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2 RICHARD HABURCAK

FORWARD

These are lecture notes from a Spring semester 2026 course of Math 4580, Undergraduate Ab-
stract Algebra 1, at The Ohio State University. This course is the first in a sequence, followed by
Math 4581, Undergraduate Abstract Algebra 2. The main topics of this course are an introduction
to groups, their structure, and examples, as well as some ring and field theory, both through the
isomorphism theorems, with some extra topics included, for example the Jordan—Holder theorem,
unique factorization domains, and some facts about polynomial rings over fields.

Acknowledgments. These notes are collected from a few sources, one of my favorite being Serge
Lang’s Undergraduate Algebra, third edition, as well as Serge Lang’s Algebra, and notes from a
previous course graciously given to me by Léo Jimenez. I am also indebted to the students for
carefully reading the notes and pointing out typos and other improvements.

Remarks. When possible, I tried to make these notes self-contained, assuming a background in
writing proofs, though many facts or details will be recalled or explained when needed. 1 will
sometimes write “recall”, which should be understood as “if this is familiar, move on; and if not,
then I suggest you look it up before proceeding”. But don’t let it stop you from reading through
the notes! Black-boxing is an important skill to develop, though a dangerous one. There may be
typos or mistakes scattered throughout these notes, though I hope none are completely derailing.
If you notice any mistakes, please let me know. And if you found these notes useful, I would also
appreciate any feedback.

INTRODUCTION

The purpose of this course is to introduce a few central topics in modern mathematics, namely
the concepts of a group and a ring, which both arose in the study of solving polynomial equations,
and have now cemented themselves as foundational concepts in practically all fields of modern
mathematics.

1. SETS, FUNCTIONS, AND RELATIONS

Most of the objects we’ll be studying are sets with some extra structure, making them a bit
more interesting and useful. Let’s recall some facts about sets and maps that we’ll use throughout
the course, most of this section should be review from a previous proof-based math class. If you
find that any of the topics here are not comfortable, I highly recommend the book The Art of
Proof by Matthias Beck and Ross Geoghegan, available as a pdf on the first author’s website here
https://matthbeck.github.io/aop.html.

1.1. Sets. This will likely be our least precise definition, as taking the time to give a proper
definition would be a course in and of itself! For the very interested and motivated reader, 1
encourage you to delve into Zermelo—Fraenkel set theory (ZFC) (with the axiom of choice), though
it is much beyond the scope of this course. And in practice, we won’t concern ourselves too much
with the set-theoretic foundations of the subject.

Definition 1.1.1. A set is a collection of objects called its elements. If X is a set, and x is an
element of the set X, we write z € X to mean “x is an element of X”. If an object z is not an
element of X, we write z ¢ X.

For example, the integers,
Z={...,-3-2,-1,01,234,...}
are a set. Another useful set is () :== {}, which is called the empty set, and has no elements.

Definition 1.1.2. If X and X’ are sets, and if every element of X’ is an element of X, then we
say X' is a subset of X, and write X’ C X.


https://matthbeck.github.io/aop.html
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Remark 1.1.3. Note that our definition of subset does not exclude the possibility that X' = X,
that is the sets X and X’ have precisely the same elements.

Definition 1.1.4. If X' C X, and X' # X, then we say X' is a proper subset of X, and usually
write X’ C X or X’ € X to emphasize that X’ is a subset of X but not equal to X. We will also
commonly say that “the set X’ is contained in X”.

Definition 1.1.5. If X and Y are sets, then we write X =Y when X CY and Y C X.

Example 1.1.6. For example, the set of non-negative whole numbers {0,1,2,3,...} is a proper
subset of Z. To avoid any confusion, we’ll usually denote the set of non-negative integers by

Z>o :={0,1,2,3,...} C Z.
The set of positive integers
Z-o=11,2,3,...}

is a subset of both Z and Z>q.
Definition 1.1.7. If X; and X5 are sets, the intersection of X1 and X9, denoted by

X1 N Xo,
is the set of elements which lie in both X; and in Xs. The union of X; and Xs, denoted by

X1 U Xo,
is the set of elements which lie in X7 or in Xs.

Example 1.1.8. For instance, let X1 = {...,—3,—2,—1,0} and let X9 = Z>o. Then X;NX3 = {0}
and X7 U Xy =7Z.

Example 1.1.9. If X3 =1{...,-3,—2,—1}, then Xy N X35 = 0.

A common way of writing sets is as a collection of objects satisfying some condition using set-
builder notation. If P is some property that objects can have, we can form a collection of objects
satisfying the property P by writing

{z | z satisfies property P}.
A word of caution: this might not always be a set! So to make sure the collection of objects we
work with form sets, we’ll usually use set-builder notation starting with objects = is some set X,
and write
{z € X | x satisfies property P}
to mean the subset of X of elements that have the property P.

Example 1.1.10. We can write the set of positive even numbers in many ways, for example as
{n € Z~o | 2 divides n}.

Definition 1.1.11. If Y C X are sets, we denote by X \ Y the subset of elements of X that are
not in Y, called the complement of Y in X. In set-builder notation, we have

X\Y={zeX | z¢Y}
Another way of making new sets out of old sets is by forming the product.

Definition 1.1.12. If X and Y are sets, we denote by X x Y the set of all pairs (z,y) with z € X
and y € Y, called the Cartesian product of X and Y. In set-builder notation, we would write
XxY=A{(z,y) | reX,yeY}

Definition 1.1.13. if X is a set, we will denote by | X| or #X the cardinality of X, or the number
of elements of X. If X has finitely many elements, we also call | X| the order of X.
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Let’s recall some basic facts and operations on sets.

Proposition 1.1.14 (Properties of inclusion). For any sets A, B,C, we have
e ACA,
e if ACB and BC A, then A= B,
e if ACB and BCC, then ACC.

Definition 1.1.15. If X is a set, the set of all subsets of X is also a set, called the power set of X
and denoted by

PX)={X | X'CX).
Note that X € P(X), and not X C P(X).

Proposition 1.1.16 (Properties of set operations). Let A, B, and C be sets. Then
(ANB)NC=An(BNC)

AN(BUC)=(ANB)U(ANCQC)
AU(BNC)=(AUB)N(AUCQC)
if A,BCC, then C\ (AUB)=(C\A)N(C\B)
if A,BCC, then C\ (ANB)=(C\A)U(C\B).

Proposition 1.1.17 (Properties of Cartesian products). Let A, B,C, and D be sets. Then

e (AxB)N(CxD)=(ANC)x (BnD)
e (AUB)xC=(AxC)U(BxC(C)

e Ax()=1

e if AXC=BxC and C # 0, then A= B.

1.2. Functions (maps).

Definition 1.2.1. Let X and Y be sets. A map or function f from X to Y is an association to
every element of X a unique element f(xz) € Y. We write f : X — Y to mean that “f is a map
from X to Y, and call X the domain of the map f, and call Y the target or codomain of f. We
call f(x) the value of f at x, or the image of x under f, and we usually write

f:X=>Y o f(x)
to denote that f maps x to f(z). The image of f is the subset
imf={f(z)eY | € X} CY,

the subset of elements of Y that are values of the map f.
If A C X is a subset, we write

J(A):={fa) €Y | ac A} CimfCY,

to denote the image of the subset A under f.
Ify €Y, we write

fHy)={zeX | flz) =y} C X,
called the pre-image of y under f. If B CY is a subset, we write

f7HB)={reX | f(x) e BYC X,
called the pre-image of B under f.

Remark 1.2.2. Note that a map f : X — Y has three pieces, the domain X, the target Y, and a
rule for associating f(x) € Y to x € X. Changing any of these is a different map!
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Definition 1.2.3. An alternative definition of a map f: X — Y is as a subset
ryCXxY

satisfying the property that for any « € X, there is a unique y such that (z,y) € I'y. The way
to go back and forth between the two definitions of a map is via the graph of a map f: X = Y,
defined by

Lp={(z,y) e X xY | y=f(z)}.

Example 1.2.4. Let R denote the set of real numbers. Consider the map f: R — R,z — 22. We
have imf = {x € R | = > 0}, and for y > 0, we have f~(y) = {\/¥. —/¥}-
Consider the map g: R — R>p = {z € R | 2 > 0},z + 2% In principle, this is practically the
same map as f, but the target is different!
Consider the map h : R>g = R,z — =
different (they have a different domain)!

Definition 1.2.5. Let f: X — Y be a map. We say that
e f is injective if for all a,b € X, f(a) = f(b) implies a = b. We write f : X — Y if f is
injective.
o fis surjective if imf =Y. That is, if for every y € Y, there is an x € X such that f(z) = y.
We write f: X — Y is f is surjective.
o fis bijective if f is both injective and surjective.

2. We see that img = imh, though the functions are

Definition 1.2.6. Two maps f : A — B and g : A — B are equal if for all a € A we have
fla) = g(a).
Definition 1.2.7 (Composition). Let f: A — B and g : B — C be maps. We define a new map
gof:A—=Coar g(f(a)),
called g composed with f, and say that g o f is the function “f followed by ¢”.
.................................... End of Class 1 (1/12) ..o

Exercise 1.2.8. Let f: A— B, g: B— C, h:C — D be maps. Show that
(hog)of=ho(gof).

Definition 1.2.9. If X’ C X, we define a map tx/ : X' < X,z + x called the inclusion map of
X' into X. By definition, ¢/ is injective.

Exercise 1.2.10. Let f: X — Y be a map. Show that f can be written as a composition of
an surjective map followed by an injective map. Hint: consider imf C Y.

Definition 1.2.11. If f: X — Y is a map and X’ C X is a subset, we define
f|X’ .4 — Y,l' — f(Lxl(l')),
called the restriction of f to X'.

Example 1.2.12. The map h : R>g — R,z — z? is the restriction of f : R — R,z + 22 to the
subset R>g C R.
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Exercise 1.2.13. Let f: A — B and g: B — C be maps. Then
(1) if both f and g are injective, so is g o f.
(2) if both f and g are surjective, so is g o f.
(3) if g o f is surjective, then g is surjective.
(4) if g o f is injective, then f is injective.

Definition 1.2.14. Let X be a set. Define the map idx : X — X,z — =z, called the identity map
of X. Note that idx is bijective.

Exercise 1.2.15. Let f: X — Y be a map. Show that
foidx = fandidy o f = f.

We can sometimes invert a map. Suppose that f : X — Y is a bijection. Then since f is
surjective, for every y € Y, there is some x € X such that y = f(z). Since f is injective, this x is
unique.

Definition 1.2.16. If f: X — Y is bijective. We define a map
1Y = X,y x where f(z) =

called the inverse of f.

Exercise 1.2.17. Prove the following proposition.
Proposition 1.2.18. Let f : X =Y and g: Y — X be maps such that
fog=idy and go f =idx.
Use the first equality to show that f is surjective. Use the second equality to show that f is

injective. Similarly, show that g is bijective. Thus there are inverse maps f~' and g~'. Show
that f =g ' and g = f~1.

We can summarize all of these into a theorem, which I encourage you to prove in detail using
the exercises above as inspiration.

Theorem 1.2.19. Let f: X — Y be a map. Then f is bijective if and only if there is a function
f~1:Y = X such that

foft=idy and f~'o f =idx.

Moreover, =1 is unique if it exists.

Example 1.2.20. The function f : R>g — Rxg,z — 2?2 is bijective, and the inverse is given by
fil : RZO — Rzg,y — \/g

We’ll conclude with a proposition, which you are also encouraged to prove in detail.

Proposition 1.2.21. Let f : A — B and g : B — C be bijections. Then go f : A — C is a
bijection with inverse (go f)~' = f~tog7L.

1.3. Relations.

Definition 1.3.1. A relation between two sets A and B is a subset R C X x Y. If A is a set, then

a relation on A is a subset R C A x A.
For (a,b) € R C A x B, we write aRb or sometimes a ~ b if the relation R is understood.
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Just as with functions, we don’t think of relations as subsets, and instead as a rule that tells us
when « is related to b.

Example 1.3.2. The relation < is a relation on Z. Try writing down the subset that defines the
relation.

Definition 1.3.3. Let A be a set and R a relation on A. We say that the relation R is

reflexive if for all a € A, a ~ a;

antireflezive if for all a € A, a = a ((a,a) ¢ R);

symmetric if for all a,b € A, a ~ b implies b ~ a;
antisymmetric if for all a,b € A, a ~ b and b ~ a implies a = b;
transitive if for all a,b,c € A, a ~ b and b ~ ¢ implies a ~ c.

Example 1.3.4.

e The relation < on Z is reflexive, antisymmetric, and transitive.

e The relation = is a relation on any set. It is reflexive, symmetric, antisymmetric, and
transitive.

e The relation # is also a relation on any set. It is symmetric and antireflexive.

Most commonly, the type of relation we will use is one that shares many of the properties of =.

Definition 1.3.5. Let A be a set, a reflexive, symmetric, and transitive relation ~ on A is called
an equivalence relation. For a € A, the equivalent class of a is the set

[~ ={xeA | z~a}
or simply [a] when the relation ~ is understood.
For a,b € A such that a ~ b, we clearly have [a] = [b].
Definition 1.3.6. The set of equivalence classes under ~ is denoted by
A/ ~i={ld] | a€ A},
Let’s see some examples.

Example 1.3.7 (Congruence modulo n). Let n € Z. We define an equivalence relation on Z, called
congruence modulo n by

a=b mod n if n divides b — a.
To check that this is an equivalence relation, note that

e a —a =0, and n divides 0, thus a = a mod n;

e if a =b mod n, then n divides b — a, thus divides a — b as well, thus b = a mod n;

eif a =b modn and b = ¢ mod n, then n divides b — a and ¢ — b, whence n divides
c—b+b—a=c—a,thus a =c mod n.

The set of equivalence classes is usually denoted by Z/nZ, and can be identified with the set of
remainders after division by n, i.e. {0,1,...,n —1}.

Example 1.3.8. Let f : A — B be a map. We can define an equivalence relation on A by x ~ y
if and only if f(x) = f(y). The equivalence class of x € A is f~1({f(z)}).

In fact, all equivalence relations arise in this way.

Proposition 1.3.9. Let A be a set and ~ an equivalence relation on A. Then there is a surjective
map ma — A/ ~,a > [a]. the equivalence relation ~ is exactly the one obtained from the map 7.

The nice thing about an equivalence relation is that it breaks up A into pieces.



8 RICHARD HABURCAK

Definition 1.3.10. A partition of a set A is a collection of subsets {S;};c; of A such that every
a € A is contained in exactly one set S;. That is, a partition is a set of subsets {S;}icr such that
A is the disjoint union of the subsets S,

A= s
el
In fact, partitions and equivalence relations are equivalent.

Theorem 1.3.11. Let A be a set. If ~ is an equivalence relation on A, then the set of equivalence
classes form a partition of A. Conversely, if {S;}icr is a partition of A, then the relation x ~ vy if
and only if x,y € S; for some i is an equivalence relation.

2. INTEGERS, INDUCTION, AND WELL-ORDERING

We'll review the concept of mathematical induction, with which we assume the reader is familiar,
having seen it in a proof-based math class.

Recall 2.0.1 (Mathematical induction). Let P(n) be a statement about n. Suppose that
e P(1) is true, and
e for all n € Z~, if P(n) is true, then P(n + 1) is true.

Then P(n) is true for all n € Z~.

Remark 2.0.2. Note that by shifting n, we can start at any m € Z. Thus, if

e P(m) is true, and
e for all n > m, if P(n) is true, then P(n + 1) is true,

then P(n) is true for all n > m.

Proofs by induction generally follow the same format (we’ll start at m here)

e precisely state the property P(n) that you wish to prove.

e Base case: prove that P(m) holds.

e Inductive step: Suppose that n > m and that P(n) holds. Show that P(n + 1) holds.
Remember to state clearly that you are assuming that P(n) holds, and clearly explain
where it is used in the proof.

e Conclusion: by induction, P(n) holds for all n > m.

The main proofs where induction is useful are if you are asked to prove a formula or some
property, or if there is a way of breaking up the proof into smaller pieces each of which can further
be broken down.

Example 2.0.3. For all n € Z~(, we have

1

Proof. Let P(n) be the property that 14 -+ +n = n(n+l) - we will prove this by induction.

2
For the base case, we compute w = % =1. Since 1 = 1(12“), we see that P(1) holds.
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For the inductive step, we suppose that P(n) holds. We compute

1
142+ 4n+(n+1)= n(n;—) + (n+ 1) by the inductive hypothesis
n(n+1)+2(n+1)
2
(r+Dn+2)

2 9

which is P(n + 1), thus P(n + 1) is true.
By induction, P(n) holds for all n € Z~. O

We also have the principle of strong mathematical induction.

Recall 2.0.4 (Strong mathematical induction). Let P(n) be a statement about n. Suppose
that

e P(1) is true, and
e for all n € Z~o, if P(k) is true for all £ <n, then P(n + 1) is true.
Then P(n) is true for all n € Zo.

As you may have seen before, mathematical induction and strong mathematical induction are
equivalent, that is, we can deduce one from the other in both directions. Interestingly, they are
both equivalent to the well-ordering principle.

Recall 2.0.5 (Well-Ordering principle). Let S C Z be a non-empty subset bounded from
below, i.e. there is an a € Z such that a < s for all s € S. Then S has a least element, some
sg € S such that sg < s for all s € S.

Remark 2.0.6. The well-ordering principle is a property of the relation < on Z. It is not true
for all relations. For example, consider the subset (0,1) C R, and the relation < on (0,1). Even
though (0, 1) is bounded from below, there is no smallest element of (0, 1).

Theorem 2.0.7. The well-ordering principle and induction are equivalent.

Proof. We first show that we can derive well-ordering from induction. Let S C Z be a non-empty
subset of Z that is bounded from below by a. Assume, for contradiction that S has no smallest
element. Thus, for all n € Z, either n ¢ S or there is some s € S such that s < n. We will use
induction to show that for all n € Z, n ¢ S, which is a contradiction as S C Z is non-empty. If
n < a, then n ¢ S, as a is a lower bound for S.

Base case: if n = a, then n ¢ S, as a is a lower bound for S.

Inductive step: Let n € Z, suppose that n > a and suppose that k is not in S for any k£ < n. By
assumption, either n+1 ¢ S, or there is some s € S such that s < n+ 1. In the later case s < n is
in S, which we assumes does not occur. Thus n ¢ S.

Thus, by induction, S = ), which is a contradiction. So S must have a least element.

We now show that the well-ordering principle implies induction. So we assume that the well—
ordering principle is true. Let P(n) be a property of integers, and assume that

e P(1) is true, and

e that for all n € Z~q, if P(n) is true then P(n + 1) is true.
We want to show that P(n) is true for all n € Z~(. Towards a contradiction, assume that P(n) is
false for some n. Consider the set

S={n€Zsy | P(n)is false}.
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By assumption, S is non-empty. Thus the well-ordering principle shows that S has a smallest
element, say so. Thus P(sg) is false. By assumption, 1 ¢ S, as P(1) we have assumed that is true,
thus sp # 1. Since s¢ is the least element of S, we have syg — 1 ¢ S. Therefore P(syp — 1) is true,
and thus P(sg) is true. This is a contradiction, and thus P(n) must be true for all n € Z~q, as
desired. O

Exercise 2.0.8 (Fundamental Theorem of Arithmetic). We call a number p € Z~o prime if
p > 2 and if p = mn for some m,n € Z~g, then n=1or m = 1.
e Show that p is prime if and only if whenever p divides mn, then p divides n or p divides
m.
e Using induction, show that every positive integer n > 2 can be expressed as a product
of prime numbers (not necessarily distinct) n = p;---p,.
e Using the first statement, show that the primes are unique up to reordering.

Remark 2.0.9. The first few prime numbers are 2,3,5,7,11,.... The fact that 2 is prime is no
accident. Indeed, suppose that 2 = mn for some m,n € Z~o. Then if both n,m # 1, both must be
at least 2, and thus mn > 4, which is a contradiction. Hence one of m or n must be 1, and so 2 is
prime.

Theorem 2.0.10 (Euclid’s Theorem). There are infinitely many primes.

Proof. Suppose that there are finitely many primes, p1,...,p,. Thenn = 1+p; -- - p, is not divisible
by any of the p;. However, n can be written as the product of primes, thus there must be a prime
p | n not on our list, which is a contradiction. O

3. INTEGERS, NUMBER THEORY

This section is also assumed to be mostly review from a proof-based math class, though perhaps
presented in slightly different language that we’ll develop later. If you find that any of the topics
here are not comfortable, I highly recommend the book The Art of Proof by Matthias Beck and
Ross Geoghegan, available as a pdf on the first author’s website here https://matthbeck.github.
io/aop.html.

3.1. Euclidean Algorithm, Greatest Common Divisors.

Recall 3.1.1.

Theorem 3.1.2 (Division algorithm in Z). Given a,b € Z, there are unique q,r € 7Z such that
b= qa +r with |r| <la| orr=0.

The proof of this is fairly straightforward, and you are encouraged to find a direct proof, or
find a proof using the well-ordering principle.

Remark 3.1.3. You'll see later that we can do much the same with polynomials, which will be
very useful in 4581.

Notation 3.1.4. For a,b € Z, we will write a | b if a divides b. That is, if there is some n € Z such
that na = b.

Definition 3.1.5. Let a,b € Z. The greatest common divisor of a and b is some d € Z \ {0} such
that

o d>0,

e d|aandd]|b, and

o if e € Z\ {0} also divides both a and b, then e | d.


https://matthbeck.github.io/aop.html
https://matthbeck.github.io/aop.html
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We write ged(a, b) for the greatest common divisor of a and b.

Exercise 3.1.6. Show that if ged(a,b) exists, then it is unique.

Let us show that greatest common divisors exist.

Definition 3.1.7. Let [ C Z. We say that I is an ¢deal if

e el
e if m,n €I, then m+n € I, and
e if n€ I, and a € Z, then an € I.

Example 3.1.8. Let mi ..., m, be integers. Let
I={xymi+---zym, | x; € Z}.
Then I is an ideal. Indeed, 0 = 0my +---0m, € I. If zymy + -+ xpmpe, y1m1 + -+ - ypmy- € I, then
(x1ma + - xemy) + (yima +-oyemy) = (21 +y)ma + -+ (2 +yr)me € 1
And if n € Z, then
n(xymy + - xymy) = (nxy)my + - - + (nz,)m, € I.
Hence I is indeed an ideal.

Definition 3.1.9. Let I C Z be an ideal. If there exist mq ..., m, € I such that every element

a € I can be written in the form xymq + - - - x,m, for some integers x1, ..., x, € Z, we say that [ is
generated by mq,...,m,, and that my,...,m, are the generators of I. We write I = (mq,...,m,)
if I is generated by my,...,m,.

Example 3.1.10. Note that {0} C Z it an ideal, generated by 0. Also, Z is an ideal, generated by
1.

Theorem 3.1.11. Let I be an ideal of Z. Then there exists an integer d which generates I. If
I # {0}, then we may take d to be the smallest positive integer in I.

Proof. If I = {0}, then I is generated by 0. Suppose that I # {0}. If n € I, then —n = (—1)n € I.
So I must contain some positive integer. By the well-ordering principle, there is a smallest positive
integer in I, call it d. We claim that d generates I. To see this, let n € I and using the division
algorithm (Theorem 3.1.2), write

n=dq+r,
with 0 < r < d. Then r = n — dq € I, and since r < d, we must have r = 0 as d is the smallest
positive integer in I. Thus n = dq, and thus d generates I, as claimed. O

Example 3.1.12. For a,b € Z, the ideal generated by a and b is

(a,b) :=={n € Z | n = ax + by for some z,y € Z}.
Theorem 3.1.13. Let a,b € Z. Let d be a non-negative generator of the ideal (a,b) C Z. Then
d = ged(a,b).

Proof. By assumption, d > 0. Since a,b € (a,b) = (d), we have a = ¢1d and b = ¢od for some
q1,q92 € Z. Thus d | a and d | b. Let e be a non-zero integer dividing both a and b, say

a = hyie and b = hge,

for some integers hi,he € 7Z. Since d generates (a,b), there are integers z,y € Z such that
d = ax + by, thus

d=ax +by = (he)x + (hee)y = (xh1 + yha)e,
and so e divides d. Thus d = ged(a, b), as claimed. O
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Remark 3.1.14. Exactly the same proof works if we want to find the greatest common divisor of
more than two integers. For example, if mq, ..., m, are non-zero integers, and (d) = (my,...,m,),
with d > 0, then d = ged(my,...,my).

Definition 3.1.15. We say that integers my, ..., m, are relatively prime if ged(mq,...,m,) = 1.
In that case, since 1 € (my,...,m,), there are integers z; ..., z, € Z such that

l=axymi+ - -z,m,.

Exercise 3.1.16. Show that ged(a,0) = a, and that ged(a,b) = ged(b, a)

Example 3.1.17 (Computing ged(a,b)). We know that ged(a,b) is the smallest non-negative
element of (a,b) = {ax + by | a,x € Z}. If either a or b are zero, say b = 0, then gecd(a,0) = a.
Thus suppose that a,b > 0 and a > b. Then we can find divide and write

a=bg+r, 0<r<b.
But since a,b € (a,b), we have r = a — bq € (a,b). Moreover, we see that
(a,b) = (b,7),
thus
ged(a,b) = ged(b, 1),

and we can continue dividing and replacing the larger entry with the remainder until the remainder
is zero! And then we’ll have found the generator of the ideal! Let’s do an explicit example.
To compute ged(67,941), we compute 941 = 14 x 67 + 3, so

(67,941) = (3,67).
Continuing, as 67 =22 x 3+ 1, so
(67,941) = (3,67) = (1,3),
and since 3 = 3 x 1, we have
(67,941) = (3,67) = (1,3) = (1,0) = (1).
Thus ged(67,941) = 1.
Theorem 3.1.18 (Euclidean Algorithm for ged). Let a,b € Z, we can find ged(a,b) using the
following algorithm.

Step 0: Change a,b into —a or —b so that both a and b are non-negative.
Step 1: Setrg =a, r1 =b.
Step 2: Divide rn—1 by r, and write rp—1 = TnGn + Tnt1-

— if rny1 # 0, repeat;

— else, output ry,.

Proof. This is exactly the process we've described above. Each step preserves the ideal (a,b) =
(ro,r1) = (r1,72) = -+ = (rp, rny1), and if it terminates, then 7,41 = 0, and (a,b) = (r,). Thus it
remains to show that this process indeed terminates.

But since ry > rg > -+ > r, - -+ > 0, for all n, by the division algorithm (Theorem 3.1.2), this
process cannot continue forever, as the set of remainders forms a non-empty subset of Z that is
bounded from below, and thus has a least element. ]
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Theorem 3.1.19 (Chinese Remainder Theorem). Let n,n’ be relatively prime positive integers.
Let a,b € Z. Then there is some x € 7Z such that

r=a modn,
xr=b modn'

More generally, if ny,...,n, are pairwise relatively prime, that is, ged(ni, nj) = 1 for i # j, and
ai,-...,ar € Z, then there is a some x € Z such that

r=a; modn; foralll <i<r.
Additionally, all solutions are equivalent modulo ny - - - n,.

Proof. We give a proof of the general case by induction on r.
Base case: (r = 2) Since ged(ng, ng) = 1, there are x1,x9 € Z such that 1 = z1ny + xan2. Then
we have x1n1 =1 mod no, and xane =1 mod ny. Thus

T = a2x1n1 + a1T2N2

is our desired solution.

Inductive step: Suppose the claim holds for r, we show it holds for r 4+ 1. Since ged(n;,n;) =1
for i # j, we have ged(ning -+ ,ny,ny41) = 1. And by the inductive hypothesis, there is some
xg € Z such that zg = a; mod n; for 1 < i < r. Now consider the two congruences

r=x9 modni-- Ny, T=ars1 mod Npyq.

By the base case, we can find x € Z satisfying these two equivalences. By the division algorithm
(Theorem 3.1.2), since

r=x29p modni---n,and zg=a; modn;forl <i<r

we have £ = a; mod n; for 1 <i <r+ 1, as desired.

Thus, by induction, the claim holds for all .

We now show that all solutions are congruent modulo ny ---n,. Suppose a and b both satisfy
x = a; mod n; for relatively prime n;, then we have a = b mod n; for each i, so n; | (a — b) for
each i. Thus ny---n, | (a —b), hence a =b mod ny - - -n,. Thus all of the solutions are equivalent
modulo ny - - n,. O

Remark 3.1.20. The notion of ideals will return when we discuss rings.
We’ll end with a useful fact.

Lemma 3.1.21. Let ni,ng € Z. Then the least common multiple of n1 and ny (which exists by

) e many
well-ordering) is zqs.

Proof. Let d = gcd(ni,n2). Note that 4, ™ € Z, and ged (%, %) = 1, else d would be larger.
Thus

ning no niy
= —nl = —’]’LQ

d d d
is a common multiple of both n; and ns.

Now let n be a common multiple of both n; and no. We aim to show that ”17?2 divides n. We
may write n = kinj; = kongo for some integers k1, k2 € Z. Hence, as d | n; and d | ne, we have d | n,
and so

%:kl%:kQ%GZ.
Thus % divides ko%2. Since ged (%1, %2) =1, 4 divides ky whereby
ni ning
n:kznzzqgnzzq d
Therefore .72 = —2— divides n, as desired. O

— ged(na,ma)
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4. GROUPS

We now turn to one of the main topics of the course, the notion of a group. Historically, the
concept of a group arose in the study of symmetries of roots of polynomial equations, and slowly
developed into an abstract notion of symmetry. We are privileged that the notion of a group has
become standard, early definitions of a group were as functions that satisfy certain properties. Let
us take some inspiration from the historical definition, and come up with the definition of group
ourselves!

For example, consider a square. There are many symmetries that move the square around, but
return it to the same place. For example Dy is the symmetry group of the square. There is the
“do nothing symmetry” which we’ll call e, rotation by 90° which is denoted by 7, and repeated
rotation which we can denote by powers 72,73 and r? = e, as well as reflections sy, s, through the
horizontal and vertical axes, and reflections across the diagonals s; and sy, as shown in Figure 4.
Labeling the vertices you can find relations among these symmetries. For example, (s,)? = e.

FIGURE 1. How elements of D4 act on the square

We want to capture the idea of an object having some symmetry, that is, some object X and
some maps {f; : X — X}, such that the maps f; preserve some properties of X. Well, clearly
idx should be such a map, the “do nothing map”. The maps f; should also be invertible, after all
they should preserve X, and their inverses should also preserve the properties of X. And finally,
we should be able to compose the symmetries and still get symmetries that preserve X and its
properties. This is all a group is! But we’ll abstract away all of the unnecessary details, like X and
the mysterious properties we are trying to preserve.

Since we’ll no longer be dealing with composing maps, we’ll need a more general notion of
“combining to things to get another thing”.

Definition 4.0.1. Let A be a set. A binary operation on A is a map
x: Ax A— A, (a,b) — axb.
Example 4.0.2.

(1) The usual addition (+) and multiplication (x) operations on Z are binary operations. They
are special, sincea+b=b+a and a x b="> X a.

(2) Let M, (R) := { square n x n matrices with entries in R}. Matrix multiplication is a binary
operation on M, (R), this time AB # BA in general.

(3) Let A be a set, then U and N are binary operations on P(A).
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(4) Let A be a set, denote by
A% = {maps A — A}.
Then function composition is a binary operation on A4,
Many of these binary operations have additional properties.

Definition 4.0.3. We say that a binary operation * on A is

e associative if for all a,b,c € A, we have
ax(bxc)=(axb)x*c.
o commutative if for all a,b € A, we have
axb=">bxa.
We say that x has an identity element if there is some e € A such that for all a € A,
exa=axe=a,

and the element e € A is called the identity for x.
If e is an identity element for *, we say that b € A is an inverse for a € A if

axb=e=bxe.
In fact, identity elements are unique, if they exist.

Proposition 4.0.4. Let * be a binary operation on A. If x has an identity element, then it is
unique.

Proof. Suppose that e; and ez are both identity elements for x. Then
€1 = e1 x €3 = €9,

the left equality coming from the fact that e is an identity, and the right coming from the fact
that e; is an identity. O

Recall 4.0.5. Thus, if * has an identity, we will refer to it as the identity.

Example 4.0.6.

(1) Consider the binary operations 4+ and x on Z.
e The binary operation + on Z is associative and commutative, and has an identity
element 0. It also has inverses, the inverse for + of a is —a.
e The binary operation X on Z is associative and commutative, and also has an identity
1. However, the only elements that have inverses for x are +1.
(2) Matrix multiplication of square n x n matrices is associative but not commutative, and has
an identity, namely the identity matrix

1 .- 0

0o --- 1
and matrices with non-zero determinant have inverses.
(3) The binary operations N and U are both associative and commutative on P(A). The identity
for Uis (), and the identity for Nis A. Try to work out which elements of P(A) have inverses.
(4) For a set A, function composition on A4 s associative, but not commutative in general.
The identity is id 4, and the elements with inverses are exactly the bijections A — A.

Associative binary operations also have some other uniqueness properties.

Proposition 4.0.7. Let x be an associative binary operation on A. Then
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(i) if a € A has an inverse, then the inverse is unique. We will denote it by a™!.

(ii) if a € A has inverse a=t, then the inverse of a=' is a, i.e. (a=')~! = a.
(iii) if both a,b € A have inverses, then the inverse of a b is b= xa™1, i.e.

(axb) P =b"lxal.
Proof. Let a,b € A, and assume they both have inverses. Let e € A be the identity element for x*.
To show (i), suppose that a has inverses z; and xg, then
A=
=z * (a * x2)
= (1 * a) * xo by associativity
= e % T9
= T2,
and so x1 = x9.

To show (ii), we since a * a~
To show (iii), we compute

(axb)x (b xa ™ =ax(bxb)xa?
1

= a7 1xa=e, the inverse of ™! is a.

=a*xexa

:a*a_l

:67

and a similar computation shows that (b=! x a™!) x (a * b) = e. Since inverses are unique, we have
(axb)™' =b"lxa™!, as desired. O

Note that a set with an associative binary operation that has an identity and inverses is exactly
what we wanted a group to be! We’re now ready to give the abstract definition of a group, which
will keep us occupied for a majority of the course.

4.1. Definition of a group and examples.
Definition 4.1.1. A group G is a set together with a binary operation * : G X G — G (called the
group operation) satisfying the following properties.
(GR 1) x is associative, i.e. for all a,b,c € G
(axb)xc=ax(bxc).
(GR 2) = has an identity element e € G such that for all x € G
exr=1rIxe=u.

(GR 3) Every element of G has an inverse for , i.e., for all 2 € G, there is some 27! € G such that

1 1

T*xx ~=x kT =e.

Note that by Proposition 4.0.4 and Proposition 4.0.7, the identity element e is unique, and
inverses are also unique.

Definition 4.1.2. A group G is called abelian or commutative or additive if % is commutative.

Example 4.1.3.

(1) The set Z together with the binary operation + is a group, in fact an abelian group.
However, Z with the binary operation x is not a group.

(2) M,(R) does not form a group under matrix multiplication, as not every matrix has an
inverse. However, the set GL,,(R) of invertible n x n matrices with real entries is a group
with group operation matrix multiplication.
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(3) The symmetries of the square, D4 shown above in Figure 4 form a group under composition.
D, is not abelian.
(4) The set of matrices
10 0 1
0 1/°\1 0
is a group under matrix multiplication.
(5) The set of matrices

100\ /010 /001 100\ /001 010
o10]|,{too0],lo1o],[oo1],{t 0oo0],[0oo001
00 1 00 1 100/ \o1o/ \o1o0 100

Notation 4.1.4. When G is an abelian group, we will usually (but not always) denote the group
operation by +, and so a +b =0b+a for all a,b € G. We will also generally denote the identity of
an abelian group by 0, and the inverse of a € G by —a, so

a+ (—a)=(—a)+a=0.
And when we use + to denote the group operation, we usually call G an additive group. We will

only use the additive notation when G is an abelian group.

Remark 4.1.5. When the binary operation * of a group G is understood, we will generally write
x *y = xy, unless we want to emphasize that G is abelian and use additive notation. When we
write the group operation as x *x y = xy, we sometimes call G a multiplicative group.

Let’s see some more examples of groups.

Example 4.1.6.

(1) Z,Q,R, and C are all abelian groups under +.
(2) Q* =Q\ {0}, R* =R\ {0}, and C* :=C\ {0} are groups under X.
(3) Any vector space is a group under +. This includes M, (R) with +.

There are also some important, though maybe less familiar examples.
Definition 4.1.7. Let A be a set, the set of bijections A — A is denoted by
Perm(A) := {bijections A — A}.

Proposition 4.1.8. Let A be a set, then Perm(A) is a group under function composition, with
identity id 4.

Proof. The composition of two bijections is a bijection, hence function composition is a binary
operation on Perm(A). That function composition is associative is clear, as is the fact that id 4 is an
identity for composition. Finally, since every f € Perm(A) is a bijection, there exists f~!1: A — A
such that fo f~! = f~'o f =id4, and by Proposition 1.2.18, f~! is also a bijection. Thus every
f € Perm(A) has an inverse f~! € Perm(A). O

Definition 4.1.9. When A = {1,2,...,n}, Perm(A) is usually called S,,, the permutation group.

Example 4.1.10. Let’s explore some small permutation groups.

e When n = 1, A = {1}, there is only one bijection of {1} with itself, namely id4. So
Sl = {6 = idA}.
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e When n =2, A ={1,2} and there are now two bijections A — A, id4 and
o(l)y=2
o(2) =1.

Thus S = {e =id, o} and we can check that o oo = id.
e When n =3, A =1{1,2,3} and there are many bijections. We’ll write them using pictures.

c:A— A,

Identity e = id Transposition (12) Transposition (13)

C1 C2 (3 102 3 1 2) 3

Transposition (23) 3-cycle (123) 3-cycle (132)

— =\
1) 2.°3 1l—>2—>3 l<—2< 3

N

We can check, for example, that (12) o (13) = (132), since

(12)
(12)0 (13)1 = (12)3 = 3,
(12)0 (13)2 = (12)2 = 1,
(12)0 (13)3 = (12)1 =2,

which is exactly what (132) does.
e The group Sy = {bijections {1,2,3,4} — {1,2,3,4}} has 24 elements, which is just a few
too many to draw a diagram for each. If you’re interested though, it is a good example.

Exercise 4.1.11. Prove the following proposition.

Proposition 4.1.12. Show that S5 is not abelian by finding two elements o, 7 € Sg such that
ocoT #Toag. More generally, show that Sy is abelian if and only if n = 1, 2.

Remark 4.1.13. Note that if we think of the standard unit vectors

1 0 0
€1 = 0 , €3 = 1 , €3 = 0
0 0 1

as a set of three elements, then the group of 3 x 3 matrices in Example 4.1.3(5) can be thought
of as the group S3, each matrix acting as a bijection by standard matrix acting on a vector. For
example

o = O

0
0
1
t

= S O =

switches e; <> eo and preserves ez. Try to match up the matrices with the elements of S3 based on

how they act on the standard unit vectors.

We’ll explore permutation groups in detail later.
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Example 4.1.14.
(1) Let St :={z € C | |2| =1} C C, called the circle group, which is a group under x. Using
Euler’s Formula (¢ = cos(6) + isin(f)), we see that S = {e € C | § € R}.
(2) The set {1, —1} C Z forms a group under x.
(3) The set {1,—1,i,—i} C C forms a group under X
(4) The set Q = {1,—1,4,7,k,—i,—j,—k} forms a group under multiplication with identity 1
and the rules
i* = 4% =k =ijk = —1,ij = k, ji = —ij, ik = —ki, kj = —jk, (=1)(i) = (i)(=1),..., (=1)(k) = (k)(—1).

This is called the Quaternion group, in honor of Hamilton’s quaternions, which we will see
again later when we study rings.

.................................... End of Class 6 (1/26) ...t
One nice thing about groups is that, since every element has an inverse, we can sometimes cancel
and simplify expressions.
Proposition 4.1.15 (Cancellation laws). Let G be a group. For all a,b,c € G,
e if ab = ac, then b= ¢;

e if ba = ca, then b= c.

Proof. To prove the first statement, suppose that ab = ac. Then, multiplying both sides on the left

by a~! we obtain
a tab =a tac
eb=ec
b =c,

1

as claimed. The second statement follows by multiplying by a™" on the right. O

Proposition 4.1.16. Let G be a group, and g,h € G. Then there is a unique x € G such that
gxr = h. Similarly, there is a unique y € G such that yg = h.

Proof. Let x = g~'h. Then

gr=gg " 'h
=eh
= h.
To show that x is unique, suppose that gr1 = h = gxo, then, canceling g on the left, we obtain
21 = xo. Similarly, y = hg~!. O

Exercise 4.1.17. Let G be a group. Define a map
L:G — Perm(G), g+ (Lg: G — G, h— Lg(h) = gh).
Show that L : G — Perm(G) is an injective map.

Definition 4.1.18 (Trivial group). The trivial group is the group on the set {e}, with e x e = e.

Remark 4.1.19. Note that in the trivial group, calling the single element e is arbitrary (although
it is the identity), and groups with one element will be denoted by {e}, {1} or {0}.
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Exercise 4.1.20. Let X = {e, 2} be a set with 2 elements. Show that if * is a binary operation
on X that makes X a group with identity e, then z? = e.

Definition 4.1.21. Direct Product Let G, G’ be groups. Let
GxG ={(9.9) | g€G, ¢ €G}
be the Cartesian product. We can define a group operation on G' x G’ component wise, namely

(91,91)(92: 95) = (9192, 9193)-

Then G x G' is a group called the direct product of G and G’ with identity (eq, ecr). More generally,
if G1,...,Gy are groups, we let

n

HG’L = Gl XGQ Xoeee XGn:{(gla-~~7gn) ’ gi GG’L}7

i=1
and define the group operation componentwise, called the direct product. If e; € G; is the identity,
then the identity of the direct product is (eg,...,ey,).

Example 4.1.22. We’ve seen that R is a group under 4. And real n-dimensional space

R*"=Rx---xR

%,—/
n-times

is an abelian group with addition defined componentwise.
Definition 4.1.23. If G is a group and |G| < oo is a finite set, then G is called a finite group. And
|G| is called the order of G.
Example 4.1.24.

(1) The order of the trivial group {1} is 1.
(2) The order of the group {1, —1} under multiplication is 2.
(3) The order of the group Dy is 8, namely

2,3
D4 == {6,7’,7’ , T 75’07Sh78d78d’}-

(4) The orders of the first few symmetric groups are

’Sl‘ =1,
’SQ‘ =2,
55| = 6.

Can you guess the order of 5,7
Since group operations are associative, we set some notation to avoid unnecessary parentheses.

Notation 4.1.25. Let G be a group, and z7 ...,x, € G. We recursively define

Since the group operation is associative, we can place parentheses anywhere in the product and
still obtain the same product. We also write

n
=1

For x € G, we define
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if n = 0 then we define 2° = e. If n < 0, then we define 2" = (z71)™, e.g.
2=zt h
Thus, as you can verify using induction, we have

m+

" = g™x™ for all m,n € Z

and (z")™ = 2™ for all m,n € Z.
Remark 4.1.26. Since G may not be abelian, for z,y € G in general (xy)™ # z"y".
Notation 4.1.27. If the group G is written additively, using +, then we have

n
ZI‘Z‘:($1+"'+$n71)+1’n=$1+"'+ﬂfm
i=1

if n > 0 then

n
n:c:E r=x+---+ux,
i=1 n-times

and we agree that 0x = 0, and if n < 0, then
nx = (—n)(—x).
And again, using induction, you can readily verify that
(m+n)x = mz + nz and (mn)r = m(nz).
4.2. Cyclic Groups.

Definition 4.2.1. We say a group G is cyclic if there is some a € G such that every element g € G
can be written in the form g = a™ for some integer n. We call the element a a generator of G.

Proposition 4.2.2. Let G be a cyclic group with generator a. Then G is abelian.

Proof. Suppose x,y € G. Since G is cyclic, we have x = a™ and y = a" for some integers n, m € Z.
Thus

whence G is abelian. g
Example 4.2.3. The group {1, —1} under multiplication is cyclic, generated by —1.

Example 4.2.4. If G is a group, and a € G, consider the subset
(a)y ={a" | neZ} CG.
Then (a) is a cyclic group, with identity a = e and group operation given by the group operation

of G.

Proposition 4.2.5. Let G be a cyclic group with generator a, then there is a surjective map
0: 72— G, n—a".

Moreover, G is infinite if and only if p is injective.

Proof. Since G is cyclic with generator a, every element of G can be written as o™ for some integer
n € Z. By definition, a™ = ¢(n), thus ¢ is surjective.

Now suppose that G is infinite. We claim that ¢ is injective, hence a bijection. We prove the
contrapositive, that if ¢ is not injective, then G is finite. Thus suppose that ¢(n) = ¢(m) for some
n #% m. Without loss of generality, suppose that n > m. Since

go(n _ m) —g" ™ = g™ = an(am)—l —_ an(an)—l —q"q " =g " = CLO —=e,
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by the well-ordering principle, there is some smallest positive integer d such that a® = e. Then for
n € Z, writing n = gd + r with 0 < r < d, we have

a" = a9 = 09" = (a?)9a" = e%a” = ea” = a”,
and so
G={e=d...,a%1},
which are all distinct as d is the smallest positive integer with a® = e. Thus G is finite. Therefore,
if G is not finite, then ¢ is injective.
Conversely, if ¢ is injective, then |Z| < |G|, and so G is infinite. O
Remark 4.2.6. Let G be a cyclic group with generator a, and ¢ : Z — G the map of Propo-

sition 4.2.5. You can check that the subset of Z such that ¢(n) = e is an ideal of Z, as in

Definition 3.1.7. And d, the smallest positive integer such that a? = e, is the generator of that
ideal.

Remark 4.2.7. Note that the map ¢ : Z — G, n — a” of Proposition 4.2.5 satisfies
¢(n+m) = p(n)p(m).

In essence, ¢ plays nicely with the group structures of Z and G.

Remark 4.2.8. If G is an infinite cyclic group, then G is basically the same as the group Z under
addition. The bijection ¢ : Z — G really just changes addition in Z into addition of the exponents
(a"a™ = a™*™) in G.

What happens if G is finite? Well, the proof already showed what happens.

Definition 4.2.9. Let G be a group, and g € G. The order of g, denoted ord(g) is the smallest
n € Zso such that ¢g" = e, if such an n exists, else ord(g) = co. We say that a has finite order if
ord(a) is finite.

Proposition 4.2.10. Let G be a finite group. Then every g € G has finite order.

Proof. For g € GG, there are two possibilities:

(1) for all n,m € Zwy, if n # m, then g" # g".

(2) there are n,m € Zs¢ such that g" = g™ but n # m.
These two options are exactly whether the map ¢ : Z — (g) C G is injective or not injective. In
the first case, there would be an injection Z — G, which is a contradiction as G is finite.

Therefore, there are some n, m € Z~g such that ¢" = ¢ and n # m. Without loss of generality,
we may assume n < m, and so
gm—n — gmg—n — gng—n _ gn—n — 90 =e,

hence as m —n € Z~g, g has finite order. O

Corollary 4.2.11. Let G be a group and a € G. Suppose that a has finite order. If a™ = e, then
ord(a) | n. And

(a) = {e =d"d!,... ad@~1}

Proof. Let I = {n € Z | a" = e}. We claim that I C Z is an ideal. Indeed, we have 0 € I as
a’ = e by definition. If n,m € I, then

son+m € I. Also, if n € I, then
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so —m € I. Hence [ is an ideal. Thus, by Theorem 3.1.11, there is some d € I, the smallest
non-negative integer in I, such that I = (d). We cannot have d = 0, as a has finite order. Thus d
is the smallest non-negative integer such that a? = e, thus d = ord(a). Therefore, as I = (d), for
n € I, d|n, as claimed.

Exercise 4.2.12. Let G be a group, and g € . Suppose that g has finite order. Show that
(9) ={e=¢"g,...,g @1},

Exercise 4.2.13. Let G be a group, and g € G. Suppose that g has finite order. Show that

g~ = ¢" for some n > 1.

Exercise 4.2.14. Let G be a group such that for all g € G, g?> = e. Prove that G is abelian.

4.2.1. The groups Z/nZ. Let’s see some finite cyclic groups in a more concrete way.
We'll need to recall some facts about modular arithmetic.

Recall 4.2.15. Let n € Z. For integers a,b we write a = b mod n if n | (b —a). This is an
equivalence relation, and we denote the equivalence class of a by @. Thus
a={beZ | b=a mod n}.

The equivalence classes modulo n are

0,1,...,n—1.

Proposition 4.2.16. For a,b,c,d € Z, ifa =c¢ mod n and b =d mod n, then

(1) a+b=c+d mod n.
(2) ab = cd mod n.

In terms of equivalence classes, Proposition 4.2.16(1) says that we can define a binary operation
on the equivalence classes modulo n by

a+b=a+b,

which is well defined since

ifa=candb=d, thena+b=a+b=c+d=c+d.

We needed to be careful and make sure that our definition of adding equivalence classes did not
depend on the representative we chose.

Proposition 4.2.17. Let n € Z~q. The set of residues modulo n, {0,...,n — 1} with the operation
a+b=a+bis an abelian cyclic group of order n.
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Proof. Associativity and commutativity come from the associativity and commutativity of + in Z.
For example, to show associativity, we compute
a+(b+e)=a+b+c

SN

SRR

=a+b+

=(@+b) +e

ol

Commutativity is similar. Finally, 0 is the identity element, and the inverse of @ is —a. Lastly, to
see that this group is cyclic, note that @ = n(a). O

Definition 4.2.18. The group {0,...,n — 1} under addition is called the cyclic group of order n,
denoted by Z/nZ, or sometimes by Z,. One generator of Z/nZ is 1, though there may sometimes
be others.

Example 4.2.19. The group Z/2Z = {0,1} under addition is a finite cyclic group of order 2.

Example 4.2.20. The group Z/87 = {0,1,2,...,7} is a finite cyclic group of order 8. Note that
by Proposition 4.2.10, every element has order dividing 8.
We've seen that 1 is a generator for Z/8Z. But in fact, so is 3, or 5, or 7. For example, we have

DO
ol
Il

Tt~ W
— — P — — — —
Il
= o Wl

(@)

\]
I
= IR S

P N N
Il

0]

In fact, this is a very general feature.

Proposition 4.2.21. Let G be a finite cyclic group of order n, and let a be a generator.
(i) If r € Z~o with ged(r,n) = 1, then a” is a generator of G.
(ii) Conwversely, if a” is a generator of G, then ged(r,n) = 1.

Proof. Since ged(r,n) = 1, there are some x,y € Z such that zr 4+ yn = 1. Thus for g = a* € G,
we have

ak _ ak><1 _ aer—l—kyn

_ aerakyn _ (ar)xke _ (ar)xkz'
Therefore a” is also a generator of G, proving (i).

To prove (i), let b € G. Then (b) = {e = b°,b,12, ..., 674 ®)~11 C G, and by comparing sizes of
(b) and G, b is a generator if and only if ord(b) = n.

Now suppose that b is a generator of G. Since a is a generator, b = a” for some r. Suppose for
contradiction that ged(r,n) = d > 1. Then r = md, and so b = a” = (a™)?. However, since d > 1,

n = kd for some k < n. Thus, since
bk _ ((am)d)k — (am)kd = g"m = (an)m — M = e,

ord(b) = ord(a™)? < k < n. Hence ord(b) < k < n, which is a contradiction to n being a generator.
Thus ged(r,n) = 1, and every generator of G is of the form a” for some r coprime to n. O
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Writing things additively, this immediately gives the following characterization of generators of
Z/nZ.
Corollary 4.2.22. Let n € Z~y. Then @ is a generator of Z/nZ if and only if gcd(n,a) = 1.

Proof. A generator of the finite cyclic group of order n, Z/nZ, is 1. Thus, by Proposition 4.2.21, @
is a generator of Z/nZ if and only if @ = r1 for some r € Z~ with ged(r,n) = 1. O

Another example of groups comes from the residues modulo n that are invertible under multi-
plication. By Proposition 4.2.16(2), we have

a-b=a-b,

thus we can define a binary operation on Z/nZ by multiplying residue classes modulo n. Note,
however, that not every residue class modulo n is invertible.

Definition 4.2.23. Let n € Z~y. We define
(Z/nZ)* :={a € Z/nZ | there exists ¢ € Z/nZ witha-¢ =1},
which are the residue classes modulo n with a multiplicative inverse.
Proposition 4.2.24. The set (Z/nZ)* is a group under multiplication, the identity is 1.

Proof. We must show that multiplication of residue classes defines a binary operation on (Z/nZ)*.
Namely, that is @,b € (Z/nZ)*, then @-b = ab € (Z/nZ)*. Since a,b € (Z/nZ)*, there are
¢,d € (Z/nZ)* such that

d=1.

<

a-¢=1and
Thus

whereby @ - ¢ = ac € (Z/nZ)*.
That multiplication of residue classes is associative is clear, and that 1 is the identity is also clear.
By definition, every element has an inverse under multiplication. Thus (Z/nZ)* is a group. O

Proposition 4.2.25. Forn € Z~o, a € (Z/nZ)* if and only if gcd(a,n) = 1.
Proof. Suppose that a € (Z/nZ)*. Then there is some ¢ such that

a-c=1.
Reading it modulo n this means
ac=1 mod n,

i.e. ac —1 = kn for some k € Z. Thus 1 = ac — kn, and so ged(a,n) = 1.
Conversely, suppose that ged(a,n) = 1, so there is some ¢, k € Z such that ac + kn = 1, reading
this modulo n gives
a-c=1,
and thus @ € (Z/nZ)*. O

Thus we have seen that the residue classes coprime to n are both the generators of Z/nZ as well
as the elements of (Z/nZ)*.

Definition 4.2.26. For n € Z~, the Euler totient function, p(n), is defined by
p(n) = (Z/nZ)"| =#{1 <a<n | ged(a,n) =1}.
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Example 4.2.27. ¢(8) = 4, as we have seen that (Z/8Z)* ={1,3,5,7}.
Proposition 4.2.28. For p prime, |(Z/pZ)*| =p — 1.
Proof. Clearly if 0 < d < p, then ged(d,p) = 1. O

Example 4.2.29. More generally, you can show that for a prime p, p(p?) = p®—p®~! = p~(p—1).
and that ¢ is multiplicative, in the sense that

p(ab) = p(a)p(b) if ged(a, b) = 1.
Together, this gives the general formula for ¢(n), namely if n = p* -- - p?", then
p(n) = (i) - e(pyr)
=P o = 1) e = 1),

Example 4.2.30. Let’s do some hands on computation with the group (Z/8Z)*. We can check
that every element has order 2, for example 3-3 = 9 = 1. Thus, while (Z/8Z)* is abelian, it is not
cyclic (as any generator would have to have order 4)! In fact, we’ll see later that (Z/8Z)* looks
like the group

(Z)27) x (Z.)27.).

.................................... End of Class 8 (1/30) ..ot

4.3. Subgroups. Let G be a group. In thinking about groups, we’ve many times made use of the
set
(9 ={e=4¢%g,¢%...} CGforgeq.

This is an example of a much more general phenomenon.

Definition 4.3.1. Subgroup Let (G, ) be a group with identity e. A subset H C G is called a
subgroup if

(SG 1) e € H, (contains the identity)

(SG 2) for all g,h € H, g+ h € H, (closed under multiplication)

(SG 3) for all h € H, h~! € H. (closed under inverses)

When H is a subgroup of G, we will write H < G. If we want to emphasize that H # G, then we
will write H < G or H < G, and call H a proper subgroup.

Remark 4.3.2. When H < G is a subgroup, then H is itself a group, the group operation is the
same as that of GG, just restricted to only the elements of H.

Proposition 4.3.3. Let G be a group, then {e} < G, called the trivial subgroup, and G < G is a
subgroup.

Proof. That G is a subgroup is clear, as the conditions to be a subgroup are the same as those of
being a group. To show that {e} is a subgroup, we just note that e € {e}, exe =e,ande™! =e. O

Example 4.3.4.

(1) The additive group of rational numbers Q < R is a subgroup of the real numbers under
addition.

(2) The group {1, —1} is a subgroup of {1, 1,4, —i}.

(3) Let S'={2€C | |2| =1} CC*. Then S! < C* is a subgroup. (Recall: C* = C\ {0} is
a group under multiplication)

(4) Let V be a vector space, then a subspace W C V is a subgroup.

(5) Let G be a group and g € G. Then (g) = {¢g" | n € Z} < G is a subgroup.

(6) The symmetric groups S, are subgroups of each other, simply by fixing the elements larger
than n. Thus S1 < S92 < 83 < Sy < -+ < Sy < Spg1 < -+
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(7) If you label the vertices of a square with 1,2, 3,4, the dihedral group D4 from Figure 4 is a
subgroup of Sy, with each element of D4 changing the labels of the vertices as it moves the
square around.

There is a general way of obtaining subgroups from a group G.
Definition 4.3.5. Let G be a group, and S C G a non-empty subset. Let
n
(S) = {Hazz | miGSorfni1€S},
i=1

with the empty product being e. Then (S) is a subgroup of G, called the subgroup generated by S,
and we call S a set of generators of (S).

Exercise 4.3.6. Let G be a group, and S C G be a non-empty subset. Then (S) is a subgroup
of G.

Proposition 4.3.7. Let G be a group and S C G be a non-empty subset. Then (S) is the smallest
subgroup of G containing S. That is, if H < G is any subgroup containing S, then (S) < H.

Proof. Suppose H < G is a subgroup such that S C H. Then since H is a subgroup, for every
x; €5, :L'i_l € H. And since H is a subgroup, for each z;,z; € S, z;2; € H and xixj_l € H. Thus
every finite product of element of S and their inverses are in H. Hence, as every element of (S) is
a finite product of elements of S or their inverses, we have (S) < H. O

Exercise 4.3.8. Prove the following proposition.

Proposition 4.3.9. Let H, K < G be subgroups, then H N K < G is a subgroup.

Remark 4.3.10. There is another way of presenting groups, using generators and relations. Let
S be a set and R a set of equations
R={R;:x1 - -z, =¢ | xiGSorx;léS}.
Then, if the set of strings of symbols in S, simplified by the relations in R (using the rule that
xe = ex = x for all x € S), forms a group, we call
G=(S|R)

a presentation for the group G.

RH: Caution!!! Tt is very hard (even impossible) to tell if given a set of generators S and relations
R, you even obtain a group! Worse still, even if you know you’ve obtained a group, it is hard to
tell whether (S| R) = {1} or not! It is also difficult (or even impossible) to show that two strings
of elements of .S give the same element when simplified!

For example, you can show that

(w,y|2* =" = (zy)* = ¢)
is a finite group of order 4, in fact Z/27Z x 7. /27. However
(a,b) | a® = b® = (ab)® = e)
is an infinite group!
Example 4.3.11. The dihedral group D,, of order 2n is a group given by the presentation

2

Dy = (r,s|r"=s>=¢ers=sr1).

It is the symmetry group of the regular n-gon.
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Let us turn to some more familiar examples.

Lemma 4.3.12. Forn € Z, denote by nZ := {nk | k € Z}. That is, nZ is the ideal (n). Then
nZ. < 7 is a subgroup.

Proof. Let us check the conditions to be a subgroup. We have 0 € nZ as 0 = 0 x n. Let z,y € nZ,
then x = an, y = bn for some a,b € Z. So v +y = n(a +b) € nZ. Let x € nZ, then z = na for
some a € Z. Then —x =n x (—a) € nZ. O

Note that these are exactly the conditions of an ideal of Z.
Theorem 4.3.13. The subgroups of Z. are exactly the ideals nZ.

Proof. We've seen in Lemma 4.3.12 that the ideals nZ are subgroups of Z. Thus it remains to show
that any subgroup is of this form. We show that every subgroup H < Z is an ideal, as then the
result follows from Theorem 3.1.11. Let H < Z be a subgroup. Then 0 € H, as every subgroup
contains the identity. If x,y € H, then x+y € H, as H is closed under the group operation. Lastly,
if x € H, then —x € H, as subgroups are closed under inverses. Hence if a € Z, then ax € H. Thus
H is an ideal. Thus, by Theorem 3.1.11, H = nZ for some n € Z, as desired. ]

In particular, the subgroups of Z are
e d7Z for d > 1, or
e {0} =0Z.
In the former case, the subgroup dZ is cyclic, generated by d, and infinite. Thus there is a surjective
map Z — dZ,n — dn, which is also injective as dZ is infinite (as in Proposition 4.2.5).
We can also understand the subgroups of Z/nZ.

Theorem 4.3.14. The subgroups of Z/nZ are exactly those of the form
dZ/nZ ={d-k | k € Z/nZ} such that d | n.

Proof. First, we must show that if d | n, then dZ/nZ is a subgroup. We check the conditions to be
a subgroup.
e 0=d0 € dZ/nZ.
o Let 2,y € dZ/nZ. Then x =d-a, y = d-b for some @,b € Z/nZ. Thenz+y=d-a+d-b=
d-(a+b) € dZ/nZ.
o Let x € dZ/nZ. Thus z = d - a for some @ € Z/nZ. And —x = d - (—a) € dZ/n’Z.
Thus dZ/nZ is a subgroup of Z/nZ. (Alternatively, dZ/nZ = (d) < dZ/nZ.)
Conversely, suppose that H < Z/nZ is a subgroup. Let

H={heZ | heH}.

By the well-ordering principle, H must have a least non- negative element, call it d. We will show
that H is the ideal dZ. Since d € H d € H, and since H is a subgroup, ¢ - d = qd € H for all
q € Z, thus dZ C H. To prove the other containment, let h € H. By the division algorithm, we
can write h = dg + r with 0 < r < d. Thus, as H is a subgroup, h —q-d =7 € H, hence r € H.
Since d is the least non-negative integer in H r =20, and so h = qd € dZ. Thus f[ = dZ. This
means that for h € H, h = dk, and so h = d - E with k € Z/nZ, hence H = dZ/nZ. In particular,
as0=mne H,nec H. Thus n € dZ, and d | n, as claimed. O

Example 4.3.15. Let’s find all the subgroups of Z/127Z. We have one for each divisor of 12, which
are 1,2,3,4,6,12. The subgroups are thus

12/127 = 7.,)12Z,
27,127 = {0,2,4,6, 8,10},
372,/127 = {0,3,6,9},

A7./127 = {6,1,@},
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o 6Z/127 = {GLG},
e 127./127 = {0}.
We can organize them into a diagram called the subgroup lattice of 7 /127

7.)127,

N

97./127. 32,/127Z

e e

A7./127, 67,/127
{0}

where a line between an upper subgroup U and a lower subgroup L means L < U (for example,
{0} < 47./127).

In general, for a finite group G, one can draw a subgroup lattice showing all subgroups of G and
how they are contained. In practice, it gets quite complicated. You can even draw parts of the
subgroup lattice for an infinite group, though those get complicated very quickly!

/ N\

\

Exercise 4.3.16. Find all the subgroups of Z/27Z x Z/2Z and draw the subgroup lattice.

Exercise 4.3.17. Find all the subgroups of S3 and draw the subgroup lattice. Hint: Writing
the elements of S3 as matrices (as in Example 4.1.3(5)) or as lists of numbers (as in Exam-
ple 4.1.10) will make it much easier to do computations.

Exercise 4.3.18. Show that for subgroups nZ < Z and dZ < 7Z, there is a containment of
subgroups nZ < dZ if and only if d | n. Draw part of the subgroup lattice of the subgroups of
Z for the subgroups Z,27,37Z, . ..,20Z, and the trivial subgroup {0} = 0Z.

.................................... End of Class 9 (2/2) ..ot
Let’s see some more examples of subgroups.

Example 4.3.19. Recall that GL,,(R) = {n x n matrices with real entries} is a group under ma-
trix multiplication. For n = 2, we have

GLQ(R):{<CCL 2) | a,b,c,d € R, ad—bc#o},

. b . .
and you may recognize ad — bc = det < > . There is a nice subgroup, namely

a

c d
SLo(R) := {M € GLy(R) | det M = 1}.

To see that SLo(R) is a subgroup, recall that the identity is Io =

1, thus Iy € SLy(R). Furthermore, recall that for M, N € GL,(R),
det(MN) = det(M) - det(NV).

(1) (1) , which has determinant
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From this it follows that SLa(R) < GLy,(R).

Exercise 4.3.20. Show that
SLo(R) := {M € GLy(R) | det M =1}

is a subgroup of

GLQ(R):{<Z 2) | a,b,c,d€R, ad—bc;éO}.

4.4. Homomorphisms. In many of the proofs so far, we’ve made use of constructing some maps
between groups, for example in Proposition 4.2.5 and secretly also in Theorem 4.3.14. Maps between
groups are most interesting when they play nicely with the group structures on both sides.

Definition 4.4.1. Let (G,*,) and (H, *,,) be groups. A group homomorphism or a morphism of
groups is a map
p:G—H
such that for all z,y € G,
p(x g y) = () %4 p(y).
Example 4.4.2. Let GG be a group, the identity map idg : G — G is a group homomorphism.

Example 4.4.3. The map Z — Z/nZ, k — k is a group homomorphism, and was used in the proof
of Theorem 4.3.14.

Example 4.4.4. Let G be a group, and g € G. There is a group homomorphism
0:7— G, n—g".
This is exactly the the group homomorphism that was used in Proposition 4.2.5.
Example 4.4.5. Let e € R be Euler’s number (the number e from calculus). Then the exponential

map R — R, z — €” is a group homomorphism from the additive group of real numbers into

the multiplicative group of positive real numbers. Its inverse map, the logarithm, is also a group
homomorphism. This amounts to the usual exponent and logarithm rules.

Exercise 4.4.6. Let G be a group. Consider the map f: G — G, g+ g~ L.

(1) Show that f is a bijection.
(2) Show that f is a group homomorphism if and only if G is abelian.
(3) What is f o f? What is f~17

Proposition 4.4.7. Let ¢ : G — G’ and ¢ : G' — G" be group homomorphisms. Then the
composition Y o ¢ : G — G" is a group homomorphism.

Proof. Let g,h € G. Then

P o p(gh) = Y(p(gh)) = Y(p(g)p(h)) = ¥(p(g))Y(p(h)). O

Proposition 4.4.8. Let f : G — G’ be a group homomorphism, and let e € G and €' € G’ be the
identity elements. Then f(e) =€ .

Proof. As f is a group homomorphism, we have
fle) = flee) = f(e)f(e),
and multiplying by f(e)~! on the left gives
¢ = f(e)7' fle) = fle) ' f(e)f(e) = €'f(e) = fle). O



MATH 4580 SPRING 2026 LECTURE NOTES 31

Proposition 4.4.9. Let f : G — G’ be a group homomorphism, and let g € G. Then f(g~ ') =
flg)~t.

Proof. We compute
¢ =fle)=flgg™") = f9)flg™ "),
thus f(g)~' = f(g~ 1), as desired. O

Now let us see how group homomorphisms interact with subgroups.

Theorem 4.4.10. Let ¢ : G — G’ be a group homomorphism, and let H < G’ be a subgroup.
Then the inverse image of H' under o,

H=p '(H)={heG | p(h)cH'}

s a subgroup of G.

Proof. We verify that H = f~!(H') satisfies the conditions of a subgroup. First, as H' is a subgroup,
¢/ € H'. By Proposition 4.4.8, p(e) = ¢/, e € H. Now suppose that z,y € H, then by definition,
o(x),0(y) € H'. As ¢ is a group homomorphism, ¢(xy) = ¢(z)p(y); and as H' is a subgroup,
o(x)p(y) € H', whereby ¢(xy) € H. Lastly, suppose 2z € H. Thus, by definition, ¢(z) € H'. As G
is a group, ~! € G. Since ¢ is a group homomorphism, Proposition 4.4.9 gives p(z~!) = p(x)~L.
As H' is a subgroup, and ¢(x) € H', ¢(x)~! = p(x~!) € H' as well. Thus 27! € H. Therefore,
H = ¢ 1(H") < G is a subgroup. O

Remark 4.4.11. This is exactly the fact that we used in the proof of Theorem 4.3.14, the ideal
H is just the inverse image of the subgroup H < Z/nZ under the group homomorphism
7 — Z/nZ, ks k.

Definition 4.4.12. Let ¢ : G — G’ be a group homomorphism, and let ¢/ € G’ be the identity.
The kernel of ¢ is

kerg = ({¢}) ={9€ G | pl(g) =€}
Proposition 4.4.13. Let ¢ : G — G’ be a group homomorphism. Then ker p < G is a subgroup.

Proof. This follows immediately from Theorem 4.4.10, as ker ¢ is the inverse image of the trivial
subgroup of G’. O

Example 4.4.14. Let G be a group, and g € G. Let ¢ : Z — G,n — ¢g". Then ker ¢ is either {0}
if g has infinite order or dZ where d = ord(g) if g has finite order.

Example 4.4.15. The map Z — Z/nZ, k +— k has kernel nZ.

Theorem 4.4.16. Let ¢ : G — G’ be a group homomorphism, and let e € G be the identity
element. Then ¢ is injective if and only if ker ¢ = {e}.

Proof. Let ¢’ € G’ be the identity element. If ¢ is injective, then clearly ker p = ¢~ 1(e/) = {e}.
Conversely, suppose that ker ¢ = {e}, and suppose g, h € G with ¢(g) = ¢(h). Then
¢ = p(9)p(h) ™! = p(g)p(h™) = p(gh™").
Hence gh™! = e, and consequently g = h, thus ¢ is injective. O

Example 4.4.17. Let H < G be a subgroup. The inclusion 1y — G is an injective group
homomorphism.

Notation 4.4.18. When a group homomorphism ¢ : G — G’ is injective, we may emphasize this
by writing

0:G—= G
and calling ¢ an inclusion or an embedding.
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Definition 4.4.19. Let ¢ : G — G’ be a group homomorphism. The image of ¢ is
imp :=p(G)={¢d € G | ¢ =¢(g) for some g € G}.
Example 4.4.20. Let ¢ : Z — Z/nZ, k + k. Then the image of dZ under ¢ is
{0} ifn|d
w(dZ) = § dZ/nZ ifd|n
Z/nZ if ged(d,n) = 1.

Theorem 4.4.21. Let o : G — G’ be a group homomorphism. Then imp < G’ is a subgroup.
Proof. Since p(e) = €', ¢’ € imyp. Let x = p(g),y = p(h) € imp. Then

zy = p(g)p(h) = ¢(gh) € imp.
Lastly, let = ©(g) € imp. Then as g~! € G,

e(g) " =w(g™") € imy,
as desired. ]

Corollary 4.4.22. Let ¢ : G — G’ be a group homomorphism, and let H < G be a subgroup. Then
e(H) < G is a subgroup.

Proof. By definition ¢o(H) = pory(H) = im(pocy). Thus, as ¢ and ¢y are group homomorphism,
so is p o iy, thus ¢(H) = im(p o ty) < G’ is a subgroup, by Theorem 4.4.21. O

.................................... End of class 10 (2/4) ...

Definition 4.4.23. Let ¢ : G — G’ be a group homomorphism. We say that ¢ is an isomorphism
if there exists a group homomorphism v : G' — G such that

poy =idg and ¥ o p =idg.
When there exists an isomorphism G — G', we write G = G’ and say “G is isomorphic to G’ (as
groups)”. We will also write
GG or GG
to symbolize an isomorphism.

Theorem 4.4.24. Let ¢ : G — G’ be a group homomorphism. Then y is an isomorphism if and
only if ¢ is bijective.

Proof. Suppose that ¢ is an isomorphism. By definition, there exists a group homomorphism
1 : G’ — G such that
(pOI/}:ide andz/;ogo:id(;.
From Proposition 1.2.18, ¢ is bijective.
Conversely, suppose that ¢ is bijective. Then there exists an inverse map ¢! : G/ — G (by
Theorem 1.2.19). It remains to prove that ¢! is a group homomorphism. Let ¢, h’ € G’. Since ¢
is surjective, there are some g, h € G such that ¢’ = p(g) and h'p(h). Then

©(gh) = ¢(g)p(h) = g'R.
Hence, by definition,
—1/ 130\ TS Y A
e (ghW)=gh=v (¢ (M),

l'is a group homomorphism. O

whence ¢~

Corollary 4.4.25. Let ¢ : G — G’ be a group homomorphism.
(i) If ker o is trivial, then @ is an isomorphism of G with its image ¢ : G = im¢p.
(ii) If p : G — G’ is surjective and ker ¢ is trivial, then ¢ is an isomorphism.
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Proof. Both follow immediately from Theorem 4.4.24. O

Remark 4.4.26. One should think of isomorphic groups are “basically the same”. That is, if
G = G’ are isomorphic groups, then roughly speaking, any property of G that can be defined
entirely in terms of the group properties is shared by G’. For example, being abelian, being cyclic,
and many others.

Theorem 4.4.27. Let G be a cyclic group. If G is infinite, then G = Z. If G is finite and n = |G|,
then G = Z/nlZ.

Proof. Let G be a cyclic group, generated by a € G.

Suppose first that G is infinite. We have shown in Proposition 4.2.5 that for a cyclic group G
with generator a, the map ¢ : Z — G, n — a” is surjective, and it is injective if and only if G is
infinite. Since
) =a™"™ = a"a™ = p(n)p(m),
© is a group homomorohism. Thus, as G is infinite, then ¢ is an isomorphism Z =2 G.

Now suppose that G is finite, and |G| = n. Then G = {e = a",a,...,a" '}, and we can define

a map

e(n+m

©:Z/n7 — G, ks d”.
We first check that ¢ is well-defined, i.e. does not depend on the choice of k& mod n. Indeed, since
a" =e, if k=K mod n then k = k' + zn for some z € Z and

(k) = d* = "t = ¥ ¢" = dFe = d¥ = ().
Thus ¢ is well-defined. Since
o(k+k)=¢(k+k)= aFt = gkdF = (k) ¢ (K,

¢ is a group homomorphism. Clearly ¢ is surjective. Since G and Z/nZ both have n elements, ¢
must also be injective. Thus ¢ : Z/nZ — G is an isomorphism. O

Thus we are justified in calling Z/nZ the finite cyclic group of order n.

Exercise 4.4.28. Prove the following proposition.

Proposition 4.4.29. Let ¢ : G — H be a group homomorphism.
(1) If G is abelian, then the subgroup imp < H is abelian.
(2) If G is abelian and ¢ : G — H is an isomorphism, then H is abelian.

Remark 4.4.30. We'll see some ways to construct isomorphisms between groups, but it is generally
quite difficult in a vacuum, you really need to know something about the structure of the groups
to construct an isomorphism.

Conversely, it is usually much easier to show that two groups are not isomorphic. To show that
two groups are not isomorphic, it suffices to find some property of groups that is preserved under
isomorphism, e.g. being abelian, and show that one of the groups under consideration has this
property and the other does not.

Proposition 4.4.31. Let ¢ : G — G’ be a group isomorphism. Then for all g € G,
ord(g) = ord(¢(g)).

Proof. First, we assume that ¢ has infinite order. We want to show that ¢(g) also has infinite
order. Assume towards a contradiction that ord(¢(g)) is finite. Thus, there is some n € Z~ such
that p(g)™ =€’. As ¢ is a a group homomorphism,

ple) =€ =p(g)" = (g").
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As @ is an isomorphism, it is in particular injective, thus g = e, hence g has finite order, which is
a contradiction. Thus if g has infinite order, ¢(g) has infinite order as well.
Now suppose that ord(g) = n is finite. Then
e =p(e) = p(g") = ¢(9)",
and so by Corollary 4.2.11, ord(¢(g)) | n. If d = ord(¢(g)) < n, then

ple) =€ = o(9)" = p(g")

and as ¢ is injective, g¢ = e, which is a contradiction as d < n = ord(g). Therefore

ord((g)) = ord(g). O

This is useful for showing that some groups are not isomorphic.
Proposition 4.4.32. The groups Z/AZ and Z/27 x Z./27 are not isomorphic.
Proof. We first make some observations. If (a,b) € Z/27Z x Z/2Z, then

(a,b) + (a,b) = (a+a,b+b) = (2a,2b) = (0,0) = e.

Thus every element of Z/27 x Z/27 has order 1 or 2. However, the element 1 € Z/47Z has order 4.

Thus, suppose for contradiction that ¢ : Z/47Z — 7Z/27 x 7/27 is an isomorphism. Then
©(1) € Z/2Z x 7./27Z, and thus has order 1 or 2, contradicting Proposition 4.4.31. Therefore there
is no such isomorphism. ]

Example 4.4.33. The groups Z/27 x Z/37Z and Z/6Z are isomorphic. Indeed, we can construct
an isomorphism by hand. Define

0 :ZLJ6Z — Z)2Z x Z/3Z, @+~ (& mod2, a mod 3).

We first need to check that this is well-defined! But this is clear, since if @ = ¢/ mod 6, then
6| (a—a'), hence 2 | (a—a') and 3 | (a — d’), and so a = a’ mod 2 and a = a’ mod 3. Then we
check that

p(@+b) = p(a+b)
=(a+b mod2, a+b mod3)
=(a mod2 + b mod2, a mod3 + b mod 3)
=(a mod2, a mod3) + (b mod2, b mod3)

= (@) + ¢(b).

Thus ¢ is a group homomorphism. Now suppose that ¢(a@) = (0,0) = e. Then a =0 mod 2 and
a =0 mod 3. Since ged(2,3) = 1, the Chinese Remainder Theorem (Theorem 3.1.19) shows that
a=0 mod6, i.e. @ =0 € Z/6Z. Thus ¢ is injective. Since both Z/6Z and Z/27 x 7/37 have
order 6 (have 6 elements), ¢ must also be surjective. Hence

7.)67. % 7./27. x 7./31.

This is an example of a much more general fact. To make the proof easier, we’ll set up some
notation.

Definition 4.4.34. Let X and Y7,...,Y,, be sets. A map
f:X=>Yix---Y,
into the product is given by n maps f; : X — Y; such that

f(@) = (fi(z), f2(2), ..., fu(z)) for all z € X.
The maps f; : X — Y; are called the coordinate maps of f.
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Proposition 4.4.35. Let G and H be groups, and suppose that
H=H{x---x H,

is a direct product of groups H;. Let ¢ : G — H, and let ¢; : G — H; be the i-th coordinate map.
Then @ is a group homomorphism if and only if p; are all group homomorphisms.

Proof. The proof follows directly from the fact that the group structure on the product is defined
componentwise. ]

Theorem 4.4.36 (Chinese Remainder Theorem).
Z)ninoZ = L) 7 x Z/noZ if and only if ged(ni,ne) = 1.

Proof. If ged(ny,n2) = 1, then for (@,b) € Z/n17Z x Z/noZ, the classical Chinese Remainder Theo-
rem (Theorem 3.1.19) shows that we can find z € Z such that

r=a mod ny,

z=0b mod no.
And moreover, the choice of x is unique modulo niny. Let

01 : Z/ninoZ — 7/ Z and g : Z/ninoZ — ZL/noZ

be the group homomorphisms reducing modulo n; (checking that ¢; and @9 are well-defined and
group homomorphisms is the same as in Example 4.4.33). Then we obtain a group homomorphism

@ Z/nnoZ — L/ Z X Z/noZ, n— (p1(n), p2(n)) = (m,7).

The classical Chinese Remainder Theorem (Theorem 3.1.19) shows that ¢ is bijective.

Conversely, suppose that Z/nineZ = Z/n1Z x Z/nsZ. Now, Z/nineZ has an element of order
ning (namely 1), thus by Proposition 4.4.31, there is an element (a,b) € Z/n1Z x Z/nsZ of order
ninz. Note that for some z € Z, if ny | x and ngy | x, then

z(a,b) = (xza, xzb) = (0,0).

Towards a contradiction, suppose that ged(ni,n2) = d > 1. By Lemma 3.1.21, the least common
multiple of n; and ng is ™72 < nyng. Hence every element of Z/n1Z x Z/n2Z has order at most
7L < nyng, which is a contradiction. O

More generally, let’s see when a group is isomorphic to a direct product.
We’ve seen that if Hy, Hy < G are subgroups, then H1 N Hy < G is a subgroup. Can we somehow
multiply subgroups?
Definition 4.4.37. Let G be a group and let X,Y < G be subsets. Define the subset
XY ={zyeG | zeX, yecY}CG.

We call XY C G the product of the subsets X and Y. It is easy to check that if XY, Z C G are
subsets, then (XY)Z = X(YZ).

Exercise 4.4.38. Let H < (G be a subgroup, and let X C H be a non-empty subset. Show
that XH = H.

Remark 4.4.39. In general, H; Hs is not a subgroup. We’ll see when it is a subgroup shortly.

.................................... End of Class 11 (2/6) ...oovviiiiiiii i

Theorem 4.4.40. Let G be a group. Then G =2 G X Gy if and only if then there are subgroups
G122 Hi <G and Gy =2 Hy < G such that
e HHNHy; = {6},
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[ ] G:Hlﬂg, and
° fO’I” all hy € Hy and hy € HQ, hiho = hohq.

Proof. Suppose that ¢ : G x Go — G is an isomorphism. We have the coordinate inclusion group

homomorphisms
11:G1 — G x G2, g1+ (g1,¢€2)

21 Go = G1 X G2, g2+ (e1,92).

Define Hy = im(p o ¢1) and Ha = im(p o t2), which are both subgroups by Theorem 4.4.21.
Moreover, since (1, t2, and ¢ are all injective, ¢ o ¢t; and ¢ o 19 are isomorphisms of G; with H; by
Corollary 4.4.25, thus H; = G and Hy & Gs.

Suppose g € Hy N Hy, then g = ¢((g1,e2)) = ¢((e1,92)). As @ is injective,

(91, €2) = (e1, 92),

so g1 = e1 and g2 = e2, so g = ((e1,e2)) = e. Thus Hy N Hy = {e}.

Let g € G. Then g = ¢(g1, g2) for some g; € G;. Since

©((91,92)) = (g1, e2)(e1, 92)) = p((g1, €2))p((€1, 92)) = p(t1(g1)) p(e2(g2)),
—_———— ——
€H, E€Ho
we have G = HyH», as desired.
Finally, since let h1 = ¢((g1,e2)) € H1 and ha = ¢((e1,92)) € Ha. Then
hiha = ¢((g1,e2))e((e1,92))
©((g1,e2)(e1, 92))

)
)
©((g1,92))
)
)

~ I~ o~

¢((e1,92)(g1,e2))

¢((e1,92))p((g1,€2))
= hohy,

as desired.
Conversely, suppose that Hy, Hy < G are subgroups such that HyHy = G, Hy N Hy = {e}, and
for all h1 € H1 and h2 S HQ, hlhg = h2h1 Define a map @ : H1 X H2 — G, (hl, hg) — hlhg. Since

©((h1, ha)(hy, By)) = @((h1h}, hahly)) = hy hihg by = hi hahl By = o((hy, ha))p((hY, By)),
\V./ ~——

thus ¢ is a group homomorphism.

Since H1Hy = G,  is surjective.

Suppose (hi, ha) € kerp. Then hihe = e, hence hy = ehQ_1 € Hy and hy = hl_le € Hy. Thus
hi,ho € Hy N Hy = {e}, and so hy = hy = e. Thus ¢ is injective.

Hence ¢ : H] x Hy — G is a bijective group homomorphism, and hence H; x Hy = G. (Il

RH: The following examples will be skipped in class, but are quite useful and important exam-
ples. I encourage you to look them over when preparing for the midterm.
Let’s see some more examples of group homomorphisms.

Definition 4.4.41. Let G be a group, an automorphism of G is a group isomorphism ¢ : G — G.
We denote by Aut(G) the set of automorphisms of G.

Exercise 4.4.42. Prove the following proposition.

Proposition 4.4.43. Let G be a group, then Aut(G) is a subgroup of Perm(QG), the group of
bijections of the set G, where the group law is composition of maps.
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Definition 4.4.44. Let G be a group. For g € G, let
Ly:G— G, h— gh.
We call L, left translation by g.

Exercise 4.4.45. Prove the following proposition.
Proposition 4.4.46. The map

L:G — Perm(G), g— Ly
s an injective group homomorphism.

That is, show that Ly, = Ly o Ly, and that the map L is injective.
In addition, find an example of a group G and some g € G such that L, is not a group
homomorphism. Hint: consider Ss.

Definition 4.4.47. Let G be a group. For g € G, let
¢g:G— G, hs ghg™'.
We call ¢, conjugation by g.

Exercise 4.4.48. Prove the following proposition.
Proposition 4.4.49. The map
¢:G— Aut(G), g4

18 an injective group homomorphism.

That is, show that ¢y, = ¢4 0 ¢, and that the map ¢ is injective.

Exercise 4.4.50. Prove the following proposition.

Proposition 4.4.51. Let G be a group. Then G is abelian if and only if the map

p:G—G, gr—>g_1

18 a group homomorphism.

Exercise 4.4.52. Prove the following proposition.

Proposition 4.4.53. Let G be a cyclic group, and ¢ : G — H be a group homomorphism.
Show that imep is cyclic.

4.5. Cosets. We'll see how a subgroup can be used to “break up” a group into smaller pieces.

Definition 4.5.1. Let G be a group, and H < G be a subgroup. A left coset of H in G with
representative g € GG is a subset of the form

gH ={gh:he H} CG.
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A right coset is defined similarly as
Hg={hg:he H} CG.
An element of gH is called a coset representative of the coset gH.

Example 4.5.2. Let G = Z and H = 3Z, the subgroup of integers divisible by 3. Then the cosets
of 37Z are given by

0+ 3Z
1+3Z
2+ 3Z.

Remark 4.5.3. Note that there is ambiguity in how we represent a coset, as two elements g1, g2 € G
can represent the same coset. For example,

14+3Z=4+3Z=7+3Z=..=3n+1)+3%Z

The representatives for each coset of 3Z have the same remainders (mod 3).
When dealing with cosets, you should take care to check whether the things you want to say
depends on the coset representative!

Proposition 4.5.4. Let H < G be a subgroup, and g1, g2 € G. the following are equivalent
(1) ng = gQH;

Proof. We will show that (1) < (2) = (3) = 4) = (5) = (1).
(1) = (2): Assume that g1H = goH, and let g € Hgl_l, S0 g = hgl_1 for some h € H. Then
g l=ght€gH=goH, so g~ = gok for some k € H, and so

g=(g ") =(gk) " =k'g,' € Hgy "

Thus Hgy lcH 9y ! The other containment is similar.

(2) = (1): Assume that Hgl_l = Hggl, and let g € g1H. Then g = g1h for some h € H. Then
gt = fflgl_1 € Hgl_1 = Hg2_1, sog ! = k:gQ_1 for some k € H. And as before g = gok™' € goH.
Thus g1 H C goH. The other containment is similar.

(2) = (3): We have shown that (2) = (1), and clearly (1) = (3).

(3) = (4): Assume that g;H C goH. In particular, this means that g1 = gie € g1H C g2 H.
Thus there is some h € H such that g; = goh, and multiplying by A~! on the right gives goh ™' =
g1 € g1H.

(4) = (5): By assumption, go = g1h for some h € H. Multiplying by g;* on left yields
gflggzgflglh:eh:hEH.

(5) = (1): Assume that g, 'go € H. Then

g1H = g1(g97 ' g2H)

The following is a very useful consequence.

Proposition 4.5.5. Let aH and bH be two cosets of H in G. Then either aH = bH or aHNbH = ().
Thus the left cosets of H partition G. The associated relation is g1 ~ g2 if and only if gl_lgg €H.
The same is true for right cosets, the associated relation is g1 ~ g9 if and only if glggl € H.
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Proof. We will do the proof for left cosets only, the proof for right cosets being similar.

We want to show that for two left cosets aH,bH, either aH NbH = (0, or aH = bH.

We will show that if aH NbH # (), then they are equal. Suppose g € aH NbH. By the definition
of cosets, we have g = ah = bh/ for some h,h’ € H. Hence ah = bh’ and so a = bh’h~'. But since
h'h=' € H, we have aH = b(W'h~')H = b(W'h~'H) = bH, as desired.

The associated equivalence relation is given by g1 ~ g2 if and only if there is some a € G such
that g1, g2 € aH. By Proposition 4.5.4, this is equivalent to g1H = aH = goH. ]

Definition 4.5.6. For a group G and a subgroup H < G, the set of left cosets is denoted G /g and

the set of right cosets is denoted by ff \G. A subset {g;} C G is aset of (left) coset representatives
if the cosets {g;H } are all distinct and G =| |, ¢;H.

Example 4.5.7. The cosets of 37Z partition Z, namely
7Z=0+3ZU1+43ZU2+ 3Z,
which is just the grouping of integers by their remainders after division by 3.

Proposition 4.5.8. Let G be a group, and H < G a subgroup. There is a bijection between G/H
and g \G .
Proof. We define a map
inv:G /g —>H\G, gH — Hg™ L.
We must first check that inv is well-defined, that it does not depend on the coset representative!
Thus assume that g1 H = goH. By Proposition 4.5.4, we have

inv(g1H) = Hgy " = Hgy " = inv(go H),

thus inv is well-defined.
Surjectivity is straightforward, let Hg € g \G, then

inv(g"'H) = Hy.

For injectivity, suppose that inv(g1H) = inv(goH), i.e., Hgf1 = Hg;l. By Proposition 4.5.4,
g1H = goH, and so inv is injective. (]
Example 4.5.9. For example, since the cosets of 3Z € 7Z are

{0+3Z, 1+3Z, 2+ 3Z},
we see that the set of left cosets of 3Z € Z is
Z7)37 = {0+ 3Z, 1+ 3Z, 2+ 37Z}.

This might get a little confusing, because we’ve already used the notation Z/3Z to be the cyclic
group of order 3, namely
737 = {0,1,2}.
We'll see soon why these are really the same, when we talk about quotient groups. In particular,
you could imagine adding the cosets of 3Z much like you add the elements 0, 1, 2, and make the set
of left cosets into a group! This works because Z is abelian, in general the set of left cosets might

not always form a group. But we’ll see soon when it does!

Definition 4.5.10. The cardinality of G /7 is the number of (left) cosets of H in G, denoted by
(G : H), called the index of H in G. The index of the trivial group (G : 1) is the order of G.

Thus we see that (Z : 3Z) = 3, even though both Z and 3Z are infinite.

Proposition 4.5.11. Let G be a group, and H a subgroup. For all g € G, there is a bijection
between the cosets eH = H and gH.

Proof. We define L, : H — gH, h+ gh, and note that L, has inverse Lj-1. O
.................................... End of Class 12 (2/9) ...ooiuiiiii e
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4.5.1. Lagrange’s Theorem. We are now ready to prove Lagrange’s Theorem.

Theorem 4.5.12 (Lagrange’s theorem). Let G be a finite group and H a subgroup. Then
Gl = (G H)|H].

In particular, the order of the subgroup H divides the order of G.

Proof. All cosets of H have cardinality |H|, as all cosets are bijective (Proposition 4.5.11). Thus,
as the cosets of H partition G, and there are (G : H) cosets, we obtain

|G| = (G : H)|H]|. O
We can also prove a more general form of Lagrange’s theorem.

Theorem 4.5.13 (General Lagrange’s Theorem). Let G be a group, let H < G be a subgroup of
G, and let K < H be a subgroup of H. Let {z;} be a set of (left) coset representatives for K in H
and let {y;} be a set of (left) coset representative for H in G, then {y;x;} is a set of (left) coset
representatives for K in G. In particular,

(G:K)=(G:H)-(H:K).
Proof. As cosets partition a group into disjoint pieces, we have

H=| |zK,

and

Hence we have ’
G= |_|yj (|_|371K> = ijxiK,
J { Jst

and we want to show that this last union is also disjoint, and so {y;z;} will be a set of (left) coset
representatives for K in G.

Suppose that

Yz K = ynam K,

we want to show that y; = y, and x; = x,,. By multiplying by H on the right (noting that since
x; K C H) we have
and thus y; = yp, as they represent the same coset and {y;} was assumed to be a list of distinct
coset representatives.

We now have

Yjvi K = yprm K = yjzm K,
and multiplying on the left by y;l, we have
o, K =2, K,

and thus z; = z,,,, as desired.

The equation now follows from the fact that (G : K) is the number of (left) cosets of K in G,
which is the number of (left) coset representatives. That is,

(G : K) = #{yjzit = (#{y;}) - GHai}) = (G H) - (H : K). O
Remark 4.5.14. We note that the formula
(G:K)=(G:H)-(H:K)

of the General Lagrange’s Theorem works for infinite and finite quantities. Namely, if two of the
indices are finite, then so is the third, and the formula holds.
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Remark 4.5.15. The usual Lagrange’s Theorem is obtained from the General Lagrange’s Theorem
by taking K = {e}.

Corollary 4.5.16. Let G be a finite group. The order of any element of G divides the order of G.

Proof. Let g € G, and consider the subgroup (¢) < G. Then |{(g)| = ord(g), and Lagrange’s
Theorem gives
G| = (G : (g)) ord(g)- O

Exercise 4.5.17. Prove the following proposition.

Proposition 4.5.18. Let G be a finite group and g € G. Then ¢/¢! = e.

As a result, we can identify some groups.

Theorem 4.5.19. Let p be a prime number, and G a finite group of order p. Then G is cyclic.
Hence G isomorphic to Z/pZ.

Proof. We show that G is cyclic, the remaining statement follows from Theorem 4.4.27.
Suppose G is a group of order p. Since p > 2, there is some ¢ # g € G. Consider the subgroup
(9) < G. Since g # e, {1,9} C (g), thus |(g)| > 2. By Lagrange’s Theorem,

p =Gl =(G:{9) g
Since p is prime, and |(g)| > 2, we have (G : (g)) =1, and so G = (g). O

RH: we’ll skip the example of |S,,| = n! now, but we’ll prove it either on (2/13) or when we
talk about S,, in more detail. We’re skipping it now just for time (so you see all the concepts on
Homework 3 as early as possible).

We can also find the order of some groups.

Recall that the symmetric group, S, is

Sn = {bijections {1,...,n} = {1,...,n}},
and element of 5, are called permutations.
Theorem 4.5.20. Let S,, be the symmetric group. Then |S,|=n!=n(n—-1)---2-1.

Proof. We proceed by induction. Clearly |S1| = |[{id}| = 1.

Let H be the subset of S,, such that o(n) = n. Then H is a subgroup, since all permutations in
H preserve n, and so do all of their inverses. We may view H as the subgroup S,,_1.

We wish to describe the cosets of H. For each integer ¢ with 1 < i < n, let i, € S, be the
permutation swapping i <» n and leaving all other elements of {1,...,n} fixed. Note that 7,, = id.

We claim that the cosets

nH,...,TnH

are distinct, and are all the cosets of H in S,.

To see this, let o € S,,, and suppose that o(n) = i. Then

7 lo(n) =77 (n) =n,

and thus Ti_IO' € H, so 0 € 7;,H. Thus every element of G lies in some coset 7;H, and so

T H,...,7mH are all of the cosets of H. To see that these are all distinct, we note that if ¢ #£ j,
then for any o € H,

Tio(n) = 1;(n) = 1,
and

Tjo(n) = 7j(n) = J.
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Hence every element of 7, sends n to 7 and every element of 7;H sends n to j. Thus if ¢ # j, then
7;H and 7;H cannot have any element in common.
Thus, as H = S,_1, from Lagrange’s Theorem,

[Sn| = (Sn : H)[H| =n-|Sp-1],
and by induction we have
|Spl=n-(n—1)=n(n-1)---1. O
Cosets also have a nice relationship with homomorphisms.

Theorem 4.5.21. Let p : G — G’ be a group homomorphism. Let H = ker ¢ and let

a =y(a) €imp <G
Then

¢ Hd)={9eC | plg)=d}=aH.
Similarly, ¢~ '(a') = Ha.
Proof. Let g € aH, so g = ah for some h € H = ker . Then
©(9) = plah) = p(a)p(h) = p(a)e’ = (a),
whence g € p~1(d').
Conversely, suppose that g € G and ¢(g) = @’. Then

pla™g) = p(a) p(g) = () 'd =¢.

Thus a~'g € ker o = H, and so a~'g = h for some h € H, whence g € aH.
Similarly, for g € Ha, g = ha and so

p(ha) = p(h)p(a) = €'a’ = d,
so g € ¢ 1(a’). And conversely, of g € ¢~ 1(a’), then p(ga~!) = €, so ga=! € H, and thus
g € Ha. ]

As a corollary, kernels of group homomorphisms are very important. They have very nice cosets.

Theorem 4.5.22. Let ¢ : G — G’ be a group homomorphism, and let H = ker ¢. Then for every
ge G, gH=Hg.

Proof. Let g € G, and let ¢’ = ¢(g). Then gH = p~(¢') = Hg. O
4.6. Normal Subgroups.

Definition 4.6.1. Let G be a group, and H < GG a subgroup. we say that H is normal if for all
g€@G,

gH = Hg.
We write H <G or H <1 G if we want to emphasize that H is a normal subgroup of G.

Remark 4.6.2. Note that H being a normal subgroup is NOT the same as saying that ghg™' = h
for all h € H when G is not abelian!

Exercise 4.6.3. Prove the following proposition.

Proposition 4.6.4. Let G be a group and H < G a subgroup. Then the following are equivalent
(1) H <G is normal,
(2) forallge G, g"'Hg C H,
(3) forallge G, g~ Hg = H.
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Proposition 4.6.5. Let G be an abelian group, then every subgroup is normal.

Proof. Let H < G be a subgroup. Then for any ¢ € G and any h € H, gh = hg, so ghg™! = h,
hence gHg™' = H. O

Exercise 4.6.6. Show that S3 has a unique normal proper non-trivial subgroup. That is,
there is only one subgroup As <1 S35 (and Az # {e}, S3). Hint: Writing the elements of S5 as
matrices (as in Example 4.1.3(5)) or as lists of numbers (as in Example 4.1.10) will make it
much easier to do computations.

4.6.1. Quotient Groups. Normal subgroups are very special, because when H < G is normal, we
can make the set of cosets G /H into a group.

Theorem 4.6.7. Let G be a group and let H < G be a normal subgroup. Then for two cosets
aH,bH € G /f7, (aH)(bH) = abH, the binary operation

G/gxG/g—G/g, (aH,bH) v abH

is well-defined and defines a group structure on G/H, with identity H.
Moreover, the map

7:G—-G/g, g—gH

s a surjective group homomorphism with kernel kerm = H.

Proof. Since H < G is normal, we have
(aH)(bH) = a(Hb)H = abHH = abH.
We must make sure that this is a well-defined operation that does not depend on the choice of coset
representative. So suppose that a1 H = agH and by H = by H, then
alblH = alH b1
= CLQHbl
= agblH
= agbo H.
Thus the binary operation is well-defined.
We now show that G /H is a group. Clearly multiplication of cosets is associative, and for
any g € G, gHeH = gHH = gH, thus the coset H is an identity. Finally, a straightforward

computation shows that (¢H)™ ! = g~ 1 H.
The fact that the map 7 : G — G /H is a group homomorphism is just

m(9192) = g192H = q192HH = g1 Hgo H = m(g1)7(g2),
and 7 is clearly surjective.
Lastly, we show that H = kerw. Let h € H, then w(h) = hH = H, which is the identity of
G/H, thus H C kerw. Conversely, if g € G such that gH = H, then g = ge € gH = H, and thus
kerm C H. Therefore H = ker 7, as desired. O

Definition 4.6.8. For a normal subgroup H <G, we call the group homomorphism 7 : G — G/H
the quotient homomorphism, or the canonical homomorphism, and the group G/H the quotient
group of G by H. We also call G/H “G modulo H” or “G mod H”.

................................... End of Class 13 (2/11) ...t

Theorem 4.6.9. Let G be a group and H < G be a subgroup. Then H is normal if and only if H
1s the kernel of a group homomorphism.
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Proof. We’ve seen in Theorem 4.5.22 that the kernel of a group homomorphism is normal. Con-
versely, if H is normal, then Theorem 4.6.7 shows that H = ker 7w for the quotient homomorphism
7:G—-G/n. O

Example 4.6.10. Consider the subgroup nZ <Z. The quotient group is Z/nZ. Indeed, the cosets
of nZ are
{k+nZ | 0<k<n-—1},
and the group operation is given by
(k+nZ)+ (K +nZ) = (k+ k') + nZ,
which is exactly the group operation on Z/nZ.
Example 4.6.11. We've seen that det : GL,,(R) — R* is a group homomorphism. The kernel is
SL,(R) = kerdet = {M € GL,(R) | det(M) =1}.
Thus SL,(R) < GL,(R) is a normal subgroup. The cosets of SL,,(R) are just ¢SLy,(R) for ¢ € R*,

thus the quotient
GL,(R) /SLn(R) ~ R*.

Example 4.6.12. You’ve seen that S3 has a unique non-trivial proper normal subgroup
As ={(1),(123),(132)} < Ss.
And thus 53 /A3 is a group of order ‘53 /Ag‘ = (S35 : A3) = % = g = 2. Hence
S3 /Ay 2 ZJ2L.

Exercise 4.6.13. Show that A3 = Z/37Z. However, show that S3 2 Z/37Z x Z/2Z. Conclude
that even if H < G is a normal subgroup, then G is not always isomorphic to H x G /H as
groups.

Remark 4.6.14. Observe that if ¢ : G — G’ is a group homomorphism, and H C ker ¢, then for
any g € G and any h € H,

p(gh) = p(g)p(h) = p(g)e’ = ¢(g).
Thus ¢ has the same value for all x € gH, which we could write as
e(gH) = ¢(g)-
In effect, when H is a subgroup, we could define a map G /7 — G’ by the formula gH — ¢(g),

and when H is normal this might even be a group homomorphism. This is no accident.

Theorem 4.6.15 (Maps from quotients, Universal Property of Quotient Groups). Let H <G be a
normal subgroup with quotient map 7 : G — G/H, and ¢ : G = K be a group homomorphism. If
H C ker g, then there is a unique group homomorphism @ : G /H — K such that pom = .

We symbolize this as saying that the diagram
G

Wlx
CIH 4~ K

commutes, i.e. pom = ¢ (following the arrows in either direction is the same). We say the
homomorphism @ is induced by .
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Proof of Theorem 4.6.15. We define @ : G/H — K by

P(gH) = ¢(g)-

We must check that this is well-defined. So suppose gH = ¢’H. Then g = ¢’h for some h € H, and
SO

P(gH) = ¢(g) = (g'h) = ¢(g') &@ = (g )ex =9(d) =(d'H),
€ker ¢

so @ is well-defined. Moreover, % is a group homomorphism as

@ ((aH)(bH)) = 7 (abH) = p(ab) = p(a)p(b) = P(aH) = B(bH).

Clearly, by definition @ o T = .
Now suppose that ¢ : G /H — K is another group homomorphism such that 1) o m = ¢. Then

P(gH) = P(n(9)) = »(9) = P(gH),
and so ¢ = p, thus P is unique. 0

Slogan. This can be remembered by the slogan “if a map collapses H, you can quotient by H”.
It is really more of a set-theoretic fact, though we won’t go into that generality here.

4.7. Isomorphism Theorems. A fundamental result in group theory is the following.

Theorem 4.7.1 (First Isomorphism Theorem). Let ¢ : G — G’ be a group homomorphism, and
let m: G — G/kergo be the quotient homomorphism. Then P : G/kercp — G’ gives a group
isomorphism

G/kergo = imyp.

Proof. Let H = ker p. By Theorem 4.6.15, there is a unique group homomorphism % : G /g — G
defined by ©(gH) = ¢(9H) = ¢(g).

We first show that @ is injective. RH: We want to show that for gH € kerp, gH = H, thus
every element of ker @ is the identity element of G/H, and so @ is injective. Indeed, suppose that
gH € kerp. Then

P(gH) = ¢(g) = ¢,
and so g € kerp = H, hence gH = H. Thus @ is injective.
Clearly im@ = im¢p, hence, still using the same name

¢1G/kerg0 — imyp
is a surjective group homomorphism.

Thus 3 : G / ker o — imyp is a bijective group homomorphism, hence an isomorphism. O

The First Isomorphism Theorem is a fundamental fact of groups. It is used repeatedly to
construct isomorphisms, as it is usually easier to construct some group homomorphism first, and
then mod out by the kernel to obtain an isomorphism.

Corollary 4.7.2. Let ¢ : G — G’ be a surjective group homomorphism. Then G' = G/ ker ¢.
Let’s see the First Isomorphism Theorem in action with some familiar examples.

Example 4.7.3. Let G be a cyclic group with generator a. Then, as we showed in Proposition 4.2.5,
there is a surjective group homomorphism ¢ : Z — G, n + a™. Thus G = Z/ ker ¢. Since ker ¢ < Z
is a subgroup, ker ¢ = nZ for some n which is the order of a, and so G = Z/nZ. If G is infinite,
then n =0 and G = Z = Z/0Z.
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Example 4.7.4 (Chinese Remainder Theorem). Let a,b € Z with ged(a,b) = 1. We have the
quotient group homomorphisms 7 : Z — Z/aZ and my : Z — Z/bZ. We can stitch these together
into a group homomorphism

0: 2L —7/aZ X LJVZ, k> (m1(k), (k).

Since ged(a,b) = 1, the classic Chinese Remainder Theorem (Theorem 3.1.19) shows that ¢ is

surjective. Moreover, we can check that ker ¢ = lem(a,b) = ﬁ%b) = ab, and so from the First

Isomorphism Theorem (Theorem 4.7.1), we obtain
Z)abZ = Z])aZ x 7] bZ.

Exercise 4.7.5. Prove the Chinese Remainder Theorem using the First Isomorphism Theorem.
That is, show that

Z)abZ = 7.]aZ x Z/VZ if and only if ged(a,b) = 1.

................................... End of Class 14 (2/13) ...coiuiiiiiiiiiii i

Example 4.7.6. We’ve seen that R* = GL,(R) / SL,(R)- We can now show this even more easily,
since det : GL,,(R) — R* is clearly surjective, with kernel (by definition) SL,,(R).

Example 4.7.7 (R/Z = S'). We can define a surjective group homomorphism

2mix

exp:R— S z—e

2min

and since e = 1if and only if n € Z, we see that kerexp = Z. Thus, quotienting by the kernel,
the First Isomorphism Theorem (Theorem 4.7.1) gives R/Z =2 S'.

Example 4.7.8 (C* /R, = S ). Using standard multiplication of complex numbers, we can define
a surjective group homomorphism

z
O
||
which is a group homomorphism as |z122| = |z1]|22]. The kernel is exactly those complex numbers
with z = |z|, which is exactly RZ). Thus C*/R%, = S'.

Example 4.7.9 (C*/S! =2 RZ)). Using standard multiplication of complex numbers, we can define
a surjective group homomorphism

C* = RZ,, 2+ 2],
which is a group homomorphism as |z129| = |z1||z2|. The kernel is exactly those complex numbers
with |z| = 1, which is exactly S*. Thus C*/S! = RX,,.

Example 4.7.10 (C* = S x RZ,). Using the two maps defined above, we define a group homo-
morphism

2 () 120),

C* — St x RX ,
]

>0°
with inverse given simply by

z z
St x RX, — CX, (= —
>0 ) (|Z|’ ’ZD |Z|

You can check that the inverse is a group homomorphism, and thus C* = S x ]Rio. Thus is in
i,

|z| = z.

fact the standard “polar decomposition” z = |z|e
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Exercise 4.7.11. Let f : G — G’ be a group homomorphism with H = ker f. Suppose that
G is a finite group.
(1) Show that |G| = |imf| - |H|
(2) Assume further that G’ is also a finite group, and assume ged (|G|, |G’|) = 1. Show that
imf = {€’}, where ¢’ € G’ is the identity element.

Exercise 4.7.12. Prove the following proposition.

Proposition 4.7.13. Let ¢ : G — G’ be a surjective group homomorphism, and let H <G be
a normal subgroup. Show that p(H) is a normal subgroup of G'.

Definition 4.7.15. Let G be a group, and define the subgroup
[G,G] = (ghg™'h™" | g,h€G)CG,
called the commutator subgroup, generated by commutators ghg~'h™'. Prove the following

proposition.

Proposition 4.7.16. Let G be a group, show that [G, G| is a normal subgroup of G, and that
G/|G, G| is abelian.

Exercise 4.7.17. Prove the following proposition

Proposition 4.7.18. Let G be a group and A an abelian group. If ¢ : G — A is a group
homomorphism, then [G, G| < ker ¢.

We now look at a consequence of the First Isomorphism Theorem, which is so ubiquitous that
it is called the Third Isomorphism Theorem. We’ll motivate it a little first.
If N 4@ is a normal subgroup, what are the subgroups of G/N?

Lemma 4.7.19. Let 7 : G — G’ be a group homomorphism. Then for any subgroup kerm < H < G,
we have Y (n(H)) = H.

Proof. The inclusion H C 7~ !(w(H)) is true in general for maps and subsets. Thus we only prove
the inclusion 71 (7 (H)) C H. Solet g € 7~ (w(H)), thus 7(g) € n(H), hence n(g) = 7(h) for some
h € H. This implies 7(gh~!) € ker 7. Since kerm < H, we have gh~! € H, and so g € Hh = H, as
desired. 0

Lemma 4.7.20. Let ¢ : G — G’ be a surjective group homomorphism, and H < G a subgroup with
ker p < H. Then H is normal in G if and only if p(H) is normal in G'.

Proof. It H < G, then ¢(H) < G’ is Proposition 4.7.13. Conversely, suppose that p(H) < G’ is
normal. Let h € H and g € G. Since ¢(H) is normal in G,

o(9) " p(h)p(g) = ©(g " hg) € p(H).

In other words, g~ thg € ¢~} (¢(H)) = H by Lemma 4.7.19. Therefore, for any g € G and h € H,
g 'hg € H, hence H < G is normal. O
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Theorem 4.7.21 (Subgroup Correspondence). Let G be a group, N <G a normal subgroup, and
m: G — G/N the quotient homomorphism. Then the map

7 : { subgroups H <G | N < H <G} — { subgroups H < G/N}, H+ w(H) = H/N

is a bijection. Moreover, it also restricts to a bijection between the subsets of normal subgroups
only.

Proof. If H < G is a subgroup, then 7(H) = H/N = w(H), which is the image of a subgroup under
a group homomorphism, which is a subgroup. Thus 7 does indeed map to subgroups of G/N.
We will find an inverse, namely, define a map

71 { subgroups H' < G/N} — { subgroups H <G | N < H <G}, H — n '(H).

We check that 7 and 7! are inverses, which amounts to checking that 7~ !(w(H)) = H for all
N < H <G, and n(r~Y(H")) = H' for all H' < G/N. The first follows from Lemma 4.7.19 and
the second from the fact that 7 is surjective.

Finally, that 7 is still a bijection when considering only normal subgroups follows from Lemma 4.7.20
applied to the surjective group homomorphism = : G — G/N. ]

Thus, what if we have two normal subgroups N < K < G, how do the groups G/N, G/K and
(K/N) compare? Well, we have K/N < G/N, so it is tempting to write something like

el G N (&
RE-RETT
and we’ll show that this is in fact correct!
Theorem 4.7.22 (Third Isomorphism Theorem). Let G be a group with normal subgroups
NJIKJG.
Then
G/N/K/N ~ G/K.
Proof. We will use the first isomorphism theorem. we have the quotient homomorphisms
m:G— G/N,
and
p:G/N — G/N/K/N,
and composing them we obtain a surjective group homomorphism
@:G%G/N/K/N.
It remains to show that K = ker ¢. Note that
ker p = ! (ker p)
=7 (K/N)
=7 (n(K))
= K( by Lemma 4.7.19),

and the result follows from the first isomorphism theorem. O

................................... End of Class 15 (2/16) .....oovviiiiiiiii .
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A second proof of the Third Isomorphism Theorem. Since K is a normal subgroup, we have the
quotient map 7 : G — G /K. From Theorem 4.6.15, as N C K, we have an induced map

7:G/N - G/K.
Since 7 is surjective, 7 is still surjective. We compute ker 7. By definition
kerm = {gN | m(gN)=m(9) =gK =K} ={gN | g€ K} = K/N,

thus by the first isomorphism theorem (Theorem 4.7.1) we have
G/KEG/N/kerﬁ:G/N/K/N- O

You may have noticed that we skipped an isomorphism theorem. Let’s motivate it now.

Lemma 4.7.23. Let G be a group, N I G a normal subgroup, and H < G a subgroup. Then

(1) HN ={hn | h€ H, n € N} is a subgroup of G, and
(2) HN N is a normal subgroup of H.

Proof. We check that HN is a subgroup. Since H and N are both subgroups, they both contain
e,and so e=cee € HN. Let hi,hs € H and ny,no € N. We have

hinihone = hy h2n3 no € HN
~—— ——
NH HN

for some ng € N as N is normal. Thus HN is closed under products. For inverses, we have
(hlnl)_l = nl_lhl_l = hl_ln4 €c HN

for some ngy € N as N is normal. Thus HN is a subgroup of G.

We have seen in Proposition 4.3.9 that the intersection of two subgroups is a subgroup, thus
H N N is a subgroup. It remains to show that H N N is normal in H. Thus let n € H N N and
h € H. Then h™'nh € N as N is normal in G. We also have h~'nh € H as H is a subgroup and
h,n € H. Thus for any h € H andn € HNN, h~'nh € HN N, therefore H NN < H is normal. [

Theorem 4.7.24 (Second Isomorphism Theorem). Let G be a group, N <G a normal subgroup,
and H < G a subgroup. Then

HN/N=H/gaN.
Proof. We will use the first isomorphism theorem. Define map
¢:H— G /N, h~ hN,

which is simply the restriction of the quotient map to H. The image of ¢ is simply the subgroup
HN /5 <G /n. To find the kernel of ¢, note that for any h € H,

hekerp <= hN =N
< heN
< he HNN,

and so ker o = H N N. Thus, by the first isomorphism theorem, we have
AN /N =imp=H /yerp =H /g N. O

These isomorphism theorems are used over and over when considering groups. However, we’ll
move on to investigate an important collection of groups that is long overdo.
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4.8. Permutation Groups. We'll investigate permutation groups, specifically the groups S,,.
Recall that if X is a set, then the set

{bijections X — X}

is a group under composition. We will be mostly concerned with the case when X = [n] =
{1,2,...,n}, in which case the group of bijections is denoted S,, and called the symmetric group
on n elements.

One reason why symmetric groups are so important is because of the following theorem.

Theorem 4.8.1 (Cayley’s Theorem). Let G be a finite group, then G is isomorphic to a subgroup
of Sn for some n.

Proof. Let n = |G|. We clearly have Perm(G) = S,,, by definition. We’ve seen in Proposition 4.4.46
that the map
L:G — Perm(G), g — L,

is an injective group homomorphism. The image of L is a subgroup (isomorphic to G by the first
isomorphism theorem) of Perm(G) = S,,. O

Let us understand the groups S,, more carefully.

We've seen in Theorem 4.5.20 that |S,| = n!, and in Proposition 4.1.12 that S,, is not abelian
for n > 3. Since permutation groups are so ubiquitous, it would be nice to have a way of writing
down their elements.

Notation 4.8.2. Let o € S,,, say
c:l—a
2+ ag

n+— anp,

we represent this in two-line notation as an array

[1 2 ... n]
a; as - nl|’
which symbolizes that i — a;.
................................... End of Class 16 (2/18) ...t
Example 4.8.3. The elements of S5 are:

Identity e = [1 9 3

Cr C2 (3 _ 3 1 2_) 3

b2 3] Transposition [1 2 3] Transposition [1

s 1 2 3 1 2 3 1 2 3
Transposition [1 3 2} 3-cycle [2 3 1] 3-cycle [3 1 2]
1) 2.3 1—>2—>3 1< 2<—3

~_ 7
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One thing to notice is that every picture breaks up into cycles.

4.8.1. Cycle decomposition.

Definition 4.8.4. A cycle C for a permutation o € .S, is a non-empty ordered collection of elements
ai,...,ax € [n] such that

o(ay) = ay

o(ag) = as

olag-1) = ay
olag) = a.

As a picture, this is

al as e ag

\/

Example 4.8.5. The permutation

1 2 3 45
2 4 5 1 3
has cycles —
1——=2—>4 and 3 5
~_ 7
Example 4.8.6. If o(z) = z, then Q

X

is a cycle for o.

Theorem 4.8.7 (Cycle Decomposition of sets). Let o € S,. The set [n] = {1,...,n} can be
partitioned uniquely into cycles for o.

Proof. We first show that every i € {1,...,n} is contained in some cycle. Consider the sequence
a; = i,a2 = o(i),a3 = o(ag)---. Since {1,...,n} is finite, the sequence must eventually repeat.
Let j be the first repeated element. We claim that j = <.

Suppose that j # ¢. Then j = ar = o(ag_1) = o(agsm) for some k,m, but ax_1 # agim.
However, this contradicts o being a bijection. Thus ¢ = j.

It follows that ¢, a9, as,...,ar_1 forms a cycle containing .

This in fact proves more, that ¢ is contained in a cycle, and that the cycle containing i is uniquely
determined by 4, as all other elements are obtained by applying ¢ to .

Therefore, if C' and C’ are two cycles for ¢ with C N C’ # (), then letting i € C N C’ be any
element, C' = C’ is the cycle containing i.

Thus the cycles for o partition [n]. O

Definition 4.8.8. Let C' C [n] be a cycle for some permutation o € S,,. We define
_)o(x) ifzeC
Uc(x){x ifegC

called a cyclic permutation which we can think of as “do ¢ on the cycle C, and nothing outside the
cycle C”. If the cycle C has k distinct element, we call o¢ a k-cycle.

Proposition 4.8.9. Let ¢ € S, be a k-cycle. Then oc has order k.
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Proof. Let C = {ai,as,...,a;} C [n] be the cycle. For i < k, we have o&(a1) = a;+1 # a1, thus
ord(o¢) > k. Moreover, we have o*(a;) = a; for all i. And for x ¢ {a1,...,ax}, o&(x) = x for all 4.
Thus for all z € [n], ok (x) = . Thus of, = id, whereby ord(c¢) < k. Therefore, ord(oc) = k. O

Proposition 4.8.10 (Cycle decomposition of permutations). Let o € S,,, and let
{1,...,n}=C1U---UCy
be the cycle decomposition induced by o. Then
0=0¢,0-00¢,.

Proof. The idea is to check that both sides do the same thing to any = € [n]. If x € C}, then o(x)
is the next element in the cycle containing x. And

O'CIO.'-OO'CZO.--OO'C]C(:L‘) :O’Cl o..'OO-CZ(x)
::UCH("'01271(UCE($)))
=0C; (z)
= next element in the cycle containing . O
Corollary 4.8.11. If C; and C; are two disjoint cycles in {1,...,n}, then
oc; 00¢; = 00; ©0¢;-
Proof. Again, they do the same thing for all x € [n]. O

Notation 4.8.12 (cycle notation). Let

ai as e ag
‘\\\\\\____,//////
be a cycle. We denote by
(a1a2---ak)
the permutation
ay fzx=a
as ifx=uas

T +—
ap ifr=ap_1

ar ifx=ag

Lz ifr¢{a,...,a}

Example 4.8.13. The permutation

ot W
—

w Ot
N———

has cycles

1——=2—>4 and 3 5
\_/ ~_ _“~

and is written in cycle notation as
(124)(35) = (35)(124).

Definition 4.8.14. A transposition is an element of S, of the form 7 = (ij) for some i # j € [n].
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Example 4.8.15. Let us see what happens when we pre-compose with a transposition.
Let 0 € S,, and (ij) € S, a transposition. What is o(ij)?
If x ¢ {i,7}, then (ij)(x) = z, so
o(ij)(z) = o(x).

And we can compute the remaining two values, namely
o(ij)(i) = o(j)
o(ij)(j) = o(i).
Thus
o(x) ifz¢{i,j}
o(ij)(z) =14 o(j) ifz=1
o) ifx=j

Exercise 4.8.16. Prove the following proposition.

Proposition 4.8.17. For (ay---ax) € Sy,

(araz -+~ ax) = (araz)(aza3) - - - (ag—2ak—1)(ag—1ax) = (a1ax)(a1ax-1) - - - (a1a3)(a1a2).

With this, we can show that every permutation can be written as a product of transpositions.
Proposition 4.8.18. Fvery permutation in S, can be written as a product of transpositions.

Proof. Let o € S,. From Proposition 4.8.10, we can write ¢ = 0, 0 --- 0 g as a product of cyclic

(%) (2)

permutations. From Proposition 4.8.17, each 0; = 7, - - - 7} is a product of transpositions, and so
1 1 k k
0‘:(7’1()7—7(”‘1)) ...... (Tl()TT(ka)) I:‘
N—— N———
o1 Ok

Remark 4.8.19. The expression of a permutation as a product of transpositions is highly non-
unique! In fact, we can make the expression arbitrarily long.

Nevertheless, there is an important quantity that is preserved when we express a permutation
as a product of transpositions.

We’ll need some set-up first.

................................... End of Class 17 (2/20) ...

Example 4.8.20. Let f(z1,...,2,) : R — R be a real function of n variables. For o € S,,, we
can define a new function of : R® — R by
(0’f)<1‘1, NN ,xn) = f(fljg(l),l'o.@), ey xa(n)).
Then for o, 7 € S,,, we have
(o7)f =o(7f).
Indeed, we compute
o(tf)(z1,...,2n) = Jf(xT(1)> cee 7xT(n))
= f(xa(T(l))a s 7$0'(’7'(n)))
= ((o7) ) (@1, ..., 2n).
You can easily verify that for f,g: R” — R, and for o € S,,, we have
o(f+g)=0f+og
o(fg) = (0 f)(og),
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and thus for any ¢ € R, we have
o(cf) = c(af).
Theorem 4.8.21. For each o € S,,, we can assign a sign, sgn(o) € {1,—1}, such that

(a) If T € Sy, is a transposition, then sgn(t) = —1
(b) If 0,0’ € S,, are permutations, then

sgn(oo’) = sgn(o)sgn(c’).
(¢) The map sgn : S, — {1,—1} is a group homomorphism.
Proof. Let A be the function

Az, ..., zp) = H (xj —x4).

1<i<j<n
It is clear that for o € S,
oA =+A,
as the permutation either flips each term of the product or not, and writing (z; — z;) = —(z; — ),

we can collect sign changes together. We define sgn(o) by

+1 ifocA=A
W)= 1 A= A

That is, cA = sgn(o)A.
Let 7 € S, be a transposition, say 7 = (rs) with » < s. Then

TA(Z1, ..., Tp) = H T(x; — ;)
1<i<j<n
and we compute that
T(zs — ) = (ﬂfr(s) - ﬂfr(r)) = (vp —z5) = —(T5 — T1).

If a factor (z; — x;) does not contain r or s, then the factor remains unchanged. All other factors
can be considered in pairs, one containing r and the other containing s as follows

(g — xs)(z)p — ) if k> s,
(vs — xp) () — ) ifr < k < s,
(xs — zp)(zr — ) if k<,
each remaining unchanged after applying 7. Hence
TA = —A,

and so sgn(7) = —1 for a transposition.
For the remaining statements, we simply compute

sgn(oo’)A = (00")A = o(0’A) = o(sgn(c’)A) = sgn(o’)o A = sgn(c’) sgn(o)A = sgn(o) sgn(o’)A,
and thus
sgn(oo’) = sgn(o) sgn(o’),
as desired. This is exactly what it means for sgn : S,, — {1, —1} to be a group homomorphism. [
Remark 4.8.22. In particular, if 0 € S, is a product of m transpositions
O =T " Tm,

then
sgn(o) = (—1)™.
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Definition 4.8.23. We call a permutation o € S,, even if sgn(c) = 1, and odd if sgn(o) = —1.
Equivalently, o is even (resp. odd) if o can be written as a product of an even (resp. odd) number
of permutations.

Exercise 4.8.24. Let ¢ € S,. If o is even, then every expression of o as a product of
transpositions has an even number of transpositions. If ¢ is odd, then every expression of o as
a product of transpositions has an odd number of transpositions.

Corollary 4.8.25. If 0 € S, then sgn(o) = sgn(o™1).
Proof. We have
1 = sgn(id) = sgn(oo 1) = sgn(o) sgn(o 1),
hence either sgn(c) and sgn(c~!) are both equal to 1, or both equal to —1, as desired. O

Definition 4.8.26. The kernel of the group homomorphism sgn : S,, — {1, —1} is call the alter-
nating group, denoted by A,. It consists of the even permutations.

Exercise 4.8.27. Write the following permutations in two-line notation or in cycle notation.
a): 1 2 3
12 31

-
o
_e =
w
N

! 1 é 3 4
|3 2 1 4]
(d): (1342)

(e): (145)(23)

Exercise 4.8.28. Determine the sign of the following permutations:

12 3
(2): [2 3 1}
(b): (132)

12 3 4
(c): [3 2 1 4]
(d): (1342)
(e): (145)(23)

Exercise 4.8.29. Let G be a finite group

(1) If |G| = 2k for some positive integer k, show that G has an element of order 2. Hint:
show that there exists g € G, g # e, such that g = g~ .

(2) Assume that k is odd. Let a € G have order 2, and let L, : G — G,g — ag be left
translation by a. Show that L, is an odd permutation.

(3) Still assuming that & is odd, show that G has a normal subgroup of order k. Hint: use

the previous parts.
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Exercise 4.8.30. Show that every permutation in S, can be written as a product of the
transposition (12) and the n-cycle (12---n).

Let’s see if we can find some nice ways to compute in S,,.
Proposition 4.8.31. Let 0,7 € S, and suppose that o has cycle decomposition
o= (a1a2 .. 'akl)(ble .. .bk2) R
Then Tot~! has cycle decomposition

(r(a1)7(az) -~ 7(ar,))(T(br)7(b2) - - - 7(bk,)) - -+

L is obtained from o by replacing each every i in the cycle decomposition by the entry

that s, ToT™
7(7).

Proof. We compute

So o sends a; to ag and 707! sends 7(a1) to 7(az). Continuing, we see that for every a; in the
cycle for a1, o sends a; to a;41, and ay, to aj, and 707! sends 7(a;) to 7(a;+1) and T(ag,) to
7(a1). Thus the cycle for o containing a; is the cycle for 7 containing 7(aq). Similarly for all other
cycles, as 7 is a bijection. O

Definition 4.8.32. Let GG be a group, and g € G. We call the set
Cl(g) == {hgh™' | he G}

the conjugacy class of g. It consists of all elements of G that are conjugate to g.

say that o has cycle type ni,ns, ..., n,.

Remark 4.8.34. If 0 € S, then the cycle type of o is a partition of n,ie., 1 <ny <no <--- < n,
with ny +no +---+n, =n.

Proposition 4.8.35. Two elements of S, are conjugate if and only if they have the same cycle
type. The number of conjugacy classes of Sy, equals the number of partitions of n.

Proof. By Proposition 4.8.31, conjugate permutations have the same cycle type. Conversely, sup-
pose that o1 and o9 have the same cycle type, and order the cycles in non-decreasing length,
including 1-cycles. So perhaps o7 is

(a1)(az2)(asas) - - - (an—2an—1an).

Ignoring parentheses, each cycle decomposition is a list in which all the integers 1,...,n appear
exactly once, for example the list for o; is

a1,a2,a3,...,0n.

Let 7 be the permutation sending the i** number on the list for oy to the i** number on the list
for o2. By Proposition 4.8.31, we have

o = 09,

and so o1 and o9 are conjugate.



MATH 4580 SPRING 2026 LECTURE NOTES 57

There is a bijection between conjugacy classes of S,, and permissible cycle types. Each cycle
type gives a partition of n, and each partition of n gives a cycle type by inserting parentheses into
the list

123 .- n,
and the second assertion follows. O

Remark 4.8.36. The study of the symmetric group is an interesting and exciting field of mathe-
matics, and is the central question in an area of math called “Algebraic Combinatorics”.

4.9. Dihedral Groups. We’ll take a closer look at special subgroups of S,, the dihedral groups
D,, which are the symmetries of a regular n-gon.

Definition 4.9.2. A regular n-gon is an n-sided polygon with all sides of equal length and all
angles between sides equal.

For example equilateral triangles, squares,... Note that for a regular n-gon to exist, we must
have n > 3.

Definition 4.9.3. Let V,, be the set of vertices of a regular n-gon X. A symmetry of X is a
bijection f : V,, — V,, such that if = and y are vertices connected by an edge, then f(z) and f(y)
are also connected by an edge.

Proposition 4.9.4. The set of symmetries of a reqular n-gon form a group under composition.

Proof. Let n € Z~g, n > 3, and X be a regular n-gon.

The identity map on vertices (the “do nothing bijection”) is clearly a symmetry of X.

Let f,g be symmetries of X, and let =,y be edges of X connected by an edge. Then g(x) and
g(y) are connected by an edge, hence f(g(z)) and f(g(y)) are connected by an edge. Thus, as fog
is a bijection, it is also a symmetry of X.

Finally, since f is a bijection, there is an inverse bijection f~'. It remains to show that if z and
y are vertices connected by an edge, then f~!(x) and f~!(y) are also connected by an edge. Let
v, w be the two distinct vertices connected by edges to f~!(x). Then f(v) and f(w) are connected
by an edge to f(f~!(x)) = 2. Thus f(v) =y or f(w) =y. Thus v = f~(y) or w = f~ 1y, i.e., that
f~1(y) is connected by an edge to f~'x. Thus f~! is also a symmetry of X. O

Definition 4.9.5. Let D, be the group of symmetries of a regular n-gon.
Can we describe the structure of D,,?
Lemma 4.9.6. The order of D,, is 2n.

Proof. Let v be any vertex of a regular n-gon X, and denote its adjacent vertices by wgr and wrg,
such that X looks locally like
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with wg on the right of v and wy, on the left. Any o € D, must send wg and wy, to the two
neighboring vertices of o(v), so there are two possibilities after applying o:

o(v) or o(v)

N N

o(wr) o(wr) o(wr) o(wr,)

Once o(v) is chosen, and the relative positions of o(wr) and o(wg) are known, o is completely
determined. Thus there are at most 2n elements in D,,.

Conversely, we can construct 2n elements of D,, by picking o(v) to be any vertex, and any
orientation for o(wg) and o(wr,). O

Let’s find some elements of D,,. There is a rotation r by 2% radians. And for a vertex v, we can
reflect around some line containing v, giving a reflection s.

Proposition 4.9.7. Let X be a regular n-gon, and r € D,, be rotation by 2* radians. Then r has

n
order n.

Proof. Labeling the vertices with 1,...,n, the rotation r is simply the cyclic permutation (1---n).
O

Theorem 4.9.8. The group D,, has the 2n elements

where T s rotation by %’T radians and s is a reflection around a fized verter.

Proof. We show that all of these elements are distinct. Since r has order n, we see that id, r, ..., r" !
are all distinct. For any vertex v, and of s, sr, ..., s~ ! changes the order of the vertices neighboring
v, thus the elements s, s, ..., sr™ "1 are distinct from id, 7, ..., "L, Finally, suppose that sr’ = srJ
for some 1 <4, < n—1. Then multiplying by s on the left yields ! = r7, and thus i = j, as r has
order n. Hence all of the elements s, sr, ..., sr" ! are also all distinct. ]

................................... End of Class 19 (2/25) ...
Corollary 4.9.9. The group of symmetries of any two reqular n-gons are isomorphic.

This, we can talk about the dihedral group D,, of order 2n. Let’s see how we can compute in

D,,, in particular, how can we simplify expressions like 7s, rs'%, or rsrsr3s5...

Lemma 4.9.10. In D,, we have

(1) ord(s) = Qrd(sri) =2
(2) r's = sr™"

Proof. We have s # id. However, we know that s%(v) = v, and s? also fixes the neighbors of v (as
it reflects across v twice). Thus s? = id, and ord(s) = 2.

We first prove that r’s = sr~¢ by induction. For the base case, we show that rs = sr~!. We
simply compute both sides:
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v — v — wy,
wr, WR WR wr, v \
WR
r1 S
v — wr, — wr,
wr WR / v v \
Wh Wh

and so rs = sr—1.

Now assume that we have shown that r’s = sr~ for some 1 < i. We compute

ritls = rrls
= rsr~" by induction hypothesis

= sr~ 7" base case

—i—1

=sr = gp O+,

By induction, we have rs = srfi forall 2. A
Finally, we prove that ord(sr’) = 2. As sr’ does not fix v for 1 < i < n — 1, we have sr* # id.
We compute

(s7)? = srisr
= ssrp!
= 82
=id,
and the result follows. O
4.10. Group Presentations. We've seen that in the dihedral group D,,, we have some nice rela-

tions that help us simplify expressions, like 7s = sr~!, which can help us simplify any expression
in Dy, noting that

Exercise 4.10.1. Let r and s be the rotation and reflection of D7;. Simplify the expression

s5r19512 into the form s/7* for some integers i, ;.

So, we could describe the group D,, using generators and relations as

D, = rs | s=r"=id, rs=sr!
~—~

generators relations

which means that every element g € D,, can be written as a product of the elements r and s, and
every equality between elements of D,, is a consequence of the relations.
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Definition 4.10.2. Let G be a group, and S C G such that (S) = G. For some set of relations R,
which are equations in the elements of S U S~! U {id}, we write G = (S | R) to mean that

e (G is generated by S, and
e every relation in G is a consequence of the relations in R.

Remark 4.10.3. Warning! This is not really that precise, but is enough to work with.
Let’s see some examples.
Example 4.10.4. The group Z? has the presentation
7* = {(a,b | ab= ba).

The relation just means that a and b commute. We could call a = (1,0) and b = (0,1), though
there are also other elements that could generate Z?2, for example (3,1) and (2, 1).

Example 4.10.5. We've seen a few ways to write elements of the symmetric groups.
2 P .
Sp=(T1s . sTa1 | 75 =e,mmy =1 if i — §| > 1,771 T = i1 TiTig1)

which is just the presentation with generators transpositions 7; = (i i + 1). But showing that the
group you get is actually just S,, would take some work!

More generally, we could ask what we get from a group presentation.
Question 1. Given a group presentation G = (S | R), what can we deduce about the group G?

It turns out that even if S and R are finite sets of generators and relations, in which case G is
called finitely presented, simple questions are still very difficult to answer.
Example 4.10.6.

Any finite group is finitely presented.

Z" is finitely presented.

Q is not finitely generated, and not finitely presented.
The Lamplighter group

L={a,t | a®= (at"at™)* = e,n € Zxq)

is finitely generated, but has no finite presentation. Though we will not prove this.

Suppose we ask a very basic question. Let G = (S | R) be a group presentation, is G isomorphic
to the trivial group?

Exercise 4.10.7. Let G = (a,b | a~'ba = b?,b~1ab = a?). Show that G is the trivial group.

However, in general, there isn’t really anything we can say.

Theorem 4.10.8 (Undecidability of group isomorphism problem). There is no algorithm that,
given a group presentation G = (S | R), decides whether the group G is trivial or not.

Group presentations are an active area of research, full of interesting open problems.

4.11. Composition Series and Solvability. So we may not be able to determine a group using
generators and relations in a nice way. How else can we characterize groups? In this section we’ll
discuss the Hoélder program for finite groups, and see how we could try to classify all groups.

Inspired by the fundamental theorem of arithmetic, that every positive integer factors into a
product of primes in an essentially unique way, we want to find a way to “factor” groups.

Let G be a group, and suppose that N <G is a normal subgroup. We can think of N and G/N as
“breaking up” G into smaller pieces. The “primes” should be the groups with no normal subgroups
(other than the trivial subgroup and the whole group).
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Definition 4.11.1. A non-trivial group G is called simple if the only normal subgroups are {e}
and G. That is, if G has no non-trivial normal subgroups.

Exercise 4.11.2. Show that if p is prime, then a cyclic group of order p is simple.

Exercise 4.11.3. Prove the following proposition.

Proposition 4.11.4. Let G be a simple group, and ¢ : G — G’ be a group homomorphism.
Then ¢ is either injective or imp = {e’}.

An interesting example of simple groups is given by the following theorem, which we will not
prove.

Theorem 4.11.5. The alternating groups A, are simple for n > 5.

The idea for our “factorization theorem” for groups is to break up a finite group G into pieces
that are all simple.

Definition 4.11.6. Let G be a group. A normal tower is a sequence of subgroups
Gn<d---<1Gy<G1 <Gy =G

with G;4+1 < G; normal for every i. The groups G;/G;y1 are called factor groups. A refinement of
a normal tower

Gn<---<AGy<G1 =G
is a normal tower
H,<---<Hy<H =G
obtained by inserting a finite number of subgroups into the first tower, each still normal in the
next. We say two normal towers
{e}=Gn<---<1Gy<G =G
and
{e}=H,<---<<Hy<H =G
n—1 n—1
are equivalent if n = m and the sets of factor groups {Gi /GZ.Jrl }i—l and {Hz /Hz‘+1 }i_l

same. A normal tower ending with {e} with simple factor groups is called a composition series for

G.

are the

Exercise 4.11.7. Prove the following proposition.
Proposition 4.11.8. Let G be a finite group. Then G has a normal tower
{e} =G, <--<1Ga<G1 =G

such that each factor group Gi /GiJrl is simple. That is, every finite group has a composition
series. Hint: use Theorem 4.7.21.

Example 4.11.9. Let’s find some composition series for Z/6Z = Z /27 x 7./3Z. Starting with the
normal subgroup 3Z/6Z = 7 /27, we can form the normal tower

{e} <3Z/6Z < Z/6Z,
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and note that Z/67Z / 3Z/6Z = 7./37, thus all the factor groups are simple. Similarly, we have a

normal subgroup 27/6Z = 7,/37Z and can form the normal tower
{e} <2Z/6Z < Z/6Z,

and we note that Z/6Z /2Z/6Z & 7./27, thus all the factor groups are simple.
We observe that the factor groups appearing in the first composition series are

Z)2Z and 7 /37
and the factor groups of the second composition series are
Z/3Z and Z/27.

................................... End of Class 20 (2/27) ...

This is exactly the “factorization theorem” for groups, that (for finite groups) we can find a
composition series, and any normal tower can be refined to an equivalent one. Unfortunately,
unlike for integers, the data of the simple factor groups does not determine the original group
uniquely.

Exercise 4.11.10. Show that S3 has a composition series with factor groups Z/37Z and Z/27.
Conclude that even if G and H have equivalent composition series (same length and with the
same set of simple factor groups), G and H need not be isomorphic.

Remark 4.11.11. For finite groups, one could at least hope that we could classify all of the finite
simple groups, and perhaps make some progress in classifying all finite groups. The classification
of finite simple groups was a major program of finite group theory since the mid-20th century, and
was completed around 2004.

To prove our “factorization theorem”, we’ll need a few nice facts.
Lemma 4.11.12 (Butterfly Lemma, Zassenhaus). Let U, V' be subgroups of a group G. Let u<U
and v <V be normal subgroups of U and V', respectively. Then
u(U Nw) is normal in w(U NV)
(uNV)v is normal in (UNV)v
and the factor groups are isomorphic, i.e.
w(UnV)  (UNV)v
wUnNov)  (unV)u’
Proof. The statements about normality follow directly from the facts that u <U and v < V.
For example, let ab € u(U NV) with a € w and b € U NV, then
abu(UNv) =aub(UNv) asbe U
=uab(UNv)asacuCU
=ua(UNv)basbeV
=u(U Nwv)ab as a € w CU and Lemma 4.7.23(2) which gives that U Nv < U.

Thus for any z € w(U NV), zu(U Nv) = u(U Nv)z, hence u(U Nv) is normal in u(U NV).
Note that
OUnNnV)ynulUnv)=(unV)(UNwv),
and
UnV)n(unV)v=(unV)(U No).
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Indeed, let us show the first equality. Let z € (UNV)Nu(U Nwv), then x = ab with a € u and
be Unw. Since z,b € V we have a = xb~t € V,s0oa € unV. Thus z = ab € (uNV)(U Nv),
whence

UnV)NuwUnNv) C(unV)(UNw)
Conversely, let z € (unNV)(U Nv), then z = ab with a € uNV and b € U Nwv. Since a,b € U, we
have x € U, and similarly z € V, whereby x € UNV. Asa € v and b € UNv, we have x € u(U Nwv),
and so z € (UNV)Nu(U Nwv), whence

OUnNnV)nulUnv) 2 (unV)(UNwv).

The other equality is similar.

Hence (uNV)(U Nw) is the intersection (in u(U NV') or in (U NV)v) of a normal subgroup and
of U NV and hence normal in U N V.

The lattice of relevant subgroups looks like

U V
w(UNV) (Unv
\ /

g unv <
uw(UNw < (unNV)iv

/

V(U N o)

> U
Unwo
from which the lemma gets its name.

We consider the two top parallelograms and show that there are isomorphisms of quotient groups
w(UNYV) unv UnNVv

(e ~

wUnv)  (wnWV)(Unv) (unV)v’
Let H=UNV and N = «(U Nv). The second isomorphism theorem (Theorem 4.7.24) gives
H _HN
HNN N~

N/

e
.

unV

and noting that
UNV)u(Unov)=uwUNV)(UNv)=ulUNV)

we have
unv L uwlnv)
(unV)Unv)  wUnov)’
The other isomorphism is proven similarly. O

Remark 4.11.13. Hans Zassenhaus was a professor at OSU from 1963, and after retiring in 1982,
maintained an active presence at OSU, mentoring students and published some 40 papers while
retired.

Theorem 4.11.14 (Schreier). Let G be a group. Two normal towers of subgroups ending with the
trivial subgroup have equivalent refinements.
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Proof. Suppose G has two normal towers

{e} =G, <---<Ga<Gy =G,

{6}2H3<]"'<1H2<]H1:G.

Foreachi=1,...,r—1and j=1,...,s we define
Gm‘ = Gi+1(Hj N Gz)

Then G s = Giy1 and G;1 = G;, and we have a refinement of the first tower by filling in G;; in
between G;11 and G;
{6} < GT,LS,1 <--- Grfl,l = anfl <-4 G272 < Gz’l = G2 < G17571 <-4 GLQ < G171 =G.

Similarly, we define H;; = H;j11(G;NHj) for j=1,...,s—1andi=1,...,r. This gives a similar
refinement of the second tower.
By the butterfly lemma (Lemma 4.11.12), for ¢ = 1,...,7r — 1 and j = 1,...,s — 1, we have

isomorphisms
G, ~ H..
W) Giger = 70 [ Hjig

We view each of the refined towers as having (r—1)(s—1)+1 elements, namely the G; ; and {e} and
the H;; and {e}. The isomorphisms of factor groups shows that these two towers are equivalent,
as desired. (]

We’re now ready to prove our “factorization theorem” for groups.
Theorem 4.11.15 (Jordan-Holder Theorem). Let G be a group, and let
{e} =G, <---<G2<Gy =G

be a normal tower such that each factor group G; /GiJrl 1s stmple and non-trivial. Then any
normal tower of G having the same properties is equivalent to this one.

Proof. Given any other normal tower satisfying the same properties, Theorem 4.11.14 shows that
they have equivalent refinements. However, as both towers have simple factor groups, they cannot
be refined further, and thus are equivalent. O

Remark 4.11.16. Thus given a finite group G, we look at some composition series for G which
gives us a set of simple factor groups, determined completely by G. The natural next question to
ask is, can we go backward? That is, given some set of simple groups {Q;}, can we reconstruct a
group that gives these factor groups? If there was a unique way to go backwards, then we could
reconstruct the group and classify all groups in this way. Unfortunately, there are many ways to
go back, for example Z/6Z and S35 give the same set of simple factor groups, but Z/6Z 2 Ss.

In general, reconstructing a group from simple factors is known as the “extension problem” and
is wery difficult, and currently unknown and thought to be unsolvable. The idea would be to find
some additional data that allows us to reconstruct the group uniquely from its simple factors. For
example if A and B are simple groups, how many groups can we find with simple factors A and
B? Tt turns out that this depends on the groups A and B in an intricate way, which is beyond the
scope of this course.

A similar notion, that of solvability of groups is crucial in understanding the solutions to poly-
nomial equations, which you may see in a course covering Galois Theory. For now, we just give a
definition and some results which you can prove if interested.

Definition 4.11.17. A group G is called solvable if G has a normal tower
{e} =G, <---<1G2<G1 =G

such that the factor groups Gi / G4, are all abelian. Such a normal tower is called an abelian
tower.
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Proposition 4.11.18. Let G be a finite group. An abelian tower of G admits a refinement with
cyclic factor groups.

Proposition 4.11.19. Let G be a group and N I G a normal subgroup. Then G is solvable if and
only if N and G/N are solvable.

Theorem 4.11.20. If n > 5, then S, is not solvable.

Proof. We shall first show that if H, N are two subgroups of S, such that N < H, if H contains
every 3-cycle, and if H/N is abelian, then N contains every 3-cycle. Let i, j, k, r, s be five distinct
integers in [n] (here we use that n > 5), and let

o = (ijk) and 7 = (krs).
Then
oro v = (ijk) (krs)(kji)(srk)
= (rki).

Thus, as H/N is abelian, the commutator subgroup of H must be contained in N (by Proposi-
tion 4.7.18), whereby all the cycles (rki) lie in NV, as desired.
Now suppose that S, is solvable and we have a normal tower

{e}<xH,<---Hy<<H =85,

with Hi / H,;,, abelian. Since S, contains every 3-cycle, Hy must contain every 3-cycle. Then

so must Hs,..., Hy,. However H,, = {e}, which is a contradiction. Thus S,, is not solvable for
n > 5. O

Remark 4.11.21. It turns out that Theorem 4.11.20 is the reason why there is no “quadratic
formula” for solving polynomial equations of degree > 5.

Exercise 4.11.22. If n > 3, show that A, is generated by the 3-cycles.

Exercise 4.11.23. If n > 5 show that A, is simple. Show that the subgroup
[(1), (12)(34), (13)(24), (14)(23)} = Z/2Z = Z,/2Z

is a normal subgroup of Ay.

Remark 4.11.24. The next theorem is very difficult to prove, and was one of the major achieve-
ments of finite group theory leading to the classification of finite simple groups, proven in 1963. Its
proof is around 250 pages.

Theorem 4.11.25 (Feit—Thompson). If G is a simple group of odd order, then G = Z/pZ for
some prime p.

5. RINGS

So far, we’ve seen how rich the theory of groups, sets with just one nice operation, can be.
Here, we’ll begin the study of rings, which have two nice operations, usually called addition and
multiplication.
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Definition 5.0.1. A ring is a set R with two binary operations
+:RxR— R, (a,b)—~a+b
-:Rx R— R, (a,b)— a-b,
called addition and multiplication, respectively, satisfying the following conditions:
(RI 1) (R,+) is an abelian group with identity 0 ;
(RI 2) - is associative, that is for all a,b,c€ R,a-(b-¢c)=(a-b)-c;
(RI 3) the distributive law holds on both sides, i.e. for all a,b,c € R
a-(b+c)=a-b+a-c
(a+b)-c=a-c+b-c;and
(RI 4) there exists an element 1 € R such that forallae R, 1-a=a-1=a.

Remark 5.0.2. To simplify notation, we will usually write a - b as ab.

Example 5.0.3. Let’s see some examples

e The integers Z with the usual addition and multiplication, is a ring.

e The rational numbers Q, the real numbers R, and the complex numbers C, with the usual
addition and multiplication, are rings.

e The quotient group Z/nZ, with multiplication defined modulo n is a ring.

e Let M, »n(R) be the set of n x n matrices with entries in R. Then M,,x,(R) is a ring with
addition given by matrix addition and multiplication given by matrix multiplication.

e Let R be the set of continuous real-valued functions on the interval [1,0]. We define addition
and multiplication of functions as usual, namely (f + g)(z) = f(x) + g(z), and (fg)(z) =
f(z)g(z). Then R is a ring.

e More generally, let X be a non-empty set, and let R be a ring. Let

M(X,R) ={ maps f: X — R}

be the set of maps from X to R. Since R is a ring, we can define addition and multiplication
of functions by the usual rules

(f +9)(x) = f(z) + g(x), and (fg)(z) = f(z)g(x),

and 1 given by the map sending all of X to 1 € R. Then M (X, R) is a ring.

e Let A be an abelian group, and let End(A) = {group homomorphisms ¢ : A — A}. Then
End(A) is a ring, with addition given by addition of functions and multiplication given by
function composition.

Remark 5.0.4. In some books, rings are not required to have a multiplicative identity 1, and
those rings with a 1 are called unital rings. Though perhaps rings without a multiplicative identity
should instead be called rngs, without the identity “i”.

Definition 5.0.5. A ring R is called commutative if xy = yx for all z,y € R. That is, if multipli-
cation is commutative.

Remark 5.0.6. The study of commutative rings goes by the name “commutative algebra”, and is
connected to many prominent areas of modern mathematics.

Let us prove some basic rules of arithmetic in rings.
Proposition 5.0.7. Let R be a ring, then 1 is unique.
Proof. Same as for groups. O

Proposition 5.0.8. Let R be a ring. Then 0x =0 = z0 for all x € R
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Proof. We compute
Ox+2x=0+1z=(0+1)z=(1)z ==,
and subtracting = from both sides gives
Oz =0z+z—z=2—2=0.
Similarly, z0 = 0. O

Proposition 5.0.9. Let R be a ring, then (—1)x = —x = x(—1), i.e. (—1)x = x(—1) is the additive
tnverse of x.

Proof. We compute
(—Dx+z=(-1l)z+1lz=(-1+1)z = (0)z =0.
Similarly, z(—1) = —uz. O
Proposition 5.0.10. Let R be a ring, then (—1)(—1) = 1.
Proof. We multiply the equation
1+(-1)=0

by (—1) and find

1+ (-1)(-1) =0,
adding 1 to both sides gives the result. O

Exercise 5.0.11. Let R be a ring. Show that for all z,y € R, we have
(—2)y = —zy and (—z)(-y) = zy.

Example 5.0.12. If R is a ring such that 1 = 0, then for all z € R, 1z = 0x = 0, so R = {0}.
This is called the zero ring.

Notation 5.0.13. From now on, we will assume that in a ring R, 1 # 0, unless we specify that R
is the zero ring.

Definition 5.0.14. Let R and S be rings. The product of the rings R and S is the Cartesian
product R x S with addition and multiplication defined component wise.

As with groups, for a ring we have subsets that are themselves rings.

Definition 5.0.15. Let R be a ring. A subset R’ C R is called a subring if

(SR 1) R’ < R is a subgroup under addition,
(SR 2) 1€ R/, and
(SR 3) and for all z,y € R/,
—z,2+y, and 2y € R'.

That is, 1 € R/, and with the operations + and -, R’ is a ring.
Example 5.0.16.

e 7 C Q is a subring.

e 27 C Z is not a subring, since 1 ¢ 27Z.

e The differentiable real-valued functions on R form a subring of the continuous functions.

There are many adjectives that describe some properties of rings, let us name a few.

Definition 5.0.17. Let R be a ring, we say that
e two elements x,y € R with x,y # 0 are called zero divisors if xy = 0.
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e Ris an (integral) domain if R is commutative and has no non-zero zero divisors. That is,
if zy =0, then x =0 or y = 0.
e R is a diwision ring if the subset R\ {0} forms a group under multiplication. That is, if
every non-zero element has a multiplicative inverse.
e Ris a field if R is a commutative division ring.
Example 5.0.18.

e The integers Z are a domain.

e Q,R, and C are fields.

e If F'is a field, then the polynomials over F' form a domain. For example R[z], the ring of
polynomials in one variable with real coefficients.

Example 5.0.19. Let
H:={a+bi+cj+dk | a,bc,d € R},
called the Hamiltonian quaternions, where i, j, k satisfy the rules
i? =3 =k =ijk=—1,

which were carved into Broom Bridge in Dublin by William Hamilton on October 16, 1843 when
he realized these relations would make H into a ring. In fact, H is a division ring, though not a
field. From the basic relations above, you can derive other relations, like

ijk=—1 = (ijk)k= -k — —ij=—k — ij =k,
or
ji = —ji(ijk) = —k = —ij.
Indeed, we can check that
(a+bi+cj+dk)(a—bi — cj — dk) = a® + b* + b° + d?
thus the inverse of a + bi + ¢j + dk # 0 is given by

a—bi—cj—dk
a? + b 42+ d?*

Exercise 5.0.20. Show that a field is a domain.

Definition 5.0.21. Let R be a ring, we denote by
R*:={x € R | there exits y € R such that zy = yx = 1},
called the units of R.

Exercise 5.0.22. Let R be a ring. Show that R* is a group under multiplication.

Example 5.0.23.

o 7 ={1,—-1}

e Q* =Q\{0}

o 2/82° = {1,3,5,7}

o Z/nZ* ={k | gcd(k,n) =1}, as we showed in Proposition 4.2.25.
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Definition 5.0.24. Let R be a commutative ring. A monomial in the (commuting) variables
r1,...,Ty, is an expression of the form

xoa — x?lxgz .. -:CZ"
where a = (a1,...,a,) € Z% is a tuple of non-negative integers denoting the exponents. A
polynomial in the variables x1,...,x, over R is an expression of the form
Z cax®,
aelgo

where ¢, € R is the coefficient of the monomial 2, and ¢, = 0 for all but finitely many «, so the
sum is finite. We denote by

Rlxy, ..., xy]
the ring of polynomials over R int he variables 1, ..., x,, with polynomial addition and multipli-
cation defined as usual by

(%: cama> - <Za: daa:a> = 57 (Ca + da)a®

«

(2&: WQ) <Za: daw&) = Z( > cald%) ..

« a1toas=«

The identity is the polynomial 1.

Remark 5.0.25. Polynomial rings are a very important class of rings, leading to very interesting
geometry, algebra, and number theory.

Example 5.0.26. The polynomial ring R[z] of polynomials in one variable, with coefficients in R
are a great example. Some of its elements are 3x2 + 22 + 1, and 2° + 2% + 23 + 22 + 4+ 1.

Exercise 5.0.27. Prove the following proposition.

Proposition 5.0.28. Let R be a domain, and let a,b,c € R with a # 0. If ab = ac, then b = c.

Exercise 5.0.29. Let R be a finite domain. Show that R is a field. Hint: show that for a € R,
the map of sets L, : R — R, x — ax is injective.

Exercise 5.0.30. Let R be a ring such that for all z € R, 2% = x. Show that R is commutative.

Exercise 5.0.31. Let R be a ring, and let
Z(R) ={a€R | ar =za for all z € R},
called the center of R. Show that Z(R) is a subring of R.
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Exercise 5.0.32. Let Q(v2) = {a +b/2 | a,b € Q, (vV2)? = 2}, with addition and
multiplication defined by adding like terms and distributing. Show that Q(1/2) is a field.

Exercise 5.0.33. Let Z[i] == {a+bi | a,b€ Z, i> = —1}. Show that Z[i] is a ring. Find the
units of Z[i].

Exercise 5.0.34. Let p be a prime number. Define

a
Ly = {B €Q | ged(b,p) = 1}.
Show that Z,) is a ring. This is called the ring of integers localized at the prime p.

Example 5.0.35. Let G be a group. We can define a ring Z[G] whose elements are formal finite
n
linear combinations of elements of g with integer coefficients, i.e. Y a;g; with a; € Z and ¢; € G.

=1
The identity is 1 = 1 - eg. Addition is defined simply by adding the formal linear combinations
and combining like terms, like addition of polynomials. Multiplication in this ring is defined by
distributing, and then multiplying the group elements. For example, in Z[Ss3], we would have

(a1(12) + CL2(23)) . (bl(l) + b2(123)) = a1b1(12)(1) + a1b2(12)(123) + a2b1(23)(1) + a2b2(23)(123)
= a1b1(12) + a1b2(23) + asby (23) + a2b2(13)
= a1b1(12) + (a1b2 + agbl)(23) + a2b2(13).

More generally, for a ring R, and a group G, we can form a group ring over R, R[G], whose
elements are formal linear combinations of elements of G with coefficients in R, and addition and
multiplication is defined similarly.

Note that R[G] is commutative if and only if R is commutative and G is abelian.

If H < G is a subgroup, then R[H] C R[G] is a subring. If S C R is a subring, then S[G] C R[G]
is also a subring.

If g € G is an element of finite order m, then R[G] is not a domain as

1-g)(l4+g+-+g" H=1l-g-g" ' '=1-1l-eg=1-1=0.
5.1. Ideals. We've seen the notion of ideals of Z. The notion of ideals of rings is similar, but we
add one condition.
Definition 5.1.1. Let R be a ring. A left ideal of R is a subset J C R such that
e ifr,yecJ thenax+yeJ
e 0cJ
o if x € J and a € R, then azx € J.

We could similarly define a right ideal by the rule xa € J, and a two-sided ideal by the rule

ax,ra € J.

Remark 5.1.2. Since (—1)z = —=z, we see that an ideal J forms a subgroup of (R,+). An
alternative definition of an ideal is: a subgroup J < R such that for alla € R and z € J, az € J.

Example 5.1.3.

e d7Z C 7 is an ideal.
e Let R be a ring, then R is an ideal, called the unit ideal.
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e Let R be a ring, and a € R the set of elements of the form za with € R is an ideal,
denoted by (a), or Ra, called the principal left ideal generated by a.

Exercise 5.1.4. Let R be a ring, and a € R, show that (a) = {za | = € R} is a left ideal of
R. If R is commutative, show that (a) is a two-sided ideal.

Definition 5.1.5. Let R be a ring and a1, ...,a, € R. The set
(a1,...,an) = {ﬂclal +-xpan | € R}

is a left ideal. The elements aq, ..., a, are called generators for this ideal, and (a1, ..., ay) is called
the ideal generated by ay, . . ., a,. More generally, if A C R is a subset, then the (left) ideal generated
by A is the set

n
(A) = {Zriai | n€Z>o,r1,...,tn € Ryai...,a, € A}.
i=1
Proposition 5.1.6. Let R be a ring and ay,...,a, € R, then (a1,...,ay,) is a left ideal.
Proof. Let x1,...,Zn,y1..-,Yn, 2 € R. We see that
(101 + -+ Tpan) + (Y101 + -+ Ynan) = 2101 + Y101 + -+ + TGy + Ynan
= (z14+y1)ar + - (Tpn + Yn)an,

thus (a1, ...,ay) is closed under sums. We also see that
z(xra1 + - - + xpay) = (2x1)a1 + - + (z2p)an € (a1, ..., an),
so (ay,...,an) is closed under multiplication be elements of R. Finally,

0=0ai + ---0ap,

s00 € (a1,...,a,).
Therefore, (ay,...,ay,) is a left ideal of R. O

Remark 5.1.7. The proof above also shows that for any subset A C R, (A) is a left ideal of R. If
R is commutative, all of the operations above commute, and (A) is a two-sided ideal.

Example 5.1.8. In the ring Z, we have (a,b) = (gcd(a,b)).
In Z, we’ve seen that every ideal is generated by one element. This is quite special.
Definition 5.1.9. Let R be a ring. We say an ideal J C R is principal if J = (a) for some a € R.

Definition 5.1.10. We say a ring R is a principal ideal domain if R is commutative, a domain,
and if for every ideal of R is principal. We abbreviate this by saying R is a PID.

Theorem 5.1.11. Z is a PID.
However, not every ring is a PID.

Example 5.1.12. The ideal (z,y) C R[z,y] is not principal.
There are some operations we can do with ideals.

Definition 5.1.13. Let R be a ring and I, J be left ideals. We denote by I.J the ideal generated
by products of elements ij with ¢ € I and j € J. That is,

IJ={i1j1+ - +ingn | n € Z>o,ix €1,ji € J}.
You can check that if I, J, K are three left ideals, then (IJ)K = I(JK).
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Definition 5.1.14. Let R be a ring and I, J be left ideals. We define
I+J={i+j |iel,jeJ}.

Then I+ J is a left ideal of R. You can check that if I, J, K are three left ideals, then (I+.J)+ K =
I+ (J+K).

Exercise 5.1.15. Prove the following proposition.

Proposition 5.1.16. Let R be a ring. If I,J are left ideals, then I N J is a left ideal. If I,J
are right ideals, then INJ is a right ideal. If I, J are two-sided ideals, then INJ is a two-sided
ideal.

Exercise 5.1.17. Let I,J C R be two-sided ideals. Prove the following:

e Then I + J is the smallest ideal containing both I and J.
o [JCINJ.

Exercise 5.1.18. Prove the following proposition.

Proposition 5.1.19. Show that if F' is a field, then the only ideals of F' are {0} or F.

5.2. Ring Homomorphisms. Just like with groups, we want to define maps between rings that
play nicely with the ring structure.

Definition 5.2.1. Let R, S be rings with multiplicative identities 1 and 1, respectively. A map
f:R—S
is called a ring homomorphism if
e f(1)=1, and
for all z,y € R,
o fle+y)=[f(z)+ f(y), and
o flzy) = f(@)f(y).
Example 5.2.2. The map Z — Z/nZ, k — k is a ring homomorphism. All this says is that 1 = 1
mod n and if a =@ mod n and b=V mod n, then a+b=d +¥b mod n and ab = a’’ mod n.

Remark 5.2.3. If f : R — S is a ring homomorphism, since f(x + y) = f(x) + f(y), [ is
a group homomorphism of the abelian groups (R, +) and (S,+). In particular, f(0) = 0, and
f(=z) = —f ().

Proposition 5.2.4. Let R, Sy,...,S, berings. Then f : R — S1X---X S, is a ring homomorphism
if and only if each coordinate map f; : R — S; is a ring homomorphism.

Proposition 5.2.5. Let R be a ring. There is a unique ring homomorphism Z — R

Proof. Let a € R. Since R is an abelian group under addition, we have defined na for every positive
integer n as usual by
na=a-+---+a,
\—Y—/
n times
and if n < 0, we have
na = —(—na).
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Thus we get a map
f:Z— R,n— nl.

This is a homomorphism of abelian groups, and we note that clearly f(1) =1 and
f(nm) = (nm)1 = n(ml) = (n1)(ml) = f(n)f(m),

hence f : Z — R is a ring homomorphism.
Let g : Z — R be a ring homomorphism. Then since g(1) = 1, for n > 0 we have

gn)=g(l+1+---+1)=g(1)+g(1)+ - +g(1) = ng(1),

n times n times

and for n < 0, letting £k = —n we have

g9(n) = g(=(-n)) = —g(k) = —kg(1) = ng(1).
Thus the ring homomorphism g : Z — R is completely determined by g(n) = ng(1) = nl, and so
g = f. Therefore the only ring homomorphism f :7Z — R is f(n) = nl. O

Definition 5.2.6. Let f: R — S be a ring homomorphism, the kernel of f is
ker f:={re R | f(r)=0}.
Example 5.2.7. The ring homomorphism f : Z — 7Z/nZ has kernel nZ.
Proposition 5.2.8. Let f: R — S be a ring homomorphism. Then ker f C R is a two-sided ideal.

Proof. Suppose z,y € ker f. Then f(z+y) = f(x)+ f(y) =040 =0, thus x +y € ker f. We have
f(0) =0, thus 0 € ker f. And if a € R, then

flaz) = f(a)f(x) = f(a)0 =0=0f(a) = f(x)f(a) = f(za),
whereby ax, za € ker f. Therefore ker f is a two-sided ideal of R. U
Proposition 5.2.9. If fR — S is a ring homomorphism, them imf is a subring of S.

Proof. We check the conditions to be a subring. As f: (R,+) — (S, +) is a group homomorphism,
imf is a subgroup of S. Since f(1) =1/, 1’ € imf. And if 2’ = f(x),y = f(y) € imf, then
—1'/ = f(—.%') € lmfa
o' +y' = f(2) + fly) = f(z +y) €imf,
and
o'y’ = f(2)f(y) = f(zy) € imf.
Thus imf C S is a subring of S. U

Exercise 5.2.10. Prove the following proposition.

Proposition 5.2.11. Let f : R — S be a ring homomorphism. Show that f is injective if and
only if ker f = 0.

Exercise 5.2.12. Prove the following proposition.

Proposition 5.2.13. Let K be a field. Then every ring homomorphism f : K — R is injective.

Just like with groups, a ring homomorphism with an inverse that is a ring homomorphism is
called an isomorphism.
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Definition 5.2.14. A ring homomorphism f : R — S is called an isomorphism if there is a ring
homomorphism g : § — R such that

fog=idg and go f =idp.

Exercise 5.2.15. Prove the following proposition.

Proposition 5.2.16. Let f: R — S be a ring homomorphism. Then f is an isomorphism if
and only if f is bijective.

Exercise 5.2.17. Prove the following proposition.

Proposition 5.2.18. Let f : R — S be a ring homomorphism. If I is an ideal of R, then f(I)
is not necessarily an ideal of S. If f is surjective, show that f(I) is an ideal of S.

Remark 5.2.19. RH: Just for fun, not required for Math 4580:

The notion of isomorphism for groups and rings followed the same recipe, an isomorphism is a
map that plays nicely or “preserves” the structure of the objects we care about and has an inverse
that also preserves that structure.

In general, if X and Y are two objects with some structure we care about, we call a map
f: X — Y a morphism if f “preserves” that structure, and an isomorphism if there is a morphism
g :Y — X such that

fog:idX andgof:idy.
For this to make sense, all we really need is composition of morphisms to be associative, and for
each object to have an identity morphism.

If we consider all objects with some structure, and all the morphisms between them, this gives
a category. Formally, a category C is some collection objects obj(C) and for any two objects
X,Y € obj(C) a collection of morphisms Home(X,Y), together with associative composition of
morphisms as usual and identity morphisms idx € Homg¢ (X, X) behaving like identity maps as
usual. We’ve seen a few categories already

e The category of sets, Set where the objects are sets and the morphisms are just maps of
sets.

e The category Gps of groups, where the objects are groups and the morphisms are group
homomorphisms.

e The category AbGps of abelian groups, where the objects are abelian groups and the
morphisms are group homomorphisms.

e The category Ring of rings, where the objects are rings and the morphisms are ring homo-
morphisms.

Many ideas in abstract algebra and modern mathematics can be phrased in terms of categories,
abstracting away everything but the maps between objects, providing a clean and very general
formulation of properties of the objects without getting too preoccupied with the intricacies of the
objects themselves.

For example, an automorphism is an isomorphism of an object with itself, i.e. an isomorphism
f: X — X. It then follows directly from the definition that for an object X in some category, the
collection of automorphisms of X, Aut(X), forms a group. For instance, the automorphism group
of the set {1,...,n} is S,,. In Math 4581, you'll see Galois Theory, which studies the automorphism
groups of fields.

Example 5.2.20. RH: Just for fun, not required for Math 4580:
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For a ring R and group G, recall the group ring R[G], defined in Example 5.0.35. There is a ring
homomorphism

i: R[G] = R, Zn:aigi — Zn:ai.
=1 =1

The kernel of i : R[G] — R is called the augmentation ideal, and it is generated by elements of the
form g — 1 for g € G.

This ring homomorphism doesn’t come from nothing. If we have a group homomorphism ¢ :
G — G’', we can define a ring homomorphism

R[¢]: RIG] = R[G'), Y aigi— Y aip(g:).
=1 =1

That is, forming group rings not only takes groups to rings, but also takes group homomorphisms
to corresponding ring homomorphisms! Clearly, R[idg] = idgjg. You can also check that if

G5 &Y G are two group homomorphisms, then
Rl o ¢] = R[y] o R[¢] : RG] — R[G"].
Forming the group ring is an example of a functor, a map between categories that takes objects
to objects and morphisms to morphisms, sending identity morphisms to identity morphisms and

“distributing over function composition”. In this case, the functor of forming group rings is a
functor

R[] : Gps — Ring, G~ R[G],
and we have R[idg] = idg|g) and R[¢ o ] = R[Y] o Ry].
Now, the map i : R[G] — R comes from the map G — {e}, after noting that R = R[{e}|, that
is, R is the group ring over R of the trivial group.

5.3. Quotient Rings, Isomorphism Theorems. Just like for groups, we can quotient by kernels,
and everything we can quotient by is a kernel of some (ring) homomorphism. We’ll make this precise
in this section. Just like with groups, we need to make sure that the operations are well-defined
when we quotient.

Recall that if I C R is an ideal, then [ is a subgroup of R considered as an additive group. Since
addition is commutative, I < (R, +) is in particular a normal subgroup, and so we can form the
quotient group R/I.

Example 5.3.1. The group Z/nZ is also a ring! Let

Z— Z/nZ, a—a
be the quotient map. Addition is defined as usual @ + b = a + b, and multiplication is defined by

a-b=a-b.

The fact that multiplication is well-defined comes from the fact that multiplication plays nicely
with the operation mod n, which really only needs the fact that nZ is an ideal of Z.
Example 5.3.2. Let R be a ring and I C R a two-sided ideal. If z,y € R, we say that x = y
mod [ if x —y € I. Then we have

e xr =z mod [

e Ifxr=y mod [l and y =2z mod I, then x =2 mod I.
o If x =y mod I, then y =2 mod I.

So being equivalent mod I is an equivalence relation! Furthermore, we have

e Ifx =y mod I and z € R, then zz = yz mod [ and zx = zy mod I.
elfx=y mod I and 2’ =y mod I, then za2’ = yy’ mod I and z + 2’ =y + 4 mod I.
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Proof. We give a proof of the last property, and leave the proofs of the remaining ones to
the interested reader.

So suppose that z = 2/ mod I and ¥y = 3 mod I, then we can write z = y + 2 and
' =y + 2/ for some 2,2’ € I. We compute

' =(y+2) ' +2) =y + 2y + v + 22
~ =
er el el

er
where 29/, yz', 22" € I because I is a two-sided ideal. Thus za’ — yy’ € I and so z2’ = yy/’
mod I. Similarly,
T+ = ’ r_ ’ /-
y+z+y +2=y+y +z+z
el
hence z +2' =y +4 mod I. O

Proposition 5.3.3. Let R be a ring and I C R a two-sided ideal. The quotient group R/I is a
ring when equipped with the multiplication

(r+I)(s+I)=rs+1.
Moreover, the map
m:R— R/I
r—r+1
s a ring homomorphism with kernel I.
Proof. We must check that these operations are well-defined and they make R/I into a ring.

The fact that these operations are well-defined is the content of Example 5.3.2.

It remains to show that R/I satisfies the ring axioms.

For RI 1, since [ is a normal subgroup of (R,+), (R/I,+) is an abelian group. The remaining
ring axioms all follow from the corresponding axioms of R.

Let z,y,z € R be representatives of the cosets z + I,y + I,z+ 1 € R/I.

We leave checking RI 2 to the reader.

For RI 3, observe that x(y + z) is a representative of (z + I)((y +I) + (2 + I)), but since

x(y+2) =xy + 22,
and xy is a representative of zy + I and xz is a representative of xz + I, by definition we have
+D((y+D)+(z+1)=(zy+I)+ (xz+ I).
Similarly one proves that
(z+D+w+D)(z+1)=(zz+ 1)+ (yz=+I).

For RI 4, if 1 denotes the multiplicative identity of R, then lx = x =zl and so (1+I)(z+1) =
(x+1)=(x+1)(1+1I).

It remains to show that 7 : R — R/I is a ring homomorphism with kernel /. Since 7 is just the
quotient map for groups, and 7(1) = 1 + I, it remains to show that = respects multiplication. Let
r,s € R, then

w(rs) =rs+1
= (r+1)(s+ 1) by definition
=7(r)m(s).

Finally, since 7 is the quotient map, we clearly have I C kerw. For the other containment, let
rekerm, thenr+1 =0+ 1 =1, hence r € I, thus kerm C I. Therefore kerm = I, as claimed. [
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Definition 5.3.4. Let R be a ring and I C R be a two-sided ideal. The ring R/I is called the
quotient ring of R by I, or the quotient ring of R modulo I, and 7 : R — R/I the canonical quotient
ring homomorphism.

Example 5.3.5. Z/nZ is just the quotient ring of Z by the ideal nZ.

Exercise 5.3.6. Let n > 2 be an integer. Prove the following facts about the rings Z/nZ.

(1) Show that Z/nZ is a domain if and only if n is prime.
(2) Let p be a prime number. Show that Z/pZ is a field.
(3) If a is an integer such that a # 0 mod p, show that a?~' =1 mod p.

Just as with groups and normal subgroups, every two-sided ideal is the kernel of a ring homo-
morphism, namely 7, and every kernel of a ring homomorphism is a two-sided ideal.

Theorem 5.3.7 (Maps from quotients). Let I C R be a twp-sided ideal with quotient map 7 : R —
R/I. Let ¢ : R — S be a ring homomorphism such that I C ker. Then there is a unique ring
homomorphism @ : R/T — S such that gom = .

We symbolize this as saying that the diagram
R

1
Rl/l = ¢>S

commutes, i.e. pom = . We say that p is induced by .

Proof of Theorem 5.3.7. The map @ : R/I — S is the map induced by ¢ as a map of abelian
groups, from Theorem 4.6.15.
Recall that @ : R/I — S is defined by

P(r+1) = p(r).
It remains to check that © is in fact a ring homomorphism.
As p(1) =1, we have p(1+ 1) = (1) = 1.
Let r+1,s+ 1 € R/I, then

o((r+I)(s+ 1)) =9(rs + 1) = p(rs) = p(r)e(s) = o(r + 1)p(s + 1),
and so ¢ : R/I — S is a ring homomorphism. O

Theorem 5.3.8 (First Isomorphism Theorem for Rings). Let ¢ : R — S be a ring homomorphism,
and let 1 : R — R/ker¢ be the quotient homomorphism. Then @ : R/ kerp — S gives a ring
isomorphism

R/ ker p = imep.

The proof is virtually the same as for groups and once could give a direct proof. We’ll instead
give one using the First Isomorphism Theorem for groups (Theorem 4.7.1).

Proof. Let I = kerp. By Theorem 5.3.7, there is a unique ring homomorphism @ : R/I — S
defined by @(r + I) = ¢(r). By the first isomorphism theorem for groups we have ¥ : R/I = imy
as groups. Since P is also a ring homomorphism, this is also an isomorphism of rings. O

Example 5.3.9. Let C[z] be the polynomial ring in one variable. Then for a € C, we have a ring
homomorphism

evy : Clz] = C,  f(x) — f(a).
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That this is a ring homomorphism is just the statement that (f +¢)(a) = f(a)+g(a), the constant
polynomial 1 has the value 1 at a and (fg)(a) = f(@)g(a).

The evaluation map ev,, is clearly surjective, as for z € C, the constant polynomial z — z. Thus,
by the first isomorphism theorem C[z]/kerev, = C.

In fact, although this is slightly more difficult to prove, kerev,, is the ideal (z — «) generated by
the polynomial x — a.

We also have a correspondence theorem, for ideals of the quotient R/I.
Theorem 5.3.10. Let R be a ring and I a two-sided ideal of R. Then the map
{subrings I C S C R} — {subrings ' C R/I}
S— S/I

is a bijection. Moreover, it restricts to a bijection between two-sided ideals of R that contain I, and
ideals of R/1I.

Proof. The proof is virtually the same as for subgroups of G/N, and is left to the interested
reader. g

Exercise 5.3.11. Prove the following proposition.

Proposition 5.3.12. Let I C R be an ideal, and let m : R — R/I be the quotient map. Suppose
that J C R/I is an ideal. Then n=*(J)={j € R | ©(j) € J} is an ideal of R containing I.

Theorem 5.3.13 (Third Isomorphism Theorem for Rings). Let R be a ring, and J C I C R be

ideals. Then
R/J

/7

Proof. The proof is virtually the same as for groups, one defines a surjective ring homomorphism

R/I =

R~ % by composing the natural quotient ring homomorphisms, and the shows that the kernel
is I. ]

For the second isomorphism theorem, we will need some notation.

Proposition 5.3.14. Let I C R be a subring of R, and let J C R be a two-sided ideal. Then
I+J={a+b | aclbeJ}

is a subring of R, J is an ideal of I + J, and I N J is an ideal of I. If I is a two-sided ideal of R,
then I + J is a two-sided ideal of R.

Proof. The proof is just verifying the definitions.
We see that I + J is a subgroup of R, as both [ and J are subgroups. Since 1 € I and 0 € J,
14+0€I+J. And for all (a+b),(a' +V') € I + J, we have
(a+b)+ (' +V)=(a+d)+(b+V)el+J
and
(a+b)(d +V)=ad +bd +ab +bb €I+ J
el eJ
Thus I + J is a subring of R.
Forbe Jand (¢ +V) eI+ J, (' +b)b=adb+bbe Jas Jis an ideal of R. Thus J is an ideal
of I +J.
Ifbe INdJ, then for all a € I, ab € I as [ is a subring, and ab € J as J is an ideal. Thus I N J
is an ideal of I.
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Finally, if I is a two-sided ideal of R, then for any x € R, we have z(a +b) =xza+abe I+ J,
and similarly (a 4+ b)z = ax 4+ bx € I + J. Thus I + J is a two-sided ideal of R. O

Theorem 5.3.15 (Second Isomorphism Theorem for Rings). Let R be a ring, I C R a subring,
and J C R a two-sided ideal of R. Then

(L+J) /g %I/(mJ)-
Proof. The proof is practically the same as for groups. In fact, there is an isomorphism of groups

(I+J) /g gI/(mJ)

from the Second Isomorphism Theorem for groups (Theorem 4.7.24). Since the quotient maps are
all ring homomorphisms, the map is also a ring isomorphism. ]

Definition 5.3.16. Let R be a commutative ring. We say two ideals I, J C R are relatively prime
itI+J=R.

Exercise 5.3.17. Let R be a commutative ring. If I, J are two relatively prime ideals, then
I1J=1InNnJ.

Exercise 5.3.18. Prove the following Proposition.

Proposition 5.3.19. Let R be a commutative ring. If 1,J are relatively prime ideals of R,
then given a,b € R there exists an x € R such that x —a € I and x — b € J. That is, there is
some ¢ € R such that

r=a (modI)andz=>b (modJ).
More generally, the map

¢:R—R/IxR/J
18 a surjective ring homomorphism with kernel I N J, hence
R/(INJ)X R/IxR/J.

Even more generally, if I, ..., I, are ideals that are pairwise relatively prime (I and I, are
coprime for any k # m) then there is a natural ring isomorphism

R/(I; -+ 1,) = R/I; x -+ x R/I,.

5.4. Prime and Maximal Ideals.

Remark 5.4.1. From now on, we will assume all the rings we work with are commutative, and
have a 1.

There are a few kinds of ideals with very nice properties, which are very useful in the abstract
study of rings.

Definition 5.4.2. Let R be a (commutative) ring. An ideal m C R is called mazimal if m # R
and there is no ideal J such that m C J C R and J # R and J # m. That is, m is a maximal ideal
if whenever J is any ideal such that m C J C R, then either J =m or J = R.

The first main result about maximal ideals is that every ideal is contained in some maximal
ideal. However, this requires Zorn’s lemma, and we briefly give some background before proving
the result.
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Definition 5.4.3. A set P is called partially ordered if there is a relation < on P such that for all
x,y,z € P we have

oz <uz,

o if xt <y andy < x, then z =y, and

o if xt <yandy<z then z < z.
The relation < is called a partial order as it need not be the case that any two elements of P are
comparable. A partially ordered set is sometimes called a “poset”.

Example 5.4.4. Let X be a set. Let P be the set of subsets of X, and define a partial order by
inclusion. That is, for subsets A, B C X wesay A < Bif A C B.

Definition 5.4.5. Let P be a partially ordered set. A chain is a totally ordered subset C C P,
that is, for any x,y € C we have z < y or y < z.

Remark 5.4.6. Posets are fundamental, sadly we don’t have time to delve into properties or
examples of posets. One example is the natural numbers ordered by size. Another example is
subsets of R ordered by inclusion.

Lemma 5.4.7 (Zorn’s Lemma). Let P be a partially ordered set. Suppose P is nonempty and every
chain in P has an upper bound, i.e., for a chain C C P there is an element x € P such that a < x
for all a € C. Then P has at least one maximal element, i.e., an element m € P such that x < m

for all x € P.

Remark 5.4.8. Lemma 5.4.7 is not really a lemma, it is an axiom of set theory, which is equivalent
to the Axiom of Choice (which says that there is a way to pick an element out of any set). In fact,
the Axiom of Choice and Zorn’s Lemma are both equivalent to the Well-Ordering Principle, tot he
statement “every vector space has a basis”, and to the statement “every non-zero ring with a 1 has
a maximal ideal”. So in some sense, we are assuming what we want to prove. On the other hand,
if we want to prove maximal ideals exist, then we have to assume it.

For some nice rings, the existence of maximal ideals does not need Zorn’s lemma, in particular
for Noetherian rings, named in honor of Emmy Noether, which are rings where every ideal can be
generated by a finite set.

Theorem 5.4.9. Let R be a (commutative) ring. Then every proper ideal is contained in some
mazimal ideal.

Proof. Let S be the set of proper ideals of R that contain I. Since I C I, § is non-empty, and S
is a poset under inclusion. Moreover, for any chain C C S, let

J=]JA
AeC

We claim that J is an ideal. Certainly, J is non-empty and 0 € J. For any a,b € J, there are
ideals A, B in C such that « € A and b € B. Since C is a chain, we can assume A C B, and so
a+b e J. Since each A is an ideal, then for any r € R and a € J, ra € J. Thus J is an ideal of R.

Since each A € C is a proper ideal, 1 ¢ A for all A € C, andso 1 ¢ J, so J is a proper ideal. And
since [ CAforallAeC,1CJ.

Thus every chain C C S has an upper bound, and by Zorn’s Lemma, S has a maximal element,
which is therefore a maximal (proper) ideal containing I. O

Lemma 5.4.10. A (commutative) ring R is a field if and only if R has no ideals other than 0 and
R.

Proof. If R is a field, then the only ideals are 0 and R, as proven in Proposition 5.1.19. Conversely,
suppose that R has only the ideals 0 and R. Let a € R\ {0} and consider the ideal (a). Since
a#0, (a) #0, this (a) = R. Hence 1 = ab € (a), so b= a~'. Thus every non-zero element of R is
invertible, and R is a field. g
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Theorem 5.4.11. Let R be a (commutative) ring. An ideal m of R is mazimal if and only if R/m
is a field.

Proof. Let m C R be an ideal and let 7 : R — R/m be the quotient map.

Suppose that m is maximal. Let J C R/m be an ideal. Then by Proposition 5.3.12, 7~!(m) is
an ideal of R containing m, hence must be either m or R. Thus J = 0 or J = R/m, respectively.
Hence R/m is a field.

Conversely, suppose that R/m is a field. Thus m # R. Suppose that J is an ideal of R containing
m. We show that if J # m, then J = R. Let a € J\ m. Then 7(a) # 0, hence as R/m is a field
and 7 is surjective, there is a multiplicative inverse m(a)~! = 7(b) € R/m. Thus 1 = 7(ab), hence
ab € 1 +m. So there is r € m such that ab = 1 4+ r. Note that a,b,r € J, hence 1 = ab—1r € J.
Thus J = R, as desired. Therefore m is maximal. ]

Example 5.4.12. The maximal ideals of Z are pZ where p is prime (as nZ < dZ if and only if
d | n.) Thus Z/pZ is a field if and only if p is prime.

Quotienting by a maximal ideal gives a field. Domains share many properties of fields, so we
may ask if there are kinds of ideals that correspond to domains. It turns out there are!

Suppose that [ is an ideal of R and that R/I is a domain. Then for any a + I,b+ I € R/I, if
ab+I=04+1,thena+I=0+7Torb+1=0+1. Thatis,if R/I is a domain, then I satisfies
the property that if ab € I, thena € I or b € I.

Definition 5.4.13. Let R be a ring. An ideal I of R is prime if for all a,b € R, if ab € I, then
ac€lorbel.

Theorem 5.4.14. Let R be a ring and I an ideal of R. Then I is prime if and only if R/I is a
domain.

Proof. Let m: R — R/I be the quotient map.

Suppose that I is prime, and let 7(a), 7(b) € R/I, since 7 is surjective. Suppose that 7(a)m(b) =
0. Then 7(a)w(b) = w(ab), thus ab € I. As I is prime, a € I or b € I. Thus n(a) = 0 or 7(b) = 0.
Therefore R/I is a domain.

Conversely, suppose that R/I is a domain, and let a,b € R such that ab € I. Then 0 = 7(ab) =
m(a)m(b), thus m(a) = 0 or 7(b) = 0. Therefore a € I or b € I, whereby [ is prime. O

Corollary 5.4.15. R is a domain if and only if {0} is a prime ideal.

Example 5.4.16. Consider the ring C[z]. The ideal (z) is prime, in fact it is maximal. However,
the ideal (22) is not prime.

Example 5.4.17. The ideal (zy) of Clz,y] is not prime. Indeed, zy € (zy), but x ¢ (zy) and
y ¢ (zy).

Since a field is a domain, we obtain the following corollary.
Corollary 5.4.18. Any maximal ideal is prime.

Proof. Let m be a maximal ideal of R. Then R/m is a field, in particular a domain. Then m is
prime. ]

Example 5.4.19. Let R be a commutative ring. The ring of dual numbers is R[x]/(x?). The
elements of R[z]/(x?) are of the form a + be with a,b € R and €2 = 0. This is not a domain,
since (22) is not prime. The ring of dual numbers is useful in defining the notion of derivatives in
algebraic geometry.

Prime ideals play nicely with ring homomorphisms.

Proposition 5.4.20. Let ¢ : R — S be a ring homomorphism, and let I C S be a prime ideal.
Then o~ Y(I) is a prime ideal of R.
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Proof. Let I C S be a prime ideal. By Proposition 5.3.12, = *(I) C R is an ideal. Let a,b € R
such that ab € p~(I). Then ¢(ab) = p(a)p(b) € I, and as I is prime, p(a) € I or p(b) € I. Thus
a€pt(I)orbe o l(I). O

Definition 5.4.21. Let R be a domain. The characteristic of R, char(R), is the smallest integer
p € Z~q such that p = 0 in R, if such a p exists, and we say R has characteristic p. If no such p
exists, we say R has characteristic zero.

Example 5.4.22. The rings Z, Q, R, C all have characteristic zero. The field Z/pZ has charac-
teristic p.

Proposition 5.4.23. Let R be a domain. Then char(R) is zero or a prime.

Proof. We show that if R has positive characteristic p, then p is a prime number. Indeed, by
Proposition 5.2.5, there is a unique ring homomorphism f : Z — R. Since R is a domain, {0} is a
prime ideal, and ker f = f~1({0}) C Z is a prime ideal, thus ker f = pZ for some prime number
P. O

Remark 5.4.24. Let R be a commutative ring. The set of prime ideals of R is usually denoted by
Spec(R), called the spectrum of R. Note that if ¢ : R — S is a ring homomorphism of commutative
rings, then by Proposition 5.4.20 we have an induced map

¢* : Spec(S) — Spec(R), p— ¢~ (p).

One can define a topology on Spec(R), called the Zariski topology, turning Spec(R) into a space,
and one can define functions on Spec(R) turning it into an affine scheme, and then define maps
between affine schemes. In fact the category of affine schemes is equivalent to the category of
commutative rings!

The study of the geometric spaces arising from affine schemes is called algebraic geometry, and
is a rich field of math. In particular, by studying polynomial rings, algebraic geometry studies
solutions to polynomial equations. A friendly introduction can also be found in Ideals, Varieties,
and Algorithms by Cox—Little-O’Shea. For an introduction to algebraic geometry, I highly recom-
mend Fulton’s book Algebraic Curves, available for free on the author’s website. Some additional
references are Atiyah and MacDonald’s book Introduction to Commutative Algebra, where much of
the algebra background for algebraic geometry is developed. Another nice reference is Eisenbud’s
Commutative Algebra: With a View Toward Algebraic Geometry.

We'll end with a few observations about prime and maximal ideals.

Exercise 5.4.25. Let R and S be commutative rings and f : R — S be a ring homomorphism.
If m C S is a maximal ideal, is f~!(m) a maximal ideal? Show that f~!(m) need not be
maximal. If f is surjective, show that f~!(m) is a maximal ideal.

Proposition 5.4.26. Let R be a PID. Then every non-zero prime tdeal is mazimal.

Proof. Let (z) be a non-zero prime ideal, and suppose I is an ideal containing (x) with I # (z).
Since R is a PID, I = (y) for some y € R. Thus as (z) C (y), x € (y) so z = yz for some zz € R.
Since yz = x € (x), but y ¢ (z), (z) being prime implies that z € (x). So z = tx for some ¢ € R.
But then

T =1yz =ylx,
hence as R is a domain, yt = 1. Thus (y) = (1) = R, and () is maximal. O

Example 5.4.27. It is not true that prime ideals are always maximal. Indeed, in the ring C[x, y],
the ideal (z) is prime, but not maximal, as C[x,y]/(x) = C[y|, which is not a field.
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Corollary 5.4.28. Let R be a commutative ring. Suppose that R[x] is a PID. Then R is a field.

Proof. We have an injective ring homomorphism R — R[z],r — 7 x 1. Thus as R[z| is a domain, R
must also be a domain. Furthermore, R[z]/(z) = R. Since R is a domain, (z) is prime. Therefore,
as R[z] is a PID, () is maximal, and so R[z|/(x) = R is a field. O

Our next topic will be about factorization in rings. After all, we have prime ideals...

5.5. Factorization Domains. We will build up the notion of factorization in rings. We first set
some terminology, which may differ from your intuition. Throughout this section, R will be a
domain.

Definition 5.5.1. Let R be a domain.

e Wesay u € Risa unitifue R* ={a € R | there exists b € R such that ab = 1}

e Let r € R be a non-zero non-unit. We say r is irreducible if whenever r = ab with a,b € R,
then @ is a unit or b is a unit. Otherwise, r is called reducible.

e A non-zero element p € R\ 0 is called prime if (p) is a prime ideal. That is, if whenever
p | ab, then p |a or p | b.

e We say that two elements a,b € R are associate if a = ub for some unit u € R*.

Proposition 5.5.2. Let R be a domain and p € R be prime. Then p s irreducible.

Proof. Suppose (p) is a non-zero prime ideal, and let p = ab. Then ab = p € (p), so by the definition
of prime ideal, a € (p) or b € (p). Without loss of generality, we may assume a € (p). Thus a = pr
for some r € R, hence

p = ab = prb,
whereby rb = 1. Thus r and b are units. In particular, p = ab implied that b is a unit. Hence p is
irreducible. O

Example 5.5.3. The converse of Proposition 5.5.2 is not always true. For example, consider the
element 3 € Z[y/—5]. Then 3 is irreducible, but not prime since

24+V=5)(2-V5) =9¢€(3),
but
(2+V=5), (2= V5) ¢ (3).
Proposition 5.5.4. Let R be a PID. Then a nonzero eleent is prime if and only if it is irreducible.

Proof. We’ve seen that prime implies irreducible in Proposition 5.5.2. For the converse, suppose
that p € R is irreducible. We show that (p) is a maximal ideal, hence prime. So suppose that I is
an ideal of R containing (p). Since R is a PID, I = (a). Thus as p € (p) C (a), p = ra for some
r € R. Since p is irreducible, » € R* or a € R*.In the former case, (p) = (a), and in the latter case
(a) = R. Thus (p) is a maximal ideal. O

More generally, the two notions of prime and irreducible coincide when we have unique factor-
ization.
Definition 5.5.5. Let R be a domain.

e We call R a factorization domain (FD) if for every nonzero, nonunit a € R, there exist
irreducible elements p; ...,py € R such that a = p; - - - py.
o We call R a unique factorization domain (UFD) if R is a FD and whenever

Pr--Pe=4q1...-m

for irreducible elements p1,...,ps q1,- .., ¢m € R, then £ = m and up to re-ordering, p; and
q; are associates.
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Example 5.5.6. The integers Z are a UFD. The reason we have to add the “associates” in the
definition of UFD is because of factorization like
6=2-3=(-2)-(-3).

Proposition 5.5.7. Let R be a factorization domain. Then R is a UFD if and only if every
wrreducible element of R is prime.

Proof. Suppose that R is a UFD, and let p € R be irreducible. We want to show that p is prime.
So let ab € (p). Thus ab = pc for some ¢ € R. Since R is a factorization domain, there are
factorizations into irreducible elements

a=pr-pg, b=aq-q c=r1Ty

Thus we have two irreducible factorizations of ab = pc, namely

P1-Pk-q1 " gm =P T1"""Tm.

Since R is a UFD, there is a unit u € R* such that p = up; or p = ug; for some i or j. Thus a € (p)
or b € (p), so p is prime.

Conversely, suppose that every irreducible element of R is prime. We want to show that R is a
UFD. So let

Pi-Pe=4q1 " "qm

be two factorizations into irreducible elements. Without loss of generality, we may assume that
¢ < m. Since p; is irreducible, hence prime by assumption, and ¢; --- ¢, € (p1), there is some
¢; € (p1). Rearranging, we may assume ¢; € (p1). Thus ¢1 = uip; for some u; € R, and since ¢ is
irreducible, u € R* is a unit. Thus we have

P1--Pe=U1P19q2 - - Qm,

and canceling p; on both sides (as R is a domain) we have

P2 -Pg=1uU1q92 " Gm-
Since u; ¢ (p2), we can continue and find a unit uy such that up to reordering g2 = ugpe, and find

P3 - Pe = U1U243 " * - gm-

After /¢ steps, we find units u1,...,up such that ¢; = u;p; and

I=wy - ueqeyr - Gm-
Since each g¢; is irreducible, and not a unit, we must have £ = m. Thus R is a UFD. ]
Theorem 5.5.8. Let R be a PID. Then R is a UFD.

Proof. We first show that if R is a PID, then R is a factorization domain.

Suppose for contradiction that there exists a nonzero, nonunit ag € R that doe snot factor as
a product of irreducibles. Thus ag itself is not irreducible, thus we can factor ag = a1b; for some
a1,b1 € R with neither a; nor b; a unit. If both a1 and b; factored as a product of irreducibles,
then so would their product. Therefore, without loss of generality, we may assume a; does not
factor as a product of irreducibles. And we have (ap) € (a1). Continuing, since ag cannot be
irreducible, there are nonunits as,bs € R such that a; = agbs and we may again assume without
loss of generality that as does not factor as a product of irreducibles. Continuing like this, we find
an infinite sequence ag,ay,... with a; = a;41b;+1 € R for some nonunits b;;;, and we have an
infinite chain of strict containments of ideals

(ap) € (a1) € (a2) € (ag) S ---

The union of these ideals is an ideal, and since R is a PID, we have

o0

Ul = (¢)

1=0
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for some ¢ € R. Thus ¢ € (ay,) for some n, hence (¢) = (ay) for all k¥ > n, which is a contradiction
to the infinite chain of ideals being strict containments.

We’ve seen in Proposition 5.5.4 that if R is a PID, then every irreducible element is prime. Thus,
as R is a factorization domain, Proposition 5.5.7 implies that R is a UFD. ]

5.5.1. Noetherian Rings.

Remark 5.5.9. The argument in Theorem 5.5.8 really hinged on the fact that the infinite chain
of ideals stabilized at some point. This is such an important property that it is useful to give it a
name.

Definition 5.5.10. Let R be a (commutative) ring. We say that R satisfies the ascending chain
condition if for any chain of ideals

L<ChLhCc---Cl,C---
there is some NN such that for all k > N, I, = Iy. That is, every increasing chain of ideals stabilizes.

When we have the ascending chain condition, we don’t really need Zorn’s Lemma anymore.

Proposition 5.5.11. Let P be a partially ordered set. The following are equivalent:

(i) Every increasing sequence x1 < xg < --- in P stabilizes, i.e., there is some N such that
xp=xy forallk > N.
(ii) Every non-empty subset of P has a mazximal element.

Proof. (i) = (ii): Suppose for contradiction that (ii) is false. Then there is a non-empty subset
T C P with no maximal element, and we can construct inductively an infinite strictly increasing
sequence of elements of T', contradicting (i).

(ii) = (i): The set {z;};>1 has a maximal element, zx, and the sequence stabilizes. O

Theorem 5.5.12. Let R be a commutative ring. Then the following are equivalent.

(i) R satisfies the ascending chain condition
(ii) every increasing chain of ideals has a maximal element
(iii) every ideal of R is finitely generated, i.e., if I is an ideal fo R then there exist f1,..., fm € R
such that I = (f1,..., fm).

Proof. We've seen that (i) and (ii) are equivalent. It remains to show that (iii) is equivalent.

(ii) = (iii): Let I be an ideal of R, and let P be the set of all finitely generated ideals contained
in I. Since (0) € P, P is non-empty, and thus has a maximal element, say J = (f1,..., fm). If
I = J, we are done. Else, suppose that I # J and let z € I\ J. Then J+ () = (f1,..., fm,z) C I
is a finitely generated ideal contained in I. Since z ¢ J, J C J + (), contradicting the fact that J
is maximal. Hence J = I, as desired.

oo
(iii) = (i): Let I; € Is C --- be an ascending chain of ideals of R. Then I = |J I; is an
i=1
ideal of R, hence finitely generated by fi,..., fm. Say f; € I, for some nq,...,n,,. Then for
N = max{ny,...,nn}, I = Iy, and thus the chain stabilizes. O

Definition 5.5.13. We say a ring R is Noetherian if R satisfies any of the equivalent conditions
in Theorem 5.5.12.

Remark 5.5.14. Noetherian rings are named in honor of Emmy Noether, who revolutionized the
study of rings and other areas of abstract algebra.

Example 5.5.15. A field is Noetherian, since the only ideals are 0 and (1). More generally, a PID
is Noetherian, every ideal is finitely generated (by one element).

An important fact about Noetherian rings is the following, the proof is taken from Fulton’s
Algebraic Curves.
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Theorem 5.5.16 (Hilbert Basis Theorem). Let R be a Noetherian ring, then R[z] is Noetherian.

Proof. Suppose that R is Noetherian, and let I C R[z| be an ideal. We must find a finite set of
generators for I.

If F=agz?+---+a1z+ap € R[], and ag # 0, we call aq the leading coefficient of F. Let .J be
the set of leading coefficients of all polynomials in I. Then J C R is an ideal, as if F,G € I, then
F+Gel, and if a € R, then aF € I, thus the leading coefficients of polynomials in I are closed
under addition and scaling by elements of R.

Since R is Noetherian, J is finitely generated, so there are some polynomials Fy,..., F, € [
whose leading coefficients generate J.

Now fix some N > max{deg(F1),...,deg(F,)}. For each m < N, let J,, be the ideal in R
consisting of all polynomials F' € I such that deg(F) < m. As for J, let {F,,,} be a finite set of
polynomials whose leading coefficients generate J,,.

Let I’ be the ideal generated by the finite set of the {Fi,...,F.} and all the {F,,}. So I' is
finitely generated. We claim that I’ = I.

Since each generator of I’ is an element of I, we clearly have I’ C I. Suppose for contradiction
that I’ # I, and let G € I\ I’ be an element of lowest degree (which exists by well-ordering).
If deg(G) > N, then since the leading coefficient of G is in J, we can find polynomials @); such
that > F;Q; and G have the same leading coefficient. But then deg(G — > Q;F;) < deg(G), so
G — > Q;F; € I', whereby G € I', which is a contradiction. Similarly, if deg(G) = m < N, then
the leading coefficient of G is in J;,, and we can find polynomials Q; such that G and ) Q;Fp,
have the same leading coefficient, again leading to a contradiction. Thus I’ = I, and I is finitely
generated. O

Corollary 5.5.17. Let K be a field, then K[z1,...,x,] is Noetherian.

Exercise 5.5.18. Prove the following proposition.

Proposition 5.5.19. Let R be a ring, I an ideal of R, and 7 : R — R/I the natural quotient
map. Show that if J C R is a finitely generated ideal, then w(J) is a finitely generated ideal of
R/I. Therefore, if R is Noetherian, then R/I is Noetherian for any ideal I of R.

One nice thing about Noetherian domains is that you can factor, though perhaps not uniquely.
In particular, in the proof that a PID was a UFD, the crucial part in showing that a PID was a
factorization domain was showing that the infinite chain of ideals

(ao) € (a1) & -+

eventually stabilized, which is a special case of the ascending chain condition.

Theorem 5.5.20. Let R be a Noetherian domain, i.e. a domain that is Noetherian. Then R is a
factorization domain.

More generally, a domain which satisfies an “ascending chain condition on principal ideals” is a
factorization domain, the proof being the same as for a PID or a Noetherian domain.

5.6. Polynomial Rings. We’ll develop some of the theory of polynomial rings F|x1,...,z,] over
a field F'. You'll see much more of this in Math 4581 when you cover Galois theory.

Notation. Throughout this subsection, F' will denote a field unless otherwise specified. We may
sometimes emphasize that F is a field.

Definition 5.6.1. The ring of polynomials with coefficients in F' is denoted by F[x].
Slogan. F[z] is like Z.
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First, F[z] is a ring, we can add and multiply polynomials in the usual way. In Z we may not
always be able to divide, but we can always divide with remainder.

Recall 5.6.2. We'll recall some facts about Z.

Theorem 5.6.3 (Division algorithm in Z). Given a,b € Z, there are unique q,r € Z such that
b=ra+r with |r| <la| orr=0.

This gives the Euclidean algorithm for the greatest common divisor.

Definition 5.6.4. The greatest common divisor of a and b is ged(a,b) = d if d | a, d | b, and
if e € Z also divides both a and b, then e | d.

The Euclidean algorithm for computing ged(a,b) also shows that Z is a principal ideal

domain. That is,

e 7 is a domain (if ab =0, then a =0 or b = 0), and

e ideals of Z are principal (if I C Z is an ideal, then I = (d) for some d € Z. In fact, one

can take d to be the smallest non-negative element of I.)
Example 5.6.5. For a,b € Z, the ideal generated by a and b,
(a,b) :=={n € Z | n = ax + by for some x,y € Z}

is principally generated by gcd(a,b), i.e., (a,b) = (ged(a, b)).

The ring of polynomials over a field enjoys similar properties.

Definition 5.6.6. Let p(x) = a,2™ + --- + a1z + ap € Flz]. The degree of p(x) is the largest d
such that aq # 0, and we write degp = d.

Exercise 5.6.7. Let F' be a domain. Then F[z] is a domain.

Lemma 5.6.8. Let F be a domain, and f,g € Fx]. We have deg(fg) = deg(f) + deg(g) and
deg(f +g) < max{deg(f),deg(g)}-
Remark 5.6.9. This is no longer true if F' is replaced with a ring that is not a domain! Namely
in Z/6Z[z] we have
(22 +1)(3z) = 622 + 32 = 3.
Theorem 5.6.10 (Division algorithm for polynomials). Given a,b € F[z], with a # 0, there are
unique q,r € Fx] such that
b=qa+r
with deg(r) < deg(a) orr =0.
Proof. We first show that ¢ and r exist.
We'll fix some notation, let
a=apx" 4+ -+ ag, a, #0,
and
b=byz* + -+ by, b #0.
If kK < n, then
b=0-a+0b

is of the required form. So we may suppose k > n. We proceed by induction on k.
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Note that
b— b—k$k_”
an,
has degree < k = deg(b). So by induction, there are ¢, € F[z] such that deg(r) < deg(a) and

a

b
b= (2" "+ Qa+r,
G,

| S ——
q

and letting ¢ = (Z—’:Lack*" + q)a, we have
b=gqa+r

with deg(r) < deg(a), as desired.
To prove that g and r are unique, suppose that

b=qa+r+qa+7
with deg(r), deg(r) < deg(a). Then
a(q - a/) = ?_ T,
and note that deg(r — r) < deg(a).
If ¢ — g # 0, then deg (a(q — q)) > deg(a), contradicting the fact that

deg (a(q —q)) = deg(r — 1) < a.
Thus ¢ — ¢ = 0, hence ¥ — r = 0, and thus

as desired. O
Definition 5.6.11. For a,d € F[z], we write d | a and say “d divides a” if @ = ¢d for some ¢ € F[z].
As in Z, the division algorithm gives us a Euclidean algorithm.

Theorem 5.6.12. For a,b € F|z], a and b have a greatest common dwisor d € F[x] such that

ed|aandd|b, and
e ife|aande|b, thene|d.
Moreover, ged(a,b) = fa+ gb for some f,g € Flz].
Proof. Observe first that
{common divisors e of a and b} = {common divisors e of @ and b+ ka for any k € F|x]}.

Indeed, if e is a common divisor of a and b, then certainly e divides a and b + ka. Conversely, if e
divides a and b + ka, then e divides a and b = (b + ka) — ka.
Now we apply the division algorithm to find d = ged(a, b), as
{common divisors of a and b} = {common divisors of a and b — ga}.
If deg(a) < deg(b), then
min{deg(r),deg(a)} < min{deg(a),deg(b)},

so using the division algorithm to find smaller degree common divisors must terminate, and it
terminates when r = 0. So we transform the pair (a,b) to (d,0) with d = ged(a, b).

As we found d by replacing a and b with b — ka or vice versa, it is clear that d is obtained in the
form d = fa + gb for some f,g € F|x]. O

Theorem 5.6.13. Let F be a field. Then F[z] is a PID.
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Proof. Since F' is a field, if f,g € F[z] are non-zero, then fg is also non-zero as the top degree
coefficients cannot cancel.

It remains to show that all ideals of F[z] are principal. This is analogous to the proof that Z is
a PID, replacing d with a polynomial of smallest degree in I. We give the details for completeness.

Let I C Flz| be an ideal. If I = 0, then [ is principal. So we may assume I # 0, and let d € I
be a non-zero polynomial of lowest degree. We claim that I = (d). Since d € I, it is clear that
(d) C I. Conversely, suppose that f € I, and write f = gd + r with deg(r) < deg(d) or r = 0.
Then f —qd=r €I and so r =0. Thus f = qd, and so I = (d). U

Corollary 5.6.14. Let F be a field. Then Flx] is a UFD.
Proof. Every PID is a UFD (Theorem 5.5.8). O

Remark 5.6.15. Once we know that F[x] is a PID, we can define greatest common divisors just
like in Z, we define ged(f,g) = d where d is the generator of the ideal (f,g) = (d).

Remark 5.6.16. Note that if F' is a field, then F[z,y] is no longer a PID. Indeed, the ideal (z,y)
is not generated by one element. However, one can prove that if R is a UFD, then Rz] is a UFD,
though we will not develop the required theory here.

Definition 5.6.17. Let a € F, then there is a ring homomorphism ev, : Fz] — F,p(z) — p(a),
obtained by evaluating polynomials at a.

Definition 5.6.18. For p(z) € F[z], we call a € F a root of p(x) or a zero of p(x) if evy(p) =
p(a) = 0.

Proposition 5.6.19. Let F' be a field. Then a € F is a root of p(x) € F[z] if and only if x — a
divides p(x).

Proof. Let a be a root of p. By the division algorithm, we have
p=(r—a)g+r
with deg(r) < deg(z —a) = 1. So r =b € F. Evaluating at a, we have
0=p(a) = (a—a)ga) +r=r,

and so r = 0 and = — a divides p.
Conversely, if p = (z — a)q, then evaluating at a shows that p(a) = 0. O

Corollary 5.6.20. Let F' be a field. A non-zero polynomial of degree n has at most n roots in F.

Proof. Let p € Flx] with deg(p) = n. if ai1,...,ax are all the roots of p in F, then by Proposi-
tion 5.6.19

p=(z—a1)- - (z —ak)q,
for some non-zero q € F[x] of degree deg(q) > 0. Taking degrees gives
n = deg(p) =deg ((x —ay1) -+ (x — ar)q) = k + deg(q) > k,
thus n > k. 0

Remark 5.6.21. It is not true that a polynomial of degree n has to have n roots! For example,
the polynomial 2% + 1 € R[z] has no roots!

Remark 5.6.22. Worse still, a polynomial f € F[x]| can have every element of F' as a root and
still be non-zero. For example, let F' = Z/27 and consider the polynomial 22 — z € F[z].

The above examples only exist for polynomial rings over finite fields.
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Theorem 5.6.23. Let F' be an infinite field. Let f € Flx1,...,x,] be a polynomial in n variables.
If the corresponding function

F" = F, (a1,...,a,)— f(a1,...,an)
is the zero function, then f is the zero polynomial.

Proof. We will use induction.
Let g(z) € F[z] be a polynomial such that g(a) = 0 for all a € F. Suppose for contradiction that
g # 0. Since F is infinite, g(x) has infinitely many zeros, which is a contradiction. Thus g = 0.
For the inductive step, let f € Flxi,...,z,] be such that for every (a — 1...,a,) € F",
flai,...,an) = 0. Write

d
f@r, .. mn) =Y fi(@1,. . an1)ad, € Floy,... an] = Flay, .., 2n1][2n).
j=0
Let (a1,...,an_1) € F"! be arbitrary. By assumption,

d
g(xn) - f(a17 s 7an—17$n) = ij((ll, . ,CLn_l)(L'}]l
7=0

is a polynomial in one variable with infinitely many roots, hence g(z,) = 0, so fj(a1,...,an—1) =0
for all (ay,...,an—1) € F" 1 and all 1 < j < d. Thus by induction f; = 0 for all j, and so f is the
zero polynomial. (Il

One nice thing about polynomial rings is that we can use them to construct bigger fields.
Proposition 5.6.24. Let F be a field and p € F[x] be irreducible. Then F[z]/(p) is a field.

Proof. Since F[z] is a PID, p is prime, by Proposition 5.5.4. Thus (p) is a prime ideal. Furthermore,
by Proposition 5.4.26, (p) is a maximal ideal. Hence F[z]/(p) is a field. O

Example 5.6.25. The polynomial 22 + 1 € R[] is irreducible. Indeed, suppose that 2 +1 = fg.
Then 0 < deg(f),deg(g) < 2. Suppose for contradiction that deg(f) = 1 = deg(g). But then f
and g must have roots, hence 22 + 1 has a root, which is a contradiction. Thus deg(f) = 0 or
deg(g) = 0, and one of f or g is a unit. Therefore 2% + 1 is irreducible in R|[z].

In particular, R[z]/(2? + 1) is a field. It turns out that

Rlz]/(x* + 1) = C.
Let us prove this. Let i € C be an element such that > = —1. Consider the map
ev; : Rlz] = C, f(z)— f(7).
Then ev; is surjective, as a + bi = ev;(a + bx). Moreover, since R|[z] is a PID, kerev; = (p) for
some p € R[x]. Since ev;(2?+1) = (i)2+1 =0, (22 + 1) C kerev;. And since 22 + 1 is irreducible,
(22 4+ 1) is maximal, thus kerev; = (22 + 1). By the First Isomorphism Theorem (Theorem 5.3.8),
Rlz]/(x* + 1) = C.
Let’s see another example.

Proposition 5.6.26. Let Fy = Z/27Z. Then 2*> — x — 1 € Fy[x] is irreducible, and the quotient
Folz]/(2? — 2 — 1) is a field with four elements.

Proof. Suppose for contradiction that 22 — z — 1 is reducible, and write
pq = z? —x—1.
If deg(p) = 1 = deg(q), then p and g are of the form ax + b and %b is a root. Thus 22 —z — 1 would

have a root. However, evaluating at 0 or 1, we find that 22 — z — 1 has no roots! Thus deg(p) = 0
or deg(g) = 0, in which case one of p or ¢ is a unit, and so 22 — x — 1 is irreducible.
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Hence (22 —x — 1) is a maximal ideal (as Fa[z] is a PID, and 22 — x — 1 is irreducible hence
prime, and every prime ideal of a PID is maximal). Thus Fo[z]/(2? — x — 1) is a field.

We now show that Fa[z]/(22 — 2 — 1) has four elements. The cosets of 0,1, z, and z + 1 are all
distinct, since the difference of any two would have degree < 2, and thus cannot be in the ideal
(22 — 2 —1). Hence Fa[z]/(2? — x — 1) has at least the four elements 0, 1, z,x + 1. Moreover, since
2?2 = 2+ 1 € Fyla]/(22 — x — 1), any class can be represented by an element of degree 1 or less.
Hence the cosets of (z2 — x — 1) are exactly represented by 0,1,z,z + 1, thus Fa[z]/(2? — 2 — 1)
has four elements. O

More generally, one can show that any finite field IF, has p" elements where p = char(F,), and
using similar constructions there is a finite field F,» for every prime p and n € Z~q.
We’ll end with some nice problems involving polynomial rings.

Exercise 5.6.27. Let K be a field, and let F' € k[xy,...,2,], and a1,...,a, € K.
(1) Show that there are some A(;) € K such that

F= Z Ay (@1 — ar) - (2 — an)™.

(Hint: consider trying to eliminate the term of F' with the largest degree using only
products of the monomials (z; — a;).)
(2) If F(ay,...,a,) =0, show that

F = zn:(wz — az)Gz
i=1

for some (potentially not unique) G; € K|[z1,...,xy,)].

Exercise 5.6.28. Let K be a field, and aq,...,a, € K. Show that
I=(x1—a1,...,on —ay) C Klxy,..., 2]

is a maximal ideal, and that K|z1,...,z,]/I] = K.

Exercise 5.6.29. Let K be any field. Show that there are an infinite number of irreducible
polynomials in K|[z] with leading coefficient 1. (Hint: Suppose Fi,..., F, were all of them,
and factor F} --- F), 4+ 1 into irreducible factors.)

6. FURTHER ToOPICS IN ALGEBRA

We highlight some potential future topics that might be of interest after this first course in
abstract algebra.

6.1. Galois Theory. Galois theory, named in honor of Evariste Galois, arose in the study of the
question “When can you find a formula for the solutions to a polynomial equation in one variable?”
In particular, we know the famous quadratic formula that says az? + bz + ¢ has solutions

—b+ Vb2 — 4ac
2a '
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It turns out that there are similar formulas for polynomials of degree 3 and 4, but there is no
formula for the solutions of a polynomials of degree > 5 using just radicals (this is known as Abel’s
Theorem).

The modern approach to Galois theory is to view finding roots of polynomials as finding larger
fields, like R[x]/(2? + 1) is a larger field than R and has the new root i € C. We say a field L is an
extension of a field K if K C L, and Galois theory studies “nice” field extensions. In particular,
we consider the groups Aut(L/K) of field automorphisms of L that are the identity on K (like
complex conjugation on C that fixes the subfield R), and we notice that o € Aut(L/K) sends
roots in L of f € K|[z] to different roots of f, since o(0) = 0. The magic of Galois theory is that
there is a deep connection between subfields K C F' C L and subgroups of Aut(L/K), and many
properties of the intermediate field I’ are reflected in the subgroup, and one can understand roots
of polynomials using these groups. You’ll see this in Math 4581. A very nice treatment is Milne’s
book Fields and Galois Theory, available on the authors website at https://www.jmilne.org/
math/CourseNotes/FT.pdf, which you are now prepared to read. Dummit and Foote’s book also
has a very nice exposition of Galois theory.

And don’t be fooled into thinking that Galois theory is all done, there are still many interesting
open questions relating to Galois theory, and many people working on those and related questions.

6.2. Representation Theory. Another way to study groups is by viewing them as symmetries
acting on some objects. In the case of Representation theory, the objects will be vector spaces, and
you can study groups by how they act on vector spaces. A (finite dimensional) representation of
a group G is a group homomorphism p : G — GL,(F) for some field F', usually the field is C in a
first introduction to representation theory.

For example, the way we represented elements of S3 by matrices in Example 4.1.3(5) is a repre-
sentation Sz — GL3(C).

Many properties of groups can be seen in terms of their representations, and representation
theory has deep connections to areas of math including number theory, algebraic geometry, Fourier
analysis, and many other branches of math, and representation theory is an active area of modern
research. A nice introduction can be found at the end of Dummit and Foote’s book, as well as the
classics Linear Representations of Finite Groups by Serre, and Representation Theory by Fulton
and Harris.

6.3. Algebraic Geometry and Commutative Algebra. At its core, Algebraic Geometry is the
study of solutions to polynomial equations. For example, one can take the solutions to 22 4+y>—1 €
R[z,y] and view the solutions as a circle, namely {(z,y) € R? | 22+ 4% = 1}. And one can study
both the algebraic aspects of the polynomial 2 + y? — 1 and the geometric aspects of the space of
solutions. There is a deep interplay between the algebra side and the geometry side, and algebraic
geometry is the study of this relationship, or perhaps using tools from one side to study the other.

For example, solutions to equations like y? = 23 4 ax + b are called elliptic curves, and pop up
all over the place in math, including applications like cryptography (you might have been using
an elliptic curve to connect to the internet where you downloaded these notes). Over the complex
numbers, the space of solutions to y? = 22 + ax + b looks like a doughnut or a bagel, and elliptic
curves have deep connections to number theory and many other areas of math.

In studying the solutions to polynomial equations, it is very useful to understand the polynomial
rings F[z1,...,xy,] better, and in fact much of the theory works for commutative rings in general.
The study of commutative rings is a rich topic, with many connections to other areas of math, and
is central to algebraic geometry. A nice introduction to algebraic geometry can be found in Ideals,
Varieties, and Algorithms by Cox—Little-O’Shea. For an introduction to algebraic geometry with
a focus on the geometry of curves, I highly recommend Fulton’s book Algebraic Curves, available
for free on the author’s website (https://dept.math.lsa.umich.edu/~wfulton/CurveBook.pdf).
Some additional references are Atiyah and MacDonald’s book Introduction to Commutative Algebra,
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where much of the algebra background for algebraic geometry is developed. Another nice reference
is Eisenbud’s Commutative Algebra: With a View Toward Algebraic Geometry.

6.4. Algebraic Number Theory. If you liked thinking about ideals, then algebraic number
theory might be right for you! The central questions in algebraic number theory are to understand
things like factorization, ideals, and similar structures in different number systems that behave
much like Z does in Q. More concretely, for a field K, we define some analog of the integers, called
a “ring of integers”, usually denoted by O, and one can ask questions about whether Ok is a UFD,
or how badly Ok fails to be a UFD. Doing this involves many beautiful constructions that touch on
many other branches of math. Algebraic Number theory is a very active field of modern research.
There are many nice introductions, for example Ireland and Rosen’s A Classical Introduction to
Modern Number Theory and you're already familiar with most of the first chapter, or Milne’s
Algebraic Number Theory, available for free on the author’s website https://www.jmilne.org/
math/CourseNotes/ANT.pdf, though this might require a fair bit of Galois Theory at some points.

6.5. Algebra in Geometry and Topology. One of the main uses of abstract algebra in other
branches of math is to define invariants of other objects. One of the central questions in math is
to “classify” all the objects of some type, i.e. to write down a complete list and understand the
structure of the objects completely. For example, in Math 4581 you’ll see the classification of finite
abelian groups, which are all of the form

AZZ/d\7 X L)doZ % -+ X Z]d, 7

with 2 <dj | d2 | -+ | dy, and the r and dy, . ..d, are uniquely determined by the abelian group A.

But more generally, say you have two spaces X and Y, like the real plane X = R? and the real
line Y = R. How do we know that X and Y are different? Well, we can define their dimension,
and see that dim(R?) = 2 and dim(R) = 1, so they are different. Here dimension is an invariant
that helped us tell apart R? and R. But some spaces are much more complicated, and have a finer
structure, like the real line R and the circle S*. How can we tell them apart now? They both have
dimension 1!

A useful idea is to define invariants that are groups, or rings, or some other algebraic objects
with nice properties, and use those to tell things apart. These algebraic structures have much more
intricate information than just a number like the dimension. In topology, there is a whole field called
algebraic topology that tries to study different algebraic invariants to tell shapes apart. As you can
imagine, they can get pretty complicated, but they are also very beautiful. For example, to tell the
line and circle apart, one can define a fundamental group m (X, o) of a space X, which is the group
of (homotopy classes of) loops through a fixed point 2y € X, which are just loops up to bending
and stretching and deforming in nice ways. The group operation is just “do one loop and then do
the next loop”. One can use this to show that 71 (R) = 0 while 71 (S!) = Z. And so R and S! are
different! Even more complicated invariants exist, like homology or cohomology or K-theory, and
aspects of these algebraic invariants in geometry, topology, and many other areas of math are active
areas of research. The classic reference is Hatcher’s wonderful book Algebraic Topology, available
for free on the author’s website at https://pi.math.cornell.edu/~hatcher/AT/AT.pdf. For
a brief introduction to topology, Hatcher also has some wonderful notes available here https:
//pi.math.cornell.edu/~hatcher/Top/Topdownloads.html.

6.6. Other areas. There are many other areas of modern math that I have not mentioned, and
practically all of them use groups or rings in one way or another. If you want to do some searching
for topics you might find interesting that use some ideas from this class, you could look into algebraic
combinatorics, Lie theory, algebraic methods in data analysis, cryptography,...


https://www.jmilne.org/math/CourseNotes/ANT.pdf
https://www.jmilne.org/math/CourseNotes/ANT.pdf
https://pi.math.cornell.edu/~hatcher/AT/AT.pdf
https://pi.math.cornell.edu/~hatcher/Top/Topdownloads.html
https://pi.math.cornell.edu/~hatcher/Top/Topdownloads.html
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