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Pretace

In the fall of 1990, I taught Math 581 at New Mexico State University
for the first time. This course on field theory is the first semester of the
year-long graduate algebra course here at NMSU. In the back of my mind,
I thought it would be nice someday to write a book on field theory, one
of my favorite mathematical subjects, and I wrote a crude form of lecture
notes that semester. Those notes sat undisturbed for three years until late
in 1993 when I finally made the decision to turn the notes into a book.
The notes were greatly expanded and rewritten, and they were in a form
sullicient to be used as the text for Math 581 when I taught it again in the
fall of 1994.

Part of my desire to write a textbook was due to the nonstandard format
of our graduate algebra sequence. The first semester of our sequence is field
theory. Our graduate students generally pick up group and ring theory in
a scnior-level course prior to taking ficld theory. Since we start with ficld
theory, we would have to jump into the middle of most graduate algebra
textbooks. This can make reading the text difficult by not knowing what
the author did before the field theory chapters. Therefore, a book devoted
to field theory is desirable for us as a text. While there are a number of
field theory books around, most of these were less complete than I wanted.
For example, Artin’s wonderful book [1] barely addresses separability and
does not deal with infinite extensions. I wanted to have a book containing
most everything I learned and enjoyed about field theory.

This leads to another reason why I wanted to write this book. There are a
number of topics I wanted to have in a single reference source. For instance,
most books do not go into the interesting details about discriminants and
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fields of algebra. I wanted to address a number of notions of discriminant
and give relations between them. For another example, I wanted to discuss
both the calculation of the Galois group of a polynomial of degree 3 or
4, which is usually done in Galois theory books, and discuss in detail the
calculation of the roots of the polynomial, which is usually not done. I feel it
is instructive to exhibit the splitting field of a quartic as the top of a tower
of simple radical extensions to stress the connection with solvability of the
Galois group. Finally, I wanted a book that does not stop at Galois theory
but discusses non-algebraic extensions, especially the extensions that arise
in algebraic geometry. The theory of finitely generated extensions makes
use of Galois theory and at the same time leads to connections between
algebra, analysis, and topology. Such connections are becoming increasingly
important in mathematical research, so students should see them early.

The approach I take to Galois theory is roughly that of Artin. This
approach is how I first learned the subject, and so it is natural that I feel it
is the best way to teach Galois theory. While I agree that the fundamental
theorem is the highlight of Galois theory, I feel strongly that the concepts of
normality and separability are vital in their own right and not just technical
details needed to prove the fundamental thcorem. It is duc to this feeling
that I have followed Artin in discussing normality and separability before
the fundamental theorem, and why the sections on these topics are quite
long. To help justify this, I point out that results in these sections are cited
in subsequent chapters more than is the fundamental theorem.

This book is divided into five chapters, along with five appendices for
background material. The first chapter develops the machinery of Galois
theory, ending with the fundamental theorem and some of its most imme-
diate consequences. One of these consequences, a proof of the fundamental
theorem of algebra, is a beautiful application of Galois theory and the Sy-
low theorems of group theory. This proof made a big impression on me
when I first saw it, and it helped me appreciate the Sylow theorems.

Chapter II applies Galois theory to the study of certain field extensions,
including those Galois extensions with a cyclic or Abelian Galois group.
This chapter takes a diversion in Section 10. The classical proof of the
Hilbert theorem 90 leads naturally into group cohomology. While I believe
in giving students glimpses into more advanced topics, perhaps this section
appears in this book more because of my appreciation for cohomology. As
someone who does research in division algebras, I have seen cohomology
used to prove many important theorems, so I felt it was a topic worth
having in this book.

In Chapter III, some of the most farnous mathematical problems of antig-
uity are presented and answered by using Galois theory. The main questions
of ruler and compass constructions left unanswered by the ancient Greeks,
such as whether an arbitrary angle can be trisected, are resolved. We com-
bine analytic and algebraic arguments to prove the transcendence of 7 and
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the sixteenth century, are given, and we prove that no algebraic formula
exists for the roots of an arbitrary polynomial of degree 5 or larger. The
question of solvability of polynomials led Galois to develop what we now
call Galois theory and in so doing also developed group theory. This work
of Galois can be thought of as the birth of abstract algebra and opened the
door to many beautiful theories.

The theory of algebraic extensions does not end with finite extensions.
Chapter IV discusses infinite Galois extensions and presents some impor-
tant examples. In order to prove an analog of the fundamental theorem
for infinite extensions, we need to put a topology on the Galois group.
It is through this topology that we can determine which subgroups show
up in the correspondence between subextensions of a Galois extension and
subgroups of the Galois group. This marks just one of the many places in
algebra where use of topology leads to new insights.

The final chapter of this book discusses nonalgebraic extensions. The
first two sections develop the main tools for working with transcendental
extensions: the notion of a transcendence basis and the concept of linear
disjointness. The latter topic, among other things, allows us to extend to
arbitrary cxtensions the idea of scparability. The remaining sections of
this chapter introduce some of the most basic ideas of algebraic geometry
and show the connections between algebraic geometry and field theory,
notably the theory of finitely generated nonalgebraic extensions. It is the
aim of these sections to show how field theory can be used to give geometric
information, and vice versa. In particular, we show how the dimension of an
algebraic variety can be calculated from knowledge of the field of rational
functions on the variety.

The five appendices give what I hope is the necessary background in set
theory, group theory, ring theory, vector space theory, and topology that
readers of this book need but in which they may be partially deficient. These
appendices are occasionally sketchy in details. Some results are proven and
others are quoted as references. Their purpose is not to serve as a text
for these topics but rather to help students fill holes in their background.
Exercises are given to help to deepen the undcrstanding of these ideas.

Two things I wanted this book to have were lots of examples and lots
of exercises. [ hope I have succeeded in both. One complaint I have with
some field theory books is a dearth of examples. Galois theory is not an
easy subject to learn. I have found that students often finish a course in
Galois theory without having a good feel for what a Galois extension is.
They need to see many examples in order to really understand the theory.
Some of the examples in this book are quite sirnple, while others are fairly
complicated. I see no use in giving only trivial cxamples when some of the
interesting mathematics can only be gleaned from looking at more intricate.

examples. For this reason, I put into this book a few fairly complicated and
nonstandard examples. The time involved in understanding these examples
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will be time well spent. The saiue can be said about working the exercises.
It is impossible to learn any mathematical subject merely by reading text.
Field theory is no exception. The exercises vary in difficulty from quite
simple to very difficult. I have not given any indication of which are the
hardest problems since people can disagree on whether a problem is difficult
or not. Nor have I ordered the problems in any way, other than trying to
place a problem in a section whose ideas are needed to work the problem.
Occasionally, I have given a series of problems on a certain theme, and
these naturally are in order. I have tried not to place crucial theorems
as exercises, although there are a number of times that a step in a proof
is given as an exercise. | hope this does not decrease the clarity of the
exposition but instead improves it by eliminating some simple but tedious
steps.

Thanks to many people need to be given. Certainly, authors of previously
written field theory books need to be thanked; my exposition has been in-
fluenced by reading these books. Adrian Wadsworth taught me field theory,
and his teaching influenced both the style and content of this book. I hope
this book is worthy of that teaching. I would also like to thank the colleagues
with whom I have discussed matters concerning this book. Al Sethuraman
read preliminary versions of this book and put up with my asking too many
questions, Irena Swanson taught Math 581 in fall 1995 using it, and David
Leep gave me some good suggestions. I must also thank the students of
NMSU who put up with mistake-riddied early versions of this book while
trying to learn field theory. Finally, I would like to thank the employees at
TCI Software, the creators of Scientific Workplace. They gave me help on
various aspects of the preparation of this book, which was typed in ETEX
using Scientific Workplace.

April 1996 Pat Morandi
Las Cruces, New Mexico



Notes to the Reader

The prerequisites for this book are a working knowledge of ring theory, in-
cluding polynomial rings, unique factorization domains, and maximal ide-
als; some group theory, especially finite group theory; vector space theory
over an arbitrary field, primarily existence of bases for finite dimensional
vector spaces, and dimension. Some point set topology is used in Sections
17 and 21. However, these sections can be read without worrying about the
topological notions. Profinite groups arise in Section 18 and tensor products
arise in Section 20. If the reader is unfamiliar with any of these topics, as
mentioned in the Preface there are five appendices at the end of the book
that cover these concepts to the depth that is needed. Especially important
is Appendix A. Facts about polynomial rings are assumed right away in
Section 1, so the rcader should peruse Appendix A to see if the material is
fammiliar.

The numbering scheme in this book is relatively simple. Sections are
numbered independently of the chapters. A theorem number of 3.5 means
that the theorem appears in Section 3. Propositions, definitions, etc., are
numbered similarly and in sequence with each other. Equation numbering
follows the same scheme. A problem referred to in the section that it ap-
pears will be labeled such as Problem 4. A problem from another section
will be numbered as are theorems; Problem 13.3 is Problem 3 of Section 13.
This numbering scheme starts over in each appendix. For instance, Theo-
rem 2.3 in Appendix A is the third numbered item in the second section of
Appendix A.

Definitions in this book are given in two ways. Many definitions, including
all of the most imiportant ones, are spelled out formally and assigned a
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the text and are emphasized by italic text. [f this makes it hard for a reader
to find a definition, the index at the end of the book will solve this problem.

There are a number of references at the end of the book, and these are
cited occasionally throughout the book. These other works are given mainly
to allow the reader the opportunity to see another approach to parts of field
theory or a more in-depth exposition of a topic. In an attempt to make this
book mostly self-contained, substantial results are not left to be found in
another source. Some of the theorems are attributed to a person or persons,
although most are not. Apologies are made to anyone, living or dead, whose
contribution to field theory has not been acknowledged.

Notation in this book is mostly standard. For example, the subset relation
is denoted by C and proper subset by C. If B is a subset of A, then the
set difference {z : z € A,z ¢ B} is denoted by A — B. If I is an ideal in a
ring R, the coset r + I is often denoted by 7. Most of the notation used is
given in the List of Symbols section. In that section, each symbol is given
a page reference where the symbol can be found, often with definition.
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|
(Galois Theory

In this chapter, we develop the machinery of Galois theory. The first four
sections constitute the technical heart of Galois theory, and Section 5
presents the fundamental theorem and some consequences. As an appli-
cation, we give a proof of the fundamental theorem of algebra using Galois
theory and the Sylow theorems of group theory.

The main idea of Galois theory is to associate a group, the Galois group,
to a field extension. We can then turn field theory problems into group the-
ory problems. Since the Galois group of a finite dimensional extension is
finite, we can utilize the numerical information about finite groups to help
investigate such field extensions. It turns out that field theory is the right
context for solving some of the famous classical problems that stumped
mathematicians for centuries. As an application of field theory, in Chapter
[11 we give proofs of the famous impossibilities of certain ruler and com-
pass constructions, and we determine why roots of polynornials of degree
5 or greater need not be given by formulas involving field operations and
extraction of roots.

1 Field Extensions

In this section, we begin the study of field theory. Consequently, there are a
number of definitions in this section, although there are also a large number
of examples intended to help the reader with the concepts. We point out
now that we take a basic knowledge of ring theory and vector space theory
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vector space Irequently, and we use the theory of polynomial rings in one
variable over a ficld equally olten. Any reader who is unfamiliar with a fact
used in this book is recommended to peruse the appendices; they contain
most of the background a reader will need but may not have.

While field theory is of course concerned with the study of ficlds, the
study of field theory primarily investigates field extensions. In fact, the
classical problems of ruler and compass constructions and the solvability
of polynomial equations were answered by analyzing appropriate field ex-
tensions, and we answer these problems in Chapter III in this way. While
it may seem unusual to some readers to consider pairs of fields, we point
out that much of group theory and ring theory is concerned with group
extensions and ring extensions, respectively.

Recall that a field is a commutative ring with identity such that the
nonzero elements form a group under multiplication. If ' C K are fields,
then K is called a field extension of F'. We will refer to the pair F' C K
as the field extension K/F and to F as the base field. We make K into an
F-vector space by defining scalar multiplication for « € F and a € K as
« - a = «a, the multiplication of & and a in K. We write [K : F] for the
dimension of K as an F-vector space. This dimension is called the degree of
K/F.If [K : F| < oo, then K is called a finite extension of F'. Otherwise K
is an infinite extension of F. Most of this chapter will deal with finite field
extensions, although in a few places we will need to work with extensions
of any degree.

Example 1.1 In order to give examples of field extensions, we first need
examples of fields. In this book, the fields of rational numbers, real numbers,
and complex numbers will be denoted @, R, and C, respectively. The field
Z/pZ of integers mod p will be denoted F,,. The fields @ and ), will appear
often as the base field of examples. Finite field extensions of () are called
algebraic number fields and are one of the objects of study in algebraic
number theory.

Example 1.2 Let k be a field and let = be a variable. The rational func-
tion field k(x) is the quotient field of the polynomial ring k[z]; that is,
k(z) consists of all quotients f(z)/g(x) of polynomials with g(z) # 0. Sim-
ilarly, if zi,...,z, are independent variables, then the field k(zy,...,z,)
of rational functions in the x; is the quotient field of the polynomial ring
k[zy,...,x,]| of polynomials in n variables, so it consists of all quotients
f(z1,...,2,)/9(z1,...,z,) of polynomials in the z; with g # 0. Field ex-
tensions of a rational function field arise frequently in algebraic geometry
and in the theory of division rings. We will work with rational function
fields frequently.



Example 1.3 Let £ be a field and let k((«)) Lo cle set ol all forinal gen-
eralized power series in & with coefficients in k; that is, the elements of
k((x)) arc formal infinite sums ZZO:,LO a,x" with ng € Z and each a,, € k.
We define addition and multiplication on k((z)) by

oo oo

Z a,z” + i b,z = Z(an +b,)z"

n

and

i anx” - i b,x™ = i (nim anbnqc) z™.

Nn=7ng n=mn n=ng+n; \k=ng

A straightforward calculation shows that k((z)) is a commutative ring with
identity. Moreover, we can show that k((z)) is a field. If f = 3> a,z™ is
a nonzero element of k((z)), we need to produce an inverse for f. Suppose
that we have written the series so that a,, is the first nonzero coeflicient.
By multiplying by a; 2™, to find an inverse for f it suffices to assume
that np = 0 and a,, = 1. We can find the coefficients b,, of the inverse
S>>0 0 bnx™ to f by recursion. To have Y27 jan,z™ - > >0 (b, = 1, we
need by = 1 since ag = 1. For n > 0, the coefficient of z™ is

b,ag +b,_1a1+ -+ bga, = 0,

so if we have determined by, ..., b,—1, then we determine b,, from the equa-
tion b,, = — Z:Zl b,_rar. By setting ¢ to be the series with coefficients
b, determined by this information, our computations yield fg = 1. Thus,
k((z)) is a field. The rational function field k(z) is naturally isomorphic to
a subficld of k((z)). In algebra, the field k((x)) is often called the field of
Laurent series over k, although this terminology is different from that used
in complex analysis.

We now give some examples of field extensions.

Example 1.4 The extension C/R is a finite extension since [C : R] = 2.
A basis for C as an R-vector space is {1,7}. As an exteusion of Q, both C
and R are infinite extensions. If a € C, let

S, aat ‘
QCL = —2__~:ai7ﬁieQ7 /Bia’z#O .
( ) Zz ,Bia'z Zz:
We shall see in Proposition 1.8 that Q(a) is a field extension of Q. The de-
gree of Q(a)/Q can be either finite or infinite depending on a. For instance,
if a = /-1 or a = exp(27¢/3), then [Q(a) : Q] = 2. These equalities are
consequences of Proposition 1.15. On the other hand, we prove in Section

14 that [Q(7) : Q] = oo.



Example 1.5 If & is a field, let & = k(t) be the field of rational functions
in t over k. If f is a nonzero clement of X, then we can use the construction
of Q(a) in the previous example. Let F' = k(f) be the set of all rational
functions in f; that is,

ZTLOCLL}” 7 )
F={=——-:qa;b; € kand bif? £0
ijobjf] J Z J

i=0

If f(t) = t?, then K/F is an extension of degree 2; a basis for K is {1, ¢}.
In Example 1.17, we shall see that K/F' is a {inite extension provided that
f is not a constant, and in Chapter V we shall prove Luroth’s theorem,
which states that every field L with & C L C K is of the form L = k(f) for
some f € K.

Example 1.6 Let p(t) = t> — 2 € Q[t]. Then p(t) is irreducible over @ by
the rational root test. Then the ideal (p(t)) generated by p(t) in Qt] is max-
imal; hence, K = Qt]/(p(t)) is a field. The set of cosets {a + (p(t)) : a € Q}
can be seen to be a ficld isomorphic to @ under the map a - a-- (p(1)).
We view the field Q|1]/(p(1)) as an extension ficld of Q by thinking ol @
as this isomorphic subfield. If f(¢) € Q[¢], then by the division algorithm,
f(t) =q(t)p(t) + r(t) with r(¢) = 0 or deg(r) < deg(p) = 3. Moreover, f(¢)
and 7(t) generate the same coset in Q[t]/(p(t)). What this means is that any
element of K has a unique representation in the form a+bt+ct? 4 (p(t)) for
some a, b,c € Q. Therefore, the cosets 1+ (p(t)), t + (p(t)), and £ + (p(t))
form a basis for K over @@, so [K : Q] =3. Let a =t + (p(¢)). Then

@’ —2=1"+(p(t)) - 2+ (p(t)) =¢° ~ 2+ (p(?)) = 0.

The element a is then a root of z3 — 2 in K. Note that we used the identi-
fication of Q as a subfield in this calculation.

If instead of 3 — 2 we had started with any irreducible polynomial of
degree n over Q, we would obtain a field extension of Q of degree n that
contains a root of the polynomial. We will use this idea in Section 3 to
prove the existence of liclds that contain roots of polynomials.

Generators of fields

In order to study the roots of a polynomial over a field F', we will consider
a minimal field extension of F' that contains all the roots of the polynomial.
In intuitive terms, we want this field to be generated by F' and the roots.
We need to make this more precisc.

Definition 1.7 Let K be a field extension of F. If X is a subset of K,
then the ring F[X| generated by F and X is the intersection of all subrings
of K that contain F' and X. The field F(X) generated by F and X is the
intersection of all subfields of K that contain F and X. If X = {a;,...,an}
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is finite, we will write F[X] = Flay,...,a,] and F(X) = Flay,...,a,). If
X is finite, we call the field F(X) a finitely generated extension of F.

It is a simple exercise to show that an intersection of subfields or subrings
of a field is again a subfield or subring, respectively. From this definition,
it follows that F'(X) is the smallest subfield with respect to inclusion of K
that contains F' and X. We can give more concrete descriptions of F[X]
and F(X). Let K be a field extension of F' and let a € K. The evaluation
homomorphism ev, is the map ev, : Flz] — K defined by evy (Y, a;zt) =
S, aiat. We denote ev,(f(z)) by f(a). Lt is straightforward (sce Problem
3) to show that ev, is both a ring and an F-vector space homomorphism.
We use this notion to see what it means for a field to be gencrated by a
set, of elements. We start with the easiest case, when K is generated over
F by a single element.

Proposition 1.8 Let K be a field extension of F' and let a € K. Then
Fla] = {f(a) : f(z) € Flz]}

el
Fla) ={f(a)/g(a) : f,g € Flz],g(a) # 0}.
Moreover, F'(a) is the quotient field of Fal.

Proof. The evaluation map ev, : Fz] — K has image {f(a) : f € Flz]},
so this set is a subring of K. If R is a subring of K that contains F
and a, then f(a) € R for any f(z) € F|[z] by closure of addition and
multiplication. Therefore, {f(a) : f(z) € F[z]|} is contained in all subrings
of K that contain F' and a. Therefore, Fla] = {f(a): f(z) € F[z]}. The
quotient field of Fla] is then the set {f(a)/g(a): f,g € Flz|,g(a) #0}. It
clearly is contained in any subfield of K that contains Fla|; hence, it is
equal to F'(a). O

The notation Fla] and F(a) is consistent with the notation F[z] and
F(z) for the ring of polynomials and field of rational functions over F', as
the deseription of Fla] aud F(a) shows.

By similar arguments, we can describe the ring Fla,,...,a,] and feld
F(a1,...,an) generated by F' and ay,...,as. The proof of the following
proposition is not much different from the proof of Proposition 1.8, so it is
left to Problem 4.

Proposition 1.9 Let K be a field extension of F' and let ay,...,a, € I.
Then

F[al,...,an] :{f(a1,...,an) : f EF[:Ul:---?In]}

and

F(afl7--'aa'71): {M:JC>QEF[$1:'-->$H]> g(al,...,an)#()},

g(al, C ,(Ln)



50 F(ay, ..., unj s the quotient field of Flay, ..., ay).

For arbitrary subsets X of K we can describe the field F(X) in terms of
finite subsets of X. This description is often convenient for turning ques-
tions about field extensions into questions about finitely generated field
extensions.

Proposition 1.10 Let K be a field extension of F' and let X be a subset
of K. If « € F(X), then oo € F(ay,...,a,) for some ay,...,a, € X.
Therefore,

F(X) :U{F(a1>-'-7an) Pa1,-..,0n € X}>
where the union is over all finite subsets of X .

Proof. Each field F(ai,...,a,) with the a; € X is contained in F(X);
hence, | J{F(a1,...,an):a; € X} € F(X). This union contains F and
X, so if it is a field, then it is equal to F(X), since F(X) is the small-
est subfield of K containing F' and X. To show that this union is a
field, let o, € [J{F(a1,...,an):a; € X}. Then there are a;,b; € X
with @« € F(ay,...,a,) and § € F(by,...,b,n). Then both « and

are contained in F(ai,...,an,b1,...,bm), so a £ B, af, and «o/f (if
B # 0) all lie in |J{F(a1,...,ar) : a; € X}. This union is then a field,
so F(X)=J{F(a1,.--,a,) : a; € X}. 0

In this chapter, our interest will be in those field extensions K/F for
which any a € K satisfies a polynomial equation over F'. We give this idea
a formal definition.

Definition 1.11 If K is a field extension of F', then an element o € K 1is
algebraic over F' if there is a nonzero polynomial f(z) € Flz] with f(a) = 0.
If o 1s not algebraic over F', then « is said to be transcendental over F'. If
every element of K is algebraic over F', then K is said to be algebraic over
F, and K/F is called an algebraic extension.

Definition 1.12 If « is algebraic over a field F', the minimal polynomial
of a over F is the monic polynomial p(z) of least degree in F[z] for which
p(a) = 0; it is denoted min(F, «). Equivalently, min(F, «) is the monic
generator p(z) of the kernel of the evaluation homomorphism ev,.

Example 1.13 The complex number ¢ = /—1 is algebraic over Q, since
i?+1=0.Ifr € Q, then a = {7 is algebraic over Q, since a is a root
of 2® — 7. If w = e2™/™ ~ cos(27/n) + isin(27/n), then w® — 1 = 0,
so w is algebraic over Q. Note that min(Q,¢) = z? + 1 = min(R,7) but
min(C,7) = z—z. Therefore, the minimal polynomial of an element depends
on the base field, as does whether the element is algebraic or transcendental.
The determination of min(@Q,w) is nontrivial and will be done in Section 7.



bxample 1.14 In [873, Hermite proved that e is transcendental over Q,
and 9 years later, Lindcmann proved that m is transcendental over Q.
However, 7 is algebraic over Q(7), since 7 is a root of the polynomial

r —7m € Q(m)[z]. It is unknown if e is transcendental over Q(7). We will
prove in Section 14 that w and e are transcendental over Q.

To work with algebraic extensions, we need some tools at our disposal.
The minimal polynomial of an element and the degree of a field extension
are two of the most basic tools we shall use. The following proposition gives
a relation between these objects.

Proposition 1.15 Let K be a field extension of F' and let o € K be alge-
braic over F.

1. The polynomial min(F, ) is irreducible over F.

2. If g(z) € F[z], then g(a) = 0 if and only if min(F, ) divides g(z).

3. If n = deg(min(F, a)), then the elements 1, a,..., o™ ! form a basis
for F(a) over F, so [F(«) : F| = deg(min(F, ) < oo. Moreover,
F(a) = Flal.

Proof. If p(z) = min(F, &), then F[z]|/(p(z)) = F[«a] is an integral domain.
Therefore, (p(z)) is a prime ideal, so p(z) is irreducible. To prove statement
2, if g(z) € F[z] with g(a) = 0, then g(z) € ker(evy). But this kernel is
the ideal generated by p(z), so p(z) divides g(z). For statement 3, we first
prove that Fla] = F(«). To see this, note that F[a] is the image of the
evaluation map ev,. The kernel of ev, is a prime ideal since ev, maps
F[z] into an integral domain. However, F[z] is a principal ideal domain, so
every nonzero prime ideal of F[z] is maximal. Thus, ker(ev,) is maximal,
so Fla] & F[z]/ker(evy) is a field. Consequently, F[a] = F(«a). To finish
the proof of statement 3, let n = deg(p(z)). If b € F'(«), then b = g(«) for
some g(z) € F|z]. By the division algorithm, g(z) = g(z)p(z)+r(z), where
r(z) = 0 or deg(r) < n. Thus, b = g(a) = (). Since () is an F-linear
combination of 1, ¢, ..., a" !, we see that 1,c,...,a" ! span F(«) as an
F-vector space. If "7 agal = 0, then f(z) = S a2’ is divisible by
p(z), so f(z) = 0, or clse f is divisible by a polynomial of larger degree
than itself. Thus, 1,a,...,a™ ! is a basis for F'(«) over F. 0

Example 1.16 The element /2 satisfies the polynomial z3 — 2 over Q,
which is irreducible by the Eisenstein criterion, so z3 — 2 is the minimal
polynomial of /2 over Q. Thus, [Q(¥/2) : Q] = 3. If p is a prime, then
z™ — p is irreducible over @@, again by Eiscnstein, so [Q( /D) : Q] = n. The
complex number w = cos(27/3) + isin(27/3) satisfies z° — 1 over Q. This
factors as 3 — 1 = (z — 1)(2? + = + 1). The second factor has w as a root
and is irreducible since it has no rational root; hence, it is the minimal

polynomial of w over Q. Consequently, [Q(w) : Q] = 2.
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Let p be a prime aud let p = exp(27i/p) = cos(271/p) + i sin(27/p). Then
p satisfies the polynomial 27 — 1 = (2 — 1)(zP~ ! +2P72 £ ... 4 2 + 1).
Since p # 1, it satisfies the polynomial P~ ! +2P~2 +--.+ 1+ 1. Moreover,
this polynomial is irreducible over @ (see Problem 22b); hence, it is the
minimal polynomial of p over Q.

Example 1.17 Here is a very nice, nontrivial example of a finite field
extension. Let k be a field and let K = k(¢) be the field of rational functions
in t over k. Let u € K with u ¢ k. Write u = f(t)/g(t) with f,g € k[t] and
ged(f(t),9(t)) =1, and let F' = k(u). We claim that

[K : F] = max {deg(f(t),deg(g(t))},

which will show that I{/F' is a finite extension. To see this, first note that
K = F(t). By using Proposition 1.15, we need to determine the minimal
polynomial of ¢t over F' to determine [K : F]. Counsider the polynomial
p(z) = ug(z)—f(z) € Flz]. Then t is a root of p(x). Therefore, ¢ is algebraic
over F, and so [K : F] < oo as K = F(t). Say f(t) = Y i oa;tt and
g(t) = >, bit'. First note that deg(p(z)) = max {deg(f(¢),deg(g(t))}. 1
this were false, then the only way this could happen would be if m = n
and the coeflicient of 2™ in p(z) were zero. But this coeflicient is ub,, — an,
which is nonzero since u ¢ k. We now show that p(z) is irreducible over F',
which will verify that [K : F] = max{n, m}. We do this by viewing p(z) in
two ways. The element u is not algebraic over k, otherwise [K : k| = [K :
F]-[F : k] < oo, which is false. Therefore, u is transcendental over k, so
k[u] 2 k[z]. Viewing p as a polynomial in u, we have p € k[z][u] C k(z)[u],
and p has degree 1 in u. Therelore, p is irreducible over k(x). Moreover, since
ged(f(t),g(t)) = 1, the polynomial p is primitive in k[z][u]. Therefore, p is
irreducible over k[z]. We have p € k[u][z] = k[z][u] (think about this!), so p
is irreducible over k[u], as a polynomial in z. Therefore, p is irreducible over
k(u) = F, which shows that p is the minimal polynomial of u over F', by
Proposition 1.15. Therefore, we have [K : F| = max{deg(f(t),deg(g(¢))},
as desired.

Example 1.18 Let I be a {iitely gencrated extension of F', and suppose
that K = F(ai,...,a,). We can break up the extension K/F into a col-
lection of subextensions that are easier to analyze. Let L; = F(a,...,a;),
and set Ly = F'. Then we have a chain of fields

F:L0§L1§L2§§L7LZK

with L;41 = L;(a;4.1)- Therefore, we can break up the extension K/F' into a
series of subextensions L;,;/L;, each generated by a single element. Results
such as Proposition 1.15 will help to study the extensions L;.,/L;. To
make this idea of decomposing I{/F into these subextensions useful, we will
need to have transitivity results that tell us how to translate information
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about subextensions to the full extension K/F. We will prove a number
of transitivity results in this book. We prove two below, one dealing with
field degrees and the other about the property of being algebraic.

Recall that the field K is finitely generated as a field over F' if K =
F(ay,...,a,) for some a; € K. This is not the same as being finitely
generated as a vector space or as a ring. The field K is finitely generated as
an F-vector space if and only if [K : F] < oo, and K is finitely generated
as a ring over F if K = Flay, ..., a,] for some a; € K.

Lemma 1.19 If K 1is a finite extension of I, then K is algebraic and
finitely generated over F'.

Proof. Suppose that «,,...,a, is a basis for K over F. Then every el-
ement of K is of the form ). a;a; with a; € F, so certainly we have
K = F(aa,...,ay); thus, K is finitely generated over F. If a € K, then
{1,a,...,a™} is dependent over F, since [K : F] = n. Thus, there are
B; € F, not all zero, with >, B;a* = 0. If f(z) = >, Biz?, then f(z) € Fz]
and f(a) = 0. Therefore, a is algebraic over F', and so K is algebraic over
F. O

The converse of this lemma is also true. In order to give a proof of
the converse, we need the following property of degrees. The degree of a
field extension is the most basic invariant of an extension. It is therefore
important to have some information about this degree. We will use the
following transitivity result frequently.

Proposition 1.20 Let FF C L C K be fields. Then
(K :F]=[K:L]-[L:F].

Proof. Let {a; : ¢ € I} be a basis for L/F, and let {b; : 7 € J} be
a basis for K/L. Consider the set {a;b; :7 € I,j € J}. We will show that
this sct is a basis for /17 If x € K, then z = Zj a;b; lor some aj; € L,
with only finitely many of the b; # 0. But o = >, Bija; for some g;; € F,
with only finitely many [;; nonzero for each j. Thus, z = Z” Bijaib;,
so the {a;b;} span K as an F-vector space. For linear independence, if
>i;Bijaib; = 0 with fB;; € F, then the independence of the b; over L
shows that Zz Bija; = 0 for each j. But independence of the a; over F
gives B;; = 0 for each 1, j. Thus, the a;b; are independent over F', so they
form a basis for K/F'. Therefore,

(K :Fl=/{ab;:01€1,jeJ}
=Has:iel} - |{bj:jeJ}Y=[K:L] - [L:F]



This proposition 1s used primarily wichi huite extensions, although it is
true for arbitrary extensions. Note that the proof above docs not assume
that the dimensions are finite, although we are being somewhat informal
in our treatment of infinite cardinals.

We now prove the converse to Proposition 1.19.

Proposition 1.21 Let K be a field extension of F. If each o; € K is

algebraic over F, then Flan, ..., &) is a finite dimensional field extension
of F' with

[Fla,...,a,] F] < H[F(QZ)F]

Proof. We prove this by induction on n; the case n = 1 follows from
Proposition 1.15. If we set L = F[ay,...,an_1], then by induction L is
a field and [L : F] < [175[F(w) : F|. Then Flay,...,a,] = Lloy] is a
field since a, is algebraic over L, and since min(L, e, ) divides min(F, )
by Proposition 1.15, we have [Flai,...,an] : L] < [F(a,) : F|. Hence, by
Proposition 1.20 and the induction hypothesis,

[Fla, .. an]: Fl = [Flay, ..., an]: L] - [L: F] gH

This finishes the proof. O

The inequality of the proposition above can be strict. For example, if
a = V2 and b = /18, then [Q(a) : Q] = [Q(b) : Q] = 4, since the
polynomials z*—2 and z*—18 are irreducible over Q by an application of the
Eisenstein criterion. However, we know that Q(a,b) = Q(+v/2,+/3), which
has degree 8 over Q. To see this equality, note that (b/a)* = 3, so (b/a)?
is a square root of 3. Thus, v/3 € Q(a,b). However, [Q(a,b) : Q(a)] < 2
because b satisfies the polynomial 22 — 3v/2 = z? — 3a? € Q(a)[z]. Thus,
by Proposition 1.20,

[Q(a,b) : Q] = [Q(a,b) : Q(a)] - [Q(a) : Q] < 8 = [Q(V2,v3) : Q)

so since Q(+/2,/3) is a subfield of Q(a, b), we obtain Q(a, b) = Q(v/2,V3).
The equality [Q(\“/ﬁ, V3) Q] = 8 is left as an exercise (see Problem 18).

As a corollary to the previous proposition, we have the following conve-
nient criterion for an element to be algebraic over a field.

Corollary 1.22 If K is a field extension of F, then o« € K 1s algebraic
over F if and only if [F(a) : F| < oo. Moreover, K is algebraic over F if
(K : F] < oo.

The converse to the second statement of the corollary is false. There
are algebraic extensions of infinite degree. The set of all complex numbers



atgeiaade over Qs a tield; and this fickd is infinite dinensional over Q (see
Problem 16).

Proposition 1.21 can be extended casily to the case of fields generated
by an arbitrary number of elements.

Proposition 1.23 Let K be a field extension of F', and let X be a subset of
K such that each element of X is algebraic over F'. Then F(X) is algebraic
over F. If | X| < oo, then [F(X) : F] < co.

Proof. Let a € F(X). By Proposition 1.10, there are a,...,a, € X with

a € F(aa,...,a,). By Proposition 1.21, F(a,...,a,) is algebraic over
F. Thus, a is algebraic over F' and, hence, F(X) is algebraic over F. If
|X| < 00, then [F(X) : F] < co by Proposition 1.21. 0

We are now ready to prove that the property of being algebraic is transi-
tive. We will use this result frequently. In the case of finite extensions, tran-
sitivity follows from Proposition 1.20 and Corollary 1.22, but it is harder
to prove for general extensions.

Theorem 1.24 Let F C L C K be fields. If L/F and K/L are algebraic,
then K/F' is algebraic.

Proof. Let a € K, and let f(z) = ap +a1z+- - - +2™ be the minimal poly-
nomial of o over L. Since L/ F is algebraic, the field Ly = F(ag,. .-, an-1)
is a finite extension of F' by Corollary 1.22. Now f(z) € Lg[z], so « is
algebraic over Lg. Thus,

[Lo(a) : F] = [Lo(a) : Lo] - [Lo : F] < 0.
Because F'(a) C Lo(a), we see that [F(a) : F] < 00, s0 « is algebraic over

F. Since this is true for all & € K, we have shown that K/F is algebraic.
O

As an application of some of the results we have obtained, we can help
to describe the set of algebraic elements of a field extension.

Definition 1.25 Let I be a field extension of F'. The set
{a € K : a is algebraic over F'}

18 called the algebraic closure of F in K.

Corollary 1.26 Let K be a field extension of F', and let L be the algebraic

closure of F' in K. Then L 1s a field, and therefore is the largest algebraic
extension of F' contained in K.
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Proof. Let a,b € L. Then F(a,b) is algebraic over F' by Proposition 1.23,
so F(a,b) C L, and since a + b, ab,a/b € F(a,b) C L, the set L is closed
under the field operations, so it is a subfield of XK. Each element of K that
is algebraic over F' lies in L, which means that L is the largest algebraic
extension of F' contained in K. O

Composites of field extensions

Let F' be a field, and suppose that L, and L, are field extensions of F’
contained in sonic counnon cxteusion I of F. Then the composite Ly Ly of
L, and L, is the subfield ol K gencrated by L, and Ly; that is, LiL, =
L1(Lg) = Lo(Ly). We will use this concept throughout this book. Some
properties of composites arc given in the Problems. We finish this section
with some examples of composites.

Example 1.27 Let F' = Q, and view all fields in this example as subfields
of C. Let w = €?™/3 so w® = 1 and w # 1. The composite of Q(+/2)
and Q(w¥?2) is Q(w, ¥2). To see that this is the composite, note that
both Q(¥/2) and Q(w</2) are contained in Q(§/2,w), so their composite is
also contained in Q(+/2,w). However, if a field L contains /2 and w/2,
then it also contains w = w+/2/+v/2. Thus, L must contain /2 and w, so it
must contain Q(+v/2,w). Therclore, Q(¥/2,w) is the smallest ficld containing
both Q(¥/2) and Q(w+/2). We can also show that Q(¥/2,w) = Q(V/2 + w),
so Q(¥/2,w) is generated by one clement over Q. If a = w + /2, then
(a — w)® = 2. Expanding this and using the relation w? = —1 — w, solving
for w yields

a®—3a—3

3a? + 3a

so w € Q(a). Thus, V2 =a —w € Q(a), so Q(V2,w) = Q(V/2 + w).

g

Example 1.28 The composite of Q(+/2) and Q(v3) is the field
Q(+/2,V3). This composite can be generated by a single element over Q.
In fact, Q(V2, V3) = Q(V2 -+ V3). Lo see this, the inclusion D is clear. For
the reverse inclusion, let a = V2 + /3. Then (@ — v2)? = 3. Multiplying
this and rearranging gives 2v/2a = a? — 1, so

2
a®—1
V2 = s— € Q(a).
a
Similar calculations show that

 (a*+1)
Vi @D o)

Therefore, Q(v/2,v/3) C Q(a), which, together with the previous inclusion,
gives Q(v2,v3) = Q(a).
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We will see in Section 5 that every finite extension of Q is of the form
Q(a) for some a, which indicates that there is some reason behind these ad
hoc calculations.

Problems

1.

(2

Let K be a field extension of F'. By defining scalar multiplication for
o € Fand a € K by a-a = aa, the multiplication in K, show that
K is an F-vector space.

. If K is a field extension of F', prove that [K : F] = 1 if and only if

K=PF.

Let I{ be a field extension of F', and let a € K. Show that the
evaluation map ev, : Flz] — K given by ev,(f(z)) = f(a) is a ring
and an F-vector space homomorphism.

(Such a map is called an F'-algebra homomorphism.)

Prove Proposition 1.9.

. Show that Q(v/5,V7) = @(\/—5—4— V7).

Verify the following universal mapping property for polynomial rings:

(a) Let A be aring containing a field F'. If ay, ..., a, € A, show that
there is a unique ring homomorphism ¢ : Flz,,...,z,] — A
with ¢(z;) = a; for each 1.

(b) Moreover, suppose that B is a ring containing F', together with a
function f : {z),...,z,} — B, satisfying the following property:
For any ring A containing F and eleme 3ay,...,a, € A, there
is a unique ring homomorphism ¢ : B — A with ¢(f(z;)) = a;.
Show that B is isoinorphic to F[zy, ..., 2,].

Let A be a ring. If A is also an F-vector space and a(ab) = (aa)b =
a(ab) for all @ € F and a,b € A, then A is said to be an F-algebra.
If A is an F-algebra, show that A contains an isomorphic copy of F.
Also show that if K is a field extension of F, then K is an F-algebra.

Let K = F(a) be a finite extension of F. For o € K, let L, be the
map from K to K defined by L,(z) = az. Show that L, is an F-linear
transformation. Also show that det(z/ — L,) is the minimal polyno-
mial min(F,a) of a. For which o € K is det(z] — L,) = min(F, a)?

If K is an extension of F' such that [K : F] is prime, show that there
are 1no intermediate fields between K and F.



10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

[f K is a licld extension of F' and if @ € A such that [F(a) : F] is
odd, show that F'(a) = F(a?). Give an example to show that this can
be false if the degree of F'(a) over F is even.

If K is an algebraic extension of F' and if R is a subring of K with
F C R C K, show that R is a field.

Show that Q(v/2) and Q(+/3) are not isomorphic as fields but are
iIsomorphic as vector spaces over Q.

If Ly = F(a1,...,a,) and Ly = F(by,...,by), show that the com-
posite L1 Ly is equal to Fi(a1,...,an,b1,...,bm)-

If L; and Lo are field extensions of F' that are contained in a common
field, show that L L, is a finite extension of F' if and only if both L
and Lo are finite extensions of F'.

If I, and L, are field extensions of F' that are contained in a common
field, show that L,Lq is algebraic over F' il and only il both L, and
L, are algebraic over F.

Let A be the algebraic closure of Q in C. Prove that [A : Q] = co.

Let K be a finite extension of F. If L; and L, are subfields of K
containing F', show that [L1Ly: F] < [Ly: F|-[Ly: F). If ged([L; :
F],[LQ : F]) = 1, prove that [L]_LQ : F] = [Ll : F] . [LQ : F]

Show that [Q(v/2,v/3): Q] = 8.

Give an example of field extensions Ly, Lo of F for which [L; Ly : F] <
[Ll . F] . [LQ : F]

Give an example of a field extension K/F with [K : F] =3 but with
K # F(/b) for any b € F.

Let a € C be a root of 2™ — b, where b € C. Show that 2™ — b factors
as [[1—, (z — w'a), where w = €2/,

(a) Let F be a field, and let f(z) € Flz]. If f(z) = >, a;z" and
a € F,let f(z+a) =3, ai(z + )’ Prove that f is irreducible
over F if and only if f(z+«) is irreducible over F' for any o € F.

(b) Show that zP~! 4+ 2P™2 4 ... 4+ + 1 is irreducible over Q if p is
a prime.
(Hint: Replace = by x + 1 and use the Eisenstein criterion.)

Recall that the characteristic of a ring R with identity is the smallest
positive integer n for which n- 1 = 0, if such an n exists, or else the
characteristic is 0. Let R be a ring with identity. Define ¢ : Z — R
by ¢(n) = n -1, where 1 is the identity of R. Show that ¢ is a



ring homomorphism and that ker(y) = mZ for a unique nonnegative
integer m, and show that m is the characteristic of R.

24. For any positive integer n, give an example of a ring of characteristic
n.

25. If R is an integral domain, show that either char(R) = 0 or char(R)
is prime.

26. Let R be a commutative ring with identity. The prime subring of R
is the intersection of all subrings of R. Show that this intersection is
a subring of R that is contained inside all subrings of R. Moreover,
show that the prime subring of R is equal to {n-1:n € Z}, where 1
is the multiplicative identity of R.

27. Let F be a field. If char(F') = p > 0, show that the prime subring of
R is isomorphic Lo the feld 17, and if char(77) = 0, then the prime
subring is isomorphic Lo Z.

28. Let F' be a field. The prime subfield of F is the intersection of all
subfields of F'. Show that this subfield is the quotient field of the prime
subring of F', that it is contained iuside all subficlds of F,-and that
it is isomorphic to F, or @ depending on whether the characteristic
of Flis p > 0 or 0.

2 Automorphisms

The main idea of Galois was to associate to any polynomial f a group of
permutations of the roots of f. In this scction, we define and study this
group and give some numerical information about it. Our description of this
group is not the one originally given by Galois but an equivalent description
given by Artin.

Let K be a field. A ring isomorphism from A to /{ is usually called an
automorphism of K. The group of all automorphisms of i will be denoted
Aut(K). Because we are interested in field extensions, we need to consider
mappings of extensions. Let K and L be extension fields of F. An F-
homomorphism 7 : K — L is a ring homomorphism such that 7(a) = a
for all @ € F; that is, 7| = id. If 7 is a bijcction, then 7 is called an
F-1somorphism. An F-isomorphism from a field A to itself is called an
F-automorphism.

Let us point out some simple properties of F-homomorphisms. If 7 :
K — L is an F-homomorphism of extension fields of F', then 7 is also a
linear transformation of F-vector spaces, since 7(aa) = 7(a)7(a) = a7(a)
for « € F and a € K. Furthermore, 7 # 0, so 7 is injective since K is a
field. Also, it [K : F] = [L: F| < oo, then 7 is automatically surjective by
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dimension counting. In particular, any F-homomorphism from K to itself

is a bijection, provided that [K : F] < co.

Definition 2.1 Let K be a field extension of F. The Galois group
Gal(K/F) 1s the set of all F-automorphisms of K.

If K = F(X) is generated over F' by a subset X, we can determine the
F-automorphisms of K in terms of their action on the generating set X.
For instance, if K is an extension of F' that is generated by the roots of a
polynomial f(z) € F[z], the following two lemmas will allow us to interpret
the Galois group Gal(K/F) as a group of permutations of the roots of f.
This type of field extension obtained by adjoining to a base field roots of a
polynomial is extremely important, and we will study it in Section 3. One
use of these two lemmas will be to help calculate Galois groups, as shown
in the examples below.

Lemma 2.2 Let K = F(X) be a field extension of F that is generated by a
subset X of K. If o,7 € Gal(K/F) with o|x = 7|x, then o = 7. Therefore,
F-automorphisms of K are determined by their action on a generating set.

Proof. Let a € K. Then there is a finite subset {a1,...,an} € X with
a € F(ai,...,a,). This means there are polynomials f,g € Flz,,...,z,]
with a = f(an,...,an)/glay, ..., ay); say

. _ 11,12 7
flz1,.. . ,2n) = E biyignin @1 T - T,

. _ 11 .12 %
g(zy, ..., zy) = E Cilig-in T Lo Tyt

where each coeflicient is in F. Since ¢ and 7 preserve addition and multi-
plication, and fix elements of F', we have

O'(U) = [)771‘1'.2"-2',:0((11) U(QQ)i2 ) O-(aﬂ-)z"
’ Cirigein o) o(a)2 . ola,)i
_ bivigoin T(0n) 07 (@2)2 7 (0t )
Ciln,‘,z...z‘”T(al)il’/’(ag)iz . T(an)Zn

= 7(a).

Thus, 0 = 7, so F-automorphisms are determined by their action on gen-
erators. 0

Lemma 2.3 Let 7 : K — L be an F-homomorphism and let o« € K
be algebraic over F. If f(x) is a polynomial over F with f(a) = 0,
then f(7(@)) = 0. Therefore, T permutes the roots of min(F, ). Also,
min(F, o) = min(F, 7(cx)).
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Proof. Let f(z) =ap+ ayz + -+ + anz™. Then

0=7(0) = 7(f(a)) = 3 T(as)r(e)"

)

But, since cach a; € F, we have 7(a;) = a;. Thus, 0 = Y. a;7(a), so
f(r(a)) = 0. In particular, if p(z) = min(F,«a), then p(r(a)) = 0, so
min(F, 7(a)) divides p(z). Since p(z) is irreducible, min(F, 7(«)) = p(z) =
min(F, a). O

Corollary 2.4 If[K : F] < oo, then |Gal(K/F)| < co.

Proof. We can write K = F(ay,...,a,) for some a; € K. Any F-
automorphism of K is determined by what it does to the «;. By Lemma
2.3, there are only finitely many possibilities for the image of any «;; hence,
there are only finitely many automorphisms of K/F. O

Example 2.5 Consider the extension C/R. We claim that Gal(C/R) =
{id, o}, wherc o is complex conjugation. Both of these functions are R-
automorphisms of C, so they are contained in Gal(C/R). To see that there
is no other automorphism of C/R, note that an element of Gal(C/R) is
determined by its action on ¢, since C = R(7). Lemma 2.3 shows that if
7 € Gal(C/R), then 7(i) is a root of 22 + 1, so 7() must be either i or —3.
Therefore, 7 =id or 7 = 0o.

Example 2.6 The Galois group of Q(+/2)/Q is (id). To see this, if o is a
Q-automorphism of Q(¥/2), then o(+v/2) is a root of min(Q, ¥/2) = z* — 2.
If w = €27/3 then the roots of this polynomial are ¥/2, wv/2, and w?+/2.
The only root of 23 — 2 that lies in Q(+/2) is v/2, since if another root lies
in this field, then w € Q(+/2), which is false since [Q(¥/2) : Q] = 3 and
[Q(w) : Q] = 2. Therefore, o(v/2) = v/2, and since o is determined by its
action on the generator v/2, we see that o = id.

Example 2.7 Lel K = F5(t) be the rational function ficld in one variable
over Fy, and let F = IFy(t%). Then [K : F| = 2. The element ¢ satisfies the
polynomial 22 —t? € F[z], which has only t as a root, since 2% —t? = (z—t)?
in I{[z]. Consequently, if ¢ is an F-automorphism of K| then o(t) = ¢, so
o = id. This proves that Gal(K/F) = {id}.

Example 2.8 Let F' = F,. The polynomial 14z +z? is irreducible over F,
since it has no roots in F'. In fact, this is the only irreducible quadratic over
F; the three other quadratics factor over F. Let K = F[z]/(1 4+ z + z?), a
field that we can view as an extension field of F'; see Example 1.6 for details
on this construction. To simplify notation, we write M = (1 + z + z2).
Every clement of K can be written in the form a + bz -+ M by the division
algoritlnu. Let us writc « =« + M. The subfield {a + M :a € F} of K is



isomorphic to F. By identifying F' with this subficld of K, we can write
every element of K in the form a+ba with a,b € F. Then K = I'(«), so any
F-automorphism of K is determined by its action on «. By Lemma 2.3, if
is an F-automorphism of K, then o(a) is a root of 1+ z 4 z2. By factoring
14z 4 2% as (z — a)(z — B) and expanding, we see that the other root of
14z 422 is a+ 1. Therefore, the only possibility for o(c) is o or o+ 1, so
Gal(K/F) has at most two elements. To see that Gal(K/F') has exactly two
elements, we need to check that there is indeed an automorphism o with
o(a) = a+1.If o does exist, then o(a+ba) = a+b(a+1) = (a+b)+ba. We
leave it as an exercise (Problem 7) to show that the function o : K — K
defined by o(a +ba) = (a+b) +ba is an F-automorphism of K. Therelore,
Gal(K/F) ={id,o}.

The idea of Galois theory is to be able to go back and forth from field
extensions to groups. We have now seen how to take a field extension
K/F and associate a group, Gal(K/F). More generally, if L is a field with
F C L C K, we can associate a group Gal(K/L). This is a subgroup of
Gal(K/F), as we will see in the lemma below. Conversely, given a subgroup
of Gal(K/F) we can associate a subfield of K containing F. Actually, we
can do this for an arbitrary subset of Aut(K'). Let S be a subset of Aut(K),
and set

F(S)={a€K :7(a)=a forall 7 € S} .

It is not hard to see that F(S) is a subfield of K, called the fized field of S.
A field L with FF C L C K is called an intermediate field of the extension
K/F. Therefore, if S C Gal(K/F), then F(S) is an intermediate field of
K/F.

The following lemma gives some simple properties of Galois groups and
fixed fields.

Lemma 2.9 Let K be a field.
1. If L, C Ly are subfields of K, then Gal(K/Ly) C Gal(K/Ly).
2. If L is a subfield of K, then'L C F(Gal(K/L)).
3. If S C Sy are subsets of Aut(K), then F(S2) C F(S).
4. If S is a subset of Aut(K), then S C Gal(K/F(S)).
5. If L = F(S) for some S C Aut(K), then L = F(Gal(K/L)).
6. If H = Gal(K/L) for some subfield L of K, then H = Gal(K/F(H)).

Proof. The first four parts are simple consequences of the definitions. We
leave the proofs of parts 2, 3, and 4 to the reader and prove part 1 for the
sake of illustration. If o € Gal(K/Lz), then o(a) = a for all a € L,. Thus,
o(a)=aforalla € Ly, as L, C Ly, so o € Gal(K/L,).



To prove part 5, suppose that L = F(S) for some subsct S of
Aul(K). Then S C Gal(K/L), so F(Gal(K/L)) C F(S) = L. But
L € F(Gal(K/L)), so L = F(Gal(K/L)). For part 6, if H = Gal(K/L) for
some subfield L of K, then L C F(Gal(K/L)), so

Gal(K/F(Gal(K/L))) C Gal(K/L) = H.

However, by part 4 we have H C Gal(K/F(H)), so H = Gal(K/F(H)).
a

Corollary 2.10 If K s a field extension of F', then there is 1-1 inclusion
reversing correspondence between the set of subgroups of Gal(K/F) of the
form Gal(K/L) for some subfield L of K containing F' and the set of sub-
fields of K that contain F' of the form F(S) for some subset S of Aut(K).

This correspondence is given by L — Gal(K/L), and its inverse is given by
Hw— F(H).

Proof. This follows immediately from the lemma. If G and F are respec-
tively the set of groups and fields in question, then the map that sends a
subfield L of K to the subgroup Gal(K/L) of Aut(K) sends F to G. This
map is injective and surjective by part 5 of the lemma. Its inverse is given
by sending H to F(H) by part 6. O

If K/F is a finite extension, under what circumstances does the associ-
ation L — Gal(K/L) give an inclusion reversing correspondence between
the set of all subfields of K containing F' and the set of all subgroups of
Gal(K/F)? A necessary condition from part 5 is that F' = F(Gal(K/F)).
We shall see in Section 5 that this is actually a sufficient condition.

The next three results aim at getting more precise numerical information
on |Gal(K/F)| for a finite extension K/F. We first need a definition.

Definition 2.11 If G is a group and if K s a field, then a character is a
group homomorphism from G to K*.

By setting G = K*, we see that F-automorphisms of K can be viewed
y g p

as characters from G to K*. The next lemma will lead to a bound on
|Gal(K/F)|.

Lemma 2.12 (Dedekind’s Lemma) Let 7y,...,7, be distinct charac-
ters from G to K*. Then the 7; are linearly independent over K, that is, if
Y., ciTi(g) =0 for all g € G, where the ¢; € K, then all ¢; = 0.

Proof. Suppose that the lemma is false. Choose £ minimal (relabeling the
7; if necessary) so that there are ¢; € K with Y. ¢;7;(g) = 0 for all g € G.
Then all ¢; # 0. Since 7, # 73, there is an h € ¢ with 7, (k) # (k). We
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have Zle(cin(h))n(g) = (0 and

Y eimilhg) = (eimi(h))7i(g) =0

i=1 )

for all g. Subtracting gives Zle(ci (11(R) — 7:(R)))75(g) = 0 for all g. This
is an expression involving £ —1 of the 7; with not all of the coefficients zero.
This contradicts thie ninimality of k£, so the lemina is proved. O

There is a vector space interpretation of Dedekind’s leimma. If V' is the
set of all functions from G to I{, then V is a K-vector space under usual
function addition and scalar multiplication, and Dedekind’s lemmna can be

viewed as showing that the set of characters from G to K* forms a linearly
independent set in V.(v = k LG':\, Growp alochra |

Proposition 2.13 If I is a finite field extension of F', then | Gal(K/F)| <
[K : F].

Proof. The group Gal(K/F') is finite by Corollary 2.4. Let Gal(K/F) =
{m1,...,7n}, and suppose that [K : F']| < n. Let ay,...,a, be a basis for
K as an F-vector space. The matrix

i) 7i(a) - (o)
4 72('041) 72('&2) o To(am)
Tnlar) 7n(ag) - Tolam)

over K has rank(A) < m < n, so the rows of A are lincarly dependent over
K. Thus, there are ¢; € K, not all zero, such that >, ¢;7;(c;) = 0 for all
j. If we set G = K*, then for g € G there are a; € F' with g = 3~ aja;.
Thus, !

Z ;i) = Z CiTy Z aja; | = Z ¢ | a; ZT_,;((.Y.J)
J

i i j i

= Zaj (Z CiTi(aj)) = 0.

All the ¢; are then 0 by Dedekind’s lemma. This contradiction proves that
Gal(K/F) < [K : F]. O

The following question arises naturally from this proposition: For which
field extensions K/F does |Gal(K/F)| = [K : F]? The incquality in the
proposition above may be strict, as shown in Examples 2.6 and 2.7.

The next proposition deterinines when |Gal(K/F)| = [K : F), provided
that the group Gal(K/F) is finite.
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Proposition 2.14 Let G be a finite group of automorphisms of K with
F=F(G). Then |G| = [K : F], and so G = Gal(K/F).

Proof. By the previous proposition, |G| < [K : F] since G C Gal(K/F).
Suppose that |G| < [K : F|. Let n = |G|, and take ai,...,0n41 € K
linearly independent over F. If G = {7y,...,7,}, let A be the matrix

Ti(ar) 7i(az) o0 Ti(Qnt1)
. To(c1) Te(a2) 0 Ta(@nt1)
Tala1) Ta(a2) - Ta(omr)

Then the columns of A are linearly dependent over K. Choose k minimal
so that the first k£ columns of A are linearly dependent over K (relabeling
if necessary). Thus, there are ¢; € K not all zero with Zle c;i(e) =0
for all j. Minimality of k& shows all ¢; # 0. Thus, by dividing we may
assume that ¢y = 1. If each ¢; € I, then 0 = 75(} ", _; c;cy) for each j, so
Zf:l c;a; = 0. This is false by the independence of the «; over F'. Take
o € (. Since o permutes the elements of GG, we get Zle o(c;)Ti(e;) =0
for all j. Subtracting this from the original equation and recalling that
c; = 1 gives 22922((:,: — o(c;))1i(a;) = 0 for all j. Minimality of k shows
that ¢; — o(c;) = 0 for each 4. Since this is true for all o € G, we get all
c; € F(G) = F. But we have seen that this leads to a contradiction. Thus
|G| = [K : F]. In particular, G = Gal(K/F), since G C Gal(K/F) and
|G| = [K : F| > | Gal(K/F)]|. a

The ficld extensions described in Proposition 2.14 are those of particular
interest to us, as they were to Galois in his work on the solvability of
polynomials.

Definition 2.15 Let K be an algebraic extension of F'. Then K is Galois
over I' of ' = F(Cal(K/F)).

If [K : F] < co, then Proposition 2.14 gives us a numerical criterion for
when K/F' is Galois.

Corollary 2.16 Let K be a finite extension of F'. Then K/F is Galois if
and only if |Gal(K/F)| = [K : F].

Proof. If K/F'is a Galois extension, then ' = F(Gal(K/F')), so by Propo-
sition 2.14, |Gal(K/F)| = [K : F]. Conversely, if |Gal(K/F)| = [K : F],
let L = F(Gal(K/F)). Then Gal(K/L) = Gal(K/F) by Proposition 2.14,
and so |Gal(K/F)| = [K : L] < [K : F]. Since |Gal(K/F)| = [K : F], this
forces [K: L] =[K : F],so L = F. O
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extension is Galois. However, to use it we neced to know the Galois group of
the extension. This group is not always casy to determine. For extensions of
I of the form F'(a), we have a simpler criterion to determine when F'(a)/F
is Galois.

Corollary 2.17 Let K be a field extension of F', and let a € K be algebraic
over I'. Then |Gal(F(a)/F)| s equal to the number of distinct roots of
min(F, a) in F(a). Therefore, F'(a) s Galois over F if and only if min(F, a)
has n distinct roots in F'(a), where n = deg(min(F,a)).

Proof. If 7 € Gal(F'(a)/F), we have seen that 7(a) is a root of min(F),a).
Moreover, if 0,7 € Gal(F(a)/F) with o # 7, then o(a) # 7(a), since F-
automorphisms on F'(a) are determined by their action on a. Therefore,
|Gal(F'(a)/F)| < n. Conversely, let b be a root in F'(a) of min(F,a). Define
7 : F(a) — F(a) by 7(f(a)) = f(b) for any f(z) € F[z]. This map is well
defined precisely because b is a root of min(F,a). It is straightforward to
show that 7 is an F-automorphism, and 7(a) = b by the definition of 7.
Thus, |Gal(F'(a)/F)| is equal to the number of distinct roots of min(F,a)
in F'(a). Since [F(a) : F'| = deg(min(F,a)), we see that F'(a) is Galois over
F'if and only if min(F}a) has n distinct roots in F'(a). O

There are two ways that a field extension F'(a)/F can fail to be Galois.
First, if p(z) = min(F,a), then p could fail to have all its roots in F'(a).
Second, p(z) could have repeated roots. The next two sections will address
these concerns. We finish this section with a number of examples of ex-
tensions for which we determine whether or not they arc Galois. Here and
elsewhere in this book, we use the idea of the characteristic of a field (or a
ring with identity). For the reader unfamiliar with this notion, the charac-
teristic char(f") of a field F' is the order of the multiplicative identity 1 as
an element of the additive group (F, +), provided that this order is finite,
or else char(F') = 0 if this order is infinite. Note that the characteristic of
a field is either 0 or is a prime number. More information on the charac-
teristic of a ring can be found in Appendix A or in the last six problems in
the previous section.

Example 2.18 The extension Q(+v/2)/Q is not Galois, for we have seen
that [Q(¥/2) : Q] = 3 but |Gal(Q(/2)/Q)| = 1. The polynomial z° — 2 has
three distinct roots, but only one of them lies in Q(¥/2).

Example 2.19 Let k be a field of characteristic p .- 0, and let k(¢) be the
rational function field in one variable over k. Considcr the field extension
k(t)/k(tP). Then t satisfies the polynomial zP —t? € &(tP)[z]. However, over
k(t) this polynomial factors as z? —t? = (z—t)P. Thus, the minimal polyno-
mial of ¢ over k£(¢P) has only one root; consequently, Gal(k(t)/k(tP)) = {id}.
Thus, k(t)/k(tP) is not Galois.



['he previous two exapaes tlustrate the two ways a field extension of the
form F(a)/F" can fail to be Galois. The remaining examples are examples
of extensions that are Galois.

Example 2.20 Let F'be &:ﬁeld of characteristic not 2, and let a € # be an
element that is not the square of any element in F. Let K = F[z]/(z? - a),
a field since 22 — a is irreducible over F. We view F' as a subfield of K
by identifying /' with the subfield {a +(z?2—-a):ac F} of K. Under this
identification, each coset is uniquely expressible in the form a+8z+(z% —a)
and, hence, is an F-lincar combination of 1 + (z? — a) and z + (2 — a).
Thus, 1 and 4 = = + (22 — a) form a basis for K as an F-vector space, so
[K : F] = 2. If o is defined by

ola+ fu) = a — Pu,

then o is an automorphism of K since © and —u are roots in K of 2 — a.
Thus, id, o € Gal(K/F'), so |Gal(K/F)| = 2 = [K : F]. Consequently, K/F
is a Galois extension.

The extension K = F'(«) is generated by an element a with o = a. We
will often write F'(y/a) for this extension. The notation \/a is somewhat
ambiguous, since for an arbitrary field F' there is no way to distinguish be-
tween different square roots, although this will not cause us any problems.

Example 2.21 The extension Q(¥/2,w)/Q is Galois, where w = ¢2™/3_ In
fact, the field Q(v/2,w) is the ficld generated over Q by the three roots v/2,
wv/2, and w?+v/2, of 23 — 2, and since w satisfics 22 +z + 1 over Q and
w is not in Q(v/2), we see that [Q(3/2,w) : Q] = 6. It can be shown (see
Problem 3) that the six functions

id: V2 - V2, w—uw,

V2 s wV?2, wow,
:\3/§—>\3/§, w—>w2,
:\3‘/§—>w{’/§, w— w?,
:\3/5—>w2\3/§, W — w,
:\3/§—>w2\3/§, w — w?

extend to distinct automorphisms of Q(¥/2,w)/Q. Thus,

MR D 3 9

Cal(@(V2,)/Q)| = [@(V2,w) - @, |

and so Q(w, v2)/Q is Galois.

One reason we did not do the calculation that shows that we do get
six automorphisms from these formulas is that this calculation is long and
not particularly informative. Another reason is that later on we will see
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easier ways to determine when an extension is Galois. Knowing ahead of
time that Q(V/2,w)/Q is Galois and that the degree of this extension is six
tells us that we have six Q-automorphisms of Q(+v/2,w). There are only six
possibilities for the images of V2 and w under an automorphism, and so
all six must occur.

Example 2.22 This cxainple shows us that any finite group can occur as
the Galois group of a Galois extension. We will use this example a number
of times in later sections. Let k& be a field and let K = k(z,z2,...,T,)
be the ficld of rational fuuctions in 1 variables over k. For cach permula-
tion o € S,, define o(z;) = ¥,(;). Then o has a natural extension to an
automorphism of K by defining

o (f(mly---yxn)) . f(‘IO'(l)?"'?‘TU(n))

g(:r;l,...,x,,,) B .q(IU(l)7"'7IU(n))

The straightforward but somewhat messy calculation that this does define
a field automorphism on K is left to Problem 5. We can then view S,, C
Aut(K). Let FF = F(S,). By Proposition 2.14, K/F' is a Galois extension
with Gal(K/F) = S,,. The field F is called the field of symmetric functions
in the z;. The reason for this name is that if f(z,,...,z,)/g9(z1,...,Tn) €
I, then

f(IU(l), e ,CBU(n))/g(IU(l), e ,Ia(n)) = f(fl?l, Ce ,a:n)/g(arl, . ,Cl?n)
for all ¢ € S,,. Let

S$1 =1 +To 4+ + Tp,

Sg = X1Xy +T1Z3 + - + Tp_1Tn,

Sp = T1T92 " Tp. ;
M

The polynomial s; is called the ¢th elementary symmetric function. We sec
that each s; € F', so k(s1,-..,8n) C F. Note that

(t—z1) - (t—zp) = t" = s1t" 59t 2 o+ (1) s,

From this fact, we shall see in Section 3 that ' = k(sy,...,s,). This
means that every symmetric function in the z; is a rational function in the
elementary symimnetric functions.

Problems

1. Show that the ouly automorphisun of @ is the identity.
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2. Show that the only automorphism of R is the identity.
(Hint: If o is an automorphism, show that o|g = id, and if a > 0,
then o(a) > 0. It is an interesting fact that there are infinitely many
automorphisms of C, even though [C : R] = 2. Why is this fact not a
contradiction to this problem?)

3. Show that the six functions given in Example 2.21 extend to Q-
automorphisms of Q(v/2,w).

4. Let B be an integral domain with quotient field F. If ¢ ©+ B — B
is a ring automorphism, show that o induces a ring autormorphism
o' : ' — F defined by o’(a/b) = o(a)/o(b) if a,b € B with b # 0.

ot

. Let K = k(z1,...,x,) be the field of rational functions in n variables
over a field k. Show that the definition

o (f(a:h ,In)) _ f(IU(l)w"::CU(n))

Q(Ilw'wmn) g($0(1)7"'7$0(n))

makes a permutation ¢ € S,, into a field automorphism of K.
(Hint: The previous problem along with Problem 1.6 may help some.)

6. Let F' be a field of characteristic not 2, and let K be an extension
of F' with [K : F)| = 2. Show that K = F'(y/a) for some a € F'; that
is, show that K = F'(a) with a? = a € F'. Moreover, show that K is
Galois over F.

7. Let F = F; and K = F(a), where « is a root of 1 4+ z + z2. Show
that the function o : K — K given by o(a + ba) = a + b + ba for
a,b € F''is an F-automorphism of K.

oo

. Suppose that a € C is algebraic over Q with p(z) = min(Q, a), and
let b be any root in C of p. Show that the map o : Q(a) — C given
by o(f(a)) = f(b) is a well-defined Q-homomorphism.

9. Show that the complex numbers i+/3 and 1+1+/3 are roots of f(z) =
)(x1) z — 223 4-72% — 62 + 12. Let K be the field generated by Q and the

7" roots of f. Is there an automorphism o of K with ¢ (3v/3) = 1 41v/3?
M ﬂ%&m PYSR vila, | ]
10. Determine whether the following fields are Galois over QQ.

(a) Q(w), where w = exp(27i/3).
(b) Q(V2).
(c) Q(V5,V7).

(Hint: The previous section has a problem that might be rele-
vant,.)

L1. Prove or disprove the following assertion and its converse: If F' C L C
K arc ficlds with K/L and L/F Galois, then K/F is Galois.



L2.

13.

14.

15.

16.

Galows connections. 1he relationstup given in Corollary 2.10 between
the set of intermediate fields of a Galois extension and the set of
subgroups of its Galois group appears in other situations, so we study
it here. We first need a definition. If S is a set, a relation < on S 1is
called a partial order on S provided that a <aforalla € S;ifa <b
and b < a, then a = b; and if a < band b < ¢, thena < c. Let S
and 1" be sets with partial orders <g and <7, respectively. Suppose
that there are functions f : S — 7T and ¢ : 7' — S such that (i) if
S SS 8o, then f(SQ) _<_T f(S]), (ll) if t1 ST tg, then f(tg) SS f(tl),
and (iii) s <g g(f(s)) and t <p f(g(t)) for all s € S and ¢t € T. Prove
that there is a 1-1 order reversing correspondence between the image
of g and the image of f, given by s — f(s), whose inverse is ¢t — g(t).

Let k be a field, and let K = k(z) be the rational function field in one
variable over k. Let ¢ and 7 be the automorphisms of K defined by
o(f(z)/g(z)) = f(1/z)/9(1/z) and 7(f(z)/g(z)) = f(1—z)/9(1~=),
respectively. Determine the fixed field F' of {o,7}, and determine
Gal(K/F). Find an h € F so that F = k(h).

Let k be a field, and let K = k(z) be the rational function field in
one variable over k. If u € K, show that K = k(u) if and only if

u= (az + b)/(cx + d) for some a,b,c,d € k with det( L; S ) # 0.

-

(Hint: See the example before Proposition 1.15.)

Use the previous problem to show that any invertible 2 x 2 matrix
a b
c d
b)/(cx + d). Moreover, show that every element of Gal(k(z)/k) is
given by such a formula. Show that the map from the set of invertible

2 X 2 matrices over k to Gal(k(z)/k) given by ( i 2 ) — , where

determines an element of Gal(k(z)/k) with z — (az +

o(z) = (az + b)/(cz + d), is a group homomorphism. Determine the
kernel to show that Gal(k(z)/k) & PGLy(k), the group of invertible
2 x 2 matrices over k modulo the scalar matrices.

(This group is the projective general linear group over k of 2 x 2
matrices.)

~1/2 —+/3/2 on b

V32 —1/2 ) given by
rotating the plane around the origin by 120°. Using the previous
problem, show that A determines a subgroup of Gal(k(z)/k) of order
3. Let F' be the fixed field. Show that k(z)/F is Galois, find a u so
that F' = k(u), find the minimal polynomial min(F,z), and find all
the roots of this polynomial. '

Let ¥ = R, and let A be the matrix (

)



7. Let & = IF,, and let k(z) be the rational function field in one variable
over k. Define ¢ : k(z) — k(z) by ¢(z) = = + 1. Show that ¢ has
finite order in Gal(k(z)/k). Determine this order, find a w so that
k(u) is the fixed field of ¢, determine the minimal polynomial over
k(w) of , and find all the roots of this minimal polynomial.

Mow X mw  Agl=p .

18. Let k be a field of characteristic p > 0, and let a € k. Let f(z) =

zP — a?'z. Show that f is fixed by the automorphism ¢ of k(z)

defined by ¢(f(z)/g(x)) = f(z+a)/g(x+a) for any f(z),g(z) € k[z].
Show that k(f) is the fixed field of .

19. Prove that (t —zy)- - (t —z,) = t" — 5, t" " 4. 4 (=1)"s,,, as we
claimed in Example 2.22.

3 Normal Extensions

In the last section, we saw that there are two ways for the field extension
F(a)/F to fail to be Galois: if min(F, a) does not have all its roots in F(a)
or if min(F),a) has repeated roots. The next two sections investigate these
two situations. In this section, we investigate the case when F'(a) contains
all the roots of p(z) and what this question means for general algebraic
extensions. We begin with a result that in the case of polynomials over R
should be familiar.

Lemma 3.1 Let f(z) € Flz| and o € F. Then « is a root of f if and
only of x — « divides f. Furthermore, f has at most deg(f) roots in any
extension field of F.

Proof. By the division algorithm, f(z) = ¢(z) - (x — a) + r(z) for some
q(z) and r(z) with r(z) = 0 or deg(r) < deg(z — «). In either case, we see
that 7(z) = r is a constant. But f(a) =17, so f(a) = 0 if and only if z — «
divides f(z). '

For the second part, we argue by induction on n = deg(f). If n = 1, then
f(z) = az + b for some a,b € F. The only root of f is —b/a, so the result
is true if n = 1. Assume that any polynomial over an extension field of F'
of degree n — 1 has at most n — 1 roots in any extension field K of F. If
f(z) has no roots in K, then we are done. If instead a € K is a root of
f, then f(z) = (z — a) - g(z) for some g(x) € K|[z] by the first part of the
lemma. Since g(z) has degree n — 1, by induction ¢ has at most n — 1 roots
in K. The roots of f consist of a together with the roots of g. Thus, f has
at most n roots. O

Definition 3.2 If K is an extension field of F' and if f(z) € Flz], then f
splits over K if f(z) = a],(z ;) € K|[z| for some ay,...,an € K and
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a € F. In other words, f splits over K if f factors completely into linear

factors in Kz|.

In order to talk about roots of a given polynomial, we need to have
extension fields that contain the roots of the polynomial. The next theorem
shows that for any f(z) € F[z], there is a finite extension of F' over which
f splits. We use a generalization of the construction of Example 1.6 to
construct a field containing roots of a given polynomial.

Theorem 3.3 Let f(2) € Flz] have degree n. There is an extension field
K of F with [K : F| <mn such that K contains a root of f. In addition,
there is a field L containing F' with [L : F| < n! such that f splits over L.

Proof. Let p(z) be an irreducible factor of f(z) in F|z], and let K be
the field F[z|/(p(z)). Then F' is isomorphic to a subfield of K; namely the
map @ : I7 = I given by @(a) = a | (p(z)) is an injection of lields. We
will view F' C K by replacing F' with o(F). Il a = z + (p(z)) € K, then
p(a) = p(z) + (p(z)) = 0+ (p(x)). Thus, « is a root of p in K; therefore, o
is a root of f. Since [K : F'| = deg(p) < n, this proves the first part of the
theorem.

For the second part, we use induction on n. By the first part, there is a
field K O F with [K : F|] < n such that K contains a root « of f(z), say
f(z) = (z —a) g(z) with g(z) € K[z]. By induction, there is a field L D K
with [L: K] < (n — 1)! such that g splits over L. But then f splits over L
and [L: F|=[L: K] [ :F]<(n—1)!-n=nl O

Definition 3.4 Let K be an extension field of F' and let f(z) € F[z].

1. If f(z) € Flz], then K is a splitting field of f over F if f splits over
K and K = F(ay,...,ay), where ay, ..., a, are the roots of f.

2. If S is a set of nonconstant polynomials over F, then K is a splitting
field of S over F if each f € S splits over K and K = F(X), where
X 15 the set of all roots of all [ € S.

Intuitively, a splitting field for a set S of polynomials is a minimal field
extension over which each f € § splits. This is made more concrete in
Problem 2.

Theorem 3.3 yields immediately the existence of splitting fields for a
finite set of polynomials.

Corollary 3.5 If fi(z),..., fn(z) € F|z], then there is a splitting field for
{f1,---, fn} over F. ’

Proof. Suppose that fi,...,f, € Flz|. Note that a splitting field of
{f1,.-.,fn} is the same as a splitting field of the product f;--- f,. If
f = fi--- fn, then by Theorem 3.3, there is a field L O F such that f
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splits over L. Let oy, ..., an € L be the roots of f. Then F(ay,..., ) is
a splitting ficld for f over F. 03

Example 3.6 The field Q(w, ¥/2) is a splitting field for z° — 2 over Q, since
we have seen in Example 2.21 that this field is also the field generated by
the three roots of 23 — 2 over Q. The complex field C is a splitting field over
R for 22 4 1, since C = IR(7, —7) is generated by R and the roots of z* + 1.
In general, if F' is a field and a € F', then the field F'(1/a) is a splitting field
for z2 — a over F.

Example 3.7 Let F = Fy and K = F[z]/(1 +z +2°) & F(«), where « is
a root of 1 +z 4 z2. Then 1 + z 4 2?2 factors as (z — a)(z — (e + 1)) over
K, so K is a splitting field of 1 4z + z2.

We will show that splitting fields are unique up to isomorphism. From
this [act, the next corollary would lollow [rom Theorcem 3.3. However, we
give a dillerent prool so that we can use it in the next exanple.

Corollary 3.8 Let F be a field and let f(z) € F[z] be a polynomial of
degree n. If K is a splitting field of f over F, then [K : F] < nl.

Proof. We prove this by induction on n = deg(f). If n = 1, then the result
is clear. Suppose that n > 1 and that the result is true for polynomials of
degree n — 1. Let K be a splitting field of f over F', and let a be a root of f
in K. Then [F(a) : F] <n, since min(F,a) divides f. If f(z) = (z —a)g(z),
then deg(g) = n—1 and K is the splitting field of g over F'(a). By induction,
[K : F(a)] < (n—1)! by Theorem 3.3, so

[K : F|=[F(a): F]-[K: F(a)]
<n-(n-1)=nl

This proves the corollary. O

Example 3.9 Let &k be a field, and let K = k(z1,z9,...,2,) be the ratio-
nal function field in n variables over k. We view the symmetric group S,
as a subgroup of Aut(K') by defining

o (f(a:l:"';mn)) - f(IU(l)7"'7IU(TL))

g(Il,...,In) B Q(IU(1)7~"7$U(n))

for o € S, as in Example 2.22. Let F' = F(S,,), the field of symmetric
functions in the z;. Then S,, = Gal(K/F) by Proposition 2.14, so [K : F] =
|Sn| = n!. We wish to determine F. Let sy, Ss,...,5, be the elementary
symmetric functions in the z;; that is,

$1 =Ty + T+ + Ty,
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Sp =T1Tg - Tpy.

Then k(sy,82,...,5,) C F. We claim that F' = k(s),...,s,). To show this,
we use the concept of splitting fields. Let

f(t) — " _Sltn—-l N -{—(——1)”Sn € k(Sl,SQ,...,Sn)[t].

Then f(t) = (t—z1) -+ (t—z,) in K[gg], which can be seen by expanding this
product. Since K is generated over k by the z;, we sce that K is a splitting
ficld for f(t) over k(sq, s2,...,8,). We know that [K : ] = |S,,| = n!,

and so [K : k(s1,$2,...,5,)] > nl. However, [K : k(s1,52,...,8,)] < n!
by Corollary 3.8. Therefore, [K : k(s1,52,...,8,)] = [K : F]. This forces
F = k(s1,582,...,8n). Therefore, any symmetric function can be written

in terms of the elementary symmetric functions. In fact, every symmetric
polynomial can be written as a polynomial in the elementary symmetric
functions (see Problem 17).

Algebraic closures

We have proved the existence of splitting fields for finite sets of polynomials.
What about infinite sets? Suppose that K is a splitting field over F' of the
set of all nonconstant polynomials over F'. We do not know yet that such a
field exists, but we will show it does exist. Let L be an algebraic extension
of K. If a € L, then a is algebraic over F' by Theorem 1.24, since K
is algebraic over F'. Let f(z) = min(F,a). Then f splits over K; hence,
a € K. Thus, L = K. This proves that A has no algebraic extensions.
The existence of such a field will imply the existence of splitting fields of
an arbitrary set of polynomials. Moreover, given K, we shall see that any
algebraic extension of F' is isomorphic to a subfield of K. This will allow
us to view all algebraic extensions of F' as subfields of K.
We first give some equivalent conditions for such a field.

Lemma 3.10 If K is a field, then the following statements are equivalent:

1. There are no algebraic extensions of K other than K itself.
2. There are no finite extensions of K other than K itself.

3. If L is a field extension of K, then K ={a € L : a is algebraic over
K}.

4. Every f(x) € K|zx] splits over K.
5. Bvery f(z) € K[z] has a root in K.
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Proof. (1) = (2): This is clear, since any finite extension of F' is an alge-
braic extension of F.

(2) = (3): Let a € L be algebraic over K. Then K (a) is a finite extension
of K,s0 K(a) = K. Thus, a € K.

(3) = (4): Let f(z) € K|[z], and let L be a splitting field of f over K.
Since L is algebraic over K, statement 3 shows that L = K; that is, f splits
over K.

(4) = (5): This is clear.

(56) = (6): Let f(z) € K|[z] be irreducible. By statement 5, f has a root
in K, so f has a linear factor. Since f is irreducible, this means f itself is
lincar, so deg(f) = 1.

(6) = (1): Let L be an algebraic extension of K. Take a € L and let
p(z) = min(K, a). By statement 6, the degree of p is 1, so [K(a) : K] = 1.
Thus, a € K,so L =K. O

Definition 3.11 If K satisfies the equivalent conditions of Lemma 3.10,
then K 1s said to be algebraically closed. If K is an algebraic extension of

F and is algebraically closed, then K is said to be an algebraic closure of
F.

Example 3.12 The complex field C is algebraically closed. This fact is
usually referred to as the fundamental theorem of algebra, and it will be
proved in Section 5. If

A = {a € C : a is algebraic over Q},

then it is not hard to prove that A is algebraically closed by using that C is
algebraically closed; see Problem 4b. Furthermore, C is an algebraic closure
of R, and A is an algebraic closure of . However, C is not an algebraic
closure of Q since C is not algebraic over Q.

We wish to prove the existence of an algebraic closure of an arbitrary
field F' and to prove the existence of a splitting field for an arbitrary set of
polynomials. In order to do this, we will use a Zorn’s lemma argument. The
next lemma is needed for technical reasons in the proof of the existence of
an algebraic closure,

Lemma 3.13 If K/F is algebraic, then || < max{|F|, |N|}.

Proof. In this proof, we require some facts of cardinal arithmetic, facts
that can be found in Proposition 2.1 in Appendix B. If a € K, pick a
labeling ay,...,a, of ‘he roots of min(F,a) in K. If M is the set of all
monic polynomials over F, define f : I — M x N by f(a) = (p(z),r) if
p(z) = min(F,a) and a = a,. This map is clearly injective, so

|K| < |M x N| = max{|M]|, |N|}.



We will be done by showing that [M| < max{|F|, |N|}. For this, if M, is
the set of monic polynomials over F' of degree n, then |M,,| = |F™, siuce
the map (ag,...,a,_1) — 2" + }:?:_01 ;7" is a bijection between F™ and
M,,. If F is finite, then [F™| = |F|" is finite, and if I is infinite, then
|F™| = |F|. Therefore, since M is the union of the disjoint sets M,,, we
have |[M| = |J,, M| = max{|F|,|N|}. O

Theorem 3.14 Let F be a field. Then F' has an algebraic closure.

Proof. Let S be a set containing F' with |S| > max{|F|,|N|}. Let A be
the set of all algebraic extension fields of F' inside S. Then A is ordered by
defining K < L if L is an extension field of K. By Zorn’s lemma, there is a
maximal element M of A. We claim that M is an algebraic closure of .M~
To show that M is algebraically closed, let L be an algebraic extension of
M. By Lemma 3.13,

L] < max{|M], N[} < {|F[,[N[} <|5].

Thus, there is a function f : L — S with f|a; = id. By defining + and - on
F(L) by f(a)+ f(B) = f(a+1b) and f(a)- f(b) = f(ab), we see that f(L)
is a field extension of M and f is a ficld homomorphism. Maximality of M
shows that f(L) = M, so L = M. Thus, M is algebraically closed. Since
M is algebraic over F', we see that M is an algebraic closure of F'. O

The existence of an algebraic closure yields immediately the existence of
a splitting field for an arbitrary set of nonconstant polynomials.

Corollary 3.15 Let S be a set of nonconstant polynomials over F. Then
S has a splitting field over F.

Proof. Let K be an algebraic closure of F. Then each f(z) € S splits over
K. Let X be the set of roots of all f € S. Then F(X) C K is a splitting
field for S over F', since each f splits over F'(X) and this field is generated
by the roots of all the polynomials [rom S. O

To emphasize a usclul interpretation of an algebraic closure, we record
the following easy consequence of the existence of arbitrary splitting fields.

Corollary 3.16 If F' is a field, then the splitting field of the set of all
nonconstant polynomials over F' 1s an algebraic closure of F'.

Now that we have the existence of a splitting field for any set of noncon-
stant polynomials, what can we say about such fields? Can we have many
diffecrent splitting fields, up to isomorphism? The answer is no; the next
lernma is the first step in showing this.

The following fact is used in the lemma below and in a number of other
places. If 0 : FF — F' is a [ield homomorphism, then there is an induced



ring homomorphism Flz] — F'[z], which we also denote by o, given by
o (> aiz') = > o(a;)’. It is an easy calculation to show that o does
indeed induce a ring homomorphism on Fz|. If f(z) = (z — a;) - (z —
a,) € F[z|, then the preservation of polynomial multiplication shows that
g(f(z)) = (x — o(a1)) - (z — o(an)). This relationship between o and
factorization of polynomials will help us to study splitting fields.

Lemma 3.17 Let o : F — F' be a field isomorphism. Let f(z) € F|z] be
irreducible, let a be a root of f in some extension field K of F',"and let o’ be
a root of o(f) in some extension K' of F'. Then there is an isomorphism
7: Fla) — F'(d) with 7(a) =’ and 7|p = 0.

Proof. Since f is irreducible and f(a) = 0, the minimal polynomial
of o over F' is a constant multiple of f. Thus, f and min(F,«) gener-
ate the same principal ideal in F[z]. We then have an F-isomorphism
@ : Flz]/(f(z)) — F(a) given by ¢(g(z) 4+ (f(z))) = g(a) and an F'-
isomorphisin ¥ @ F'[2]/(f'(2)) — F'(«) given by ¥(g(z) + (f'(z))) =
g(a'). Since o(f) = [/, the map v(g(z) + (f(z))) = o(g(z)) + (f'(z)) gives
a well-defined isomorphism v : F[z]/(f(z)) — F'[z]/(f'(z)) which extends
o. We have the [ollowing sequence of field isomorphisms:

Fla) %> Flal/(f(z) 2 F'/(f (@) 5 F().

Therelore, the comnposition ¢~ lovo: F(a) — F(a') is an isomorphism
extending o on F with a — z + (f(z)) — z + (f'(z)) — «'. O

Lemma 3.18 Let o : F — F' be a field isomorphism, let K be a field
extension of F, and let I’ be a field extension of F'. Suppose that K 1is
a splitting field of {[f;} over F' and that 7 : K — K' is a homomorphism
with T|p = o. If fl = o(fi), then 7(K) is a splitting field of {f!} over F'.

Proof. Because K is a splitting field of a set {f;} of polynomials over F,
given f; there are a,a,...,a, € K with fi(z) = a[[,(z — ;). Therefore,

T(fi(x)) = 7(a) | (1 — T((}:,)) Hence, each f] = a(f,) = 7(f;) splits over

7(I). Since IV is generated over F' by the roots of the f;, the field 7(K)
is generated over [ by the images of the roots of the f;; that is, 7(K) is
generated over F' by the roots of the f!. Thus, 7(K) is a splitting field over
F' for {f!}. 0

The next theorem, the isomorphism extension theorem, is one of the
most important results of Galois theory. It proves the uniqueness of splitting
ficlds, although its main use is in constructing automorphisms of a field, and
thus for calculating the Galois group of a field extension. Before proving
it, we give a prool of the case of splitting ficlds of a single polynomial.
While the full version certainly includes this case, we give a proof of this
special case for a few reasons: The proof of this special case is easy and the
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inituitive.

Theorem 3.19 Let o0 : F — F' be a field isomorphism, let f(z) € Flz],
and let o(f) € F'[z] be the corresponding polynomial over F'. Let K be the
splitting field of f over F', and let K' be the splitting field of o(f) over F'.
Then there ts an isomorphism 7 : K — K' with 7|p = o. Furthermore, if
a € K and if o is any root of o(min(F,«)) in K', then 7 can be chosen
so that () = o'.

Proof. We prove this by induction on n = [K : F|. If n = 1, then f splits
over F', and the result is trivial in this case. So, suppose that n > 1 and that
the result is true for splitting fields of degree less than n. If f splits over
F, then the result is clear. If not, let p(z) be a nonlinear irreducible factor
of f(z), let a be a root of p, and let a’ be a root of o(p). Set L = F(a)
and L' = F(c/). Then [L : F] > 1, so [K : L] < n. By Lemma 3.17, there
is a field isomorphism p : L — L’ with p(a) = «'. Since K is the splitting
field over L for f(z) and K’ is the splitting field over L’ for o(f), by
induction the isomorphism #,extends to an isomorphism 7: K — K'. The
isomorphism 7 is then an extension of ¢ (and p), and 7(a) = p(a) = .

O

Theorem 3.20 (Isomorphism Extension Theorem) Leto: F — F'
be a field isomorphism. Let S = { fi(z)} be a set of polynomials over F, and
let S" = {o(fi)} be the corresponding set over F'. Let K be a splitting field
for S over F', and let K' be a splitting field for S’ over F'. Then there is
an isomorphism 7 : K — K' with 7|p = 0. Furthermore, if « € K and o'
is any root of o(min(F, «)) in K', then 7 can be chosen so that 7(«) = .

Proof. We prove this with a Zorn’s lemma arguinent. Let & be the sel
of all pairs (L,) such that L is a subficld of K and ¢ : L - K’ is
a homomorphism extending o. This set is nonempty since (F,o) € §.
Furthermore, S is partially ordered by defining (L, ) < (L', ¢') if L C L’
and ¢'|p = ¢. Let {(L;,;)} beachainin S.If L=J;L; and ¢ : L — K’
is defined by p(a) = ¢;(a) ifa € L;, then it is not hard to sec that L is a field
extension of all the L; and ¢ is a homomorphism extending o. Thus, (L, ¢)
is an upper bound in § for this chain. Therefore, by Zorn’s lemma there is
a maximal element (M, 7) in S. We claim that M = K and 7(M) = K'. If
M # K, then there is an f € S that does not split over M. Let o € K be a
root of f that is not in M, and let p(z) = min(F,a). Set p’ = o(p) € F'[z]
and let o’ € K’ be a root of p’. Such an o exists since p’ divides f’ and
/' splits over K'. By Lemma 3.17, there is a p : M (a) — 7(M)(c’) that
extends 7. Then (M («a),p) € S is larger than (M, 7), a contradiction to the
maximality of (M, 7). This proves that M = K. The equality 7(K) = K’



follows innmcdiately (rom Lemmia 5. 18, suee 1 (A7) C© A’ is a splicting field
for S over F’. O

Corollary 3.21 Let F be a field, and let S be a subset of Flz]. Any two
splitting fields of S over F' are F-isomorphic. I'n particular, any two alge-
braic closures of F' are F-isomorphic.

Proof. For the proof of the first statement, the isomorphism extension
theorem gives an isomorphism extending id on F between any two splitting
fields of S. The second statement follows from the first, since any algebraic

closure of F'is a splitting field of the set of all nonconstant polynomials in
Flz]. O

As a corollary to the existence and uniqueness of algebraic closures, we
can prove that any algebraic extension of a field F' can be viewed as living
inside a fixed algebraic closure of F'.

Corollary 3.22 Let F be a field, and let N be an algebraic closure of F'.
If K s an algebraic extension of I, then K 1is isomorphic to a subfield of
N.

Proof. Let M he an algebraic closure of K. By Theorem 1.24, M is alge-
braic over F'; hence, M is also an algebraic closure of F. Therefore, by the
previous corollary, M = N. If f : M — N is an F-isomorphism, then f(K)
is a subfield of N isomorphic to K. O

We now go into more detail about splitting fields. One question we will
address is the following. If K is the splitting field of a set S of polynomials
over I, can we determine all of the polynomials in F[z] that split over K7
Also, can we give a more intrinsic characterization of K, one that does not
refer to the set 7 The answer to both questions is yes and is found in
Proposition 3.28.

Definition 3.23 If K s a field extension of F', then I{ 1s normal over F
iof K 1s a splitting field of a set of polynomials over F.

Example 3.24 If [K : F] = 2, then K is normal over F. Tor, ifa € K - F|
then K = F(a), since [[{ : F| = 2. If p(z) = min(F,a), then p has one root
in K; hence, since deg(p) = 2, this polynomial factors over K. Because K
is generated over F' by the roots of p(z), we see that I{ is a splitting field
for p(z) over F.

Example 3.25 If FF C L C K are flelds such that K/F is normal, then
K/L is normal. This is true because if K is the splitting field over /' of
a set of polynomials S C F[z|, then K is generated over F' by the roots
of the polynomials in S. Consequently, K is generated by the roots as an
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extension of L, so A" is a splitting ficld of S over L, and so K is normal
over L.

Example 3.26 The field Q(w, ¥/2) is normal over @Q, since it is the split-
ting field of 3 — 2 over Q. Similarly, if i = v/—1, then Q(+/2,1) is normal
over QQ, since it is the splitting field of z* — 2 over Q. The subfield Q(i) is
also normal over @, as it is the splitting field of 22 4+ 1 over Q. However,
the subfield Q(+/2) is not normal over Q. At this point, we do not have
an effective way of showing Q(v/2)/Q is not normal, for we would have to
show that there is no polynomial f € Q(z) whose roots generate Q(v/2). It
is clear that min(Q, v/2) does 1ot split over Q(+/2), which will be enough
to show that Q(\"/ﬁ) is not normal over QQ once we prove Proposition 3.28.

Example 3.27 Let 7 be a ficld of characteristic p > 0, and suppose that
K = F(ay,...,d,) with ai{;' ¢ I [or cach 4. Then we show that /¢ Is normal
over F. The miniinal polynomial of a; divides ¥ — of, which factors cow-
pletely over K as zP —a! = (x —a;)P; hence, min(F, a;) splits over K. Thus,
K is the splitting ficld of {min(F,a;): 1 <i < n} over F. Note that cach
min(F, a;) has only onc distinct root, and any F-automorphism of /{ is de-
termined by its action on the generators ay,...,an, so Gal(K/F) = {id}.

For instance, if k(z,, ..., z,) is the rational function field in n variables over
a field k of characteristic p, then k(z1,...,z,)/k(z¥,...,2P) is a normal
extension.

If K is the splitting feld over F' of a set of polynomials § C F[z], then
each polynomial in S splits over K. However, K can be viewed as a splitting
field in other ways, as tlic following proposition shows.

Proposition 3.28 If K is algebraic over I, then the following statements
are equivalent:

1. The field K s normal over F.

2. If M 1s an algebraic closure of I and of 7 : K — M 15 an ['-
homomorphasin, then 7(K) = K.

3. If F C L C K C N are fields and if o : L — N s an F'-
homomorphism, then o(L) C K, and there is a 7 € Gal(K/F') with
T|L =0.

4. For any irreducible f(z) € Flz|, if f has a root in K, then f splits
over K.

Proof. (1) = (2): Let M be an algebraic closure of K, and let 7: K — M
be an F-homomorphism. If K is the splitting field for S C F[z] over F,
then so is 7(K) € M by Lemma 3.17. Since K and 7(K) are generated
over I’ by the same set of roots, K = 7(K).
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(2) = (3): Suppose that F C L C K C N are fields and that o : L — N
is an F-homomorphism. Since I C K, the extension L/F is algebraic, and
so o(L) C N is algebraic over F. Let M’ be the algebraic closure of F' in
N and let M be an algebraic closure of M'. Then M is also an algebraic
closure of K. By the isomorphism extension theorem, there is an extension
p: M — M with p|, = 0o. Let 7 = p|k. By condition 2 we have 7(K) = K,
soo(L)=7(L) C7(K)= K. Thus, 7 € Gal(K/F).

(3) = (4): Let f(z) € F|z] be irreducible over F', and let o € K be a
root of f. Let L = F(a) C K and let N be an algebraic closure of K. If
B € M is any root of f, then there is an F-homomorphism o : [ —_ A"
given/\{)y g(a) — g(B). By condition 3, o(L) C K, so € K. Hence, all
roots of f lie in K, so f splits over K.

(4) = (1): Condition 4 shows that min(F, «) splits over K foreach o € K.
Thus, /¢ is the splitting ficld over Fof {min(F,a) : a € K}, so I is norinal
over F'. 0

Onc useful consequence of Proposition 3.28 is that if K is normal over
F, then I is the splitting ficld of {min(F,a) : ¢ € K} by condition 4. This
is perhaps the most useful criterion to show that an extension is normal.

Problems

1. Show that K is a splitting field over F for a set {f1,..., fn} of poly-
nomials in F[z] if and only if K is a splitting field over F' for the
single polynomial f; .- f,.

2. Let K be a splitting field of a set S of polynomials over F. If L is a
subfield of K containing F' for which each f € S splits over L, show
that L = K.

3. If F C L C K are fields, and if K is a splitting field of S C F[z] over
I, show that K is also a splitting field for S over L.

4. (a) Let K be an algebraically closed ficld extension of F. Show that
the algebraic closure of F' in K is an algebraic closure of F'.

(b) Il A = {a € C: a is algebraic over Q}, then, assuming that C is
(5.-) Lal(ge:b)raically closed, show that A is an algebraic closure of Q.

= "

5 5. Give an example of fields ¥ C K C L where L/K and K/F are
normal but L/F is nof normal.

6. Let f(z) be an irreducible polynomial over F' of degree n, and let K
be a field extension of F' with [K : F| = m. If ged(n,m) = 1, show
that f is irreducible over K.

7. Show that 2° — 922 + 15z + 6 is irreducible over Q(ﬂ \/3).
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10. Let I be a ficld, and let f(z) € F[z] be a polynomial of prime degree.
Suppose for every field extension K of F' that if f has a root in K,
then f splits over K. Prove that either f is irreducible over F' or f
has a root (and hence splits) in F'.

11. Show that the hypotheses of the previous problem hold for

(a) f(z) = xP — a, where char(F) =p and a € F.

(b) f(z) = 2P —z — a, where char(F)=pand a € F.

(c) f(z) = 2P — a, where char(F) # p and F' contains an element w
with wP =1 and w # 1.

12. Let K be a field, and suppose that o € Aut(K') has infinite order. Let
F' be the fixed field of 0. If K/F is algebraic, show that K is normal

over F'.

13. Let K be a normal extension of F', and let f(z) € F[z| be an irre-
ducible polynomial over F'. Let g1(z) and go(z) be monic irreducible
factors of f(z) in KJz]. Prove that there is a ¢ € Gal(K/F) with

a(g1) = go-

14. Let K be a normal extension of F', and let p(z) be an irreducible
polynomial in F[z]. If p isnot irreducible over K, show that p factors
over K into a product of irreducible polynomials of the same degree.
In particular, if p has a root in K, then p splits over K.

15. Let K and L be extensions of F. Show that KL is normal over F' if
both K and L are normal over F. Is the converse true?

16. Let M be a normal extension of F. Suppose that a,a’ € M are roots
of min(F, a) and that b,b" are roots of min(F,b). Determine whether
or not there is an automorphism o € Gal(M/F) with o(a) = o’ and
o) =b. Fhoe Fz©@ M:o0) ax {5 as :{* b-Sy-3p b4
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i U'his problem will prove thal any syonnnctric polynomial is a polyno-
mial in the eclementary symmetric functions. This problem requires
some knowledge of integral ring exteunsions along with theorems about
algebraic independence from Scction 19. Let K = k(z, ..., z,) be the
field of rational functions in the z; over a field k. Then the group Sy,
acts as automorphisms on K asin Example 2.22. Let f € k[zy,...,z,]
be a symmetric polynomial; that is, o(f) = f for all o € S,,. Show
that f € k[s1,..., sn]

(Hint: If F¥ = F(Sy,), show that F N k[z,,...,x,] is integral over
k[si,...,sn]. Moreover, show that k[sy,...,s,] is integrally closed
since k[s1,. .., sn] = klz1,...,2,], a fact that falls out of Section 19.)

18. Give an example of fields £ € K C L and I C I for which [/ and
[/ I arc algebraic, k is algebraically closed in A, and [N = L, but {
is not algebraically closed in L.

19. This problem gives a construction of an algebraic closure of a field,
due to E. Artin. Let F' be a field, and let S be the set of all monic
irreducible polynomials in F[z]. Let A = Fzf : f € S] be a polyno-
mial ring with one variable for each polynomial in S. Let [ be the
ideal of A generated by all f(zs) for f € S. Show that T # A. Let
M DO I be a maximal ideal of A, and let F} = A/M. Then F) is an
extension of F' in which each f € S has a root. Given the field Fj,
construct the field F;,, by repeating this procedure starting with F;
as the basc field in place of F. Let L = |J)2 | Fy,. Show that each
f € .5 splits into lincar factors over [, and show that the algebraic
closurc of I in L is an algebraic closure of F.

4 Separable and Inseparable Extensions

Recall from Corollary 2.17 that an algebraic extension F'(a)/F fails to
be Galois if either min(F,a) does not split over F'(a) or if min(F,a) has
repeated roots. In the previous section, we investigated field extensions
K /F for which min(F,a) splits over K for each a € K. In this section, we
investigate when a minimal polynomial has repeated roots. We point out
that in the case of ficlds of characteristic 0, there is no problem of repeated
roots, as we show below.

Let f(z) € Flz]. A root a of f has multiplicity m if (z — «)™ divides
f(z) but (z—a)™*! does not divide f. If m > 1, then « is called a repeated
root of f.

Definition 4.1 Let F' be a field. An irreducible polynomial f(z) € F|z]
18 separable over F if f has no repeated roots in any splitting field. A
polynomial g(z) € Flz] is separable over F of all irreducible factors of ¢
are separable over F.



40 1. Galois Theory

Example 4.2 The polynomial z° — 2 is separable over Q, as is (z — 1)°.
The polynomial z? + z + 1 is separable over Fy, since we saw in Example
2.8 that if « is a root, then so is a + 1. Suppose that char(F) = p and
a € F — FP. Then zP — a is irreducible over F' (see Problem 5), but it is
not separable over F', since it has at most one root in any extension field
of F. Note that if « is a root of zP — a, then zP — a is separable over F'(x).

The following lemma gives some basic properties of separability.

Lemma 4.3 Let f(z) and g(x) be polynomials over a field F'.

1. If f has no repeated Toots in any splitting field, then f is separable
over F'.

2. If g divides f and if f is separable over F', then g is separable over
F.

3. If fi,...,fn are separable polynomials over F, then the product
fi1--+ fn is separable over F.

4. If f is separable over F', then f is separable over any extension field
of F.

Proof. For property 1, if f has no repeated roots in any splitting field, then
neither does any irreducible factor of f. Thus, f is separable over F'. To
show property 2, if g divides f with f separable over F', then no irreducible
factor of f has a repeated root. However, the irreducible factors of g arc
also irreducible factors of f. Thus, g is separable over F'. To prove property
3, we see that the set of irreducible factors of the f; is precisely the set
of irreducible factors of the polynomial f, --- f,,. Each of these irreducible
factors have no repeated roots, so f) - -+ f,, is separable over F. Finally, for
property 4, let f(z) € F[z] be separable over F', and let K be an extension
of F. If p(z) is an irreducible factor of f(z) in K|[z], let a be a root of p in
some algebraic closure of I{, and sct ¢(x) = min(F, ). Then ¢(z) € Klz],
so p divides ¢. But ¢ has no repeated roots, since g is an irreducible factor
of f. Thus, p has no repeated roots, so f is separable over K. O

In order to have an effective test for separability, we need the concept of
polynomial differentiation. A more general notion of differentiation, that
of a derivation, will be used to study transcendental extensions in Chapter

V.

Definition 4.4 If f(z) = ap + a1z + -+ + a,x™ € F[z], then the formal
derivative ['(x) 18 defined by f'(x) = ay + 2a9x + -+ + na, 2™t

The formal derivative of a polynomial is well defined for any field F'.
We do not need limits in order to defue it, as we do in calculus. However,
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some strange things can happen in prime characteristic. For instance, the
derivative of zP is 0 if the base field has characteristic p.

The formal derivative satisfies the same basic properties as the derivative
of calculus. If f(z),g(z) € F[z] and a,b € F, then

L. (af(z) +bg(2))" = af'(z) + bg'(2);
2. (f(z)g(z)) = f'(z)g(z) + f(z)g'(z);
3. (flg(z)) = f'(g(z))g' ().

The proof of these properties is straightforward and is left to Problem 1.
By using derivatives, we obtain a good test for determining when a poly-
nomial has a repeated root. This test is given in the following proposition.

Proposition 4.5 Let f(z) € F[z] be a nonconstant polynomial. Then f
has no repeated roots in a splitting field if and only if gcd(f, f') = 1 in

Proof. We first point out that f and f’ are relatively prime in F[z] if
and only if they are relatively prime in K{z|. To prove this, suppose that
ged(f, f') = 1 in F[z]. Then there are polynomials g,h € F[z] with 1 =
fg + f'h. This also is an equation in K|[z], so the ged in KJ[z] of f and
f" must divide 1. Thus, ged(f, f') = 1 in K|[z]. Conversely, suppose that
ged(f, f') =1 in Klz|. If d is the ged of f and f’ in F[z], then d € K[z],
so d divides 1; thus, f and f' are relatively prime in F[z].

Supposc that f and f’ are relatively prime in F[z]. In particular, let K
be a splitting field of { f, f'} over F. If f and f’ have a common root o € I,
then z — a divides both f and f' in K[z]. This would contradict the fact
that f and f’ are relatively prime in K[z]. Therefore, f and f’ have no
commorn roots.

Conversely, if f and f’ have no common roots in a splitting field K of
{f, '}, let d(z) be the greatest common divisor in K|z| of f(z) and f'(z).
Then d splits over K since f splits over K and d divides f. Any root of d
is then a comumon root of f and f' since d also divides f’. Thus, d(x) has
no roots, so d = 1. Therefore, f and f’ are relatively prime over K; hence,
they are also relatively prime over F. O

With this derivative test, we can give the following criteria for when a
polynomial is separable. Note that this test does not require that we know
the roots of a polynomiial.

Proposition 4.6 Let f(z) € F[z] be an irreducible polynomial.

1. If char(#) =0, then f is separable over F. If char(F) =p > 0, then
f ts separable over F if and only if f'(z) # 0, and this occurs if and
only if f(z) ¢ F[zP].



2o fchar(7) = p, then f(&) = y(@” ) for some wnteyer i — U and some
g(z) € Flz| that is irreducible and separable over F.

Proof. If f(z) € F[z] is irreducible over F, then the only possibility for
ged(f, f') is 1 or f. If char(F') = 0, then deg(f’) = deg(f) — 1; thus, f does
not divide f’, and so ged(f, f') = 1. Therefore, by Proposition 4.5, f has
no repeated roots, so f is separable over F. If char(F) = p > 0, the same
reasoning shows ged(f, f') = f if and only if f divides f’, if and only if
f'(z) =0, if and only if f(z) € F[zP].

For statement 2, suppose that char(F) = p, and let f(z) € F[z]|. Let'm
be maximal such that f(z) € F[zP"]. Such an m exists, since f € F[z? ]
and f lies in F[r;:”f] for only finitely many r becausc any nonconstant,
polynomial in F[zP'] has degree at least p”. Say f(z) = g(z?"). Then
g(z) ¢ F[zP] by maximality of m. Moreover, g(z) is irreducible over F,
since if g(z) = h(z) - k(z), then f(z) = h(zP") - k(zP") is reducible over F.
By statement 2, g is separable over F. O

We now extend the concept of separability to field elements and field
extensions.

Definition 4.7 Let K be an extension field of F' and let « € K. Then
a is separable over F if min(F,a) is separable over F. If every a € K is
separable over F', then K is separable over F'.

Example 4.8 If F' is a field of characteristic 0, then any algebraic exten-
sion of F is separable over F, since every polynomial in F[z] is separable
over F. If k is a field of characteristic p > 0 and if k(z) is the rational
function field in one variable over k, then the extension k(z)/k(xP) is not
separable, for min(k(zP),z) = ¢ — zP, which has only = as a root.

We are now in a position to give a characterization of Galois extension.
This characterization is the most common way to show that a field exten-
sion is Galois.

Theorem 4.9 Let K be an algebraic extension of F'. Then the following
statements are equivalent:

1. K is Galois over F.
2. K is normal and separable over F'.

3. K is a splitting field of a set of separable polynomuals over F'.

Proof. (1) = (2): Suppose that K is Galois over F', and let o € K. Let
a1,...,0, be the distinct elements of the set {o(a) : 0 € Gal(K/F)}.
This set is finite by Lemma 2.3, since each o(«a) is a root of min(F, «). Let



S — 11w ) Wlef Then 7(f) = f, sinee 7 pernites the op. Thus,
the cocflicients of f lie in F(Gal(K/F)) = F, so f(x) € F[z]. Therefore,
min(F, ) divides f, and so min(F, ) splits over K and has no repeated
roots. Since this is true for each o € K, the field K is the splitting field of
the set {min(F, @) : « € K} of polynomials separable over F. Hence, K/F
is normal and separable.

(2) = (3): If K/F is normal and separable, then K is the splitting field
of the set of separable polynomials {min(F,@) : « € K } by Proposition
3.28.

(3) = (1): We first assume that [K : F] < oo, and we use induction
onn =[K: F].If n =1, then K = F is trivially Galois over F. So,
suppose that n > 1 and that the result holds for ficld extensions of degree
less than n. Say K is the splitting ficld of the set of separable polynomials
{fi(z)}. Since n > 1, there is a root « of one of the f; which is not in
F.Let L = F(a). Then [L : F] > 1, s0o [K : L] < n. Since K is the
splitting field over L of the {f;}, which are separable over L, by induction
K is Galois over L. Let H = Gal(K/L), a subgroup of Gal(K/F). Let
a1,...,ar be the distinct roots of min(F,«). Then, since « is separable
over F', we have [L : F| = r. By the isomorphism extension theorem, there
are 7; € Gal(K/F) with 7;(a) = a;. The cosets 7; H are then distinct, since
if 7'7; € H = Gal(K/L), then (7 '7;)(a) = «; hence, a; = 7i(a) =
7i(a) = . Let G = Gal(K/F). We have

|G|=|G:H|-|H|>r-|H =[L:F]-[K:L=[K:F].

Since |G| < [K : F] by Proposition 2.13, we get |G| = [K : F], so K is
Galois over F.

Now suppose that K/F' is arbitrary. By hypothesis, K is the splitting
field over F' of a set S of separable polynomials over F'. Let X be the set of
roots of all of these polynomials. So, K = F(X). Let a € 7 (Gal(K/F)). We
wish to show that a € F. There is a finite subset {y,...,a,} € X witha €
F(ay,...,an). Let L C K be the splitting field of {min(F, ;) : 1 <7 < n}.
Then, by the previous paragraph, L/F is a finite Galois extension. Note
that @ € L. An application of the isomorphism extension theorem shows
that each element of Gal(L/F') extends to an F-automorphism of K, and
so Proposition 3.28 implies that

Gal(L/F) ={o|p :0 € Gal(K/F)}.

Therefore, a € F(Gal(L/F)), and this fixed field is F', since L/F is Galois.
This proves F(Gal(K/F)) = F, so K/F is Galois. O

Corollary 4.10 Let L be a finite extension of I

1. L is separable over I if and only if L is contained 1 a Galois exten-
ston of F.
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2. I[f L = F(an,...,a,) with each «; separable over F, then L is sepa-
rable over F.

Proof. If L C K with K /F Galois, then K/F is separable by Theorem 4.9.
Hence, L/F is separable. Conversely, suppose that L/F is separable. Since
[L : F] < oo, we may write L = F(ay,...,a,), and each «; is separable
over F. If K is the splitting field of {min(F,«;):1 <¢ <n}, then L C K,
and K/F is Galois by Theorem 4.9.

For the proof of statement 2, let L = F(ay,...,a,) with each «; sepa-
rable over F'. Then each min(F, «;) is a separable polynomial over F. If K
is the splitting field of these polynomials, then K/F' is Galois by Theorem
4.9. Thus, again by that theorem, K is separable over F. Since L C K, we
see that L is separable over 17, O

Fields for which all algebraic extensions are separable are particularly
well behaved. We now determine which fields have this property.

Definition 4.11 A field I" is perfect if every algebrawc extension of F' is
separable.

Example 4.12 Any field of characteristic 0 is perfect. Therefore, any field
containing Q or coutained in C is perfect. Any algebraically closed field is
perfect for the trivial reason that there are no proper algebraic extensions
of an algebraically closed ficld.

The following theorcin characterizes perfect fields of prime characteristic.
We have seen in previous examples that if a € F' — FP, then zP — a is an
irreducible polynomial that is not separable. Therefore, for F' to be perfect,
we must have F'P = F. We now show this is suflicient to ensure that F' is
perfect.

Theorem 4.13 Let F be a field of characteristic p. Then F is perfect if
and only if FP = F.

Proof. Suppose that F' is perfect. Let a € F', and consider the field K =
F(a), where « is a root of P — a. The minimal polynomial of « divides
zP —a = (z — «)P?. However, K is separable over F' since F is perfect;
thus, this minimal polynomial has no repeated roots. This means o« € F,
so a € FP.

Conversely, suppose that F? = F. Let K be an algebraic extension of F',
and let o € K. If p(z) = min(F, «), then by Proposition 4.6 there is an m
with p(z) = g(zP") for some g(z) € F[z] with ¢ irreducible and separable
over F. If g(z) = ap + a1z + - - + z”, then there are b; € F with b¥ = q;

for all i. Then p(z) = Y, bia?"t = (3, b;zP” " #)P. This contradicts the
irreducibility of p unless mm = 1. Thus, p = g is separable over F', so « is
separable over F'. Therefore, any algebraic extension of F' is separable, so
F is perfect. O
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Example 4.14 Any finite field is perfect; to prove this, let I be a finite
field. The map ¢ : F — F given by ¢(a) = aP is a nonzero field homo-
morphism, so ¢ is injective. Since F' is finite, ¢ is also surjective. Thus,
FP = im(¢p) = F, so F is perfect by Theorem 4.13. We give another proof
of this fact in Corollary 6.13.

Purely inseparable extensions

We now discuss the condition diametrically opposed to separability. This
situation is only relevant in prime characteristic, since any algebraic exten-
sion in characteristic 0 is separable. If I' is a field of characteristic p > 0,
and if a € F, then zP — a has only one distinct root in any splitting field,
since if v is a root of [, then @? —a = (v — «)P. In Lhis case, o? =a € F.

Definition 4.15 Let K be an algebraic field extension of F'. An element
a € K 1s purely inseparable over F' if min(F, ) has only one distinct root.
The field IC 15 purely inseparable over F if every element in IC is purely
inseparable over .

The definition of purely inseparable requires that we know how many
roots there are of a minimal polynomial of an element. The following lemma
gives an easier way to determine when an element is purely inseparable over
a field.

Lemma 4.16 Let F be o field of characteristic p > 0. If « is algebraic over
F, then « is purely inseparable over F if and only if o € F for some n.
When this happens, min(F,«) = (z — a)P" for some n.

Proof. If o?" = a € F, then « is a root of the polynomial z?" — a.
This polynomial factors over F(a) as (z — )P, and min(F, o) divides this
polynomial, so min(F, ) has only « as a root. Conversely, suppose that « is
purely inseparable over F', and let f(z) = min(F, «). There is a separable
irreducible polynomial g(z) over F with f(z) = g(zP" ) by Proposition
4.6. If g factors over a splitting field as g(z) = (z — by)---(z — b,), then
f(z) = (zP" —b;)---(zP” —b.). If r > 1, then separability of ¢ says that
the b; are distinct. By assumption, the only root of f is . Thus, b; = o
for each ¢. Hence, r = 1, so f(z) = zP” — by. Therefore, aP" € F and

™m,

min(F,a) = 2P —b = (z —a)?" . O

The basic properties of purely inseparable extensions are given in the
following lemma.

Lemma 4.17 Let K be an algebraic extension of F.

1. If a« € K 15 separable and purely inseparable over F', then o € F.
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{id}. Moreover, of [K : F] < 00, and f p = char(F), then [ : F| =
p" for some n.

3. If K = F(X) with each oo € X purely inseparable over F, then K is
purely inseparable over I.

4. If F C L C K are fields, then K/F 1s purely inseparable if and only
if K/L and L/F are purely inseparable.

Proof. Suppose that o € K is both separable and purely inseparable over
F. Then min(F, ) has only one distinct root, and it also has no repeated
roots. Therefore, p(z) =z — «a, so a € F. )

For property 2, if K/F' is purely inseparable, then each min(F, a) splits
over K, since the only root of min(F, ) is « itself. Consequently, K is
normal over F' by Proposition 3.28. If o € Gal(K/F'), then, for any o € K,
the automorphism ¢ maps « to a root of min(F,«). Thus, o(a) = «, so
o = id. Therefore, Gal(K/F) = {id}. If [K : F] < oo, then K is finitcly
generated over F; say, K = F(a,,...,a,). To prove that [K : F] is a power
of p = char(£"), by Proposition 1.20 it snffices by indnction to prove this in
the case K = F(a). But then [K : F| = deg(min(F, a)), which is a power
of p by the previous lemma.

To prove property 3, suppose that K is generated over F' by a set X of
elements purely inseparable over F. Let a € K. Then a € F(ay,...,q,)
for some «; € X. Since each «; is purely inseparable over F', there is an m
such that afm € F for each i. Because a is a polynomial in the «;, we see
that a?” € F. This forces min(F,a) to divide (z — )" ; hence, min(F,a)
has only one distinct root. Therefore, a is purely inseparable over F', and
so K/F is purely inseparable.

Finally, for property 4, if K/F is purely inseparable, then for any a € K,
there is an m with a?” € F. Thus, a?” € L, so K/L is purely inseparable.
It is clear that L/F is purely inseparable. Conversely, if L/F and K/L
are purely inseparable, let @ € K. Then a?” € L for some m, and so
(aP")P" = a?""" € F for some r. Therefore, K/F is purely inseparable.

I

Example 4.18 A field extension need not be cither separable or purely
inseparable. For instance, if F' = Fy(z) is the rational function field in one
variable over Fy, and if K = F(2/%), then K = F(\/z, ¢z). Moreover,
/T is purely inseparable over F', and /z is separable over F’. The subfield
F(y/z) is purely inseparable over F', and the subfield F'({/z) is separable
over F'.

In the previous example, we can show that F'(¥/z) consists of all the
elements of K that are separable over F' and that F'(1/z) consists of all the
elements of K that are purely inseparable over F'. This is a special case of
the following lemma. We first give the relevant definitions.



Definition 4.19 Let K be o field extension of [, Then the separable clo-
sure of Fan I is the set {a € I a 1s separable over I}, The purely insep-
arable closure of F in K is the set {a € K : a 1s purely inseparable over F}.

The separable and purely inseparable closures of F' in K are fields, as we
now show.

Proposition 4.20 Let K be a field extension of F'. If S and I are the
separable and purely inseparable closures of F' in K, respectively, then S
and I are field extensions of F' with S/F separable, I /F purely inseparable,
and SNI =F.If K/F is algebraic, then K/S is purely inseparable.

Proof. Let a,b € S. Then F(a,b) is a scparable extension of F' by Lemma
4.10. Hence, a £ b, ab, and a/b are scparable over F'| so they all lie in S.
Thus, S is a field. For 7, if ¢,d € I, then there are n,m with ¢?" € F and
dP" € F. Sctting N = nm, we have (¢ % d)P” (cd)T’N, and (c/d)pN € F.
Thus, ¢+ d, cd, and ¢/d belong to I, so [ is a ficld. The equality SNI = F
holds, since SN 7 is both separable and purcly inseparable over F. Finally,
suppose that /[0 s algebraic. If @ € K, then min(F, ) = g(z?") for
some separable, irreducible polynomial ¢g(z) € F[z] by Proposition 4.6. If
a = oP", then g(a) = 0, so g(z) = min(F,a). Therefore, a is separable over
F,soa” =ae€S. Thus, K /S is purely inscparable. 0O

[f K/F is an algebraic extension, we can break up the extension K /F into
a separable extension S/F followed by a purely inseparable extension K /S,
where S is the separable closure of F' in K. Use of the separable closure is
a nice tool to prove results dealing with separability. As an illustration, we
prove that separability is a transitive property.

Proposition 4.21 If F C L C K are fields such that L/F and K/L are
separable, then K/F is separable.

Proof. Let S be the separable closurc of F'in K. Then L C S, as L/F
is separable. Also, since K/L is separable, K/S is separable. But K/S is
purely inseparable, so K = S. Thus, K is scparable over F'. O

Example 4.22 Let K be a finite extension of F, and suppose that char(F)
does not divide [K : F]. We show that K/F is separable. If char(F') = 0,
then this is clear, so suppose that char(F) = p > 0. Let S be the separable
closurc of F'in K. Then K/S is purcly inscparable, so [K @ S] = p™ for
some n by Lemma 4.17. However, since p docs not divide [K : F], this
forces [K : S] = 1. Thus, K = S, so K is separable over F'.

A natural question that Proposition 4.20 raises is whether the extension
K/I is separable. The answer in general is no, although it is true if K/F
1S normal, as we now show.
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Theorem 4.23 Let K be a normal extension of I, and let S and I be
the separable and purely inseparable closures of F in K, respectively. Then
S/F is Galois, I = F(Gal(K/F)), and Gal(S/F) = Gal(K/I). Thus, K/I
18 Galois. Moreover, K = S1.

Proof. Let a € S, and sct f(x) = min(F,a). Since K is normal over F,
the polynomial f splits over . Since a is separable over [, the polynomial
f has no repeated roots, so all its roots are separable over S. Thus, f
splits over S. Hence, S is normal over F' by Proposition 3.28, and since
S is separable over F', we sce by Theorem 4.9 that S is Galois over £
The map 0 : Gal(K/F) — Gal(S/F) given by 8(0) = o|s is a well-defined
group homomorphism. The kernel of § is Gal( K/S), and this group is trivial
by Lemma 4.17 since K is purely inseparable over S. By the isomorphism
extension theorem, if 7 € Gal(S/F), thereisa o € Gal(K/F) with o|s = 7.
Thus, € is an isomorphism.

To show that I = F(Gal(K/F)), if a € I, then a?” € I for some n.
For o € Gal(K/F), we have a?" = o(a?") = o(a)?", so o(a) = a. Thus,
I C F(Gal(K/F)). Conversely, take b € F(Gal(K/F)). There is an n with
bP" € S because K/S is purely inseparable. Let 7 € Gal(S/F). Since 4 is
surjective, there is a ¢ € Gal(K/F) with 7 = 0(¢) = o|s. Then 7(b0?") =
o(b?") = bP". This is true for each 7; hence, b*" € F(Gal(S/F)) = F. This
equality holds since S is Galois over F'. Thus, b is purely inseparable over
F. This proves I = F(Gal(K/F")), so Gal(K/F) = Gal(K/I). Thercfore,
K is Galois over I; hence, K/I is separable. Finally, K is separable over S7
since [ C 517, and K is purely inseparable over S7 since S C SI. Therefore,
K =51. O

Let K be a finite extension of F'. If § and [ are the separable and purcly
inseparable closures of F'in I, respectively, we define the separable degree
[K : F]s; of K/F to be [S : F] and the inseparable degree [K : F|; to be
[K : S]. With these definitions, we see that [K : F|;[K : F|; = [K : F|. By
Theorem 4.23, if I{/F is normal, then [K : 7] =[S : F], and so [ : S] =
[I : F]. However, as the example below shows, in general [0 S| # [ F).
The inseparable degree is delined to be [/ 2 S] and not [1 : I7] because the
degree [K : S] is a better measure for how far the extension K/F' is from
being separable. The example below shows that it is possible to have [ = F
even if K is not scparable over F. We will use the concepts of separable
and inseparable degrees in Section &.

Example 4.24 We give an example of a field extension /{/F' in which
K is not separable over the purcly inseparable closure [ of /7 in K. This
is also an example of a nonseparable field extension K/F in which the
purely inseparable closure is F'. Let k be a field of characteristic 2, let 7" be
the rational fwiction ficld F = k(z,y), let S = F(u), where u is a root of
t?+t+4x, and let A = S(,/uy). Then K/S is purely inseparable and S/ F is
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separable, so 5 is the separable closure of F'in K. We will show that I = I,
which will prove that K/I is not separable since K /S is not separable. To
do this, we show that if a € K with a® € I, then a € F. A basis for K/F

is 1, u, y/uy, and u,/uy. Say a® € F and write a = o+ fu+v,/uy + du,/uy
with a, 8,7v,6 € F'. Then

o® = + B2 (u+z) + 77 (uy) + 6% (u + z)uy.
The coefficient of u is zero since a? € F, so
B2 + (y + 6)%y + 6%zy = 0.

If § =0, then 82 +~2%y =0, so v = 0 since y is not a square in F'. But then
f=0,s0a¢€ F.If § #0, then

B+ +8% iy N2 (BY
T sy (5+1) + (E) v

which means that z € F?2(y). But this is impossible. Thus, § = 0, and so
we conclude that a € F. Thus, I = F, so K/ is not separable. Note that

(e
K ?é S‘[ a'lso L)Ejg SANmai C}n\, Uara e & dagn e { "ot -
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Problems

1. Prove the sum, product, and chain rules for formal polynomial dif-
ferentiation in F[a:]
KIS SIE pomds D KIE sy,
2. If F C L C K are fields such that K/F is separable, show that L/F
and K/L are separable.

3. If K is a field extension of I and if @« € K is not separable over
F, show that P is separable over F for some m > 0, where p =
char(F').

4. Let FF C{L C K be fields such that K/L is normal and L/F' is purely
inseparable. Show that K/F is normal.

5. Let I be a field of characteristic p > 0, and let a € /' — FP. Show
that P — a is irreducible over F.

6. Let F' be a field of characteristic p > 0, and let K be a purely insep-
arable extension of ' with [K : F] = p™. Prove that a?” € F for all
a€ K.

7. Let K and L be extensions of F'. Show that KL is separable over I
if both K and L are separable over F'. Is the converse true?



8.

10.

11.

12.

13.

14.

15.

Let K and L be cxtensions of F'. Show that K L is purely inscparable
over F'if both K and L are purely inseparable over ['. Is the converse
true?

Let K and L be extensions of F'. Show that KL is Galois over I if
both K and L are Galois over F. Is the converse true?

Let K and L be subfields of a common field, both of which contain a
field F'. Prove the following statements.

(a) If K = F(X) for some set X C K, then KL = L(X).

(b) [KL: F|<[K:F|-[L:F]. .

(c) If K and L are algebraic over F, then KL is algebraic over F'.
(d) Prove that the previous statement remains true when “alge-
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braic” is replaced by “normal,” “separable,” “purely insepara-

ble,” or “Galois.”
Let K be the rational function field k(z) over a perfect field k of
characteristic p > 0. Let F' = k(u) for some v € K, and write
v = f(x)/g(z) with f and g relatively prime. Show that K/F is
a separable extension if and only if u ¢ KP.

Let K be a finite extension of I with char 7 = p > 0 and K? C F.
Thus, K/F'is purely inseparable. A set {a,,...,a,} C K issaid to be
a p-basis for K/F provided that there is a chain of proper extensions

o, fa

¢ . " -} <
FCFla)C-CFlay) = K. ¢ [flealF=?

Show that if {a;,...,a,} is a p-basis for K/F, then [K : F] = p™,
and conclude that the number of elements in a p-basis is uniquely
determined by K/F'. The number n is called the p-dimension of K/F.
Also, show that any finite purely inseparable extension has a p-hasis.

Give three examples of a field extension K/F' which is neither normal
nor separable. Note that two such examples are given in the section.

Let k be a field of characteristic p > 0, let K = k(z, y) be the rational
function field over k in two variables, and let F' = k(zP, yP). Show
that K/F is a purely inseparable extension of degree p?. Show that
K # F(a) for any a € K.

Prove the following product formulas for separability and insepara-
bility degree: If ' C L C K are fields, then show that [K : F|; =
(K : L|s[L: Fls and [K : F|; = [K : L|;[L : Fl;.
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We are now in the position to prove the fundamental theorem of Galois
theory, which describes the intermediate fields of a Galois extension K/F
in terms of the subgroups of the Galois group Gal(K/F'). This theorem
allows us to translate many questions about fields into questions about
finite groups. As an application of this theorem, we give a mostly algebraic
proof of the fundamental theorem of algebra, which says that the complex
field C is algebraically closed.

Theorem 5.1 (Fundamental Theorem of Galois Theory) Let K be
a finite Galois extension of F', and let G = Gal(K/F'). Then there is a 1-1
inclusion reversing correspondence between intermediate fields of K/F and
subgroups of G, given by L — Gal(K/L) and H — F(H). Furthermore, if
L« H, then [K : L] = |H| and [L : F| =[G : H]. Moreover, H is normal
in G if and only if L is Galois over F'. When this occurs, Gal(L/F) =~ G/H.

Proof. We have seen in Lemma 2.9 that the maps L — Gal(K/L) and
H — F(H) give injective inclusion reversing correspondences between the
set of fixed fields L with F' C L C K and the set of subgroups of G of
the form Gal(K/L) for some L with F# C L C K. Let L be a subfield of
K containing F'. Since K is Galois over F|, the extension K is normal and
separable over F. Thus, K is also normal and separable over L, so K is
Galois over L. Hence, L = F(Gal(K/L)), so any intermediate field is a
fixed field. Also, if H is a subgroup of (G, then H is a finite group, so H =
Gal(K/F(H)) by Proposition 2.14. Every subgroup of G is therefore such
a Galois group. The maps above then yield the desired correspondences.
Recall that |Gal(K/F)| = [K : F] if K is Galois over F' by Proposition
2.14. Thus, if L «» H, we have |H| = [K : L], since K is Galois over L and
H = Gal(K/L). Therefore,

(G: H]=|G|/|H|=[K : F|/[K : L] =[L: F].

Suppose that H is normal in G, and let L = F(H). Take a € L, and let b
be any root of min(F, a) in K. By the isomorphism extension theorem, there
isao € G with g(a) = b. If 7 € H, then 7(b) = o(c7'70(a)). However,
since H is normal in G, the element o0~ }'70 € £, so 07 '70(a) = a. Thus,
7(b) = o(a) = b, s0 b € F(H) = L. Since min(F,a) splits over K, this
shows that min(F, a) actually splits over L. Therefore, L is normal over F’
by Proposition 3.28. Since K/ F'is separable and L C K, the extension L/F
is also separable, and so L is Galois over F'. Conversely, suppose that L is
Galois over F. Let 6 : G — Gal(L/F') be given by 6(c) = o|r. Normality of
L/F shows that o|;, € Gal(L/F') by Proposition 3.28, so 6 is a well-defined
group homomorphism. The kernel of # is

ker(§) = {c € K : 0|, =id} = Gal(K/L) = H.
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Therefore, f is normal in G. The map @ is swjective since, il 7 € Gal(L/F),
then there is a 0 € G with ¢|;, = 7 by the isomorphism extension theorem.
Thus, Gal(L/F) =~ G/H. O

Given a Galois extension K/F, on the surface it would seem to be in-
tractable to determine all intermediate fields; the main problem is know-
ing whether we have found all of them. However, the Galois group G =
Gal(K/F) is a finite group, which means that there is a systematic way of
finding all subgroups of GG. By finding all subgroups, we can then deter-
mine the fixed fields of cach, thereby having all intermediate fields by the
fundamental theorein. The next two examples illustrate this procedure. Of
course, if GG is large, it may be too complicated to find all subgroups of G.

Example 5.2 The licld Q(V/2,w) is Galois over @, as we have seen pre-
viously. The Galois group is a group of order 6. I'rom group theory, Lhere
are two nonisomorphic groups of order 6: the cyclic group Z/6Z and the
symmetric group S3. Which is the Galois group? The subfield Q(~/2) is
not Galois over @, since the minimal polynomial of v/2 does not split over
Q(+/2). Therefore, the corresponding subgroup is not normal in G. How-
ever, every subgroup of an Abelian group is normal, so our Galois group
is non-Abelian. Thus, G = Gal(Q(V2,w)/Q) = S3. We can also explic-
itly demonstrate this isomorphism. By the isomorphism extension theorem,
there are (Q-automorphisms o, 7 of Q(v/2,w) with

a:e/i—mu\s/i, w — w,
V2 - 3/5, w— w2,

It is easy to check that o has order 3, 7 has order 2, and o7 # 70. The
subgroups of the Galois group are then

(dy (o), (7)), {oT) , {o?T),G.
The corresponding fixed fields are
Q(V2,w), Q(w), Q(V2), Qw?V2), QwV2), @

One way to verify that these ficlds are in fact the correct ones is to show
that, for any of these fields, the field is indeed fixed by the appropriate
subgroup and its dimension over @ is correct. For instance, /2 is fixed
by 7; hence, Q(v/2) C F(7). Since the index [G : (7)] = 3, we must have
[F(r) : F} = 3. But {Q(+/2) : Q] = 3, so Q(v/2) = F(7). This use of

dimension is extremely useful in determining the fixed field of a subgroup.
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Example 5.3 Let K = Q(v/2,v3). Then K is the splitting field of
{z? — 2,2% — 3} over Q or, alternatively, the splitting field of (z°—2)(z?—3)
over Q. The dimension of K/ is 4. The four automorphisms of K/(Q are
given by

K

id:vV2 -2, V33,

c:vV2— V2, V3-8,
7:V2 =2, V3- -3,
o VIo VI V3o V3

This Galois group is Abelian and is isomorphic to Z/2Z x Z/27Z. The sub-
groups of G = Gal(K/(Q) are

(id) , (o}, (1), (o7}, G.

The corresponding intermediate fields are

K, Q(V3), Q(V2), Q(V6), Q.

/K\ /G\
ovD  QWE QW3 <a>\ (o) )
\@ (id)

Example 5.4 Let F' = C(t) be the rational function field in one variable
over C, and let f(z) = 2™ — ¢t € Fz]. The polynomial f is irreducible over
I by the Eisenstein criterion, since F' is the quotient field of the unique



tactonzation domain C¢] and t is an irreducible elcient of Clt|. Let A be
the splitting field of f over F'. Then K = F(«), where « is any root of f(z).
To see this, if w = exp(2mi/n), then w™ = 1, so w'a is a root of f(z) for
each ¢. There are exactly n distinct powers of w, so the n distinct elements
a,wa, ... ,w" ' are precisely the roots of f. All of these lie in F(a) and
generate F'(a), so K = F(a). The extension K/F is then Galois since f
has no repeated roots. We see that [K : F| = deg(f) = n.

The isomorphism extension theorem tells us that there is an automor-
phism o of K defined by o(«) = wa. This formula yields that o*(a) = w'«
for each 7, so o*(a) = « if and only if n divides ¢. Thus, ¢ has order n in
Gal(K/F). This forces Gal(K/F) to be the cyclic group generated by o.
Each subgroup of (o} is cyclic and can be generated by an element o™ with
m a divisor of n. Given a divisor m of n, if n = mk, then the element a*
is fixed by o™, since

o™ (a¥) = (")’
= whak = aF.
Moreover, F(a¥) is the fixed field of (¢™) for, if m’ is a divisor of n
and ¢™ (a*) = aF, then w™*a* = oF, which forces n to divide m'k.
But, n = mk, so m divides m’, and thus ¢™ € (™). This proves that
Gal(K/F(a*)) = (o™), so the fundamental theorem tells us that F(a*)
is the fixed field of (¢™). We have thus determined the subgroups of
Gal(K/F) and the intermediate fields of K/F to be

{{c™) : m divides n},
{F(a*) : k divides n},
with the correspondence F(a*) « (o™) if km = n.

Let K/F be Galois, and let L be any extension field of F' with K and L
inside some common field. Then K L/L is Galois, since if K is the splitting
field of a set of separable polynomials over F', then K L is the splitting field
of the same set of polynomials over L, and if f(z) € F[z] is separable over

F, then f(z) is separable over L. The following theorem determines the
Galois group of K'I./L and the degree of this extension.

—
N




Theorem 5.5 (Natural Irrationalities) Let K be a finite Galois exten-
sion of I', and let I be an arbitrary estension of F. Then KL[L is Galois
and Gal(KL/L) = Gal(K/K N L). Moreover, [KL: L] = [K : KN L].

Proof. Define ¢ : Gal(KL/L) — Gal(K/F) by 0(c) = o|k. This map is
well defined since K is normal over F', and # is a group homomorphism.
The kernel of 8 is{c € Gal(KL/L): 0|k = id}. However, if o € ker(6),
then o|;, = id and o|x = id. Thus, the fixed field of o contains both K and
L, so it contains K L. That means o = id, so 0 is injective. Since the image
of ¢ is a subgroup of Gal(K/F), this image is equal to Gal(K/FE), where £
is the fixed field of this image. We show that £ = KNL.Ifa € KNL, then
a is fixed by | for each o € Gal(KL/L). Therefore,a € E,so KNL C E.
For the reverse inclusion, let a € E. Then a € K and o|g(a) = a for all
o € Gal(KL/L). Thus, o(a) = a for all such o, so a € L. This shows
EFECKNL,and so &£ = K N L. We have thus proved that

Gal(KL/L) =~ im(6) = Gal(K/K NL).
The degree formula follows immediately from this isomorphism. )

A field extension K/F is called simple if K = F'(«) for some o € K. The
next theorem and its corollaries give some conditions for when an extension
is simple.

Theorem 5.6 (Primitive Element Theorem) A finite extension K /F
18 semple if and only if there are only finitely many fields L with FF C L C K.

Proof. We prove this with the assumption that |F| = co. The case for
finite fields requires a different proof, which we will handle in Section 6.
Suppose that there are only finitely many intermediate fields of K/ F'. Since
(K : F| < oo, we can write K = F(ay,...,a,) for some a; € K. We
use induction on n; the case n = 1 is trivial. If L = F(ai,...,an—1),
then since any field between F' and L is an intermediate field of K/F,
by induction L = F(B) for some §. Then K = F(ay,,B). For a € F, set
M, = F(a, + af), an intermediate field of K/F. Since there are only
finitely many intermediate fields of K/F but infinitely many elements of
F, there are a,b € F with a # b and M, = M;. Therelore,

(an + b8) — (e, + aB)

M.
b—a € Mo

8=

Hence, o, = (@ + 8) = 08 € My, so K = F(a,, ) = M. Thus, K is a
simple extension of F.

Conversely, suppose that K = F(«) for some a € F. Let M be a field
with FF C M C K. Then K = M(a). Let p(z) = min(F,a) and ¢(z) =
min(M, «) € M[z] Then ¢ divides p in M|[z]. Suppose that ¢(z) = ag +
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a1z + -+ +z7, and set My = Flag,...,a,—1) C M. Then ¢ € Myz], so
min(My, @) divides g. Thus,

(K : M] = deg(q) > deg(min(My, @) = [K : M)

This implies that [M : My] = 1, so M = M. Therefore, M is determined
by g. However, there are only finitely many monic divisors of p in K|z], so
there are only finitely many such M. O

Corollary 5.7 If K/F is finite and separable, then K = F(a) for some
a€ K.

Proof. If K is finite and separable over F'| then K = F(a1,...,a,) for
some a;. Let N be the splitting field over F' of {min(F,«a;):1 <i <n}.
Then N/F is Galois by Theorem 4.9 since each min(F,«;) is separable
over F'. Moreover, K C N. By the fundamental theorem, the intermediate
fields of N/F are in 1-1 correspondence with the subgroups of the finite
group Gal(N/F). Any finite group has only finitely many subgroups, so
N/F has only finitely many intermediate fields. In particular, K/F has
only finitely many intermediate fields. Therefore, K = F'(«) for some o by
the primitive element theorem. O

Corollary 5.8 If K/F s finite and F' has characteristic 0, then K = F(a)
for some «.

Proof. This corollary follows immediately from the preceding corollary
since any finite extension of a field of characteristic 0 is separable. )

The normal closure of a field extension

Let K be an algebraic extension of F. The normal closure of K/F' is the
splitting field over F of the set {min(F,a) : a € K} of minimal polynomials
of elements of I{. As we will show below, the nonnal closure N of the
extension A /F is a nnnnnal normal extension of I which contains K. This
is reasonable since, for each a € K, the polynomial min(F, a) splits over any
normal extension of I containing K. Therefore, the set {min(F,a) : a € K}
is a minimal set of polynomials which must split in any extension of K that
is normal over F'. We formalize this in the next result, which gives the basic
properties of normal closure.

Proposition 5.9 Let K be an algebraic extension of F', and let N be the
normal closure of I{/F.

1. The field N is a normal extension of F containing K. Moreover, if
M 15 a normal extension of F' unth I{ C M C N, then M = N.
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2. If K = F(a1,...,ay), then N s the splitting field of the polynomaals

min(F,a1),...,min(F,a,) over F.
3. If K/F 1is a finite extension, then so 1s N/F.
4. If K/F is separable, then N/F is Galoss.

Proof. Since N is a splitting field over F' of a set of polynomials, N is
normal over F'. It is clear that N contains K. Suppose that M is a normal
extension of F' with K C M C N.Ifa € K, then a € M, so by normality
min(F, a) splits over M. However, if X is the set of roots of the polynomials
{min(F,a) : a € K}, we have N = F(X). But since these polynomials split
over M, all of the roots of these polynomials lie in M. Thus , X C M, and
so N = F(X) C M. Therefore, M = N.

For part 2, let L = F(X), where X C N is the set of roots of the
polynomials {min(F,a;) : 1 <7 <n}. Then L is a splitting field over F' of
this set; hence, K C L and L/F is normal. By part 1, L = N.

For the third part, suppose that [K : F] < co. Then K is a finitely gen-
erated extension of F'; say that K = F(ay,...,a,). Let p;(z) = min(F, a;).
By part 2, N is a splitting field of {min(F,a;): 1 <4 <n}, a finite set of
polynomials. Therefore, [N : F] < oco.

Finally, if K/F is separable, then each polynomial min(F, a) is separable
over F'. Therefore, N is the splitting field of the set {min(F,a):a € K} of
separable polynomials over F', so N is Galois over F. )

The normal closure of an algebraic extension K/F' is uniquely determined
by the conditions in the first part of the previous proposition, as we now
show.

Corollary 5.10 Let K be an algebraic extension of F', and let N be the
normal closure of K/F. If N’ is any normal extension of F' containing I,
then there 1s an F'-homomorphism from N to N'. Consequently, if N’ does
not contain any proper subfield normal over F that contains K, then N
and N’ are F-isomorphic.

Proof. Suppose that N’ is normal over F' and contains K. Then min(F,a)
splits over N’ for each a € K. By the isomorphism extension theorem, the
identity map on F' extends to a homomorphism ¢ : N — N’. Then o(N) is
a splitting field of {min(F,a):a € K} in N’, so o(N) is normal over F' and
contains K. Therefore, if V' does not contain any proper subfield normal
over F' that contains K, then o(/N) = N’, so N and N’ are F-isomorphic.

(|

Example 5.11 Let F = Q and K = Q(v/2). If w® = 1 and w # 1, then
Q(+/2,w) is the splitting field of 3 — 2 over @, so it is normal over Q.
This field is clearly the smallest extension of K that is normal over Q, so
Q(V/2,w) is the normal closure of Q(w)/Q.



Example 5.12 If A" 1s an extension of /) and if ¢ ¢ A has minimal
polynomial p(z) over F, then the normal closure of F(a)/F is the field
F(ay,as,...,a,), where the a; are the roots of p(z).

Suppose that K/F is a finite separable extension with normal closure
N. Let G = Gal(N/F) and H = Gal(N/K). So K = F(H). Suppose that
K is not Galois over F'. Then H is not normal in G. The minimality of N
as a normal extension of F' containing K translates via the fundamental
theorem into the following group theoretic relation between GG and H: The
largest normal subgroup of GG contained in H is (id) for, if H' C H is
a normal subgroup of G, then L = F(H') is an extension of K that is
normal over F'. But, as L C N, minimality of N implies that L = N, so
H'’ = (id). Recall from group theory that if H is a subgroup of a group G,
then ﬂgEG gH g™ is the largest normal subgroup of a group G contained

in a subgroup H. Therefore, in the context above, ﬂgEG gHg™ ! = (id).

The fundamental theorem of algebra

The fundamental theorem of algebra states that every polynomial in C[z]
has a root in C. This was first proved by Gauss and is commonly proved
using the theory of analytic functions in a course in complex analysis. We
give here a proof using Galois theory, which combines the fundamental
theorem and the Sylow theorems of group theory. It is a nice application
of the interaction of group and field theory.

To prove the fundamental theorem of algebra, we do need to know one
result from analysis, namely the intermediate value theorem. Beyond this,
we can give a proof using group theory and Galois theory. We point out the
group theoretic fact we need: If GG is a finite group whose order is a power
of a prime p, then any maximal subgroup of G has index p in G. This fact
can be found in Proposition 2.4 of Appendix C.

Lemma 5.13 Let f(z) € R[z].

1. If f(z) = 2® —a for some a > 0, then f has a root in R. Therefore,
every nonnegative real number has a real square root.

2. If deg(f) is odd, then f has a root in R. Consequently, the only odd
degree extension of R is R itself.

Proof. Suppose that f(z) = z°—a with a > 0. Then f(0) < Oand f(u) >0
for u sufficiently large. Therefore, there is a ¢ € [0, u] with f(c) = 0 by the
intermediate value theorem. In other words, /a = ¢ € R.
For part 2, suppose that the leading coefficient of f is positive. Then
lim f(z) =00 and lim f(z)= —o0.

By another use of the intermediate value theorem, there is a ¢ € R with

f(c) =0.1If L/R is an odd degree extension, take a € L—R. Then R(a)/R is



also of odd degree, so deg(min(R, a)) is odd. However, this polynomial has a
root in R by what we have just shown. Since this polynomial is irreducible,
this forces min(R, a) to be linear, so a € R. Therefore, L = R.

Lemma 5.14 Every complex number has a complex square root. Therefore,
there is no field extension N of C with [N : C| = 2.

Proof. To prove this, we use the polar coordinate representation of complex
numbers. Let a € C, and set a = re*® with 7 > 0. Then /7 € R by Lemma,
5.13, s0 b = /Te?/2 € C. We have b? = r(e*%/2)? = re’? = ¢, If N is an
extension of C with [V : C] = 2, then there is an a € C with N = C(1/a).
But, the first part of the lemma shows that C(y/a) = C, so there are no
quadratic extensions of C. O

Theorem 5.15 (Fundamental Theorem of Algebra) The field C is
algebraically closed.

Proof. Let L be a finite extension of C. Since char(R) = 0, the field L is
separable over R, and L is also a finite extension of R. Let /N be the normal
closure of L/R. We will show that N = C, which will prove the theorem.
Let G = Gal(N/R). Then

|G| =[N:R]=[N:C]-[C:R]
= 2[N : C]

is even. Let H be a 2-Sylow subgroup of GG, and let £ be the fixed field
of H. Then |G : H| = [E : R] is odd. Thus, by Lemma 5.13, we see that
E =% s0o G = H is a 2-group. Thercfore, Gal(N/C) is also a 2-group.
Let P be a maximal subgroup of Gal(N/C). By the theory of p-groups,
[Gal(N/C) : P] = 2. Tf T is the fixed ficld of M7 then [T : C] = 2. This

is impossible by Lemma 5.14. This contradiction shows that |G| = 1, so
N =C. — O

Problems

1. A transitive subgroup of S,, is a subgroup G such that for each 7, j €
{1,...,n}, there is a ¢ € G with o(i) = j. If K is the splitting
ficld over F of a scparable irveducible polynomial f(z) € F[z] of
degree n, show that |Gal(K/F')| is divisible by n and that Gal(K/F)
is isomorphic to a transitive subgroup of S,,. Conclude that [I{ : F]
divides nl.

2. Write down all the transitive subgroups of S3 and Sy.

3. Determine all the transitive subgroups G of S5 for which |G| is a
multiple of 5. For each trausitive subgroup, find a field F' and an irre-
ducible polynomial of degree 5 over F such that if K is the splitting
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10.

11.

1. Galows Theory

field of f over F, then Gal(K/F') is isomorphic to the given subgroup.
(Hint: This will require use of semidirect products.)

In the following problews, let I be the splitting eld of f(x) over I
Determine Gal(K/F) and find all the intermediate subfields of K/ F.

(a) F=Q and f(z)=2*-7.
(b) F=Fsand f(z) =z*—7.
(c) F=Q and f(z) = — 2.
(d) F=F;and f(z) =28+ 1.
() F=Q and f(z) =28 — L

. Let K be a Galois extension of F' with [K : F] = n. If p is a prime

divisor of n, show that there is a subfield L of K with [K : L] = p.

. Let N be a Galois extension of F' with Gal(N/F) = A,. Show that

there s no inbermediate ﬁ(:l(lL(_)f' N//’ wilh [N //" =2,
L

. Give examples of field extensions K/F with

(a) K/F normal but not Galois,
(b) K/F separable but not Galois.

Let K/F be Galois with G = Gal(K/F), and let L be an intermediate
field. Let N C K be the normal closure of L/F. If H = Gal(K/L),
show that Gal(/{/N) =, cqgoHo™ "

Let K be a Galois cxtension of F' and let a € K. Let n = [K : F],
r = [F(a) : F], and H = Gal(K/F(a)). Let 71,...,7 be left coset
representatives of H in G. Show that min(F,a) = [[;_,(z — 7(a)).
Conclude that

I[ (z — o(a)) = wmin(F, a,)”/’r'.

oceGal(K/F)

Let K be a Galois extension of F', and let a € K. Let L, : Kk — K
be the F-linear transformation defined by L,(b) = ab. Show that the
characteristic polynomial of L, is equal to | | c .k /r)(z—0(a)) and
the minimal polynomial of L, is min(F,a).

Let K be a finite Galois extension of I’ with Galois group G. Let L be
an intermediate extension, and let H be the corresponding subgroup
of G. If N(H) is the normalizer of H in GG, let Ly be the fixed field
of N(H). Show that L/L¢ is Galois and that if M is any subfield of
L containing F' for which L/M is Galois, then M contains L.
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13.

14.

15.

16.

17.

18.

19.

20.
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Let F' be a field of characteristic not 2, and let K be a Galois extension
with [K : F| = 4. Prove that if Gal(K/F) = Z/27 x 7Z/27, then
K = F(y/a,Vb) for some a,b € F.

If IC is the splitting field of 2% — 2 over Q, find Gal(K/Q) and find
all intermediate subfields. To what group is Gal(K/Q) abstractly iso-
morphic?

If K is the splitting field of z° — 11 over @, find Gal(K/Q) and find
all intermediate subfields.

Let K be a finite normal extension of F' such that there are no proper
intermediate extensions of K /F. Show that [K : F| is prime. Give a
counterexample if K is not normal over F.

Let K be a Galois extension of Q. View K as a subfield of C. If o
is complex conjugation, show that o(K) = K, so o|x € Gal(K/Q).
Show that F(o|x) = KN, and conclude that [K : KNR] < 2. Give
examples to show that both [ KNR| = L and [ : KNR] = 2 can
ocaur.

Prove thie normal basis theorem: If K is a finite Galois extension of
F, then there is an a € K such that {o(a) : 0 € Gal(K/F)} is a basis
for K as an F'-vector space.

Let Qg be the guaternion group {£1,+i,£j, £k}, where multiplica-
tion is determined by the relations i? = j2 = —1 and 7j = k = —ji.
Show that (Jg is not isomorphic to a subgroup of S4. Conclude that
Qs is not the Galois group of the splitting field of a degree 4 polyno-
mial over a field.

(a) Let K C N both be Galois extensions of a field F'. Show that
the map ¢ : Gal(N/ﬁ) — Gal(K/F) given by ¢(0) = 0|k
is a surjective group homomorphism. Therefore, Gal(K/F) =
{o|k : 0 € Gal(N/F)}. Show that ker(¢) = Gal(N/K).

(b) Let K and L be Galois extensions of F. Show that the restric-
tion of function map defined in (a) induces an injective group
homomorphism Gal(KL/F) — Gal(K/F) & Gal(L/F). Show
that this map is surjective if and only if K N L = F.

Let k be a field of characteristic p > 0, let K = k(z, y) be the rational
function field in two variables over k, and let F' = k(zP, yP).



21,

22,

23.

24.

25.

This problem gives an alleruative proofl of the primitive element Lhe-
orem for infinite fields.

(a) Let V be a finite dimensional F-vector space, where F' is an
infinite field. Show that V is not the union of finitely many
proper subspaces.

(b) Let K/F be a finite extension of finite fields. Show that K is not
the union of the proper intermediate fields of K/F. Conclude
that if {K;} is the set of proper intermediate fields and a €
K — | JK;, then K = F(a).

Let K = Q(X), where X = {,/p: p is prime}. Show that K is Galois
over Q. If o € Gal(K/Q), let Y, = {,/p: 0(/P) = —/p}- Prove the

following statements.

(a) fY, =Y, then o = 7.
(b) If Y C X, then there is a 0 € Gal(K/Q) with Y, =Y.

(c) If P(X) is the power set of X, show that |Gal(K/Q)| = |P(X)|
and that |X| = [K : Q], and conclude that |Gal(K/Q)| > [K :
Q.

(Hint: A Zorn’s lemma argument may help in (b). You may want to
verify that if Y C X and /p ¢ Y, then [Q(Y')(\/P) : Q(Y)] = 2. The
inequality |P(X)| > |X| is proved in Example 2.2 of Appendix B.)

Suppose that K is an extension of F' with [K : F/| = 2. If char(F') # 2,
show that K/F is Galois.

Let FF C L C K be fields such that L/F is purely inseparable. Let
a € K be separable over F. Prove that min(F,a) = min(L,a). Use
this to prove the following statement: Suppose that F* C L C K
are fields such that L/F is purely inseparable, K /L is separable, and
[K : F] < oco. Let S be the separable closure of F'in K. Then K = SL
and [K: L|=[S: F].

This problem outlines a proof that the separable degree [K : F|; of
a finite extension K/F is equal to the number of F-homomorphisms
from K to an algebraic closure of F.

(a) Suppose that K = F(a), and let f(z) = min(F,a). If N is an
algebraic closure of F' and b € N is a root of f, show that there
is an F-homomorphism K — N that sends a to b.

(b) If K = F(a) as above, show that all F~-homomorphisms from K
to N are obtained in the manner of the previous step. Conclude
that [K : Fs is equal to the number of such F-homomorphisms.



(¢) Lel A7/ b a linite cxtension, wad let S he thic separable clusure
of F'in K. Show that any F-homomorphism from S to N extends
uniquely to K. Use the previous step to conelude that [S: F) =
[K : F4 is the number of F-homomorphisms from K to N.

26. Let K/F be a normal extension and let Z/F be an algebraic exten-
sion. If either K/F or L/F is separable, show that [KL : L] = [K :
K N L]. Give an example to show that this can be false without the
separability hypothesis.

27. Let F be a field. Show that the rational function field F'(z) is not
algebraically closed.

28. Let F' be a finite extension of . Show that I’ is not algebraically
closed.
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Some Galols Extensions

Now that we have developed the machinery of Galois theory, we apply it
in this chapter to study special classes of field extensions. Sections 9 and
11 are good examples of how we can use group theoretic information to
obtain results in field theory. Section 10 has a somewhat different flavor
than the other sections. In it, we look into the classical proof of the Hilbert
Theorem 90, a result originally used to help describe cyclic extensions,
and from that proof we are led to the study of cohomology, a key tool in
algebraic topology, algebraic geometry, and the theory of division rings.

6 Finite Fields

[u this sectiou, we study finite ficlds and, more generally, finitc extensions
of finite {iclds.

Let F' be a finite field, and say char(F) = p. We can view F' as an
extension field of F,. Since F' is finite, F' is a finite dimensional F,-vector
space. If [F' : F,] = n, then F' and F,, are isomorphic as FF,-vector spaces,
so |F| = p™. We will first obtain some field theoretic information about
F' by investigating the group structure of the multiplicative group F*. For
the next lemma, recall that if G is an Abelian group, then the ezponent
exp(G) of G is the least common multiple of elements in GG. By a group
theory exercise, there is an element of G whose order is exp(G). From this
fact, it follows that G is cyclic if and only if |G| = exp((G). These facts are
proven in Proposition 1.4 of Appendix C.



Lemma 6.1 [f I\ s « field and & s a finate subgroup of K*, then G s
cyclic.

Proof. Let n = |G| and m = exp(G). Then m divides n by Lagrange’s
theorem. If ¢ € (G, then ¢™ = 1, so each element of (G is a root of the
polynomial ™ — 1. This polynomial has at most m roots in the ficld X.
However, 2™ —1 has at least the elements of G as roots, son < m. Therefore,
exp(G) = |G, so G is cyclic. O

Corollary 6.2 If F' is o finite field, then F* is cyclic.

Example 6.3 Let F' = [F,. A generator for I"* is often called a primative
root modulo p. For example, 2 is a primitive root, modilo 5. Moreover, 2
is not a primitive root modulo 7, while 3 is a primitive root modulo 7. In
general, it is not easy to find a primitive root modulo p, and there is no
simple way to find a primitive root in terms of p.

In Section 5, the primitive element theorem was statcd for arbitrary
base fields but was proved only for infinite fields. If K/F is an extension of
finite fields, then there are finitely many intermediate fields. Therefore, the
hypotheses of the primitive element theorem hold for K/F. The following
corollary finishes the proof of the primitive element theorem.

Corollary 6.4 If K/F is an extension of finite fields, then K s a simple
extension of F'. .

Proof. By the previous corollary, the group K™ is cyclic. Let a be a gen-
erator of the cyclic group K*. Every nonzero element of K is a power of «,
so K = F'(«). Therefore, K is a simple extension of F'. O

The following theorem exploits group theoretic properties of finite groups
to give the main structure theorem of finite fields.

Theorem 6.5 Let F' be a finite field with char(F) = p, and set |F| = p™.
Then F is the splitting field of the separable polynomial z¥" — = over IFy.
Thus, F/F, is Galois. Furthermore, if o is defined on F' by o(a) = aP, then
o generates the Galois group Gal(F/F,), so this Galois group is cyclic.

Proof. Let |F| = p™, so | = p™ — 1. By Lagrange’s theorem, if a € I,
then a?” ~! = 1. Multiplying by a gives a? = a. This equation also holds
for @ = 0. Therefore, the elements of F arc roots of the polynomial P — z.
However, this polynomial has at most p™ roots, so the elements of I are
precisely the roots of zP" — z. This proves that F' is the splitting field over
F, of " — z, and so F is normal over F,,. Morcover, the derivative test
shows that 2" — @ has 10 repeated roots, so 2?" — & is scparable over I,

Thus, F' is Galois over Iy,



Define o« ' — F by o(a) = a”. An casy computation shows that o is
an IF,-homomorphism, and ¢ is surjective since F' is finite. Hence, o is an
Fp-automorphism of F'. The fixed field of o is{a € F' : a? = a} DO F,. Each
element in (o) is a root of zP —z, so there are at most p elements in F (o).
This proves that F, = F (o), so Gal(F/F,) is the cyclic group generated by
. O

The automorphism o defined above is called the Frobenius automorphism
of F.

Corollary 6.6 Any two finite fields of the same size are isomorphic.

Proof. The proof of Thecorem 6.5 shows that any two ficlds of order p™
are splitting fields over F, of zP" — z, so the corollary follows from the
isomorphic extension theorem. O

We can use Theorem 6.5 to describe any finite extcnsion of finite fields,
not only extensions of F,.

Corollary 6.7 If K/F is an extension of finite fields, then K/F is Galois
with a cyclic Galots group. Moreover, if char(F) = p and |F| = p™, then
Gal(K/F) is generated by the automorphism 7 defined by 7(a) = a?" .

Proof. Say [K : Fp] = m. Then Gal(K/F,) is a cyclic group of order m
by Theorem 6.5, so the order of the Frobenius automorphism o of K is
m. The group Gal(K/F) is a subgroup of Gal(K/F,), so it is also cyclic.
If s = |Gal(K/F)| and m = ns, then a generator of Gal(/{/F) is ¢™. By
induction, we see that the function o™ is given by ¢™(a) = aP" . Also, since
s = [K : F|, we have that n = [F : F,], so |F| = p™. O

We have described finite fields as extensions of I, and have shown that
any finite extension of IF, has p™ elements for some n. However, we have
not yet determined for which n there is a field with p™ elements. Using the
fundamental thcorem along with the description ot finite ficlds as splitting
fields in Theorem 6.5, we now show that for each n therc is a unique up to
isomorphism field with p™ elements.

Theorem 6.8 Let N be an algebraic closure of Fp,. For any positive integer
n, there is a unique subfield of N of order p™. If K and L are subfields of
N of orders p™ and p™, respectively, then K C L f and only if m divides
n. When this occurs, L is Galois over K with Galois group generated by T,
where 7(a) = aP" .

Proof. [.ct n be a positive integer. The set, of roots in NV of the polynormnial
z? — z has p" elements and is a field. Thus, there is a subfield of NV of
order p™. Since any two fields of order p™ in N are splitting fields of zP" —z
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over IF,, by Theorem 6.5, any subfield of N of order p™ consists exactly of
the roots of 27" — z. Therefore, there is a unique subfield of N of order p™.

Let K and L be subfields of IV, of orders p™ and p™, respectively. First,
suppose that K C L. Then

n=[L:Fy)=[L: K| [K:F,]
=m|[L : K],

so m divides n. Convarscly, supposc that m divides n. Each clement a of
K satisfies a?" = a. Since m divides n, cach a also satisfies a?” = a, so
a € L. This proves that I € L. When this happens L is Galois over K by
Corollary 6.7. That corollary also shows that Gal(L/K) is generated by 7,
where 7 is defined by 7(a) = al . O

If F is a finite field and f(z) € F[z], then Theorems 6.5 and 6.8 can be
used to determine the splitting field over F' of the polynomial f.

Corollary 6.9 Let F be a finite field, and let f(z) be a monic irreducible
polynomial over F' of degree n.

1. Ifa ts aroot of f in some extension field of F', then F(a) is a splitting
field for f over F. Consequently, if K is a splitting field for f over
F, then [ : I] = n.

2. If |F| = q, then the set of roots of f is {a? :7 > 1}.

Proof. Let K be a splitting field of f over F. If a € K is a root of f(z),
then F'(a) is an n-dimensional extension of F' inside K. By Theorem 6.5,
F(a) is a Galois extension of F'; hence, f(z) = min(F,a) splits over F'(a).
Therefore, F'(a) is a splitting field of f over F', so K = F(a). This proves
the first statement. For the second, we note that Gal(K/F) = (o), where
o(c) = @ for any c € K, by Themem 6.8. Each root of f is then of the
form " (a) = a? by the 15()11101;)1115111 cxtension theorem, which shiows that
the sct of roots of [ is {a? :r > L}. 0

Example 6.10 Lei FF =F, and K = F(a), where « is a root of f(z) =
23 +224-1. This polynomial has no roots in F, as a quick calculation shows,
so it is irreducible over F' and [K : F] = 3. The field K is the splitting field
of f over F, and the roots of f are o, a?, and a*, by Corollary 6.9. Since
fla) =0, we see that a® = a®+1,s0 a* = a® +a = o +a + 1. Therefore,
in terms of the basis {1,&,&2} for K/F, the roots of f are «, «?, and
1 + a + «?. This shows explicitly that F(a) is the splitting field of f over
F.

Example 6.11 Let [' = Fy and f(2) = 2* + 2 + 1. By the derivative test,
we see that f has no repeated roots. The polynomial f is irreducible over



6 Finite Fields 69

[, since f has no roots in F' and is not divisible by the unique irreducible
quadratic 2 4+ z + 1 in F[z]. If a is a root of f, then a* = o + 1; hence,
the roots of f are o,  + 1, o, and o? + 1.

Example 6.12 Let f(z) = z2 + 1. If p is an odd prime, then we show
that f is reducible over F' =T, if and only if p = 1(mod 4). To prove this,
if a € Fis a root of 22 + 1, then a? = —1, so a has order 4 in F*. By
Lagrange’s theorem, 4 divides |F*| = p—1, so p = 1(mod 4). Conversely, if
p = 1(inod 4), then 4 divides p — 1, so there is an element a € F™ of order
4, since F* is a cyclic group of order p — 1. Thus, a* = 1 and a? # 1. This
forces a®> = —1, so a is a root of f.

If F'is a finite field, then we have secen that every finite extension of F’
is Galois over F'. Hence, every extension of F' is separable over F'. Every
algebraic extension of I is then separable over F', so F' is perfect. To note
this more prominently, we record this as a corollary. We have already seen
this fact in Example 4.14. .

Corollary 6.13 Every finite field s perfect.

Given an integer n, Theorem 6.8 shows that there is a finite field with p™
elerients. For a specific n, how do we go about finding this field? To con-
struct finite ficlds, we can use irredueible polynonials over IF,. Note that if
f(z) is an irreducible polynomial of degree n in F,[z], then F,[z]/(f(z)) is
a field extension of degree n over IFp,; hence, it has p™ elements. Conversely,
if ' has p™ elements, and if /' = F,(«), then min(Fy, o) is an irreducible
polynomial of degree n. Therefore, finding finite fields is equivalent to find-
ing irreducible polynomials in Fp[z|. For instance, Zg[z]/(z? +z + 1) is a
field of 4 elements, and Zs[z]/(z* — 7) is a field of 5* = 625 elements. The
following proposition gives one way of searching for irreducible polynomials
over F.

Proposition 6.14 Let n be a positive integer. Then P — z factors over
I, into the product of all monic irreducible polynomsals over ¥, of degree
a divisor of n.

Proof. Let F be a ficld of order p™. Then F is the splitting field of zP" — z
over F, by Theorem 6.5. Recall that /" is exactly the set of roots of P — .
Let a € F, and set m = [F,(a) : Fp], a divisor of [F' : Fp|. The polynomial
min(F,, a) divides zP" — 1, since a is a root of zP" — z. Conversely, if f(z)
is a monic irreducible polynomial over IF, of degree m, where m divides n,
let K be the splitting field of f over F, inside some algebraic closure of
F. 1l ais aroot of fin K, then K = F,(a) by Corollary 6.9. Therefore,
[K :Fp] =m,so K C F by Theorem 6.8. Thus, a € F, so a is a root of
zP" —z. Since f is irreducible over F,,, we have f = min(F,, a), so f divides
zP" — z. Since zP" — z has 1o repeated roots, z?" — z factors into distinct



irrcducible factors over F, We have shown that the irreducible factors of

zP  — z are exactly the irreducible polynomials of degree a divisor of n;
hence, the proposition is proven. 0O

Example 6.15 The monic irrseducible polynomials of degree 5 over 5 can
be determined by factoring z2° — z, which we see factors as

1:25—$:a:($+1)(a:5+a:3+1) (z° + 2%+ 1)
x($5+x‘1+$3+w+1) (Q;5+:L'4+:1;2+m+1)
x(a:5+a:4+a:3+a:2+1) (a:5+a:3+a:2+a:+1).

This factorization produces the six monic irreducible polynomials of degree
5 over [F,. Note that we only need one of these polynomials in order to con-
struct a field with 2° elements. Similarly, the monic irreducible polynomials
of degree 2, 3, or 6 over [F; can be found by factoring 22" — 2. For example,
28 4+ 2 4 1 is an irreducible factor of 284 — z, so Fy[z]/(2® 4z + 1) is a field
with 64 elements. The factorization of 3% — z and the factor z® + z + 1
of z%% — z was found by using the computer algebra program Scientific
Workplace.

Problems
1. Let G be a finite Abelian group.

(a) If a,b € G have orders n and m, respectively, and if gcd(n,m) =
1, show that ab has order nm.

(b) If a,b € G have orders n and m, respectively, show that there is
an element of G whose order is lcm(a, b).

(c) Show that there is an element of G whose order is exp(G).
2. Let p be a prime, and let I be a field with |F'| = p?. Show that there

is an a € F with a® = 5. Generalize this statement, and prove the
generalization.

3. Let I be a finite field. Prove that there is an irreducible polynomial
of degree n over F' for any n.

4. Let K be a field with |K| = 4. Show that K = Fy(a), where a? +a+
1=20.

5. Determine the irreducible factorization of z* + 1 over Fj.

6. Let I’ be a finite field. If f, g € F[z] are irreducible polynomials of
the same degree, show that they have the same splitting field. Use
this to determine the splitting field of z* 4- 1 over Fj.



10.
11.

12.

13.

15.

Let ¢ e e power of a pritne p, aud let 0 be o positive integer ot
divisible by p. We let F;, be the unique up to isomorphism finite field

of q elements. Tf K is the splitting field of 2™ — 1 over ¥, show that
K = Fym, where m is the order of ¢ in the group of units (Z/nZ)" of
the ring Z/nZ.

Let F' be a field of characteristic p.

(a) Let FP = {aP : a € F'}. Show that FP is a subfield of F.

(b) If 7 = TF,(x) is Lhe rational function fickd in one variable over
[Fp, determine F” and [F: F?|.
Show that z* — 7 is irreducible over Fs.

Show that every element of a finite field is a s of two squares.

Let F' be a field with |F| = ¢. Determine, with proof, the number
of monic irreducible polynomials of prime degree p over I, where p
need not be the characteristic of /.

Let K and L be extensions of a finite field F' of degrees n and m,
respectively. Show that KL has degree lcm(n, m) over F' and that
K N L has degree ged(n, m) over F.

(a) Show that z® + z? + 1 and =3 + z + 1 are irreducible over ;.

(b) Give an explicit isomorphism between Fy[z]/(z3 + 22 4 1) and
Folz|/(z3 + = + 1).

. Let k be the algebraic closure of Z,, and let ¢ € Gal(k/Z,) be the

Frobenius map ¢(a) = aP. Show that ¢ has infinite order, and find a
o € Gal(k/Z,) with o ¢ ().

Let N be an algebraic closure of a finite ficld F. Prove that Gal(N/F)
is an Abclian group and that any automorphisimn in Gal(N/F) is of
infinite order.

(By techniques of infinite Galois theory, one can prove that
Gal(N/F,) is isomorphic to the additive group of the p-adic integers;
see Section 17.)

7 Cyclotomic Extensions

An nth root of unity is an element w of a field with w™ = 1. For instance,

the complex number e

27i/n is an nth root of unity. We have seen roots

of unity arise in various examples. In this section, we investigate the field
extension F'(w)/F, where w is an nth root of unity. Besides being inter-
esting extensions in their own right, these extensions will play a role in
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applications of Galois theory to ruler and compass constructions and to
the question of solvability of polynomial equations.

Definition 7.1 If w € F' with w™ = 1, then w is an nth root of unity. If
the order of w is n n the multiplicative group F'™, then w is a primitive nth
root of unity. If w is any root of unity, then the field extension F(w)/F is
called a cyclotomic extension.

We point out two facts about roots of unity. First, if w € F' is a primitive
nth root of unity, then we sce that char(F) does not divide n lor, if . = prn
with char(F') = p, theu 0 = w™ — 1 = (w™ — 1)?. Therelore, w™ = 1, and so
the order of w is not n. Second, if w is an nth root of unity, then the order
of w in the group F™* divides n, so the order of w is equal to some divisor
m of n. The element w is then a primitive mth root of unity.

The nth roots of unity in a field K are exactly the set of roots of 2™ — 1.
Suppose that 2™ — 1 splits over K, and let (G be the set of roots of unity in
K. Then @G is a finite subgroup of K*, so (G is cyclic by Lemma 6.1. Any
generator of (G is then a primitive nth root of unity.

To describe cyclotomic extensions, we need to use the Euler phi function.
If n is a positive integer, let ¢(n) be the number of integers between 1 and n
that are relatively prime to n. The problems below give the main properties
of the Euler phi function. We also need to know about the group of units
of the ring Z/nZ. Recall that if R is a commutative ring with 1, then the
set

R*={a€ R:thereisab e R with ab =1}

is a group under multiplication; it is called the group of units of R. If
R = 7Z/nZ, then an easy exercise shows that

(Z/nZ)* = {a+nZ: ged(a,n) = 1}.

Therefore, |(Z/nZ)*| = ¢(n).
We now describe cyclotomic extensions of an arbitrary base field.

Proposition 7.2 Suppose that char(F) does not divide n, and let K be
a splitting field of z™ — 1 over F. Then K/F is Galois, K = F(w) 1is
generated by any primitive nth root of unity w, and Gal(K/F) is isomorphic
to a subgroup of (Z/nZ)*. Thus, Gal(K/F) is Abelian and [K : F|] divides
¢(n).

Proof. Since char(F) does not divide n, the derivative test shows that
2™ — 1 is a separable polynomial over F'. Therefore, K is both normal and
separable over F'; hence, K is Galois over F. Let w € K be a primitive
nth root of unity. Then all nth roots of unity are powers of w, so z™ — 1
splits over F'(w). This proves that I\ = F(w). Any automorphisin of K that
fixes F' is determined by what it doces to w. However, any automorphisin
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restricts to a group automorphism of the set of roots of unity, so it maps
the set of primitive nth roots of unity to itself. Any primitive nth root of
unity in K is of the form w® for some ¢t relatively prime to n. Therefore,
the map 0 : Gal(K/F) — (Z/nZ)* given by ¢ — t +nZ, where o(w) = wt,
is well defined. If 0,7 € Gal(K/F) with o(w) = w* and 7(w) = w*, then
(07)(w) = o(w®) = w*, so @ is a group homomorphism. The kernel of 8 is
the set of all o with o(w) = w; that is, ker(8) = (id). Thus, 8 is injective,
so Gal(K/F) is isomorphic to a subgroup of the Abelian group (Z/nZ)*, a
group of order ¢(n). This finishes the proof. O

Example 7.3 The structure of F' determines the degree [F(w) : F] or,
equivalently, the size of Gal(F(w)/F). For instance, let w = €?7/% be a
primitive eighth root of unity in C. Then w? = i is a primitive fourth
root of unity. The degree of Q(w) over Q is 4, which we will show below.
If F = Q(i), then the degree of F(w) over F is 2, since w satisfies the
polynomial z? — i over F and w ¢ F. If F = R, then R(w) = C, so
[R(w) : R] = 2. In fact, if n > 3 and if 7 is any primitive nth root of unity
in C, then R(7) =C, so [R(7) : R|] = 2.

Example 7.4 Let F' = F,. If w is a primitive third root of unity over F,
then w is aroot of 23 —1 = (z — 1)(z*+z +1). Sincew # 1 and 22 +z + 1
is irreducible over F, we have [F(w) : F] = 2 and min(F,w) = 2% + 2 + 1.
If p is a primitive seventh root of unity, then by factoring 27 — 1, by trial
and error or by computer, we get

2 —1=(z—-1)(2°+2+1) (z°+2°+1).

The minimal polynomial of w is then one of these cubics, so [F(w) : F] = 3.
Of the six primitive seventh roots of unity, three have z3 4+ z + 1 as their
minimal polynomial, and the three others have 23 + 22 + 1 as theirs. This
behavior is different from cyclotomic extensions of Q, as we shall see below,
since all the primitive nth roots of unity over (Q have the same minimal
polynomial.

We now investigate cyclotomic extensions of Q. Let wq,...,w, be the
priinitive nth roots of unity in C. Then

{wi,.. . w.} = {627’”/" :ged(r,n) = 1},

so there are ¢(n) primitive nth roots of unity in C. In Theorem 7.7, we will
determine the minimal polynomial of a primitive nth root of unity over Q,
and so we will determine the degree of a cyclotomic extension of Q.

Definition 7.5 The nth cyclotomic polynomial is ¥, (z) = [[i_,(z — w),
the monic polynomial in Cx] whose roots are exactly the primitive nth roots
of umty in C.



For example,

Uy(z) =z —1,
\112(:6) = $+17
Uy(z) = (z—i)(z+1i) =2° + 1.

Moreover, if p is prime, then all pth roots of unity are primitive except for
the root 1. Therefore,

\I’p(QT):(flfp*1>/($_1):l‘pv1+$p—2+---+$+1.

From this definition of ¥, (z), it is not clear that ¥, (z) € Q[z], nor that
U, (x) is irreducible over Q. However, we verify the first of these facts in
the next lemma and then the second in Theorem 7.7, which shows that
U, (z) is the minimal polynomial of a primitive nth root of unity over Q.

Lemma 7.6 Let n be any positive integer. Then 2™ — 1 = Hd|n Uy(z).
Moreover, U, (z) € Z|z].

Proof. We know that ™ — 1 = [[(z — w), where w ranges over the set of
all nth roots of unity. If d is the order of w in C*, then d divides n, and w
is a primitive dth root of unity. Gathering all the dth root of unity terms
together in this factorization proves the first statement. For the second, we
use induction on n; the case n = 1 is clear since ¥,(z) = z — 1. Suppose
that ¥4(z) € Z[z] for all d < n. Then from the first part, we have

" —1= H Uy(z) | - V().

dn,d<n

Since " — 1 and [],, Va(z) are monic polynomials in Z|z], the division
algorithm, Theorem 3.2 of Appendix A, shows that ¥, (z) € Z[z]. O

We can use this lemma to calculate the cyclotomic polynomials ¥, ()
by recursion. For example, to calculate Wg(z), we have

¥ — 1 = Wg(z)Vy(x)Wy(z)V) (),

SO 1:8_1 .
Vs(z) = GoNeiD@en  © Th

The next theorem is the main fact about cyclotomic polynomials and
allows us to determine the degree of a cyclotomic extension over Q.

Theorem 7.7 Letn be any positive integer. Then U, (z) is irreducible over

Q.



Proot. 'lo prove that W, (z) is irreducible over (@, suppose not. Since
U,(z) € Z[z] and is monic, ¥, (z) is reducible over Z by Gauss’ lemma.
Say W, = f(z)h(z) with f(z),h(z) € Z[z] both monic and f irreducible
over Z. Let w be a root of f. We claim that wP is a root of f for all primes
p that do not divide n. If this is false for a prime p, then since w? is a prim-
itive nth root of unity, w? is a root of A. Since f(z) is monic, the division
algorithm shows that f(z) divides hA(zP) in Z[z|. The map Z[z] — F,[z]
given by reducing coefficients mod p is a ring homomorphism. For g € Z|z|,
let § be the image of g(z) in Fp[z]. Reducing mod p yields ¥, (z) = f - h.
Since W, (z) divides 2™ — I, the derivative test shows that ¥, (z) has no
repeated roots in any extension field of IF,,, since p does not divide n. Now,
since a? = qa for all a € F,,, we see that h(zP) = h(z)?. Therefore, f divides
hP, so any irreducible factor g € F,[z] of f also divides k. Thus, ¢2 divides

fh = W,(z), which contradicts the fact that ¥, has no repeated roots.
This proves that if w is a root of f, then w? is also a root of f, where pisa
prime not dividing n. But this means that all primitive nth roots of unity
are roots of f, for if « is a primitive nth root of unity, then a = w? with
t relatively prime to n. Then oo = wP'P7, with each p; a prime relatively
prime to nn. We see that wP! is a root of f, so then (wP!)P2 = wP1P? is also a
root of f. Continuing this shows « is a root of f. Therefore, every primitive
nth root of unity is a root of f, so ¥, (z) = f. This proves that ¥,(z) is
irreducible over Z, and so ¥, (z) is also irreducible over Q. O

If w is a primitive nth root of unity in C, then the theorem above shows
that ¥, (x) is the minimal polynomial of w over Q. The following corollary
describes cyclotomic extensions of Q).

Corollary 7.8 If K is a splitting field of ™ — 1 over Q, then [K : Q| =
$(n) and Gal(K/Q) = (Z/nZ)". Moreover, if w is a primitive nth root of
unity in K, then Gal(K/Q) = {o; : ged(¢,n) = 1}, where o; 1s determined
by o;(w) = W'

Proof. The first part of the corollary follows immediately from Proposition
7.2 and Theorem 7.7. The description of Gal(K/Q) is a consequence of the
proof of Proposition 7.2. O

Il w is a primitive nth root of unity in C, then we will refer to the
cyclotomic extension Q(w) as Q.

Example 7.9 Let K = Q7, and let w be a primitive seventh root of unity
in C. By Corollary 7.8, Gal(K/Q) = (Z/7Z)", which is a cyclic group of
order 6. The Galois group of K/Q is {01,02,03,04,05,08}, where o;(w) =
w'. Thus, oy = id, and it is easy to check that o3 generates this group.
Moreover, 0;00; = 0;;, where the subscripts are multiplied modulo 7. The



subgroups of Gal(K/Q) arc then

<1d> ) <033>’ <U§> ) <053> )

whose orders are 1, 2, 3, and 6, respectively. Let us find the corresponding
intermediate fields. If L = F(03) = F(o¢), then [K : L] = [(06)| = 2 by the
fundamental theorem. To find L, we note that w must satisfy a quadratic
over L and that this quadralic i

(x — w)(z — o6(w)) = (z — w)(z — °).

Expanding, this polynomial is

6

22— (w+ )+ ww® = 2% — (w+ W)z + L.

Therefore, w +w® € L. If we let w = exp(2mi/7) = cos(2m/7) + isin(27/7),
then w 4+ w® = 2cos(2m/7). Therefore, w satisfics a quadratic over
Q(cos(27/7)); hence, L has degree at most 2 over this field. This forces
L = Q(cos(2m/7)). With similar calculations, we can find M = F(o3) =
F(o3). The order of oy is 3, so [M : Q] = 2. Hence, it suffices to find onc
element of M that is not in Q in order to generate M. Let

a=w+oz(w) +05(w) =w+w? +wt

This element is in M because it is fixed by o. But, we show that « is not
in @Q since it is not fixed by og. To see this, we have

os(w) = Wl W% 4w

— w8 Wb+ Wi,

If og(cr) = «, this cquation would give a degree 6 polynorial for which w
is a root, and Lhis polynomial is nol. divisible by

min(Q,w) = ¥q(z) =28 +2° +2* + 2> + 2> + 2 + 1,

a contradiction. This forces o ¢ Q, so M = Q(«). Therefore, the interme-
diate fields of K/Q are

I, Q(cos(21/7)), Qw + w? +w?), Q.

Example 7.10 Let K = Qg, and let w = exp(27i/8) = (1 +1)/+v/2. The
Galois group of K/Q is {o1,03,05,07}, and note that each of the three
nonidentity automorphisms of K have order 2. The subgroups of this Galois
group are then

(id), (o3), (o5), (o7), Gal(K/Q).

Each of the threc proper intermediate fields has degrec 2 over Q. Oue is
easy to find, since w? = i is a priwitive fourth root of unity. The group
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associated to Q(i) is (o3), since o5(w?) = w!® = w? We could find the
two other fields in the same manner as in the previous example: Show that
the fixed field of o3 is generated over Q by w + o3(w). However, we can
get this more easily due to the special form of w. Since w = (1 +1)/Vv2
and w™! = (1 —i)/V2, we see that V2 = w +w™! € K. The element
w+w ! = w+w” is fixed by o7; hence, the fixed field of o7 is Q(+/2). We
know 7 € K and v2 € K, so /2 € K. This element must generate the
fixed ficld of o3. The intermediate ficlds arc then

K, Q(V=2), Q(v/-1), Q(v2), Q.

The description of the intermediate fields also shows that K = Q(v/2,1).

Problems

1. Determine all of the subfields of Q5.
2. Show that cos(m/9) is algebraic over Q, and find [Q(cos(7/9)) : Q]

3. Show that cos(27/n) and sin(27/n) are algebraic over Q for any n €
N.

4. Prove that Q(cos(27/n)) is Galois over Q for any n. Is the same true
for Q(sin(27/n))?

5. If p is a prime, prove that ¢(p"™) =p" *(p —1).

6. Let 0 : Z[z] — Fplz] be the map that sends >, a;z' to >, a;z,
where @ is the equivalence class of ¢ modulo p. Show that 8 is a ring
homomorphism.

7. 1 ged(n,m) = L, show that ¢(nm) = ¢(n)p(m).

8. If the prime factorization of n is n = p{™* -+ p2, show that ¢(n) =
ipf ™ (pi — 1).

9. Let n, m be positive integers with d = ged(n, m) and [ = lem(n, m).

Prove that ¢(n)p(m) = ¢(d)p(1).
10. Show that (Z/nZ)* = {a +nZ : gcd(a,n) = 1}.
11. If n is odd, prove that Q,, = Q,.
12. Let n, m be positive integers with d = ged(n, m) and [ = lem(n, m).

(a) If n divides m, prove that Q, C Qp,.
(b) Prove that Q,Q,, = Q.
(¢) Prove that Q, NQ,, = Qq.



15. Deterimme for which n and m there is an mclusion Y, € Unp,. From
this, determine which cyclotomic extensions contain /—1.

14. Find a positive integer n such that there is a sublicld ol QQ,, that is
not a cyclotomic extension of Q.

15. If d € Q, show that Q(\/Zi) lies in some cyclotomic extension of Q.
(This is a special case of the Kronecker—Weber theorem, which statcs
that any Galois extension of Q with Abelian Galois group lies in a
cyclotomic extension of Q.)

16. The group (Z/nZ)* is a finite Abelian group; hence, it decomposes
into a direct product of cyclic groups. This problem explicitly de-
scribes this decomposition.

(a) f n = pi*---p}t is the prime factorization of n, show that
(2/n) = [1,(Z/p}*Z) as rings; hence, (Z/nZ)* = [[,(Z/pl'Z)".

(b) If p is an odd prime, show that (14 p)? = 14 p'*!(modp'*?) if
t > 0. Use this to find an element of large order in Z/p;'Z, and
then conclude that (Z/p;*Z)* is cyclic if p is an odd prime.

(c) Show that 5% = 1+ 2t72(mod 2t3), and then that (Z/27Z)* =
Z/27?Z x Z./2Z if r > 3. Note that (Z/27Z)* is cyclic if r < 2.

17. Let GG be a finite Abelian group. Show that there is a Galois extension
K/Q with Gal(K/Q) = G.

8 Norms and Traces .

In this section, we define the norm and trace of a finite cxtension of ficlds
and prove their basic properties. To help motivate these concepts, in Ex-
amples 7.9 and 7.10 we used elements of the form } __, o(w) to generate
the intermediate field 7 (H) of a cyclotomic extension. We will see that the
sum . 0(w) is the trace of w in the extension K/F(H). The definitions
we give will not look like these sums; instead, we define the norm and trace
in terms of linear transformations. This approach generalizes more readily
to other situations. For instance, given a division ring (finite dimensional
over its center), there is a notion of norm and trace that is quite important.

Let K be a field extension of F with [K : F] = n. If a € K, let L,
be the map L, : K — K given by Ls(b) = ab. It is easy to see that
L, is an F-vector space homomorphism. Since K is a finite dimensional
F-vector space, we can view F-linear transformations of K as matrices
by using bases; that is, if Endp(K) = homg(K, K) is the ring of all F-
vector space homomorphisms from K to K, then there is an isomorphism
Endp(K) = M,(F), where M,(F) is the ring of n x n matrices over F.



If ¢ @ Budg(h) — M, (F) is an isomorphism, we can usc ¢ to define
the determinant and trace of a linear transformation. [f T € Endp(K),
tet det(T) = det(@(T)) and Te(T) = Tr(p(T)). These definitions do not
depend on ; to see this, let 1 be another isomorphism. Then ¢ corresponds
to choosing a basis for K different from that used to obtain ¢. Therefore, the
two matrix represcntations of a transformation T" are similar; that is, there
is an invertible matrix A with ¥(T) = A~ 'o(T) A. Therefore, det(y (1)) =
det(p(T)) and Tr(y(T)) = Tr(p(T)).

Definition 8.1 Let K be a finute extension of I'. The norm Ng,r and
trace Tx,p are defined for all a € K by

Nicyp(a) = det(L,),

Tyepir(a) = Tr(Ly).
Example 8.2 Let F be any field, and let K = F(\/d) for somed € F—F2.
A convenicnt basis for K is {1,Vd}. If o« = a + bV/d with a,b € F, we

determine the norm and trace of a. The lincar transformation L, is equal
to aLy + bL s, so we first need to find the matrix representations for L,

e L . . (10
and L . The identity transformation L) has matrix < 0 1 ) For L s,
we have
L(l)=vVd=0-1+1-V4d,
LyVd)=d=d-1+0-Vd.

0 d
10

L 0 b 0 dY ([ a bd
“Co1 ) L1 0)7 e o)
From this we obtain Ny, p(a 4+ bvd) = a? — b°d and T, p(a + b/d) = 2a.
In particular, N_K/F(\/c—i) = —d and TK/F(\/E) =0.

Therefore, the matrix for L g1 ( ) . The matrix for L, is then

Example 8.3 Let F = Q and K = Q(/2). We will determine the norm
and trace of +/2. An F-basis for K is {1, 2, \S/Z} We can check that

Las(1) = V2, L%(\S/@) = /4, and L%(\S/Z) = 2. Therefore, the matrix
representing L 35 using this basis is

o = O

0
0
1

o O

s0 Ni/r(V2) = 2 and Tx p(V/2) = 0.
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Example 8.4 Let /" be a field of characteristic p > 0, and let K/F be
a purely inseparable extension of degree p. Say K = F(a) with o =
a € F. For instance, we could take /K to be the rational Tunction fictd
k(xz) over a ficld k of charactenistic p and £ = &(x”). A basis lor /i is

{1, a,a?,. .. ,ap_l}. With respect to this basis, the matrix for L, is
0 0 -~ 0 a
1 0o -~ 0 0
0 1
Do 0 0
0 0 10

We leave it to the reader to check that the matrix for L,z is obtained by
taking this matrix and shifting the columns to the left, moving the first
column to the end. Similar processes yield the matrices L,: for each i.
From these matrices, we see that Ng,r(a) = (—1)Pa. For traces, each L
has trace 0, including the identity matrix, since p-1 = 0 in F. Therefore,
for any 8 € K we have Trg p(8) = 0. The trace map Tk, r is thus the zero
function.

The following lenumna gives soine elerentary properties ol rnorm and trace.
Lemma 8.5 Let K be a finite extension of F withn = [K : F|.
1. Ifa € K, then Niyp(a) and Ty p(a) he in F.
The trace map Tk p is an F-linear transformation.
Ifa € F, then Tk, p(a) = na.
Ifa,b€ K, then Nk/r(ab) = Ngyr(a) - Ngr(b).

ARSI

Ifa € I, then Niyp(a) = a®.

Proof. These properties all follow imimediately from the definitions and
properties of the determinant and trace functions. O

The examples above indicate that it is not easy in general to calculate
norms and traces from our definition. Iu order to work effectively with
norms and traces, we need altcrnative ways of calculating them. The next
proposition shows that if we know the minimal polynomial of an element,
then it is easy to determine the norm and trace of that element.

Proposition 8.6 Let K be an extension of F' with [K : F]=n. Ifa € K
and p(z) = " + Qo1 2™+ x4 ag s the minimal polynomial of

. n/m

a over F'. then Nycyp(a) = (—=1)"ay" " and Tr/p(a) = — o, 1.
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Proof. Let ¢ : K — Endp(K) be the map p(a) = L,. It is easy to
see that Loyp = Ly + Ly and Ly, = Lg o Ly, so  is a ring homomor-
phism. Also, if « € F' and a € K, then L., = aL,. Thus, ¢ is also an
F-vector space honmowmorphisim. The kernel of ¢ is uecessarily trivial, since
@ 1s not the zero map. Since p is injective, the minimal polynomials of a
and L, are equal. Let x(z) be the characteristic polynomial of L,, and
say x(z) = 2™ + Bp_12™ ! + -+ + [y. By the Cayley-Hamilton theorem,
Theorem 2.1 of Appendix D, the characteristic and minimal polynomials of
a lincar transformation have the same irreducible factors, and the minimal
polynomial divides the characteristic polynomial. Since p is irreducible, by
comparing degrees we see that x(z) = p(z)™/™. Note that m divides n,
because m = [F'(a) : F] and

n=[K:F]|=[K:F(a)]-[F(a): Fl.

Now, recalling the relation between the determinant and trace of a ma-
trix and its characteristic polynomial, we see that Ny, r(a) = det(L,) =

(—1)"Bo and Tk, r(a) = Tr(Ls) = —Bn—1. Multiplying out p(z)™/™ shows

that By = ag/m and 8,1 = >am_1, which proves the proposition. O

Example 8.7 If F is any field and if K = F(V/d) for some d € F — F?,
then a short calculation shows that the minimal polynomial of a + bV/d is
z? — 2az + (a® — b?d). Proposition 8.6 yields Nk, p(a + Wd) = a? — b2d
and Tk /r(a + bV/d) = 2a, as we had obtained before.

If F = Q and K = Q(+/2), then the minimal polynomial of /2 over F
is 23 — 2. Then Ng,r(¥/2) =2 and Tk, r(V2) = 0.

Example 8.8 If K is a purely inseparable extension of F' of characteristic
p, then the minimal polynomial of any element of K is of the form zP" —a.
From this, it follows that the trace of any element is zero.

If we know the minimal polynomial of an element, then it is easy to find
the norm and trace of the element. However, it may be hard to find the
minimal polynomial in many situations. Therefore, additional methods of
calculating norms and traces are needed. For a Galois extension K of F,
there are simple descriptions of norm and trace in terms of automorphisms.
Theorem 8.12 describes the norm and trace in terms of F-homomorphisms
for gencral finite extensions and has the description for Galois extensions
as a special case. In order to prove this result, we need some facts about
separable and purely inseparable closures. Let K be a finite extension of
F, and let S be the separable closure of F' in K. Recall that the purely
inseparable degree of I{/F is [K : F]; = [K : §§]. The next three lemmas
prove the facts we need in order to obtain the descriptions of norms and
traces that we desire.



Lemma 8.9 Lel i be a finite extension of I, and lei S be the separable
closure of F'in K. Then [S : F) s equal to the number of F-homomorphisms
from K to an algebraic closure of F.

Proof. Let M be an algebraic closure of F'. We may assume that K C M.
If S is the separable closure of F' in K, then S = F(a) for some a by the
primitive element theorem. If r = [S : F)|, then there are r distinct roots
of min(F,a) in M. Suppose that these roots are a,,...,a,. Then the map
o; © S — M defined by f(a) =>f(a;) is a well-defined F-homomorphism
for each ¢. Moreover, any F-homomorphism from S to M must be of this
form since ¢ must map to a root of min(F, a). Thercfore, there are 7 dis-
tinct F-homomorphisms from S to M. The ficld K is purcly inscparable
over S; hence, K is normal over S. Therefore, each o; extends to an F-
homomorphism from K to M by Proposition 3.28. We will be done once
we show that each o; extends in a unique way to K. To prove this, suppose
that 7 and p are extensions of o; to K. Then 7(K) = K by Proposi-
tion 3.28, and so 7 !p is an automorphism of K that fixes S. However,
Gal(K/S) = {id}, since K/S is purely inseparable. Therefore, 77!p = id,
SO T = p. L

Lemma 8.10 Let K be a finite dimensional, purely inseparable extension
of F. If a € K, then ol!*Fl € F. More generally, if N is a finite dimen-
sional, Galois extension of F and if a € NK , then a5l € N.

Proof. Let K be purely inseparable over F,and let n = [K : F]. If a € K,
then olF(@)Fl ¢ F by Lemma 4.16. Since [F(a) : F) divides n = [K : I,
we also have a™ € F. To prove the second statement, let N be a Galois
extension of F'. Then N N K is both separable and purely inseparable over
F,so NN K = F. Therefore, [NK : K| = [N : F] by the theorem of
natural irrationalities, so [NK : N] = [K : F]. The extension NK/N is
purely inseparable, so by the first part of the proof, we have a™ € N for all
a € NK. This ﬁnisl;lles the proof. wksplk) 523 e MEf 2N Dialeek Al O
; v he FL
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Lemma 8.11 Suppose that F C L C K are fields with [K : F| < co. Then

Proof. Let S; be the separable closure of F' in L, let S5 be the separable
closure of L in K, and let S be the separable closure of F' in K. Since
any element of K that is separable over F' is also separable over L, we see
that S C S,. Moreover, SL is a subfield of Sy such that S3/SL is both
separable and purely inseparable, so So = SL. We claim that this means
that [L: S1] = [S2 : S]. If this is true, then o) N=FY panda Ve
onk: kb spth) »

[K : Fls = [K : 5] c1)Te FIMI=N v



= | L)+ [L: FlL,

proving the result. We now verify that [L: S| =[S, : S]. By the primitive
element theorem, S = S)(a) for some a. Let f(z) = min(S),a), and let
g(z) = min(L,a). Then ¢ divides f in L[z]. However, since L is purely
inseparable over Sp, some power of ¢ lies in S)[z]. Consequently, f divides
a power of g in F[z]. These two divisibilities force f to be a power of g.
The polynomial f has no repeated roots since a is separable over Sy, so
the only possibility is for f = ¢. Thus, [S : Si] = [L(a) : L], and since
L(a) = SL = S,, we see that [S : S| =[Sy : L]. Therefore,

[SQZSl] [SQlS]] § . LAS ?SZ
Sy:S)="F—r=""—"=[L:5] ' ’

ST s T s R
This finishes the proof, Qust. 1sb:blelliSabl eogodc wlonon b 7

We are now in the position to obtain the most useful description of
the norm and trace of an element. The next theorem gives formulas that
are particularly useful for a Galois extension and will allow us to prove a
transitivity theorem for norms and traces.

Theorem 8.12 Let K be a finite extension of F', and let oq,...,0, be the
distinct F'-homomorphisms from K to an algebraic closure of F'. If a € K,
then

[K:F];

N[(/F(a): HO’j(a) and T](/F(a):[[(:F]¢ZO'j(a).
9 J

Proof. Let M be an algebraic closure of F', and let o1,...,0, be the dis-
tinct F-homomorphisms from K to M. Let g(z) = (H] T — aj(a)>[K.F]i
polynomial over M. If S is the separable closure of F'in K, thenr =[S : F]
by Lemma 8.9. The degree of g is
r[K:Fl;=r[K:S|=[K:S8] [S:F]
=[K:F]=n.

, &

We claim that g(z) € F[z] and that g(z) has precisely the same roots as
p(z) = min(F,a). If thisis true, we see that p divides g, and since all roots of
g are roots of p, the only irreducible factor of g is p. Thus, g(z) = p(a:)”/m,
where m = deg(p(z)). It was shown in the proof of Theorem 8.6 that pn/m
is the characteristic polynomial yx(z) of L,. Thus, g(z) = x(z). Therefore,
if g(z) = 2™ 4+ 12" + - + ¥, we have Ng/p(a) = (—1)"yo and
Trr(a) = —7,-1. Multiplying out g(z) shows that

%= [ [[-oi(a)

J

[K:F);
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and

Y1 = —[K 1 F|; ) o;(a)
J
The formulas for the norm and trace then follow from Proposition 8.6.

To see that g(z) € F[z] and that g and p have the same roots, first note
that each o;(a) is a root of p since o; is an F-homomorphism. If b € M
is a root of p(z), then by the isomorphism extension theorem there is a
71 M — M with 7(a) = b. Since 7|k is one of the o}, say 7|k = 0, then
7(a) = ox(a) = b, so bis aroot ol g. This proves that g and p have the same
roots. To sec that g(z) € F[z], let N be the normnal closure of S/F. Then
N/F is Galois; hence, N/F is separable. Also, KN/IC is Galois, and by
the theorewn of natural irrationalities, [KN : K] divides [V : S]. Thercfore,
[KN : N]divides [ : S] = [K : F];, since

[KN:N]-[N:S]=[KN:S]=[KN:K] [K:S].

The extension K N/N is purcly inseparable since K/S is purely insepara-
ble, so cKFli € N for any ¢ € KN by Lemma 8.10. Because KN is the
composite of a Galois extension of S with a purely inseparable, hence nor-
mal, extension, K'N/S is normal. Thus, ¢;(K) C KN by Proposition 3.28.
So we see that g(z) € N[z], using (K N)K: ¥l C N. However, if 7 is any
element of Gal(M/N), then

{(TUI)|K>' ) (TUT)|K} = {017“‘?UT}>

so 7(g) = g. Thus, the coefficients of g lie in the fixed field of Gal(M/F).
This fixed field is the purely inseparable closure of F' in M, since M/F
is normal. We have seen that the coefficients of g lie in IV, so they are
separable over F'. These coefficients must then be in F'. This completes the
proof of the theorem. n

Suppose that K is Galois over F. Then {o,...,0,} = Gal(K/F) and
[K : F); = 1. The following corollary is immediate from Theorem 8.12.

Corollary 8.13 If K/F is Galois with Galois group G, then for alla € K,

Ng/r(a) = H o and Tg r(a) = Z a(a).

ceG ce@

Example 8.14 Let F be a field of characteristic not 2, and let K = F(v/d)
for some d € F — F?. Then Gal(K/F) = {id, ¢}, where o(vd) = —Vd.
Therefore,

Ng/r(a4bVd) = (a+bVd)(a — bVd) = o® — b?d,
Tieyr(a+ bf (a + bf (@ — b\/&) = 2a.



Example 8.15 Suppose that F' is a field containing a primitive nth root
of unity w, and let K be an extension of F' of degree n with K = F(«)
and o™ = a € F. By the isomorphism extension theorem, there is an

automorphism of K with o(a) = wa. From this, we can see that the order
of o is n, so Gal(K/F) = (o). Therefore,

n—1

"Ha)=a wa-w"

Ngpla) =ao(a)---o

— wn(n—l)/Qan :_(_1)710“

If n is odd, then n(n — 1)/2 is a multiple of n, so W™~ V/2 = 1, If n is
even, then this exponent is not a multiple of n, so W™~ 1/2 £ 1, How-
ever, (w™»~1/2)2 = 1 50 w™"~1/2 = _1, This justifies the final equality
Ng/r(a) = (=1)"a.

As for the trace,

T[(/F(a) —atwat+ -+ la= (1-{—w-{—-~-{—wn_l)a
=0

because w is a root of (z* —1)/(x — 1) =14z + - + 2™ !. These norm
and trace calculations could also have been obtained by using the minimal
polynomial of «, which is z™ — a.

In the examples above, we often calculated the norm and trace of an
element « for the field extension F'(a)/F. If we want the norm and trace of
an element that does not generate the larger field, our calculations will be
more involved. This complication is eliminated by the following transitivity
theorem, which gives relations between the norm and trace of an extension
and a subextension.

Theorem 8.16 If F C I C K are fields with [K : F] < 0o, then
Ngjp=Npjpo Nk and Txp=Tr/poTkr;

that s, Nijr(a) = Npjrp(Nijp(a)) and Tiyrla) = Tp/p(Tk/r(a)) for
each a € K.

Proof. Let M be an algebraic closure of F, let o,,...,0,. be the dis-
tinct F-homomorphisms of L to M, and let 7,...,7s be the distinct L-
homomorphisms of K to M. By the isomorphism extension theorem, we
can extend each o; and 73 to automorphisms M — M, which we will also
call o; and 73, respectively. Each ;7% is an F-homomorphism from K to
M. In fact, any F-homomorphism of K to M is of this type, as we now
prove. If p: K — M is an F-homomorphism, then p|; : L — M is equal
to o; for some j. The map aj_l p 1s then an F-homomorphism K — M

which fixes L. Thus, aj_lp = 7% for some k, so p=o0;7%. Il a € K, then by
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min(F, a) are o, wa, w?a, w3a, and wla. By the isomorphism extension

theorem, there is a ¢ € Gal(K/F) with o(a) = wa. Then o*(a) = wia.
Consequently, 0° = id and ¢* # id if i < 5. The order of ¢ is thus equal to
5. This means that Gal(K/F) = (o}, so K/F is a cyclic extension.

We will analyze the cyclic extensions of degree n of a field containing
a primitive nth root of unity and the cyclic extensions of degree p of a
field of characteristic p. To motivate our restriction to these extensions, we
first point out that there is no simple description of the cyclic extensions
of degree n of a field F' that does not contain a primitive nth root of unity,
unless n = p is a prime and char(F')"= p. For instance, there is no simple
description of the cyclic extensions of (), extensions that are important in
algebraic number theory. Second, we can decompose a cyclic extension of
F into a tower ol degree p cyclic extensions together with a cyclic extension
of degree relatively prime to p. We do this as follows. Let H be a p-Sylow
subgroup of G = Gal(K/F), and let L = F(H). Since H is normal in
(G, by the fundameutal theorem L is Galois over F' with [L : F| = ¢
and [K : L] = p™. Furthermore, since subgroups and quotient groups of
cyclic groups are cyclic, both L/F and K/L are cyclic extensions. Because
H = Gal(K/L) is a cyclic p-group, there is a chain of subgroups

(idy cHiCcHyCc:---CH,=H
with |H;| = p*. If L; = F(H;), we get a tower of fields
L,=LCL,..C--ClLy=K.

Moreover, [L,—1 : Lm] = p and L., is a cyclic extension of L.

Let F' be a field containing a primitive nth root of unity w. If K is an
extension of F', suppose that there exists an a € K with a™ = b € F.
We then write ¢ = ¥/b. Note that (w’a)™ = b for all i € Z. Thercfore, K
contains n roots of the polynomial ™ — b, so £( \/B) is the splitting field
of 2™ — b over F'.

The following lemma is the heart of Theorem 9.5. The standard proof of
this lemma is to use the Hilbert theorem 90. While we give a linear algebra
proof of this, the Hilbert theorem 90 is quite important, and we discuss it
in detail in Section 10.

Lemma 9.4 Let F' be o field containing o primitive nth root of unity w,
let K/F be a cyclic extension of degree n, and let o be a generator of
Gal(K/F). Then there is an a € K with w = o(a)/a.

Proof. The automorphism o is an F-linear transformation of . We wish
to find an @ € K with o(a) = wa; that is, we want to show that w is an
eigenvaluc for o. To do this, we show that w is a root of the characteristic
polynomial of 0. Now, since o has order n in Gal(K/F), we have o™ = id.
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Therefore, o satisfies the polynomial 2™ — 1. Moreover, if there is a polyno-
mial g(z) € F[z] of degree m < n satisfied by o, then the automorphisms id,
g,...,c™ ! are linearly dependent over I, a contradiction to the Dedekind
independence lemma. Thus, 2" — 1 is the minimal polynomial of o over F.
However, the characteristic polynomial of o has degree n = [K : F| and is
divisible by z™ — 1, so 2™ — 1 is the characteristic polynomial of o. Since
w is a root of this polynomial, w is an eigenvalue for o. Thus, there is an
a € K with o(a) = wa. O

We now give the description of cyclic extensions K/F of degree n when
I’ contains a primitive nth root of unity.

Theorem 9.5 Let F' be o field containing o primitive nth root of unity,
and let K/F be o cyclic Galois extension of degree m. Then there is an
aec K with K= F(a) and a™ = b € F; that is, K = F(/b).

Proof. By the lemma, there is an a with o(a) = wa. Therefore, o¢(a) = wia,
so a is fixed by o' only when n divides i. Since the order of ¢ is n, we see
that a is fixed only by id, so Gal(K/F'(a)) = {id). Thus, K = F(a) by the
fundamental theorem. We see that o(a™) = (wa)™ = a™, so a™ is fixed by
o. Hence, b=a" € F, so K = (V/b). O

We give a converse to this theorem that describes extensions of the form
F(%/b)/F. This converse is a special case of a theorem we will see in Section
11.

Proposition 9.6 Let F' be a field containing a primitive nth root of unity,
and let K = F(3/b) for someb e F. Then K/F is a cyclic Galois extension.
Moreover, m = [K : F| is equal to the order of the coset bF*™ in the group
F¥ [ and min(F, Vb) = o™ — d for some d € F.

Proof. Let a € K with a™ = b. Since F' contains a primitive nth root of
unity w, the polynomial z™ — b splits over K, and it is separable over F' by
the derivative test. Thus, K is a splitting field over F for 2™ — b, so K/F is
Galois. We will show that K/F is cyclic Galois by determining a generator
for G = Gal(K/F). The roots of min(F,a) lie in the set {w/a : j € Z} since
min(F, a) divides ™ — b, so if ¢ € G, then o(a) = w'a for some i. We write
imod n for the smallest nonnegative integer congruent to 2 modulo n. Let

S={imodn:o(a)/a= w* for some o € G} .

Then § is the image of the function G — Z/nZ given by ¢ — ¢ modn, where
o(a)/a = w'. This map is a well-defined group homomorphism whose image
is §, and it is injective, since if o — 0modn, then o(a) = a, so o = id.
Thercfore, G = S, a subgroup of Z/nZ; hence, G is cyclic.



1 neoremni .t 4 we have

[K:Fl;

(K:L]:
Ngp(a) = HO']Tk and Ngjp(a) = (HTk(a)) :

k

Therefore,

[K:L]i [L:F]i
Nijp(Nksp) = | [] o (H ma))
7 k

[KL]-L [LF]L

= Haka(a)
j.k

Since [K : F|; = [K : L]; - [L F]; by Lemma 8.11, this proves that
Ngsr(a) = Npjr(Ngyr(a)). A similar calculation shows that Tk/r(a) =
Trr(Tk/r(a)). L

As a consequence of this theorem, we see in the following corollary that
the existence of an element with nonzero trace is a test for separability.

Corollary 8.17 A finite extension K/F is separable if and only if Tgp
is not the zero map; that 1s, K/F is separable if and only if there is an
a € K with Ty p(a) # 0.

Proof. Suppose that K/F is not separable. Then char(F) = p > 0. Let
S be the separable closure of F' in K. Then S # K and K/S is a purely
inseparable extension. Moreover, [K : S] = p* for some ¢t > 1 by Lemma
4.17. If a € K, then by Theorem 8.16 we have Tk ,r(a) = Tg/r(Tk,s(a)).
However by Theorem 8.12, if 04, ..., 0, are the distinct S-homomorphisms
from K to an algebraic closure of F', then

TK/S(G') = [K . S’]i(al(a) 4 - -{—O’T(CL)).

But [K : S]; = [K : S] = p, since K is purely inseparable over S. Since
char(F') = p, this forces Tk g(a) = 0, so TK/F(a) = Tg/r(0) = 0. Thus,
Ty F is the zero map.

Conversely, suppose that K is separable over F. Let N be the normal
closure of K/F. By Theorem 8.16, we see that if Ty JF 18 nonzero, then so is
Tx)p- Say Gal(N/F) = {o1,...,0,}. If a € N, then Tyy/p(a) = 3 05(a)
by the corollary to Theorem 8.12. By Dedekind’s lemma, oy (a)+- - - 40, (a)
is not zero for all a € N, so Iy is not the zero map. Therefore, Tk r is
not the zero map. 0O



Problems

1. Let K/F be an extension of finite fields. Show that the norm map
Nk F 18 surjective.

2. Let p be an odd prime, let w be a primitive pth root of unity, and let
K = Q(w). Show that Ny p(l —w) =p.

3. Let n» > 3 be an integer, let w be a primitive nth root of unity, and
let K = Q(w). Show that Ny /g(w) = 1.

4. In Examples 7.9 and 7.10, generators consisting of traces were found
for intermediate fields. Let K be a Galois extension of F. If L is an
intermediate field of K/F, show that I is generated over I by traces
from K to L. In other words, show that L = F ({Tk/r(a):a € K}).

5. Let K be a Galois extension of F'. Prove or disprove that any inter-
mediate field L of K/F is of the form L = F ({Ng;r(a) : a € K}).

6. Let FF C K C L befields with I/ F a finite extension. Use the product
thcorem for the purely inseparable degree proved in this section to

prove the corresponding product formula for separable degree; that
is, prove that [L : F|; = [L: K[ : Fls.

9 Cyclic Extensions

We resume our investigation of special types of Galois extensions. In this
section, we study Galois extensions with cyclic Galois group. Section 11
will study Galois extensions with an Abelian Galois group.

Definition 9.1 A Galois extension K/F is called cyclic if Gal(K/F) is a
cyclic group.

Example 9.2 Let F be a field of characteristic not 2, and let a € F* — F*2.
If K = F(a), then Gal(K/F) = {id,o} where o(v/a) = —+v/a. Thus,
Gal(K/F) = Z/27Z is cyclic. For another example, if p is a prime, then
the cyclotomic extension Q,/Q is cyclic, since Gal(Q,/Q) = (Z/pZ)* is a
cyclic group.

Example 9.3 Let w be a primitive fifth root of unity in C, let F' = Q(w),
and let K = F(3/2). Then K is the splitting field of z° — 2 over F, so K is
Galois over F. Also, [F: Q] = 4 and [Q(¥/2) : Q] = 5. The field K is the
composite of these two extensions of . The degree [K : Q] is divisible by 4
and 5; hence, it is divisible by 20. Moreover, [K : F] < 5, so [K : Q] < 20.
Therefore, [K : Q] = 20, and so [K : F] = 5. Let a = /2. The roots of



Lu remains Lo determine (G and mm(4 ). Let Gal(h/j ) = (1), and
set 7(a) = wta. If m = |G|, then m is the least positive integer such
that (w*)™ = 1. The polynomial Hzgl(a: — 7%(a)) lies in F[z], since it is
fixed by 7. Looking at the constant term, we see that o™ € I. Thercfore,
b™ = (™)™ € F*". If m' is the order of bF*™ in F* /F*"  then m! divides
m. For the reverse divisibility, we know that v e F *n g0 b = ¢ for
some ¢ € F. Then a™" = c", so a™ = aw' for some ¢, which means
a™ € F. Therefore, Tm/@’) = wim o™= a”,"‘so m divides m’, since m is the
order of w' in F*. Both divisibilities together yield m = m’. Moreover,
since m = [K : F] = deg(min(F,a)) and z™ — a™ € F[z] has a as a root,
we see that min(F,a) = 2™ — a™. This finishes the proof. O

The simple structure of a cyclic group allows us to give a nice description
of the intermediate fields of a cyclic extension. This description was hinted
at in Example 5.4.

Corollary 9.7 Let K/F be a cyclic extension of degree n, and suppose
that F' contains a primitive nth root of unity. If K = F({/a) with a € F,
then any intermediate field of K/F is of the form F( %/a) for some divisor
m of n.

Proof. Let o be a generator for Gal(X/F). Then any subgroup of
Gal(K/F) is of the form (o'} for some divisor t of n. By the fundamental
theorem, the intermediate fields are the fixed fields of the o¢. If ¢ is a divisor
of n, write n = tm, and let @ = {/a. Then o'(a™) = (Ww'a)™ = a™, so
a™ is fixed by of. However, the order of at F*™ in F*/F*™ is m, so F( y/a)
has degree m over F' by Proposition 9.6. By the fundamental theorem, the
fixed field of o has degree m over F', which forces F'( §/a) to be the fixed
field of ot. This shows that any intermediate field of K/F is of the form
F( 7/a) for some divisor m of n. O

We now describe cyclic extensions of degree p in charactceristic p. Let F'
be a field of characteristic p > 0. Define p : FF — F by p(a) = o — a.
Then g is an additive group homomorphism with kernet IF,. To see this, if
a,b € F, then

pla+b) = (a+0b)" —(a+b)
=aP —a+4 b7 — b
= pla) + p(b),

and p(a) = 0 if and only if a? = a, if and only if a € F,,. Note that if p(a) =
b, then p(a 41) = b for all ¢ € F,, and in fact p~'(a) = {a+1i|t € Fp}.
Therefore, if K is an extension of F such that there isan o € K with p(a) =
a € F, then F(a) = F(p~(a)). The usual proof of the following theorem
uses the additive version of Hilbert theorem 90, but, as with Lemma 9.4,
we give a linear algebraic proof.



Theorem 9.8 Let char(F) = p, and let K/F be o cyclic Galois extension
of degree p. Then K = F(«) with o — a —a =0 for some a € F'; that is,
K = F(p~}(a).

Proof. Let o be a generator of Gal(K/F), and let T be the linear trans-
formation T'= ¢ — id. The kernel of 7" is

ker(T) = {b € K : o(b) = b}
=F

Also, T? = (0—1id)? = 0P ~id = 0, since the order of ¢ is p and char(F") = p.
Thus, im (TP~!) C ker(T). Because ker(T') = F and im (TP7!) is an F-
subspace of K, we get iin (T'p’“l) = ker(T). Therefore, 1 = TP 1(c) for
some ¢ € K. Let « = TP7?(c). Then T(a) = 1, so o(a) —a = 1 or
o(ca) = a + 1. Since « is not fixed by o, we see that a ¢ F, so F(a) = K
because [K : F] = p is prime. Now,

o(o? ~ @) = o(a)? —o(a) = (a+ 1P — (a+1)

=’ +1—a—-1=aP — a.
Ifa=aP —qa,then p(a) =a€ F;soa?P —a—a=0. O
The converse of this theorem is also true.

Theorem 9.9 Let F be a field of characteristic p, and leta € F—p~ ' (F).
Then f(x) = 2P — x — a 1s irreducible over F', and the splitting field of f
over F' is a cyclic Galois extension of ' of degree p.

Proof. Let K be the splitting field of f over F. If « is a root of f, it
is easy to check that « + 1 is also a root of f. Hence, the p roots of f
are a, a + 1,...,a + p — 1. Therefore, K = F(«). The assumption on a
assures us that « ¢ F. Assume for now that f is irreducible over 7. Then
[K : F] = deg(f) = p- By the isomorphism extension theorem, there is a
o € Gal(K/F) with (o) = a+ 1. From this, it follows that the order of o
is p, so Gal(K/F) = (o). This proves that K/F is a cyclic Galois extension.

It remains for us to prove that f(z) is irreducible over F. If not, then f
factors over F' as f(z) = g1(x) - - gr(z), with each g; irreducible over F. If
B is a root of g; for some 7, then the paragraph above shows that K = F([3),
so [K : F| = deg(g;)- This forces all degrees of the g; to be the same, so
deg(f) = rdeg(gy1). Since deg(f) is prime and f does not split over F', we
see that » = 1; hence, f is irreducible over F'. O

Example 9.10 Let F' = F,(z) be the rational function field in one variable
over F,. We claim that z ¢ p~!(F), so the extension F(p~!(z)) is a cyclic
extension of F" of degree p. To prove this, suppose instead that z € p~1(F),
so z = af — a for some a € F. We can write a = f/g with f,g € F,[z]



92 II. Somne Galois Exteusions

relatively prime. Then z = f?/g” — f/g, or gPz = fP — fgP~'. Solving
for f? gives fP = gP~1(gz — f), so g divides fP. This is impossible; thus,
z & p_l (77), and then IP(p~ '(F)) is a cyclic extension ol I of degree p as
we claimed.

Problems

1. Suppose that F' is a field containing a primitive nth root of unity,
and let a € F'. Show that 2™ — a is irreducible over F'if and only if a
is not an mth power for any m > 1 dividing n.

2. Suppose that F' is a field, and let w be a primitive nth root of unity
in an algebraic closure of F. If a € F' is not an mth power in F(w)
for any m > 1 that divides n, show that z™ — a is irreducible over F.

3. This problem describes cyclic extensions of degree four of a base field
that does not contain a primitive fourth root of unity. Let F’ be a field
that does not contain a primitive fourth root of unity. Let L = F(y/a)

for sonie a € F — F?, and let K = L(v/b) for some b € L — L?. Show
that the following statements are equivalent:

a = Ny r(a) for some o € L.

Ny r(b) = amod F*? for some b € L.

4. This problem investigates the splitting field of the polynomial z” — a
over a field F' that does not contain a primitive nth root of unity.

(a) Ifa € F, show that the splitting field of z™ —a over F is F(a, w),
where o™ = a and w is a primitive nth root of unity.

(b) Let N = F(a,w), let K = F(a), and let L = F(w). Show that
L/F is Galois and N/L is cyclic.

(¢) Suppose that min(F,w) = (z —w)(z —w™!) and that [NV : L] =
n. Show that there is an element o € Gal(N/F) with o(a) =
wa and o(w) = w, and a 7 with 7(w) = w™! and 7(a) = a.
Moreover, show that the order of ¢ is n, the order of 7 is 2, and
707 = o~ !. Recall the definition of the dihedral group D,,, and
show that 