Rings, Fields and Galois Theory

A. Nelson

SCHOOL OF MATHEMATICS AND STATISTICS
UNIVERSITY OF SYDNEY, AUSTRALIA

© 2012






Contents

Chapter 1. Preliminaries
1. Solving Polynomial Equations
2. Groups and Monoids
3. Isomorphisms
4. Homomorphisms

Chapter 2. Ring Basics
1. Rings
2. Ring Homomorphisms, Kernels and Ideals
3. The Field of Fractions of an Integral Domain

Chapter 3. Factorisation
1. Divisibility in Commutative Rings
2. Factorisation in Integral Domains
3. Integer Quadratic Domains
Greatest Common Divisors
4. Principal Ideal Domains
5. Euclidean Domains
6. The Gaussian Integers

Chapter 4. Congruence, Quotients and Ideals
1. Equivalence Relations, Quotients
2. Quotients Rings and Ideals

Chapter 5. Factorisation in Polynomial Domains
1. Polynomial Preliminaries
2. Polynomial Long Division
3. Polynomials Over A Field
4. Unique factorisation Domains

Chapter 6. Field Extensions
1. Simple Algebraic Extensions
2. The Degree of an Extension
3. Algebraic Extensions
4. Transcendental Elements
5. Constructing Simple Algebraic Extensions
6. Ruler and Compass Construction
7. Impossibility Results
8. Splitting Fields
9. Field Embeddings
10. Isomorphisms of Splitting Fields

Chapter 7. Galois Theory
1.  Automorphisms and Fixed Fields
2. The Galois Correspondence

S Ov Ot

13
13
20
23

27
27
28
29
33
35
37
37

41
41
44

o1
o1
52
53
95

99
99
61
63
66
66
69
72
74
75
T

81
81
82



S R e

9.

10.
11.
12.

CONTENTS

Galois Conjugates
Finite Galois Extensions
Finite Galois Groups
The Main Theorem of Galois Theory
Separable Extensions
Finite Fields
Radical Extensions
Solutions by Radicals
Symmetric Rational Functions
More on Solutions by Radicals

83
85
86
88
89
91
93
96
98
99



CHAPTER 1

Preliminaries

1. Solving Polynomial Equations

Methods for solving quadratic equations go back to the prehistory of mathem-
atics. They involve the algebraic operations addition, subtraction, multiplication,
division taking a square root. For the general quadratic equation aX?+bX +c = 0,
they lead to familiar formula,

_ —bEVb? —dac
o 2a

X

for its solutions.

Italian mathematicians Ferro (1465-1526) and Tartaglia (1550-1557) discovered
analogous methods for algebraically solving cubic equations, but now involving
taking both a square root and cube root. Ferrari (1522-1565) discovered a method to
solve quartic equation. These methods were all published by Cardano (1501-1576)
in his Ars Magma of 1545. They shared the common feature is that they showed
that quadratic, cubic or quartic equations f(X) = 0, were all solvable by radicals.
That is they gave a method for solving such equations starting with the coeflicients
f(X), and using the operations of addition, subtraction, multiplication, division
taking radicals (i.e taking square roots, cube roots, etc) of previously obtained
numbers. Many ingenious but ultimately futile attempts were made find a solution
by radicals of the general quintic equation.

In 1770 Lagrange (1736-1813 ) gave a unified approach to deriving solutions
in radicals to quadratic, cubic and quartic equations. However his method could
not be made to work for degree 5 equations. An incomplete proof that the general
quintic equation was not solvable by radicals was published in 1799 by Ruffini
(1765-1822). It was not until 1824 that Abel (1802-1829) finally proved this was
indeed impossible. Note although some special quintic and higher equations are
solvable by radicals, e.g. X® —2 =0, (X? -3)3=0.

In 1830 Galois (1811-1832) posed and answered the question, “when is a poly-
nomial equation solvable by radicals?” To this he developed the beautiful theory
now known as Galois Theory. In doing so he was had first to make explicit the
concept of groups and fields and to develop some of their properties.

Cardano’s Method for Solving Cubic Equations. Cardano’s method ap-
plies to cubic equations of the form X3 = 3GX + H. Solving the general cubic
equation az3 4 bz? + cz + d = 0 can be reduced to an equation of this form by the
substitution z = X — b/3a

Observe that

(P+ Q) =3PQ(P+Q)+ P>+ @Q°

So X = P+Q is a solution of X3 = 3GX + H if P>+ Q> = H and PQ = G. These
conditions imply P? + Q® = H and P3Q? = G3. Hence P3 and Q? are a pair of

roots,
H+VH? —4G3
2
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6 1. PRELIMINARIES

of the resolvent quadratic X2 — HX + G3. If these roots are o and 3 say, then
we take P = ¢/«, some choice of cube root of a. Then we can make a choice of
cube root Q = /3, such that PQ = G. There are then two other pairs of choices
P=wya, Q=w?yYB and P = w?{a, Q = wy/B where

—14+14v3 ) —

szf? and  w? = exp(47i/3) = — =w

are the primitive cube roots of 1. So we can write down three solutions to the cubic
equation

1—iv3

w = exp(2mi/3) =

P+Q, wP+w’Q, w?’P+wq.

Suppose G, H are real. Then there are two main cases.

In the case H? —4G3 > 0, a and J are distinct real number. Let P = /a and
Q = /B be their real cube roots. Then P(Q is real and a cube root of G2, and
hence equals G. In this case then

§/H+\/H2—4G3+§/H—\/H2—4G3
2 2

P+Q=

gives a real solution to X® = 3GX + H and the other two roots form a complex
conjugate pair.

In the case H? —4G® < 0, o and f3 are a pair complex conjugate roots. In this
case if we let P be any cube root of a, then Q = P is a cube root of 5. Again PQ
is real and a cube root of G2, and hence equals G. In this case, using w? = @, we
can write down three roots,

P+P, wP+wP, wWP+wP.

You see that each is fixed by complex conjugation. In this case therefore, all the
roots are real.

2. Groups and Monoids

Composition Laws. A law of composition on set M is mapping from from
M x M — M. For example addition and multiplication are laws of composition
on N. For r;s € M the image of (r,s) is called their composite. If we denote the
image of (r,s) by rs then we call rs their product. In the case the composite is
denoted r + s we call this element the sum of r and s. Sum notation is only used
when the composition law is commutative, that is r +s = s+ r for all r,s € M.

Assume for now M is a set with a composition law.

Identity Elements. An element e such that er = r = re for all » € M is called
an identity element. A composition law has at most one identity element since if ¢’
is also an identity element then e’ = ee’ = e, (first equality because e is an identity
and second because ¢’ is an identity). Usually in multiplicative notation identity
elements are written as 1, while for additive laws of composition they are denoted
by 0 and called a zero elements.

Associative Laws. The law of composition is called associative if (rs)t = r(st)
for all r,s,t € M. In this case for xy,x2,...,2, € M, we define z1z5...x,
inductively by

X1%o .. . Tp = (T1T2 ... Tp—1)Tn.

It can be show inductively that x1,z9,..., Tm, Tmit1 - Tmtn € M,

(1 o) (Tl - - Tnn) = X1 -+ - Tt 1 - - - Tonb -

Consequently, when a composition law is associative, in any product pairs of match-
ing brackets can be be inserted or deleted at will.



2. GROUPS AND MONOIDS 7

Suppose the composition law on M is both associative and commutative. Then
any composition zizs...x, is independent of the order of the factors. So for
additive laws,

m n n m

E rij = E E T'ij .
i=1 \j=1 j=1 \i=1

and for commutative multiplicative laws we have,

) -1 @j)’

Jj=1

m

i=1

and for additive such laws,

i=1 \j=1 j=1 \i=1

Monoids. A monoid is a set M, with composition law which is associative,
and which has an identity element.
2.1. Example
(1) N under addition (identity element 0).
(2) N under multiplication, (identity element 1).
(3) For any set X, Map(X, X), the set maps from X to itself, (identity 1x
the identity map x — z, on X).

O

Index Laws for Monoids. In a general monoid we define 2° = e, and for any
x € M and positive integer n define

" = Ha: =xx---x, product of n terms =x.

Then the index laws 2"2™ = 2"t™ and (2™)" = 2™™ hold for all m,n € N.
In additive notation: Ox = 0, and for n > 0,

nx:Zx:x—i—x—i—---—i—am sum of n > 0 terms.

Then nx + mz = (n + m)z, and n(mz) = (nm)z for all m,n € N.

Invertible Elements. An element r of a monoid M is called invertible if there is
an s € M such that rs = e = sr. Such an element, if it exists, is unique because if
t € M also satisfies tr = e = rt,

s=se=s(rt) = (sr)t =et =t.
A multiplicative inverse of an element z is denoted 2~'. An additive inverse is
denoted —z, and in additive notation x — y is short hand for = + (—y).

2.2. PROPOSITION. Let M be a monoid.

(1) The identity element e of M is invertible.
(2) If x € M is invertible, x~* is invertible and (z=1)~! = .
(3) Show x and y invertible in M implies xy invertible in M, and

(zy) P =y la7h
Additive version: —(x +y) = —x —y.
PRrOOF. Exercise. O

If  has an inverse then the index laws extend to all m,n € Z by defining
27" = (z7H)", for n > 0. Additive version: define (—n)x = n(—z) for n > 0.
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Groups. A group GG is a monoid in which every element has an inverse. Groups
with a commutative law of composition are called abelian.

2.3. Example Groups

(1) Z under addition.

(2) (CX the non-zero complex numbers, under multiplication.

(3) GL,(C), invertible n x n matrices under matrix multiplication.

(4) Sym(X) bijective functions from X to X under composition of maps.
Elements of Sym(X) are called permutations of X.

(5) Zm, integers modulo m, under addition

O

Permutation Group Convention.

Let S,, be the group permutation of [n] = {1,2,...,n} under composition of
maps. Note if 0,7 € S;, are permutations then o7 (i) = o(7(7)).

If 0 € S, we write

0(1 2, n>’ where o; = (7).

gy o022 ... On

An r-cycle is a permutations which cyclically permutes r elements and fixes all
the rest. Every permutation can be written as a product of disjoint (commuting)
cycles, which is unique up to ordering of cycles. The cycle

11— 19, 19 =13, ...,lp_1 —>bp, Ty —> 11.

is commonly denoted (i1,42,...,4-—1 — ).

2.4. Example For

123 45 12 3 4
"_(3 45 2 1>_(135)(24)’ T‘(z 5 3 1

0'7':(1 234 5):(14352).

= ot

):(1254),

4 1 5 3 2

Note since we are using standard function notation we compose permutations
from right to left. So e.g.

(67)(1) = o(r(1)) = o(2) = 4.

Cancellation Laws. In a group ab = ac implies by multiplying on the left by
a~!, b = c. Similarly bd = cd implies, by multiplying on the right by d=!, b = c.

Note that 0a = 0b, and b0 = a0 for all a,b € N. So in the monoid N under
multiplication, the cancellation law fails spectacularly.

2.5. PROPOSITION. The invertible elements of a monoid form a group under
monoid composition.

PROOF. See Proposition 2.2. O

Subobjects.

Closure Under Composition. Suppose G has a composition law and H is a
subset of G. We say H is closed under composition, if rs € H for all r;s € H.
In this case the composition law on G restricts to give a composition law on H.
Conversely if we want the composition law on G to restrict to give a composition
law on H, H must be closed under composition.
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Submonoids. Let G be a monoid with identity e. Suppose a subset H of G is
closed under composition, and e € H. Then the composition law on G restricts to
give an associative composition law on H, with identity e. In this case we say H is
a submonoid of G.

2.6. OBSERVATION (Submonoid Conditions). The defining criteria for a sub-
set H of a monoid G with identity e to form a submonoid of G are
(1) e€ H, and
(2) rse H for all r,s € H.

If M is a monoid with identity element e, then {e} is submonoid of M. In
the monoid (N, x), the subset {0} is closed under multiplication but it is not a
submonoid of (N, x).

Subgroups. A subset H of a group G is called closed under taking inverse if for
alhe H, h~' € H.

Suppose H be a subset of a group G and e is the identity of G. Suppose that
e € H and that the composition law on G restricts to give a composition law on H,
or equivalently that H is a submonoid of G with identity e. This submonoid H is
a group if and only if it is closed under taking inverses. In this case we say H is a
subgroup of G. In summary,

2.7. OBSERVATION. The defining criteria for a subset H of a group G with
identity e to form a subgroup of G are
(1) e€ H,
(2) rs € H for all r,s € H, and
(3) ™t e Hforallr € H.

Sometimes it is easier to apply the following.

2.8. PROPOSITION (Subgroup Conditions). A subset H of a group G is a
subgroup if and only if H # () is non-empty and xy~' € H whenever x,y € H.

PRrooF. If H is subgroup, ¢ € H. So H # (. Closure under taking inverse and
multiplication implies xy~' € H whenever z,y € H.

Suppose, H is non-empty and zy~'! € H whenever z,y € H. Let r be an
element of H. Thene =rr~! € H. Henceif s € H, s7! = es~! € H. Consequently
forr,se H,yrs=r(s"!)"' € H. O

We have as an immediate corollary,

2.9. COROLLARY. A subset H of an additive group G is a subgroup if and only
if H#0 and v —y € H whenever x,y € H.

3. Isomorphisms

In this section suppose M is a set with composition law (x,y) — z *xy and M’
a set with composition law (x,y) — = y.

3.1. DEFINITION. A bijection ¢ : M — M’ is called an isomorphism from
(M, %) to (M',+") if x xy = z in M if and only if ¢(z) " ¢(y) = ¢(2) in M.

3.2. Example The exponential map exp : R — (0,00),  — €® is bijection from
R to the positive real numbers (0, 00). Since exp(z)exp(y) = exp(z + y) and exp is
bijective exp(z) exp(y) = exp(z) if and only x + y = z. Hence exponentiation is an
isomorphism from R under addition to the positive real numbers (0, c0) under mul-
tiplication. Consider now the inverse bijection to exp, the log map log : (0, 00) — R.
Since log(zy) = logz + logy, logx + logy = logz if and only if z = xy. Hence
the inverse log of exp is an isomorphism back from the positive real numbers under
multiplication to R under addition. O
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More generally suppose a bijection ¢ : M — M’ is isomorphism ¢ from (M, x)
to (M’,*"). Then for any a,b,c € M’ taking x = ¢~ 1(a), y = ¢~ 1(b), 2 = ¢~ (c) in
the defining criteria for above for ¢ to be an isomorphism, and using ¢¢~!(a) = a,
etc we find

o Ha)x o7 (b)) =0 () & ax¥b=c

Hence if a bijection ¢ : M — M’ is an isomorphism from (M, *) to (M’, ") under
* then the inverse bijection ¢=! : M’ — M’ is an isomorphism from (M’,*') to
(M, *). Thus being isomorphic is a symmetric relation on sets with composition law.
It is immediate that the identity map on M is an isomorphism from (M, *) to itself.
If we have a further isomorphism ¢ from (M’ ") to a set M" with composition
law ", then it is immediate that the composite ¢1) is an isomorphism from (M, x)
to (M",*"). Hence isomorphism of sets with a composition law is an equivalence
relation.

If (M, ) and (M’, %) are isomorphic then their composition laws have the same
properties. In particular we have the following.

3.3. PROPOSITION. Suppose (M, *) is isomorphic to (M',*). Then we have

(1) (M, x*) is commutative if and only if (M',*") is commutative

(2) (M, ) is associative if and only if (M',*") is associative.

(3) (M, *) has an identity if and only if (M’, %) has an identity.

In this case under any isomorphism from (M,x*) to (M',*") the iden-
tity in M is paired with the identity in M’'.
(4) (M, =) is a monoid if and only if M', ") is a monoid
(5) M is group under x if and only if M’ is a group under *’.

Proor. Exercise. O

3.4. COROLLARY. If ¢ : M — M’ is an isomorphism of monoids then ¢ maps
the identity of M to the identity of M’.

3.5. LEMMA. Show that a bijection ¢ : M — M’ is an isomorphism from
(M, %) to (M',+") if and only if

oz xy) = ¢(x) ¥ ¢(y), forall x,yec M.
Proor. Exercise. O

4. Homomorphisms

Homomorphisms of Groups. In group theory a homomorphism is com-
monly defined to be any map ¢ from group G to a group G’ which respects
their composition laws: that is in multiplicative notation, ¢(zy) = ¢(z)¢p(y) for
all x,y € G. From this it follows can that every homomorphism of groups respects
identities and inverses.

4.1. LEMMA. Suppose ¢ : G — G’ is a homomorphism from a group G with
identity e to a group G’ with identity ¢’. Then,
(1) ¢(e) =€, and (in multiplicative notation)

(2) ¢p(z7Y) = ¢(x)~! forall z in G.

PROOF. By first using ¢ a homomorphism, and then properties of identity
elements we see,
p(e)d(e) = d(ee) = de) = d(e)e’.
Hence, multiplying on the left by the inverse of ¢(e), ¢(e) = €.
r € G,

Further for any

P(x)p(z™") = ¢(za™) = p(e) = ¢/,
and similarly ¢(z71)¢(z) = ¢’. Hence, ¢(x) is invertible and ¢p(z71) = ¢(z)~L. O
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Image of a Group Homomorphism. Suppose ¢ : G — G’ is a group homomorph-
ism. Consider the image of G under ¢,

¢(G) ={¢(z) : 2 € G} C G".
Writing the defining condition for ¢ to be homomorphism in the equivalent form

¢(@)p(y) = d(xy) forall z,y€G,
shows that ¢(G) is closed under composition in the group G’. Dealing similarly
with the conclusions of the previous lemma,
(1) ¢ = ¢(e), and
(2) ¢(z)"t =¢(z7!) for all x in G.
shows that ¢ € ¢(G) and ¢(G) is closed under taking inverses. Hence ¢(G) is
subgroup of the group G’. In summary we have verified the following.

4.2. OBSERVATION. If ¢ : G — G’ is a homomorphism of groups, its image
#(G) is a subgroup of G’.

Homomorphisms of Composition Laws. Let M be a set with composition
law (z,y) — x *xy and M’ is a set with composition law (z,y) — =+ y. Say
¢ : M — M’ is a homomorphism from (M.x) to (M’ «) if ¢(z *y) = () ¥ &(y)
for all z,y € M. Rewriting this last equation as ¢(x * y)o(x) ' ¢(y) = ¢(x x y) for
all z,y € M, we see that if ¢ : M — M’ is a homomorphism from M under * to
M’ under ' then the image of M under ¢,

d(M)={p(z):x e M} C M’

is closed under *’. Hence *" induces a composition law on ¢(M). Further (¢(M), %)
inherits any composition law properties of (M, ). This can be particularly useful
if ¢ is a surjective homomorphism as we will see later.

4.3. LEMMA. Let M and M’ be sets with a composition law * and ' respectively.
Suppose ¢ : M — M’ a homomorphism from (M, ) to (M',+"). Then the following
hold
1) (M, %) is commutative implies (¢p(M),*") commutative.

2) (M, x) associative implies (¢(M),+") associative.
(M, %) has an identity element e, implies (p(M),*") has identity element

¢(e)
(4) (M, =) a monoid with identity e, implies (¢(M), «") is a monoid with iden-
tity ¢(e)
PRrROOF. Exercise. O

4.4. COROLLARY. If ¢ is surjective and (M, x) is a monoid with identity e then
(M, %) is monoid with identity ¢(e).

Monoid Homomorphisms. Suppose now M and M’ are monoids and the map
¢ : M — M’ is a homomorphism of their composition laws. Then by Lemma 4.3
above ¢(M) is a monoid under *” with identity ¢(e). The image ¢(M) is closed
under composition in M’, and therefore is submonoid of M’ if and only if the
identity e’ of M’ lies in ¢(M). Then by uniqueness of identity elements we have
¢(M) is submonoid if and only if ¢(e) = ¢’. Note that if the monoids are groups
then ¢(e) = ¢’ is a consequence of ¢ respecting their composition laws. This is not
necessarily the case for monoids.
4.5. Example The map ¢ : N — N such that n — 0 for all n € N defines a
homomorphism from (N, x) to itself. The ¢(N) = {0} is closed under multiplication
but it is not a submonoid because it does not contain the identity element 1 of ¢(N).

O
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4.6. DEFINITION. A monoid homomorphism from a monoid M to a monoid M’
isamap ¢ : M — M’ which respects their composition laws, and maps the identity
of M to the identity element of M’

Suppose M and M’ are multiplicative monoids with identities each denoted
by 1. Then a map ¢ : M — M’ is a monoid homomorphism if

(1) ¢(zy) = d(x)¢(y) for all z,y € M, and
(2) ¢(1) =1, (on the left 1 € M and on the right 1 € M").

From the preliminary discussion preceding this definition we note the following.

4.7. OBSERVATION. If ¢ : M — M’ is a monoid homomorphism then its image
¢(M) is a submonoid of M.

Now that we have defined what is meant by a monoid homomorphism we record
the following reinterpretation of Corollary 4.4 to Lemma 4.3. for use later on.

4.8. PROPOSITION. Let (M, ) be a monoid and (M', ") a set with a composition
law. Suppose ¢ : M — M’ is surjective map such that

d(xxy) = ¢(z) ¥ d(y), forall z,y € M.

Then M’ is a monoid under ' and ¢ : M — M’ is a monoid homomorphism.
PRrOOF. This follows directly and Corollary 4.4 of Lemma 4.3. O

Lemma 4.1 shows a group homomorphism respects inverses. The proof adapts
readily to the case of monoid homorphisms.

4.9. LEMMA (Monoid Homomorphism Respect Inverses).
Suppose ¢ : M — M’ is a monoid homomorphism. Then if x € M*, ¢(z) €
M'™ and (in multiplicative notation)

P(x)~h = p(a™).
PRrROOF. Exercise. (]
We can now deduce a group version of Proposition 4.8

4.10. PROPOSITION. Suppose (G.x) is a group and ¢ : G — G’ is surjective
map to a set G' with composition law *' and

Pz xy) = ¢(x) ¥ ¢(y), forall w,ye M.
Then G’ is a group under ', and ¢ : G — G’ is homomorphism of groups.

PROOF. It is enough to show G’ is a group as then ¢ : G — G’ satisfies the
group homomorphism condition. By Proposition 4.8 we know (G”x’) is a monoid
and ¢ is a monoid homomorphism. It remains to show every element in G’ is in-
vertible. Because ¢ is a monoid homomorphism and every element of G is invertible
every element of ¢(G) is invertible by Lemma 4.9 . Since ¢ is surjective we conclude
every element in the monoid G’ is invertible. O



CHAPTER 2
Ring Basics

1. Rings

1.1. DEFINITION (Rings). A ring is set R with addition and multiplication
operations satisfying the following axioms.

(1) R is an abelian group under addition.
(2) R is a monoid under multiplication.
(3) Multiplication distributes over addition on the left and on the right:

alb+c)=ab+ac, (b+c)d=bd+cd and foralla,b,c,decR.

A ring is called a commutative ring if its multiplication is commutative.
The zero element of a ring is usually denoted by 0. The identity of a ring is
usually denoted by 1.

Examples. The following are rings under their standard addition and multiplic-
ation laws.

(1) The integers, Z.

(2) The fields of rational numbers Q, the field of real numbers R, the field of
complex numbers C.

(3) Residue classes of Z modulo, m for m =2,3,....

(4) Z[X] polynomials in an indeterminate X with coefficients in Z.

(5) F[X] polynomials in an indeterminate X with coefficients in any of the
fields F' = Q, R, C.

The above rings are all commutative.

(6) M, (Z), square n X n matrices with coefficients in the ring of integers Z.

(7) M, (F) square n X n matrices with coefficients in any of the fields F' =
Q,R,C.

The above matrix rings are all non-commutative for n > 1.

The Zero Ring. The smallest possible ring is the zero ring O with has single
element 0, and composition laws 0 + 0 =0, 0 x 0 = 0. In the zero ring 1 = 0.

1.2. PROPOSITION. In any ring R we have,
(1) a0 =0a =0, for all a € R.
(2) (-1)a=—a foralla € R
(3) (—a)b= —(ab) = a(=b), for all a,b € R.

PROOF. Exercise. Note these involve the interaction of the additive and mul-
tiplicative structure of R. So you expect to have to invoke the distributive laws.

(I
1.3. COROLLARY. In a non-zero ring 1 # 0.
PROOF.
If R is a ring with 1 = 0, then for all r € R, r = 1r = Or = 0. Hence R = {0}
is the zero ring. O

13
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1.4. PROPOSITION. For all m,n € Z and all r,s in a ring R,
(mr)(ns) = (mn)(rs).

PROOF. Exercise. For m,n positive this follows directly from the distributive
laws. The results of Proposition 1.2 then show that this extends to all integers
m,n. U

Fields. A non-zero commutative ring like @, R or C in which every non-zero
element has multiplicative inverse is called a field.

1.5. EXERCISE. Check that the above characterisation of a fields is equivalent
to the set of axioms for field you met in linear algebra.

Check too that general matrix properties imply that M, (F), n X n matrices
with coefficients in a field F' form a ring under matrix addition and multiplication.

Units. An element of a ring with a multiplicative inverse is called a unit, e.g.
the identity of element of a ring is always a unit. Note that since any ring R is a
monoid under multiplication, its units R* form a group under multiplication with
identity 1. We let R* denote the group of units of a ring R.
For example,
(1) 2> = {£1}.
(2) For any field F, F* is the set of non-zero elements of F.
(3) A square a matrix with coefficients in a field is invertible if and only if it
has non-zero determinate.

GL,(F) = Mat,(F)* = {A € Mat,(F) : det A # 0}.

Integral Domains. For elements ¢ and b in a ring ab=0ifa =0 or b = 0.
In the ring of integers, or in any field ab = 0, if and only if a = 0 or b = 0. This
not the case in general. For example, in the matrix ring Mat(Q),

ool Y=l d

Zero Divisors. Let R be a ring. Then elements a,b € R are called zero
divisors if @ # 0, b # 0 but ab = 0. In a non-commutative ring we call a a
left zero divisor and b a right zero divisor.

1.6. DEFINITION. (Integral Domain) A non-zero commutative ring with no
zero divisors is called an integral domain. So an integral domain is a ring R satis-
fying the following three conditions.

(1) R is commutative.
(2) 1#£0, i.e R is a non-zero ring.
(3) R has no zero divisors.
Note R has no zero divisors means for any elements a,b € R, ab =0
implies a = 0 or b = 0, or equivalently a # 0 and b # 0 implies ab # 0.

The ring of integers Z is an integral domain. Every field is an integral domain.

Cancellation Laws. For elements a, b, c in a field ab = ac if and only if a = 0,
or b = c. Soif ab = ac and a # 0 we can cancel the a to conclude b = ¢. This
property continue to hold in integral domains. Note it does not hold in any ring
with zero divisors.

Exercise. Prove the cancellation law for integral domains.

For a, b, c elements of an integral domain, ab = ac and a # 0 implies b = c.
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Rings of Integers Modulo m. Fix an integer m > 1. Two integers are
said to be in the same residue class modulo m if they leave the same remainder
on division by m. Hence there are m residue classes modulo m corresponding the
remainders 0,1,...,m — 1. We write

a=b (modm)

if a and b belong to the same residue class modulo m. Let mZ = {mn :n € Z}
denote the set of integer multiples of m. Then a = b (mod m) is equivalent to
b—a € mZ. Let Z/mZ denote this set of residue classes. Think of its elements as
being represented by integers, where integers a and b represent the same element of
Z/mZ if a = b (mod m). It is readily verified that if a = o’ and b = ¥/, then both
a+b=d +?b and ab = a’t’. Hence we can define addition on Z/mZ be adding
representatives and multiplication Z/mZ by multiplying representatives. Under
this addition and multiplication Z/mZ is a finite commutative ring, with exactly
m elements, represented by 0,1,...,m — 1. The zero of Z/mZ is represented by 0
and the identity element by 1.

1.7. PROPOSITION. Z/mZ is an integral domain if and only m = p a rational
prime.

ProoF. All Z/mZ, m > 1, are commutative. They all have at m > 1 elements,
so are not the zero ring. So a residue class ring Z/mZ is an integral domain if and
only if it has no zero divisors.

If m > 2 is not prime, then m is composite. So m = ab, for some a,b € N with
0 < a,b < m. Hence modulo m, ab =0 (mod m), but a and b are not congruent
to 0. So a and b are zero divisors modulo m. Hence Z/mZ is not an integral domain
if m is composite.

If m = p a prime. Suppose ab =0 mod p, then p divides ab. Hence p divides a
or b, or equivalently, a = 0 (mod p) or b =0 (mod p). Hence Z/pZ does not have
zero divisors. Hence Z/pZ is an integral domain if p is prime. ]

1.8. PROPOSITION. A finite integral domain is a field.

PROOF. Suppose R is an integral domain with finitely many elements. Then
R is a commutative ring in which 1 # 0. So show it a field it remains to show every
non-zero elements invertible.

List the non-zero elements

a1 =1l,a9,...,ay.

Let a € R be non-zero. An integral domain has no zero divisors, so a product of
non-zero elements is non-zero. Hence

aal, aas, . . .,a0y,.

are all non-zero. These elements all distinct because in an integral domain aa; = aa;
and a # 0 implies a; = a;, So the list

aal,ag,...,a0n

has n distinct elements. Hence it is a permutation of a1, as,...a,. So for some 4,
aa; = 1. Hence, since R is commutative, a;a = aa; = 1, which shows a has inverse
Q; . O

1.9. COROLLARY. For p a prime number the integral domain Z/pZ is a field.
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The Characteristic of a Ring.

1.10. DEFINITION (Characteristic of a Ring). Let R be a ring. Consider the
multiples,
1, 141, 14141,
of the identity element 1 € R. If these sums are non-zero and we define char(R) = 0.
If for some m > 1,
1+1+---+1=0€R.
m terms
we define char(R) to be the minimum such m.
The characteristic of R is thus the order of the additive subgroup of R generated
by 1
Every m appears as the characteristic of a ring.
(1) char(Z) = 0.
(2) char(R) =1 if and only if 1 = 0, that is R is the zero ring.
(3) char(Z/mZ) = m, for m > 1.

1.11. PROPOSITION. The characteristic of an integral domain is either 0 or a
prime number p.

PROOF. Let R be an integral domain. Then char(R) = 0 or p for some integer
p > 1. Suppose char(R) = p for some p > 1 and that p factorises in N as p = mn
some postive integers m,n > 1. Then in the integral domain R,

(ml)(nl) = (mn)l =pl =0.

Hence m1 = 0 or nl = 0. By the definition of characteristic we deduce m = p or
n = p. Hence p > 1 is a prime number. O

Subrings. Let R is a subset of a ring S. Then R is called a subring of S
if under addition and multiplication of S forms a ring with identity the identity
element 1 € S. For this to be the case R must be a subgroup of S under addition
and a submonoid of S under multiplication. Conversely if this is is the case then
R is a subring. If R is as subring of a ring S we call S extension ring of R.

For example Z is subring of @Q, which is in turn a subring of C. Every ring S
his a subring of itself. A subring R of a ring S is called a proper subring if R is
proper subset of S, that is R # S. If R is subring of a ring S, and .S a subring of a
ring T', then R is subring of 7'

1.12. PROPOSITION (Subring Criteria). Let R be a subset of a ring S. Then
R is subring of S if and only if the following hold.

(1) 1 € R. and for all a,b € R,

(2) ab € R for all a,b € R.
(3) a—be R for all a,b € R.

PRrOOF. Exercise. O

Example: The Ring of Gaussian Integers. Every complex number as unique
representation in the form a + bi, with a,b € R. Complex numbers of the form
a + bi with a,b € Z are called Gaussian integers. Set

G={a+bi:a,beZ}.

The integers Z are the Gaussian integers with real part b = 0. In particular 1 is a
Gaussian integer. Suppose « and § are Gaussian integers. Then o = a + bi and
8 = c+1id for some integers a, b, ¢, d. Products, sums and differences of integers are
integers. Hence Hence from

a—B=(a—c)+ (c—d)i, and «af = (ac—bd)+ (ad+ bc)i.
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we see a — 8 and af are Gaussian integers. Hence the Gaussian integers contain
the identity of C and are closed under taking products and differences. So G is a
subring of C.

1.13. PROPOSITION. Let S be a ring and F be a (non-empty) family of subrings

of S. Then their intersection ﬂ R is a subring of S.
REF

PRrROOF. Exercise. O

1.14. DEFINITION. (Ring Extension) Suppose R subring of a ring S, and a
subset A of S. Then the the family of all subrings of S containing R and A is
non-empty, as S is a such a subring. Hence the of the intersection of the rings in
this family is a subring of S containing R and A. This subring is called the ring
extension of R by A. The ring extension R’ of R by A, is can be characterised by
the following two properties.

(1) R’ is a subring of S containing R and A.
(2) R’ is subset of every subring of S containing R and A.

For example the ring of Gaussian integers G is a subring of C containing Z and
i. Suppose now R is any subring of C containing ¢ and Z. Then given a,b € Z,
we have a, b and 7 in R. So R closed under multiplication and addition implies
a +ib € R. Hence G is a subset of every subring of C containing Z and i. Hence
the ring of Gaussian integers is the extension of Z by i.

Returning to general case, R subring of a ring S, and a subset A of S. We
can give a constructive description of the ring extension of R by A as follows.
Consider the set R’ of all elements of S built up from elements of R and elements
of A, using the ring operations, multiplication, taking negatives and addition. Then
R’ contains R, and therefore 1 € R, contains A, and is closed under addition and
multiplication. Hence R’ is a subring of S containing R and A. Further any subring
of S containing R and A contains all the elements of R‘. Hence R’ is the extension
of R by A.

Subfields and Extension Fields. Let F is a subset of a subfield K. Then
F is called a subfield of K if F forms a field under addition and multiplication
in K with identity the identity element 1 € K. For this to be the case F' must
be a subring of K and the inverse of every non-zero element of F' must lies in F'.
Conversely if this is the case then F is a subfield. If F is a subfield of K we call K
an extension field of F.

1.15. PROPOSITION (Subfield Criteria). Let F' be a subset of a field K. Then
F is subfield of K if and only if the following hold
(1) 1eF.
(2) abe R for alla,be F.
(3) a—beR foralla,be F.
(4) For all non-zeroa € F, a=' € F.

1.16. PROPOSITION. Let K be a field and F be a non-empty family of subfields
of K. Then their intersection ﬂ F is a subfield of K.
FeF

Field Extension. Suppose F' subring of a field K, and a subset A of K. Then
the family of all subfields of K containing F' and A is non-empty, as K is a such a
subfield. Hence the of the intersection of the fields in this family is a subfield E of
S containing F' and A. This subfield is called the field extension of F by A. The
field extension E of F' by A, is can be characterised by the following two properties.
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(1) E is a subfield of K containing F and A.
(2) E is subfield of every subring of K containing F and A.

Polynomial Rings. Let R be a ring and X an indeterminate. A polynomial
in X with coefficients in R is an expression of the form

f(X) = a0—|—a1X—|—~~-+anX”,

with ag,aq,...,a, a finite sequence of elements of R. We extend this sequence to
all of i € N by setting a; = 0 for i > n. For i € N, q; is called the coefficient of X"
in f(X). We declare two polynomial expressions

fX)=a+a1 X+ - +a, X" and
9(X)=bo+ 01X + -+ by X"

to represent the same polynomial if the coefficients of corresponding powers of X
agree: a; = b; for all i. Hence there is a 1-1 correspondence between polynomials
and infinite sequences (a;) = (ag,a1,-..) of elements of R such that a; = 0 for all
i > n, for some n € N. Given such sequence (a,) we let >_,o,a; X" denote the
corresponding polynomial, (with the usual power convention X° = 1 € R). We
let R[X] denote the set of polynomials in X with coefficients in R. The ring R is
embedded in R[X] as the subset of constant polynomials.

We define addition and multiplication of polynomials as if R was subring of a
ring S, and X was an element of S which commuted with elements of R (a X = aX
for all a € R) and then collecting terms with the same power of X. Thus the sum
two polynomials is formed by adding coefficients of corresponding powers of X?,

i>0 i>0 i>0
The product of two polynomials is ther given by the rule,

m—+n

zm:aixii:bjxj: ST aibxt
i=0 j=0

k=0 i+j=m

We leave it as an exercise for the reader to check that with these definitions R[X]
forms a ring. The zero of R[X] is the constant 0 polynomial and its multiplicative
identity is the constant polynomial 1. If f(X) = Y a; X", its negative —f(X) =
S (—a;)X*t. Further R[X] is commutative if R is commutative. Addition and
multiplication of polynomials is defined so that for constant polynomials ay and
by, their polynomial sum is the constant polynomial ag + by and their polynomial
product is the constant polynomial agbg. Hence R is embedded as a subring of R[X].
In particular the zero of R[X] is the constant 0 polynomial and its multiplicative
identity is the constant polynomial 1.
Any nonzero f(X) € R[X] can be expressed uniquely in the form

fX)=a+a X+ - +a, X", a,#0.

The integer n is called the degree, deg f(X), of f(X). The term a, X" is called the
leading term and a,, € R is called the leading coefficient of a(X).
Note the polynomials of degree 0 are the non-zero constant polynomials.
Suppose we have a second non-zero polynomial g(X) and deg g(X) = m:

g(X)=bo+ 01X+ + b X", by #0.

Then
a(X)b(X) = aghg + - - + @by, X"
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If least one of a, and b,, is not a zero divisors, a,b, # 0 and so a(X)b(X) has
leading term a,b,, X"T™. Hence a(X)b(X) # 0, and

dega(X)b(X) = dega(X) + deg(X).
This will be the case for all non-zero polynomials if R is has no zero divisors. For
example this holds if R is an integral domain. In that case too, R[X] is commutative

because R is. Further R[X] is not the zero ring because R is not the zero ring. Hence
we have the following.

1.17. PROPOSITION. Let R be an integral domain. Then R[X] is an integral
domain. Further for all non-zero f(X), g(X) € R[X],

deg f(X)g(X) = deg f(X) + deg g(X)
1.18. COROLLARY. A polynomial ring F'[X] over a field F is an integral domain.

Polynomial Functions. Suppose R is a subring of a ring S. Then we can evaluate
polynomials f € R[X] at elements of a € S. If

fX)=a+a X+ - +a, X"
we set
fla) =ap+ ara+ -+ aa™.

Note this only depends on f since any two expressions for f(X) differ by a sum of
terms with coefficient zero.
Polynomial addition and multiplication are defined so that the following holds.

1.19. LEMMA. Let R be subring of a ring S and a € S. Then for all f,g € R[X]
(1) If f(X) £ g(X) =Rh(X) in R[X], then in S,
fla) £g(a) = h(a).

(2) If o commutes with all elements of R and f(X)g(X) = h(X) in R[X],
then in S,

We set
Rla] ={f(a): f € R[X]}.

1.20. PROPOSITION. Let R be subring of a ring S and suppose a € S commutes
with all elements of R. Then

Rla] = {f(a) : f(X) € R[X]}
is the ring extension of R by a.

PROOF. We verify the conditions of Definition 1.14

(1) Evaluating f(X) = X at «, shows a € R[a]. Evaluating the constant func-
tions shows R[a] contains R. In particular it contains 1. From Lemma 1.19
R[] is closed under multiplication and subtraction. Hence R[a] is subring
of S containing and «.

(2) Any subring of S containing a necessarily contains all powers la‘, 1 =
0,1,2.... If it also contains R it therefore contains all expressions

ag+ara+ -+ aya”, ag,...,an € R.

So any subring of S containing R and « contains R[a].
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For example since G = {a +b: a,b € Z} C C is the extension of Z by i, Z[i] =
a+bi:a,beZ We can show this directly. Given a,b € Z, a + ib = f(X), for
f(X)=a+bX. hence

{a+bi:a,beZ} C{f(a): f(X) € Z|X]} = Z[i].

The opposite containment follows because any power of 7 is either £1 or +i. Con-
sequently if we evaluate any polynomial with coefficients in Z at i, the result can
expressed in the form a + b with a,b € Z. Hence Z[i] C {a + bi : a,b € Z}.

Simple Field Extensions. Consider in particular the case F' is a subfield of a
field K, and o € K. K is a commutative ring. Hence the subring of K generated
by F and « is

Flo] ={f(a) : f € F[X]}.
Let F(«) denote the field extension of F' generated by «. Since F(«) is subring of
K containing F' and «, Fla] C F(«), and Fla] = F(«) if and only if the ring F[q]
is a field.

In general we have

F(a) ={f(a)/g(a): f,g € F[X], g(a) # 0}.
First check the right hand set is a subfield of K containing F' and «. Hence
F(a) C{f(a)/g(a): f,g € F[X], g(a) # 0}. The opposite inclusion follows since
from by closure of fields under field operation, any subfield of K containing F'
and o must contain F[a] and hence all quotients f(a)/g(a) with f,g € F[X] and
g(a) #0.

Example: The Field of Gaussian Numbers. The complex numbers of the form
a+ b with a,b € Q are called the Gaussian numbers. The repeating the discussion
of the Gaussian integers above with Z in place of Q we find the ring extension of
Qby i

Qi) ={a+1ib:a,beQ}.
Suppose « is a non-zero Gaussian integer. Then oo = a + bi, with a,b € QQ non-zero.
Then a? +b? is a positive, and therefore a non-zero, rational number. This number
« has inverse in C,

-1 a bi
a2 b2 a4+ b2’

whose real and imaginary parts built are up from a and b using field operations, and
hence lie in Q. Thus the inverse of every non-zero Gaussian number is a Gaussian
number. Hence the subring Q[¢] is in fact a subfield of C. Thus we have

Qi) = Q[i] = {a+bi: a,b € Q}.

2. Ring Homomorphisms, Kernels and Ideals

Let R and S be rings. A map ¢ : R — S is a ring homomorphism if it
is homomorphism of their multiplicative monoids and a homomorphism of their
additive groups.

Hence a map ¢ : R — S is a ring homomorphism if (and only if) the following
all hold,

(1) ¢(1g) = 1s.

(2) ¢(ab) = ¢(a)p(b) for all a,b € R.

(3) ¢(a+0b)=d(a)+ ¢(b) for all a,b € R.
Examples.

1. Subring Inclusion. If R is a subring of a ring S, the inclusion map R < S,
r +— x, is an injective ring homomorphism.

2. The Zero Map. For any ring R the unique map = — 0, from R to the zero
ring O, is a ring homomorphism.
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3. The Characteristic Map.
2.1. DEFINITION. For a ring R, the map
X:Z— R, x(n)=nl, neZ,1€R,
is called the characteristic map.

2.2. PROPOSITION. The characteristic map x : Z — R, is the unique Ting
homomorphism from Z to R.

PrROOF. First we show x is a ring homomorphism. For any additive group A
and a € A, n — na is an additive map sending 1 to a. Hence x is additive and
maps 1 € Z to 1 € R. It remains to show it respects multiplication. In general
(mr)(ns) = (mn)(rs) for all m,n and r, s € R. Hence for all m,n € Z, and 1 € R,

x(mn) = (mn)1 = (m1)(nl) = x(m)x(n).

Uniqueness follows because any additive map from Z to an additive group A,
p(na) = np(l). If ¢ : Z — R is a ring homomorphism, then ¢(1) = 1. Hence
d(n) =nl = x(n) for all n € Z. O

4. Evaluation Homomorphisms. Suppose R be a subring of a ring S and o € S.
Then evaluation at «, f(X) + f(«) defines a map €, : R[X] — S.

2.3. OBSERVATION. Suppose R be a subring of a ring S and a € S commutes
with all elements of R. Then evaluation at «,

€0t R[X] — S,
is a ring homomorphism.

PROOF. We have ¢,(a) = a for all a € R. In particular ¢,(1) = 1.
Lemma 1.19 shows €, preserves addition and multiplication when o € S com-
mutes with all elements of R. O

Image of Homomorphism. Suppose ¢ : R — S is a ring homomorphism. Then
the image of ¢, ¢(R) = {¢(r) : r € R} C S, is both submonoid of S under multi-
plication and a subgroup of S under addition. Hence ¢(R) is a subring of S. So we
have the following.

2.4. OBSERVATION. If ¢ : R — S is a ring homomorphism, the image of ¢,
¢(R) ={o(r) : 7 € R}
is subring of S.

For R be a subring of a ring S and o € S commutes with all elements of R,
then image of evaluation at «,

€a = {f(a): f(X) € R[X]} = Rla],

the ring extension of R by «.
The Characteristic Subring. For any ring R the image of the characteristic
homomorphism x : Z — R,

X(R)={nl:neZ},

is called the characteristic subring of R.
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2.1. Kernels and Ideals. Recall (or prove) that for ¢ : A — B a homo-
morphism of additive groups, ker ¢ = {a € A : ¢(a) = 0} is an additive subgroup of
A. Further recall ¢ is injective if and only if ker ¢ = {0}.

2.5. DEFINITION. Kernel Let ¢ : R — S be a homomorphism of rings. Then
ker¢ = {a € R: ¢(a) =0}

is its kernel as a homomorphism of additive groups. Note therefore ker ¢ is an
additive subgroup of R, and ¢ is injective if and only if ker ¢ = {0}.

We can ask can ker¢ be a subring? For ker¢ to be a subring we require
1 € ker¢, that is ¢(1) = 0. But since ¢ is a ring homomorphism ¢(1) = 1.
Hence we require 1 = ¢(1) = 0 in S. Hence S must be the zero ring, ¢ the zero
homomorphism, and ker ¢ = R. Otherwise ker ¢ is not a subring of R. We can
show ker ¢ is closed under multiplication however much more is true.

Suppose a € ker¢ and r € R. Then using ¢ preserves multiplication, and
s0=0s=0forall s e S,

¢(ra) = ¢(r)¢(a) = ¢(r)0 =0

and

p(ar) = ¢(a)é(r) = 0¢(r) = 0.
Hence a € ker ¢ implies ra and ar in ker ¢ for all r € R.

2.6. DEFINITION. (Ideals)
A subset I of a ring R is called an ideal if the following all hold.

(1) I is subgroup of R under addition.

(2) Forallae I and all r € R, ra € I.

(3) Forallae I and allr € R, ar € I.
Condition (2) can be summarised by saying I is closed under multiplication by R
on the left, and condition (3) by saying I is closed under multiplication by R on
the right. If T satisfies (1) and (2) it is called a left ideal. If I satisfies (1) and
(3) it is called a right ideal. Thus an ideal I is both a left ideal and a right ideal,
sometimes called a two-sided ideal. In a commutative ring (2) < (3).

From above we see that the kernel of a ring homomorphism is an ideal. We show
later the converse is true. That is, every ideal is the kernel of a homomorphism.

The Zero Ideal and The Unit Ideal. Let ring R be any ring. The singleton set
O = {0} and the whole ring R are ideals. The ideal O = {0} is called the zero
ideal, or sometimes the trivial ideal. The ideal R is called the unit ideal.

2.7. OBSERVATION. Let I be an ideal of a ring R, and u a unit of R. Then
u € I if and only if I = R, the unit ideal. In particular I = R if and only if 1 € I.

Proor. Exercise. O
An ideal I of R is called a proper ideal if I # R.

2.8. LEMMA. Let ¢ : R — S be a ring homomorphism. Then ker ¢ = R if and
only if S is the zero ring.

Proor. Exercise. O

2.9. COROLLARY. If ¢ : R — S is a ring homomorphism Ker ¢ is proper ideal
of R unless S is the zero ring.



3. THE FIELD OF FRACTIONS OF AN INTEGRAL DOMAIN 23

Principal Ideals. Let R be a ring and a € R. The the set of left multiples of a,
Ra = {ra:r € R} is a left ideal of R, called the principal left ideal generated by a.
The set of right multiples of a, aR = {ar : r € R} is a right ideal of R called the
principal right ideal generated by a. Note that if I is principal left or right ideal
generated by a then a = la = al € I. The both zero ideal O = 0R = R0 and the
unit ideal R are simultaneously principal left ideals and principal right ideals of R.
Ideals of the form Ra are called principal left ideals, those of the form Ra principal
right ideals.

For a commutative ring R, aR = Ra is called the principal ideal generated
by a. An ideal I of commutative ring is called a principal ideal if is is the form
Ra = aR for some a € I.

An integral domain R is called a principal ideal domain if every ideal of R is
principal.

The Ideals of Z. The ring Z has distinct principal ideals dZ = (—d)Z, d € N.
We know they are distinct because 0Z = O, the zero ideal and for d > 0, d is the
least positive element in dZ. We show this is a complete list of ideals of Z, and
hence Z is principal ideal domain

2.10. PROPOSITION. The ring of integers Z is a principal ideal domain. A
non-zero ideal I = dZ, where d is the least positive integer in I.

PROOF. Let I be a non-zero ideal of Z. Then I has non-zero elements. If n € I
the —n € I. Hence I has positive elements. Let d be the least positive element of
INN. Since I is an ideal and d € I, all multiples of d lie in I. Hence dZ C I.

Now suppose a € I. Then if g € Z is the quotient and r € N the remainder on
dividing a by d,

a=qd+r, 0<r<d

Consider r = a — gd. From above gd € Z C I and we are given a € [I. Ideals
are subgroups under addition. Hence r = a — qd € I. Since d is the least positive
element in I and 0 < r < d, we must have r = 0. Thus a = qd € Zd = dZ. Hence
dz 2 1. O

3. The Field of Fractions of an Integral Domain

The elements of the field Q are all fractions 9, a,c€Z,c#0.
c

We have the following rules for manipulating fractions.

I
F1. 2= a—, if and only if ac’ = ca’.
c ¢

d
In particular 9 _ o alld #0.
cd ¢

F2.  Addition: 40— dtbe
c d cd
F3. Multiplication: o o _ ad
. p L LT T
F4. Inversion: % =0eQifandonlyifa=0 € Z.

20, (5) -
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The identification a = % embeds Z as subring of Q.

Similarly for any field F, from the polynomial ring F[X] we build the field of
polynomial fractions, called the field of rational functions in the indeterminate X
with coefficients in F,

f(X)

F@d:{ﬂXffM%guJeﬂXhmﬂ#O}

X
In this case the identification f(X) = f(l ) embeds F[X] as a subring of F(X).

3.1. THEOREM. Let R be an integral domain. Then there is a field F(R) with
the following properties.

QF1. R is embedded as a subring of F(R).

QF2. Every element of F is of the form ab™!, a,b € R, b # 0.

QF3. If R is a subring of a field F then F(R) is embedded as subfield of F, and
is the smallest subfield of F' containing R.

PRrROOF. (Sketch)
Step 1. Show that (a,c) ~ (b,d) if ad = bc defines an equivalence relation on the
set of pairs {(a,c) : a,c € R,c # 0}.

For a,c € R, with ¢ # 0 let 2 denote the equivalence class of (a,c). Set
c

F(R) = {%:ameRm;«éO}

Then F1 holds.
Step 2. Show that rules for manipulating fractions F2, F3 can be used to define
addition and multiplication laws on F(R).

b
Suppose %, 7€ F(R). Then ¢ # 0 and d # 0. Then R an integral domain

b d+b
implies c¢d # 0. Consequently a—d and —Z © are elements of F (R).
¢ ¢
/ b b/
Verify that if % = % and =7 then
ab ad'bt ad+bc dd +bc
= and =

cd ~ Jd cd cdd

Hence we can define multiplication and addition in F(R), by

ab ab a b ad + be
cd e Mo

Step 3. Verify that under multiplication and addition of fractions F(R) is a ring.
Check the following.

e F(R) is a commutative monoid under multiplication with identity ele-

tl=—.
men 1

e F(R) an additive group under addition with zero element 0 = %
e Multiplication distributes over addition in F(R).
Step 4. Show that the ring F(R) is a field.
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See that & = 0 € F(R) if and only if @ = 0. In particular 1 # 0 in F(R).
c
Further if % # 0, g € F(R), and

ca ac 1

I:16}‘(1!%).

ac ac

o a a e e c . /a7t ¢
Hence, if — # 0, — has multiplicative inverse —, i.e ( — = —.
c c

Step 5. Verify that QF1-QF3 hold.

!/
QF1. It is immediate that for a,a’ € R, % = aT if and only if a = a/. Further
for all a,a’ € R,
a a a+d aad  aa
-+ — = and —— = —.
1 1 1 11 1
Hence you can embed R a subring of F(R) by relabelling each % =a.
QF2. In the field F(R), and using the identifcation above,

a a 1 a b\ ! 1
b_lxb_lx(1> =ab

QF3. If R is a subfield of a field F then for all a,b € R, b# 0, ab™! € F.
Note that for all a,b,c,d € F, with ¢,d # 0, the condition F1, F2, F3

and F4 listed above hold. Hence setting as usual % = ac~! for a,c € R,
¢ # 0, embeds F(R) as a subfield of F.
Check: This compatible with the embedding of R in F(R): a = % in

F(R) and%:axl’lzainF.

So F(R) is embedded as a subfield of F' containing R, and further any
subfield of F' containing R must contain all elements 4 _ ac!, a,c € R,
¢ #0, of F(R). ‘

O






CHAPTER 3

Factorisation

1. Divisibility in Commutative Rings

1.1. DEFINITION. (Divisibility) In a commutative ring R we say a divides b,
written alb in R if b is a multiple of @ in R, that is b = ar for some r € R. The set
of multiples of a is the principal ideal Ra. Hence a|b is equivalent to b € Ra. If b
is multiple of a, the every multiple of b is multiple of a, so Rb C Ra. Since b € Rb,
Rb C Ra implies b € Ra. So we have the following statements are equivalent.

(1) alb,
(2) b is multiple of a.
(3) b € Ra,
(4) RbC Ra

Hence divisibility relations can be reformulated in terms relations between prin-
cipal ideals and vice versa.

Consider the following further general observations.

1.2. OBSERVATION. In every commutative ring R,
(1) Division is transitive: a|b, and b|c implies ac.
(2) a|b and a|c implies a|(b £ ¢)

(3) alb implies a|bc for all ¢ € R.

The first is equivalent to the fact that Rb C Ra and cR C Rb implies Rc C Ra.
The second statement says b,c¢ € Ra implies b + ¢ € Ra. The third says b € Ra
implies bc € Ra for all ¢ € R. These last two form part of the verification that Ras
is indeed an ideal.

Divisibility and Zero. In any ring R RO = {0}. Hence a € RO implies a = 0.
Zero lies every ideal of a ring. So 0 € Ra for all ¢ € R. Translated in divisibility
relations we deduce the following.

1.3. OBSERVATION. In every commutative ring R,
(1) Ola implies a = 0.
(2) al0 for all a € R.

Divisibility and Units.

1.4. LEMMA. Let R be a commutative ring. The u is unit if and only if Ru = R,
the unit ideal.
If u is a unit of R. Then the following hold.
(1) ula for all a € R.
(2) For all a in R, alu implies a is a unit.

PROOF. u € R is unit if and only if 1 = uv for some v € R. This is equivalent
to 1 € uR, which by Observation 2.7 is equivalent to uR = R.
Suppose now u € R*. Then Ru = R.
(1) For all a € R, a € R = Ru, implies ula.
(2) If alu, then R = Ru C Ra C R. Hence Ra = R, and therefore a is unit.
O

27
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Associates.

Given a, b in a commutative ring R we say b is an associate of a, written a ~ b,
if b = ua for some unit u of R.

. For example any non-zero integer n € Z has just two associates £n.

1.5. LEMMA. Associativity is an equivalence relation on R.

ProoOF. Foralla € R, a=1 xa, and 1 € R*. Hence a ~ a.

For a,b € R, b = ua, u € R*, implies a = u~'b, u~' € R*. Hence a ~ b
implies b ~ a.

For a,b,c € R, a = ub, b = ve, u,v € R* implies a = uve, uv € R*. Hence
a ~ b, b~ cimplies a ~ c. O

Note that a ~ 0 if and only if a = 0 and a ~ 1 if and only if u is unit.

1.6. LEMMA. Let R be an integral domain. Then the following are equivalent
fora,be R.
(1) a~b.
(2) alb and bla
(3) Ra= Rb

PROOF. In any commutative ring R, (1) implies (2) because a ~ b implies a =
ub and b = v~ 'a, with both u,u~! € R*. Hence alb and b|a. In any commutative
ring,

alb and bla < Rb C Ra and Ra C Rb < Ra = Rb.
Hence (2) and (3) are equivalent.

It is sufficient now to show that when R an integral domain (2) implies (1).
Suppose alb and bla. Then for some u,v € R, b = ua and a = vb. Hence if either
a=0orb=0,then a =b=0. Otherwise ¢ # 0 and b # 0. Then R an integral
domain implies ab # 0. From b = ua and a = vb, we deduce ab = abuv, and hence
ab(uv — 1) = 0. Then R an integral domain and ab # 0 implies uv = 1. Hence u
and v are units. So a ~ b. ]

1.7. COROLLARY. In integral domain R associate elements have the same di-
visibility properties: if a ~ a’ and b ~ b, then a|b if and only if a'|b’.

PRrROOF. If a ~ o/ and b ~ ¥/, then Ra = Ra’ and Rb = RI'. Hence alb if and
only if Ra DO Rb if and only if Ra’ 2 RV if and only if a/|V. O

2. Factorisation in Integral Domains

From now on suppose R is an integral domain.

We consider the possibility of factorising non-zero elements ¢ € R. If v is a
unit with inverse v, then we can factorise any ¢ € R as ¢ = uc’ with ¢/ =ve~c. A
factorisation of the form ¢ = ab, with one factor a unit and the other an associate
of ¢, is called a trivial factorisation.

We know from Lemma 1.4 on units and divisibility that factors if ¢ is a unit
then ¢ = ab if and only if both a and b are units. So unit elements do not have
non-trivial factorisations.

Reducible and Irreducible Elements.

Suppose now ¢ # 0 and ¢ not a unit. We say c is reducible if it has a non-trivial
factorisation. So ¢ # 0 reducible if we can factorise ¢ = ab, with neither a nor
b a unit. If ¢ not reducible and not a unit it is called irreducible. Hence if c is
irreducible and ¢ = ab then exactly one of the factors a and b is a unit, and the
other is therefore an associate of c.

In Z the units are +1. A positive integer is reducible if and only if it composite,
and irreducible if and only if it is a prime number. Hence in Z the irreducible
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elements are all +p, p > 0 a prime number, and the reducible elements are all +m
where m > 1 is composite.

2.1. DEFINITION (Unique Factorisation Domains). An integral domain R
is called a unique factorisation domain if both the following hold.
UFD1 Every non-zero element of R is either a unit of a product of irreducible
elements.
UFD2 Factorisations into irreducibles are unique up to associates and the order
of factors. If we have two associate products,

1o T ~ P1---Pn
with m1,..., 7, and p1,...p, all irreducible in R, then m = n and after
reordering, m ~ p1,... 7Ty ~ Pp.
This last condition is summarised, as decomposition into irreducibles is unique up
to associates and the order of factors.

The Fundamental Theorem of Arithmetic says that every integer m > 1 can
be expressed as a product of primes numbers, and the this decomposition is unique
up to the order of factors. A corollary of this is that Z is a unique factorisation
domain. Note that up to associates and order of factors

2x3=3%x2=-2x-3=-3x -2

are equivalent ways of factoring 6 into irreducibles.

3. Integer Quadratic Domains

For § € R, we let /& denotes the principal value. So for real § > 0, V/4 is the
positive square root of §, and v/—4 means iv/4. You may recall that if £ € R is
irrational or more generally £ € C and £ € Q, a+bf = o' + V'€ if and only if a = @/,
b = b'. In the language of vector spaces, if £ € C and £ ¢ Q, then 1 and & are
linearly independent over Q. If we have any o = r + sv/d, d € Q, V/d irrational.
Then r and s are uniquely determined by a.

Suppose now d € Z and V/d is not rational. We leave it an exercise to show the
extension of Z by v/d,

ZWVd) = {z +yVd:z,y € Z} C C.

Assuming v/d not rational implies each a € Z[\/E] has a unique representation in
the form o = z + yVd, =,y € Z. So for example Z[y/—1] = Z[i], is the ring of
Gaussian integers. Every Z[\/E] is a subring of the field C and hence an integral
domain.

Note Z[v/d] C R if and only if d > 0. The Z[v/d] with d > 0 are called real
quadratic domains, a and those with d < 0 imaginary quadratic domains.

Conjugates.

If we have any o = r + V9, r, 5,6 € Q, V/4 irrational, then

a:rfs\/g

is called the conjugate of o. In the case § > 0, a number of the form o = r + sV is
called a surd, and @ = r — sV/§ is called its conjugate surd. If § < 0, the conjugate
of a =7+ sV is its complex conjugate.

Note that for d € Z, o € Z[V/d] if and only if @ € Z[V/d).

3.1. LEMMA (Algebraic Properties of Conjugation).
For all o, B in a quadratic domain Z[V/d),

(1) a=a,

(2) a+p=a+p,
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(3) aB =ap,
(4) @ =q, if and only if « € Z.

Proor. Exercise. O

Condition (1) says conjugation is an involution on Z[v/d], and by (2) and (3)
it an isomorphism of the additive and multiplicative composition laws on Z[\/Zi]
Thus it defines is involutary ring automorphism on Z[\/g]

The Norm Map.

Suppose a = x + yVd, x,y € Z. Then ,

aa = (z +yVd)(z —yVd) = 2> — dy* € Z.

For a € Z[Vd], Na := aa is called the norm of a. So the norm defines map
N : Z[Vd] — Z. Note in the real case Z[v/d], d > 0, a norm N (z +yv/d) = x? — dy?
takes both positive and negative values. However in the imaginary case Z[v/—d],
d > 0, all norms N (x + yv/—d) = 2% + dy* € N.

3.2. LEMMA (Multiplicative Properties of the Norm). The norm map
N :ZVd = Z

has the following properties.
(1) It is multiplicative:
N(aB) =NaNB, foradlao,fe ZVd.
(2) Na=a? for all a € Z. In particular N1 = 1.
(3) Na = Na for all a € Z[Vd].
(4) Na =0 if and only if a« = 0.
ProOF. Exercise. For 3, note a = 0 if and only if @ = 0. (]

Note that (1) and (2) say the norm is a homomorphism of multiplicative mon-
oids.

3.3. PROPOSITION. An element o € Z[\/d] is a unit if and only if Na = £1.

PROOF. Suppose a € Z[v/d] is unit with inverse 5. Then a8 = 1. Therefore
by the multiplicative properties of the norm,

NaNB=N(aB)=N1=1.

Since NaNB € Z we conclude either Noo = N3 = 1 or Na = N5 = —1.
Alternatively we could recall, see Lemma 4.9, which says monoid homomorphism
respect inverses. Hence v a unit in Z[v/d] implies N'u a unit in N.

Conversely suppose o € Z[v/d] and No = £1. Then a # 0, has an inverse in
a"lecC.

In the case Na = 1, aa = 1, and o' = @ € Z[Vd]. In the case Na = —1,
(only a possibility in the real case), a@ = —1, and so a~' = —a € Z[Vd). O

3.4. COROLLARY. (1) The units of Z[i] are £1 and +i.
(2) Ford > 1, the only units of Z|v/—d], d > 1, are £1.

PROOF.
(1) The only integer solutions to 22 +y? = 1 are # = +1, y = 0 and x = 0,
y==x1.
(2) For d > 1, The only integer solutions to 2% + dy? = 1 are x = £1, y = 0..
O
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Example of Non-Unique Factorisation.
In the domain Z[y/—3],

(1+vV-3)(1-v-3)=4=2x2.

The elements 14 +/—3, 1 — /=3 and 2 all have norm 4. They are all therefore
irreducible. This because if Na = 4 and « is reducible, then o = 87, 3, not units.
Hence taking norms we find that in N, Na = NN~ = 4 and both N3 # 1 and
N7 # 1. So we must have N3 = Ny = 2. But there are no elements § = x+yv/—3,
x,y € Z, of norm equal to 2. If § # 0 or § # +1, either 22 > 4 or 4% > 1, and
in either case N0 = 22 + 3y? > 3. In Z[v/=3] a ~ B if and only if « = +3. By
inspection neither of 1 ++/—3 or 1 — /=3 is associate of 2. So 4 can be factored
into irreducibles in two inequivalent ways.

Unique Factorisation.

Irreducibles and Primes. Suppose p is a prime number and p divides the product
ab of two factors a,b € N. Then p must divide one of the factors. It is this
crucial property of prime numbers which is the key step in proving the Fundamental
Theorem of Arithmetic. Let R be a unique factorisation domain and 7 € R an
irreducible element of R. Suppose for some a,b € R, w|ab. We show below that 7|a
or mw|b. We also note that trivially any unit u of any commutative ring also have
the property u|ab implies u|a or ulb.

3.5. DEFINITION (Prime Elements). Let R be an arbitrary commutative ring.
m € R is called prime if

(1) 7 is not a unit.
(2) For all a,b € R, p|lab implies pla or pld.

3.6. PROPOSITION (Primes and Irreducible).

(1) In any integral domain m a non-zero prime implies 7 irreducible.
(2) In a unique factorisation domain w irreducible implies 7 is a non-zero
prime.

PROOF.

(1) Let R be an integral domain. Suppose m # 0 is prime in R. Then by
definition 7 is not a unit. Suppose m = ab, a,b € R. It remains to show
one of a or b is necessarily an associate of 7. Since m = ablab, by the
definition of a prime element, 7|a or 7|b. In the case 7|a, a = wc for some
¢ € R. Hence m = mcb. Since by assumption ¢ # 0 and R is an integral
domain, m = mwcb implies ¢b = 1, and so, because R is a commutative
ring, b is a unit of R. Similarly 7|b implies @ is a unit. Hence Hence 7 is
irreducible.

(2) Suppose now R is a unique factorisation domain, and 7 € R is irreducible.
Then 7 # 0 and 7 is not a unit. It remains to show 7|ab, a,b € R implies
m|a or wl|b.

If a =0, w|a. If b =0, 7|b. Suppose now a # 0 and b # 0, and hence
since R is an integral domain ab # 0. If @ is unit ab ~ b. Hence 7|ab
implies 7|b. Similarly if b is a unit w|a. Suppose now a # 0 and b # 0
are not units. Then wc = ab # 0 is reducible. Hence ¢ # 0 is not a unit.
So, since R is unique factorisation domain, a, b and ¢ are each products
of irreducibles. Suppose

a=p1...pP1
bzal...am,

C=T1...Tn,
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where the m;, p; and o; are all irreducible. Then
1. Tp =P1---Pm0O1...0m

Hence by uniqueness of factorisation in the unique factorisation domain
R, either m ~ p; for some i, or m ~ 7; for some 4. In the first case p;la
implies 7|a. In the second similarly 7|b.

O

3.7. COROLLARY. In a unique factorisation domain a mon-zero element is ir-
reducible if and only if it is prime.

Note that irreducibles may or may not be prime. In Z[/—3], 2 is irreducible
and 2 divides (1 ++/—3)(1 —+/—3), but neither is divisible by 2 in Z[/—3] because
neither

1 1 1 1 1 1
5(1"‘\/_3):5"'5\/—37 nor 5(1—\/—3):§+§V—3

lies in Z[v/—3].

You might ask, “Can a zero element be prime?”

3.8. LEMMA. The zero element of a commutative ring R is prime if and only
if R is an integral domain.

PRrROOF. An amusing and instructive exercise. U

We now show that in an integral domain factorisations into non-zero prime
elements are unique up to associates and the order of factors.

3.9. PROPOSITION (Unique Factorisation into Primes).
Let R be an integral domain. Suppose for some m,n > 1,
e T ~ P11 Pn
where all w;, p; are non-zero prime elements. Then m = n and after reordering,

T~ P1y oo Ty ™~ Pn,

PROOF. We prove this by induction on m.

In the case m = 1 we have for some n > 1, and unit v of R, 11 = up; ... pn. The
right hand side is reducible if n > 2. Hence we must have n = 1 and m = up; ~ p;.
So the statement holds for m = 1. Assume m > 1 and that statement holds for
m — 1. Then we have

1. oM ~ P1---Pn-

Hence 7 divides the right hand side. So =, primes implies 7,,|p; some i. After
reordering we may assume 7,,|p,. Then because 7, is not a unit and p,, is irredu-
cible, m,, ~ p,. Hence,

Ty e e T 1Tm ™~ Pl Pro ™~ P1 -+ Pr—1Tm -
Since R an integral domain and 7, # 0 we can cancel the m,, factor and deduce,
Ty oo Tl ™~ PL P ™~ PL---Pr—1-

By the inductive assumption we deduce m = n and that after reordering,

ML~ Pl --e Tp—1 ™~ Pp—1, and 7w, ~ pp.
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Factorisation into Irreducibles. Consider the question of factorisation into ir-
reducibles. Suppose that some ag € R is non-zero , not a unit is not expressible
as product of irreducibles. This ay cannot be an irreducible. So we can factorise
ag = be, where neither a nor b is a unit. Hence Rag C Rb, Re, but Rag # Rb, Rc.
Thus Ray C Rb, Rc. Both a and b cannot each be products of irreducibles, or ag
would be. Let a; = b if b is not a product of irreducibles, otherwise set a; = c.
Then Rag C a1, and a; is non-zero, not a unit and not a product of irreducible.
Continuing this process we obtain an infinite strictly ascending chain of principal
ideals

Rag C Ra; C Ray C -+

Thus we deduce the following

3.10. LEMMA. Suppose an integral domain R has the property that there is no
infinite sequence ag, a1, ... of elements of R such that Ra, C Ran4+1 for alln > 0.
Then every non-zero element of R is either a unit or a product of irreducibles.

3.11. PROPOSITION. An integral domain R is unique factorisation domain if
and only if the following hold.
(1) Ewery irreducible w of R is prime.
(2) There is no infinite sequence ag, a1, ... of elements of R such that
Ra,, C Ray4+1 for alln > 0.

PRrROOF. Suppose (1) and (2) holds. Then by Lemma 3.10 above every non zero
element of R is either a unit or product of irreducibles, and by Proposition 3.9 fac-
torisation into irreducibles is unique in R. Hence R is unique factorisation domain.

Conversely suppose R is unique factorisation domain. Then by the second part
of Proposition 3.6, (2) holds. It remains to show (1) holds. For ¢ # 0 define I(¢) =0
if ¢ is unit. Otherwise for some sequence of irreducibles m;, ¢ ~ 7 ... 7, where
by uniqueness of factorisation r > 1 depends only on ¢. In this case put I(c) = r.
Then for all ab # 0,

l(ab) = l(a) + 1(b).
Hence if a = be and ¢ is not unit then I(a) = I(b) + I(¢) > I(b). Equivalently
if Ra C Rb, Ra # RD, l(a) > I(b). Hence if we have strictly ascending chain
Rag C Ra; C -+ C Ra, then we have a decreasing sequence of non-negative
integers
l(ag) > l(a1) > --->1(ay) >0

which implies n < I(ag). Hence there are no infinite sequence ag, a, . .. of elements
of R such that Ra, C Ra,41 for all n > 0 in a unique factorisation domain. O

Greatest Common Divisors
3.12. DEFINITION. Let R be an integral domain, and a,b € R. The d € R is

called a greatest common divisor of a and b if

GCD1: d|a and d|b.
GCD2: If e|a and e|b, then e|d.

We write ged(a,b) = d if d is a greatest common divisor of a and b.
Greatest common divisors are unique up to associates.
3.13. LEMMA. Suppose ged(a,b) = d. Then ged(a,b) = d' if and only d ~ d'.

PROOF. Let d be a greatest common divisor of a and b. We show d’ is also a
greatest common divisor if and only if d’ is an associate of d.

Suppose d’ ~ d an associate of d. Then d satisfies GCD1 and GCD2 if and only
if d’ does. Conversely suppose d’ is also greatest common divisor of a and b. Then
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by GCD1 d'|a and d'|b and d|a and d’'|b. Hence by GCD2 , d’|d and d|d’. Hence d
and d’ are associates. g

A given pair a,b in an integral domain R may or may not have a greatest
common divisor in R. We note that always, gcd(a,0) = a. Hence question of
existence of a greatest common divisor ged(a,b) reduces to the case a and b both
non-zero. We also make the following trivial observations.

3.14. OBSERVATION. For all a, b elements of any integral domain,
(1) ged(a,a) = a.
(2) ged(a,b) = a if (and only if) alb.

3.15. DEFINITION. Two elements a and b of an integral domain are called
relatively prime if their only common divisors are units. Note this is equivalent to
ged(a,b) = 1.

The notion of greatest common divisor is not restricted to pairs of elements of
an integral domain Given a1, ...,a, € R we set ged(as,...,a,) =d if
GCDL1: d|a; ... d|a,.
GCD2: If ela; ... e|a, then eld.

As for the case n = 2, d and d’ are greatest common divisors of a1, ...,a, if and
only if they are associates.

3.16. PROPOSITION. Suppose a ged(a, b) exists for all a,b € R.
Then a ged(aq, . .., ay) exists for all aq,...,a, € R.

ProoF. We show a ged(aq,...,a,) exists for all ai,...,a, € R, by induction
on n. For n = 1 we check ged(a;) = aq for all a3 € R. The result is true for
n = 2 by assumption. Suppose now n > 2. Then by induction we may assume
a ged(aq, ..., an—1) exists. Hence a ged (ged(aq,...,an—1),a,) = d exists by as-
sumption. We show ged(aq,...,a,) =d

By GCD1 d| ged(aq,...,a,-1) and d|a,. So by GCD1 again,

dlay,...,d|lan—1,d|ay.
Suppose €lay ..., elap—1, €|a,. Then by GCD2
elged(ay, ... ,an—1) and e|a,

Hence by GCD2 e|d.

Thus ged(ay, ..., an) = d.

Hence by mathematical induction a ged(aq, ..., a,) exists for all aq,...,a, €
R. O

Greatest Common Divisors in Unique Factorisation Domains.

Suppose now R is a unique factorisation domain. If ¢ is unit put v,(c) = 0.
Otherwise ¢ ~ m ..., for some irreducibles ;. Then let v, (c¢) be the number of 7;
such that m; ~ w. If 7 and 7¢ are associate irreducibles then v,/ (c) = v;(c), and if
¢ ~ ¢ then v, (c) = vy (c) for all irreducibles w. Note that v, (¢) = 0 for all 7 if and
only if ¢ is unit. Otherwise, ¢ is not a unit, let w1, ..., is a list of representatives
of all irreducible divisors of ¢. That is, these irreducibles are pairwise non-associate
and if 7 is an irreducible divisor of ¢ then 7 ~ 7; for some (therefore unique) ; in
the list. Then,

cn~ ﬂf"l @ wf”(c).
Hence if vy (¢) = v, () for all irreducibles 7, then ¢ ~ ¢’. So we have,

vx(c) = vy () for all irreducibles 7 if and only if ¢ ~ ¢/.
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Lastly note that for all a,b € R with ab # 0,
vr(ab) = vy (a) + ve (D).
Hence we have for all non-zero a and b in R,
alb <= vr(a) <wvr(b), for all irreducibles 7 € R

3.17. PROPOSITION. A ged(ay, ..., ay) exists for any ay, ... a, in a unique fac-
torisation domain.

PROOF. By Proposition 3.16 it is sufficient to show ged(a, b) exists for all a,b €
R. As noted before this reduces to showing any two non-zero a and b in R have a
greatest common divisor.
The conditions for d to be a greatest common divisor of a and b are that the
following hold for all irreducibles 7.
GCD1: v,(d) < vr(a) and v, (d) < v, (b).
GCD2: If vy(e) < wvr(a) and vr(e) < v (b), then v, (e) < v (d).

Equivalently we must
Ur(d) = min( vy (a), v (b))

for all irreducibles 7. If @ and b have no non-unit common divisors ged(a,b) = 1.
This the case where the minimum is zero for all irreducibles. Otherwise we let
m1,... 7. be list of a list of representatives of all irreducible which divide both a
and b. Set p; = min(vg, (a), vy, (b)) and put

_ n
d=myt...mhr

Both sides are 0 if 7 is not an associate of any m;. Both sides are u; if 7 ~ ;.
Hence v, (d) = min(vy(a),v,(b) for all irreducibles 7. So d is a greatest common
divisor of a and b. O

4. Principal Ideal Domains

Finitely Generated Ideals. Let R be a commutative. Suppose ai,...a, € R.
Then we define

(a1,...,an) :=={a1x1+ -+ anZp 1 T1,..., 2, € R}.

This is a non-empty set of R, closed under multiplication by elements of R and
hence, multiplying by(—1), closed under taking negatives. It also clearly closed

under addition. We also have each of ay,...,a, € {(a1,...,a,). Thus {(a1,...,a,)
is an ideal of R.

Suppose J is any ideal of R containing ai,...,a, and x;7...,z, € R. Then
J closed under multiplication by elements R implies. aiz1,...,apx, € J. Con-

sequently, J an additive subgroup of R implies, Y a,x; € J. Hence every (ay,...,an)
J for any ideal J containing ag,...a,. An ideal in a commutative ring of the form
I={aq,...,a,) for some aq,...a, € R is said to be finitely generated with gener-
ators ay,...,any.

An ideal in a commutative ring of the form I =< aq,...,a, > is said to be
finitely generated with generators aq,...,a,. For example a principal Ra = (a) is
a finitely generated ideal.

Principal Ideal Domains.
An integral domain in which every ideal is principal is called a principal ideal
domain.

c
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4.1. PROPOSITION. Let R be a principal ideal domain. Then any pair of ele-
ments a,b € R have a greatest common divisor and ged(a,b) = d if and only if

(a,by = {ax +by:x,y € R} = Rd
Any greatest common divisor d of a and b can be expressed in the form
d=ax+by for somex,y € R.

PRrROOF. As discussed above (a,b) = {ax + by : z,y € R} is an ideal of R con-
taining a and b. Because R is a principal ideal domain {(a,b) = Rd for some d € R.
Hence every element of (a,b) is divisible by d. In particular since a,b € (a,b), d|a
and d|b. If e|a and e|b then e|(ax+by) for all z,y € R. Hence e|d as d € Rd = {a,b).
Thus d satisfies the greatest common divisor conditions GCD1 and GCD2. Lastly
element d’ is also a greatest common divisor of a, b if and only if d ~ d if and only
if Rd= Rd'.

If d = ged(a, b) then d € Rd = (a,b) implies d = ax + by for some x,y € R. O

4.2. PROPOSITION. Let R be a a principal ideal domain. The every irreducible
element of R is prime.

PRrROOF. Let m € R be irreducible. Then up to associates the only factors of =
are 1 and 7. Hence for a € R, there are two mutually exclusive possibilities. Either

(1) m|a and ged(a, ) = 7 or,
(2) 7 does not divide a and ged(a, w) = 1.

Suppose w|ab. We claim that 7|a or 7|b. From above either 7|a or ged(a,7) = 1. In
the latter case, R a principal ideal domain implies ax + 7y = 1 for some z,y € R.
Hence b = abz 4+ wby € Rn. Hence 7|b. t

4.3. THEOREM. FEwvery principal ideal domain is a unique factorisation domain.

PROOF. Suppose R is a principal ideal domain. We have verified the first of
the necessary and sufficient conditions for R to be a unique factorisation domainof
Proposition 3.11 above.

We now verify the second. Suppose we have an infinite ascending chain of
principal ideals

Ray € Ray € Ray € Rag C ---

Consider,

I= D Ra.,.
n=1

We show [ is an ideal of R. To show [ is an ideal is is sufficient to show it
is non-empty, and closed under subtraction, and multiplication by elements of R.
Clearly I # 0, (0 € Rag C I). Suppose u,v € I. Then, since I is union of the nested
sets Ra,, u,v € Ra, for some n. Hence, since Ra,, is an ideal, u — v € Ra,, C I.
Thus I is closed under subtraction. Suppose r € R, and u € I, then u € Ra,, for
some n. Hence, since Ra,, is an ideal, ru = ur € Ra,, C I. Thus I is closed under
multiplication by elements of R.

Since R is a principal ideal domain, I = Ra for some a € I. For some N
therefore a € Rapy. But then we must have I = Ra C Rapy. So for all n > N
Hence I = Ray C Ra, C I. Hence the chain stabilises, Ra,, = I for all > N.
Hence we cannot have a strictly ascending chain of principal ideals in a principal
ideal domain. O
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5. Euclidean Domains

An integral domain R is called a Fuclidian domain if for every non-zero a € R
there is a non-negative integer y(a) such that following two conditions hold, in
which case we say R is Euclidean with respect to ~.

ED1: For all non-zero a,b € R, y(a) < ~y(ab).
ED2: For any a,b € R with b # 0 there exist ¢ and r in R such that
a = bq + r where either r = 0 or v(r) < y(b).

Note that v(0) may or may not be defined.

The paradigm example of a Euclidean domain is R = Z, which is Euclidean
with respect to y(n) = |n|, the absolute value of n € Z.

For any field F, the polynomial ring F[X] is Euclidean with respect to v(f) =

deg f(X).
5.1. THEOREM. FEvery Euclidean domain is a principal ideal domain.

PROOF. Suppose R is Euclidean with respect to 7. Let I be an ideal of R.
The zero ideal I = {0} is a principal ideal. Suppose I # {0}. Then it contains
non-zero elements. Hence {v(a): a € I,a # 0} is a non-empty subset of N. So it
has a minimal element. Let d be a non-zero element of I with v(d) minimal. We
show I = Rd, that is Rd C I, and I C Rd.

First d € R implies rd € I for all r € R. Hence Rd C 1.

Now suppose a € I. Then by ED2, for some ¢ and r in R, a = dq + r where
either 7 = 0 or v(r) < v(d). Now I an ideal and d € I implies dqg € R, and I an
ideal, a € I and ¢qd € I imply r = a — dq € I. Hence if r # 0, v(r) > d, by the
choice of d. Hence we must have r = 0 and a = dq € I. Hence I C Rd. O

5.2. COROLLARY. FEvery Fuclidean domain is a unique factorisation domain.
Note the above result nowhere needed the condition ED1.

5.3. PROPOSITION. Let I be a non-zero ideal in a Fuclidean domain. Then
I = Rd if and only if d € I is an non-zero element with

v(d) =min{v(a) : a € I,a # 0}.

PROOF. Suppose d € I, with d # 0 is such an element. Then by the proof of
the theorem above I = Rd. Suppose I = Ra. Then a # 0, and v(a) > v(d), by the
choice of d. We are claiming y(a) = (d). To establish this it sufficient now to show
v(a) < v(d). Since d € I = Ra, d = ra for some r € R. So by ED1 ~(a) > v(d) as
required. O

6. The Gaussian Integers

6.1. THEOREM (Gauss 1832). The Gaussian integers are Euclidean with respect
to the norm.

ProOOF. The Gaussian integers are subring of the field C. So they are an
integral domain.
(ED1) If o = a+ib e Z[i], Na = a® + b* € N and for a # 0, Na > 1. Hence for
a, 8 non-zero elements of Z[i], N (aB) = NaN B > Na.
(ED2) Suppose aff € Z[i] and 8 # 0. Then f is invertible in C. So

a
— =1z +1iy, for some x,y € C.

B
Pick integers ¢, d € Z such that

lz—c <3 ly—d<s3
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Set vy =c+id and £ = (x — ¢) + i(y — d). Then
3 Y
with v € Z[i] and

€ =E=(-c+ily—d’ <3+ <L
Hence a = v + p where p = £ = o — (B € Z]i], and
Np=pp=EE68 = €PN < NB.
So either p=0or 0 < Np < NB.

6.2. COROLLARY. The Gaussian integers are a principal ideal domain.
6.3. COROLLARY. The Gaussian integers are a unique factorisation domain.

6.4. LEMMA. Ann € N is a sum of two squares in Z if and only if n = N« for
some a € Z[i].
If and both n,m € N are each the sum of two squares in Z so is mn.

PRrOOF. The first statement follows from N '(a + ib) = a? + b* € N.
Hence the second follows because if n = MNa and m = N3 for a, 8 € Z[i] then
nm = NaN B = N~y where v = af € Z][i].
[l

Recall. For a prime p, F, = Z/pZ, is field with p elements.

6.5. LEMMA. Let p € N be an odd prime. Then the following are equivalent
(1) p=1 (mod 4).
(i) —1 is a square modulo p.

PROOF. Recall that over a field a quadratic can have at most two roots.
For any non-zero y in the field Z/pZ, call P(y) = {y,—y,y~',—y~'}, the
package generated by y. You can readily check

P(y)=P(—y) =Py~ ") =Py ).

Hence the distinct packages P(y) partition (Z/pZ)™. Since for p # 2, z # —x
for x # 0 in Z/pZ, every P(y) has four elements unless y = y~! or y = —y~ L.
We have y = y~! if and only if > = 1 if and only if y = 41. In this case
P(y) = {1, -1} has two elements. We have y = —y~! if only if y? = —1. In this
case P(y) = P(—y) = {y, —y} has two elements.

If —1 is a square then (Z/pZ)™ is a partioned into two packages of size 2 and
the rest of size 4. In this case p —1 =0 (mod 4), that is p =1 (mod 4). If —1 is
not a square one package has two elements and the rest have 4 elements. In this
case p— 1 =2 (mod 4), that is p = 3 (mod 4). O

6.6. THEOREM. (Fermat 1640, Euler 1747) Letp be an odd prime p € N.
The p is a sum of two squares if and only if p=1 (mod 4).

ProOF. ( Dedekind 1894)

Suppose p is a sum of squares in Z, p = a®> + b%>. Then neither a nor b be
can be 0. So 0 < |a|,[b] < \/p. So neither a nor b is divisible by p. Hence the
are invertible modulo p. Hence from a? 4+ b* = 0 (mod p) we deduce (a/b)* = —
(mod p). Hence (—1) is a square in Z/pZ. So p =1 (mod 4).

Conversely suppose p =1 (mod 4). Then —1 is a square in Z/pZ. Then there
is an ¢ € Z such that ¢® + 1 is divisible by p. In Z[i], ¢® + 1 = (c — i)(c — i)
and p|(c — i)(c + ¢). But neither of (¢ £ 4)/p is in Z[i] because in each case the
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coefficient of ¢, +1/p, is not in Z. So p does not divide ¢ & ¢ in Z[i]. Hence p is
not a prime in the unique factorisation domain Z[¢]. But in a unique factorisation
domain a non-zero element is prime if and only if it is irreducible. Consequently p
is reducible in Z[i]. So there is factorisation p = «f in Z[i] with neither factor a
unit. This implies that the rational integers N'ac and A3 are both greater than 1.
Taking norms gives p> = N'p = NaN3, which since p is a prime number implies
Na = NpB =p. Hence p is a sum of two squares. O






CHAPTER 4

Congruence, Quotients and Ideals

1. Equivalence Relations, Quotients

We recall some facts about equivalence relations. A relation on a set S is called

e reflective if x ~ x for all x € S
o symmetric if for z,y € S, x ~ y implies y ~ x;
e transitive if for x,y,z € S, x ~ y and y ~ z together imply = ~ z.
A relation ~ on a non-empty set S is called an equivalence relation if it is
reflective, symmetric and transitive.
For example congruence modulo m is an equivalence relation on Z.
If ~ is an equivalence relation on S and x € S,

T={yeSiz~y},

is called the equivalence class of x. Note T = 3 if and only if x ~ y.

The equivalence classes partition S, that is they are non-empty, their union is
S and if TNy is non-empty then T = §. Conversely suppose we have a partition of
S as a disjoint union of non-empty subsets X;. That is S = UX;, all X; # 0 and
X;NX; =0if i # j. Then set x ~ y if  and y lie in the same subset X; is an
equivalence relation on S with equivalence classes the Xj.

The set of equivalence classes of an equivalence relation on a set S,

S/~={Z:2€8},

is called the quotient of S by ~. The surjective map S — S/~ such that x — T
is called the canonical map.

First Isomorphism Theorem for Sets. Let ¢ : S — X be a map from S to a
set X. Then z ~ y if ¢(x) = ¢(y) defines an equivalence relation on S, and T =7
if and only if ¢(x) = ¢(y). Hence T — ¢(x), defines a bijection

¢ : 8/~ — ¢(9).
We call the map ¢ the induced map.

Congruences. Suppose now S is a set with a composition law (x,y) — zy,
and = is an equivalence relation on S. Then there is a most one way to define a
composition law (T, 37) — Ty on the quotient S/~ such that the canonical map from
S to S/ = is a homomorphism. For the canonical map to be a homomorphism we
require that T «y = Txy for all z,y € S. For this to define a composition law it
is necessary and sufficient that whenever x ~ 2’ and y ~ ¢’ we have zy =~ z'y/, so
that Ty = 2’y’. In this case = is called a congruence for the composition law. We
call S/~ with the composition law defined by T * 7 = Ty, the quotient of S by the
congruence /2.

By construction the canonical map = + T is called the canonical homomorph-
ism. Since the canonical homomorphism is surjective we deduce the following result
as an immediate application of Proposition 4.8.

1.1. PROPOSITION.

41
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(1) If = is a congruence on a monoid G then G/~ is a monoid and the
canonical map from G to G/~ is surjective monoid homomorphism.

(2) If = is a congruence on a group G then G/~ is a group and the canonical
map from G to G/= is surjective group homomorphism.

1.2. PROPOSITION. (The First Isomorphism Theorem for Monoids)
Let ¢ : M — N be a monoid homomorphism. Then the following hold.
(1) The image ¢(M) is submonoid of N.
(2) Then x =~y if ¢(x) = ¢(y) is a congruence on M.
(3) The induced map ¢ : S/~ — ¢(S), x — ¢(x), is an isomorphism of
monoids.

PrOOF. We know that « =~ y if ¢(x) = ¢(y) is an equivalence relation on M
and that induced map x — ¢(x), is a bijection from M/ ~=— ¢(M)

(1) In section 4 we established that image of monoid under a monoid homo-
morphism is a submonoid.

(2) Suppose ¢(z) = ¢(z') and ¢(y) = ¢(y'). Then ¢ a homomorphism implies

d(zy) = d(2)d(y) = ¢(2")d(y) = d(a"y).
Hence z =~ 2/, y ~ ¢/ implies ¢(2")p(y’) =~ ¢(a’y’). Hence = is a congru-
ence.
(3) The canonical map is ¢ : S/~ — ¢(S), is a bijection. It remains to show
it is preserves monoid composition. For Z,y € S/~

oY) = o(zy) = ¢(zy) = d(2)d(y) = (T)d(Y),
first equality by the definition of product in the quotient, the second by
the definition of ¢, the third because ¢ is a homomorphism, and the fourth
by the definition of ¢.
O

1.3. DEFINITION. An equivalence relation ~ on a set S with composition law is
called left invariant if x ~ 2’/ implies yx ~ ya’ for all z,2’,y € S and right invariant
if z ~ 2’ implies zy ~ 2’y for all z, 2",y € S.

1.4. LEMMA. An equivalence relation on a set S with composition law is a
congruence if and only if it is both left and right invariant.

PROOF. Suppose ~ is a congruence and z,z’,y € S and  ~ z’. Then from
z ~ 2 and y ~ y we deduce both yz ~ yx’ and zy ~ z’'y. So ~ is both left and
right invariant. Conversely suppose ~ is both left and right invariant. Then given
z ~ 2, and y ~ ¢y, we have zy ~ xy’, by left invariance and zy’ ~ z'y’ by right
invariance. Hence by the transitivity of ~, zy ~ z'y’. O

Cosets, Normal Subgroups and Quotient Groups.

In this section we revisit some basic group theory.

Let G is a group and H a subgroup. Then 2H = {zh:h € H} is called the
left coset of H generated by x. The left cosets partition G. Since H is subgroup
e € G. Sox =uze € xH. So the cosets are non-empty. Suppose y € vH. Then
y = xh for some h € H. For all B’ € H, hh/ € H. So yh' = yhh' € xH. Hence
yH C 2H. From y = zh, * = yh™! € yH, as H is closed under taking inverses.
Hence «H C yH. If z e tkHNyH, 2H = zH = yH. Soz ~; y if xtH = yH
is an equivalence relation on G with T = {y € G:y ~;x} = zH. For all z,z’
iny € H, xH = 2'H implies yH = yx’H. So ~y if is a left invariant equivalence
relation on G. Similarly Hx = {hx : h € H} is called the right coset of H generated
by z and x ~, y if tH = yH is an right invariant equivalence relation on G with
T={yeG:y~,ax}=Hzx.
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A subgroup of H of G is called a normal subgroup if tH = Hz for all x € G.
In this case z ~ y if tH = yH is a both left and right invariant and hence a
congruence on G. This congruence is called congruence modulo H.

‘We now show the above equivalence relations account for all left or right equival-
ence relations on a group. In particular that congruence modulo a normal subgroup
accounts for all congruences on a group.

1.5. PROPOSITION. Suppose == is an equivalence relation on a group G. Set

H={zeG:z~1}.

—~
~—

18 left invariant < H is a subgroup of G and T = zH for all x € G.

1s Tight invariant < H is a subgroup of G and T = Hzx for all x € G.
s a congruence < if and only if H is normal subgroup of G, and
=xH forallx € G.

—~
w
~

\[}3/)—‘
8l a2

PROOF. Suppose ~ is left invariant. We show H is a subgroup of G. Since
e~ e, e € H. Supposex,y € H. Then y =~ e. So by left invariance zy ~ . We also
have x =~ e. Hence by transitivity xy =~ e. Hence H is closed under multiplication.
Finally for z ~ e, multiplying on the left by ! gives e ~ !, and therefore
x~! € H. Hence H is closed under taking inverses. Then using left invariance,
y ~ z if and only if 271y € H. We have 'y € H if and only if y € xH. Hence
T=xH.

Conversely suppose H is group and T = zH. Then = is the equivalence relation
x ~; y if tH = yH, which is left invariant. This establishes the first equivalence.
The second equivalence follows similarly, and the third from the first and second.

O

For H a normal subgroup of a group G, The the set of equivalence classes
of congruence modulo H, G/H = {zH : x € G} is called the quotient of G by the
normal subgroup H. The quotient group has quotient group structure, (zH)(yH) =
xyH for z,y € G. The canonical map from G to G/H, maps z € G to the coset
zH.

In the case an additive group J, all subgroups I are normal, and in additive
notation the coset of B generated by a € J, is denote a + I. Then

JI={a+1:a€cJ}

has additive group structure (a4 I)+ (b+I) = (a+b) + I, and the canonical map
sendsa € Jtoa+J e J/I.

1.6. PROPOSITION (First Isomorphism Theorem for Groups). Let ¢ : G — G’
be homomorphism of groups. Then the following hold.
(1) &(G) is subgroup of G.
(2) kerp = {z € G : ¢(x) = e} is a normal subgroup of G.
(3) The induced map ¢ : G/ ker ¢ — ¢(G), xker ¢ — ¢(x), is an isomorphism
of groups.

PRrROOF. This follows directly from the First Isomorphism Theorem for Monoids
and the correspondence between normal subgroups and congruences, together with
basic properties of homomorphisms. O

Note that if H is a normal subgroup of a group G the H is the kernel of the
canonical map from G to G/H. Hence every normal subgroup arises as the kernel
of a homomorphism.
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2. Quotients Rings and Ideals

Let = be an equivalence relation on a ring R. Then to put a ring structure on
R/ = such that the canonical map from R to R/ = is a ring homomorphism it is
necessary and sufficient that = be a congruence for the addition and multiplication
on R. The paradigm example of a such an equivalence relation is congruence is
congruence modulo an integer m > 1 on Z.

2.1. DEFINITION. (Ring Congruences)
An equivalence relation = on a ring R is called a (ring) congruence if for all
z, 2’ y,y € R,z =12 and y =y,
r+y=2"+vy, and zy=2'y.
Equivalently an equivalence relation = on a ring R is ring congruence if it is a

congruence for ring addition and ring multiplication.

Suppose now = is a congruence on R. Let T denote the equivalence class of
x € R. Set R denote the quotient R/ == {Z : x € R}. Then = is a congruence for
ring addition and ring multiplication implies that the quotient R has addition and
multiplication defined by

x+

T

r+y,

Y.

<

2.2. LEMMA. Under quotient addition and multiplication the quotient R = R/=
is a ring with zero 0 and identity 1. If R is a commutative ring , the quotient ring
R is commutative.

PROOF. By our results on quotient of composition laws, under quotient addi-
tion R is an abelian group with zero 0, and under quotient multiplication R is a
monoid with identity 1. Further, if multiplication in R is commutative, multiplic-
ation in the quotient R is commutative. To prove R is ring it remains to show the
distributive laws hold. For any Z,7,% € R,

Z(y+z) =T(y+z), (by definition of quotient addition)

=2y + 2), (by definition of quotient multiplication)

= (zy + x2), (by the left distributive law in R)

=Ty+7Tz (by definition of quotient addition)

=Zy+TZ (by definition of quotient multiplication).
hence the left distributive law holds in R. Similarly the right distributive law holds
in R. O

Just as congruences on a group G correspond to normal subgroups H of G, we
now go on to show congruences on a ring R correspond to ideals I of R.

2.3. DEFINITION. (Congruence Modulo an Ideal)
Let I be an ideal of a ring R. Then for a x,y € R, we say x is congruent to y
modulo I, written, z =y (mod I) if x —y € I.

For a,b € Z, a = b (mod m) is equivalent to congruence modulo the principal
ideal mZ.

2.4. PROPOSITION. Let I be an ideal of a ring R. Then congruence modulo I
of R is a ring congruence on R.
Conversely suppose = be an equivalence relation on a ring R. Set

I={zeR:z=0}.
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Then I is an ideal on R, and = is congruence modulo I.

PrOOF. Let I be an ideal of R.

Since an ideal is an additive subgroup it is a congruence for addition.

We show it is also congruence for the multiplicative structure of R. Suppose
7,5, € R, and s = s’ mod I. Then s — s’ € I. Hence since an ideal, is closed
under left and right multiplication by elements of R,

rs—rs'=r(s—s)el, and sr—sr=(s—s)rel.

Thus,

rs=rs’ modlI, and sr=rsr modl.

Hence congruence modulo [ is a congruence for both the additive and multiplicative
structure of R.

Conversely suppose = is a congruence on R. Then canonical map v: R — R
is a ring homomorphism and I = kervy. Hence I is an ideal of R. Further by the

results for groups and = y if and only if x —y € I. So = is congruence modulo
1. O

Then as noted above congruence modulo I a congruence for the additive struc-
ture of R. Hence the quotient ring R ={z+1:x € R}. In R/I,

(x+D+y+1)=(x+y) +1,
(x+Dy+1)=xy+1.

In additive coset notation the identity of R/I, 1 = 1+ I and the zero of R/I,
0 =0+ 1 = I. In practice this notation is unwieldy to use. It does serves to
emphasis that under addition R/I is the quotient of the additive group of R by its
additive subgroup I.

The First Isomorphism Theorem for Rings.
Ring Isomorphisms.

2.5. DEFINITION. (Ring Isomorphisms)

A bijective homomorphism from a ring R to ring S is called an isomorphism.

We write R = S to indicate there is an isomorphism from a ring R to a ring S,
and say R is isomorphic to S.

A map from one ring to another is an isomorphism if and only if it is both an
isomorphisms of their additive groups, and an isomorphisms of their multiplicative
monoids.

The following are immediate given that we know the corresponding results hold
for groups and monoids.
(1) For R a ring the identity map x — « is a ring isomorphism.
(2) The inverse of a ring isomorphism is a ring isomorphism.
(3) A composition of ring isomorphisms is a ring isomorphisms

Consequently ring isomorphism is an equivalence relation.

2.6. THEOREM. (First Isomorphism Theorem for Rings)
Suppose ¢ : R — S is a ring homomorphism. Then the following hold.
(1) The image of ¢, p(R) = {p(r) : r € R} is subring of S.
(2) The kernel ker ¢ is and ideal of R.
(3) The induced map ¢ : R/ker¢ — ¢(R), v +1 = T — ¢(x) is a ring
isomorphism.
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PROOF. We noted (1) and (2) when we first discussed ring homomorphisms
kernels and ideals in section 2

Because congruence modulo an ideal is a congruence for addition ¢ is an iso-
morphism of additive groups. Because congruence modulo an ideal is a congruence
for multiplication ¢ is an isomorphism of multiplicative monoids. Hence it is an
isomorphism of rings as asserted in (3). U

Two Trivial Examples.
1. Subring Inclusion. If R is a subring of a ring S, the inclusion map R — S, x — x,
has kernel {0}, and image R. The First Isomorphism Theorem says T = {z} — «
is an isomorphism from R/ {0} to R.
2. The Zero Homomorphism. For any ring R the unique map from R to the zero
ring O, has kernel R and image O. The quotient R/R has one element 0 = R. The
First Isomorphism Theorem says 0 + 0 is an isomorphism from R/R = {0} to the
zero ring O.

We record the following for completeness.

2.7. THEOREM. (The Second Isomorphism Theorem for Rings)
Let R be a subring of a ring S and I an ideal of S. Then we have the following.
(1) R+I={r+a:r € R,a €I} is a subring of S, I is an ideal of S+ I and
SN1I is an ideal of R.
(2) There is a canonical isomorphism (R+1)/I =2 R/RN 1.

Proor. Exercise. The canonical isomorphism is the map such that
r+I—r+RNI,
for r € R. O

The Third Isomorphism Theorem for Rings.

2.8. THEOREM. (The Third Isomorphism Theorem for Rings)
Let 0 : R — R’ be a surjective ring homomorphism.
(1) Then
(A) I—TI'=6(),1CR, and
B) I'—=sI=0"YI),I'CR,
defines a 1-1 order preserving correspondence between ideals I of R con-
taining ker 0 and ideals I' of R'.
(2) Suppose the ideal I of R corresponds to the ideal I' of R'. Then mapping
x+ I~ 0(x) + I' induces a ring isomorphism R/I = R'/T'.

PrROOF. Before we prove this theorem we recap some set theory.

Let 6 : R — R’ be a set map. Then taking images, A — ¢(A) for A C R, and
taking inverse images A’ +— ¢~1(A’) for A’ C R’, are order preserving maps. That
is

ACBCR = 6(A)CHB)CR
and
ACBCR = o0'A)CoO'(BYCR
For all subsets A of R,
07 (0(4)) 2 A,
and we have equality for all A if (and only if) 6 is injective.
For all subsets A’ of R/,

6(61(A)) C A,

and we have equality for all A’ if (and only if) € is surjective.
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(1) Both I+ 6(I) and I' — I = 0—1(I') are order preserving maps. Suppose
I is an ideal of R. Then 6(I) is an additive subgroup of R’, because
every ring homomorphism is homomorphism for addition. The map @ is
surjective. So given v’ € R and o’ € 0(I), v’ = 0(r) and a = 0(a) for some
r € R and a € I. Since [ is an ideal of R, ra and ar lie in I. Hence

r'a’ = 0(r)0(a) = 0(ra) € 0(I), and ,a'r’ =0(a)0(r) = 0(ar) € 0(I)

Hence ¢(I) is also closed under multiplication by all elements of R’ on the
left and on the right. So () is an ideal of R’ for every ideal I of R.

Suppose I’ is an ideal of R'. We show §~'I’ is an ideal of R by
showing it is the kernel of a ring homomorphism. Let v : R" — R/I’ be
the canonical map 7’ +— 7’ + I. Then since both 6 and v are surjective
ring homomorphisms their composite v : R — R’/I’ is surjective ring
homomorphism. Now for r € R, v0(r) = 6(r) + I'. Hence r € ker~0 if
and only if 8(r) € I’. We deduce that

kervd = {re R:0(a) € I'} = 01 (I").

Hence §~*(I’) is an ideal of R. For all a € ker6, 8(a) = 0 € I'. So for
each ideal I’ of R/, 6~1(I') is an ideal of R containing ker 6.

We have now established that (A) and (B) define an order preserving
correspondence between ideals I of R containing ker 6 and ideals I’ of R’.
It remains to show the are mutually inverse.

Since 6 is surjective,

o0~ (1) =1,
for all for all ideals I’ of R.

For any I an ideal of R, =1 (6 (I)) D I. It remains to show that if an

ideal I of R contains ker §, then 6! (6 (I)) C I, and hence

6=t (6(I) =1
Suppose I is such an ideal. Suppose 7 € =1 (6 (I)). Then 0(r) € 6(I).
Thus 6(r) = 6(a) for some a € I. Hence O(r —a) = 0(r) — 6(a) € I. We
deduce r —a € kerf, and sor —a € I. Hence r = (r —a) +r € I.

(2) Suppose the ideal I of R corresponds to the ideal I’ of R’. Then I =
6~1(I'). From the proof of the first part I = kerv6, where v: R’ — R'/I’
is the canonical map. We noted above that this composite is surjective.
Hence by the First Isomorphism Theorem for rings the induced map

r+I—=~0(r)=r+1
defines an isomorphism R/I = R'/T’.
O

Let I be an ideal of a ring R. Then we can apply the third isomorphism theorem
to the canonical map v : R — R/I. For J an ideal of R, v(J) ={a+I:a€ J} =
J/I.

We deduce the following version of the third isomorphism theorem.

2.9. COROLLARY. Let I be an ideal of a ring R. Then the following hold.

(1) Mapping J — J/I defines a 1-1 correspondence between ideals J of R
containing I and ideals of R/I.
(2) The canonical map from R to R/I induces an isomorphism of rings,

R/J=(R/I)/(J/I).

2.1. Maximal Ideals and Prime Ideals.
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Maximal Ideals.

2.10. DEFINITION (Maximal Ideals). Let R be an arbitrary ring. An ideal M
of R is called a maximal ideal if M # R, and for all ideals I of R, M C I implies
I=MorlI=R.

2.11. LEMMA. A commutative ring F is a field if and only if its zero ideal is
mazimal.

PROOF. If F is field then F is commutative and its zero ideal is a proper ideal.
Recall by Observation 2.7 of section 1 an ideal I of a ring R contains a unit element
if and only if I = R the unit ideal. Since a every non-zero element in F' is invertible
the only non-zero ideal of F' is its unit ideal F'. Hence its zero ideal is maximal.
Conversely suppose F' is commutative ring and the zero ideal is maximal. Then F
is not the zero ring. It remains to show all x # 0 are invertible in F. Then for
any x # 0, the principal ideal Fx # 0 and O maximal implies F'x = F. Hence by
Lemma 1.4 z is invertible. U

2.12. PROPOSITION. Let R be a commutative ring. Then an ideal M is maximal
if and only if R/M is a field.

PROOF. By the Third Isomorphism Theorem for Rings an M is maximal if and
only if the zero ideal of R/M is maximal. (]

Simple Rings. A non-zero ring R whose zero ideal O is maximal is called is
called a simple ring. So a simple ring R has exactly two ideals, its zero ideal and
and its unit ideal R. As shown above the simple commutative rings are the fields. If
F is a field each matrix ring M, (F) with n > 1 is an example of non-commutative
simple ring.

Prime Ideals.

Recall an element in a commutative ring R is called prime if the following hold.

(1) = is not a unit.

(2) For all a,b € R, w|ab implies 7|a or 7|b.
Recall also that a,b € R, alb means b € Ra, the principal ideal generated by a.
Also Ra = R if and only if a is a unit of R. Hence we have m € R is prime if the
following hold.

(1) 7R # R.

(2) For all a,b € R, ab € Rm implies a € Rw or b € R.

2.13. DEFINITION (Prime Ideals). Let R be any ring.

An ideal P # R is called a prime ideal if the following hold.
(1) P is not the unit ideal, that is P # R.
(2) For all a,b € R, ab € P implies a € P or b € P.

In particular an element 7 of a commutative ring R is prime if and only if
P = R is a prime ideal.

2.14. PROPOSITION. Let R be a commutative ring. Then an ideal P of R is
prime if and only if R/P is an integral domain.

PROOF. Since R is commutative then R/P is commutative for all ideals P of
R. Therefore the quotient R/P is an integral domain if and only if R/P is not the
zero ring, and R/P has no zero divisors. The quotient R/P is the zero ring if and
only if R = P. Hence R/P is not the zero ring is equivalent to P # R.

R/P has no zero divisors is equivalent to a,b € R and ab =0 (mod P) implies
a=0 (mod P)ora=0 (mod P), For any r € R, r =0, (mod P), means r € P.
So the condition R/P has no zero divisors is equivalent a,b € R and ab € P implies
ac€PorbeP. O
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2.15. COROLLARY. Mazximal ideals of a commutative ring R are prime.

PROOF. By Proposition 2.12 if M is a maximal ideal of R then R/M is a field,
and fields are integral domains. O

2.16. COROLLARY. Let R be a unique factorisation domain.
Then 7 € R irreducible implies R/m R is an integral domain.

PROOF. Recall that if R is a unique factorisation domain then 7w € R irreducible
implies 7 is a prime element. O

All principal ideal domains are unique factorisation domains. For principal
ideal domains even more is true.

2.17. PROPOSITION. Let R be a principal ideal domain. Then m € R irreducible
implies R/7R is field.

PROOF. Every principal ideal domain is a unique factorisation domain. Hence
by the previous Corollary 2.16 we know that R/7 R is an integral domain. It remains
to show that every non-zero element of R/mR is invertible. Equivalently we have
to show that if a € R is not congruent to 0 modulo R, that is is not a multiple of
7, there exist an € R such that az =1 (mod Rn). We start with the deductions
made at the beginning of the proof of Proposition 4.2. Since m € R is irreducible,
up to associates the only factors of m are 1 and w. Hence for any a € R, there are
two mutually exclusive possibilities. Either 7|a and ged(a,7) = 7 or m does not
divide a and ged(a, ) = 1. In the latter case, R is principal ideal domain implies
there exist x,y € R such that ax + 7y = 1. Hence we have ax =1 (mod Rw). O






CHAPTER 5

Factorisation in Polynomial Domains

1. Polynomial Preliminaries

Given a ring R and n variables Xi,..., X, the polynomial ring R[X1,..., X,]
is the ring R,, defined by
Ry =R[X4], Ra=Ri[X3], ..., R,=Rn1[X.]

The R, = R[X3,...,X,] is called the polynomial ring in n variables.
We can describe this ring in multi-index notation as follows.
Let X = (X1, Xs,...,X,). Set R[X] = R[X1, Xa,...,Xn]

For an n-tuple of integers i = (i1, s, .. .,i,) we let X! = X% .. Xin,
We define i <j if
i <Ji, 12<J2, -y in < Jn-

Then R[X1,..., X, = R[X] consists of all expression

fX)=> aX!
i<m
with all coefficients a; € R, i < m. We extend this coefficient sequence all n-tuples
of integers by setting a; = 0 € R for i £ m. Two such expressions represent the
same polynomial if they have the same coefficient sequence. Addition is defined
component-wise and multiplication by

Z aiXi Z ijj = Z CiXm, Cm = Z aibj.
i j m i+j=m
From the one variable case we have that R an integral domain implies R[X]

is an integral domain. Other one variable results have multi-variable counter part.
As in the one variable case suppose S is a subring of a ring S, and « is an n-

tuple of (aq,...,q,) of mutually commuting elements of S, which commute with
all elements of R. Then evaluation at « define a ring homomorphism
€0 @ R[IX] — S.

The image of this homomorphism is

Rlo] = {f(a) : f/(X) € R[X]}

is called the extension of R by aq,...,a,. It consists of all polynomial expressions
in ai,...,a, with coefficients in R. and can be characterised as is the minimal
subring of S containing R and all a1,...,a,.

Let F be a field then field of rational functions in Xi,...,X, is denoted
F(X4,...,X,) or in multi-index notation F'(X). It is the field of fractions of F(X).
Thus

F(Xy,...,Xn) = {M:f,geF[Xl,...,Xn],g(Xl,...,Xn) 7éo}

or in multi-index notation,

F(X) = {ﬁg;  J,g € FIX],g(X) #o}.

~—
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Suppose F' is a subfield of a field K and aq,...,a, € K,

F(al,...,an) = {H

is the subfield of K generated by aq, ..., ay,.

:f,gEF[X],g(al,...,ozn)#OEK}.

2. Polynomial Long Division

The long division process defined for dividing a polynomial a(X) over a field
by a non-zero polynomial b(X), can be carried over to commutative ring as long as
the dividing polynomial b(X) is a monic polynomial. or more generally as long as
the leading coefficient is a unit.

2.1. PROPOSITION. Let R be a commutative ring and a(X),b(X) € R[X], where
b(X) # 0 has leading term a unit in R.
Then there exist unique polynomials in q(X) and r(X) in R[X]| such that

a(X) =b(X)g(X)+r(X), degr(X) < degb(X).
PRrROOF. Let m = degb(X), so
b(X)=by+ - +bpyX™, by invertible in R.

First we show that existence follows from the polynomial division process. We
proceed by induction n = dega(X).

If n < m take ¢(X) =0, r(X) = a(X).

Suppose n > m and a(X) has leading term a, X", a,, # 0. Then the monomial
multiple a,b,,! X"~ ™b(X) of b(X) also has leading term a,, X". Subtracting this
from a(X) gives a polynomial

a1(X) = a(X) — a,b,,' X" ™b(X)

of degree less than or equal to n— 1. Then by induction there exist g1 (X) and r(X)
in R[X] such that

a1(X) = q(X)b(X) + r(X),degr(X) < degb(X).
Setting ¢(X) = ¢1(X) + a,b;,! X""™b(X), gives
a(X) = a1(X) + anb,,' X" (X)) = ¢(X)b(X) + r(X),degr(X) < degb(X).
For uniqueness suppose,
@ (X)b(X) +71(X) = @2b(X) +72(X),  degri(X),degry(X) < degb(X).
Then
(@1(X) = 2 (X)B(X) = 11(X) = ra(X),  deg(r1(X) — r3(X)) < degh(X).

The right hand side of this equation has degree less than degb(X). If ¢1(X) #
g2(X). then because the leading coefficient of b(X) is a unit,

deg (q1(X) — g2(X)) b(X) = deg(q1(X) — ¢2(X)) + deg b(X) > degb(X).
Therefore we must have g1 (X) = ¢2(X), and 1 (X) = ro(X). O

The unique polynomials ¢(X) and r(X) are called respectively, the quotient
and remainder on dividing a(X) by b(X).

In the case of R = F a field then all (X) # 0 have leading term a unit.

A non-zero polynomial is called monic if its leading coefficient is 1.

For any commutative ring R the condition on b(X) are satisfied for all monic
polynomials in b(X) € R[X], and in particular for all polynomials X — a, a € R.
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Roots and Factors.

2.2. THEOREM. (The Remainder Theorem) Let a € R be a commutative
ring, and f(X) € R[X]. Then the remainder on division by X — a is f(a).

f(X) = (X = a)q(X) + f(a).

PrROOF. Since X — a has degree 1, the remainder on division by X — a is
constant r. So we have,
f(X) = (X —a)q(X) +r
By uniqueness of the remainder we have X — a divides f(X) if and only if r = 0.
Putting X = a, gives r = f(a). Hence X — a is a factor of f(X) if and only if
fla) =0. O

2.3. DEFINITION. Suppose R is a commutative ring. Then a € R is called a
root of f(X) € R[X] if f(a) =0.

Then we have immediately from the Remainder Theorem,

2.4. COROLLARY. Let a € R be a commutative ring, and f(X) € R[X]. Then
(X —a)|f(X) in R[X] if and only if a is root of f.

3. Polynomials Over A Field

Let F be a field. We collect together some facts about its associated polynomial
ring F[X].

Units, Monic Polynomials and Associates.

The units of F[X] are the non-zero constant polynomials.

A monic polynomial is a polynomial,

f(X):a0+a1X+...+an_1Xn—1+Xn

with leading coefficient 1.

The associates of f(X) € F[X] are all ¢f(X) with ¢ € F*

In F[X] every non-zero polynomial has exactly one monic associate.

So just as in Z exactly of any non-zero integer is positive in F[X] exactly one
associate of any non-zero polynomial is monic.

Domain Properties.

We know polynomials over a field form an integral domain.

3.1. PROPOSITION. F[X] is Euclidean with respect to deg.
ProoF. deg f(X) € N for every non-zero polynomial f(X).
ED1 For a(X),b(X) non-zero polynomials in F[X],

deg a(X)b(X) = dega(X) + degb(X) > dega(X).

ED2 By the division algorithm, for any a(X),b(X) € R with b(X) # 0 there
exist ¢(X) and r(X) in F[X] such that

a(X) = b(X)q(X) +r(X),

and either 7(X) =0 or 0 < degr(X) < degb(X).
Recall that when dividing a(X) by b(X) the quotient ¢(X) and re-
mainder (X)) are uniquely determined.
(]

Consequently F[X] is a principal ideal domain and therefore a unique factor-
isation domain. Just as the non-zero ideals of Z correspond to the positive integers,
the non-zero ideals in F[X] correspond to the monic polynomials.
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3.2. PROPOSITION. Fach non-zero ideal I = F[X|m(X) where is m(X) is the
unique monic polynomial of minimal degree in I.

ProOOF. All Euclidean domains R are principal ideals domains. Since R is
Euclidean with respect to deg, any non-zero ideal I = F[X]a(X) where a(X) € I
is of minimal degree for non-zero a(X) € I. Hence I = F[X]m(X) where is m(X)
is the monic associate of a(X). Any other non-constant multiple of m(X) will have
higher degree than m(X). So m(X) is the unique monic polynomial of minimum
degree in I. Hence I = F[X]|m(X) where m(X) is the monic associate of a(X). O

Unique Factorisation.

Let f(X) € F[X] be non-zero polynomial. Then f(X) is reducible means it
can be factored as a product of two polynomials each of degree less than deg p(X).
Thus f(X) is irreducible if and only if in any factorisation p(X) = a(X)b(X), one
of a(X) and b(X) is a non-zero constant.

Exactly one associate of an irreducible is monic. Hence in F[X] every monic
polynomial is product of irreducible monic polynomials and this product is unique
up to order of factors.

Degree One Factors.

The monic irreducibles of degree 1 in F[X] are the (X —a) with a € F. By the
Remainder Theorem irreducible divisors of a polynomial f(X) correspond to roots

of f(X).
3.3. PROPOSITION. Let F' be a field. Suppose and f(X) € F[X] has distinct
roots aj,...,a, € F. Then in F[X],
(X —a1) - (X = an)|f(X).

PROOF. Proof is by induction on n. The result holds for n = 1 by the previous
corollary. If n > 1 and we suppose know the result is true for n — 1, then we can
conclude that for some g(X) € F[X],

fX) =X =a1)- (X = an-1)9(X)

To complete the induction it remains to show X — a,, is a factor of g(X). Since ay
is a root of f, f(a,)=0. Hence

(an - al) (@ — an—l)g<an) = f(an) =0.

By assumption none of (a,, — a1) - - (a, — an—1) is zero. Hence, since F is a field,
we must have g(a,) = 0. We conclude by the Remainder Theorem that X — a,, is
factor of g(X). O

3.4. COROLLARY. A polynomial of degree n over a field has at most n distinct
T001S.

3.5. DEFINITION. We call a € R a root of f(X) € R[X] a root of multiplicity
m if (X —a)™|f(X) but (X —a)™ 1t f(X).

When we count roots of a polynomial a root of multiplicity m counts as m
roots.

3.6. PROPOSITION. Let F be a field. Suppose and f(X) € F[X] has distinct
roots ai,...,a, € R with multiplicities my - - - m,. respectively. Then

(X —a)™ (X —a,)"|f(X).
Proor. Exercise. O

3.7. COROLLARY. A polynomial of degree n over a field can have at most n
T00ts.
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4. Unique factorisation Domains

Suppose R is a unique factorisation domain. We will relate factorisation in
R[X] to factorisation in R and F[X], where F' is the quotient field of R. These
results were initially obtained by Gauss in the case R =7, F' = Q.

4.1. DEFINITION. (Primitive Polynomials)

A polynomial f(X) =ap+ a1 X + -+ + a, X", with coefficients in R, is called
primitive if ged(ag, ..., an) = 1.

Given any f(X) # 0 in R[X] and ¢ € R a ged of its coefficients, then f(X) =
ep(X) with p(X) primitive. This decomposition is unique up to units.

A polynomial h(X) € R[X] is not primitive if and only if some irreducible 7
divides all its coefficients, that is m|R[X].

4.2. LEMMA. Suppose f(X) and g(X) are polynomials in R[X], and 7 is an
irreducible element of R. Then 7| f(X)g(X) if and only if 7| f(X) or w|g(X).

PROOF. We assuming R is a unique factorisation domain. Hence 7 irreducible
implies 7 is a prime element of R. We consider reduction modulo 7. Set R = R/Rm.

(1) For all @ € R, let @ = a + R7 € R, be the reduction of a modulo 7.
Reduction modulo 7 is homomorphism from R to R. This extends to a
homomorphism,

MX)=ao+ - +a, X" f(X)=a5+ -+ @ X" € R[X]
from R[X] to R[X]. Hence f(X) = g(X)h(X).

(2) We have f(X) =0 if and only if «|f(X).

(3) So far we have not used 7 € R prime.

m € Rprime < R = R/Rnr is an integral domain, (by Proposition 2.14)
& R[X] is an integral domain (by Proposition 1.17)

Hence in R[X] a product is zero if and only if one of its factors is zero.
Putting these facts together,

Tlf(X) & Ff(X)=0, by(2)
& GX)A(X)=0, by (1)
& g(X)=0or h(X)=0, by (3)
< 7lg(X) or m|h(X), by (2) again.

O

Note the crucial implication in this lemma is if 7| f(X)g(X) then 7|f(X) or w|g(X).
The converse is true for all # € R. The proof above applies to any prime element 7 in a
commutative ring. In particular it implies that if 7 is a prime element of a commutative
ring R then 7 is a prime element of the the polynomial ring R[X]. Since the zero element of
a commutative ring R is prime if and only if R is an integral domain we see this generalises
the result that R an integral domain implies R[X] an integral domain, which lies at the
core of the proof above.

Suppose f(X),g(X) € R[X]. The crucial implication in Lemma 4.2 tells us
that if f(X)g(X) not primitive, one at least of f(X) or g(X) is not primitive, or
equivalently if both f(X) and g(X) are primitive then so is their product. The
converse implication tells us that if f(X) or g(X) is not primitive then neither is
f(X)g(X). Hence f(X)g(X) cannot be primitive unless f(X) and g(X) are both
primitive. Hence we have the following.
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4.3. PROPOSITION. A product of two polynomials with coefficients in a a unique
factorisation domain is primitive if and only if the two factors are primitive.

Note the crucial implication here is that a product of primitive polynomials is
primitive.

Gauss’ Lemma. For applications and examples later we want to investigate
the reducibility and irreducibility of polynomials with rational coefficients. The
following Theorem and its Corollaries are key to such investigations.

4.4. THEOREM. (Gauss’ Lemma Rational Version)

If a primitive polynomial with integer can be factored in two polynomials with
rational coefficients then it has an equivalent factorisation as product of two poly-
nomials with integer coefficients.

4.5. COROLLARY. Suppose f(X) € Z[X]. Then f(X) is reducible in Q[X] if
and only if it can be factored in Z[X] as a product of polynomials of lower degree.

4.6. COROLLARY. Suppose f(X) is a monic polynomial with integer coefficients.
Then every monic divisor of f(X) over the rational numbers has integer coefficients.

We prove these in the our more general context of a R a unique factorisation
domain its quotient field F'. This result is the key to investigating factorisation in
R[X].

Since F' is the quotient field of R we can express any non-zero f(X) € F[X],
in the form f(X) = Ap(X) for some non-zero A € F, and p(X) € R[X] primitive.
First put all the coefficients of f(X) over a common denominator d € R, so that
f(X) =g(X)/d with g(X) € R[X]. Then extract a greatest common divisor ¢ from
the coefficients to write g(X) = ¢p(X), p(X) primitive. Then f(X) = Ap(X) with
A=c/d.

4.7. LEMMA. Suppose f(X) and g(X) are primitive polynomials.

Then if f(X) = Ag(X) for some A € F*, then X is a unit of R.

Hence if a pair of primitive polynomials are associates in F[X| then they are
associates in R[X].

PROOF. Since F' is the field of fractions of R, we can write A in the form
A = a/b, a,b non-zero elements of F'. Then in R[X], bf(X) = ag(X). Looking at
the left hand side we see b is ged of the coefficients and looking on the right hand
side a is ged of the coefficients. Hence a = bu for some unit u € R. So A=a/b=u
is a unit of R. O

4.8. THEOREM. (Gauss’ Lemma General Version)

Let R be a unique factorisation domain and F its quotient field. Then if a
primitive polynomial can be factored into two polynomials coefficients in F' then it
has an equivalent factorisation as product of two polynomials with coefficients in R.

PROOF. Let h(X) be primitive an suppose h(X) = f(X)g(X) in F[X]. We
can express each of f(X) and ¢g(X) as non-zero constant in F' times a primitive
polynomial. Hence in F[X] h(X) = Ap(X)q(X) with A € F*, where p(X) is a
primitive multiple of f(X) and ¢(X) is a primitive multiple of g(X).

By Gauss’ Lemma, p(X)g(X) is primitive. So by Lemma 4.7 above, A € R*.
Hence we have a factorisation h(X) = Ap(X)q(X), with Ap(X) a primitive multiple
of f(X) and ¢(X) a primitive multiple of g(X). O

4.9. COROLLARY. Suppose f(X) € R[X]. Then f(X) is reducible in F[X] if
and only if it can be factored in R[X] as a product of polynomials of lower degree.

Proor. Exercise. O
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4.10. COROLLARY. Suppose f(X) is a monic polynomial with coefficients in R.
Then every monic diwisor of f(X) in F[X] has coefficients in R.

PROOF. A monic polynomial with coefficients in R is primitive. So f(X) is
primitive. Suppose b(X) € F[X] a is monic divisor of f(X). Then f(X) =
b(X)e(X) for some monic ¢(X) € F[X]. By Gauss’ Lemma, there is an equi-
valent factorisation of f(X) as product of polynomials with coefficients in R. That
is for some non-zero A € F,

FX) = (X)) Ae(X))-

with A716(X) € R[X] and Ac(X) € R[X]. Looking at the leading coefficient of each
factor we deduce A™' € R, and A € R. Hence \ is a unit of R. b(X) € AR[X] =
R[X]. O

4.11. THEOREM. (The Eisenstein Irreducibility Criteria)
Let f(X) = ap+ - -+ ap, X™ € Z[X]. Suppose that for some rational prime
number p,
p{an, plan_1, ..., plag, but p* 1t ao.
Then f(X) is irreducible in Q[X].

PROOF. Since p 1 a, then if write f(X) = ¢p(X), forc € Z, and p(X) primitive
then the hypothesis of the theorem apply to the coefficients of p(x). Hence without
loss of generality we may assume f(X) is primitive

By Gauss’s lemma f(X) reducible in Q[X] implies we can factor f(X) as a
product f(X) = g(X)h(X) with g(X), h(X) € Z[X] non-constant. Hence

g(X):go—f——i—gTXr, h(X>:h0++hSX§7 0<7"78<7’l, allgl,hlEZ

Reducing modulo p, gives

GX" = G(X)A(X) in Z/pZ[X].
For p a prime number Z/pZ is a field. Hence we deduce that g(X) = g, X", and
h(X) = hsX*. This implies that the constant terms gy and hg are each divisible
by p. But then ag = goho is divisible by p?, contradicting our assumption. Hence
f(X) is must be irreducible. O

Note we have used above that for polynomials over a field any divisor of a
monomial a X", a # 0, is of the form bX", b # 0, r < n. This is true more generally
for polynomials over an integral domain. In fact it is immediate consequence of the
field result, since every integral domain is embedded in its field of fractions. Hence
the proof above extends to any unique factorisation domain R.

4.12. THEOREM.
Let R be a unique factorisation domain with field of fractions F. Suppose
f(X)=ap+ -+ a, X" € R[X]| and that for some irreducible element ™ € R,

Tt n, Tlan_1, ..., Tlag, but 71 ap,
Then f(X) is irreducible in F[X].

Unique Factorisation in Polynomial Domains. We continue the assump-
tions of the last section. We let F' be the field of fraction of a unique factorisation
domain R. We can give a complete description of factorisation in R[X] in terms of
factorisation in R and F[X].

The units of R[X] are the units of R. The only divisors of a constant polynomial
are constants. Hence the constant irreducibles are the 7 € R with 7 irreducible in
R. Hence every constant polynomial is a product of irreducibles in R[X] and this
product is unique up to associates and the order of factors.
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A non-primitive polynomial of positive degree is reducible.

Now suppose p(X) is a non-constant primitive polynomial. Then p(X) has
no constant factors. Hence by Gauss’ Lemma p(X) is reducible in R[X] if and
only if it it is reducible in F[X]. Hence the non-constant irreducibles of R[X]
are the primitive polynomials p(X) which are irreducible in F[X]. Suppose now
p(X) is any non-constant primitive polynomial. Then by repeated applications of
Gauss’ Lemma p(X) has an corresponding factorisation into irreducible primitive
polynomials p;(X).

p(X) =p1(X) ... pm(X)
Suppose we have second such factorisation,

p(X) = qu(X) ... gn(X),

into irreducible primitive polynomials ¢;(X). Then by unique factorisation in F[X],
m = n and after reordering if necessary, p1 = A1q1, ... Pn = ApnGn, With A1, ..., A, €
F*. Then by Lemma 4.7 each ); is a unit of R. Hence factorisation of primitive
polynomial into irreducible in R[X] is unique, up to order of factors and associates.

Suppose f(X) # 0 in R[X] is not a constant or primitive. Then f(X) can be
factored as f(X) = ¢p(X), for some non-unit ¢ and p(X) a primitive polynomial
of positive degree. This decomposition is unique up to associates. From above ¢
is uniquely a product irreducibles in R[X] up to order of factors and associates, as
is p(X). Hence f(X) is uniquely a product of irreducibles in R[X] up to order of
factors and associates.

We have proved the following.

4.13. THEOREM. Let R be a unique factorisation domain. Then the polynomial
ring R[X] is a unique factorisation domain.

4.14. COROLLARY. If the R is unique factorisation domain then every polyno-
mial ring R[X1,...,X,] is a unique factorisation domain.

In particular we have both the following

4.15. COROLLARY. FEvery ploynomial ring Z[ X1, ..., X,] is a unique factorisa-
tion domain.

4.16. COROLLARY. FEwvery polynomial ring F[X1,...,X,] over a field F is a
unique factorisation domain.



CHAPTER 6

Field Extensions

Let F be a field. A field K is said to be an extension field of K, if F' is subfield
of K. By a field extension K/F we mean a pair of fields K and F with K an
extension field of F'.

For example C is an extension field of R, Q(v/2) is an extension field of Q, R is
an extension field of Q. In the first two examples we can describe the field structure
of the extension field in purely algebraic terms. It is such extensions that we will
study. The passage from Q to R involves analysis.

The Prime Fields. The fields Q, and Fj,, p > 0 a prime number are called the
prime fields.

Recall that an integral domains, and therefore any field are either of charac-
teristic 0, or have positive prime characteristic. If a field F' has characteristic zero
we embed Z as subring of F' by identifying n = nl, (1 € F). Then Q the field of
fractions of Z is embedded as subfield of F'. Hence every field of characteristic zero
is an extension field of Q. Suppose a field F' has prime characteristic p > 0. Then
for a,b € Z we have

al="01 ifandonlyif a=0 (modp).
In this case we identify n (mod p) with nl € F. This embeds F, as subfield of
F'. Thus each field is an extension of a unique prime field. Fields of characteristic

zero are the extension fields of QQ, while for each prime number p > 0, fields of
characteristic p are the extension fields of Fp,.

1. Simple Algebraic Extensions

1.1. DEFINITION (Simple Extensions).
Suppose K/F is a field extension and a € K. Recall that the extension of F

by « is the subfield
(i) X
Fa) = {180 00, 9(x) € FiXLgta) 0},

of K. If K = F(a) for some a € K we call K a simple extension of F.

1.2. DEFINITION (Algebraic Elements). Let K/F be a field extension. Then
a € K is called algebraic over F if « is a root of a non-zero polynomial f(X) with
coefficients in F'. That is there are elements fq, f1 ..., fn € F, not all 0 such that

fo+ fiat--+ fra” =0.
Minimal Polynomials and Degrees. For any o € K,
{f(X) € FIX]: f(a) = 0}
is an ideal of F[X]. In fact it is the kernel of the evaluation map,
€o : F[X] = K.
Hence « is algebraic over F' if and only if
kerew = {f(X) € FIX] : f(a) = 0} # {0}

59
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Then {f(X) € F[X]: f(a) =0} = F[X]m(X), where m(X) = mq r(X) is the
unique monic polynomial such that m(«) = 0.

The polynomial m(X) = mq p(X) is called the minimal polynomial of o over
F.

The degree of the minimum polynomial m,, r(X) of is the called the degree of
«a with respect to F.

1.3. THEOREM. Let K/F be a field extension and o € K be algebraic over

F. Let m(xz) = mq,r(X) be the minimal polynomial of o over F, and set d =
degm(X).

(1) The minimum polynomial m(X) is irreducible in F[X].

(2) For f(X) € FIX], f(a) =0 if and only if m(X)|f(X).

(3) Ewaluation at o induces an isomorphism F[X|/F[X|m(X) = F(«).

(4) F(a) = {ao +aja+-+ag1a® 1 ag,a1,...,a9-1 € F}

Any representation of an element of F(«) in the form

d-1
ap +ara+---+aqg12*" 7, a,a1,...,a4-1 € F,

1S UNLquUe.

PROOF. (1) If we did have m(X) reducible in F[X] then we would be
able to express it as product m(X) = p(X)¢(X) of monic polynomials
p,q € F[X] of lower degree. Then evaluating at & would give p(a)q(a) = 0
in the field K. This would imply p(a) = 0 or g(a) = 0 contradicting the
definition of m(X). Hence m(X) is irreducible.

(2) From the equality {f(X) € F[X]: f(a) =0} = F[X|m(X), f(X) € F[X]
and f(o) = 0if and only if f(X) is a multiple of m(X).

(3) Set I = F[X]m(X). By the discussion leading to the definition of the
minimum polynomial m(X), I is the kernel of the evaluation map €, :
F[X] — K. By the First Isomorphism Theorem evaluation at « induces
an isomorphism f(X) + I) = f(«) from F[X]/I to Fla]. Since F[X]
is a principal ideal domain and m(X) irreducible in F[X] the quotient
F[X]/I is a field, by Proposition 2.17. Consequently F[a] is subfield of
K containing F' and «. Hence F(«) = Fla].

(4) By the division algorithm for polynomials each f(X) € F[X] has unique
representation in the form

F(X)=m(X)q(X)+r(X), degr(X)<d=degm(X).
Consequently each coset f(X) + I of F[X]/I is uniquely of the form
apg+ a1 X +---+ ad_le_l +1, ay,a1,...,aq-1.
Hence
F(a)= {ao—i—ala—i—---—i—ad,lad_l 1a1,a1,...,04-1 € F},
and a representation of an element of F(«) in the form
ag+ a4+ -+ ad,ladfl, a1,G1,...,aq9-1 € F,

is unique.
(]

Note that if p(X) and m(z) are monic irreducible polynomials in F[X] then
p(X)|m(X) if and only if p(X) = m(X). So from (2) we deduce the following useful
corollary.
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1.4. COROLLARY. Suppose K/F is a field extension and o € K is root of
a monic irreducible polynomial m(X) € F[X]. Then « is algebraic over F with
manimum polynomial m(X).

Example. Let n be a positive integer. Then /2 € R is a root of X" — 2. This
polynomial has integer coefficients which satisfy the conditions of the Eisenstein
irreducibility Criteria (Theorem 4.11) for the prime 2. Hence X — 2 is irreducible
over Q. So ¥/2 € R is algebraic over Q with minimum polynomial X" — 2.

2. The Degree of an Extension

2.1. OBSERVATION. Let K/F be a field extension. Then under field addition
and multiplication, K is vector space over F.

PRrROOF. Check the vector space axioms, follow from standard field properties.

e K is closed under multiplication by elements of F.
e K is an abelian group under addition.

For all \,p € F and v,w € K,

A+ p)v = v+ po.

Alv+w) = v+ dw.

Auv) = (o,
lv =w.

O

2.2. DEFINITION (The Degree of an Extension). Let K/F be a field extension.
Then the degree of the extension is the dimension dimpg K of K viewed as vector
space over F is called the degree of the extension. The degree is denote by [K : FJ:

[K : F] =dimp K.
The extension is called a finite extension if [K : F] if is finite.
2.3. PROPOSITION. Suppose K/F is a field extension and « € K. Then « is

algebraic of F if and only if [F(«) : F] is finite. Then if d is the degree of o with
respect to F, Tl,a,...,a® ' is an F-basis and [F(a): F] = d.

PRrROOF. Suppose K is an extension field of F' and o € K. An F-linear relation
between the powers of « is an equation

ao + ara + asd® + - 4+ apa” =0,
with n € N and ag, aq,...,a, € F not all 0. Equivalently
fx)=ao+a X + -+ a, X"

is a non-zero polynomial in F[X] with p(a) = 0. If « is not algebraic over F' the

powers of «,

La,a?,a3, ...

which all lie in F'(«), are linearly independent over F'. Then [F(«) : F] is infinite.
Suppose case a algebraic over F' of degree d. Then by (4) of Theorem 1.3 says
in vector space language, F'(«) is the F-span
La,...,a%!
and an uniqueness of representation says this spanning set is an F-basis of F(«).
So [F(a) : F] =d. O
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Examples.
e [C:R]=2.
e For any field F and indeterminate X, [F'(X) : F] is infinite.
e Recall that for all n > 1, Q({/2) € R is algebraic over Q of degree n.
So [Q(¥/2) : Q] = n.
By a tower of fields we mean any sequence of field extensions,
FhCkHC---CF.y CF,.
2.4. THEOREM. (The Tower Theorem) For any tower of fields L D K D F,
[L:F)=[L:K]|[K:F)
If K/F has F-basis ay, ..., and L/K has K-basis 81, fa, ..., B, then the mn
elements
wpjel, (1<i<m, 1<j<m)
form an F-basis of L.

The Tower Theorem says that degree multiplies in towers. We have the follow-
ing immediate corollary.

2.5. COROLLARY. If we have tower of field extensions,
FRChC---CF._1CFH.
then
[F. : Fol = [Fr: Fr_1]...[F1 : Fol.

We derive the Tower Theorem from the the following two Lemmas which are
each of independent interest.

2.6. LEMMA. (The Generating Set Lemma) Suppose we have extensions
of fields L/K, and K/F. Then if aj,aq,...,am € K span K as an F-space and
B1,82,...,8n € L span L as a K-space the the elements

aB;€L, 1<i<m,1<j5<m)
span L as an F-space.

PRroor. Suppose v € L. Then because the 3; span L as K-space

v=> u;B
j=1

for some p1; € K.
Because the «; span K as F-space, for each j,

Ky = Z Aij o
i=1
for some A\;; € . So

V= Z )\ijaiﬁj

lies in the F-span of the a;f;. O

2.7. LEMMA. (The Linearly Independent Sets Lemma) Suppose we have
extensions of fields L/K, and K/F. Then, if a1,a9,...,0m € K are linearly
independent over F, and (1, B2,...,Bn € L are linearly independent over K, the
elements

afjeLl, (1<i<m,1<j<m)

are linearly independent over F.
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PROOF. Suppose that
Z Aijaif; =0
0,J

all /\z‘j € F. Then

Z (Z /\ijOti> ﬂj =0.
j i
Here for each j the coefficient of 3;,

Z )\ijai

is in K since all A\j; € FF C K and all o; € K. So, by the linear independence of
the 3; over K, for each j,

Z )\ijOti =0.

i=1

Since the a; are linearly dependent over F' this gives A;; = 0 for all 4, j. U
2.8. COROLLARY. If either of [L : K| or [K : F] is infinite then so is [L : F).

PRrROOF. If [K : F|is infinite we can find arbitrarily large sequences of F-linearly
independent elements of K, and hence large sequences of F-linearly independent
elements of L. If [L : K] is infinite we can find arbitrarily large sequences of
K-linearly independent elements of L, and hence large sequences of F-linearly in-
dependent elements of L. In either case we have that L is not finite dimensional as
an F'-space. U

PROOF. (Proof of Tower Theorem) If either [L : K| = co or [K : F| = co then
by the above corollary, [L : F] =oco0. So [L: K|[K : F]=0c0=[L: F].

Suppose m = [K : F] and n = [L : F] are both finite. Then if we take an F-
basis a1, g, ..., qy of K and a K-basis 1, 8, ..., 8, of L then by the Generating
Set Lemma 2.6 and the Linear Independent Set Lemma 2.7

a;B;, 1<i<m,1<j<n
is an F-basis of L. So [L: F]=nm =[L: K|[K : F]. O
An immediate frequently used corollary of the Tower Theorem is the following.

2.9. COROLLARY. Suppose L/K is a finite extension of fields. Then any field
E intermediate between L and F is a finite extension of F and [E : F]|[L : F.

3. Algebraic Extensions

3.1. DEFINITION. (Algebraic Extensions)
An field extension K/F is called an algebraic extension if every element of K
is algebraic over F'.

3.2. PROPOSITION. Suppose K is a finite extension field of F. Then K is an

algebraic extension of F', and every element of K is algebraic over F of degree
dividing [K : F].

PROOF. Given a € K consider the tower of fields F' C F(a) C K.
Then from the Tower Theorem we deduce [F(«) : F| divides [K : F] < oo.
Hence « is algebraic over F' of degree [F'(«) : F] dividing [K : F]. O

3.3. COROLLARY. Suppose o € K is algebraic of degree d over F. Then every
B € F(a) is algebraic over F of degree dividing d.
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Recall that for K/F a field extension and «q,...,a, € K. Then the field
generated by F and aq, ..., a,,

(flat,...,an)
glag,...,an)

is the minimal subfield of K containing F' and aj, ..., qy,.

F(al,...,an):{ :f,g6F[Xl,...,Xn],g(al,...,ozn)#O}.

3.4. PROPOSITION. Let F(«a,B)/F be a field extension with o, 8 are algebraic
over F'. Then F(«, ) is a finite extension of F'. Further,
(1) [Fla,B): F] < [F(B) : F][F () : F], and
(2) [F(a, B) : F) is divisible by the least common multiple of [F(«) : F] and
[F(B) : F.

PRrOOF. Consider the Tower of field F' C F(«) C F(a)(8) = F(«, 5).

Let p(X) be the minimum polynomial of 8 with respect to F. Then p(X) €
F[X] is a polynomial with coeflicients in F(«) with root 8. Hence 8 is algebraic
over F'(a) of degree less than or equal to deg p(X). So

[F(a, B) : F(a)] < degp(X) = [F(B) : F].
Hence by the Tower Theorem,
[F(a, B) : Fl = [Fe, B) : F(@)][F(a) : F] <[F(B) : FI[F(a) : F].
In particular [F(«, 8) : F(«)] is finite.

Because a, § € F(a, ) both [F(a) : F] and [F(B) : F] divide [F(a, B) : F].
Hence [F(a, 8) : F) is divisible by their lowest common multiple. O

3.5. COROLLARY. If [F(a) : F| and F(p) : F] are relatively prime, then
[F(a,8) : F) = [F(8) : FI[F(a) : F].
Proor. This follows immediately for 1. and 2. O

Example.

We know /2 is algebraic of degree [Q(4/2) : Q] = 3, with minimum polynomial
over Q, X3 — 2.

The complex number w = —1 +iy/3)/2 in C and its comlex conjugate

T=w?=(-1-1iV3)/2,

are the roots of X2 + X + 1 € Q[X] , which is irreducible over R, and hence over
Q. So w is algebraic of degree [Q(w) : Q] = 2, with minimum polynomial over Q,
X?+X+1.

We deduce the subfield Q(v/2,w) of C is a finite extension of Q. Further since
[Q(w) : Q) = 2 and [Q(+/2) : Q] = 3 are relatively prime, we deduce

[Q(V2,w) : Q] = [Q(V2) : QJ[Q(w) : Q] = 6.

From the Tower Theorem we have [Q(4/2,w) : Q(w)] = 3. So /2 is algebraic
over Q(w) of degree 3. Since it is root of X3 —2 with coefficients in Q(w) this must be
the minimum polynomial of ¥/2 with respect to Q(w). Hence the polynomial X3 —2
remains irreducible in Q(w)[X]. A similar argument shows [Q(V/2,w) : Q(¥/2)] = 2,
and X2 + X + 1 is therefore the minimum polynomial of w over Q(+/2). Hence the
polynomial X2 + X + 1 remains irreducible over the field Q(+/2).

The Proposition on adjoining a pair of algebraic elements has an immediate
generalisation.
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3.6. PROPOSITION. Let F(ay,...,a,)/F is a field extension with o, . .., oy, all
algebraic over F. Then F(ay,...,ay) is a finite extension of F of degree
[F(ag,...,an): F] <[F(aq): F]...[F(ay) : F]
divisible by the least common multiple of [F(oq) : F,...,[F(ay) : F].
PROOF. Exercise. (|

3.7. THEOREM. Let K/F be a field extension. Then elements of K which are
algebraic over F form a subfield K containing F'.

ProOF. It suffices to show that this set of elements contains F' and is closed
under field operation, addition, subtraction, multiplication and division by non-zero
elements..

Every element of F is algebraic over F. From Proposition 3.4 if o, € K
are algebraic over F', then K(«, ) : F is a finite extension. Hence as proved in
Proposition 3.2 every element of K («, ) is algebraic over F. In particular « %+ f3,
af and a/f (when 8 # 0), all lie in K(a, 8) and are thus are all algebraic over
F. O

3.8. DEFINITION. (Algebraic Closure) For K/F a field extension then the
subfield of K consisting of all « algebraic over F' is called the algebraic closure of
Fin K.

Note the algebraic closure of F' in K is an algebraic extension of F.

3.9. PROPOSITION. Let L/K/F be a tower of fields. Then L algebraic over K
and K algebraic over F implies L algebraic over F.

PRrROOF. Let a € L. We show aim to show « is algebraic over F.
By assumption « is algebraic over K. So f(a) = 0 for some non-zero

fF(X)=X+MX+ -+ 2,X" € K[X]

Then Ag,..., A, € K. So K algebraic over F' implies )y, ..., \, are all algebraic
over F. Therefore By Proposition 3.6, E = F(Ao, ..., A,) is a finite extension of F.
The coefficients of f(X) lie in E. Since « is a root of f(X) we deduce « is algebraic
over E, that is F(«) is finite extension of E. So, by the Tower Theorem 2.4, E(«)/F
is a finite extension. Hence by Proposition 3.2, « € E(«) is algebraic over F. [

The Field of Algebraic Numbers.

3.10. DEFINITION. (Algebraic Numbers) A complex number is called an
algebraic number if it is a root of a non-zero polynomial with rational coefficients.
We let Q denote the set of algebraic numbers.

Then Q is the algebraic closure of Q in C. Hence the algebraic numbers Q form
a subfield of C, and the extension Q/Q is algebraic.

3.11. OBSERVATION. The algebraic numbers form an infinite algebraic extension
of the rational numbers.

PROOF. Recall that for all n > 1, {/2 is algebraic over Q of degree n. Therefore
by the Tower Theorem applied to the tower of fields Q 2 Q(3/2) 2 Q(¥/2)/Q,

[@:Q=[Q: Q(¥V2))[Q(V2): Q] > [Q(V2: Q] =n 00 as n— oo
U

This shows that although finite extensions are algebraic, algebraic extensions
are not necessarily finite.
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4. Transcendental Elements

Recall F' a field, K an extension field and o € K ,then

F(o) = {f(@)/g(a) : f(X),9(X) € F[X], g(a) # 0} 2 Fla]

is the minimal subfield of K containing F' and o We have so far discussed the case
« algebraic over F'

4.1. DEFINITION (Transcendental Elements). Let K/F be a field extension.
Suppose a € K is not a root of any non-zero f(X) € F[X]|. Then « is said to be
transcendental over F.

An element o« € K transcendental over F' if and only if the kernel of the
evaluation map e, : F[X] — K, kere, = {0}. In this case f(X) — f(a) defines
an isomorphism F[X] = Fla]. This extends to an isomorphism F(a) = F(X),
F(X)/9(X) = f(@)/g(a).

Transcendental Numbers.
A complex number is called a transcendental number if it transcendental over
@, that is not in Q.

e Louville 1851 showed how to construct some number which are transcend-
ental numbers over Q. For example

=1

e In 1874 Cantor showed that the real numbers are uncountable. The set Q
of algebraic numbers is countable. Hence there are uncountably infinitely
many real transcendental numbers.

e Showing a naturally occurring number is transcendental over Q is hard.

Hermite (1873): e is transcendental over Q.
Lindemann (1882): 7 is transcendental over Q.
It is unknown if, for example, Euler’s’ constant

n—oo

. 1 1
y=lim {14+ -+ -4+ — —logn
2 n

is rational, let alone transcendental over Q.

e Gelfond and independently Schneider (1934): if a and b are algebraic and
over Q and b is irrational, a® is transcendental over Q. So for example
2V2 ig a transcendental number.

5. Constructing Simple Algebraic Extensions

paragraph*Constructing the Complex Numbers as a Quotient Field
The fact the 22 = —1 has no solution 2 € R implies the polynomial X2 4 1 is
irreducible in R[X]. Hence the quotient ring by the ideal (X% + 1) = /R[X](X?+1),

RIX]/ (X2 41) = {f(X) +(X> +1): f(X) € F[X]}

is a field. On division by X2 + 1 any f(X) € R[X] leaves a unique remainder
of degree less than 2. So every element of the field R[X]/ <X L 1> is uniquely
expressible in the form a + bX + <X2 + 1>, for some a,b € R. In terms of these
coset representatives

(a+bX +(X?+1))+ (c+dX +(X*+1))=(a+c)+ (b+d)X +(X*>+1)
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and multiplying using X? + <X2 + 1> =-1+ <X2 + 1>,

(a+bX +(X*+1))(c+dX +(X*+1))
=(a+bX)(c+dX) +(X*+1)
=ac+ (ad + bc)X +bdX” + (X* +1)
= (ac —bd) + (ad + be) X + (X*+1).

Also mapping a — a+ X is an embedding of R in R[X] <X2 + 1>. Hence a +bX +
(X2 +1) 4> a+bi is bijective map from the field R[X]/ (X2 + 1) = R[X]/ (X% +1)
to the set C = {a +ib : ab, € R}. If we define addition and multiplication in C by
(a+ib) + (c+1id) = (a +¢) +i(b+d), (a+ bi)(c+ di) = (ac — bd) + (ad + be)i,
a,b,¢,d € R then this makes C into field isomorphic to R[X]/ (X? + 1) in which the
element 7 is algebraic over R with minumum polynomial X2 + 1 over R.. Further
identifying a = a + 10 embeds R a subring of C.

We can generalise this to arbitrary fields, and irreducible polynomials.

We first review the structure of quotient rings of a polynomial ring over a field
modulo an arbitrary non-constant polynomial p(X). Recall that this quotient is
field if and only if p(X) is irreducible in F[X].

Notation: Recall (p(X)) = p(X)F[X] the ideal of F[X] generated by p(X).

5.1. PROPOSITION. Let F' be a field and p(X) € F[X] a non-constant polyno-
mial of degree degp(X) = d.
Then the following hold for the quotient ring

FIX]/(p(X)) = {f(X) + (p(X)) : f(X) € F[X]}.
(i) Every element of the ring F[X]/ (p(X)) is expressible uniquely in the form
ap+ar1 X + - +ag 1 X+ (p(X))

with ag, a1, ..., ag—1 € F, that is each coset has a unique representative
r(X) € F[X] with degr(X) < d.

(i7) Reduction modulo (p(X)) restricted to a € F, a — a + (p(X)), is an
embedding (injective ring homomorphism) of F into F[X]/ (p(X)).

PROOF. (i) By the division algorithm for polynomials every f(X) €
F[X] can be expressed uniquely in the form f(X) = ¢(X)p(X) + r(X)
with ¢(X), r(X) € F[X] and degr(X) < degp(X) = d. Hence every coset
modulo (p(X)) has a unique representative of degree less than d.

(#4) From part (i), a — a + (p(X)) is an injection of F into the quotient
ring F[X]/ (p(X)). By definition of quotient ring a — a + (p(X)) is a
homomorphism.

O

5.2. THEOREM. Let F be a field and m(X) € F[X] be a monic irreducible. Then
there is a simple algebraic extension field E = F(«) of F in which « is algebraic
over F with minimum polynomial m(X).

PROOF. Let FE be a copy of F[X]/{m(X)) in which for f(X) € F[X] of degree
less than d we label f(X)+ m(X)F[X] by f(«). This is well defined by (¢) of
the previous result. The field structure on F[X]/ (m(X)) pulls back to give a field
structure on E. The field F' is embedded in E as the set of labels of the constant
cosets a + p(X)F[X]. By (i) this embeds F' as subfield of E. For an arbitrary
polynomial f(X) € F[X] we have f(«) = 0 if and only if f(X) =0 (mod m(X)).
Hence « is algebraic over F' with minimum polynomial m(X). O

5.3. COROLLARY. For F a field and f(X) a non-constant polynomial then we
can construct a finite extension of F in which f(X) has root.
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PRrROOF. Let m(X) € F[X] be a monic irreducible factor of f(X). We can
construct a finite extension of F' in which m(X) has a root. This root will be root

of f(X). 0

A Finite Field Example. Consider the polynomial p(X) = 1+ X + X3 in Fo[X].
Because p(1) = p(0) = 1, p(X) has no linear factor in Fo[X]. Hence it is irreducible.
(If a cubic is factored into two factors one must be linear and the other a quadratic).

Set K = (p(X)). Then we can construct an extension field FE of Fy isomorphic to
F3[X]/K by relabelling a + K as a for a € F; and X + K as «:

04+ K <0, 1+ K &1,
X+ Ko a, 1+ X+ K< 1+a,
X2+ K ¢ a?, 1+ X%+ Ko 1+a?,

(X + X))+ K < a+ad?, A+ X+ XH+ K< 14+a+a?

and 1 +a+a® = pla) = 0. So E = F(a) where « is algebraic over Fy with
minimum polynomial p(X). The field F has 8 distinct elements,

E:{O7 1, o, 1 +a, o2, 1+a2,a+a2,1+a+a2}.

To multiply two arbitrary elements directly we just need to know a® and a? in
terms of 1,,a®. From 1+ a4 a® = 0 we deduce o® = 1+ a, and o* = a + o?.

Continuing multiplying by o and replacing a® by 1+« we can list all the powers
of a:

®=a’+(1+a)=1+a+a?
b =a+a?+(1+a)=1+a?
a'=a+(1+a)=1
The non-zero elements E* of E form a cyclic group under multiplication of 7.
Every element of E* is a power of «.

We can now find inverses to each non-zero element, using a =% = a”~%. We have
17! =1 and

at=a’=1+0a? 14+ =1+a
a?=ad=1+a+d? (1+a+a?) ' =0a?
lI+a)t=a?=a'=a+a? (a+a®) ' =1+a

For all z,y in a ring of commutative ring or field like £ where 2 = 14+1 =0
(r +y)? = 2% + 22y + y?) = 2% + y%. Since also (zy)? = 2%y? and 12 =, squaring
is a homomorphism from F to E.

Hence from 1+a+a?® = 0 we deduce 1+a?+ (a?)? = 0 and 1+a*+ (a?)® = 0.
So p(z) has roots a, o and a*. So p(x) factors completely in E:

P rr+1l=(z+a)(r+a?)(z+at).

Galois Fields.

More generally if we take any irreducible polynomial m(X) € F,[X] we can
construct an extension field E = F(a) of F, isomorphic to F,[X]/m(X)F,[X],
with a a root of m(X). If degm(X) = d then E is a finite field with p? elements.
Such a field is called a Galois Field.

5.4. OBSERVATION. Warning! Not every field of characteristic p > 0 is a finite
field. The rational function field F,,(X), (quotient field of F,,(X)), has characteristic
p and has infinitely many elements.
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6. Ruler and Compass Construction

The ancient Greeks left the following problems for posterity. Are there ruler
and compass construction to do the following.
(1) Duplicate the cube: given a magnitude construct a magnitude V/2 times
as large.
(2) Square the Circle: construct a square with the same area as a given circle.
(3) Trisect a given angle.
(4) Draw a regular m-sided polygon, for a given m > 3.

At first sight these look along way from field extensions. However we can use
theory of field and field extensions we have developed so far to show the first three
are impossible and for the fourth to severely limit the possible m.

Ruler and Compass Construction Rules.

Starting from two points A and B in a plane we can:

(1) Draw the straight line through any previously constructed points.

(2) Draw a circle with centre a previously constructed point radius the dis-
tance between any two previously constructed points

(3) Mark any point of intersection of these curves.

Basic Constructions.

6.1. LEMMA.

(1) Given two marked points P and Q we can construct their mid-point and
perpendicular bisector.

(2) Given a point P on a constructed line | we can construct the perpendicular
to [ through P.

(3) Given a constructed line I and a constructed point P not on the line we
can construct the foot F' of the perpendicular from P to l.

PROOF.

(1) Draw the circles centre P and @ radius |PQ)|, the distance between P and
Q. Mark their intersection points R and S. Then SR is the perpendicular
bisector of PQ. This line meets the line L at the midpoint of P and Q.

(2) The line ! must have another marked point P on it. Draw the circle
centre P radius |PR|. Mark this cuts [ at R and the point R’ on the circle
opposite R. The required line is the perpendicular bisector of R and R’.
This can be constructed by (1).

(3) The line ! must contain a pair of marked points. Let be @ be one of these.
If @ = F done. If not the circle centre P radius |PQ)| cuts the line at @
and another point ). Then F is the midpoint of ) and @’ which can be
constructed by (1).

O

Introducing Coordinates.

Suppose we start we points with points A and B. Then we introduce Cartesian
coordinates as follows. The X-axis is the line through A and B. The Y-axis is the
line through A perpendicular to B. So the X-axis and the Y-axis are constructable
lines. We introduce coordinates by scaling to labeleling the point B by (1,0).

If as we carry out a construction of we mark each new point as is constructed
we generate a sequence of points

(0,0), Py =(1,0), P1,..., P
where for each ¢ > 1 each P; is constructed directly from previously marked points.

That is P; is either the intersection of a pair of lines joining a pair of previously
marked points, or of a line joining a pair of previously marked points and a circle
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centre a previously marked point radius the distance between previously marked
points, or a pair of circles centres previously marked pointa and radii distances
between previously marked points.

We call at point (o, 3) € R? constructable if there is such a sequence terminating
with P, = a, ).

Algebra of Lines and Circles.

6.2. DEFINITION. Suppose F is subfield of R.

An F-line is line between point with coordinates in F.

F'-circle is a circle centre a point with coordinates in F' and radius the distance
between two points with coordinates in F'.

6.3. OBSERVATION.

(1) An F-line has a Cartesian equation of the form aX + bY = ¢, a,b,c € F.
(2) An F-circle has a Cartesian equation of the form X2 +Y?2+aX +bY =c,
a,b,c e F.

ProoOF. Check. O

6.4. LEMMA. (1) The intersection of two F-lines has coordinates in F'.
(2) The intersection of a line and a circle or of two circles has coordinates in
F(VA) for some A € F.

PROOF.

(1) The solution to a pair of distinct linear equations with coefficients in F
lies in F'.

(2) To find the points of intersection of a line and a circle which each have
equations with coefficients in F, we make a substitution to reduce to
solving a quadratic with coefficients in F'. The intersection point can
be expressed in the form 7 + sv/A where r,s € F and A € F is the
discriminant of the quadratic.

To find the intersection of two F-circles we must solve a pair of
equations X2 4+ Y2 +aX +bY = cand X2+ Y2 +dX +VY = ¢
with coefficients in F', we subtract to reduce to to solving two equations
X24+Y2+aX +bY =c,and (a —a’)X + (b— b)Y = c— ¢, which both
have coefficients in F' as in the case just considered.

O

Application of the Tower Theorem.

6.5. PROPOSITION. Suppose we have a sequence of points in R?,
<030)7(170) =Pk, P,..., P

where for each i > 1 each P; = (oy, Bi) is constructed directly from previously
marked points.
Let F, be the subfield of R generated by the coordinates of Py, Py, ..., Py.
Then [F, : Q] divides 2".

PROOF. For ¢ > 1, let F; be the minimal subfield of R containing the coordin-
ates P() = (1,0),P1, N 7P2 Then FO = Q and for all 1 S 7 S r, Fz = E_l(ai,ﬂi).
At the i stage P; is a point of intersection of two curves each of which is either an
F;_4-line and or F;_j-circle. By the previous lemma therefore either F; = F;_1 or
F,_{CF;,C Fi_l(\/g) for some A € F;_. In the first case [F; : F;_1] = 1 and the
second [F; : F;_1] =1 or 2.

Applying the Tower Theorem to the tower of fields

Q=FRCHh C---CF,
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we find [F; : Q] is a power of 2 dividing 2". O

Constructable Numbers.

6.6. DEFINITION. A real number « is called constructable if the point (v, 0) is
constructable. Let K denote the set of constructable numbers.

6.7. LEMMA. The point (a, ) € R? is constructable if and only if both a, and
B are constructable.

PROOF. Observe that the circle centre the origin and radius the distance between
O and («,0), cuts the X-axis at (+a«, 0) and the Y-axis at (0, +«). Hence « is con-
structable if either of («,0) or (0, ) is constructable.

If the points (a,0) and (0, 5) are constructable then by construction (2) we
can construct the lines X = o and Y = . Hence their intersection point («, ) is
constructable.

If (o, B) is constructable then by construction (3) we can construct the points
(v, 0) and (0, B). O

Let K denote the set of constructable numbers.

6.8. PROPOSITION. Constructable numbers K form are subfield of R.
For all a« € K, o > 0 implies \/« is constructable.

PRrROOF. First note 1 € K, as (0,1) is contructable Suppose «, 5 € K.

(1) The constructable circle centre « radius |3] cuts the X-axis at («a £ ).
Hence o £ B are constructable numbers.
(2) The line Y = X is constructable as it passes through the constructable
points O and (1, «).
(a) It meets the he constructable line X = 8 at (8, af). So af € K.
(b) If o # 0 it meets the constructable line Y = 8 at (8/a, ). So if
a#0, 8/aeK.

The fact that 1 € K C R and (1), (2)(a) and (2)(b) hold show K is subfield of

Lastly note the identity,

a—1\° n a+1\°
o =
2 2
Hence if @ > 0 then ((a—1)/2,4/a)) is a point of intersection of the line X =
(a —1)/2 and the circle X2+ Y2 = ((a+1)/2)%. If o € K both this line and this

circle are constructable. Hence the point (o — 1)/2, /) is constructable. Hence
VaekK. O

6.9. PROPOSITION. If a € K is a constructable number « is algebraic of Q of
degree a power of 2.

ProoF. This follows from Proposition 6.5, and Proposition 3.2
If a € K, there is sequence of points

(070),(1,0):P0,P1,...7Pr:(Oé,O)-

where for each i > 1 each P, = (a4, ;) is constructed directly from previously
marked points. Then if F, is the field generated by the coordinates of all the P;,
[F- : Q] is power of 2. Since a € F, it is algebraic over Q of degree [Q(«) : Q]
dividing [F}. : Q], and hence algebraic over Q of degree a power of 2. O
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7. Impossibility Results

These are based on the immediate Corollary of Proposition 6.9: if & € R and
[Q(e) : Q] is not a power of 2, « is not a constructable number.
Duplicating the Cube.

7.1. PROPOSITION. [t is not possible to construct a cube with twice the volume
of a given cube by ruler and compass construction.

PROOF. If were possible to duplicate a cube, then starting with any line seg-
ment we could construct line segment /2 times as long. Hence /2 would be a
constructible number. But /2 is root of X* — 2 € Q[X]. This polynomial is irre-
ducible in Q[X], by the Eisenstein Criterion with p = 2. So m g5 o(z) = X3 -2
which shows [Q(¥/2) : Q] = 3, not a power of 2. So, by Proposition 6.9, v/2 is not
a constructible number. Hence we cannot duplicate a cube by ruler and compass
construction. (]

Squaring the Circle.

7.2. PROPOSITION. There is no ruler and compass construction to produce a
square the same area as given circle.

PrOOF. Given such a construction, starting with a line segment AB and the
circle centre A radius AB, we could construct a square whose sides had length /7
times as long as the segment AB. This would imply /7 € K and hence m € K.
Recall though that 7 is a transcendental number, that is [Q(7) : Q] = oo, not a
power of 2. So by Proposition 6.9, 7 is not a constructible number. We conclude
we cannot square the circle with a ruler and compass construction. O

Trisecting Angles.

7.3. PROPOSITION. There is no general construction for trisecting a given angle
using ruler and compass.

PROOF. The intersection P(1/2,/3/2) = (cos7/3,sinm/3) of the line X = 1/2
with the unit circle is a constructable point. The line OP makes angle 7/3 with the
positive X-axis. If there is a ruler and compass construction for trisecting angles
then we could construct the line making angle 7/9 with the positive X-axis. This
line cuts the unit circle at (cosm/9,sin7/9). Hence it would follow that cosm/9
and hence 2cos7/9 € K.

We show 2 cos /9 is not a constructible number, and there can therefore be no
general ruler and compass construction to trisect a given angle.

Observe that

(2cos0) = (e 4 e71)?

_ (631'9 + 6731'«9) + 3(61‘0 + 671‘9)

= (2cos30) + 3(2cosb).
Putting 6 = 7/9 we find

(2cosm/9)? =14 3(2cos7/9).

2cos7/9 is a root of X3 —3X — 1. This is a monic polynomial with coefficients
in Z. By the Rational Root Theorem any rational root of this polynomial must
be an integral divisor of 1. None of the divisors +1 of 1 are roots. So the cubic
has no rational roots. Hence it is irreducible over Q. So 2cos7/9 has minimum

polynomial X3 — 3X — 1 with respect to Q. Thus [Q(2cos7/9) : Q] = 3, not a
power of 2. Hence 2 cos7/9 is not a constructible number. g
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Some Cyclotomy (Circle Division). We now consider the problem of construct-
ing a regular m-gon.
We call an angle 6 constructable if § = ZPQR with P, @, R all constructable.

7.4. LEMMA. The angle 0 is constructable if and only if cos 8 is a constructable
number.

PROOF. Suppose 0 = ZPQR with P, Q, R all constructable. Then we can
construct the foot F of the perpendicular from P to the line QR. We know
|QF| = £cosf|QP|, (plus if 0 is acute, and negative if not). Since P, @ and
F are constructable, we deduce cosf € K.

Conversely if cos € K, the line X = cosf meets the unit circle at the points
(cosf,+sinf). Hence P = (cosf,sin ) is a constructable point. Hence § = ZPOR
is a constructable angle. O

7.5. COROLLARY. The regular m-gon is constructable if and only if cos 2w /m
is a constructable number.

7.6. LEMMA. If p is prime ®,(X) = )g(p__ll =1+ X+ X2+ +XP1 s
irreducible in Q[X].

PROOF. This is a nice application of the Eisenstein Irreducibility Criteria.

Note that f(X) — f(X + 1) is an isomorphism from Q[X] to itself. Reason: it
is the evaluation map ex 11 with inverse ex_1, f(X) — f(X —1). It also preserves
degrees. Hence f(X) € Q[X] is reducible if and only if f(X + 1) is reducible. So,
equivalently f(X) is irreducible if and only f(X + 1) is irreducible

(X +) =1+ (X+1D)+ (X +1)* 4+ (X + 1P

X )P (X DP -1 (P i
T (X+1)-1 X _2<Z>X

Thus ®,(X + 1) € Z[X] has leading coefficient 1, not divisible by p, and by the

lemma below, all other coefficients divisible by p. Lastly the constant term of

®,(X +1) = ©,(0) = p is not divisible by p>. Hence by Eisenstein’s Criteria

®,(X +1) is irreducible. Hence ®,(X) is irreducible. O
7.7. LEMMA.

For p prime p is divisible by p for all i with 1 <i<p-—1.
i

PROOF. In Z we can factor

Pl = (f) x il(p — 0)!

We see p occurs as a factor p! but for 1 <4 < p—1, p is not a factor of
iMp—i)=(1x2x--xi)x(I1x2x---x(p—1))

because p is not a factor of any terms on the right hand side. So because p is prime
it must divide the factor (f) of pl. |

The primitive p-th roots of unity are cos QZ)J + isin ? a=1,...,p—1.

If¢= 00527;# +isin% then ¢ + ¢! =2cos 27;%.
7.8. PROPOSITION. Let p be a prime number and ¢ € C any primitive pth root

of unity. Then

(1) Q) :Q=p—1, and
(2) forp odd [Q(¢C+¢1): Q] = %_
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PROOF. We first show [Q({) : Q] = p—1, that is ¢ is algebraic over Q of degree
p—1. We have (P =1 and ¢ # 1. We have therefore,
-1 _

1

I+(+--+¢P =

So ( is a root of
O X)=1+X+-+XP7H
which monic and irreducible in Q[X]. Hence ( is algebraic over Q of degree p — 1,
with m¢ g(X) = @,(X).
Consider the tower of fields Q € Q(¢ + ¢~1) € Q(¢). By the tower theorem
[Q(O) : Q¢+ ¢RI +¢™H :Q =[Q(¢) : Q] =p~1

It remains to show that for p > 2, [Q(¢) : Q(¢ + ¢~ 1) = 2.
For p > 2, ( ¢ R, whereas ( +(~! € R. Hence ¢ ¢ Q(¢ + ¢~ ') C R. However
¢ is a root of

(X=X =¢TH=X2—(C+(THX+1eQC+ X
So Q(¢) is algebraic of degree 2 over Q(¢ + (1), as required. O
7.9. COROLLARY. coOS % Z K unless p— 1 is a power of 2.

Note that if m is divisible by an odd prime p, then if we can construct a
regular m-gon, then we can construct a regular p-gon. Hence we have the following
restriction on the m for which a regular m-gon can be constructed.

7.10. PROPOSITION. The regular m-gon is not constructable unless every odd
prime divisor of m is of the form 2™ + 1.

For a odd we have the algebraic identity
X4 l=(X+1)(X X2 4... X +1).

Using this you can show 2™ + 1 is composite unless n is power of 2. Primes of the
form F, = 22" 4 1 are called Fermat primes. The only known Fermat primes are

Fy=3, Iy =5, [, =17, F3 =257, F; = 65537.

The numbers F,. are known to be composite for 5 < r < 32. No other Fermat
primes are known.

The full story is that a regular m-gon can be constructed if and only if m is of
the form m = 2"p; ... ps where the p; are distinct Fermat primes.

8. Splitting Fields

8.1. DEFINITION (Splitting Fields).
Let L/F a field extension, and f(X) € F[X] a non-constant polynomial.
(1) We say f(X) splits in L if it factors into linear factors in L.
(2) We say L is a splitting field of f(X) over F if f(X) splits in L, but not
in any extension of K/F of F with K properly contained in L.

8.2. OBSERVATION.
(1) Suppose L is a splitting field for f(X) € F[X] over F, and a4, ..., «, are
the roots of f(X) in L. Then L = F(aq,...,an)
Since all these roots are algebraic over F, L/F is a finite extension.
(2) Suppose f(X) € F[X] splits in the the extension field L of F. Then the
extension F(ayq,...,a,) where the a1, ..., a, are the roots of f(X) in L,
is the unique splitting field of f(X) over F contained in L.
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Examples.

(1) The polynomial X3 — 2 € Q[X] has roots V/2,wv/2,w?¥/2 in C, (w a
complex cube root of unity). Hence L = Q(3/2,wV/2,w?V/2) C C, is the
splitting field of X3 — 2 over Q contained in C.

All the roots of X?—2lie in Q(w, ¥/2). Both ¥/2 and w = (w?V/2)/(wV/2)
lie in L. Hence L = Q(3/2,wv/2,w?V/2) = Qw, V/2).
(2) The splitting field in C of (X2 —2)(X?3 —2) € Q[X] over Q is Q(+/2,V3).

8.3. PROPOSITION. Let F be a field and f(X) € F[X] have degreen > 1. Then
f(X) has splitting field L over F of degree at most n! over F.

ProOOF. We induct of n = deg f(X). The result is immediate for n = 1. Then
f(X) = ¢(X — a) for some a,c € F and we can take L = F. Suppose n > 1. Let
m(X) be an irreducible factor of f(X). Then by Theorem 5.2 there is an extension
of F = F(«a) in which m(X) has root «, and [E : F] = degm(X) < deg f(X) = n.
So « is root of f and in EF[X] we have f(X) = (X — a)g(X) for g(X) € E[X] of
degree n — 1. By induction there is an extension L of F with [L : E] < (n — 1)!
in which g(X) splits into linear factors. Hence f(X) splits into linear factors in L,
and

[L:F]=[L:E][E:F]<(n—1)!xn=nl
U

This proof of this proposition shows that give a polynomial over a field F of
degree n we can construct a splitting field for this polynomial of degree at most n!.
The following question now arises. Suppose I have two splitting fields L; and Lo
of the same polynomial over a field, how are they related?

9. Field Embeddings

We make a preliminary observation about homomorphisms between fields.
9.1. LEMMA. FEvery homomorphism of fields is an embedding.

PRrROOF. A field F has exactly two ideals F, and {0}. If 0 : F — F’ is field
homomorphism, (1) =1 # 0 € F’. Hence ker § = {0}. Hence 6 is injective. O

Consequently if § : FF — K and F' = 0(F) is the image of 6, then F’ is a
subfield of K and 6 maps F' isomorphically onto its image F”.

9.2. LEMMA. Let E and E’ be fields. Suppose E = F(ay,...,a,) for some field
F, and ay,...,an € E. Then any field embedding ¢ : E — E’ is determined by 0 =
Y. and P(a),...,Y(an), and maps E isomorphically onto F'(Y(ay),. .., ¢¥(an))
where F' = 0(F).

PROOF. The the elements of the field F(a, ..., a,) consists of all expressions
which can be formed from elements of F' and a4, ..., «a, € F using field operations.
Any homomorphism 1 : E — E preserves the field operations and so is determined
by knowing ¢(a) = 0(a) for all a € F, and (1), ..., 9¥(ap).

Consequently if ¢ : E — E’ is field homomorphisms its image ¥ (F) con-
sists of all expressions which can be formed from the elements of F' = 6(F'), and
Y(ay), ..., ¥(ay) using field operations, that is the image consists of the elements

of F'(¢(ar), ..., d(an)). O
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Extending Isomorphisms.

Suppose 6 : F = F' is an isomorphisms of fields and E/F and E’/F’ are field
extensions. Then an isomorphism 1 : £ = E’ is said to extend 6 if ¢, = 0, that is
Y(a) =6(a) for all a € F.

For example complex conjugation and the identity map from C to C are both
isomorphism extending the identity map from R to R.

9.3. DEFINITION. Given a field isomorphism 6 : F' = F’, and
f(X)=a+a X+ - +a, X" € FIX],
we define 6f € F'[X] to be polynomial
0f(X)=0(ag) +0(a1)X + -+ 0(a,) X™ € F'[X]

obtained by applying € to the coefficients of f(X).
The map f(X) — 0f(X) defines an isomorphism F[X] = F'[X]. Tt is the
unique homomorphism from F[X] — F'[X] extending 6 and mapping X to X.
We call f(X) and 6f(X) isomorphic polynomials

9.4. LEMMA. Let E/F and E'/F' be field extensions and ¢ : E = E' be a
field isomorphism extending an isomorphism 6 : F = F’'. Suppose o € E, and set

o =¢(a). Then for any f(X) € F[X],
U(f(a)) =0f(a') € E".

That is ¥ maps the polynomial f(X) € F[X] evaluated at o to the polynomial
0f1X] € F'[X] evaluated at o/ = (a).

PRrOOF. Suppose f(X)=ag+ -+ a,X". Then

U(f(@) = Plao + ara +--- +apa®)
= ¢P(ao) +¢P(ar)p(a) + -+ ¢(an)y(a”)
= 0(ao) + 0(ar)y () + -+ + 0(an)y(a)”
=0f(a").
O

9.5. THEOREM. (The Isomorphism Extension Theorem)
Let E/F and E'/F’ be field extensions and 6 : F = F’ be an isomorphism of
fields.
Suppose E = F(a) for some a algebraic over F with minimum polynomial
m(z) € F[X].
(1) Suppose there is an isomorphism ¢ : E = E' extending 0. Then o/ =
() is algebraic over F' with minimum polynomial over F'. 6m(X), and
E' = F'(«a).
(2) Conversely if E' = F(a/) where o € E' is algebraic over F' with minimum
polynomial over F', then there is an isomorphism v : E =2 E’ extending 0
which maps o to o.

PRrOOF. (1) Suppose we have an isomorphism ¢ : F = E’ extending
6 : F = F'. Then by Lemma 9.2, E' = F'(a’) where o = (), and
1 is the unique such isomorphism. Since 3 is an isomorphism for any
f(X) € F[X], f(a) =0 if and only if ¢(f(a) = 0). So by the calculation
of Lemma 9.4 we have f(a) = 0 if and only 0f(a’) = 0. Equivalently
a € E is aroot of f(X) if and only if o is a root of §f(X). The map
f — 6f, maps monic polynomials to monic polynomial and preserves
degrees. Hence o is algebraic over F/ with minimum polynomial dm(X).
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(2) We now suppose E' = F'(a/), &/ € L has minimum polynomial m(X
with respect to F’. It remains to show there is an extension ¢ : F(a) &
F'(d/) of 0 : F = F' which takes « to /.

The map f(X) — (0f)(X) is an isomorphism F[X] — F'[X]. It maps
multiples of m(X) to multiples of 6m(X). Hence,

f(X) + (m(X)) = (0£)(X) + (0m(X))
defines an isomorphism F[X]/ (m(X)) = F'[X]/ (0m(X)).

Now f(a) — f(X)+ (m(X)) is an isomorphism F(a) = F[X] (m(X)
and (61)(X)+ (dm(X)) — (0f)(a’) is an isomorphism F'[X]/ (fm (X))
F'(a’) Hence the composite

fl@) = f(X) + (m(X)) = (0)(X) + (Im(X)) = (0f)(a)

defines is isomorphism 9 : F(«a) & F’'(«’) which extends 6, and maps «
to .

~

I

O

10. Isomorphisms of Splitting Fields

We now show that isomorphic polynomials have isomorphic splitting fields.
We make the following timely observation which we use repeatedly in what is
to follow.

10.1. OBSERVATION.

Suppose L is a splitting field over F' for f(X) € F[X] and E is an intermediate
field FC E C L.

Then L is a splitting field over E of f(X) viewed as polynomial in E[X].

10.2. PROPOSITION. Let 0 : F = F' be an isomorphism of fields, and f(X) €
F[X] be a non-constant polynomial. Suppose L is a splitting field over F of f(X)
and L a splitting field over F' for 0f(X) € F'[X]. Then there exists isomorphisms
Y : L — L' extending 6.

PrOOF. If [L: F]=1,ie L=F, f(X)=c¢(X —a1)...(X —aj) in F[X] then
0f(X) =0(c)(X —0ay)... (X —bay) in F'[X], and so L’ = F’. Hence there is a
unique choice of ¥, viz ¢ = 6.

Suppose now [L : F] > 1. Then some root « of f(X) is not in F. Suppose it has
minimum polynomial m(X) over F. Then m(X) divides f(X) and degm(X) > 1.
In F'[X] the polynomial m(X) is irreducible and a divisor of 8f(X). So fm(X) is
a product of linear factors in L'[X]. Hence #m(X) has a full set of roots in L’. Let
o’ be any one of them. Then by the Isomorphism Extension Theorem 6 extends
to an isomorphisms ¢ : F(«) = F'(a’). By observation above L is splitting field of
f(X) viewed as a polynomial in F(«)[X] and L' is a splitting for (6f)(X) viewed
as polynomial in F'(a/)[X]. Since [F(«) : F] = degm(X) > 1,

[L:F(a)]=[L:F]/[F(a): L] < [L:F].

Hence by induction ¢ extends to an isomorphism 1 from L to L’. This extension
is an isomorphism from L to L extending 6. O

From the proof we have the following corollary.

10.3. COROLLARY. If a € L is a root of an irreducible factor m(X) of f(X)
and o € L' is a root of the isomorphic irreducible factor 0m(X) of 6f(X), then
there is an extension ¢ : L = L' of 0 such that ¥(a) = o’.

By keeping track of the number of choices at any stage we can show that number
of possible 1) : L = L' with 9|, = 0 is finite.
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10.4. COROLLARY. There are at most [L : F] extensions of 6.

PROOF. Going through the proof above in the case n =1 we have [L: F] =1
choice of 1. At the inductive step we have one choice of ¢ for each root of the irre-
ducible factor @m(x) of 0f(X). The factor Hm(X) can have at most deg m(X) =
degm(X) roots. Hence we have at most

degm(X) = degm(X) = [F(a) : F]

ways to extend € to an isomorphism to a subfield of L', with domain F(«), and
by induction at most [L : F(a)] ways to extend each of these to an isomorphism
L — L' extending #. Hence there are at most

[L: F(a)][F(a): F] =[L: F)

choices of 9 : L = L’ extending 6.
O

We now show that with suitable restrictions on f(X) we can get the maximal
number [L : F] of extensions
Separable Polynomials.

10.5. DEFINITION. e A polynomial f(X) € F[X] is called separable
over F, (F-separable), if its irreducible factors in F'[X] have no multiple
roots in a splitting field, and hence in any splitting field.

For example if f(X) itself has no multiple roots in a splitting field
neither can any of its factors. Hence it is F-separable.
e An element « of an extension field of F is called separable if its algebraic
over F' and its minimum polynomial over F' is F-separable.
For example if « is root of polynomial f(X) with no repeated roots,
then « is separable and algebraic over F'.
e An algebraic extension K/F is called separable if every o € K is separable
over F'.

Note all the polynomials in examples so far have been re separable. This is
because we have only met polynomials with coefficients in a subfield of C or are
with coefficients in a finite filed. We will shortly show that in characteristic 0 all
polynomials are separable, and that in characteristic 0 all polynomials are separable,
and that all polynomials in a finite field are separable.

10.6. OBSERVATION.
If E/F is a field extension, then if f(X) € F[X] is F-separable implies f(X)
is F-separable.

Proor. In F[X], f(X)) = mi(X)...m (X, mi(X), - (X) € F[X], irredu-
cible in F[X]. This a factorisation of f(X) in F[X]. So if p(X) is an any irreducible
divisor of f(X) =mi(X)...m.(X in E[X] then p(X) must be a divisor of one of
the irreducibles m;(X). If f(X) is F-separable m;(X) will have no repeated roots.
Hence p(X) can have no repeated roots. O

10.7. PROPOSITION. Let 6 : F = F’ be an isomorphism of fields. Suppose
L is a splitting field over F of f(X) € F[X] and L'/F’ a splitting field over F’
of 0f(X) € F'[X]. Then there exists exactly [L : F) isomorphisms ¢ : L — L'
extending 0 if and only if f(X) is separable over F.

PROOF. Suppose f(X) is separable over F. In the inductive proof that the
number of extensions is no more than [L : F] we can replace all inequalities by
equalities. At the inductive step we have [F'(«) : F) choices of o/ and hence of ¢.
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Also since f(X) is separable over F'(«) by induction there are [L : F(«)] extensions
of each ¢ to an isomorphism v : L = L’. Hence we have

[L: F(a)][F(a): F] =[L: F)
extensions 1 : L & L' of 6.
If f(X) is not separable then at the inductive step we take a root « of an
irreducible factor m(X) of f(X) with multiple roots. The corresponding polynomial

Om(X) then has multiple roots and we have strict inequality at the inductive step.
Hence we have strictly less than [L : F| extensions if f(X) is not separable. O






CHAPTER 7

Galois Theory

1. Automorphisms and Fixed Fields

Let L be field. By an automorphism of L we mean a field isomorphism o :
L = L. The automorphism of L form a subgroup Aut(L) of the group Sym(L), the
group of bijective maps from L to itself. Thus automorphism of L are the bijections
of L preserving the field structure.

Suppose L/F' is a field extension. An automorphism ¢ € Aut(L) is said to fix
Fif ¢(a) = aforalla € F. Let G(L/F) denote the set of automorphism of L which
fix F. They form a subgroup Aut(L), called the automorphism of the extension.
Note that G(L/F) consist of all extensions ¢ : L = L of the identity isomorphism
from F to F.

Note for any automorphism ¢ of a field L, ¢(1) = 1, and hence fixes all elements
of the prime subfield of L.

So we note that

e if char L =0, Aut(L) = G(L/Q) and if
o char L =p > 0, Aut(L) = G(L/F)).

In a particular if F' is a prime field Aut(F') = 1.

Example: Quadratic Extensions. Let L/F be the splitting field of a separable
irreducible quadratic aX? +bX +c € F[X] with roots o, 3 € L. Then L = F(a, j).
We have aX? +bX +c=a(X —a)(X — ) in L[X]. So we have a + 8 = —b/a. So
we can we deduce L = F'(a) = F'(5). By The Isomorphism Extension Theorem 9.5
we deduce there are two isomorphisms from L to L fixing F. One mapping « to
«, is the identity, the other, v say, mapping a to 3, and necessarily 8 back to « is
called conjugation. The group G(L/F) = {1,v} is cyclic of order two.

Example: p-th roots of Unity. Let ¢ € C be a primitive p-th root of unity. We
show G(Q(()/Q) = (Z/pT)*.

Recall that for a prime p the primitive p-th roots of unity in C are the roots of
XP—1
X-1
which is irreducible over Q, and that therefore [Q(() : Q] = p — 1. The the p — 1
powers (“, a = 1,...p — 1 run through all p — 1 primitive p-roots of unity in C.
Hence ®(X) factors completely in Q(().

O X)=1+X+...XP 1 =

p—1
o,(X) = [J(x =¢*.
a=1
The field Q(¢) splits ®,(X). Any subfield of C splitting ®,(X) must contain Q(¢).
Hence Q(¢) is the splitting field in C of @,(X) over Q.

Since ¢ was any choice of primitive pth root of unity in C, for any a € Z with
ged(a,p) =1 Q(¢) = Q(¢*). Any o € G(Q(¢)/Q) must map ¢ to a root of &,(X).
So we must have o(¢) = ¢° for some a with ged(a,p) = 1. By the isomorphism
extension theorem there is a unique o(a) € Gal(Q(¢)/Q) such that o(a){ = ¢°.
Since ¢ = ¢® if and only if a = b (mod p) the mapping a (mod p) to o(a) defines

81
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a bijection
o: (Z/pL)* — G(Q(¢)/Q)

Further for a,b prime to p,

o(a)o(b)¢ = a(a)¢® = (o(a))” = (¢*)" = (* = o(ab)¢

Hence this bijection is an isomorphism of groups. Note that

1G(Q(O)/Q)] = [Q(¢) - Q.

Example. Consider the subfield field Q(4/2) of R. Any ¢ € G(Q(/2)/Q), is

determined ¢(+/2). But,
$(V2)? = ¢((V2)*) = 6(2) = 2.

Hence ¢(¥/2) € Q(v/2) is a real cube root of 2. Thus ¢(v/2) = /2. So ¢ is the
identity. Hence |G(Q(3/2)/Q)| = 1.

Automorphism Groups of Splitting Fields.

Let L/F be a field extension. An element ¢ € G(L/F) is an isomorphism
1 . L & L extending the identity map 6 : F = F. Now suppose L is a splitting
field of a polynomial f(X) € F[X]. Then we can apply Proposition 10.7 in the
case F = F', L = L’ and 6 is the identity isomorphism 0 : F' = F. This gives
immediately the first statement of the following. The second statement follows
immediately from the first corollary to Proposition 10.2.

1.1. PROPOSITION. Let f(X) be a polynomial with coefficients in a field F, and
suppose L/F is a splitting field of f. Then G(L/F) < [L : F| with equality if and
only if f(X) is F-separable.

If & and B are roots of the same irreducible factor in F[X] of m(X) of f(X)
then for some ¢ € G(L/F), ¢(a) = f.

1.2. DEFINITION. (Fixed Fields)
Let L be a field and ¢ € Aut(L) set
Fiz(p)={a e L:¢(a) =a}.
We have: ¢(1) =1, and if ¢(a) = a and ¢(b) = b then
¢(a+b) = o(a) +é(b) =a+b, ¢(ab) = ¢(a)p(b) = ab
and if a # 0, ¢(a™!) = ¢(a)”! = a~!. Thus Fix(¢) is a subfield of L called the
fized field of ¢.

For any non-empty set of X automorphism L let
Fiz(X)={a € L:¢(a)=a, forall g € X}.

This is the intersection of the subfields Fiz(¢) of L over all ¢ € X, and hence is a
subfield of L. We call Fiz(X) the fized field of X.

2. The Galois Correspondence

2.1. DEFINITION. (The Galois Correspondence) Suppose L is a field.

Give any subgroup G of Aut(L) we have a subfield Fiz(G) of L.

Give any subfield F' of L we have a subgroup, G(L/F) of Aut(L).

This pair of maps between subgroups of Aut(L) and subfields of L is called the
Galois correspondence.

‘We now record two pairs of tautological facts about the Galois correspondence
between subgroups of automorphisms of a field L and its subfields.

2.2. LEMMA. The maps of the Galois correspondence are order reversing.
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(1) If L O E D F is a tower of subfields then G(L/E) < G(L/F).
(2) For subgroups H < G < Aut(L), Fix(G) C Fixz(H).

PROOF.

(1) Suppose L D E D F is a tower of fields. Any automorphism ¢ € G(L/E)
fixes all elements of £ and hences fixes all elements of ' C E. We have
therefore ¢ € G(L/F). Hence G(L/E) < G(L/F).

(2) If a € Fiz(G), then a is fixed by all ¢ € G, and hence all ¢ € H < G.
Hence a € Fix(H). We have therefore Fix(G) C Fixz(H).

O

2.3. LEMMA.

(1) For any subfield F of a L, F C Fix(G(L/F)).
(2) For an subgroup G of Aut(L), G < G(L/Fiz(Q)).

PROOF. Both are immediate from the definitions of the automorphism group
of a field extension and of and fixed fields.

The first says every element of F' is fixed by every automorphism of L fixing F.

The second says every element of G fixes every element in the set of elements
of L fixed by G. O

2.4. DEFINITION. (Galois Extension and Galois Groups) A field extension
L/F is called a Galois extension if Fiz(G(L/F)) = F.

A subgroup G of automorphisms of a field L is called a Galois group if G(L/Fiz(G)) =
G.

Note the following.

(1) If L/F is called a Galois extension then Fixz(G(L/F)) = F. Hence
G(L/Fiz(G(L/F))) = G(L/F). So G(L/F) is a Galois group.
When L/F is a Galois extension we call G(L/F) its Galois group.
(2) If a subgroup G of the automorphism group of a field L is a Galois
group, then G(L/Fixz(G)) = G. Hence Fiz(G(L/Fix(G))) = Fix(G).
So L/Fiz(G) is a Galois extension.
When G is a Galois group L/ Fix(QG) is a Galois extension with Galois
group G(L/Fiz(G)) = G.

2.5. PROPOSITION. Let L be a field. Then the Galois correspondence defines a
1-1 order reversing correspondence between Galois field extensions L/F and Galois
groups G < Aut(L).

PROOF. We have shown the Galois correspondence is order reversing earlier in
Lemma 2.2

As noted in (1) above, under the Galois correspondence a Galois extension L/F
maps to a Galois group G(L/F). This Galois group maps back under the corres-
pondence to L/Fiz(G(L/F) and L/Fix(G(L/F) = L/F, because Fix(G(L/F) =
F given L/F Galois.

As noted in (2) above under the Galois correspondence a Galois group G <
Aut(L) maps to a Galois extension L/Fiz(G). This Galois extensions maps back
under the correspondence to G(L/Fiz(G)) and G(L/Fiz(G)) = G given G is a
Galois group. O

3. Galois Conjugates

Let L/F be Galois extension. Suppose e € L. Then the ¢(a), ¢ € G(L/F) are
called the Galois conjugates of o with respect to F.
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Suppose « € L is a root of some f(X) € F[X],
f(X)=ap+a1 X +---+aqX? ao,a1,...,aq € F.
Then
ao+a1a+~~+adad:0.
So for any ¢ € Aut(L),

$(ao) + ¢(ar)¢(e) + - + d(aa)g(a)” = 0.
If p € G(L/F),
#(ao) = ao, ¢(a1) = a1, ..., ¢(aq) = aq.
So
ag + arp(a + - - + aag(alpha)® = 0,
that is, ¢(«) is a root of f(X).

Hence since a polynomial over a field ha only finitely many roots, we conclude
that if a € L is algebraic over F', it has only finitely many Galois conjugates.
Further applying the above to the minimum polynomial m(X) of « over F, we see
that the Galois conjugates are all roots in L of m(X).

Conversely suppose a € L has only finitely many Galois conjugates over F'.
Let
a1 :¢1(a)7 ey O[n:(bn(a), ¢17d0t87¢n€G<L/F>
be a list of these distinct Galois conjugates, (this list contains «). Then for any
¢ € G(L/F),
¢<a1) = ¢¢1 (Oé), ceey ¢(an) = ¢¢n(a)a
is a list of distinct Galois conjugates of ov. Hence this list is permutation of o, ..., vy,
Consider
p(X)=(X—-a)... (X —ay,) € LIX].
Then p(X) monic and has root a. For any ¢ € Aut(L),
op(X) = (X = ¢(an)) ... (X = d(am)).
Hence if ¢ € G(L/F),
op(X) = (X — ¢(an)) ... (X — d(an)
= =X —-a1)...(X —an)
= p(X).
Hence the coefficients of p(X), all of which lie in L, are fixed by all ¢ € G(L/F). So
the coefficients of p(X) all lie in Fiz(G(L/F) = F. Since « is root of p(X) € F[X],
« is algebraic over F. Let m(X) € F[X] be its minimum polynomial over F.

Because « € L is a root of m(X) and m(X) € F[X], all Galois conjugates of o over
F are roots of m(X). So

p(X) = (X = ¢(a1)) ... (X = ¢(an)) [ m(X).
But p(X) is a monic polynomial in F[X]| with root a and m(X) is the minimal
such polynomial. Hence p(X) = m(X).
Hence we have the following.

3.1. PROPOSITION. Let L/F be Galois extension.

Then o € L is algebraic over F if and only if o has only finitely many Galois
conjugates over F.

If oo € L is algebraic over F' and «,...,ap is a list of the distinct Galois
conjugates of a over F', then

m(X) = (X = ¢(ar)) ... (X — ¢(an))

is the minimum polynomial of « with respect to F.
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3.2. COROLLARY. If L/F is a Galois extension then every a € L which is
algebraic over F is separable over F.

3.3. COROLLARY. If L/F is a Galois extension then any irreducible m(X) €
F[X] which has a root o € L factors into linear factors in L.

The first corollary follows since the by definition a € [ algebraic over F is
separable over F' its its minimum polynomial has distinct root in a splitting field.
The second because such an m(X) and «, will be the minim polynomial of « over
F.

3.4. DEFINITION. Normal Field Extensions A field extension L/F' is called
normal if it is an algebraic extension and every irreducible m(X) € F[X] which
has one root in L factors into linear factors in L[X].

Equivalently L/F is normal extension if it is an algebraic extension and for
a € L the minimum polynomial m, r(X) of any a € L factors into linear factors
in L[X].

A field extension L/F is separable and normal if and only if the minimum
polynomial of any « € L factors into distinct linear factors in L.

4. Finite Galois Extensions

4.1. THEOREM. Let L/F be a finite extension of fields. Then the following are
equivalent.

(1) L/F is a Galois extension.
(2) L/F is separable and normal.
(3) L is a splitting field for some separable polynomial f(X) € F[X].

ProoOF. Note that L/F finite implies every « € L is algebraic over F.

Hence (1) = (2), by two corollaries to Proposition 3.1

(2) = (3)

Assume L/F is separable and normal. Let n = [L : F]. Let vq,...,v, be an
F — basis of L. For each index i let m;(X) denote the minimum polynomial of v;.
Set f(X) = m1(X)...my(X). Then by assumption each m;(X) is separable and
factors into linear factors in L[X]. Hence f(X) is separable and is split by L, and

its rpts include vq,...,v,. No proper subfield of L, in fact no proper F-subspace
of L, contains the roots vy, ..., of f(X). Hence L is a splitting field for f(X).
3) = (1)

Suppose L is splitting field over F of the F-separable polynomial f(X) € F[X].
Then by Proposition 8.3, L is a finite extension of F.

Recall now Observation 10.1 and Observation 10.6. These imply that if E is
any field intermediate between L and F', then L is a splitting field over E of f(X)
and f(X) € E[X] is E-separable. So by Proposition 1.1, |G(L/E)| = [L : E]. In
particular, taking £ = F', we have

|G(L/F)| = [L: F],
and taking E = Fixz (G(L/F)), we have
[L: Fix (G(L/F))] = |G (L/Fiz (G(L/F)))]|.
By Lemma 2.3 (2), with G = G(L/F),
G(L/F) < G(L/Fix (G(L/F))).
Hence
[L: Fl = |G(L/F)| < |G(L/Fix (G(L/F)))| = [L : Fiz (G(L/F))]
But by Lemma 2.3 (1), F' C Fiz (G(L/F)) C L.
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So [L:F]>|[L: Fiz(G(L/F))] unless F = Fiz (G(L/F)).
We deduce therefore that F' = Fiz (G(L/F)) and L/F is a Galois extension.
(|

4.2. COROLLARY. Suppose L/F is a finite Galois extension. Then,
|G(L/F)| = [L: F].
PrROOF. We know, Proposition 1.1, that if L is a splitting field over F' of
separable polynomial, then |G(L/F)| = [L : F]. O

We now derive a fourth equivalent condition for a finite extension L/F' to be
Galois.

4.3. PROPOSITION. Let L/F be be finite extension. Then |G(L/F)| < [L: F].
We have |G(L/F)| = [L: F) if and only if L/F is Galois.

Proor. Consider the tower of fields
L C Fiz(G(L/F) C F.

Since, Lemma 2.2 (1), the Galois correspondence is order reversing,
G(L/Fiz(G(L/F))) < G(L/F).

But by Lemma 2.3 (2) with G = G(L/F),
G(L/F) < G(L/Fiz(G(L/F))).

Hence
G(L/Fiz(G(L/F))) = G(L/F).

So, by definition of Galois groups, G(L/F) is a Galois group. We deduce from
the Galois correspondence that L/Fix(G(L/F)) is a Galois extension. So by the
corollary to Theorem 4.1,

(G(L/Fia(G(L/F)))| = [L : Fia(G(L/F)]
Hence
|G(L/F)| = |G(L/Fiz(G(L/F)))| = [L : Fiz(G(L/F))].
By the Tower Theorem
[L: Fiz(G(L/F))] =[L: F|/[Fiz(G(L/F)) : F].
Hence,
|G(L/F)| < [L: F]

with equality if and only if [Fiz(G(L/F)) : F] = 1. This is the case if and only if
Fiz(G(L/F) = F, which is the defining condition for the field extension L/F to be
Galois. 0

5. Finite Galois Groups

We have seen the Galois group of finite extension is a finite group.
We now show every finite group of automorphisms is the Galois group of a
finite extension.

5.1. PROPOSITION. Let L be a field and G a finite subgroup of Aut(L), and
F = Fiz(G). Then L is a finite Galois extension of F' and G(L/F) = G.
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PROOF. The hard part here is proving L/F is finite extension. We will show
that [L : F] <|G]|.

As noted in Lemma 2.3, G < G(L/Fiz(G)0. Hence |G| < |G(L/F)|. By
Proposition 4.3, |G(L/F)| < [L : F]. If we can prove [L : F| < |G| we have L/F is
finite and

Gl <|G(L/F)| < [L: F] <G|
Then we will have,
Gl = |G(L/F)| = [L: F].

From the first equality we can then deduce G = G(L/F) and from the second and
Proposition 4.3 we can then deduce that L/F is Galois.

Set n = |G|. To show [L : F| < |G| it sufficient to show that any n+ 1 non-zero
elements of L are linearly dependent over F'.

Suppose a1, qa, ..., ay41 are n+ 1 non-zero elements of L. Label the elements

G, ¢1,...¢y. Consider the n + 1 non-zero vectors in L™,

¢1(0n) $1(02) d1(0n41)

¢2(041) (252(042) ¢2(0£n+1)

u; = . s Ug = . yoaey un+1: .

¢n ((11) ¢n(a2) ¢n (an+1)
These n + 1 non-zero vectors in L™ must be L-linearly dependent. So for some
r <mn, uj, Uy, ..., u, are L-linearly independent and for some Ay,... A, € L.
(52) Up41 = )\1111 + -+ A,-ll,-.

Comparing components this is equivalent to

di(ari1) = Mdi(ar) + - + Aoy,
for all i, or equivalently,
(5.3) Plars1) = g(ar) +--- + Avglar)

for all ¢ € G.
Let ¢, p € G. Then p~'¢ € G. Hence by Equation 5.3

(P ') (arsr) = M(p~ @) (ar) + - + Ar(p™ ' 0) ()
Since p respects addition and multiplication applying p to this last equation gives,
(5.4) Plargr) = p(Ar)d(an) + -+ + p(Ar)p(or).
Since this this holds for all ¢ € G we deduce
(5.5) w1 = p(A)ur + -+ p(Ar)uy

for all p € G. Equations Equation 5.2 and Equation 5.5 both express u,;1 as an
L-linear combination of the vectors uy, ..., u, which are linearly independent over
L. Hence comparing coefficients we find.

p(A) =X, ..., p(A) = A

This holds for all p € G. Thus all coefficients A1,... A, € Fiz(G) = F.
Taking ¢ to be the identity of G in equation Equation 5.3 gives

a—r+1or + -+ Aay,

with A\1,... A\ € F. Thus a,41 is an F-linear combination of a1, aq,...a,. Hence
the elements ay, s, ... a,4+1 are F-linearly dependent. O
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6. The Main Theorem of Galois Theory

6.1. THEOREM. Let L/F be a finite Galois field extension. Then the following
hold.

(1) (i) For each field E with L O E D F, extension L/E is a finite Galois
extension.
(i) Each subgroup H of G(L/F) is a Galois group
(#i1) The Galois correspondence

L/Ew G(L/E),  Hw L/Fiz(H),

defines a pair of mutually inverse order reversing maps between ex-
tension L/E with L O E D F and subgroups H of Gal(L/F).
(2) For any intermediate field E, L O E 2O F the finite extension E/F is
Galois if and only if G(L/E) is a normal subgroup of G(L/F).
In this case o+ 0|, defines surjective homomorphism from G(L/F)
to G(E/F) with kernel G(L/E), and induces an isomorphism

G(L/F)/G(L/E) = G(E/F).

PROOF. (1) This all follows from the results already proved.

(i) Suppose E is a field with L O E D F. Because L/F is a finite
extension so is L/E. Because L/F is also Galois by Theorem 4.1 L is
a splitting field over F of polynomial F'(X) € F[X] which is separable
over F. Hence f(X) is separable over E and L is its splitting field
over E. Hence L/FE is a finite Galois extension.

(#9) By the corollary to Theorem 4.1, G(L/F) is a finite subgroup of
Aut(L). Hence every subgroup H of G(L/F) is finite subgroup of
Aut(L). Hence by Proposition 5.1 H is a Galois group.

(791) Given (4) and (74), this follows from the 1-1 correspondence between
Galois extension L/F and Galois subgroups of Aut(L) proved in Pro-
position 2.5.

(2) Suppose E/F is Galois. Then it is a finite Galois extension. So by
Theorem 4.1 E is the splitting field in L of some separable polynomial
f(X) e F[X]. So E = F(a,...a) where ay, . .. o, are the roots of f(X)
in EC L. Forany 0 € G(L/F), o(a1),...0(a,) is a permutation of the
roots of f(X). Hence

o(E) = F(o(an),...0(a)) = F(ag,...a,) = E.

So o restricts to an automorphism of E. By assumption o fixes F. So
0|, € G(E/F), and the map o ~— ¢/, is a homomorphism from G(L/F)
to G(E/F).

We now show this map is surjective. Suppose ¢ € G(E/F). Then
by the splitting field isomorphism result Proposition 10.2, applied with
L' =L and E' = E and 6 = ¢, there exists o : L = L such that o), = ¢.
We have o(a) = ¢(a) = a for all @ € F. So ¢ € G(L/F). Hence the
restriction mapping from G(L/F') to G(E/F) is surjective.

The kernel of the restriction homomorphism consist of all o € G(L/F)
such that o restricts the identity on E, that is o0 € G(L/E). Thus G(L/E)
is a normal subgroup of G(L/F) and restriction induces an isomorphism
G(L/F)/G(L/E) = G(L/E) in which for ¢ € G(L/K) the coset cG(L/E)
corresponds to gy .

It remains to show that if G(L/FE) is a normal subgroup of G(L/F),
then the finite extension E/F is Galois. For this we use equivalent con-
dition (2) of Theorem 4.1. That is a finite extension is Galois if it is
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separable and normal. Assume that G(L/E) < G(L/F). We show that if
a € F has minimum polynomial m(X) then it factors into distinct linear
factors in E[X].

Because L/F finite and Galois it is separable and normal over F.
Hence m(X) factors into distinct linear factors in L[X]. By Propos-
ition 3.1 its roots are the Galois conjugates over F of a. We show
that these Galois conjugates lie in E. Since L/E is finite and Galois
Fix (G(L/E)) = E. So it remains only to show all Galois conjugates of «
are fixed by G(L/E). Suppose ¢ € G(L/F) and 0 € G(L/E).

The condition G(L/E) < G(L/F) implies that ocgpo~! € G(L/E).
Hence o(a) = o and 0¢po~!(a) = a. We find therefore that

op(a)) = oo lo(a) = opo ) = a
This shows that all Galois conjugates ¢(«) of « lie in Fix(G(L/E)) = E.
Thus the minimum polynomial of any o € E factors into distinct linear
factors in E[X]. Hence E/F is separable and normal. So by equivalent

condition (2) of Theorem 4.1 the finite extension E/F' is Galois.
O

7. Separable Extensions

Recall that an irreducible separable polynomial m(X) € F[X] is one that de-
composes as product of distinct linear factors over a splitting field L. A root a
of polynomial f(X) is called a simple root if (X — a)|f(X) but (X —a)? { f(X).
Hence an irreducible polynomial is separable if and only it has no multiple roots in
a splitting field.

Derivatives, Multiple Roots.

The derivative f'(X) of polynomial f(X) over field F' can be defined formally
by defining (X")' = nX"~! and extending by linearity. So for

f(X)=a0+ @ X +asX?+- - +a, X",
fI(X)=a; +2aX +- +na, X" *
You can check that usual product rule

(f9)' =fg+fd

hold for all polynomials f, g in any polynomial ring.

PROOF. To check this reduce by linearity to the case f(X) = X™, g(X) = X™.
See:

(XK"Y = (X
= (m+n)Xmtn-t
= X"(nX" ) + (mX"hHX"
=X"™(X") + (X)X
0

From calculus we are familiar with the notion that f/(X) = 0 if and only if f(X)
is a constant. This is always the case for polynomials in characteristic zero, but not
in positive characteristic. For example in characteristic p > 0, (X?) = pXP~! = 0.

7.1. LEMMA. Let F be field and f(X) € F[X].
(1) char(F) =0: f/(X) =0 in F[X], if and only if f{(X) = ag, a constant.
(2) char(F) = p: f/(X) =0 in F[X] if and only if f(X) = g(XP) for some
9(X) € F[X].
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PrROOF. Suppose f(X) = > a,X". Then f'(X) = 0 in F[X] if and only if
na, = 0 for all n > 0.
(1) In characteristic 0 this is the case if and only if a,, = 0 for all n > 1, that
is f(X) is a constant polynomial.
(2) In prime characteristic p > 0, this is the case if and only if a,, = 0 whenever
p 1 n. This is the case if and only if f(X) = g(XP?) for some g(X) € F[X].
O

7.2. LEMMA. Let E/F be a field extension. Suppose o € E is root of a non-
zero polynomial f(X) € F[X]. Then « is a multiple root of f(X) if and only if
f'(@) = 0.

PROOF. Given a € E is root of f(X) we can factorise f(X) = (X —a)g(X) in
E[X]. Thus « is multiple root of f(X) if and only if « is root of g(X), and this is
the case if and only if g(a) = 0. By the product rule

(X)) = (X = a)g'(X) + g(X).
Putting X = «, gives
g(a) = f'(a).
We have therefore the root « of f(X) is multiple root of f(X) if and only if f'(a) =
0. O

Irreducible Separable Polynomials.

7.3. PROPOSITION. Let m(X) € F[X] be irreducible. Then m(X) is separable
if m'(X) # 0.
We therefore have the following.
(1) If char(F') =0, m(X) is separable.
(2) If char(F) = p > 0, then either m(X) is separable or m(X) = g(XP) for
some irreducible g(X) € F[X].

PROOF. Let a be root of m(X) in some extension field. Then m(X) irreducible
implies it is a constant multiple of the minimum polynomial of o over F. Hence
m(X) a non-zero polynomial in F[X] of minimal degree with root «. Suppose
m/(X) # 0. Then m/(X) is a non-zero polynomial in F[X] of smaller degree then
m(X). Hence m/(a) # 0. So a is a simple root by Lemma 7.2. Hence every root
of m(X) in any splitting field is simple. So m(X) is separable.

Irreducible polynomials have positive degree. Hence if char(F) = 0, the de-
rivative m/(X) # 0, and m(X) is therefore separable. If char(F) = p > 0, then
m/(X) # 0 unless m(X) = g(XP) for some g(X) € F[X]. Since g(X) reducible
would imply g(X?) reducible, g(X) must be irreducible O

The Frobenius Endomorphism.
Let p be a prime number and F' be a field of characteristic p.

7.4. DEFINITION. For F' a field of prime characteristic p, the map ® : FF — F
defined by ®(z) = P is called the Frobenius map.

7.5. LEMMA. In a field F of prime characteristic p, (a + b)P = aP + bP.

PRrROOF. Recall (Lemma 7.7) that for primes p, the middle binomial coefficients
(’;), 1 <i<p-—1 are all divisible by p. Hence for all a,b € F,

P
(a+b)P = Z (Z;)aibp_i =aP + 7.

=0
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7.6. COROLLARY. The Frobenius map of a field F' of prime characteristic is an
endomorphism. The image FP = {a? : a € F'} is a subfield of F, isomorphic to F.
If the field F is finite the Frobenius map it is an automorphism.

PROOF. There are the three homomorphism conditions to verify. The condi-
tions ®(1) = 1 and ®(ab) = ®(a)P(b) are clear. The condition

B(a+b) = B(a) + (D)

is the result of Lemma 7.5.

Field homomorphisms are injective. Hence FP is a subfield of F' isomorphic to
F.

Injective maps on finite sets are bijective. Hence any endomorphism of a finite
field is bijective, and so an automorphism. O

7.7. COROLLARY. (Fermat’s Little Theorem). For p a prime a? = a (mod p)
for all a € Z.

ProOF. Recall the prime fields Q and F, = Z/pZ, p prime, have only the
trivial automorphism. Hence the Frobenius map is the identity on F, = Z/pZ. O

Example. Field of rational functions give example of fields for which FP # F.

Suppose F(X) is the field of rational functions in a single variable X with coef-
ficients in a field of characteristic p. Then F'(X) is an infinite field of characteristic
p. The image of the Frobenius map on F(X) is the subfield FP(XP) of rational
functions in X? with coefficients in F?.

Perfect Fields.

7.8. DEFINITION. A field F is called perfect if every algebraic extension field
of F' is separable.

7.9. PROPOSITION. (1) Fields of characteristic 0 are perfect.
(2) A field of positive characteristic is perfect if and only if F' = FP.

PROOF. The condition every algebraic extension field of F' is separable is equi-
valent to every irreducible m(X) € F[X] is separable. By Proposition 7.3, every
field of characteristic 0 is separable.

Suppose now F' is a field of positive characteristic p and let m(X) € F[X] be
irreducible. Suppose F' = FP. Then for any g(X) = > a, X" € F[X], each a,, = bP,
for some b,, € F.. So

g(X?) = ZanX"P = Zbﬁan _ (Z ann)p

is reducible. Hence we cannot have m(X) = g(X?). So we have m/(X) # 0, and
m(X) separable by Proposition 7.3 .

Assume now F' is perfect and suppose a € F, we show a is p-th power. Let
E = F(a) where a is root of X? —a. Let m(X) € F[X] be the minimal polynomial.
Then m(X)|(XP — a). By assumption m(X) has no repeated roots in an extension
field. But in F[X], X? —a = X? — o = (X — a)?. Hence m(X) is a power of
(X — «). But by assumption the minimal polynomial of « is separable, that is has
no repeated roots in an extension field. Hence m(X) = (X — ). So a € F, which
gives a = of € FP. O

8. Finite Fields

Let F be a finite field with ¢ elements. Fields with zero characteristic are not
finite because they are extensions of the infinite prime field Q. Hence char(F) =p
for some prime p, and I is an extension of the prime field F,. Because I is finite
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it certainly finitely generated as an F,-space. Hence [F : F,,] = n for some positive
integer n. Any vector space over I, of dimension n is isomorphic to F};. Hence

q = [F| = [Fy| = [Fp|" = p".

The non-zero elements F* form a group of order ¢ — 1. Hence every non-zero
element o of F satisfies «?~! = 1. The non-zero elements of F are therefore roots
of X971 — 1. Hence every element of F is root of X9 — X. Thus f(X) = X?—- X
of degree ¢ has ¢ distinct roots in I, these being the elements of F. Hence X9 — X
factors into distinct linear factors in F[X] ,

X-X=]][(xX-a).
acl,
Thus F consists of the roots of X9 — X and is therefore a splitting field for X9 —
X over F,. By Proposition 10.2 any two splitting fields of X7 — X over I, are
isomorphic. Hence any field of order ¢ isomorphic to this F.

Suppose now we are give ¢ = p™ for some prime p and positive integer n. Let
F, be a splitting field over F,. Then F, is finite extension of F,. We show that F,
consists of the roots of X? — X, and that these roots are distinct. Hence F, is field
with g elements.

Raising to successive p-th power is the Frobenius endomorphism of fields char-
acteristic p. Hence its n-th power, the raising to the ¢g-th power map, is an endo-
morphism of any field of characteristic p. Let o, 8 € F,; be roots of X¢ — X, that
is a? = « and ¢ = 8. Then

(a+B)=al+p=a+p, and (af)?=a’fl=ap
Hence a + 8 and af are also roots. If a # 0, then

(a7 )" =(a?) " =a’
shows a~! is a root. Lastly clearly 1 is a root of X9 — X. Thus the roots of X9 — X
in F; form a subfield splitting X9 — X. Hence F, consists exactly of the roots
of X7 — X. The derivative (X7 — X)" = —1 has no roots. Hence by Lemma 7.2
X9—X has no multiple roots. Thus the field F; has ¢ elements. Note that therefore
[F, : F,] =n.

Because X? — X has no multiple roots its splitting field F,/F, is separable.
Hence the finite extension F,/F, is a Galois extension. Let ® be the Frobenius
map on F,. Because F,/F, is finite the Frobenius map on F, is an automorphism
by the Corollary to Lemma 7.5. Hence ® € G(F,/F,). Every element of F, is
root of X? — X. Hence ®"(a) = a? = « for all & € F;. Thus ®" the identity
automorphism of F,. Suppose ®" =1 for some positive » > 0. Then for all o € Fy,
a?" = ®"(a) = a. This implies all p” elements of F, are roots of X4 — X of
degree p”. Hence r > n. Thus ® is an element of order n in G(F,/F,). But by
Proposition 4.3, Fy/F, finite and Galois implies G(F,/F,,) = [F, : Fp] = n. Hence
G(F,/F,) is cyclic of order n generated by the Frobenius element ® of F,.

We summarise the above results on finite fields in the following Theorem.

8.1. THEOREM. For g = p" for some prime p and positive integer n let Fy be

a splitting field of X7 — X € F,[X]. Then F, is a finite field with g elements. The
field F, has the following properties.

(1) [Fg:Fp] =n

(2) InFq[X], X9-X= HaE]Fq(X —a).

(3) The extension Fq/F, is Galois and G(Fq/Fy) is is cyclic of order n, gen-

erated by the Frobenius automorphism ® of F,.

Every finite field is isomorphic to one such field.
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9. Radical Extensions

9.1. DEFINITION. A field extension K/F is called a radical extension if K =
F(a) w here « is root of polynomial X" — a for some a € F*.

Roots of Unity and Cyclic Groups. Recall that in C we can explicitly solve
equations X" = a # 0. If a has polar form rexp(if), then this equation has n
solutions,

/™ exp(i0/n) exp(2wij/n),j = 0,1,...a — 1.

Thus o = 7'/™ exp(i@/n) is root of X™ — a and the full set of roots of X" — a is,
{Fa:j=0,1,,....n—1},

where ¢ = exp(27mi/n).
The complex numbers

exp(2mia/n), a=0,1,...,n—1

are the roots in C of the polynomial X™ — 1. They are called the n-th roots of
unity in C. They form a cyclic group of order n generated by exp(2mi/n). The
generators of this group in C, that is the roots of unity exp(2mia/n) of order n, are
called primitive n roots of unity. An n-th root of unity exp(2mia/n) is a primitive
n root of unity if and only if ged(a,n) = 1. The residue class ¢ modulo n with
ged(a,n) = 1 are the invertible elements (Z/nZ)™ of Z/nZ. In elementary number
theory residue classes a modulo n with ged(a,n) are called primitive. The Euler
p-function is defined on the positive integers by,

o(n) =|{a:1<a<n, with ged(a,n) = 1} |

For a positive integer n the value ¢(n) counts the following.

The number of primitive residue classes (mod n).

The number of primitive n-th roots of unity in C.

The number of generators of a cyclic group of order n.

The number of elements of order n in a cyclic group of order n.

Fact. It can be shown that

pmy=n [ @-1/p).

pln,p prime

Subgroups of Cyclic Groups.
Recall the subgroups of a cyclic group of order n,

C, =< ggn =e>= {915927...7gn—1,gn = 6}

are in one to one correspondence with divisors d of n.

PROOF. Suppose n = dd’. Then g% has order d’ = n/d, so its powers form a
cyclic subgroup of C), of order d’. For example if we take the primitive n root of
unity exp(2m/n) its d-th power is the primitive d’-th root of unity (exp(2mi/d’).
Conversely suppose H is subgroup of C,,. Then you can check {k €Z:g*cH }
is an ideal of Z containing n. So it equals dZ for some d|n. Hence H is generated
by ¢%. O

Multiplicative Subgroups of Fields.

9.2. LEMMA. Let G be a finite group of order n. Suppose for each d dividing n
there are at most d solutions to g® =1 in G. Then G is cyclic.
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PROOF. In a cyclic subgroup C of order n the elements of order d|n are the
generators of its unique subgroup of order d. So there are ¢(d) such elements.
Hence

(9.3) > p(d) =n.

d|n

The orders of elements of G are divisors of n. For d|n let ¢(d) be the number
of elements of order d. Then

(9-4) Y vald) =n

d|n

Suppose pg(d) # 0. Then G has at least one element o of order d. Then
1,0,...,0% " are d distinct solutions of ¢ = 1 in G. Hence they are the full
set of solutions, and form a cyclic group of order d. Any element of order d in G
is a solution of ¢ = 1 and so is one of these. So ¢ (d) = ¢(d). So we have for all
d|n,

0 < pa(d) < o(d)

(one extreme or the other holding), and
> va(d) =) ld).
d|n d|n

This is only possible if pg(d) = ¢(d) for all d|n. In particular we must have
va(n) = ¢(n) > 1. So G has an element of order n. Since |G| = n this implies G
is cyclic. O

9.5. PROPOSITION. A finite multiplicative subgroup a field cyclic.

ProoF. This follows directly from Lemma 9.2 because in any field the polyno-
mial equation X% = 1 has at most d solutions. O

9.6. COROLLARY. For any finite field F, with q elements the multiplicative
group F. is cyclic of order ¢ — 1.

In Homework 3 you constructed a field with 16 elements. It non-zero elements
form cyclic group of order 15, and you found a generator.

Number Theory Example.

For p a prime F) = (Z./pZ)™ is cyclic of order p — 1. A generator of this group
is called a primitive root modulo p. So there are ¢(p — 1) primitive roots modulo
.

For example (Z/77)™ is cyclic of order 6. Modulo 7, every non-zero element is
a power of 3:

31=3, 32=2 3=6, 3t=4, 3=5 3F=1.

So 3 is a primitive root modulo 3. Modulo 6 the primitive residue classes are 1
and 5, so ¢(6) = 2. So modulo 7 there are ¢(6) = 2 primitive roots. The other
primitive root modulo 7 is 3° = 5.

Cyclotomic Extensions.

9.7. PROPOSITION. Let L be the splitting field over a field F of X™ — 1, and n
an integer prime to the characteristic of F. Then
e L = F({) where ¢ is a primitive n-th root of unity, and
o L is a Galois extension of with abelian Galois group isomorphic to a sub-

group of (Z/nZ)™.
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PRrROOF. For n prime to the characteristic of F', n # 0. The roots of X™ —1 are
all non-zero, whereas its derivative is nX"~! # 0 whose only root is 0. So X" — 1
has n distinct roots in its splitting field. These n roots form a subgroup of F*.
Verification: The set of n-th roots of unity non -empty. We show it is closed under
products and taking inverses. If (f = 1 and (3 = 1 then (¢1(2)" = (1'¢3 = 1 and
G = () =1
A finite subgroup of the multiplicative group of a field is cyclic. So the roots of
X" —1 from a cyclic group of order n. Any generator ¢ of this group is a primitive
n-th root of unity and the complete set of n-th roots of unity is {¢*: 0 < a < n — 1}.
The roots ¢* all lie in F'(¢). We deduce

L:F(C7§2’~~~ 7§n71):F(<)

Because X™ —1 € F[X] has no repeated roots its splitting field L over F' is a Galois
extension and the elements of the Galois group permute the n-th roots of unity.
Because L = F(¢) any ¢ € G(L/F) is determined by its action on ¢. The value
#(¢) is a primitive n-th root of unity. We have

¢P=1%0(C") =0(1) & ¢(Q) = 1.
Hence ¢ and ¢(¢) have the same order. So ¢(() is a primitive n-th root of unity.
Hence ¢(¢) = ¢¥#) for a some integer i(¢) with ged(i(4),n) = 1, unique modulo 7.
Note ¢ has order n, so ¢* = ¢ if and only if @ = b modulo n. We deduce that map
¢ — a(p) (mod n) defines an injection
i:G(L/F) = (Z/nZ)" .
For é1, 6> € G(L/F),
P22 = 6y(1(¢))
— ¢y (Ciwl))
= (¢2(0))"*

= (Ci(%))i(%)
— Ci(¢2)i(¢l)-

Consequently
i(d2¢1) = i(¢2)i(¢1) (mod n).
Hence ¢ — a(¢) (mod n) is a homomorphism mapping G(L/F') isomorphically
to a subgroup of (Z/nZ)™.
Subgroups of abelian groups are abelian. Hence G(L/F') is abelian. O

Remark (Two Extremes). In the case F' = Q, and (,, a primitive n-th root of unity,
it can be shown that

[Q(¢n) : Q] = ¢(n) and G(Q((n)/Q) = (Z/nZ)™ .

In the case F' = C, L = C and the Galois group is trivial.

Simple Radical Extensions.

Radical extensions of the form F(a)/F where a™ € F* and F' contains a prim-
itive n-th root of unity are called simple Kummer extensions.

9.8. PROPOSITION. Let F' be field which contains a primitive n-th root of unity
and L = F(«), where
alpha is a root of a polynomial X™ —a, a € F*. Then L is a Galois extension of
F with Galois group cyclic of order dividing n.
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PROOF. Let ¢ be a primitive n-th root of unity in F'. Let « be a roots of X" —a
in an extension field. Then o # 0 and X" — a € F[X] has n distinct roots a(?,
1 <i < n, and they all lie in L = F(¢). Hence F(a,(a,...("ta) = F(a) = Lis a
splitting field for X™ — a over F'. Because there are no multiple roots this splitting
field is Galois over F. Let p, be the group of n-th roots of unity in L. Then as
remarked in the proof above, u, is cyclic of order n. The elements of G(L/F)
are determined by their action on a. For each ¢ € G(L/F), ¢(a) = {(¢)a, for
a unique ((¢) = ¢(a)/a € p,. So we have an injection ¢ : G(L/F) — p,. For
¢1,02 € G(L/F), we have

a((¢2¢1)

p2(d1(a)
2(aC(¢1))
2(a)2(C(¢1))
C(P2)C(1).

At the last step we used ((¢1) € F is fixed by ¢2, an automorphism of L fixing F.
Thus for ¢, ¢ € G(L/F),

|
2 9 ©

C(p201) = ((P2)¢(¢1)-

We deduce the injection ¢ is a homomorphism. So G(LF') is isomorphic to a
subgroup of the cyclic group p,. Hence G(L/F) is cyclic of order dividing n. O

Remark (Two Extremes).

If @ is an n-th power in F', then L = F' and the Galois group is trivial.

It is straight forward to show the Galois group is cyclic of order n if and only
if a is not a d power in F* for any d|n, with d > 1.

10. Solutions by Radicals

10.1. DEFINITION. Let f(X) € F[X]. The polynomial equation f(X) = 0 is
called solvable by radicals if there tower of simple radical extensions

F=FRC--CF,
such that f(X) splits into linear factors in F.

10.2. DEFINITION. A finite group is called solvable if there is a sequence of
subgroups
1=G, <Gp_1...<Gy =G
such that for each i =1,...,r, G; < G;—1 and the quotient G;_1/G; is abelian.

10.3. THEOREM. Let F' be a field of characteristic 0 and K/F a splitting field
of f(X) € F[X]. Then if f(X) is solvable by radicals G(K/F) is a solvable group.

PROOF. Suppose f(X) € F[X] is solvable by radicals. Then we can find a
tower of fields,

F=FC--CF,

where each sub-extension F;/F;_1, is a simple radical extension, and F,. contains
a splitting field of f(X) over F. Splitting fields are unique up to isomorphism.
Hence we can embed K as subfield of F,.. Since we are in characteristic 0, f(X) is
separable and hence K/F is a Galois extension.

For each i = 2,...,r the extension F;/F;_; is a simple radical extension. So
we have F; = F;_1(«;) with for some «o; € F; with o"" € F;* for some m; € N.
Thus [F; : F;—1] < m,;. Let m be the product of the m;. Then by the Tower
Theorem, [F, : F] < m. Hence all the «; are algebraic over F, by Proposition 3.2.
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Let p;) = X™ —1 and for i = 2,...,7 let p;(X) be the minimum polynomial of «;
over F'. For each i let m;(X) be the minimum polynomial of «; with respect to F.
Let L be the splitting field over F). of

9(X) = p1(X)p2(X) ... pr(X)

Then L is the splitting field of g(X) over F. Thus L/F is a finite Galois extension.
Since L splits X" — 1 and we are in characteristic 0, L contains a primitive n-th
roots of unity, and hence primitive m;-th roots of unity for all m;, i = 2,...,r. Let
¢ be a primitive n-th root of unity in L. Set Ly = F and for ¢ > 0 set L; = F;(().
So we have a tower of fields

F=LyCLiC---CL.CL

Since L1 = F1(¢) = Lo(¢) the extension L /Ly is cyclotomic extension. Hence this
extension has abelian Galois group, by Proposition 9.7. For i =1,...,r,

Li=F;_1(¢) = Fi—1(,¢) = Li—1(w),

with o™i € F;* | C L ,, and L;_; contains a primitive m;-th root of unity. Thus
each of these extensions L;/L; 1 is Galois with abelian, cyclic Galois group, by
Proposition 9.8. Set G; = G(L/L;). Then we have a chain of subgroups

Then G; < G;—1 with G;—1/G; = G(L;/L;—1) by the Main Theorem of Galois
Theory, and these quotients are all abelian.

Now K C F. C L, C L, and K/F is Galois. Since L/F is a finite Galois
extension the restriction map p(¢) = ¢, defines a surjective homomorphism

p:G(L/F) — G(K/F).

We now apply p to the chain of subgroups G; of G(L/F). By surjectivity p(Go) =
p(G(L/F)) = G(K/F). By definition any ¢ € G(L/L,) < G(L/F), fixes L, and
so fixes K, since K C F,. C L,. So the restriction of ¢ to K is the identity
automorphism of K. Hence p(G,) = p(G(L,/F)) = 1. Thus we have a chain of
subgroups,

L= p(G) < p(Grs) < -+ < p(Go) = GK/F).

By the Lemma below this implies that for each i« = 1,...,r, p(G;) < p(G;-1)
and the quotient p(G,;_1)/p(G;) is a homomorphic image of G;_1)/G;. Since the
homomorphic image of an abelian group is abelian each quotient p(G;—1)/p(G;) is
abelian. So we have shown G(K/F) is a solvable group. O

10.4. LEMMA. Let p : G — G’ be a homomorphism of groups and H < G. Then
p(H) < p(Q) and p(G)/p(H) is homomorphic image of G/H.

PRrROOF. H normal in G implies that for all g € G, gH = Hyg.

Hence p(g)p(H) = p(H)p(g) for all g € G. Thus p(H) is normal in p(G).

Suppose for g1,92 € G. If g¢1H = goH, then p(g1)p(H) = p(g2)p(H). Hence
gH — p(g9)p(H) is a well defined map from G/H onto p(G)/p(H), and it is a
homomorphism:

plg1HgoH) = p(g192H) = p(g192)p(H) = p(g1)p(H)p(g2)p(H).
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11. Symmetric Rational Functions

Let F(tq,...,t,) be the field of rational functions in variables ¢y, ...,t, with
coefficients in a field F. For m € Sym[n] symmetric group on n letters and r €
F(t1,...,t,) we define 7r by

7T'T(t1, e ,tn) = T(tpi(l)v e ,tﬂ.(n)).
This embeds Sym|[n] as subgroup of Aut(F(ti,...,t,)). The symmetric rational
functions in n variables are the rational functions r € F(t1,...,t,) such that 7r = r
for all # € Sym(n]. Hence the symmetric rational functions are the fixed field
Fiz(Sym[n]) of Sym[n]. The symmetric polynomials,

a1:t1+"'+tnzzti;
i

ag = Z titj

1<j
as= Y titjty
i<j<k
an:tl...tn.an :tl...tn.
are called elementary symmetric functions in t1,...,t,. All ax € Fiz(Sym[n]).
Hence F(aq,...,a,) C Fiz(Sym[n]). The k-th elementary symmetric function a

is the sum of the roots of g(X) = (X —t1)...(X —t,,) taken k at a time, and
9(X) =[x - )
= X"~ X" ap X" (=D a,.
Hence F(t1,...,t,) is a splitting field over F'(ay,...,a,) of g(X). Hence by Pro-
position 8.3
[F(t1,...,tn): F(ay,...,a,)] <nl

We now consider the tower of fields,
F(t1,...,tn) 2 Fiz(Sym[n]) D F(a,...a,).

By Proposition 5.1, F(t1,...,t,)/Fiz(Sym[n]) is a finite Galois extension with
Galois group Sym[n]. Hence by Proposition 4.3 we have

[F'(t1,...,tn) : Fiz(Sym[n])] = nl,
and hence

[F(t1,...,tn) : F(a1,...,a,)] =n!
and

F(ay,...,a,) = Fiz(Sym[n]).

We have established the following theorem.

11.1. THEOREM. Let F(t1,...,tn) be the field of rational functions in vari-

ables tq,. .., t, with coefficients in a field F, and a1,...,a, be the the elementary
symmetric functions in ti,...,t,. Then the following hold.
(1) The field of symmetric rational functions equals F(ay ..., a,).

(2) [F(t1,...,tn): F(a1,...,a,)] =nl
(3) F(t1,..-,tn)/F(a1,...,ay) is Galois.
(4) G(F(t1,...,tn)/F(a1,...,a,)) = Sym[n].

11.2. COROLLARY. Every symmetric rational function with coefficients in F is
rational function with coefficients in F of the elementary symmetric functions.
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11.3. THEOREM. There is no general formula for solving polynomial equations
of degree 5 or higher by radicals.

PROOF. The relies on the following fact: the symmetric groups Sym[n] or not
solvable for n > 5. O

A Theorem of Cayley says that any finite group G of order n can be embedded a
sub group G < Sym[n] = G(F(t1,...,tn)/F(a1,...,ay,). Hence by Proposition 5.1
if we let K be the fixed field in (F(t1,...,ts), F(t1,...,t,)/K is finite Galois with
Galois group G. Thus we have the following

11.4. PROPOSITION. Every finite group can be realised as a Galois group.

12. More on Solutions by Radicals

Given a particular field F' there remains the problem, given a particular poly-
nomial f(X) € F[X] is it solvable by radicals? The Fundamental Theorem of
Algebra, really a theorem of analysis, says every polynomial with complex coeffi-
cients factors into linear factors over C. Hence every polynomial over C is solvable
by radicals. Since C = R(i), i = —1, C is a radical extension of R which splits
every polynomial with real coefficients into linear factors. Hence every polynomial
over R is solvable by radicals. We finish by showing that not every polynomial with
rational coefficients is solvable by radicals.

We first record some symmetric group facts.

Symmetric Groups.

Recall every permutation in Sym[n] can be decomposed into disjoint cycles.

Every cycle is a product of transpositions.

Check for i1, 12, ..., i, distinct

(i inds ... ir) = (ivip) (i1 6r_1) ... (i148) (i1 i2).

In Sym[ n| every transposition can be expressed in terms of the transpositions
(12), (13),...,(1n).

Check for a,b# 1, (ab) = (1a)(1b).

The transpositions (12), (13),..., (1n) can be expressed in terms of (12)
and the n-cycle (123 ... n).

Let 0 =(12)(123...n)=(23...n). Check for2<i<n-—1,

c(li)o ' =23 ...n)1i)(nn—1...2)=(1i+1),

So (13) =o(12)07, (14) = 0*(12)02, etc.

Hence we have the following.

12.1. LEMMA. FEvery element of Sym[n] can expressed in terms of a single
transposition (a,b) and any n-cycle beginning (ab ...).

In the case n = p a prime we can conclude the following.

12.2. LEMMA. Let p be a prime. Then if G is a subgroup of Symlp] of order
divisible by p and containing a transposition then G = Sym|[p].

PROOF. A group of order divisible by a prime p has elements of order p, (Lag-
range’s Theorem). In Sym[p] only the p-cycles have order p. So G contains a
p-cycle.

Suppose the transposition (a,b) € G. Let p be a p-cycle in the subgroup. Both
a and b will be in the cycle. Hence applying p a number of times i < p takes a to
b. So p' € G is a p-cycle of the form (ab ...). Hence G = Sym[p] be the previous
lemma. ]
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Solvability over the Rationals.

12.3. PROPOSITION. Suppose f(X) € Q[X] is irreducible over Q of prime degree
p with p — 2 real roots and pair of complex conjugate roots. Then the Galois group

of f(X) over Q is Symlp].

PROOF. Let K be the splitting field of f(X) in C. The Q-automorphisms of
K permute the roots of f(X), and an automorphism is uniquely determined by its
action on these roots. This identifies G(K/Q) with a subgroup of Sym[p]. If « is
any root of f(X), in the tower of field extensions K/Q(«)/Q, [Q(«) : Q] = p. Hence
|G(K/Q)| = [K : Q] is divisible by p. Complex conjugation fixes the real roots and
swaps the two complex conjugate roots. Hence it corresponds to a transposition in
Sym[p]. So by the lemma above the Galois group is Sym][p]. O

12.4. COROLLARY. Suppose f(X) is an irreducible polynomial in Q[X] of prime
degree p > 5, with p — 2 real roots and pair of complex conjugate roots. Then f(X)
is not solvable by radicals over Q.

Example.
We show that, X® — 10X + 5 = 0 has is not solvable by radicals over Q.

ProOF. Consider f(X)= X — 10X + 5.

Observe f(X) satisfies Eisenstein’s Criterion for the prime p = 5. We see 5
divides the coefficients of all terms except the leading term and 5 does not divide
the constant term 5. So f(X) is irreducible over Q.

Now use some calculus. We have f(X) — oo as X — oo and f(X) — —o0 as
X — —oo as f(X) is an odd degree polynomial with coefficient of its leading term
positive. By considering the derivative f/(X) = 5(X* — 2), we see the graph of
f(X) has two turning points one at X = —+/2 and the other at X = v/2. Further
f(X) is increasing for | X| > +v/2 and decreasing for | X| < v/2. We have X = —v/2
gives a local maximum with f(—\4/§) =5+ 8Y2 > 0. We have X = v/2 gives a
local minimum with f(v/2) < 5 —8v/2 < 0. We deduce the graph of f(X) crosses
the X-axis three time. Hence f(X) has three real roots and a pair of complex
conjugate roots.

We have shown f(X) satisfies the conditions of Proposition 12.3. Hence the
Galois group of the splitting field in C of f(X) over Q is Sym[5]. Consequently
f(X) is not solvable by radicals over Q. O

Open Problem.

We saw above that every finite group can be realised as a Galois group. Over
C only the trivial group appears as Galois group. We have seen that we can realise
Sym[5] as Galois group over Q. It is conjectured that every finite group can be
realised as Galois group over Q. This remains a deep open problem.
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