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PART I:

Grour THEORY

It is important to realize, with or without the historical con-
text, that the reason the abstract definitions are made is be-
cause it is useful to isolate specific characteristics and con-
sider what structure is imposed on an object having these
characteristics.

Abstract Algebra, Third Edition



Infroduction to Groups

1.1 Binary Operations

If we randomly ask someone on the street: What’s math about? The answer we might get is numbers.

It always comes with operations.

Objects Operations
addition +
Natural numbers IN subt'ra?hor.l R
multiplication -
division with remainders
Integers Z negation x — —x
Rational number Q multiplicative inversion x — 1/x
Real numbers R kth roots, etc
Z/nZ. modular arithmetic and operations

Then we realizd that math is not just about numbers. We later have elementary algebra:

Objects ‘ Operations
Expressions with variables operations with variables
Functions Pointwise operations +, —, - and Composition o

Then ..., and (leaving lots of stuff out), we have linear algebra:

Objects ‘ Operations

Vectors | Vector addition +, scalar multiplication -
Matrices | 4+, —, scalar and matrix multiplication -

Then what’s algebra about?
Pre-university answer:

e manipulating expr involving indeterminates (variables):
Ifa,b € R,ax =band a # 0, then x = b

a°

* solving eqs by applying ops to both sides:
If A, B are matrices, AX = B and A is invertible, then X = A~ 1B.

week 1
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Key idea: algebra is about operations

Then what operations should we study? Polynomials in several vars; functions, pointwise ops and func-
tion composition... Are there other operations we should study? Then we introduce abstract algebra: try
to answer this question by studying operations abstractly, and seeing what the possibilities are.

binary operation

A binary operation on a set X is a function b : X x X — X.

Notation:
e Any letter (b, m) or symbol (+,-)

¢ function notation
b: XxX—X:(xy)— blxy)

or inline notation
+:NxN—-N:(xy) —x+y

Typically use inline notation with symbols and function notation with letters.

¢ There are lots of symbols to choose from: a +b,a x b,a-b,aob,a®b,a®Db,
a®b,acb,alb,adb,axb,aeb,aBb,aXb,aWb

e If there’s no chance of confusion, can even drop symbol completely:
XxX—X:(ab)vr—ab
Example:

¢ Addition + is a binary op on IN, but subtraction — is not, since a — b is not necessarily a
natural number.

e Subtraction — is a binary op on Z.

e If (V,+,-) is a vector space over a field KK, then + is a binary op on V, but - is not, since - is a
function K x V — V./

"We'll define fields later, now think of K = R or C.

k-ary operation

A k-ary operation on a set X is a function

XxXx---X—>X
N —

k times

A 1-ary operation is called a unary operation.

Example:

Negation Z — Z : x — —x is a unary operation.

Taking the multiplicative inverse x +— 1/x is not a unary operation on Q, since 1/0 is not defined,
but it is a unary operation on

Q :={aeQ:a#0}

Now let’s discuss some properties that binary ops might satisfy.
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1.2 Associativity and commutativity

associative

A binary operation X : X x X — X is associative if
aX(bXRc)=(aXb)Kc

forall a,b,c € X.

Many operations we’ve mentioned so far are associative:
¢ Addition and multiplication for N, Z, Q, R, C, polynomials, and functions
¢ Vector addition, matrix addition and multiplication
* Modular addition and multiplication on Z/nZ
¢ Function composition

Note that Subtraction and division are not associative. Subtraction is adding negative numbers, same
for division. So we aren’t that interested in subtraction and division, and focus on associative opera-
tions.

Here we introduce an informal definition: A bracketing of a sequence ay,...,4, € X is a way of
inserting brackets into a1 X ... X a, so that the expression can be evaluated.

Example:

The bracketings of a1, ...,a4 are
a1 X (a X (a3 M ay))

a1 X ((a2 X az) Kay)
(a1 M) X (a3 Way)
(11 X (a Kaz)) Kay
(11 Xaz) Kaz) Kay

Proposition 1.1

A binary operation X : X x X — X is associative if and only if for all finite sequences a1, . ..,a, €

X,n > 1, every bracketing of a1, . ..,a, evaluated to the same element of X.

Note:
I If X is associative, can use notation a; May X ... X a, without choosing a bracketing.

Proof:
<« The two bracketings a X (b X ¢) and (a X b) K ¢ of a, b, ¢ evaluate to the same element of X for
all sequences of length 3.

= Proof is by induction. Base cases are n = 1,2, 3.
For n = 1,2, there’s only one bracketing. For n = 3 follows from defn of associativity.

Suppose prop is true for all sequences of length k, 1 < k < n.

Let w be a bracketing of a5, ..., a,.
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w = w1 Mwy where wy is a bracketing of a4, . .., a, wy is a bracketing of a; 1, ..., a,, for some
k< n.

By induction,
wy = (- (1 Rap)Naz)---Wag) and wy = (a1 -+ (a1 Nay)---)
Therefore

w=(((a1Xay)Kaz)---Way) Kwy = (a1 K-+ (a1 Kay) )
(@ Xap)- - Rag_ ) X (X (a1 K- -ay) )

:(alg(azg...(an@an)...))

O
commutative

A binary operation X : X x X — X is commutative (also known as abelian) if a X b = b Xa for
alla, b € X.

Fact The word “abelian” comes from the surname of Niels Henrik Abel (1802-1829).

Many familiar operations are commutative: addition and multiplication on N, Z, Q, R, C; vector and
matrix addition; modular addition and multiplication on Z/nZ. The following operation are not
commutative: subtraction and division; function composition; matrix multiplication.

Therefore, subtraction and division are not commutative or associative. Function composition and
matrix multiplication are not commutative, but are associative. We are not going to worry about the
first type of operation, but we are interested in operations of the second type.

First half of the course: group theory — single associative operation, not necessarily commutative.

Second half of the course: ring theory — two associative operations (like addition and multiplication
on Z), focus on commutative case.
1.3 Identities and inverses
Let X be a binary operation on a set X.
An element e € X is an identity for X if
ey =xNe=x

for all x € X.

Example:
| The zero element o of Z is an identity for +. 1 € Q is identity for -. 0 € Q is not identity for -

Lemma 1.2

If ¢, e’ € X are both identities for X, then e = ¢'.
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O

inverse

Let X be a binary operation on X with identity element e. An element y is a left inverse for x
(w.rt. ) if y X x = e, a right inverse if x Xy = ¢, and an inverse if x My = y X x = e.

Example:

—n is an inverse for n € Z w.r.t. +.
n € Z does not have an inverse w.r.t. - unless n = +1.

If x € Q is non-zero, then 1/x is an inverse of x w.r.t. -. The element 0 does not have an inverse.

Lemma 1.3

Let X be an associative binary op with an identity e. If y;, and yr are left and right inverse of x
respectively, then y; = yr.

Proof:
yr=yXe=y MW (xXRygr) = (y. ¥x)Xyr = eXyr = yr

O

Corollary 1.4

e If x has both a left and right inverse, then x has an inverse.

* Inverses are unique.

invertible

An element 4 is invertible if it has an inverse, in which case the inverse is denoted by a~!.

Exercise:
It’s possible to have a left (resp. right inverse), but not be invertible. Also, left and right inverses
don’t have to be unique (unless an element has both).

Lemma 1.5

1. If X has an identity e, then e is invertible, and e~! = e.
. . . . -1 _1\—1
2. If a is invertible, then so is a~*, and (a ) =a.

3. If X is associative, and a and b are invertible, then so is a X b, and (a X b)_1 =b1XKa1.

Proof:

1. eXe=c¢

2. aa ! =a7'Xa = ¢, s0 a is clearly an inverse to a~ .

3. @R R (B 'Ra!) = aRBR HKa ! =aReRa! =ala! = ¢ and similarly
(b 'Ma )X (a®b) =e.

O
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Proposition 1.6

Let X be an associative binary operation on X with identity ¢, and let x and ybe variables taking
values in X.

An element a € X is invertible if and only if the equations
alx=band yXa=1>b

have unique solutions for all b € X.

Proof:

< A solution to ax = e is a right inverse of 4, and a solution to ya = ¢ is a left inverse. If a both
have a left and right inverse, then it has an inverse.

= Suppose a is invertible. Then
aR (a7 ') = (aRa HYRb=eRb=0b
soa~ ' X b is a solution to a X x = b.
If xg is a solution to a X x = b, then
T IRb=0a""R(aRx) = (a7 Ka)XNxy = eXxy = xg

So a~ !X b is the unique solution to a X x = b.

Similarly b X a1 is the unique solution to y Xa = b. O

Proposition 1.7: Cancellation property

Let X be an associative binary operation, and a € X. Then
1. If a has a left inverse and a Xu = a X v, then u = v.

2. If b has a right inverse and u Xa = v X g, then u = v.

Proof:
1. u=a1RaRu=0a1XRaRov=10

2. similar.

1 and 2 also hold for n € Z w.rt. - if n > 0, even though n is not invertible for n # +1.
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1.4 Groups

group
A group is a pair (G, X), where
1. G is a set, and
2. X is an associative binary operation on G such that
(a) X has an identity e, and

(b) every element g € G is invertible with respect to X.

abelian

A group is abelian (or commutative) if X is abelian.

finite

A group is finite if G is a finite set.

order

The order of G the number of elements in G if G is finite, and +oo if G is infinite. The order of
G is denoted by |G]|.

1.4.1 Terminology

Usually we refer to (G, X)) simply as G, and just assume the operation is given. (Note: we still need to
clearly specify the operation for each group we work with).

It's cumbersome to write X all the time, so usually we use one of the following options:
¢ Use - as the standard symbol, write g - i for the product of g, € G
* Drop the symbol entirely, write gh for the product of g,/ € G.

The identity of G is denoted by e (or ¢ when we want to make the group clear). 1 and 15 are also
used.

Since every element of a group G is invertible, ¢! is defined for all ¢ € G. The function G — G : G

¢~ ! can be regarded as a unary operation on G.

Consider :: G — G : g+ ¢~ L. Since (¢7!)~! = ¢, 101 = Idg, the identity map G — G. In particular, ¢
is a bijection, both injective and surjective.

If g € G, then

i=g----gandg "= (g7 = (¢") 7!
———

Exercise:

If m,n € Z, then (g")" = ¢g"".

If g,h € G, then
(gh)" = ghgh- - - gh,
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which is not necessarily the same as g""h" if G is not abelian.

Example: Groups
N,Q, R, C are all groups under operation +. The identity is 0 and the inverse of n is —n. These
groups have infinite order. They are infinite abelian groups.

Z/nZ s also a group under +. The identity is 0 = [0], and the inverse of [m] is —[m] = [—m]. This
group is finite, with order |Z/nZ| = n. It is a finite abelian group.

If (V,+,-) is a vector space, then (V, +) is group. The identity element is 0, and the inverse of v is
—0.

Example: Not a group?! & Trivial group

Z is not a group with respect to -, since most elements do not have an inverse.
Q is also not a group with respect to -, since o does not have an inverse.
Q* is a group with respect to -.

Every group has to contain at least one element, the identity. So the simplest possible group is {1}
with operation 1 -1 = 1. This is called the trivial group.

A non-abelian example
All the examples previously are abelian.

Let GL, (K) denote the invertible n x n matrices with entries in a field K.

Proposition 1.8

GL,(K) is a group under matrix multiplication (called the general linear group). For n > 2,
GL,(K) is non-abelian.

Proof:

If A and B are invertible matrices, then AB is also invertible, so matrix multiplication is an associa-
tive binary operation GL, (K). The identity matrix is an identity, and every element has an inverse
by definition, so GL,(K) is a group.

Exercise:
Find matrices A, B such that AB # BA.

1.4.2 Additive notation

Standard notation for operation in a group is gh. This is called multiplicative notation. For groups
like (Z, +), it is confusion to write mn instead of m + n, since mn already has another meaning. For
abelian groups G, there is another convention called additive notation. In additive notation, we write
the group operation as ¢ + k. The identity is denoted by 0 or Og. Inverse are denoted by —g. Writing
g" in additive notation gives
g+g+...+g
n times i

so rather than g" we use ng. Similarly g=" is —ng.

For nonabelian groups we always use multiplicative notation. For abelian groups, we can choose
either.
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Multiplicative notation | Additive notation

g-horgh g+h

eg or 1G OG
g’ -8
8" ng

Table 1.1: Comparison between multiplicative and additive notation

Note the potential for conflict between the two conventions. We must be clear about what convention
we are using!.

For groups like (Z,+), we could denote the operation by mn, but it’s clearer to write m + n. For
groups like (Q*, ), we could denote the operation by x + y, but it is clearer to write x - y or xy.

1.4.3 Multiplicative table

multiplicative table

The multiplicative table of a group G is a table with rows and columns indexed by the elements
of G. The cell for row g and column / contains the product gh.

The multiplication table contains the complete info of the group G. It is defined for finite and infinite
groups, but makes the most sense for finite groups.

Example: Z /27
The multiplication table for Z /27 is

1.4.4 Order of elements

order

If G is a group, then the order g € G is

|g| := min{k > 1 :gk =eg}tU{+oo}

Some easy properties:
e |g| =1if and only if ¢ = eg.
o Ifg" =1, then ¢" 1g = g¢" ! = ¢" = 1,50 ¢" ! = ¢~L. In particular, if || = n < +oo, then
-1 _ on—1
§ =8
Example: Z/nZ

We use additive notation for Z/nZ, so g" is written as ng, e = 0. For this group, k1 = 0 if and only
if n divides k, so |1| = n.

Lemma 1.9

¢" = eif and only if g~" = ¢, so in particular |g| = |g_1|.
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Proof:
We have ¢~ = (¢") . Since g — g~ ! is a bijection,
¢" = e if and only if (g")_1 =el=e.

But ¢~ also equals (g~ !)", so

fron o) = fron: () =)

_1|.

O

and this implies |g| = |g

1.5 Dihedral groups

n-gon

A regular polygon P, with n vertices, n > 3, is called an n-gon.

U1 01 U1 %) 41

02
02
Vo U0 (4 (40
U3

U3

02 U3 Uy Uy U5

3-gon 4-gon 5-gon 6-gon
27tik/n

To be specific: set v = (cos27tk/n,sin27tk/n) = e

Get n-gon by drawing line segment from vy to vy for all 0 < k < n (where v, := vy)

symmetry

A symmetry of the n-gon P, is an invertible linear transformation T € GL,(R) such that T(P,) =
Pn .

dihedral group

The set of symmetries of P, is called the dihedral group, and is denoted by D, (or Dy,).

In this course, we use D»,,.

Note:
We think of matrices and invertible linear transformations interchangeably.

Matrix multiplication = composition of transformations.

Proposition 1.10

Dy, is a group under composition.
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Proof:
Later. Key point: S,T € Dy, = ST € Dy,.

O

v; and v; are adjacent in Py if connected by line segment.

Lemma 1.11

1. If T € Dy, then (T(vy), T(v1)) are adjacent

2. If S,T € Dy, and S(v;) = T(v;),i=0,1then S = T.

Proof:
1. vp, v are adjacent, T is linear

2. 9o and v; are linearly independent.

Corollary 1.12

|D2n| S 2n

Proof:

Let A be the set of adjacent pairs (v;,9v;), so |A| = 2n. By Lemma 1.11, Dy, — A : T —
(T(vp), T(v1)) is well-defined and injective. O

“ordered pairs
For every pair of adjacent vertices (v;, v;), is there an element T € Dy, with T(vp) = v;, T(v1) = v}?

If the answer is yes, then | Dy, | = 2n.

1.5.1 Special elements of D5,

Let s € Dy, be rotation by 27t/n radians, so |s| = n (i.e., s" =2, sk #eforl <k <n).
01 09
Uy U1 U4
o
. S 5
0 v
PE— 4 PE— 03
U3 Vo
U4 U3 U1
02
U3 (%]
V4 U3 02
5 s s
_ > Uy — U1 E— (4]
o (N U3
01 (o)

Let r be reflection through the x-axis:

01 U4 01
(%) U3 02

0

U4 01 U4
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2—er#e.

lr| =2, ie.r
r(vg) = vo. ¥(v1) is now the vertex before vy, rather than the vertex after vy.
If we try to put these two elements together:
1. s/, 0 <i < n: sends vy — v;, 01 — Vi1 (notes: v, = vy, s¥ is the identity)
2. s'r,0 < i < n: sends vy — v;, V1 — v;_1 (NOtes: V_1 = v,_1)

1 U4 (41
(%) 03 (4

S [

U3 (%) U4
U4 U1 U3

Proposition 1.13

Doy = {s':0<i<n0<j<2}, s0|Dyy| =2n.

What is rs?

rs(vg) = r(v1) = v,—1 and rs(vq1) = r(v2) = vy_3. So

Corollary 1.14

Dy, is a finite nonabelian group.

Exercise:
Dy ={sr:0<i<n0<j<2}

|D2n| =2n

These relations are enough to completely determine D,,.
What's group theory about?

Basic answer: study sets with one binary op. A better answer: group theory is study of symmetry. If
we resize or rotate P, then symmetries are the same.

Kleinian view of geometry:
* Dy, captures what it means to be a regular n-gon

* More generally, geometry is about study of symmetries

1.6 Permutation groups
If X is a set, let Fun(X, X) be set of functions X — X. Then
o:Fun(X, X) x Fun(X,X) — Fun(X,X) : (f,g) — fog

is an associative operation with an identity Idx. Let Sx = {f € Fun(X, X) : f is a bijection}
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Proposition 1.15

Sx is a group under o.

symmetric/permutation group

Let n > 1. The symmetric group (or permutation group) S, is the group Sx with X = {1,...,n}.

Elements of S, are bijections 7t : {1,...,n} — {1,...,n}
What makes a function 7t : {1,...,n} — {1,...,n} a bijection?

Every element of {1,...,n} must appear in the list 77(1),...,71(n), and no element can appear twice
(<= redundant by pigeon-hole principle.)

How many elements in S,,?

n choices for (1), n — 1 choices for 7(2), ..., 1 choice for (n). So n(n —1)---1 = n! choices
— |Sn :1’1!.

Note |S1| = 1! =1, so S; is the trivial group.

1.6.1 Representations

Elements of S, are called permutations. There are a number of different ways to represent permuta-
tions:

1. Two-line representation:
1 23 456
T =
6 51 4 2 3

7T = 651423

2. One-line representation:

This representation saves space than the previous one, but it is hard to do operations in group
theory. The one below seems counter-intuitive, but convenient for doing operations.

3. Note 71(1) =6, 71(6) = 3, (3) = 1. Say (163) is a cycle of 7.
Disjoint cycle representation: write down cycles of 7t
= (163)(25)(4) = (163)(25)
We typically drop cycles of length 1.
Identity is empty in disjoint cycle notation, so just use e.

The convention is that we start from the lowest item in the cycle, and sort the cycles by their
lowest items.
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Multiplication

Multiplication can be done in two-line or disjoint cycle notation
1 2 3 45 6
= =(1 2
§ (6 5 1 4 2 3) (163)(25)

1 2 3 45 6
2 6 45 31

) = (126)(345)

(o
e

N
W
IS
= Ul

1 6
53 4 2 6)2(15)(234)

<
<.

(It’s a bit of a pain in one-line notation, so we don’t use one-line notation often in group theory)

Note i comes from the right: (o (i

Inversion

We can also take inverse in two-line or disjoint cycle notation
1 2 3 4

T =
6 5 1 4

6 51 423\.(1223456
-1
T (123456) (356421) (136)(25)

*: swap two rows and sort the columns by the first row. Disjoint cycle notation is even easier.

N O1

g ) — (163)(25)

If 7t(i) = j, then w~1(j) = i, so cycles of ! are cycles of 7 in opposite order.

fixed points

The fixed points of a permutation v € S, are the numbers 1 < i < n such that 7(i) = i.

support set

The support set of 7 € Sy, is

supp(mr) = {1 <i<wn:m(i) #i}

disjoint

7t and ¢ are disjoint if supp(7r) Nsupp(c) = @

Example:

supp((163)(25)) = {1,2,3,5,6}

Remark:
In general, supp(7r) are numbers that appear in disjoint cycle representation of 7w (when cycles of
length one are dropped).

supp(m) = @ if and only if T =e
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supp(7~") = supp(7)
If i € supp(7), then 7(i) € supp(m)

commute

Two elements g,/ in a group G commute if gh = hg.

Lemma 1.16

If 1,0 € S, are disjoint, then 7to = o7

Proof:

Suppose 1 < i < n. If i € supp(i), then 7(i) € supp(7). Since 7,0 disjoint, i, 77(i) & supp(c). So
n(o(i)) = 7(i) = o(n(i)).

By symmetry, (o (i)) = o(m(i)) if i € supp(c).

If i ¢ supp(mr) Usupp(0), then rt(o(i)) =i = o(m(i)).

O

So (o (i)) = o(m(i)) foralli = 7mo = o

k-cycle

A k-cycle is an element of S, with disjoint cycle notation (i1 - - - i).

Suppose cycles of T € S, are cy,...,cx. We can regard ¢; as an element of S,,, T =c¢;-cp- -+ - Ck
as product in S,. ¢; and ¢; are disjoint, so cjc; = cjc;. Note that order of cycles in disjoint cycle
representation doesn’t matter.

Example:
= (163)(25) = (25) - (163)

We can also get an interesting prospective on this formula for the inverse of 7 in the disjoint cycle
notation. If ¢y,..., ¢, are cycles of 7, then 71 = ¢1¢2 - - - ¢ as product in S, ¢; and ¢; are disjoint, so
CiC]' = C]'CZ‘.

_1—_1..._1—_1..._1
s _Ck G =4 Ck

Example:
If ¢ and ¢’ are non-disjoint cycles, then they don’t necessarily commute:
(12)(23) = (123) while (23)(12) = (123)~! = (132) # (12)(23).

If 7 is a permutation, then 7 commutes with 7t for all i since ! = it = 7in, so 7 and 7
commute. However, note that they don’t necessarily have disjoint support sets.



Subgroups

2.1 Subgroups

week 2

Let (G, -) be a group. A subset H C G is a subgroup if
(a) forall g,h € H, g-h € H (H is closed under products),
(b) forall g € H, g‘1 € H (H is closed under inverses), and
(c) eg € H.

Notation H < G.

Example:

Z<Q":=(Q+)

Q.o:={xeQ:x>0} <Q*.

To check this: if x,y € Q, x,y > 0, then xy > 0 = xy € Q.
Also,if x >0,then1/x >0 = 1/x € Q.

Example: More complicated

Let G = Dy, s rotation.
H=e=5%s,s%,...,s" ! is a subgroup of Ds,.
Proof:

Claim s’ € H foralli € Z.

Proof Leti=nk+7,0<r<n. Thens =s"*" = (s")ks" =g, since s" = e. |

Now check subgroup: if s',s/ € H, then s'*/ € H. If s € H, then s~ € H. Finally, e € H by
construction. O

H is the smallest subgroup containing s. The notation for H is (s).

21
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Example: Z
LetG=2Z=(Z,+).

IfmeZ, thenmZ :={km:keZ}={necZ:mn}isasubgroup of Z.

In particular, if m = 0, then 0Z = {0} is a subgroup of Z, which is called the trivial subgroup.

trivial subgroup

If G is a group, {e} is a subgroup called the trivial subgroup.

proper subgroup

Also, G is a subgroup of G. A subgroup H is proper if H # G. Notation: H < G.

H is proper nontrivial subgroup if {e} # H < G.

Example: Not subgroups

Q> := {x € Q : x > 0} is not a subgroup of Q. We can verify as follows: If x,y € Qx¢, then
x4y € Qxp. Also 0 € Q. Butif x € Q>¢, then —x ¢ Q> unless x = 0.

Q* is not a subgroup of (Q, -) because (Q, ) is not a group.

Proposition 2.1

If H is a subgroup of (G,X), then (H, X|yxpy) is a group, such that
(a) the identity of H is ey = eg, and

(b) the inverse of ¢ € H is the same as the inverse of g in G.

Proof:
First, why is X| g« i a binary operation on H?

Recall X is a function GX G — G which implies K|y is a function H x H — G if we restrict its
domain. But if g,h € H, then g&h € H. So we can think of M|y, as function H x H — H. For
the rest of this proof, we just denote this function by X.

Since X is associative, X is also associative.
ey = eg is identity for X.

If ¢ € H, then inverse ¢! with respect to X is in H by the definition of subgroup.

1

Since gg™! = ¢ X g~ = e = ey, and similarly ¢~! X ¢ = epy, ¢! is inverse of ¢ with respect to

.

O

So (H,X) is a group.
Call X the operation induced by X on H. Usually just refer to X as X.

Example:

Z is subgroup Q with operation +.

If H is group of (G, ), then H is group with operation -.
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Proposition 2.2

H is subgroup if and only if
(a) H is non-empty, and

(b) gh~' € Hforall g,h € H.

Proof:
= If H is a subgroup of G, theneg € H, so H # @. Also if g,h € H, then h~1 e H, so gh_l € H.

< By (a), there is some element x € H. In part (b), let g = h := x, then xx 1 =e;=ey € H.
Also by (b), eg - x~! = x~1 € H (closed under inverses).
If x,y € H, then y~! € H,s0 xy = x(y~!)~! € H (closed under inverses). O

Example:

Let (V, +, -) be a vector space.
If W is a subspace of V, then W is a subgroup of (V,+).
Check:

* 0 € W so W is non-empty.

e Ifo,we W,thenv—we W.

Conclusion: W is subgroup.

Proposition 2.3

Suppose H is a finite subset of G. Then H is a subgroup of G if and only if
(a) H is non-empty, and

(b) ghe Hforall g,h € H.

Proof:

Since H is nonempty, suppose ¢ € H. By induction, we can show ¢g" € H for all n € IN. Since H is
finite, sequence g, g2, &>, ... € H must eventually repeat. So ¢’ = ¢/ forsome 1 <i<j = g"=e
for n = j—i. Since i < j, then n > 1, therefore g" =e € H.

Now we need to show it is closed under inverses.

en=1theng=c=gL

e n>1theng"!=¢1eH O
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2.2 Subgroups generated by a set

24

Proposition 2.4

Suppose F is a non-empty set of subgroups of G. Then
L:=()H
HeF

is a subgroup of G.

Proof:

Suppose x,y € K, then
= x,ye€H VHeF

= yleH VHeF
— xy '¢H VHeF
— xy_leK

By Proposition 2.3, K is a subgroup of G.

First we check it is non-empty. Since eg € H for all H € F, then e € K = K is non-empty.

O

subgroup generated by S in G

Let S be a subset of group G. The subgroup generated by S in G is
(Sy:= (| H

SCH<G

Note:
Intersection is non-empty because S C G < G.

To simplify the notation: If S = {s1,s,, ...}, often write (S) = (s1,s2,...).
We can write the trivial subgroup as (@) = (e) = {e}.

Example: Dy,

Let s be the rotation generator of Dy,. Let K = {s” =¢,s!,s%,...,s""1}.
As previously checked, K is a subgroup of Dy,.
Since s € K, (s) C K.

On the other hand, can show by induction that s' C (s) for all i € Z.

SoKC (s) = (s) =K.

(s) is constructed by taking all products of s with itself. Can we generalize this example?

Here we introduce a notation: If S C G, let S~! = {s7! : s € S}.

If S C K < G, then (S) C K. So say that (S) is smallest subgroup of G containing S.
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Proposition 2.5

If S C G, let
K={elU{sy---sg:k>1, sy,...,55€ SUS™!}

Then (S) = K.

Proof:
Claim1 S CKC (S)
Proof It is easy to show that S C K. We simply let k = 1 and s; to be any element of S.

To show the second part, we know e € (S). Then we can prove by induction that s - - - s € (S) for
allk>1,sq,...,5, € SUS™L [ |

Claim 2 K is a subgroup of G.
Proof e € K by construction.

Suppose x,y € K,
X=81"-Sk,k>0,51,...,5 € Sus!

y:t1~~tg,€20,t1,...,tgGSUS_l

Then xy = s1---sit1 - -ty € K by construction. Also, x 1= sk_1 - -sl_1 € K since sk_l, . ,sl_1 S
SUS™L So K is a subgroup. |
S C K, and (S) is smallest subgroup containing S = (S) C K. Thus (S) = K. 0O

2.2.1 Lattice of subgroups

Before concluding this section, it is interesting to mention one closed related subject which the lattice
of subgroups of G.

Subgroups of G are ordered by set inclusion C. If Hy, H, < G, and Hy C Hj, then H; < Hj, so we also
write this order as <. Set of subgroups of G with order < is called the lattice of subgroups of G. We
don’t need to deal with formal definitions and properties here.

The picture below shows the subgroups of Z, where kZ denotes the set containing all integers that
are divisible by k.

RN
27, 37

Subgroup below Hj, H, < G in the lattice is Hy N Hy. In the picture above, it is 2Z N3Z = 6Z.
Intuitively, a number is divisible by 2 and 3, which is the same thing as being divisible by 6.

What about the subgroup above H; and H,? The subgroup above Hy, Hy is (Hy U Hy).
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2.3 Cyclic groups

generate

A subset S of a group G generates G if (S) = G.

cyclic

A group G is cyclic if G = (a) for some a € G.

Example:

Z = (1) = (—1) (generators are not unique)
Z/nZ = (1)) = (~[1])
Q' is not cyclic

If G is a group, then (a) is a cyclic group for any a € G (called the cyclic subgroup generated by

Lemma 2.6

| Q
~

1. Ifa € G, then (a) = {a’ : i € Z}.

2. If |[a| = n, then (a) = {a’: 0 <i < n}.

Proof:
1. Follows from Proposition 2.5 about (S).

2. See argument for (s) in Dy,.

O

Remark:
In the first part of Lemma 2.6, it does not mean each element in the subgroup can be uniquely

represented in the form of a'.
Then we have two questions:
e In (2), can |(a)| be smaller than n?

e Does |(a)| determine |a|?

Proposition 2.7

If G = (a), then |G| = |a|.

This proposition also applies to infinite groups.

Proof:
From part 2 of Proposition 2.6, we know that there are at most n elements in (a), then |G| < |a].

Suppose |G| = n < +oo. Then the sequence a’,a!,...,a" € G must have repetition. Thus there is

0 <i<j<nwith a' = a/. Then with the similar argument before, al~t = ¢, which implies that
la] < n.
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| Thus |a| < |G| = |a] = |G|. O

Remark:
It is worth thinking that what happens if |G| = oo and it seems the proof only works with finite
order. If |G| = oo, then |G| < |a| will force |a| to be infinite.

Example: Z
G=2:

e Infinite cyclic group
* Generators are +1 and —1

e Orderof m € Z is

+o0o m>0
m| =
1 m=20

e Cyclic subgroups: (m) = mZ = {km : k € Z}. (Note difference in (4) in additive and
multiplicative notation)

All subgroups of Z are cyclic

231 Z/n”Z

Can we analyze Z/nZ in the same way? Recall Z/nZ is the set of congruence classes mod n. We
denote congruence class of a € Z by [a], or just a. For example, in Z/5Z,3 = 8.

Then we might wonder:
* What are the generators?
¢ What are the orders of elements?
* What are the subgroups?
Before we explore these questions, it is nice to have the following lemma which works for arbitrary

group G.

Generators

Suppose G = (S). Then G = (T) if and only if S C (T).

Proof:
It’s relatively easy to prove.

= If G = (T), and we know S C G, then S C (T).

< If S C (T), and we know (S) is the smallest subgroup containing S, then (T) must contain the
subgroup generated by S, which is (S) = G, thus G C (T). And (T) is a subgroup as well,
then G = (T). O

What does this mean in our example? So Z/n=([a]) if and only if [1] € ([a]).
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1] € ([a]) <= xa=1 mod n for some x € Z
<= xa—1=yn forsome x,y € Z
<= xa+yn =1forsome x,y € Z
<= gcd(a,n) =1
So ([a]) = Z/nZ if and only if ged(a,n) = 1.

Order of elements

Lemma 2.9

If G is a group, g € G, ¢" = ¢, then |g| | n.

If a € Z, then nja] = 0, so |[a]| | n.

Lemma 2.10

Suppose a|n. Then |[a]| = Z.
Proof:
If n = ka, then ¢[a] # 0 for 1 < ¢ < k and k[a] = [ka] =0, so |[a]| = k. O

Lemma 2.11

Suppose a € Z, and let b = ged(a, n). Then ([a]) = ([b]).

Proof:

Since b|a, there is k such that a = kb, then [a] € ([b]) = ([a]) C ([b]).

By properties of ged, there is x,y € Z such that xa+yn = b. So [b] = x[a] = [b] € ([4])
([b]) < ([a]). Therefore ([a]) = ([b]).

ol

Using these lemmas, we can find order for a general element in Z/nZ.

Proposition 2.12

Suppose a € Z. Then
n

|[11]| = ng(ﬂ, n)

Proof:
Let b = ged(a,n). Then {[a]) = {[1])- So |[a]| = |{[a])| = |([2])] = |[] . Finally [[¢]| = .

|
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Subgroups

Corollary 2.13

Letn > 1.
e The order d of any cyclic subgroup of Z/nZ divides n.

e For every d|n, there is a unique subgroup of Z/nZ of order d. It is generated by [a], where

a = E
Proof:
If |{[a])| = d, then d = |[a]| | n by Lemma 2.9. Also, d = scd(a» and by Lemma 2.11, ([a]) = ([5])-
Conversely, if d|n and a = g, then [([a])| = 4. O

Example:

Cyclic subgroups of Z/6Z are

Cyclic subgroups of Z/pZ, p prime

e (p)=(0)
e (1)=2Z/pZ

Every subgroup of a cyclic group is cyclic. So Corollary 2.13 is a complete list of subgroups of Z/nZ.
Every cyclic group is isomorphic to one of Z/nZ,n > 1, or Z.



Homomorphisms

3.1 Homomorphisms

homomorphism

Let G and H be groups. A function ¢ : G — H is a homomorphism (or morphism) if

¢(g- 1) = ¢(g) - ¢(h)
forall g,h € G.

Example:
K field, K* = {a € K,a # 0} with operation -.

GL, K — K* : A — det(A) is a homomorphism because det(AB) = det(A) det(B) for all invert-
ible matrices A, B.

Let Rog = {x € R:x >0} <RR*. Ry9 — R : x = /x is a homomorphism since /Xy = /x,/¥.

Additive notation: ¢ : (G,+) — (H,+) is a homomorphism if ¢(x +y) = ¢(x) + ¢(y) for all
x,y € G. For example, ¢ : Z — Z : k — mk is a homomorphism for any m € Z, since

¢(x +y) =m(x +y) = mx+my = ¢(x) +¢(y) YxycZ
If V, W are vector spaces, and T : V. — W is a linear transformation, then T is a homomorphism
from (V,+) to (W, +), since T(v+w) = T(v) + T(w) for all v,w € V.
Mixed notation: R — R* : x — e* is a homomorphism since e**¥ = ¢* - ¢¥ for all x,y € RY.

Rt — R : x — ¢* is not a homomorphism since e*™V # ¢* 4+ ¢¥ for some x,y € RT (e.g.
x=y=0).

30
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Lemma 3.1

Suppose ¢ : G — H is a homomorphism. Then
@) ¢(ec) =en
) ¢lg™) =¢(g)"
(© ¢(g") =¢(g)" foralln € Z
d) |¢(9)| | || forall g € G (n]oo for all n € N)

Proof:

@ ¢lec) = ¢(eg) = ¢plec) - dlec)
soe=¢(ec) " ¢pleg) =¢(ec) P (ec) ¢ ec) = ¢ (ec).

(b) en = plec) = P(gg™") = ¢(8)¢(¢") and similarly p(g™1)¢p(g) = en, s0 ¢(g") is the unique
inverse of ¢(g).

(c) Use induction for n > 0, use part (b) for n < 0.

(d) If |g] =n < +oo, then g" = eg so $(g)" = ¢(¢") = ¢(eg) = en. This implies |¢(g)| | n.

Lemma 3.2

|l

If H < G, and H is considered as a group with the induced operation from G, theni: H — G :
x +— x is a homomorphism.

| Proof:
i(g-h) =g -h=i(g)-i(h)

|

Lemma 3.3

If : G — H and ¢ : H — K are homomorphisms, then 1 o ¢ is a homomorphism.

Proof:
pop(g-h)=vp(p(g) 9(h) = p(P(g)) - (p(h)).

O

Corollary 3.4

If ¢ : G — H is a homomorphism, K < G, then the restriction ¢ | is a homomorphism.

|

Proof:
¢x = ¢ oi, where i : K — G is the inclusion x — x.

3.2 Homomorphisms and subgroups
If f: X — Yisafunction, S C X, then f(S) := {f(x) : x € S}

Proposition 3.5

If ¢ : G — H is a homomorphism, and K < G, then ¢(K) < H.
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Proof:
Since K is non-empty, ¢(K) is non-empty.

If x,y € ¢(K), then x = ¢(x0),y = ¢(yo) for xo,y0 € K.
So xy~1 = ¢(x0)P(vo) ! = p(x0)P(vy ') = ¢(xoyy ') € P(K), since xoy; ' € K.

O

image

If ¢ : G — H is a homomorphism, the image of ¢ is the subgroup Im¢ = ¢(G) < H.

Example:

Letp :RT - R* :x—e*. ¥ >0forall x € R, soIm¢p C Ro. If y € Ry, then y = ¢(logy), so

If K<Gandi:K — Gisinclusion, then Imi = K.

¢:Z — Z:k— mk for some m € Z. p(Z) = mZ.

Lemma 3.6

If ¢ : G — H is a homomorphism with Im¢ < K < H, then the function ¢ : G — K : x — ¢(x)
is also a homomorphism with Im¢ = Im¢ < K.

Proof:
¢(x-y) = p(x-y)
= ¢(x) - ¢(y) in H
=¢(x)-p(y) inK
Also ¢(G) = ¢(G), regarded as a subset of K.

O

Usually just refer to ¢ as ¢.

Lemma 3.7

A homomorphism ¢ : G — H is surjective if and only if Im¢ = H.

Proof:
Obvious from definition.

O

Corollary 3.8

¢ induces a surjective homomorphism ¢ : G — K, where K = Im ¢.

Remark:
From Lemma 3.7, if ¢ is not surjective, then Im ¢ < H, then we can let K = Im ¢, and then construct
a surjective homomorphism by Lemma 3.6.

Because this is a bit abstract, it is helpful to go through some examples.

Recall the previous example: Let ¢ : R — R* : x — e*. ¢* > 0 for all x € R. This is not surjective,
because Im ¢ = R+. If we restrict the codomain to be R+, then it is surjective.

Similarly for ¢ : Z — Z : k — mk for some m € Z, but it induced surjective homomorphism
Z — mZ.
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Proposition 3.9

Let ¢ : G — H be a homomorphism. If S C G, then ¢((S)) = (¢(9)).

Proof:
957 ={9(s7)isesh={als) s €S} =9(5)7". So
$((S)) =¢ ({S1"'Sk2k >0,s1,...,5¢ € SUS_l})
= {¢(51)---¢(sk) :k>0,81,...,5¢ € SUS_l}
- {tl---tk:kzo,tl,...,tkecp(S)U(p(S)’l}
= (¢(5))

O

Remark:
We used the fact that ¢(SUS™1) = ¢(S) U¢(S~1), but it doesn’t work for intersection.

If f: X — Yisafunction,and S C Y, then f~1(S) := {x € X : f(x) € S}.

Proposition 3.10

If ¢ : G — H is a homomorphism, K < H, then ¢ (K) < G.

Proof:
¢(eg) = ey € K, s0 eg € ¢~ 1(K).

If x,y € ¢~ 1(K), then ¢(x),¢(y) € K. Thus ¢(xy~!) = ¢(x)¢(y)~! € K. Hence xy~! € ¢~ 1(K).
Thus it is a subgroup of G.

If  : G — H is a homomorphism, then the kernel of ¢ is the subgroup ker¢ := ¢~ !(egy) =
{8§€G:¢(g) =en} <G.

|

Example:
For det: GL, K — K*, kerdet = {A € GL, : det(A) = 1}.
This subgroup of GL, K is called the special linear group, and is denoted by SL, K.

If¢p:Z — Z:k— mk, then ¢(k) = 0 if and only if mk = 0, so

ker¢ = {{ZO} Zig

If¢:R— R*: x> e", then e® = 1if and only if x =0, so ker¢ = {0}.

We can generalize the last example into the following proposition.

Proposition 3.11

A homomorphism ¢ : G — H is injective if and only if ker ¢ = {ec}.
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Proof:
= If ¢ is injective, then ¢(x) = ¢(ey) = ¢(ec) if and only if x = eg, so kerp = {eg}.

< Suppose ker ¢ = {eg}, and ¢(x) = ¢(y). Then ¢(xy~ 1) = ¢p(x)p(y) ' = ey, so xy~! € ker ¢.

But then xy~! = ¢g, so x = y which implies that ¢ is injective. O

3.2.1  Application: subgroups of cyclic groups

Proposition 3.12

If H is a subgroup of a cyclic group G, then H is cyclic.

Proof:
We need following facts:

1. All subgroups of Z are of the form mZ = (m), hence cyclic.

2. G is cyclic if and only if there is surjective homomorphism Z — G.

3. If f: X — Y is a surjective function, and S C Y, then f(f~1(S)) = S.
The first two are left as exercises. The last one is not hard to see.
Since G is cyclic, there is a surjective homomorphism ¢ : Z — G.
Since all subgroups of Z are cyclic, there is m € Z such that ¢~ (H) = (m).
Let ¢ : Z — Z be homomorphism with (k) = mk.
Then ¢ o ¢p : Z — G is homomorphism.
pop(Z) = ¢p(mZ) = ¢p(¢~'(H)) = H.

Then we can restrict codomain of ¢ o i to get surjective homomorphism Z — H.

O

Hence H is cyclic.

3.3 Isomorphisms

in/sur/bi-jective

Let f : X — Y be a function. Then f is:
1. injective if forall x,y € X, f(x) = f(y) = x =y,
2. surjective if forally € Y, 3x € X with f(x) =y, and

3. bijective if f is both injective and surjective.

Proposition 3.13

f + X — Y is a bijection if and only if there is a function ¢ : Y — X such that fog = 1y and
gof=1x.

If ¢ exists, then it is unique, and we denote it by f~1.
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isomorphism

A homomorphism ¢ : G — H is an isomorphism if ¢ is a bijection.

Lemma 3.14

¢ : G — H is an isomorphism if and only if ker¢ = {eg} and Im¢ = H.

Example:

Rt — R.g: x — €¥ is an isomorphism.

If ¢ : G — H is injective, then ¢ induces an isomorphism G — Im ¢.

Proposition 3.15

Suppose ¢ : G — H is an isomorphism. Then ¢! : H — G is also an isomorphism.

Proof:

¢~ 1 is also a bijection, so just need to show that it is a homomorphism.

If g,h € H, then
P H(g) ¢ (h) = (97" (8))p(¢p ' () =g-h

So ¢! is a homomorphism, hence isomorphism.

O

Corollary 3.16

A homomorphism ¢ : G — H is an isomorphism if and only if there is a homomorphism
¢ : H — G such that

e pop =1g, and
* pop =1p.

Proof:
= If ¢ is an isomorphism, then can take ¢ = ¢~ .

< If ¢ exists, then ¢ is a bijection.

isomorphic

|

We say that G and H are isomorphic if there is an isomorphism ¢ : G — H.

Notation: G = H.

Key facts:

e If G= H then H = G.
Proof:
If ¢ : G — H is an isomorphism, then ¢! : H — G is an isomorphism.

O

e If G Hand H = K then G = K.
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Idea

Ifp:

Proof:

If  : G — H is an isomorphism and ¥ : H — K is an isomorphism, then @ o ¢ is an

isomorphism.

G=aG.

Proof:
1 : G = G is an isomorphism.

If G = H, then G and H are identical as groups.
G — H is an isomorphism, then

G| = [H]
G is abelian if and only if H is abelian

gl = lgp(g)[ forall g € G
K C G is a subgroup of G if and only if ¢(K) is a subgroup of H

Proposition 3.17

If G and H are cyclic groups, then G = H if and only if |G| = |H]|.

Proof:
Suppose |G| = (a), H = (b).

< Assume that |G| = |H|.

Claim a' = &/ for i < jif and only if |a| | j —i.
Proof
< Ifa' =d thend ' =e.
= Ifa| | j—i,thenj—i=kla|. Soa " =dltl = ¢ — o/ = 4.
Note: if |a| = 400, a' #al foralli #j € Z.
Then we define a function ¢ : G — H : a' ~ b'.

Well-defined? |a| = |G| = |H| = |b].
d=a" = |a| |j—i = |b||j—i = b =0

Homomorphism? ¢(a' - al) = ¢(ait)) = bt/ = b - bl = ¢(a’) - p(al) for all a’,a/ € G.
Inverse? ¢ : H — G : b + a' is well-defined. Clearly ¢ is inverse to ¢.

Thus ¢ is isomorphism = G = H.

= If G = H, then |G| = |H| which holds for all groups. Same cardinality thus same order.
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Corollary 3.18

Suppose G is a cyclic group.
e If |G| = +oo, then G = Z.
e If |G| =n < 400, then G = Z/nZ.

Corollary 3.19

Cyclic groups are abelian.

multiplicative form of cyclic groups

Let a be formal indeterminate (can use any letter). Let
e Co={a:icZ},a o =at

e Co={d:icZ/nZ},d o =a"ti
Of course we have Co, = Z via a' — i, and C, = Z/nZ via a' > i.

3.4 Cosets

Recall linear subspaces are motivation for definition of subgroups. Let T : V. — W be a linear trans-
formation. (so T is also a group homomorphism (V,+) — (W, +)). kerT = {x € V: T(x) = 0} =
“solutions to Tx = 0".

What are solutions to Tx = b?

They can be empty: Tx = b has a solution if and only if b € ImT. If b € ImT, and Tx = b has a
solution xg, then all other solutions are of the form xg + x1, for x; € ker T.

Conclusion: space of solutions has form x; + ker T. xp + ker T is called an affine subspace. (it’s like a
linear subspace, but doesn’t have to contain 0). We can still talk about the dimension.

coset
If S C G, and g € G, we let
gS={gh:heS} and Sg={hg:he S}
If H < G, gH is called a left coset of H in G and Hg is called a right coset of H in G.
Remark:
We also refer these sets: left/right translate of S by g.
For abelian groups, gH = Hg.

Additive notation: coset of H in (G, +) is ¢ + H.

Example:

U subspace of vector space (V,+, ), cosets of U are affine subspaces v+ U for v € V.

week 3
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Given m € Z, cosets of mZ. are sets
a+mZ={a+km:keZ}y={xecZ:x=a mod m}

We can think of the cosets as the sets of solutions to system of equations.
Example: Dihedral group (s)

Recall Dy, = {s'¥/ : 0 <i<mn,je {0,1}}.

Let H= (s) = {e =ss!,...,s" 1}

What are the right cosets of H?

H = He
Hr = {r,sr,...,s" 'r}
HSi = {Si, Si+1/ .- -,Snill €, Sl/ s rsiil} =H
Hs'r = {Sir,siﬂi’,- L -wSiil”} = Hr
Conclusion: right cosets are H and Hr.

Also Dy, = H U Hr, where LI is disjoint union.

What about the left cosets of H = (s)?

Exercise:

e users =s"!rtoshows =rs~i foralli € Z.
* if SC G, g, h € G, then ghS = g(hS). This follows from the associativity of the group.

With these facts, ‘
ssH=H

sirH=rs"'"H=rH

Conclusion: left cosets of H are H,rH

rH = {r,rs,rs?,...,rs" 1}
= {r,s‘lr,s_zr, .. .,sl_”r}
= {r,s7r,s72%r,..., sr}
= {r,s”flr,s”*Zr, ...,sr}

= Hr
Example: Dihedral group (r)
What about H = (r) = {e,r}?
Left cosets: rH = {r,e} = H and s'H = {s',sr} = sirH.
Conclusion: Left cosets are s'H,0 < i < n, and

n—1 ]
Dy, = | | s'H
i=0

Right cosets: Hr = {r,e} = H and Hs' = {s',rs'} = {s,s7'r}

Hs'r = {s'r,s7'} = Hs*

Conclusion: Right cosets are Hs',0 <i < n, and Dy, = |_| Hs'.
i=0
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| In this case, left cosets and right cosets are different.

set of left/right cosets

If H <G, let
G/H={gH:3€G} ={SC G:S=_gH for some g € G}

be the set of left cosets of H in G, and
H\G={Hg:g€ G} ={SC G:S = Hg for some g € G}

be the set of right cosets of H in G.

Remark:
It is read as G mod H. We count each subset once.

We are very interested in trying to understand G/H and H \ G.
Example: Dy,

Dan/(s) = {{s),7(s)}

Do,/ (r) = {s(r),0 < i < n}

Example: Z/nZ
Consider nZ < Z.

a+nZ={x€Z:x=a mod n} =:[a]. Thus

Z/nZ ={a+nZ:aZ}
={a+nZ:0<a<n}
={[a] :0<a<n}

Big question for next week: for H < G, is G/ H always a group? spoiler: no...

Suppose ¢ : G — K is a homomorphism, let H = ker ¢. Note that ¢(x) = b has a solution x for b € K
if and only if b € Im ¢.

Lemma 3.20

Suppose ¢(xg) = b. The set of solutions ¢~ ({b}) to ¢(x) = b is xeH = Hx,.

Proof:
Suppose ¢(x1) = b. Then ¢(xy'x1) = ¢(x0)'P(x1) = b~'b = e. Thus x;'x; € H. Therefore
x| = xo(xalxl) € H.

Conversely, if x; = xoh for h € H, then ¢(x1) = ¢(xoh) = ¢(x0)¢p(h) = be = b. Therefore, every
element of xgH is a solution.

Same argument for right cosets shows set of solutions is Hxy. O

In this case, left cosets are right cosets.

Lemma 3.21

Suppose ¢(xg) = b. Then set of solutions to ¢(x) = b is x - ker ¢.
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Proposition 3.22

If ¢ : G — K is a homomorphism, then there is a bijection between G/ ker ¢ and Im ¢.

Proof:
g-kerp € G/ ker ¢ is the set of solutions to ¢(x) = b where b = ¢(g). Asaresult, p(g-ker¢) = {b},
b€ Img.

In the other direction, given b € Im ¢, gker ¢ = ¢~ ({b}).

O

From Lemma 3.21, we see these two mappings are inverses of each other, thus bijection.

Example:
Suppose G =Z, K = Z/nZ.

From tutorial: there is a homomorphism ¢ : Z — Z/nZ : a — [a].
kerp =Z,Im¢p =Z/nZ.

Elements of Z/nZ = {[a]:0<a<n}={a+nZ:0<a<n}

a+ nZ is the set of solutions of [x] = [4a] in Z/nZ.

3.5 The index and Lagrange’s theorem

Given H < G, how many left cosets does H have in G?

index

The index of H in G is

G : H] = |G/H| G/H is finite
+00 G/ H is infinite

Theorem 3.23: Lagrange’s theorem

If H < G, then
Gl = [G: H] - |H]

Remark:

Why are we use left cosets here for index? Why not right cosets? Anything holds for left cosets
should also be expected hold for right cosets with the order of product reversed. Lagrange’s
theorem didn’t mention the order of product. Thus we should expect it holds for right cosets as
well. Thus when G is finite, Lagrange’s theorem should imply the number of left cosets is equal to

the number of right cosets.

Proposition 3.24

The function ¢ : G/H — H\ G : S — S~ is a bijection.

Proof:
| First we check ¢ is will defined: if we are given left coset S, then S~! is a right coset.
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Suppose S € G/H, so S = gH for some ¢ € G. Then
St={(gh)y':hecH}
={h ¢ t:heH}
= {hg7':h e H}
= Hg_l
*: because H — H : h + h™! is a bijection.

So ¢ is well-defined, and same argument shows ¢ : H\ G — G/H : S — S~ ! is well-defined.

O

Finally, ¥ is an inverse to ¢.

Thus can use either left or right cosets to define index:

Corollary 3.25

If H < G then
G: H] = |[H\ G| H\ G is finite
+oo H \ G is infinite

Theorem 3.26: Lagrange’s theorem (detailed)

If H < G, then |G| = [G : H] - |H|. (In particular, |H| divides |G|.) Furthermore, if G is finite,

then [G: H| = ll%

Remark:
We don’t want to use the second formula if |G| and |H| both are infinite. See proof in the next
section.

Example:
G = Dy, H=(s), |Day| =2n, |H| =mn,s0 [G: H| =2.

G = Dyy, H=(r), |Day| =2n, |H| =2,s0 [G: H| = n.

G=2Z,H=mZ. |G| = |H| = +co, [G: H| =|Z/mZ| = m. So |G| = [G : H] - |H|, but we don’t
get any info about [G : H] from Lagrange’s theorem. However, it still gives us some info in many

cases.

Corollary 3.27

If x € G, then |x| divides |G]|.

Proof:
|x| = [{(x)| and |{x)| divides |G].

O

Proposition 3.28

If |G| is prime, then G is cyclic.
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Proof:
Here we don’t treat +co as a prime number, and 1 is not a prime number.
Let x € G, x # e. Then |x| # 1, and |x| | |G|, so |x| = |G]. Since |(x)| = |x| = |G|, G = (x). O
Order | Known groups

1 Trivial group

2 Z./27.

3 Z7/3Z

4 Z/4Z,??

5 Z./5Z

6 Z/6Z, Dg = S3,??

7 Z/7Z

8 Z/8Z, Dg, ??

9 Z/9Z,7?

Table 3.1: Groups of small order

?? = could be more groups.

Corollary 3.29

If ¢ : G — K is a homomorphism, then |Im ¢| = [G : ker ¢], and hence divides |G]|.

Proof:

There is a bijection G/ ker¢ — Im¢, so |[Im¢p| = [G : ker¢]. Then Lagrange’s theorem implies
[G : H] divides |G| for any H < G. O
Note:

Lagrange’s theorem also implies that | Im ¢| divides |K].

Exercise:
If G,K are groups, then ¢ : G — K : g > eg is a homomorphism (called the trivial homomor-
phism).

¢ : G — Kis the trivial homomorphism if and only if Im ¢ = {e}, the trivial subgroup.

Corollary 3.30

If G and K have coprime order, then the only homomorphism ¢ : G — K is the trivial homo-
morphism.

3.6 Proof of Lagrange’s theorem

How to prove this theorem?

Recall .
Dy, ={s'":0<i<mn,je{0,1}}
= ({s)Ur(s) (ls|=mn)

n—1

=Usm (=2

i=0
In example, cosets of H are disjoint, we can divide G into [G : H] sets of size |H|. Does this work in
general? Need to better understand cosets.
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Proposition 3.31

Let H < G, and suppose g,k € G. Then the following are equivalent:
(@) g ke H
(b) ke gH
(c) gH =kH
(d) gHNkH # @

Example:
hH = H if and only if i € H. (This is from (c) and (a))

Proof:
(@)= (b) f g 'k =h € H, then k = gh € gH.

(b) = (c) Supposek = ghforh € H. If ' € H, then kh' = g(hh') € gH, since hh' € H. So kU C g¢H.

For the reverse inclusion, notice that ¢ = kh~' € kH. If b’ € H, then gh’ = k(h~1') € kH,
so gH C kH.

(c) = (d) Sincee € H, then g € gH,so gH # @. If gH = kH, then gHNkH = gH # @.

(d) = (a) Suppose x € gH NkH. Then x = ghy = khy for hy,hy € H. Multiply on the left by ¢~1,
right by h, . So ¢ 'k = hyh; ' € H.

partition

|

Let X be a set. A partition of X is a subset Q of 2X such that
(@) Useg S = X, and
(b) SNT=2forallS #T € Q.

Here 2X denotes set of subsets of X.

Exercise:
If Q C 2%, then the following are equivalent:

* Q is a partition
* X =|lseo S

* Every element of X is contained in exactly one element of Q.

Corollary 3.32

If H < G, then G/H is a partition of G.

Proof:
Let g € G, then g € gH, so every element of G belongs to some element of G/H. Consequently,

USeG/H S=G.

Suppose S #T € G/H (so S = gH, T = kH for some g,k € G). If SNT # &, then S = T by parts
(c) and (d) of Proposition 3.31. So SNT = @. O
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Lemma 3.33

IfSCG,geG, thenS — ¢S : h— ghis a bijection.

Proof:
| Inverse is ¢S — S : h — g7 1h. O
Consequence: If H is finite, and ¢ € G, then |gH| = |H|.
Now we can prove the Lagrange’s theorem.

Proof:

If |[H| = 400 then |G| = +o0. Since cosets are disjoint, if [G : H| = +co then |G| = +o0.

Suppose |H|, [G : H] are finite.

By Lemma 3.33, |gH| = |H| for all ¢ € G.

Since G/ H is a partition of G, G is a disjoint union of [G : H] subsets, all of size |H]|.

Conclude that |G| = [G : H| - |H]|. O

3.6.1 Equivalence relations

relation ~
Let X be a set. A relation ~ on X is a subset of X x X.

Notation: a ~ b if (a,b) €~.

Example:
=on X. <, <,>,> on N (or any ordered set). C on 2X,

equivalence relation

A relation ~ on X is an equivalence relation if
e x ~ x for all x € X (reflexivity)
* x ~y = y~ xforall x,y € X (symmetry), and

e x ~yand y ~ x for all x,y,z € X (transitivity).

Example:

=on X. =4, congruence mod m, is an equivalence relation on Z.
<, < on N, R, etc. are not equivalence relations.

Isomorphism £ is an equivalence relation on the proper class of groups. Note that there is no set of

all sets, or set of all groups.

equivalence class

If ~ is an equivalence relation on X, the equivalence class of x € X is [x] = [x]. = {y € X :
x~y}
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Proposition 3.34

Let ~ be an equivalence relation on X. If x,y € X then the following are equivalent:
@ x~y
() y € [x]
© [x] = [v]
@) Nyl #2
Proof:
(a) = (b) Follows immediately from definition of equivalent classes.

(b) = (c) Assume y € [x]. If z € [y], then x ~ y ~ z, and by transitivity, z € [x]. Thus [y] C [x].
Also x ~y = y ~ x, which implies [x] C [y].

(€) = (d) Assume [x] = [y], [x] N [y] = [x] D {x} # @.

O

d)=( Ifxe[x]N[y],thenx ~z~y = x~y.

Corollary 3.35

If ~ is an equivalence relation on X, then {[x]. : x € X} is a partition of X.

Proof:
Since x ~ x, x € [x]. Therefore, every element x belongs to some equivalent class. If two equivalent
class intersect, they must be equal. Thus X is a disjoint union of its equivalent classes. O

Thus equivalence relation == partition. It turns out we can go the opposite direction:

Lemma 3.36

If Q is a partition of X, then there is an equivalence relation ~ on X such that {[x]. : x € X} =

Q.

Proof:
Every element x € X is contained in a unique set Sy € Q. Define ~ by saying x ~ y if and only if
Sx = Sy. This defines an equivalence relation. O

Proposition 3.37

If H < G, define a relation ~y on G by ¢ ~y k if ¢~ 'k € H. Then ~y is an equivalence relation,
and the equivalence class of g € G is [¢] = ¢H.

Remark:
From the proposition, we would say & ~ e if and only if h € H.

Proposition 3.37 follows from that cosets partition G. Proposition 3.31 is a special case of Propo-
sition 3.34. Thus we can prove that ~p is equivalence class directly, and use Proposition 3.37 to
prove Proposition 3.31.
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3.7 Normal subgroups
Recall Proposition 3.31, by symmetry:

Proposition 3.38

Let H < G, and suppose g,k € G. Then the following are equivalent:
(@) kg~' € H
(b) k € Hg
(c) Hg = Hk
(d) HgN Hk # @

Caution: g~k € H does not necessarily imply kg~! € H.

Lemma 3.39

If H < Gand Hg = hH for g,h € G, then gH = Hg.

O

Proof:
g€ Hg=hH,so gH = hH.

normal subgroup

A subgroup N < G is a normal subgroup if gN = Ng for all g € G.

Notation: N < G.

conjugate of / by g

If ¢, h € G, the conjugate of 1 by g is ghg~!.

Conjugates come up in linear algebra in change of basis and diagonalization.

Recall: ¢S = {gh:h € S},Sg={hg:h € S}. SogSg~! = {ghg~ ' :h € S}.

As previously mentioned, g(hS) = (gh)S, (Sg)h = S(gh), §(Sh) = (gS)h, eS = S = Se.
So ¢N = Ny if and only if gNg¢~! = N. Here we

Also: S C T if and only if ¢S C gT if and only if Sg C Tg.
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Let N < G. Then the following are equivalent:
(1) NJG(gN =NgVgeG)
(2) gNg ! =Nforallge G
(3) gNg ! C Nforallge G
(4) G/IN=N\G
(5) G/NC N\G
(6) N\GC G/N
Proof:
We've already done (1) <= (2). Clearly (2) = (3).
To see (3) == (2), suppose gNg~! C N for all ¢ € G. Given g € G, we know ¢~ 'Ng C N by
apply assumption to g~!. Thus N C gNg~!. Hence N = ¢Ng~, so (2) holds.
By definition, (1) = (4) = (5), (6).
(5) = (1): Suppose G/N C N\ G. If g € G, then gN = Nh for some h € G. By Lemma 3.39,
gN = Ng.
(6) = (1): Similar. O
Example:
(s) < Dyy,: Already seen G/ (s) = (s) \ G. So (s) < Dy,,. Can also check s'(s)s™" = (s), 7(s)r~1 = (s)
(since rs'r~1 = s7).
(r) < Dyn: G/ (r) # (r)\ G, so (r) is not normal. Indeed, srs~! = s?r ¢ (r) for n > 3.
If G is abelian, then all subgroups are normal.

If ¢ : G — K is a homomorphism, then ker ¢ is normal. Previously, we have proved G/ ker¢ =
solution sets to equations ¢(x) = b,b € Im¢ = ker¢ \ G. Alternatively, we can use statement (2):
if x € ker¢, g € G, then ¢(gxg™") = ¢(g)p(x)p(g) ™" = ¢(g)¢(g) " = ¢, 50 gxg~! € kergp =
g(ker¢)g~! C ker ¢.

The subgroup relation < is transitive: If H < G (G considered as group) and K < H (H considered as
group) then K < G. Normally we justsay K< H< G = K<G.

The normal subgroup relation < is not transitive: Consider H = (r, 52) < Dg.rs2 =542 =5 —
rs?r~1 = s2. We know H <l Dg, and H is abelian. Since H is abelian, then (r) < H. However, (r) 4 Dg.

3.8 Normalizers and the center

normalizer of S in G

Let S C G. Then Ng(S) := {g € G:¢Sg~! = S} is called the normalizer of S in G.

Lemma 3.41

Ng(S) < G.
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Proof:
eSe =5,s0e € Ng(S).

If ¢, € Ng(S), then ¢hS(gh)™! = g(hSh™1)g~' = ¢Sg~! = S, so ¢h € Ng(S).
If ¢ € Ng(S), then g71S¢g = ¢71(gSg)g =eSe = S. So g~! € Ng(S).

O

Lemma 3.42

Suppose H < G. Then H < G if and only if Ng(H) = G.

Corollary 3.43

If G=(S),and H < G, then H < G if and only if gHg ! = H forall g € S.

Proof:
H <9 G if and only if Ng(H) = G if and only if S C Ng(H).

O

Remark:
It will be helpful to check a subgroup is normal. Warning: it is possible to have gHg~! C H and
8 & Ng(H).

Lemma 3.44

If |g| < +o00, and gHg ™! C H, then ¢ € Ng(H).

Proof:

Prove by induction. If gHg™' C H, then ¢'Hg~' C H for all i > 0.

(Use g(g" THg~("V)g™! C gHg™).

If [g| = n < +oo, then g~ 'Hg = ¢" 1Hg~("~1) C H. We multiply g on the left and ¢g~! on the
right, then H C gHg !, conclude gHg ! = H. O

Corollary 3.45

Suppose G = (S) is finite, and H < G. If gHg™! C H for all g € S, then H < G.

Remark:
If G is a finite group, this process makes checking whether the group is normal even faster.

center of G

If G is a group, the center of G is Z(G) = {g € G: gh = hg for all h € G}.

Example:
Z(GL,C) = {A1: A #0}

Proposition 3.46

Z(G) 4 G.



Products

4.1 Product groups

Proposition 4.1

Suppose (Gy, 1), (Gp, -2) are groups. Then G; x G; is a group under operation

(81,82) - (h1,h1) = (811 71,82 2 o)

for gi,h,‘ €G;i=1,2.

product of G; and G,

If Gy, G, are groups, the group Gy x G, with operation from Proposition 4.1 is called the product
of G and Gj.

Example: the Klein 4-group
Obviously |G1 x Gy| = |G1| - |G|

So the group (Z/2Z) x (Z/27Z) has order 4. Called the Klein 4-group.
| ©0) (1) (10 (1)

(00) | (00 (01) (1,0) (1,1)
Multiplication table: (o0,1) | (0,1) (0,0) (1,1) (1,0

(1,0) | (10) (1,1) (00) (07)

(11) | (L1) (1,0 (01) (00)
All elements have order 2, so it’s not cyclic. Identity is (0,0). In general, identity of G; x G; is
(eGI,eGZ)-

Proposition 4.2
Suppose G = H x K. Let H = {(h,e;) : h € H}, K = {(e, k) : k € K}. Then
(@) H,K < G.

(b) H— H:h+s (he)and K — K : k — (e k) are isomorphisms.
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Remark:
So we can think of H and K as subgroups of H x K. H x K can have lots of other subgroups as
well. Here we listed the two particularly important ones.

LetG=HxK, H=Hx {e}, K={e} x K< HxK.

Lemma 4.3

If h € H, k € K, then hk = kh.

4.2 Homomorphisms between products

Corollary 4.4

If ¢ : Hx K — G is a homomorphism, then ¢(h)¢(k) = ¢(k)¢(h) forall h € H, k € K.

I Proof:
Immediate.

O

Now consider the converse of this corollary.

Lemma 4.5

Ifa: H— G, B: K— G are homomorphisms, such that a(h)p(k) = B(k)a(h) for all h € H,
ke K, theny: HxK — G: (h k) — a(h)B(k) is a homomorphism.

Proof:
(% y) - (zw)) = v((xz,yw))
= a(xz)B(yw)
= a(x)a(z)B(y)B(w)
= a(x)B(y)a(z)p(w)
=1(xy)r(zw)
forall x,z € H, y,w € K. O

Notation: the homomorphism 7 is called « - 8. This is not entirely standard. You should mention this
homomorphism if you use this notation.

Remark:
You might wonder why Lemma 4.5 is called the converse of corollary. In Corollary 4.4, given ¢, we
can get homomorphisms: H — G : h — (h,e) and apply ¢ to it, similar for K.

Corollary 4.6

Ifa: H— H', B : K— K are homomorphisms, then v : H x K — H' x K" : (h,k) — (a(h), B(k))
is a homomorphism.

Proof:
Define & : H — H' x K’ : h +— (a(h),e) and B : K — H' x K' : K+ (e,B(k)). &, B are homomor-
phisms (exercise), and that &(x)B(y) = B(y)&(x) forall x € H,y € K.

Then 7((x,¥)) = ((x),¢) - (e, B(y)) = &(x) - B(y) s0 7 = & - B.

O
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Notation: the homomorphism ¢ is called « x B. This notation is quite standard, which is safer to use.

Corollary 4.7

Ifa:H— H', B: K— K areisomorphisms, then « x f: H x K — H’ x K’ is an isomorphism.

Proof:
a x B has inverse a1 x 1.

O

Proposition 4.8

G — G x {e} : g+ (g e) is an isomorphism.

Using products, can complete list of groups of order p*:

Proposition 4.9

Suppose p is prime, |G| = p?. Then either G is cyclic, or G = (Z/pZ) x (Z/ pZ).

Recall our table of small order:

Order | Known groups
1 Trivial group
2 Z/2Z
3 z/3Z
4 Z/4Z, (Z/2Z) x (Z/2Z)
5 Z./5Z
6 Z./6Z, Dg = S3, ??
7 Z7/7Z
8 Z/8Z, Dg, ??
9 Z/9Z,(Z/3Z) x (Z/3Z)

How do we know if a group is a product?

Recall Proposition 4.2. Corollary: H x K — H x K : (h,k) — ((h,e), (¢,k)) is an isomorphism. So we
are looking for two subgroups H, K which satisfy these properties:

e if h € H, k € K, then hk = kh.

* every element ¢ € G can be written as g = ik for unique /1 € A, k € K.

4.3 Unique factorizations & internal direct products
Given S, T C G, let ST ={gh: g€ S,h € T}.

Lemma 4.10

G = ST if and only if every element ¢ € G can be written as ¢ = hk for some h € S, k € T.

I Example:
Doy, = {s'} = (s) - (r).
Suppose G = HK for H,K < G. When does g = hk for unique h € H,k € K? Uniqueness means that if
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¢ =nhk=nk forh,h' € Hkk € K, thenh =1 and k = k.

It is easy to find necessary condition: If e # ¢ € HNK, then g = g-e = e g, then factorization is not
unique. So if factorization is unique, H N K = {e}. It turns out this is also a sufficient condition.

Lemma 4.11

Suppose G = HK for H,K < G. Then every element ¢ € G can be written as ¢ = hk for unique
h € H,k € K if and only if HNK = {e}.

Proof:
We've proved it is necessary. Suppose HNK = {e}. If ¢ = hk = h'K/, then (W) "'h = K'k~' € HNK.
Thus (W)~1h = Kk~! = ¢. This implies = ',k = K. O

internal direct product

We say that G is the internal direct product of subgroups H,K < G if
(@) HK =G,
(b) HNK = {e}, and
(c) hk =kh forall h € H,k € K.

Remark:
To make the condition (b) and (c) hold, we put the word “direct” here.

Example:
H x K is the internal direct product of H = H x {e} and K = {e} x K.

D, is not the internal direct product of (s) and (r) because sr # rs.

Theorem 4.12

Suppose G is the internal direct product of H and K. Then ¢ : H x K — G : (h, k) — hk is an
isomorphism.

Proof:
Letig:H — G:h+— handig : K — G : k— k. By part (c) of definition, iy (h)ix (k) = ix(k)ig(h)
forall h € H,k € K. So ¢ = if - ix is a homomorphism.

By Lemma 4.11, every element ¢ € G can be written as g = hk for unique h € H,k € K. Thus ¢ is a

bijection, then ¢ is an isomorphism. O

Lemma 4.13

If G is internal direct product of H, K, then H, K < G.

Proof:
Suppose g € G,s0 g =hk, h € H,k € K. Then

kHk ' = {khk':h e H} = {kk"'h:h € H} = H,

SO gHg_1 = hkHk™'h=1 = hHh=1 C H. So H < G. Proof for K is similar.

O
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Proposition 4.14

G is the internal direct product of H, K < G if and only if
(a) G = HK, and

(b) HNK = {e}.
(c) H,KLG.

Before proving the proposition, we introduce a definition:

commutator

The commutator of g, € Gis [g,h] :=g-h-g 1 -h~ L

If ¢,h € G, then [g,h] = e if and only if ¢h = hg.

Proof:
This is the proof of Proposition 4.14.

We have proved =.

If h € Hk € K, then [h,k] = (hkh~1)k~! € K since K < G. But [h,k] = h(kh~'k~!) € H since
H < G. So [hk] € HNK = {e} = [h,k] = e. Therefore, hk = kh for all h € H,k € K, thus G is
indeed an internal direct product. O




Quotient groups and the isomorphism theo-
rems

5.1 Quotient groups

Recall an example: Z/nZ = {[a] : 0 < a < n}. In this example, Z/nZ is a group, with operation
[a] 4+ [b] = [a + b]. Can we generalize this example? Can we define a group structure on G/H by [g] - [H]
[gh]? or gH -hH = ghH? (Here we regard ¢gH and hH as elements in G/H instead of sets.) Big
problem: this might not be well-defined.

relation

A relation R between two sets X and Y is a subset of X x Y. Notation a R b if (a,b) € R.

A relation R is a function from X — Y if
(a) for all x € X, there is y € Y such that x R y, and
(b) forallx € X,y,z€ Y,if x Ryand x R z theny = z.

Can define relation — between G/H x G/H and G/H by ([g], [h]) — [gh] for all g,h € G? Yes. It is
properly defined, we just need to find a subset of X x Y (in this case (G/H x G/H) x G/H).

Is this relation a function? For (a), if x = ([g], [1]), can take y = [¢h]. What about (b)?

The relation — between G/H x G/H and G/H defined by ([g], [l]) — [gh] is a function if and
only if H is normal. Furthermore, if H is normal, then ghH = gH - hH, the setwise product.
(Recall - T={xy:xe€S,yeT}

Proof:
= Suppose — is a function. Suppose g € G,h € H. Then ([g], [¢!]) — [e]. Since g~ -gh=h €
H from Proposition 3.37, then ¢ ~y ¢h, then [¢] = [¢h], and ([gh], [§7']) — [ghg~']. Since —
is a function, [ghg~!] = [¢]. But this means ghg™! ~p e, i.e.,, ghg™! € H. Since this holds for
allg € G,h € H. Hence H < G.

week 4
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<« First let’s prove H normal = ghH = g¢H - hH.

Note that gH - hH = gh(h~'Hh) - H. If H is normal, then h~'Hh C H, then (h"'Hh)-H C H.
Since e € H 1HH, (h’th) -H = H if we take e on the left and every element of H on the
right. Thus if H is normal, then gH - hH = ghH.

Suppose that (S,T) — Rand (S,T) — R’ for S,T,R,R' € G/H. Then R = S-T = R’ by the
definition of equivalent class. So — is a function. O

G/N is called the quotient of G by N, or a quotient group.
Elements of G/N can be written as ¢N or [g] or g.
Group operation can be stated as gN - hN = ¢hN or [¢] - [h] = [gh] or §-h = gh

q (defined in the following theorem) is called the quotient map or quotient homomorphism.

Theorem 5.2

Let N < G. Then the setwise product gN - hN = ghN makes G/N into a group. Furthermore,
the function g : G —+ G/N : g — gN is a surjective homomorphism with kerg = N.

Proof:
([g] - [h]) - [k] = [gh] - [k] = [ghk] = [g] - ([h] - [k]) for all [g], [h], [k] € G/N, so - is associative.

le] - [g] =e-gl =1[8] = [g-e] =[g] - [e] for all [g] € G/N, so [e] = N is an identity.

gl -lg ' 1 =1[gg ' =1le]l = [g'g] = [g7!] - [g] for all [g] € G/N, so every element of G/N has an
inverse.

q clearly surjective, and q(gh) = [gh] = [g] - [h] = q(g) - q(h). q(g) = [g] = [e] if and only if g € N,
so kerg = N. O

We previously proved that if ¢ : G — K is a homomorphism then ker ¢ < G.

Corollary 5.3

Let N < G. Then there is a group K and homomorphism ¢ : G — K such that N = ker ¢.

Proof:
Take K= G/N, and g : G = G/N the quotient homomorphism. Then kerg = N.

O

Example:

Z./nZ: can now define this using theorem, no need to rely on pre-existing definition.
D5,/ (s): Cosets are (s) = {s' : 0 <i < n}and (s)r = {s'r: 0 <i < n}

ROBROL
(s)  (s)r

Multiplication table:  (s)

So D,/ (s) = Z/27.

If N not normal: (r) has left cosets s'(r) = {s’,s'r},0 < i < n. If we take two left cosets and do

setwise product:
(r) -s(r) = {s,sr,s7r,s71}

is not a left coset of (r). Alsoe ~, r,e-s = sis in a different coset from r-s = s~ 'r so [g] - [1] = [gh]
is not a well-defined operation.

See Dy, /Z(Dy;,) on homework.
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Example: projective general linear group
GL,(K)/Z(GL, K): Recall Z(GL, K) = {A1: A # 0}.

If M is invertible, [M] = {AM : A # 0}.

[M] - [N] = {A1A2MN : Ay, Ay # 0} = [MN]

We can view GL,(K) as group of invertible linear transformations of K (acts on vectors).
GL,(K)/Z(GL, K) is invertible transformations of lines through origin in K".

GL,(K)/Z(GL, K) is called the projective general linear group, and is denoted by PGL,, (K). It is
a very important group in some areas of geometry.

In general, can look at:
* G/Z(G), any group G
e G/ ker ¢, any homomorphism ¢ : G — K
* G/N, any group G and normal subgroup N < G

How do we find the group structure on G/N? It might be hard.

5.2 The universal property of quotients
Suppose N < G. What are the homomorphisms ¢ : G/N — K?

poq

Every such ¢ gives a homomorphism ¢ og : G — K (this homomorphism is sometimes also called
lift, pullback of ¢ to G). Not every homomorphism from G — K is a lift of {. What homomorphisms
G — K are lift of some homomorphism ¢?

If we start with ¢ : G — K, when does there exist ¢ such that ¢ = 1 0 q? Given ¢, when can fill in ¢
so that diagram commutes? Here “commute” means if we start at any point in the diagram and go to
any other point, it doesn’t matter what path we take to get there, we get the same function.

Theorem 5.4: Universal property of quotients

Suppose ¢ : G — K is a homomorphism, and N < G. Let g4 : G — G/N be the quotient
homomorphism. Then there is a homomorphism @ : G/N — K such that { o q = ¢ if and only
if N C ker ¢. Furthermore, if ¢ exists, then it is unique.

In other words, can fill in dashed line so that diagram “commutes” if and only if N C ker ¢.
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Hom(G, K)

If G, K are groups, let Hom(G, K) be the set of (homo)morphisms G — K.

Corollary 5.5

For any groups G,K, and N < G, the function g* : Hom(G/N,K) — {¢ € Hom(G,K) : N C
ker ¢} : ¢ — 9 oq is a bijection.

Recall we previously proved:

Theorem 5.6: Universal property of products

Leta : H— G and B : K =+ G be homomorphisms, and let iy : H -+ H x K and ig : K —
H x K be the inclusions of H and K in the product of H x K. Then there is a homomorphism
¢ : Hx K — G such that ¢ oig = a and ¢ oix = B if and only if a(h)B(k) = B(k)a(h) for all
h e H,k € K.

H

K

Corollary 5.7

There is a bijection between Hom(H x K, G) and

{(«, B) € Hom(H,G) x Hom(K, G) : a(h)B(k) = B(k)a(h) for all h € H,k € K}

Remark:

We won't formally define the term universal property. Often that’s held off until grad level. But even
if we want to define it now, we would need some category theory. Intuitively, we can think about
it as a type of theorem setting up a bijection between some sets and set of homomorphisms.

We still need to prove Theorem 5.4. Before we get into the proof, let’s prove the following lemma:

Lemma 5.8

If « : G — H is surjective, ¢; : H — K,i = 1,2 are such that ; o« = 9, o a, then ; = 1.

Proof:
If h € H, then there is ¢ € G with a(g) = h. So ¢1(h) = P2(a(g)) = ¢2(h). We conclude that
¥1 = 2. H

With this lemma, we can dive into the proof of Theorem 5.4:
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Proof:
= If  exists, and n € N, then ¢(n) = p(q(n)) = ¢(e) = eso N C ker¢.

<« Suppose N C ker¢. Define ¢ : G/N — K : [g] — ¢(g). To show 1 is well-defined, note that
if [¢] = [k, then g™'h € N C kerg, s0 ¢(g) "9 (h) = ¢(g™"h) = e, 50 ¢(g) = p(h).

Clearly 0 q(g) = ¢([g]) = ¢(g) forall g € G, s0o pogq = ¢.
If [¢], [h] € G/N, then

¥([g]- [1]) = w([gh]) = ¢(gh) = p(g)¢(h) = ¢([g])w([])

so 1P is a homomorphism.

If ¢’ : G/N — K is another homomorphism with ¢’ o g = ¢ then ¢’ 0 g = 1 0 q. Since ¢ is surjective,
by Lemma 5.8, ¥ = . So uniqueness holds. O

Remark:

Equivalent way to define ¢: ¢(gN) = ¢(g)¢(N) = ¢(g){e} = {¢(g)}. Soif S € G/N, then
¢(S) = {b}, a singleton set. Can define 1(S) = b for b € K such that ¢(S) = {b}.

5.3 The first isomorphism theorem

Recall: If ¢ : G — K is a homomorphism then [G : ker¢] = |Im¢|. We prove this by setting up a
bijection ¢ : G/ ker¢p — Im ¢ defined by ¢(S) = b, where b € K is such that ¢(S) = {b}. This looks
like what we just did! Now we know G/ ker ¢ is a group, |G/ ker¢| = [G : ker¢] = |Im ¢|. Maybe
this bijection is an isomorphism?

Theorem 5.9: First isomorphism theorem

Suppose that ¢ : G — K is a homomorphism. Then there is an isomorphism ¢ : G/ ker ¢ — Im ¢
such that ¢ = o g, where q : G — G/ ker ¢ is the quotient homomorphism.

Proof:
ker ¢ C ker ¢, so by universal property there is a homomorphism ¢ : G/ ker¢ — K with pog = ¢.

For ¢ € G, ¥([g]) = ¢(g), so plainly Imyp = Im¢. Thus we can regard ¢ as surjective homomor-
phism G/ ker¢ — Im ¢.

1§ agrees with the function G/ ker ¢ — Im ¢ defined previously, so ¥ is a bijection. Therefore v is
an isomorphism.

Alternatively, we can prove it from the scratch. If ¥([g]) = ¢, then ¢(g) = ¢, so ¢ € ker ¢ which
implies [g] = [e]. So ¢ is injective. Thus it is isomorphism. O

The first isomorphism theorem is the best way to determine G/N.

Example: GL, K/ SL, K
Recall SL,,(K) < GL,(K) is defined as the kernel of homomorphism det : GL,, K — K*.

The image of det is Im det = K*. By first isomorphism theorem, GL, K/ SL, K = K*.

Example: R/Z
Consider Z < Rt. What is R/Z?

Have homomorphism exp: R — C* : x + ¢¥™*, Thus ¢?™* = 1 if and only if x € Z.

Imexp = {a € C: |a| = 1} =: S! (the circle group).
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Il SoR/Z=~5s!

In general, to find G/N, we can find a group K and homomorphism ¢ : G — K such that ker¢ = N.
Then we can conclude G/N = Im ¢.

Sometimes we can also turn this around and use first isomorphic theorem to find Im ¢.

5.4 The correspondence theorem

a.k.a. the fourth isomorphism theorem. We want to understand subgroups of G/N using q : G —
G/N. Recall: Suppose f : X — Y is a function, S C X, T C Y. Then

* f(S):={f(x) :x €S}, and

o fUT):={xeX:f(x)eT}
We previously proved:

Proposition 3.5

If ¢ : G — H is a homomorphism, K < G, then ¢(K) < H. (a.k.a. pushfoward, image of K)

Proposition 3.10

If ¢ : G — H is a homomorphism, K < H, then ¢!(K) < G. (ak.a. pullback of K)

If f : X — Y is a bijection, f~1(f(S)) = S and f(f'(T)) = T. Thus if ¢ : G — H is an isomorphism,
we get a bijection.
K — ¢(K)
Subgroups of G » Subgroups of H
97N (K) K

Furthermore:
e K1 <K <= ¢(Ky) < ¢(Ka)
* (K1 NKz) = ¢(Ky) NP(K2)
e Kisnormal <= ¢(K) is normal

e ¢({S)) = (¢(S)). This holds for any homomorphisms. ¢~ 1((S)) = (¢~1(S)) doesn’t have to
hold if ¢ is not isomorphism.

* [G:K] = [H: ¢(K)]

Some identities for bijections don’t hold for general functions:

Always holds Don’t always hold
f(A)Cf(B)ifACB f(ANB) = f(A)N f(B)
A CfHB)ifACH fHf(A) =4

,1(
fUAUB) = fTHA)UFY(B)  f(fT1(B) =B
fH(AnB) = f71(A) N f71(B)

f(AUB) = f(A)U£(B)

Everything in the left column holds for any function f. Everything in the right column holds when f
is a bijection, but not for general functions f.
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Order is preserved:

Lemma 5.10

If ¢ : G = H is a homomorphism, then:
(a) If K3 < Ky < G, then f(K;) < f(K)
(b) If K; < Kp < H, then f~1(K;) < f1(K»)

Note that we can’t say K; < K; if and only if ¢(K;) < ¢(K3) since ¢ 1 (¢(K)) # K in general.

Also, pullback preserves intersection:

Lemma 5.11

If ¢ : G — H is a homomorphism, and Ky, K, < H, then ¢~ (K; N Ky) = ¢~ 1 (K1) N~ 1(K>).

Suppose f : X — Y is a surjection, then we can move f(f~!(B)) = B from the right column to the left
column:

Always holds Don’t always hold
f(A)Cf(B)if ACB f(ANB) = f(A)N f(B)
YA CfYB)ifACB FUfA) = A
FUAUB) = f A UFUB)  FFHBy =B
fHANB) = fH(A)Nf(B)

f(AUB) = f(A)Uf(B)

f(F71(B)) =B

Lemma 5.12

If ¢ : G — H is a surjective homomorphism, and K < H, then ¢(¢1(K)) = K.

Sub(G)

If G is a group, let Sub(G) denote set of subgroups of G.

If ¢ : G — H is a homomorphism, have induced functions ¢ : Sub(G) — Sub(H) and ¢! : Sub(H) —
Sub(G).

If ¢ is surjective, by Lemma 5.12, then ¢ is left inverse to ¢—!. (It might not have inverse. Sometimes
we use ¢*.)

So ¢! : Sub(H) — Sub(G) is injective. Question: What's the image of ¢~ in Sub(G)?

Lemma 5.13

Let ¢ : G = H be a homomorphism. Then
(a) If K < H, then ker ¢ < ¢~ 1(K).
(b) If kerp < K < G, then ¢~ (¢(K)) = K.



CHAPTER 5. QUOTIENT GROUPS AND THE ISOMORPHISM THEOREMS 61

Proof:
(a) If K < H, then ker ¢ < (pfl(K).
(b) It’s clear that K < ¢~ 1(¢(K)).

Suppose y € ¢~ (¢(K)). Then ¢(y) € ¢(K), so ¢(y) = ¢(k) for some k € K. Since ¢p(k~'y) =
e, k~ly € ker¢ C K, thus y € K. We conclude that ¢~1(¢(K)) C K. O

From this lemma, we can conclude: K = ¢ 1(K') <= ker¢ < K.

When we combine Lemma 5.12 and Lemma 5.13, we get the following theorem:

Theorem 5.14: Correspondence theorem

Let ¢ : G — H be a surjective homomorphism. Then there is bijection

Subgroups K — ¢(K)

Kof Gs.t. > Sl/lbgroups

kerp < K < K of H
9 (K) =K

Furthermore, if ker ¢ < K, Kj, Ky < G then
(@) K1 <Ky < ¢(Kq) < ¢(Kz)
(b) ¢(K1NKy) = ¢(Kq) N¢(Kz)

(c) Kisnormal <= ¢(K) is normal

Proof:
Since ¢ is surjective, ¢p(¢p~(K')) = K’ for all K’ < H. Conversely, if ker¢p < K < G, then
¢ 1(¢(K)) = K. So ¢ and ¢! are inverses on the specified sets. So they are bijections.

(a) follows from fact that ¢ and ¢! are inverses and preserve <. For instance, if ¢(K;) < ¢(K>)
then Ky = ¢~ (¢(K1)) < 971 (¢(Ky)) = Ky

®) ¢~ (¢ (K1) N (Ka)) = ¢~ (¢ (K1) Nt (¢ (Ka)) = Ky NKy since ¢ (¢ (K)) = K, ¢ (K1 N Kp) =
¢ (K1) N ¢ (Kz),

(c) Exercise. O

What about quotient groups?

If NG, theng: G — G/N is a surjection, so we have
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Theorem 5.15: Correspondence theorem for quotient groups

Let N < G. Then there is a bijection

K q(K)
Subgroups p Subgroups
N<K<G K" of G/N

g7 (K) <K

Furthermore, if N < K, Ky, Ky < G then
(@) K1 £ Ky <= q(K;) < q(Ka)
(b) q(K1NKz) = q(Ky) Ng(Kz)

(c) Kis normal <= g(K) is normal

Recall from first isomorphism theorem: If ¢ : G — H is a surjective homomorphism, then G/ ker ¢ =
H. So there is a bijection between Sub(H) and Sub(G/ ker ¢).

Exercise:

Check that

first isomorphism theorem
subgroup correspondence for isomorphisms
correspondence theorem for quotient groups

correspondence theorem
for surjective homomorphisms

Suppose N < G and N < K < G, we immediately see that N < K since kNk~1 C N forallk € K C G.
Let g; : G = G/N be quotient map. Since N < K, also have quotient map gx : K —+ K/N.

ix
K » G

gK qG
%o,

K/N » G/N
kKN — kN

It’s easy to see kergg oi = N, and by first isomorphism theorem, we get an isomorphism ¢ : K/N —
Img oig = q(K) such that ¢ o gx = g o i. In other words, if k € K, then (kN) = q(k) = kN. Let’s
summarize this into a proposition:

Proposition 5.16

Suppose N 4 Gand N < K < G. Let g : G — G/N be the quotient map. Then the function
K/N — g(K) < G/N : kN — kN is an isomorphism.

Because of this isomorphism, we use the following notation:

K/N

If N < Gand N < K < G, then the subgroup q(K) corresponding to K in G/N is denoted by
K/N.
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Example: Dy,
Let G = Dy, N = (s), where s is rotation generator.

Subgroups of D,, contains N correspond to subgroups of Dy, /N = Z;.
Z; has two subgroups, Z; and {e}.
So there are only two subgroups of D;, containing N.

Example: GL, K
GL,K/SL, K = K*, so subgroups of GL, K containing SL, K correspond to subgroups of K* (of
which there can be lots: {1, —1}, {2¥|x € Z})

5.5 The third isomorphism theorem

Suppose N <4 G and N < K < G. From correspondence theorem: K < G if and only if K/N < G/N.
Suppose K/N < G/N. What's (G/N)/(K/N)?

Third isomorphism theorem, informal version

(G/N)/(K/N) = G/K.

Example:

Suppose n|m, so that mZ < nZ.
Then (Z/mZ)/(nZ/mZ) = Z./nZ.
(Z/20Z)/(5Z/20Z) = Z/5Z

Theorem 5.17: Third isomorphism theorem

Let N< Gand N < K <G. Let:
® g1 be the quotient map G — G/N,
* g, be the quotient map G/N — (G/N)/(K/N), and
® g3 be the quotient map G — G/K.
Then there is an isomorphism ¢ : G/K — (G/N)/(K/N) such that o g3 = g2 0 q3.

q1
G » G/N
g3 92
G/K v » (G/N)/(K/N)

Proof:
Note that kergy o g1 = (q2041) " ({e}) = 47" (95" ({e})) = 47 " (K/N) = K

and q1, 4, surjective, Imgp o g1 = (G/N)/(K/N).

By first isomorphism theorem, therre is an isomorphism ¢ : G/K — (G/N)/(K/N) such that
poqgs=4qgroq. ]
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What if K isn’t normal? Then G/K isn’t a group, and neither is (G/N)/(K/N). However we can still
talk about [G : K] and [G/N : K/N].

Proposition 5.18

If NJdGand N <K <G, then [G: K] = [G/N : K/N].

In fact, there’s no reason to use quotient spaces. This holds for surjective homomorphisms.

Proposition 5.19

Let ¢ : G — H be a surjective homomorphism, and suppose ker¢ < K < G. Then [G : K] =
[H : ¢(K)].

These two propositions are actually equivalent by the first isomorphism theorem.

Proof:
Define a function f : G/K — H/¢(K) : gK — ¢(g)¢(K).

Well-defined: If gK = KK, then hlg € K = ¢(h)"¢(g) = ¢p(h1g) € ¢(K). So ¢(g)¢p(K) =
¢(h)¢(K).
Since ¢ is surjective, f is onto.

Suppose f(gK) = f(hK), so ¢(8)p(K) = ¢(h)¢(K). Then ¢(h~'g) = ¢(h)'9(g) € ¢(K) =
h=lg € ¢~ 1(p(K)) = K. So gK = hK, and f is injective.

We conclude that f is a bijection. O

5.6 The second isomorphism theorem

Recall internal direct product and lemma from products:

Lemma g4.11

Suppose G = HK for H,K < G. Then every element ¢ € G can be written as ¢ = hk for unique
h € H,k € K if and only if HNK = {e}.

We didn’t use the fact G = HK in the proof. If HK C G, then we won’t be able to write g = hk, but for
the ¢ that we can write in the form of hk, the factorization is unique if and only if HN K = {e}. Then
we can reword this lemma a little more generally.

Suppose H,K < G.

Lemma 5.20

Every element of HK can be written as hk for unique i € H, k € K, if and only if H N K = {e}.

If HNK = {e}, then |HK| = |H| - |K|. What is |HK| if HNK # {e}? HK = U<y hK, a union of cosets
of K. Let X = {hK: h € H} C G/K. Then X is a partition of HK, so |HK| = |X| - |K|. How large is X?
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Lemma 5.21

Let H,K < G. If hy, hy € H, then h1K = hpK if and only if 1 (H N K) = hy(H N K).

Proof:
mK =K <= h'hy € K < h{'hy € HNK. But h;'h, = HNK if and only if nHNK =
hoH N K. This uses the fact that HN K < H. O

Rephrasing: Consider equivalence relations ~x on G, ~pynx on H. If hy,hy € H, then hy ~g hy <
hy ~pnk ho.

Corollary 5.22

H/HNK — X : hHNK — hK is a bijection.

Proof:
| From Lemma 5.21, it is well-defined, injective. Surjective obvious. O

Now going back to what we are trying to do: If H,K < G, X = {hK : h € H} partitions HK, so
[HK| = |X] - [K].

|X| = [H : HNK], so |HK| = [H : HNK]|K|. Using [H : HNK]-|HNK| = |H| (by Lagrange’s
theorem), we have

Proposition 5.23

If H,K < G, then |HK| |[HNK| = |H| [K]|.

Note that this proposition also holds when H and K are infinite. Another way to think about this
formula if H, K finite:

[H: HNK]=|X| = JIl{TI‘(l LHS is an index, RHS is a fraction. Is RHS an index as well? The problem:
HK not necessarily a group. Thus RHS might not be an index. But when is HK a group?

Proposition 5.24

Let H K < G. Then HK < G <= HK =KH <= KH C HK.

Proof:

(1) = (2) If HK < G,and h € H,k € K, then h,k € HK, so kh € HK. Also k~'h~! € HK, so
k~1h~1 = hoko. Hence hk = (k"'h~')~! = k;'hy' € KH. Sp KH C HK and HK C KH = HK =
KH

(3) = (1) Conversely, suppose KH C HK. We always have ¢ € HK. If x,y € HK, then x = hpko,
y = hyky for o,y € H, ko, k1 € K. Since KH C HK, ky ' (hy'hy) = hok, for hy € H,k, € K. So
xty =kythy ks = ho(koky) € HK. O

Corollary 5.25

If KH C HK, then [H : HN K] = [HK : K].

When is KH C HK? We have a sufficient condition:
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for all h € H, there is i’ € H such that Kh = I'K.

Recall: if Kh = h'K, then h'K = hK.
Rephrase condition: hKh~! = K, for all i € H, i.e.,, H C Ng(K).

Corollary 5.26

If HC Ng(K), then HK < G, and hence [H : HN K] = [HK : K].

What else does the condition H C Ng(K) imply?

We know hKh~1 = K, kKk~! = K, so
H,K C Nyk(K) = Npx(K) = HK = K < HK.

Ifke HNK he H, then hkh ! € HNK. So HNK < H.

Theorem 5.27: Second isomorphism theorem

Suppose H C Ng(K). Then HK < G,K < HK, and H N K < H. Furthermore, if iy : H — HK is
the inclusion, q; : H -+ H/H N K and g, : HK — HK/K are the quotient maps, then there is an
isomorphism 1 : H/H N K — HK/K such that o q; = g o if.

g
H » HK

7 92

H/HNK » HK/K

Proof:
Already shown HK < G, K < HK,HNK < H.

If h € Hk € K, then hkk = hK. So HK/K = {g¢K : ¢ € HK} = {hK : h € H}. Hence
Imgy oiy = {hK : h € H} = HK/K.

kergz oy = iy (47 ' ({e})) = i (K) = HNK

By the first isomorphism theorem, there is an isomorphism ¢ as desired.

O

Example: PGL, C
Recall that PGL, C = GL,C/Z(GL, C).

Let K = Z(GL,C) = {A1 : A # 0}. Since K < G, Ng(K) = G. Let H =SL,C = {M € G :
detM = 1} < G = Ng(K), so HK < G. Suppose M € GL, C, let A = det M. Then detA~/"M =
AldetM=1,A"Y"M € SL, C.

Conclusion: G = HK.

Cp = HNK = {A1 : A" = 1} = {¥*/"1 : k =0,...,n—1} (Note: C, = Z/nZ). Second
isomorphism = PGL, C = SL, C/C,. In Lie theory, this kind of calculation can be quite useful.




Group actions

week 5

6.1 Group actions

6.1.1 Two group actions

Example: S,

Permutation S, of {1,...,n} form a group.
This means that we can multiply permutations together. e.g.,
(12)(34)(24) = (1234)
However, that’s not all there is to permutations: we can also plug in numbers from 1,...,n
((12)(34))(3) = 4

We say that S, acts on {1,...,n}

Example: GL, C
Similarly, for GL, C, we can do more than multiply matrices: We can also multiply matrices and
vectors. Given A € GL,, C,v € C, can take A - v € C". Say that GL,, C acts on C".

Clearly the notion of actions is important to groups.

left action

Let G be a group. A (left) action of G on a set X is a function - : G x X — X such that
(a) e-x =xforall x € X, and

(b) g-(h-x)=(gh)-xforallg,h € G,x € X.

Example:
Spactson {1,...,n},n>1.

GL, K acts on K" (prove by the associativity of matrix multiplication).

Let X be any set, G any group. We can define an action of Gon X by g-x =xforallg e G, x € X.
This is called the trivial action of G on X.

67
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Proof:
(@) clear,¢g-(h-x)=g-x=x=(gh)-x.

O

Proposition 6.1

Let X be a set. The group Sx (of invertible functions X — X under composition o) acts on X via

f-x=f(x).

Proof:

The identity 1 in Sx is the identity function, so 1-x = 1(x) = x. If f,g € Sx, then (fog)(x)
fg(x)) =g~ (g ).

Note:

We typically stick with the notation f(x), rather than f - x. Recall S, = Syq -

oo

|

Lemma 6.2

If G acts on X, and H < G, then H acts on G by the restricted action X x X — X : (h,x) — h-x.

I Proof:
Immediate.

O

Alternative way to show GL, K acts on K": observe GL, K < Skn.

6.1.2 Invariant subsets
However, note that groups aren’t tied to a particular action:

Example:

D,,, was defined as subgroup of GL, IR, so it acts on R2.
However, D,, also acts on the vertices vy, ..., v,_1 of the n-gon.

In fact, this action determines elements of D5,;:

s’ sends v to v;, v1 to Vg sir sends v to v;, v1 to v;_q

This dihedral group action on the vertices of the n-gon is an instance of the following pattern:

invariant under the action of G

If G acts on X, a subset Y C X is invariant under the action of Gif g-y € Y forallge€ G,y € Y.

Lemma 6.3

If G acts on X and Y is an invariant subset, then Gactson Y via G XY — Y : (g, y) — g V.

Example:

{0} is an invariant subset of K" under the action of GL, K. In this case, the action of GL, K on {0}
is trivial.
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6.1.3 Actions on functions

Proposition 6.4

Suppose G acts on X and Y, and let Fun(X, Y) denote the set of functions from X to Y. If g € G
and f € Fun(X,Y), let g - f be the function

g f:X—=Y:xrmg-f(gt x)
Then G x Fun(X,Y) — Fun(X,Y) : (g, f) = g f is a left action of G on Fun(X,Y).
Often we apply this function with the trivial action on Y, so the action looks like g - f(x) = f(g~! - x).

6.1.4 Actions on subsets

Proposition 6.5

Suppose G acts on X. Let 2% denote the subsets of X. Then ¢-S = {g-s : s € S} defines an
action of G on 2%.

Proof:
e-s={e-s:seSt={s:se€S5}=8.
Forall g,h € G,S =2%,

g-(h-S)=g-{h-s:seS}t={g-(h-s):s€S}
={gh-s:seS}=gh-S

O

Alternative proof: 2% is the set of functions X — {0,1}. Can realize action of G on 2% by taking action
on functions with trivial action on {0, 1}.

6.1.5 Left regular action

Does every group act on some set?

Lemma 6.6

If G is a group, then the multiplication map - : G x G — G is a left action of G on G.

Proof:
Immediate from group definition.

O

So every group acts on itself by left multiplication. This action is called the left regular action of G on

|

Lemma 6.7

If H< G, then G acts on G/H by g- (kH) = gkH.

Proof:
We can prove this by combining previous lemmas and propositions.

First we know G acts on itself by the left regular action. From Proposition 6.5, we know G acts on
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26 by the setwise product. Second, the elements of G/ H are cosets, thus G/H C 2C. Now setwise
product gives us an action of G on 26. When we take the setwise product g with coset kH, we get
another coset. So G/H is an invariant subset of 2¢ under the induced subset product action from
the left regular action. O

Remark:

Since G/{e} = G, this generalizes the left regular action.

6.1.6 Right multiplication
What about right multiplication?

Let G be a group, where we denote the product of ¢ and h by gh (then we free - symbol and can
redefine later). For g,k € G, define g -k = kg (right multiplication). Then we might ask: does this
define a left action of G on G in the same way that left multiplication did?

If g,h,k € G (k is the element being acted on), then g- (h-k) = g-kh = khg, whereas gh -k = kgh,
which is not equal to khg if hg # gh. So right multiplication does not define a left action in general.

Can we fix this?

right action

Let G be a group. A (right) action of G on a set X is a function - : X x G — X such that
(@) x-e=xforall x € X, and

(b) (x-g)-h=x-(gh)forall g,h € G,x € X.

Example:

There is a right action of G on itself by right multiplication. THis is called the right regular action
of G on G. More generally, if H < G then G acts on H \ G.

If G is a group and X is a set, then there is a trivial right action of G on X defined by x - ¢ = x for
alge G x e X.

If there is a right action of G on X, and Y is any set, then (g- f)(x) = f(x - g) defomes a left action
of G on Fun(X,Y).

Proposition 6.8

If - is a right action of G on X, then g - x = x - ¢! defines a left action of G on X.

Proof:
e-x=x-¢andif g,h € G,x € X, then

O

Combined with the last example previously, this proposition explains why, if - is a left action of G on
X, we define the left action of G on Fun(X,Y) by setting (g- f)(x) = f(g~' - x).
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6.2 Permutation representations

Lemma 6.9

If G has a left action on a set X, and g € G, let £, : X — X be defined by /¢ (x) = g - x. Then:
(@) Lgoly =Ly, forall g, h € G.
(b) £, =1, the identity function.

(c) g is a bijection for all g € G.

Proof:
looly(x)=g-(h-x)=gh-x= Egh(x).

Also, le(x) =e-x = x.

O

Finally, £ o Eg_1 =l,=1= Eg_1 oly = [ is invertible.

Corollary 6.10

Every left action of G on X gives a homomorphism ¢ : G — Sy : g +— £; with ¢(g)(x) = g - x.

permutation representation

If X is a set, a permutation representation of G on X is a homomorphism ¢ : G — Sx.

If | X| = n, then Sx & S,,.
So action on finite set X with |X| = n gives homomorphism to Sj,.

Example: Dy,

Dy, acts on n vertices of n-gon, so there is a homomorphism D, — S;.

Let X = {vy,...,v,_1} be vertices of n-gon.

Identify X with {1,...,n} by mapping v; — i+ 1 so we can write elements of Sx as elements of S,.
Let ¢ : Dy, — S, be permutation representation given by action D;, on X

What is ¢(s)?

S0V =101,8-V1 =0p,...,5 Uy_1 = Ugy. SO
p(s)=(123 ... n)

What is ¢(r)?

r-vg =100, V1 =0Uy_1,--.,¥0j = Uy_j. SO

¢(r):{<zn><3n_1>...(n7+1n7+s) if 1 is odd

(2n)Bn—1)---(5 5+2) ifniseven

Transposition is another name for the two cycle.

In general, ¢(s'r) = ¢(s)'¢p(r)/.
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Theorem 6.11

(a) If G acts on X, then there is a homomorphism ¢ : G — Sx defiend by ¢(g)(x) = g - x.
(b) If ¢ : G — Sx is a homomorphism, then ¢ - x = ¢(g)(x) defines a group action of G on X.

In other wrods, group actions = permutation representations.
Because of this theorem, we treat the two as interchangeable.
Proof:
(a) Already done.
(b) e-x=¢(e)(x) =1(x) =x forall x € X.
If g,h € G, x € X, then

g (h-x) = ¢(8)(@(h)(x)) = (#(g) o p(h))(x) = ¢(gh)(x)

O

6.3 Cayley’s theorem

faithful

Let G act on a set X, and let ¢ : G — Sx be the corresponding permutation representation. The
kernel of the action is ker ¢, and the action is faithful if ker ¢ = {e}.

Lemma 6.12

An action of G on X is faithful if and only if for every ¢ € G, ¢ # ¢, there is x € X such that
g X #x.

O

Proof:
| ly # 1if and only if there is x € X such that g - x = £(g)(x) # x.

Lemma 6.13

An action of G on X is faithful if and only if for every ¢ € G, g # e, there is x € X such that
g-x #x.

Example:
Sx acts faithfully on X.
IfA-e;=¢;foralli=1,...,n, then A =1, so action of GL, K on K" is faithful.

Dy, acts faithfully on vertices of the n-gon.

Trivial action is not faithful.

Does every group act faithfully on some set?
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Theorem 6.14: Cayley’s theorem

The left regular action of G on G is faithful.

Consequently, G is isomorphic to a subgroup of Sg. In particular, if |G| = n < 4o, then G is
isomorphic to a subgroup of S;.

Proof:
If g € G,g #¢, then g-e = g # e. So left regular action is faithful.

Hence permutation representation ¢ : G — Sg is injective. So G is isomorphic to Im¢ < S; (easy
case of first isomorphism theorem). If |G| = n < +oo, then Sg = S,,. O

Homomorphism G — S given by this theorem is called left regular representation of G.
Example: Z/2Z

Let G =Z/27Z = {[0], 1]}

Cayley’s theorem: G is isomorphic to a subgroup of Sp

[0] 4+ [0] = [0],[0] + [1] = [1],s0 [0] — e in Sy

[1] + [0] = [1], [1] + [1] = [0], so [0] — (1 2) in S,.

The left regular representation may not be the most efficient permutation representation.
Example: Dg

D¢ has order 6, so is isomorphic to subgroup of S¢

But D¢ acts faithfully on vertices of 3-gon, so there is injective homomorphism Dg — S3, since
|Dg| = |S3| = 6, this is an isomorphism.

But |Se| = 6! > 6.

Remark:
There is actually a sense in which the left regular representation is the least efficient representation
of the group. We don’t have the tools to fill what we mean by that. The tools will be explored in

the representation theory of finite groups.
6.4 Orbits and stabilizers

Let G act on X. The G-orbit of x is Oy = {g-x: g € G}. A subset O C X is an orbit if O = O,
for some x € X. A group action is transitive if O, = X for some x € X.

Example: left multiplication
Let H < G act on G by left multiplication. The orbit of ¢ € G is Og = Hg, a right coset.

If we take H = G, then O¢ = G, then transitive. Since Hg is a proper subset of G if H < G, G is
not transitive unless H = G.

If H is non-trivial, Hg = Hg' for some ¢ # ¢'. Thus it’s possible to have O = Oy = O, for x # x'.
That’s part of why we have two different terms: O and O.

We can also consider right multiplication, then orbit is a left coset.
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Example: GL,; K
Consider the action of GL,, K on K", Then

0. {0} v=0
Tl {fweK :w#£0} v#£0

The second orbit can be verified by the basis extension theorem. So this action is transitive, and
there are two orbits.

Example: Sx

If1 <i#j<mn,thencanfind 7 € S, such that 77(i) = j. (for instance, = = (i j)). So O; = {1,...,n}
for all i.

Conclusion: action of S, on {1,...,n} is transitive, has one orbit.

More generally, action of Sx on X is transitive, has one orbit.

Suppose o € S,. What are the orbits of (¢) on {1,...,n}? Eg. 0 = (137)(26)(48) € Ss.
0O1=03=07;=1{1,3,7},0, = Og = {2,6}. Other orbits are {4,8},{5}.

In general, if ¢ = (i17 -+ i1, )(f21 -~ iky) - (fm1 -+ imk,) (With 1-cycles included), orbits are
{i]‘l,.. '/ijk]‘}’ 1 S ] S m

Note: in all these examples, orbits partition X.
Recall: partitions correspond to equivalence relations.

~

|

If G acts on X, say that x ~¢ y if thereis g € Gs.t. g-x = y.

Lemma 6.15

If G acts on X, then ~ is an equivalence relation on X.

Proof:
Sincee-x = x, x ~g x forall x € X.

If ¢ - x = y, then multiply both sides by ¢~!, then ¢g™! -y = x,s0 x ~gy = y ~¢ x.

O

Finally, if g-x =y,and h-y =z, thenhg-x =z,s0x ~gyand y ~gz = x ~g z.

If x € X, then equivalence class [x].g of x is

{lyeX:x~cy}={yeX:y=g-x, forsome g€ G} = Oy

Conclusion: equivalence classes of ~ are orbits of G acting on X.

Proposition 6.16

If G acts on X, then orbits of G form a partition of X. In particular, the action is transitive if and
only if there is one orbit.
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set of representatives for ~

Let ~ be an equivalence relation on a set X. A subset S C X is said to be a set of representatives
for ~ if each equivalence class of ~ contains exactly one element of S.

It’s always possible to pick a set of representatives.

Corollary 6.17

Suppose G acts on a set X, and let S be a set of representatives for ~;. Then

X =) |04

x€S

Example:

In the previous Sx example, we can pick 1,2,4,5, and
|X| =8 = 01| + |O2| + |O4] + |Os]
What's |Ox|?

To determine |Oy|, we can use the function G — Oy : ¢ — ¢ - x. It’s clearly onto, but it might have
-x =h-xwhen g # h.

oQ

stabilizer of x

If G acts on X, and x € X, the stabilizer of x is Gy :={g € G: g-x = x}.

Proposition 6.18

If G acts on X, x € X, then Gy is a subgroup of G.

Proof:
First, e € Gy.

Second, if g,h € Gy, thengh-x =g -(h-x) =g-x =x = gh € Gx.

O

Third, if g € Gy, theng ! -x=¢7 1. (g-x) =e-x=x = ¢! €G,.

Theorem 6.19: Orbit-stabilizer theorem

If G acts on X, and x € X, then there is a bijection G/Gy — Oy : gGx — g - x.

Proof:
Well-defined: if gGy = hGy, then g 'h € Gy. So g th-x =x = h-x=g-x.

Injective: if g-x =h-x, then g~ 'h-x=1x,s0 g7 'h € Gy = ¢Gy = hGx.

O

Surjective: if y € Oy, then y = g - x by definition.

Corollary 6.20

If Gacts on X and x € X, then |Oy| = [G : Gy].
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Example: S,
Let G=5,X={1,...,n}.

We know action of G on X is transitive, so O; = X, any 1.

Sowe have n = |0;| = [G: Gj] = % = ‘g—h

It follows that |G;| = (n — 1)!, any i

Stabilizer of i is G; = {m € S, : (i) =i},

For example, forn =4, G; = {¢,(23),(24),(34),(234),(243)}.
In general, G; = S,,_1, we can see |G;| = (n — 1)! directly.

Example: G/H
Recall that action of G on G/H is g - kH = gkH (i.e., the usual set multiplication)

Proposition 6.21

Suppose H < G. Then the left multiplication action of G on G/ H is transitive, and G,y = H.

Proof:
IfgH € G/H, thengH = g-eH,so O,y = G/H.

O

g-eH=¢eH < gH=H <= g€ H.

In this case, orbit-stabilizer theorem states that O,y = G/ H is in bijection with G/H (tautology)

6.4.1 Kernel versus stabilizer

If G acts on X, then kernel of the actionis {g € G:g-x =x Vx} whereas Gy ={ge€ G:g-x=x},
i.e., with stabilizer x is fixed. Consequently, if H is kernel of action, then H < Gy for all x € X.

Proposition 6.22

If G acts on X, then the kernel of the action is (),cx Gy, the intersection of the stabilizers.

O

Proof:
g is in the kernel if and only if g € G, for all x € X.

Theorem 6.23

If G is finite and H < G has index [G : H| = p, where p is the smallest prime dividing |G|, then
H 4 G.

Proof:
Let K be kernel of action of G on G/H. By Proposition 6.22, K < H = G,y. Letk = [H : K] = %

G G H
Now[G:K]:%:%-%:p-k.
By first isomorphism theorem, G/K is isomorphic to subgroup of S,. So |G/K| = kp | |S,| =
p! = k| (p—1)!. But we also have k | |G|. Since p is smallest prime dividing |G|, must have
k=1 = |H|=|K| = H=K O
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6.5 Conjugation

Recall that left multiplication defines a left action of G on G. It turns out that there’s another natural
left action:

G x G — G : (g k) — gkg~! defines an action of G on G.

Remark:
This action is called the conjugation action of G on G.

To avoid confusion with the left multiplication action in this section, we’ll denote the conjugation
action by o, so g ek = gkg™ 1.

In practice, there is no convention on the meaning of - and e, so we’ll have to say which one you
are using each time.

Proof:
If ke G, theneek = cke = k.

If g,h € G,k € G, then

ge(hek)=gehkh ™' = ghkh 1g™! = (gh)k(gh) ' = ghek

O
conjugacy class

The orbit of k € G under the conjugation action is called conjugacy class of k. We’ll denote it
by Conj (k).

centralizer of k in G

The stabilizer of k € G is called centralizer of k in G, and is denoted by Cg (k).

By definition Conj (k) = {gkg~!: g € G}.

Colk) ={g € G:gkg™! =k} = {g € G: gk = kg}, i.e, the centralizer is the set of elements in G
commute with k.

By the orbit stabilizer theorem, | Conj. (k)| = [G : Cg (k)]
Example:
Conj(e) = {geg™': ¢ € G} = {e} and C;(e) = G.
The conjugation action of G on G induces an action of G on 26
If g€ G,5S CG, then
geS={geh:heS}= {ghg_1 the S} =gSg!

So the stabilizer of Sis {g € G : ¢Sg~! = S} =: Ng(S), where Ng(S) is the normalizer of S in G.
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Example: matrices

Important instances of the conjugation action: G = GL,; K
Actually, if A, B are n X n matrices, A invertible, then ABA~! makes sense even if B is not invertible

Exercise:
GL, K acts on M, K by conjugation, where M, K is the set of all n x n matrices.

Recall: two matrices A and B are similar if there is C € GL, K such that CAC~! = B. This is the
equivalence ~cr,, K-

Orbits of conjugation action of GL, K on M, K are called similarity classes.
Matrix A is diagonalizable if it is similar to a diagonal matrix.

When K = C, every similarity class contains exactly one matrix in Jordan normal form, matrices in

Jordan normal form give a set of representatives for ~gr, K

6.5.1 Class equation

Using standard fact about orbits,

G| =} | Conj(g)] = }_ [G: Cc(g)]

g€s g€s

where S is set of representatives for conjugacy classes.

Lemma 6.25
| Conj(k)] =1 «= Cg(k) =G <= ke Z(G)
Proof:

Conj(k) has size one <= g¢gkg~! =kforallg € G
<= Cgk) =G <= ke Z(G)

O

Theorem 6.26: Class equation

If G is a finite group, then |G| = |Z(G)| + Ler | Conj(g)|, where T is a set of representatives
for conjugacy classes not contained in the center.

I Proof:
Immediate.

O

Theorem 6.27: Cauchy’s theorem

If G is a finite group and p is a prime dividing |G|, then G contains an element of order p.

Proof:
Let |G| = pm. Note: theorem is true if G is cyclic.

First assume G is abelian. Proof by induction on m.
Base case: if m = 1, then G is cyclic, so done.

Inductive step: Pick a € G, a # e. Can assume |a| < |G| (since otherwise G is cyclic)

If p | |al, then apply induction to get element b € (a) with |b| = p.



CHAPTER 6. GROUP ACTIONS 79

Otherwise assume p { |a|. Since G abelian, N = (a) < G. |G/N| = |G|/|N| < |G|. Since
p | |G|, p 1 |N|, then p | |G/N| by prime factorization of |G|. Then prove by induction, G/N has
element g¢N of order p.

Let n = |g|. Since ¢" = 1, then q(g)" = (§N)" = 1 where g is quotient map. Thus p | n.
If G = (g), then done, otherwise apply induction to (g).

Now prove for general case (nonabelian G): Use induction on |G| again.

Recall class equation: |G| = [Z(G)| + Leer | Conj(g)|-

If p | Conj(g)| = |G|/|Cs(g)| for some g € T, then p | |Cs(g)|- Since g # Z(G), | Conj(g)| > 1,
then |Cg(g)| < |G|. By induction, Cs(g) contains element of order p.

If p | |Conj(g)| for all g € T, then p | |Z(G). Z(G) is abelian group, so by abelian case, Z(G)
contains element of order p.

O

6.5.2 p-groups
p-group

Let p be prime. A group G is a p-group if |G| = p* for some k > 1.

Theorem 6.28

If G is a p-group, then Z(G) # {e}.

Proof:
|G| = Z(G) + Lg4er[G : Ci(g)]- We know that [G : Cg(g)] | |G|. If ¢ ¢ Z(G) then [G : Cg(g)] >
1= [G:Cs(g)]=plforl<I<k = p|[G:Cs(g)] Thusp | |Z(G)| = |Z(G)| > p =
Z(G) # {e}-

O

6.6 Conjugation in permutation groups
Suppose 7o € S,. What is tomr—1?

Lemma 6.29

If ¢(i) = j, then (tomr 1) (m(i)) = 7(j).

Corollary 6.30
If o = (i1q -~ i1gg)(i21 -+ doky) -+ (Gt *** imky, ), then
ot = (7(in) -+ wing)) - (Tlim1) - Tlimk,,))

Example: Sy

Let o = (13)(2)(4810)(576)(9), t=(12345678910), then
ot = (24)(3)(591)(687)(10) = (159)(24)(3)(6 8 7)(10)

Now given ¢, what can we say about the conjugacy class Conj(c) = {morr~!: 7 € S, }?
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cycle type

Forn >1,let [n] := {1,...,n}. If 0 € S, the cycle type of ¢ is the function A : [n] — Z>( such
that A(7) is the number of cycles in the disjoint cycle representation of ¢ of length i.

Example: Sy

Let o = (13)(2)(4 8 10)(5 7 6)(9).

Then ¢ has cycle type A with A(1) =2,A(2) =1,A(3) =2, and A(i) = 0 for 4 < i < 10.
Note that if A is a cycle type, then } 1" ; iA(i) = n.

Proposition 6.31

If o € S, has cycle type A, then

Conj(c) = {t € S, : T has cycle type A} =: Conj(A)

Proof:
By Corollary 6.30, to7t~! has the same cycle type as o.

Suppose T has the same cycle type as ¢.
Let o = (i11 - fik,) (21 doky) = (Bt = Tk )-

By ordering cycles, can write T as
T=(n - Ji) 21 - Jakg) Gt oo ik, )-

1

O

Let 7t be the permutation with 77(i,;) = jup- Then o™ = 1, so T € Conj(0).

How many conjugacy classes are there?

partition of n

A partition of 7 is a tuple A of natural numbers (A4, ..., Ax) such that
* M =>A > > A, and

(] A1+A2+...—|—/\k=n.

Example:
The partitions of 4 are (4),(3,1),(2,2),(2,1,1), and (1,1,1,1).

Remark:
To avoid having to repeat numbers, we can write

a,a,...,a
~————

k times

as a*. So for instance, (2,1,1) = (21,1%),(1,1,1,1) = (1%).

Lemma 6.32

There is a bijection between partitions of 1, and functions A : [n] — Z>g such that )" | iA(i) = n.

O

Map A to (n*%), (n — 1)AM=1), 222) 1A (1),
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Corollary 6.33

The number of conjugacy classes in S, is p(n).

where p(1n) = number of partitions of n = e"V2"/3 < n! x~ n". |S,| = n!.

Proof:
| At [n] = Z> is the cycle type of a permutation if and only if }; iA(i) = n.

O

6.6.1 Stabilizer of an element

Suppose o = (12 --- n) € S,. Then what is Cs, (0) = {m € S, : morr~! = 0}? If (1) = i, then we
must have 71(2) =i+ 1,7(3) =i+ 2, etc. So 7t is completely determined by 7(1).

What about o = (1 2)(3 4)? Could have 7 =¢,(12),(34),(12)(34) or
m=(13)(24),(1324),(1423),(14)(23). i.e., we can switch cycles of the same length. In this case,
7t is determined by 71(1) and 71(3).

Proposition 6.34

Let 0 = (i11 -~ i1k, )(i21 -+ fok,) = (1 -+ ik, ) be a permutation of cycle type A. If 7 €
Cg, (o), then 7 is completely determined by 7t(i11), 7(i21), . . ., 7(iy1). Consequently,

n
|Cs, ()| = [T
i=1

Proof:
For the first part, use 0(i) = ] = o (o (i)) = 7(j).

Enumeration: note that 7(i;;) must go to a cycle of length k = k, so 7 permutes the cycles of
length k, leading to A;! choices.

Once we know what cycle i, is going to, there are k choices for where in the cycle in can go.

O

A such choices gives a factor of k™.

Corollary 6.35

If A: [n] = Zy> with Y ;iA(i) = n, then

. _ n!

Since the orbits partition S,, we get the nice combinatorial identity

where the sum is over functions A : [n] — Zx>o with };iA(i) = n. (If we want to, we can think of the
sum as being over partitions.)



Classification of groups

Classification problem here is to identify all groups up to isomorphism. Also, we can replace the
groups here with any algebraic structure. In the next part of this course, we will do classification on
rings. Classification is really one of the big questions in modern mathematics. By big questions, we
mean where does the gravity come from in physics, or do we have free wills in philosophy. So we what we
have so far is a group of orders strictly less then 10,

Order | Known groups

[y

Trivial group

Z/2Z

Z/3Z

Z/47Z, (Z/2Z) x (Z./2Z)
Z/5Z

Z./6Z, Dg = S3, ??

7]7Z

Z./8Z, Dg, ??
Z/9Z,(Z/3Z) x (Z/3Z)

O o Ul B~ W N

Table 7.1: Groups of small order

Recall we previously mentioned,

Proposition 7.1

Suppose p is prime, and |G| = p?. Then either G is cyclic, or G = (Z/pZ) x (Z/pZ).

Proof:

Suppose G is not cyclic. Choose a € G\ {e}. Then (a) # G, since |a| # 1,|a| | p, then |a| = p. We
can find b € G\ (a). We know (a) # G either, |b| = p as well.

Let H = (a),K = (b). Since HNK < K, and |[HNK]| | |K| = p, thus [HNK| = 1, then HNK = {e}.
So |HK| = |H| |K|/|H N K| = p?, which implies HK = G.

Also [G : H] = [G : K] = p, which is the smallest prime dividing |G|, which implies H,K < G.
Therefore G = H x K = (Z/pZ) x (Z/pZ). O

82

week 6
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7.1 Groups of order pg

Suppose H,K < G, where gcd(|H|, |[K|) =1, and |H| - |[K| = |G|. Then G = H x K.

Proof:
Since |H N K| divides both |H|, [K|, thus |[HNK| =1, then HN K = {e}.

Also |HK| = |H| - |K|/|[HNK| = |G| = HK = G. Use characterization of products, then G =
H x K. O

Suppose |G| = pg, p < g distinct primes. What can we say about G?

Cauchy’s theorem: G has elements a4, b with |a| = p, |b| = q. Let H = (a), K = (b). Note gcd(|H|, |K]|) =
1, and |H| - |K| = |G|. But we have to ask that are H,K < G?

We know |G : K] = p, the smallest prime dividing |G|, so K < G. Is H < G? Not necessarily.
We already got a counterexample: G = Dy, H = (r), K = (s).
Suppose H,K < G,HK = G,HNK = {¢}, and K < G. Is it true that G = H x K? No!

In our counterexample, that would make Dy = H x K = (Z/2Z) x (Z/3Z), which is abelian, but Dg
is nonabelian. It is not necessarily true that G = H x K if just one of the subgroup is normal.

However, there is a set bijection H x K — G : (h,k) — hk, and we can see G = H x K, the semidirect
product of H and K.

For p = 2,4 = 3, it turns out Z; x Z3,Zs, and Dg = S3 are the only groups of order 6.

Difficulty in analyzing pg case: H < G might not be normal. This concern is not present of G is
abelian. If G is abelian, every subgroup is normal.

Our focus in this chapter will be finite abelian groups.

There are lots of other ways to approach the classification problem. Notice that for small orders, we
are essentially describing groups as built out of other smaller groups. For example, for the group of
order 6, we have Z /27 x Z/3Z. S3 is the semidirect product of Z/2Z and Z/3Z.

When can a group be built out of smaller groups? This is covered in the Galois theory.

Group is simple if it contains no normal subgroups. Simple groups are the minimal building blocks
for other groups in the sense they cannot be broken down any further.

Finally, by looking at the isomorphism problem for finitely-presented groups, we see that the classifi-
cation problem for in finite groups cannot be solved.
7.2 Classification of finite abelian groups

Recall Lemma 7.2, how can we find subgroups of coprime order? Let’s ask an easier question: how
can find subgroups of order m for some given m inside the abelian group?

Suppose G is an abelian group. Let G(") = {g € G : ¢" = e}. Then G!") < G for all m > 1.
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Proof:
Clearly e € G(™) for all m > 1.

If g,h € G, then (¢~'h)™ = ¢~ "I™ = e since G is abelian. O

G(™) is the m-torsion subgroup.

Proposition 7.4

Suppose G is abelian and |G| = mn, where ged(m, n) = 1. Then
* $:G— G x G : g (¢" ¢™) is an isomorphism.
e |G| =mand |G| =n.

Proof:
o If g € G, then ¢"" =¢,50 ¢" € G and ¢" € G(™). Hence ¢ is well-defined.

Now find 4,b € Z such that an + bm = 1.
If p(g) = ¢ then g" = g" = e = g = g 0"=¢ 50 ¢ is injective.

If g € G and It € G, then g™ = ggl™ = gantbm — o and similarly K" = pon+bm — p,
so ¢ (g“hb ) = (g‘mhb”, g”mhbm) = (g, h). Therefore, ¢ is surjective. Hence bijective. Now we
want to show ¢ is a homomorphism:

plsh) = (sh)", (gh)") = (5"H", g"H") = (5", ") - (W', H") = () (h)
as required.
e Since G = G x G, |G| . |G| =|G|.

Suppose |G| = p{' - - - p;* is the prime factorization of |G|. Since |G| = mn and ged(m,n) =1,
we have

c1

_ b by _ Ck
m—pll~~~pk and n = p]

..pk

where for each i, a; = b; + c;, and only one of b;, c; is non-zero.

Suppose b; > 0. If p; | |G()|, then by Cauchy’s theorem, G(") has an element a of order p;.
We also know that p; | m, this means a € G(™), then ¢(a) = (a™,a") = (e,e) = e(m) s Gm) -
Thus a € ker¢. Since ¢ is injective, thus a = ¢, contradicting to the fact that a has order p;.
Thus p; £ G|,

We know that p | |G| = |G™)|-|G")|. Then we must have pi = p?i |G(m)|.

Therefore, m | |G™)|. Similarly, n | |G(")|. So the only possibility is |G")| = m and |G| =
n. O
Example: Z/mnZ
Suppose ged(m, n) =1, and let G = Z/mnZ.
If mx] = 0 for 0 < x < mn, then mn | mx <= n|x. S0 G = {[x] € G : m[x] =0} = nZ/mnZ.

Since Z — nZ : x — nx is an isomorphism sending mZ +— mnZ, nZ/mbZ = Z/mZ. Similarly
G = mZ/mnZ = Z./nZ.

From Proposition 7.4, Z/mnZ = (Z/mZ) x (Z/nZ).
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Remark:
This example shows that a cyclic group can actually be a product of two cyclic groups.

Do we really need the assumption that ged(m, n) = 1? After all, we didn’t use the assumption until
the final step we apply the proposition. Actually, we do need ged(m,n) = 1. When ged(m, n) > 1,
G™M) and G intersect with each other, then ¢ here would not be injective, thus has a non-trivial

kernel.

Corollary 7.5

Let G be a finite abelian group, and let |G| = pi' - - - p;*, where py, ..., py are distinct primes
and a; > 0forall1 <i<k. Then G = G; x Gy X - - - X Gy, where |G;| =p?i.

Proof:
Let Gy = G("') and take r = Py pzk.

Since p|' and r are coprime and pj' - r = |G|, Proposition 7.4 implies G = G; x G, and that
Gal = # 1G] = .

We can continue to get G") = Gy x - -+ x Gy with |G;| = p{'. O

Proposition 7.6

If G is a finite abelian group, then G = C;, x C;, X - -+ x Cg, for some sequence ay, ..., 4y where
every 4; is a prime power.

Recall C;, is the multiplicative form of Z/nZ.

Proof:
By Corollary 7.5, can assume that G is a p-group, i.e., |G| = p" for some n.

Proof by induction on 7. For base case n = 0, take k = 0.
Choose an element x € G of maximal order, let |x| = p”. Since G is abelian, N = (x) < G.

|G/N| < |G|, so by induction, G/N = Cp, x - - - x Cy, for some sequence by, . .., by of prime powers.
By Lagrange’s theorem, |Cy, | | |G/N| and |G/N| | |G|, then we must have b; = p® for some s;.

For each 1 <i </, let fj; be the generator of Cp,-

Let y;N € G/N be the element of G/N corresponding to (e,...,e,7e,...,e) (ie., §; in the i-th
position). The order of ;N in G/N is the same as (e, ..., e, 7j,e,...,e) in the product, and the same
as ; in Cp,, which is b; = p®. However, y; in G is the element we pick to represent class y;N, thus
we could possibly have larger order of y; in G.

Let |y;| = p, and note that r > t; > s; since the element x is of maximal order 7.

Since y;N has order b;, then yf" € N, so y?i = xC. Since b; = pi | lyil = pti, then |y%i| = pli/psi =
p'i=Si. To have x% of the order p' %, we must have
i = diprf(tifsi) — dipfftrl»sj'

Letz; = y;x %% " Since x4 " € N, then z; € y;N, then z;N = y;N. Now

b

P b: —d: r—ti, Si o b; —d: r—ti+sl-
Zil _yilx iP p _yi’x iP

=xfix"i=e

The quotient map sends z; to y;N, thus |z;| can’t be less than b;. So |z;| = b;.

Let H= (z—1,...,zy) < G, and suppose w € HNN. Then w = z'fl---zZ" for some 0 < n; <
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by,...,0 < ny < by.

Let g : G — G/ N be the quotient map. Then

q(w) = q(z1)" -+ -q(20)" = (z1N)" - - (2,N)" = (1aN)" - - (yeN)" = (7)., 7,")

But since w € N, g(w) = e, then we must have ny = np = ... = ny = 0. Thus w = ¢, ie,
HNN = {e}.

Suppose g € G. Then gN = (7},...,7,") for some ny,...,n,. Then
gN = (zyN)" -+ (zN)" = (27" ---z,) N. In particular ¢ € HN. Thus every element in G is in
HN, then HN = G.

Since G is abelian, H, N < G. Then from the characterization of products, G = N x H.
Now N = C,r, and |H| < |G|. By induction, H is also a product of prime-power cyclic groups. [

Remark:
We can show that H is isomorphic to G/N, and in particular, it has the same factorizations into

prime power cyclic groups.

Theorem 7.7: Classification of finite abelian groups

If G is a finite abelian group, then G = C; x Cy, X -+ x Cg, where a1 < ap < ... a4 is a
sequence of prime powers.

Furthermore, if G = Cy x Cp, X -+ X Cp,, where by < by < --- < by is another sequence of
prime powers, then k = ¢ and a; = b; forall 1 <i <k.

Example:

Cy x C3 = Cg, so the requirement that a; be a prime-power is necessary for uniqueness.

Proof:
We just need to prove uniqueness.

If G 2 Gy, x -+ x Gy, then G = CJ" x .- x "),

If p # g are distinct primes, then C;'ZS) = {e}. Otherwise |Cl(ffs)| = pmin(rs),

So
P)l—H H C(pr)|:1—[ H pmin(r,s)
s>1 b s>11i:bj=p®
hence
IGP/IGP =TT IT »
§>r i:bj=p°
So

log,, |G| — log,, IGW )| = | {i:b; = p° for some s > r} |

For every r and p, we can recover ¢ and by,...,by from these numbers. Since the LHS doesn’t
depend on the choice of factorization at all, LHS is exactly the same number for both choices of

factorization, then we can recover ¢,k and a;,b; for 1 <i <k. O

7.3 Simple Groups

Every group G has at least two normal subgroups: {e} and G.
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A group G is simple if it has no non-trivial proper normal subgroups.

As mentioned previously, simple groups can be thought as “building blocks” for other groups.

Example:

Z./ pZ. is simple for all primes p.
Sy is not simple for n > 3, since A, <°S,.

Any p-group G of size > p is not simple, since Z(G) # {e} is normal (or if Z(G) = G, then G has
a normal subgroup of order p).

We should see at least one example of a non-abelian simple group!

Theorem 7.8

As is simple.

To solve this, we’ll find the conjugacy classes of As.

First recall that A, = ker(sgn: S, — R* : ¢ — det(P,))

010
Ifo=(12),thenP, = |1 0 0],sosgn(c)=det(P,) =—-1 = sgn(c) = —1. Also [S, : Au] = 2.
0 0 1
And since A, < S,
Conjs (0) N Ay # @ <= Conjg (0) C Ay <= o€ Ay

Which conjugacy classes of As are contained in As?

Conjg,(e): YES

Conjs_((12)) : sgn((12)) = —1so NO

Conis, ((12)(34)) : sgn((12)(34)) = sgn((12)) sgn((3 4)) = 1 50 YES
Conjs_((123)): (123) = (12)(23) so YES

Conjg ((123)(45)) : NO

Conjss((l 234)):(1234)=(12)(23)(34) so NO

Conjs ((12345))=(12)(23)(34)(45) so YES

Just because Conjg_(0) € Ay doesn’t necessarily mean that Conjg,_(c) = Conj,_(0).

Proposition 7.9
Suppose 0 € Aj,.
(a) If Cs, (o) £ Ay, then Conjg (o).

(b) If Cs, (o) € Ay, then there is ¢’ € Conjg (o) such that
Conjs, (o) = Conjy () UConjy (0).
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Proof:
By second isomorphism theorem, Cg () N A, < A,, Ay < Cs, (0)A, and
Cs,(0)/Cs,(0) N Ap = Cs, (0) An/ An.

Ca, (o) =Cg, ()N Ay soO

Cs,,(0)[ /1Ca, (0)| = [Cs, (0) An : An] = |Ca, ()] = |Cs, ()] / [Cs,,(0) An = An]

Since [S; : An] =2,if Cg,(0) € Ay then Cg, (0)Ay, = Sy = [Ca,(0)| = |Ca,(0)]/2s0
| Conjy, ()| = [Aul/|Ca, (0)] = (ISu]/2)/(|Cs,(¢) /2) = | Conjs, (7]
= Conj, (o) = Conjg ()
If Cs, (0) C Ay, then Cg, (0)An = Ay = |Ca,(0)] = |Cs,(0)]. So
Conjy, (0) = [Anl/|Ca, (0)] = (ISn]/2)/[Cs, (0)| = | Conjs, ()] /2
Choose ¢’ € Conjg (o) \ Conj, (o).

We've shown | Conj,_(¢”) is either | Conjg (0)| or | Conjg (0)[/2. Since Conj,_(0”) # Conjg (¢”),
must be the second one.

Conjugacy classes disjoint: Conjg (0) = Conj s (o) U Conjg, (@). .
Conj,_(e) = Conjg, () = {e}: size 1.

Cs, ((12)(34)): (12) €Cs,((12)(34)) and (12) ¢ As
so Conj,_((12)(3 4)) = Conjg, ((12)(3 4)).
Cycle type has Ay = 1,4, = 2 s0 | Conjg ((12)(34))| = 120/ (22 -2!) = 15.

Cs,(123): (45) € Cs,((123)) so Conjy ((123)) = Conjg ((123))
Cycle type is A1 = 2,13 = 1, so | Conjg, ((12 3))[ = 120/6 = 20

Cs,((12345)): Cycle typeis As =150 |Cg,((12345))] =5
= C(5,)((12345)) =((12345)) C As. Splits into two conjugacy classes of size 120/5-2 = 12

Now we prove As is simple.

Proof:
The order of As is 120/2 = 60.

The conjugacy classes of As have sizes 1,15,20,12,12/
If H 4 As, then H must be a union of conjugacy classes Conj,_(¢). Mandatory that H contain {e}.

Since |H| = 1+ some sum of 15, 20, 12, and 12. Only numbers of this form dividing 60 are 1 and

60 itself. Thus no H must be trivial or equal to As. O

7.4 Semidirect products

automorphism

An automorphism of a group G is an isomorphism ¢ : G — G. The set of automorphisms
G — G is denoted by Aut(G).
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Example:

If g € G, then Cg: G — G : h+— ghg™! is a homomorphism. C, 1 is an inverse to Cg, so Cg is an
isomorphism for all ¢ € G.

If G is an abelian group, then G — G : g — ¢~ ! is an automorphism.

Lemma 7.10

Aut(G) is a group under composition.

semidirect product

Let G and H be groups, and let ¢ : G — Aut(H) be a homomorphism. The semidirect product
of G and H is the set G x H, with binary operation

(81,h1) - (82,h2) = (8182, ¢ (81) (h1) h2) .

The semidirect product is denoted by G x H or G x4 H.

The idea behind this definition is that

(g0)(e.h) (87%e) = (e, 9(g) (1)),

i.e., conjugating by g € G is the automorphism ¢(g) of H.

Proposition 7.11

G x H is a group. Furthermore
* G x {e} is a subgroup of G x H.

e {e} x H is a normal subgroup of G x H.

Theorem 7.12

Suppose G is a group, and H, N are subgroups of G such that
* NAG,
e HNN = {e}, and
e HN =G.

Then ¢ : H — Aut(N) : h +— Cj, is a homomorphism, and G = H x4 N.

Cy, refers to the conjugation automorphism of & on G. Since N is normal, C, defines an automorphism
of N forall g € G.

7.5 Free Groups

How can we get more groups? Like the dihedral group D,,, where we have generators s and r and

2

relations 12 = ¢,s" = ¢, and rs = s~ !r determining the group.

Maybe we could just write down some generators (e.g., X1, x2,s,t) and some relations on them (e.g.,
st = x1x0x] 1,52 = ¢) and just work with them as a group?
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2

We could even have some special notations like (x1,xp,s,t : st = X1X2X] 1g2 = e) for this group.

Is this possible?

What would this look like if we didn’t put any relations down? Let’s say that our generators are

S = {x1,x2,...}. What would the group elements look like? We’d want to include things like

e, x1, xfl, e ,xlx%xf3x§2x‘21,. ... Multiplication should be easy: (x1x3x7)(x2%3x1) = x1X5X1%2X3X].

word

A (group) word over a set S is a formal expression of the form s‘ilsgz e szk where k > 0,51, ...,5k

is a sequence in S (repetitions allowed) and 4, ..., a, € Z. When k = 0, get empty word € (also
denoted by ¢). The concatenation of two words w; = s‘ll1 . -si" and wy, = tll’1 e tZZ is

B Y 3 L
wiwWy = Sq Skt1 t[

A word like xq x%x; 3x3 should be included, but should be equal to x1x, xs.

reduced

Awords';l---sik is reduced if s; #s;,1 foralll1 <i<k—1,anda; #0foralll <i < n.

equivalent

Two words w; and w, are equivalent if w; can be changed to w, by inserting or deleting s°,
replacing s+t with s%s? for a,b € Z, or replacing s°s” with s**? for a,b € Z.

Lemma 7.13

Every word is equivalent to a unique reduced word.

Example:

X1X2X, 1x; Ix, is equivalent to x7.

free group

Let S be a set. The free group F(S) generated by S is the set of reduced words over S, with
group operation w; - wy = r, where r is the reduced word equivalent to the concatenation w;ws.

Lemma 7.14

F(S) is a group, with identity e.

4 7.,.—2.—1

| Example:
7 — —
Xy “xy

. 2 — 4 —
The inverse of x1x5x] x5~ would be x3x;

Nice property: easy to describle homomorphisms F(S) — G.
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Proposition 7.15: Universal property of free groups

If  : S = G is a function, then there is a unique group homomorphisms (,5 : F (S ) — G with
P(s) = ¢(s) foralls € S.

Proof:

If w = s 5%, define $(w) = P(s1) - - - p(s¢)%. It’s not hard to see this is a group homomor-
phism. Clearly this is the only morphism with ¢(s) = ¢(s) for all s € S. O
Example:

Let A, B € GL, K. Then there is a homomorphism F({a,b}) — GL, K sending a — A and b — B.
This homomorphism sends aba—1— ABA7!, etc.

7.6 Group presentations

normal subgroup generated by S

Let G be a group, and let S C G. Then normal subgroup generated by S is the intersection

N N

SCN<G

If K is the normal subgroup generated by S, then K < G.

group presentation

Let S be a set, and let R C F(S). The group presentation (S : R) denotes the group F(S)/K,
where K is the normal subgroup of F(S) generated by R.

Idea: pick generators, then pick elements of F(S) to set to zero.
Example:
G = (x,y:xyx"ly~2).

This group is F({x,y})/K, where K is normal subgroup generated by xyx~'y—2. Since xyx~ly =2 €
K, [xyx 'y~2] = e in G. This means that [x][y][x] ! = [y]? in G.

We use the following conventions for group presentations:

® IfS1,...,5¢ €S,51,...,ar € Z, then [51][s5]% - - - [s¢]% € (S : R) is just denoted by s{! - - - s;*. (In
the previous example, we’d just say xyx~! = y? € G.)

¢ We can write w; = w; instead of wyw, 1, for instance. We can also drop the curly braces on sets.

For instance, (s,7:s" =12 =¢,rs = s~ !

r) means ({s,r} : {s"r?, rsr=1s}).
e If G = (S:R), then (S : R) is called a presentation of G. Presentations are not unique.

The sets S and R don’t have to be finite, so every group G has a representation

(§8€G:g-h=ghec=¢)
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finite presentable

A presentation (S : R) is finite if both S and R are finite sets. A group G is finite presentable if
G = (S : R) for some finite presentation (S : R).

For example, D», is finitely presentable: Dy, = (r,s : s" = ¢,r> = ¢,rs = s~ 'r). Actually, all finite

groups are finitely presentable.

Theorem 7.16: Universal property of finitely presented groups

Let G = (S: R) and let H be a group. If ¢ : S — H is a function such that ¢(s1)" - - - p(sx)%* = e
for all s7' - - -s{* € R, then there is a unique homomorphism ¢ : G — H such that ¢(s) = ¢(s)
forall s € S.

Proof:
Let ¢ : F(S) — H be the morphism with ¢(s) = ¢(s) for all s € S. Let K be normal subgroup
generated by R in F(S).

If r=si' - sk € R, then (r) = Pp(s1)™ - - - p(sp)% =, s0
rckeryp = RCker¢p = KCker¢

Let g : F(S) — F(S)/K be quotient map. By universal property of quotients, there is ¢ :
F(S)/K — H with ¢ = ¢ oq. But then ¢(s) = ¢([s]) = ¢(s) = ¢(s).

O

Why are finitely presented groups important?
Consider the following problem: given S,R C F(S), and w € F(S), determine if [w] = e in (S : R).

Often we fix S and R, in which case this is called the word problem for (S : R).

Theorem 7.17

There is a finite presentation (S : R) for which the word problem is undecidable.

Remark:
I It’s beyond the scope of the course to define undecidable, but see a course on computability.

Another problem: given finite S and R C F(S), determine if (S : R) is the trivial group.

This is a special case of the isomorphism problem: given finite S1, S, and Ry C F(S1) and Ry C F(Sz),
determine if (S; : Rq) and (S : Rp) are isomorphic.

Theorem 7.18

The problem of determining whether (S : R) is trivial for finite S and R is undecidable.

The message is that many natural problems for groups cannot be solved in general.



PART II;

RING THEORY

The theory of groups is concerned with general properties
of certain objects having an algebraic structure defined by a
single binary operation. The study of rings is concerned with
objects possessing two binary operations (called addition and
multiplication) related by the distributive laws.

Abstract Algebra, Third Edition
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Introduction to Rings

week 7

8.1 An intro
As we learn about mathematics, we learn about different notions of numbers:
Z — Q — R — Functions — Polynomials — C — MR — Z/nZ

All of these sets have two operations: addition + and multiplication -.

Rings are abstract structure designed to capture what all these examples have in common.

A ring is defined to be a tuple (R, +, ) where
(@) (R,+) is an abelian group, and

(b) - is an associative binary operation on R such that

(a+b)-c=a-c+b-canda-(b+c)=a-b+a-c

This last condition is called the distributive property.

The operation + is called addition, and - is called multiplication.

commutative ring

A ring is commutative if - is commutative, i.e,,if a-b=0b-aforalla,b € R.

Example:

Z,Q,R,C are all commutative rings.
(N, +, -) is not a ring, since (IN, +) is not a group.
Z/nZ is a commutative ring.

If R is a ring, and X is a set, then Fun(X, R) is a ring with pointwise multiplication and addition.

If R is a (commutative) ring, then polynomials R[x] with coefficients in R is a (commutative) ring.

94
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If R is a ring, and n > 1, then the set of n X n matrices M, R with coefficients in R is a ring under
the usual matrix operations.

If o : M,,C x M,,C — M, C: (A,B) — % then (M,,C, +, o) is not ring, since o is not associative.
As with groups, we usually refer to a ring (R, +, ) as R when the operations are clear.

We always use additive notation for the group (R, +), and almost always use + for the symbol. (Some-
times @ is used, for instance for Z/2Z. XOR in computer science.)

In particular, denote identity of (R, +) by o and inverse of x € R with respect to + by —x.
Some variation in notation is permitted for multiplication (you might see - or x or @ or X, etc)

But typically just denote multiplication of a and b by ab.

Proposition 8.1

If R is a ring, then
(@) 0ca=a-0=0foralla € R.
() (—a)-b=a-(-b)=—(a-b)foralla,beR
(c) (—a)-(=b)=a-bforallabeR.

Proof:
(@ 0-a=(0+0)-a=0-a+0-a = 0-a=0. Similarly, a - 0.

®0=0-b=(a+(-a)-b=a-b+(—a)-b = (—a)-b = —a(-b). Similarly, a- (-b) =
—(a-D).

© (=a)-(=b) = —=(a-(=D)) = =(=(a-b)) = a-b. B

Recall that an identity for a binary operation - on a set R is an element 1 such that 1-x = x -1 = x for
all x € R. Also, if an identity exists, it is unique.

ring with identity

A ring with identity is a ring (R, +, -) where - has an identity.

Note:
I In this course, ring means ring with identity unless otherwise noted.

This assumption is common outside this course as well. If a ring doesn’t have an identity, we can call
it a ring without an identity, or a ring not necessarily having an identity.

The term rng is sometimes used for rings without identity, since it’s a ring without an i.
Fitting our assumption, all the examples of rings mentioned so far are rings with identities.
For Fun(X, R), R[x], M, R need to assume that R has an identity.

Notation: Use 1 to denote identity in ring R.

When we talk about subrings, we’ll give some examples of rings without identity.
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o)}

Proposition 8.2

If R is a ring (with identity), then —a = (—1) -a for all a € R.

Proof:
0=0-a=(14+(-1)-a=1-a+(-1)-a=a+(-1)-a

O

8.2 Fields and units

unit

Let R be a ring. An element x € R is called a unit if x has an inverse with respect to multiplica-
tion - (i.e., if there is y € R such that xy = yx = 1)

The set of units in R is denoted by R*.

If x is a unit, then the inverse of x is unique, and is denoted by x~ 1.
We know that the set of units R* forms a group under multiplication, and thus is called the group of
units of R.
Example:
7" ={x1}=7/2Z
Q*={xeQ:x#0}
The smallest possible ring is R = {0}, with multiplication 0- 0 = 0. This is a ring with identity 1 = 0.

This ring is called the trivial ring or zero ring.

Unlike the trivial group, which is crucial in group theory, the trivial ring is often an annoyance, since
there’s a special property that holds only for the trivial ring:

Lemma 8.3

Let R be a ring. Then 1 = 0 if and only if R is trivial.

Proof:
If1=0,thenx=1-x=0-x=0forall x € R.

O

If Risaring with1 #0,then0-y=0# 1forally e R = 0 ¢ R*.

division ring

A division ring is ring R with 1 # 0, such that R* = R\ {0}.

field

A field is a commutative division ring.

Q,R,C are all fields. Recall: if « = a+bi € C, then a& = |a|?> = a®> + b%, and |a| = 0 if and only if
a=0,s0ifa #0,thena™! =a/|af?
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Example: Z/nZ

We're used to working with Z/nZ as a group under +. It also has a multiplication [x] - [y] = [xy].
With this multiplication, Z/nZ is a ring.

Lemma 8.4

[x] is a unit in Z/nZ if and only if ged(x,n) = 1.

Proof:
If gcd(x, 1) = 1, then ax + bn = 1 for some a,b € Z. Since n | ax — 1, [ax] = 1in Z/nZ.

O

Conversely, if [ax] = 1, then ax — 1 = bn for some b € Z implies ged(x,n) = 1.

Corollary 8.5

Z /nZ is a field if and only if # is prime.

In particular, there are fields KK where K is finite.

Theorem 8.6: Wedderburn

Any finite division ring is a field.

ring of quaternions

The ring of quaternions is the ring Q = (]R4, +,+), where + is vector addition, and for - we
denote the standard basis vectors by 1,7, j and k, and set 2 = j2 =k2=—-1,and ijk = —1.

In this ring, we have ij = k and jk = i = ji = —k, so Q is non-commutative. Q is an example of a
non-commutative division ring.

Note:
Rings with identity are also called unital rings.

Rings without identity can be called non-unital rings.

This term is a little more compact than “ring with identity" and works a lot better when we start
talking about subrings and homomorphisms.

Later in this course, rings will mean unital rings by default. Textbook uses the opposite: by default
rings will mean non-unital rings.

8.3 Subrings

Let R be a ring. A subset S C R is a subring if
(@) S is a subgroup of (R,+),
(b) ifa,b € S, then ab € S, and
(c) 1 €S
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If S is a subring of (R,+,-), then (S, +, ) is a ring.

Example: Subrings
Z is a subring of Q, which is a subring of R, which is a subring of C, which is a subring of the
quaternions Q.

The ring R[x] of polynomial functions with coefficients in R is a subring of Fun(R, R).
M, Z is a subring of M,R.

Example: Not subrings

Q* is not a subring of Q.
span{1, x} is not a subring of R[x], since it is not closed under multiplication.
27 is not a subring of Z since 1 ¢ Z.

{0} is not a subring of any non-trivial ring R. (a) and (b) are satisfied. (c) is not satisfied since {0}
doesn’t contain the identity of R.

If we work with non-unital rings, then we might not care that subrings contain the identity.

Alternative for non-unital rings

Let R be a non-necessarily-unital ring. A subset S C R is a subring if
(a) Sis a subgroup of (R, +), and
(b) ifa,b € S, then ab € S.

If, in addition, R is a unital ring, and
() 1€85,

then S is said to be a unital subring.

In this course, ring = unital ring and subring = unital subring. We’ll call sets satisfying (a) and (b)
“non-unital subrings”.

One reason for interest in non-unital subrings is that many unital rings have interesting non-unital
subrings:

Example: Real polynomials

Let R = R[x], the ring of polynomials with coefficients in R.

Let xR[x] = {f € R[x] : constant term of f = 0}. Alternatively, f € xR[x] if and only if f(0) = 0.
If f,g € xR[x], then f — ¢ = x € R[x], so xIR[x] is subgroup of R[x]. And f-g € xR[x] since
(fg)(0) = £(0)g(0) = 0. But 1 ¢ xR[x], so xR[x] is non-unital subring.

Exercise: check that (xR[x], +, -) is a non-unital ring where it doesn’t have an identity element at
all.

Example: Fun(RR, R)

Let R = Fun(R, R).

A function f : R — R is compactly supported if there is some interval [a,b] with a < b € R such
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that f(x) = 0 for all x & [a, b].

o0 is compactly supported. Suppose f,g : R — R are compactly supported. Can choose a < b
such that f(x) = g(x) = 0 for x & [a,b] (here we can choose minimum of two left endpoints and
maximum of two right endpoints). Then (f — ¢)(x) = (fg)(x) =0for x & [a,b],s0 f —gand f-g
are compactly supported.

Identity in Fun(IR, R) is constant function 1, not compactly supported.
So compactly supported functions are a non-unital subring.

Claim: compact supported functions are a non-unital ring.

Proof:

Suppose f is an identity element. Then there is some interval [a,b] such that f(x) = 0 for
x & [a,b]. There is a compactly supported function g such that g(x) # 0 for some x ¢ [a,b]. But
then fg(x) = f(x)g(x) =0 # g(x), so f is not an identity. O

Suppose x € R, where R is a (unital) ring, and n € Z. Since (R, +) is an abelian group, nx is well-
defined (from additive notation). Take x = 1, then can think of n as the element n1 € R, in the sense
that if x € R, can talk about n-x or x - n or x + n.

For example, in Z/102Z,10-1 = 0.

Lemma 8.8

If Risaring, x € R, and n,m € Z, then
e nl-x=x-nl=nx,and
e n(mx) = (nm)x.

Proof:
Idea: If n > 0,thennl-x=(14+1+4+...+1) - x =nx

O

8.4 Characteristic and prime subring

Lemma 8.9

Let R be a ring. The set Ry = {nl : n € Z} is a subring of R, and is contained in every other
subring. Furthermore, as a group, Rg = Z/kZ, where
k =min{m € Z : m1 = 0}, (or k = 0 is this set is empty).

prime subring

Ry is called the prime subring of R, and k is called the characteristic of R, denoted char(R).

Example:
char(Z/nZ) = n.

char(Z) = 0.
char(R) = 1if and only if R = {0}.
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Lemma 8.9

Let R be a ring. The set Ry = {nl : n € Z} is a subring of R, and is contained in every other
subring. Furthermore, as a group, Ry = Z/kZ, where
k = min{m € N : m1 =0} U {0}.

Proof:
Ry is the cyclic subgroup of (R, +) generated by 1. As a cyclic group, Ry = Z/kZ, where k =
min{m € N : m1 = 0} or k = 0. (k is equal to the order of 1 or o if the order is infinity).

If n,m € Z, then nl-ml = nml € Ry. And 1 € Ry, so Ry is a unital subring.

If S is a unital subring of R, then1 € S, and S < (R, +), so S contains cyclic subgroup R generated
by 1. O

centre of R

If R is a ring, the centre of R is the set Z(R) = {x € R: xy = yx for all y € R}.

Lemma 8.10

Z(R) is a subring of R.

Corollary 8.11

If R is a non-zero ring, then Z(R) is non-trivial.

Proof:
Z(R) contains prime subring Ry.

O

8.5 Homomorphisms

homomorphism

Let R and S be rings. A function ¢ : R — S is a (unital) homomorphism if
1. ¢ : (R, +) — (S, +) is a group homomorphism,
2. ¢(ab) = ¢p(a)¢p(b) for all a,b € R, and
3- ¢(1r) = 1s.

If 1 and 2 are satisfied, but 3 is not, then ¢ is a non-unital homomorphism.

Note:

In this class, homomorphism = unital homomorphism. Textbook uses non-unital homomorphism
as default.

Example:

If S is a subring of R, theni: S — R : x — x is a homomorphism.

The quotient maps Z — Z/nZ : x — [x] and
Z/mnZ — (Z/mnZ)/(mZ/mnZ) = Z/mZ : [x] — [x] are homomorphisms since [xy] = [x] - [y].
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isomorphism

A homomorphism ¢ : R — S is an isomorphism if ¢ is bijective.

Proposition 8.12

Let Ry = Z1R be the prime subring of a ring R, and let n = char(R). Then ¢ : Z/nZ — Ry :
[x] — x1 is a ring homomorphism.

Proof:
We already showed that ¢ is a well-defined group isomorphism. So ¢ is bijective.

If [a], [b] € Z/nZ, then

¢(la] - [b]) = ¢([ad])

=abl
=a(bl) Here is abelian group operation
= (al) - (b1) Here - is ring operation
= ¢([a]) - p([b]) Here - is ring operation
Since ¢([1]) = 1, thus unital, then ¢ is a homomorphism. Thus ¢ is a ring isomorphism. 0O

Proposition 8.13

Let ¢ : R — S be a homomorphism.
(@) Ifa € Rand n > 0, then ¢(a") = ¢(a)".
(b) If u € R*, then ¢(u) € S*, and ¢(u") = ¢(u)" for all n € Z.

(c) If ¢ is an isomorphism, then ¢! is a ring homomorphism.

Proof:
(a) Standard proof by induction. Starting from n = 2.

(b) We know 1 = ¢(1) = ¢p(uu1) = ¢p(u)p(u~"), so p(u) € S* and ¢p(u~') = ¢(u) L. It follows
from (a) that ¢p(u") = ¢(u)" for all n € Z.

(c) We already know ¢! is a group homomorphism. ¢(1g) = 1s = ¢ !(15) = 1g. And if
a,b €S, thena=¢(p~1(a)),b=¢(p~1(b)), so

ab=p(¢p~" (a))p(p~ (b)) = p(¢p~(a)p™ (b)) = ¢~ (ab) ="'~ (b)

Thus ¢! is a homomorphism. O

Proposition 8.14

Let ¢ : R — S be a homomorphism, where S is not zero.

(@) Im ¢ is a subring of S.

(b) ker ¢ is a non-unital subring of R.
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Note:
I Here Im ¢ and ker ¢ are the group theory image and kernel.

Proof:
Proof of (a): We already know that Im ¢ is a subgroup of (S, +).

Since ¢(1g) = 15,1s € Im¢. Finally, if a,b € Im¢, then a = ¢(x),b = ¢(y), x,y € R and
ab = ¢(x)¢(y) = ¢(xy) € Im¢. s

Remark:

If 1 € ker¢ and ¢ is unital, then 15 = ¢(1g) = 0s, so S must be zero ring, contradicting to our
assumption S is not zero. Thus ker ¢ must be non-unital. What we are going to see later is that
ker ¢ is a special type of non-unital subring, called ideal. We'll do this properly when we do ideals.

8.6 Polynomials

Let R be a ring. The ring of polynomials in variable x with coefficients in R is the ring with elements
fzoal-xi forn >0,and ay...,a, € R.

Addition and multiplication are defined as usual, so

n . m ) n+m k

E a;xt Z bix | = 2 Z a;bg_;x*

i=0 j=0 k=0 i=0
where a; = b; =0 fori >n,j > m.

As usual, we can talk about degree, monomials, evaluation, etc. how do we formalize all this?
R[x] and binary operations
Given a ring R, let R[x] be the set

{(a;);-5 € R : there exists N > 0 such that a; = 0 fori > N}

We define binary operations + and - on R[x] by
(ai)i5 + ()55 = (@ +bi)i5  and

(a:1)i5 - ()i = (ck)i=y where cp = Tf_g aiby_;

The choice of variable matters only in that we let Y/ a;x* denote (ay,...,a,,0,0,...) (note: not
a unique representation). If we change the variable then we change this notation.

(R[x],+,-) is a ring.
Proof:
Need to show that + and - are well-defined.

Let (a;)72, (b;)i2y € R[x]. Then there are N, N, > 0 be such that a; = 0 for i > Ny,b; = 0 for
j > Np. Then a; 4 b; = 0 for i > max(Ny, Np), so (a;)52, + (b)), € R[x].

Ifk>Ni+Nyand 0 <i < Ny, thenk—1i > N,. So Zf'(:o aiby_; = 0 if k > Nj + N, which implies
(a:)iZg - (bi)izo € Rlx].

Then it’s not hard to see (R[x], +) is an abelian group with 0 = (0,0,...).
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Next want to show that - is associative. Suppose that (a;);, (b;)i, (i) € R[x].
Let (a) - ()7 * (¢4)i20) = (dn)ig- Then
n n—i n L
do =Y a;i | Y bjca—ioj | = Y, abjex=1Y, aiby_i | cny
i=0  \j=0 i+jtk=n (=0 \i=0

From this, we see that (d,);_, = ((ui)fio : (bj);io) - (cx)iz- So - is associative.
It's not hard to show 1 = (1,0,0,...) is an identity for -

For distributivity, suppose (a;)5, (b;)%2, (ci)7, € R[x] again,

let (dn)yo = (ai)2g - ((bi)2g + (ci)i2g)- Then

dy =

M-

n n
aj - (by—j+cui) = Y _ aiby_i+ Y _ aicy_
i=0 i=0

i=0

50 (du)og = (ai)72 - ()2 + (a:)72 - (¢i)$2,- Similarly we can show right distributivity.

O

Therefore, R([x] is a ring.

R]x] is called the ring of polynomials in variable x with coefficients in R.

x is referred to as the variable or indeterminate. Can use any variable we want, e.g., R[x|, R[y], R[7x].
We only use (4;){°, to denote elements of R[x] when we are defining or proving something formally.

Use Y ,a;x' when working with R[x]. If we don’t want to specify coefficients, denote elements of
R[x] by p or p(x).

We can show that there is an isomorphism R[x] = Rly| : p(x) — p(y) (this works with x and y
replaced by any pair of variables).

degree

The degree of p(x) € R[x] is the smallest integer n such that p(x) = Y/ ;a;x’ with a, # 0, or
—oo if no such n exists. The degree is denoted by deg(p).

Example:
deg(1) = 0,deg(1 +x — x) = 3,deg(0) = —oo.

coefficient

The coefficient of x' in (a;)%, € R[x] is a;.

A monomial is a polynomial of the form x' for some i > 0.

term

A polynomial of the form a;x’ is called a term.
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leading term/coefficient

If p(x) = Iy a;x" is a polynomial of degree 7, then the polynomials a;x’,i =0, ..., n are called
the terms of p(x). a,x" is the leading term, and a, is the leading coefficient.

Polynomials of degree < 0 are called constant polynomials. There is a constant polynomial ax? € R[x]
for every a € R. Usually just denote this polynomial by a.

Lemma 8.16

Let R be a ring. The set of constant polynomials in R[x] is a subring, and is isomorphic to R.

Because of this isomorphism, we think of R as a subring of Rx].

Lemma 8.17

If R is commutative, then R[x] is commutative.

Proof:

n X m X n m L
Z a;xt - Z bix) = Z Z aibjx1+]

i=0 j=0 i=0j=0
m n L
=) ) bjax"

j=0i=0
=Y b ) «

=0 i=0

O

R[x] makes sense even if R is not commutative, but note that x € Z(R[x]), so it’s not the most natural.

evaluation

If p(x) = Y1 yaix’ € R[x], and ¢ € R, then the evaluation of p(x) at cis p(c) := Yl o a;c’.

Proposition 8.18

If R is commutative and ¢ € R, then R[x] — R : p(x) — p(c) is a homomorphism.

This homomorphism is called evaluation at c or substitution at c. When necessary, we will denote it
by ev.. Note that ev,; being a homomorphism means that

(p+q)(c) =eve(p+4q) =eve(p) +eve(q) = plc) +q(c)
and similarly that (p-¢q)(c) = p(c)q(c) and 1(c) = 1.
Proof:
Ifp=1Y; aixi,q =Y b]-xf, then
(p+a)(c) =Y (a;i + bj)c' = Zaici + Zbici = p(c) +4(c)

1
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Also

k
(p-q9)(c) = ;;albk ick

i=0

- XY (e (ty¢)

O

Finally 1(c) = 1c” = 1 as desired.

Most common type of polynomial rings are K[x], K a field.

Proposition 8.19

Let K be a field. Then

(a) deg(fg) = deg(f) + deg(g) forall f, g € Klx]
(b) K[x]* = K~

Example:
deg(0- f) = —o0 = —o0 +deg(f) = deg(0) + deg(f) which explains why we set deg(0) = —co.

Example: Not a field...
Let p(x) = 1+ 2x € (Z/4Z)[x]. Then p(x)? = 1+ 4x + 4x* = 1. So p(x) is a unit.

8.7 Multivariable polynomials

multivariable polynomial ring

For any sequence of variables xi,...,x; and ring R, we define the multivariable polynomial
ring R[xq,...,xy] recursively by R[x1,...,x,] := R[x1,..., x,—1][xn].

Elements of R[x,...,x,] are technically of the form Y ; a;(xy,... ,Xp_1)x}, where a; € R[xq,...,x,_1],
but usually we write these elements as };_(;, i a;x', where x' := X

Example:

A typical element of R[xy, xp] is x1x3 — 7x3x3 + 3x3x, + 2.

What if we reorder x1, ..., %xn?

Lemma 8.20

Let R be a ring, x1,...,x; a sequence of variables, ¢ € S,. Then there is an isomorphism
R[*s()s- -+ Xs(m)] = Rlx1, ..., %4] sending

0 0 2 i 1 i =1 i —1
Al 1)) 1 A 0TH(1) L oT(2) o—1(n)
E alxa(l)xa(z) . ..x;(n) — E a;xq X, .. Xy

(1,42+--1in) (i1,02,-sin)
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Example:

Consider 3yx — 7y?x® + 2y +3x + 1 € Z]y, x].
The isomorphism above sends this to the element 3xy — 7x3y? 4+ 2y + 3x + 1 € Z[x, y].

The isomorphism in the lemma should not be confused with the isomorphism Z[y, x] — Z[x,y] :
p(y, x) — p(x,y) which would send the element above to 3xy — 7x%y> + 2x + 3y + 1.

multivariate evaluation

If p(x1,...,%0) = L;@x' € Rlxy,...,x,] and ¢ = (c,...,¢n) € R". Then we define p(c) =
p(c1, ..., cn) = Ziuiclll i

Lemma 8.21

Letc = (c1,...,¢n) € R". The function
eve:R[xy,...,xn] > R:p(xq,...,x0) — p(c1,...,Cn)
is the composition

eV, 0eve, 0---eve, t R[xy, ..., xy_1][xn] = Rlxy, ..., %y—1]

= R[xl,. ..,xn_z][xn_l] — 000 = R[xl] — R

and hence is a homomorphism if R is commutative.

8.8 Group rings

group ring

Let G be a group, and let R be a ring. The group ring RG of G with coefficients in R is the set
of formal sums

Y op-g: (cg)gec C R such that there is a finite
$°8" subset X C G with ¢g =0 forall g ¢ X

g€eG

with operations
(Z ”gg> + (): bgg) =) (ag+be)g

8€G g€G g€G

and

(Z agg> : (): bgg> = ) agbygh =), (Z agbg—1k> k

g€G g€G gheG keG \geG

What's a formal sum?

A formal sum } . agg with coefficients in R is a fancy way of writing a finitely supported function
G—=R:g—ag

Finitely supported: o except at finitely many points of G

The group elements g € G are “placeholders” in this formal sum.
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Example:
R=27Z,G=Dg={er,s, sr,s2, szr}.
Here are some examples of elements of ZDj
le+7s — 2r +sr — s?r
2e + 25 + 252
r
e
General element of RDg is

Aee + a;r + ass + agysr + aszs2 + aszrs2r

where a,,a;, 45,051, 02,0, € R.

Group elements ¢ € G can be regarded as elements of RG, i.e, g =1-¢+ )., 0-h.
Technically speaking, however, ¢ € G and 1- g € RG are different.

Sometimes write g for ¢ considered as an element of RG (this helps emphasize the difference)
Can also write } o 4g8 as Y oec Agg if it’s helpful

Example:
Consider G = Z' and R = Z. Elements of RG = ZZ look like

3.0-2-1+5-10—-6-—6
1+2+3
0

Note: Qisnotequal to0=0-04+0-1+4...
What are the ring operations?
Use component-wise addition:

Example: ZDg

InZDg, (2-e—5+3-5%)+(3-e+s+r)=(5-e+r+3-5%)
For multiplication, use principle that g - h = gh
Extend to RG so distributivity holds:
Example: ZDg
In ZDg again, s - (e + 25 + 37 + 4s%r) = s + 25> + 3sr + 4r.
(e+2s)(2e —3r) = 2e +4s — 3r — 6sr
(e—r)2=(e—r)e—r)=e—r—r+r*=2e—2r=2(e—r)
Example: ZZ
(0+2-—6)(3-1-4-2)=3-1-4-2+6-~5-8- 4

Note that0-1=0+1=1

Proposition 8.22

Let R be a ring, and G be a group. Then RG is a ring with identity e. If G is commutative then
RG is commutative.
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Group rings are very important example of noncommutative (more accurately, not-necessarily-commutative)
rings. However, since we're focusing on commutative rings in this course, we won't prove this propo-
sition.

Let’s check that ¢ is an identity:
€ (Z “g§> =) ageg=) a8
g€t g€G g€G
and right identity is similar.

Remainder of proof reduces to fact that - is associative.

Proposition 8.23

Let R be a ring, and ¢ : G — H be a group homomorphism. Then ¢ : RG — RH defined by
P (dec ug§> = Y.¢eG ag(g) is a ring homomorphism.

Proof:
It’s not hard to check well-definedness (Lg.(¢)—n g is finite for h € H and 1(x) is finitely supported
for all x € RG)

¥(ec) = ¢p(e) = ey, so Y is unital.

Let x = }0cc 458, Y = Lieg bnh. Then

p(x+ty) =v (Z(angbg)g)

8€G

=) (ag+bg)o(g)

8€G

= L ag9(8) + ) bso(3)

8cG geG
=9(x) +9(y)
and

p(xy) = ¢ (Zﬂgbhg_h>

gh
= Z agbh(l’(gh)
gh

So ¢ is a homomorphism. O



Ideals and Quotient Rings

9.1 Ideals

Recall Proposition 8.14, in this section, we will learn what an ideal is. Starting point: what’s special
about kernels?

Lemma 9.1

If ¢ : R — S is a homomorphism, and m € ker ¢, then rm and mr are in kernel for all » € R.

Proof:
(rm) = ¢(r)p(m) = ¢(r) - 05 = 0 = Pp(mr).

O

An ideal of a ring R is a subgroup Z of (R, +) such thatif m € Z,r € R, then rm, mr € L.

Lemma 9.1 shows that the kernel of a homomorphism is an ideal.

If R is commutative, only need to check that rm € Z for allm € Z,r € R.

Example: mZ

Lemma 9.2

mZ. is an ideal of Z for every m € Z.

Proof:
Already know that mZ is a subgroup of (Z,+). If r € Z, and km € mZ, then rkm € mZ. So
mZ. is an ideal. O

Intuition: if m | x, then m | rx for all 7 € Z.
Special case: when m = 0,mZ = {0}

Exercise:
{Og} is an ideal of any ring R, called the trivial ideal, and often denoted by (0) (notation explained
later).

109

week 8
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To show that Z is a subgroup of (R, +), need to check that
(a) Z contains o,
(b) 7 is closed under addition, and
(c) Z is closed under negation (additive inverses).
Of course, can speed this checking that
(@’) Z is non-empty, and
b) f,gel = f—gel

The ideal condition can speed up this check in a different way.

Let R be a ring and Z C R. Then 7 is an ideal if and only if
(a) Z is non-empty,
(b) ifreR,f,g €L, thenrf+g, fr+gel.

Proof:

If f,g €Z,since —1 € R, then (—1)-g+ f = f—g €7, so (a), (b’) satisfied. Thus Z is a subgroup
of (R, +).

Since 7 is a subgroup of (R,+),0€ Z. If m € Z,r € R, thenrm =rm+0 € Z. So Z is an ideal. [

Example: evaluation
Let R be a commutative ring, and pick ¢ € R.

The kernel of ev, : R[x] -+ RisZ = {f € R[x] : f(c) =0}
By Lemma 9.3, it’s an ideal, but let’s doublecheck:
* 0 € Z, so 7 is non-empty.

e If f,g € T and r € R[x], then

(rf +8)(c) = r(e)f(e) +g(c) =r(c) - 0+0=0

sorf+gel.
What do elements of this ideal look like?

Example: evaluation cont'd

Let’s first look at the case ¢ = 0.

Suppose f(x) = Y ja;x'. Then f(0) = ¥;4,0' = ap, so f(0) =0 <= ap=0."

So elements of Z = ker evy look like ajx + ax® + . ..

Because a1 x + ayx? + ... = x(aj + ax + ...), we sometimes denote Z by xR[x], or by (x).

Intuition behind xR[x] being an ideal: if f(x) has no constant term, then multiplying f(x) by
another polynomial can’t add in a constant term.

“as far as evaluation of polynomials is concerned, 0° := 1.

Then what about evaluation for general c?
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Lemma 9.4
If f(x) € R[x] has degree < n, and ¢ € R, then there are ag,...,a, € R such that f(x) =

Y1 o ai(x —c)f, where (x —¢)? := 1.

Proof:
Clearly true if n = 0. Proof by induction on n.

General case: if coefficient of x" in f(x) is a,,, then
f(x) —an(x —c)" = ayx" + lower terms — (a,x" 4+ lower terms)

is a polynomial of degree < n — 1.

O

By induction, f(x) —a,(x —¢)" = 2?:_01 a;(x —c)'.
Because evaluation is a homomorphism,

o o i>o
eve((x —0)') = {1 o
Soif f(x) = Y ya;(x —c)!, then f(c) = ag. f(c) =0 <= ag=0.
Conclusion: kerev, = (x — ¢)R[x] = (x —¢).

Caution: 2x = 2(x — 2) € (Z/4)[x], so 2x € kerev,.

Note that (x — c)R[x] doesn’t contain 1 for any ¢ € R. That’s because

Lemma 9.5

If 7 is an ideal of a ring R, and 1 € Z, then Z = R.

I Proof:
IfreR,1€Z,thenr=r-1€cT.

O

We typically want to look at proper ideals, i.e., ideals Z with Z C R.

9.2 Ideals in fields

From Lemma 9.5, we have the corollary:

Corollary 9.6

The only ideals in a field K are (0) and K.

Proof:
| Suppose Z C K is an ideal. If x € Z,x # 0, thenx 'x =1€Z. So T = K.

O

Corollary 9.7

Let ¢ : K — R be a ring homomorphism, where K is a field, and R is non-zero. Then ¢ is an
injection.
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Proof:
ker ¢ is an ideal of KK, so ker ¢ is (0) or K. If ker ¢ = K, then 0 = ¢(1x) = 1g, so R is zero.

Since we are assuming that R is non-zero, ker ¢ = (0). Then we know from group theory that ¢ is
injective. O
Example:

There are no homomorphisms from an infinite field to a finite field, since such a homomorphism
would have to have a kernel.

Example:

R is uncountable, while Q is countable. So there is no injection R — Q as sets. Therefore, there is

no homomorphism R — Q.

9.3 Quotient rings

Recall that in group theory: Kernels of homomorphisms are normal subgroups, and normal subgroups
are kernels of homomorphisms, since if N < G, the quotient map G — G/ N has kernel N.

Suppose G is an abelian group using additive notation. Then
e Elements of G/N are equivalence classes: [x] = x + N for x € G.
e [x] = [y] if and only if x —y € N.
¢ Group operation is [x] + [y] = [x + y].
* Quotient map G — G/N sends x € G to [x].
Ave ideals always the kernel of some homomorphism?

In ring theory, kernels of homomorphisms are ideals. Is it true that ideals are kernels of homomor-
phisms? If 7 is an ideal of R, is there a “quotient ring” R/Z?

Since (R, +) is commutative, Z < R, so quotient group R/Z exists.
Why not try to put a ring structure on R/Z?

Want multiplication operation - such that the quotient map g : R — R/Z is a ring homomorphism.
This means that we want [xy] = q(xy) = q(x)q(y) = [x] - [y], so we know the multiplication should be
(assuming this idea works).

Theorem 9.8

Let Z be an ideal of a ring R, and define operations + and - on R/Z by [x] + [y] = [x + y] and
[x] - Y] = [xy] for x,y € R

Then (R/Z,+,-) is a ring, and furthermore, the quotient map g : R — R/Z : x — [x] is a
surjective ring homomorphism with kerg = 7.

R/Z is called the quotient of R by the ideal Z, or just quotient ring.

Corollary 9.9

Every ideal is the kernel of some homomorphism.
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Example:

Z/mZ is a ring with operations [x] + [y] = [x +y] and [x] - [y] = [xy]. We can use this as definition
of Z/mZ.

Proof:
We already know that (R/Z, +) is an abelian group.

First, let’s show that - is well-defined.

Suppose [x] = [x'], [y] = [y'] for x,x",y,y’ € R. We want to show that [xy] = [x'y'], or equivalently
xy —x'y' € 1.

xy =Xy =xy—xy+xy =2y = (x =2y ++(y-v)
Since [x] = [¥'], [y] = [V'], we know x — x’,y —y’ € Z. By ideal property, (x — x")y,x'(y —y') € Z,
soxy—x'y €l

Conclusion: [x] - [y] = [xy] is a well-defined binary operation.
Associativity: suppose x,y,z € R. Then [x] - ([y] - [z]) = [z] - [yz] = [xyz] = ([x] - [v]) - [z].

Identity: [1] - [x] = [1-x] = [x] = [x] - [1], so [1] is an identity for -

Distributivity: If x,y,z € R, then
[x] - ([y] + [z]) = [x] - [y + 2] = [x- (v + 2)] = [xy + xz] = [xy] + [xa] = [x] - [y] + [x] - [2]

and similarly ([y] + [z]) - [x] = [y] - [x] + [2] - [x]

Conclusion: Since (R/Z,+) is an abelian group, - is an associative operation with identity, and +
and - satisfy distributivity, R/Z is a ring.

g is a homomorphism: Already know ¢ is a group homomorphism. Also g(xy) = [xy| = [x] - [y] =
q(x)q(y) and g(1) = [1] is the identity for R/Z. So q is a ring homomorphism. O

9.4 The universal property of quotient rings

Recall universal property of quotient groups (Theorem 5.4). Now extend the universal property to
rings.

Let ¢ : R — S be a ring homomorphism, and 7 an ideal of R. Suppose Z C ker ¢. By universal property
of quotient groups, there is a unique group homomorphism ¢ : R/Z — S such that ¢ = ¢ og.

R )

Is ¥ a ring homomorphism?

Lemma 9.10

Let R, S, T be rings. Suppose 1 : R — T is a ring homomorphism, and ¢ : T — S is a group
homomorphism, such that ¥, o ¢; is a ring homomorphism. If ¢; is surjective, then 1, is a ring
homomorphism.
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Proof:
Let ¢ = ¢ 0 9y.
Suppose x,y € T. Let a,b € R such that ¢ (a) = x, ¢1(b) = y. Then

2(xy) = ¥2(p1(a)y1(b))

= P2 (1 (ab))
= ¢(ab)
= 9(a)p(b)
= $2($1(a)) 2 (91 (b))
= $2(x)¢2(y)
Also P (11) = $2(P1(1r)) = ¢(1r) = 1s.
So 1, is a ring homomorphism. O

As a corollary of the lemma and universal property for groups:

Theorem 9.11: Universal property of quotient rings

Suppose ¢ : R — S is a ring homomorphism, and Z is an ideal of R. Let g : R — R/Z be the
quotient homomorphism. Then there is a ring homomorphism ¢ : R/Z — S such that pog = ¢
if and only if Z C ker ¢. Furthermore, if i exists, then it is unique.

R . S

Proof:

Existence If 7 C ker¢, then i exists as a group homomorphism. Applying Lemma 9.10 with
Y1 =q,Pp = ¢, and T = R/T shows that ¢ is a ring homomorphism.

Uniqueness Any ring morphism ¢ : R/Z — S such that ¢y o ¢ = ¢ is equal to the unique group
morphism with this property.

Necessary for Z C ker¢ If ¢ exists, then it is a group homomorphism, so apply universal property
of quotient groups. O

Theorem 9.12: First isomorphism theorem for rings

If $ : R — S is a ring homomorphism, then there is an ring isomorphism ¢ : R/ ker ¢ — Im ¢
such that ¢ = o g, where g : R — R/ ker ¢ is the quotient homomorphism.

Proof:
By universal property, having a ring homomorphism ¢ : R/ ker ¢ — Im ¢ such that p o g = ¢.

From first isomorphism theorem for groups, there is a group isomorphism ¢’ : R/ ker¢ — Im¢
such that ¢’ o g = ¢. ¥ is also a group homomorphism.

By universal property of quotient groups, ¥ = ¢’ so ¢ is bijective. (Could also just apply Lemma
to ¢’) O

The first isomorphism theorem is very useful for finding quotient rings.
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Proposition 9.13

Let R be a commutative ring, ¢ € R. Then R[x]/(x — ¢)R[x] = R.

Proof:

(x — ¢)R[x] = kerev,, where ev. : R[x] — R is the evaluation map. If r € R, then ev.(r) = r, so
Imev, = R. By first isomorphism theorem, R[x]/(x —¢)R[x] = R. O
Example:

Let Z = (y —x*)Z[x,y] = {(y — *)p(x,y) : p(x,y) € Z[x,y]}.

To see that 7 is an ideal, note that Z = kerev,,, where ev,2 : Z[x,y] = Z[x|[y] — Z[x] is evaluation
at x2.

By Proposition 9.13, Z[x,y]/Z = Z[x].

9.5 Ideals generated by a subset

Proposition 9.14

Let F be a family of ideals in a ring R. Then

Nz

TeF

is an ideal of R.

ideal generated by X

Let X C R. The ideal generated by X is

(X):=1

Tekr

where F = {Z anideal of R : X C Z}.

Key properties:
* By Proposition 9.14, (X) is an ideal.

* By definition, if 7 is an ideal with X C Z, then X C (X) C Z. Say that (X) is the smallest ideal
containing X.

e Example: (0) = (@) = {0}
Sometimes use (X) instead of (X).

If X ={f1, f2,...}, canreplace (X) = ({f1, f2,...}) with (f1, f2,...).
E.g., (0) instead of ({0})
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Proposition 9.15

If Ris aring, X C R, then

k
(X) = {Zsixiti :k>0,s,t; € R x; € Xfor1<i< k}
i=1

Remark:
Note that when k = 0, then the list of s;x;t; is empty, which is just o.

Proof:

k
Let 7 := {Zsixiti:kzo,si,ti eERx;eXforl1 <i< k}
i=1

Z is an ideal: Taking k = 0, get Og € Z. Suppose r € R,x,y € T. Let x = YX_; s;x;t;, y = Yb_; sly;t!
for s;, t;,si,t; € R, s;y; € X. Thenrx +y = YK (rsi)xit; + Zle siy;t; € I and similarly xr +y € Z,
so Z is an ideal.

(X)CI: Takek=1,51=tH =1 = XCZI = (X)CT.

Z C (X): Suppose k > 0,s;,t; € R,x; € X for 1 <i < k. Since X C (X),x; € (X) = s;x;t; € (X) for

all1 <i<k So Ele s;x;t; € (X). Conclusion: Z C (X). O

Corollary 9.16

If R is a commutative ring, X C R, then

k
(X) = {Erixi:kzo,rieR,xi € X for 1 gigk}
i=1

Proof:
sixit; = (sit;)x;, so set r; = sit;.

O

I+J

IfZ,J C Rareideals, thenZ+ J :={x+y:x€Z,yec J}.

Corollary 9.17

(ZUJ) =17+ J is the smallest ideal containing both Z and J.

Proof:
By Proposition 9.15, clearly Z + .7 C (ZU J).

For the reverse inclusion, suppose s;,t; € R,x; € ZU J for1 <i<k LetS={1<i<k:x; €1},
soifi € S,s;x;t; € Z. So YiesSixit; € 7, and similarly Zigs sixit; € J.

O

Conclusion: Eé‘zl sixit; = YicssiXiti + Yigssixit €L+ T
Ideals of R are ordered by set inclusion C

Set of ideals of R with order C is called lattice of ideals of R
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AN
\(0)/

Subgroup below Z;,Z; in the lattice is Z1 N Z,. Subgroup above 71,7, is 71 + Z;.
New way of constructing rings: take R/(X) for any subset X.

We know that R/ (X) is a unital ring, but when is it non-zero?

From group theory, know R/Z is zero if and only if 7 = R

We proved that Z = Rifand only if 1 € 7

Corollary 9.18

Let R be a ring and X C R. Then R/(X) = {0} if and only if there is s;t; € R,x; € X for
1 <i <k, such that

k
Z sixiti =1
i=1

If R commutative, just have to show 25'(:1 rix;=1,r€Rx;€X

9.6 Ideals generated by a finite subset

Often take ideals (xq, ..., x,) generated by finite sets {x1,...,x,}

Recall Corollary 9.16,

Corollary 9.19

If R is a commutative ring and X = {x1,...,x,} C R, then

n
(X) = {Zrixi:ri €ER,1 Sign}

i=1

Proof:
RHS C (X) clear. For (X) C RHS, not that rx; + r'x; = (r 4+ 1')x;, so can collect like terms, set
r; = 0 if x; unneeded. O

principal ideal

An ideal generated by a single element is called a principal ideal.

If R is a commutative ring, then (x) = {rx : r € R}, so a principal ideal (x) is often denoted by xR or
Rx.

Example:

Let R =2Z,m € Z. Then (m) = mZ is a principal ideal.

All subgroups of Z are of the form mZ for some m € Z, so all subgroups of Z are principal ideals.
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| In particular, all ideals of Z are principal ideals.

Example:

If R commutative and p(x) € R[x], then (p) = pR[x] is an ideal

If R is noncommutative, pretty clear that (x) is not necessarily equal to {rx : ¥ € R}, since xr € (x) for
r€R.

Butis (x) = {sxr :s,r € R}? Answer is no in general.

Example:

Let Eq1 = ((1) 8) € MhR

We know AEq;B has rank < 1 for every A, B € MR, hence {AE11B : A, B € MR} C MR because
it can’t contain identity matrix.

01 00
Let X = . Then XEp; X = .

So E11 + XE;1 X = I € (Eqp), and we conclude that (Eyp) = MaR.

In general, there isn’t a nice formula for the ideal generated by a single element in a non-commutative
ring. We just have to use the general formula for any set.

9.6.1 More examples in polynomial rings

We've already mentioned the principle ideals (x — ¢)Z[x] for ¢ € Z.
E.g., xZ]x] is the ideal of polynomials with no constant term.

Another good example is mZ[x] for m € Z. Thisis mZ[x] = {Y I ya;x' :n > 0,a; € mZ for 0 < i < n}.

The last example doesn’t work in Qlx], since 2Q[x] = Q[x]. Also Z[x] is not an ideal in Q[x]. (in
general, subrings are very different from ideals)

What about non-principal ideals?

In Z[x,y], (x,y) = {p(x,y)x + q(x,y)y : p,q € Z[x,y]}. So (x,y) contains x,y, xy, x?,y?, etc.
Note p,q aren’t unique, since xy =0+x-y =y -x+0.

To see that (x,y) is a proper ideal of Z|x, y], observe that

n . .
(x,y) = { Y aijix'y! :n > 0,85 € Zfor 0 <i,j<mnayn= 0}
i,j=0

Exercise:
Suppose that there are polynomials f, p,q € Z[x,y| such that p- f = x,and q - f = y. Then f is one
of £1.

Consequence: the only principle ideal containing (x,y) is Z[x, y]. In particular, (x,y) is not principal.
All ideals of Z are principal, whereas Z[x, y] has non-principal ideal.

What about Z[x]? Consider the ideal
(2,x) = {2p(x) +xq(x) : p.q € Z[x]}

n .
= {Zaix’:n >0,a;€ Zfor0<i<mn,ag EZZ}
i=0
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Can this ideal be principal?

Exercise:
Show that if p, f € Z[x] such that p(x)f(x) = 2, then f € {£1, £2}.

Show that x & +27Z[x].

Conclusion: the only principal ideal containing (2, x) is Z[x|. In other words, (2, x) is not principal.

9.7 Correspondence theorem

Proposition 9.20

Let ¢ : R — S be a ring homomorphism.
(a) If T is an ideal of S, then ¢~!(Z) is an ideal of R.

(b) If Z is an ideal of R, and ¢ is surjective, then ¢(Z) is an ideal of S.

Recall from group theory, correspondence theorem for groups (Theorem 5.14).

Theorem 9.21: Correspondence theorem for rings

Let ¢ : R — S be a surjective homomorphism. Then there is a bijection

Subgroups K — ¢(K)

K of R s.t. » Subgroups

kerp <K < K’ of S*
9 (K) = K

Furthermore, if ker ¢ < K < RT, then K is an ideal if and only if ¢(K) is an ideal.

Here R is the ring R under addition.
Proof:
Apply Proposition 9.20, use fact that K = ¢~ ((¢(K)). O

Special case g : R — R/Z: if Z C K < R™, then K is an ideal of R if and only if K/Z is an ideal of
R/T.

Example:

Let R be a commutative ring. What are the ideals of R[x| containing (x)?

(x) is the kernel of the surjective homomorphism ev,—g : R[x] — R. So ideals of R[x| containing
(x) correspond to ideals Z of R. If Z is an ideal of R, what is corresponding ideal in R[x]?

Answer:

n .
ev. 1o(Z) ={f €R[x]: f(0) € I} = {Eaix’ :n>0,a; € Rfor0<i<mn,ag GI}
i=0

9.8 The second isomorphism theorem

Recall from group theory, second isomorphism theorem for groups (Theorem 5.27). Now change to
abelian groups with additive notation:
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Theorem (Second isomorphism theorem for abelian groups)

Suppose H,K < G. Then H + K < G, and furthermore, if iy : H —+ H + K is the inclusion,
g1 : H—= H/HNK and g : H+ K — H + K/K are the quotient maps, then there is an
isomorphism ¢ : H/HNK — H 4 K/K such that )0 g1 = gp 0 iy.

Theorem 9.22: Second isomorphism theorem for rings

Let S be a subring of R, and let Z be an ideal. Then S 4 7 is a subring of R, and SNZ is an ideal
of S. Furthermore, if is : S — S + 7 is the inclusion, g1 : S =+ S/SNZand g2 : S+Z — S+Z/Z
are the quotient maps, then there is an isomorphism ¢ : S/SNZ — S +Z /7 such that $pog; =

q2 © iS'

is
S p S+7
7 92
S/SNT » S+1/T
%

Here S+Z ={s+x:s € S,x € T} (same definition as for ideals)

Proof:
S, T are subgroups of R*, and S + 7 is a subgroup of R™.

To show that S + 7 is a subring, not that 1 € S + 7.

Ifx,ye S+Z,thenx =s+a,y =t+bwheres,t €S,a,bec .
So xy = st + (sb +at + ab) € S+ Z, and hence S + Z is a subring.

Then it is not hard to see that S N7 is an ideal of S.

By second isomorphism theorem for groups, there is an isomorphism ¢ : S/SNZ — S+Z/Z such
that p o g1 = gp o is.

By applying Lemma 9.10, we see that ¢ is a ring isomorphism. O

Example:

Let J be an ideal of a commutative ring R. Let Z = {f € R[x] : f(0) € J} = ev, (). Then
* R is a subring of R[x]
* R+7Z = R[x], and
e RNIT=J.

So R/J = R[x]/Z by the second isomorphism theorem.

9.9 The third isomorphism theorem

Also from group theorem, recall third isomorphism theorem for groups (Theorem 5.17), we then have
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Theorem 9.23: Third isomorphism theorem for rings

Suppose Z C K are ideals of a ring R, and let
® g1 be the quotient map R — G/Z,
* g, be the quotient map R/Z — (R/Z)/(K/Z), and
* g3 be the quotient map R — R/K.
Then there is an isomorphism ¢ : R/K — (R/Z)/(K/Z) such that o g3 = g2 0 q3.

!
R » R/T
q3 12
R/K » (R/T)/(K/T)
4
Proof:
Apply Lemma 9.10 again. O
Example:

(Z/mnZ)/(mZ/mnZ) = Z/mZ as rings.
Example:

Previous example: J ideal in R, T = ev, ! (J) C R[x].
Now Z contains (x), so by third isomorphism theorem, R[x]/Z = (R[x]/(x))/(Z/(x)).

By first isomorphism theorem, R[x]/(x) = R, since (x) = kerev(. This isomorphism sends f(x) +
(x) € R[x]/(x) to evo(f) = f(0), and hence identifies Z/(x) with 7.

Conclusion: R[x]/Z = (R/(x))/(Z/(x)) = R/T

Now we can show that this isomorphism R/J = R[x]|/Z from second isomorphism theorem.



More on ideals

10.1 Constructing C from R

From last chapter: construct new rings R/ (X) by taking X C R. What sets X might we like to look at?

Suppose we didn’t know about C, and we want a square root of —1. We want to take R, and add an
element x such that x> = —1. So let’s look at R[x]/(x? + 1) since x> +1 <= x* = —1. If we look at
% = [x] in R[x]/(x? + 1), then

Prl=P4+1] =+ =22 +1+ (P +1) = (x*+1) =0

What ring is R[x]/ (x* 4+ 1)?

Theorem 10.1

R[x]/(x2+1) 2 C.

If didn’t know about C, could use R[x]/(x% + 1) as the definition.
Before proving the theorem, let’s be clear on what C is:

e C={a+bi:abeR}

e (a+bi)+ (c+di)=(a+b)+ (c+d)i

* (a+bi)(c+di) = (ac — bd) + (ad + bc)i
How does R[x]/(x? + 1) correspond to C?

We know that ¥ acts like i.

Lemma 10.2

Every element of R[x]/(x? + 1) can be written uniquely in the form a + b for some a,b € R.

Proof:

Existence Since quotient map R[x] — R[x]/(x? + 1) is surjective, every element of R[x]/(x* + 1)
can be written as Y a;%'.

week 9
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If n > 2, then a,x"2(x*> +1) € (x> +1), so a,&" + a,%"~2 = 0. Thus
n . n .
ax =) a;x — (anx” + ana?"_2>

i=0 i=
=0-%" +a,_ 18" (ay_p —an) T4
Can lower 1 until we get /', ;% = a + bx for some a, b.

Uniqueness Suppose a + bx = ¢ + dx.
Then (a —c) + (b—d)x=0,50 (a—c) + (b—d)x € (x*> +1).

If fe (x®>+1),f#0, then f = g(x*> +1) for g € R[x], g # 0. So deg(f) = deg(g) + deg(x*+1) >
2.

Conclusion: every non-zero element of (x> + 1) has degree > 2.
Only way (a—c)+ (b—d)x € (x> +1)isa=c,b=d.

O

Now let’s prove Theorem 10.1.

Proof:
Since R is a subring of C, can consider R[x] as a subring of C|[x].

Let j : R[x] < C[x] be the inclusion. Let ¢ = ev,_;0j : R[x] — C[x] — C. Then ¢(x) = i, so
Pp(x*+1) =2 +1=0.S0x*+1cker¢p = (x> +1) C ker¢.

By universal property of quotient rings, there is a homomorphism ¢ : R[x]/(x? + 1) — C such that
pog=¢.So p(a+bx) = ¢(a+ bx) =a—+ bi. By Lemma 10.2, ¢ is a bijection. O

We constructed C by asking for an element x such that x> + 1 = 0. If we start from a field K, can we
ask for an element x satisfying any polynomial equation(s), and the just construct a ring containing K
with such an element? Yes! But... the ring might be zero if we ask for too much.

Example:
1#0in K[x]/(x? + 1) as we've seen.

If p is a polynomial of degree n > 1, then K[x|/(p) is a K-vector space of dimension n. So 1 # 0 in
K[x]/(p)-

1=0inK[x]/(x>+ 1,23 +x+1),sincex®* +x+1—x(x>+1)=1€ (x2+ 1,23 +x + 1).

10.2 Maximal ideals

Let Z be an ideal of a commutative ring R. When is R/Z is a field? We know that the only ideals
in a field K are (0) and K. Suppose K = R/Z is a field, and g4 : R — K is the quotient map. By
correspondence theorem, only ideals of R containing Z are 4~ !((0)) = kerqg = Z, and 4~ (K) = R.

maximal

An ideal Z of a ring R is maximal if the only ideals containing Z are Z and R.

Intuition: a maximal ideal is a maximal proper ideal under C

Lemma 10.3

If R/Z is a field, then Z is maximal.
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Proposition 10.4

A commutative ring R is a field if and only if 1 # 0, and the only ideals in R are (0) and R.

Requiring 1 # 0 is the same as requiring (0) # R.

Proof:
Already proved =, only need to prove «.

Suppose x € R, x # 0. Then (x) = R. That means 1 € (x) = xR, so there is y € R such that xy = 1.
So x is a unit. Since all non-zero elements of R are units, R is a field. O

Let Z be an ideal in a commutative ring R. Then R/Z is a field if and only if 7 is maximal.

Proof:

By correspondence theorem, only ideals of R/Z are (0) and R/Z if and only if ideals of R containing
1 are 7, R. So by Proposition 10.4, R/T is a field if and only if 7 is maximal. O
Example:

Kix]/(x —c) = K forall c € K, so (x — ¢) is a maximal ideal of K[x] for any field K.
R[x]/(x*+1) 2 C, so (x?> + 1) is a maximal ideal of R[x].

Example:

Z[x]/(x) = Z is not a field, so (x) is not a maximal ideal of Z[x]. Indeed, we now that (x) C
(2,x) € Z[x]. Also know that (2,x) = {f € Z[x] : f(0) € (2)} = ev;zlo((Z)) for ideal (2) C Z. By
second isomorphism theorem, Z[x|/(2,x) = Z /27, which is a field.

Exercise: Z[x]/(n,x) = Z/nZ and hence (1, x) is maximal for n € Z if and only if n is prime.
Example:
If R is a commutative ring, have

eV(yp) = eVyi—goevy—y : R[x,y] = Rlx][y] — R[x] = R

Then . .

kerev(,;) = eV(_a’b)((O)) = evy_:b((x —a))

={f € RJly]: f(x,b) € (x =a)R[x]} = (x —a,y = b)

By first isomorphism theorem, we have R[x,y|/(x —a,y —b) = R. So (x —a,y — D) is a maximal
ideal of R[x,y] <= R is a field.
For (y — x?) € R[x,y], we know R[x,y]/(y — x?) = R[x]. R[x] is not a field since x is not a unit. So
(y — x?) is not maximal. Indeed, (y — x?) € (x,y).
Example:
Let ¢ € R. We have shown that

C c<0
]R[x]/<x2—0>% R x R c>0
R[x]/ (x*) c¢=0

It’s not hard to see that R x R and R[x]/(x?) are not fields. Hence R[x]/(x — c?) is a field if and
only if ¢ < 0. So (x? — ¢) is maximal if and only if ¢ < 0.
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| Exercise: find proper ideals properly containing (x? — c) for ¢ > 0.

10.3 Maximal ideals and Zorn’s lemma

partial order

A partial order on a set X is a relation < on X such that
1. x < xforall x € X,
2. if x <yand y < x, then x =y for all x,y € X, and
3. ffx <yandy <z, thenx <zforallx,y,z € X.
We say that x < yif x <y and x # y.

A maximal element of a subset S C X is an element x € S such that if x < y for y € S, then
x=1y.
An upper bound of a subset S C X is an element x € X such that y < x forall y € S.

A maximum element of a subset S C X is an element x € S which is an upper bound for S.
(These are unique if they exist.)

A maximum element (if it exists) if a subset S is maximal.
But a subset S can have maximal elements without having a maximum element.

Example: 2{12}

Consider 2112 = {&, {1}, {2}, {1,2}} ordered by C.
Then {1,2} is a maximum element for 2{12}, but the subset {@, {1}, {2} } has no maximum element.
Instead it has two maximal elements: {1} and {2}.

Ideals of a ring R are ordered under C. R is a maximum element for the whole set. We are more
interested in the set of proper ideals ordered under C.

Let R be a non-zero ring, so the set of proper ideals is non-empty. Does the set of proper ideals of R
have a maximum element? Once a set has more than one maximal element, it can’t have a maximum.

Example:

Z/nZ is a field if and only if n is prime. So (n) is maximal if and only if # is prime. So (2) and (3)
are both maximal.

Thus this is a ring where the set of proper ideals does not have a maximal element. What about all
commutative rings? It turns out that we can write down commutative rings even where the set of
proper ideals of R has a maximum element. These rings are called local rings. But in general, we can’t
expect the set of proper ideals of R to have a maximum element. It’s a special property to be a local
ring. Does the set of proper ideals always have a maximal element?

Maybe we can construct one:
e Pick a proper ideal Z.
e If 7j is not maximal, find a proper ideal Z; with Zy C Z;.

¢ Continue until we get a maximal element.
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Of course, this might not work. We might be in a poset' like (N, <), where we have infinitely long
increasing sequences like 1 < 2 < 3 < ---. In that case, we are only guaranteed to get a sequence
Iy C 721 CIp € ... of proper ideals. If xg < x; < xp <...in a partially ordered set X, then the subset
S = {xo0, x1,x2, ...} has a special property: it’s a chain!

chain

If (X, <) is a partially ordered set, we say that a subset S C X is a chain if for every s,t € S,
either s <t or t < s (or both).

Is the set of proper ideals like IN: chains with no upper bound?

Lemma 10.6

Let R be a commutative ring, and let F be a chain of ideals (i.e., a family of ideals, such that if
Z,J € F,then either Z C J, or J C Z, or both). Then

Uz

IeF

is an ideal of R.

Note that this doesn’t work if F is not a chain, since the union of ideals is typically not closed under
addition. For example, (2) U (3) C Z doesn’t contain 5 = 2 + 3.

If F is a chain of proper ideals, then 1 Z Z forall Z € F. So 1 € Uz T.

Corollary 10.7

If F is a chain of proper ideals of R, then there is a proper ideal which is an upper bound for
F.

=

Suppose we try to construct a maximal ideal, and end up with a sequence Zyo C 77y C I, C --- o
proper ideals

By the Corollary 10.7, there is a proper ideal Jp which is an upper bound for {Zy,Z;, ...}, i.e., Zy € Jy
for all k.

If Jy is maximal, then we are done. If not, we can find a proper ideal J; with Jy C [J1, and our search
continues.

Is this going to end? It looks like we face a never-ending (infinite) succession of choices. We need
some help!

Axiom of choice

Let X C 2Y for some Y, such that if A € X, then A # @. Then there is a function f : X — Y
such that f(A) € Aforall A € X.

The function f is called a choice function (it “chooses" an element from each set).

We rarely use the axiom of choice in this form. However, it has a number of useful equivalent formu-
lations:

'partially ordered set
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Equivalent of the axiom of choice #1

A function f : X — Y is surjective <= it has a right inverse.

We called this a theorem earlier in the course because the axiom of choice is one of our standard

o
.
Qo
3
7

Equivalent form #2: Zorn’s lemma

Let (X, <) be a partially ordered set, such that if S is a chain in X, then there is an element
x € X which is an upper bound for S. Then X contains a maximal element.

Proposition 10.8

Suppose that J is a proper ideal in a commutative ring R. Then there is a maximal ideal K of
R containing 7.

Proof:
Let P={Z C R:Zisanideal and J C Z}, ordered under C.

Let F be a chain in P. By Lemma 10.6, Z = Uzc#Z is an ideal of R. Clearly J C 7/, and
since 1 ¢ 7', 7" € P. So I’ is an upper bound for F in P. By Zorn’s lemma, P has a maximal
element.

O

Example:

Take (0) in Z. Then (0) is contained in (p) for any prime p. So the ideal K in the proposition isn’t

necessarily unique.

In particular, every non-zero commutative ring R has a maximal ideal, or equivalently:

Corollary 10.9

For every non-zero commutative ring R, there is a field K such that there is a homomorphism
¢:R— K.

O

Proof:
| Take Z to be a maximal ideal of R, and let ¢ : R — R/Z be the quotient map.

10.4 Zero divisors

If K is a field and f,g € K[x], then deg(fg) = deg(f) + deg(g). In contrast, in an arbitrary ring like
R = Z/6Z, can have things like (1 +2x)(1+3x) =1+5x+6x> =1 —x.

This happens when there are elements x,y € R\ {0} with xy =0

zero divisor

Let R be a ring. A non-zero element x € R is a zero divisor if there is a non-zero element y € R
such that xy = 0 or yx = 0.

Example: Z/nZ
If n is not prime, then n = ab for 2 < a,b < n. So [a], [b] # 0in Z/nZ, but [a] - [b] = [ab] = 0, so
[a], [b] are zero divisors.
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Example: R x S

If R and S are non-zero rings, and a # 0in R, b # 0 in S. Then (a,0), (0,b) are non-zero in the
product ring R x S. But (a,0) x (0,b) = (0,0) =0in R x S. So (4,0), (0,b) are zero-divisors.

Example:
For any ring R, % is a zero divisor R[x]/(x?), since %> = 0.

I Example:

For any ring R, X and i are zero divisors in R[x,y]/(xy).

Example:
Suppose K is a field. Let E;; € MK be the matrix with a 1 in position ij, and 0’s elsewhere.
EijExe = djEir, so Ejj is a zero divisor for all i, j as long as n > 2.

Exercise: show that A € M,;K is a zero divisor if and only if the rank of A is < n (i.e., A is not
invertible).

Example: Group ring
Let G be a group, and let g € G\ {e} with |g| = 2.

Then (e+g)(e—g) =e—g*> =e—e=0in ZG.

Kaplansky zero divisor conjecture: if every element of G \ {e} has infinite order, and K is a field,

then KG has no zero divisors.

Lemma 10.10

Let u be a unit in a ring R. Then u is not a zero divisor.

Proof:

w=0 = v=u!

uv =20

O

ou=0 — v=ouu 1 =0.

Every non-zero element of field is a unit, so fields don’t have zero divisors.
In general, an element can be a non-zero divisor without being a unit:
® Z does not have any zero divisors, but the only units are £1.

e If f € K[x], f # 0, K a field, then by the degree formula, f¢ = 0 if and only if g = 0. So K]x] has
no zero divisors, but K[x]* = K*.

Proposition 10.11

Suppose a non-zero element x in a ring R is not a zero divisor. If xa = xb or ax = bx fora, b € R,
then a = b.

Proof:
If xa = xb, then x(a — b) = 0. Since x # 0 and x is not a zero divisor, 2 —b =0 = a = b. Use the
same argument if ax = bx. O

Corollary 10.12

Let R be a finite ring. If a non-zero element x is not a zero divisor, then x is a unit.
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Proof:
Consider the function / : R — R:y — xy.

If (x(a) = £x(D), then xa = xb = a = b. So {y is injective.

Since R is finite, pigeon-hole principle implies that ¢y is surjective. So there is y € R, such that
xy =1 == x has right inverse.

Same argument with y — yx implies x has left inverse.

O

So x is invertible.

10.5 Integral domains

integral domain

An integral domain (or domain) is a commutative ring R such 1 # 0, and R has no zero divisors.

Example:

Every field is an integral domain.
Z is an integral domain.

All the examples of rings we’ve looked at with zero divisors are not domains (Z/nZ for n not
prime, R x R, R[x]/(x?))

{0} doesn’t have zero divisors, but not a domain.

Since all non-zero divisors in finite rings are units:

Corollary 10.13

Al finite integral domains are fields.

Proposition 10.14

If R is an integral domain, then

(a) If f,g € R[x], then deg(fg) = deg(f) + deg(g).

(b) R[x]is an integral domain.

Proof:

(a) Formula is true if f or g is zero, so suppose f,g # 0. Let f = Y a;xi, ¢ = Y, b;x!, where
an, by # 0. Then fg = a,byx" "+ lower degree terms. Since R is a domain, a,b, # 0, so
deg(fg) = n+m = deg(f) + deg(g)

(b) Suppose f,g # 0 and fg = 0. Then deg(fg) = —oo so by (a), must have deg(f) = —oo or
deg(g) = —oo. O

Proposition 10.15

If R is a subring of a field K, then R is a domain.
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Proof:

K is commutative and 1g # Og. So R is commutative and 1g # Og. If x is a non-zero element
of R,and xy = 0 fory € R, then y = x"!xy = 0 in K, and hence y = 0 in R. So R has no zero
divisors. O

Example:

Z is a subring of Q, and hence a domain.

Proposition 10.16

If « € C satisfies a? € Z, then
Za)={a+ba:abeZ}

is a subring of C.
This leads to interesting domains like the Gaussian integers Z[i] = {a +bi:a,b € Z}.

10.6 Prime ideals

Can we construct interesting domains of the form R[x]/(p)? where R is integral domain and p € R[x]. We
need to know: Suppose 7 is an ideal of a commutative ring R. When is R/Z an integral domain?

Suppose R/T is an integral domain. If 7 - b=0in R/Z for some a,b € R, then one of 4,5 is o in R/Z.
Of course, 7 = 0if R/Z ifand onlyifr € Z. So a - b =0in R/T if and only ab € 7, and one of a,bis
zero in R/Z if and only if one of a,b is in T.

prime ideal

Let R be a commutative ring. Then an ideal Z is prime if Z C R and if ab € Z for a,b € R, then
at least one of 4, b isin 7.

Theorem 10.17

Let Z be an ideal in a commutative ring R. Then R/Z is an integral domain if and only if 7 is a
prime ideal.

Example:

If 7 is a maximal ideal of a commutative ring R, then R/Z is a field, and hence a domain. So
maximal ideals are prime.

Z./nZ. is an integral domain if and only if n is prime. So nZ is a prime ideal if and only if n is
prime. *

Previously: K[x,y]/(y — x?) = K][x], a domain but not a field. So (y — x?) is a prime ideal which is
not maximal.

“this is wrong, see page 149

Proof:

Since R is commutative and R — R/Z : r > 7 is surjective, R/Z is commutative for any ideal Z,
and R/T is zero <= I = R. Using surjectivity of R — R/Z again, R/Z has no zero divisors
if and only if for a,b € R, if a-b = 0 in R/Z, then one of 4,b is o in R/Z. Since 7 = 0 in
R/TI <= r € I,R/T has no zero divisors if and only if for all 4,b € R, if ab € Z, then one of a,b
isin Z.
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I So R/ZTis an integral domain if and only if 7 is prime. O

We'll have more to say in a week about when an ideal is prime. For now, we’ll do one reason that an
ideal might not be prime.

Lemma 10.18

If R is an integral domain, and f,g € R[x] have degree > 1, then fgR[x| is not prime (so
R/ fgR[x] is not an integral domain).

Intuition: if 1 € R[x] factors into a product of lower degree polynomials, then the principal ideal hR[x]
is not prime.

Proof:
We know deg(fgh) > deg(fg) = deg(f) + deg(g) > deg(f),deg(g) for all non-zero h € R[x]. So

fg € fgR[x], but f,g ¢ fgR[x]. Since if f,g € fgR[x], we have deg(fgh) = deg(f) or deg(fgh) =
deg(g) for some h, contradiction. Thus we conclude that fgR[x] is not prime. O

Example:
Since (x? + 1) is maximal in R[x], (x2 + 1) is prime. However, (x?> + 1) is not prime in C[x], since
(x*4+1) = (x —i)(x +1) in C[x].

As the previous example shows, whether or not a polynomial factors can be subtle, since it depends
on the coefficient ring.

Example:
(x2 +1) is not prime in Z[x] as (x +1)2 = x2 +2x +1 =22 + 1.

On the other hand, in Z3[x], can check that (ax + b)(cx +d) # x>+ 1 forall a,b,c,d € Z3,s0 x> +1
does not factor. Later we will see that (x? + 1) is prime.

C[x]/(x?> 4+ 1) is a ring containing C and an additional element x ¢ C such that x> = —1. However,
C[x]/(x? +1) is not a domain.

However, suppose we want a domain containing C and an additional element x ¢ C such that x> = —1.

Proposition 10.19

Suppose R is a subring of a domain S, and x is an element of S such that x> = t? for some ¢ € R.
Then x =t or x = —t.

Proof:

If x2 = #2, then x> — +> = 0, s0 (x — t)(x +t) = 0. Since S is a domain, one of x — f or x + t must be

Zero. O
Since i> = —1 in C, there is no domain containing C and an additional element x ¢ C such that

x?=—1.



Fields of fractions and CRT

11.1  Fields of fractions

Recall Proposition 10.15.

Theorem 11.1

A ring R is an integral domain if and only if it is (isomorphic to) a subring of a field.

Example:
Z is a subring of Q (and also of R, C)

Q[x] is a subring of Q(x), the ring of rational functions

Q(x) = {2% :f,8 €Qlx], g # 0}

Strategy for proof of theorem: we’ve already done <. For =: given R, need to construct a field K
containing R. For Z we could pick Q, R, C or Q(x). Which field should we pick?

Lemma 11.2

Let K be a field containing Z as a subring. Then K contains Q as a subfield.

Note:
K containing Z as a subring means that there is an isomorphism ¢ : Z — R, where R is a subring

of K.

By the first isomorphism theorem, this is the same as saying that there is an injective homomor-
phism ¢ : Z — K.

¢ is called the subring inclusion map, since it’s like the inclusion map R — K : x — x for the

actual subring.

Proof:
Let ¢ : Z — K be the subgroup inclusion map. Define ¢ : Q — K by ¢ — ¢(a)¢(b) 1. Is this map
well-defined?

132

week 10
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Suppose § = 3, s0 ad = bc. Then
¢(a)p(d) = ¢(ad) = ¢(bec) = ¢(b)¢(c)
so p(a)p(b)~! = ¢(c)p(d)~' = 1 is well-defined.

It’s not hard to see ¢ is a ring homomorphism. Any map from a field is injective, so ¢ is an injective
morphism. O

How do we get Q from Z?
* Elements are ,a,b € Z,b # 0.
* ;=9 < ad=bc

* Operations:

a c ad + bc a c ac
b d e ™y i

Zero element is % identity is %, and (%)71 = % ifa # 0.

Why can’t we take §?

Including § for any 2 means we have to include % 5= %. Since 0-a = 0- b for all b, we have
£= 9 for all a,b € Z. But then £= Z—: foralla,b,a’, b € Z.

Field of fractions Q of an integral domain R is defined as follows:
* Elements are ,a,b € Z,b # 0.
e ;=9 < ad=bc

¢ Operations:

= ad + be and

c a ¢ _ac
d bd b d bd

_|._

a
b

Zero element is %, identity is %, and (%)_1 = % ifa # 0.

e Why can’t we include zero divisors?

If yz=0,y,z,# 0, then ¥ . g = %. Once again we get § = % = Z—: foralla,b,a’,b’ € R.

<

11.2 Localization

Suppose we have a commutative ring R, and we want to make a ring of fractions § with a,b € R.

Operations should be

so zero should be % and identity should be %

Let S be the set of elements that can go in the denominator. We’'ve already seen that S shouldn’t
contain o or any zero divisors. To have identities, and for operations to be well-defined, want:

multiplicatively closed

We say that a subset S of a ring R is multiplicatively closed if and only if 1 € S, and if b,d € S,
then bd € S.
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Theorem (Informal version)

Let R be a commutative ring, and let S be a multiplicatively closed subset of R which does not
contain o or any zero divisors.

Then there is a commutative ring Q containing R as a subring, such that
(a) every element of S is a unit in Q, and

(b) if T is a ring containing R as a subring such that every element of S is a unit in T, then T
contains Q as a subring.

Part (a): because we can put a € S in denominator, then we can talk about % Part (b): Q is the smallest
possible commutative ring containing R satisfying (a).

Theorem 11.3: (Stronger + formal version)

Let R be a commutative ring, and let S be a multiplicatively closed subset of R which does not
contain o or any zero divisors.

Then there is a commutative ring Q and an injective morphism ¢ : R — Q such that
(@) ¢(a) e Q* foralla € S, and
(b) if ¢ : R — T is a morphism s.t. (x) € T* for all x € S, then there is a morphism

P : Q — Rsuch that po¢ = 9.

Remark:
Note that this theorem didn’t say anything about the uniqueness of the ring due to lack of one
condition. See the next section for correction.

R T

#N\ ,x:;/

Note since o ¢ =1, if a € S, then Po¢(a) = (a), and ¢ (p(a) 1) = P(P(a)) ' = p(a) L.

localization of R at S

The ring Q from the theorem is called the localization of R at S (or with respect to S), and is
denoted by S™!R.

Proof:
Let Qp := {(a,b) : a € R,b € S}, and define an equivalence relation ~ on Qg by (a,b) ~ (c,d) if
ad = bc. Let’s show that ~ is an equivalence relation.

* (a,b) ~ (a,b) since by commutativity, ab = ba.

If (a,b) ~ (c,d) then commutativity again implies cb = da, so (c,d) ~ (a,b).

If (a,b) ~ (c,d) ~ (e, f), then ad = bc and cf = de, so afd = bcf = bed. Since d € S, d is not
zero or a zero divisor, so af = be by cancellation law. So (a,b) ~ (e, f).

Let Q = Qp/ ~ be the set of equivalence classes of ~.
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— \
YV ~

Q-
Notation: If a € R,b € S, let % :=[(a,b)] € Q.
Now let’s put a ring structure on Q.
. a ¢ ad+bc a ¢ ac
Deflneg+a—7andga—ﬁ

We want to first show +, - are well-defined. Because S is multiplicatively closed, if a,c € R,b,d € S,
then [(ad + bc, bd)] and [(ac, bd)] are well-defined elements of Q.

So ([(a,b)],[(c,d)]) R [(ad + bc,bd)] is a well-defined relation between Q x Q and Q, and similar
with -.

Suppose [(a,b)] = [(a’, V)], and [(c,d)] = [(¢/,d")], so ab' = b'a and cd" = dc’.
Then (ad + be)(b'd") = ba'dd’ + bb'dc’ = (a’d’ + b'c")(bd) and (ac)(b'd") = ba’'dc’ = (bd)(a’c’), so

ad+bc  a'd +b'c ndg—ﬂ
d vd T ed T

v'd
Thus the operations + and - are well-defined.

Have +, - well-defined, so let’s show that (Q, +) is abelian group.

— \l
QC\}“ \/\/\”%\

E:Iifandonlyifazl-a:b-O:O.

a c\y e _ad+bc e adf+bcftebd a c e
(b+d)+f_ bd f bdf _b+( + )

a ¢ _ad+bc ¢ a a 0 a14+b-0 a
b d- bd ATy b 1wV
@y O _@b—bi_0 0
b b b2 2 o1

foralla,c,e€ Rand b,d, f € S.

S A |
QcC
Q-

(Q,+) is an abelian group with zero g and 5=
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Next, need to show that (Q, +, -) is a commutative ring.
Foralla,c,ce€ Rand b,d,f € S,

ac_a_oa_ca (EE)E_E_E
b d cd dc d b b d/ f bdf b

so - is associative and commutative.

a c ab _ ba

a1 is an identit
1 b1 b1 y:

Alsoifa € R, b,c € S, then % = % since acb = bca.

Finally

b
So (Q,+,-) is aring.

d f

afc e _g.cf—i-de_acf+ade_acfb+adeb_ai+ae
b df  bdf  b2df  bd bf
Now we can define ¢ : R — Q :a + 1.

To check that this is a homomorphism, have

1 a+b a b ab
¢1) =7, ¢la+b)=-——=7+7andpab) = - =

R
= S

forall a,b € R.

If ¢p(a) = ¢(b), then §

IS

% = a=a-1="0b-1=D.So ¢ is injective.

Also, if a € S, then

Q| =
— =

,50 ¢(a) € Q* foralla € S. So this proves (a) of the theorem.

—Q

This leaves part (b).

Suppose ¢ : R — T is a morphism s.t. ¢(a) € T* for alla € S. Imp = R/ ker ¢ is commutative, so
can assume T is commutative.

(Exercise: if ab = ba fora € T*, b € T, then a—'b = ba~1.) With this fact, elements of T is either in
Im ¢ or (Imy)~!. Then every pair of elements in T commute.

— \
YV ~

Define p: Q — T: % — p(a)p(b) L.

Since Y(b) € T* if b € S, Y(a)p(b)~! is well-defined in T. To see that ¢ is well-defined, suppose
that § = <. Then ad = be so Y(a)p(d) = p(b)p(c) = y(a)p(b)~' = P(c)p(d)~t. So ¢ is

well-defined.

Also pog(a) =9 (4) = ¢p(a)p(1)~! = ¢(a) foralla € R, so fo¢d = .
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To finish, just need to show that ¢ is a homomorphism:

<.
—
SR

4
Ul
~——

Il

<= RSN

and

QU

6 (5-5) =9 (55) = vlac)p(ea)™
= p(@p(®) P =9 (3) 7 (5)

foralla,c € R,b,c€S,s0Pisa homomorphism.

O

11.3 Uniqueness of localization

Recall Theorem 11.3, is it ok to talk about the ring from the theorem? (rather than from the proof of
the theorem)

No! We omitted a condition out of the theorem. The problem is the condition (b) here doesn’t
adequately express the idea that Q is the smallest possible ring containing R as a subring and satisfying

Lemma 11.4

~~
| m
~

If Q is the ring from the proof of Theorem 11.3, and ¢ : R — Q is the inclusion, then all elements
of Q are of the form ¢(a)¢(b) ! fora € R,b € S.

Proof:
| All elements of Q are of the form § fora € R,b € S, and ¢ : R — Q is defined by ¢(a) = {.

O

Theorem 11.5: Corrected localization theorem

Let R be a commutative ring, and let S be a multiplicatively closed subset of R which does not
contain o or any zero divisors.

Then there is a commutative ring Q and an injective morphism ¢ : R — Q such that

(@) ¢(a) € Q* foralla € S, and every element of Q is of the form ¢(a)¢p(b)~! fora € R,b € S,
and

(b) if  : R — T is a morphism s.t. (x) € T* for all x € S, then there is a morphism
$: Q — R such that po¢ = 9.

Corollary 11.6

Let S be a multiplicatively closed subset of a ring R, which does not contain o or any zero
divisors. If Q; and ¢; are a commutative ring and an injective homomorphism satisfying (a) and
(b) from the theorem, i = 1,2 then there is an isomorphism « : Q; — Q> such that x o ¢; = ¢».
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y K&
Q-----------= >Q2

o

Proof:
Since ¢;(a) € Q for alla € S, i = 1,2 can apply part (b) of the theorem to get morphisms
x:Q1 = Qrand B: Qr = Qq withaody = ¢, and Bo Py = ¢1.

R

) (033

—_— T

v
p

Suppose x € Q1. By part (a) of the theorem, x = ¢;(a)¢;(b) ! fora € R,b € S. Since a(¢;1(b)) =
$2(b), a(x) = ¢a(a)da(b) 1. So B(a(x)) = ¢1(a)p1(b)~! = x. Conclusion, B is left inverse to a. By
symmetry, a is a left inverse to 8, so « and f are inverses, and « is an isomorphism. O

Q1 Q2

By Corollary, we can talk about the ring from the theorem:

localization of R at S

The ring Q from the theorem is called the localization of R at S (or with respect to S), and is
denoted by S™!R.

With this definition, S!R is only defined up to isomorphism. Usually just take S~!R to be the ring
from proof of the theorem.

Exercise:

Show that if we can leave out the requirement that every element of Q is of the form ¢(a)¢(b)~!

for some a € R,b € S, then there can be non-isomorphic rings satisfying conditions (a) and (b).

Hint: show that you can replace Q with Q[x] and it will satisfy part (a) and (b).

11.4 Examples of localization

Lemma 11.7

Let R be an integral domain. Then S = R\ {0} is multiplicatively closed and does not contain
o or any zero divisors. Also S™IR is a field.

Proof:
Because R is a subring of S™'R, S™!R is non-zero. Suppose » € S~IR. Then b= % if and only if
a = 0. Soif § # 0, then 7 has an inverse, namely g O

field of fractions of R

If R is an integral domain, and S = R \ {0}, then SR is called the field of fractions of R.
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Theorem 11.8

A ring R is an integral domain if and only if it is (isomorphic to) a subring of a field.

Proof:
Already seen that every subring of a field is an integral domain. Conversely, every domain is a
subring of its field of fractions. O

Lemma 11.9

The field of fractions of Z is Q.

Proof:
Clearly from the construction of S™IR that we get Q.

O

Alternatively, can show Q satisfies conditions (a) and (b) of corrected localization theorem.

rational functions

Let R be a domain. The field of fractions of R[x] is denoted by R(x), and is called the field of
rational functions over R.

By construction, R[x] consists of fractions Jg% with f,¢ € R[x], and g # 0.

Lemma 11.10

Let Q be the field of fractions of a domain R. Then Q(x) = R(x).

Proof:
Since R[x] is a subring of Q[x], then there is an injective morphism ¢ : R[x] — Q(x).

By part (b) of localization theorem, there is a homomorphism R(x) — Q(x) sending 8% € R(x) to
the same fraction in Q(x).

Since R(x) is a field, this homomorphism is injective. But R(x) contains § for any a,b € R, b # 0,
so homomorphism R(x) — Q(x) is onto. O

So for rational functions, can assume coefficients form a field.
Suppose K is a field. Why do we call functions é% € K(x) rational functions?
Suppose we are given ¢ € K. If g(c) # 0, then % e K.

domain D(F)

The domain D(F) of F € K(x) is the set of points ¢ € K such that F = % for some f, ¢ € K[x]
with g(c) # 0.

Can have f, g € K[x] such that g(c) =0, butc € D(f/g).
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Lemma 11.11

F € K(x) defines a function D(F) — K : ¢ — f(c)/g(c), where f, g € K[x] are chosen such that
F=f/gand g(c) #0.

Again, we pick f, g after we know what c is.

Example:
Let F = m € C(x). F = é, then ¢(x) = x(x —1)(x +1)f(x), so g(c) = 0 for ¢ €
{0,1,—1}. Conclusion, D(F) = C\ {0,1, —1}.

So F defines a function C \ {0,1,—-1} - C:c+— m

Exercise: D(F) = C <= F € C[x] (more about this later)

Intuition: functions defined on all C are polynomials.

Localization of C[x| at ¢ € C is the set of rational functions F € C(x) with ¢ € D(F). (Intuition:
focus in on ¢, expand C|x])

Lemma 11.12

Let K be a field, and ¢ € K. Then R(c) = {F € K(x) : c € D(F)} is a subring of K(x).

If R is a domain, then R \ {0} is multiplicatively closed.

Lemma 11.13

Let P be an ideal of a commutative ring R. Then R \ P is multiplicatively closed if and only if
P is prime.

Note: If P is a prime ideal of a domain R, then S = R\ P doesn’t contain o or any zero divisors.

localization of R at P

Let P be a prime ideal of a domain R. The localization of R at P is the ring Rp := S 1R, where
S=R\P.

Further reading: there’s a more general version of localization where S can contain zero divisors, and
this can be used to define Rp when R is not a domain.

Lemma 11.14

Let K be a field and ¢ € K, so that (x — ¢) is a maximal ideal in K[x]. Then the localization
K [x](x_c) is isomorphic to the subring R(c) C K(x) of rational functions with c in the domain.

This chain of examples is why S™!R called a “localization”.

Proposition 11.15

Let P be a prime ideal in a domain R. Then Rp has a unique maximal ideal.
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local

A commutative ring R is local if it has a unique maximal ideal.

Example:

Let p be a prime in Z, so that (p) is prime.

S =2Z)\ (p) is the set of numbers in Z which are not divisible by p. Then
Z(p) = {% ta,be Z,b ¢ (p)} CQ.

11.5 Products of ideals

product ideal

Let Z and J be ideals in a ring R. The product ideal Z.7 is the ideal
({ab:acZ,be J}),

i.e., the ideal generated by products of elements from 7 and J.

Example:

If R is commutative, then Rf - Rg = Rfg. For instance, in Z[x], (x)? = (x2).

In Z[x,y], (x,y)* contains x?,12, and xy, but not x or y. Note that x> + ? is in (x,y)?, but since it
doesn’t factor, it’s not true that every element of 7.7 is a product of elements of Z and J.

Lemma 11.16

Let Z, J be ideals in a ring R.
1. IJ = {zﬁ;l a;bj k> 0,0; € T,b; € .7}.

2. If R is commutative, and Z = (S), J = (T), thenZJ = ({ab:a € S,b € T}).

Note:
Another way to say (1) is that Z.7 is the subgroup of R™ generated by products of elements of 7
and J.

The reason we need R to be commutative in (2) is so that we don’t need to include elements of the
formarb forae S,b€ T,and r € R.

Proof:
1. Let K be the RHS. If x € K, then —x € K, and K is closed under addition, so K is a subgroup.

Ifr,s € R,and x = Z?:l a;b; € Kfora; € Z, b; € J, then
rxs =Y ;_q(ra;)(b;s) € K, since ra; € Z,b;s € J.
So K is an ideal. Since K contains the generating set for Z7, and is clearly contained in Z.7,

must have ZJ = K.

2. Clearly RHS C 7.7, so just need to show ZJ C RHS. Suppose x € Z,y € J. Then x =
Ya;si,a; € R,s; € S,andy =) bit;,b; € R, t; € T. So xy = Y a;bjsit; € RHS.

O

Since RHS contains generators for Z.7, it contains Z.7.
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Lemma 11.17

Let Z and J be ideals in a ring R. Then ZJ CZ N J.

Proof:

IfaecZ,be J, thenab € INJ,soINJ contains a generating set for Z.J. Since ZN J is an
ideal, Z7 CZINJ. O
Example:

Consider Z = (xy) and J = (yz) in R[x,y,z], R commutative. Then Z.7 = (xy?z),butxyz € ZNJ.
So it’s not necessarily true that ZJ =72 N J.

Example:

Suppose Z = (x) and J = (y) in Z][x,y].

f €1 (resp J) if and only if every monomial contains a positive power of x (resp y). So f € INJ
if and only if every monomial of f contains a positive power of both x and y.

SoZINJ = (xy)=1J.

It’s an interesting question in commutative algebra: when ZJ7 =7 N J.

11.6 Generalizing the CRT

Recall from group theory: If m,n > 0, gcd(m, n) =1, then Z/mnZ = Z/mZ x Z/nZ
How did this group isomorphism work?

Z/mnZ — nZ/mnZ xmZ/mnZ — Z/mZ xZ/nZ
x — (nx, mx) — (x,x)

Q-
The fact that Z/mnZ — Z/mZ x Z/nZ is an isomorphism is called the Chinese re-
mainder theorem.

It implies that for any 0 < a < m,0 < b < n, there is a unique 0 < x < mn such that x is
a solution to
x=a mod m and x=b modn

Is there a connection with ring theory?

Well, ged(m,n) =1 if and only if lem = mn, where lem is the least common multiple of m and n: the
smallest integer k > 0 such that k = xm = yn for x,y € Z.

Lemma 11.18

lem(m, n) =k, where k > 0 and (m) N (n) = (k).
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Proof:
k = xm and k = yn for some x,y € Z if and only if k € (m) N (n). Since Z = (m) N (n) is an ideal,
T = (k) where k is the smallest non-negative integer in Z. O

CRT: If (m) - (n) = (m) N (n), then Z/mnZ = 7./ mZ x Z./ nZ.

Lemma 11.19

If R,S and T are rings, and ¢ : R — S, 9 : R = T are homomorphisms, then

PXP:R—=SXT:r— (¢(r),p(r))

is a homomorphism.

Proof:
If x,y € R, then

(@ > p)(xy) = (¢(xy), p(xy)) = (9(x, (x)) (@), p(y)) = (@ x P)(x) - (¢ x ¥)(y)

The rest of the proof is left as an exercise. O

Z/mnZ — Z/mZ x Z/nZ : x — (x,x) is the product q; X q, where q1 : Z/mnZ — Z/mZ and
G2 : Z/mnZ — Z/nZ are the quotient maps.

Let Z, J be the ideals in R. Do we geta map R/ZJ — R/Z x R/ J : 7+ (F,7)?

Lemma 11.20

If 7,7 are ideals in a ring R, and ¢ : q1 X g2 : R = R/Z x R/J where q; : R = R/Z and
g2 : R = R/ J are the quotient maps, then ker¢p =7 N J.

As a result, there is a homomorphism ¢ : R/ZJ — R/Z x R/ J such that (%) = (q1(x), g2(x)),
andkery =ZNJ/ZJ.

Proof:
x eker¢ <= (q1(x),92(x)) = (0,0) <= x € kergqy Nkerg.

For the second part, note that ZJ C Z N J = ker¢. By the universal property of quotient rings.
there is a homomorphism ¢ : R/ZJ — R/Z x R/J such that ¢(X) = ¢(x) for all x € R, and
kerp =ZNJ/IJ by the correspondence theorem, since (%) =0 <= ¢(x) = 0. O

LetZ,J beidealsinR. Is¢ : R/ZJ — R/Z x R/J : 7 — (F,7) a ring isomorphism? *
By Lemma 11.20, ¢ is injective if and only if 7N J = ZJ. Is injective sufficient to prove surjectivity?

Example:
LetR=2,7 = (m),J = (n). Then |Z/mnZ| = mn = |Z/mZ x Z/nZ|. By pigeon-hole principle,
¢ is surjective if and only if ¢ is injective. Conclusion: TFAE:

1. ¢ is a group isomorphism

2. ¢ is a ring isomorphism

3. (m)N(m) = (mn), ie, lem(m,n) = mn, ie., ged(m,n) = 1.

1 in previous lemma...
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Example:
Consider (2), (x) in Z[x]. Not hard to see that (2) N (x) = 2x.
Is¢p:Z[x]/(2x) — Z[x]/(2) x Z[x]/(x) : p — (P, P) surjective?

Suppose p € Z[x] such that p(x) = 0 in Z[x]/(2), so all coefficients of p are even. But then
p(x) — 1 must have a constant term, so p(x) —1 ¢ (x). This means p # 1 in Z[x]/(x). Conclusion:

(0,1) ¢ Im¢.

So ¢ is injective but not surjective.
Objective: find a sufficient criterion for ¢ be an isomorphism.

Recall: ged(m,n) =1 <= xm+yn =1 for some x,y € Z. (We used this fact to prove the group
theory version of the CRT.) Can we build of of this idea, rather than connection with lem?

a = xm for x € Z if and only if a € (m), similarly b = yn for y € Z if and only if b € (n).

Lemma 11.21

ged(m,n) = 1if and only if (m) + (n) = Z.

Proof:
We know (m) + (n) is an ideal, so (m) + (n) = Z if and only if 1 € (m) + (n), which happens if
and only if 1 = xm 4 yn for x,y € Z. O

comaximal

Two ideals Z and J in a ring R are comaximal (or coprime) if 7 + J = R, or equivalently if
1eZ+J.

Remark:

It’s not clear where the term “comaximal” comes from, but the term “coprime" is clearly an analogy
to Lemma 11.21: m, 1 is coprime if their ged is 1. But the textbook use the term comaximal, so we
will stick with that as our default term.

Theorem 11.22: Generalized Chinese remainder theorem

If 7, J are comaximal in a commutative ring R, then ¢ : R/ZJ — R/Z x R/J is an isomor-
phism.

Proof:

Supposea € Z,b € J,such thata+b = 1.

Surj. If re R, thenra+rb=vr,sor—rb=racZ,r—ra=rbe J. Hence 7 =rbin R/Z, 7 = ra in
R/J.Butrb=0inR/J,7a =0in R/T.

So for all i, € R, ¢(1’1b -T-Tzﬂ) = (1_’1,1_’2) inR/ZIxR/JT.
Inj. Need to show that TN J =71J.

Suppose x € ZN J. Then multiply both sidesof a+b =1by x, we get x = xa+xb € ZJ
where we use the fact that R is commutative. So ZNJ C ZJ. Already know ZJ C IN J,
solNJg=1J. O

Now continue the decomposition. If n = pi - - - p;*, where py, ..., py are distinct primes, then

Z/NZ=Z/p]Z XL/ py PR L 2L/ P L X Z) PP % - Z) prZ
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since py! is coprime to py* - - - pzk. In Z, if a is coprime to band coprime to c, then a is coprime to bc.

Lemma 11.23

If 7,7, and K are ideals of R, such that Z, 7 and Z, K are comaximal, then Z and JK are
comaximal.

Proof:
Suppose a+b =1,a’ + ¢ =1, wherea,a’ € Z,b € J,c € K. Thenb = ba' +bc,so1 =a+b =
(a+ba")+bceI+TK. O

Theorem 11.24: Generalized CRT, extended edition

Suppose 1y, . .., Iy, k > 2, are ideals of a commutative ring R, such that Z; and I] are comaximal
for all i > j. Then there is an isomorphism ¢ : R/Z; ---Zy — R/Z; % ... X R/Z defined by

o(7) = (7,...,7).

Proof:

Proof is by induction on k. Already done base case k = 2. If k > 2, then use induction to get
isomorphism R/Z;---Zy — R/Zy X --- x R/Iy : 7 — (7,...,7). By Lemma 11.23, 7y and 7, - - - 7
are comaximal. So R/Zy---Zy — R/Zy X R/Zp -+ Iy : 7 — (F, 1") is isomorphism. Then we can
compose these maps, and get desired isomorphism. O



PIDs and UFDs

week 11

12.1 Divisors and greatest common divisors

divides

Let x and y be elements of a commutative ring R. We say that x divides y if y = xr for some
r € R, or equivalently if y € Rx.

Notation: “x divides y” can be written as x | y

Example:

InZ, 12 =3-4,503 | 12, whereas 5 { 12.

12 = (—3) - (—4), so also have —3 | 12.

x — 1 divides x2 — 1 in Z[x], since x> — 1 = (x +1)(x — 1).
Basic properties:

e If x |y, then x | yz for all z € R.

* Every x € R divides o, since x -0 = 0. Caution: “divides zero” and “zero divisor” aren’t the
same. First, being a zero divisor, x must be non-zero. Second, xr = 0 for some non-zero r.

u | 1if and only if u € R*. More generally, if u € R*, then x = u(u"'x), so u | x for every x € R.

x=x-1,50 x| x forall x € R.

® Suppose x,y € R, and u € R*. If x | y, 50y = rx, then y = ru~'(ux), so ux | y. In particular,

ux | x and x = u~!(ux) | ux for all units u € R*

associates

Two elements x and y of a commutative ring R are associates if y = ux for some u € R*. We
write x ~ y if x and y are associates.

146
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Lemma 12.1

Suppose R is a commutative ring. Then:
(a) ~ is an equivalence relation.
(b) If x1 ~ x2,y1 ~ Yo, then xq | Y1 = X2 | Y2.

(c) Ifx ~y, thenx | yand y | x.

Proof:
(a) Key idea: if y = ux, then x = u~'y.

(b) Key idea: x; | y1 = x | y» by previous properties.

O

(c) follows from previous properties.

Lemma 12.2

If R is a commutative ring, then x | yand y | x <= (x) = (y).

Proof:
Follows from fact that x | y <= y € (x) <= (y) C (x).

O

Lemma 12.3

If R is a domain, then forall x,y € R,x ~y <= «x ] yand y | X.

Proof:
We already know that if x ~ y, then x | y and y | x.

Suppose y = xr and x = yt for r,t € R. If y = 0, then x = 0, so x ~ y. Thus we can suppose y # 0.
Now y = xr = yrt,so (1 —rt)y = 0. Since y # 0 and R is a domain, 1 —rt =0 = r,t € R*. O

common divisor

Let R be a commutative ring, and let 4,b € R. An element d € R is a common divisor of 2 and
bifd|aandd |b.

A common divisor 4 is a greatest common divisor if for all d’ € R, if d’ is a common divisor of
aand b, then d’ | d.

d = ged(x, y) means that d is a greatest common divisor of x, y.

Basic properties of common divisors:

Lemma 12.4

Letd,a,b € R, where R is a commutative ring. Then TFAE:
(@) d|aandd | b,
(b) d | xa+yb for all x,y € R, and
(© (a,b) € (d).
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Proof:

If a = drand b = dt, then xa+yb = (xr +yt)d, so (1) = (2). For (2) = (1), set
x=1,y=0and x =0,y = 1. Every element of (4, b) is of the form xa + yb for some x,y € R, and
d|xa+yb <= xa+ybc (d),so(2)and (3) are equivalent. O

Basic properties of greatest common divisors:
e If 2 and b have 0 as a common divisor, then a = b = 0, so 0 = ged(a,b) if and only if a = b = 0.

* Every common divisor of x € R, € R* is a unit. Since units divide every element, v = gcd(x, 1)
forall v € R*.

e If d,d’ are both greatest common divisors of x,y € R, then d | d’ and d' | d. Hence if R is a
domain, then d ~ 4’

Any ring R: if d = ged(x,y) and d ~ d’, then d = ged(x,y). We say that ged’s in integral domains
are unique up to units.
For example: 3 = gcd(12,9) and —3 = ged(12,9).

Proposition 12.5

Let a,b € R, R a commutative ring. Then 4 and b have a greatest common divisor if and only if
there is a principal ideal Z such that

(@) (a,b) CZ,and
(b) if 7 C R is a principal ideal with (a,b) C J, thenZ C J.

If 7 exists then it is unique, and Z = (d) <= d = gcd(a,b).

Proof:

Since d’ is a common divisor of 4 and b if and only if (a,b) C (d’'), d = ged(a,b) if and only if
T := (d) satisfies conditions (a) and (b).

If 7 and 7' are both principal ideals satisfying (a) and (b), then Z C 7' and 7' C Z,s0 Z = 7'.
Combining uniqueness with first sentence, get that Z = (d) <= d = ged(a, b). O

Corollary 12.6

Leta,b € R, R a commutative ring. If (4,b) is a principal ideal, then a greatest common divisor
of a and b exists. As a result, if d is a common divisor of a and b such that d = xa + yb for some
X,y € R, then d = ged(a, b).

Proof:
If (a,b) = (d), then Z = (d) satisfies (a) and (b) of Proposition 12.5. If d is a common divisor of a,b,
then (a,b) C (d), and if d = xa + yb, then d € (a,b), so (d) = (a,b). O

In Z, every ideal is principal, so GCD’s always exist.

Corollary 12.7

Let a,b € R, R a commutative ring, and suppose that (2) and (b) are comaximal. Then 1 =
ged(a,b).

Proof:
| (a) + (b) = (1).

O
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Example:

InZ,d = gecd(a,b) <= (d) = (a,b). So for instance (9,12) = (3).

Example:

In Z[x], x> + 1 and x? are comaximal, so 1 = ged(x?, x> +1).

On the other hand, (2, x) is not principal in Z[x], so we can’t use this method to find gecd(2, x).
Does ged (2, x) exist?

We showed that the only principal ideal containing (2,x) is (1), so 1 = ged(2,x) as well, even
though (2) and (x) are not comaximal.

Different argument: 2 and x don’t factor, so we should treat them like distinct primes. In other
words, they should be “coprime”.

12.2 Principal ideal domains

Recall: because all ideals of Z are principal, there is a greatest common divisor of every a,b € Z.

principal ideal domain

A ring R is a principal ideal domain (PID) if
* Ris an integral domain, and

* every ideal of R is principal.

Example:

Z is a principal ideal domain.
We'll see in the next section that if K is a field, then K]x] is a principal ideal domain.

Z|x] is not a PID, since (2, x) is not principal.

K]x, y] is not a principal ideal domain even if K is a field, since (x,y) is not principal.

Proposition 12.8

If R is a PID, then every pair of elements a,b € R has a greatest common divisor. Also, d =
gcd(a, ) if and only if d is a common divisor of 2 and b, and d = xa + yb for some x,y € R.

Proof:
Easy application of Corollary 12.6. O

Recall that maximal ideals are prime. In Z, an ideal nZ is maximal if and only if n is prime. Sinee

Wrong! Z/nZ is also an integral domain if n = 0. Corrected version: nZ is prime if and only if # is
prime or zero.

Proposition 12.9

If R is a PID, then every non-zero prime ideal of R is maximal.
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Proof:
Suppose 7 is a non-zero prime ideal in R. Let J be a proper ideal of R containing 7.

Because R is a PID, Z = (a) and J = (b) for some a,b € R. Since Z C J, a = br for some r € R.
Since 7 is prime and br € Z, one of b or r is in Z. We are done if b € 7.

Suppose r € Z. Then (r) C (a), and since a = br € (r), (a) C (r), so (a) = (r). Since R is a domain,
a and r are associates. This means a = ur for some u € R*. Sobr =a =ur = (b—u)r =0.
Since 7 is non-zero, ¥ # 0, so b = u. But this implies J = R, a contradiction.

Conclusion: b€ J,s0 J C7Z = T = J. So 7 is maximal. O

As previously mentioned, we’ll show that if K is a field, then K[x] is a PID. The converse is also true:

Corollary 12.10

Suppose R is a commutative ring such that R[x] is a PID. Then R is a field.

Proof:
If R[x] is a PID, then it is a domain. As a subring of R[x], R must also be a domain. Since
R = R[x]/(x), (x) is prime. But then (x) is maximal, so R is a field. O

12.3 Euclidean domains
Why is every ideal of Z principal?

Stream-lined answer: Suppose 7 is a non-zero ideal of Z. Let n be the smallest positive element of 7.
IfxeZ thenx =qgn+r, where0 <r <n.r=x—gqn €1, sor =0 by assumption on n. Therefore
xenZforal x € Z,soZ = nZ.

This argument rests on being able to do division in Z? What would it mean to do division in an
arbitrary ring? Given n,x € R, maybe we find g, € R such that x = gqn + r but then we could take
g = 0,7 = x. No good. We want to somehow have |r| < |n|, but we don’t have an order on R.

Euclidean domain

A domain R is a Euclidean domain if there is a function N : R — IN U {0} such that N(0) =0,
and for x,y € R with x # 0, there is ¢, € R such that y = gx +r,and r = 0 or N(r) < N(x).

Sometimes a Euclidean domain is called a domain with a division algorithm. Also, the function N is
called a norm.

Example:
Z is a Euclidean domain with norm N(x) = |x|. If x < 0, then y = g|x| +r = (—q)x +r where
0<r<lx|

As we'll see, it’s possible to have norms with N(x) = 0, but x # 0. However, if N(x) = 0, then
1 = gx +r with r = 0 ex-N{#<N{x} (which is not possible). So x | 1 = x is a unit.

Proposition 12.11

A Euclidean domain R is a PID.
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Proof:
Suppose 7 is an ideal in R. If Z is zero, then it is principal, so suppose Z # (0).

Let k = min{N(x) : x € Z,x # 0}. Let x € Z such that N(x) = k. Suppose y € Z. Theny = gx +r
for g,r € Rwithr =0 or N(r) < N(x). Since r =y —gx € Z, can’t have r # 0 and N(r) < N(x).
Sor=0. Thus Z C (x). Since x € Z, T = (x).

Proposition 12.12

Let K be a field. Then K]x] is a Euclidean domain.

O

Proof:

Define N : K[x] - N U {0} by N(p) = deg(p) if p # 0, and N(0) = 0. Suppose y, p € K[x]| with
p # 0. If deg(p) = 0, then p is a unit, so y = gp + 0 for some q € K[x]. If deg(p) > 0, then we
can divide y by p to get y = gp +r for q,r € K[x] with deg(r) < deg(p). In both cases, can get

y=qp+rwithg,r € K[x] and r =0 or N(r) < N(p). O
Corollary 12.13
K[x] is a PID.

Suppose y, p € K[x],deg(p) > 1. Let p = Y1y a;x’ with a, # 0, and y = Yo bjx/). We can divide y by
p using the following procedure:

e We keep track of g as we go along, starting with g = 0.
e If m < deg(p), return g,r =y
e If m > n, then

b
—X
an an

y— —x"""p =0x" + b1 = by g

So replace g with g + ﬁ—f;‘xm_" and y with y — l;—'me_” p, and start over.
Eventually we’ll finish with g and r such y — gp = r, and deg(r) < deg(p).
Every Euclidean domain is a PID. Are there PIDs which are not Euclidean?
Yes, famously Z[(1 + v/—19)/2]. (We're not going to prove this)

How do Euclidean domains functional differ from PIDs?

In PIDs, greatest common divisors always exist. In Euclidean domains, have an algorithm (the Eu-
clidean algorithm) for computing greatest common divisors. This algorithm is nice because it is fast
as long as division is fast. See textbook for a description of this algorithm.

12.4 Primes and irreducibles

Prime numbers in Z have two equivalent definitions:
1. pis prime if p # +1,0, and whenever p | ab, p |aor p | b
2. pis prime if p # £1 and whenever p = ab, one of a4 or b is a unit

In an arbitrary ring, prime ideals generalize definition (1). But what if we want prime elements, rather
than prime ideals? And what about definition (2)?
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prime, (ir)reducible

Let R be a domain, and let p € R with p # 0 and p ¢ R*.
e pis prime if p # 0 and for all a,b € R, if p | ab, then p | a or p | b.

e pis irreducible if p is not zero or a unit, and for all a,b € R, if p = ab then one of a or b is
a unit.

e p is reducible if it is not irreducible.

Proposition 12.14: Basic properties

Let R be a domain.
(@) p € Ris prime if and only if p # 0 and (p) is a prime ideal.

(b) If p and p’ are associates, then p is prime (resp. irreducible) if and only if p’ is prime (resp.
irreducible).

(c) If p is prime, then p is irreducible.

Proof:
(a) Use fact that p | m <= m € (p).
(b) Exercise.

(c) Suppose p is prime, and let p = ab. Then p | absop | aorp | b. Suppose p | a. Then a = up,
and 0 = p —ab = p(1 — ub). Since R is a domain, and p # 0, then ub = 1so b € R*. O

Primes are irreducible, but is the converse true?

Proposition 12.15

Let p be an irreducible in a PID R. Then p is prime.

Proof:

Suppose Z is an ideal of R containing (p). Since R is a PID, Z = (g) for some q € R. Since p € Z,
p = kq for some k € R. Since p is irreducible, either k or g is a unit. If g is a unit, then 7 = R. If
k is a unit, then p and ¢ associates, so (p) = (q). Thus (p) is maximal, and hence is a prime ideal.
Since p # 0 by definition, p is prime. O

What about general domains? We're not ready for that yet.

12.5 Complete factorizations

From last section: whether all irreducibles are prime. Another question: In Z every number is a
products of primes. So: Is every element of a domain R a product of irreducibles?
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complete factorization

Let R be a domain. Say that 7 € R has a complete factorization into irreducibles if and only if
r=r1---1 where k > 1 and rq, ..., r; are irreducible.

Say that R has a complete factorizations into irreducibles (or complete factorizations) if every
r € R\ R* U {0} has a complete factorization into irreducibles.

Side question: should we use irreducibles or primes in this definition? Let’s define complete factor-
izations into primes similarly.

If R has complete factorizations into primes, then R has complete factorizations into irreducibles
(since primes are irreducible). So having complete factorizations into primes is a (potentially) stronger
condition than having complete factorizations int oirreducibles. Could these conditions be equivalent?

Lemma 12.16

If r € R is irreducible and a product of primes, then r is prime.

Proof:

Suppose r is irreducible and r = py - - - py for primes py, ..., p. If r is irreducible and k > 2, then
either (p1...px_1) or pg is a unit. If py ... pr_1 is aa unit, then p; divides 1 for all i, so p; is a unit.
Since primes can’t be units, we get a contradiction. So k = 1 and r is prime. O

Corollary 12.17

If R has complete factorizations into irreducibles, then R has copmlete factorizations into primes
if and only if every irreducible in R is prime.

Since we don’t know whether irreducibles are always prime yet, let’s stick with the weaker condition:
complete factorizations into irreducibles.

Let r € R, where R is a domain, r # 0 and r ¢ R*. Let’s try to show that r factors into a product of
irreducibles:

1. If r is irreducible, then done

2. Otherwise r = rqrp, where r; and r; are not units

3. Start over at step 1 and try to write 71 and r, as a product of irreducibles.
4. If this is possible, then can write r as a product of irreducibles.

T = r3rsrela.
r
/\
rnor
/\
r3 14
/\
s Te

Why does this terminate? If even one branch keeps growing, this won’t work.
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Lemma 12.18

Let r = rirp € R, where R is a domain, so (1) C (r2). If r # 0, then (r) = (r2) if and only if r; is
a unit.

Proof:
(r) = (r2) <= r and r; are associates. So if 1 is a unit then (1) = (2).

Conversely if (r) = (r2), then r = ur; for u a unit, so (r; — u)r, = 0. Since r # 0, r, # 0, and hence
r1 = u is a unit. O

So if r is reducible, then r = r17, where () C (r1) and (r) C (r2).
If procedure continues indefinitely, get an infinite strictly increasing sequence of principal ideals Z; =
(1’) QIQZ (}’l‘) §Z3 g_ ...in R.

ACCP

We say that R satisfies the ascending chain condition for principal ideals (ACCP) if there is no
infinite strictly increasing sequence 7; C 7, C 73 C - - - of principal ideals in R.

R satisfies the ascending chain condition for principal ideals if and only if the procedure outlined
previously always terminates. This proves:

Proposition 12.19

If R satisfies the ascending chain condition for principal ideals, then R has complete factoriza-
tions into irreducibles.

Note:
There is an “ascending chain condition for ideals” that’s also very important in commutative ring
theory.

Proposition 12.20

If R is a PID, then R satisfies the ascending chain condition for principal ideals.

Note:
Another way to state the ascending chain condition is that if Z; C Z, C Z3 C ... is an infinite chain
of principal ideals, then eventually there is some k such that 7, = Zj for all n > k.

Proof:

Suppose Z; C 7, C Z3 C ... is an increasing sequence of ideals. Then Z := |JZ; is an ideal. Since
RisaPID,Z = (x) for x € R. Since x € Z,x € I for some k. But then Z; C Z,, C 7 = (x) C Z for
alln > k.SoZ, =TI foralln > k. O

What about a ring which does not satisfy the ascending chain condition for principal ideal?

Example:

Let K be a field, and let R = K[x3, x2, . ..] denote the infinite polynomial ring in variables x1, xa, . ..

Elements of this ring belong to R, := K]xy,...,x,] for some 7, so can thing of R as {J,>1 Ry.
(Technically, say that R is the direct limit of ring R,’s)

LetZ = (xq — x%,xz — x%,x3 — xi,...).

Then in R/Z, have x; = x3,x, = x3, etc. So (x1) € (x2) € (x3) S ...
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I Thus R/Z does not satisfy the ascending chain condition.

12.6 Unique factorizations

In Z, not only can write every element as a product of irreducibles, but factorizations are unique! In
this section, we ignore whether complete factorizations exist. For the purpose of this course, make the
following definition:

complete factorizations are unique when they exist

Let R be a domain. Say that complete factorizations are unique when they exist if for every two
sequences of irreducibles fi,...,fu, n > 1,and g1,...,gm, m > 1, in R, if f1--- fu = g1 gm,
then

1. n = m, and

2. thereis 0 € S, such that f; ~ g, ;) forall1 <i <n.

Example:

Complete factorizations in Z are unique when they exist.
Eg 12=2-3-2=(-2)-2-(-3)

Note: don’t say anything about the case n = 0 or m = 0 because:

Lemma 12.21

If f1,..., fu are irreducibles in a domain R, n > 1, then f; - - - f, & R*.

Proof:
We mentioned proof already: if ;- f; = u € R, thenu'f;---fy=1 = fi|1 = fiisa
unit, a contradiction. O

Proposition 12.22

Let R be a domain such that every irreducible in R is prime. Then complete factorizations are
unique when they exist.

Proof is the same as uniqueness of prime factorizations in Z.

Proof:
Exercise: if p prime, and p | ai---ay, then p | a; for some 1 <i < n.

Proposition will follow from the following claim:
ifl<n<mand f1,..., fu,81,...,9m € R are irreducibles s.t. f1--- f, = g1 gm, then

* n=m,and
e thereis o € S, such f; ~ g,(;) forall1 <i <n.
Prove claim by induction on 7.

Base case n = 1: Since f; = g1---gm, f1 | i for some 1 < i < m. So g; = ufy. Since f; is not a unit
and g; is irreducible, u is a unit.

Letr = g1---8i-19i+1- - 8§m, S0 f1 = fiur. Then f1(1 —ur) = 0, so r € R*. However, apply
Lemma 12.21, ¥ can’t be a unit. Hence the only possibility ism =1 =mn,r =u =1, and f; = g1.
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Inductive step: Suppose we have fi,..., fu,81,...,9m as in claim, where n > 2, and claim is true
for smaller n.

Since fi...fu =81 gm f1| g1+ gm and hence f; | g; for some 1 < i < m. Then g; = ufj, where
u is a unit.

Since m > n > 2, can pick 1 < j < ms.t. j # i. Define §; := ugj, and & := g if k # j, so that
fifars o= fi81- - Giv1 - Gme

Since Ris a domain, fo--- fu = &1 -+ - §i—1§i+1 - - - §m. Since fy, §, are irreducibles, induction implies

n—1=m—1and thereis a bijection & : {2,...,n} — {1,...,n}\ {i} s.t. fy ~ G5 for2 <k <mn.

Define ¢ € S, by 0(1) = i and o(k) = &(k) for 2 < k < n. Then n = m, and fx ~ g, for all
1<k<n. O

Can we fine a domain that doesn’t have unique factorizations?

Example:

R=12Z[x,y,z,w]/(xy — zw) is a domain (see why later).
Exercise (not so easy): x,y,z, w are non-associated irreducibles.
But xy = zw in R, so R does not have unique factorization.

Since factorizations in R are not unique when they exist, there are irreducibles in R which are not
prime.

Indeed, can show that x, y,z, w are not prime, since
R/(x) =Z[x,y,z,w]/(xy — zw,x) = Z[x,y,z,w|/ (zw, x) = Zy, z,w]/ (zw)

which is not a domain.
Example:

In Z[iv/5], have 5 = 2-3 = (1 —iy/5)(1 +iy/5). Then we can show that 2,3, (1 —iy/5), (1 +iy/5)
are irreducibles.

12.7 Unique factorization domains

unique factorization domain

A domain R is a unique factorization domain (UFD for short) of R has complete factorizations
into irreducibles, and complete factorizations are unique when they exist.

In other words, R is a UFD if
e every r € R\ R* U {0} is a product of irreducibles in R, and
o if fi,..., fu,81,...,8n, n,m > 1, are irreducibles in R such that f; - -- f, = g1 - - - gm, then
1. n = m, and

2. there is 0 € S, such that f; is associated to gy ;).

Idea: every non-zero non-unit element in R has a unique factorization into irreducibles (where unique-
ness is qualified as above). It should come as no surprise that Z is a UFD.

We’ve shown:
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* A domain with the ascending chain condition for principal ideals has complete factorizations.
¢ A domain where all irreducibles are prime has unique complete factorizations when they exist.

¢ Irreducibles in PIDs are prime, and all PIDs satisfy the ascending chain condition for principal
ideals.

Corollary 12.23

PIDs are UFDs. In particular, Euclidean domains are UFDs.

Example:
If K is a field, then K[x] is a UFD. For instance, Q(y)|x] is a UFD.

Example: Domains which aren't UFDs

We sketched out a proof that R = Z[x,y, z, w]/(xy — zw) does not have unique factorizations. So R
is not a UFD.

It’s not hard to see Z[i1/5] is not a UFD.

The question of whether Z[i\/n] is a UFD is interesting. For instance, in the textbook it is shown
that Z[i] is a Euclidean domain, and hence a UFD. Then this proof can be modified to show that
Z[i/2] is also a Euclidean domain.

We also sketched a proof that R = K{x1, xp,...]/(x1 — x3,x2 — x3,...) does not satisfy the ascending
chain condition for principal ideals. Is R a UFD? Need to clarify relationship between UFDs,

ascending chain condition, and condition that irreducibles be primes.

Let R be a domain. Then R is a UFD if and only if R satisfies the ascending chain condition for
principal ideals, and every irreducible in R is prime.

So irreducibles in a UFD are prime. Hence if R is a UFD are prime. Hence if R is a UFD and
x ¢ R* U {0}, we refer to the factorization of x into irreducibles as the prime factorizations of x.

Example:

R =K][xy,xp,...]/(x1 — x3,x, — 3, ...) does not satisfy the ascending chain condition for principal
ideals. Hence R is not a UFD.

Are multivariate polynomial rings like Q[x, y] UFDs? Later we’ll prove:

Theorem

Let R be a UFD. Then R[x] is a UFD.

Note that this property isn’t shared by PIDs: Q[x] is a PID, but Q[x,y] = Q]x][y] is not a PID. The
theorem implies that rings like Q[x, y] and Z|x, y, w] are UFDs.

Example:
Let p = xy —zw € Z[x,y,z,w|. By showing highest x degree in any factor is 1, it's not hard to
show that p is irreducible. Since Z[x,y,z, w] is a UFD, p is prime. So Z[x,y,z,w]/(p) is a domain.
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Lemma 12.25

Suppose R is a UFD, and 4,b € R are non-zero non-units. If 4 | b, then the number of factors in
the prime factorization of a is at most the number of factors in the prime factorization of b, and
equality holds if and only if (a) = (b).

Proof:
If ca = b, can write a = py---pm, b =q1---qn, and ¢ = ugy - - - gy where p;, q;, g are irreducibles,
ueR*, and m,n>1,¢>0. (Letting £ > 0 allows c to be a unit).

Then g1 ---ge(up1) -+ Pm = g1+ - qn, so m < m + ¢ = n. We previously showed that (a) = (b) if
and only if ¢ is a unit. ¢ is a unit if and only if £ = 0, which happens if and only if m = n. O

Then with this lemma, we are ready to prove Theorem 12.24.

Proof of Theorem 12.24:

We’ve already shown <=: ascending chain condition for principal ideals = existence of complete
factorizations and irreducibles being prime = complete factorizations are unique when they
exist. So let’s assume R is a UFD and show =.

Irreducibles in R are prime
Let r € R be irreducible and suppose kr = ab for some k,a,b € R. Want to show 7 | a or r | b.

Ifa=0,thenr | a, so can assume that a,b # 0. If a € R, thena lkr =b = r | b, and similarly
b € R*.

So can assume 4,b ¢ R*, in which casea = p1---ppand b = gy -- - g, where p1,...,Pm, 91, -, qn
are irreducible.

Letk =ugy--- gy, where ¢ >0, g1, ...,g are irreducible, and u € R* (can include case that k € R*)

So ugy---gr = p1---Pmg1 - - qgn- By uniqueness of factorizations, ur (and hence r) is associated
with some p; or g;. So r divides some p; or g;, and hence r divides a or b.

Conclusion: all irreducibles in a UFD are prime.

R satisfies ACCP
Suppose (x1) C (x2) € --- C (x;) € -+ is such an increasing chain of principal ideals.

Want to show that there is n such that (x) = (x,,) for all k > n. If x; = 0 for all i, then we are done.
If x, # 0, then x; # 0 for all k > n, so can assume WLOG that x; # 0 for all i > 1.

If x, € R* for some n, then R = (x,) and hence (x;) = R = (x,) for all k > n. So assume that
x; ¢ R* foralli > 1.

Let f; be the number of factors in prime factorization of x;.

Since x;,1 | x;, Lemma 12.25 implies that f; > f;, . Since sequence of integers fi, f», ... is bounded
below by 1, there must be some n such that f; = f,, for all k > n. By Lemma 12.25 again, we will
have (x;) = (x,) for all k > n. O

12.8 GCDs in UFDs

Suppose p1, ..., pn are distinct primes in Z, and x = pql cepy = p?l e pZ” forsomeay,...,a,,b1,...,b, >
0. Then we know that ged(x,y) = pi' - - - pi!, where ¢; = min(a;, b;). This works in a general UFD. To
show this, need to say a few words about “formatting” prime factorizations.
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So far, we've seen that if Ris a UFD, x € R, x # 0, then x = ugy ---g, where u € R*, n > 0, and
21,---,8n € R are irreducibles. What if g, ~ ¢;? Then g, = ug; for some u’ € R*, and we might as
well write x = (uu')g1 - -~ gi-1878i+1 - - §n—1. Repeating this process, we can eventually write

X = ug‘lll ...gzn

where u € R%, a1, ...,a, are positive integers, and

g1,---,8n,n > 0, are irreducibles s.t. g; = gj forall1 <izj<n (%)

Proposition 12.26

Let R be a UFD.

1. If 0 # x € R, thereis u € R*, g1,...,4xn as in (), and positive numbers 4y, . .., a, such that
x:ug‘;l...gzn‘

2. Ifu,v € R, aq,...,a4, b1,...,by, >0, and g1,...,gu are as in (*) such that ugql cegit =
vgll’l . ~gz" thenu =vanda; =by,...,a, = by.

3. If x = ugil---g‘f," where u € R*, ¢1,...,9n are as in (), and ay,...,a, > 0, then y ] x if
andonlyify:vgi’l-~g2" forv e R*and 0 < b; <aq,...,0<b, <ay.

4. If x,y € R are non-zero, then there are u,v € R*, ¢1,...,gnasin(x),and ay,...,a,,b1,..., by >
0 such that x = ug{' --- gy and y = Ugl{l .. .an.

Proof:
1. already done.

2. If a; > 0, then g; divides the RHS, so b; > 0. Can divide out g; on both sides and repeat to
get a; < b;. By symmetry, b; < a; so a; = b;. Hence u = v.

/\

/

—aV YV
dc

Q-

Division in a domain: If R is a domain, and a = kb = k’'b for b # 0, then
(k—kK)o=0sok=FK.Sob|aandb # 0, let { denote unique element k € R
such that a = bk.

However, in a general ring, if b ’ a, we can try to divide through by b, but we have a problem
that @ = kb = k’b where k # k/, which one do we pick? Therefore, in a general ring, we
should avoid notation %, but in a domain it’s fine.

3. < clear, so suppose y | x. Write y = of;--- fx where v € R*, k > 0 and fi,..., f; are
irreducibles. Since fi | x, fy ~ g; for some i with a; > 0. Let f; = v'g; for v/ € R*. Now
(v0')y/g; | x/gi. Repeating this gives y as desired.

4. Exercise. O
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Proposition 12.27

Suppose R is a UFD, u,v € R*, g1, ..., g, are primes in R such that g; ~ gjforalll <i #j<mn,
and ay,...,a,,by,...,b, are non-negative integers. Let ¢; = min(a;, b;) for 1 < i < n. Then

g g = god(ugh - - '8;’11"/1)3}171 oo ghmy

Proof:
Letd:= g5l -~ g%, x = ug - g%, and y := vgh - - gh. Clearly d | x and d | y. Suppose d’ | x
and d’ | y as well. By part (3) of Proposition 12.26, d’ = ug’lj1 X -g‘,ii” with u € R* and d; < 4; and
d = u’gtlill . -gi;‘ with u’ € R* and d} < b;. By part (2) of Proposition 12.26, u = 1’ and d; = d for
all i, so d; < ¢;. Hence d’ | d. So d is a greatest common divisor. O
Summary of greatest common divisors
Euclidean domain (E.g. Z, K[x]):
* gcd(a, b) alweays exists,
e can calculate gcd(a,b) from prime factorization,
e there is x,y € R such that ged(a,b) = xa+ yb,
e can calculate ged(a, b) with Euclidean algorithm.
Principal ideal domain:
e gcd(a,b) always exists,
e can calculate gcd(a,b) from prime factorization, and
e there is x,y € R such that ged(a, b) = xa + yb.
Unique factorization domain:
e gcd(a,b) always exists, and
¢ can calculate it from prime factorization.
For example, ged(2,x) =1, but 1 ¢ (2,x) C Z[x].
Are there any domains where ged(a, b) doesn't exist?

If R is a domain with complete factorizations, then R is a UFD if and only if every pair of elements
has a greatest common divisor. And Z[i1/5] is a domain with complete factorizations, but which is
not a UFD. So gcd(a, b) does not always exist for ged(a, b) does not always exist for a,b € Z[i/5]. For
a specific counterexample, consider

6=2-3=(1+iV5)(1—iV5)
in Z[iv/5], where these are all irreducibles.

Suppose d = gcd(6,2(1 +i+/5)). Then 2 | d,sod = 2d’, and 2- 3 = kd = 2kd’. So 3 = kd'. Since 3 is
irreducible, k or d’ is a unit. If k ~ 1, thend’ ~ 3,s0d ~ 6 J( 2(1+iv/5). If d’ is a unit, then d ~ 2, but
then (1 +i/5) { d. Contradiction in both cases.



Polynomial rings

13.1 Irreducibles in polynomial rings

Working towards showing that R[x] is a UFD when R is a UFD. First step is to study irreducibles
in polynomial rings R[x]. This section looks at irreducibles in K[x] where K is a field. Recall that
K[x]* = K*. Key lemma:

Lemma 13.1

Let K be a field. Then f € K[x] is irreducible if and only if deg(f) > 1, and f # gh for
deg g, degh < deg f.

Proof:
f is non-zero non-unit if and only if deg f > 1. If 0 # f = gh and deg g = deg f, then degh = 0 so
h € K*.

Conversely, if f = gh where degg,degh < deg f. If degg = 0, then degh = deg f, thus we need
degg,degh > 1, then f must be reducible.

So if deg f > 1, then f is reducible if and only if f = gh with deg g, degh < deg f. O

Let R be a domain, and suppose ¢ € R. We know that kerev, = (x —c¢) C R[x]. Equivalently
(x —¢) | f(x) € R[x] if and only if f(c) = 0.

Lemma 13.2

Let f € R[x], deg f > 2. If f has a root in R (an element ¢ € R such that f(c) = 0) then f is
reducible.

Proof:
If f(c) =0, then f = (x —c)g(x) for some g(x). Since degf > 1, degg = degf —1 > 1. So
x —¢,g ¢ R[x]*, and hence f is reducible. O

Theorem 13.3: Fundamental theorem of algebra

Every non-constant polynomial in C[x] has a root.

week 12
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Famously, the easiest way to prove this theorem involve at least some analysis. So we can’t prove this
theorem in this course. Often, we will see the proof in complex analysis course.

Corollary 13.4

The irreducibles in C[x] are polynomials of the form ax + b for some a,b € C with a # 0.

Proof:
Polynomials of degree 1 are not products of lower degree polynomials. Any polynomial of degree
higher than 1 has a root, and hence is reducible. O

Corollary 13.5

f € R]x] is irreducible if and only if deg f =1, or deg f = 2 and f does not have a root in R.

Proof:
If deg f =1, then f is not a product of lower degree polynomials.

If deg f = 2, then f is a product of two lower degree polynomials if and only if x — ¢ | f for some
c € Rif and only if f(c) = 0.

Suppose deg f > 3. If f has root in R, then f is reducible. Suppose f has no root in R. By FTA, f
has root ¢ in C \ R. Since f € R[x] and f(c) = 0, f(¢) = f(c) = 0. So x —¢,x — ¢ | f in C[x]. Let
f(x) = (x —¢)g(x). Since x — ¢ is prime and does not divide x — ¢, then we must have x — ¢ | g(x).
Hence q(x) = (x —¢)(x — ) | f(x) and g(x) € Rx]. So f(x) is reducible. O

Because of the FTA, it’s easy to tell if f is irreducible in C[x]. In R[x], we can use the quadratic formula
to tell if f is irreducible.

What about Q[x]? This doesn’t seem so easy... And it’s not! Primality testing is a complicated subject,
even in Z. For f € Qlx]:

e Need to test whether f(x) = g(x)h(x) for lower degree g, h

¢ Thinking about the coefficients of ¢ and / as variables, we get a system of equations such that f
is reducible if and only if those equations have a solution in Q.

* Unfortunately, testing for solutions in Q is hard.

* Maybe we can clear denominators, and solve this problem in Z[x]. But how big do the denomi-
nators need to be?

13.2 Gauss’ Lemma
In the last section, we studied irreducibles in K[x] for K a field. In this section, we will study irre-
ducibles in R[x] for R a domain.

Recall that if R is a domain, then R[x] = R*. Proof uses fact that if f(x) = p(x) = g(x) for f # 0, then
degp,degq < deg f. First, as a warmup, let’s do degree zero irreducibles.

Let R be a domain. Then p € R is irreducible in R if and only if p is irreducible in R[x].
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Proof:
If pe R, thenp ¢ R\R*U{0} < p ¢ R[x]\ R[x]* U{0}.

Suppose p is irreducible in R[x], and p = ab for a,b € R. Then one of 4, b must belong to R[x]* =
R*. So p is irreducible in R.

If p irreducible in R, and p = f(x)g(x), deg(f),deg(g) < 0,s0 f,g € R, and one of f,g € R, and
one of f,gisin R* = R[x]*. O

Let p € R, R a domain. Then p is prime in R if and only if p is prime in R[x].

Proof #1:
If pe R, thenp ¢ R\R*U{0} <= p ¢ R[x]\ R[x]*{0}. If p is prime in R[x] = p prime in R.

a

Suppose p is prime in R. Note that p | Y7 ja;x' € R[x] <= p | a; for0 <i<n.

Suppose p | fg where f = Y ja;xi, g = Y1, bjx/ in R[x]. If p { f,g, then there is 0 < s < n s.t.
pJ[asandp|aiforalls<i§n,and0§tgms.t. pj(btandp | bjforallt<j§m.

Coefficient ¢y of x*** in fqis Zi+j:s+t aibj. Ifi >sorj>tthenp | aibj, SO Cs+t = asby # 0
mod p. Contradiction. O

?Proof similar to previous lemma.

Proof #2:
Exercise:
Let Z be an ideal of R, and let J = (Z) be the ideal generated by Z in R[x]. Then R[x|/J =
(R/T)[x].

Z C Ris prime < R/Z is a domain < (R/Z)[x] is a domain < 7 is prime in R[x].

So p € R is prime < (p) is prime in R < (p) is prime in R[x] < p is prime in R[x]. O

Because we have to prove the exercise, proof #2 isn’t necessarily shorter than proof #1, but we can use
the exercise for other things as well.

When is ax + b irreducible, where a,b € R,a # 0? If ax + b = f(x)g(x), then one of f or g in R. Hence
if ax + b is reducible, there must be d € R such that d | a,b,d ¢ R*,d # 0. Conclusion:

Then ax + b is irreducible if and only if ged(a,b) = 1.

Proof:
| ax + b is irreducible <= only common divisors of 4, b are units O

Recall that in K[x|, f # 0 is reducible if and only if f = g¢h with degg,degh < degf. So this isnt
necessarily true if R is a domain.

primitive

Let R be a UFD. A non-zero polynomial f € R[x] is primitive if there is no irreducible r € R
such that r | f.
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If we extend ged to more than two elements, then another way to say this is that Y/, a;x’ is primitive
if 1 = ged(ag, aq,...,a,).

Lemma 13.9

Let R be a UFD, and let 0 # f € R[x]. Then there is d € R such thatd | f, and 5 is primitive.

O

Proof:
Iffr=Y", a;x, setd = ged(ag,ay, ..., an)

Lemma 13.10
Let R be a UFD. If f € Rx] is irreducible, and deg f > 1, then f is primitive.

Proof:

Suppose p | f where p € R is prime (and hence prime in R[x]), then f = p - %, where p,% are not
units, so f is reducible. Since non-primitive polynomials are reducible, irreducible polynomials are
primitive. O

Lemma 13.11

If Ris a UFD and f € R[x] is primitive with deg f > 1, then f is reducible if and only if f = gh
for g, h € R[x] with deg g, degh < deg f.

Proof:

<« is clear. For =, suppose f = gh with g, h non-units. If deg ¢ = deg f, then & € R. Since R is a
UFD, there must be a prime p | h. So p | f, contradicting primitivity of f. So degg < deg f, and
similarly with deg h. O

Exercise:
If f(x) = g(x)h(x) in Z[x], then the coefficients of g, h are bounded in terms of the coefficients and
degree of f.

Hence it is possible to check whether f € Z[x] is reducible by first checking whether f is primitive,
then looking for factors.

Suppose R is a domain, and let K be its field of fractions. Since R is a subring of K, R[x] is a subring
of K[x].

Question: how do irreducibles in R[x] relate to irreducibles in K[x]|? For instance, is it possible to have
an irreducible f € R[x] but where f = gh for ¢, h € K[x] with deg g, degh < f?

Lemma 13.12: Gauss’ lemma

Let R be a UFD with field of fractions K. If f € R[x] and f = gh for g,h € K[x], then there is
u € K* such that ug, u'h € R[x].

Proof:
It is not hard to show: we can always “clear denominators” and pick d1,dy € R such that dyg,dxh €
Rlx].

Letd = didy, so df = (d1g)(dah). If d € R* then we are done, so suppose d ¢ R*.

Letd = p; - - - pu be the prime factorization of d in R. Since p; is prime in R[x], and p; | (d1g)(d2h),
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we must have p; | dig or p1 | dah. Suppose WLOG that p; | d1g, so %g € R[x]. Then we can repeat
this argument to get p | % gorpy | dah.

Repeating this argument for all py, ..., py, eventually we arrive at
dq dp
f=(.....g> — "
pll sz p]] P]m

As a consequence of Gauss’ lemma, we arrive at:

Proposition 13.13

Let R be a UFD, and K its field of fractions. Suppose f € R[x] has degf > 1. Then f is
irreducible in R[x] if and only if f is primitive and f is irreducible in K[x].

O

where both factors are in Rx].

Proof:
If f € R[x] is irreducible, then either f is not primitive, or f = gh with g,h € R[x], degg,degh <
deg f = f reducible in K][x].

Conversely, if f is not primitive, then f is reducible. And if f is reducible in K[x]|, then f = gh
for g,h € Kx] with degg,degh < degf. By Gauss’ lemma, we can find u € K* such that
ug,u"'h € R[x]. Since f = (ug)(u~'h) and degug,degu'h < deg f, f is reducible. O

Example:
We know that Q is the field of fractions of Z.

So f € Z[x] is irreducible if and only if f is primitive, and f is irreducible in Q[x].

This gives us a way to check irreducibility in Q[x], since if f € Q[x], then f is associated to some g
which is primitive in Z[x].

Then f will be irreducible in Q[x] <= g is irreducible in Z[x].

13.3 Polynomial rings are UFDs

Theorem 13.14

If R is a UFD, then R[x] is a UFD.

When we introduced UFDs, we saw some examples of this theorem in action. But we still need to give
the proof.

Suppose R is a UFD with field of fractions K, and f € R[x] is primitive. If u € K such that
uf € R[x|, then u € R.

Proof:

Let f = Y1, a;x', and let u = 5, ¢,d € R. Then %C € R for all i, so there is b; € R such that
b;d = a;c. Thus d | a; for all i. If d ¢ R*, then there is a prime d in R dividing f, so f is not
primitive.
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I Contradiction, sod € R* = u = Cdl . O

Proof of Theorem 13.14:
Suppose R is a UFD, and let K be the field of fractions of R.

Irreducibles in R|x] are prime
Suppose p € R[x] is irreducible, and p | fg for f,g € R[x].

If degp = 0, then p is irreducible in R, then p will be a prime in R, then p is prime in R[x], so
assume degp > 1.

By Gauss’ lemma, p is primitive and irreducible in K[x]. Since K is a field, K[x] is a UFD, so p is
prime in K[x]. Since pk = fg fork € R[x], p | fg € K[x],so p | for p | g in K[x].

Suppose WLOG that p | f in K[x], so f = pq for g € K[x]. By Gauss’ lemma again, there is u € K*
such that up,u—!q € R[x]. But p is primitive, so u € R by Lemma 13.15. So f = u(u~'q)p, and
since u(u~1q) € R[x], p | f in R[x]. We conclude that p is prime in R[x].

R[x] has ACCP

Suppose (f1) € (f2) € ---(fx) € --- is an ACCP in R[x]. We want to show that there is n such
that (fx) = (fn) for all k > n.

If f; = 0 for all i, can take n = 1. If f; # 0 then f; # 0 for all i. So by changing start point can
assume WLOG that fp # 0 for all 7.

Since fiy1 | fi, f; = gifi+1 for some non-zero g; € R[x] for all i > 1. In particular, deg f;, deg f, . . . is
a non-increasing sequence bounded below by o, so there is 1, d such that deg f; = d for all k > .
For i > ny, deg f; = deg fi1, and g; is non-zero, so deggi =0 = g; € R.

Let a; be the leading coefficient of f;, so a; = g;a;+1 for i > ny. Then this means (a;) C (a;41).
Then (a,,) € (ayy+1) C ... is an ascending chain in R. Since R is a UFD, there is n > ng such that
(ar) = (ay) for all k > n.

Since R is a domain, a; ~ a;1 fori > n = g; € R*. So f; ~ fiyq fori > n,so (f;) = (fi11) =
(fx) = (fun) for k > n. We conclude that R[x] has ACCP.

Sicne R[x] has the ascending chain condition for principal ideals, and all irreducibles in R[x] are
prime, R[x] is a UFD. O

Exercise:
Show that R[x] is a UFD if and only if R is a UFD.

See the proof in textbook.
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