chain in K has an upper bound. By
Zorn’s lemma K has a maximal element. O

The converse of the theorem does not hold: there are algebras that are not finitely
generated but which still have maximal proper subuniverses. For example, let A = (w U
{o0}, P), where P is the usual predecessor function on w and P(c0) = oo. A is clearly not
finitely generated, but w is a maximal proper subuniverse.

Theorem 2.7 (Principle of Structural Induction). Let A be a X'-algebra generated by X.
To prove that a property P holds for each element of A it suffices to show that
(i) induction basis. P holds for each element of X.
(ii) induction step. If P holds for each of the elements ai,...,a, € A (the induction
hypothesis), then P holds for o4 (a1, ..., ay,) for all o € 5.

Proof. Let P ={a € A: P holds for a}. X C P and P is closed under the operations of
A. So P € Sub(A). Hence A = SgA(X) C P. O

Ordinary mathematical induction is the special case A = (w, S). w = Sg({0}). If 0 has
the property P and n has P implies S(n) = n+ 1 has P, the every natural number has the
property P.

1Zorn’s lemma is a theorem of set theory that is know to be equivalent to the Axiom of Choice, and
hence independent of the usual axioms of set theory. It is of course highly nonconstructive.
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We now show how the notion of subuniverse extends naturally for single-sorted to multi-
sorted signatures. Let X' be a multi-sorted signature with set S of sorts. Let A = <<As :
s € S>,0A>U€E be a Y-algebra. A subuniverse of A is an S-sorted set B = (B; : s € 5)
such that By C A; for every s € S, and, for every o € X of type s1,...,8, — t, and all
ay € Ag,,...,an € A, we have 04(ay,. .., a,) € By.

(Sub(A), <) is a complete lattice where B = (Bs:s € S) < C = (Cs:s€ S) iff B; C C;
for all s € S. The (infinite) join and meet operations are:

\/IC:<ﬂ{BS:B€lC}:s€S>,
K =([NCs: C € Sub(A) such that, forall BEK, B<C}:s€S).
As an example consider the algebra
Lists(w) = ((wU {ep},w* U{e;}),head, tail, append, emptylist,derror,derror).

We leave it as an exercise to show that every subuniverse is generated by a unique subset
of the data set w; more precisely, the subuniverses of Lists are exactly the S-sorted subsets
of Lists of the form (Xp U{ep}, X}, U{er}) were X is an arbitrary subset of w.

Hint: It is easy to check that this is a subuniverse. For the other direction it suffices
to show that for any sorted set X = (Xp, X1) < (wU {ep},w* U {e;}), Sglists(@)(X) =
Sglists@)((y, (), where y = X U U{{a1,---,an} : {a1,...,as) € Xp }. For this pur-
pose it suffices to show that, if (a1,...,a,) € X, then {a1,...,a,} C Bp, where B =
Sglists(@) (X)), But, for all i < n, a; = head(tail?((ai,...,an)) € Bp.

From this characterization of the subuniverses of Lists is follows easily that Sub(Lists)
is isomorphic to the lattice of all subsets of w and hence is distributive.
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2.2. The structure of mono-unary algebras. Let A = (A, f), where f: A — A. By a
finite chain in A we mean either a subset of A of the form {a, f(a), f?(a), ..., f*(a)}, for
some n € w, or of the form {a, f'(a), f?(a),...} = { f¥(a) : k € w}, where fi(a) # f7(a)
for all ¢ < j < n in the first case and for all © < j < w in the second. Note that the finite
chain is not a subuniverse of A unless f"*!(a) = f%(a) for some i < n. The infinite chain is
clearly a subuniverse and is isomorphic to the natural numbers under successor; we call it an
w-chain. By a cycle we mean a finite subset of A of the form {a, f'(a), f%(a), ..., fP"1(a)},
where fP(a) = a but f%(a) # f’(a) for all i < j < p. p is called the period the the cycle. A
cycle is clearly a subuniverse.

We first consider the case where A is cyclic, i.e., A = Sg?({a}). It is easy to see that
A={f"a):n €w}. Weshow that if A is finite, then it must be in the form of a finite
chain that is attached at the end to a cycle; see Figure 1.

Suppose f"(a) = f™(a) for some n < m. Let | be the least n such that there exists an
m > n such that f"(a) = f™(a). Then let p be the least k > 0 such that f'**(a) = f!(a).
p is called the period of A (and of a) and [ is called its tail length. A is finite. A thus
consists of a finite chain of length [, called the tail of A, that is attached to a cycle of period
p, called the cycle of A. If f"(a) # f™(a) for all distinct n,m € w, then A is an infinite

f'+P(a

f(a)

a f@ @ @
f*l(a

FIGURE 1

w-chain.

Elements a, b of an arbitrary mono-unary algebra A are said to be connected if there
exist n, m € w such that f"(a) = f™(b). The relation of being connected is an equivalence
relation. It is clearly reflexive and symmetric. Suppose f(a) = f™(b) and f*(b) = f'(c).
Then f"t*(a) = fm+*(b) = f*™(c). The equivalence classes are called connected com-
ponents of A. Each connected component C of A is a subuniverse. For if a € C, then
f(f(a) = f?(a); hence f(a) is connected to a and thus in C. A is the disjoint union of
its connected components, and hence in order to fully understand the structure of mono-
unary algebras it suffices to focus on connected algebras (those with a single connected
component) Clearly any cyclic algebra is connected.

We now consider the proper 2-generated connected algebras, i.e., A = Sg({a,b}) and
A is not cyclic but is connected, i.e., there exist n,m € w such that f™(a) # f™(b) but
"t (a) = f™t1(b). Since they are connected, Sg({a}) is finite iff Sg({b}) is, and in
this case they have the same cycle. The tails either attach separately to the cycle or merge
before the cycle, see Figure 2. A is infinite iff Sg({a}) and Sg({b}) are both infinite. Tt
can be viewed either as the w-chain Sg#({b}) with a finite chain beginning with b attached,
or as the w-chain Sg4({b}) with a finite chain beginning at a attached; see Figure 2
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FIGURE 2

The proper 3-generated connected algebras are of the following form: three finite alge-
bras, one with the three tails separately attached to the cycle; one with two of the tails
merging before the cycle; and one with all three tails merging before the cycle. The one
infinite form is an w-chain with two finite chains attached to it. By a finite reverse tree
we mean mean a finite chain with a finite number of finite chains attached to it. Every
finite, finitely generated, connected mono-unary algebra is a cycle with a finite number of
finite reverse trees attached to it. Every infinite, finitely generated, connected mono-unary
algebra is an w-chain with a finite number of reverse trees attached to it.

Examples of a nonfinitely generate mono-unary connected algebras are the natural num-
bers under the predecessor (a reverse w-chain) attached to a cycle, and a w-chain and a
reverse w-chain put together, i.e., the integers under successor. A full description of the
nonfinitely generated mono-unary connected algebras is left to the reader.

2.3. Subalgebras. Roughly speaking a subalgebra of an algebra is a nonempty subuniverse
with together with the algebraic structure it inherits from its parent.

Definition 2.8. Let A and B be Y-algebras. B is a subalgebra of A, in symbols B C A,
if B C A and, for every o € X and all by, ...,b, € B (n is the rank of ), oB(by,...,b,) =
oA (b, ..., by).

If B C A, then B € Sub(A). Conversely, if B € Sub(A) and B # (), then there is a
unique B C A such that B is the universe of B.

Let Alg(X') be the class of all X-algebras. C is a partial ordering of Alg(X'). It is clearly
reflexive and antisymmetric. If C C B and B C A, then C C Band B C Aso C C A,
and for all ¢, ...,c, € C, 0% (c1,...,cn) =0B(c1,. .. cn) = 04(c, ..., cn). (Alg(X),C) is
not a lattice ordering. If AN B = (), then A and B cannot have a GLB. Allowing empty
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algebras would clearly not alter the situation for signatures with constants, and it is not
hard to see that the the same is true even for signatures without constants. The problem
becomes more interesting when we consider isomorphism types of algebras below.

For any class K of X-algebras we define

S(K) ={A € Alg(Y) : there exists a B € K such that A C B }.

For simplicity we write S(A) for S({A}).

S is an algebraic closure operator on Alg(X). Clearly K C §(K) by the reflexivity of C,
and and S S(K) = S(K) because C is transitive. Also K C L implies S(K) € S(L). And
S(K) =U{S(K) : K' C, K}. In fact, S(K) =[J{S(A): A€ K}.

We should mention here that there are some set-theoretical difficulties in dealing with
the class of all Y-algebras because it is too large. Technically it is a proper class and not a
set; a set can be an element of a class but a class cannot. Thus although the class Alg(X')
of all algebras of signature X' exists, the class {Alg(X)} whose only member is Alg(X)
does not. In the sequel for purposes of simplicity and convenience we will use notation and
terminology that in their normal set-theoretical interpretation implies that we are assuming
the existence of classes that contain Alg(X) as an element. But the actual interpretation
makes no assumption of this kind and is consistent with standard set-theory.

2.4. Homomorphisms and quotient algebras. Let h: A — B be a mapping between
the sets A and B. h is surjective or onto if the range and codomain of h are the same, i.e.,
h(A) = B; we write h: A — B in this case. h is injective or one-one if, for all a,a’ € A,
a # o' implies h(a) # h(a'); we write h: A — B. Finally, h is bijective or one-one onto if it
is both surjective and injective, in symbols, h: A = B.

Definition 2.9. Let A and B be Y-algebras. A mapping h: A — B is a homomorphism,
in symbols h: A — B, if, for all 0 € X and all ay,...,a, € A, with n = p(0),

h(oA(ar, .. an)) = 0B (har), .. ., hlan)):
A surjective homomorphism is called an epimorphism (h: A — B) and an injective homo-
morphism is called a monomorphism (h: A — B). A bijective homomorphism is called an
isomorphism and is written either h: A = B.

A homomorphism with the same domain and codomain, i.e., h: A — A, is called and
endomorphism of A, and an isomorphism with the same domain and codomain, i.e., h: A =
A, is an automorphism of A.

Hom( A, B) will denote the set of all homomorphisms from A to B. Iso(A, B), End(A),
and Aut(A) are defined accordingly.

Examples. The classic example is the homomorphism from the additive group of integers
Z = (Z,+,—,0) to the group of integers (mod n) Z, = (Z,,+ (mod n), — (mod n),0
(mod n)).

For n € Z, the mapping h,,: Z — Z defined by

T+ +T if n >0,
———
n
hp(z) =nzx =140 ifn=0,
—z+—---+—z ifn<0

-n
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is an endomorphism of Z: h(x +y) = n(z + y) = nz + ny; h(—z) = n(—z) = —(nx);
h(0) = n0 = 0.

Theorem 2.10. Let A = (A,-, "1 e) and B = (B,-, 71 €) be groups. Then Hom(A, B) =
Hom((A, ), (B,)).

Proof. Clearly Hom(A, B) C Hom((4, ), (B,-)). Let h € Hom((A, -), (B,-)). h(e) - h(e
h(e-e) = h(e) = e- h(e). So h(e) = e by cancellation. h(a™!) - h(a) = h(a™! - a) =
h(a)~' - h(a). So h(a=t) = h(a)~! by cancellation.

(Z,+) is called a reduct of Z. There is a useful general notion of reduct. Let (X, px;)
and (A, px) be signatures. A is a subsignature of X if A C X and, for each § € A,
pa(6) = px(9).

Definition 2.11. Let X be a signature and A a X-algebra. Then for every subsignature
A of ¥, the A-algebra (A, §)sc A is called the A-reduct of A. It is denoted by Reda(A).

Clearly, for all X-algebras A and B and every subsignature A of X, Sub(A) C Sub(Reda(A)).
We have seen that the equality fails to holds for the {+}-reduct of Z. It does hold however
for the {-}-reduct of any finite group (exercise). Exercise: Is it true in general that Sub(A)
is a sublattice of Sub(Reda(A))?

It is also clear that Hom (A, B) C Hom(Reda(A),Reda(B)), and we showed above that
equality holds for the {-}-reduct of any group (finite or infinite).

Every endomorphism of Z is of the form h,, for some n € w. To see this consider any
g € End(Z), and let n = g(1). If z > 0,

gx) =g+ - +1)=g(1)+ - +g(1) =nz = hp(z).
Ifx=0, g(x) =0=hy(z), and if z < 0,
gx)=g(cl+---+ -1 =—g(1)+---+ —g(1) = (—n)(—2) = nz = hy(2).

~~
—x —x

D ~—
|

¥

This result is a special case of a more general result which we now present.

Theorem 2.12. Let A, B be X-algebras, and assume A is a generated by X C A, i.e.,
A =Sg4(X). Then every h € Hom(A, B) is uniquely determined by its restriction h[ X to
X, i.e., for all h,h' € Hom(A, B), if h|X = h'| X, then h =1'.

Proof. The proof is by structural induction. Let P be the property of an element of A
that its images under h and h’ is the same; identifying a property with the set of all
elements that have the property (this is called eztensionality) we can say that P = {a €
A : h(a) = W(a)}. X C P by assumption. For every ¢ € X and all ay,...,a, € P,
h(o4(ar,...,a,)) = 0B (h(ar),...,h(an)) = oB (N (a1),..., W (a,)) = B (0®(a1,...,a,)).
So 04(a1,...,a,) € P, and hence P € Sub(A). So P = A since X generates A. O

This theorem can be applied to give a easy proof that every endomorphism of Z is of the
form h,, for some n € Z. Let g € End(Z) and n = g(1). Then g(1) = h,(1). Thus g = h,
since Z = SgZ({1}).

Let A = (A,V,A),B = (B,V,A) be lattices. Then every h € Hom(A, B) is order-
preserving. In fact, a < o’ implies aAa’ = @’ which in turn implies that h(a)Vh(a") = h(a'),
i.e., h(a) < h(a'). The converse does not hold.
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For example the mapping h in the figure above is order-preserving but is not a lattice
homorphism. However recall that if if h is bijective and strictly order-preserving then it is
a homorphism (Theorem 1.8).

Consider the function h: B3 — Bjs described pictorially in the following diagram, where
B3 is the three-atom Boolean algebra, The claim is that h is endomorphism of Bs. This

can be verified mechanically by considering each pair of elements x, y in turn and checking
that h(z Vy) = h(x) V h(y) and h(x Ay) = h(z) A h(y), but this is a tedious process. For
example, h(cV b) = h(d') =a = a Vb= h(a')V h(b). Here is a simpler way. Note first
of all that, for all x € Bs, h(x) = = V b. Bj is a distributive lattice. An easy way to see
this is to observe that Bg is isomorphic to the (P({1,2,3}),U, N), the lattice of all subsets
of the three-element set {1,2,3}. The mapping a — {1}, b — {2}, ¢ — {3}, d’ — {2,3},
b — {1,3}, ¢ — {1,2},0 — 0, 1 — {1,2,3} is an order-preserving bijection and hence a
lattice isomorphism.

So Bj is distributive. We use this fact to verify h is a homomorphism: h(z V y)
(zVy)Vb=(zVy)V(bVb)=(xVb)V(yVb)=h(x)Vh(y),and h(zAy) = (x Ay) VDb
(x VD) A (yVb)=h(z)Ah(y).

Exercise: Prove that for every lattice L the mapping x — x V a is an endomorphism of
L for all a € A iff L is distributive.
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Theorem 2.13. Let A, B be X-algebras and h € Hom(A, B).
(i) For every K € Sub(A), h(K) € Sub(B).
(ii) For every L € Sub(B), h™'(L) :={a € A:h(a) € L} € Sub(A).
(iii) For every X C A, h(Sg*(X)) € Sg® (h(X)).
Proof. (i). Let 0 € X, and by,...,b, € h(K). Choose ay,...,a, € K such that h(a;) =
bi,...,h(ay) = b,. Then oB(by,...,b,) = oB (h(a1),...,h(ay)) = h(JA(al, ay)) €
h(K).
(ii). Let ai,...,a, € h7Y(L), ie., h(a1),...,h(a,) € L. Then h(JA(al,...,an)) =
oB(h(a1),...,h(an)) € L. So 04(ay, ..., a,) € A1 (L).

(ili). h(X) C h(Sg™*(X)) € Sub(B) by part (i). So SgB(h(X)) C h(Sg*(X)). For the
reverse inclusion, X C h=1(h(X)) C h~1(Sg*(h(X)) € Sub(A) by part (ii). So Sg(X) C
Wt (S (h(X)). O

h(A) will denote the unique subalgebra of B with universe h(A) and if B’ C B, then
h~1(B’) is the unique subalgebra of A with universe h~!(B’).

Theorem 2.14. Let A = (A, f) be a finite, cyclic mono-unary algebra with period p and
tail length | (see Figure 1). Let h: A — A’ be a epimorphism. Then A’ is finite, cyclic
mono-unary algebra. Let p' be its period and 1’ its tail length. Then p’ divides p and I’ < 1.

Proof. By Theorem 2.13(iii), A’ is a cyclic mono-unary algebra, and it is obviously finite.
Let A = Sg4 ({a}). Then A" = Sg4'({h(a)}) by Theorem 2.13(iii). By definition p is the
smallest m € w \ {0} such that there is an n € w such that f"*(a) = f"(a), and [ is the
smallest n € w such that f"™?(a) = f™(a). p’ and I are defined similarly. For every n > I
and every q € w, we have
(20)
frrwa) = PP @) = USRS @) - ))) = T a) = M (a).

q

We claim that, for all n, m € w with m > 0,

if /"™ (a) = f™(a) then p divides m.

For every n' > n, f"*+"(a) = f"~"(f"*(a)) = f*"(f"(a)) = f"(a). So without loss
of generalization we assme n > [ By the division algorithm, m = gp + r with 0 < r < p.
Then by (20), f*"*"(a) = f*t"%(a) = " (a) = f"(a). By the minimality of p, r = 0;
sop|m.

fHP(h(a)) = h(fP(a)) = h(fYa)) = f'(h(a)). So by (20) (with A’, h(a), and p’ in
place of A, a, and p, respectively), we get that p’ divides p. Furthermore, choose ¢ such
that I +gp > I'. Then f7' (h(a)) = f*'(f'(h(a))) = f7 (f7%(h(a))) = f7%7 (h(a)) =
[ (h(a)) = f!(h(a)). So I’ <1 by the minimality of I'. O

Define the binary relation < on Alg(X) by A < B (equivalently B = A) if A is a
homomorphic image of B, i.e., there is an epimorphism h: B — A. < is clearly reflexive
and it is also transitive, for if h: B - A and ¢g:C — B, then ho g:C — A. However, <
fails to be antisymmetric in a strong way: in general,

A < B and B < C does not imply A = B.
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For example, let A = ([0, 3], <) and B = ([0,1] U [2, 3], <). Define
r if0<z<1,

h(x) =<2 ifl<wz<2, and g(ac):{
x if2<z<3

3z f0<z<l,
3 ifl<z<3.

We leave it as an exercise to prove that h is an epimorphism from the lattice A to B and
that ¢ is an epimorphism in the opposite direction. However, A 2 B. To see this note
that an isomorphism preserves compact elements, but A had only one compact element, 0,
while B has two, 0 and 2.

If A or B is finite, then A < B and B < A implies A = B. Because, A < B and
B < A imply |A| < |B| and |B| < |A], i.e., |A| = |B|. So any surjective homomorphism
from A onto B must be also injective by the pigeonhole principle. Thus A = B.

= is an equivalence relation on Alg(X). (Aa: A= A;if h A= B and g: B = C, then
goh:A=C;if h: A=~ B then h™': B> A.) The equivalence class of [A]~ of A under &,
which we normally write simply as [A], is called the isomorphism type of A. ([A] is not a
proper set, it’s too big, but this problem can be disregarded for our purposes.) The class
of all isomorphism types of X-algebras is denoted by [Alg(X)].
The relations of subalgebra and homomorphic image on Alg(Y) induce corresponding
relations on [Alg(X)].
e [A]C[B]ifA ~;C B,ie,ifiIC(A=C C B).
e [A < B]if A< B. (Note that because ¥ C %, (&;<)C (£5=x) =<.)
C and < are well defined in isomorphism types, i.e., if A =2 A’ and B = B’, then
A~;CBif A~2;CB and A< Biff A <x B
To see that these equivalences holds we observe that A = ; C B implies A’ = ;2 ; C
~ B’ and A < B implies A = ; < ; = B. The second implication holds because clearly

;< = <32 = <. The first implication is an immediate consequence of the equality
=

e

~

= 2 C, which is in turn a corollary of Thm. 2.15(i) below.

N 1R

C is a partial ordering of isomorphism types, and < is what is called a quasi-ordering or
pre-ordering, i.e., it is reflexive and transitive but not symmetric. However, < is a partial
ordering on finite isomorphism types, that is isomorphism types of finite algebras. Clearly,
if [A] < [B] and [B] < [C] and A (equivalently B) is finite, then [A] = [B].

Let us consider the various relative products of C and < and their converses:

Sy, 35S, S5 =5C.

)

This gives half of the eight possible combinations, but each of the remaining four is a

converse of one of these. For example, (23 <) =(C;%)=(C;=x)".
Theorem 2.15. The following inclusions as relations be X'-isomorphism types.

Proof. (i) C. Assume [A] C ;= [B], i.e., there exists a C such that A C C = B. We need
to show [A] = ; C [B], i.e., there exists a D such that A = D C B. Let h:C — B. Then
A = h(A) C B. See the following figure.

The inclusion D of (i) is left as an exercise. See the following figure.
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C3=C»3C S iak

(i) €. Assume A C C < B. Let h: B — C. Then A < h~'(A) C B.

We show by example that the inclusion of (ii) is proper. Let Q = (Q, +, -, —, 0, 1) be the
ring of rational numbers (a field). Recall that Z = (Z,+,-,—,0,1) is the ring of integers
and let Zo = (Za, +, -, —,0,1) be the ring of integers (mod 2). We know that Zy < Z C Q,
so0 Zs <3 C Q. But it is not the case that Zs C ; < Q. In fact, we show that

(21) H{Q}) =1{Q}) U{ A cAlg(X): [A] =1},
i.e., the only nontrivial (two or more elements) homomorphic images of Q are its isomorphic
images. Suppose h:Q — A, and suppose h is not an isomorphism, i.e., it is not injective.
Let a and b be distinct elements of Q such that h(a) = h(b). a — b # 0 but h(a — b) =
h(a + —b) = h(a) + —h(b) = h(a) — h(b) = 0. Thus 1 = h(1) = h((a —b) - (a —b71)) =
h(a —b)-h((a—b)"1)=0-h((a—b)"')=0. Soforeverya€ A,a=1-a=0-a=0;i.e.,
A is trivial. This proves the claim.

Suppose now by way of contradiction that for some A, Zs C A < Q. By the claim A
must be either isomorphic to Q or a trivial one-element algebra. But Zs is not isomorphic
to an subalgebra of Q. O

For any class K of X-algebras, we define
H(K)={AecAlg(X):3B € K(A< B)},
I(K)={AcAlg(¥):3BcKA=B)},
the classes respectively of homomorphic and isomorphic images of algebras of K. H and
| are algebraic closure operators on Alg(X). For example HH(K) = H(K) because of the
transitivity of <. H is algebraic because H(K) = J{H(A): A € K}.
Theorem 2.16. For any class K of X-algebras,
(i) SH(K) C HS(K).
(ii) HS is an algebraic closure operator on Alg(X).
Proof. (i). Suppose A € SH(K). Then there exists a B € K such that A C ; < B. Then
by Thm. 2.15(ii), A < ; C B. Thus A € HS(K).
(ii) K € S(K) by the extensivity of K, and hence by the extensivity and monotonicity

(1)
of H, K € H(K) € HS(K). So HS is extensive. HSHS(K) € HHSS(K) = HS(K).
Since clearly HS HS(K) € HS(K), we get that HS is idempotent. Finally, K C L implies
S(K) € S(L) which in turn implies HS(K) € HS(L). So HS is monotonic. A € HS(K) iff
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there is a B € K such that A < ; C B. Thus HS(K) C U{HS(B): B € K}. Thus HS
is algebraic. O

From Thm. 2.15(i) we see that the opposite inclusion of Thm. 2.16(i) does not in hold
in general.

We also note the following obvious identities, which prove useful later. I(K) = HI(K) =
H(K) and I1S(K) = S I(K).

Let X be a multi-sorted signature with sort set S. Let A and B be X-algebras. A
homomorphism h: A — B is a S-sorted map h = (hs : s € S) such that, for all s € S,
hs: As — Bs, and for all 0 € X of type s1,...,8, — s and for all (ay,...,a,) € Ay X -+ X
Ag,, hs(0(ar, ... an)) = 0B (kg (a1), ..., hs,(an)).

Example. Let A and B be nonempty sets. Recall that

Lists(4) = ((AU{ep}, A" U {e}), head, tail, append, emptylist, derror, derror).
Let f: A — B be any map. We define the S-sorted map h = (hp, hy) where hp[A = f
and hp(ep) = ep, and, for all a1,...,a, € D, hp({a1,...,an)) = (f(a1), -+, f(an)), and
hr(e;) = e;. Then h € Hom(A, B) and every homomorphism from A to B comes from
some f: A — B in this way (Exercise).

2.5. Congruence relations and quotient algebras.
Definition 2.17. Let A be a X-algebra. An equivalence relation F on A is called a
congruence relation if, for alln € w, all 0 € X,, and all aq,...,ay,b1,...,b, € A,
(22) a1 Eby, ..., a, Eb, imply (a1, ...,a,) E c®(by, ..., by).
The set of all congruences on A is denoted by Co(A).

(22) is called the substitution property. Intuitively, it asserts that the equivalence class
of the result of applying any one of the fundamental operations of A depends only on the
equivalence classes of the arguments. See the following figure.

We use lower case Greek letters, e.g., a, (3, v, etc., to represent congruence letters. The
equivalence class [a], of a is called the congruence class of a and is normally denoted by
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a/a. So aab iff a/a = b/a iff a € b/a. The set of all congruence classes of «, i.e., the
partition of «, is denoted by A/a.

Definition 2.18. Let A be a Y-algebra and let o € Co(A). We define an Y-algebra
Afa=(Afa, 04 gy

on the set of congruence classes of « as follows. For every n € w, every o € X, and for all
ar/a,...,an/a € Ala,

oAy /a,. .. an/a) = oA (ay, . .., an)/a.
A/ga is called a quotient algebra, or more precisely, the quotient of A by a.
Note that 04/% is well defined by the substitution property.
Examples. (1) Aq, V4 € Co(A). A/Ax = A and A/V 4 is a trivial one-element algebra.

(2) Let G = (G, -, !, ¢e) be a group. A subuniverse N of G is called normal if it is closed
under conjugation by arbitrary elements of G, i.e., if a € N implies z-a-x~! € N for every
x € G. Define aab if a-b~' € N. Then « is a congruence relation. Furthermore, for each
congruence « on G, e/« is a normal subuniverse of I'. The mapping a — e/« is a bijection
between Co(G) and the normal subuniverses of G. We leave the verification of all these
facts to the reader but will give the details of a similar verification for rings.

(3) Let R = (R, +,+,—,0) be a ring, and let I be an ideal subuniverse of R: if a € I
then x-a,a-x € I for every x € R. Define aabif a —b (= a+ —b) is in I. We show « is an
equivalence relation. a—a=0¢€ I. a—b,b—ce [ implya—c = (a—b)+(b—c)eI. a—be ]
implies b —a = —(a —b) € I. We now verify the substitution property. Suppose a; b and
as by, ie., ay — by,a9 — by € I. Then (a1 +a2) — (bl +b2) = (a1 — bl) + (a2 — bg) el. So
(a1+a2) « (b1+b2). —al—(—bl) = —(al—bl) €l.So—a;a—b;. Finally, ((al—bl)-ag)—i—(bl-
(ag—bg)) € I. But ((al—bl)'GQ)+(b1'(a2—b2)) = al'ag—bl'ag—i-bl'ag—bl'bg = al'ag—bl'bg.
So (ay - az) a(by - be). Thus « is a congruence on G.

Now let € Co(G). We check that 0/« is an ideal. Let a,a’ € 0/a, i.e., aaa’ 0. Then
(a+ad)a(0+0)=0,—aa —0=0, (a-a’)a(0-0) = 0. So 0/« is a subuniverse. Moreover,
forevery x € R, (x-a)a(z-0)=0and (a-z) a(0-z2) = 0. So 0/« is an ideal. Furthermore,
(a—10b) € 0/aiff (a —b)a0iff a = ((a —b) +b)a(0+b) = b. So « is the congruence
determined as in the first part by the ideal 0/«. Conversely, if one starts with an ideal I,
constructs the congruence « as in the first part, then forms its ideal 0/« one gets back I,
because a € 0/« iff a0 iff a = (a — 0) € I. So for any ring R the mapping o« — 0/« is a
bijection between Co(R) and the set of ideals of R.
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(4) Let L = (L,V,A,0,1) be a bounded chain. Let a € Co(L). If aab then, for every
c€lab) (={x€L:a<xz<b}) wehave c = (aVc)a(bVc) =b. So, if any two
elements of L are identified, so are all the elements in the interval between the two. This
implies that A/« is a partition of L into intervals, either closed, open, or half-open, and
it is easy to check that every such partition is the partition of a congruence. For example
{[0,1/2), [1/2,3/4], (3/4,4/5), [4/5,1]} is the partition of a congruence of ([0, 1], <).
Theorem 2.20. Let A be a X-algebra and let « € Co(A). The mapping A, : A — A/«
such that, for all a € A, Ay(a) = a/a is an epimorphism from A onto A/ called the
natural map.

Proof.
AQ(UA(al, ... ,an)) = JA(al, conap) /o
= o%ay /o, ... an /)
= oA (Ag(ar), ..., Aalan)).
A, is obviously surjective. O

Let A and B be Y-algebras and h € Hom(A, B). Thinking of h as is graph, a binary
relation between A and B, we can form its converse h = { (b,a) € B x A : h(a) =b}. Note

that h;h C A2 and that a (h;h)d iff there is a b € B such that ahbha' iff thereis a b € B
such that h(a) =b = h(a’). Thus

hih={l{a,d) e A%: ha) = h(d) ).

We call this the relation kernel of h, in symbols rker(h). It is easy to check that rker(h)
is an equivalence relation on A; its associated partition is {A~1(b) : b € h(A)}, where
h=Y(b) = {a € A : h(a) = b}. The substitution property also holds. In fact, if h(a;) =
h(a}), i < n, then h(c®(a1,...,a,)) = 0B(h(ar),...,M(ay)) = oB(h(d)),... h(d],)) =

h(oA(d,....a})). So rker(h) € Co(A) for every X-algebra B and every h € Hom(A, B).

r'n

The following observation is helpful in understanding the following Homomorphism The-
orem. If o, 3 € Co(A), then o C 3 iff, for every a € A, a/a C a/f3; see Figure 3.

FIGURE 3
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Theorem 2.21 (Homomorphism Theorem). Assume A and B are X-algebras. Let h €
Hom(A,B). If a € Co(A) and o C rker(h), then the map ho: A/a — B defined by
ho(a/a) = h(a) for all a € A is well-defined and h, € Hom(A/a,B). Furthermore,
ha 0 Ay = h, i.e., the diagram in Figure 4 “commutes” in the sense that either of the two
possible paths from A to B give the same result.

A
A, h
Ala B
FIGURE 4

Proof. Let a,a’ € A such that a/a = a’/a. Then a/rker(h) = a'/rker(h) since o C rker(h).
Thus h(a) = h(a'). So hg is well-defined.

ha(UA/O‘(al/a, o ap/a)) = ha(o®(ay, . .. Lan)/a), by defn. of A/«
= h(oc(a1,...,an)), by defn. of h
=B (h(ar),...,h(an)), since h is a homomorphism

= 0B (halar/a), ..., ha(an/a@)), by defn. of h.

Thus h, € Hom(A/a, B).
Finally we have (ha 0 Aq)(a) = ha(Aa(a)) = ha(a/a) = h(a). See Figure 5.

FIGURE 5

Thus Figure 4 commutes. O
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On paraphases the conclusion of the theorem by saying that h “factors through” the
natural map A,.

Corollary 2.22 (First Isomorphism Theorem). A = B iff there exists an o € Co(A) such
that A/a = B. In particular, if h: A — B, then A/rker(h) = B.

Proof. Let h: A — B, and let o = rker(h). See Figure 6. ho(a/a) = ho(a'/a) iff h(a) =

A

Ag h
A3 —— B
FIGURE 6

h(a') iff a/rker(h) = o'/rker(h) iff a/a = a'/a. So h, is injective. Since it is clearly

surjective we have hy: A/a = B. O
Corollary 2.23. Let o, 3 € Co(A). a C 3 implies A/a/ = A/gb.
Proof. Exercise. O

Theorem 2.24 (Second Isomorphism Theorem). Let A be a X-algebra, and let o, 3 €
Co(A) with « C (. Let B/a = {{a/a,d'/a) : aad' }. Then B/a € Co(A/a) and
(A/a)/(B]a) = A/B.

Proof. By the Homomorphism Theorem (Ag)q: A/o — A/ where (Ag)a(a/a) = Ag(a) =
a/B. See Figure 7.

(a/a, d'[a) € tker((Ag)a) iff (Ap)ala/a) = (Ap)ald’/a)
i a/f=d/p
iff apad
iff (a/a, d'/a) € B/a.

So rker((Ag)a) = B/a and hence (A/a)/(3/a) = A/ by the First Isomorphism Theorem.
(]

A
A, Ap

(Ap)a

Al

FIGURE 7

week 7



34

Let us recall the Third Isomorphism Theorem for groups. Let H be a subuniverse of
a group G and let N be a normal subuniverse of G. Let H N be the subgroup with
universe HN = {h-n:h € Hn € N}. Then (HN)/N = H/(H N N) under the map
h/(HNN)w~— h/H.

Let A be a Y-algebra and let B C A. Let o € Co(A). Define Ba = J(b/a:b€ B} =
{a/a € AJa: Fb € B(aab}. Some simple observations:
(1) an B?e Co(B). (exercise)
(2) B C Ba € Sub(A). Tosee that B avis a subuniverse of A, we note that a; aby, -+ ,a, aby,
with by,...,b, € B imply 0(ay,...,a,) a o(by,...,b,) with o(by,... . b,) € B.

Let B « be the unique subalgebra of A with universe Ba. Then B C Ba C A. See
Figure 8

a/(an B?)

a Aﬁ = / a/(an(Ba)?)

FIGURE 8

Theorem 2.25 (Third Isomorphism Theorem). Let A be a X-algebra, B C A, and o €
Co(A). Then
Ba/(an(Ba)?>~ B/(an B?).

Proof. Define h: B — Ba/(aN (Ba)?) by h(b) = b/(an (Ba)?). h is surjective. Let
B=an(Ba)?.
h(oB(by,....bn)) = 0B(b1,....b,)/8
=oBby,...,b,)/8
=B b/, bn/B)
= aBB(n(by),... h(by)).

So h: B — Ba/B. For all bt/ € B, h(b) = h(t/) iff b/3 = b/ /B iff b3V iff b (a N (Ba)?) b/
iff b (o B2) Y since b,b’ € B. So rker(h) = a N B2. Now apply the First Isomorphism
Theorem. (]

2.6. The lattice of congruences. Notation: Let a € Co(A), more generally, let a €
Eq(A), i.e., an equivalence relation on A. Then for all a,b € A the following all mean the
same thing. (a,b) € a, aaf, a =b (mod ), a = b(a), a =4, b.

Theorem 2.26. (A x A, Co(A)) is an algebraic closed-set system for every X-algebra A.
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Proof. Let K C Co(A). K C Eq(A), so K € Eq(A). We must verify the substitution
property. Let § = (K and assume that a; =g b; for all i < n. Then a; =, b; for all
i <nandall o € K. Thus 04(ay,...,a,) =o 02(by,...,b,) for all a € K, and hence
ocAa1,...,an) =g cA(by,...,by). So B € Co(A).

Assume now that IC is directed, and let 5 = |JK. Then 3 € Eq(A). Assume a; =g b; for
all i < n. Then for each ¢ < n there exists a a; € K such that a; =,, b;. Take a to be an
upper bound in K for all the «;, ¢ < n. « exists because K is directed. Then a; =, b; for all
i <n. Thus 04(a1,...,a,) =a 04(b1,...,by), and hence 04(ay, ..., a,) =g oA (b1, ..., by).
So UK € Co(A). O

So Co(A) = <C0(A), v Co(A), ﬂ> is a complete lattice where

\/CO(A)’C:m{ﬂGCO(A);VaE’C(agﬂ)}'

The associated closure operator Clgoa) gives congruence generation. Thus, for every

X C A2,
Cleo(a)(X) =(){a € Co(A4): X C o}

is the congruence generated by X. The traditional notation for this is @ 4(X), or just O(X)
if A is clear from context. If X consists of a single ordered pair, say X = {(a,b)}, then we
write @ 4(a,b) for © o(X). Such a congruence, i.e., one generated by a single ordered pair,
is called a principal congruence. Principal congruences are the congruence analogs of cyclic
subuniverses.

Congruences are special kinds of equivalence relations and both form complete lattices.
It is natural to ask about the relationship between the two lattices, in particular if the
congruences form a sublattice of the equivalence relations. In fact they form a complete
sublattice. In order to prove this the following lemmas about binary relations in general
prove useful. We only considered the substitution property for equivalence relations, but
the property makes sense for any binary relation on the universe of a X-algebra. Let A be
a Y-algebra and let R C A%. R has the substitution property if {a;,b;) € R for all i < n
implies (04 (a1, ...,a,), 02(by,...,b,)) € R.
Lemma 2.27. Let A be a X-algebra. If R,S C A2 both have the substitution property,
then so does their relative product R 3 S.

Proof. Suppose a; (R 3 S)b; for all i < n. Then for each i < n there is a ¢; € A such that
a; Rc; Sb;. Thuso4(ay,...,a,) R 0?(c1,...,c,) S 0A(b1,...,b,). Hence 04(ay, ..., a,) R;
S oAby, ..., by). O
Lemma 2.28. Let A be a X-algebra and let R be a directed set of binary relations on A.
If each R € R has the substitution property, then so does | JR.
The proof is straightforward and is left as an exercise.

Theorem 2.29. Let A be a X-algebra. Co(A) is a complete sublattice of Eq(A), i.e., for
every K C Co(A),

\/CO(A) K= \/ECI(A) K.
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Proof. The inclusion from right to left holds because \/CO(A) IC is an equivalence relation
that includes each congruence in K. For the inclusion in the opposite direction it suffices
to show that \/EQ(A) IC has the substitution property. Let

\/Eq(A) K = UJR by Thm 1.17 and the exercise following it. Each relation in R has the

substitution property by Lem. 2.27, and hence \/EQ(A) KC has the substitution property by
Lem. 2.28. (|

We next prove the analog for congruences of Theorem 2.14 that describes the behavior
of subuniverses under homomorphisms and inverse homomorphisms. The situation is more
complicated in the case of congruences however. For one thing nice results are obtained
only for surjective homomorphisms.

Theorem 2.30. Let h: A — B be an epimorphism between X-algebras.
(i) For every B € Co(B), h™1(B) := {{a,a’) € A : h(a) = h(d')} € Co(A), and
rker(h) C h=1(3).
(ii) For every a € Co(A), if rker(h) C «, then

h(a) := { (h(a),h(b,)) : a,a’ € A,a =, d’ } € Co(B).
(iii) For every X C A?, if tker(h) C ©a(X), then h(©a(X)) = Op(h(X)).

Proof. (). We have A % B iﬁ B/3. Thus (Agoh):A — B/B. h(a) =g h(d') iff
h(a)/B = h(a)/B iff (Ago h)(a) = (Ag)oh)(a’). Thus h=1(B8) = rker(Az o h) € Co(A).
If h(a) = h(a’) then obviously (Ag o h)(a) = (Ago h)(a’). So rker(h) C rker(Ago h) and
hence rker(Ag) C h71(B).

(ii) Assume rker(h) C a. h(Aa) = {(h(a), h(a)) : a € A} = {(b,b) : b € h(A)} =
Apay- So h(As) = Ap since h is surjective, and hence A4 C o implies Ap C h(a). So
h(«) is reflexive.

b =p(q) U’ implies the existence of a,a’ € A such that a =, o' and h(a) = b,h(a’) = V.
But a’ =4 a, 50 0’ =p(q) b. So h(a) is symmetric.

Transitivity requires the assumption rker(h) C «. Suppose by =h(a) D1 =h(a) 2. Then
there exist ag,a; € A such that ag =, a1 and h(ag) = bp and h(a1) = by. There also exist
a,as € A such that a} =, ag and h(a}) = by and h(ag) = by. Thus

ap =a A1 =rker(h) all =q 02
Since rker(h) C a, ag =4 az, and hence by = h(ag) =) h(az) = b2. So h(a) is transitive
and hence an equivalence relation.

The proof of the substitution property follows a familar pattern and is represented dia-

gramatically. Assume that for each i < n we have
/

h h
bz =h(a) b
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Then we have

Thus h(a) € Co(B).
(iii) A(X) C h(Oa(X)) (5) Co(B). So©p(h(X)) C h(0a(X)). X C h™ ' (OB(h(X)))
Co(A). So ©4(X) C 1 (Op(h(X))), and hence
h(0a(X)) € hh™' (OB(h(z))) C Op(A(X)).

(@)
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The Correspondence Theorem, which we next prove, shows that the congruence lattice
of every homomorphic image of a Y-algebra is isomorphically embeddable as a special kind
of sublattice of the congruence lattice of the algebra itself. To prepare for the theorem we
must describe the special kind of sublattices that are involved.

Let L = (L, A\, V) be a lattice. A subset X of L is a lower segment x € X implies y € X
for every y < x. An lower segment is an ideal of L if it is closed under join, i.e., x,y € X
implies zVy € X. An ideal is obviously a subuniverse of L, in fact, if x € X then x Ay € X
for every y € L. A dual ideal of L is an ideal of the dual lattice, i.e., X is a dual ideal if
x € X implies y € X for every y > x (X is an upper segment), and X is closed under meet.
A dual ideal of L is also a subuniverse.

For every a € L we define:

La|={z€L:2<a} and Lfja)={ze€Ll:a<uz}.

It is easy to see that L(a] is an ideal of L and L[a) is a dual ideal. L[a) and L(a] are subuni-
verses of L and the corresponding sublattices are denoted by L[a) and L(a], respectively.
If L is a complete lattice, then L[a) and L(a] are complete sublattices (exercise). L(a] is
called the principal ideal generated by a and L(a] is the principal dual ideal generated by a.
See Figure 9

L(al
FIGURE 9

For example, in the chain lattice (R, V, A) of real numbers under the natural ordering,
the principal ideals are the lower infinite closed intervals (—oo,a] and the principal dual
ideals are the upper infinite closed intervals [a, c0).

Theorem 2.31 (Correspondence Theorem). Let A be a X'-algebra and 7y a congruence on
A. Then Co(A/vy) = Co(A)[y). In particular, the mapping « — «/~ is an isomorphism
from Co(A)[y) to Co(A/v), where a/y = {{a/vy,d /v):aad }.

Proof. For o € Co[y) we have a/y = { (A4(a), Ay(a)) : aad } = Ay(a), where A: A —
A/~ is the natural map. So we must show that A,: Co(A)[y) — Co(A/v) is a lattice
isomorphism. Note that rker(A,) = v, because A,(a) = A,(d) iff a/y=d'/yiff a =, d'.
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Let 8 € Co(A/y). By Lem. 2.30(i) we have v C AJ!(3) € Co(A), ie., AJI(B) €
Co(A)[y). AyATH(B) = 3 by set theory since the mapping (a,d’) — (a/v,d'/v) from A?
to (A/v)? is surjective.

Let o € Co(A)[v),i.e.,7 C a € Co(A). Then A,(a) € Co(A/v) by Lem. 2.30(ii) because
the relation kernel of A,, namely v, is included in a. We claim that A2 1A7(a) = «a. By
set theory o € A LA, («). For the opposite inclusion, suppose a = a’ (47 'A,(a)). Then
Ay(a) = Ay(d)) (AyA1 A (a)). But Ay(a) = a/y and A,(a') = a/v, and AJATT A (a) C
A, () by set theory. So a/y =4 (a) @'/7y. Thus there exist ap, ay € A such that a/y = ao/7y
and a'/y = qg/v (i.e., ap =, a and af =, ') and ag =, ag. Since v C a we have a =, d'.
Thus AJ'A,(a) = a. Hence A,: Co(A)[y) — Co(A/v) is a bijection with inverse AZ!.
o C o implies A,(a) € A, (/) which in turn implies o = AJTA (o) € AZTA (o) = .
So A, is strictly order-preserving and hence a lattice isomorphism by Thm. 1.8. O

As an example we consider the 3-atom Boolean algebra Bj (or more precisely its lattice
reduct). Let h be the endomorphism of Bjs indicated by the arrows in Figure 10 and let «
be its relation kernel.

FIGURE 10

« is indicated on the Hasse diagram for Bjs by labeling the edge between every pair of
elements congruent mod « with “a”. The two proper congruences 8 and  that properly
include « are also indicated on the diagram. § and - are respectively he relation kernels of
the endomorphisms that push the right front face onto the back left face, and the left front
face onto the back right face. The quotient lattice B3/« is isomorphic to the image of Bs
under h which is the 2-atom Boolean algebra By. As guaranteed by the Correspondence
Theorem there are just two proper congruences of By corresponding respectively to the 3
and ; moreover Co(B3) and Co(B3)[«) are isomorphic. See Figure 11.

In general, to form the join of a pair of congruences in the lattice of congruences (and also
in the lattice of equivalence relations) one has to take arbitrary long alternating relative
products of the two congruences (see Theorem 1.17, and the exercise immediately following
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Ap, Vg,
5 Ic4 §
Ap,
Co (BQ) CO(Bg)
Ap,
FIGURE 11

it, together with Theorem 2.29). For an important class of algebras only one iteration of
the relative product is needed.

Theorem 2.32. Let A be a X-algebra and let v, 3 € Co(A). The following are equivalent.
(i) a38CBsa
(ii) a3 8= 03 a.
(ili) a5 8 € Co(A).
(iv) a; 0=« vCo(4) .
Proof. Here is the chain of implications we will prove: (i) <= (ii) = (iv) <= (iii) =
(ii).
(i) <= (ii). The implication from right to left is trivial. Assume a;3 C ;. Since o and
3 are symmetric, @ = a and 8 = 8. Thus B30 = B30 = (a30)” C(B50)” =a;8=a;p.
(i) = (iv). Assume « ; 8 = ;. By Theorems 1.17 and 2.29 we have
a VoW g =a VB g = a5 BUa; 850580 -U(a;B)"U- -
The claim is that (a; 3)" = a ;8 for all n € w. This is trivial if n = 1. (a ;)" =

(a;B8)"asB = a;fsa308 = asa;f36=a;06. SoaveWg=a;p.
ind. hyp. (3t)
(iii) <= (iv). Obvious.
(iii) = (ii). Assume a ;3 € Co(A). Then a3 = (a3 03)” = B sa=0;a. O

Definition 2.33. A JY-algebra A has permutable congruence relations if, for all o, €
CO(A)a asB=0;a.
Theorem 2.34. Every group has permutable congruence relations.

Proof. Let G = (G, -, —1,¢) be a group and «, f € Co(G). Suppose (a,b) € a; 3. Then
there is a ¢ € G such that aacb. The claim is that

1

a=ac c=g ac b=, ccb = b.
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ac™t =5 ac™! and ¢ =g b imply (ac™!)c = (ac™ )b, and a =, ¢ and ¢71b =, ¢~ !b imply

a(c™1b) =4 c¢(c71b). So (a,b) € B3 . Hence a3 8 C ;. O

The permutability of congruence relations on groups is a reflection of the fact that normal
subuniverses permute under complex product, and hence that the relative product of two
normal subuniverses is a normal subuniverse (recall the correspondence between congru-
ences and normal subuniverses). This property of normal subgroups implies the following
important property of groups. For all normal subuniverses N, M, and @ of a group G,

N C M implies N(M NQ)=MnN(NQ).
This is the modular law for the lattice of normal subuniverses.
Definition 2.35. A lattice is modular if it satisfies the quasi-identity

(23) Va,y(z<y—aV(yAz)=yA(zVz)).
Remarks:

(1) The inclusion z V (y A z) < y A (x V z) always holds if z < y because x < y and
r<zVzimplyx <yA(zVz),andyAz<yand yAz <z <z Vzimply yAz < yA(zVz).
And z <yA(xzVz)and y Az <yA (zV z) together imply x V (y A z) <yA(zV z2).

(2) The quasi-identity (23) is equivalent to the quasi-identity (by custom we omit the

explicit quantifier)
(xAhy)mz—azV(yAz)=yA(zV2),
and hence to the identity obtained by substituting x Ay for x in the right-hand side of this
quasi-identity:
Ay VyA2) = ((zAy)Vy) A((zAy)Vz).
Y

So every distributive lattice is modular, but not conversely. The 3-atom distributive lattice
M5 (see Figure 12) is modular but not conversely.

FIGURE 12

There is easy way to see that a lattice is modular from its Hasse diagram. Let L be an
arbitrary lattice and let z,y, z be arbitrary elements such that x < y. If the equation on
the right side of (23) fails to hold, it is a easy to see that sub-poset of L with elements
x,y,z,xVz,yANz, yA(xVz), and xV (yAz) has the Hasse diagram given in Figure 13. Hence
if a lattice fails to satisfy the modular law, then it must contain the lattice in Figure 14 as
a sublattice.
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xVz
Y
yA(zVz
z
zV(yAz
T
YNz
FIGURE 13
N5
FIGURE 14

This is the lattice IN5. It is clearly nonmodular and from the above analysis we see
that an arbitrary lattice is nonmodular iff it includes N5 as a sublattice. This simple
characterization of nonmodular lattices is due to Dedekind. It follows immediately from
this that D3 is modular.

Dedekind was also the one to show that the lattice of normal subgroups of a a lattice is
modular. We will generalize this result to show that any congruence-permutable X'-algebra
has a modular congruence lattice. It turns our that there is more general form of the
modular law that holds for the binary relations on any set.

Lemma 2.36 (Generalized Modular Law for Relations). Let A be any nonempty set and
let « € Eq(A) and 3,7 C A x A.

(24) B C a implies B5(anp);B=an(B;v;0).

Proof. Assume 8 C a. Then f;(anNy);8 C aja;a = a. Since the inclusion 83 (aNvy) ;6 C
B33 0 is obvious, we have the inclusion from left to right on the right-hand side of (24).
So it suffices to prove

an(B;v;6) CBs(anp);p.
Let (xz,y) € anN (B33 3), and let a,b € A such that x SaybBy. Consider the diagram in
Figure 15.
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z pc? a
e? vy
Y B, b
FIGURE 15

There are two ways to get from a to b. One is directly along the y-arrow. The other is
back along the reverse of the B-arrow to  and and then along the a-arrow to y and then

along the reverse of the S-arrow to b. This gives a (B;a;5)b. But f5a3;5 C o ; a;a = q,
BCa

since « is assumed to be an equivalence relation. So a (aN+y) b, and hence = Ba (any)bpBy.
So (x,y) € B (any) B. O

Theorem 2.37. Let A be a Y-algebra. If A has permutable congruence relations, then
Co(A) is modular.

Proof. Let a, 3,7 € Co(A). B3v;8=p0;5857v=0357y=0Va And f;(any);f=
B30;(any)=0;5(any)=pV (any). Thus, by Lem. 2.36,
B C « implies BV (aNy) =an (BV)y).
O

2.7. Simple algebras. A common theme in algebra is to analyze the structure of a com-
plex algebra by attempting to decompose it in some regular way into simpler algebras. The
simplest groups from this point of groups are the groups that have no nonisomorphic non-
trivial homomorphic images. These are the so-called simple groups and they have natural
generalization to arbitrary Y-algebras.
Definition 2.38. A XY-algebra A is simple if it is nontrivial (JA| > 2) and Co A =
{A4,Va}. Equivalently, A is simple if it is nontrivial and, for every X-algebra B and
every epimorphism from A to B, either |B| =1 or h: A = B.

Remarks:

(1) Let a € Co(A). By the Correspondence Theorem A/« is simple iff « is a coatom
of the congruence lattice Co(A), i.e., o is a maximal proper congruence.

(2) Aissimpleiff |A| > 2 and ©4(a,b) = V4 every pair a, b of distinct elements of A.

Examples:

(1) A group is simple iff it has no normal subuniverses. The alternating group A4, is
simple for every n > 5.

(2) The only simple Abelian groups are Z, for each prime p.
(3) Every field (R, +,-,—,0,1) is simple.
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(4) The n-atom modular lattice M, is simple for every n > 3. See Figure 16.

M,

ay a2 n—1 Gn

FIGURE 16

To see this first let @ = Onr,(ai, a5) withi #j. 1=a;Vaj =4 a; Va; =a; = a; Na; =4
a; Naj = 0. So Opg,(a;,a;) = V,. Now let @ = Opng,(ai,0) and choose any j # i.
1 =a;Va; =, 0Vaj; =a;. SoOn,(aj,1) C Onr,(a;,0) for all j # i. If i,5,k are all
distinct, then a; =, 1 =, ax, and hence Vy;, = On,(aj,a;r) € Oar,(a;,0). Similarly
@Mn(ai, 1) = an

(5) The only simple mono-unary algebras are cycles of prime order (exercise).

The proof of the following theorem is also left as an exercise.
Theorem 2.39. Let A be a nontrivial X -algebra.
(i) If A finitely generated as a congruence of A, then there exists a simple X'-algebra
B such that B < A.
(ii) If X is finite (i.e., it has only a finite number of operation symbols) and A is finitely
generated as a subuniverse of itself, then there exists a simple X -algebra B such that
B<x A.
Under the hypotheses of (ii) it can be shown that Ay4 is finitely generated.
As a corollary of this theorem every finite nontrivial X'-algebra has a simple homomorphic
image.
Lemma 2.40. Let A be a nontrivial X'-algebra. If A is nonsimple, then A has a nonsimple
subalgebra that is generated by at most four elements.

Proof. Suppose A is nonsimple. Then there exist a,b € A, a # b, such that ©a(a,b) # V4.
Let ¢, d € A such that (¢, d) ¢ @4(a,b), and let B = Sg4{(a, b, c,d} and a = O z(a, b)N B2,
a € Co(B), (a,b) € a, and (¢, d) # a. So o # Ap, V. Hence B is not simple. O

As an immediate consequence of the lemma we have:

Theorem 2.41. If every finitely generated subalgebra of a X'-algebra A is simple, then so
is A. =
Let X' be a multi-sorted signature with sort set S, and let A and B be Y-algebras. A
homomorphism h for A to B is a S-sorted set (hs : s € S) such that hs: As — By for
every s € S and such that, for every o € X with type s1,...,s, — s and all {(ay,...,a,) €
Agy X - x As,,
he (JA(al, .. .,an)) =oP (hsl((h), .. .,hsn(an)).

week 8



45

A congruence a on A is an S-sorted set (as : s € S) such that a; € Eq(As) for each
s € S, and for every o € X with type s1,...,8, — s and all {(a1,...,an), (b1,...,b,) €
Agy X - x As,,

Vi< n(a; Za,, bi) = o(ay, ... an) Zq, 04(b1,...,by).
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2.8. Direct products. Of the three basic ways of constructing new X'-algebras from old
ones, the direct product is the only one that increases complexity, or at least the size of the
algebras. It is also distinct in that it is a way of combining system of many algebras into a
single one.

Let I be a set (possibly empty) and let ( A; : i € I') be an I-indexed system of nonempty
sets. We recall that the direct or Cartesian product of the system is

[[a={a:a1r—|JA.viel(at)eA)}

iel icl
Intuitively, [[;c; A is the set of all “I-dimensional vectors”, that is I-indexed systems of
elements, such that the i-component is a member of A; for each ¢ € I. We will often write
a; for the i-th component of @, i.e., a; = d@(i), so that @ = (a; : 1 € I'),
Definition 2.42. Let be a set (possibly empty) and let (A; : i € I > e an [-indexed

system of X-algebras. By the direct or Cartesian product of (A; : i € I) we mean the
J-algebra

HAZ = <H Aia UHiAi>o—€Z17

icl icl
where ollidi(@y, ... a@,) = <0Ai(61(i),...,6n(i)) D€ I> for each ¢ € X, and all

ai,...,0n € [[;c7 Ai- The algebras A; are called (direct) factors of [[;.; A

By the I-th direct, or I-th Cartesian, product of a X-algebra A we mean Al = II
were A; = A for every i € I.

i€l A;

Remarks:
(1) We normally write A; x --- x A, for Hi€{1,2
(2) If the index set I is empty, then

[Tai={a:a1— ) viel(at)eA)}={a:a0—0}={0},
icl icl
where () is the empty function, the function with empty domain. Thus [[,.; A; is a one-

element X-algebra. All one-element X-algebras are isomorphic; they are called trivial .-
algebras. They all have the form ( {a},04),c5, where 04 (a,---,a) = a for all o € X.

Let A= (A,vA A404,14) and B = (B, v, AP 0B 18) be bounded lattices.
Ax B= <A % B, \/AXB’ /\AXB’OAXB’ 1A><B>’
where (a,b) VAXB (a/ V) = (a VA d', b VB b) and (a,b) AA*B (a' V) = (a AM* d/, b AB V)
and 04*B = (04, oB> and 14%B = <1A 1B).
We note that
(a,b) <A*B (o b) iff a<Ad and b <BV.
This follows from the following simple computation. (a,b) <AXB (a’ ) iff (a,b) AA*B
(a',b) = {a,b) iff (an?a, bABY) = (a/,VV)iff a AN a' =aand bAB Y = b iff a <2 o’ and
b <B V. See Figure 17.
In general, for any system (L; : i € I) of lattices, @ < b iff, for all i € I, @(i) < b(i)
(exercise).
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(1,1)
1
1
(a,1) (b,1)
a b
(a,0) (b,0)
0
B, 0
B
(0.0)
BQ X Bl = Bg
FIGURE 17

Theorem 2.43 (Generalized Communitive Law). Let (A; : i € I) be a system of X-
algebras and let h: I>—» I be a bijection between I and itself, i.e., a permutation. Then

Hie] A= Hie] Ah(i)'

Proof. The map @ — (d(h(i)) : i € I) is an isomorphism. This is left as an exercise. O

Corollary 2.44. (i) Ax B2 Bx A.
(i) AXBXxC2AXCXxBYBxAxC=2BxCxAYCxAxB=ZCxBxA.

Proof. For example: Let D; = A, Dy = B, and D3 = C, and let h(1) = 2, h(2) = 3, and

Theorem 2.45 (Generalized Associative Law). Let (A; i€ 1), and let {I;:j € J} be

a partition of I then
[1(IT 4) = [T 4.

jeJ iel; i€l
Proof. The map @ — ( (@(i) :i € I;): j € J ) is an isomorphism (exercise). O
Corollary 2.46. (AxB)xC=Ax (BxC)=ZAxBxC. O

In the sequel, unless explicitly stated otherwise, ( A; : ¢ € I) will be an I-indexed system

of Y-algebras, and d@, b, ¢ will represent arbitrary elements of [[,.; Ai. [[;c; A: will often

be written in the simpler form [, A; or, even more simply, [ A;.
Definition 2.47. For each i € I, 7: [[;c; Ai — A is defined by m;(@) = a(i) for each i € I.
p; is called the i-th projection.

Special case: m: Ax B — A and m: A x B — B.

Note that @ = b iff, for all i € I, m;(@) = m;(b).

i€l

i€l
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(&

I, hi.
T4 \:/ T
J k
Aj 114 A,
el
FIGURE 18

it [L;e; Ai = A; is an epimorphism. We check this. 7; (JHiAi((i’l, .. .,&’n)) =
7Tz(< UAj(al(j), .. ,an(j)) : j € J>) = UAi (51(1), .. ,an(z) = UAi (m(&}), Ceey Wz((_in))
Theorem 2.48 (Categorical Product Property). Let (A; : i € I) be a system of X-
algebras. For every X-algebra C and every system h = (hi:iel)e]],c;Hom(C, A;) of
homomorphisms of C into the A;, there exists a unique h € Hom(C’, [Lcs Ai) such that
h; =m;oh for every i € I, i.e., such that the diagram in Figure 18 is commutative.

Proof. Define h by h(c) = (hi(c):i € 1I).
B(Jc(cl, .. .,cn)) = <hi(ac(cl, .. .,cn)) ciel)

So h is a homomorphism. - B
For every ¢ € C and every j € I, (mj o h)(c) = mj(h(c)) = m;({hi(c) : i € I)) = hj(c).

So m; o h = h; for each i € I. O
Corollary 2.49. C = ; C [[;c; Ai iff, for everyie I, C = ; C A,.
Proof.

Viel(C»3;CA)<—=Vicldh;:C— A;)
= 3h(h:C - [[A)
iel
= C ;][] A
iel
U
Corollary 2.50. Let j € I. Then A; =5 C [[;c; Ai iff, for each i € I\{j}, Aj =3 C A;.

h
Proof. = Assume A; = B C [[,.; Ai. Then m;0h: A; — A; for each i € I'\ {j}.
<= Assume hj: Aj — A; for each i € I\ {j}. Let hj = As;:A; = A;. By the

Categorical Product Property, there is a h: Aj — [];e; Ai such that m; o h = h; for each

i€l
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i € I. For every a € Aj, mj(h(a)) = (mj o h)(a) = h;(a) = a. Thus h is injective and hence
ho_

A;j = h(Aj) C [lier Ai- So Aj =5 C [licr Ai- O

In particular, if every A; has a trivial subalgebra, then, for every j € I, A; is isomorphic
to a subalgebra of [[,.; A;. This is so because the function that maps all of A; to the
unique element of the trivial subalgebra of A; for each i € I'\ {j} is a homomorphism. For
this reason every group is isomorphic to a subgroup of any direct product of groups which
includes it as one of its direct factors.

Definition 2.51. Let A be a Y-algebra. A system & = («; : i € I') of congruence relations
of A is called a factor congruence system (FAC) for A if

() Mieroi = A, and,
(i) for every @ = (a;: i € I) € A, ;o (ai/ci) # 0.
Notice that b € (;c;a;/c; iff b is a solution of the system of congruence equations
(25) Viel(z=a; (modq;)).

Notice further that condition (i) implies that any solution of this system of congruence
equations is unique.

Thus condition (ii) in the above definition is equivalent to the requirement that the
system (25) of congruence equations has a solution. For this reason condition (ii) is called
the Chinese Remainder Property, the CRP for short. If (ni,...,n) is a finite system of
pairwise relatively prime integers, and if for each ¢ < k, «; is the congruence on the ring
of integers Z defined by (a,b) € o; if a = b(mod n;), then the classical Chinese Remainder
Theorem says that (aq, ..., ax) has the CRP.

The following theorem characterizes those X-algebras B that are isomorphic to a given
direct product in terms of the congruences of B.

Theorem 2.52. B =[], ; A; iff there exists a factor congruence system & = (o :i € 1)
such that, for alli € I, A; = B/a.

Proof. Suppose that h: B =~ C and & = (a; : i € I) is a FCS for C such that C/«a; = A;
for each i € I. Then we claim that h=!(&) := (h™'(q;) : i € I') is a FCS for B such that
B/h7(a;) =2 A; for each i € I. (Recall that h=!(ay) = { (b, ') € B> : (h(b), h(V)) € oy }.)
By set theory, (;c;ai/ai = h1(N;eyu) = b1 (Ac) = Ap (since h is a bijection). Also,
consider any (b; : 4 € I) € B!, and let ¢ € C such that ¢ = h(b;) (mod «;) for each i € I,
i.e., hh=1(c) = h(b;) (mod «;) for each i € I. Thus h~!(c) is a solution of the system of
congruence equations x = b; (mod h~'(«;)), i € I. Finally, the mapping from B to A/«;
such that b — h(b)/«; is a surjective homomorphism with relation kernel h~!(c;). Thus
B/h7(a;) = A; by the First Isomorphism Theorem. This establishes the claim.
We now verify the conclusion of the theorem.

— Assume B = [],_; A;. By the above claim we can assume without loss of generality
that B = [[,c; Ai. Let oy = rker(m;) for each i € I. Note that,for each i € I, da;b iff
(@) = mi(b) iff @(i) = b(i). So @ Mey biff Vi€ I (@a;b) iff Vi € I (a(i) = b(i) iff @ = b.
So niefai = AA.
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Consider any (d@; : i € I) € ([[;c; 4i), and let b= (ay(i):ieI). Then @l(i) = b(i) for
alli € I. So @; ;b for alli € I, ie., b= V;c;di/ai. And ([[;c; Ai)/ci = A; by the First
Isomorphism Theorem.

<= Assume « is a factor congruence system for B such that B/a; = A; for all i € I.
Let h;j: B —- A; such that a; = rker(h;). By the Categorical Product Property there exists
a unique h: B — [[,.; A; such that m; 0 h = h; for all 4 € I, i.e., h(b)(i) = h;(b) for each
be B and alli € I. Thus, for all b,b" € B,

h(b) =h(t) iff Viel (hi(b) = hi(b’))
iff Viel(bab)

iff b ﬂai b
el
it b=10.

So h is injective. Consider any @ = (a; : i € I) € [],c; Ai. For eachi € I choose b; € B such
that h;(b;) = a;. By the Chinese Remainder Property, there is a b € B such that, for every
i€1,b=,, a;,ie., hi(b)=a; forevery i € I. So h(b) = (hi(b):i €)= (a;:i € 1) =a.
Thus h is surjective. 0

Theorem 2.53. let & = («; : @ € I) be a factor congruence system for A, and let
{I;:j€J} bea partition of I. Let [3; :ﬁigj%‘; for allj € J. Then = (Bj:jed)is
also a factor congruence system for A. In particular, for each j € I, let & = ﬂig\{j} Q.
Then (o, &) is a factor congruence system for A.

Proof. (e, 8; = njeJﬂite o =Njey i = Aa. Let (a; :j € J) € A/, By the CRP for
@ there is a b € A such that Vj € JVi € I; (b =g, a;j). Thus Vj e J (b =Nics, o aj). Le.,

b =g, aj. So, 5 has the Chinese Remainder Property. O

Definition 2.54. a € Co(A) is a factor congruence of A if there exists a factor congruence
system (3; : ¢ € I') with |I| > 2 such that o = (3; for some i € I.

Equivalently, by Thm. 2.53, « is a factor congruence if there is a & € Co(A) such that
(o, @) is a factor congruence. o and & are complementary factor congruences of A.

Theorem 2.55. Let a,& € CoA. «a and & are complementary factor congruences iff
aNad=A4A4 anda ;& =Vyu.

Proof.
aj;a=Vy iff V(al,a2>€A2(a1(a;d)a2)
iff V(al,a2>€A23beA(baa1 and b & as)
iff (a, @) has the CRP.
O

Definition 2.56. A X algebra A is directly indecomposable or directly irreducible (DI) if,
for every system of Y-algebras (B; :i € I), A = [],.; B; implies By, is nontrivial for at
exactly one k € I.
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If A is directly indecomposable, then A = [],., By implies that A is isomorphic to
one of the B;, namely the one such that all the other direct factors are trivial. We see in
Cor. 2.58 below that this is also a sufficient condition for direct idecomposability if A is
finite.

Theorem 2.57. Let A be a nontrivial X'-algebra. The following three conditions are equiv-
alent.

(i) A is directly indecomposable.
(i) A= B x C implies either B or C' is trivial.
(iii) A has exactly two factor congruence relations, more precisely, the only two factor
congruences of A are Ax and V 4.

Proof. (i) = (ii): trivial

(i) = (iii). Let o and & be complementary congruences of A. Then A = A/ax A/a.
By assumption A/a or A/d& is trivial. In the first case we have o = V4 and hence
a=Vaina=anda=A4. If A/& is trivial, then & = V4 and o = Ay. So Ay and V4
are the only factor congruences of A.

(iii) = (i). Suppose A = [[,.;B;. Let (a4 : i € I) be a factor congruence system
such that B; = A/«; for each ¢ € I. By assumption each «; is either Ay or V4. They all
cannot be V 4 since otherwise each B; is trivial which is impossible since A is nontrivial.
So ap, = Ay for at least one k € I. For each i € I let &; = ﬂjg\{i} a;. Note that, for
each i € I\ {k}, & C ap, = A4 and hence &; = Ay. But by Thm. 2.53 o; and &; are
complementary congruences. So o; = V4 and hence B; is trivial for all ¢ € I'\ {k}. O

Every simple algebra is directly indecomposable. An example of a nonsimple algebra
that is directly indecomposable is the Abelian group Z,» = Z/ = (mod p") for each prime
p and positive integer n. The only (normal) subgroups are kapn for £ < n and hence
the only congruence relations are = (mod p¥)/ = (mod p") for k < n. So the lattice of
congruence relations is linearly ordered and hence the only factor congruences are

Az, = = (mod p")/ = (modp") and Vgz, = = (mod ")/ = (mod p").

The fact that the Z,» are directly indecomposable, and in fact the only directly inde-
composable finitely generated Abelian groups, can also be obtained from the Fundamental
Theorem of Abelian Groups.

Corollary 2.58. Let A be a finite, nontrivial X-algebra. The following three conditions
are equivalent.

(i) A is directly indecomposable.
(i) For every system of X-algebras (B; : i € 1), A = [[,.; B; implies By, = A for
some k € 1.
(iii) A = B x C implies either B>~ A or C = A.

Proof. Suppose A = [[..; B;. If A= By, for some k € I, then |By| = |A| and hence, since
A is finite, |B;| = 1 for all i € I\ {k}. Conversely, if |B;| = 1 for all i € I\ {k}, then
| Br| = |A|, and hence the projection function 7 is an isomorphism between A and By, by
the pigeon-hole principle, because A is finite. So the conditions (i) and (ii) are equivalent.

By essentially the same argument, if A = B x C, then B is trivial iff A =2 C, and C is
trivial iff A = B. So condition (iii) is equivalent to Thm 2.57(ii). O
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Neither of the conditions (ii) or (iii) of the corollary is equivalen to direct indecompos-
ability for arbitrary X-algebras. In particular, it follows from the remarks at the end of the
chapter that every countably infinite left-trivial semigroup satisfies both (ii) and (iii), but
none of these algebras is directly irreducible.

We prove in Thm. 2.61 below that every finite X-algebra is a direct product of directly
indecomposable algebras. But it is shown in subsequent remarks that this is not the case
for all infinite X-algebras.

For any class K of X-algebras define
PK):={B:3(A;:icl)eK (B=]]A)}
i€l

We show that P is a closure operator on Alg(X). For each A € K, A = [],_; A; where
I ={0} and Ap = A. So K C P(K). By the generalized associative law

H(H Aij) - I1 A,
jEJ i€l; (1.3) €U, e s (I; {5}
So P P(K) = P(K). Finally, it is obvious that K C L implies P(K) C P(L). P is not algebraic
(exercise).
Theorem 2.59. Let K be any class of X'-algebras.
(i) PH(K) CHP(K).
(ii) PS(K) € SP(K).

(iii) HP, SP, and HS P are closure operators on Alg(X).

Proof. (i) Assume A € PH(K). Then thereis a (B; : i € I') € H(K)! such that A =
[Lic;Bi- Let (Ci:iel) e K! such that C; = B, for alli € I. For each i € I let h;: C; —
B;. Then hjom;: [[,c; Ci - B; for each i € I. By the Categorical Product Property there
is a unique homomorphism h: [[,.; C; — [[;c; Bi such that mjoh = hjom;: [[,c; Ci — B;
for every i € I. We denote h by [];.; hi and refer to it as the natural map.

Let b = (bij:ie€I)€][lie;Bi- Choose €= (¢;j:ieI)e]],c;Cisuch that hi(c;) =b;
for every i € I. Then ([[;c; hi)(@) = (hi(c):i € I) = b. Hence [Lics hi is surjective and
thus A € IHP(K) = HP(K).

(ii) Assume A € PS(K). Thereisa (B;:i€I)e Kl anda (C;:i¢€I) e S(K)! such
that, for every i € I, C; € B; and A = [[,.; C;. But [[,.;C; C [[;c; Bs (exercise). So
Ac1SP(K) =SP(K).

(iii) For every K C Alg(X),
implies that K C H(K) C HS(K

HS

i€l

P(K), which implies K C §(K) C S P(K), which in turn
S P( ). Thus
P(K

)CHSHPSP(K

KC
)CH
PH (K)
—HSHPSP(K)
CHHSPSP(K)
=HHSPSP(K)

(K)

—HHSSPP(K
= HSP(K).
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So HSPHS P(K) C HS P(K); the inclusion in the opposite direction is immediate.
Clearly K C L implies HS P(K) € HS P(K). O
Corollary 2.60. Let K be any class of X/-algebras. The following conditions are equivalent.
(i) H(K) C K, S(K) C K, P(K) CK, i.e., K is closed under the formation of homomor-
phic images, subalgebras, and isomorphic images of direct products.
(i) HSP(K) =K.
Proof. (i) = (ii). HSP(K) € HS(K) € H(K) C K; K € HS P(K) always holds.
(ii) = (i). H(K) = HHSP(K) = HSP(K) = K. S(K) = SHSP(K) CHSSP(K) =
JCHSPP(K)=HSP(K) =K. O
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2.9. Subdirect products. We give two standard homomorphism constructions involving
direct products that are used often in the sequel.

(I) Let (A; :ieI)and (B;:ieI) be I-indexed systems of X-algebras. Let h = (h; :
ie€l)e]],c.;Hom(A;, B;). We denote by [[;.; ki or simply by [[A the homomorphism
from [],.; A; into [[,.; B; such that, for every (a;:i € I) € [[;c; A

(JT7)(ai:iel))=(hi(a;):i€eT).

el
That ]_[E is a homomorphism is an immediate consequence of the categorical product
property, but it can also be easily verified directly. [] h is called the product of the system
h. It is easily checked that [] h is an epimorphism, a monomorphism, or an isomorphism
if, for each ¢ € I, h; has the respective property.

(IT) Let A be a X-algebra and let @ = («; : i € I) € Co(A)!. We denote by Ay the

homomorphism from A to [[,.; A/a; such that, for every a € A,
Ag(a) = (aja; i el).

As in the case of a product of a system of homomorphisms, that Az is a homomorphism
can be obtained from the categorical product property or verified directly. Ag is called the
natural map from A into [[,.; A/a;.
Definition 2.61 (Subdirect Product). Let (B; : i € I) be a system of Y-algebras. A
subalgebra A of [[,.; B; is called a subdirect product of the system ( B; : i € I'), in symbols
A Cgsp [[;e; Bi, if the projection of A onto each of the components B; is surjective, i.e.,
foralli e I, mi(A) = B;.

If all of the components B; of ( B; : i € I') are the same algebra, say B, then A is called
a subdirect power of B and we write A Cg, B'.

It is helpful to note that A Cgp [[,o; B iff for every i € I and every b € B;, b appears
as the i-th component of at least one element of A.

The direct product itself [[,.; B; is obviously a subdirect product of ( B; : i € I'), and is
the largest one. Given any algebra B and any index set I, let D be the set of all constant
functions from [ into B, i.e., D = {(b,b,...,b) : b € B }. Note that

0B (b1, b1, -, by oy (s by -+, b))
= (0B (b1,b2,. .., bn), 0B (b1, b, .. by), oo, 0B (b1, Doy by)).

i€l

So D is a nonempty subuniverse of B!. Clearly for every i € I and every b € B, b is the
i-component of some (in this case unique) element of D. So D, the subalgebra of B! with
universe D, is a subdirect power of B. D is called the I-th diagonal subdirect power of B
for obvious reasons; it is isomorphic to B. In general it is not the smallest I-th subdirect
power of B. To show this we apply the following lemma, which often proves useful in
verifying subdirect products.

Lemma 2.62. Let (B; : i € I) be a system of Y-algebras, and let X C [[,c;B;. Let
A = SgllBi(X), the subalgebra of [Lic; Bi generated by X. Then A is a subdirect product
of (B; 11 €I) iff, for eachi € I, B; = SgBi (m;(X)).
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Proof. By Thm 2.14(iii) m; (Sgl! B#(X)) = Sg® (0:(X)), for each i € I. O

Let (1,3) € Zg x Zg. Since Zg is generated by both 1 and 3, the cyclic subgroup of
Zg x Zg is a subdirect power of Zg by the lemma. But it clearly does not include the
diagonal subdirect power.

Definition 2.63 (Subdirect Irreducibility). A Y-algebra A is subdirectly irreducible (SI)
if, for every system (B; : i € I) of Y-algebras, A = ; Cq, [[;c; B; implies A = B; for
some 7 € I.

Our goal is to prove the so-called Birkhoff subdirect product theorem that says that
every X-algebra is a subdirect product of a system of subdirectly irreducible algebras. This
is one of the major results in the early development of universal algebra. For this purpose
it is useful to consider a characterization of subdirect irreducibility that explicitly involves
the monomorphism that gives the subirect embedding. We begin with some preliminary
definitions.

A monomorphism h: A — B, i.e., an injective homomorphism, is also called an embedding
of A in B. Note that h is an embedding iff

h
A=h(A)CB.
A homomorphism h: A — [[;; B is said to be subdirect if, for every i € I, m; (h(A)) = B;,
i.e., the homomorphism 7; o h: A — B; is surjective. Note that h is subdirect iff
h
A= h(A) Csp B.

Finally, a homomorphism h: A — [[..; Bi is a subdirect embedding if it is both an embed-

ding and subdirect, i.e.,

i€l

h
A g h(A) QSD B.
In this case we write h: A »—gp [[;c; Bi. Clearly, A = ;5 Cop [[,o; Bi iff there exists a
subdirect embedding h: A —sp [[;c; Bs.

Lemma 2.64. Let h: A — [[,c;B; be an arbitrary homomorphism. Then rker(h) =
Nicsrker(m; o h).

Proof.
(b, V) € (| rker(m; o h) < Vi € I({b, V) € rker(m; o h))
iel & Vi € I(h(b)(i) = h(b))(4))
& h(b) = h(b)
& (b,b') € rker(h).
O
Corollary 2.65. (i) A homomorphism h: A — [[,c; B is is an embedding iff

Nicrrker(mioh) = Ag.
(ii) For every d = (o : i € I) € Co(A), the natural map Az: A — [[ic; A/ is a
subdirect embedding iff (;cr i = Aa.
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Proof. (i). By definition of relation kernel we have that h is an embedding iff rker(h) = Ajy4.

(ii). We first note that the natural map Az of a system of congruences @ is always
subdirect because m;0 Ay = A,,, and the natural map A,, is always surjective. Thus Ag is
a subdirect embedding iff it is an embedding, which by the lemma is true iff (;c; ;s = Ag
since rker(m; 0 Az) = «; for each i € I. O

In the next theorem we characterize in terms of congruences the systems of algebras
in which a given algebra can be subdirectly embeddable. Notice that the characterization
differs from the corresponding characterization of those systems for which the given algebra
is isomorphic to the direct product only in the absence of the Chinese remainder property.
Theorem 2.66. Let A be a X-algebra and let (B; : i € 1) be a system of X-algebras.
Then A =5 Cgp, [L;c; Bi iff there exists a system & = (o, 1 i € 1) € Co(A)! such that

() Nicy i = A, and

(ii) for everyi € I, A/a; = B;.
Proof. <=. Assume (i) and (ii) hold. By (i) and Cor. 2.65(ii), there is a subdirect
embedding a: A —gp [[,c;Bi. Let h="(h:iel)e [I;c;Iso(A/a;, B;). Then
. h N
A i\ng [Lic; Bi Hz [Tic; Bi- Thus ([Th) o Ag: A g [1;e; Bi.

—. Suppose A = ; Cgp [[;c; Bi- Let h be a subdirect embedding. Let o; = rker(m;oh)
for each ¢ € I. Then (\,c;a; = Aa by Cor. 2.65(i). Since h is subdirect, for each i € I,
m; 0o h: A — B; and hence A/«a; = B; by the First Isomorphism Theorem. O

Definition 2.67. A Y-algebra is subdirectly embedding irreducible (SDEI) if, for every
subdirect embedding h »—=gp [[;c; Bs, there is an i € I such that o;: h: A = B;.

Subdirect embedding irreducibility trivially implies subdirect irreducibility. For suppose
A is SDEI and A = 5 Cop [[;c; Bi- Let h: A g, [[;,c; Bi be a subdirect embedding.
Then «; o h: A = B; for some i; in particular A = B;. So A is SDI.

Theorem 2.68. An algebra A is SDEI iff for every & = (a; : i € I') € Co(A)!, we have
Nicr & = Aa only if there is an i € I such that a; = Ax.

Proof. =>. Suppose [\;c;a; = Aa. Then by Cor. 2.65(ii), Ag: A »=¢p [[;c; A/ So
there exists an i such that m; 0 Ag: A= A/a;. But m;0 Az = As. So a; = Ag.

<. Let h: A ~—¢, BIi be a subdirect embedding. For each i € I let o; = rker(m;: h).
We have ();c; @;Aa by Cor.2.65(i) because h is an embedding. So, for some i, a; = Ajy.
Thus WiohiAgBi. O

Corollary 2.69. A Y-algebra A is a SDEI iff the set Co(A) \ {Aa} of congruences of A
strictly larger than Aa has a smallest element u, i.e., Ay C p and, for every a € Co(A)
such that Ay C «a, we have u C . A graphical representation of the lattice Co(A) of
congruences of A is given in Figure 19. u is called the monolithof A.

Proof. =>. (N{ a € Co(A)\ {Aa} } # A, since A is SDEL This is the monolith x of A.
<. Suppose (a;:i € I) € Co(A)! and, for eachi € I, a;; # A4. Then, for every i € I,
p € a;. Hence Apq C p C (e i O

Using the Correspondence Theorem we can relativize this result to obtain a useful char-
acterization of the quotients of an algebra that are SDEL.
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Co(A)

M

Ag
FIGURE 19

Corollary 2.70. Let A be a X-algebra and let o« € Co(A). Then the quotient A/c is SDEI
iff the set { B € Co(A) : a C B} = Co(A)[a)\{a} of all congruences of A strictly including
a has a smallest element p, i.e., o C o and, for every f € Co(A) such that « C 3 we
have po, C B. A graphical representation of the principal filter of Co(A) generated by a is
given in the left-hand side of Figure 20.

Proof. By the Correspondence Theorem, Thm. 2.26, the map 3 — [/« is an isomorphism
between the lattices Co(A)[a) and Co(A/«). See Figure 20

Va Va/a=Va/a

Moo= p

a/a=Ap/q

FIGURE 20

If A/a is SDEI then A/« has a monolith u. Let p, be the unique congruence in
Co(A)[a) such that p, /o = p. Then p, is the smallest element of Co(A)[a) \ {a}. Con-
versely, if f, is the smallest element of Co(A)[a) \ {a}, then p,/a is the monolith of A/«
and hence A/« is SDEL O

Let L be a complete lattice. An element a € A is strictly meet irreducible (SMI) if, for
every X C L, we have that a = A X only if a = x for some x € X Clearly a is SMI iff
a< AN{zxeL:a<z}. AisSDEIiff Ay is SMI in the lattice Co(A); more generally, for
every a € Co(A), A/« is SDEI iff « is SMIL
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Theorem 2.71 (Birkhoff Sudirect Product Theorem). Every nontrivial X-algebra is iso-
morphic to a subdirect product of SDEI algebras.

Proof. For all distinct a,b € A let K(a,b) = {a € Co(A) : (a,b) ¢ a}. K(a,b)# ( since
it contains Ay. Let C' C K(a,b) be a chain, i.e., a set of congruences in K (a,b) linearly
ordered under inclusion. Then (a,b) ¢ |JC € Co(A). So |JC € K(a,b). By Zorn’s lemma
K(a,b) has a maximal element a(a,b) (it is not in general unique). The claim is that
a(a,b) is strictly meet irreducible. For each 8 € Co(A) such that a(a,b) C 8 we have
(a,b) € ( by the maximality of a(a,b). So (a,b) € {5 € Co(A) : a(a,b) C }. Thus
ala,b) C ({8 € Co(A) : afa,b) C f}. So a(a,b) is SMI and hence A/a(a,b) is SDEI for
all {(a,b) € A%\ A, by Cor. 2.70. Moreover, ({ a(a,b) : (a,b) € A2\ As} = As. So by
Thm. 2.65(ii),
Ax;cy, [ Alalad).
(a,byc A2\ Ay
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Corollary 2.72. Let A be a nontrivial X-algebra. Then A is subdirectly irreducible (SDI)
iff A is subdirectly embedding irreducible (SDEI).

Proof. We have already observed that SDEI implies SDI trivially. For the implication
in the other direction suppose A is SDI. By the Birkhoff Subdirect Product Theorem
A = Cop [[ie; Bi with B; SDEI for every ¢ € I. Since A is SDI, there is an i € I such
that A = B;. Hence A is SDEI and thus SDI. O

As an application of the Birkhoff Subdirect Product Theorem we that every distribu-
tive lattice is isomorphic to a lattice of sets. Recall that a bounded lattice has the form
(L, A, V,0,1) where 0 and 1 are the smallest and largest elements of L, respectively.

Theorem 2.73. The only SDI distributive lattice is the 2-element lattice Do.

Proof. Let L be a bounded distributive lattice, and let Co(L)* = Co(L) \ {AL}, the set
of congruences of A strictly larger than Ay. If L = Do, then Co(A) = {A,V} and L is
SDI with monolith V. We assume now that |L| > 2 and show that L fails to be SDI by
showing

(26) [ Co(L)* = Ay.

For each a € L we define binary relations =Y, =/ C A? as follows. For all z,y € L,

r=/yifxrVa=yVa and z=,yifzAha=yAa.

We claim that = and =/} are both congruences of L. The best way to see this is to show
they are relation kernels of homomorphisms.

Define h): L — L by setting h)/(z) =xVa. h)(xVy)=(zVy)Va=(zVa)V(yVa)=
hY(z) vV hY(y) and hY(z Ay) = (x Ay)Va = (xVa)A(yVa) = hl(z) ANhl(y). So
hY € End(L, L), and hence =)= rker(h)) € Co(L). =,€ Co(L) by duality.

Note that z < a iff tVa=a=aVaiff x =/ a. So 0/ =/ (= a/ =) = L(a], the
principal ideal of L generated by a, and dually 1/ == L[a), the principal filter generated
by a. In particular, this gives us that

0 < a implies =/ € Co(L)™ and a < 1 implies =, € Co(L)™.

Suppose there exist nonzero @ and b in L such that a Ab = 0. Then =), =) € Co(L)*. If
(x,y) e =/ N=Y, thenzVa=yVaand zVb=yVb. So (zVa)A(xVb)= (yVa)A(yVb).
But by distributivity, (x Va) A (zVb) = (xAz)V(aAz)V (xAb)V (aAb) = x since
aAb = 0. Similarly, (y Va)A(yVb) =y. So (z,y) € =/ N=) implies z = y, ie,
NCo(D)T C=/n=) = Ap.

So in the case L contains nonzero a,b such that a A b = 0 we conclude that L is not
SDI. So we now assume that a A b # 0 for all nonzero a and b. Then for all such a,b
we have =/, € Co(L)*. But a = aV (aAb) and b = bV (a Ab) by absorption. So, if
a # b and both are different from 0 we have (a,b) ¢ =,, and hence (a,b) ¢ (Co(A)*.
By duality, the same is true if a # b and both are different from 1. It remains only to
consider the case a = 0 and b = 1. Since L # D>, there is a ¢ € L such that 0 < ¢ < 1.
(0,1) ¢ =Y € Co(L)™. Thus (26) holds and L is not SDL O

Theorem 2.74 (Birkhoff Representation Theorem). Every distributive lattice is isomorphic
to a lattice of sets. More precisely, for every distributive lattice L there exists a set I and
an embedding h: L — (P(I),U,N).
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Proof. Without loss of generality we can assume L is bounded. For if not, then we can
adjoin new elements 0 and 1 to L and set 0 < z for every z € LU {1} and z < 1 for
every x € LU {0}. It is easily checked that the extended po-set obtained this way is a
bounded distributive lattice L' and that L is a sublattice (strictly speaking, a sublattice
of the {A,V}-reduct of L'). Any embedding of L’ into a lattice of sets restricts to an
embedding of L into the same lattice of sets.

By the Birkhoff Sudirect Product Theorem and Thm 2.73 there is a set I such that
L =~ ; Cy DL Let g:L —g, DI be a subdirect embedding. Define h: L ~— P(I) by

h(a) ={i € I:g(a)(i) =1}. Note that g(a):I — {0,1} is the characteristic function of
h(a). For all a,b € L we have

a#b <= g(a)#g(b)
= 3ieI(g@)) £ g)(D)
< Jiel(ich(a)\h(d)orich()\h(a))
= hla) £ h(d)
So h is injective. We now check that it is a homomorphism from L into (P(I),U,N, 0, T).
For every ¢ € I we have
iehlaVvd) <= glavip(@)=1
= (g(a) vP? g( ))(i) =
= (9(a)(@) VP g(b)(’t)
< g(a)(i)=1or g(b)(i )
<= i€ h(a)Uh(b).

So h(a VvV b) = h(a) U h(b). The equality h(a A b) = h(a) N h(b) is verified in a similar
way. ¢(0) and g(1) are respectively the characteristic functions of () and I. So h is a
homomorphism. O

Exercise: Let A be a finitely generated Abelian group. Then A is SDI iff A = Z,» for
some prime p and some n € w \ {0}. Hint: Use the Fundamental Theorem of Abelian
Groups.

Note that by the Fundamental Theorem of Abelian Groups the Birkhoff Subdirect Prod-
uct Theorem holds in a much stronger form when restricted to finitely generated Abelian
groups: every such algebra is isomorphic to a direct product (not just a subdirect product)
of subdirectly irreducible algebras.

Every simple algebra is SDI but not conversely, and every SDI algebra is directly inde-
composable (DI) but not conversely. The analog of the Birkhoff Subdirect Product Theorem
does not hold for direct products. However we do have the following partial result.

Theorem 2.75. If A is a finite X -algebra, then there exist DI X-algebras By, ..., B, such
that A= By X --- X By,.

Proof. The proof is by induction on |A|. If A itself is DI then we are done. Otherwise
A=A x A" with 1 < |A'],|A"| < \A\ By the induction hypothesis A’ ~ B} x B], and
A"~ BYxB!, withB,...,B,,,BY,...,Bl, DL Then A~ B| x---x B}, x Bf x---x
B;_/L//. D
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Every direct factor of a group G must also be a group because it is a homomorphic
image of G and the group identities are clearly preserved under homomorphism. (In the
next chapter we will systematically study the preservation of identities.) Every finite group
has the unique direct decomposition property, i.e., if G is finite, and G = A1 x --- x A, and
G =B x---x B, with Ay,..., A, B1,..., B, DI, then n = m and, after reordering
the B; if necessary, we have A1 = By,..., A, = B,,. This is the well know Krull-Schmidt
Theorem of group theory.

In general however finite algebras do not have the unique direct decomposition property.
For example, consider the following two mono-unary algebras A and B over the same
universe {0, 1} such that f4(0) =1, f4(1) =0 and fB(0) =0, fB(1) = 1.

Exercise. Show that A x B~ A% but A % B.

We now show that there exist infinite algebras that are not isomorphic to any product,
finite or infinite, of SD algebras.

Recall that a groupoid A = (A, ) is a left-trivial semigroup if it satisfies the identity
r-y~ x. Any two left-trivial semigroups A and B of the same cardinality are isomorphic.

Indeed any bijection h: A S Bisa homomorphism and hence an isomorphism, for h(a-b) =
h(a) = h(a) - h(b).

We claim that a left-trivial semigroup A is DI iff it is finite and |A| is a prime. The
implication from left to right is obvious. For the implication in the opposite direction,
suppose first of all that A is finite and composite, say |A| =n-m with 1 < n,m < |A|. Let
B and C be left-trivial semigroups of cardinality n and m respectively. Then A = B x C.
If | A| is infinite,then |A| = |A x A| by set theory. So A = A x A.

Take A to be the (unique) left-trivial semigroup with universe w. Suppose A = [[..; B;
with 1 < |B;| for each ¢ € I. The claim is that the index set I must be finite. Otherwise,
we get |w| = |4] = ’HieIBi’ > 2lll > |2¢| = |R|, contradicting the fact that the real
numbers cannot be enumerated. Thus I must be finite and hence, for at least one i € I,
the cardinality of B; is infinite and hence cannot be directly indecomposable.

The final thing to do in this section is show how the direct product of a system of
multi-sorted algebras is defined.

Let X' be a multi-sorted signature with sort set S. Let (A; : ¢ € I') be a a system of
XY-algebras, where the universe of each A; is an S-sorted set ( A; s : s € S). The universe
(A; i € I) of the direct product [[;.; A; is the S-sorted system of direct products of
sets <HieIAi,s is € S>. Let 0 € X be of type s1,...,8, — s, and let @; € [[,c; Ais; for
7=1,---,n. Then

oll4i(@y, ... d,) = (04 (@1(i), ..., dn(0)) si € T).
81 Sn

~~
S

i€l

3. FREE ALGEBRAS, POLYNOMIAL ALGEBRAS, VARIETIES

Almost all the main classes of algebras studied in abstract algebra are either defined by
identities or are derived in some natural way from classes that are defined by identites.
Groups, rings, fields, vector spaces, modules are examples. In the general theory of algebra
a variety is any class of algebras of fixed but arbitrary signature that is defined by identites.
An algebra is free over a variety if it does not satisfy any identity that is not satisfied by all
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members of the variety. Every variety contains algebras that is free over the variety; they
play a key role in the theory of varieties.
We begin by discussing a property of algebras expressed in terms of homomorphisms
that will eventually be shown to be equivalent to freedom.
Definition 3.1. Let K be a class of Y-algebras, and let A be a XY-algebra and X a subset
of A. A has the universal mapping property (UMP) over K with respect to (wrt) X if
(i) A =Sg4(X), and
(ii) for every B € K and every mapping h: X — B there exists a homomorphism
h*: A — B such that h*[X = h.
Note that the condition (i) implies that A* is unique by Thm. 2.13.

Lemma 3.2. If A has the UMP over K wrt X, then A has the UMP over HS P(K) wrt
to X.

Proof. 1t suffices to show that A has the UMP over §(K), H(K), and P(K) wrt to X.

S(K): Assume B C C € K and h: X — B. Then by assumption there is a h*: A — C
such that h*[X = h. We note first of all that h*(X) C B € Sub(C), and hence that
Sg® (h*(X)) C B because Sg€ (h*(X)) is the smallest subuniverse of C' that includes X.
Thus by Thm 2.14(iii) we have

n(A) = h* (Sg? (X)) = 8¢ (h*(X)) C B,
ie., h*: A — B. (Strictly speaking what we should say is that there exists a h** : A —
B such that A*™ and h* have the same graph, because we have adopted the categorical
definition of a function that says a function is determined by three pieces of data, its graph,

its domain, and its codomain; so if the codomains of two functions are different they must
be different.)

H(K): Assume that B x C € K and let h: X — B. Let g:C — B be an epimorphism,
and choose h: X — C' such that h = g o h; such a h exists by the axiom of choice because
g is surjective; see Figure 21. By assumption there is a h*: A — C such that hA*[X = h.

g (h(x))

FIGURE 21

Thus goh*: A — B and (go h*)[X = go (h*]X)=goh = h.

week 11



63

P(K): Let h: X — B = [[;.; C;, where (C; :i € I) € KI. For every i € I there is by
assumption a (m; o h)*: A — C; such that (m; 0 h)*| X = m; o h. By the Categorical Product
Property there is an h*: A — B such that, for every i € I, m; o h* = (m; o h)*. Thus, for
every € X and every i € I we have m;(h*(z)) = (mjoh*)(z) = (mjoh)*(z) = (moh)(z) =
m;(h(x)). Thus, for every z € X, h*(x) = h(z), i.e., h*| X = h. O

Theorem 3.3. Assume A has the UMP owver a class K of X -algebras wrt to X, and that
B has the UMP over K wrtY. If A, B € HSP(K) and | X| = |Y|, then A= B. Moreover,
for every bijection f: X =Y there is an isomorphism f*: A = B such that f*[X = f.
Proof. f: X — B. So there is an f*: A — B such that f*|X = f. Also, f~1:Y — A.
So there is a (f~!)*: B — A such that (f~1)*IY = f~1. Then (f~1)*o f*: A — A, and,
for every z € X, ((f71) o f*)(2) = (f )" (f*(2)) = ()" (f(2)) = 1 (f(@) = (f 1o
f)(x) == So (f~H)* o f* = A4 by the uniqueness property. Similarly, f* o (f~1)* = Ap.
So (fH)*=(f*)"'and f:A= B. O

Here are two well known examples from abstract algebra of algebras with the UMP.

(1) If K is the class of all Abelian groups, then, for every n € w, Z™ has the UMP over
K wrt the set of “unit vectors”, i.e., {(1,0,...,0),(0,1,0,...,0),...,(0,...,0,1)}.

(2) If K is the class of all vector spaces over a field, then every V' € K has the UMP wrt
any basis of V.

We now construct for each signature X' and each set X such that X NX = (), a Y-algebra
that has the UMP over the class of all Y-algebras wrt X.
Let Stx(X) = (X UX)*, the set of all finite sequences of elements of XU X. An element

(a1,...,an) of Stx(X) is called a string and written simply as a; ...a,. Define for each
n €wand o € X,
Sty (X
o >( )(a1,1a1,2 <o Almyy " 5 An 1002 - - 'an,mn)
=0a1,141,2---Almy, " 5 0n10n2 - . . Opm,, -

The X-algebra

StE(X) = <StE(X), UStZ(X)>
is called the string X' -algebra in X.
Definition 3.4. Tesx(X) = SgS5=(X)(X). An element of Tex(X) is called a Y-term in X;
the corresponding subalgebra of Stx(X) is

Tes(X) = (Teg(X), oTeX))

is called the X'-term algebra in X. X is called the set of variables of Tex(X).

oeX
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By Lemma 2.6 Tex(X) has the following recursive characterization. X C Tex(X) (base
step). If t1,...,t, € Tex(X), then for every o € X,,,

UTeZ(X)(tla . .,tn) =0~~~y € TeE(X)?

[43

where “~” denotes the concatenation of strings. In the sequel we will normally omit the
superscript on 0 Te=(X) and write simply o (ty, .. .,t,) for cTe=(X) (¢, .. t,); we leave it to
context to indicate that we are applying the term-builder operation of the term algebra.
The set of new terms that are created at the the n-th step in this process is E,(X) \
E,_1(X). nis called their structural height. Structural induction can be viewed as induction
on the structural height.
Example. Let X' = {V, A, —,0, 1}, the signature of Boolean algebras, and let

t=AN—x10Ax21.

Here is the “parse tree” for t. (We use quotes in refereeing to the parse tree because we do
not give a mathematically precise definition. But the intuition is clear and proves useful.)

recursive
height

FIGURE 22

If a Y-term contains no nullary operations its structural height is the same as the height
of its parse tree.

Although technically not needed we will use parentheses to make terms easy to parse, We
also write binary operations in between their arguments, as is ordinarily done, rather than
to the left of them. If we do this for every binary operation, parentheses are necessary for
unique parsing. For example, we will write the above term ¢ in the form —(x; V0) A(z2A1).
Theorem 3.5. Tex(X) has the unique parsing property wrt X, i.e.,

(i) z # o(t1,...,t,) for everyx € X, every o € X, and all t1,...,t, € Tex(X).

(ii) For all n,m € w, every o € X, every 7 € Xy, and all t1,...,ty,S1,...,8m €
Tex(X),
o(ti, .. ytn) =7(S1,. ., 8m) iff n=m, 0 =7, and t; = s; for all i < n.

The proof of this theorem is left as an exercise.
The theorem says that the parse tree for each X-term is unique.

Corollary 3.6. Tex(X) has the unique mapping property over Alg(X) wrt X.
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Proof. Let A be any Y-algebra and let h: X — A be any map. Define h*: Tex(X) — A
by structural induction, i.e., induction on the structural height of a Y-term t. If t = «,
h*(t) = h(z). It = o(ty,... tn), B*(t) = oA (R*(t1), ..., h*(tn)). h* is well defined by the
unique parsing property. It is clearly a homomorphism that agrees with h on X. U

A mapping h: X — A is called an assignment of elements of A to the variables in X,
and its unique extension h* to a homomorphism form Tex; (X)) to A is called the evaluation
map based on this assignment.

Let n € w be fixed but arbitrary and let z1,...,x, be a sequence of distinct variable
symbols. Let X = {z1,...,2,}. We often write a term ¢ in the form ¢(z1,...,2,) as an
alternative way of specifying that the variables of ¢ are in X, i.e., that t € Tex(X). In the
same spirit we write t4(ay, ..., a,) for the image h*(t) of ¢ in A under the evaluation map
based on the assignment h(z;) = a; for all i < n.

For example, let t(z1,2z2) be the term —(z1 V 0) A (z2 A 1) considered above, and let
By = ({0,1},vB2 ABz B2 ( 1) be the 2-element Boolean algebra. Then

t2(0,1) = h*(t) = h*(=(21 VO) A (22 A 1))
= —B2(h(21) VB2 0) AB? (h(zy) AB2 1)
—B2 (0 vB20) APz (1 AB2 1)
= 0.

Terms in Tex({z1,...,2,}) are said to be n-ary. An n-ary term ¢ determines, for each
Y-algebra A, an n-ary operation t4: A" — A on A that maps (ay, .. .,a,) tot?(ay,. .., a,).
Definition 3.7. Let A be a Y-algebra. An n-ary operation f: A — A on A is called a
term or derived operation of A if there exists a X-term t(z1,...,,) such that f = t4.

The set of all term operations of A of rank n is denoted by Clo,(A) and is called the
n-ary clone of A.

By the clone of A, in symbols, Clo,(A), we mean the union of the n-ary clones over
all n € w, ie., e, Clo,(A). Some authors define the clone of A to be the w-sorted set
(Clop(A) :n€w).

Here are some basic facts about term operations; all have easy proofs by structural
induction.

(1) Subuniverses are closed under term operations, i.e., if B € Sub(A) and t(z1, ..., z,)
is a X-term, then for all by, ..., b, € B, t4(by,...,b,) € B. Moreover, if B C A, then, for
all by,...,b, € B, tB(by,...,b,) =t2(a1,...,a,), ie., tB =tA1B".

(2) Homomorphisms preserve term operations, i.e., if h: A — B, then for all ai, ..., a, €
A, h(tA(al, .. .,an)) =B (h(al), .. .,h(an)).

(3)Every term operation has the substitution property wrt congruences, i.e., if « € Co(A)

and ay aby,. .., a, aby,, then t4(ay, ..., a,) a t?(by,..., by).
Definition 3.8. Let X, X’ be signatures, and let A, A’ be X— and X'-algebras, respectively.
A’ is termwise definable in A if every fundamental operation of A’ is a term operation of
A. A and A’ are termwise definitionally equivalent if each is termwise definable in the
other.
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It follows immediately from the basic facts about term operations listed above that,
if A’ is termwise definable in A then Sub(A) C Sub(A’) and Co(A) C Co(A’) Thus
termwise definitionally equivalent algebras have the same subuniverses and same congruence
relations. Moreover if B and B’ are other termwise definitionally equivalent Y- and X’-
algebras,respectively, then Hom(A’, B') = Hom(A, B).

Lemma 3.9. A and A’ are termwise definitionally equivalent iff Clo,(A) = Clo,(A'),
i.e., Clo,(A) = Clo,(A) for everyn € w.

The proof is left as an exercise.

Termwise defintionally equivalent algebras have essentially the same algebraic properties
and are often identified. From this point of view, what really defines an algebra is its
clone, the set of all its term operations. Its fundamental operations in this view are useful
mainly for conveniently specifying, i.e., generating, the clone, and there are usually many
different choices of the fundamental operations that can serve this purpose. This is part of
the motivation behind the categorical approach to universal algebra This is illustrated in
the following example.

Example. Let B = (B,V,A,—,0,1) be a Boolean algebra over the signature X =
{V,A,—,0,1}, and consider its two reducts A = (A,V,—,0,1) and A" = (A, A, —,0,1)
to the respective signatures X' = {V, —,0,1} and X’ = {A, —,0,1}. By DeMorgan’s laws
and the law of double negation we know that the identities 1 A 9 &~ —(—x1 V —x2) and
1V wg & —(—x1 A —x3) are satisfied in B. Thus A and A’ are termwise definitionally
equivalent.

We note that the basic facts about term operations can often be used to show that
and operation on an algebra is not a term operation. Consider for example the semigroup
reduct (Z, +) of the group Z = (Z,+, —, 0) of integers. — is not a term operation of (Z, +)
because, for example, the subuniverse w of (Z, +) is not closed under —. Thus (Z, +) and Z
are not termwise definitionally equivalent. This is the reason that, from the point of view
of universal algebras, groups of type I and type II (See the examples following Def. 2.2) are
considered different.

The best known example of an n-ary clone over an algebra is the set of polynomial
functions in n indeterminants over a ring (in particular the ring of real numbers) with
integer coefficients. Let R = (R, +, -, —, 0, 1) be the ring of real numbers (a field). Then

Cloi(R) = { (ko + 1z + - -+ knz") R : ko, ... kn € Z}.
We make two observations:
(1) An element of this clone is a polynomial function over R, as opposed to a formal
polynomial; this distinct is usually made in a course in abstract algebra, but not in the cal-

culus where polynomials are always thought of as functions. Of course formal polynomials
correspond to our terms.

(2) The elements of the clone are the polynomials with integer coefficients. For example,
a typical example would be the term operation determined by term 3 + (—2)z + 322 =
1+41+14+—2x+—-x+2x-x+x-x+x- -z In the construction of the term we can use only
the fundamental operation symbols of the signature {+, -, —,0,1}. However, we can get all
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the polynomial functions simply by expanding the signature to include a symbol for each
element of R. Here is how it is done in general.

Let X be an arbitrary signature and let A be a Y-algebra. For each a € A let a be a
new nullary operation symbol. Let ¥4 = YU {a:a € A} and let A" be the ¥ 4-algebra

At = (A (0% :0e )~ (a*:ac A)),

A — g for every a € A.

where a
Definition 3.10. Let n € w. A element of Clo,(A™) is called an n-ary polynomial opera-
tions over A.

Notice that the nullary fundamental operation aClon(47) of Clo, (A™) denotes the con-

Clon(A+)(b1, ..., bp) = a for all

stant n-ary operation on A with (unique) value a, i.e., @
(b1,...,by) € A™.

For every natural number n, Clo,(R") is the set of all polynomial functions over the
real numbers in n-indeterminants, and Clo,, (R) is subset consisting of polynomial functions

with only integer coefficients.

An important and well known feature of both the term operations and the the polynomial
operations over the reals is that they can both have a ring structure. We now show that
a similar situation holds for the term and polynomial operations over any algebra and any
signature. For this purpose we need the following lemma.

Lemma 3.11. Let t1(x1,...,2pn),. .., te(x1, ..., xy) be n-ary X-terms. Let s(x1,...,2,) =
o(t1,...,tg) for some o € Xy. Then for every X-algebra A and all a1, ...,a; € A
sAay, ... an) = JA(tA(al, coag), ..t a, . L, ak)).

Proof. Let X = {x1,...,x,} and let h: X — A such that h(x;) = a; for every i < n. Let
h*: Tex;(X) — A such that h*[X = h. Then we have

sA(al, cooan) =h(s),, by definition of s
=h*(o(t1,...,tm))
= o4 (h* (t1),...,h" (tk)), , since h* is a homomorphism
= UA(t‘f‘(al, ).t a, . L ap)).

g

Let X be a signature and A a X-algebra. For each n € w we can give the set Clo,(A)
of n-ary term operations of A the structure of a X-algebra Clo,(A). Let 0 € X} and

let f1,..., frx € Clo,(A). Choose n-ary terms t1(x1,...,2Zpn),...,tk(x1,...,zy,) such that
tA = f; for each i < k. Define o€1on(A)(f; ... fi) = t4, where t = o(t1,...,1,). Since the
definition depends on a choice of representative terms for the term operations fi, ..., fr we

have to show oClon(4)

representative terms.

is well defined, i.e., it does not depend on the particular choice of
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Suppose f1 = s, ..., fr = s;;‘ and s = 0(s1,...,8k). Then forall ay, ..., a, € A we have
t4(as, - an) = (0(t1, - 1)) (an, - . -, an)
:JA(t‘f‘(al,...,an),...,t?(al,...,an)), by Lemma 3.11
:UA(fl(al,...,an),...,fk(al,...,an))
:JA(s‘f‘(al,...,an),...,s?(al,...,an))
= (0(31,...,sk))A(al,...,an), by Lemma 3.11
= s%ay, ..., an).

So oClon(4) is well defined.
Definition 3.12. let X be a XY-algebra and n € w. Then

(i) Clo,(A) = (Clo,(A), oClon(A)y, y. Tt is called the n-ary clone algebra over A, or
alternatively, the algebra of n-ary term operations over A.

(ii) The X 4-algebra Clo,(A™) is called the algebra of n-ary polynomial operations over
A.

We make several observations.
(1) Clo,(A) is generated by {xf},... 24} (exercise).
(2) If A is nontrivial (i.e., |A| > 2), then, for all i, j < n,

1 # j implies :I;;4 # xj‘,

ie., [{zf,...,22}| = n. To see this consider any two distinct elements a and b of A.
Then
xf‘(a,...,a,?,a,...,a) =a and :rj‘(a,...,a,?,a,...,a) =b.
(3) The mapping a +— aClon(A7) ig o monomorphism from A" into Clo,(A™). This is

Clo,(AT)

an easy exercise. Thus if we identify a and a we can assume the A7 is a subalgebra

of Clo,(A™).

We all know that the ring of integer-coefficient polynomials over R has the universal
mapping property over the R wrt to the set of indeterminants. This holds in general as we
now show.

Theorem 3.13. let A be a X-algebra andn € w. Then Clo, (A) has the universal mapping
property over A (i.e., over {A}) wrt to {zf,... x2}.

Proof. If A is trivial, then the theorem is trivially true. Assume A is nontrivial. Let
h:{zf, ..., 222} — A. Define h*: Clo,(A) — A by

R (t4) = tA (h(z?), ..., Mxd)), for every n-ary term t(z1, ..., Tn).
1 n
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h* is obviously well defined. We check it is a homomorphism.

n (oG, )
—n*((o (tl,.. )™, by defn. of gClon(4)
=o0(t1, ...ty (h (z), .. )), by defn. of h*
= o (t{ (h(zh), ..., h(z]} )) St (h(z1), ..., h(zp))), by Lemma 3.11
AR (), .. (1)), by defn. of h*.
Finally, we note that, for each i < n, h*(z*) = 2 (h(zf}), ..., h(z7)) = h(z). O
Corollary 3.14. For every h: {x‘fﬁ,...,xfr} — A there is a unique homomorphism

h*: Clo, (A1) — A" such that
() h*H{aft", T} =h
(i) h*[A = Ay.

Proof. By the theorem there is a unique h*: Clo,(A") — A™ such that condition (i) holds.
Since h* is a homomorphism over the extended signature X4, h* is identity on A since for
each a € A, h*(a) = h*(a?) = aClon(4") — a; the last equality holds because we have
identified aC'or(47) with a. O

The property of the n-ary clone algebra over A that sets it apart from the n-ary term
algebra is that it is a subdirect power of A, as we show in the next theorem.

Theorem 3.15. Let A be a Y-algebra and n € w. Then Clo,(A) € SP(A). In fact,
Clo,(A) is the subalgebra of A™Y" generated by {1, ..., m,}, where m;: AA" is the i-projection
function.
Proof. Let X = {z1,...,2,} and let h*: Tex(X) — A" such that h*(x;) = m; for each
i <n. By Thm. 2.14(iii), h*(Tex (X)) = Sg4™ ({1, .., mn}).

The claim is that, for every t € Tex(X), h*(t) = t#, and hence

* Am
Clo,(A) = h*(Tex (X)) =Sg*” ({m1,....m})
This is proved by induction on the structural height of t. For every (ai,...,a,) € A",

h*(x;)(aq, . . an) = 7ri(a1, .. an) =q; = x;“(al, sy ap). So h(x;) = x;“ for every i < n.
h*( (t1,. .., )(al,
= ( *(t1), .. (tn))(al, ceyap), since h* is a homomorphism
= ( (tl)(al,..., n)s- - W (k) (a1, - an)), by defn. of o4
=0 (tl (al,...,an),...,t?(al,...,an)), by ind. hyp.
= (J(tl,...,tn))A(al,...,an), by Lemma 3.11.

Since this holds for every (ai,...,a,) € A", we get h* (U(tl, .. .,tn)) = (U(tl, .. .,tn))A.
This proves the claim and hence the theorem. ]
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It is easy to see that, whenever n < m, each n-ary term t(x1,...,x,) is also an m-
ary term ¢(x1,..., %), even though the variables z,,11,...,Z, don’t actually occur in t.
Functionally, if we write f for t4 as a function form A" to A, and write g for t* as a
function from A™ to A, then, for every (ai,...,am) € A™, g(a,...,amn) = f(ai,...,an).
It is easy to check that he mapping f — ¢ gives a embedding of Clo,(A) in Clo,,(A).
We identify Clo,(A) with its image in Clo,,(A) so that Clo,(A) can actually be viewed
as a subalgebra of Clo,,(A). The whole clone Clo, A) = J,,¢c, Clo,(A) can then be

made into a Y-algebra in the natural way: if t(xy,...,z,,) is an n-ary term for i < k
and o € X}, then o(t1,...,t;) is an m-ary term where m = Max{ni,...,n;} and thus
GCIou (DA (A A) — oClon(A) (A | A).

Clo,,(A) can be thought of as the set of term operations associated with terms over
the infinite set of variables X = {x1,x9,23,...}. Each such term contains only a finite
number of variables, but of course the number of different variables that can occur in a
term is unbounded. Thus t4: AY — A is an operation with a nominally infinite number of
arguments, but it is independent of all but an infinite number of them.

It is not difficult to check that Clo,(A) has the UMP over A wrt to the infinite set
{zft, zt, 24, }, and that Clo,(A) = ; C A", But we want to show how to construct
algebras of term operations over sets of variables of arbitrary large cardinality which will
give us algebras with the UMP wrt arbitrary large sets. This requires a little transfinite
cardinal arithmetic.

In standard set theory a cardinal number is identified with the set of all ordinal numbers
less than it, i.e., for each cardinal number o, & = { £ : £ is an ordinal and £ < « }. Consider
for example the finite ordinals: 0 < 1 < 2 < 3 < ---. Each of them is also a cardinal number
(finite ordinals and cardinals are the same). 0 =0, 1 = {0} = {0}, 2 = {0,1} = {0, {0}},

.., n=14{0,1,2,...,n — 1}. The first infinite cardinal is g = w = {0,1,2,3,...}. The
next infinite cardinal is Xy = {0,1,2,...,w,w+ 1L,w+2,...,w+w,w+w+1,...}.2 The
“+7in “‘w+1, “w+27,....w+w+ 17,...is ordinal addition, but don’t worry about it, it
doesn’t play any role in our work. Notice that for any cardinal o and any ordinal &, £ € «
iff £ < «; in particular, n € w iff n < w.

Let a be an infinite cardinal, and let X, = {x¢ : £ € a} be a set of pairwise distinct
variable symbols indexed by the ordinals less than « so that the cardinality of X is a.
For every t € Tes(X) we define a term operation t4: A* — A just as before by replacing
the finite cardinal “n” everywhere by “o”’. Note that an a-ary term t({z¢ : £ < a)) still
contains occurrences only a finite number of the x¢, and the corresponding term operation
t4 is independent of all but a finite number of its a arguments. The set of all a-ary term
operations is called the a-ary clone of A and is denoted by Clo,(A). Clo,(A) can be
given the structure of a X-algebra Clo,(A), just like Clo,(A) for finite n. The following
two theorems are proved just like Theorems 3.13 and 3.15, the corresponding theorems for

[1 el

finitary clone algebras, essentially by replacing “n” everywhere by “a”.

Theorem 3.16. let A be a Y-algebra and o any infinite cardinal Then Clo,(A) has the
universal mapping property over A wrt to {:1:%4 € <al.

2By the Continuum Hypothesis R; is the cardinality of the continuum, i.e., ®; = |R|. But the Continuum
Hypothesis is not provable form the axioms of set theory, so there are models of set theory in which Ny is
much smaller than |R].
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Theorem 3.17. Let A be a X-algebra and « any infinite cardinal. Then Clo,(A) €
SP(A). In fact, Clo,(A) is the subalgebra of A" generated by {m¢ : € € a}, where
Urs A4 is the &-projection function.
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3.1. Identities, models, and varieties. We now change the focus of our investigations
from individual algebras to classes of algebras, and in particular to the way these classes
are defined. The axiomatic approach is a fundamental feature of modern algebra. For
instance, while the number theorist focuses all his or her attention on the ring of integers,
to the algebraist the integers are but one member, albeit the paradigm, of the class of
principal ideal domains. More precisely, the algebraist is concerned less with the particular
structure of the integers than with the abstract properties of the integers that give them
their special nature. These abstract properties are formulated in a formal language, and the
language itself, including the deductive apparatus by which the logical relationships between
the propositions of the language are specified, then becomes the object of mathematical
investigation. The mathematics of the language of mathematics is called metamathematics.
In algebra many of the most important classes of algebras are defined by laws, or identities.
Consequently we concentrate first on mathematics of the language of equations and the
deductive apparatus associated with them. This is called equational logic.

From now on, unless specifically indicated otherwise, the symbol X will stand for X, =
{0, 1, x2,...}, a fixed countably infinite set of pairwise distinct variable symbols. Note
that the numbering starts at zero. From now on all enumerated systems will be ordered
by cardinals and hence the numbering will start with 0. In particular a finite sequence of
length n will be written as ag, ..., a,—1 rather than as aq, ..., ay,.

Note that Tex(X) = U, ¢, Tex (2o, ..., n-1).

An Y-equation, or simply an equation when the specific signature is not relevant, is an
ordered pair (t, s) with ¢, s € Tex(X). We will almost always write (¢, s) in the form t ~ s
in order to exploit the intuitive meaning of equations. X represents a countably infinite
“reservoir” of variable symbols to draw from, but in a particular term or equation, or more
generally in any particular finite set of terms or equations, only a finite number of variables
will actually occur. When we want to indicate explicitly the variables that may actually
occur in an equation ¢t &~ s we often write t(xo,...,Zn—1) ~ s(zo,...,Tn—1). We empha-
size that these two expressions represent exactly the same equation; the “(zg,...,2,—1)"
should be look on as simply annotation in the metalanguage that imparts some additional
information about the equation.

Definition 3.18. Let A be a X-algebra.
(i) A XY-equation t(zo,...,Tn—1) ~ s(zo,...,Tn—1) is an identity of A, and A is a
model of t = s, in symbols A F t = s, if, for all ag, ..., a,—1 € A, tA(ao, ceylp1) =
s%(ag, ..., an_1), i.e., for every h* € Hom(Tex(X), A), h*(t) = h*(s).
(ii) A is a model of a set E of equations if, for every t ~ s € E, AF t ~ s. The class
of all models of E is denoted by Mod(E).
(iii) ¢t ~ s is an identity of a class K of Y-algebras if, for every A € K, AFt ~ s. The
set of all identities of K is denoted by Id(K).
Lemma 3.19. Let A be a X-algebra and t(x, ..., Tn—1) = s(zo,...,Tn-1) a X-equation.
(i) If AEt = s, then, for every BC A, BEt =~ s.
(ii) If AFt~ s, then, for every B A, BFEt = s.
Let (A;:i€1I) be a system of X-algebras.
(iii) If, foralli € I, AjFt~s, then [[,c; AiFt~s.
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Proof. (i) Forallby,...,b, 1 € B, tB(bo,...,bp_1) =1t2(bo,...,bn_1) = 5(bo,..., by 1) =
B
S (b(), ceey bn—l)-
(i) Let h: A — B. Let by,...,b,—1 € B and choose ag,...,a,—1 € A such that
h(a;) = b; for all i € I. Then

tB(bo, ..., bu1) = tB(h(ap), - .., h(an—1))
= h(tA(ao,. ,an_l))
= h(sA(ao, ,an_l))
= 5P (h(ao), ,h(an_l))
= sB(bo, ..., bu_1).

(i) Let do = (ag; : 4 € I),...,dn—1 = (an—1; : % € I) € [[;c;Ai- By structural
induction we have

tHiAi(ao, ceey (Zn_l) = <tAi(a0’i, .. .,an_l’i) NS I>, and,

SHiAi(ao, ceey (Zn_l) = <$Ai(a0’i, ceey an_l’i) 11 € I>.
Since t4i(ag, - - -, an-1,) = s (ag, ..., an_1,), for all i € I, we get tHiAi(&'o, ey lp_1) =
SHiAi(ao,...,an_l). O

Theorem 3.20. For any class K of X-algebras and any X -equation t = s, if KE t = s,
then HSP(K) E t ~ s.

Proof. By the lemma, each of the successive entailments implies the following one. KF t = s
implies P(K) F ¢t ~ s implies SP(K) F ¢t ~ s implies HS P(K) F ¢ =~ s. O

The original definition of a free group is metamathematical in nature. Specifically a
group is free if its generators are free is the sense they satisfy no equation that is not
satisfied by every choice of elements in every group. In its general form for and arbitrary
class K of X-algebras this idea takes the following form.

Definition 3.21. Let K be a class of Y-algebra, F' a Y-algebra, and Y C F. F'is free over
K with free generators Y if the following two conditions hold.

(i) F=sSgF(v).

(ii) For every X-equation ¢(xg,...,Zn—1) =~ s(zg,...,2n—1) and any choice of pairwise
distinct o, - . ., yn—1 elements of Y,
tF(yO,...,yn_l) = sF(yO,...,yn_l) iff KEt~s.
For example, the free group over the free generators yo, y1,...,¥¢, ..., £ < A, is usually

defined to be the set of all words, that is finite sequences of variable symbols, yg‘; o 'ygs:j,

where each yg, is different from the symbol on either side of it (i.e., from y¢, , and from

Yeiy1)s ki is an arbitary nonzero integer, and yg? denotes the word ye,ye, - - -ve, if ki > 0
g N————

ki
and the word y; ty-'---y-! if k; < 0. The product of the two words yko . -yk"‘l and
Ye, Ye, & €0 Yena
N—————

_ki
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m 1

yfl% ~-ypn—1 is defined as follows. Let ¢ be the largest number such that, for all j < ¢,
Yeu_jo1 = Yn; and kyj1 = —l;. Wye | # yy,, then the product is

nqllq“'l_

k m .
ny yfn q—1 Ynq y77n—117
otherwise, i.e., y¢, ., = yy, but kn_g—1 # —l;. then the product is

ko ., kn—q-1tlg lnoq
ny yfn—q—l ynn—l :

For example, the product of yg i 3 vy and yo 4 v3 y4_1 is yg y4_1, and the product of yg Yy 3 Y5
and y, 4 Y3 y4_1 is y2yy ! y4_1. The inverse of yg‘; . -yg“:_‘ll is ygn k_"l‘l Y ko The identity if
the empty word. It is not difficult to show that the {-, 7!, e}-algebra constucted in this way
is free over the class of groups with free generators { ye¢ : £ <A }.
The following lemma ties the universal mapping property to the notion of freedom.
Lemma 3.22. Let K be a class of X-algebras, and assume that F is a X -algebra such that
(i) F € HSP(K), and
(ii) F' has the universal mapping property over K wrt a set'Y of generators of F'.
Then F if free over K with free generators Y .
Proof. Assume (i) and (ii) hold. Then F = Sg¥ (V") by (ii).
Suppose t¥ (yo, ..., yn-1) = sF(yo,...,yn_1). Let A € K and ag,...,a,_1 € A. Let
h*: F — A such that h*(y;) = a; for every i < n. Then
t4(ao, ..., an—1) = t* (K" (W0) - . .. K (yn-1))

=h* (tF(yO, e Yn-1))

:h*(SF(y()v <y Yn— 1))
=5 (0" (), 1 ()
= s%(ag, . . ., an 1)
So KEt~ s.
Now assume K F ¢ &~ s. Then HSP(K) F ¢ ~ s by Thm. 3.20. Thus F F ¢ ~ s and hence
(Yo, -+, Yn-1) = 7 (Yo, .-, yn=1)- O

The converse this lemma holds we cannot prove it now.

We want to prove that free algebras over every class exist with any given cardinality A
of free generators. It turns out that the A-ary clone algebra Cloy(F') has this property for
any algebra F' € HSP(K) with the property that every algebra of K is a homomorphic
image of F. Clearly the product []4.k A has this property since every algebra in K is
a homomorphic image of it by projection. The problem is that such a product does not
exist because it is too big if K is a proper class. But for F' to serve our purpose we do not
need for every algebra of K to be a homomorphic image of F', but only the subalgebras
of members of K that can be generated my at most A generators. Algebras F with this
property do exist. One of them is the following algebra, as we shall see.

H: K :=[[{ Tex(X))/a: a € Co(Tex(X,), Tex(Xy)/a € 1S(K) }.
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Lemma 3.23. Let K be a class of X-algebras and \ a cardinal.

(i) [ILK € PS(K).
(ii) For every A € K and every B C A such that B is generated by at most \ elements
we have B <[]} K.

Proof. (i) [I[ZK € P{Tex(X))/a:ac Co(Tex(X))), Tex(Xy)/a € 1S(K) } CPIS(K) =
P S(K).

(ii) Let B € S(K) such that B is generated by at most A elements. Then by Theo-
rem thm:w6.1(iii) there exists a surjective mapping from the set of variables X onto the
generators of B, which extends (uniquely) to an epimorphism h* from Tesx (X)) onto B.
By the Isomorphism Theorem h};: Tes;(X))/a = B, where a = rker(h*). So Tex(X))/a €
1S(K), and hence Tex(X))/a is one of the factors in the direct product []} K and conse-
quently is a homormorphic image of []} K under one of the projection mappings. Hence B
is a homomorphic image of []} K. O

Definition 3.24. Let K be a class of Y-algebras, and let A be a cardinal. Set

Fr(K) := CloA(] [, K).
This is called the free algebra of K of dimension a.
Theorem 3.25. Let K be a class of X-algebras and )\ a cardinal. Fry(K) is a free algebra
over K with free generators X'; = {:1:5K (€< A}

Proof. By Lemma 3.22 it suffices to prove (1) Fry(K) € HSP(K), and (2) Fr)(K) has the
universal mapping property over K wrt X /'\<

(1) By Theorem 3.17 and Lemma 3.23
Cloy (][, K) e sP(J], K) S sPPS(K) S SSPP(K) = SP(K) CHS P(K).

(2) Let A € K and let h:X'; — A. Let A’ be the subalgebra of A generated by the
image h(XX). Since A’ is generated by at most A elements, A’ < [[} K by Lemma 3.22(ii).
So A" € H(IT3 K). Hence by Thm. 3.16 Fry(K), which, as we recall, is Cloy ([T}(K)), has
the universal mapping property over A" wrt X /'\< Thus h can be extended to a epimor-
phism A*: Fry(K) — A’ (it is surjective since A’ is generated by h(XK)), and hence, again
identifying h* with its graph, h*: Fry(K) — A and h*[X¥. So Fry(K) has the UMP over
K wrt XK. O
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3.3. Reduced Products and Ultraproducts. Let I be a nonempty set. Let
P(I) = (P(I),u,n, ,0,I),

where, for every X C I, X = I\ X is the complement of X relative to I. P(I) is the
Boolean algebra of all subsets of I. F C P(I) is a filter on or over I if F is a dual ideal of
the lattice (P(I),U,N, 0, 1), i.e.,

(i) F is nonempty;

(ii) F is an upper segment, i.e., X € F and X C Y implies Y € F;

(iii) F is closed under intersection, i.e., X,Y € F implies X NY € F.
The set of filters of I is an algebraic closed-set system, since the set of ideals of any lattice
forms one. Because of (ii), the condition (i) is equivalent to I € F. A filter F is proper if
F # P(I). Because of (ii), F is proper iff () ¢ F. Thus the union of any chain of proper
filters is a proper filter, and consequently Zorn’s lemma can be applied to show that every
proper filter F is included in a maximal proper filter, that is, a proper filter &/ such that
there is no filter G such that & C G C P(I). Maximal proper filters are called ultrafilters.

Examples:

(1) For J C I, P()[J) ={X : J C X C I} is the principal filter generated by J; for
simplicity we normally write [J) for P(I)[J). A filter F is principal iff F (= ({F: F €
F}) € F, in which case F = [[|F). Thus, if I is finite, every filter F on I is principal.
The smallest filter is [I) = {I} and the largest filter, the improper filter, is [#) = P(I).

(2) Every nonprincipal filter must be over an infinite set. A subset X of I is cofinite if X
is finite. Let Cf be the set of all cofinite subsets of I. Clearly [ is cofinite, and any superset
of a cofinite set is cofinite. If X and Y are cofinite, then X NY = X UY is finite, and
hence Cf is closed under intersection. So Cf is a filter. () is cofinite iff I is finite. So Cf is
proper iff T is infinite. For each i € I, {i} is obviously cofinite. Thus (\Cf C Nic i} =0.
Hence Cf is nonprincipal if I is infinite.

Lemma 3.31. Let I be a set, and let K be an arbitrary set of subsets of I. Let F be the
filter generated by K, i.e., F := ﬂ{ G : G a filter such that K C G } Then

F={X:InewlK,, ... K, eKEK . N---NK,CX)}.

Proof. Let H = {X cdn€ewiKy,...,. K, e K(K1N---NK, C X)} If K is empty, then
the only sequence Kj,..., K, of members of K is the empty sequence (n=0). Then, by
definition of the intersection of an empty sequence, K1 N---NK,, = 1. Thus I € H, and in
fact H = [I) = {I}, the smallest filter. And F = {I}, being in this case the intersection of
all filters.

Now suppose K is nonempty. We first verify that H is a filter that includes K. For each
K, e K, K1 C Ky, and hence K1 € H. Thus K C F. If K is nonempty, so is H. Suppose
XeH;say Kin---NK, C X with Ky,...,K,, € K. Then K1N---N K, CY, and hence
Y € H, for every Y such that X C Y. So H is an upper segment. Suppose X,Y € H.
Then K1N---NK,CXand LyN---NL,, CY with Ky,...,K,,L1,...,L, € K. Then
Kin---nK,NLiNn---NL, CXNY. So XNY € H, and hence H is closed under
intersection. Thus H is a filter.
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We have seen that I C H. Let G be a filter such that  C G. Then K1N---NK,, €§G
for all K1,...,K, € K, and hence X € G for every X such that K1 N---N K, C X, since
G is an upper segment. So H C G. Thus H = F. O

Corollary 3.32. Let F is a filter over I, and let X € P(I). Let G be the smallest filter
including F that contains X, i.e., the filter generated by KK = F U{X}. Then

G={YCI:3FeF(FNXCY)}
Proof. Let H={Y CI:3F € F(FNX CY)}. By thelemma, G ={Y CI:3n¢
wiIKiy,..., K, e FU{X}(KinN---NK, CY)}. Clearly H C G. Let Y € G. Then
(26) Kin--nNnK,CY,

for some K,..., K, € FU{X}. Suppose X = K for some ¢ < n; without loss of generality
assume X = K,,. Then

Kin---nK,=Kin---NK,,_.1NXCY.

FeF

SoY e H. If X # K, for all i <n, then K;N---NK, =F € F, and hence (26) implies
FNXCY. SoagainY € H. So G CH. O

Corollary 3.33. Let K C P(I). Then K is included in a proper filter and hence an
ultrafilter iff, for alln € w and all Ky,..., K, e K, K1N---NK, # 0.

Proof. Exercise. O

A set K of subsets of a nonempty set I is said to have the finite intersection property if
the intersection of every finite subset of I is nonempty. By the above corollary, every set
of subsets of I with this property is included in a proper filter.

The following gives a convenient characterization of ultrafilters.
Theorem 3.34. Let F be a filter over a set I. F is an ultrafilter iff

(27) for every X C I, either X € F or X € F, but not both.

Proof. <= Assume (27) holds. Then () ¢ F since I € F and () = I. So F is proper.
Let G be a filter such that F € G. Let X € G\ F. Then by (27) X € FCG. Thus
f=XNXecg,ie,G=P(). Thus F is an ultrafilter.

—> Suppose F is an ultrafilter and X ¢ F. Since F is maximal and proper, P([)
is smallest filter including F that contains X. By Cor. 3.32 P(I) = {Y C I : IF €
F(FNX CY)}. Thus there is an F' € F such that FNX = 0. So FF C X, and hence

XeF. (]

Ezercises:
(1) A principal filter [X) is an ultrafilter iff | X| = 1.
The filter Cf of cofinite sets is never an ultrafilter. If [ is finite, Cf is the improper filter.

If I'if infinite, then I includes a set X such that neither X nor X is finite, and hence neither
X nor X is cofinite.

(2) Let I be infinite. Then Cf is the smallest nonprincipal filter on I, i.e., for any filter
F on I, F is nonprincipal iff Cf C F.
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Let (A; :i € I) be a system of Y-algebras, and let F be a filter on I. Define ®(F) C
(ITies Ai)2 by the condition that
({aj:iel), (bij:iel))yed(F) iff {icl:a;=b}eF,

-~
-

a b EQ(a.b)

where EQ(d, 5) = {i € I :a; = b} is called the equality set of @ and b. Note that
(d,b) € O(Cf) iff EQ(d,b) is cofinite, i.e., iff {i € I : a; # b; } is finite. It is traditional to
say that @ and b are equal “almost everywhere” in this case.

Lemma 3.35. &(F) € Co([[;c; Ai) for every filter F on I.

Proof. EQ(d@,@) = I € F. So ®(F) is reflexive, and it is symmetric because EQ(a,b) =
EQ(b, @).

=, —

i € EQ(a,b) and i€ EQ(b,¢) implies i€ EQ(a,?).
a;=b; bi=c; a;=c¢;
Le., EQ(@,b) N EQ(b,7) C EQ(@,&). So if EQ(a@,b) and EQ(b, &) are both in F, then so is
EQ(@, ). This means that ¢(F) is transitive.
Leto e X, and dy,... ,Ein,l;h .. .,l;n € [[;c; Ai such that EQ(EL’l,I;l), . ,EQ(&’n,gn) e F.
Then as in the proof of transitivity it can be shown that EQ(aq, 51) N---NEQ(d,, En) -

EQ (JH Ai(dy, ..., dy),oll A (b, .. ,En)) € F. So &(F) has the substitution property. [
&(F) is called the filter congruence defined by F.
Definition 3.36. Let A = (A; : i € I) be a system of X-algebras. A Y-algebra B is
a reduced product of A if B = ([,c; Ai)/®(F) for some filter F on I. B is called an
ultraproduct ofﬁ if F is an ultrafilter.
Note that B < [[;c; As, ie., B is a homomorphic image of [[;.; A;, but it is a very
special kind of homomorphic image as we shall see. For any Y-algebra C, we write C <y
[I;c; Ai if C is isomorphic to a reduced product of A; by the First Isomorphism Theorem,

C < Hie 1 A; iff C'is a homomorphic image of Hie 1 A; by a homomorphism whose relation
kernel is a filter congruence. We write C <y [[;.; Ai if C is isomorphic to a ultraproduct

of A.
For any class K of X-algebras,
Pu(K):={B:3I13AcK (B [[4)}.
i€l

el

Py(K) is similarly defined with “<y” in place of “<y”.
Let I be a set and F a filter on I. Let J C I and define
FlJ:={FnJ:FeF}

F1J is a filter on J: we verify the three defining properties of a filter.

J=INnJeF[J. Suppose X € F|Jand X CY C J. Let F' € F such that X = FnJ.
Then FUY e FandY = XUY =(FnJ)u(YnJ)=(FUY)NJ € F|J. Finally,
suppose X,Y € F|J, and let F,G € F such that X = FNJ and Y = GNJ. Then
XNY=(FnG)nJ e F|J.
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It is easy to see that, if J € F, then
FIlJ=P)NF(={XCJ: X eF}).
The inclusion from right to left holds for all J C I, without the assumption that J € F.
Assume, X € F|J,ie, X = FNJ for some F € F. Then X € F since J € F.
The following will prove useful in the sequel.
(28) IfJeF, thenVX CI(XeF iff XNnJeFI|J).

X € F implies X NJ € F[J by the definition of F[J. For the implication in the other
direction, assume XNJ € F[J. Then, since J € F, XNJ € F by the above characterization
of F[J when J € F. Hence X € F since F is an upper segment.

Lemma 3.37. Let (A; :i € I) be a system of X-algebras and F a filter on I. Then, for

each J € F,
(H Ai)/qs(f) ~ (H Aj) JB(FIT
jed

i€l

Proof. Consider the epimorphisms

. gP(f

14 =T 4 (H A ) JB(F

el jeJ jeJ
where m;((a;:i€1)) = (aj:j€J). myis the J-projection function, and it is easily

— —

a alJ
checked that it is an epimorphism; it generalizes the ordinary projection function ;, which
can be identified with mg;. Agzyy) is of course the natural map.

Let h = Agryy o mr: [Lies Ai = (I1 e A;)/P(FIJ). Let @ = (a; : i € I) and
b=(bj:iel).

(@,b) € rker(h) iff Ap(F1r
it (@J,blJ
it EQ(alJ,b]
iff BQ@,b) (=

J)(={jeJ:a;=0b}) € FIJ
{iel:a;=b;})€F;
this last equivalence holds by (28) since EQ(@]J,b].J) = EQ(@, b) N
iff  (@,b) € B(F).
So rker(h) = @(F). Now apply the First Isomorphism Theorem. O

By the next lemma, a product [[,.; A; that is reduced by the filter congruence defined
by the filter of cofinite sets is a model of a given identity iff the factor A; is a model of the
identity for “almost all” ¢

Lemma 3.38. Let (A; :i € 1) be a system of X-algebras, and let F be a filter on I. Let
€ be an arbitrary X -equation. Then

(HAi)/qb(}")hs iff {icl:A;Fe}eF

i€l
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Proof. Let J ={iel:A;jFe}.
& Assume J € F. Then by Lem. 3.37, ([Tic; Ai)/P(F) = ([1jes As)/P(F1J
HP{A,:je€ J}) C HP(Mod(e)) = Mod(¢); the last equality holds by Thm. 3.20. Thus

(s A7) [#(F

= Suppose J QE F. Let € = t(zg,...,Tn-1) = s(wo,...,xn_l). For each i € I\ J,
choose ag(i),...,an—1(i) € A; such that tA (ao(@), ..., an—1(i)) # s4(ao(i), ..., an—1()).
This is possﬂale since A; ¥ . For each i € J, let ap(: ) ,an—1() be arbltrary elements of

A;. Let do = (do(i):i€l),...,0,—1 = <Ein_1(z') RS > Recall, that
A (G, .. @p1) = (29 (@p(4), -+ ,dn-1(i)) :i € T ) and

s Gy, .. @pr) = (2o (i), -+, @n1(i)) i € T).

Thus
EQ(H14(dy, ..., @n1), sl14(do,...,an1))

={i €It (do(i), - ,@n1(i)) = s (Ao(i), - ,Tn_1(3)) }

cJ
So EQ(tH 4 (dy, . .., an—1), sl14(d,...,dn—1)) & F since J ¢ F. Hence

),

T4/ 25 o @(F), .. s 0(F)) # 542D @/ 0(F), .. s 0(F)).

and hence (I;c; )/@(.7—" O
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A set E of Y-equations is consistent if Mod(E') contains a nontrivial algebra.

Let X C w\{0}. Let E consist of the five laws of groups (of type II) (i.e. z-(y-2) = (z-y)-z,
rexmw e r~T, v ~e ! -z ~e), together with the law 2™ ~ e for each n € X.
E is consistent iff GCD(X) > 1. Indeed, let n = GCD(X). Then A is a model of E iff A is
a group and every element of A is of finite order dividing n. Thus Z,, is a nontrivial model
of E if n > 1, and the trivial group is the only model of E if n = 1. Clearly GCD(X) =1
iff GCD(X') = 1 for some finite X’ C X. Thus

F is inconsistent iff some finite subset of F is inconsistent.

This result might appear to depend on special properties of the groups and of the ring of
integers, but in fact it is but special case of a much more general result.

Theorem 3.39 (Compactness Theorem of Equational Logic). A set of X-equations is
consistent iff every finite subset is consistent.

Proof. The implication from left to right is trivial. For the opposite implication, assume E
is a set of equations such that every finite subset of F is consistent. We also assume FE is
infinite, since otherwise it is trivially consistent. Let P, (E) be the set of all finite subsets
of E. Then by assumption each E’ € P,(FE) has a nontrivial model, say Ag/. Consider
the P, (F)-indexed system of Y-algebras (Ap : E' € P,(FE)) and their direct product
[1eep, s Apr- Notice that, for each € € E, Ap/ is a model of ¢ for every E' € Py (E)
such that e € E’/. We will see that there is a proper filter F on P, (E) (and hence a subset
of P(P,(E))) such that the set of all such E’ is a member of . Thus by Lem. 3.38 the
reduced product (] E'ePu(E) Ap/) /®(F) is a model of every ¢ in E. The construction of
F is straightforward, but is complicated by the fact that the index set is a set of sets (in
fact a set of finite sets) rather than a simple set.

For each E' € P,(E), let [E') be the set of all finite subsets of E that include E’, i.e.,
[E')={F:E CFePyE)}eP(P.E)).
[E') is the principal filter generated by E’ in the lattice (P, (F), U, N) of finite subsets of E.
(Although it plays no role in our proof, we note that this lattice is not complete because
it has no upper bound. We also note that although [E’) consists of finite sets it is itself
infinite.) Let K = {[E’) : E' € P,(FE) }. Consider any finite set [E),..., [E]) of elements
of K. El C E{U---UE] for each i < n. Thus E{U---UE] € [E])N---N[E]) since
E{U---UE] isfinite. So [E])N---N[E]) is nonempty, and hence K has the finite intersection
property. Consequently, by Cor. 3.33, K is included in a proper filter F. Note that both
K and F are subsets of P(P,(A)). Let B = (HE/EPw(E) Ap/) /®(F). For each ¢ € E, we
have
{E'eP,(E):ApEc} D{F €P,E):c€ E'} =[{e}) € F.

So Bk ¢ by Lem. 3.37. Thus B € Mod(E).

It remains only to show that B is nontrivial. For every E’ € P, (F) choose ap and
b to be distinct elements of Ags; this is possible since all the Ags are nontrivial. Let
= (dy:FE €PyE))and b = (b : E' € P,(E)). Then EQ(d@,b) = 0 ¢ F. So
@/d(F) # b/P(F). Hence B if nontrivial. O

We now give another application of the reduced product by showing that every algebra
is isomorphic to a subalgebra of a reduced product of its finitely generated subalgebras.
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Theorem 3.40. Let A be a X'-algebra. Then A € SPy{ B: B C A, B is finitely generated}.

Proof. Let I =P, (A). As in the proof of the Compactness Theorem there exists a proper
filter F on P, (A) such that, for every X € P,(A), [X)={Y e P,(A): X CY}eF.

For each X € P, (A), let Bx be the subalgebra of A generated by X, i.e., the subalgebra
with universe Sg(X), provided this subuniverse is nonempty. (Of course, Sg?(X) can be
empty only if X is empty.) If it is, take By to be any fixed but arbitrary (nonempty) finitely
generated subalgebra of A. For each X € P, (A) choose a fixed but arbitrary element bx
of Bx. Let B=1]] XePu(A) B x and consider the mappings

A
A B Bla(F),

where, for each a € A,

ax = a if a € By,
ax =bx ifa%Bx.'

Let g = Ag(r) 0 h. h is not a homomorphism from A into B (exercise), but we claim that

h(a) = (ax : X € P,(A)) Wlth{

g is a homomorphism from A into B/®(F).
To see this assume o € X, and let aq,...,a, € A. By the definition of h
h(oA (a1, ... an)) = (0A(ar, ..., an)x : X € Pu(A)),
and by the definition of the direct product,
oB(h(ar),...,h(an)) = 0B ((G@ix : X € Pu(A)),..., (Gnx : X € Pu(A)))
= <JBX(aAlX,...,6;X) : X € Pu(A)).

We now observe that, for every X € P,,(A) such thatay, ..., a, € X we have 0?(ay, ..., a,) €
Bx (since Bx is a subalgebra of A), and hence

oAar,. .. an)x = 0Mar,. .., an) = 0BX (a1, ..., an) = 0B (@ix, ..., Gnx).

Thus, for each X such thatay,...,a, € X, X € EQ( ( Aay, .. .,an)), oB (h(al), .. .,h(an))).
Hence

EQ(h(JA(al, .. .,an)), oB (h(al), .. .,h(an))) B) [{al, .. .,an}) eF.
So
g(aA(al, .. .,an)) = h(a (a1, .. .,an))/é( )
=P (h(ar),. .., h(ay)) /D(F)
oBIPE) (h(ar) /B(F), - ., h(an) /B(F))
= P/ (g(ar),. .., g(an)).
Thus g € Hom(A, B/®(F))
We further claim that ¢ is injective. To see this let a and o’ be distinct elements of A.
For every X € P,(A) such that a,a’ € X we have ax = a # a’ = a’x, and hence X ¢

EQ(h(a),h(a’)). Thus EQ(h(a), h(d’)) C [{a,a’}). But [{a,a’}) ¢ F since [{a,d'}) € F
and F is proper. So EQ(h(a), h(a')) ¢ F and thus (h(a), h(d')) ¢ ®(F) by definition of
&(F). Hence g(a) # g(a’). Thus g is injective as claimed.
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We have shown that ¢g: A — (HXePw(A) Bx)/®(F). So
A €eSPy{B:BC A, B is finitely generated }.
O

Ezample: Let A = (Z,S), where S is the successor function. A is not finitely generated.
Every finitely generated subalgebra of A is of the form A, = ([n) : S[[n)), where [n) =
{ke€Z:n <k}, for each n € Z. The general construction of the reduced product in
the proof of the above theorem can be simplified in this special case because every finitely
generated subalgebra is in fact generated by a single element. Because of this the index set
can be taken to be the set { {n}:n¢€ Z} of singleton subsets of Z rather than the set of
all finite subsets. And then the natural bijection between a set and its corresponding set
of singleton subsets allows the further simplification of taking the index set to be Z itself.

Thus we take I to be Z, and let K = {(n] : n € Z}, where (n] = {k € Z:k <n}.
Min(ni,...,nk) € (n1]N---N(ng) for every finite set ny, ..., ny of elements of Z. So K has
the finite intersection property, i.e., the intersection of every finite subset of members of K
is nonempty. Thus by Cor. 3.33 K is included in a proper filter F. We can take F to be
the smallest such filter, i.e., the filter generated by K, which by Lem. 3.31 takes the form
F={X:3new((n]CX}.

Define h: A — T[], o An such that, for each a € Z, h(a) = <€Ln ‘neZ >, where

4 :{a if a € [n)

n otherwise.

Finally, define g: A — ([],,cz, An)/®(F) by g(a) = h(a)/®(F) for each a € Z. See Figure 21.

h(0) and h(1) are illustrated in Figure 21 by bold dashed and dot-dashed lines, respec-
tively Note that h(0) and h(1) agree on [1) and disagree on (0]. Both sets are infinite but
only (0] is in F, so h(0)/®(F) # h(1)/P(F). But notice that these elements are distinct
because [1) fails to be in the filter, not because (0] is in the filter.

FEzxercises:

(1) Show that h is not a homomorphism from A to [[,c; An-

(2) Show that g is an injective homomorphism from A to (I],cz An)/®(F).

(3) Note that each A,, is isomorphic to (w, S); thus (Z, S) is isomorphic to a subalgebra
of a reduced power of (w,S). Show that a reduced product is really necessary here by
proving that (Z, S) is not isomorphic to a subalgebra of any power of (w, S), i.e. (Z,S) ¢

SP({(w,9)}).

It sufficed in the proof of the Compactness Theorem to use a proper filter rather than an
ultrafilter because we were only interested in preserving identities. If we want to preserve
nonidentities we have to use ultrafilters. This fact is reflected in the following lemma.
Lemma 3.41. Let (A; :i € I) be a system of X-algebras and let F be filter on I. Let ¢
be a X-equation. If F is an ultrafilter, then

<HAZ~)/Q5(}')J#5 iff {iel:A;Fe)eF.

i€l
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FIGURE 21

Proof.

<HAi)/¢(f)#5 iff {icl:A;Fe}¢F, byLem. 3.38
el

iff {iel:A;Fe}eF, by Thm.3.34
iff {icl:A;¥e)eF.
|

That F is an ultrafilter is necessary here. Let € be any X-equation, and let B and C
be X-algebras such that B ¥ ¢ and C E €. For each n € w let A,, = B if n is even and
A, = C if nis odd. Let F = Cf, the filter of cofinite subsets of w. {n € w: A, F
e}={2n+1:necw} ¢ F, so ([[henAn)/P(Cf) ¥ £ by Lem. 3.38. On the other hand,
{new: A, Fet={2n:new} ¢ F.

Ultraproducts also preserve more logically complex conditions. We give an example
which depends on the following result about ultrafilters.

Lemma 3.42. Let U be an ultrafilter on a set I.

(i) Let X1,...,X, be any finite set of subsets of I. Then X1 U---UX, eU iff X; €U
for at least one i < n.
(i) Let X1,...,X, and Y1,..., Y., by two finite sets of subsets of I. Then X1 U---U
X, UY U---UY,, €U iff either some X; €U or some Y, ¢U.
The proof is left as an exercise. Hint: prove the first part by induction on n.
Definition 3.43. Let

g1 =t1(xo, ..y Tp—1) = S1(X0y - oy Th—1)s -+ oy En = tn(T0, -« o, The1) = Sp (X0, ..oy T—1)
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and
0 =u(xoy .., Tp—1) RUL(XOy -+ oy Th—1), -+ oy O = U (X0, -+ oy Tl—1) = V(20 -+, Th—1)
be two finite sets of Y-equations. A Y-algebra A is said to be a model of the formula
gror---ore,or(notd;)or---or(notd,),

which in turn is said to be wniversally valid in A, if, for all ag,...,ax_1 € A, either
tA(ag, ..., ar-1) = s2(ao, . . ., ax_1) for some i < n or uf(ao, ce A1) # v;“(ao, ey Ak—1)
for some j < m. In this case we write

AFeor---ore,or (notd)or---or (notd,,).

By a (X)-equational literal we mean either a Y-equation or a formula of the form note
where ¢ is a Y-equation. A finite disjunction of equational literals, such as €y or- - -ore, or
(not ;) or - - -or (not d,,), is called a (X')-equational clause. Strictly speaking this formula
should be written in the form

Vag ... Vop_1 (51 or---oreyor (notd;)or---or (not 5m)),

with universal quantifiers at the front, but they are normally omitted for simplicity. The
classes of all models of an equational clause 1, and of a set ¥ of equational clauses, are
written respectively as Mod(¢)) and Mod(¥).

Many important properties of algebras can be expressed as equational clauses. For
example the property of a commutative ring with identity that it be an integral domain
can be expressed as

(x~0)or (y~0)or ((not(x-y~0)).
We have the following generalization of Lemma 3.38 when applied to ultrafilters.

Lemma 3.44. Let (A; :i € I) be a system of X-algebras, and let U be an ultrafilter on I.
Let ¥ be an equational clause. Then

<HAZ~)/¢(Z/{) v iff {iel:AiEd) el
i€l

The proof is also left as an exercise. It is similar to that of Lemma 3.38, but of course it
uses Lemma 3.42.

The following theorem is an immediate consequence of the last lemma.
Theorem 3.45. Let ¥ be a set of equational clauses. Then Py(Mod(¥)) = Mod(¥).

So the class of all integral domains is closed under taking ultraproducts. This is not true
of course of arbitrary reduced products. The ring of integers Z is an integral domain but
its square Z x Z is not ((0, 1) is a zero divisor). Note that every direct product is a reduced

product; more precisely, [[;c; Ai = (HieI Ai) JP([I)).
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4. EQUATIONAL LOGIC

Recall that a X'-equation ¢ is defined to be a logical consequence of a set E of X-equations
if every model of E is a model of e. Thus, taking X' to be the signature of groups (of type
IT), e is a law of groups if it is an identity in every group. To establish this fact one obviously
cannot consider each group individually and check if ¢ is an identity. A proof is required
and it must be a finite process. In the following we define the formal notion of a proof of €
from F; it is not immediately obviously what is its relation to logical consequence.

Definition 4.1. Let F be a set of Y-equations. A Y-equation ¢ is a (logical) consequence
of E, in symbols E F ¢, if every model of E is a model of ¢, i.e., Mod(FE) F ¢, that is
Mod(E) C Mod(e).

Ezample: Let E be the axioms of groups (of type II). Then EF (z-y) !~y !z~ L

Let be a Y-term. By a substitution instance of a X-equation € we mean any X-equation
that is obtained by simultaneously substituting arbitrary X-terms for the variables of
e. Thus if € = (¢(zo,...,2n-1) &~ s(20,...,Tn—1)), then every equation of the form
t(ugy -y tun—1) ~ S(ug,...,un—1), where wug,...,u,—1 are arbitrary X-terms, is a substi-
tution instance of €. A substitution instance of x ~ z is called a (logical) tautology. Thus
u &~ u is a tautology for every term u.

Definition 4.2. Let E be a set of X-equations. By an (equational) proof from E we mean
any finite sequence 41, ...,9d,, of Y-terms such that, for each k& < m, at least one of the
following conditions holds.

(taut) Oy is substitution instance of x ~ z, i.e., a tautology.

(E-aziom ) is a substitution instance of an equation in E.

)

(sym) eist~ s and there is an ¢ < k such that §; is s ~ ¢.
) €k ist~ s and there exist ¢,j < k such that §; ist ~r and §; is r = s.
)

er is of the form o(tg,...,tp—1) =~ 0(sg,...,8p—1), where 0 € X, and there are
10, - - -, in—1 < k such that d;,,...,9;, , are respectively o ~ sg, - ,tp—1 ~ Sp—1.

The five conditions that define an equational proof are called rules. Each of the first two,
(taut) and (FE-axiom), is called an aziom because it allows one to introduce an equation
in the proof independently of any particular equation or equations occurring earlier in
the proof. The last three, (symm), (trans), and (repl) are called inference rules. The
equation that each of them introduces into the proof is called the conclusion of the rule;
the equation(s) occurring earlier in the proof that justify the conclusion are called premisses.

Traditionally axioms and inference rules are represented by drawing a horizontal line
between the premisses and the conclusion. We summarize the axioms and rules of inference
symbolically in this form below.

In the following r, s, sg, $1, - --,t,to,t1,...,UQ,-- -, Un—1 represent arbitrary Y-terms and
E an arbitrary set of Y-equations.

(taut) t=t.
(E-aziom)  t(ug, - ,un—1) ~ s(ug, ..., Un—1),

for each t(zg,...,zn-1) = s(zo,...,Tn—1) in E.
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~ S
sym )
(sym) s~
t~r,r~s
(trans) :
~ s
(repl) fo ¥ 50,1 s tn1 ¥ Sn-1 , for each o € X,.
O'(t(), ce ,tnfl) ~ 0'(80, .. .,Snfl)

Definition 4.3. Let F be a set of Y-equations. A Y-equation ¢ is (equationally) provable
from E, in symbols E F ¢, if there is a proof 41, ..., d,, from E such that the last equation
Om 18 €.
Ezample: As an example we construct an equational proof of (z-y)™! ~ y~1 - 2~! from
the axioms of group theory. We first prove it informally, the way it would be done in an
algebra course, and then show how to convert this into a formal equational proof.

The most natural way to prove it is to use the fact that in a group the inverse of each
element is unique. Assume xy = e; as usual we omit the multiplication symbol “” when
write products informally.

(29) (v y)(y_lx_l) = :c(yy_l)x_l —zex '=zxaxl=ec.

So by the uniqueness of the inverse, we have (zy)~! = y~'2~!. The formal equational

proof must incorporate the proof of the fact that the inverse is unique. Here is its informal
proof: Assume zy = e. Then

-1 1

(30) y=cy= (@ lr)y=at(zy) =2 le=a"".
Note that all the steps in this proof follow from the axioms of group theory except for the
next-to-last equality; this uses the assumption that z y = e. We now transform (30) into an
informal proof of (x-y)~! ~ y~!-27! by substituting “(xy)” for all occurrences of “x” and

“(y~tz=1)” for all occurrences of “y”. Note that under these substitutions the next-to-last

equality of the transformed proof becomes “(zy) ' ((zy)(y'z™')) = (zy)'e”, which is
obtained from a substitution instance of the assumption “xy = €” by replacement. This
next-to-last equality in the transformed proof (30) is then expanded into a series of steps
by incorporating the proof of (xy)(y~'z7!) = e given in (29). This gives an informal of
(x-y) '~y ! 27! directly from the axioms of group theory. Here it is.

(1) v = el ) = ey @) ) = @) (@) e )

=(@y) @y Nz =@y (ze)a™) = (zy) Ha™h) = (zy) le=(zy) 7"
This informal proof appears to use only the axioms of groups, but it also implicitly uses
properties of equality. For example, that we can write it as a long sequence of terms
separated by equality symbols, rather than a sequence of indvidual equations, implicitly
uses the transistivity of equality. In a formal equational proof each use of a property of
equality must be justified by an axiom or rule of equality, i.e., by (taut) or by one of the
inference rules (sym), (trans), or (repl). In Figure 22 we give a fragment of the formal
equational proof of (z -y)~! ~ y~!- 27! from the axioms E of groups—the part that
terminates in a proof y ™'zl & ((z-y) ™t (z-y)) - (v 2t

We now clarify the relation between the semantical relation of logical consequence F and
that of equational proof F; we see that these conceptionally very different notions give the
same abstract relation.
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L. e-(ytoa eyt (E-aziom), subst. inst. of e - = ~ x
2. y loalme (y ozl 1, (sym)

3. (z-y) ' (z-y) ~e (E-aziom), subst. inst. of z - 271 ~ e
4. em(z-y) - (zoy 3, (sym)

5. y byt (taut)

6. e-(y e (@ oyt -(@y) - aTh) 45, (repl)

7. y ol (- )L (x- y)) - (y=t-ah 2,6, (trans)

FIGURE 22

Theorem 4.4 (Soundness Theorem for Equational Logic). For any set E U {e} of X-
equations, if € is equtionally provable from E then it is a logical consequence of E, i.e.,
E e implies EFE ¢.

Proof. Assume E F ¢. Let 01,...,6d,, with J,, = e be an equational proof of € from E. We
prove that E F §; for all £ < m by induction on k.

Let © = (xo,...,z,—1) include every variable occurring in at least one of the ;. Assume
i is of the form tx(Z) =~ sx(Z) for every k < m. Recall that FE E §; means that, for every
A € Mod(E) and every a = (ag,...,a,—1) € A", tf(a) = s{}(a). Let A € Mod(E) and
a € A" be fixed but arbitrary.

For k = 1, §; must be either a tautology or a substitution instance of an equation in F,
i.e., §1 is in one of the two following forms: u(Z) ~ u(z) or

u(wo(#), ..., w-1(2)) = v(wo(d),...,wi-1(&)) where u(yo,...,y-1) = v(yo,...,y—1) is in E.

In the first case t{}(a) = uA(a) = u(a) = s{1(a). In the second case, by assumption we
have that u?(b) = vA(b) for all b € A'. Thus

Al Af Aln A (4 Af A/n A (4 Aln
ti(a) =u (wo (@), - awl—1(a)) =v (wo (@),--- awl—l(a)) =51 (a).
—— ~ — N—— N——
bo b1 bo b1

Suppose k > 1. If ¢ is a tautology or substitution instance of an equation of F we proceed
as above. So we can assume that ¢ is obtained from earlier equations in the proof by one
of the inference rules.

Consider (repl). Suppose

e = (U(til(i), ot (8)) ~ o (s (), ,sim(@))),

t(2) sk (2)
where iy, ... ,i, < k. By the induction hypothesis E F t;,(%) ~ s;;(Z) for all j < m. Thus
—_————
0;

t;?(d) = s;‘j‘(d) for j < m, and hence
ti(a) = oA (tMa), ... .t (a)) = o (s{Ma), ..., s (a)) = sir(a).

Hence F F §;..

589week 3



81

The rules (sym) and (trans) are left as exercises. O

Sometimes the following rule of substitution is included among the rules of equational
logic.
(sub) t(zo, .-y Tn-1) ~ s(x0,...,Tn-1)
t(ug, - s Un_1) ~ 8(Ug, -+ Un_1)’
The next lemma shows that the rule would be redundant—every equation that is provable
with it is provable without it.

for all ug,...,u,—1 € Tex(X).

Lemma 4.5. For any set of X-equations E U {t(xq,...,xn—1 ~ s(xo,...,Tn—1)} and any
sequence ug, . ..,uUn—1 of X-terms we have that E - t(xg,...,Tn-1) = s(xo,...,Tp_1) im-
plies E & t(ug, ..., up—1 = s(Ug,...,Un—1), i.€., every substitution instance of an equation

provable from E is itself provable from E.

The proof is left as an exercise. It goes by induction on the length of proofs. Note that
the base step is guaranteed by the fact that by (E-aziom) every substitution instance of
an equation of F is automatically provable from F.

Problem: Suppose you are asked by your algebra instructor either to prove that every
Boolean group is Abelian or to find a counterexample (a Boolean group is a group in which
every nonidentity is of order 2). What does this mean? Let E be be the axioms of groups.
Then you are asked to verify either

EUu{z-z=e}Fax-ymy-z or EU{z - zrelFr-y~y- x.

But why do you know that at least one of these two alternatives must be true? That is,
how can you be sure that if z -y &~ y - x is not provable from the axioms of groups together
with z - x = e, then a counterexample must exist? Formally, does

Eu{z - rx~elFaz y=y -z imply EU{r-z~e}Fr-y~y- a?

This implication, in its contrapositive form, is the completeness theorem of equational logic.
The completeness theorem can be paraphrased as “If an equation is not provable there must
be a counterexample.”

Theorem 4.6 (Completeness Theorem of Equational Logic). For any set EU {e} of X-
equations, if € is a logical consequence of E, then € is equationally provable from E, i.e.,

EFEe implies EFe.

Proof. We prove the contrapositive, i.e., from the assumption that e is not provable from
E we construct a Y-algebra A such that A € Mod(E) but A ¢ Mod(e).
Let a = {(t,s) € Tex(X)?: EFt~s}.
Claim. « € Co(Tex(X)).
Proof of claim. By (taut), EF t ~t and hence (t,t) € « for every t € Tex(X), i.e., a is

reflexive.
(t,s)ea = Ettrms — Ebsxt = (t,s) €a.

(sym)

So « is symmetric.

{t,r),(r,s)ca = Ertmrrx~s = EFtxs = (t,5)€a.

(trans)
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So « is transitive. For any o € X,

(t1,81)s oy (tn,Sp) Ea@ = EFt; = 81,...,ty X Sy
(fﬁ) Fo(ty,... ty) = o(s1,...,8n)
= (0(t1,...,tn), 0(81,...,8,)) € a.
So « has the substitution property. O claim.

Let A =Tex(X)/a.
Claim. A € Mod(E).

Proof of claim. Let t(&) = s(z) be in E, with & = (zg,...,2n—1). Let @ = (ag,...,an—1) €
A", We must show that t4(a) = (d). Let 4 = wo,...,up—1 € Tex(X)" such that
a; = u;/a for all i < n, Then

t4a) = tTe=/ 2 (ug/a, .. up_y /o) = t(d) /a, and
sA(a) =t (g /o, . un—1/a) = s(@) /o

But E & () ~ s(@) by (E-aziom). So (t(0), s(4)) € a, i.e., t(i)/a = s(@)/a. O claim.
Claim. A ¢ Mod(e).

Proof of claim. Let ¢ be t(2) ~ s(&) with & = (zg,...,Zn—1). Must show there exist
a = {agp,... ,an,1> € A" such that t4(a) # s2(a).
Let a; = xz;/a for each i < n. Then t4(a) = t(#)/a and s4(a) = s(#)/a. But
(t(2), 5(2)) ¢ o since F ¥ ¢ by assumption. So t4(a) # sA(a). O claim.
Thus by the two claims E ¥ ¢. (]

589week 3



Recall that a set E of equations is inconsistent if it has only trivial models. The proof
of the following corollary is left as an exercise.
Corollary 4.7. A set E of X-equations is inconsistent iff E &= x ~ y, where x and y are
distinct variables.

This corollary can be used to obtain a new proof of the Compactness Theorem of Equa-
tional Logic that does not use reduced products. This is also left as an exercise.

4.1. Logical consequence as a closure operator. Recall that formally an equation is
defined to be an ordered pair (t, s) with ¢, s € Tex(X). Thus the set of Y-equations can be
identified with the set Tex(X )2 Define Cny : P(Tex(X)?) — P(Te%(X)) by

Cng(E)={ceTe}(X): EFe}.
Cny (E) is the set of all logical consequences of F, that is, the set of all equations that are

identities of every X-algebra in which each equation of E' is an identity. By the soundness
and completeness theorems, Cny(E) is the set of all equations that are provable from E:

Cng(E)={ceTe}(X): Ete}.
Recall, that, for any class K of YX-algebras, Id(K) is the set of all identities of K, i.e.,
Id(K) = {e € Tex(X) : KE £ }. Cny can be expressed in terms of the operators Mod and
1d as follows.
Cnx(F) = Id(Mod(E)).
Cny is a closure operation on the set of Y-equations, in fact an algebraic closure relation.

This can be proved directly, but it turns out to be a consequence of a general method we
now discuss for constructing closure operations in a wide variety of difference situations.

4.1.1. Galois Connections.
Definition 4.8. Let A = (A, <) and B = (B, <) be posets. Let h: A — B and ¢:B — A
be mappings such that for all a,a’ € A and b,b’ € B,

(i) a < d implies h(a) > h(ad').

(ii) b < V' implies g(b) > h(V).

(iii) @ < g(h(a)) and b < g(h(b)).

The mappings h and g are said to define a Galois connection between A and B.
Ezxample. For sets ¥ and F of Y-equations and any classes K and L of X-algebras we have
e £ C F implies Mod(E) D Mod(F).
e K C L implies Id(K) D Id(L).
e K C Mod(Id(K)) and E C Id(Mod(K)).
Thus Mod and Id are a Galois connection between the posets, in fact complete lattices,
(P(Tex(X)?), C) and (P(Alg(X)), C).

Galois connections give rise to closure operators in a natural way; before showing this
however we first describe the more general notion of a closure operator on a poset.
Definition 4.9. Let A = (A4, <) be a poset. A map c: A — A is a closure operator on A
if, for all a,d’ € A,

(i) a < c(a);
(i) c(c(a)) = c(a);

(iii) a < @' implies c(a) < ¢(d’).

83



84

Note that a closure operator C' on a set A in the sense of Theorem 1.21 is a closure
closure operator on the poset (P(A4), C).
Theorem 4.10. Let h,g be a Galois connection between the posets A = (A, <) and B =
(B,<). Then goh: A — A and hog: B — B are closure operators on A and B, respectively.
Proof. We verify the three conditions of Defn. 4.9. Let a, a’ be arbitrary elements of A and
b, b arbitrary elements of B.

(i) a<(goh)(a)and b < (hog)(b) by definition of a Galois connection.

(ili) @ < o implies h(a) > h(a’) which in turn implies (go h)(a) < (go h)(a’). b <V
implies g(b) > ¢(b’) which in turn implies (h o g)(b) < (hog)(¥).

(ii) By (i), (goh)(a) < (9o h)((go h)(a)). Also by (ii), h(a) < (ho g)(h(a)). Then
g(h(a)) = g((hog)(h(a))),i.e., (goh)(a) = (goh)((goh)(a)). So (goh)(a) = (goh)(goh)(a).
Similarly, (ho g)(b) = (ho g)(ho g)(b). O

We now show how every binary relation between two sets induces a Galois connection.
Let A and B be sets and R C A x B. Define h: A — B and g: B — A by

h(a)={bc B:aRb} and g(b):{aeA:@}.
b]v%a
Define H: P(A) — P(B) and G:P(B) — P(A) by
HX)=({Mz):z € X} ={beB:Vac X (xRb)} and
GY)=(Na):yeY}={acA:VyeY (aRy)},
See Figure 23.

FIGURE 23

Theorem 4.11. Let A, B be sets and R C A x B. Then the H and G defined above give
a Galois connection between (P(A),C) and (P(B),<).

Proof. Consider any X, X’ C A such that X C X’. Clearly {h(z):2z € X} C {h(z):z €
X, and hence N{h(z) :x € X} DN{h(z): z € X. So X C X’ implies H(X) D H(X'),
and similarly, for all Y, Y’ C B, Y C Y’ implies G(Y') 2 G(Y).
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Note that, for all x € A and y € B,
ye€h(x) iff zRy iff x¢cgly).

Thus, for all z € A, x € {g(y) : y € h(z) } = G(h(x)). If x € X, then H(X) C h(z)
by definition. So G(H(X)) 2 G(h(z)), and hence for all x € X, z € G(H(X)), i.e.,
X C G(H(X)). Similarly, for every Y C B, Y C H(G(Y)). O

As a consequence of this theorem and Theorem 4.10, we have that H o G: P(A) — P(B)
and G o H:P(B) — P(A) are closure operators on A and B respectively in the sense of
Theorem 1.21.

Theorem 4.12. Let A and B be sets and R C AxB. Let H: P(A) — P(B) and G:P(B) —
P(A) be the Galois connection defined by R. Let C4 = {C C A: (Go H)(C) = C'}, the
closed subsets of A under GoH. Let Cp ={C C B: (H oG)(C) = C'}, the closed subsets

of B under H o G. The complete lattices (Ca,C) and (Cp,C) are dually isomorphic under
H.

The proof is left as an exercise
If we take A = Alg(X) (the class of Y-algebras) and B = Tex(X)? (the set of X-
equations), and take

R=F={(Ae): AFe} CAlg(X) x Tex(X)?,

Then H(K) = Id(K), the set of identities of K, and G(E) = Mod(E), the variety axioma-
tized by E. Thus, the consequence operator Cny = Id o Mod is a closure operator on the
set of Y-equations. In fact we have

Theorem 4.13. The Cny is a finitary closure operation on the set of X -equations.

Proof. As observed above, that Cny; is a closure operator follows from Thms. 4.10 and 4.11.
Consider any set E of Y-equations. By the monotonicity of Cn we have | J{ Cn(E’) : E' C,
E} CCn(E). Lete € Cn(E); EF €. Let 01, ..., 0 be a proof of ¢ from E. Obviously there
can be only a finite number of applications of the (E-aziom) in the proof. Let E’ be the finite
set of equations in F used in these applications. Then 41, ..., d,, is also a proof of ¢ from
E’. So E'Fe. Hence E'Fe and € € Cng(E'). So Cnxg(E) C|U{Cn(E'): E'C, E}. O

The closed-sets, i.e., the sets T of equations such that Cnx(7T") = T are called (equational)
theories. T is a theory iff it is closed under consequence, i.e., T F ¢ (equivalently T I ¢)
implies € € T. The theories form an algebraic closed-set system, and a complete lattice
under set-theoretical inclusion. We will obtain a useful theories below.

Consider the dual closure operator Mod oId on Alg(X): by the Birkhoff HSP Theorem
we have ModoId(K) = SHP(K). The closed sets are the varieties. They form an closed-
set system and hence are closed intersection (this is easy to verify directly); it is not
however algebraic. They form a complete lattice under set-theoretical inclusion that is
dually isomorphic to the lattice of theories by Thm. 4.12.

The informal method of proving an equation from a given set of equations can be formal-
ized in a more direct way than we did Defn. 4.3. This is done in the following definition.

Definition 4.14. Let E be a set of Y-equations. Let [ = {t =~ s: (s~ t) € E'}. Define
a relation =g C Tex(X)? as follows. t =g s if there exists an equation u(xg, ..., T, 1) ~
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v(zgy . .., Tp—1) in FUE and wy, . . ., w,—1 € Tex(X)such that ¢ has a subterm u(wy, . .., wy_1)
and s is obtained from ¢ be replacing this subterm by v(wo, . .., Wy—1).

Ezxample. Let X consist of a single binary operation; as usual, we omit the operation
symbol and simply concatenate terms. Suppose F contains the associtive law (J;y)z ~ z(yz).

Let t = ((xy) ((uw)z))(wy) Let u(z,y,z) =~ v(z,y,2) be x(yz)

~ (zy)z in E and let
wy = xy, wy = zw, we = z. Then u(wp, wy, ws) is the subterm ( )( ) of t and

when this is replaced by v(wg, w1, ws) = ((zy)(uw))z we get s = <((:Ey)( ))z) (zy).

Thus ((:Ey) ((uw)z)) (xy) =k <((xy)(uw))z) (zy). The process of forming =g can best be
visualized of in terms of manipulating parse trees. See for Figure 24

t

FIGURE 24

Let =%, be the the reflexive, transitive closure of =g. =g, i.e., t =g s if t = s or there
exist rg,...,rm suchthat t =rg=gr1 =g - =g rm = S.
Theorem 4.15. For any set of X-equations, E &+t =~ s iff t =}, s.

Proof. We first prove that, for each E, =7, is a congruence relation on the term algebra
Tex(X). It is obiously reﬂexwe and trans&twe To see it is symmetric, assume ¢t =7, s.
Then s is obtained from ¢ by replacing a subterm of the form u(w) by v(w) where (u(Z) ~

v(z)) € EU E and @ is an arbitrary choice of X-terms to substitute for the variables of

Z. But clearly v(2) ~ u(z) is also in E'U E and t is obtained from s by replacing v(w) by
u(w). So s =%,

We now verify that =7, has that substitution property. For this purpose we introduce
some useful notation. If u(w) is a subterm of ¢, we will denote by t[v(w)/u(v(w)] the
term that is obtained by replacing u(w) by v( ) Suppose 0 € X, and t; =}, s; for
each i < n. We must show that o(t1,...,t,) =} o(s1,...,s,). For each i < n, we have
ti = Ti0 =g Ti1 =E -+ =E Tim = S;; we can assume that this sequence is the same length
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m for all ¢ by adding repetitions of the last term if needed (this uses that fact that =}, is
reflexive). By the transitivity of =}, it suffices to show for all ¢ < n and all j < m that

U(Tl(j—f—l)a < T=1)(G41)0 Tigs T(i+1)55 - - N
=F U(""l(j+1)a <o TE=1)(G4+1) TiG+1) TE+1)5 - -+ rnj)'

Consequently, without loss of generality we can assume that, for some i < n, t; =g s; and
t; = s; for all j # i. We want to show that

(32) U(tl, cotic, byt - tn) =B U(tl, cesbis1y Sistitdy ey tn).

By assumption we have s; = ¢;[v(®) /u(w)] with (u &~ v) € EUE. Then it is easy to see that
o(t1, ..., ti—1, Siytit1, - . -, ty) is obtained from o (t1, ..., t;—1,t;, tit1, . . ., tn) by replacing the
subterm u(w) that occurs in t; by v(w). This gives (32). Hence =}, has the substitution
property.

So =}, is a congruence relation on the formula algebra. It is substitution-invariant in the
sense that if t(2) =}, s(&) then t(w) =}, s(w) for any choice of terms W to subsitute for the
Z. This is easy to see and is left as an exercise.

Ertxs=t=ps. Letu =vi,...,u, ® v, beaproofof t = s from E. We prove that
u; =p, v; for all ¢ < n by induction on 4. If u; =~ v; is a tautology then u; =}, v; because
=7, is reflexive. If u; =~ v; is a substitution instance of an equation in E, say u; ~ v; is
q(w) ~ r(w) with ¢ = r in E. Then u; =g v; because v; is obtained from w; by replacing the
subterm ¢(w) by r(w). If u; ~ v; is obtained by an application of (symm), (tran), or (repl),

—%

then u; =%, v; because =7, is respectively symmetric, transitive, and has the substitution
property.

t=p s= EFt~s. Because of the rules (taut), (symm), and (tran) it suffices to prove
that t =g s = E F t = s. Suppose t =g s, say s = t[v(0)/u(w)] where v(Z) = u(z) is
in EUFE. We prove 't =~ s by the recursive depth of the principal operation symbol

*

of u(Z) in the parse tree of t. If t = u(w) then s = v(w) and thus t =}, s by (E-aziom)

or by (E-aziom) together with (symm). Assume t = o(qi,...,qn) and u(w) is a subterm
of g; so that s = o(qq,...,q[v(W)/u(D)],...,q). Then ¢ =} ¢v(w)/u(w)] and hence
EF g =~ gij[v(w)/u(w)] by the induction hypothesis. Hence E -t ~ s by (repl). O

Recalling again that equations are elements of Tex(X)? we see that Cny(E) = { (¢, s) :
EFt~s}==}. So equational theories are exactly the subtitution-invariant congruence
relations on Tex;(X). Then the Galois connection between consequence between Id and Mod
induces a dual isomorphism between the lattice of X-varieties and the lattice of substution-
invariant congruences on Teyx(X).
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