Modern Algebra 2 (MATH 6140)
HANDOUT 1 (January 16, 2008)

ALGEBRA ZERO

By “algebra”, we mean a set with operations. Most algebraic investigations require
one to restrict attention to algebras that have the same kinds of operations, so the
definition of algebra must be preceded by a definition of “language”.

Definition 1. (Operation, Language, Algebra)

(1) For n € N, an n-ary operation on a set A is a function F': A" — A.

(2) (A special case of (1)) An 0-ary operation on a set A is a function F': A° — A.
Note that, set theoretically, 0 = @, so A° = {0}, and therefore any 0O-ary
operation F': A° — A is really a set of the form {((),a)} for some a € A. We
often say that “F = a” rather than “F = {(0,a)}”.

(3) A language of algebras is a pair £ := (F, o) where F is a set (of operation
symbols) and o: F — N is a function (assigning arity). o is called the
similarity type of the language.

(4) An algebra of language (F, o) is an ordered pair A = (A; FA) where A is a
set and FA = {FA | F € F}, where FA: A°F) — A is an operation on A.

We are usually not so formal, and may write G = (G;-, 71, 1) and say in words
that - is a binary operation, ~! is a unary operation and 1 is a 0-ary operation.
(Note that the bold face font on the algebra symbol G has been omitted and the
operations are simply listed rather than described as a set.) But to formalize this we
take F = {-, 71 1}, specify the similarity type by saying that o(-) = 2, o( ~!) =1,
and o(1) = 0, and write G = (G; FG).

Example 2. (Algebras in their usual languages)

Semigroups: (S;-), Monoids: (M;-, 1), Groups: (G;-, 71 1),
G-sets: (X;{g(z) | g € G}), Rings: (R;-,+,—,0,1),
F-vector spaces: (V;+.—,0,{a(z) | o € F}),

R-modules: (M;+.—,0,{r(z) | r € R}), Lattices: (L;V,A).

There are natural generalizations of the algebra concept:

(1) Partial algebras: same as above, but operations are allowed to be partial. A
n-ary partial operation on A is a function P: D — A where D C A™. (E.g.
the inverse operation of a field is a partial unary operation.)

(2) Infinitary algebras: same as above, but operations are allowed to be infinitary.
A k-ary operation on A is a function I: A" — A, where k is a cardinal. (E.g.

a complete lattice has k-ary join and meet operations for every k.)
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(3) Multisorted algebras: Same as above, but multiple universes (or sorts) are al-
lowed. (E.g. a G-set X may be defined as a 2-sorted algebra (X, G;o,-, 1 1)
with one sort for elements of X, another sort for group elements, and opera-
tions that allow us to express the action, o: G x X — X, and to express that
(G;-, 71, 1) is a group.)

Terminology about functions.

Definition 3. Let f: A — B be a function from a set A to a set B.

(1) The kernel of f is the binary relation ker(f) = {(z,y) € A*| f(z) = f(y)}.

(2) Let 6 be an equivalence relation on A. The quotient set, A/0, is the set
{a/6 | a € A} of all #-classes.

(3) v: A— A/0: av a/f is called the natural map associated to 6.

(4) If 0 is an equivalence relation on A, then a subset S C A is §-saturated if it
is a union of #-classes.

(5) If 6 is an equivalence relation on A, then the #-saturation of S, written SY is
the smallest #-saturated subset of A containing S.

Facts 4. Let f: A — B be a function from a set A to a set B.

(1) The kernel of any function is an equivalence relation.

(2) Conversely, any equivalence relation 6 on A is the kernel of some function
(e.g., the natural map associated to 6).

(3) If 0 = ker(f), then a subset S C A is f-saturated iff S = f~!(T) for some
subset T' C B.

(4) The #-saturation of S C Ais S’ = {x € A|3s € S(x = s (mod 0))}.

There are definitions and facts for image (im(f) = f(A)) and subset that are dual
to those for kernel, and quotient set, which I omit since I'm sure you know them.

Homomorphisms.

Definition 5. Let A, A; and B be L-algebras.

(1) A relation R C A; X --- x A between the A; is compatible if whenever
r,...,7, € R and F is an n-ary L-operation, then F'(ry,...,7,) € R.

(2) A homomorphism from A to B is a function ¢: A — B whose graph is a
compatible relation between A and B. Explicitly, this compatibility means

@(FA(alv CI) an)) = FB(SO(ad)v R @(an))

holds for every F'in this language.
(3) The kernel of a homomorphism ¢: A — B is the kernel of ¢ considered as a
set function.
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(4) A compatible equivalence relation is a congruence. Explicitly, the statement
that an equivalence relation # on A is compatible is the statement that for
every a;,b; € A and every operation F, if a; = b; (mod ) for all i, then
F(ai,...,a,) = F(b,...,b,) (mod ). This turns out to be equivalent to the
property that 6 is compatible with all basic translations, which are functions of
the form ((z) = F(cq,...,¢i-1,2,dig1, .. .,d,). Thus an equivalence relation
6 is a congruence iff a = b (mod 0) = ((a) = [(b) (mod ) for all basic
translations [3.

Facts 6. Let ¢: A — B be a homomorphism of L-algebras and let # be a congruence
on A.

(1) ker(yp) is a congruence.

(2) There is a well-defined L-algebra structure on A/6, namely for an operation
F define F(a1/0,...,a,/0) = F(ay,...,a,)/0. This algebra is the quotient
modulo 0, and is written A /6.

(3) The L-algebra structure on A/6 from (2) is the unique L-algebra structure
on this set that makes the natural map v: A — A/f a homomorphism.

(4) If S < A is a subalgebra, then S? is also a subalgebra.

The Isomorphism Theorems.

First Isomorphism Theorem. If ¢: A — B is a homomorphism, then there is a
unique isomorphism : A/ ker(¢) — im(p) such that ov = .

Second Isomorphism Theorem. If S < A and 6 is a congruence on A, then the
inclusion map S C S? induces an isomorphism S/(f|s) — S%/(0|s0).

Third Isomorphism Theorem. If § C ¢ are congruences on A, then the function
a/0 — a/ is a surjective homomorphism from A /6 to A /¢ whose kernel is ¢/6.

Remark. There is a useful statement that is equivalent to the conjunction of the
First and Third Isomorphism Theorems, it is: If p: A — B is a homomorphism, and
0 C ker(p), then there is a unique homomorphism @: A /0 — B such that Gov = .
Moreover im(®) = im(p) and ker(@) = ker(y) /0.

The following has been called the “Fourth Isomorphism Theorem”.

Correspondence Theorem. If 6 is a congruence on A, then the map ¢ — /0
is an isomorphism from the lattice of congruences of A extending # and the lattice
of congruences of A/f. The map S +— S/ is an isomorphism from the lattice of
f-saturated subalgebras of A to the lattice of subalgebras of A/#.
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Algebras with underlying group structure.

Some of the above may seem foreign if you have only considered algebras with
underlying group structure, like groups, rings or vector spaces, where kernels are
identified with normal subgroups. In fact, the concept of a normal subgroup of a
group is nothing other than an abbreviation of the concept of a congruence.

Let A = (A;-, 711, F, F,,...) be an algebra with underlying group structure,
and let G := (A;-, 71 1) be the underlying “pure” group. If # is a congruence on
A then it is also a congruence on G. The f#-class N = 1/0 is the f-saturation of
S = {1}, which is a subgroup of G, hence N = S? is also a subgroup of G. Moreover,
a = b (mod 0) iff ab™' = 1 (mod ) iff ab™' € N. Since 0 is a congruence, it is
preserved by all basic translations 3(z) = F (e, ..., ¢i1,%,dit1, ..., d,) = F(c,z,d),

hence
abl e N ©a=b (mod¥0)

= B(a) = B(b) (mod 0)

& Ba)B(b)"' €N

& F(c,a,d) - F(c,b,d)™' € N.
Thus, if the subgroup N < G is a congruence class of 1, then
(0.1) ab™' € N = F(c,a,d)- F(c,b,d)™" € N

for all operations F' and all ¢;,d; € A. Conversely, if N is a subgroup of G satisfying
implication (0.1), then the equivalence relation on A defined by “a = b (mod @) iff
ab=! € N7 is preserved by all basic translations, hence is a congruence on A. This
shows that any congruence f on A can be “abbreviated” by the subgroup N = 1/0,
which is simply an arbitrary subgroup of G satisfying the “normality condition” (0.1).

Exercises 7.

(1) Show that if A = (A;-, 71 1) is a pure group, then a subgroup N satisfies
condition (0.1) iff it is a normal subgroup. (Hint: the basic translations have
the form ((z) = cx,zd, 27, or 1.)

(2) What is the correct abbreviation of “congruence” for a group with a group of
automorphisms adjoined as new unary operations?

(3) Show that if A is a ring, then a subgroup N satisfies condition (0.1) iff it is
an ideal.

(4) What is the correct abbreviation of “congruence” for a ring with nonassocia-
tive (but still distributive) multiplication?

(5) What is the correct abbreviation of “congruence” for a ring with nonassocia-
tive and nondistributive multiplication?



