HONORS ABSTRACT ALGEBRA AT PEKING UNIVERSITY

FALL 2023

This is an ongoing project to develop a series of lecture notes for the Honors Abstract
Algebra course at Peking University.

0. BASIC STRUCTURES IN ALGEBRA

The purpose of this section is to collect and review basic definitions of some algebraic
concepts that we assume the students have seen prior to the course, for example, fields,
vector spaces, and etc. These will be reintroduced throughout the course, but before that,
we might need to refer to them from time to time for the purpose of examples.

Notation 0.0.1. The following notations will be used without definition:

e 7 denotes the set/group/ring of integers.

e Q denotes the set/field of rational numbers.

e R denotes the set/field of real numbers.

e C denotes the set/field of complex numbers.

e For a set S, |S| denotes its cardinality.

One big difference in notation from calculus is that we often use ¢’ to denote the derivative

of g in calculus. We NEVER do that in abstract algebra. Often ¢’ denotes just another
element, often one that shares similar properties as g.

0.1. Binary operations and groups.

Definition 0.1.1. Let S be a set, a binary operation on S is a map *: S x § — S. For
a,b € S, instead of writing *(a, b), we write a * b instead.

Example 0.1.2. Let S denote all continuous functions from R to R. Then we have the
following binary operations: for f,g € S,

e addition: f + g given by (f + g)(z) = f(z) + g(z) for z € R;

e subtraction: f — g given by (f — ¢g)(z) = f(z) — g(x) for x € R;

e multiplication: f - g given by (f - g)(z) = f(x) - g(x) for z € R;

e composition: f o g given by (fog)(z) = f(g(x)) for z € R.

Definition 0.1.3. A group is a pair of a nonempty set G and a binary operation * on GG
such that
(1) (associativity) (a *b) x ¢ = a* (bx* c) for a,b,c € G;
(2) (identity) there exists an element e € G, called the identity, such that
Vae G, axe=a=c¢ex*a;

(3) (inverse) for each a € G, there exists a~! € G, called an inverse of a, such that

axa '=e=a'x%a.

The group G is called abelian or commutative if a xb = bxa for all a,b € G.
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Remark 0.1.4. When G is commutative, we often write a + b for the binary operation.

Definition 0.1.5. A subgroup of a group (G, %) is a subset H such that for every a,b € H
ab™t € H.

See later in Section [I| for a more detailed introduction of the concept of groups and
subgroups.

0.2. Rings and fields.

Definition 0.2.1. A ring R is a nonempty set together with two binary operations + and
-, satisfying

(1) (R,+) is an abelian group (with additive identity denoted by 0);

(2) the operator - is associative, i.e. (a-b)-c=a-(b-c) for a,b,c € R;

(3) the distributive law holds in R, i.e. for all a,b,c € R,

(a+b)-c=a-c+b-c, and a-(b+c)=a-b+a-c
(4) there exists an element 1 € R such that 0 # 1, called unity, such that for any a € R,
l-a=a=a-1.

In particular, throughout this course, all rings are assumed to have 1 and we
will always assume that 0 # 1. This is slightly different from some other references.
We say a ring R is commutative if a-b=0-a for any a,b € R.

Notation 0.2.2. Let R be a ring. An element r € R is called a unit if there exists s € R
such that r-s = s-r = 1. The set of all units in R, denoted by R*, is a group under the
multiplication with 1 as the identity element.

The following example will be frequently used later.

Example 0.2.3. Fix a positive integer n. Let Z, = {0,1,...,n — 1} denote the full set of
residual classes modulo n, where 7 is short for i mod n. In general, for i € N, we write 1 = i
for the unique number ig € {0,...,n — 1} such that i = ig mod n. One can add or multiply
two residual classes, writing +,, for this addition and x,, for this multiplication, namely

G—4nb=a+b, a %, b= ab.

This defines an commutative ring (Z,, +n, X,).

The set of units in Z,, is Z* = {i| ged(i,n) = 1}. Its order, denoted by ¢(n), is called the
Euler function.

Note: we will try to distinguish Z,, from Z,; this is because writing Z, with p a prime
number often means p-adic numbers in number theory.

Definition 0.2.4. A commutative ring is called a field if every nonzero element a € R has
a multiplicative inverse.

Example 0.2.5. The set of integers Z with the natural addition and multiplication is a
commutative ring.
The set of rational numbers Q, real numbers R, and complex numbers C are fields and

are in particular commutative rings.
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Example 0.2.6. The ring Z, introduced in Example[0.2.3]is in fact a field when n = p is a
prime number. In this case, we write IF,, for it instead (to emphasize that this is a field). We
will prove later in this book that for each power of a prime p", there exists exactly one finite
field, which we denote by F,». Finite fields provide a large source of examples in abstract
algebra.

0.3. Modules.

Definition 0.3.1. Let R be a ring. A left R-module is an abelian group M with a map
(called the left R-action)

RxM  — M

(0.3.1.1)
(a,m) — a-m,

satisfying the following conditions: for ;s € R and m,n € M,
(1) 1-m =m;
(2) (r+s)-m=r-m+s-m;
B)r-(m+n)=r-m+r-n;
(4) r-(s-m)=(r-s) -m.
When R is a field, a left R-module M is called a vector space.

Example 0.3.2. Let R be a ring, R maybe viewed as a left R-module when the left R-action
(0.3.1.1]) is given by left multiplication.

More generally, for r € N, let M denote {(mq,...,m,)|mq,...,m, € R}, the set of
r-tuples in R, equipped with an abelian group structure given by termwise addition, namely

(ma,...,m)+ (my,...,m.) = (my+mi,...,m.+m.).
Then M admits a left R-module structure given by

a-(my,...,my)=(a-my,...,a-m;).



1. GROUPS AND SUBGROUPS

Before we start the journey to the abstract world, we hope the students keep in mind of
one thing: before diving into an abstract mathematical concept, we should ask: why should
we care about such a concept? What are important examples, typical examples, and also
counterexamples? Making things abstract for the purpose of making them abstract is not
mathematics.

1.1. Why do we study groups? Loosely speaking, the concept of groups originated in:

e describing “symmetry”, uniformly for different situations, and
e comparing symmetries in different context, abstractly.

We only give two examples here, and we will see more later in this course.

Example 1.1.1. In the first example, we discuss the five platonic solids:
Tetrahedron, Hexahedron, Octahedron, Dodecahedron, and Isocahedron.

The symmetry of each platonic solid is the set of ways to rotate (and possibly reflect) the
space at the center of the solid yet keeping the solid stable. For example, if we label the four
vertices of the tetrahedron as 1, 2, 3, and 4, then each such symmetry will induce a way to
permute these numbers {1,2,3,4}, establishing relations between symmetries of the solids
and permutations of its vertices.

By giving our three dimensional space a Cartesian coordinate system centered at the
center of a platonic solid, we may represent each symmetry as a 3 x 3 real matrix, and all
symmetries form a finite group in GL3(R). In some sense, the classification of platonic solids
comes hand-in-hand with the classification of finite subgroups of GL3(R).

Going towards higher dimensional situations when our three-dimensional intuition presents
limitations, abstract group theory will play a much stronger role.

Example 1.1.2. The second example comes from Diophantine equations. Let D > 1 be a
square free integer. It is a classical number theory theorem that the set of integer solutions
to the Pell’s equation:

(1.1.2.1) v — Dy* =1

can be described as follows: there exists a “fundamental solution” (zg,y) € Z?, and then
all other solutions to (|1.1.2.1) can be deduced by writing for n € 7Z,

(xo + \/ﬁyo)” =ux, + \/Eyn, with z,,y, € Z.

Then {+(z,,y,) € Z*|n € Z} are all the integer solutions to (1.1.2.1). In other words,
the integer solutions to the Pell’s equation admit some addition structure that “looks like”
{£} x Z.

If we summarize the above discussion as: solution sets of certain Diophantine equations
have additional structure, we may seek for more examples. Another typical example is the
case of elliptic curves. For example, the integer solutions to 4> = 23 — Dz with D € N
have a structure of abelian groups. In fact, one can show that this subgroup looks like
(some finite group) x Z" for some r € Z>o. The r is called the rank of this equation, and is
an important mathematical invariant.

Now, one may imagine that, as the two equations, albeit different, have a similar struc-

ture on their solutions, there should be other aspects of the equations that can be dealt
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analogously; and precisely this observation inspired mathematicians to transport techniques
studying Pell’s equation to study the equation y? = 2® — Dx (which of course is considerably
more difficult).

1.2. Definition of groups.

Definition 1.2.1. A group is a pair of a nonempty set G and a binary operation * on GG
such that

(1) (associativity) (a *b) *x ¢ = a* (bx*c) for a,b,c € G;
(2) (identity) there exists an element e € G, called the identity such that

Vae G, axe=a=c¢ex*a;

(3) (inverse) for each a € G, there exists a™! € G, called an inverse of a such that

axal=e=a"xa.
The group G is called abelianﬂ or commutative if a x b = b * a for all a,b € G.
We call |G| the order of the group G, (which is possibility infinite).

Remark 1.2.2. Due to the associativity condition, we shall freely remove or add parenthesis
when multiplying elements in a group.

Example 1.2.3. (1) (Z,+) with identity 0. (Remark: many algebra concepts are built to
imitate the algebraic structure on Z.)

(2) (Q\{0},-) with identity 1.

(3) GL,(R) = {n x n invertible matrices in R}.

(4) There can be cases that are not immediately clear to form a group: (Q\{—1}, *) with
operation given by a x b = ab + a + b. In fact, this is the same as (2) but with numbers

shifted by 1.

Example 1.2.4. Fix a positive integer n. Let Z, = {0,1,...,n — I} denotes the full set of
residual classes modulo n, where ¢ is short for ¢ mod n. One can add two residual classes,
writing +,, for this addition. Explicitly, for a,b € {0,1,...,n — 1} set

a+nb=

a+b fat+tb<n-—1
at+b—n ifat+bdb>n.

This defines a group (Z,, +,). See also Example [0.2.3]

Definition 1.2.5. Let (G, *) and (H, o) be groups. Then we may form a new group structure
on GG x H with group operation given by

(g, h) % (g's 1) = (g g hoh).
This is called the direct product of G and H.
IThis is named after Norwegian mathematician Niels Henrik Abel by Camille Jordan, because Abel had
found that the commutativity of the group of a polynomial implies that the roots of the polynomial can be

calculated by using radicals.
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1.3. Basic properties of groups. We list a few basic properties of groups as follows. Let

G be a group.
(1) The identity element of a group G is unique.

(If both e and €’ are identity elements, e = e x ¢’ = ¢'.)
(2) The inverse of an element a € G is unique. Better: if an element b € G satisfies

ecither bxa = e or a * b = e, then we have b = a™ 1.
(If bxa = e, then we have b = bxe = b* (axa~') = a!. The other case is similar.)

(3) (@) =a
(This follows from a™! - (a™')™! = e and the uniqueness of inverse of a~! by (2).)

(4) (axb) P =b"txal.
(This follows from (b' * a™!) * (a* b) = e and (2).)
(5) a*u = ax*v implies u = v. Similarly, u * b = v * b implies u = v.
“txaxu=alxaxv,

(For the first implication, multiply on the left by a~! gives a
which further implies e x u = e x v, i.e. u=10.)
Convention 1.3.1. When writing operations in a group, there are often two conventions:

e Multiplicative convention: we typically choose this convention when we do not
know whether G is abelian. We write a - b (or simply ab) for the group operation and

1 for the identity. For example:

-1 _ -1 _ -1 —1 n __
(a1a2--an)” =a, a,_y--ra;,  §g"=g-g-g.
——
n times

e Additive convention: we typically adopt this convention when we want to empha-
size that G is abelian. We write 4 for the group operation, 0 for the identity, and

—a for the inverse of a. For example,

n-a=a+a+---+a.

n times

a+b=>b+a,

1.4. Important examples of groups I: Dihedral groups. A first important example of

groups is the dihedral groups

Dy, = symmetry group of a regular n-gon.

Since it is non-abelian, we use multiplicative convention for this.

Symmetry of a pentagon




We may list elements of Dy, as follows:

n’

e = identity, r = rotation clockwise 2%, 2 ..., "1
D2n -
Y Sn

s = s1 = reflection about ¢;, s, = reflection about /s, ...

e,r,r2, ..., vt
5,18, 128, ..., ..., ts

Here rs = sy, r%s = s3, .... To see this (using the example n = 5), we note that vertex

1+ 1+ 2. So it must be the reflection about ¢5. In particular, |Dy,| = 2n.
We may rewrite this group in a more efficient form:

n o __ 2 __
Dy, = <r,s T 1’_81 =1 >
Srs=r
This means: Ds,, consists of the set of words in r, s, 771, s~ but subject to the given relations.
(The relation srs = r~! maybe seen as: drawing this regular n-gon on a piece of paper, then
srs is to first flip the paper, then rotation, and then flip back; this is the same as rotating
backwards r~1.)

A fun exercise to see is that: srs =1r"

L implies:
sris =gsrs-srs---srs =1 L. =70
Vv
i copies of srs

The first equality comes from inserting many pairs of s - s™! = s- s in the middle of the
expression. (This is a standard trick that we will frequently use in group theory.)

Definition 1.4.1. A subset S = {s1,...,s,} of a group G is called a set of generators if
every element of G' can be written as a product of sy, ...,8,,57",...,5.".
An equality consisting of generators and their inverses is called a relation (e.g. srs =r"1)
We write G = <31, ceey Sn ‘ Ry, Ro, .. > if all relations in G can be deduced from the

relations Ry, Ro, . ..
Example 1.4.2. The group Zg = (¢ |5 =1).
We may also write Zg = (r,s |r® = s> = 1,rs = sr) (if r represents 2 and s represents 3).

So there might be many ways to represent the same group using generators and relations.

1.5. Important examples of groups II: permutation groups. The second example of
groups is the permutation groups or symmetric groups.

Definition 1.5.1. Let Q) be a set. The set
Sq = {bijections o : @ = Q}
admits a group structure:

e the group operation is composition: o7 : Q = Q % Q;
e the identity element is id : 2 — €;
e the inverse of the element o is the inverse map.

2This definition is not as rigorous as others, but it is more convenient in writing; we will avoid using it
too often.
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This S is called the symmetry group or the permutation group of §2.
When Q = {1,2,...,n}, we write S, for Sq instead.

Notation 1.5.2. There are two ways to represent elements in S,:
Expression 1: For example, we write

1 2 3 4 5 6 7
g =
75 1 3 2 6 4
to mean the bijection that sends 1 +— 7, 2+— 5, 3 — 1, ... (writing vertically).
We may alternatively express this using a diagram

2

|
3/ \7 a<>o 630

N e
4 5

One sees that o essentially permutes 1,7,4, 3 in order, and swaps 2 with 5. So we have the
following.
Expression 2: We rewrite o as (1743)(25).

Here for distinct numbers aq, .. .,a, € {1,...,n}, we call (ajas - - - a,) a cycle. It represents
the permutation of {1, ..., n} that sends a; — a; 41 and a, — a; yet keeping all other numbers
invariant.

Thus, o = (1743)(25) can be viewed as a composition of two cycles:

T,

(1743): 11— 7+——4+—33 and (25): 2°

/\_2!5

Writing an element o € S,, as the product of disjoint cycles is called the cycle decom-
position of o.

Properties 1.5.3. (1) S,, is a non-commutative group.
(2) Disjoint cycles commute with each other. This allows us to make effective computation
using cycle decompositions. Taking the ¢ above as an example:

o? = (1743)%(25)% = (14)(37).

o' = (1347)(25).

Exercise 1.5.4. Cycles of two elements, namely (ij) are called transpositions. Prove the
following statements in turn.

(1) The group S, is generated by all transpositions (ij).
(2) The group S, is generated by all “adjacent” transpositions (7,7 + 1).
(3) The group S, is generated by {(12), (123---n)}.

(The relations for .S,, with two generators (12) and (123 - - - n) are somewhat difficult to write

down.)
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1.6. Isomorphism of groups. When there are two groups G and H, we often write eg
and ey for their identity elements, respectively.

Definition 1.6.1. Two groups (G, x) and (H, ) are isomorphic if there exists a bijection
¢ : G = H such that, for any ¢, h € G,

(1) ¢(g * h) = o(g) * ¢(h);

(2) ¢lec) = emn;

(3) &(g™") = olg)".
We write G ~ H or ¢ : G = H; such a map ¢ is called an isomorphism. (In fact, we will
see in the next lecture that condition (1) implies (2) and (3).)

Example 1.6.2. (1) exp : (R, +) — (Rso, ) is an isomorphism.
(2) The following is an isomorphism.

Z, — u, = {all nth roots of unity in C}

ia
a y (= e,

Remark 1.6.3. In group theory, isomorphic groups are considered “same”.

Basic question in group theory: classify groups with certain properties.

For example, all groups of order 6 are either isomorphic to Zg or to Ss.
In particular, this says that Dg ~ S3 (by identifying the symmetry of a regular triangle
with the symmetry of the three vertices). Yet Zg % S3 because S3 is not commutative.

1.7. Important examples of groups II1I: Cyclic groups.

Definition 1.7.1. A group H is called cyclic if it can be generated by one element, i.e.
there exists © € H, such that H = {a™ |n € Z}. Sometimes we write H = (x).

The following is clear.

Lemma 1.7.2. There are two kinds of cyclic groups H = (x) (up to isomorphism):

(1) If there exists a positive integer n such that ™ = e, then take n to be the minimal
such number. Then H = {1,z,2* ...,2" '} and H is isomorphic to Z, through
¢: H = Z, sending ¢(x*) = a. In particular, |H| = n.

(2) Suppose there does not exist a positive integer n as in (1). Then H ~ 7Z and in
particular, |H| = oo.

Example 1.7.3. The generators of the cyclic group Z,, are precisely the elements in Z) =
{a| ged(a,n) = 1}.

1.8. Subgroups. We hope to express the development of the theory of groups parallel to
that of vector spaces:

Vector spaces Groups

Direct sums Direct products /
Linear isomorphisms | Isomorphisms 1/
Subspaces Subgroups

Definition 1.8.1. A subset H of a group G is called a subgroup, denoted by H < G, if
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(1) e € H;
(2) for any a,b € H, ab € H;
(3) foranya€ H,a ' € H.

There is an alternative definition: a nonempty subset H C (G is a subgroup if and only if
for any a,b € H = ab™' € H.

(Note that taking a = b implies e € H; then taking a = 1 implies that b~! € H, and finally
a(b™)t=abe H.)

The subset {e} and the entire group G are subgroups of G; they are called the trivial
subgroups of G.

1.9. Representing subgroups.

Definition 1.9.1. Let G be a group and A a subset. Write <A) for the subgroup of G
generated by A. Explicitly

_ €1 €2 €r
(A)y = {af'a3---af

ar,...,a; € Ayer, ... 6 € {£1}}
It is also the same as the intersection of those subgroups H of G containing A.
Remark 1.9.2. When G abelian and A = {a4, ..., a,}, we have

(4) = fat oot

Definition 1.9.3. Let GG be a group and x € G be an element. Define the order of = in G,
denoted by |z|, as follows

dl,...,dTEZ}.

e if there exists integers a # b such that 2 = 2°, pick a pair a > b with n = a — b

minimal, then 2" = 1 and (x) = {1,z, 22, ..., 2" '}; define |z| := [{x)| = n;
e if there is no such integers a and b, then (x) = {1, z,2%, ..., 27 272 ... } ~ Z; define
|z| = o0.
In all cases, |z| = [(z)].

1.9.4. Lattices of subgroups. Sometimes, it is helpful to enlist subgroups of a group in a
diagram encoding their inclusion relations by linking a line between them (with subgroups
at below). For example: (p is a prime number)

AN
e
(6) (s) (rs) _ (r’s)
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EXTENDED READINGS AFTER SECTION 1

1.1 Matrix groups. Let F' be a field (or just think of F' = Q, R, C or a finite field F, with
p a prime number). We may define the general linear group with coefficients in F":

GL,( = {A € Myyxn(F) ’ A is an invertible matrix}.

The group structure is given by matrix multiplication.
This group admits natural (interesting) subgroups.

B,(F) = {A¢€GL,(F)|Ais upper triangular};
No(F) = {A€ GL,(F)|A is strictly upper triangular}.

(Strictly upper triangular matrices are the those upper triangular matrices that have all 1
on the diagonal entries.
It is an interesting exercise to see that when I’ = [F),

|GLA(F,)| = (0" = D@" = p)@" = p?) - 0" =" ] |Bu(F,)] = (p— 1)p™ 72,
(We will see later in Lagrange theorem that the order of a subgroup always divides the order
of the big group. In this case, |B,(F,)| divides | GL,,(FF,)|, in a quite non-trivial way.)

1.2 The quaternion group. The quaternion group (g is the group given by
Qs ={1,-1,4,—i,j,—j, k, —k}.
subject to relations:
ici=j-j=k-k=-1,1-j=k, j-k=1i, k-i=7.
The name comes from the quaternion algebra (or the Hamiltonian algebra):
H=ReR-idR-jER L.

subject to the above same relation. This H is a non-commutative ring, in which every nonzero
element admits an inverse. (Such rings are called division rings or skew fields.)
The quaternion group embeds into H* as a subgroup.

1.3 Subgroups of cyclic groups. We show that every subgroup of a cyclic group is cyclic.
More precisely, let G = () be a cyclic group. Assume that n is the minimal positive integer
such that 2™ = e if such n exists, and n = 0 otherwise.
Let H be a subgroup of G. Assume that H # {eq} (otherwise the statement is trivial.)
Let m be the minimal positive integer such that ™ € H. We claim that H = (z™), namely,
every element of H is of the form ™" for some r € Z.
Suppose not, say z* € H with a € Z not divisible by m. Write a = mr + s with r, s € Z
and s € {0,...,m — 1}. Then z* = 2%(2™)™" € H, contradicting with the minimality of m.
This completes the proof of: every subgroup of a cyclic group is cyclic. More precisely,
(1) When H =~ Z,, any subgroup is generated by (x™) for some minimal m. It is not
hard to see that z81{™"} ¢ H; so such m must be a divisor of n. Any for any divisor
m of n, (z™) is a subgroup of Z,, of order 2

(2) When H ~ Z, any subgroup is of the form ( ™) for some m € N; it is cyclic and
infinite.

30ne can prove this as follows: the first column of the matrix must be nonzero, so there are p™ — 1 choices;
then the second column cannot be a scalar multiple of the first column, so there are p™ — p choices; ...
11



2. COSETS, LAGRANGE THEOREM, QUOTIENT GROUPS

We continue with parallel development of vector spaces versus groups.

Vector spaces Groups
Direct sums Direct products /
Linear isomorphisms Isomorphisms +/
Subspaces Subgroups +/
Affine subsets v + W Cosets
Quotient spaces Quotient groups
Linear maps Homomorphisms

2.1. Cosets. Cosets may be viewed as analogues of affine subsets in linear algebra.

Definition 2.1.1. Let H be a subgroup of G. A left coset is a set of the form (for some
g €G)
gH :={gh|h € H}.
Note that g always belongs to gH, so we say that g is a representative for the coset gH.
In particular, if g € H, then gH = H.
A right coset is a set of the form (for some g € G)
Hg:={hg|h e H}.

Remark 2.1.2. Occasionally, people may abbreviate left cosets to simply cosets. (We will
mostly work with left cosets throughout, but similar statement should also hold for right
cosets.)

When G is abelian, left cosets and right cosets are the same.

Convention 2.1.3. In what follows, we will frequently use the notation of gH or H K for an
element g € G and subsets H, K C . By writing this, we meant just simply element-wise
multiplication

gH={gh|he H} and HK ={hk|he H ke K}.

This somewhat simplifies our discussion, as we frequently encounter the situation that g1 H =
g2 H with g1 # go. But viewing this as a subset circumvent the discussion of choosing a coset
representative.
Proposition 2.1.4. Two (left) cosets g1H and goH are

e cither equal (which is equivalent to g, gy € H);

e or disjoint (which is equivalent to g; gy & H ).
In particular, G is the disjoint union of left cosets for H.

Proof. We will prove that
m

(B) — (4)
ngmng#@ > glngEH:ng:ggH

(A) If gy 'go € H, then g1 H = g1(g; "9 - H) = goH (as for any element h € H, h- H = H
as sets).
12



(B) If s HNgoH # 0, say © = g1hy = gahy for hy, hy € H. Then g; = 2h* and go = xh; .
So
g gy = (xhiH ™ xhyt = by tohyt = hihy' € H.
Finally, the equivalence above shows the equivalence of first bullet point of the proposition,
and also at the same time the equivalence to the negative of the second bullet point. [l

2.2. Lagrange Theorem. The first big theorem in group theory is Lagrange’s theorem.

Definition 2.2.1. Write G/H := {gH | g € G} for the set of left cosets. Similarly, H\G :=
{Hg|g € G} for the right cosets.

The above proposition says G = [[ g¢H is a disjoint union.
gHeG/H
We call [G : H] := |G/H]| the index of H as a subgroup of G (possibly infinite).

Theorem 2.2.2 (Lagrange). If G is a finite group and H < G is a subgroup, then |H|
divides |G|.

Proof. As each coset for H has exactly |H| elements, we have |G| =[G : H| - |H]. O

Corollary 2.2.3. (1) If G is a finite group, then |z| divides |G)|.
(2) For every element x € G, x1¢ = e.

Proof. (1) This follows from Lagrange theorem because |z| = |(z)| and (z) is a subgroup of

G.
(2) follows from (1) immediately. O

Example 2.2.4. Following Example [0.2.3] fix a positive integer n. Consider G = Z) :=
{a = amod n| ged(a,n) = 1}, the group of modulo n residual classes that are coprime to n.
The operation for the group G is the multiplication. We know that |G| = ¢(n) is the Euler
function.
Then Lagrange theorem for G says that, if ged(a,n) = 1, a?™ = 1; or equivalently,
ged(a,n) =1 = a*™ =1 (mod n).
This is known as the Euler’s theorem generalizing Fermat’s Little Theorem.

Corollary 2.2.5. If a group G has p elements with p a prime, then G is cyclic (and in
particular abelian).

Proof. Take an element x € G such that x # e. Then |z| divides |G| = p. Yet |z| # 1; so
|z| = p, ie. |[(z)| =p. So G = (x) is cyclic. O

2.3. Conjugation, normal subgroups, and quotient groups.
Definition 2.3.1. Let G be a group and a, g € G. We call gag™—' the conjugate of a by g.

Lemma 2.3.2. If H is a subgroup of G and g € G, then gHg™' := {ghg™'|h € H} is a
subgroup, called the conjugate of H by g.

Proof. Given gag™',gbg™' € gHg™ !,

(gag ") (gbg™ ") ' =gag~t - gb g =gab g ' € gHg .

So gHg™ ' is a subgroup of G. O
13



Definition 2.3.3. A subgroup H < G is normal if for any g € G, H = gHg™!; namely, all
conjugates of H are just H itself. Note that this condition is also equivalent to gH = Hg
(as subsets) for any g € G, namely the left coset of ¢ is the same as right coset of g for each

g.
We write H <G to denote normal subgroups. For example, {1} <G and G < G.

Definition 2.3.4. Let H < G be a normal subgroup. For a,b € G, we have
aH -bH :={kl|k €aH,( € bH} = abH - H = abH

as subsets of G. (Note that, we used that Hb = bH in the second equality; this avoids the
discussion of whether the product is well-defined.) This defines a group structure on G/H.
The identity is e = H; and the inverse of aH is a 1 H.

We call G/H the quotient group or the factor group of G by H.

Example 2.3.5. (1) Every subgroup of an abelian group is normal, because gHg™! = H
automatically holds.

(2) A positive integer n defines a (normal) subgroup of (Z,+) given by (n) = {z €
Z|n divides z}. The quotient group Z/(n) has elements a + (n) for a = 0,1,...,n — 1.
Then we have a natural isomorphism

Z/(n) —— Zn

a+ (n) —— a

We often write this quotient as Z/nZ and thus Z, = Z/nZ (this may be viewed as the
definition of Z,,).

2.4. Some technical results.

Proposition 2.4.1. Let H and K be subgroups of a group G. Define HK = {hk|h €
H, ke K}. When G is finite, we have

|H|- K|
|HN K|

Proof. By Proposition [2.1.4], HK is a disjoint union of left cosets of K, namely

|HEK| =

HK =hKUhyKU---Uh,K.
We claim that for the same hq, ..., h,,,
H=mnHNK)U---Uh,(HNK).

The claim implies the proposition as

|HE|] __ [H]
m = —————

K| |HN K|
Now, we prove the claim: for every h,h' € H,

(2411) hK=WNK & h'WeK & h'WeHNK & hHNK)=NHNK).
14



So we deduce that
HK = U hK =h KU Uh,K

heH

H = |JWMHNE)=hHNK)U---Uh,(HNEK).
heH
Here, the equalities mean to first write tautologically H K as the union of all left K-cosets
(parameterized by h € H) and in a parallel way write H as the union of all left H N K-
cosets (parameterized by h € H). Then tells us that two left K-cosets are the same
if and only if the corresponding left H N K-cosets are the same. Thus, in the next step
writing union of cosets into disjoint union of cosets, both equalities may use the same set of
representatives. 0

A more “fancy” proof. In fact, we prove a much stronger statement: there is a canonical
bijection between coset spaces:

o H/(HNK) — HK/K
WHNK) — hEK.

At first glance, one needs to verify that ¢ is well-defined; but we may rewrite ¢ as gp(h(H N
K)) := h(H N K)K as product of subsets of G in the sense of Convention m But then
h(H N K)K = hK for trivial reasons. So ¢ is well-defined.

Now we note that ¢ is clearly surjective, as every cosets in HK/K takes the form of hk K
with h € H and k € K, which is the same as hK = p(h(H N K)).

Finally, we show that ¢ is injective, i.e. for two cosets hy(H N K) and he(H N K) with
hi,hy € H, if they have the same image under ¢, then h; K = hyK; then h;lhl € K. But
hy'hy € H for trivial reasons, so hy 'hy € HN K and thus hy(H N K) = hy(H N K).

This completes the proof of that ¢ is bijective. The proposition is clear from this. U

Caveat 2.4.2. The set HK above need not be a group. For example, in G = Dg, H = (s1)
and K = (s9), then |HK| = |H| - |K| = 4. But HK cannot be a subgroup of Dg because
416.

Lemma 2.4.3. Let H and K be subgroups of G. If HK = KH as sets (meaning every
product kh with k € K and h € H can be rewritten as h'k" with k' € K’ and k' € H'), then
HK 1is a subgroup of G.

In particular, if K is a normal subgroup, then hK = Kh for any h € H, and thus
HK = KH is a subgroup of G.

Proof. For hy,hy € H and ky, ks € K, we need to check that
hiky - (hoky)™ = hikiky 'hy!

belongs to HK. Yet the condition says that kiky ' -hy ' = WK’ for some b/ € H' and k' € K.
Thus
hlkl . (hgkz)il == hlklkglhgl - hlh/kl € HK
O
Lemma 2.4.4. If H and K are both normal subgroups of G, then HK 1is also a normal

subgroup of G.
15



Proof. We have checked that HK is a subgroup. For any g € G, we check
gHK = HgK = HKg.
So HK is a normal subgroup of G. O

2.5. Group homomorphisms. The concept of group homomorphisms may be viewed as
a way to relate two groups.

Definition 2.5.1. Let (G, *) and (H,*) be two groups. A map ¢ : G — H is called a
homomorphism if for any z,y € G, we have

Oz *y) = o) x o(y).
Remark 2.5.2. (1) For a group homomorphism ¢ : G — H,
dlec) =en, and ¢(g7") = p(g) ™"
Indeed, ¢(eq) = d(eq *x eq) = dleq) * p(ec). Thus ey = ¢(eq) by cancellation. For each
g9 € G, we have ey = ¢ec) = ¢(g* g~") = d(g) x d(g™). So (g7") = é(g)~".

(2) A bijective group homomorphism is a group isomorphism.

Example 2.5.3. (1) ¢ : Z — Z,, given by ¢(m) = m mod n is a homomorphism.
(2) When H is a normal subgroup of G, there is a natural surjective homomorphism

G ——— G/H
a —— m(a) =aH.
For this, we check that m(ab) = abH = aH - bH = 7(a) - w(b).
Lemma 2.5.4. If ¢ : (G,x) — (H,*) and ¢ : (H,x) — (K,e) are two homomorphisms,
then the composition 1o ¢ : (G, x) — (K, e) is a homomorphism.
Proof. We simply check that for z,y € G, we have

o d(xxy) = (o) xd(y) = v(o(x)) e Y(d(y)).

2.6. Kernel of a group homomorphism.

Definition 2.6.1. For a homomorphism ¢ : G — H of groups, the kernel is

kerop :={g € G|o(g) =en}.
Lemma 2.6.2. Let ¢ : G — H be a group homomorphism.
(1) The image ¢(G) is a subgroup of H.
(2) The kernel ker ¢ is a normal subgroup of G.
Proof. (1) Tt follows from that ¢(g1)d(g2) ™" = d(g1)d(g2 ") = ¢(g195 ") € ¢(G).
(2) If g1, g2 € ker ¢, then
D(919;") = d(g1)d(g2) " = emey' = en.

So g1g;* € ker ¢. Thus ker ¢ is a subgroup.
For any ¢’ € G and any g € ker ¢,

o(g'99 ") = (9 o(9)o(g") " = o9 )end(d) " = en.

So ¢'gg’~! € ker ¢. This implies that ker ¢ is a normal subgroup of G. O
16



The triviality of the kernel indicates the injectivity of a homomorphism.

Lemma 2.6.3. A homomorphism ¢ : G — H of groups is injective if and only if ker ¢ =
{ec}.

Proof. The injectivity = ker ¢ = {eq} is clear as ¢(eq) = ep.
Conversely, suppose that ker ¢ = {eg}, we need to show that ¢ is injective.
Suppose that ¢(g1) = ¢(g2) for some g1, g2 € G. Then

?(g195") = d(g1)d(92) " = en.

Thus g1g;" € keré = {eg}. So gig5' = eq, and thus g; = g». This proves that ¢ is
injective. U

EXTENDED READINGS AFTER SECTION 2

2.1 Describing a homomorphism. If a group G is given by generators and relations as
($1,..+,8n| R1, Ra,...), to specify a homomorphism ¢ : G — H to another group H is
equivalent to specify the images ¢(s1),. .., ¢(s,) of the generators (as elements in H), such
that the relation ¢(R;) still hold.
Instead of giving a proof of the above statement, we illustrate it through an example.
Let us compute all homomorphisms ¢ : Dy, — C*. Recall that Dy, = <T, S ‘ rm o= s =
1,srs = r*1>. To describe such a homomorphism ¢, we just need to give two numbers

o(r), #(s) € C* such that

¢(r)" =¢(s)* =1 and ¢(s)p(r)d(s) = o(r)~".
The second relation says ¢(r)¢(s)? = ¢(r)~t. Yet ¢(s)?> = 1, so ¢(r)> = 1. From this, we
can easily deduce that
e when n is odd, ¢(s) € {£1} and ¢(r) = 1;
e when n is even, ¢(s) € {1} and ¢(r) € {£1}.
Continued with this, we may try to understand index 2 subgroups of Ds,. It is an exercise
to show that every subgroup of index 2 is normal. So we have a bijection
{index 2 subgroups} +—— {nontrivial homomorphisms ¢ : Ds, — {£1}}
H »¢: G — G/H ~{+£1}
ker(¢) < ¥

This allows us to enlist all index 2 subgroups as follows.

e When n is odd, the only nontrivial homomorphism ¢ is given so that ¢(s) = —1 and
¢(r) = 1. So ker(¢) = (r) is the only index 2 subgroup of Ds,,.
e When n is even, there are three nontrivial homomorphisms

P(s) | o(r) | ker(¢)
1| =1 (s,r?%

—1 1 (r)

—1 | =1 | (sr,7?)

17



3. ISOMORPHISM THEOREMS, COMPOSITION SERIES, STATEMENT OF HOLDER THEOREM

In this lecture, we will introduce a series of isomorphism theorems to relate the source
and target groups of a homomorphism. After this, we explain Holder’s program to classify
all groups.

3.1. The isomorphism theorems.

Theorem 3.1.1 (The first isomorphism theorem). If ¢ : G — H is a homomorphism of
groups, then ker ¢ <G and

G/ ker ¢ = ¢(G).

Proof. It may help to visualize the situation of the theorem as follows:

$(G) M
/ 20 : / "

We define the needed map

Y G/kerp —— ¢(G)
gker ¢ —— &(g).

We need to prove the following:
(1) v is well-defined. Suppose g; ker ¢ = gy ker ¢. Then g, 'g; € ker ¢, and thus

d(91) = d(g2- 95 '91) = d(g2) - d(93 ' 1) = d(92) - emr = B(g2)-

(2) 1 is surjective. This is because every element of ¢(G) takes the form of f(g); and it
is the image of g ker ¢.
(3) % is injective. It is enough to check that ker = {ker ¢}.
This is because if (g ker ¢) = ¢(g) = eq, then g € ker ¢. Thus gker ¢ = ker ¢. So

ker ¢p = {ker ¢}.

(4) 1 is a homomorphism. One checks this as:

¥(grker ¢ - goker ¢) = ¥(gigo ker ¢) = ¢(g192)
I
V(g1 ker @) - 1(ga ker ¢) ¢(91)(g2)-

18



Theorem 3.1.2 (The second isomorphism theorem). Let G be a group, and let A < G be a
subgroup and B <G a normal subgroup. Then AB is a subgroup of G, BIAB, ANB <A,
and

AB/B =~ A/(AN B).

Proof. We have shown in Lemma that AB < G.
We first prove that B < AB: indeed, since B < G, we have for any g € G, ¢gBg~' = B.
The same equality certainly holds for ¢ € AB C G. So B < AB and hence the quotient

AB/B makes sense.
Now define a homomorphism

¢:A—— AB —» AB/B

a S s aB.

We will show:
e ¢ is clearly surjective, because abB = aB = ¢(a).
e kerp = {a € A|aB = B}. (the condition aB = B implies a € B.) So ker¢ = AN B.
In particular, as a kernel, AN B is a normal subgroup of A.
Now, by the first isomorphism theorem, we deduce

A/(ANB) — AB/B.
O

Remark 3.1.3. A naive way to prove two groups G and H are isomorphic is to establish
a bijection between G and H and show that this is a homomorphism. A “more advanced
way” is to first establish a homomorphism between some groups G’ and H' “closely related”
to G and H. Then we use isomorphism theorems to try to relate G with H.

In the particular case of proving some statement like G/H = G’. One may first construct
a surjective homomorphism ¢ : G — G’ and compute the kernel of ¢ to be H.

Remark 3.1.4. We have the following diagram of subgroups.
G

).

’ ~

l\AA;B \\‘\

\ N
\ N
N \
--o N \
’ ~ N \

~

VA S~ . B
\ A

N WK
A N B\. ame quotient
\t_,l
{1}

Remark 3.1.5. The statement of the theorem is slightly weaker than the one from the book.
Instead of requiring B to be a normal subgroup of G, it suffices to require that A normalizes
B,ie. Ya € A, aBa™! = B. The only place where we need some modification is where we
prove B < AB. Indeed, given a € A and b € B, we have
abB(ab)™' = abBb~'a™! = aBa™' = B.
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Theorem 3.1.6 (The third isomorphism theorem). Let G be a group and H and K be
normal subgroups with H < K. Then K/H <G/H, and

(G/H)/(K/H) = G/K.
(If we denote the quotient by H using a bar, then this says that G/K = G /K.
One can alternatively write this in terms of a diagram:

G
‘ >G/K%(G/H)/(K/H)

G/H| K
‘>K/H
H
Proof. Consider the map
¢:G/H — G/K
gH — gK.

e ¢ is well-defined. We can simply redefine ¢ as ¢(gH) = gH - K = gK as product of
subsets of G.

e ¢ is a homomorphism. This is because
(g1 H - goH) == ¢(q192H) == 192K
I

¢(giH) - ¢(goH) @K - gK.

e ¢ is surjective. This is clear.
e ker ¢ is equal to

ker¢ = {gH|gK =K} ={gH|ge K} = K/H.

In particular, (as a kernel), K/H is a normal subgroup of G/H.
Using the first isomorphism theorem, we deduce that

(G/H)/(K/H) = G/K.

O

Theorem 3.1.7 (The fourth isomorphism theorem / Lattice isomorphism theorem). Let G
be a group and N I G a normal subgroup. Then there is a bijection

{subgmups of G containing N} — {subgroups of G/N}
A > A/N
71'71(2) < A

where ™ : G — G/N is the natural projection.
This bijection preserves

e inclusions of groups,

e index of subgroups,
20



e intersections,
e normality of subgroups, and
e quotients of subgroups.

Visually, we have

Lattice of subgroups of G containning N <— Lattice of subgroups of G/N.

3.2. Universal property of quotient groups. Consider the following situation ¢ : G —
H is a group homomorphism and let N < G be a normal subgroup. We hope to define

®:G/N —— H
gN ——— ¢(9).

Lemma 3.2.1. Such map ® is well-defined if and only if N C ker¢. In this case, ® is a
homomorphism.

Proof. This is because if gy N = ¢goN, then g; = gon for some n € N. Thus we need to see
whether

d(g1) = d(g2n) = ¢(g2)(n) = ¢(g2).
This happens if and only if ¢(n) = ey (i.e. n € ker¢). From this, it is clear that & is

well-defined if and only if N C ker ¢ (as n may be taken to be any element in N.)
Moreover, it is clear that in this case ® is a homomorphism. U

Example 3.2.2. We explain how this lemma is used. Consider a homomorphism ¢ : Z — C*
(such a homomorphism is in fact determined by the value A := ¢(1) € C*. Then we ask the
question: which ¢ induces a well-defined homomorphism Z/(n) — C*? For this, we need
¢((n)) = 1. This is equivalent to requiring ¢(n) = 1, or in other words, A" = 1.

Notation 3.2.3. When N C ker¢, we say that ¢ : G — H factors through G/N,
graphically,

@
G—— H g — ¢(9)
. o
:L ///@ I \///
G/N gN.

this says that there exists a unique ¢ that makes the diagram commute.

Remark 3.2.4. This is the first time that we introduce a diagrammatic description of a
statement. In future study of abstract algebra or commutative algebra, we will, with some
frequency, find that such diagrammatic description helpful to clarify the situation.

Remark 3.2.5. One may view the lemma above as: when we consider the homomorphism
¢ : G — H, one may to do this in two steps: first “group together” the information in IV,
and then map to H.

Another way to think of this is that: if we consider all possible homomorphisms out of G to
some group H such that the kernel contains N, this is equivalent to consider homomorphism
(first to G/N and then) out of G/N to H. This is the “universal property” of the quotient
G/N. (In other words, if we want to consider homomorphisms out of G whose kernel contains

N, it suffices to look at G/N.)
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3.3. Holder’s program.

‘Ultimate goal of group theorists: classify all finite groups.

One observation we get from above is that, if N < G is a proper normal subgroup (i.e.
N # {1}, G). Then roughly, we may obtain some information of G from that of N and of
G/N.

Definition 3.3.1. A (finite or infinite) group G is called simple if |G| > 1 and the only
normal subgroups of G are {1} and G.

Example 3.3.2. (1) Z, for a prime number p. (This is all abelian simple groups.)
(2) Alternating group A,, for n > 5 (a subgroup of S,, we introduce later).
(3) There are infinite simple groups, but not so easy to define.

So the Holder program consists of two steps:
e Step I: classify all finite simple groups;
e Step II: Find all ways of “putting simple groups together” to form other groups.
The following is considered the most important achievement of group theory.

Theorem 3.3.3 (Classification of finite simple groups). Every finite simple group is isomor-
phic to one in

e 18 (infinite) families of simple groups, or
e 26 sporadic simple groups.
The list of family of finite groups includes
e Z, with p a prime;
e A, (n>5);
e PSL,(F) = SL,(F)/Z(SL,(F)) with n > 2 and F a finite field (e.g. F,). (Here
Z(SL,(IF)) is the scalar matrices with coefficients in F* and whose determinant is 1.)
There are other lists of finite groups mostly associated to a family of “Lie groups of finite
type”.
For the interest of readers, we only on mention the following.

Theorem 3.3.4 (Feit-Thompson theorem). If G is a simple group of odd order, then G = Z,
for some odd prime p.

Remark 3.3.5. In fact, the original Feit-Thompson theorem states that every finite group
of odd order is solvable! (See the definition of solvable groups below in Definition [3.4.4])

Certainly, in this abstract algebra course, we will only touch the very basics of group theory.
We hope to learn some tools that frequently appears in applications to future questions in
algebra.

3.4. Composition series. Inspired by the Hélder’s program, we make the following.

Definition 3.4.1. In a group G, a sequence of subgroups
{I} =N <N, <--- <Ny =G

is called a composition series if N;_; <IN; and N;/N;_; is a simple group for each 1 < i < k.
In this case, the factor groups N;/N;_; are called composition factors or Jordan—

Holder factors of G.
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Example 3.4.2. For the dihedral group Dg = (r,s|r* = s> = 1, srs = r~!), the following
are two composition series (and there are more):

o {1} < (s) < (s,r?) < Dy,

o {1} < (r*) < (r) < Ds.
Theorem 3.4.3 (Jordan—Holder). Let G be a nontrivial finite group. Then

(1) G has a composition series, and
(2) the composition factors are unique up to permutation, i.e. if we have two composition

series

{1}:A0<1A1<]<]Am:G and {1}:Bo<]Bl<1<]Bn:G,
then m = n, and there exists a bijection o : {1,...,m} — {1,...,n =m} such that,
fori=1,...,m,

Ai/Ai1 ~ Boiy/Bogiy-1.

Proof of (1). This is because if G is simple, then {1} < G itself forms a composition series.
If G has a nontrivial normal subgroup N, then we may immediately reduce to N and G/N
as follows: writing 7 : G — G/N and giving composition series
{1} =Cy<Cy1<---<C., =N and {N}=Dy<D;<---<1Ds;=G/N,
we may “combine” them using the Fourth Isomorphism Theorem as
1} =Cy<Cy<---<C,=N=aYDy)<rn YD) - <7 (D) =G.
(Here we make essential use of the Fourth Isomorphism Theorem, in particular, 7= (D;) /7~ (D;_;)
Di/Difl for i = 1, ey 8.)
The proof of (2) will be given in the next lecture. O

~

Definition 3.4.4. A group G is called solvable if there exists a chain of subgroups
{1} =Gy G < <G =G
such that G;/G;_1 is abelian for i = 1,...,s.

Corollary 3.4.5. For a finite group G, G is solvable if and only if all of the composition
factors of G are of the form Z,,.

Example 3.4.6. The group of upper triangular invertible matrices is solvable.

* ok %k 1 * x* 1 0 =
G:{ 0 * =* GGLg(C)}QN:{ 0 1 =% GGLg(C)}QN’:{ 010 GGLg(C)}.
0 0 = 0 0 1 0 0 1

The subquotients are
G/N = (C*,-), N/N=(C,+)?, N =(C,+).
An interesting deep theorem for solvable group is the following.
Theorem 3.4.7 (Philip Hall). The finite group G is solvable if and only if for every divisor

|G

n of |G| such that ged (n, —) =1, G has a subgroup of order n.
n
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4. JORDAN—HOLDER THEOREM, SIMPLICITY OF A,, AND DIRECT PRODUCT GROUPS
4.1. Jordan—Holder theorem.

Theorem 4.1.1 (Jordan—Hélder). Assume that a group G has the following two composition
series

{1}:A0<1A1<1<]Am:G and {1}:Bo<]Bl<l<]Bn:G,
then m = n, and there exists a bijection o : {1,...,m} — {1,...,n =m} such that

Aoy [As(iy—1 ~ Bi/Bi_1.

4.1.2. Toy model. A set theoretic version.
Let X be a set with two filtrations.

P=ACAC-CA, =X, 0=BCBC---CB,=X.
We use the following picture to explain the situation.

B,

By
B

—_———

A
Ay

Then we must have for every 1, j,
(4.1.2.1)
(A U (AN B))\ (A U (AN B ) = (Bjoa U(AN By)\(Bj-1 U (A N By)).

Here B;_1 U (A;—1 N B;) is the blue part and A;_; U (A; N B;_) is the brown part. The
equality can be seen as both parts represent the shaded red area.
To make the proof a bit more effective, we can first show that both sides are the same as

(AN BH\((AiN Bj_1) U (4,21 N By)),

where the latter set is the green shaded area. (Indeed, to identify the above complement
with the left hand side of (4.1.2.1]), we may intersect both terms with B;; and to identify
the above complement with the left hand side of (4.1.2.1)), we may intersect both terms with
A;)

The above proof is of course trivial, but we will see quickly how that help us understand

the proof of Jordan—Hélder theorem.
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4.1.3. Proof of Theorem [4.1.]. We prove a slightly stronger version: let G be a group.
Suppose that we are given two chains of subgroups

{1} =494, Q.- <4, =G, {1}=By<B, <---4B, =G.

Then we have

(1) Ai—1(A; N Bj_1) is a normal subgroup of the group A;_1(A; N B;);
(2) (A;-1 N B;)B,_; is a normal subgroup of the group (A4; N B;)B;_1;
(3) and we have an isomorphism

Aifl(Ai N ijl) (Ai,1 N Bj)Bj,1

(4.1.3.1)

This in particular shows that one may refine both chains of subgroups into (setting A;j =

{1} = Ag = AJyQA| Q- <A, = Ay = A< -QA, = Ay = Ay <-- <A =A, =G,

m—1,n

{1} = By = By, 4B, <---4B,,, = By = By,<---<4B, , = By = Bz<---<4B), ., =B, =G,
so that Aj;/A;,; | = Bj;/B_, ;.
This means that in the special case of the theorem when A;/A;_; and B;/B;_; are
simple groups, A;/Ai1 = A} ;) /A] i1 for a unique o(i) € {1,...,n} and B;/B; 1 =
B i/ Bojy-1,; for a unique 7(j) € {1,...,m}. It is clear that m = n, and ¢ and 7 are
inverse of each other. Moreover, implies that A;/A;_1 = B, )/ Bo(i)-1-

Now we return to prove the stronger version of the theorem above. We first check (1) and
(2). By symmetry, it suffices to prove (1). We first show that A;_;(A; N B;) is a subgroup
of G. Indeed, viewing both A;_; and A; N B, as a subgroup of A;, A;_; is normal; so
A,_1(A; N By) is a subgroup of A; (and hence of G).

Next, we observe that B;_; < B, implies that (4; N B;_;) < (A; N B;). To show that
Ai—l(Ai N Bj—l) ﬁ Ai—l(Ai N B]), take a € Ai—17 be AZ N Bj—17 o € Ai—l; and 5 € Al N Bj,
we have

(aﬂ)(ab)(aﬁ)_l = aﬁabﬁ_lofl = 04'6(15_1 . /Bbﬂ_l ale Ai_1<AZ‘mBj)AZ‘_1 = Al_l(A,ﬂB])

N——
in Ai—l in AiﬂB]‘

(The last equality uses that A;_1(A; N B;) is a group.) This completes the proof of (1), and

the two quotients in (4.1.3.1)) makes sense.
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As suggested by the proof in the toy model, we hope to prove the following:
(4132) Ai_1(AiN By) ~ A; N B ~ (A; N Bj)Bj_4 .
A 1(ANBy) (AinB))-(ANDBj—) (A1NDBj)B;,
By symmetry, it suffices to prove the left isomorphism. We construct a homomorphism
A;_1(A; N By)
A, 1(A;iNB;_)

a > a > CLAi_l(AZ‘ ﬂBj_l).

Qbi AZF‘IB] — A,_l(A,ﬂB]) »

Such homomorphism is clearly surjective. It suffices to find its kernel.
ker ¢ = (A; N B;) N (Ai—1(A; N Bj_1)).
Let a € A;_y and 8 € A; N Bj_;. Then
aB€B; = a€B;-f=0B,.

So ker¢ - (A’ifl N B])(Al N ijl)-
Conversely, we clearly have

Thus, we have ker ¢ = (A4;_1 N B;)(A; N Bj_1). By the first isomorphism theorem, we deduce

Az’ N Bj ~ Aifl(Ai N By)
This completes the proof of (3), and the Jordan—Hélder theorem. O

Remark 4.1.4. In fact, what we proved is Zassenhaus Lemma. Let H and K be subgroups
of a group G and let H* and K* be normal subgroups of H and K, respectively. Then
(1) H*(H N K*) is a normal subgroup of H*(H N K).
(2) K*(H* N K) is a normal subgroup of K*(H N K).
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H*(HNK) HNK _ K*(HNK)

Y EnR) S WK HEAE) - KENEK)

4.2. Alternating groups. One important example of composition series is (n > 5)

2
{1} <A, 28,

Definition 4.2.1. In the permutation group .5,,, recall that for distinct numbers a4, ..., a,, €
{1,...,n}, one has an m-cycle o = (ajas - - a,,):
g g g
ap ¢ > g b b > Ay,

v

A 2-cycle (zy), for z,y € {1,...,n} distinct, is called a transposition.

Remark 4.2.2. As (a1 ...an) = (@16 )(a1a,-1) - - - (a1a2), every element of S, is a product
of transpositions.

Properties 4.2.3. Before proceeding, we point out a key observation: for o € .S,,, we have

(4.2.3.1) olay,...,an)o "t = (a(ay),...,o(an)).
This can be proved by noting:
o1 (aty..,am) o
o(a;) v S oa; > Qi1 ——— o(ai1)-

Definition 4.2.4. Define the following for o € S,
A= [ @—2z). o)== [[ (ow — o) € {£A)
1<i<j<n 1<i<j<n
For each o € S,,, define sgn(o) € {£1} so that o(A) = sgn(o)A.
We call sgn(o) the sign of o.
Proposition 4.2.5. The map sgn : S,, — {£1} is a homomorphism.
Proof. By definition, for o, 7 € S,,, we have

[T (@ore) = Torj))

1<i<j<n

II (zi—)

1<i<j<n

sgn(or) =

H (Tory — To(jr)) 1<i<j<n

sgn(o) - sgn(t) =
DR C 7)) [I (-

i'=(i),5'=7(j)

11 (Tor(i) — Tor(y)
r<isjen (Er) = L)
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Here the vertical equality holds (or rather we are allowed to make the substitution i = 7(7)
(o) = o)
(i — )

(and thus release the constraint that i/ < j’).

From above, we may cancel the terms [] (2,4 — %,(;) and thus get sgn(o7) =
1<i<j<n

sgn(o)sgn(7). O

Definition 4.2.6. The normal subgroup A, := ker (sgn 0 Sy — {:I:l}) is called the alter-
nating group.

Properties 4.2.7. (1) A, < S, and S,,/A,, = {£1}. In particular,

and 7' = 7(j)) because in the product of , we can swap the order of i and j

(2) We claim that sgn(transpotion) = —1. Indeed, sgn((12)) = —1 because for o = (12),

(&)= ] @oty—20i) = (@2—m) ] (@—2)=-A

1<i<j<n 1<i<j<n
Jj=3

For a general transposition (ab), fix 7 € S, such that 7(1) = a and 7(2) = b. Then (4.2.3.1])
implies that 7(12)7~1 = (ab). Thus,

sgn((ab)) = sgn(r) - sgn((12)) - sgn(r) ™" = sgn((12)) = —1.
Definition 4.2.8. From the discussion above, we see that for o € S,

sgn(o) =

(_ 1)number of transpositions in the factorization of o

So we call such o
e an even permutation if sgn(o) =1,
e an odd permutation if sgn(o) = —1.
In particular, A, = {0 € S,,| 0 is an even permutation}.

Theorem 4.2.9. When n > 5, A, is a simple group.

Remark 4.2.10. (1) A3 = ((123)) is a cyclic group of order 3.

(2) A > {1, (12)(34), (14)(23), (13)(24)} = Z3.

(3) It is known that a simple group of order 60 is isomorphic to As. (It is the smallest
non-commutative simple group.)

Proof of Theorem[{.2.9. Recall that a 3-cycle (ijk) always belong to A,,. We will prove three
statements, together they prove Theorem
(1) A, is generated by all 3-cycles (true with n > 3).
Indeed, (a,b)(c,d) = (a,c,b)(a,c,d) and (a,c)(a,b) = (a,b,c).
(2) If a normal subgroup N < A, contains a 3-cycle, then it contains all 3-cycles (true
for n > 3).
Indeed, Assume that N contains the 3-cycle (i, j, k). Note that, for every o € S,
either ¢ € A, or o(i,7) € A,,. Then implies that
e cither o(i,j,k)o! = (U(i),a(j), (k:)) € N, or
0 o(i,1)(i,j, W) (00, ) = 00,1, K)ot = (a(j), a(i),o(k)) € N (but then we
have (o(j), a(), o (k))? = (o(0), o(7), o(k)) € N).
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So N always contains (o(i),0(j),o(k)) for every o € S, and thus N contains all
3-cycles.
(3) If {1} # N < A,, is a nontrivial normal subgroup, then N contains all 3-cycles.
Take a nontrivial element o € N. We separate several cases:
(a) If o is a product of disjoint cycles, at least one cycle has length > 3, i.e. 0 =

p(ay, as, ..., a,) with r > 3, then we have
(a/h as, a3)0-(a17 ag, a3)_1 - :LL(CLQ? as,al, 4,05, . .. )a”r‘) € N

So o7t o (ay,as,a3)o(ay, az,as)! sends

ay a2 as Gy T Ar—1 Gy
ay as aq as cee (7% (05}
as a9 (0% Qy tee Qp_q aj.

It is equal to (a1, a3, a,), a 3-cycle.

Suppose that (a) does not hold, and then o is a product of disjoint 3-cycles and
2-cycles. It then follows that o3 is a product of disjoint 2-cycles and o2 is a
product of disjoint 3-cycles (and they cannot be both 1). So (by considering o3
or o instead of o, we are reduced to the case when o is purely a product of
disjoint 3-cycles or a product of disjoint 2-cycles.

If 0 is a product of one 3-cycles, we are already done. If ¢ is a product of more

than one disjoint 3-cycles, we write o = p(ay, as, ag)(a1, as, az). Then
(a17 as, a4)0'(a1, as, CL4)710'71 € NJ

and we compute it as:

ay Qg as Qy as ag

| N A

as ai a2 Qg Qg as

I I :[ I I I (a1,a2,a4)0(a1,a2,a4)~"
=u(az,a4,a3)(a1,a5,a6)

5] as Q4 a; as ag

This is (aq, as, as, ag, ag), a b-cycle, and we are reduced to case (a).
If o is a product of (necessarily even number) of disjoint transpositions, we write
o = u(ay,as)(as,as). Then

ai,a2,a3)o(ay,az,a3) "0 - = (ai,az)(as, ay .
( )o( )loTt = ( ) )JEN

(This step “removes” the extra transpositions u.) Write o' := (a1, as)(az, ay).
After this, we use the condition n > 5 to take another number a5 € {1,...,n}.
Explicit computation shows again that

ai,Qg,as5)o(ay, az,a5) o - = (ay,az,as, a4, a3 )
( Jo( ) ro Tt = ( )JEN

producing a 5-cycle and hence reduces to case (a).
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4.3. Direct products.

Definition 4.3.1. Let I be an index set and let G; (for i € I) be a group with operator *;
and identity e;.

Define the direct product of (G;);cs, denoted by [[ G; (or G1 X Gg X -+ x G, if I =

i€l
{1,2,...,n}), to be the group with underlying set G = || G;, with operation
i€l
(9i)ier * (hi)ier := (gi *i hi)ier-

The identity element is {e;}ic; and the inverse of (g;)icr is (g; V)icr-

For each j € I, there is a natural embedding (= injective homomorphism)

icl
g — (1,...,1,¢9;,1,...,1)
1\
5t place

This realizes G; as a normal subgroup of [[ G; and we have
iel

(HGi)/Gj ~ [ G
iel ie\{j}
“Dually”, there is a natural projection (= surjective homomorphism)
T G —» Gj
(9i)ier — gj

We have kerm; = [[ G,.
iel\{j}
Finally, when G;’s are all isomorphic to a group H and ¢ = {1,...,7}, we write H" for

Hiel Gi.

4.4. Finitely generated abelian groups. Recall that a group G is finitely generated if
there exist a finite subset A of G such that G = (A).

Theorem 4.4.1 (Fundamental theorem of finitely generated abelian groups). Let G be a
finitely generated abelian group. Then
G 7" X Zyy X Zpy X v+ X Ly,
for some integers v >0, 2 < ny < ng < -+ < ny satisfying ni|ni 1. Moreover these integers
T, N1, ...,Ns GTE UNLQUE.
The integer r is called the rank of the abelian group G.

We will explain later in the semester that abelian groups = Z-modules. So this theorem
will follow from the classification of modules over a PID (Theorem [13.3.4)).

The goal in this lecture is to see how to characterize finitely generated abelian groups.
Lemma 4.4.2. If m,n € N>y satisfying ged(m,n) = 1, then

Loy = 2y X Loy,
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Proof. Consider the group homomorphism

zZ 7 X7

a ——— (a mod m, a mod n)

We compute the kernel of ¢:

a = 0modm

a=0modn

ker ¢ = {a mod mn

b = 0 mod un).

So ¢ is injective. But |Zy,| = |Zm|+|Zn|. So ¢ must be a bijection and hence an isomorphism.
U

Corollary 4.4.3. Every finitely generated abelian group is of the form
G=17"x (ZpIu X ---Zp?sl) X (Zp;m X ---Zp;zsl) X oo
Here, v, p1, p2, ..., T11,-..,T1s, 721, ... are unique up to permutation.

Example 4.4.4. Determine whether Zs3y X Zgg is isomorphic to Zgy X Zs5,. We write
Zao X Ligy == Zio X Lz X L5 X 1y X Zio5,
Zeo X Lisg ~ Zis X 2y X ZLis X Liy X L5,

So they are isomorphic.

Example 4.4.5. List all abelian groups of order 72 = 8 x9. We list them using the following
table:

Z% Zg X Z4 Zg
72|72 x 73 |72 x 2y x Zy | 73 X Zg
Zg ngzg ZgXZgXZ4 ZgXZg

(We explain why Zy x Z, is not isomorphic to Zg: for every element (a,b) € Zs X Z4, then
4 - (a,b) = 0; yet not every element in Zg is killed by 4.)

Remark 4.4.6. We explain a general method to determine the factors at p. Suppose that
G is an abelian group of order p™. We would like to determine the numbers 1, ..., r; such
that

G="2Zy1 X X Lp.

Consider the number of elements in G killed by p:
Glp| = {x }p cxr = 0} = {(xl, cey Ty) | x; is divisible by p”’l}.
Then |G[p]| = p'. Next we consider G[p?]:

x; is divisible by p"i=2 r; > 2
617 = (o]0 =0} = { (a1 v L

x; arbitrary r; =1

Then we have A A A
(G[p?)| = =Bl in=1) i ftiri=y]
Similarly, we can deduce that
‘G[p?’H - p3\{iln23}\+2Hi|n=2}\+|{i|n’=1}| — p3t*2|{i|7‘¢=1}lf\{i|n=2}\_
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’s.

Continue this, we may recover the numbers r; from ‘G "]
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5. RECOGNIZING DIRECT PRODUCES, GROUP ACTIONS, SEMI-DIRECT PRODUCTS

5.1. Recognizing direct products. We prove a theorem that “recognize” when a group
is a direct product (of its subgroups).

Theorem 5.1.1 (Criterion of direct product group). Suppose that G is a group with sub-
groups H and K such that

(1) H and K are normal subgroups of G, and

(2) HN K = {1}.
Then HK = H x K (as groups).
Proof. Since both H and K are normal subgroups of G, HK is a normal subgroup of G.
Consider the natural map

¢p:Hx K — HK

(h, k) —— hk

e ¢ is a homomorphism. For this, we need to check that, for hy, he € H and kq, ke € K,
we have

O((h1, k1) (2, ka)) = d(hiha, kiks) = hahokiky

7|
¢(h17 kl)ﬁb(hm kZ) hlklhgk’g.
It suffices to show that

hoky = kphy, or equivalently klhgkl‘lhgl = 1.
But the normality of K and H implies that
kihoki*hy' € H and ki hoky'hy' € K.
—— —
in H in K
So kihokithyt € HN K = {1}.
e ¢ is clearly surjective.

e ker¢p = {(k,h) € K x H|kh = 1}. But this condition implies that k = h™' €
KNH={1}. So ker¢ ={1}.

Summing up above, we deduce that ¢ is an isomorphism. 0
5.2. Concept of group actions. Next, we will discuss a very important concept: group
actions. The basic example is S,, “permuting” numbers in {1,2,...,n}. We say that S,, acts

on the set {1,2,...,n}. We hope to generalize this notion of a group “acting” or “permuting”
elements in another set.

Definition 5.2.1. Let G be a group and X a set. A left G-action on X is a map
GxX — X
(g,2) —— g =

satisfying the following conditions:

(1) forany x € X, e-x =z,
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(2) for any g,h € G and x € X, we have
g-(h-z)=(gh) =

Sometimes, we write G C X.

Later, unless otherwise specified, we will always consider left group actions as opposed to
right group actions defined later.

Remark 5.2.2. The condition implies that for any g € G, X — X given by x — g -z is a
—1
lzas 2 —2s g a—gl.g-z=uz.

bijection (because the inverse is given by x +— g~

Example 5.2.3. (1) S, acts on X = {1,2,...,n}; we verify Definition [5.2.1(2) as
o(1(i)) = (o - 7)(7) for each i € X.
(2) Dy, acts on a regular n-gon, by taking the symmetry, where

2
r = rotation clockwise — and s = reflection about ¢;.

Symmetry of a pentagon

(3) Let G be a group acting on a set X and H a subgroup of G, then we may restrict
the G-action on X to an H-action on X.
For example, we may restrict the Ds,-action on a regular n-gon to the subgroup
(r), which will only rotate the regular n-gon.
(4) G-action on itself:
e left translation action: for g € GG, consider

ly:G— G
ly(x) == gx.
This is an action because {4 o £}, = {g.
e right translation action: for g € GG, consider
rg:G— G
ro(z) == xgt.
Why do we use g~'? This is because we need 1,07, = ry, to define a left action.

We check: for z € G,

rgorp(z) = ry(zh™t) = xh1g™!
I |
ron(z) = x(gh)™' = zh~tg™!
(If we had defined r)(z) = xg, then 1, o7 (x) = ri(zh) = vhg # xgh =}, (v).)
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e conjugation action: for g € GG, consider
Ad,: G — G
Ady(z) :== gzg™.
This is a “better” action because the map Ad, is in fact a homomorphism (and
also an isomorphism):
Ady(x) - Ady(y) = grg™" - gyg~" = gayg™" = Ady(zy).
There is also a version of right group action.
Definition 5.2.4. Let G be a group and let X be a set. A right action of G on X is a
map
XxG—X
(z,9) —— - 9.

such that x-e=x and (z-g)-h =z (gh) for any z € X and g,h € G.
For example, right translation by ¢ is a right action:
T; G — G
ry(T) = xg.

Proposition 5.2.5. Let G be a group acting on a set X. Then we have a natural homo-
morphism from G to the permutation group of X :

. — Sy
gr——— (¢g:x—g-x).
In fact, given a group action of G on X is equivalent to give a homomorphism ® : G — Sx.
Proof. We need to check that ¢, o ¢), = ¢y, for every g, h € G. Indeed, for z € X,

Gg 0 On(2) = dg(h-x) =g - (h-7) = (9h) - = = Pgn().
O

Definition 5.2.6. (1) If this homomorphism ® is injective, we say this action is faithful.
In this case, we may identify G with a subgroup of Sx.
This is equivalent to require ker ® = {1}, meaning no nontrivial element of G fixes
all elements of X.
(2) If this homomorphism & is trivial, i.e. ¢, = id for every g € G, we say that the
action is trivial.

Theorem 5.2.7 (Cayley). Every group is isomorphic to a subgroup of some symmetry group.
If |G| = n, then G is isomorphic to a subgroup of S,,.

Proof. Consider the left translation action; by Proposition [5.2.5] it induces a homomorphism
G — Sg. This action is clearly faithful, and thus identify GG as a subgroup of S¢. U

Remark 5.2.8. (1) This theorem has historical meaning because groups are first defined
as subgroups of 5,,. Cayley’s theorem says that our abstract definition agrees with

the old definition.
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(2) Cayley’s theorem also suggests: given an abstract group, if we want to understand
G on the element level, it is better to let G act on some set X and represent G as a
subgroup of Sx. (We will see more examples of this sort in the next lecture.)

5.3. Automorphism groups. As we explained earlier, conjugation action is a “better”
action of G on itself.

Definition 5.3.1. An automorphism of a group G is an isomorphism ¢ : G = G. Then
Aut(G) := {automorphisms of G}

forms a group, with
e identity being id : G — G;
e group action being composition; and
e inverse being the inverse isomorphism.

It is a subgroup of Sg = permutation group of elements of G.

Remark 5.3.2. If we consider the conjugation action of G on itself. It induces a homomor-
phism

Ad: G —— Aut(G) C S¢
g —— (Ady : x> gug™?).
Note that we have seen that each Ad, is a homomorphism.

5.3.3. Group acting on a group through automorphism. More generally, we may consider the
case when X is also a group, carrying an action of another group G which preserves the group
structure on X, namely, for each g € G, the action ¢, : X — X is in fact a homomorphism
(and hence an isomorphism); or equivalently, the natural homomorphism ® : G — Sy has
image in Aut(X). In this case, we say that G acts on the group X by automorphisms.

One may image to generalize this to future situations when X is a set with additional al-
gebraic structure; we may require the G-action on X to preserve the corresponding algebraic
structure.

5.4. Semi-direct products.

5.4.1. A prototype of semidirect product. Consider the situation:
(a) NG and H <G,
(b) NN H ={1}.
Then NH = {nh|n € N,h € H} is a subgroup of G.
Note that if H is also a normal subgroup, Theorem implies that NH = N x H and
N and H commutes.
In general, every element of NH can be written uniquely as nh with n € N and h € H.
If we compute the product of nih; and nqhs:
n1h1 . n2h2 =T thLth_l 'hlhg.
———
in N
We see that the “H-coordinate” is multiplicative, but not the “/N-coordinate”.

The following “partially reverses” the above discussion.
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Definition 5.4.2. Let N and H be groups, and let ¢ : H — Aut(N) be a homomorphism.
(Then H acts on N preserving the group structure; see § . For h € H, we write
¢n = ¢(h) : N — N for the corresponding automorphism.

We define the semi-direct product N x H = N x4 H to be

N x H :={(n,h)|neN,heH}
(nh hl) : (n2, h2) = (nl * On, (n2),h1h2)-
(We see that the H-coordinate is the usual multiplication, but the multiplication in the
N-coordinate is “twisted by ¢”.)
We now check the group action is associative and that it has inverses.
((nl, h1)(n2, hz))(ns, hs) (nb hl)((”% hz)(n:s, hz))

?

||Computing first multiplication ||computing second multiplication
(n1¢n, (n2), haha)(ns, hs) (11, h1)(nagn, (n3), hahs)
Hdeﬁnition of multiplication ||deﬁnition of multiplication
<n1¢h1 (n2)¢h1h2 (713), h1h2h3) (nl : ¢h1 (n2¢h2 (n3)) 3 h1h2h3)
H¢h1 ho =P, °Phy [|#n, is a homomorphism
(n16n, (12) - Gny © Gny(n3), hrhohs) == (n1¢n, (n2) - Pn, (Pny(n3)), hrhohs).

(TL, h)(qsh*l(n)? h_l) = (n ) Qbh(th*l(n))v hh_l) = (TL ) n_17 1) = (17 1)‘
The sets {(n,1)|n € N} C N x H and {(1,h)|h € H} C N x H are subgroups. They
may be viewed as the groups N and H naturally embedded in N x H.
There is a surjective homomorphism

n:NxH—H
(n,h) —— h
and ker 7 is the subgroup N; so in particular, N is a normal subgroup

Remark 5.4.3. There are two ways to remember the notation N x H.
(1) In the notation N x H, the triangle part is towards H; so H is the normal subgroup.

(2) Recall that we denote the group action as G C X . We may think the symbol % as

a “twisted” way of writing the action: N ><>H

Convention 5.4.4. Another way to think of the definition of semidirect product is to define
N x H as the set of formal products {nh } ne N, he H} subject to the rule that

n1h1 . n2h2 = n1h1n2hflh1h2 = (n1¢h1 (712)) . (hth)

One can see that this agrees with the original definition of N x H.

We can use a different convention to write H x N instead, to mean exactly the same
semidirect product. Except now, we may write the elements in H x N as formal products
{hn ’ he H ne N} subject to the product rule that

h1n1 : h2n2 = hlhg . (h;lnlhz . Tlg) = hlhz . (¢h;1(n1)n2).
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In other words, if we choose to write the elements in H X N as pairs (h,n), then the product
rule is

(h1,m1) - (ho,n2) = (h1h27¢h;1(”1)”2)-

Proposition 5.4.5 (Recognizing semidirect products). Let G be a group, and let N < G
a normal subgroup and H < G a subgroup. Suppose that N N H = {1}. Then NH is a
subgroup of G and NH = N x H is a semidirect product.

Proof. We have proved that NH is a subgroup of G. As N is a normal subgroup of G,
the conjugation action for each h € H defines an automorphism Ad, : N — N given by
Ady(n) = hnh=!. Collectively, this defines a homomorphism Ad : H — Aut(N). O

The following proposition is left as an exercise.

Proposition 5.4.6. Let N and H be groups and let ¢ : H — Aut(N) be a homomorphism.
The following are equivalent (TFAE):

o The identity map between N x4, H and N x H is a group homomorphism (and hence
an isomorphism);

e ¢ is the trivial homomorphism from H — Aut(N);

e N is a normal subgroup of N x H.

Example 5.4.7. A typical example of semi-direct product comes from the following.

Recall that Z,, is the group of modulo n residual classes. Then Aut(Z,,+) = Z)} =
{a mod n | ged(a,n) = 1}. Here, for a mod n € Z,, the corresponding automorphism of Z,
is given by

Oq Ly —— 7,
T —— agr mod n

This gives rise to a semi-direct product Z,, x Z .
We can visualize the group Z,, X Z, as

b
7 X L% =2 { (g 1) € Maxa(Z,) | a € z;}.

b b by +b
One checks (C:)l 1) : <a2 2) = <a1a2 R 1) , comparing to our convention (by, ay)(by, ag) =

1 0 1 0 1
(b1 + a1bs, araz). (Note that the normal subgroup is on the left here.)

We can also consider subgroups of Z*. For example, {£1} € Z* = Aut(Z,). We have
Zn X {£1} —— D,,
(a,1) ——— 1
(a,—1) —— r%s.
(Note that the relation srs = r~! in Dy, corresponds to semidirect product relation of

¢-action on Z,.)
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Example 5.4.8. Another class of semidirect product is the block upper-triangular matrices.
Take for example three positive integers ¢, m,n and consider the following groups

GL@(C) Matgxm((C) Matgxn((C) GL@((C) 0 0
P = 0 GLn(C)  Matmsn(C) | L= 0 GL,(C) 0
0 0 GL,(C) 0 0 GL,(C)

Ig Matgxm((C) Matgxn(C)
U=1]0 I, Mat, 5 (C)
0 0 I,

Here P is usually called a parabolic subgroup, U is called its unipotent radical, and L is
called the Levi subgroup of P. These types of groups can be generalized to the situations
of other “algebraic groups”, and are very important constructions in algebraic groups and
representations.

Taking our concrete example at hand, one can see that U is a normal subgroup of P, but
L is not. So we have a semi-direct product

P=UxL.

Example 5.4.9. Let p and ¢ be distinct primes such that p | (¢ — 1). We may use Exam-
ple 5.4.7 construct nonabelian groups of order pg which are semidirect products.

It is known (will be proved later) that Z o 1s a cyclic group of order ¢—1. So it must contain
a unique subgroup of order p. This in particular gives a homomorphism Z, — Z; = Aut(Z,)
(the homomorphism is not unique but see Fact By definition of semidirect product,
this gives a semidirect product group Z, x Z, of order pq.

For example, we describe Z; x Z3 as follows. Consider the homomorphisms

b1, 02 1 Ly —— L7
$1:0,1,2 — 1,24
$2:0,1,2 —— 1,4,2.
(The reason that we have these two homomorphisms is that 3 is a primitive element modulo

7, and ¢; needs to map 1 to either 3% or to 3%.) Then the corresponding semi-direct product
has group structure:

(al,bl)<dg,b2) = (a1 + asg '2b1,bl —|—b2) or (a1 + ag '4b1,b1 +b2)
in either cases.

Fact 5.4.10. Let p and ¢ be distinct primes as above.

(1) For two different nontrivial homomorphisms ¢y, ¢ : Z, — Z;, the semi-direct prod-
ucts Z, X4, Z, with ¢ = 1,2 are isomorphic.

(2) All groups of order pq are either isomorphic to Z,, (abelian case) or to Z, x Z,
(nonabelian case).

This fact is specific to the group Z, x Z,, and is not true in general.
q p
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We illustrate this using the example above. We can construct an isomorphism
Z7 X py Zg — Z7 N py Z3
(a,b) ——— (a,20b).

We need to check that 1) is a homomorphism, namely:

°

w((% b)(ca d)) . w((aab)) ) w((Q d))
I I
Y(a+2°c,b+d) (a,2b)(c,2d)
| |
(a+2° ¢,2b+ 2d) (a+ 4%¢,2b + 2d).

Here the bottom equality uses that 4% = 16° = 2° mod 7.
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6. STABLIZERS, ORBITS OF GROUP ACTIONS, CLASS EQUATIONS
6.1. Stabilizers and orbits of group actions.

Definition 6.1.1. Let G be a group acting on a set X. For each x € X,
e define the stabilizer subgroup at x to be Stabg(z) :=={g € G|g-x = z}; and
e define the orbit of = to be Orbg(z) :=G -z ={g-z|g € G} C X.

We sometimes write G\ X for the set of orbits for the G-action. (In the literature, it might
be written as X/G instead. I slightly prefer G\ X because the action is from the left.)

Properties 6.1.2. Let GG be a group acting on a set X and z € X.

(1) Then Stabg(x) is a subgroup of G.
(2) For x,y € X, either Orbg(z) = Orbg(y) or Orbg(z) N Orbg(y) = 0. As a corollary,
X may be written as the disjoint union of orbits for the G-action:

x=]] o

orbits O

(3) If y € Orbg(x), ie. y = g-x for some g € G, then Stabg(y) = gStabg(z)g™'.
Namely, the stabilizers at different points of an orbit are conjugate to each other.

Proof. (1) If g, h € Stabg(z), we need to prove that gh™' € Stabg (), namely gh™' -z = .
As x = ha, applying h~! to this we deduce that h~'z = h~'hx = x. Now applying g to both
sides of the equality gives gh™'z = gx = x. This verifies that Stabg(z) is a subgroup of G.

(2) Suppose that Orbg(z) N Orbg(y) # 0, say both sets contain z. Then we have z =
g-x = h-y for some g,h € G. This implies that for every element w = kx € Orbg(z)
(k € G), we have

w=kx=kg 'z =kg 'hy € Orbg(y).

This proves that Orbg(z) C Orbg(y). A symmetric argument shows that Orbg(y) C
OI‘bg(SL’).
(3) This can be shown as follows.

h € Stabg(y) hy =y

hgx = gx

g thgr =«

g 'hg € Stabg(x)

h € gStabg(z)g ™.

1reee

O

An important particular case of group action is the conjugation action of a group on itself.

Definition 6.1.3. Consider the group G acting on itself by conjugation: for g € G, Ad, :
G — @ given by Ad,(z) = gzg™'.

(1) Two elements a,b € G are called conjugate if a = gbg™! for some g € G. In other

words, a € Orbg(b) or equivalently b € Orbg(a).
(2) The orbits of G under the conjugation action are called conjugacy classes.

Example 6.1.4. (1) If G is abelian, the conjugacy class of an element a € G is just {a}.
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(2) For G = GL,(C), every matrix can be conjugated into a Jordan block. So there is a
bijection
{Conjugacy classes of G } — {J ordan canonical form (with nonzero eigenvalues up to permutation)}.

(3) G = S, the conjugacy classes are in one-to-one correspondence with partitions of
n into sums of positive integers. More precisely, a partition n = ny +ng + -+ + ny
corresponds to the conjugacy class of

Tn=(1,2,....,n0) (1 +L,ni+2,....01+ng) -+ +ma+1,...,n+ -+ ny).
For each o € S,,, 07,07 " is the same as
(0(1),...,0(n1))(c(ny+1),...,0(m1+n2)) - (c(ny+---+n1+1),...,0(n1 4+ +ny)).

Such elements run through all elements of .S,,, which is the product of disjoint cycles
of length ny, no, ..., ny.

Definition 6.1.5. Let G be a group, H a subgroup, and S C GG a subset.

(1) The subgroup Cg(S) :={g € G ‘ for every s € S, gsg~! = s} is called the central-
izer of S in G.

(2) The subgroup Z(G) = {9 € G | forall h € G, ghg™' = h} = Cg(G) is called the
center of G.

(3) The subgroup Ng(H) = {g € G ’ gHg™' = H} is called the normalizer of H in G.

Properties 6.1.6. (1) When S = {g}, we write Cg(g) for C({g}). If we consider the
conjugation of G on G, then Stabg(g) = Ci(g). (In particular, this is a subgroup.)
Moreover, we have Cg(S) = (,c5 Cc(9); so it is also a subgroup.

(2) The conjugation action induces a homomorphism Ad : G — Aut(G). Then Z(G) =
ker(Ad). (In particular, Z(G) is a normal subgroup of G.)

(3) A subgroup H of G is normal if and only if Ng(H) = G.

(4) If we consider the conjugation action of G on the set {all subgroups of G }, given by

Ad, : Hw— gHg™".

Then Ng(H) = Stabg(H); so in particular a subgroup.
(5) Ng(H) contains H as a subgroup, and H is normal in Ng(H).

6.2. Description of orbits of group actions.

Definition 6.2.1. Let GG be a group acting on two sets X and Y. Wesay amap¢: X — Y
is G-equivariant if

for all g € G, v € X, we have ¢(g-z) = g - ¢(x).

Remark 6.2.2. To better understand the above definition of G-equivariant maps, we note
that, in the development of mathematical theory, we often have the following process

Algebraic structure on a set  ~ Maps between sets with algebraic structure
that preserves the algebraic structures

Vector spaces ~ linear maps
Groups ~ Homomorphisms
Sets with group actions ~ G-equivariant maps
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Definition 6.2.3. Let G be a group acting on a set X. We say that the action is transitive
if
for any x,y € X, there exists g € (G, such that x = gy.

Proposition 6.2.4. If a group G acts transitively on a set X, for every element x € X, put
H := Stabg(z). Then there is a G-equivariant bijection

¢:G/H —— X
gH — gx.

Proof. First, ¢ is well-defined because if gy H = g9 H, then g; = goh for some h € H. Thus
G1x = gohx = gox.

Second, ¢ is surjective because the G-action on X is transitive.
Third, ¢ is injective because if ¢(g1H) = ¢(goH) form some gy, g2 € G,

g1t = gor => gy'r =1 => g, g1 € Stabg(v) = H = g1H = g,H.
Lastly, ¢ is G-equivariant because for ¢, ¢’ € G,
go(gH) = g'gx = ¢(g'gH).
O

Corollary 6.2.5. Let G be a group acting on a set X. Then G = [ O (as sets with
orbits O

G-action).
For each x € X, G acts transitively on Orbg(x), we have
Orbg(z) = G /Stabg(x).
Summing up this, we have

X ~ H G /Stabg(z).

G-orbits G-x

6.3. Class equations.

Theorem 6.3.1. Let G be a finite group (acting on itself by conjugation).

(1) For each g € G, the number of elements in its conjugacy class is

[Ada(9)] = 1G1/ICe(9)| = [G : Cal)]

(2) (Class equation) If g1, s, ..., g, are representatives of conjugacy classes of G that are
not contained in Z(G), then

(6.3.1.1) Gl =Z(@)|+ ) [G: Calg)].

=1

Moreover, |G : Cg(g;)] > 2 for each i.

Proof. (1) is clear from Proposition Adg(g) = G/Cq(9).
(2) Consider the conjugation action of G on itself. By Corollary |6.2.5, we have

Gl= Y |Adg().

conjugacy
classes Adg(x)
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There are two types of orbits.

o If Adg(z) consists of only one element, namely x, then gzg~' = z for every g € G,

ie. x € Z(G).

e If Adg(x) consists of more than one element, we just have }Adg(x)‘ =[G : Calg)].
Combining these two cases proves (6.3.1.1]). 0J
Example 6.3.2. Let G = S5. Then Z(G) = {1}. The class equation reads

Partition type | representative | stabilizer | size of conjugacy class
120
1+1+1+1+1 1 S — =1
+1+1+1+ (1) 5 120
120
1+1+1+2 12 =1
+1+1+ (12) S X S3 7% 6 0
120
1+1+3 123 Z S. =20
T (123) 302 3 X 2
14242 (12)(34) | (Z2)? % Z 20 _ 5
? ? 4x2
120
120
2 12)(34 Z =2
+ 3 ( )(3 5) SQ X 4ig 9% 3 0
12
5 (12345) Zs TO =24

The following is an immediate application of class equation.

Definition 6.3.3. Let p be a prime number. A finite group G is called a p-group if |G| is
a power of p.

Proposition 6.3.4. For a nontrivial p-group G, Z(G) is nontrivial.

Proof. We use class formation for the p-group G:

Gl = 2@ + 2 (G : Ce(gi)]
T )
p-power nontrivial p-power
From this, we see that p divides |Z(G)|. But {e} € Z(G), so Z(G) is nontrivial. O

6.4. Automorphisms of a group. Let G be a group. Recall that
Aut(G) = {¢: G = G isomorphism }
Recall that the conjugation gives a homomorphism
Ad: G —— Aut(G)
gr— (Adg chw— ghg_l).

We have shown in Properties [6.1.6](2) that ker(Ad) = Z(G).
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Definition 6.4.1. The subgroup Ad(G) C Aut(G), denoted by Inn(G), are called the group
of inner automorphisms.
The following lemma will show that Inn(G) is a normal subgroup of Aut(G). The quotient

Out(G) := Aut(G)/Inn(G)
is called the group of outer automorphisms of G.

Lemma 6.4.2. For a group G, Inn(G) < Aut(G) is a normal subgroup.

Proof. We need to show that, if o : G = G is an automorphism, then oInn(G)o~" = Inn(G).
(In fact, it suffices to prove “C”, and “2” follows from the inclusion “C for c=17.)
For this, take Ad, € Inn(G) for g € G. We claim that

JoAdgoa_l:G—>G

as an automorphism is equal to Ad, (g, so it belongs to Inn(G); and thus proving oInn(G)o~* C
Inn(G). Indeed, we have

ocoAdgoo(h) =o(Ady(c™"(h))) =a(go " (h)g™")
=o(g)a(o(h)a(g)™" = o(g)ho(g)™" = Ady(y (h).
U

Example 6.4.3. Consider G = GL,(Q), the conjugation action gives Ad : GL,(Q) —
Aut(G), then

ker(Ad) = Z(GL,(Q)) = {4 € GL,(Q)|AB = BA, for all B € GL,(Q)}
= {a-[n‘ae(@x}%@x.

Thus we have Inn(G) = GL,(Q)/Q* =: PGL,(Q) (the projective general linear group).
What about automorphisms that are not inner? The automorphism

Y : GL,(Q) —— GL,(Q)
Ar—— 1A
satisfies Y(AB) = ¥(A)y(B). This gives an action by automorphism

PGL,(Q) x {1,4} (_ GL.(Q)

Remark 6.4.4. Write SL,(Q) := {A € GL,(Q) | det A = 1}. Then it is known that

PGL,(Q) x {1,v} whenn >3

Aut(SL,(Q)) = Aut(PGL,(Q)) = {PGLQ(Q) when n = 2.

Here the reason that we do not have 1) when n = 2 is that in this case 1 : (‘; g) ! (‘; g)_l =
(_‘1,) _ac) is the same as conjugation by (_01 (1)) (One way to explain this is that: there are
two ways to think of the projective space P"~ !, a line in Q" or a hyperplane in Q"; there
is some kind of duality to take one version into the other; this is reflected by . But when
n = 2, the two types of view are the same; so v is an inner automorphism.)

What is Aut(GL,(Q))? The issue is the center Q*. Abstractly Q* = {+1}x [] p%;so it
p prime
is a huge infinite product, and has very large automorphisms. Of course, such automorphisms
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are not very interesting, if we confine to automorphisms of G that are “given by polynomials
maps”, then (when n > 3)

Aut(GL, (Q))"* = PGL,(Q) » {1,4:}.

Example 6.4.5. For G = §,,, the conjugation action Ad : S,, — Aut(S,) is injective. Here
is an interesting fact:
If n #6, Ad : S,, — Aut(S,,) is an isomorphism, i.e. all automorphisms of S,, are “inner”.

When n = 6, there exists an automorphism 1 : Sg — Sg that is not inner, given by

¥((12)) = (12)(34)(56), ¥((23)) = (14)(25)(36), ((34)) = (13)(24)(56),
¥((45)) = (12)(36)(45), and +((56)) = (14)(23)(56).
In fact, one can prove that Aut(Ss) = Sg x {1,9}.

EXTENDED READINGS AFTER SECTION 6
6.5. Characteristic subgroups.

Definition 6.5.1. Let GG be a group. We say that a subgroup H is characteristic, denoted
as H char G, if for any automorphism o of G, o(H) = H.

Properties 6.5.2. (1) If H < @ is the unique subgroup of that order, then H is char-
acteristic.
For example, in Z,, for every d|n, (d) C Z, is characteristic.
(2) Characteristic subgroups are normal.
Indeed, if H charG and g € G, Ady : G — G is an automorphism. The definition
of characteristic subgroups gives:

Ad,(H)=H = H<G.

(3) If K char H and H <G, then K <G.
Moreover, if K char H and H char G, then K char G, i.e. characteristic subgroup
is transitive.
(Proving the first statement: given any g € G, as H < G, we have gHg™' = H.
Thus
Adj:H —— H

h ——— ghg

is an automorphism. The property of characteristic subgroups implies that Ad,(K) =
K.) The proof of the second statement is left to the readers.
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7. SYLOW’S THEOREMS

In this lecture, we focus on one of the most important tools in the study of finite groups:
Sylow’s theorems. In some sense, the main motivation of Sylow’s theorem is to find abstract
ways to

e study groups in a way similar to, for n = p{* - -- p®, having Z,, = Zpin X+ X Lo,
and hence reducing the study of Z, to each of prime p; (namely to separating the
structure to the part for each prime p) and

e consider the group G acting on some natural set X (as a way to re-present the group).

7.1. Statement of Sylow’s theorems.

Definition 7.1.1. Fix a prime number p.

(1) A p-group is a finite group whose order is a power of p.
(2) If G is a finite group of order |G| = p"m with r,m € N and p { m, a subgroup H of
G of order exactly p” is called a Sylow p-subgroup or p-Sylow subgroup. Write

Syl,(G) := {Sylow p-subgroups of G} and n, := ’Sylp(G)‘.

Theorem 7.1.2 (Sylow’s theorem). Let G be a finite group with |G| = p"m with r,m € N
and p{m.

e (First Sylow Theorem) Sylow p-subgroups exist.
e (Second Sylow Theorem) If P is a Sylow p-subgroup of G, and Q < G is a subgroup
of p-power order, then there exists g € G such that Q < gPg™' (note gPg~" is also
a Sylow p-subgroup).
In other words, we have
— all Sylow p-subgroups are conjugate; and
— all subgroups of p-power order is contained in a Sylow p-subgroup.
e (Third Sylow Theorem) The number n, = |Syl,(G)| satisfies
(1) n, =1 mod p, and
(2) nylm.

7.2. Proof of Sylow’s theorems and their corollaries.

7.2.1. Proof of First Sylow Theorem. (There are a few proofs of this theorem. The one we
include here can be found in Dummit—Foote’s book, which in my opinion requires some “high-
level thinking” but less trickier; we hope to give the readers a sense of how a “structured
proof” might look like as opposed to a proof only involves tricks. In the extended material,
we include another proof.)

We use an induction on |G|. When |G| = 1, there is nothing to prove.

Suppose that the First Sylow Theorem is proved for finite groups of order < n. Let G be
a finite group of order n = p"m with r,m € N and p { m.

Case 1: p1 |G|, i.e. 7 =0. Then {1} C G is the Sylow p-subgroup of G.

Case 2: If p divides |Z(G)|, then Z(G) is a finitely generated abelian group; so

Z(G) :ZpT'l X - X Zpr.g X oo

-

p-part

We write Z(G), for the p-part of Z(G); then |Z(G),| = p’ for some ' > 1.
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Now, we consider the quotient homomorphism G — G / Z(@), = G, where the quotient

g has order n/p” = p""'m < n. By inductive hypothesis, G contains a Sylow p-subgroup
H of order p"~"". Then 7—'(H) is a subgroup of G of order

[H| - [kern| =p"" - p" =
So H is a Sylow p-subgroup of G.
Case 3: If p does not divide |Z(G)| but p divides |G| (thus r > 1).

We use the class equation for the conjugation of G on itself proved in the previous lecture
(Theorem [6.3.1]), to deduce that

t

Gl = |[ZG)]] + '1[G:CG(gi)]

T T 1

div. by p not div. by p  sum over representatives of conjugacy classes

It follows that there exists one i such that [G' : Cs(g;)] is not divisible by p. Thus Cg(g;)
has order p"m’ for some m/|m and m’ # m.

By inductive hypothesis applied to Cg(g;), there exists a subgroup H of Cg(g;) of order
p". This H is also a Sylow p-subgroup of G.

This completes the inductive proof of First Sylow Theorem. 0

7.2.2. Proof of Second Sylow Theorem. Now let P < GG be a Sylow p-subgroup, and Q) < G
a subgroup of p-power order.

When |Q| =1, i.e. Q = {1}, clearly, Q < P, we are done.

Now we assume that |Q| = p” with ' > 1. Consider the left translation action of ) on
G/ P:

Q(_ G/p={gP|geay}.

More precisely, ¢ - gP := qgP, for ¢ € Q and gP € G/P.
Then we must have

G/P|| = ;{Orbitsi‘ - ;}Q/Stabi\

:

not divisible by p

Thus, there exists one orbit, say the orbit of gP such that the number of elements in the
orbit is not divisible by p. Let

Q = {q €qQ { qgP = gP} = Stabg(gP) < Q

be the stabilizer group. It follows that |Q/Q’| is the same as the size of the orbit, and is
thus not divisible by p.
Yet |Q| = p is a power of p, we must have Q) = @Q'. In particular, this says that for any
q € Q, we have
ggP =gP = qge€gP = qc€gPg '

So we deduce that Q < gPg~!.
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Corollary 7.2.3. All Sylow subgroups are conjugate.

Proof. Let P and @) be two Sylow p-subgroups. The Second Sylow Theorem implies that
there exists g € G such that Q < gPg~'. But |Q| = |gPg™!|. So Q = gPg~'. OJ

Corollary 7.2.4. There is only one Sylow p-subgroup if and only if one Sylow p-subgroup
P < G is normal.

Proof. “=": for any g € G, gPg~! is also a Sylow p-subgroup. So the uniqueness implies
that P = gPg~'. Thus P is normal.

“«<": Since all Sylow p-subgroups are conjugate by the above Corollary and all conjugates
gPg™! are the same as P, there is only one Sylow p-subgroup, namely P. U

Remark 7.2.5. Usually, when quoting Corollaries [7.2.3] and [7.2.4], we will just say Second
Sylow Theorem.

Corollary 7.2.6. If P is a Sylow p-subgroup, then Ng(Ng(P)) = Ng(P), and Ng(P)
contains a unique Sylow p-subgroup, which is P.

Proof. Note that P < Ng(P) tautologically holds; so P is a normal Sylow p-subgroup of
Ng(P). By the above Corollary, P is the unique Sylow p-subgroup of Ng(P). (This proves
the second statement.)

It is clear that Ng(P) C Ng(Ng(P)). Conversely, for n € Ng(Ng(P)), we have

TLNG(P)nil = NG(P)

U U
nPn=! P

But we have just shown that Ng(P) has a unique Sylow p-subgroup. So nPn~! = P, i.e.
n € Ng(P). O

7.2.7. Proof of Third Sylow Theorem. Recall that |G| = n = p"m with r € Zs, and p { m.
Put n, := ‘Sylp(G)‘.

(1) Consider the conjugation of G on Syl (G): gx P := gPg~! for g € G and P a Sylow
p-subgroup of G.

By Second Sylow Theorem, all Sylow p-subgroups are conjugate and thus the conjugation
G-action on Syl (G) is transitive. From this, we deduce

I S p-m
INa(P)|  p-[Na(P): P]

np = |Sy1,(G)| = |G/Na(P)]

It is clear from this that n,|m.
(2) Consider P acting on Syl (G) by conjugation. Then we have

(7.2.7.1) n, = [SyL(G)| = ) |P/Stabp(P)].
orbits Adp(P;)
o If Stabp(P;) # P, then Stabp(F;) is a subgroup of P; Lagrange theorem implies that
|P/ Stab p(R)| is a nontrivial p-power and in particular divisible by p.
e If Stabp(P;) = P, then P C Ng(P;). But Corollary implies that Ng(P;) contains

a unique Sylow p-subgroup, i.e. P = P;. So there is a unique such orbit.

It follows from the above discussion that n, =1 (mod p).
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7.3. Applications of Sylow’s Theorem.

7.3.1. Classification of groups of order pq. Assume that G is a group of order pq, where
p < q are prime numbers.
Let @) denote a Sylow g-subgroup of G. By Sylow’s Third Theorem, we have

ng|p, and n,=1 (mod g = ng=1

So @ is a normal subgroup (and it is unique).
Let P be a Sylow p-subgroup. The Sylow’s Third Theorem says that

ny|q and n,=1 (mod p).

Thus n, = 1 or . We will separate two cases, but in either case, we must have P ~ Z, and

Q~7Z,

Case 1 : n, = 1. Then P is a normal subgroup. By Theorem , we have G = P X Q).

Case 2 : n, = ¢ =1 (mod p). In this case, G = QP (because PN Q = {1}). As Q is a
normal subgroup and P N @ = {1}, Proposition implies that G = @) x P. This
corresponds to a homomorphism

Z,~ P — Aut(Q) = Aut(Z,) =~ Z}

q

(7.3.1.1)
y ——— (x—yay 't =9y —— a.

Then G ~ @ %, P.

Next, we claim that, up to isomorphism, there is only one such semidirect product.

We use the fact that Zx is a cyclic group of order ¢(q) = ¢ — 1, i.e. Z} ~Z, ;.
Then there is a unique subgroup or order p of Z, ;. Written as a subgroup of Z, it
takes the form of

{1,a,...,a" '}

Fix a generator ¢ € P of P. Then all possible such homomorphism is of the
form (fori=1,...,p—1):

ni:P=12, — Zj
o r———— a’.
We then define an isomorphism:
Q Xy Zy —— Q Xy, Zy

(y,¢) ——— (y, ic).

7.3.2. A group of order 132 cannot be a simple group. (This is a typical application of Sylow’s
theorem.)

We factor 132 = 11 x 3 x 4. Suppose that G is simple, then G would not have any
nontrivial normal subgroups. In particular, ns, n3, and n;; are not 1. In any case, the Sylow
p-subgroup P, for p = 3,11 has order p, and hence is isomorphic to Z,.

e Consider ny;. ny; = 1mod 11 and nqp]12. So ny; = 12. As each pair of Sylow
11-subgroups have only trivial intersection, there are at least 12 - 10 = 120 elements

of order 11.
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e Consider ng. n3 = 1 mod 3 and n3|44. So n3 = 4,22. Using the same argument as
above, we see that there are at least 2 x 4 = 8 elements of order exactly 3.

e Consider ny > 2. The intersection of two Sylow 2-subgroup has at most 2 elements.
So there are at least 4 +4 — 2 — 1 = 7 elements whose order is 2-power.

In total, there are at least 120 + 8 + 7 = 135 elements in (. This is a contradiction.

7.3.3. Sylow groups for normal subgroups and quotient groups. Consider the case of a finite
group G and a normal subgroup N. Let 7 : G — G/N denote the projection (with kernel
kerm = N).
We claim that, for a Sylow p-subgroup H of G,
(1) the image w(H) is a Sylow p-subgroup of G/N; and
(2) the intersection N N H is a Sylow p-subgroup of N.
We make the following observation: restricting 7 to the subgroup H, we obtain a map

7|y H— w(H).
The kernel is ker(w|y) = N N H. By First Isomorphism Theorem, we have
m(H) = H/(NNH).

Recall our convention: |G| = p"m with r € Z> and p t m. Put |N| = pm! with 1 € Zso,
7" <r, and m'|m. Then |G/N|=p'—"" 2.

m

Yet, N N H is a subgroup of N and m(H) is a subgroup of G/N. Lagrange theorem gives:

|N N H| divides |N| = p"'m/
p'=[H|=[NNH|-|r(H)
|w(H)| divides |G/N| =p'—" 2.

From this, we see that we are forced to have [N N H| = p” and |r(H)| = p"~". This shows
that w(H) is a Sylow p-subgroup of G/N and N N H is a Sylow p-subgroup of N.

7.3.4. Group of order 105. Let G be a group of order 105 containing a normal Sylow 3-
subgroup P3;. We will show that G ~ Zs.

We start by considering Sylow 5-subgroups and Sylow 7-subgroups.

Sylow’s Third Theorem says that

ns[3-7=21, nzy=1 (mod 5) — n5 =1, 21.
n7|3-5=15 n;=1 (mod?7) = ny =1, 15.

We need some additional input to proceed (in particular, using the normality of Pj.)
Since Pj is a normal subgroup of G, the conjugation action of G on Pj defines a homo-
morphism

qbZG—) Aut(P:;)ZZ;ZZQ
g—— (Ad, : x — gag™)
In particular, ¢(G) C Zs is a subgroup (so ¢(G) = {1} or ¢(G) = Zs. Yet ¢(G) is a quotient

of G, which has odd order; so |¢(G)| is odd, and thus ¢(G) = 1.

In other words, for any g € G, x = grg~! for any x € Ps; this means that Py C Z(G).
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Now, we need to go back to the proof of Sylow Third Theorem (1), letting G' acting on
{Sylow p-subgroups} (for p = 5,7). Now Pj acts trivially under conjugation; so ns is a factor
of |G/(P3Ps)| = 7. So ns = 1. Similar argument shows that n; = 1. So both Ps and P; are
normal subgroups.

Now, all P;, Ps, and P; are normal; G = P3 X Py X Py ~ Zy5.

EXTENDED READING MATERIAL
7.4. An alternative proof of first Sylow’s theorem. We need the following.

Notation 7.4.1. For a positive integer n and a prime p, we write v,(n) for the maximal
nonnegative integer m such that p™ divides n.

If we write n = ag + a1p + azp® + - - -, put Dig,(n) := ag + a1 + ag + - -+ for the sum of
digits when writing n as a p-based number.

A general fact is that

n n n n — Dig (n)
n= |2 n L I et AN
vp(n!) {pJ + LﬁJ * Lp3J * p—1
The last equality can be checked as follows: it is enough to prove this for n = a;p*, for which
a;p' — a;

it reads a;(p" '+ p" 2+ 4+ 1) = .
p JR—

Lemma 7.4.2. Let p be a prime number and let n = p"™m with p ¥ m. Then for any

0<k<r, wehave
n
vp((pk)) =r—k.
Proof. We compute this as follows:

o((2)) = D)~ 6 D)~ = Do)

p* p—1
_ Dig,(n—p") — +Dig,(p") — Dig(n) _
p—1
where the last equality is because it computes the number of times that we take over a p to
the next digit when computing (n — p*) + p*. OJ

Theorem 7.4.3. Let G be a group of order n = p"m with p f m and r € Z>o. Then G
contains a Sylow p-subgroup.

Proof. Let Q denote the set of subsets of G of p* elements, i.e. an element A of Q) is a subset
{a1,as,...,a,}. We define a G-action on § by, for g € G,

gx A= {gay, gas,...,ga,}.
We may write (2 as the disjoint union of orbits, so

Q= > ol

orbits O

r—k o n
PR [ = (p)
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So there exists at least one orbit O = G - A such that p"~*1 {]0|.
We claim that Stabg(A) is a Sylow p-subgroup. Indeed, we note that

_ el pm
|Stabg<A)| |Stab(;(A)| '
But p"*1 4 |O]; so p* | |Stabg(A)|.
On the other hand, pick any element a € A,
{ga | g € Stabg(A)} C A

and the elements ga are pairwise distinct. So [Stabg(A)| < |A| = p*. Combining this with
above shows that [Stabg(A)| = p*. So Stabg(A) is a Sylow p-subgroup. O

O]
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8. COMMUTATOR SUBGROUPS, NILPOTENT GROUPS, AND p-GROUPS
8.1. Commutator subgroups.

Definition 8.1.1. For z,y € G, define [z,y] := 27y xy, the commutator of x and y.
Let G4 = G/ = <[:13, yllz,y € G> be the subgroup of G generated by all commutators;
this is called the commutator subgroup or the derived subgroup of G.
Note: It is NOT true that every element of G' is a commutator itself.

Properties 8.1.2. The commutator of x,y € G enjoy the following properties:
(1) zy = yx if and only if [z,y] = 1;
(2) for g € G, we have glz,ylg™' = [gzg™", gyg~'];
(3) G’ is a normal subgroup of G and G/G’ is abelian.

Proof. (1) is clear. For (2), we compute directly

glr.ylg "t =gy layg =g g gy g T g gyg Tt = [grg T gyg .

(3) For g € G, gG'g~! is generated by elements of the form g[z, y]g~!, which are the same
as [grg™", gyg~'] by (2). So gG'g™! = G".
Moreover, for z,y € G, we have
G - yG = yG - 2G e a2y layG =G
So G’ and yG' commute with each other in G/G’; it is abelian. O

Proposition 8.1.3. If A is an abelian group and ¢ : G — A is a homomorphism, then
G' C ker ¢. Moreover, ¢ factors as the composition of

- , @
(8.1.3.1) G——>G/G A

g —— 9G" —— 8(9).
In particular, we have a bijection for every abelian group A:
Hom,, (G, A) —— Homg,(G/G", A)
¢ > (¢: 9G' = ¢(9)).

In other words, if we want to Hom a group out to an abelian group, it is enough to Hom

out from G/G".

Proof. Note that for any =,y € G, ¢([z,y]) = ¢~y ay) = o(x) " o(y) 'd(x)e(y) = 1
because A is abelian. So G’ C ker ¢. It follows that G must factor through G /G’ as shown in

(8.1.3.1). In particular this gives the map Hom,,(G, A) — Hom,,(G/G’, A). The converse
map is easier and it follows from sending a homomorphism ¢ : G/G" — A to the composition

G "% GG —2 A

[
Example 8.1.4. For G = Dy, = (r,s|r" = s* = 1, srs = r~'), compute all homomor-
phisms Hom,, (G, C*).
1,1

First note that G’ contains srs~'r~! = r=2. We separate two cases.
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e If n is odd, then (r) = (r=2) C G’. We claim that G’ = (r). Instead of checking
every pair of elements, we use the following argument: construct a map

v G —— {£1}
ri——— 1
srt — —1.
One checks that ¥ (r)" = 1(s)* = 1 and ¥(s)y(r)(s) = ¥ (r)~'; so ¢ is a homomor-
phism.
By Proposition above, we have G’ C ker¢) = (r). So G’ = (r) and G/G" =
{+1}.
e If n is even, then (r=2) = (r?) C G’. Similar to above, we define
WG —— {1} x £1}
rte— ((—1)i, 1)

s — (1, —1).

Once again, we check the relations ()" = ((—=1)",1) = (1,1) as n is even, ¥(s)* =
(1,1), and ¥(s)y(r)(s) = (=1,1) = (r)~1. So ¢ is a well-defined homomorphism.
Now Proposition implies that G’ C kert = (r?). This implies that G’ = (r?)
and G/G' = {£1} x {+1}.
Now, we apply Proposition [8.1.3] to get:
e when n is odd,

Homg,,(Dsy,, C) = Homg, ({£1}, C*) = {tr, v}.

There are two such homomorphisms: the trivial one, and the i above, given by
sending r to 1 and s to —1.
e when n is even,

Homyg, (G, C*) +———— Homyg, ({£1} x {£1},C%)

Y : G — C* Y(—=1,1) =X € {£1} Cc C*

W) =X w(s) = (l,—1) = p e {£1} C C

8.2. Solvable groups. We recall from Definition that a group G is called solvable if
there exists a chain of subgroups 1 = Gy < G; < --- < G, = G such that G;_; < G; and

G;/G;i_1 is abelian, for every i = 1,...,r. (When G is finite, this is equivalent to existing
such a chain of subgroups such that each G;/G;_; is isomorphic to Z,, for some prime number
pi-)

In particular, all abelian groups are solvable.
A good way to test solvable groups is through the following.

Definition 8.2.1. For any group G, define the following sequence of subgroups inductively.
GO =g, GY=[GqG], G =[GY GY for any i.

This is called the derived or commutator series of GG.
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An interesting typical example of commutator series is the following.

Example 8.2.2. Consider

c* C C 1 CC 10C
G=|l0 ¢ c|2o2GY=|o1c|l2o2aP=]01 0| 26V ={I}.
0 0 C* 00 1 00 1

Proposition 8.2.3. A group is solvable if and only if G™ = {1} for some finite n € N.

Proof. “<" Note that each G is a normal subgroup of G¢~1) and the quotient G¢~1 /G®
is abelian. So
{1} = G agr-Ha...aq®aq@
is the required chain of subgroups with abelian subquotients.
“=" As G is solvable, there exists a chain of subgroups

{1} =Hy<H,<H,<---<H =G
such that H; 1 < H; and H;/H;_; is abelian.
It follows that [H;, H;] € H;_;. This implies that
GV =[G,G] C H,_4,
G? = [GW,GW] C [H,_1,H, 1] C H,_5,

GY C Hy i,
Eventually, we prove GV C Hy = {1}. O
Remark 8.2.4. (1) The derived series is the “fastest-decreasing” series so that the sub-

quotients are abelian.
(2) The smallest n € Zsq for which G = {1} is called the solvable length of G.

Lemma 8.2.5. All G% are normal subgroups of G. In fact, they are characteristic subgroups
of G.
Proof. Recall that GV =[G, G] = (z 7'y 'ay ‘ z,y € G). If ¢ : G — G is an automorphism,
we have
o(GV) = (g(ay ay) |2,y € G)
= (o(2)'o(y) " o(x)d(y) |2,y € G) = G
Inductively, we prove that
o(GY) = o(IGY, GV = [o(GU), 6(GUY)] = [GUD, GUV] = G
Thus G is characteristic and thus normal. 0

Properties 8.2.6. (1) If H < G, we must have H®) < G, So if G is solvable, then H
is solvable.
(2) Let ¢ : G — K be a surjective homomorphism. Then ¢(G®W) = K@, So if G is
solvable, then K is solvable.
(3) If N <G is a normal subgroup and both N and G/N are solvable, then G is also

solvable.
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8.3. Nilpotent subgroups. We introduce a notion of nilpotent group, which sits in the
following list of groups with properties.

{Cyclic groups} C {abelian groups} - {nilpotent groups} - {Solvable groups} C {all groups}
Definition 8.3.1. For a group G, define the following subgroups
G'"=aG, G'=G,G], G =[G, G for i,

Then we have a chain of subgroups G° > G* > G? > ---. This is called the lower central
series of G.

Similar to Lemma we may prove that each G* is a normal subgroup of G. It is also
clear that G > G®.

The group G is called nilpotent if G¢ = {1} for some ¢ € N. The smallest such ¢ is called
the nilpotence class of G.

Remark 8.3.2. The construction of lower central series commutes with passing to quotients,
ie. if m: G - H = G/N is the homomorphism given by taking quotient by a normal
subgroup N, then 7(G") = H".

Corollary 8.3.3. If G is nilpotent, then G is solvable.

Proof. If G¢ = {1} for some ¢ € N, then G® < G¢ = {1}. So G = 1. O
Example 8.3.4. Going back to Example For the groups
cx C C 1 C C 10 C
G=|l0 ¢ c|2o2GY=[o1c|lo2aP=|01 0| 2G6¥ ={1},
0o 0 C* 0 0 1 00 1

G is NOT nilpotent, because a direct computation shows that GV = G* but G? = [G,G'] =
G' and all G¢ = G* for ¢ > 1.
On the other hand, G and G® are nilpotent groups.

We also introduce a “dual picture”.

Definition 8.3.5. For any group G, define the following subgroups
Zo(G) =1, Zi(G)=Z(G).
Consider the following quotient
G —— G/Z(G)
U U
Z5(G) — Z(G/Z(G))

where Z5(G) is defined to be 771(Z(G/Z(@G))). Since Z(G/Z(G)) is a normal subgroup of
G/Z(G), Z5(G) is a normal subgroup of G.
Now, inductively let Z;,1(G) be the subgroup of G containing Z;(G) such that Z; 1 (G)/Z;(G) =

Z(G/Z(G)).

G ——— G/Z;(G)

U U

Zin(G) — Z(G/Z(G))
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(In particular, here, we always have inductively Z;(G) < G is a normal subgroup. Suppose
that Z;(G) is a normal subgroup. Yet Z(G/Z;(G)) is a normal subgroup of G/Z;(G); so its
preimage Z;1(G) := 71 (Z(G/Z;(G))) is a normal subgroup of G.

The sequence {1} = Zy(G) < Z;(G) < --- is called the upper central series of G.

Remark 8.3.6. We remark on the convention in choosing superscript versus subscript:
typically, the convention is

e indexing by subscript for increasing filtration,
e indexing by superscript for decreasing filtration.

Theorem 8.3.7. A group G is nilpotent if and only if Z.(G) = G for some c € N.
More precisely, for some c € N, G¢ = {1} if and only if Z.(G) = G, and in this case, for
every1=20,1,...,c

(8.3.7.1) G < Zi(Q).

Proof. We prove this by induction on the minimal ¢ such that either G¢ = {1} or Z.(G) = G.
When ¢ = 1, either conditions G' = {1} and Z;(G) = G is equivalent to the condition that
G is abelian. The statement is clear.

Now suppose the theorem has been proved for smaller ¢, and we treat the case when either
G° = {1} or Z.(G) = G for this c € N. Let 7 : G — G/Z(G) =: G. For a subgroup H of G,
denote its image under m by H C G.

We first show that inductive hypothesis may be applied to G’ (whenever one of the condition
of the theorem holds). In fact we will prove

Ge = {1} Z.(G) = G

][(1) I[@)

(a)cil _ {1} inductive hypothesis Zc_l(a) _ a

Indeed, for (1), G¢ = {1} is equivalent to [G, G*7'| = {1}, i.e. all elements in G*~! commutes
with all elements of G. So this is further equivalent to G¢™1 < Z(G). As the construction
of lower central series is compatible with passing to quotients, this is further equivalent to
@1 = {1},

For statement (2), we simply note that the construction of upper central series implies
inductively that Z;(G) = Z;_1(G). More precisely, we have the following picture that explains
this.

: bk

GIZ(G) =———=G 2 Z4(C) —— Z(C)

lﬁl |

G/Zy(G) == G/Z,(G) G 2 Z(G/%(G)).

™2

By definition Z,(G) is the pullback of Z;(G) along 71, namely Zo(G) = 7' (Z1(G)). After
this, we consider G/Z5(G) = G/Z,(G). Inside of this, we will pullback Z(G/Z5(G)) =
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Z(G/Z1(G)). The pullback to G gives Zo(G) = 77" (Z(G/Z1(G))). This implies that
Z3(G) = my ' (2(G)2:(G))) = my "7y (Z(G/2:(G))) = 711 (Z2(G)).
We may continue this way, and (2) is a special case of this results.
Finally, we prove G~ < Z;(G) from the inductive hypothesis G < Z; 1(G). Indeed,
(8.3.7.2) G < (G <7 Y2 (@) = Zi(G).
U

Remark 8.3.8. It is not true that Z;(G) < G°*!; this is an error in Dummit-Foote’s

book on page 194 Theorem 8. The essential reason is that G < fl(@“) in (8.3.7.2))
need not be an equality, i.e. it is not true in general that the preimage of a commutator is
a commutator.

Remark 8.3.9. One way to philosophically understand the lower or upper central series is
that:

(1) abelian groups are easy to understand.

(2) If H is a nonabelian simple finite group, then [H, H] = H and Z(H) = 1 (because H
has no nontrivial normal subgroups). So lower and upper central series is trivial for
simple finite groups.

The following visualize the lower and upper central series as follows.

Complicated

close to
simple groups

Coming from the upper central series, we will never reach the Jordan-Holder factors that
“look like” simple groups. This is indicated on the left. “Dually”, coming from the lower
central series, the subgroup G* will always contain the Jordan-Holder factors taht “look like”

simple groups. This filtration “shrinks” the group from the right of the picture.
59



8.4. Structure theorem of nilpotent groups. In fact, nilpotent groups have a very nice
structure theorem.

Proposition 8.4.1. All p-groups are nilpotent.
Proof. This is because for every p-group P, Z(P) is nontrivial by Proposition [6.3.4] O

Proposition 8.4.2. Let P be a p-group.

(1) We have Z(P) # {1} (proved earlier).
(2) If H Q P is a nontrivial normal subgroup, then H N Z(P) # {1}.
(3) If H< P, then H < Np(H).

Proof. (1) is proved in Proposition [6.3.4]
(2) Consider the conjugation action of P on H:

Ad
P (. H, Ad,(h) = php™'.
For this action, we write H as the disjoint union of orbits:

H = H P/Stabp(ai),

for representatives ai, as, ..., a, of orbits.
We note that Stabp(a;) = P if and only if a; € Z(P), namely a; € Z(P)N H. So we have
the following

0= |H| =) |P|/|Stabp(a;)| = |Z(P) N H| (mod p).

This implies that Z(P) N H ;Z {1}.
(3) We use induction on |P|. There are two cases:
Case 1 If Z(P) ¢ H, yet Z(P) C Np(H). So H < Np(H).
Case 2 If Z(P) C H, consider H = H/Z(P) and P = P/Z(P). By inductive hypothesis,
H< Ns(H) = H < Np(H).
OJ
Corollary 8.4.3. If P is a p-group and if H < P has index p, then H is a normal subgroup.
Theorem 8.4.4 (Classification theorem for nilpotent groups). Let G be a finite group of

a1, Q2

order n = p'py* - -ppr and P; € Syl, (G). The following are equivalent.

(1) G is nilpotent.
(2) If H < G, then H < Ng(H).
(3) All Sylow subgroups P; are normal.
(4) G=E2P X Pyx - X P,.
Proof. (3) = (4) By criterion of direct products:
P1P2:P1XP2, P1P2P3:p1P2XP3:P1Xp2XP3,...

(4) = (1) as each P; is nilpotent.

(2) = (3) Recall that for each P;, Ng(Ng(P;)) = Ng(P;) by Corollary So Ng(P) =
G, which implies P; is normal.

(1) = (2) Using the same argument as in the theorem above, noting that G is nilpotent

= G/Z(G) is nilpotent. O
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EXTENDED READING MATERIAL

8.5. Schur—Zassenhaus theorem. One may consult online resources on this topic, such
as

https://kconrad.math.uconn.edu/blurbs/grouptheory/schurzass.pdf

We have learned in the Holder program that, if NV is a normal subgroup of GG, then the
study of G, philosophically, may be reduced to the study of N and G/N. The Schur—
Zassenhaus theorem concerns how to “reconstruct” G from N and G/N. This is in general
difficult. For example, if N and G/N are both isomorphic to Z,,, then G can be either Z,
or Z, x Z,. The case of Z, x Z, is considered a little “better” because the quotient map
7 :G — G/N admits a “partial inverse” or a section i : G/N — G such that 7 o7 = idg/w.

What Schur and Zassenhaus proved is that when | N| and |G/N| are relatively prime, then
there is always such a section i.

Theorem 8.5.1 (Schur—Zassenhaus). Let G be a finite group and N <G a normal subgroup
such that |N| and |G/N| are relatively prime. Let m : G — G/N be the natural surjective
homomorphism.

(1) There ezists a subgroup H < G such that

g H— G/N

is an isomorphism. (Such H'’s are called complements of N in G.) As a corollary, G is
isomorphic to a semidirect product N x (G/N).

(2) When either N or G/N is solvable, all complement subgroups H in (1) are conjugate
to each other.

Remark 8.5.2. Using the difficult theorem of Feit-Thompson (Remark [3.3.5]), the condition
in (2) is always satisfied: because either N or G/N must have odd cardinality.

The proof of Schur—Zassenhaus theorem is divided into two parts:

e Step I: Prove Schur-Zassenhaus theorem in the case when N is an abelian group.
e Step II: Reduce to the case when N is an abelian group.

The proof of Step I makes use of the so-called group cohomology which is beyond the
scope of abstract algebra. Essentially, constructing G' from N and G/N is governed by a
cohomological class in H?(G/N, N). Since |N| and |G/N| are relatively prime, H*(G/N, N)
is trivial. This can be directly interpreted as the existence of a complement group. The
fact that all complement groups are conjugate follows from the vanishing of H'(G/N, N).
(Although we do not cover these in our honors algebra course, group cohomology is a very
foundamental mathematical objects in algebra with many applications.)

In this supplementary material, we focus on the proof of Step II (of the existence part).
We start with a lemma.

Lemma 8.5.3. If N 4G and P € Syl (N), then G = N - Ng(P). In particular, if P I N,
then P < @.

Proof. Pick g € G, gPg~! < gNg!' = N. So gPg~! is a Sylow p-subgroup of N. By
2nd Sylow Theorem, there exists n € N such that gPg~! = nPn~!. It then follows that
n~tgPg~'n =P, ie. n"'g € Ng(P). So g € nNg(P) C N - Ng(P).
To see the second statement under the condition P < N, we note that in this case N C
Ng(P),s0 G= N - Ng(P)= Ng(P),ie. PLG. O
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Proof of Step II of existence in Schur—Zassenhaus theorem. By induction on the order of the
group G, we can assume that Theorem [8.5.1)(1) holds for smaller groups.

(a) If N strictly contains a nontrivial subgroup N’ that is normal in G, let G := G/N’
and N := N/N'. Then G/N = G/N. Applying inductive hypothesis to G, there exists a
complement M < G (that is isomorphic to G/N = G/N).

If 7 : G — G/N' denote the projection, let M := 7~'(M), and then N’ is a normal
subgroup of M such that M/N’ = M. Applying inductive hypothesis again to M shows
that N’ has a complement H in M, namely a subgroup H < M < G such that

H— H— G/N

is an isomorphism.

(b) Suppose now that N is a minimal normal subgroup of G.

Let P be a Sylow subgroup of N (for some prime number p). Lemma implies that
G = N - Ng(P). By 2nd Isomorphism Theorem,

G/N = Ng(P)/(Ng(P)NN).
If Ng(P) # G, the inductive hypothesis may be applied to Ng(P) to obtain a complement
of N¢(P)N N in Ng(P), which may be also served as a complement of N in G.

If Ng(P) = G, then P is a normal subgroup of G. By minimality of N, N = P. By
normality of N, N = P is the unique Sylow p-subgroup of GG. Since Z(P) is a characteristic
subgroup of P, Z(P) is normal in G. By minimality of N again, N = Z(P) is an abelian
group. This reduces to the case where we can handle by Galois cohomology. 0
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9. RINGS, IDEALS, QUOTIENTS RINGS
9.1. Rings.

Definition 9.1.1. A ring R is a set together with two binary operations + and -, satisfying

(1) (R,+) is an abelian group under “addition” (with 0 as the additive unit);
(2) the “multiplication” - is associative, i.e. (a-b)-c=a- (b-c) for any a,b,c € R;
(3) the distributive law holds in R, i.e., for all a,b,c € R,

(a+b)-c=a-c+b-¢c and a-(b+c)=a-b+a-c;
(4) R is unital, i.e. there exists an element 1 € R such that 1 # 0 and that
l-a=a-1=a, foralla € R.

In this course, all rings are assumed to be unital and 1 # 0, i.e. condition (4)
above holds.
We say that a ring R is commutative if a-b=05-a for all a,b € R.

Definition 9.1.2. A ring is called a division ring or a skew field if every nonzero element
a € R has a multiplicative inverse.
A commutative division ring is called a field.

Example 9.1.3. (1) (Z,+,-) and (Z,, +,-) are rings.

(2) Q, R, and C are fields.

(3) Z[+] ={<% |a € Z,r € Z>p} is a subring of Q.

(4) If R is a ring, then R[x] = { > apa”

n>0
ring over R. More generally, we may define R[zy,...,x,] similarly as the ring of
multivariable polynomial rings with coefficients in R.
In this construction, we often require R to be commutative.

(5) If R is a ring, then the set of all n x n matrices Mat,,»,(R) in R is a ring.

(6) H := {a + bi + ci + dk | a,b,c,d € R} is called the ring of Hamilton quaternions.
The multiplication is given by the rules:

ay, € R} is a ring, called the polynomial

==k =1, ij=—ji=k, jk=—kj=1, ki=—ik=j.

There are additional structures, for z = a + bi 4+ ¢j + dk € Hi,

e Conjugations: z =a+bi +cj +dk := a — bi — cj — dk;

« T W =10 Z

e Norm map Nm(z) := 2z = a? + b> + ¢® + d? € Ry,,.
It can be seen that if z # 0, then 27! = z/Nm(z) is a multiplicative inverse. So H is
a division ring. (See extended reasons for more discussion.)

(7) (Group rings) Let R be a commutative and G a group. Define the associated group

ring of G over R to be

RG] = {ﬁnite sums Z agg

geqG

ageR}.

The multiplication is given by

(Zagg) (thh) = Z agbpgh.

geG heG g,heG
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The multiplicative unit in R[G] is 1 - e¢ (where eg is the unit in G).
For example, when G = Z,, = (o|0" = 1), we have

R[G] = {ao +a10+ -+ a, 10"t ‘ a; € R},
subject to the rule that o™ = 1.
For another example, G = Z = (o), then

R[G] = R[z™] = {ﬁnite sum Z apz"

neL

a, € R}.

Definition 9.1.4. Let R and S be rings.
(1) A ring homomorphism is a map ¢ : R — S satisfying
(a) ¢(a+b) = ¢(a)+¢(b) for all a,b € R (which in particular implies that ¢(0) = 0),
(b) ¢(ab) = ¢(a)p(b) for all a,b € R,
(c) o(1) = 1.
(2) The kernel of ¢ is ker ¢ = ¢~1(0). In particular, ¢ is injective if and only if ker ¢ =
{0}.

(3) A homomorphism ¢ is called an isomorphism if it is bijective.

Remark 9.1.5. In some books, a ring is not assumed to contain 1 and a ring homomorphism
needs not to send 1 to 1. We impose both conditions, as this is the case we almost always
encounter in the future.

In particular, if R; and Ry are two rings, the natural map Ry — Ry X Ry given by a — (a, 0)
is NOT a homomorphism, because it does not send 1 to 1. This is actually quite reasonable;
see our later discussion on the prime spectrum of a commutative ring.

Example 9.1.6. (1) ¢ : Z — Z,, sending a to a mod n is a homomorphism.
(2) ¢ : R — S sending all elements of R to 0 € S is not a homomorphism (under our
definition).

(3) ¢ : Z — Z sending ¢(x) = nx is not a homomorphism unless n = 1.
(4) If R is a commutative ring, then for any r € R, there is a natural evaluation
homomorphism:

¢r: Rlz] —— R
f(x) —— f(r).
Note that it is crucial to assume R to be commutative here!

Definition 9.1.7. Let R be a ring.

(1) A nonzero element a € R is called a zero-divisor if there exists a nonzero element
b € R such that either ab = 0 or ba = 0.
(2) u € R is called a unit in R if there exists v € R such that

uv = vu = 1.
The set of units in R is R*. They form a group under multiplication.

A commutative ring R containing no zero-divisor is called an integral domain.

Remark 9.1.8. A key property of an integral domain is the following cancellation law: if
a € R and a # 0, then for any b,c € R,

a-b=a-¢c = b=c
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Example 9.1.9. (1) 2} = {amod n| ged(a,n) = 1}. The zero divisors in Z, are
{a mod n # 0 mod n ‘ ged(a,n) # 1},
(2) If R is an integral domain, then so is R[z].
This is because if one has two nonzero polynomials f(x) = a,,2™ + -+ + ag and
g(x) = bya™ + -+ 4 by (with a,, # 0 and b, # 0), then f(x)g(z) has leading term
bzt But a,b, # 0, so f(x)g(z) # 0. This shows that R[x] is an integral
domain.

Lemma 9.1.10. A finite integral domain R is a field.

Proof. For any nonzero element a € R, we need to find its inverse. Consider the following
homomorphism of additive groups

¢o: (R, +) — (R, +)
e — 1

Then ker ¢, = {x € R|ax =0} = {0} as R is an integral domain. Thus ¢, is injective, and
hence an isomorphism by counting the number of elements.
In particular, a=! := ¢ (1) is a multiplicative inverse of a. O

Definition 9.1.11. For an integral domain R, we define its fraction field or the quotient
field to be

Frac(R) := {(a, b) € R x (R\{O})}/((a, b) ~ (c,d) if and only if ad = bc).
In particular, R is a field.

Example 9.1.12. (1) Frac(Z) = Q.
(2) For a field k, Frac(k[z]) = k(x) the field of rational functions in x (with coefficients
in k).

9.2. Ideals. To develop the story for rings in a parallel way to that of groups, we now
introduce the analogue of normal groups in the theory of rings.

Definition 9.2.1. A subset I C R is called a left ideal if

(1) for any a,b € I, a—b € I (so that I is a subgroup of (R, +));
(2) for any a € I and x € R, we have za € I.

We say that I is a right ideal if it satisfies the above conditions with (2) replaced by
av € 1.

We say that I is an ideal (or a two-sided ideal) if it is a left ideal and a right ideal as
the same time.

We say that [ is a proper ideal if [ # R.

For commutative rings, there is no difference between left, right, or two-sided ideals. So
when R is not known to be commutative, we will always say two-sided ideals, but if R is
commutative, we will simply say ideals.

Remark 9.2.2. An ideal of a ring is (usually) not a ring, because 1 ¢ I. (1 € I implies that
I=R)

We represent ideals using the following notation
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Notation 9.2.3. Let R be a commutative ring, and let aq,...,as € R. Define

s
(al, Ce ,CLS) = {Zazlaz
i=1

(This definition also works for infinite sets {a;|i € J} when we allow only finite sums.)
We call this ideal the ideal generated by aq, ..., a,. It is the minimal ideal that contains
all of aq,..., as.

Example 9.2.4. In R =7,
(4,6) = {4z + 6y | z,y € Z} = 27 = (2).
In general, (ay,...,as) = (gcd(al, o ,as)).

Definition 9.2.5. Let R be a ring and [ a two-sided ideal such that I # R. We define the
quotient ring R/I := {x + I |x € R} (quotient as an additive group) with operations:

(x+D)+y+D)=@+y)+I and (z+1)-(y+1I)=(ay)+ 1.

We check that the multiplication is well-defined: if 2’ = x +a and v = y+ b with a,b € I,
then

xieR}gR.

Yy +I=(x+a)y+b)+I=azy+ab+ay+ab+I=axy+1.
h I
each terme

There is a natural surjective quotient homomorphism

with kerm = [.
This following is the analogue of isomorphism theorems for rings.

Theorem 9.2.6 (Isomorphism Theorems). (1) If  : R — S is a ring homomorphism,
then ker ¢ is a two-sided ideal and ¢(R) is a subring of S.
Moreover, ¢ induces an isomorphism

R/kers —= ¢(R)
x + ker ¢ —— ¢(x)
(2) Let I C J be proper ideals of R, then J/I C R/I is a proper ideal and
(R/1)/(J/T)= R/ J.
(3) Let I be a proper ideal of R. Then there is a 1-1 correspondence
{left/right/two-sided ideals J containing I} +—— {left/right/two-sided ideals J of R/1}
J > J/1
7 H(J) « i J

preserving inclusion orders, sums, intersections, and quotients. (Sum of ideals will

soon be defined.)
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Example 9.2.7. (1) For the homomorphism ¢ : Z — Z, given by modulo n, ker ¢ =
nZ = (n). So Z, = Z/nZ.
(2) For a commutative ring R and a € R, we have an evaluation homomorphism
¢q: Rlx] —— R
f(x) —— f(a).
The kernel ker ¢, = {f(z) € R[z]| f(a) = 0} = (z — a). (This is because one can
always write every f(z) € R[z] as f(z) = g(x)(z — a) + f(a). So R[z]/(x —a) = R.

(3) Let R be a ring and G a group, there is a natural homomorphism from the group

ring R[G|:
¢: RG] —— R
Z aglg] —— Z ag.
geG geq

The kernel ker ¢ = (g — 1; g € G) is called the augmentation ideal of R[G].
(4) For R = Ry X Ry a direct product of rings, both R; x {0} and {0} x R, are ideals.
They cay be alternatively written as

Ry x {0} =((1,0)) and {0} x Ry =((0,1)).
Caveat: the map
Ry —— Ry X Ry
a —— (a,0)
does not take 1g, to 1g, «xR,; so it is NOT a homomorphism in our convention.

We have the following operations of ideals.

Definition 9.2.8. Let I and J be two-sided ideals of a ring R.
(1) Define the sum of ideals to be

I+J={a+blacI be J}.
(2) Define the product of ideals to be
1J = {ﬁnite sums of elements ab for a € I, b € J}.

Caveat 9.2.9. In general, it is not true that all elements of I.J can be written as a pure
product ab for a € I and b € J. For example, R = Z[z] and I = (2,2) = {f(z) €
Z[x]| f(0) =2}. Then a? + 4 € I? yet it cannot be written in the form of ab with a,b € I.

Remark 9.2.10. By the property of ideals, IJ C I and IJ C J, so
1JCInNdJ

Example 9.2.11. If R is a commutative ring and I = (ay,...,as) and J = (by,...,b;), then

[—l—J:(al,...,as,bl,...,bt), [J:(albl,...,albt,...,aibj,...,asbt).
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Remark 9.2.12. It is important to explain the practical meaning of taking quotient rings:
it is to imposing relations among generators. We explain this through an example: for
k a field, we show that

k[l’,y,Z]/(l' - y27 Yy — 23) = ]’C[Z]
Indeed, for example, the element 2%y can be written as
vy =(@—y +y)y=(—y) xtyly=(@—y) =+ -2+
= (@ —y?) - *+(y—2°) - x+ 27
So 22y is equivalent to 2! in the quotient.
For another example, consider a homomorphism

The kernel ker ¢; = (2 +1). So
Rlz]/(z* + 1) 2 C.

(namely, we are imposing the relation 22 + 1 = 0 in the ring.) We also point out that this is
the prototype for field extension later, describing C in terms R.

EXTENDED READINGS AFTER SECTION 11

9.3. Quaternions over Q. In fact, in the constructions of Hamilton quaternions, we do
not really need it to have coefficients in R. In fact, for nonzero numbers A, B € QQ, we may
define a quaternion ring over Q:

Dap:={a+bi+cj+dij|a,bcdeQ}
where the multiplications are Q-linear and are governed by
i?=A, j>=B, ij=—ji.

When A = B = —1 and if we change the coefficients from Q to R, then we recover the
Hamilton quaternions.

It is an interesting fact (which is also important in number theory) that such D4 p is
either isomorphic to the matrix ring Maty.2(Q) or is a division ring. (For example, if both
A and B are negative then Dy p is a division ring for the “same” reason as in for H. Yet for
each p, if A is exactly divisible by p and B is an integer whose reduction modulo p is not a
square, then D4 p is a division ring “for reasons at p”.)
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10. CHINESE REMAINDER THEOREM, EUCLIDEAN DOMAINS, AND PIDs

10.1. Chinese remainder theorem. Recall that the classical Chinese remainder theorem
can be restated as follows: if nq,...,n, are pair-wise coprime integers, then

L — Z|nZ % --- L]0, 7L

is surjective and its kernel is niZ N ---Nn.Z =ny - - - n,. 2.
Definition 10.1.1. Let R be a two commutative ring. We say two ideals I and J of R are
comaximal if ] +J = R, ie. 1 € R can be written as 1l =a+ b witha € I and b € J.

(Note that in the case R = Z, m,n € Z are coprime if and only if (m)+(n) = (ged(m,n)) =
(1).)
Theorem 10.1.2. Let I, ..., I} be ideals of a commutative ring R. Then the natural map

¢p:R—— R/I} x--- X R/I}
x —— (zrmod I1,...,z mod I)

15 a ring homomorphism with kernel Iy N --- N 1.
If I, ..., I} are pairwise comaximal, then

(1) ¢ is surjective, and
@) LN NI=1- 1.

In particular, this implies that
¢ R/L- Iy 2 R/LN---NI — R/ x -+ x R/

Proof. The first claim on ¢ being a homomorphism with kernel 7; N---N I} is clear. We now
prove (1) and (2).
We first assume that k = 2. As I1 I, C I and I11, C Iy, we have I11s C I; N I,. Now, if
R =1, + I, we may write 1 = a; + ay with a; € I; and ay € I5. Then for b € I; N I,
b= ba1 + bCLQ S ]1]2.
~ =~
in Is1q in I11o
This 1mphes that 11[2 = Il N ]2.
To see that ¢ is surjective in this case, we note that
¢lay) = (al mod Iy, a; = 1 — as, mod [2) =(0,1);
o(az) = (ag =1—a; mod Iy, as mod IQ) = (1,0);
Thus, for any (z; mod I, o mod Iy) € A/I; x A/Iy, it is ¢(ajxe + as + x1).
In general, we use induction to show

¢:R—> R/, x R/L---I), ~» R/I x --- x R/I.

For this, we need to check I1 and I5--- I, are comaximal, i.e. Iy + Iy---1, = R. This is
because for each i = 2,... .k, 1 = a; + b; for a; € I and b; € I;. Thus

1 =(ag +bg) -+ (ar + br) = as - - - ax + product with some a; + by - - - by, .
‘ v gy
in Iy in Io-I
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10.2. A digression in logic.

Definition 10.2.1. A partial order on a nonempty set A is a relation < on A satisfying
for all x,y,z € A,
(1) (reflexive) = < x;
(2) (antisymmetric) if ¢ < y and y < z, then = = y;
(3) (transitive) if z <y and y < z, then = < 2.
(Some times we say A is a poset.)
A chain is a subset B C A where for any x,y € B, either xt <y or y < x.

Axiom 10.2.2 (Zorn’s Lemma). If A is a partially ordered set in which every chain B has
an upper bound, i.e. an element m € A such that m > b for every b € B, then A has a
maximal element z, i.e. an element such that no y > x.

Zorn’s Lemma is independent of the Zermelo—Fraenkel axiom system and is equivalent
to the Axiom of Choice and the Well-ordering Principle. See for example Dummit—Foote’s
Appendix A.2 or Munkres’ Topology for more discussion.

In this lecture, we assume that Zorn’s lemma holds.

10.3. Maximal ideals.

Definition 10.3.1. If R is a ring, a (two-sided) ideal m C R is called maximal if m # R
and the only (two-sided) ideals containing m are m and R.

The existence of such maximal ideals relies on the Zorn’s lemma.

Proposition 10.3.2. Every proper (two-sided) ideal I C R is contained in a mazimal ideal
of R.

Proof. Put . := {proper ideals of R containing I}. T claim that it is a partially ordered set
for inclusion. For this, we need to check that every increasing chain J; C - - - of ideals has an
upper bound. Indeed, J = J,.4 I; is an ideal; yet 1 # J; so J is a proper ideal containing 1.

So by Zorn’s lemma, . admits a maximal element, namely, the maximal ideal needed. [

The following is an important criterion for maximal ideals.

Proposition 10.3.3. Let R be a commutative ring. An ideal m C R is maximal if and only
if the quotient R/m is a field.

Proof. By lattice isomorphism theorem, m C R if and only if R := R/m has only two ideals
(0) and (1). We claim that the latter statement is equivalent to that R is a field.

If R is a field, then clearly it has only two ideals (0) and (1). Conversely, if R has only two
ideals (0) and (1), then for any nonzero element a € R, the ideal (a) # (0). Thus (a) = (1),
namely there exists a’ € R such that aa’ = 1. This implies that a € R*. So R is a field. [

Remark 10.3.4. If R is non-commutative, then R/m being a skew field implies that m
is maximal. But the converse is not correct. For example, R = Mat,,(C) has only two
two-sided ideals: (0) and R. Yet R is not a skew field.

Example 10.3.5. (1) When R = Z, for each prime number p, (p) = pZ is a maximal

ideal of Z.
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(2) For R = Z[z], (p) = pZ|x] is not a maximal ideal. But (p, x), or (p, z+1), or (p, f(x))
for any polynomial irreducible modulo p, is a maximal ideal.

(3) For G a finite group and R = C[G] the group ring, the augmentation ideal I =
{lg] — 1| g € G) is a maximal (two-sided) ideal, and we have C[G]/I¢ = C.

10.4. Prime ideals. Assume from now on that R is commutative.
Definition 10.4.1. A proper ideal p C R is called a prime ideal if
for any a,be R, abep=acporbehy.

This is equivalent to

a¢pandbgp = ab¢p.

Example 10.4.2. For p a prime number, pZ is a prime ideal of Z and pZ[z] C Z[x] is also
a prime ideal.

The following is an analogue of Proposition [10.3.3| for prime ideals. This is also quite
useful in application.

Proposition 10.4.3. An ideal p C R is a prime ideal if and only if R/p is an integral
domain.

Proof. Consider the natural quotient

T:R——>» R/p
a ——— a.

If R/p is an integral domain, then for a,b € R with ab € p, we must have ab = 0, or
equivalently @b = 0. This means that either @ = 0 or b = 0, i.e. either a € p or b € p.

Conversely, suppose that R/p is not an integral domain, then there exists nonzero elements
a,b € R/p such that ab = 0. This is equivalent to say that there exists a,b € R\p such that
ab € p. Thus p is not a prime ideal in this case. 0

Corollary 10.4.4. A maximal ideal is always a prime ideal.

The concepts of maximal ideals and prime ideals are extremely important in the study of
commutative algebra.

The following is an interesting property of prime ideals. The method of proof is typical in
commutative algebra.

Proposition 10.4.5. (1) Let ay,...,a, be ideals and let p be a prime ideal containing

() a;. Then p 2 a; for some i. If p=(\a;, then p = a; for some i.
i=1

(2) Let py,...,p, be prime ideals and let a be an ideal contained in LnJ p;. Then a Cp;
for some 1. =
Proof. (1) Suppose not. Then we may take elements z; € a;\p for each i. Yet since p is a
prime ideal, .
Ty Xy &P but myzg---x, € ﬂai.
i=1
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Thus p D a; for some 1.

If moreover p = () a;, then p C a; for each j, and thus p = a; for the ¢ above.
j=1
(2) We prove by induction on n that

(10.4.5.1) agZpifori=1,....n = aZ|Jp:

i=1
The base case n = 1 is clear, and suppose that we have proved ((10.4.5.1)) for n — 1, and now
we prove this for n. By inductive hypothesis, for each i = 1,...,n, we may find z; € a such
that

T EprU---Upig Upip U Upy,.
If for some x;, x; ¢ p;, we have already verified ((10.4.5.1)) using this element z;. Now, it

suffices to treat the case when z; € p; for every i = 1,...,n. Then consider the element
n
Yy = Z% L 1T41 T
i=1

Clearly y € a. We show that y ¢ p; for every i. Indeed, all elements in the sum except
the ¢th term xy---x; 12,11 ---x, belongs to p;. But as p; is a prime ideal, this product
X1 XTio1Tip - - - Ty does not belong to p;. Soy ¢ p;. This completes the inductive proof. [

10.5. Moving ideals along homomorphism of rings.

Notation 10.5.1. Let f : R — S be a homomorphism of commutative rings.

(1) If J C S is an ideal, then f~*(J) is an ideal, sometimes called the contraction of J.
(2) If I C Ris an ideal of R, then f(7)S is an ideal of S, sometimes called the extension
of the ideal I. (Note that f(I) need not to be an ideal of S.)

Proposition 10.5.2. If J C S is a prime ideal, then f~(J) is a prime ideal of R.
Proof. We consider the natural homomorphism
v: R Ji58 /J.

It is easy to see that kerp = f~!(J). By 1st isomorphism theorem, we obtain an injective
homomorphism
@:R/fHJ)— S/J.
Now, by Proposition J being a prime implies that S/.J is an integral domain. So
R/f71(J), realized as a subring of S/.J, is automatically an integral domain. So f~1(J) is a
prime ideal. U

10.6. Principal ideal domains. Initial study of rings is modeled on properties of Z, trying
to generalize various aspects of Z to other rings, such as certain quadratic rings, e.g. Z[i] =
{a+bi|la,beZ}.

Definition 10.6.1. A principal ideal domain, writing PID for short, is an integral
domain in which every ideal is principal.

Example 10.6.2. (1) The ring of integers, Z, is a PID. All of its ideals are of the form

nZ for some n.
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(2) For k a field, the ring of polynomials in one variable k[z] is a PID.

(3) We will prove later that the ring Z[i] is a PID. This is a very important example.

(4) (Non-example) The ring Z[v/—5] is not a principal ideal domain. For example, (3,1+
2y/—5) is not a principal ideal.

Proposition 10.6.3. Fvery nonzero prime ideal in a PID is a maximal ideal.

Proof. Let (p) be a prime ideal in a PID R. If m = (m) D (p) is a maximal ideal containing
(p). Then p = mn for some n € R. Using the property of prime ideals, we see that either m
or n belongs to (p).
e If m € (p), then (m) C (p). This says that (p) = (m).
e If n € (p), then n = ps for some s € R. Thus we have p = mn = mps, and thus
1 = ms. This implies that m is a unit. So m = (1) contradicting with that m is a
maximal ideal.

O
10.7. Quadratic integer rings.

10.7.1. Quadratic integer rings. Fix a square-free integer D (positive or negative), i.e. D =
+ product of distinct primes, and D # 1. Let

Q(VD) = {:c—l—y\/ﬁ‘x,y € Q}
be the “quadratic field” (it is a two-dimensional Q-vector space).
The “correct” analogue of Z inside Q(v/D) is
Z[VD]  if D=2,3mod 4;

0=0 =
Q(vD) {Z[H;/B] if D =1mod 4.

is i u rz = r it is a zer z4 — rz-—z+4 == z| in tw
This is because fo \/D01+;/5,tsa ero of 22 — D or 22 +14D€Z two
cases.

One sometimes write this in a diagram as:

Notation 10.7.2. On Q(v/D), we define a conjugation map: = +yvD = x — yv/D.
Clearly, it preserves the subring OQ( vp)» and satisfies

S

a-b=a-b.

(In fact a — @ is an automorphism of Q(v/D) and of Og(vp)-) When D <0, this is nothing
but just the complex conjugation. But when D > 0, this makes sense purely because of
algebraic structure we have on O.
Define the following norm map:
Nm: Q(v/D) — Q
Nm(z 4+ yvD) := (z + yvD)(z — yv/'D) = x> — D3>
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(If D < 0, Nm(a) > 0 for any a € Q(v/D).)

Properties 10.7.3. (1) If  + yv/D € O, then Nm(z + yv/D) € Z.
(2) Nm(a) = aa for any a € Q(v/D).
(3) Nm is multiplicative, i.e. Nm(ab) = Nm(a)Nm(b) for a,b € Oy /p)- (Again, this is
clear when D < 0 from the usual story of complex numbers, but when D > 0, this
follows from the purely algebraic argument.

Proof. We leave (1) and (2) as exercises. For (3), we use (2) to note that Nm(ab) = abab
aa - bb = Nm(a)Nm(b).

Lemma 10.7.4. For an element u € O, u € O* if and only if Nm(u) = +1.
Proof. “<=” As Nm(u) = uu = +1, we have u € O*.
“=" If uv = 1 for some v € O, then
Nm(u)Nm(v) = Nm(uv) = Nm(1) = 1.

We must have Nm(u) € {£1}. O
10.7.5. Pell’s equation. When D = 2,3 mod 4, we have

z+yVD e 0% & Nm(z+yVD) = +1 & 22 — Dy? = £1.
Thus, solutions of Pell’s equation form the group O*!

Fact 10.7.6. (1) When D > 0, O* = { + (zo + yg\/ﬁ)z} for a “fundamental” unit

To + yo\/ﬁ e Ox.
(2) When D < 0, we have O* = {£1} unless
e when D = —1, Z[i|* = {£1, +i};
e when D = —3, Z[(3]* = {£1,+(s, +¢2} with (3 = €>™/3 is a nontrivial third
root of unity.

Ol
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11. UNIQUE FACTORIZATION DOMAINS

For this entire lecture, R will be an integral domain. Our goal is summarized into the
following picture

( 1

Rings [ maximal ideal < R/I field = R/I integral domain < I prime ideal

Integral domains p prime element = p irreducible element
Non-UFD example: Z[v/—5]
UFDs p prime element < p irreducible element
PIDs I maximal ideal < [ prime ideal
R UFD = R|z] UFD
EDs e.g. Zli], klz] Classification of
finitely generated e.g. klxy, ...,z

modules over a PID

- J

Here the purple colored statements were proved in previous lectures; we will prove the blue
colored statements in this lecture, and the red colored statements in the following lectures.

11.1. Euclidean domains. There is a question we hope to answer: how to prove that an
integral domain is a PID? In classical theory of rings, one verifies this by checking a certain
algorithm of finding generators of ideals on R.

Definition 11.1.1. An integral domain R is said to be an Euclidean domain if there is a
norm Nm : R — Z* U {0} such that

(1) Nm(0) = 0;
(2) for any a,b € R with b # 0, there exists “quotient” ¢ € R and “remainder” r € R
such that

a=0bqg+r and either r =0 or Nm(r) < Nm(b).
It is important to point out that we do not require ¢ and r to be unique.

Remark 11.1.2. Recall that this Euclidean algorithm can be used to find the ged of two
integers. Fuclidean domain is a ring in which such an algorithm is valid.

Example 11.1.3. (1) For any field F', we may take N : F' — Zso by N(a) = 0.
(2) For a field F' and R = F[z] a polynomial ring, define Nm(f(z)) = deg(f).
(3) The ring of Gaussian integers R = Z[i] admits a norm

Nm(z + yi) = 2> + y* = |z + yi|®.
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When a,b € Z[i] with b # 0, let ¢ € Z[i] is taken so that |Re(q — ¢)| <  and

[Im(q — ¢)| < 4, then

1
2

1 1

S+ o) < b

AL

(4) For R = Z[(3] with (3 = €*™/3 using the quadratic norm Nm : R — Zs( given by
Nm(z) = 2z, R is also an Euclidean domain.

Proposition 11.1.4. A Fuclidean domain R is a PID.

Nan(a — bg) = b —a| < 2+ (

Proof. Let I C R be a nonzero ideal. Let b be an element of /\{0} with minimal possible
norm. We claim that I = (b). It is clear that (b) C I. Now we focus on the other inclusion.

If a € I, by Euclidean algorithm, a = bqg+r with » = 0 or Nm(r) < Nm(b). If » # 0, then
r = a — bg € I contradicting that b has minimal norm. Thus » = 0 and thus a € (b). The
theorem is proved. O

Remark 11.1.5. Unfortunately, beyond the examples above, there are only a few more
examples of Euclidean domains. This concept is historically very important, but to establish
more general PID properties, one needs more commutative algebra tools which we will learn
in later courses.

11.2. Generalization of prime number to a general integral domain. As we explained
earlier, our initial study of rings is to imitate what happens in Z (and maybe test that in
the ring Z[i].

In Z, prime numbers play an important role; we hope to generalize that here.

Definition 11.2.1. (1) For a,b € R with a # 0, we write a|b if b = ac for some ¢ € R.

This is equivalent to say that b € (a).

(2) A nonzero element p € R is called a prime element if (p) is a prime ideal, or
equivalently,

if p|ab, then p|a or p|b.

(3) Suppose that r € R is nonzero and not a unit. Then r is called an irreducible

element if
whenever r = ab, then a or b is a unit.

(4) Two elements a,b € R are said to be associated if a = bu for some unit u € R*.
(This of course implies that b = au™! with u=! € R* a unit.)

Proposition 11.2.2. (1) Prime elements are always irreducible.
(2) If R is a PID, then irreducible elements are prime elements.

Proof. (1) Let p € R be a prime element. Then if p = uv for some u,v € R, then
w € (p) = u€ (p) orve (p).

WLOG, u = ps for some s € R, then p = uv = psv. Thus 1 = sv and thus v is a unit. So p
is irreducible.

(2) If p is irreducible, we hope to show that (p) is a prime ideal; in fact we will show that
(p) is a maximal ideal.

Indeed, if (p) C (m) for another ideal with m € R, then p = r-m for some r € R. By the

property of irreducible elements,
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e either r is a unit, which implies that (p) = (m);
e or m is a unit, which implies that (m) = (1).

So (p) is a maximal ideal and hence a prime ideal. So p is a prime element.
O

Definition 11.2.3. A unique factorization domain (UFD for short) is an integral do-
main R in which every nonzero and non-unit element r € R satisfies that

(1) ris a product of irreducibles, namely r = pips ... p, with p; € R irreducible elements;
and

(2) the decomposition in (1) is unique up to associates, namely, if 1 = ¢; -+ @y, is
another factorization of r into product of irreducible elements, then m = n and there
exists o € S, such that p, and g,(,) are associates.

Example 11.2.4. The rings Z and k[z1, ..., z,] for a field k are UFDs.
A typical non-UFD integral domain is R = Z[v/—5] = {x +yv/—5|z,y € Z}. We will give
more discussion in § [11.5]

Remark 11.2.5. Why do we need to require factors to be unique up to associates? This
already happens in Z, for example, 6 = 2 -3 = (—2) - (—3). They are essentially the same
factorization if one redistribute the unit factor —1 among the irreducible factors.

Two main theorem we will prove later in this lecture is:

(1) PID = UFD, and
(2) If Ris a UFD, so is R[z1,...,z,].

Proposition 11.2.6. In a UFD R, for a nonzero element p € R, p is a prime element <
p is an irreducible element.

Proof. “=" This is true in any integral domain by Proposition (1)

“<” If p|ab, then ab = pc for some ¢ € R. Writing a and b as product of irreducible
elements, we must find an associate of p in the product of such expression by the uniqueness
of factorization. Thus a = pr or b = pr for some r € R. This means that p|a or p|b. U

Proposition 11.2.7. In a UFD, the gcd of nonzero element exists. Namely, for two nonzero
element a,b € R, there exists an element d = ged(a,b) € R such that if d' € R satisfies d' | a
and d'|b, then d'|d.

Explicitly, if a and b factor as

a=upi ---pr and b:vp‘fl---pff’
with p1, ..., p, wrreducible and pairwise non-associate, and u,v € R*, ¢;,d; € Z>g, then
d = prlnin(cl,ch) . p;:nin(cr,dr)

s a ged of a and b.

Remark 11.2.8. The gcd of two elements of R is unique up to associates.
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11.3. PID = UFD.
Theorem 11.3.1. If R is a PID, then R is a UFD.

Proof. Existence of factorization. Let » € R be a nonzero element that is not a unit.

o If r is irreducible, then we are done.
e Otherwise, r = a; - b; for a; and b; non-unit.
We may continue this process for a; and by, respectively.
Suppose that this process does not terminate. Then we may keep writing

r = a1b1 = a1a2b2 = a1a2a3b3 = .

Thus, we have
(r) € (b1) € (b)) C -

We need to use axiom of choice in this stepﬁ Taking the union

U (bn) = some ideal (b).

n>0

But this element b must be contained in one of (b,) and thus (b,) = (by41) = - - -
In particular, b, = apy1by+1 and (b,) = (b,y1) implies that a,.; is a unit. This is a
contradiction.

Uniqueness of the decomposition. We make induction on the number of irreducible factors.
If n =0, then r is a unit. If r = gc for some irreducible element ¢, then ¢ |1 and hence ¢ is
a unit, giving a contradiction. So in the factorization of r, there cannot be any irreducible
element.

Now suppose that n > 1 and r = pip2---pn = ¢ ¢ With m > n and p; and ¢;
irreducible elements. Then p; divides ¢, - - - ¢, and hence divides one of them (because by
Proposition [11.2.2(2), p is a prime element).

WLOG, we have p; | ¢1. This implies that ¢; = pyu for v a unit (because ¢; is irreducible).
This implies that

(u™'p2) 3 Pu=qa G

By inductive hypothesis, we are done. 0

We emphasize again the implications: Euclidean domain = PID = UFD.
Lemma 11.3.2. Let R be a PID and a,b be nonzero elements in R. Then (a,b) = (ged(a,b)).

Proof. Since R is a PID, the ideal (a,b) is principal, so equals to (d) for some d € R. This
in particular says that a,b € (d), i.e. d|a and d|b. So d|gcd(a,b). On the other hand, by
definition, d = xa + yb for some z,y € R. Yet ged(a,b) divides a and b, so ged(a,b) divides
d. So d and ged(a, b) are associates. The lemma is proved. U

4At least, we need an axiom of countably infinite dependent choice. A homogeneous relation R on X is
called a total relation if for every a € X, there exists some b € X such that a Rb is true. The axiom of
(countably infinite) dependent choice is: for every nonempty set X and every total relation R on X, there
exists a sequence (x,)nen in X such that x, Rz, for all n € N.
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11.4. Application to Gaussian integers. Take R = Z[i]. It is an Euclidean domain and
hence a PID and a UFD. Consider the norm map

Nm : Z[Z] — ZZO’
Nm(z + yi) = 22 + y* = |z + iy|*.
The group of units in Z[7] is Z[i]* = {a € Z[i] | Nm(a) = 1} = {£1, £i}.

Theorem 11.4.1. (1) (Fermat’s theorem on sums of squares) A prime p is the sum
of two square of integers (i.e. p = x* +y* for x,y € Z) if and only if p = 2 or
p=1mod 4.

Moreover, such x and y’s are unique up to swapping x with y and changing signs.
(2) Irreducible elements in Z[i| are as follows (up to associates):
(a) 144 (with norm 2);
(b) the primes p € Z such that p = 3 mod 4 (with norm p*); and
(c) x+yi and x — yi, if p = 2>+ y? for x,y € Z, for a prime p = 1 mod 4, (with
norm p).

Proof. Step 1: If m € Z[i] is so that Nm(7) is a prime number p, then 7 is irreducible.

Indeed, if 7 = ab, then p = Nm(7) = Nm(a)Nm(b). So either Nm(a) = 1 or Nm(b) = 1;
by Lemma [10.7.4] we have either a or b is a unit.

Step 2: For every irreducible element 7 € Z[i], Nm(7) = p or p? for some prime p.

We look at the intersection (7) NZ. It is a prime ideal in Z because if a,b € Z satisfies
ab € (m) € Z, then either a € (7) or b € (7) as () is a prime ideal. Thus a € (7) NZ or
be (m)NZ. So (r) NZis a prime ideal and thus (7) N Z = (p) for some prime p.

This implies that p = ma for some a € Z[i]. Yet

p* = Nm(p) = Nm(7)Nm(a).
We separate two possibilities.

e If Nm(7) = p?, then Nm(a) = 1 and thus a € {£1,+i}. So 7 is associated to p.
e If Nm(7) = p, then p = 77 and both 7 and 7 are irreducible elements in Z][i].
Step 3: We study the two possibilities above in terms of p mod 4.

e lfp=22=(1+1)(1—1). Yet 1 —i = —i(l+1) is associated to 1 + i.

o If p = 3mod 4, p is irreducible in Z[i], otherwise, p = Nm(7) = a? + b* for some
a,b € 7Z. But a®> +b*> =0, 1,2 mod 4. This is a contradiction.

o If p =1 mod 4, we hope to show that p = 77 for some 7 = a + bt irreducible, and
thus p = (a + bi)(a — bi) = a® + b*, proving the theorem. Thus, it suffices to show
that p is not irreducible in Z[].

We make use of a fact that Z) is a cyclic group of order p — 1 (which is a multiple
of 4). This fact will be proved later in this semester. Admitting this fact, we see that
there exists a € Z,; such that

a*=1modp vyet a2 1modp.

This implies that a® + 1 = 0 mod p.
If p was irreducible in Z[i], then p|a* + 1 = (a + i)(a — 7). Thus either p|a + ¢
or p|la —i. But clearly the “coefficients on i is 1 and is not divisible by p. This is a

contradiction, and thus p is not irreducible in Z[i].
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EXTENDED READINGS AFTER SECTION 13

11.5. Beyond PIDs and UFDs. We shortly investigate what happens if the unique fac-
torization property fails, and hopefully points to how this issue was handled later, mostly in
number theory.

Let us take an example R = Z[/=5], equipped with a norm map

Nm: R — Zso,  Nm(z+yv-5) =2+ 5y

In particular, by judging from the formula of the norm, we see that there is no element in R
with norm 2, 3, 7, and etc.
Now, consider

(11.5.0.1) 21 =3 x 7= (1+2vV-5)(1 —2v/-5).

We claim that each of 3, 7, and 1 + 21/=5 is an irreducible element.

Indeed, Nm(3) = 9, Nm(7) = 49 and Nm(1 £2y/=5) = 21. But we always have Nm(ab) =
Nm(a)Nm(b), yet no elements of R have norm 3 or 7.

Thus, R is not a UFD and hence not a PID.

11.6. Replacement of UFD properties. In number theory, instead of requiring unique
factorization into irreducible elements, we require unique factorization into nonzero prime
ideals.

An integral domain R is called a Dedekind domain if every nonzero ideal a unique
factorization into a product of prime ideals.

A major class of examples of Dedekind domains are “ring of integers” Ok, namely the
analogue of Z C Q for a finite extension of Q.

K= Q(Oz) — OK
finite extension

Q+—%Z

Here is one of the most famous example of such Dedekind domain. Consider an odd prime
p, and set ¢, = ¢*/P. Then

K=Q(g) 2 Ok = Z[¢] = {ao+ a1+ +ap 2 |a; € Z}

Q D 7.
Here is a “failed” approach to Fermat’s Last Theorem: for a prime p > 3, the equation
aP P = 2P
has no nontrivial solutions. Suppose that there is a solution with ged(x,y, z) = 1, then

=2 =yt = (=) (2= Gy) - (2= 7y,
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If Z[(,] is a PID (which is true when p = 3), then it is a UFD. We then essentially proved
that

z—1, Z— ---are all relatively prime exce ossible at prime factors at p.
Y, &Y, 1l relatively pri pt possible at pri fact tp

So each of above is almost a pth power. One can imagine that this will provide many new
information and a solution by infinite descent to Fermat’s Last Theorem is within reach.
Unfortunately, the ring Z[(,] is not a UFD in general (and probably not a UFD for all
primes p > 5). The good news is that Z[(,] is a Dedekind domain, which means that we may
still deduce that the ideal generated by each of z — C;y is almost a pth power of an ideal.
In algebraic number theory, there is a concept called ideal class group Cl(Ok) to measure
how far Ok is from being a PID. It is a finite abelian group. One can prove that when
p 1 |CHZ[()), the Fermat’s Last Theorem holds for p. Primes satisfying this condition are
called regular primes. The first several irregular primes are p = 37,59,67,101,.... Although
this did not solve Fermat’s Last Theorem for all p, it has made a significant step forward.
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12. UFD PROPERTIES OF POLYNOMIAL RINGS
12.1. Polynomial rings over a UFD. In this section, we prove the following main result.
Theorem 12.1.1. An integral domain R is a UFD if and only if R[z| is a UFD.
Corollary 12.1.2. If R is a UFD, then R[zy,...,x,] is a UFD.

Example 12.1.3. For example, starting with R = Z or Z[i] or a field k being a UFD, we
deduce that Z[zy, ..., z,], Z[i][z1,...,x,], and k[zq,...,z,] are UFDs.

12.1.4. Proof of Theorem|12.1.1 Write F' = Frac(R). Then F[z] is an ED = PID = UFD.
Step 0: It is clear that a constant a € R
e is a unit in R if and only if @ is a unit in R[z];
e is irreducible in R if and only if a is irreducible in R[z]. (This is because if a = be
then b and ¢ are constant polynomials.)

From this, we see that R[z] is a UFD = R is a UFD. We will prove that R UFD = R|x]
UFD. In below, we will assume that R is a UFD, and will show that R[z] is a UFD.

The constant functions are already treated. We now consider polynomials of degree > 1.
The key is to relate this with the situation in F[x].

Step 1: (Gauss’ Lemma) Let p(z) € R[z] be a nonzero polynomial. If p(x) is reducible
in F[z], then p(x) is reducible in R[z], i.e. if p(z) = A(x)B(x) for nonconstant polynomials
A(z), B(z) € F[z], then there exists r € F'* such that a(z) = rA(z) and b(z) = r~'B(x)
are both in R[z].

Proof of Gauss’ lemma: Let d be a l.c.m. of the denominators of coefficients of A(z) and
B(x). This implies that

d-p(z) =ai(x)bi(x) for ai(x),bi(z) € R[z].

e If d is a unit in R, then p(z) = (d 'a;(x)) - by(z). We are done.
e Otherwise, take a prime factor ¢ of d. Then R[z]/(¢) = (R/qR)[z| is an integral
domain. (Using overline to denote the reduction modulo ¢,) note that

0=d-p(zx) =a(x) - bi(x).

WLOG, assume that a;(z) = 0. This implies that all coefficients of a; (x) are divisible
by ¢g. So write

d=qdy, as(z)=q 'a;(x) € Rlz], and by(x) = by (x).
This says that

dop(x) = as(z)be(x)
and we may continue with the discussion.
Step 2: Prove that the irreducible elements in R|x| consists of

e constants a € R such that a is irreducible in R;
e polynomials a(z) € R[z| of degree > 1, such that
(i) ged (coefficients of a(z)) = 1, and
(i) a(x) is irreducible in F[z].
Proof: The case of constants follow from Step 0. Now, for a(z) € R|x] of degree > 1,
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e if ged (coefficients of a(z)) = g is not a unit, then a(z) = g- (g~ 'a(x)) is not irre-
ducible;
e if a(x) = A(x)B(z) is reducible in F[z], then Step 1 implies that a(z) is reducible in
R[x].
Conversely, if a(x) satisfies (i) and (ii) and a(z) = b(x)c(x) in R[z], then
e if degb(z) > 1 and degc(x) > 1, then (ii) does not hold, and
e if otherwise, WLOG degb(x) = 0. But if b € R is not a unit, then (i) does not hold.
Thus b is a unit in R. We are done.
Step 3: Existence of the factorization in R[z].
Given a(x) € R[], if a(x) is a constant, then we are reduced to the UFD property of R.
Now dega(x) > 1. Put d := ged (coefficients of a(z)). Thus,

a(x) = day(z) for some a;(x) € Rlx],

where d may be factored into products of irreducibles.

On the other hand, we may factor a;(z) = A;(z)--- A.(x) in F[z]. By Gauss’ lemma, we
may adjust these factors so that each A;(z) € R[z]. Moreover, for each 4, ged (coefficients of 4;(z)) =
1, otherwise ged (coefficients of ai(x)) # 1, contradiction!

Thus, all A;(z) are irreducible elements.

Step 4 Uniqueness of the factorization.

Suppose that a(x) = pi(z)---p-(r) = q(x)---gs(x) are two factorizations into irre-
ducibles.

We first view this factorization in F[z]. Each p;(x) with degree > 1 must be associated to
a ¢;(x) in Fz], namely

pi(x) =r-gj(x) for some r= % € F* with ged(a,b) = 1.

This implies that
bpi(x) = aq;(z).
e ged (coefficients of g;(x)) is divisible by b. Thus b must be a unit;
e ged (coefficients of p;(z)) is divisible by a. Thus @ must be a unit.
From this discussion, we deduce that p;(z) = ¢ - ¢;(z) for some unit ¢ € R.
Removing this pair of factors from the factorizations of a(x), we are reduced to two
factorizations of z% Repeating this process, we are reduced to the case when a(x) € R C
R[z]. Now, the uniqueness of factorization follows from that of R. O.

12.2. Irreducible criterion for polynomials. In this subsection, we discuss criteria to
test whether a polynomial is irreducible or not.

Lemma 12.2.1. (1) If F is a field, a polynomial f € Flx| of degree 2 or 3 is irreducible
if and only if it has a root in F.
(2) If p(z) = ana"™ + ap_12" ' 4 --- 4+ ag € Zlz] is a polynomial such that p(t) =0 for
r,s € Z with ged(r, s) = 1, then r|ay and s|a,.

Proof. (1) is clear. We prove (2). Suppose that

AL ryn—1
an(—) —|—Cln_1(—> +"'+a0:0.
S S
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AT 4 QT s+ - aps" =0
This implies that
r } aps” and s || a,r".
Thus, we deduce that r|ay and s|a,. O

Example 12.2.2. The polynomial f(z) = 2® — z — 2 € Z[z] is irreducible because +1 and
+2 are not zeros of f(x).

Proposition 12.2.3 (Eisenstein’s criterion). Let p be a prime ideal of an integral domain
R, and let f(xz) = 2™ + cpqa™ ' + -+ + ¢o € Rlx]. Suppose that

(1) co,c1y.-.yCno1 €, and
(2) co & p*.
Then f(x) is irreducible.

Proof. We may assume that deg f(z) > 2. Suppose that f(z) = a(z)b(z) with dega > 1 and
degb > 1. Then the leading coefficients of a(x) and b(z) are both units. So we may rescale
a(x) and b(zx) so that both polynomials are monic.

Taking the equation f(z) = a(x)b(x) modulo p, we get

o = f(z) = ale) - Bx)
in R/plz].

We claim that the constant terms ao and by of a(z) and b(x) are zero. Indeed, if ag # 0
and 7 is the minimal number such that b; # 0. Then in the product a(x)b(z) we have a term
dob;r’, contradicting with 2™ = a(x)b(z).

Thus ag = by = 0. It follows that ag,by € p. Thus the constant coefficient ¢y € p2,
contradicting to (2). O

Example 12.2.4. The typical application of Eisenstein’s criterion is to the cyclotomic poly-
nomial. Let p be a prime number, the pth cyclotomic polynomial is

Q,(z) = =P P 1
We claim that ®,(z) is irreducible in Z[z]. This is because we consider ®,(z + 1) instead:

= 2P + paP~! 4 (Z)xp_2—l—~--+p

N J/

(z4+1)p -1

Ll D)=

TV
all terms divisible by p

By Eisenstein’s criterion, ®,(z + 1) is irreducible, and hence ®,(x) is irreducible.
We remark that the above argument is related to the ideal identity

PZ[Gp] = (¢ — 1)p71 in Z[G).

We say that “the prime p is totally ramified in Z[(,].”
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12.3. Factorization of polynomial ring quotient by a polynomial.

Lemma 12.3.1. Let F be a field. A polynomial f(x) is irreducible if and only if F|x]/(f(z))
s a field.

Proof. This follows from the following equivalences.

f(z) is an irreducible polynomial P f(z) is a prime element in F[z]
= (f(x)) is a prime ideal in F[z]
Flel P (f(z)) is a maximal ideal in F[x]
= Flz]/(f(x)) is a field.

O

Example 12.3.2. This lemma will be useful later when we construct field extensions.
For example, the polynomial z® + 2z — 1 is irreducible in F3[z]| (think about why?) then

F3lz]/(2z® + 22 — 1) = {a + bz + c2® | a,b, c € F3}
is a field of 27 elements. (Will prove that there is a unique such field, up to isomorphism.)

Lemma 12.3.3. Let F be a field. If f(x) = pi(x)™ - p.(x)™ is the factorization of f(z)
in F[z], then
Fla] o Fla] Fla

>~ e X —m

(f(z))  (pa(2)™) (pr(2))

Proof. As the p;(z)™’s are pairwise coprime, i.e. (p;(z)",p;(z)™) = (ged(pi(z)™, p;(x)")) =
(1), this follows from Chinese remainder theorem.

Lemma 12.3.4. Let F be a field. If f(z) € F|x] has distinct zeros o, ..., ay, then f(x) is
divisible by (x — aq) - -+ (x — ) in Flx].
In particular, a degree n polynomial can have at most n zeros.

Corollary 12.3.5. If F is a field and G a finite subgroup of F, then G is cyclic.
In particular, if F is a finite group, then F* is cyclic.

Proof. Assume that |G| = n. By classification of finite abelian groups, we may write
G=2Zn XZpn, X+ X7, withintegers nj|ns|---|n, and n =ny---n,.

If G is not cyclic, all elements would have order dividing n, < n, ie. for any g € G,
g" = 1. But this would mean that the polynomial 2™ — 1 has n zeros in F'. This is a
contradiction! O

12.3.6. Structure of (Z/nZ)*. We determine the structure of (Z/nZ)* as follows.
Step 1: Assume that n factors as n = pi*p5?---p% . The Chinese remainder theorem
implies an isomorphism

ZInZ = (Z[p2) x - - X (L[p}" L)
as rings. Taking the units in these two rings, we obtain an isomorphism of abelian groups.

(Z/nZ)" = (Z/pgﬂzs); X x (ZfprT)”



(Note that a simple counting gives the usual formula for Euler’s function ¢(n) = ¢(nq) - - - ¢(n,.)
when nq,...,n, are pairwise coprime.)
Step 2 Fix a prime p, we show that

(1) for p an odd prime, (Z/p*Z)* is a cyclic group of order p*~*(p — 1);
(2) for p =2, (Z/2Z)* = {1} and when a > 2, (Z/2°Z)* = Zy X Zga-.
To show this, we first note that there is a surjective homomorphism
mod
¢ (Z/p*2)* —F (Z/pL)*

a ——— > a mod p.

(12.3.6.1)

The target (Z/pZ)* is a cyclic group of order p — 1. The kernel ker ¢ = {a € Z/p*Z | a=
1 mod p} has order p*~*.
We claim that ker ¢ is a cyclic group of order p®~!. Consider the following “exponential

map” and the “logarithmic map”

(12.3.6.2)
5 log(-)
ker ¢ = (1 + pZ/pZ, ) 2 * Lo
exp(p—)
X 2 X 3
1+ px >Il)log(1+px):%(px—%+@7)—---)
2,2
exp(py) =1+py+5-+--- < Y

One can easily check that these two maps are homomorphisms and are inverses of each other,
giving rise to an isomorphism between ker ¢ and Z,a-1.
Now, by the classification of finitely generated abelian groups, we may write

(Z)p°Z)" =ker p x GP

for some group GP that has order prime-to-p. Since ¢ of maps kery to 1 €
(Z/pZ)*, ¢ must induces an isomorphism between G? with (Z/pZ)* ~ Z,_;. From this, we
see that
(Z/p*Z)* = ker ¢ x GP ~ Ziya—1 X Ly ~ ZLiy_1ypa1.
The case when p = 2 can be treated similarly, except that should be replaced
by

7 log(—)
ker g = (14 4Z/2°Z, -) 3 > Zigo—2
exp(4—) , .
4x 4
oy + Hlog(L+40) = § (o - U2 4 62 )
exp(4y):1+4y+%+---< LY

Here we need 4 instead of 2 so that exp(—) “converges”. We may similarly deduce that,

when o > 2,
(Z/AYZ)* = {1} x (1 +4Z/2°Z, -) = {£1} X Zga-.
We leave the details of the argument to the readers to fill in.
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13. MODULES AND CLASSIFICATION OF FINITELY GENERATED MODULES OVER PID

13.1. Definition of modules. Modules are analogues of vector spaces. We have learned
that a vector space is an abelian group on which a field acts. A module is an abelian group
on which a ring acts.

Definition 13.1.1. Let R be a ring (with 1x # 0g). A left R-omdule is an abelian group
M equipped with an R-action on M:
RxM —— M

(a,m) —— a-m

satisfying the following conditions (where m,n € M and r,s € R)
(O) lgr-m=m,
(1) (r+s)-m=r-m+s-m,
2)r-(m+n)=r-m+r-n,
(3) r-(s-m)=(rs)-m.
An R-submodule N C M is an abelian subgroup N of M such that
VreR, r-NCN.
A right R-module is an abelian group M with a right R-action

MxR—M

(m,a) —— m-a

satisfying analogues of (0), (1), and (2) above and
(3)r (m-s)-r=m-(sr).
Remark 13.1.2. If R is commutative, then there is no difference between left and right

R-modules.

Example 13.1.3. (1) If R = F is a field, then F-modules are the same as F-vector
spaces.

(2) The free modules R®™ = {(ay,...,a,)|a; € R} with operations
(@1,...,an) + (b1,...,b,) = (a1 +b1,...,a, +0b,) and 7-(ay,...,a,) = (ray,...,ra,).

(3) If I C R is a left ideal, then I is a left R-submodule of R. This is because for any
reR,r-ICI.
Conversely, a left R-submodule of R is a left ideal.
(4) A Z-module is just an abelian group G. The operation is given by
VneN, n-g=¢g+---+g€G and (—n)-g=-n-g.
n times

Similarly, a Z-submodule is an abelian subgroup of G.
(5) If M; (i € I) are left R-modules, define their direct product to be

H M; = {(mi)iel
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and their direct sum to be

@ M; = {(mi)iel

el

m; € M;, all but finitely many m;’s are zero}.

The module operation is defined to be
e (mi)ier = (- mi)ier

We sometimes write the elements in @, ; M; as ) .., m; instead. When this is a
finite sum (i.e. 7 ={1,...,n}), we write M; & --- @& M, instead.

(6) If ¢ : S — R is a ring homomorphism, then we may naturally view an R-module M
as an S-module by

s-m = ¢(s) - m.

Definition 13.1.4. Let R be a ring and let M and N be left R-modules.

(1) An R-modules homomorphism is a map ¢ : M — N satisfying
o forall z,y € M, ¢(z +y) = ¢(z) + ¢(y), and
e for any r € R and any = € M, we have r¢(z) = ¢(rx).
Write Hompg (M, N) for the set of R-module homomorphisms from M to N.
(2) We say that ¢ is an R-module isomorphism if it is a homomorphism and a bijec-
tion.
(3) If ¢ : M — N is an R-module homomorphism, then
e ker ¢ := {m € M,| #(m) = 0} is the kernel of ¢; it is an R-submodule of M,
e Im(¢) := ¢(M) is the image of ¢; it is an R-submodule of N.
We have ¢ is injective if and only if ker ¢ = {0} (or just write ker ¢ = 0).
As an example, Z-module homomorphisms are the same as homomorphisms be-
tween abelian groups.
(4) If N € M is an R-submodule, we define the quotient R-module to be

M/N :={m+ N|me M}

and the operation is given by r - (m + N) = rm + N.
(5) An R-module M is called irreducible, if the only R-submodule of M is 0 and M
itself.

Similarly, we have isomorphism theorems for R-modules, which we leave the statements
to the readers. But we mention an analogue of Jordan—-Hélder theorem for modules here.

Theorem 13.1.5 (Jordan-Hélder theorem for modules). Let R be a ring and M an R-
module. Assume that we are given two chains of R-submodules

Then setting Aj; == Ai_1 + (A; N By) and Bj; := Bj_1 + (A; N B;), we may refine the above
two chains by A}, and Bj;, and that
AyJAL = BB

,5—1 — i—1,5°

In case each subquotients A;/A;,_1 and B;/B,_y are irreducible, there exists a permutation o
Of {1, c. ,n} such that Ai/Aifl = Bo(i)/Ba(i)fl-
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13.1.6. Homomorphisms of R-modules. When R is a commutative ring, the set of homomor-
phisms between two R-modules M and N itself admits a structure of R-modules. Explicitly,
for ¢ € Homg(M, N) and a € R, we define a - ¢ € Hompg(M, N) by

(a-¢)(m) = a- g(m) = 6(a - m).

One easily checks the standard axioms of R-module structures on Hompg(M, N).
Caveat: If R is not commutative, Homg(M, N) is only an abelian group.

13.2. Finitely generated modules.
Definition 13.2.1. Let M be a left R-module and X C M a subset. Define

RX = {alatl—l—---—i-anxn‘for somen €N, ar,...,a, € R, x1,...,7, EX}
to be the submodule of M generated by X. When X = {x1,...,z,}, we have

. Dn N
RX:Image( o: R r M )
(a1,...,0,) —— @121 + -+ + ATy

(1) We call a submodule N C M (possibly N = M) is finitely generated if there exists
a finite set X such that N = RX.
(2) We call a submodule N C M (possibly N = M) is cyclic if there exists m € M such
that N = Rm = {am|a € R}.
(3) We say that M is free of rank n if there exists xy,...,x, € M such that every
m € M can be written uniquely as m = ayxy + - - - + a,x, with ay,...,a, € R.
This is equivalent to M ~ R®".

Remark 13.2.2. If an R-module M is finitely generated by z1,...,z, € M, then we get a
surjective R-module homomorphism

¢ : R®" s> M
(@1, ... a,) — a121 + - + ApTy.
We are interested in “relations among x1,...,x,”, e.g. elements by,...,b, € R such that

bixy + -+ + byx, = 0, or equivalently ker ¢.

To specify an R-module homomorphism ¢ : M — L to some R-module L, it is enough
to specify the image v (z;) for each z; € X, subject to the condition that bye(x1) + -+ +
b, (z,) = 0 for each relation above.

(In nice situations, all relations are formed by taking R-linear combination of finitely many
such relations; we say that M is finitely presented in this case. This is equivalent to that
ker ¢ above is also finitely generated.)

Example 13.2.3. We explain a key example of the theorem we prove later for classification
of finitely generated modules over a PID.

Let F' be a field and V' a vector space, equipped with an action by an F-linear operator
T. We define an F[z]-module structure on V' by

(ap+arx+- - +az™) - v=ag-v+ax-v+- -+ ax"v:=apv+aT(v)+- - +a,T"(v).
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Conversely, if V' is an F[z]-module, we may view V as an F-module (through F' C F[z]) so
an F-vector space, then the action of x is an F-linear operator on V: for a € F and v € V,
we have
a-xz(v)=(ax) - v=x-a-v=u2x-(av).
In other words, we just explained a bijection:
{F[z]-modules V} <— {F-vector spaces V with an F-linear operator T'}.

Similarly, an F[z]-submodule W of V' corresponds to an F-vector space stable under the
T-action.

If the vector space V' is finite dimensional, then V' is a finitely generated F[z]-module (but
not necessarily conversely).

13.3. Classification of finitely generated R-modules where R is a PID. In this
subsection, R is a PID. (The approach in this subsection looks a little tricky, but it seems
to be a very “quick” approach.)

Lemma 13.3.1. Let R be an integral domain and let N be a free R-module of rank n. Then
any n+1 elements xy,...,T,11 € N are linearly dependent, i.e. there exist ay,...,a,4+1 € R,
not all zero, such that a1z + -+ + api1T,1 = 0.

Proof. We may identify N with R®". Let F denote the fraction field of R. Viewing each
x; as an element of R®™ C F®" or even a column vector, it is well known that any n + 1
such column vectors are linearly dependent over F', i.e. there exists by,...,b,11 € F' such
that byxy + - + byp12,41 = 0. Writing each b; as ¢;/d; with ¢;,d; € R (just choose one such
presentation), and put d = d; - - - d,, € R. Then multiply the linear relation above by d gives
the needed linear relation among xy, ..., Z,.1. O

Theorem 13.3.2. Let R be a PID. Let N be a free R-module of rank n and L a submodule
of N. Then
(1) L is free of rank ¢ (with £ < n).
(2) There ezists a basis y1,Ya,---,Yn 0of N so that ayyi,...,amye is a basis of L and
ay,...,ap € R\{0} satisfying ai|as]---|ap.

Example 13.3.3. Before giving the proof, we give an example: R = Z, N = Z% and
L =7/((8,0,4),(12,6,0)). If we choose the basis of N to be e; = (2,0,1), e5 = (2,1,0), and
es = (1,0,0). Then L = 4Zey ® 6Zes. But this does not satisfy the condition a;|as of the
theorem.

So we need to modify the above basis. If we put €] = 3(es + e3) = (10,3,2), e} =
+(3e2 + 2e3) = (4,1,1), and €5 = (1,0,0), we have L = 2Ze} & 12Zée. The point here is
that we need to make a linear combination of the original coordinates, or rather choose a
new R-module homomorphisms to take new coordinates.

Theorem [13.3.2. If L = 0, the theorem is trivial. Now we assume that L # 0. Our intention
is to run an induction on the rank of L, but the actual argument is slightly more complicated.
See later.
We first determine the value of a;. The basic idea is that we identify N with R®™ and hence
write each x € L as (z1,...,x,). Our goal is to find the “minimal possible” ged(z1, ..., x,).
Fix an isomorphism N = R®". Write m; : N — R for the homomorphism of taking the

ith coordinate. For each homomorphism ¢ : N — R, the image ¢(L) is an R-submodule of
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R, and thus an ideal. (So in particular, 7;(L) is the set of all ith coordinates of elements of
N; but we also want to allow “linear combinations” of these 7;’s.)

Consider the set {¢(L) | any homomorphism ¢ : N — R}. It contains a maximal possible
ideal (ay), say for ¢; : N — R with ¢;(y) = a; for some y € L. Note that (a;) # (0) because
there exists € L with nonzero coordinates.

We claim that, for any R-module homomorphism ¢’ : N — R, we have a;|¢’(y). Otherwise,
say d = ged(ag, ¢'(y)) then d = ria; +12¢' (y) = (r1¢o+1r2¢")(y), contradicting the maximality

of (0,1>.

Apply this claim to each of 7y,...,m,, we deduce that m;(y) = a1b; for some b; € R. In
other words, y = (a1by,...,a1b,) (namely all coordinates of y are divisible by a;). Now we
observe

algb(bl, Ce 7bn) = qb(albl, c. ,albn) = gb(y) = Q.
It follows that ¢(by,...,b,) = 1. We set y; := (b1, ...,b,) € N.
Claim: (i) N = Ry; @ ker ¢.
(ii) L = Rayyy @ (L Nker ¢) (compatibly with the direct sum decomposition of N).
Proof of (i): This is a very important typical type of argument. We are in the following

situation:

N —"% R

KZ,T/
‘Y1
(The following argument is general: whenever we have the above diagram with ¢(y;) = 1,

(1) holds.) For any = € N, we may write
r= () -y + (& —d(x)y).
— —_———

multiple of y;1 belongs to ker ¢

(To verify that z — ¢(2)y1 € ker¢, we compute directly that ¢(z — ¢(z)y1) = d(z) —

o(z)p(y1) = 0.) Yet Ry; Nkerop = {ry; |o(ryy) =r =0} = 0.
Proof of (ii): For any = € L, we write

r=ox) -y + (x—o(x)y)
—_—— ——
o(x)e(ar) belongs to LNker ¢

Here note that ¢(z)y; € Rajy; € L, so x — ¢(z)y; € L.

Thus, we may effectively reduce the discussion to L N ker ¢.

The actual proof is a little twisted here. We need to first prove (1). Indeed, Claim (ii)
implies that we have L = Rajy; & (L Nker¢). Applying the same discussion to L; :=
Nker¢p C N, we see that either L; = 0 (in which case we stop the process) or L1 = asys ® Lo
for some other R-submodule L,. We need to show that this process stops before getting to
L = Ra1y; & Rasys @ -+ - & Rayi1ynr1. Indeed, this is guaranteed by Lemma [13.3.1] above
that the process stops at rank at most n. This proves (1).

Now we turn to prove (2), by induction on L, with a small subtlety that we reduce L C N
to the submodule L Nker¢ C ker ¢. By (1), ker ¢ is still a free R-module; so the induction
may proceed, and we get

L= Ra1y1 D Ra2y2 D---D Ragyg

=2

= Ryi ® Ry, @ --- D Ry,.
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It remains to check that aj|as. Suppose not, d = ged(aq, as) = a1r1 + asry. We consider the
R-module homomorphism

¢ M — R
3/1 |—>7’1
Yo /——————> Ty

other y; —— 0.

This implies that ¢'(a1y; + asy2) = ayry + asre = d contradicting to the “minimality” of
o(L). So ay|as. O

Theorem 13.3.4 (Fundamental Theorem of finitely generated modules over PIDs). Let R
be a PID and L a finitely generated R-module. Then

(13.3.4.1) L~R" ®R/(a))® - ® R/ (am)
with each a; € R and ai|as| - - |apm,.
Moreover, suchr, ai,...,ay, are unique (up to associates). In particular, L is torsion-free

if and only if L is free. (Here torsion-free means that for any nonzero element x € L, ax # 0
for any a € R.)

Corollary 13.3.5. Classification of finitely generated abelian groups. (See Theorem m
for the statement.)

Proof of Theorem [13.53.4. As L is finitely generated, say by elements z1, ..., z,, there exists
a surjective homomorphism

¢ : RO" »

(@1, ... a,) — @121 + -+ + ApTy.

Then ker ¢ C R®" is a submodule.
Applying Theorem to the submodule ker ¢ of the free module R®", we see that
there exists a “new basis” y1,...,y, of R®" such that ker ¢ = (a1y1, ..., amYm). Then
~ Ry® - @Ry,
- Raiyr @ ® Ramym
To show the uniqueness of (13.3.4.1)), we need a different (but equivalent) form of the
classification theorem. Recall that for a € R (nonzero and nonunit), if it factors as a =
Pyt pSr in R with each p; irreducible, then R/(a) = R/(p*) X --- x R/(p%") by Chinese
remainder theorem. Thus any finitely generated R-module M can be written as
(13.3.5.1) M~R" O R/(p7")® - O R/(p]")® R/(p5*") @ - - -

(Conversely, given ([13.3.5.1)), we may resemble them to ([13.3.4.1]) with

= R/(a)yr & -+ R/ (am)ym & BZ"

max{ai,1,.,Q1,s; } Max{az 1,..,02 55 }

a1 =Py 2
2nd largest in {a1,1,...,1,5; } 2nd largest in {a2 1,...,02 55 }
as = p; P R )
We will now prove 7, p1,pa, ..., Qi1,...,01,6, Q21,... are unique. We first prove a lemma.

Lemma 13.3.6. Let p and q be prime elements such that (p) # (¢) and m,n € N. For an

R-module M, we put p™M := Image(M r, M).
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(1) If M = R, then p™M ~ p™R and p™ M /p™ ™M ~ p™M/p™H M = R/(p).
(2) If M = R/(p"), then

MR/ R ; m R m+1R ~ R ;
g~ QPRI < g PP /b)) ifm<n
0 ifm>n 0 if m > n.
(3) If M = R/(q"™), then p™M = 0 and p™M /p™ M = 0.
Proof. We leave this as an exercise. For (3), we note that (p™,¢") = (1). Indeed, as
(p,q) = (1), we have 1 = ap + bg and thus
1= (ap+bq)m+n—l :pm X (*) +qn X (*) c <pm7qn)'
O
Using this lemma, we see that for each prime p (say p = p;) and every m € N, p™M /p™ 1 M
is a vector space over R/(p). More precisely,
dimp/p)(M/pM) = 7+ #{a11,..., 014},
dimp/) (pM/p°M) = 7+ #{a1;|ar; > 2},
dimR/(p) (pQM/p3M) = r+ #{Oél’j | Oél,j Z 3},

Letting p varying over all prime elements, and all m € Zs(,, we may determine all the
numbers 7, p1, p2, ..., Q1 1, .. .. O
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14. FIELD EXTENSIONS
14.1. Characteristic of a field. To study fields, we take the following viewpoint:

e start with the prime fields, namely [F,, and Q, the smallest possible fields,
e then build new fields from the known ones, e.g. Q(7), Q(«a) for a root of an irreducible
polynomial a, or Q(z) = Frac(Q[z]).

Definition 14.1.1. The characteristic of a field F', denoted by char(F), is

e the smallest positive integer p, such that 1 4+ ---+ 1 = 0 if such p exists, and
——
p
e (0, otherwise.

The former case is sometimes called positive characteristic case.

Remark 14.1.2. (1) If char(F) > 0, it must be a prime number p. This is because if
char(F) =m - n for m,n € N, we have mn = 0 in F, and thus either m =0 or n =0 in F.

(2) We sometimes also use the letter K to denote field, this comes from the German word
for field: Kérper (body).

Definition 14.1.3. The prime field of a field F' is the smallest field of F' containing 1g; it
is

o [, if char(F) =p >0, or
e Q, if char(F) = 0.

14.2. Field extensions.

Notation 14.2.1. If FF C K is a subfield of a field, we say that K is a field extension of
F'. Sometimes, we call F' the base field.

Any field that sits as F' C F C K is called intermediate fields. We often write K/E/F
(reads K over E and over F'), or draw as follows

n— =

Note also that F' C K makes K an F-vector space.

Definition 14.2.2. The degree of the field extension K of F'is [K : F| = dimp K. The
extension is finite/infinite if [K : F] is.

Theorem 14.2.3. Let F C E C K be field extensions. Then [K : F| = [K : E|[E : F].
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Proof. We only prove this when both extensions are finite; the infinite case can be proved
similarly.

K

‘>[K:E}:m

K:F)| B .
‘> E:Fl=n

F

Set [K : E] =m and [E : F] =n. Let {ay,...,a,,} be a E-basis of K and {31,...,5,} be
an [-basis of . Then every element x of E can be written as a sum

cay + -+ cpou,  with each ¢; € E,
and in turn each ¢; can be written as a sum

C; = dilﬁl + -+ dmﬂn with each dij e F.

Thus z can be written as I
Tr = Z Z dij@iﬁj-

i=1 j=1
This shows that {c,;3;|i=1,...,m, j=1,...,n} generate E as an F-vector space.

Next we show that these a;3;’s are F-linearly independent. Indeed, suppose that there
exists d;; € F' fori=1,...,mand j = 1,...,n such that

Z Z dijaiﬁj =0.
i=1 j=1

Then note that for each fixed 4, Y d;;8; € E. As a, ..., a,, form an E-basis of K, we must

j=1
have .
for every i, the coefficient of «;, namely Z d;;B; = 0.

j=1
Moreover, as i, ..., [, form an F-basis of £/, we deduce that all d;; = 0. 0
Remark 14.2.4. A more condensed writing of the proof is:

K= @ o~ @ (D r)o - D rors,
i=1 =1 j=1 i=1 j=1

Example 14.2.5.
Q(WV2) = {ao+ V2 + - +a:2°° | a; € Q}

6 Q(V2) = [Q(V2): Q(v2)] =3.
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14.3. Construction of field extensions. We start with an important fact.

Lemma 14.3.1. Let F and E be fields. A homomorphism ¢ : F' — E must be injective.
This then realizes E as an extension of ¢(F) ~ F.

Proof. As ker ¢ is an ideal of ', namely {0} or F'. But our convention of ring homomorphisms
require to send 1 to 1g # 0g. So ker ¢ # F, and thus ker ¢ = {0}, i.e. ¢ is injective. O

14.3.2. Construction of field extensions. Let F be a field and let p(x) € F[z] be an irreducible
polynomial of degree n. Then (p(z)) is a prime ideal and hence a maximal ideal (as F[z] is
a PID). This implies that

K = Flz]/(p(z)) is a field.
We put 6 := 2 mod (p(x)) € K. Then
K = {a0+a19—|—--~+an_19”_1|a0,...,an_1 € F}

(This follows from the fact that every polynomial a(z) can be uniquely written as a(x) =
q(x)p(z) + r(x) with degr(z) < n; then a(x) mod (p(x)) = r(z).)

So K is an F-vector space of dimension n. Moreover, F' embeds in K as constant polyno-
mials.

We say that K is the extension of F' of degree n determined by p(x).

Lemma 14.3.3. Equation p(x) =0 has a zero in K.
Proof. Assume that p(x) = po + p1x + - - - + ppa™. Then
p(0) = po+pi10+ -+ pub" =po+piz+ -+ pua” + (p(z)) = 0+ (p(x)).
So 6 is a “tautological” zero of p(x) =0 in K. O
Example 14.3.4. (1) Recall the natural isomorphism
R[z]/(z*+1) ——— C
a+br — a+0bi

But from now on, we will try to distinguish these two: R[z]|/(z*+ 1) is an abstractly
constructed field extension of R. It is isomorphic to C. BUT there are TWO WAY'S
of to make such an isomorphism

¢1, ¢2 : Rlz]/(z” +1) — C,

¢p1(a+br)=a+bi and ¢9(a+bzr)=a— bi.

(2) For K = Q[z]/(2® — 2), we have three realizations:
e Realization 1: given by

t1: K —— R
T — /2.

So K ~ 11(K) is a subfield of R.
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e Realizations 2 and 3: given by

Lo, t3 : K < R

LQ(I’) — e27ri/3\3/§
L3(1}) — e4rri/3\?/§

So t9(K) and 3(K) are different fields from ¢1(K). But they are abstractly
isomorphic (for the purpose of algebraic operations).
(3) Fylx]/(2? + 2 + 1) is a field extension of Fy of degree 2. This gives K a field of 4
elements.

~

— |

Definition 14.3.5. Let K be an extension of F', and let aq,...,a, € K.

(1) The field extension of F' generated by ay,...,a,, denoted by F(ay,...,ay), is
the smallest subfield of K containing F'.

(2) If K = F(«) for some a € K, then we say that K is a simple extension of F.

(3) If K = F(ay,...,q,), we say that K is a finitely generated extension of F'.

We remark that F'(aq, as) = (F(a1))(az).
Theorem 14.3.6. Let K be a field extension of F' and let o« € K. We have a dichotomy:

(1) either 1,a,a?,... are linearly independent over F, in which case F(a) ~ F(z) =
Frac(F[z]),
(2) or 1,a,a?,... are linearly dependent over F, in which case, there exists a unique

monic polynomial me(x) = me p(x), called the minimal polynomial of «a over F,
that is irreducible over F and mq(a) = 0.
Moreover, F(a) = Flz]/(ma(z)) and [F(«) : F] = deg my(x).

Proof. Consider case (1): the condition implies that
¢: Flz] —— K
f(@) —— f(a)
is an injective homomorphism. This clearly extends to a homomorphism
¢:Flx) —— K
f@)/g(x) —— fa)/g(c)

as g(a) # 0. This ¢ must be injective by Lemma [14.3.1] Its image is ¢(F(z)) = F(a).
Consider case (2): In this case,

¢: Flag] —— K
f(@) —— f(a)
is not injective. Then ker ¢ = (p(z)) is a prime ideal and hence a maximal ideal. We may
take p(z) to be monic.

This p(x) is the minimal polynomial of «, as it is the nonzero polynomial with minimal
degree in ker ¢. Thus

Fa) = Im(¢) = Flz]/(p(z)).



Definition 14.3.7. Keep the setup in the above theorem.

e In case (1), we call @ transcendental over F.
e In case (2), we call a algebraic over F.

We say that the extension K over F' is algebraic if every element o of K is algebraic over
F (or equivalently [F(«) : F] is finite).

14.4. Finite versus algebraic extensions.

Example 14.4.1. A typical algebraic yet not finite field extension is Q(v/2, v/3,v5,V7,...)
over Q.

Theorem 14.4.2. The following are equivalent for a field extension K of F:

(1) K is a finite extension of F.
(2) K is finitely generated and algebraic over F.

Proof. (1) = (2). If K is a finite extension of F', K is generated over F' by the basis element
(of K over F'). For any o € K, [F () : F] < [K : F] is finite; so « is algebraic over F.
(2) = (1). We will prove this after some preparation. O

Corollary 14.4.3. If K is a finite extension of F' and o € K, then [F(«) : F| | (K : F).

Example 14.4.4. If K/F is a field extension of prime degree, then any element o € K that
is not in F' generates K over F'.

Lemma 14.4.5. Given field extensions of K/E/F and a € K, then
Mo, ()| Ma,r ()
as polynomials in E|x]. In particular,
deg(ma,p(z)) < deg(ma,r(x)).

Proof. This is because m, p(a) = 0. So viewing this in the polynomial ring E[z]|, we have
Ma,r(x) € (M g(x)). This implies that my g(z) | ma p(z) in E[z] and thus deg(mq g(z)) <
dog(mo,p(z). &

Corollary 14.4.6. Given field extensions of K/E/F and o € K, then
[E(a) : E] < [F(a): F].
Proof. This is because [E(«a) : E] = degmq p(z) and [F(a) : F| = degmq r(x). O

Definition 14.4.7. Let K be a finite extension of F' and F' C K; C K for intermediate
fields K; and K5. Define the composite of K; and K5 to be

K K5 := minimal field that contains both K; and K.
Example 14.4.8. Inside C, the composite of Q(v/2) and Q(v/3) is
Q(v2,V3) = {a+bV2+cV3+dV6|a,bc,d e Q}.

Corollary 14.4.9. Let K1 and Ky be two intermediate fields in the field extension K over
F such that [K; : F] < +o00. Then

[K1Ky: F] < [Ky: F|-[Ky: F].
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Proof. As K is a finite extension of F', we may write K1 = F'(aq,...,a,). We consider the
following tower

Applying Corollary to each parallelogram, we have
[Ka(on) : K] < [Fon) @ F]
[K2(on, a2) : Ka(an)] < [Flan, a2) @ F(on)]

Taking the product of these inequalities gives [K1K, : K3 < [K; : F]. This implies the
inequality of this corollary. 0J

14.4.10. Continued with the proof of Theorem [14.4.5
(2) = (1). Assume that K is finitely generated algebraic extension of F. We may then
write K = F(oq,...,a,) = F(a1)F(ag) -+ F(a,) with each «; algebraic over F. Then
Corollary [14.4.9] implies that
(K : F]<[F(ay): F]--[F(aw) : F]
is finite. n

Corollary 14.4.11. Let K be a field extension of F' and let o, 5 € K be elements algebraic
over F. Then a+ 3, af, and o/ (when  # 0) are all algebraic over F.

Proof. This is because a &+ 3, a8, and «/f all belong to the field F(«, $) which is a finite
extension of F. O

Definition 14.4.12. Let K be a field extension of F'. It follows from the above corollary
that

{a € K |a is algebraic over F'}
is a subfield of K, called the algebraic closure of F' in K.
Example 14.4.13. Consider the field extension C of Q. We put
Q= {a eC ‘ « is algebraic over Q}

the algebraic closure of Q in C. Note that the condition a being algebraic over Q is equivalent
to the condition that « is a zero of a monic polynomial f(z) € Q[x].

Theorem 14.4.14. If L/K and K/F are both algebraic extensions, then L/F is algebraic.
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Proof. Let o € L. Tts minimal polynomial m,(z) = 2" + Ap12" 4+ +ay over K involves
only finitely many elements of K, each of them being algebraic over F'. So we see that F'(«)
is contained in the field extension

F(ag, ay, ... ,anfl)(Oé)

over F', which is finite. So L is algebraic over F'. U
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15. NORMAL EXTENSIONS

15.1. Splitting fields.

Definition 15.1.1. Given a field F' and a polynomial f(z) € F[z] of degree n (not necessarily
irreducible), a field extension K of F'is called a splitting field of f(z) over F' if

(1) f(x) splits completely in K[z|: f(z) = (z —aq) - (z — ay) for aq, ..., € K, and
(2) K =Fl(ag,...,an).

Remark 15.1.2. If K is a splitting field of f(x) € F[z] over F' and F is an intermediate
field of K over F, then K is a splitting field of f(x) € E[x| over E.
[

Theorem 15.1.3. For any field F and f(x) € F[x] of degree n, a splitting field K of F
exists. Moreover, [K : F] < nl.

Proof. We use induction on deg f(z) = n. When n = 1, F itself is the splitting field of f(x)
over F'. Suppose that the statement is proved for polynomials of strictly smaller degrees

(over any field).
Let p(z) be an irreducible factor of f(z). Then

L= Flz]/(p(x))

is a field extension of F' of degree degp(x) < deg f(x) = n, over which p(z) has a zero. This
implies that

f(@) = (x=0)-g(x).
By inductive hypothesis, g(x) over L admits a splitting field K of degree [K : L] < (degg)! =
(n — 1)!; this K is also a splitting field of f(x) over F. Thus,

[K:F]=[K:L|L:F]<(n-—1)- degp(z)<nl

15.2. Uniqueness of splitting fields.

Lemma 15.2.1. Ifn: F = F' is an isomorphism of fields and p(x) € F[z] is irreducible,
then p'(x) :=n(p(x)) € F'[x] is irreducible, and n induces a natural isomorphism

0 Flz)/(p(x)) = F'lz]/ (¢ (2)).

Remark 15.2.2. In abstract algebra, we usually do not use p’(x) to denote the derivative
of a polynomial. Typically, p'(x) is just another polynomial.

Example 15.2.3. Lemma|l5.2.1{seems to be trivial, but it can be used to prove the following
seemingly nontrivial statement. Consider the isomorphism

n:Q(vV2) —— Q(V2)
a—+bvV2 — a— bV2.

Then we have a natural isomorphism

Q5+ v2) = Q(V2)[a]/(a* = 5~ V2) S Q(v2)[a]/(«” — 5+ V2) ~ Q(V/5 - V2).
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Proposition 15.2.4. Let  : F' = F' be an isomorphism of fields and f(x) € F[z]. Put
f'(x) :==n(f(z)) € F'lx]. If E is a splitting field of f(x) over F' and E' is a splitting field
of f'(x) over F', then there ewists a (not necessarily unique) isomorphism o : E = E'
restricting ton : F = F', i.e.

E —Z— F
U U

F—215 F.

Proof. We will prove that for the splitting field K of f(x) over F constructed in Theo-
rem [15.1.3] we have the following commutative diagram with top row being isomorphisms.

E+2 K -2 F
U U U
F=——F > F.

(The upshot here is that we use an explicitly constructed splitting field to aid the construction
of 0.) We will construct the right diagram and the left diagram can be constructed similarly.
In fact, we will prove a slightly stronger statement.

Claim: If n : F = F’ is an isomorphism of fields and E’ an extension of F’ over which
n(f(x)) splits completely, then 7 extends to a homomorphism ¢’ : K — E’, making the
following diagram commute.

K -2 F
U U
F 215 F.

The proposition follows immediately from the claim.
Proof of the claim: As in the proof of Theorem |15.1.3] we make an induction on deg(f).

At each step, we consider the following diagram

where n : F ~ F' C E’ is the given embedding. As n(p(x)) = p/(z) has a zero in E’', say
a € E', we may define a homomorphism
oy L=Fz]/(p(x)) — E
r+ (p(xr)) — «a.

By induction, we eventually get an embedding ¢’ : K < E’ compatible with o} : L — F’

and hence with F' ~ F’. This proves the claim and the proposition. U
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Lemma 15.2.5. If we have the following tower of field extensions
K
E E'
F

such that both E and E' are splitting fields of some polynomial f(x) € Flx|. Then E = E'
(as an equality of subfields of K ).
Proof. By the definition of splitting field, we may

e split f(z) over £ as ¢(x — aq) -+ (z — o) with ¢ € EX and «q,...,a, € E, and

e split f(z) over E' as ¢(z — o)) -+ (x — o)) with ¢ € " and o,...,a], € E'.
But viewing these two factorizations in K[z], we must have {aq,...,a,} = {af,...,a}}.
This forces £ = F(aq,...,a,) = F(a),...,al) = FE'. O
Lemma 15.2.6. Consider a tower of extensions K/E/F. If E is a splitting field over F of
some polynomial f(x) € F[z)], then for any automorphism o : K = K such that o|p = id,
we must have o(E) = E.

Proof. This is because o(E) is a splitting field of o(f) = f. By the above lemma, we deduce
that o(E) = E. 0

15.3. Intrinsic definition of splitting fields.

Definition 15.3.1. An algebraic extension K of F' is called normal if
e for any irreducible polynomial f(x) € F[z]| that has one zero in K, f(x) splits com-
pletely over K.

This definition of normal extension appears to be a very strong condition at first sight.
Yet we have the following.

Theorem 15.3.2. A finite extension K of F' is normal if and only if it is the splitting field
of some f(x) € Flz].

Proof. We first prove that a finite normal extension K of F'is a splitting field. Indeed, write
K =F(ay,...,qp) for ay,...,a, € K. For each a;, the minimal polynomial m,,(z) € F[z]
splits over K by normality. Thus, K is the splitting field of mg, (x) - - - m,, (z) over F.
Conversely, we assume that K is a splitting field of f(x) € F[z] over F. We aim to prove
that K is a normal extension of F'.
If p(x) € F|x] is an irreducible polynomial that has a zero o € K, let L be the splitting
field of p(z) over K. We want to prove that L = K.

L
splitting field of p(x)
K
splitting field of f(x)

F
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Clearly, L is the splitting field of f(x)p(x) over F.
Let 8 be another zero of p(x) in L. Then there exists an isomorphism

n: Fa) —— F(B)
ar————

fixing the field F. By Theorem[15.2.4] this isomorphism extends to an isomorphism o : L ~ L
(as L is the splitting field of f(z)p(x) over F'(«) and F(p)).

But by Lemma [15.2.6] we have o(K) = K. Yet a € K, we must have 8 = n(a) = o(a) €
K. This means that all zeros of p(x) belong to K, or equivalently, p(x) splits completely
over K. So K is a normal extension of F'. U

Corollary 15.3.3. If K is a finite and normal extension of F', for any intermediate field F,
the field K is a normal extension of E. (Note that E need not be a normal extension of F'.)

Proof. By the theorem above, K is a splitting field of some f(z) € F[z] over F. Hence K is
a splitting field of f(z) over E. The reverse implication of the above theorem implies that
K is normal over F. ([l

Exercise 15.3.4. Remove the finiteness hypothesis on the extension K/F in the previous
corollary. Namely only assume that K is a normal extension of I’ and F an intermediate
field, prove that K is normal over F.

Definition 15.3.5. If K is an algebraic extension of F', a normal closure of K over F'is
a field extension L of K such that

(1) L is a normal extension of F', and
(2) L is the minimal such extension, i.e. if L O L' O K is so that L'/F' is normal, then
L=1.
In particular, if K is finite over F', the normal closure L is also finite over F.

Lemma 15.3.6. A normal closure of a finite extension K over F exists and is unique up
to (some) isomorphism.

Proof. Existence: Assume that K = F(aq,...,q,). Put

flx) = Hmai,p@) € Fla].

Take L to be a splitting field of f(x) over K. This implies that L is a splitting field over F,
showing that L is normal over F' and is a normal closure of K over F'.

Uniqueness: If L' is another normal closure of K over F', then by the Claim in Proposi-
tion , there exists an embedding L < L’. But then f(z) already splits over L. This
implies by minimality that L = L'. O

Remark 15.3.7. (1) The isomorphism between two different normal closures is not unique
(this can be understood by later discussion of Galois groups).

(2) An infinite normal extension K/F is an increasing union of its normal subextensions
that finite over F. So by taking certain limit (and using an axiom of choice), the above
lemma implies that for any algebraic extension K/F', the normal closure exists and is unique

up to some isomorphism.
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Example 15.3.8. (1) The splitting field of 2% — 2 is Q(v/2).
(2) The splitting field of 3 — 2 is

Q(V2,¢3)

2

Q(V2) Q(GV2) Q(¢3V2)

QG) - /

Here and later, for n € N, ¢, = e2™/" is a primitive nth root of unity.
n—1

(3) The splitting field of 2" —1 = [](z—¢") is Q(¢,). (We call Q((,) the nth cyclotomic

field.) We will see later that [Q((,) : Q] = ¢(n).
For example, 27 — 1 = (x — 1)(z?~! + --- + x + 1), where the latter factor is

irreducible. So [Q(¢,) : Q] =p — 1.
(4) The splitting field of 27 — t over F,(¢) is F,(t'/?):

L =T, (t'/7)

Iy ()
Over L, we have a factorization
2 —t=(zr— tl/p)p.

This situation is very “strange” because the irreducible polynomial factors into a
polynomial where roots have multiplicity.

15.4. Perfect fields. We investigate the pathology appearing in Example [15.3.8{(4). Let F
be a field. If char(F') = 0, we will show that there is no pathology in the next lecture. For
now, we only discuss the positive characteristic situation.

Definition 15.4.1. If the characteristic of a field F' is a prime number p, define the Frobe-
nius endomorphism of F' to be

o=o0p: F —F, o(z) = 2P
(Check: for z,y € F, o(xy) = o(x)o(y) and

olx+y) = (z+y)P =" +prPly+ (]2)

)I”?f to =P +y =o(x) +o(y),
where we note that all the terms in the middle of the expression are multiples of p, which is
zero in F'.)

We say that F' is a perfect field if o is an isomorphism, otherwise, we say that F is
imperfect. This is equivalent to say that every element a € F' is a pth power (of a unique

element in F).
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Example 15.4.2. (1) ' =T, is a perfect field (so is any finite field). This is because
o : ' — F is always injective, so also surjective by counting elements.
(2) F =F,(t) is not a perfect field. Explicitly, o(F,(¢)) = F,(t?) is a proper subfield of
F,(¢).
(3) F =TF,(t,tY/?,t'/P";n € N) is a perfect field.

Proposition 15.4.3. Algebraic extensions of perfect fields are still perfect.

Proof. Let K be an algebraic extension of F' with F' a perfect field of characteristic p. It
suffices to show that each aw € K admits a pth root in F := F(«) (F is a finite extension of

Consider the Frobenius endomorphism o : E — E given by a — a? (which is compatible
with the Frobenius endomorphism on F). We view the images of the Frobenius endor-
mophisms as subfields o(F) and o(F') of E and F, respectively, i.e. we have the following
field extensions:

This implies that

[E:0(E)|-[o(F):a(F)]=[E:F|-[F:o(F).
As o induces isomorphisms F' = ¢(F) and E = o(E), we must have [E : F] = [0(E) : o(F)].
Plugging this back to the equation above gives that [F : o(E)] = [F' : o(F)] which is 1 as F’
is perfect. It follows that o(F) = E and E is perfect. O

Remark 15.4.4. Carefully inspecting the above proposition, we see that, if one defines, for
a field F', the imperfect degree t € N by [F : o(F)] = p', then if E is a finite extension of F,
then F and F have the same imperfect degree. (We will see in the next lecture that F'/o(F)
is purely inseparable; so the degree is a power of p.)

However, imperfect degree may not be preserved under infinite algebraic extension. For
example F,(t) has imperfect degree 1 yet F,(t,t'/?";n € N) is perfect.

Remark 15.4.5. For a field I of characteristic p > 0, we may define its perfection:

Frerf . — U o "(F).

n

For example, the perfection of F,(t) is just F,(¢,t/?";n € N). Moreover, F is perfect if and
only if F = Frerf,
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16. SEPARABLE EXTENSIONS AND FINITE FIELDS

16.1. Separable polynomials. Recall from the previous lecture that a field F' of charac-
teristic p > 0 is perfect if the Frobenius map o : F — F, o(a) = a” is an isomorphism.

Definition 16.1.1. If F' is a field and f(z) = ap + a1z + - - - + a,2™ € F[z] is a polynomial,
define its formal derivative to be

D(f)(z) == ay + 2asx + - - + na,x""' € Flz].
If f(z) =clr — 1) (z — ) € Flx] with o; pairwise distinct, we say that a; is a zero
of f(x) with multiplicity e;.
Theorem 16.1.2. Let f(x) € F|x] be a polynomial of degree > 1. Then f(x) has no repeated
roots in its splitting field K if and only if (f(z), D(f)(z)) = (1).
Proof. “<=" If (f(z), D(f)(z)) = (1), we have

f(@)p(x) + D(f)(z)q(r) =1

for some polynomials p(z),q(z) € Flx] C K|x]. But if (x — «)?| f(z) for some a € K, we
have (x — a) | D(f)(x). So the above equality implies that (x — «)|1. This is absurd! So
f(z) has no repeated root in K.

“=" Assume that f(z) = (r —aq) - (x — ) for a; € K is the factorization of f(x) in
K|[z]. Assume that (d(z)) = (f(x), D(f)(x)) in F|x] with d(z) monic. Since the multiplicity
of each zero of f(x) is one, we must have

D(f)(ew) # 0.

D(f)(x) implies that x—q; cannot divide d(z). Yet d(z) | f(z) = (z—aq) - -+ (x—a,).
=1. ]

So d(x)
So d(x)

Corollary 16.1.3. If f(z) is an irreducible polynomial in F[z|, then f(x) has repeated roots
in its splitting field if and only if D(f)(x) = 0.

Proof. By Theorem|[16.1.2} the polynomial f(x) has repeated zero if and only if (f(z), D(f)(z)) =
(1). As f(x) is irreducible, this is further equivalent to f(z) | D(f)(x), which is in turn equiv-
alent to D(f)(z) = 0 (because D(f) has lower degree than f(x)). O

Definition 16.1.4. Let f(x) be an irreducible polynomial in F[z].

e If f(x) has repeated roots in its splitting field (or equivalently D(f)(x) = 0), we say
that f is inseparable;
e If f(x) has only simple roots, we say [ is separable.

Corollary 16.1.5. If char(F') = 0, all irreducible polynomials are separable.
Proof. This is because when f(z) # 0 and deg f > 1, we have D(f)(x) # 0. O
Corollary 16.1.6. If char(F) = p > 0, and if f(x) is inseparable, then

f(z) = g(aP) for some g € Flx] irreducible.

Moreover, this can only happen when F' is imperfect.
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Proof. Let f(x) = ag + ayz + - - - + a,a™ be an irreducible polynomial with repeated roots.
Corollary implies that
D(f)(z) = a1 + 2ap2 + - - - + nayz" "t = 0.
This means that ia; = 0 and thus a; = 0 when p 1. So
f(x) =ag+apa® + -+ agr® =--- = g(a?) with g(z) = ag + apx + agr® + - - - .

This polynomial g(z) is clearly irreducible.
Finally, we show that this cannot happen when F'is perfect. Indeed, if F' is perfect, then
every a,; = bY for some b; € F'. Thus

f(x) = b+ haP + 0o + - = (bg + bz + bpa® + -+ )P
is not irreducible, contradicting with our initial assumption. 0J
Corollary 16.1.7. If char(F) = p > 0, an irreducible polynomial f(x) € F[z] is of the form
f(z) = g(aP") with g(x) € F[z] is an irreducible and separable polynomial and e € Zsq. In
this case, f(x) has deg(g) distinct zeros in its splitting field.

Proof. The first statement follows from the previous corollary. For the second statement, we
note that, if g(z) = [[(x — ;) in a splitting field of F', then we have

f@) =] —a) =] (@ —al™)".

%
7 %

16.2. Separable extensions.

Definition 16.2.1. Let K be an algebraic extension of F'.

e We say an element o € K is separable or inseparable if its minimal polynomial
Ma,r(T) is.

e We say that K is separable over F' if every element v € K is separable over F'.
Otherwise, we say that K is an inseparable extension of F'.

Remark 16.2.2. If F is an intermediate field of an algebraic extension K of F', and if « € K

is separable over F', then « is separable over E. This is because m,, g(x) divides mq p(z) in

Theorem 16.2.3. (1) If v is separable over F, then F(«) is a separable extension of F'.
(2) If K/E and E/F are separable extensions, then K/F is separable.

This theorem will be proved later, after we introduce some useful tools to study field
extensions.

Construction 16.2.4. Let K be a finite extension of F' and M a normal extension of F'
that contains K (e.g. M is the normal closure of K over F'). We consider all possible
homomorphisms ¢ : K — M (which is automatically injective) such that ¢|r = id. We use
Hompg(K, M) to denote this set. Graphically,



Example 16.2.5. We consider the case when F = Q, K = Q(+/2) and M = Q(¥/2, (3).

M =Q(V2,¢s)
/
K =Q(V?2)
|
F=Q

The set Homg (K, M) = Homg(Q[z]/(z® — 2), M) is given by
K=Q(V2) — M =Q(v2,()
%o - V2 V2
P12 V2
2 V2 —————— V2 (2.
Note that in this example, #Homg(K, M) = [K : F].

The following lemma generalized the above observation.

Lemma 16.2.6. If K = F(«a) with ma r(z) = g(z¥") for some g € F[z] irreducible and
separable, then

#Homp(F(a), M) =degg(x) < [F(a) : F|
with equality if and only if o is separable.

Proof. Such a ¢ € Homp(F(«), M) is determined by where « goes.

The constraint on ¢(«) is that, it must be a zero of m, p(x) in M. There are precisely deg(g)
of them. ]

Remark 16.2.7. The lemma implies that #Hompg(F (a), M) does NOT depend on M, as
long as it is normal over F'.

Corollary 16.2.8. Let K be a finite extension of F' and M a normal extension of F con-
taining K. Then

(16.2.8.1) #Homp(K, M) < [K : F].

Moreover, the following are equivalent:

(1) K = F(o,...,q,) with each «; separable over F.

(2) The equality in (16.2.8.1) holds.
(3) The field extension K of F is separable, i.e. any o € K is separable over F.

Note that the equivalence of conditions in the above corollary implies Theorem [16.2.3(1).
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Proof. We consider the following tower of extensions and their embeddings into M.

By Corollary [16.2.8] we have
#Homp(F(ay), M) < [F(o) : F).

The equality holds if and only if oy is separable over F'.
For each embedding F(«y) < M, we have

#Homp(a,) (Fa, az), M) < [F(a, as) : F(oy)].

In other words, the number of embeddings F(ay,as) — M extending any embedding
F(ay) < M is at most [F(ay,aq), F(aq)]. The equality holds if and only if as is sepa-
rable over F'(a1). Combining the above two inequalities gives that

#HomF(F(al,ag),M) < [F(al,az) : F]

We see that, by induction, we may deduce ((16.2.8.1)).
Now we prove the equivalence among (1)—(3).

(3) = (1) is obvious.

(1) = (2): by Remark|16.2.2] «; separable over F implies that «; separable over F'(aq, ..., a;_1).
By the argument above and note that each inequality above is an equality, so the equality
in (16.2.8.1) holds.

(2) = (3): if some « is not separable, then #Homp(F(«a), M) < [F(a) : F]. For each
embedding F(a) — M, ({16.2.8.1]) implies that

#Homp (K, M) < [K : F(ao)].

This implies that #Homp (K, M) < [K : F], contradicting (2). O

16.2.9. Proof of Theorem[16.2.5(2). We need to show that if K is a separable extension of
E, and F is a separable extension of F', then K is a separable extension of F.

Without loss of generality, we may assume that K is a finite extension of F. (This in
fact requires some explanation: we need to show that every a € K is separable over F.
Let mop(r) = 2" + ap_12" ' + --+ + ag be the minimal polynomial of o over E. Put
E':= F(ag,...,an—1); it is a finite separable extension over F. Then mq g(r) = mq, () is
a separable polynomial. Tt follows from (1) that K’ := E’(«) is a finite separable extension
over K’ and E’ a finite separable extension of F. We are reduced to the tower of finite
extensions K'/FE'/F.)

Take M a normal extension of F' containing K. Then

#Homp(E, M) = [E : F|.
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For each given embedding E — M, #Hompg (K, M) = [K : E]. Thus, we have
#Homp (K, M) = [K : F].
This follows from the equivalence relation in Corollary [16.2.8 O
In light of Theorem [16.2.3] we make the following definition.

Definition 16.2.10. If K is a finite extension of F', put
K*® = {a e K } « is separable over F};

it is the maximal intermediate field that is separable over F' (by Theorem [16.2.3]).
Define
[K : Flsep == [K°: F] and [K : Flipsep = [K : K7].

Remark 16.2.11. It is an exercise to modify the above proof of Theorem [16.2.3| to show
that, if M is a normal extension of F' containing K, then

(K : Flsep = #Homp (K, M),

and [K : Flinsep is always a power of p.
Moreover, for a tower of finite extension K/E/F, we have

(K Flsep = [K : Elsep - [E: Flsep and  [K : Flinsep = [K ¢ Elinsep - [E ¢ Flinsep-
16.3. Primitive element theorem.

Theorem 16.3.1. A finite separable extension of fields is generated by one element.
In fact, we have a stronger statement: if K = F(a, 3) with «, 5 algebraic over F and (3
separable over F. Then K = F(v) for some v € K.

Example 16.3.2. A typical non-monogenic extension is K = F,(z'/?, y'/?) over F' = F,(z, )
of degree p?. Indeed, for any a € K, of € F, so [F(a) : F] < p.

Remark 16.3.3. The stronger version of the theorem in fact implies that if F is a field with
imperfect degree < 1, then any finite extension of F' is generated by one element.

Proof of Theorem[16.3.1]. The basic idea is that: most § = a+ ¢f for ¢ € F should generate
K over F; we just need to avoid the “bad” ¢’s.

We will prove the case of finite fields by a separate argument (later in this lecture). Now
we assume that #F = oo.

Let f(x) and g(x) be minimal polynomials of « and 5 over F, respectively. Let E be a
splitting field of f(x)g(x) and @ = o, ..., a,, B = P1,...,Bs the distinct zeros of f(z) and
9(@).

We take ¢ € F such that o; + ¢y # oy + ¢f; for any i, k as long as j # 1. (This only rules
out finitely many choices of ¢ € F.)

Set 6 := ay + ¢f1. Then F(0) C F(a, ). We want to prove that «, 5 € F(6) (and thus
F(a,p) = F(0).

Consider the polynomials f (0 —cx) and g(x). They have common zero (in F) if and only if
for some x = 3;, there exist indices ¢ such that  —cf3; = «;, i.e. when oy +cf; = 0 = o +cf;.
By our choice of ¢, the only such choice is that z = ;. Thus, we deduce that in F(0)[x], we
have ged (f(6 — cx), g(x)) has only one zero.

(£(6 - ca).g(2)) = (z — )
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in Flz|, and hence in F(#)[z]. This in particular implies that § = ; € F(6) and hence
a=cf —0 € F(#). The theorem is proved. O

16.4. Finite fields.

Theorem 16.4.1. (1) If F s a finite field, then char(F) = p > 0 for a prime p, and
#F =p" forn=[F:F,.
(2) For each p", there is a field F of p™ elements. It is a splitting field of 27" —z € F,[z],
so it is unique up to isomorphisms.

Proof. (1) is clear.

(2) If F is a finite field of p™ elements, F* is a finite group. By Corollary , > is
a cyclic group of order p” — 1. This implies that for any a € F*, a?"~! —1 = 0. Thus, all
elements in F are zeros of 27" — z = 0, and they are exactly the p" zeros of 27" — z. In
other words, F' is the splitting field of 2" — x over F,. (Such splitting field is unique up to
isomorphisms.)

Conversely, if F' is the splitting field of 27" — z = 0 over F,. Note that D(z¥" — z) =
pa?" 1 —1 = —1in F,[z] and thus (27" —x, D(2?" — 1)) = (1) in F,[z]. So 27" — x has only
simple zeros in F. This implies that 27" — z has exactly p" zeros in F.

We claim that these p™ zeros form a subfield of F' (and thus it must be equal to F'). This
is because whenever a, 3 € F (with 3 # 0) satisfy o®" = a and P" = 3, we always have
a+ B, a—f,aB, and a/B are all zeros of zP" — z. O

Definition 16.4.2. We write F,» for a field of p"™ elements (which is unique up to isomor-
phisms).

Lemma 16.4.3. (1) The field Fym can be viewed as a subfield of Fyn if and only if m|n.
In this case, as a subset, Fpm C Fpn is unique.
(2) The field Fpn = Fp(av) for some a with degmar, () = n. In particular, finite exten-
sions of finite fields are monogenic.

Proof. (1) If Fym is a subfield of Fyn, then F,» is a vector space over F,m. Thus, p™ is a power
of p™. So m|n.
Conversely, if m|n, Fym is a splitting field of 2P — z. Yet Fyn splits

p'—=1 _ 1
" — = (2" — 1) - -

A
Thus we have F,m embeds in F,». Or more precisely, F,m is the set of zeros of 27" — z inside
]Fp’VL .
(2) Take any o € Fyn\ U, g Fpm- The number of such element is: if n = pi* ... p,

1 1
p”(l——)---<1— >>0.
p P
This implies that [F,(«) : F)] = n (as « is not contained in any other subfields of Fyn). So
Mar, () has degree n. O
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17. GALOIS THEORY I

This and the next lecture are the high point of this semester where we discuss the Galois
theory of algebraic field extensions. This is a beautiful theory that describes algebraic field
extensions in a nice and clean way, and relates together with the group theory we learned
earlier.

17.1. Galois group. We first recall Corollary [16.2.8; let K be a finite extension of F' and
let M be a normal extension of F' containing K.

Then #Homp (K, M) < [K : F| and the equality holds if K is separable over F.

Definition 17.1.1. We say a algebraic extension K of F' is Galois if it is separable and
normal. (We will mostly assume that K/F is finite in this lecture and discuss the case of
infinite extensions in a later lecture.)

(When K/F is finite,) we define Gal(K/F') := Autr(K) to be the group of automorphisms
¢ : K — K such that ¢|r = id. It is called the Galois group of K over F.

Lemma 17.1.2. If K is a finite Galois extension of F', then #Gal(K/F) = [K : F].

Proof. Consider the above situation we recalled with K = M Galois over F', then each
¢ € Homp(K, K) is an automorphism of K fixing F. This is because ¢ : K — K is an
injective F-linear map between the same finite dimensional F-vector space; so ¢ must be
bijective. Thus, we have Homp(K, K) = Autp(K) and

#Homp (K, K) = [K : F).
This means that #Gal(K/F) = [K : F]. O

The following will be a typical example for Galois theory to study the interplay between
Galois group and intermediate fields.

Example 17.1.3. Consider K = Q(v/2,1/3) as an extension of Q. The Galois group is
equal to Gal(K/Q) = {id, o, 7,07}, where

id is the identity map;

ola+bv2+cV3+dV6) =a—bv2+ cv/3 — dV6;

7(a+bv2 + V3 + dv6) = a + bv/2 — /3 — dV/6;

or(a+bv2 + /3 + dvV6) = a — bv2 — c/3 + dv/6.

We can compute the subfields that are invariant under these automorphisms:

K™™' = {zeK|ox) =z} ={a+c/3|a,ceQ} =Q(V3),

K™=' = {zeK|o) =z} ={a+b/2]abeQ} =Q(W2),

K' = {zeK|o(z)=2}={a+dV6|a,decQ} = QH6).
1
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We may rearrange the field extensions by the following diagram
K =Q(V2,V3)

| T

K=l-QW3) KT -3 KT -Q(/)
\ Q

Remark 17.1.4. From this example, we can see that there is a general statement: if H is
a group acting on a field K by automorphisms, then

K":={z € K|o(z) =x forany o0 € H}
is a subfield.

Theorem 17.1.5 (Galois theory). Let K be a finite Galois extension with G = Gal(K/F).
(1) Then there is a one-to-one correspondence between

{subgroups H< G} ¢ > {mtermedmte fields E of K/F}
H y KH ={x € K|h(z) =z for any h € H}
Gal(K/E)={9 € Glg|lg =id|g} < )

(2) The correspondence is inclusion-reversive, i.e.
H, C Hy <= K™ c K™

(3) The correspondence turns degrees of field extensions into indices of subgroups, namely,
we have
#H =[K: K" and [G:H]=[K":F]
(4) If H «+— E, then
gHg™ «— g(E).
(5) H < G is a normal subgroup <= K is a normal extension of F. In this case,
Gal(K" /F) = G/H.
(6) [le,HQ — El,Eg, then
HlﬂHg +—— FE1E, and <H1,H2> +—— FEi1 N Es.

The proof of part (1) is more complicated, which we leave to the next lecture. Assuming
(1), we prove (2)—(6) to give the readers some idea of how Galois theory works.

Proof of Theorem [17.1.5(2)-(6).

(2) H; C Hy = Kt D K™ because if for any z € K, Hyx = x implies H;x = .

E, C Ey = Gal(K/FEy) C Gal(K/E;) because for any h € Gal(K/F), h|g, = id = hg, =
id.

(3) #H = [K : K] is proved in Lemma [17.1.2| above. The other equality follows from

HH -G H =#G " S kPl = (K K] [KT R
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(4) If E = K" we need to show that g(E) = K97#9"" This is because, for = € K,

ghg™*(z) = x for any h € H
& hg '(x) =g '(z) forany h€ H
& g l(r)eE
& zeg(h).

(5) We prove that H < G is a normal subgroup < K*# is a normal extension of F'.
Proof of “«<”: if K is a normal extension of F,

then any automorphism o : K — K that fixes F must also stabilizers K¥ by Lemma [15.2.6|
In other words,

K" = o(K")= K" = H=c¢Ho "
So H is a normal subgroup of G.

Proof of “=": if H <t G is a normal subgroup, then we need to show that K# is a normal
extension of F', namely, if f(z) is an irreducible polynomial in F[z] that has a zero a in K
then f(x) splits completely over K.

For this, we need a useful Lemma: if K is a Galois extension of F', and f(x) is an
irreducible polynomial that splits over K. If v is a root of f(x), then other zeros are exactly
{o(a)| o € Gal(K/F)}.

The proof of Lemma: Clearly, each o(«) is a zero of f(z). Write

g(x) = (z —o(a));

g€Gal(K/F)

its coefficients are all invariant under Gal(K/F)-action and thus belong to F. In K{z|, we
know that (f(x),g(z)) # (1), so in Flz], (f(z),g(x)) # (1). But f(z) is irreducible; we
must have f(z)|g(z). This means that all zeros of f(z) are of the form o(«) for some
o € Gal(K/F). The lemma is proved.

We come back to the proof of “=” of (5). The lemma implies that all zeros of f(x) are
o(a)’s for some o € Gal(K/F). Thus

ae K" = o(a) e KMo = KH
This means that f(x) splits over K.

When both conditions of (5) are satisfied, each element g € G fixes K and thus defines an
automorphism in Gal(K*/F). This defines a group homomorphism 7 : G — Gal(K%/F).
The kernel of 7 is precisely

kerm ={0: K — K | o|gn =id} = Gal(K/K") = H.
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By first isomorphism theorem of homomorphism, we have an embedding 7 : G/H —
Gal(K¥ /F). There are two ways to see that 7 is surjective.
Method 1: by counting, #G/H © (KT : F| = #Gal(K¥ /F), 7 must be an isomorphism.
Method 2: essentially by Proposition [15.2.4] any isomorphism K% — K extends to an

isomorphism K — K. So 7 is surjective.
In any case, we have shown that Gal(K*/F) ~ G/H.

(6) If H; and H, correspond to intermediate fields £y and FEs, respectively. Then we have

Gal(K/E1Ey) = {he€ Gal(K/F)|h|pg, =1id}
= {h e Gal(K/F)|h|g =id and h|g, =id} = H; N H,.

K)oty ol — pon By
O

Remark 17.1.6. One thing we observe during the proof of Theorem [17.1.5(2)—(6) is that,
we often encounter the situation where for some results, it is easier to start on the group
side and deduce results on the field extension side, but some other statement, it is easier
to start from the field side. The Galois correspondence allows us to always start from the

easy side. For a concrete example, when proving (6), suppose that we want to show that
KMz — cHL ICH? directly, it would be very difficult.

Remark 17.1.7. We have encountered earlier multiple times of non-canonical isomorphisms.
For example, two normal closures L and L' of a finite separable extension K/ F are isomorphic
but there is no canonical isomorphism. This can be seen as follows: if n : L — L’ is an
isomorphism that fixes K. Note that L is finite separable and normal over F', so it is Galois.
Then Gal(L/K) is a subgroup of Gal(L/F'). For any h € Gal(L/K), we may modify the
isomorphism 7 : L =2 L' to L L L 2 [/, This gives rise to another isomorphism between L
and L' that is identity on K. In fact, all isomorphisms between L and L’ that are identity
on K arise this way. Yet there is no distinguished choice among these isomorphisms.

17.2. Examples of Galois extensions.

Example 17.2.1. Corresponding to Example [17.1.3] we have the following corresponding
diagram

Q(v2,V3) {1}
Q(v2) Q(v3) Q(v6) {1,7} {1,0} {1,07}

Q {170—77_707—} = Z2 X Z2
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Example 17.2.2.

Q(V2,G) {1}
/ | / |
fcg 2

‘ Q(¢) ((123))

Note that ((123)) is a normal subgroup; this corresponds to that Q((3) is a Galois extension
of Q.

Remark 17.2.3. An alternative way to represent the field extensions and Galois correspon-
dences is the following:

The advantage of such notation is that, in a self-explanatory way, #G = [K : F| and
#H = [K : E]. When E is normal over F (or equivalently when H is a normal subgroup of
G, the Galois group of E/F is the quotient G/H.

Moreover, Theorem [L7.1.5(6) can be graphically expressed (not proved) as

Graphic picture tells us that Gal(K/E; E3) should be contained in both H; and Hy and should
be the maximal subgroup of G with that property; so Gal(K/EKs) = Hy N Hy. Similarly,
Gal(K/E; N Es,) should contain both H; and Hy and should be the minimal subgroup of G
with that property, i.e. Gal(K/E, N Ey) = (Hy, Hy).
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Example 17.2.4. We give a case of Galois group being Ds, with § = v/2. The normal
closure of Q(v/2) is Q(v/2,1). There are obvious automorphisms of Q(v/2) given by

s(i)=—i, s(V2) = V2,
r(vV2) =iv2, (i) =i
One can check that
rsrs V2 —— V2 —— iv2 —s —iv2 —— /2,

rsrs i —— — ——— —ji ——5 i

We have srs = r—! and thus

Ds=(r,s|r*=s>=1, srs =r"1).

/
(r?) \
|

r?, sr)

(r) {
Dy
Here, it is quite straightforward to obtain the left part if the diagram. To get the invariants

under (sr), we simply take the element v/2 and consider its “trace” under the group action
of (sr) and (sr3), respectively:

V24 s5r(V2) = V2 —-iv2 = (1 -i)V2,
V2 +sr%(V2) = V2 +iv2 = (1 +1)V2.
These are certainly elements contained in the corresponding invariant fields. On the other

hand, we can check the minimal polynomials of (1 —i)+v/2 and (1 +i)v/2 are both equal to

2 — 8, so we are now clear about these fields.
118



Remark 17.2.5. In general, if § = {/a with n € N and a € Q such that for any divisor
m of n, ¥/a ¢ Q, then the normal closure of Q(6) is K = Q(0,(,) (exercise!). The Galois
group Gal(K/Q) is always a subgroup of semidirect product Z, x Zx [

In “majority” cases, the Galois group Gal(K/Q) is isomorphic to Z, x Z*. A partial
picture of the intermediate fields is

Q(¥/a, Cn) {1}

/
Q(+/a) Z; - ‘
Q) Z,
/
Q / 7z, X Z;

Note that Z,, is a normal subgroup of Z,, x Z*, which corresponds to that Q(¢,) is a Galois
extension of Q. On the other hand, Z) is a not a normal subgroup and thus Q(</a) is not
normal over Q.

Corollary 17.2.6. If K is a Galois extension of F' with Galois group G = Gal(K/F') being
an abelian group, then any intermediate field E is Galois over F.

Proof. This is because any subgroup of an abelian group is normal. 0

17.3. Finite fields. Let ¢ = p” be a power of p. We have shown that there exists a unique
finite field of ¢ elements: F,. It is a perfect field.

We have shown that, for each n € N, there is a finite extension Fy» of I, consisting of ¢"
elements; it is a normal and separable extension of [F,.

F

qn

F

q

Definition 17.3.1. The ¢-Frobenius automorphism of F;. is the automorphism
g : Fn —— Fpm
ar— al
(It is the same as composing the p-Frobenius r times.)
Lemma 17.3.2. The Galois group of Fyn over Fy is isomorphic to Z,, generated by ¢,.

Proof. For the g-Frobenius automorphism ¢, of Fyn, ¢7(b) = b for any b € Fgn. So ¢} = id.
The rest is clear. U

5L.X. thanks Professor Jiangwei Xue for pointing out an error in an earlier version of this note. Indeed,

Gal(K/Q) could be a strict subgroup of Z, x ZX. For example, consider the case K = Q( ¥/5,(10); it is

Galois extension of degree 20 over Q whereas #(Z1o x Z;;,) = 40. This is because Q(v/5) is contained as a

subfield of Q((10); so if an automorphism of K fixes /5, it also fixes v/5 and can only sends (5 to Qsil. So
the Galois group Gal(K/Q) is a subgroup of Zg x Z1j,.
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Example 17.3.3. We give an example of the Galois diagram for extensions of finite fields.

F 2 1)
e AN e AN
Fga Fgo (¢3) (85)
NN NS AN
F, F,s (¢2) (¢3)
NS AN e
Fq (Gg) = Zno
Pg 1

17.4. Cyclotomic extension.

Definition 17.4.1. For a positive integer n € N,

= {nth roots of unity in C} (Cn) =2 Zy,
where ¢, = ™/,
Define Q(u,,) = Q(¢,) € C; it is a finite field extension of Q, called the nth cyclotomic
extension of Q.

A primitive nth root of unity is a generator of p,; it is equal to (? for some a € Z.

Define
(I)n(x) = H (x - CZ);

a€Zy
it is called the nth cyclotomic polynomial.

Example 17.4.2. We have ®,(z) =2 — 1, ®y(2) =z + 1, P3(z) =22 + 2 + 1.

Lemma 17.4.3. We have
2" =1 =[] ®ulx)

din
FEach ®,,(x) is a polynomial of degree o(n) with coefficients in 7.

Proof. The first equality is easy:

(17.4.3.1) o —1= [ =) =11 11 (=-¢&) =[] ®alx)

beZ, ﬂnlezx din

We will prove that ®,,(x) has coefficients in Z and its coefficients have ged = 1. Assume that
this has been proved for smaller n. Then (17.4.3.1) and Gauss’ lemma implies that &, (x)
has coefficients in Z and has coefficients’ ged = 1. OJ

Theorem 17.4.4. The polynomial ®,,(z) is irreducible in Q[x]. So [Q((,) : Q] = p(n).

Proof. Tt suffices to show that ®,,(x) is irreducible in Z[z]. Let ¢ be a primitive nth root of
unity in a splitting field of ®,(x). (We deliberately do not specify one here.)

We need to show that the minimal polynomial f(x) := m¢g(z) of ¢ over Q is equal to
®,,(z); it is clear that f(z)|®,(x). We will show that for any integer a relatively prime to n,
¢* is a zero of ¥, (z).
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We take a prime p not dividing n.

Claim: ¢? is also a zero of f(x).

This claim would imply that if a = pi* ---p&" is relatively prime to n, (¢ = Cp(lxl'”p%r
[teratively, we can prove that ( is a zero of f(x) implying (* is a zero of f(z). From this, we
deduce that f(z) = ®,(z). (This is why we did not specify a primitive nth root of unity.)

Now, we prove the Claim. Suppose this is not true. Let g(x) = mer g(x) be the minimal
polynomial of (P over Q.

As f(x) # g(x), we have ged(f(x),g(z)) = 1 and thus

f(@)g(x) [ @n(x).
On the other hand, ¢g(¢?) = 0 implies that ¢ is a zero of g(z?). This implies that
f@)[g(z") = ga*) = f(x)h(z) in Z[z],
for some h(z) € Z[z]. Taking this equation modulo p, we have
g(x)? = g(«?) = f(x)h(z) in F,[x].
This implies that f(z) and g(z) have a common factor in F,[z].

Yet f(z)g(x) divides ®,(x), which further divides #™ — 1. This implies that 2™ — 1 has
repeated zeros in its splitting field over IF,,. But

(z" = 1,D(2" - 1)) = (2" = Lina"") = (" — 1,2"") = (1).

This contradicts with the properties of repeated zeros. The Claim is proved.
This completes the proof of irreducibility of ®,,(x). 0

The following is clear.

Corollary 17.4.5. The Galois group of Q(¢,,)/Q is Z). Explicitly, fora € Z), the associated
automorphism is

Q(Gn) +—— Q[a]/(®n(z)) —— Q(Gn)
G —— x4 P (2), — (%

Corollary 17.4.6. For every finite abelian group G, there exists a finite Galois extension
K of Q with Galois group G.

Proof. Write G = Z,,, X --- X Z,,. For each n;, find a distinct odd prime number p; such
that p; = 1 mod n;. Then G is a quotient of

X X~y
Z, XXy =1 X XLy .

Say the kernel of this quotient is H. Then we consider the field extensions:

Q(Cpl“'pr)
&
I1: 25, K =Q(Gpyop,)
e
Q

The field K = Q((p, ..., )" is what we seek for. O
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Example 17.4.7. We illustrate the above proof by constructing a cyclic extension of Q or
degree 3. Write ( = (7. Then we have

= Zy—2 s 7,

U U
{1, -1} « ker¢ = {0, 3}

But we have to translate ker ¢ in terms of ZJ, it is the subset {1, —1} (namely {z € Z> | 2? =
1 mod 7}). Taking trace, we have

0:=C+( " eQ()thh.
We may compute the minimal polynomial of 6 as follows:
7 = C+(P+2
0 = T3¢+,
Using the fact that 1+ ¢+ 2+ + 3+ 2+ (' =0, we deduce that
C+0=CH+(P+CH P3¢+ +2=2C+¢H+1=20+1.
So the minimal polynomial of 8 is 2% + 22 — 22 — 1.

The following is a converse of Corollary [I7.4.6] It is one of the first achievement in the
history of number theory, marking a starting point of the study fo abelian extensions of
number fields.

Theorem 17.4.8 (Kronecker—Weber). Every finite abelian extension K of Q is contained
in some Q((,).

EXTENDED READING AFTER LECTURE 17

In Example [I7.2.4] we in fact used a standard tool to produce elements in a fixed field,
called the “trace” map. We give a formal definition here.

Definition 17.4.9. For a finite extension K of F' of degree n and a € K, we define its trace
and norm over F' as follows: viewing K as a finite dimensional F-vector space (and choose
a basis), then multiplication by a is a F-linear map 7, on K given by an n X n matrix (with
coefficients in F'). Then the trace and the norm of a over F' is

Tr(a) = Trg/p(a) = Tr(T,) and Nm(a) = Nmg/p(a) = det(7,).

As the traces and determinants of matrices do not depend on the choice of the basis, the
traces and the norms are well-defined.
Clearly, for a, 8 € K, we have

Trg/p(o+ B) = Trgp(a) + Trx p(B) and Nmg/p(af) = Nmg/p(o)Nmg,/p(5).

Lemma 17.4.10. If K s a finite extension of F' and E an intermediate field, we have for
a € K,

TI'K/F(OJ> = TI‘E/F<TI'K/E(OK)) and NIIlK/F(Oé) = NmE/F(NmK/E(a))

Proof. We leave this as an exercise. 0]
122



Lemma 17.4.11. Let K be a finite extension over F of degree n, and let « € K be an
element with minimal polynomial ma, r(z) = 2™ +a 2™ '+ - - +a,, € Flx] with m|n. Then

n
Trg/p(o) = —a and Nmg,/p(a) = (=1)"(am,)"™.

Moreover, when K is Galois over F with Galois group G, we have

Trg (o Zg and Nmg/p(a Hg
geG geG

Proof. We first treat the case when K = F(a) (in this case m = n). In this case, K =
F[z]/(mq r(x)) with basis elements 1, x,...,2""', and multiplication by « is represented by
the matrix

000 -+ 0 =—a,

00 -+ 0 —ap
010 ... 0 —apo
000 ... 1 —a

It is clear that Trg/p(o) = —a; and detg/p(o) = (—1)"ay. In the case when K/F is Galois,
{9(c) | g € G} are all zeros of m, p(z). Thus, we have

Tri/r(o Zg and Nmpg/p(a Hg

geG geG

In general, consider the tower of extensions

K
F(a)
F
We deduce immediately from Lemma [17.4.10] that
n

n
TIj(/F(O{) = TrF(a)/F(TrK/F(a)(OC)) — TrF(Oé)/F(EOé> — —Ea17

Nmgyp(a) = Nmpyr(Nmg/pe) () = Nmpg)p(e™™) = (=1)"ap™.

When K is a Galois extension over F' with Galois group G, through Galois theory, F(a) =
K*H for some subgroup H < G, we have

Sogle) =2 37 gla) =2 (—a) and JJg@)=( Y g@)" = (=1
geG gHeG/H geG gHeG/H
The lemma is proved. O
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18. GALOIS THEORY II: PROOF
The goal of this lecture is to prove the main theorem of Galois theory.

18.1. Proof of Galois theory. Before giving the proof, we quickly recall an important
result we proved earlier.

Proposition 18.1.1. Let K be a finite Galois (namely normal and separable) extension of
F, and let L be an extension of K normal over F.

K- > L
F
We have the following equalities
[K : F|] = #Homp(K,L) =  #Homp(K,K) = #Gal(K/F).
T T
K/F separable K/F normal

so can take K = L
We now give the proof of the main theorem of Galois theory.

Theorem 18.1.2 (Galois theory). Let K be a finite Galois extension with G = Gal(K/F).
(1) Then there is a one-to-one correspondence between

{subgroups H < G} ¢ > {mtermediate fields E of K/F}
H y K ={z € K|h(x) =x for any h € H}
Gal(K/E)={9 € G|g|lg =id|g} < )

Proof. (1) Since K is a finite normal extension of F', K is a splitting field for some f(z) €
F[z]. (This implies that K is also the splitting field of f(z) over an intermediate field E.)
It follows from Proposition [18.1.1] that we have
[K : F] = Gal(K/FE).

(a) Given a subgroup H < G, we need to show that Gal(K/K") = H.

Clearly, for any h € H, h fixes K¥ and thus H C Gal(K/K™). It remains to show that
(18.1.2.1) #H > #Gal(K/K") = [K : K"].
Now we use the primitive element theorem (Theorem [16.3.1)) to the separable extension
K/K™ to see that K = K?(«a) for some a« € K. Then for the minimal polynomial
Mo (x) € KH[z] of a over K#, we have [K : K] = degmg g (2).

Yet we may consider another polynomial

f(x) = ] (@ = h(a) € K[2].

heH
The coefficients can be seen to actually belong to K. By basic properties of minimal
polynomial, m,, rr(x) divides f(z) and in particular,

(K : K] = degmg, gr(x) < deg f(x) = #H.
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This completes the proof of Gal(K/K#") = H.
(b) Given intermediate field E of K over F, we need to show that K%I(K/F) = B First
of all, E C K®(K/E) hecause any h € Gal(K/FE) fixes E. Next, we count

[K:E] = #Gal(K/E) = [K : KGK/B)],
T T
Proposition proved in (a)

This implies that F = K Gal(K/E) 0

Remark 18.1.3. In fact, if we inspect the proof of Galois theory, the only non-formal
argument is in (1)(a), we need to show that #H > [K : K*¥], namely (18.1.2.1)). There are
typically two proofs for this; we presented the one using primitive element theorem. There is
another proof of this using a lemma of Artin, which we present here in the following lemma

(part (1)).
Lemma 18.1.4. Assume that a finite group G acts on a field K via automorphisms. Put
F =K. Then

(1) #G > [K : F].

(2) K is a Galois extension of F' with Galois group G. In particular, #G = [K : F].

Proof. (1) Let n = #G and write G = {0y = id, 09, ...,0,}. To prove that [K : F| <n, we

need to show that every n + 1 elements ug, ..., u,+; of K are F-linearly dependent. Write

or(ur) - o1(tngr)

A= € Matnx(n+1)(K).

Un(“l) e Un(un-i-l)
Automatically, the column vectors v1,...,v,,; are K-linearly dependent. So there exists
some 7 such that vy,..., v, are K-linearly independent and v7,...,v,,; are not. Then we
must have
(18141) Ur+1 == 041’171 —+ 4 Oérﬁr.

We hope to show that each «; in fact belongs to F' (or equivalently, o(a;) = «; for every
o € G), then v;’s are F-linearly dependent, which implies that u;’s are F-linearly dependent,
proving our result.

We apply 0 € Aut(K/F) to (18.1.4.1)) to get
o(Ury1) = o(ay)o(h) + -+ + o) o ().

But the column vector o(v;) is just

o1 (u;) ooy (u;)

on(u;) oon(u;),
which simply permutes the entries. This then implies that

(18142) ﬁr+1 = 0(041)171 + -+ 0<CKT)UT.
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But (18.1.4.1]) and (|18.1.4.2)) must be the same relation!! This implies that
for each i, o(y) = a.

As this works for all o € G, we deduce a; € F, proving part (1).
(2) We show that K is a separable and normal extension of F. Let f(z) € F[z] be an
irreducible polynomial that has a zero a in K. Write H = {g € G | g(a) = a}. Then

ha)= J] (z—g()).

gHeG/H

(Since Ha = a, this product makes sense.) The coefficients of h(z) are symmetric polyno-
mials in g(«) for all gH € G/H; so they are invariant under the left action by any element
o € G. So h(z) € K¢[x] = Flx].

Moreover, since (h(x), f(z)) # (1) when considered in K|z| (as they have a common zero
a), we have (h(x), f(z)) # (1) in F[z]. As f(x) is irreducible, f(x) | h(x). In particular,
f(z) splits completely in K[z] and has only simple zeros, because h(x) has.

Thus, K is separable and normal over F, i.e. is Galois over F. In particular, G C
Gal(K/F), and thus

#G S #G&l(K/F) Lemm%M[

Combining part (1) shows that #G = [K : F].

K :F).

O

18.2. Galois theory for composite of fields. We are interested in how Galois theory
behave under composite of fields.

Proposition 18.2.1. Consider the following diagram of field extensions.

Assume that K is a finite Galois extension and E is an arbitrary field extension of F (not
even assume to be algebraic). Then KFE is a Galois extension over E and

Gal(KE/FE) = Gal(K/KNE).
As a corollary, if E is a finite extension over F, then we have
[KE:KNE]|=[K:KNE]-[E: KNE|.

Caveat 18.2.2. We have seen earlier that this proposition would be false without the as-
sumption that K is Galois over F. One only has an inequality

[KE:KNE|>[K:KNE]-[E:KnNE].
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A typical example is the following:

Q(V2,¢3)

Q(v2 Q(v2¢)

\/

So what happened? Suppose that L := KFE is a Galois extension of F' with Galois group
G = Gal(L/F) and that F = K N E. We have the following diagram

- L:=KE -__p,
Set H; = Gal(L/K) and Hy = Gal(L/FE). Thus

F=KnE=LMnL% =MW" o ([0 i) =0G.
On the other hand, we have

\
\

E

\/

The key here is that HyHy C (Hy, Hy) = G and the first inclusion is typically strict, and
thus
#G > #H,-#Hy = [L:F|>|[L:K]-[L:E] = [E:F|-|[K:F|>I[L:F].
However, if one of H; is a normal subgroup of G, (Hy,Hs) = HiHy = G. The equalities
above hold.

Proof of Proposition [18.2.1 Since K is a finite Galois extension of F, K is the splitting field

of some separable polynomial f(z) over F. This further implies that K'F is the splitting

field of the same polynomial f(z) over E. This implies that K E is a Galois extension of E.
Moreover, there is a natural homomorphism

U:Gal(KE/E) — Gal(K/KNE).

o > 0|k

Here we used that K is normal over F'; so it is stable under the action of any element of
o € Gal(KE/FE). We aim to show that ¥ is an isomorphism.
We compute the kernel of W:

ker(V) = {0 € Gal(KE/E) | o|x = id}.

But for such o, o|g = id and 0|k = id, so o is trivial when restricted to K E and thus o = 1.

This shows that ¥ is injective.
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Now we prove the surjectivity of ¥. Let H := Im(V¥) C Gal(K/K N E) be the subgroup.
Consider K D KN E.

KE

N

KH

KNE
L

If we can show that K C E, then K C KNE, and we are forced to have an equality, and

thus W is surjective.

We note that, for any ¢ € Gal(KE/FE), we have o|gr = id and o|g = id and thus
olgrp =id. Thus K# E is fixed by Gal(K E/E). This means that K E = E, which means
K™ C E. The proposition is proved. O

Proposition 18.2.3. Suppose that we have a tower of extensions below, in which Ky and
K5 are Galois over F.

KK,

\K2
1ﬂK2/
|

F

WA

Then we have

(1) Ky N Ky is Galois over F.
(2) KKy is Galois over F' and

Gal(K1K2/F) = {(91,92) € Gal(K1/F) x Gal(K3/F) | 1l s, = G2l i §-
(In particular, if K1 N Ky = F, we have Gal(K1Ky/F) = Gal(K,/F) x Gal(Ky/F).)

Proof. (1) We need to show that K; N K5 is normal over F'. Suppose that f(x) € Fz] is a
polynomial that has a zero in K; N K. Then by normality of f(x), all zeros of f(z) belong
to both K; and K3 and thus f(x) splits over K7 N K3. So K; N K5 is normal (and hence
Galois) over F.

(2) Let K; be the splitting field of a separable polynomial f;(x) for ¢ = 1,2. This means

that KK is a splitting field of fi(z)fo(x). So K K5 is Galois over F.
128



Consider the homomorphism

¢ Gal(K 1Ky /F) —— Gal(K,/F) x Gal(Ky/F).

o ? (O-|K17O-’K2)

(Note that o stabilizes each K; because K; is normal over F'.)
We compute the kernel and the image of ¢ as follows:

kero = {0 € Gal(K1Ky/F)|o|x, =id, 0|k, =id} = {id},
Im(p) C {(01,02) € Gal(K,/F) x Gal(K;y/F) | o1l knK, = UQ\KIQKQ}.
Write A for the latter group, which contains Gal(KK,/F') as as subgroup. Now we count.
#Gal(KlKg/F) = [KlKQ . F] = [KlKQ . KQ] . [KQ . F]

[Ky: K1 N Ky - [Ky: F (by Proposition [18.2.1))
[Kl : KlﬂKg] . [Kg:KlﬂKg} . [KlﬂKgF]
#Gal(Kl/Kl N Kg) . #Gal(Kg/Kl N KQ) . #Gal(K1 N KQ/F)
= #A.

The proposition is proved. U

Example 18.2.4. As an application, we see that Q(\/ﬁ, V3,5, \/7) is a Galois extension
of Q with Galois group Zj.

18.3. Linear independence of characters. We end this section with a discussion on
Artin’s linear independence of characters theorem. This theorem has very interesting appli-
cations in number theory, and we will encounter one of them in the next lecture.

Definition 18.3.1. Let H be an abelian group and let L be a field. A character y of H
with values in L is a group homomorphism

x:H—L"
This is the same as “l1-dimensional representations” of H with coefficients in L.

Definition 18.3.2. We say that characters y1, ..., x, are linearly independent over L if

they are linearly independent as functions on H, i.e. for any ay,...,a, € L, if a;x1(h) +
-+ ayXn(h) =0 for any h € H, then a; = -+ = a,, = 0.
Theorem 18.3.3 (Linearly independence of characters). If x1, ..., x, are distinct characters

of a group H with values in L, then they are linearly independent.

Proof. Suppose that these characters xi,..., X, are linearly dependent. Then among all
(nonzero) linear relations, there is a unique one with minimal number of nonzero a;’s. With-
out loss of generality, we assume this is

aix1+ asxs+ -+ a.x, =0 as functions on H.
In other words, for any h € H,

(18.3.3.1) arxi(h) + -+ a,x-(h) = 0.
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Since x1 # X, there exists hy € H such that xi(hg) # xr(ho). Applying ((18.3.3.1]) to hhq,

we have
alxl(hgh) + -+ arXr(hOh) = 0,
ale(ho)Xl(h) +oot aTXT(hO)XT(h) = 0
Taking the difference of this and x1(ho) times (18.3.3.1)), we deduce

?2(X1(h0) - Xz(ho))/XQ(h) o +£LT(X1<hO) - Xr(ho)ZXr(h) = 0.

-~ -~

b b

This gives another nontrivial linear relation among x;’s (noting that b, # 0) with smaller
number of nonzero coefficients. 0J

18.3.4. Application of Theorem to Galois theory. We will apply the linear indepen-
dence result in the following way: let K be a finite extension of F' and let L be another
extension of F'. Suppose that oy,...,0, € Homg(K, L) be distinct embeddings.

K « % sy L
F

If we write K = Fe; & Fey @ --- @ Fe, for r = [K : F], we consider the following matrix

oi(er) -+ oi(e)
A= : : € Mat,,.(L).

on(er) -+ onler)

The linearly independence theorem implies that the rows of this matrix A is L-linearly
independent. This implies that r > n.

Remark 18.3.5. This gives another proof of [K : F| > #Hompg(K, L).
The following is a side result that is useful in many applications.

Lemma 18.3.6. Let K be a finite separable field extension of F' so that K = Flz|/(f(x)) and
let L be normal extension of F' containing K. Then we have an isomorphism of L-algebras.

Lop K = Lal/(F@) 2% TT cromeiesy -
a® f(x) > (GU(f(UU)))U'

(We did not get to properly define tensor product; so for this problem, we think of K @p L
as just Llx]/(f(x)).)
Example 18.3.7.

R ®g Q(v2) 2 R[z]/(2? —2) ————— R xR
a+byv2 y (a+0v2,a — b/2).
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Proof of Lemma |18.5.6. The map ¢ is clearly a well-defined homomorphism and L-linear.
Both sides are L-vector spaces of dimension [K : F| = #Hompg(K, L). It suffices to show
injectivity and this is exactly the linearly independence of characters above (for characters

of K*). O
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19. GALOIS GROUP OF POLYNOMIALS AND INSOLVABILITY OF QUINTICS
19.1. Cyclic extensions and Kummer theory.
Definition 19.1.1. The extension K is called cyclic if K is a Galois extension over F' and
Gal(K/F) is cyclic.
Proposition 19.1.2. Assume that

(1) char(F) does not divide n, and
(2) F contains all nth roots of unity.

Then K = F(3/a) is a cyclic extension of degree dividing n.
Proof. We may factor
2" —a=(z— Va)(x = CVa) (v = G a)

So K is the splitting field of z"—a over F. As (z"—a, D(z"—a)) = (z"—a,nz" 1) = (a) = (1),
x" — a is separable.

K = F(/a)

F
For each 0 € Gal(K/F), o({/a) = Q’)(U)(/E for some (o) € Z,. This defines an injective
map
A:Gal(K/F) —— Z,, = u,
Ao).

The injectivity follows from the fact that /a generates K over F.
This A is a homomorphism because for 7,0 € Gal(K/F),

G Va = To(/a) = (G /a) = G Va.
So A(7o) = A(1) + A(0) mod n; it is a homomorphism.
Through A, Gal(K/F) may be viewed as a subgroup of Z,; in particular, Gal(K/F) is a
cyclic group with order dividing n. O

g

In fact, when F' contains nth roots of unity, all cyclic field extensions of F' is of the form
above. This is so-called Kummer theory.

Proposition 19.1.3 (Kummer). Let F' be a field such that char(F) t n and assume that F
contains all nth roots of unity. Then any cyclic field extension K of F' of order n is of the
form K = F({/a) for some a € F*.

Proof. Write Gal(K/F) = Z,, = (0). For each o € K, we define
(19.1.3.1) bi=a+Gola)+ -+ o a).
(This is called the Lagrange resolvent.) By Theorem [18.3.3, 1,0,0%,...,0" ! are linearly
independent characters, there exists a € K such that b # 0 (otherwise, the above expression
gives a linear relations among 1,0,...,0"1).

Note that, for such b, we have

a(b) = o(a) + Go(a) + -+ (o (@) = b
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(In fact, this is why we give such a definition to b.) So we have
a(b") = (¢, 'b)" =b".

Thus a = b" € K, and b can be viewed as an n-th root of a in K.
Moreover, for any o, o?(b) = . b; so b is not contained in any intermediate fields between
K and F. Thus K = F(b) = F(1/a). 0

19.2. Expressing algebraic numbers by radicals. From now on, we assume that char(F') =
0.

Definition 19.2.1. We say that an element « algebraic over F' can be expressed by
radicals or solved in terms of radicals over I if o belongs to some field K which is a
succession of simple extensions

(19.2.1.1) F=K,CK CK C--CK,=K,

such that K;, = K;( 1/a;) for some n; € N and a; € K;. The extensions K;,/K; are called
radical extensions.

Example 19.2.2. A typical such element « over Q is a = {/\/5 + V7 + \4/\/@%— V7.

Proposition 19.2.3. An element o can be expressed by radicals over a field F' if a is con-
tained in a Galois extension K of F which admits a tower of subfields of the form (19.2.1.1]).

Proof. By definition of expressing elements by radicals, there exists a finite extension K’ of
F which admits a tower of subfields of the form ((19.2.1.1). Let K be the Galois closure of
K’ over F. This implies that for each o € Homp(K’, L),

K= K o (K7)
| |

| |
K| o(I7)

T~

F

the composite K/ - o(KY) is an extension of F' filtered by radical extensions. Continue this
way proves the proposition. [

Theorem 19.2.4. An (irreducible) polynomial f(x) can be solved by radicals if and only if
its Galois group (meaning the Galois group of its splitting field) is a solvable group.

Proof. “=” As in the previous proposition, f(x) splits over some Galois field L of F' such
that
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Define F' := F((p,, - - -, Cn,.), which is a Galois extension of F'. Then we form extensions

FL
/ |
K =1L :
| |
: 'K,
| I
K, — F
-

Then F'L is Galois over F' and each F'K; 1 = F'K;( v/a;) is Galois over F'K;.
On the group side, Put G = Gal(F'L/F), H; = Gal(F'L/F'K;), and Hy = Gal(F'L/F").

F'L
|
Hy
G Ho |
/Kl
|
'
Ky=F

As F’ is a Galois extension of F'; Hj is a normal subgroup of G and G/H, is abelian.
Similarly, F"K;/F" is Galois with cyclic Galois group by Proposition [19.1.2] then H; < Hy is
a normal subgroup and Hy/H; is cyclic. We continue the discussion for each of F'K; 1/ F'K;
to deduce that H; .1 < H; and H;/H;,4 is cyclic.

This implies that G is solvable, and hence Gal(L/F) as a quotient of G is solvable.

“<” Let K be a splitting field f(z) over F. By Galois theory, we have a tower of
intermediate fields



corresponding to subgroups G = Hy 2 Hy 2 -+ 2 H, = {1} such that H;;; > H; and
H;/H; is cyclic of order n;. Again, put F’ = F((y,,---,(n,) and consider the composites
'K,
|

K=K,=1L F'K,_4
/ |
K, :
| |
-
KO == F
Then by Kummer theory, we have F'K, ., = F'K;( %/a;) for some n; € N and a; € K;, and
thus « is solvable by radicals. U

Corollary 19.2.5. If an equation has Galois group (in the sense of Definition|19.3.1| below)
isomorphic to S, or A, with n >5 (e.g. for a general irreducible polynomial of degree n),
then it is not solvable by radicals.

19.3. Galois group of a polynomial.

Definition 19.3.1. Let F' be a field and f(x) € F[z| a separable polynomial. Let K be a
splitting field of f(z) over F. Then the Galois group for f(z) is Gal(K/F).

Example 19.3.2. The Galois group for 27 — 5 over Q (irreducible by Eisenstein criterion).
The splitting field is Q(v/5, (7). The associated Galois group is Z7 x Z.

19.3.3.  We ask a basic question: how to determine the Galois group of a polynomial f(z)?

Let us only focus on the case when f(x) is irreducible. Then in the splitting field K of
F, f(z) factors as f(z) = (r — 1) -+ (x — ay,). The Galois group G = Gal(K/F) acts on
{ai,...,a,}. This then gives an embedding G = Gal(K/F) — S,,. The following is a simple
observation.

Lemma 19.3.4. The group G acts transitively on the set {aq,...,apn}.

Proof. Suppose now and suppose that {aq,..., .} (with 7 < n) is an orbit under G, then
(x —aq) - (x —a,) € Flz] is a factor of f(z). Yet f(x) is irreducible; so this cannot
happen. O

Before giving method of determining the Galois group, we study a “universal case”.

Notation 19.3.5. Let F' be a field, then we can consider the function field M := F(xq, ..., z,),
namely

M = Flanoovn) = {58 ) ala) € Flon. ..ol ala) 0}

where z1, ..., x, are indeterminates. Define the elementary symmetric functions to be
S1=%1+ -+ Ty, S2= g TiTj, .-y Sp=T1To " Tp.
i<j
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Proposition 19.3.6. The field M = F(xq,...,x,) is a Galois extension over L = F(s1,...,8y)
with Galois group .S,,.

Proof. Consider the polynomial
f@)y=@—z) - (x—2,) =" —s12" "+ -+ (=1)"s, € L[z].

This M is the splitting field of f(z) over L. In particular, as x;’s are distinct, M is separable
and hence Galois over L.

Moreover, the Galois group Gal(M/L) permuting {xi,...,z,} defines a homomorphism
Gal(M/L) < S,. But on the other hand, S, acts on M as automorphism fixing L; so
S, C Gal(M/L). Thus, we have Gal(M/L) = S,,. O

Slogan 19.3.7. The way we solve equations is modeled on the “universal function field”
case.

The rest of this subsection aims to explain this slogan.

19.3.8. Discriminant. We first study the universal case M = F(xy,...,x,) over L = F(sq,...,5,).
Consider the discriminant

D= H (z; — z;)?, and VD = H (x; — ;).

1<i<j<n 1<i<j<n

We know that o € S,, acts on M by sending a(\/B) = sgn(a)\/B, where sgn : S, — {£1}
is the sign function with kernel ker(sgn) = A,. (In fact, this is the definition of the sign
function.)

This shows the following diagram of Galois extensions.

M = F(xq,...,x,)

L="F(s1,...,8)

Now, we discuss the number field version. Let K be a splitting field of an irreducible
polynomial f(z) = (z —ay)---(x — ay,) € F|z]. Define the discriminant of f to be

D= ][] (ei—0ay*

1<i<j<n

it belongs to F' because it is invariant under all o € Gal(K/F).
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Lemma 19.3.9. We have G = Gal(K/F) C A, if and only if D is a square in F. More
precisely, we have the following diagram of Galois extensions:

K=F(ay,...,ap)
GNAy,

e F(VD)

/

F

Proof. The second statement implies the first one because its shows that F (\/E) = Fif and
only if G C A,.

Indeed, 0 := J] (e — ;) € K is a square root of D, and G N A,, clearly stabilizes
1<i<j<n

6 and G\A, does not. This implies that the Galois group of K over F(v/D) is precisely

GNA,. O

19.3.10. Solving cubic polynomials over Q. We apply the discussion above to (1) determine
the Galois group of a cubic irreducible polynomial, and (2) give a general method to solve
such a polynomial in C (by roots). By simple change of variables, we may assume that the
polynomial is z® + pz + ¢ € Q[z] (with zeros «, 3, 7).

Similar to the above, we have the following diagram of intermediate fields.

K = Q<057677)

G

T~
Q(vD)
Q —

In this case, D = (a — B)*(8 — 7)*(y — a)® = —4p® — 27¢*>. Combining this with the fact
that Gal(K/Q) has to act transitively on the three roots, we deduce that

e if D is a square in Q, then Gal(K/Q) = A3 = Z3, and

e if D is not a square in Q, then Gal(K/Q) = S;.

To give a way to explicitly solve the equation 2® + pz + ¢ = 0, we first of all compute v/D.
Next, we want to solve «, 3,7 through understanding the cyclic extension. This goes back
to the method of Kummer theory. We first adjoin w := e?™/3 to the field so that we may use
Kummer theory.



Indeed, using the Lagrange resolvent presented in ((19.1.3.1)), we put
0 = a+wh+w?y and 6y :=a+w?B+wy.
Then we may directly compute
0 =... = _2?7(1+ g\/_gp and 0} =...= _22_7q — %\/_319_
From this, together with oo + 8 + v = 0, we may solve «, 3, and v by linear algebra.
19.3.11. Solving quartic polynomials over Q. We now turn to solve irreducible quartics and
determine the associated Galois groups. Since S is solvable, we consider the following chain

of subgroups
1<V Ay <8y,

where V' = {1, (12)(34), (13)(24), (14)(23)} is the Klein 4-group, and the subquotients of the
above chain are all abelian groups. (We are slightly lucky here that V' is a normal subgroup
of Sy; so there is no ambiguity in how V' is embedded in S;.) Corresponding to this chain of
extensions, we have

M:F(Il,...,$4) {1}
MY = L(V/'D, 0y, 05, 05) 1%
L(\/B) Ay

2

L="F(s1,...,84) Sy,

where D is the discriminant earlier and
51 = (371 + l’g)(&?g + 56'4), ég = (LCl + 373)(33’2 -+ £C4), 9~3 = (Q?l + LU4)(Q?2 + 513'3).

Now, we consider the case of Galois extension of an irreducible quartic polynomial z* +
ar?® + br + ¢ € Q[z], which has zeros ay, as, as, ay in the splitting field K. We look at a
similar tower

K

5 GnV

F(v/D)(6y,65,05)

GNAy

F(VD)

F
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where VD = ] (a; —a; ) and

1<i<j<4
01 = (o + ao)(as + aq), 0= (a1 +as)(ag+ay), 05= (1 + ay)(az+ as).

(In principal), may use similar Kummer theory to solve this tower, as follows. First, a
tedious computation shows that the discriminant is

D= [] (ci—a;)?=16a"c—3a®0 — 128a°c* + 144ab’c — 12b* 4 256,
1<i<j<4

2mi/3

Then, to compute 60, 05, 05, we adjoin the 3rd root of unity w =e and put

m = 01 + w02 + w293 and 2 = 91 + w202 + 03.

It is expected that 77 and 13 can be expressed in terms of v D by Kummer theory. This
together with the fact that 6; + 6, + 03 = a allow us to solve for 6y, 65, and 3. Here, we
remark that, in addition to the notation symmetry, we note that the quotient group A,/V is
the Galois group in the universal case is generated by the permutation (132) (for example), it
will take 6; to 6, and 0 to 63; so the above construction indeed follows the Kummer theory.

Next, we try to solve ay, ..., ay from knowing 6, 65, 5. This corresponds to a biquadratic
extension. For example, we may first understand K (1234): this is generated by oy + a» and
a3 + a4. By we note that

artaytazt+ar=0 and (a1 +az)(az+ as) = b1

This amounts to solve a quadratic equation. Similarly, we can get a;y and azay by noting
that

a1 + Qguy = %(91 + 93 — 92) and 100304 = C.
One can immediately solve o and as from these.

Next, we move to the study of the Galois group G. As the Galois group G(K/F') can be
viewed as a subfield of S; which acts transitively on all roots, it must belong to the following
list:

Sy, Aq, V. C=((1234)), and Dg= ((1234),(12)(34))
and their conjugates (only C' and Dg are not normal).

We list all possible intersections of these groups with V' and with Ay.

G= Sy Ay % conjugates of C' | conjugates of Dg
#G = 24 12 4 4 8
#(ALNG) = 12 12 4 2 8
#(A,NV) = 4 4 4 2 4

So our computation will be able to determine the Galois group of the quartic equation.

139



20. INFINITE GALOIS GROUPS
20.1. A preliminary version of inverse limits.

Definition 20.1.1. Consider a sequence of Surjective maps of sets

f1 f2
A « Ay 4 As «

Define
lgnAn = {(a1,a2, o) ‘ a; € Ai, filaiy1) = a’i}'

This is called the inverse limit, projective limit, or just limit of the A;’s.
When each A,, has a structure of groups/rings, and f,,’s are homomorphisms, the inverse
limit is a group/ring.

Example 20.1.2. Let p be a prime number. Consider the inverse limit
Z)pZ «—— L]p*7 «—— L|p°7 «——
The inverse limit is Z,, := ILmn Z./p"Z, the ring of p-adic numbers is

Ly = {(a:l,wg, o) ‘ v; € Z/p'Z, w41 mod p' = xz}

The ring Z, has very interesting properties. Take one example: for p = 7, we show that 2
is invertible in Z- as follows:

201 =1mod7 = x1=1mod?7
2z =1mod 49 = x9=25mod 49 (=4 mod 7)

We can always solve 2z; = 1 mod 7. This implies that 2 is invertible in Z;.
The same argument shows that

Z; = {(331,1'2,...) EZp|l'17AO}.

We have Z, = Z,; U pZ,.
We have a natural map

Z —— 7, =lim Z/p"Z
a — (a mod p,a mod p?,...).

We can generalize the above construction as follows.

Lemma 20.1.3. If (R,, f,) is an inverse system of rings and R = 1&1 R,, then R* =

n—oo
3 X
lim 1.

n—oo

Proof. By definition, we have
R* :{Q:(al,ag,...)GR‘Hb:(b17bQ,...)€R, suchthatg-bzl}.

The condition implies that for each a € R*, a,, € R} for every n.
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Conversely, for each a € lim R, the inverse a," of each a, is unique, so certainly, we

n—oo
have
fn(a;iﬁ =a,".
This implies that (a;!), € m R, is the inverse of a € R. O
n—oo

Example 20.1.4. Why did we call this a limit? We can see this by the following example:
Clz] = @C[x]/(x")

Here C[z] is called the ring of formal power series. Given a smooth function f on near
0, the Taylor expansion at 0:

() .,

/7(0) o

f(0) +zf(0) + Tx2+...+ -

defines an element in C[z].
20.2. A general inverse limit.

Definition 20.2.1. A partially ordered set (poset) is a subset I such that for any two
elements ¢ # j € J, either ¢ < j, or j < 4, or not comparable, satisfying
1<j, j<k =>1<k.
We say that that [ is filtered if for any 7,7 € I, there exists k£ € [ such that ¢ < k and
J <k

Definition 20.2.2. Let [ be a partially ordered set, and let (A;);c; be an inverse system,
that is for each ¢ € I, we are given a set A;; and if j > ¢, we have a map ¢;; : A; — A; such
that if & > j >4, then o = @i 0 @y;, i.e. the following diagram commutes

R
A : > A

Then we define the inverse limit to be

I&HAZ = {(ai)iel } a; € AZ', and lfj > 1, we have gpji(aj) = ai} - HAZ

iel iel
If each A; is a group/ring and each ¢;; is a homomorphism, then @Ai is a group/ring.

iel
We have a natural map
iel

Fact 20.2.3. If B is a set/group/ring with maps/homomorphisms \; : B — A; such that,
for j > 7, we have \; = ¢;; o A;, i.e. we hav the following commutative diagram

B, A,
A,
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then we have a natural map A : B — 1&11142
iel
Example 20.2.4. We define Z = @n Z/nZwhere the inverse system is given by divisibility
(i.e. for m|n, Z/nZ — Z/mZ.).
It is fact that Z =[] Z,.

p prime
We give the following proof: for each prime p, we have

~

op L ——— Ly
(an)n —— (apr)r'

This together give a map

gszcpp: Z%HZP.
P P

Conversely, to define a map Hp Ly, — Z it is enough to give a compatible family of, for
each n € N,

11z, — z/nz.
p

For n = p{* ---p%, this can be constructed as follows:

11z -z, x xZy — Z/p?Z x -+ x Z/p" T = Z/n.
p

A similar example is that

GLy(Z) = [] GLw(Z,).

prime
20.3. Topology on inverse limit.

Definition 20.3.1. Let I be a filtered poset. Let (A;);c; be an inverse system of sets. If
each A; carries a topology, we require the maps ¢;; to be continuous. (But for most of the
case, we provide each A; with discrete topology.)
We may define a topology on the inverse limit A = lgnAi as follows.
iel
(1) (When each A; is provided with discrete topology,) an open subset is the union of
basic opens: for each i € I and each a; € A;, the subset 7, '(a;) C A is a basic open
subset, where ; : A — A; is the projection.

(2) (For general A;,) embed
lim 4; € [T 4,

el iel
so that the right hand side is endowed with the product topology and the inverse
limit is defined by the subspace topology.

Lemma 20.3.2. When each A; is provided discrete topology, the two above definitions of
topology on I'&HA,- are equivalent.
iel
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Proof. Clearly, an open subset in (1) is open in the sense of (2). Conversely, we note that an
open subset as defined in (2) takes the form of 7; '(a;,) N ---N7; '(a;,), where iy, ... i, € I
and a;; € A;;. We need to show that such set is open in the sense of (1).

By induction, it is enough to show that for ¢,j € I, a; € A;, and a; € A;, the intersection
m; ' (a;) Nm; (a;) is open in topology defined in (1). As I is filtered, there exists k € I such
that « < k and j < k.

A]*/%'

ks

Put By, := @' (a;) N go,;jl(aj). Then we have

m e Ny ag) = | mt().

beBy,
The latter union is open in the topology defined in (1). O
Theorem 20.3.3. If each A; is finite (with discrete topology), then @Ai 18 compact and

el
Hausdorff. In this case, we say that @Ai profinite.
iel
Proof. We consider the subspace
el iel

The latter space is compact and Hausdorff (as the product of compact spaces is compact by
Tychonoff theorem). The subspace is determined by taking the conditions ¢j;(a;) = a; for
any j > ¢. This defined the left hand side as a closed subspace.

So I'&HA,- is compact and Hausdorff. O

iel
Example 20.3.4. The topological rings Z, and 7 are profinite, and thus compact and

Hausdorff. The topological groups Z, and Z* are also compact Hausdorff topological groups.

Definition 20.3.5. A topological group is a group G with a topology on the underlying
subset such that the two maps

t: G —— G m:Gx G —— G

-1

gr———9 (g9,h) ——— gh

are continuous.
So if U C @ is an open subset, then gUh C G is an open subset for any g, h € G.

The following are interesting properties of topological groups.
Lemma 20.3.6. If H < G is an open subset of a topological group G, then H is also closed!

Proof. Note that we have a disjoint union



of subsets. But each gH is open. It implies that
H=G\( [ o)
gH#H
is closed. O

Lemma 20.3.7. If G is a compact topological group, then a subgroup H < G is open if and
only if it is closed and of finite index in G.

Proof. “=" Lemma implies that H is closed. To see that H has finite index in G, we
note that G = [[ gH is an open disjoint cover. Yet GG is compact, so the number of subsets
in the disjoint union is finite, i.e. [G : H] < 00.
“<” If H < (G is a closed subgroup of finite index, we write G = [[ gH, then we have
H=0c\( |J ¢H).
gH#H

The union on the right hand side is a finite union, so the union is closed, and thus the
complement H is open. O

Definition 20.3.8. A profinite group is an inverse limit of finite groups, with the inverse
limit topology.

Lemma 20.3.9. For a profinite group G, we have
G = Jim G/N.

N<G open normal

(Note that all such N'’s form a filtered system: given N1 <G and Ny <G, then NyN Ny <G.)

Proof. There is an obvious map G — him - open G/N =: G
By definition, G = 1&1 G;. We want to construct the reserve arrow:
iel
G'= lim G/N—=ImG,.
N<G open i€l
For this, it is enough to provide a compatible system of homomorphisms G’ — G; for each
i. But note that the a natural map m; : G — G, has kernel ker m; <G (which has finite index
since G; is finite). Thus we can define the corresponding map

NG = Im G/N —

NG open

er ;
This defines the a compatible system of maps G’ — G; (for each i € I).

So far, we have not checked in any case the compatibility of the homomorphism (although
the reader can keep in faith that they should be compatible.) Let us do this here: suppose
that 7 > 4 is another index in I and we would like to check that the constructed maps
G' — G; and G' — G are compatible in the sense that the following diagram commutes

o M Gy
x l%' i
G
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But this is clear because A\; and )y expands to the following diagram

[aS)
G y & — Gy

ker 7,/
l l‘Pi’i
. —’
er m;

The commutativity of the left triangle comes from the construct of the inverse limit G’, and
the commutativity of the right square comes from the inverse limit construction of G.

Now by Fact [20.2.3] we get a map G’ — G. By tracing back the definition, we see that
this gives the inverse of the map G — G’ we constructed above. O

Remark 20.3.10. In above lemma, we have written G as the inverse limit of G/N over all
open normal subgroups N. In fact, we may also take the inverse limit over a subcollection
of such N'’s, say (N;),es that is “cofinal” in the sense that for any open normal subgroup N
of G, there exists some /N; < N. Then we would have

jeJ

This is because we certainly have a homomorphism G — l&n G/N;, to get the reverse arrow,

jeJ
it suffices to produce a compatible family of maps @ G/N; — G/N. Indeed, by our cofinal

jeJ
condition, there exist some N;; < N, we can therefore define
(20.3.10.1) AN @G/Nj — G/N;, — G/N.
j€J

Since the compatibility check here is a little more subtle (although the argument is still
standard), we spell it out for the convenience of the readers. Rather the issue comes from
the following: we need to first check that the definition of \y is independent of the choice
of Nj,. Indeed, if N;, < N is another open normal subgroup that is in the subcollection, we
can then define Ay ; : G — G/N similar to (20.3.10.1). We need to check that Ay = A 1.
For this, we use the filtered property of J (in fact implied by the cofinal condition): there
exists an open subgroup Nj, in the collection such that N;, < N, N N;,. Now, we have the
following commutative diagram



The commutativity of the diamond on the right is the natural one, and thus, we deduce that
AN = AN1-

Now, we check that whenever N’ < N, the map defined above is compatible, namely, we
need to check the commutativity of the following diagram.

lim G/N; — G/Nj, —— G/N'

J€J
\ PN'N

G/Njo —_— G/N

Here, Nj is an open subgroup in the subcollection such that Ny < N . A small subtlety
here is that we do not know how to compare Nj with Nj, in general. But we have just
discussed earlier that we may replace the definition of Ays using a smaller open subgroup
Nj that is contained in Nj,. This way, we get an arrow downwards G//Nj; — G/Nj, and
proves that Ay = pn/n 0 Anr.

20.4. Infinite Galois theory. Let us recall that a Galois extension K over F'is an extension
that is separable and normal, i.e.

(1) any intermediate field £ that is finite over F' is separable over F,
(2) any irreducible polynomial f(x) € F[z]| having one root in K splits over K|[z].

Remark 20.4.1. Such a field K is the union of intermediate field £ such that E/F is finite
and Galois.

Definition 20.4.2. Let K be a Galois extension of F'. Define its Galois group to be
Gal(K/F) = l&n Gal(E/F).

E/F finite Galois

The connecting map is, if £y DO Ey D F are finite extensions, we have Gal(E,/F) —
Gal(Ey/F). Note that this defines Gal(K/F) as a profinite group (with topology).

Example 20.4.3. (1) Write Q(pp) := Q((pm;n € N). We have
Gal (Q(uy~)/Q) = jm m Gal(Q(Gr)/Q) = i m (Z/p"Z)" = 7
(2) Write Q(t00) := Q((u;n € N). We have
Gal(Qu)/Q) = lim Gal(Q(¢,)/Q) = lim (2/nZ)" = 2" =[] Z;.

Lemma 20.4.4. If K is a Galois extension of F', then the Galois group Gal(K/F) as an
abstract group is isomorphic to

(20.4.4.1) Gal(K/F) = {automorphism o : K = K | o|r =idr}.

Proof. Giving an automorphism o : K — K such that o|lr = idp is equivalent to giving,

for any finite normal intermediate field E/F, a compatible automorphism o5 : E = E such

that og|r = idp. This is precisely the definition of Gal(K/F') in Definition [20.4.2] O
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Remark 20.4.5. By Lemma [20.4.4] Gal(K/F) is a profinite group; its topology is given by
the following: if F is an intermediate finite Galois extension of F' and if ap € Gal(E/F) is
an element, then

{a:KiK!o[E:aE}
is a standard open subsets of Gal(K/F).
The open subsets of Gal(K/F') are unions of such standard opens.

Remark 20.4.6. The Galois group Gal(K/F) acts on K continuously, this is to say that
the “action map”
act : Gal(K/F) x K - K

is continuous when K is endowed with discrete topology.
Indeed, to verify the continuity of act, we take any open subset, or rather just any element
a € K, and consider the preimage act™'(a). This preimage consists of tuples (g,z) €
Gal(K/F) x K such that g(x) = a. Note that the conjugates of o in K is finite, say
a; = oi(a) for i = 1,...,r with o1 = id. Then explicitly,
act (o) = | | (Gal(K/F<a))a;1 x {a,});
i=1

it is a finite union of open subsets.

Theorem 20.4.7 (Galois theory for infinite extensions). Let K be a Galois extension of F.
Then there is a one-to-one inclusive-reversing correspondence

{closed subgroups H of Gal(K/F)} — {z’ntermediate fields L of K/F}

Moreover, we have the following.
(1) If H «— L, then H is open if and only if L/F is a finite extension.
(2) ]le,HQ — Ll,Lg, then
HlﬂH2 — L1L2 and <H1,H2> — leLQ.
(3) If closed subgroups Hy < Hy corresponds to Ly > Ly, then
[HQ . Hl] = [Ll . LQ]
(4) If H <+— L and g € Gal(K/F), then
gHg™" +— g(L).
(5) If H «+— L, then H is a normal subgroup if and only if L is a normal extension of
F. In this case,
Gal(L/F) =2 G/H
as topological groups, where we equip G/H with the quotient topology, i.e. for the

natural projection m: G — G/H, a subset V.C G/H is open if and only if 7=1(V) is
open in G. (Note that G/H ‘s also a profinite group.)

Proof. We will only prove the correspondence part, especially explaining the closedness con-
dition on the subgroup H. The rest part of the theorem should mostly follow from the same
argument as before, except (3), which we will make some remarks at the end. Before giving

the proof, we investigate the profinite inverse limit further.
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(A) (Profinite group side) Let G be a profinite group; so G = Jim G/N by Lemma|20.3.9|
NG open
Let H be a closed subgroup. For each N <1 G open normal, define

Hy =Im(H = G/N).

Then for another open normal subgroup N’ <1 G such that N’ < N, we have a natural map
Hy — Hy. We use the following big diagram to represent the relevant groups.

G+—H
{ {
! !

G/N/ — Hpy = Im(H — G/N/)

! !
G/N +— Hy :=Im(H — G/N).

We claim that H, as a subgroup, is isomorphic to

(20.4.7.1) H= lm HyCG.

NG open

(We note that m  Hy =GN < N 7T;,1(HN)> is a closed subgroup (where 7y : G —
N<G open N<G open
G/N is the projection); so we really need H to be a closed subgroup to start.)

Proof of the claim: Suppose that the inclusion H C 1&1 N<IG open Hy is strict, then writing

H¢ for the complement,
HeN ( lim HN) £ 1.
N <G open
So there exists a basic open subgroup g Ny C H¢ (for some open Ny<IG) such that gNoNH = ()
but gNO n (@NQG open HN) 7& 0.

The first condition implies that g ¢ Hy, yet the second condition implies that g € Hy.
This is a contradiction! So the isomorphism (20.4.7.1f) holds.

(B) (Field extension side) Let L be an intermediate field of K/F. Consider the following
diagram of fields (where E' and E’ are intermediate fields of K/F that are finite and Galois
over F'.

K
>~




Recall that we have an inverse limit

(20.4.7.2) Gal(K/F):=  lim  Gal(E/F).

E/F finite Galois
For an intermediate field L of K/F,
Gal(K/L) := 1&1 Gal(L'/L).

L'’/L finite Galois

Note that for each such L', we may find a finite Galois extension E/F such that L' C EL
(and automatically E'L is Galois over L). So finite Galois extensions of L of the form FEL
form a final system. This implies that

(204.73) Gal(K/L)=  lm  Gal(EL/L) rron R lim  Gal(E/(LNE)).

E/F finite Galois E/F finite Galois

As each Gal(E/(L N E)) is a subgroup of Gal(E/F), this in particularly implies that
Gal(K/L) is naturally a closed subgroup of Gal(K/F).

Now, we are in position to prove the main correspondence.
First, we check that, for a closed subgroup H < G, Gal(K/Kf) = H. As discussed in
(B), we have

Gal(K/K") = lim Gal(E/(E N KY)).

E/F finite Galois
For each E/F finite Galois, N = Gal(K/FE) is an open normal subgroup of G; so Gal(E/F') =

G/N. We have the following diagram of fields.

ENnKH"

F

N

G

Here, H acts on the field E via the restriction map

Gal(K/F) —— Gal(E/F)
| |
H——— 5 G/N
So EN K" = B~ This implies that
Gal(K/K")= lim Gal(E/(ENK™) = lim Gal(E/E")= lm Hy% H.

E/F finite Galois E/F finite Galois E/F finite Galois

Here the second last isomorphism uses the finite Galois theory.
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Secondly, we need to check that for any intermediate field L of K/F, L = K%\(K/L) For
any finite Galois extension F/F', we need to check that

ENL=K®ELnE
But we know that
E N KGal(K/L) _ pIm(Gal(K/L)—=Gal(E/F) (B) EGal(E/ENL) _ pA T,

Finally, we give a few remarks on (3). We will only discuss the case when [H; : Hi| and
[L; : Ls] are both finite. A modification of the argument handles the infinite case. There
are two aspects here that correspond to each other under the Galois correspondence.

(Group aspect) For two closed subgroups H; < H,, and an open normal subgroup N of
a profinite group G, we may consider N H; < N Ho; their images in G/N defines subgroups
Hy n < Hyny. When N < N’ there is a natural map of cosets:

HZ,N/HI,N = HQN/HlN — HQN,/HlN/ = HQ’N//HLN/.

This map is clearly surjective. The inverse limit of Hy x/H; y along such connecting map
is precisely Hs/H;. In the special case when [H, : Hy| is finite, for N sufficiently small, the
natural map of cosets

is a bijection.

(Field aspect) We have two intermediate extensions K/L;/Ls/F. In general, for another
intermediate extension FE finite Galois over F', the field extension L; N E over Ly N E can be
a “very small” extension. But we will take F very “large”. More precisely, when L;/Ls is a
finite (separable) extension, then it is generated by one element o with minimal polynomial
Ma.r,(¥) = 2% + ag_1271 + -+ + ap. Then for any F containing the Galois closure of
F(ag,...,aq-1,a) over F inside K, we must have L1 E = LyFE. Consider the following
diagram

LlE - LQE
— —~ .

L
\
L,NE \
\ | Ly
ZNE

I
F

As E/F is finite and Galois, Proposition [18.2.1] implies that
[LlE . Ll] = [E . L1 N E] and [LQE . LQ] = [E . L2 N E]
It then follows that

E

\

[LQE . LQ] [E : L2 N E]
Li: Ly = = =[[LNE:LyNE].
Ly s L) [LLE:L| [E:LNE| =z 2 E]
So based on the above discussion, if we take an open normal subgroup N <1 G such that

(20.4.7.4) holds and that N fixes the field E in the (Field aspect) so that L1 E = LoE. Then
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we have
[Hy: Hi| = [NHy: NHy] = [Ho : Hin] and [Ly: L) = [LiNE: Lyn E.
Now consider the finite Galois extension E/F, we have
[LiNE:LyNE]=[Gal(E/ENLsy):Gal(E/ENLy)| = [Han : Hin|.
This completes the proof of (3) (at least when the two quantities are finite). O

20.5. Galois representation.

Definition 20.5.1. For a group G, an n-dimensional representation over a field L is a
homomorphism

p:G— GL,(L).
This is equivalent to having GG acting L-linearly on a n-dimensional vector space V over L;
namely,

p(g)(av) = ap(g)(v)  fora € L.

It is a general philosophy that, to understand a group, it is “equivalent” to understand all
of its representations. For profinite groups, we have the following.

Proposition 20.5.2. If G is a profinite group, then any continuous representation p : G —
GL,(C) has finite image.

Proof. Take a very small open neighborhood U of I,, € GL,(C). The preimage p~'(U) is an
open subset of G containing I,,. This implies that p~!(U) contains an open subgroup H of
G.

Note now that p(H) C U. But if U is a small neighborhood of I,, € GL,(C), it cannot
contain a subgroup of GL,(C). This implies that p(H) = {[,}. Thus p factors through
G/H. O

So in order to study more interesting representations, one needs to consider representations
of the kind p : Gal(Q/Q) — GL,(Q,), where Q is the algebraic closure of Q inside C. This
general setting is the main object of the so-called Langlands program.
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21. ALGEBRAIC CLOSURES AND TRANSCENDENT EXTENSIONS
21.1. Algebraic closure and separable closure.

Definition 21.1.1. A field extension K of F'is called an algebraic closure if
(1) K/F is an algebraic extension;
(2) every polynomial f(z) € F[z] splits completely over K.
A field extension K of F'is called a separable closure if

(1) K/F is an algebraic separable extension;
(2) every separable polynomial f(z) € F[z] splits completely over K.

Typically, we write F*!8 or F for an algebraic closure, and F*P for a separable closure.

Note that we have not discussed the existence of algebraic or separable closures, nor the
uniqueness of algebraic or separable closures yet. We will soon get to these topics.

Remark 21.1.2. If E/F is the splitting field of some polynomial f(x) € F|z], then by the
claim in Proposition there exists an embedding F — F?.

If E/F is the splitting field of a separable polynomial f(z) € F[z], then there exists an
embedding F — F*P.

So an algebraic closure contains any splitting field of F.

Definition 21.1.3. A field K is called algebraically closed if all polynomials in K [x] splits
completely. This is equivalent to that the only irreducible polynomial in K|[x] are linear (or
constant) ones; which is in turn equivalent to that K has no nontrivial algebraic extension.

A field K is called separably closed if all nontrivial algebraic extensions are inseparable.

Proposition 21.1.4. (1) An algebraic closure of an algebraically closed field K is just
K.
(2) A separable closure of a separably closed field K is just K.
(3) If F is an algebraic closure of F, then F is algebraically closed.

Proof. (1) This is because if a € K& is the zero of a polynomial in K|[z], then o € K
because K is algebraically closed. Thus, K& = K.

(2) This is the same as (1).

(3) Suppose that « is algebraic over F. We want to show that o € F. Consider the
minimal polynomial of o over F:

My 7 (2) = 2" 4+ 12" 4+ + a9 € Fla].

Consider the tower of extension

F(a,ag,...,a,-1)
e |
F(ag,...,an_1)
|
F
This implies that F° (v, a9, ... ,a,_1)/F is a finite extension. So « is the zero of a polynomial
in F'; so € F. 0]
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Theorem 21.1.5. (1) Any field F is contained in an algebraically closed field K.
(2) If K/F is a field with K algebraically closed, then
o 8 .= {y e K |x algebraic over F} is an algebraic closure of F;
o [P .= {x € K | x algebraic and separable over F'} is a separable closure of F.
(3) The algebraic closure and separable closure of a field F' are unique up to isomorphisms
(but not up to canonical isomorphisms).

Proof. (1) See the extended reading material after this lecture.

(2) By definition, F®8 is algebraic over F. Each polynomial f(z) € F|x] splits over K;
yet the zeros are algebraic over F; so the zeros of f(x) belongs to F®8. Thus, f(x) splits
over a8,

Moreover, the same argument shows that every separable polynomial f(z) € F®P|x].

(3) If F — F*& and F — F*#¢ are two embeddings, then Proposition implies
that we have a natural (injective) homomorphism 7 : F'# — F## Conversely, the subfield
n(F¥8) C F¢ gives an algebraic extension; so n(F?8) = [ (as there is no nontrivial
algebraic extension of n(£2#)). This shows that F# is isomorphic to Fa#¢',

The same argument works for separable closures. U

21.2. Transcendent extensions. So far, we have been focusing on algebraic extensions.
Now we come to studying “larger” extensions. Recall that in a field extension K/F, an
element o € K is called transcendental over F' if F|x] — K sending = to « is an injection.

Definition 21.2.1. (1) Let K/F be a field extension. A subset {a,...,a,} C K is called
algebraically independent over F, if there is no nonzero polynomial f(xq,...,2,) €
Flzy,...,x,] such that f(aq,...,a,) =0.

This gives rise to an injective homomorphism

n:F(xy,...,x,) —— K
p(z)/q(z) —— p(a)/q().

An infinite subset A of K is called algebraically independent over F' if any finite subset
of A is algebraically independent over F'.

(2) A transcendence generator subset for a field extension K/F is a subset A C K
such that K is algebraic over F/(A). (Note that this name is not standard; or rather, this
notation is rarely used in the literature.)

(3) A transcendence base for K/F is a subset A C K that is algebraically independent
and also a transcendence generator. This is equivalent to say A is a “maximal subset of K
that is algebraically independent over F'.

Remark 21.2.2. For many proofs below, one may make the following analogy between field
extensions K /F with vectors spaces over F"

Field extensions — Vector spaces
Algebraically independent subsets <— Linearly independent subsets
Transcendence generator subsets <+— Generating subsets

Transcendence bases — bases

Theorem 21.2.3. Any field extension K/F has a transcendence base and any two transcen-

dence bases of K/F have the same cardinality.
153



Proof. The existence of transcendence bases follows from Zorn’s lemma.
We need to show that the cardinality of an algebraic independent set is always smaller
than or equal to that of a transcendence generator subset. We first treat the finite case,

with an algebraically independent subset {ay, ..., a,,} and a transcendence generator subset
{B1,- s Ba}-

If {ovg,...,am} CA{B1,...,Bn}, we have m < n, and we are done. Suppose not. WLOG,
we assume that oy ¢ {f1,...,0,}. Since {f1,...,5,} is a transcendence generator sub-

set, F'(aq,f1,...,B,) must be algebraic over F(f,...,[3,). Consider the minimal polyno-
mial mq, pes,,..6,)(¢). Clearing its denominators, we obtain an (irreducible) polynomial
f(z,y1,..,yn) € Flz,y1,...,yn] such that f(aq,p1,...,08,) = 0. We claim that there is
some j (WLOG j = 1) such that

o ;¢ {a1,...,an}, and

e y; appears in some term in f(x,y1,...,Yn)-
Otherwise, the equality f(aq,f1,...,B,) = 0 is entirely algebraic relations among elements
in {ay,...,a,}, contradicting that «;’s form an algebraically independent subset.

Now, consider the following diagram

K

algebraic

F(Oélvﬁlw"aﬁn)
F(ﬂla---:ﬁn) F(O[l,ﬁg,...,ﬁn).

The field extension F(aq, S, .., 0n)/F(a1,Bs, ..., B,) is finite because [ satisfies a non-
trivial relation f(aq,B1,...,0,) = 0. It then follows from this that K is algebraic over
F(ay, Bay ...y Bn), 1e. {aq,Ba, ..., B,} is a transcendence generator subset.

Continuing this way, each time we swap one element «; into the set {fi,...,5,}, and
eventually, we get {aq,...,am} C{B1,...,Bn}. Thus, m <n.

The infinite case is more subtle, using again the Zorn’s lemma. We omit the details. [J

Definition 21.2.4. The cardinality of a transcendence base for a field extension K/F is
called the transcendence degree for K/F.

Remark 21.2.5. The field Q(x) is isomorphic to Q(¢), which has transcendence degree 1.

Caveat 21.2.6. If {ay,...,®,} and {o],...,a),} are transcendence bases, in general, the
fields F'(aq,...,a,) and F(af,...,al) may not be the same.
For example, z and z? are both transcendence bases for the extension Q(z)/Q. But

Q(2?) # Q(x).

Proposition 21.2.7. Let t be a transcendental variable over F. If p(t),q(t) € F[t] are
relatively prime polynomaials that are not both constant, then
p(t)

[F(t) ; F(@)} = max (degp(t), degq(t)).
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t
Proof. Writing y = Zﬂ, the minimal polynomial of ¢ over F(y) is

q(t)
1
p(t) —yq(t) =0, or q(t) - Ep(t) =0,
(depending on which of p(t) and ¢(t) has larger degree). The Proposition follows. O

Definition 21.2.8. An extension K/F is called purely transcendent if K = F(«y,...,a,).

Question 21.2.9. How to describe a general K/F? What about its integral version? Can
we “visualize” this?
For example, we have the following extension.

Fz)(Va® +x) 2 Flo,yl/(y* —2° — x)

The general case might be trickier.

21.3. Basic ideas of algebraic geometry. A basic idea of algebraic geometry is to study
the relation between the space and the functions on such spaces, in the following sense:

U C C" open «—— O(U) := {holomorphic functions on U}
r €U ~mnnnnsy my, = {f € O(U) | f(x) =0}
O(U)/m, = C, so m, is maximal

In the following, let k be an algebraically closed field (e.g. k = C). The general philosophy
is that there is a correspondence

space k" <—  polynomial ring klxy, ..., z,].
This makes sense because a polynomial can be evaluated at every point (ay,...,a,) € k™.
Moreover, each point a = (ay,...,a,) € k™ corresponds to the maximal ideal m, = (z; —

A1y .oy Ty — Ay).
One of the most important theorems in algebraic geometry is the following.

Theorem 21.3.1 (Hilbert’s Nullstellensatz, weak form). Assume that k is algebraically

closed. Then every maximal ideal of k[xq,...,x,] is of the form (x1 — aq,...,x, — a,) for
some (ai,...,a,) € k™. In other words, there is a one-to-one correspondence
k" <—  {mazimal ideals of k[z1, ..., x,]}.

We will also discuss what happens if & is not algebraically closed in the next lecture.

To proceed, we need to discuss some commutative algebra.

Definition 21.3.2. Let R be a commutative ring and I and ideal. Define the radical of I
to be the ideal
VI:={feR|f*el for somen e N}

Obviously, I C /T and /I = /1. We say that I is radical if I = v/I.

We need to check that /T is indeed an ideal:
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o for f,g € VI, f, g" € I for some m,n € N, then (f + g)™" ' = f™.a+ g" - b for
some a,b € R (which are some polynomial expressions in f and g), thus f+ ¢ € VT,

o for any a € R, f € VI, we have f* € I for some n € N, and thus (af)” = a"f" € I;
soaf € VI.

Lemma 21.3.3. If p is a prime ideal such that I C p, then /I C p. (In particular, this
holds for mazimal ideals as well.)

Proof. If a € v/I, then a” € I for some n € N; so a” € p, which implies that a € p as p is a

prime ideal. Thus, VI C p. ([
Here is the picture for algebraic geometry: studying relations between “appropriate subsets
of k™" and rings that come from algebraic structures of k[xq, ..., x,].
subsets of k" < > ideals of klxy, ..., z,]
2  1(Z) == {f € klz] | (=) = 0, ¥z € 2}
Z(f):={a € k| fla) =0} < ' (f)
Z(I)={ack"| f(a) =0,Vfel} < i 1.

Definition 21.3.4. An algebraic subset is a subset of k" of the form Z(I) for some ideal
1 Q k;[:cl, Cen 7$n].

Also note that Z(I) = Z(+/I) because if f*(a) = 0, we must have f(a) = 0. So it is
natural to only consider radical ideals.

Theorem 21.3.5 (Hilbert’s Nullstellensatz, strong form). There is a one-to-one correspon-
dence between

{Algebmz’c subsets of k"} —> {mdical ideals of klxy, ... ,xn]}
Z s 1(2)
Z(I) « WA

Remark 21.3.6. Algebraic subsets are considered “good spaces” in algebraic geometry:
they are defined by polynomial equations. We can also talk about “polynomial functions”
on an algebraic subset Z, defined by O(Z) := k[xy,...,x,]/I(Z). This makes sense because
any function in I(Z) vanishes on Z; so if two functions are differed by some functions in
I(Z), they would define the same function on Z.

Also, the maximal ideals of O(Z) are precisely of the form m/I for some maximal ideal
of k[zy,...,x,], which by weak form of Hilbert Nullstellensatz is the same as m, /I for some
a € k™. The condition I C m, exactly implies that all functions in / vanishes at a. So, in
conclusion, the maximal ideals of O(Z) are exactly in one-to-one correspondence with the
points in Z.

EXTENDED READING AFTER LECTURE 21

21.4. Construction of algebraic closure. We give the proof of Theorem [21.1.5(1), namely,

any field F' is contained in an algebraically closed field K.
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(Follow the textbook by M. Artin) Consider the following ring
R = F|zy; for each monic polynomial f(z) € F[z]].
In other words, this is to adjoin a free variable for every such polynomial. Put
I:= (f(xf); f monic polynomial).
We claim that [ # (1). Indeed, if there exist ¢1(z), ..., g.(x) € R such that

g@) fi(xp) + - g0(@) fi(my,) = 1.
These g;’s only involve variables x, ..., x,,, where each x; = x4, for i = 1,...,r. So we have

(21.4.0.1) gi(r, . xm) fr(z) + -+ ge(an, o am) fr(@) = 1

Take a finite extension F’ of F' where each of f;(z) (withi =1,...,r) has aroot ;. Evaluate
(21.4.0.1) at x1 = oy, ..., T = Qp, Tpyy = -+ = T, = 0. This gives 0 = 1. Contradiction!
By Zorn’s lemma, there exists a maximal ideal m; of R containing I. Take K; := R/m;.
Then each polynomial in F' has one zero in K;. Continue this with F' replaced by K7, we get
Ky = Kq[-++ ,zp,...]/me. Each polynomial in K has one zero in K5. Continue this way....
Define K = |J K,. We claim that K is algebraically closed. This is because for any

n>1
f(z) =a™+--- € K[z], it belongs to some K,,[z] for some m; then it splits in K, ,,[z].
This K is an algebraically closed field containing F'.
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22. NOETHER NORMALIZATION AND HILBERT NULLSTELLENSATZ

Today, all rings are commutative.

22.1. Integral ring extension. Recall from the field extensions, we have proved that for
a field extension K/F,

K/F is a finite extension <= K/F is finitely generated and algebraic.
We develop the corresponding theory for rings.

Definition 22.1.1. Let A C B be a subring. An element x € B is called integral over A
if it satisfies a monic equation

"t an " 4 ap=0
for some ag,...,a, 1 € A.

We point out that, since the polynomial ring over a general ring is no longer a PID, we
do not have the notion of “minimal polynomial” here.

Proposition 22.1.2. The following are equivalent.

(1) € B is integral over A;

(2) Alz] (= ring of all elements in B that can be expressed by a polynomial in x with
coefficients in A) is a finitely generated A-module;

(3) Alz] is contained in a subring C of B such that C' is a finitely generated A-module.

Proof. (1) = (2). Assume that x satisfies 2" +a,, 12" '+ -+ a9 = 0 for ag, ...,a, 1 € A.
So each """ for r € Zs may be replaced by —a,_;2""1 — ... — qpx”. From this, we see
that Alx] is generated by 1,z,...,2" ! as an A-module.

(2) = (3) Take C = A[z].

(3) = (1) Assume that C' is generated by ey,...,e, as an A-module (not necessarily a
basis; so there might be relations). We may write each ze; (for j =1,...,n) as an A-linear
combination of this set of generators, i.e.

xe; = ajje; + agjes + - - apjen, for ay,...,a,; € A

(There might be more than one way to write xe;; we take any such expression.) Writing this
collectively, we have

aip -+ Qin
(e1,...,en)x = (€1,...,€p)
Upi - Gy
r—an —ai2 -+ —Q1in
(€1,...,€n) : : : = 0.
—Ap1  —Qpy T — Oy

Write S for the matrix on the right. By Cayley—Hamilton theorem, det(.S) kills all elements
€1,...,6,. But 1is a linear combination of ey, ..., e,. So det(S) = 0; this shows that x is
integral over A. O
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Corollary 22.1.3. Let 1, ...,x, be elements of B, each integral over A. Then Alxy, ..., x,]
is a finitely generated A-module.

- : 1
Proof. For each 4, assume that 2" 4+ a; .12 + -+ + a;0 = 0 for some m; € N and
Y 1 31T (3 ’

a;; € A. Then Alxy,...,z,] is generated as an A-module by monomials z{* - -- 5" with
each a; € {0,...,m; — 1}. In particular A[zy,...,x,] is a finitely generated A-module. [

Corollary 22.1.4. The set C' of elements of B which are integral over A is a subring of B
containing A.

Proof. Given x,y € C, the previous corollary implies that Alz,y] is a finitely generated
A-module. By Proposition [22.1.2) x + y, 2y € Az, y] are integral over A; so x +y,zy € C.
Thus, C' is a subring of B. O

Definition 22.1.5. This C in Corollary [22.1.4]is called the integral closure of A in B.

(1) If C = A, we say that A is integrally closed in B.
(2) If C = B, we say that B is integral over A.

Corollary 22.1.6. If A C B C C are rings and if B is integral over A and C' is integral
over B, then C' is integral over A.

Proof. (Compare with the proof of Theorem [14.4.14]) Let x € C, the integrality implies that
2" +b, 12" 4+ 4by = 0 with by, ..., b, ; € B. Consider the subring B’ = Alby, ..., b, 1] C
B. See the following diagram.

C 2 B[]
B D2 B =Ab,..., b,

A/

This B’ is a finitely generated A-module as each by, ..., b, 1 is integral over A. Then B'[z]
is a finitely generated A-module, and hence x is integral over A. ([l

Corollary 22.1.7. Let A C B be rings and let C' be the integral closure of A in B. Then C
15 integrally closed in B.

Proof. If x € C is integral over B, then z is integral over A by the previous corollary. Thus
zeC. OJ

22.2. Noether normalization.

Definition 22.2.1. Let k be a field, a finitely generated k-algebra is a quotient R =
klxy,...,2,]/I for some n € N and some ideal I.
More generally, for A aring, a finitely generated A-algebra is a quotient of A[xy, ..., z,].

Theorem 22.2.2 (Noether normalization). There exists some r < n and an injective ho-
momorphism

ka[y]:k[yh,yr](_)R

such that R is integral over kly] (when we view kly] as a subring of R).
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Proof by Nagata. We prove the theorem by induction on n. Suppose that the theorem was
proved when the ring R is generated by n — 1 elements. Now if R is generated by n elements
X1y ey Ty, 1o R=Fkl[xy,...,x,]/1. T =(0), take r =n and y; = x; fori = 1,...,n; we
are done.

Now assume that I # (0). Take a nonzero polynomial f(z) € I. Take positive integers
ro,...,T, and put

— T2 — T3 — T
29 =T9g — X7, Z3=XTz3—X°, ..., Zpn=2=Tp—ITy".

Consider the isomorphism

=
5
-
5
S
U

.. I > f(xy,...,z,)
E

klzy, 20, vzm] 2 1 3 flz1,22,. .., 2)

R

The vertical arrow takes f to f. We will assume that 0 < 7y < 73 < --- < 7,. Then f has
a unique leading term in x, namely

f=a- x4 lower degree terms.

So kl[z1,...,x,)/(f) is integral over klza, ..., z,]. ) i
Note that the natural map k[zs, ..., 2,] = R = k[z1, 22, ..., 2,]/I has kernel I N k[z]. We
put R = k[za,...,2,]/(I Nk[z]), then we have a natural injection R’ — R, and may view

R’ as a subring of R. Consider the following diagram.

klxy, zo, ..., 20/ (f) —> k[a:l,zg,...,zn]/f:R
integral intcgral]\
k2o, 2] ——— klzo,. 2] /(T O K] = B &2 Ky, .y

The left vertical arrow the integral extension we just proved; both rings naturally surject
to the middle column; the middle vertical arrow is then integral. This is because given any
element s of R, it can be lifted to an element of the quotient § € k[xq, 22, ..., 2,|/(f), which
then satisfies an equation 5" + @,_15" ' +--- + a9 = 0 for some n € N and dy, ..., 0n_1 €
k[zo, ..., z,). Taking the image of this equation in R’ shows that s is integral over R’. By
inductive hypothesis, R’ is generated over k by n—1 variables; so there exist some embedding
klyi,...,yr] = R' such that R’ is integral over k[yi, ..., y,]. By transitivity of integrality, R
is integral over klyi, ..., y,]. This completes the inductive proof of the Noether normalization

theorem. ]

Remark 22.2.3. The meaning of Noether normalization may be interpreted as: any finitely
generated k-algebra is integral over some free k-algebra.

22.3. Weak Hilbert Nullstellensatz. First recall the statement of weak form of Hilbert
Nullstellensatz theorem.

Theorem 22.3.1. Let k be an algebraically closed field. Every mazimal idealm of k[xq, . .., xy]
is of the form m, = (x1 — ay,...,x, — ay,) for some a = (ay,...,a,) € k™.

We now discuss the case when k£ is not algebraically closed. We start with an example.
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Example 22.3.2. In R[z], (#? + 1) is a maximal ideal. Factor 22 + 1 = (z +1)(z —4); so it
corresponds to two points = ¢ and x = —i. But none of the points belong to R. Yet note
that these two points are conjugate.

In general, we get an map

M : (k2e)n ; {maximal ideals of k[xq,. .. ,xn]}

evg

a=(ay,...,a,) —— m, :=ker (k[xl,...,xn] — k(ag,...,a,) C k;alg).
Theorem 22.3.3 (weak Nullstellensatz for general fields). All mazimal ideals of k|x1, . . ., x,)
arise this way.

This theorem will be proved soon.
But M is not one-to-one. For each o € Gal(k¥¢/k) = Aut(ks/k), we get another point

klxy, ..., 2, —= kls —2 fols,
W
Note that kerev, = ker evy(qy).
Theorem 22.3.4. The map M induces a bijection
{Gal(k™8 /k)-orbits of (k*'8)"} <— {maximal ideals of kz1,...,z,)}.

Proof. We have seen that M is surjective and that m, = m,(,).
Conversely, if kerev, = ker ev, = m, then we have the following diagram.

klzy, ... ,20] — klog, ..., 2,]/m = k(a) C ke
| | L
klz1, ... 20 — klry, ..., 2z,]/m =2 k(b) C ke

Here the isomorphism 7 : k(a) — k(b) is induced by that of the identifications with
k[z1,...,z,]/m. This isomorphism extends to an isomorphism 7j : k*& = k8. So 7j(a) = b,
i.e. a and b lie in the same orbit. 0]

We need a lemma before proving the Nullstellensatz.

Lemma 22.3.5. Let R be a field and S C R be a subring wuch that R is intgral over S.
Then S is a field (and hence R is an algebraic extension of S).

Proof. Clearly, S is an integral domain. It suffices to prove that s € S implies s™! € S.
Note s~! € R is integral over S. So

STV by 18t s by = 0.

871 = —bn,1 - bn,QS — boSnil € S.

We now give the proof of Theorem [22.3.3
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Proof of weak Nullstellensatz Theorem [22.3.5. Let m be a maximal ideal. Consider the fol-

lowing diagram.

klxy, ..., x,] — K[z, ... 2,]/m
Tintegral
k[yh s 7y7"]
By Noether normalization, k[z1, ..., z,|/m is integral over some polynomial algebra k[yi, . . ., y.].
Yet k[xy,...,xz,]/mis a field; Lemma [22.3.5 implies that k[yi, ..., y,] is field; so r = 0.

Thus k[z1,...,2z,]/m is a finite extension of k; so it is a finite extension. Put ¢ :=
klzi,...,z,]/m. It embeds into k8. Write a; for the image of z; in the quotient £. So we
have

m = (klzy, ..., 2, — ¢ C k")

T, —————————— Q.

22.4. Algebraic sets and Hilbert Nullstellensatz.

Theorem 22.4.1 (Strong form of Nullstellensatz). Let k be an algebraically closed field. For
an ideal I C k[zy, ..., x,], we have I(Z(I)) = V/1.

Proof. Tt is clear that /I C I(Z(I)): if f € VI, then f* € Z(I); so f™ vanishes on Z(I)
and thus f vanishes on Z(I). So f € I(Z(I)).

Conversely, we want to show that I(Z([)) C VI, ie. if I = (f1,...,fn) and if g €
klxy,...,x,] satisfies
(22.4.1.1) Vaek", fila) == fum(a) =0 = g(a) =0,

then there exist some ¢ € N such that ¢* € (f1,..., fn). (Here, we secretly assumed that [
is finitely generated; this is true, but we do not prove it here. The proof in fact does not
depend on this finite generation.)
Now we add one more variable and consider the ideal
J=1 klz1,..., 20, 2p1| + (1 — g Tpy1) C klz1, ..., 2001]-
Let us give this a bit more explanation: the condition (22.4.1.1)) can be interpreted as

(22.4.1.2) {ack™| fila) == fm(a) =0, g(a) # 0} = 0.

The condition g(a) # 0 is the same as: there exists a,+1 € k such that a,.1 - g(a) = 1. So
(22.4.1.2)) is equivalent to saying that:

{(ala e 7Cln+1) €kt | fl(@) == fm(@) =0,an41 '9(@) = 1} = 0.
So it is expected that the ideal J is in fact the unit ideal.
Case 1: J # (1). Then J is contained in a maximal ideal m C k[xy,...,z,41]. By weak
Nullstellensatz, m = (1 — a1, ..., Zns1 — ayyq1) for some aq, ..., a,41 € k. Under the map
@ k’[l’l, R 7$n+1] —» /{7[1’1, R ,xn+1]/m = k',

we have for any 17,

0=o(f;) = fila,...,a,) as f; belongs to J.
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This implies by (22.4.1.1)) that g(a) = 0. Yet as 1 — z,119(z) € J, we have
0= —=zn11g9(z)) =1 = ant19(a).

This contradicts with g(a) = 0.
Case 2: J = (1). So there are polynomials hq, ..., hy,1 € k[z1,...,2,41], such that

1= hlfl + -+ hmfm + (1 - $n+1g)hm+1 in ]{3[1‘1, <. 775n+1]'
In k(z1,...,2,), we substitute z,,1 = ¢! to get
1= (hlfl + -+ hmfm)(xly s 7xnagil)'

Clearing the g in the denominator shows that
g =nfi+ e+ fm
for some new polynomial h}. This shows that g € V. O

Theorem 22.4.2 (Full Nullstellensatz). Assume that k is a algebraically closed field. There
15 a one-to-one bijection between

{Algebmz’c subsets of k”} —> {radz'cal ideals of klxy, ... ,xn]}
Z . 1(2)
Z(I) 4 ¥

Moreover, we have the following properties.
(2) Z(I1 + 1) = Z(1)) N Z(15).
(3) Z(ILhN1y) = Z(I1) U Z(1y).

Proof. We have just proved that, if I is radical, then I(Z(I)) = /I = I.

Conversely, for an algebraic set Z = Z(J), we may first assume that J is radical because
Z(J) = Z(\/J). Now, we have

Z2(1(2)) = Z2(1(2(J)) = Z(J) = Z.

(1) and (2) are obvious.

(3) It is clear that Z(I; N Iy) 2 Z(I) U Z(I2). We need to show that Z(I; N Iy) C
Z(I) U Z(1I). Suppose that z ¢ Z(I) U Z(I3), then there exists fi € I; and fy € 5 such
that fi1(z) # 0 and fo(2) # 0. Thus, f := fife € [ NIy and f(z) # 0. It then follows that

Final note on page 163:
TVI63 — 9262537 412 640 768 743.999 999 999 999 25 - - - &~ 640 320° 4 744.
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