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Preface

I have learned the basics of commutative algebra from the famous book by
Atiyah and MacDonald [AMG69]. The present text was born from the inten-
tion to expand the material therein, and give an alternative organization,
although at this point it has grown into its own thing.

In writing this book, I have tried to follow a few principles. First, I
have tried not to skim on the basics too rapidly. While it is true that
some topics—such as Euclidean domains or unique factorization—are often
met in a first algebra course, I feel that they belong in a basic text on
commutative rings. Second, and more important, I have tried to present the
connections with the most important applications of commutative algebra,
such as number theory, algebraic geometry, and computational algebra. This
approach makes for a less terse style, but I hope that this is repaid by a wider
perspective. Finally, while the exercises present many auxiliary topics, the
core of the book should make sense on its own and not depend on them,
either logically or because important themes are only left to the exercises.

Commutative algebra is at the crossroad between many fertile areas of
mathematics, and I hope that this book conveys the various points of view
appropriately. In particular, results in commutative algebra are often clari-
fied by their geometric interpretation. In the present book I have not relied
on previous knowledge on the topic, but I have opted instead for a chapter
that translates the algebra in geometric terms. Number theory is the other
root of commutative algebra, and a constant source of inspiration. Many
important topics, such as completion, can be better appreciated by first
learning a special case of arithmetic relevance—in the case of completion,
this is the construction of the field of p-adic numbers.

X1



xii Preface

Computational algebra has clearly seen an explosion since the advent
of computers. Chapter [ is dedicated to it, but other computational topics
are scattered in the text, such as the algorithm to compute Smith’s normal
form in Chapter [1 or the LLL algorithm in the exercises for Chapter [6l
Many other topics could be mentioned, but I could only make some small
connections with model theory and invariant theory in the exercises. For
the former, see [Sch99|, while a good introduction to invariant theory is
[Dol03].

Unfortunately, many topics are not covered here, in particular those that
depend on homological algebra techniques. Among them, we can mention
flatness, spectral sequences, the study of the Koszul complex and regu-
lar sequences, Cohen—Macaulay rings, Gorenstein rings, and duality theory.
These are introduced in a subsequent volume, called (without much fantasy)
“Homological methods in commutative algebra” [Fer].

I should remark that this is an introductory text, so I didn’t even try
to cover the material of more advanced books, such as Mastumura’s books
[Mat70] and [Mat86], or Eisenbud [Eis95|. To give an idea, the latter was
created as a reference for the famous algebraic geometry book [Har77], and
ended up being far thicker than it. I advise the reader to consult [Eis95]
for further reading, and remark that it is actually quite enjoyable despite its
appearance; my scope here is far more limited than Eisenbud’s.

Here is a brief description of the contents of the book; see the introduc-
tion to the various chapters for more details on the topics covered therein.

In the first chapter, we introduce the basics notions of commutative
algebra, like rings, ideals, and modules. Moreover, we treat a few basic
constructions that we will use throughout the book: quotients, localization,
and tensor products. A section about Euclidean rings is also present, to
show an example of rings that are especially well-behaved. These topics
will probably be familiar from a first algebra course, and the knowledgeable
reader can just have a quick glance, as we do nothing fancy in this chapter.
Finally, we discuss the language of graded rings and modules.

The core of the book starts with Chapter Bl where we introduce some
particular finiteness conditions on our rings and modules. We start by con-
sidering rings whose ideals are generated by a single element, and then we
generalize to the case of Noetherian rings, where ideals are generated by
finitely many elements. An equivalent condition is that ascending chains
of ideals eventually stabilize. This condition is strong enough to produce
a lot of result, but no so stringent, so that most of the rings that we will
encounter will satisfy this hypothesis. More generally, we will define Noe-
therian modules by asking that ascending chains of submodules stabilize, and



Preface xiii

their symmetric counterpart, Artinian modules, where ask the same thing
for descending chains. We investigate various operations that preserve these
properties, proving in particular the famous Hilbert’s basis theorem, that
guarantees that if A is a Noetherian ring, so is the polynomial ring A[z].
Finally, for modules that are both Noetherian and Artinian, we introduce
the important numerical invariant of length.

Chapter B is about factorization. We start from the simple case of rings
that admit a unique factorization for elements. This is a rather special class
of rings, so after that we present the theory of primary decomposition of
Lasker, which is a generalization of unique factorization that works over
arbitrary Noetherian rings and modules. We then specialize this case to
study the important case of Dedekind domains, which have a theory of
prime factorization for ideals.

In Chapter 4 we focus on the case of polynomial rings, where some ex-
plicit computational techniques are available. In particular, we introduce
the resultant of two polynomials. Using it, we tackle the problem of elimi-
nation, which is about solving polynomial systems in an inductive way. We
also use resultants to introduce discriminants and show their basic proper-
ties. In the second part of the chapter, we switch to a different approach and
introduce Grobner bases, which are certain special sets of generators of an
ideal in a polynomial ring. Again, after having proved their basic properties,
and found algorithms to compute them, we use them to study the problem
of elimination from a different angle.

Chapter [l introduces the concept of integral elements. These are the
analogue of algebraic elements from field theory in the setting of rings. In
fact, much of the theory just mimics what one does for fields. The parallel
notion of an algebraic extension of fields is an integral extension of rings.
For such an extension A C B, we present the Cohen—Seidenberg theory that
relates prime ideals in A and B in a precise way. We also use these results
to give another, more traditional, characterization of Dedekind rings.

Dedekind rings are studied in much more detail in Chapter [6l In partic-
ular, we study the properties of factorization of ideals and what happens in
integral extensions of Dedekind rings. An important special case here is the
class of number rings: these are obtained by taking elements integral over Z
in a finite extension of Q, say of degree n. Such rings have a natural embed-
ding in R™ that represents them as lattices, and their ideal are sublattices of
finite index. One can then use geometric techniques to derive bounds on the
index of ideals, and to find elements of small norm in a given ideal. Using
these bounds, we prove two important finiteness results in number theory:
the fact that the class group of ideals of an algebraic number field is finite,
and that the group of units of its ring of integers is finitely generated.
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Chapter [ introduces topological methods. We start by defining abso-
lute values over fields, which are similar to norms in functional analysis. By
mimicking the construction of the Cauchy completion of the reals, one can
define the completion of a field endowed with an absolute value. In particu-
lar, using a suitable absolute value on Q, this construction produces the field
of p-adic numbers. A class of absolute values, called nonarchimedean, can
be obtained from the more general notion of a valuation, which we study
next. Following this, we study the problem of completion from a more al-
gebraic point of view. To do this, we introduce the machinery of direct and
inverse limits. The algebraic point of view allows us to define completion of
a ring with respect to a topology (called I-adic) determined by an ideal I,
a notion that one can also extend to modules. A crucial tool is the Artin—
Rees lemma, which relates the I-adic topology of a module and that of its
submodules. In the last section, we give yet another generalization of the
construction of p-adic numbers, this time using the notion of Witt vectors.

In Chapter 8, while proving few new results, we give the basic definitions
about algebraic geometry: affine and projective varieties, Zariski topology,
morphisms of varieties and so on. We then show how most of the mate-
rial covered so far can be used to quickly obtain information about these
new objects. We have decided to put this chapter almost at the end of the
book, so that most of the text can be read independently of it. Still, one
can start reading this chapter even at the beginning, and follow the geomet-
ric dictionary while learning new algebraic concepts. The main result from
commutative algebra that we introduce in this chapter is Hilbert’s Nullstel-
lensatz, which gives a deep link between the points of an algebraic variety
and the maximal ideals of its coordinate ring.

Our treatment of algebraic geometry is as elementary as possible; in
particular we do not even mention the machinery of schemes. Even in this
more limited setting, the interplay between algebra and geometry is veruy
fruitful. One can apply results from commutative algebra to some simple
rings (usually finitely generated reduced k-algebras) to obtain results which
are geometric in nature; conversely the geometry can suggest that a result
may be true for some special rings, and often the algebraic result can be
proved for a much more general class of rings.

The next chapter is about dimension theory. The concept of dimension
is introduced in Chapter ] from a geometric point of view, but Chapter
gives a wide algebraic generalization. We show that a Noetherian local ring
has a definite notion of dimension, the main result being that all reasonable
definitions suggested by the geometric intuition lead to the same concept.
In most of the chapter we work with local or graded rings, and the paral-
lelism here is very strict. The main technical tool to develop the theory is
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the Hilbert polynomial, which estimates the order of growth of the size of
homogeneous components in a graded module, so we begin the chapter by
proving its existence and studying its properties.

In Chapter [10] we define regular local rings, which correspond to nonsin-
gular points on a variety. We also study the nonregular case by introducing
the concept of multiplicity of a local ring, which is a simple measure of sin-
gularity. As it turns out, this is related to the concept of degree of a graded
ring. In the geometric case, where a graded ring corresponds to a projec-
tive variety, the degree expresses the number of points of intersection with a
general linear space of complementary dimension. This chapter develops the
theory of multiplicity, and in doing so describes in some detail the structure
of local rings, culminating in the celebrated theorem of Cohen, that gives a
precise description for complete local Noetherian rings.

The Appendix consists of an exposition of the classical Galois and Kum-
mer theory of field extensions. It aims to give background for the field theo-
retic results used in the rest of the book (in particular, Galois theory of finite
extensions and the notion of separability) but covers more ground than it is
strictly needed. In fact, it can be read independently of the rest of the book
as a short introduction to field theory. While fields are in many respects
simpler than general rings, they also present many new phenomena, and a
familiarity with fields is certainly part of the study of commutative algebra
in a broad sense.

The prerequisites for reading the book are not many. We assume that
the reader is more or less familiar with algebraic objects, and some acquain-
tance with linear algebra is assumed—for instance, it is useful if the reader
has some familiarity with the tensor product construction in the context
of vector spaces. Finally, from Chapter [] we make some use of elementary
topology and some notions about metric spaces.

The book is suitable for a semester on algebra at the introductory grad-
uate level. It could also be used to support a shorter course on algebraic
number theory, introducing global and local fields, Dedekind rings with their
factorization theory and completions.

To help the reader orient themselves, we suggest some possible paths
through the book, other than reading it cover to cover.

A standard introduction to commutative algebra, along the lines of
[AMG69], would start from the basics in Chapters [Il to Bl then go through
integral extensions in Chapter [ topological methods in Chapter [ (going
quickly over Sections [1l and [(.2]), prove the Nullstellensatz in Sections [R.1]
and B2 then introduce dimension theory in Chapter [@ and at least the
basics on regular rings in Section [0l
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An introduction to algebraic number theory could cover factorization
in Chapter [ the basics of field theory from Appendix [A] the first half of
Chapter M to introduce discriminants, and parts of Chapter [l to characterize
Dedekind rings; then Chapter [l covers the global theory and Chapter [7 the
local theory, especially Sections [7.T], [7.2] and [7.3l

The reader that wants a quick introduction to the methods of com-
putational algebra can just follow Chapter 2, Section 3.1l and Chapter 4]
although we advise to complement this with other texts on the matter, such
as [KROOQ|. In a similar way, Appendix[A]could be used, together with other
material, in a minicourse on Galois theory.

Finally, a geometrically minded reader could learn the basics in Chapters
[ and 2], then go through Chapter [§ and learn the necessary commutative
algebra along the way. Section requires learning about completions in
Sections [T.4] and [75], while the decomposition in irreducible components of
Section 8.7 makes use of the primary decomposition of Section Finally,
Section 8.9 makes use of the theory of Dedekind rings developed in Chapters
and [6l The ideas about dimension are then expanded in Chapter @ while
the notion of regularity comes again in Section [[0.1l This way of reading the
book will require tracking back the prerequisites for some results, but has the
advantage of giving geometrical reasons to introduce algebraic constructs.

Examples in the text usually require only trivial verifications. They are
part of the core of the text and should not be skipped; some definitions
are actually given inside the examples (for instance, the basic operations on
ideals). When an example requires more work, it should be considered as
an exercise.

On the other hand, exercises vary from simple to hard, and there is
(intentionally) no indication to distiguish the level. So try to do as many
exercises as you can, and don’t feel frustrated if some of them look too
hard. Maybe you can come back later, when you are familiar with more
techniques.

In general, I have tried to avoid depending on exercises for the main body
of the text. The cases where I have done so should be easy verifications. On
the other hand, many important and subtle counterexamples are presented
as series of exercises.

No contribution in this book is original, except of course the usual
amount of errors, that should be attributed only to the author. If you
spot some of them, you can send an email to ferrettiandrea@gmail.com.

I hope that you will enjoy reading this book as much as I enjoyed writing
it!
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If I was able to write this book, it is because Massimo Gobbino and
Paolo Tilli, when I was young and did not know better, believed in me
and persuaded me to undertake the study of mathematics. This turned out
ot be one of the best choices I made, and I have to really thank them for
this. Thanks to Roberto Dvornicich, who instilled in me a lasting love for
algebra. I take the opportunity to thank the AMS for the editorial support,
especially Ina Mette, who believed in the project and followed it with great
patience through many years. Most of all, I want to thank my wife Sbambi,
who with her love shows me everyday what is really important, and with
her patience and understanding has given me the time and peace of mind
to do mathematics and finish this book. =






Chapter 1

Basics

In this chapter we introduce (or review) the basic notions of commutative
algebra, like rings, ideals, and modules. The first three sections cover these
basics, then we treat the case of rings admitting a sort of Euclid’s algorithm.
These are called Euclidean rings and have a very simple structure: in par-
ticular we classify (finitely generated) modules over these rings, generalizing
the classification of finitely generated abelian groups.

In the last two sections, we introduce the somewhat parallel notions of
local and graded rings, even though the parallelism will emerge later, as the
theory is developed. The notion of localization of a ring is complementary
to that of a quotient, and it is a common technique in commutative algebra.
In short the idea is to enlarge a ring formally introducing multiplicative
inverses of its elements, in the very same way that one passes from Z to Q.

1.1. Rings and ideals

Not surprisingly we start by defining rings, the objects that will be central in
our study. The idea of a ring is that of a set where one is allowed to perform
all of the usual operations, except for division. The notion was born to
identify the common features shared by the set Z of integer numbers and
things like polynomial rings k[x1, ..., x,], or a bit more exotic examples like
Z[i], the set of complex numbers that have integral real and imaginary part.

Definition 1.1.1. A ring A is a set endowed with two (binary) operations,
usually denoted + and - and called addition and multiplication, which are
required to satisfy the following axioms. First, the operation + should make

1



2 1. Basics

A into an abelian group, that is

(1) addition is associative, namely for every a,b,c € A we have
(a+b)+c=a+ (b+c);
(2) there exists an element 0 € A such that 0+a = a+0 = a for every

a € A

(3) for every a € A there exists an element —a € A such that a+(—a) =
0;

(4) addition is commutative, that is for every a,b € A we have a +b =
b+ a.

Second, we ask for some properties of the multiplication, explicitly

(5) the operation - is associative too, so for every a,b,c € A we have
(a-b)-c=a-(b-c);

(6) multiplication is distributive over addition, that is for every a, b, ¢ €
Awehavea-(b+c)=a-b+a-c

Remark 1.1.2. We have slightly abused notation giving a precise name 0
to the neutral element in (2), since a priori it could be the case that other
such elements exist. So we check its uniqueness: if another neutral element
0" exists, we must have

0=0+0=0
by two applications of (2]).

In a similar way we can easily check that for a given a there exist at
most one element b such that a + b = 0, so we can safely call it the inverse
and denote it by —a.

Another standard identity can be derived from the axioms, namely for
every a € A we have 0-a = a-0 = 0. Indeed from 0 = 0 + 0 and the
distributivity axiom ([@]) it follows that

0-a+0-a=0-a
and the desired identity follows by cancellation of 0 - a on both sides, which

is allowed since A is a group with respect to addition.

Before giving the obvious examples, together with some slightly less
obvious ones, we give some definitions, to restrict the attention to the rings
we are actually interested in.

Definition 1.1.3. We say that a ring A is commutative if its multiplication
is; explicitly

(7) for every a,b € A we have a-b="5-a.

We say that A is a ring with unit if there is a unit for multiplication, namely
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(8)

there exists an element 1 € A such that 1-a = a-1 = a for every
a€ A

Remark 1.1.4. All the rings that we shall consider in this book are assumed
to be commutative with unit. Of course noncommutative rings are also of

interest,

but the theory is actually different in many respects. So, starting

from the next section, ring will be shorthand for commutative ring with unit.
Notice that some authors include the existence of 1 into the definition of a
ring, and use the name rng for a ring without unit.

Example 1.1.5.

(a)

(b)
()

The set Z of integer numbers is a ring with the usual operations.
So is the set

Z[i) = {a +1ib | a,b € 7}

of Gaussian integers. Both these examples are commutative rings
with unit.

Every field k is in particular a commutative ring with unit.
If A is a commutative ring, then one can form the ring Afz] of poly-
nomials with coefficients in A. Clearly A[z] is again commutative,
and has a unit if and only if A has. In particular if k is a field, then
klx1,...,zy,] is a ring.
Let E be an abelian group, and let

End(E) ={f: E — E | f is a group homomorphism}

denote the set of endomorphisms of E. Then End(FE) inherits an
abelian group structure from E (in order to add up two functions
you just sum their values); moreover one can define multiplication
to be composition of endomorphisms. In this way End(E) becomes
a ring with unit, usually noncommutative.

In a similar fashion if V' is a vector space, then End(V) is a non-
commutative ring with unit (here we are only considering linear
endomorphisms of V).

If X is a topological space, the set C(X) of continuous functions
from X to R becomes a ring under point-wise addition and multi-
plication.

Similarly if U is a smooth variety (if you don’t know what
these are, just let U be an open set in R™) one gets a ring C*°(U) of
infinitely differentiable functions on U. Both rings are commutative
and have the constant function 1 as a unit.

Let n € Z. Then the set nZ of multiples of n is a subring of Z. It
is commutative, but it has no unit.



4 1. Basics

(h) If Aq,..., A, are rings, then one can form in the obvious way the
direct product

A=A x - x Ay,

with component-wise sum and multiplication. A is clearly a ring;
it is commutative if and only if all the A; are, and it has a unit if
and only if all the A; are rings with unit.

(i) For a fancier example, consider the set A of all functions
f: ZZI — (C,

that is, sequences of complex numbers. Addition in A is just the
usual addition, but for multiplication we take the Dirichlet convo-
lution defined by

fram) =" fldg (%)
dln

With these operations, A becomes a commutative ring with unit.
Everything is clear, except perhaps for the associativity of multi-
plication, which follows from the fact that

n d
S (5) e (5) 0= X samn:
dln eld abc=n
The unit of this ring is the function

Lifn =1
fMJ:{Oﬁn#L

Definition 1.1.6. Let A be a ring. We let A[x] be the ring of polynomials
in the indeterminate z, having coefficients in A, with the usual operations.
We also define the ring A[[z]] of formal power series with coefficients in
A. Elements of A[[z]] are formal linear combinations
a(x) =ao+ a1z + asx® + -

with all a; € A. Note that we allow an infinite number of a; to be nonzero.
There is no request of convergence on the series (actually this does not even
make sense unless A = R or C); still we will usually write a(0) for ay.

Operations are defined as follows: given
a(z) = ag + a1z + agx® + -+,
b(x) = by + b1z + boa® + -+ -
we let
(a+b)(x) = (ap + bo) + (a1 + b))z + (az + bp)a* + - --
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while ¢(z) = a(x)b(x) is defined by the Cauchy product which should be
familiar from calculus

co = aobo
CcCl1 = a1b0 + aobl

co = agby + a1by + agbe

This is just the operation that comes from distributivity and the request
that ™ - 2™ = 2",

By construction A[z] is a subring of A[[z]]. When it makes sense we will
also use the notation A{xz} for the ring of convergent power series.

Let us agree again that from now on all rings will be commutative with
unit. If B is a ring and {A;} is a collection of subrings of B, the intersection
A =, 4; is again a ring. In particular given a set F© C B there is a smallest
ring containing F.

Definition 1.1.7. The smallest ring containing the set F is said to be the
ring generated by E. If A is a subring of B and b € B, the symbol A[b]
denotes the ring generated by A and b; this is easily seen to be the set of
polynomial expressions in b with coefficients in A.

We remark that the notation introduced above is consistent with the
notation A[x] for the polynomial ring with coefficients in A in the indeter-
minate x. Indeed the latter can be seen as the smallest ring containing A
and the indeterminate x.

Inside the class of rings we identify a smaller subclass:
Definition 1.1.8. Let A be a ring. We say that A is an integral domain—

or simply that A is integral—if ab = 0 implies that a or b is 0. Unlike the
identity a - 0 = 0, this property does not follow from the ring axioms.

Example 1.1.9.
(a) The rings Z, Z[i] are integral domains.
(b) Every field is an integral domain.

(¢) Every subring of an integral domain is integral; in particular every
subring of a field is an integral domain.

(d) The ring C(X) of continuous functions on a topological space X
is usually not an integral domain. Similarly for the ring C*°(U),
where U is a manifold (or an open set in R").



6 1. Basics

(e) If A is an integral domain, A[z| is again an integral domain: this is
easily seen considering the monomials of highest (or lowest) degree
in a product.

Definition 1.1.10. An element a € A is called invertible if there exists
b € A such that ab = 1. The element b is then uniquely determined and
denoted by a~!. The set of invertible elements of A is denoted by A*.
Sometimes an invertible element is also called a unit.

Example 1.1.11. An element a(x) € A[[z]] is invertible if and only if a(0)
is invertible in A. Indeed the equations

1= aobo
0 = aibg + agby
0 = agbg + a1b1 + agbe

can be solved for the b; inductively, provided ag € A*.

In particular if A = k is a field, a(z) is invertible if and only if a(0) # 0;
it follows that every a(x) € k[[z]] can be written

a(z) = z"b(x)

for some b(z) € k[[z]] invertible; this makes the algebra of power series much
easier than that of polynomials.

Definition 1.1.12. An element a € A is called a zero divisor if there exists
b # 0 such that ab = 0. 0 itself is considered to be a zero divisor. Of course
nontrivial zero divisors are present only if A is not an integral domain. If
a™ = 0 for some n, a is called nilpotent; of course this is stronger than being
a zero divisor.

We next introduce the other players: the ideals.

Definition 1.1.13. Let I C A be an additive subgroup. We say that I is an
ideal if for every i € I and a € A we have ai € I. Any ideal different from
A itself is called proper.

The proper ideal [ is called prime if ab € I implies that either a € I
or b € I. It is called maximal if it is not properly contained in any other
(proper) ideal.

Remark 1.1.14. For any subset F C A there is a smallest ideal containing
FE, namely the intersection of all ideals containing E. This is denoted by
(E). When E ={ay,...,a,} we simply denote it by (a1, ...,a,). Explicitly,
the ideal (ay,...,ay) is the set of elements a € A which can be written in
the form

a=x101 + -+ Tpap.
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To see this, one only has to check that the set thus defined is an ideal; of
course it is the smallest ideal containing aq, ..., ay.

Definition 1.1.15. If I = (a) is generated by a single element, we say that
I is principal. When (a) is a prime ideal we say that a is a prime element.

Remark 1.1.16. Any proper ideal is contained in a maximal one. This
follows directly from Zorn’s lemma, together with the fact that the union
of an ascending chain of proper ideals is an ideal (it is not the whole ring
because it does not contain 1).

Proposition 1.1.17. Any mazimal ideal M is prime.

Proof. Let a ¢ M and ab € M; as M is maximal (M,a) must be the
whole ring, so we can write
l=m+za
for some m € M and x € A. Multiplying by b we get
b= bm + xab € M. O
Example 1.1.18.
(a) Z has the principal ideals (n) for every integer n; these are the only
ideals because they are the only additive subgroups. This will be

generalized in Proposition [[L5.5l The ideal (n) is prime if and only
if n =0 or n is a prime of Z.

(b) The ideal (5) is not prime in Z[i]; indeed 5 = (24 14)(2 — ). So a
prime element of a ring need not be prime in a bigger ring.

(c) The ideal (z,y) of k[z,y] is not principal. (Why?)

(d) An ideal I is the whole ring if and only if it contains 1, if and only
if it contains any invertible element. In particular the only ideals
of a field k are 0 and k itself. Conversely, any ring having just the
trivial ideals is a field.

(e) The ideal (0) is prime if and only if A is an integral domain.

(f) For any ring A the set of nilpotent elements is an ideal N'(A), called
the nilradical of A. Recall that an element a € A is nilpotent if
a™ = 0 for some n. We shall prove in Proposition that it is
the intersection of all prime ideals of A.

(g) We define the Jacobson radical J(A) as the intersection of all max-
imal ideals of A. We then have N'(A) C J(A).

(h) If I, J are ideals of A, then we can define the ideals
I+J={i+jliel, jelJ}=(,J),
I-J={i-jliel, jeJ}).
Note that we always have I -J C I NJ.
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(i)

If I, J are ideals of A, then we can define the ideal
({:J):={acAl|aJ CI}

(check that this is indeed an ideal!). When J = (x) is principal,
we will simply write (I : ) to mean (I : J), and similarly when
I is principal. This operation may behave slightly differently from
what the notation suggests. For instance in Z we have

(8:4)=(2) but (8:5) = (8).
We easily see that I C (I : J) in any case.
Let I C A be any ideal. Then the set

VI={ae A|da" eI for some n}

is an ideal, called the radical of I. The only nontrivial check is
that if a,b € VI, then a + b € VI. Let n be big enough, so that
a™, b" € I. Then

2n 2 2n\ ong
(a+0b) :Z ; a'b el

i=0
because each addend is in I. Note that by definition we have /0 =
N(A).
The ideal I is called radical when I = /1.

The Jacobson radical admits the following characterization.

Proposition 1.1.19. Let A be a ring. Then a € J(A) if and only if 1 —ab
is invertible for all b € A.

Proof. Let a € J(A); then 1 — ab is not contained in any maximal ideal,
so (1 —ab) = A and finally 1 — ab is a unit.

Vice versa, let M be a maximal ideal. If a ¢ M, then (a, M) = A, so

we can write

1=ab+m,

for some b € A and m € M; but then 1 — ab € M is not invertible. [l

The defining property of prime ideals with respect to elements extends

(i)

in some way to ideals.

Proposition 1.1.20.

Let Py, ..., P, C A be prime ideals and I C A be any ideal. If
ICPU---UP,
then I C Py for some k.
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(ii) Let Iy,...,I, C A be ideals and P C A be a prime ideal. If
Po>Ln---NI,

then P D Iy, for some k.

Proof.

(i) By induction on n, we can assume that I is not contained in any
union of n — 1 of these primes, so we can take

a eI\ JP.
i#i

Then we must have a; € P;. Let

n
azg al"”'d\i"”'ana
=1

where a@; means that a; is omitted. Then all addends but one lie in
P;, so a ¢ P;, for every i. This is a contradiction because a € I.

(ii) Assume that each I ¢ P. Take ay € Ij \ P; then
a:al.a2. .an¢P,

which contradicts the fact that a € I}, for each k. O

1.2. Quotients

After one introduces rings, the next natural steps is to define the class of
maps between them.

Definition 1.2.1. Let A, B be rings. A ring homomorphism, or simply
homomorphism, between them is a map

fiA—B
such that for every a,b € A we have
fla+0) = f(a)+ f(b) and f(ad) = f(a)f(b).

We will always require that our homomorphisms are unital, that is f(1) = 1.
Definition 1.2.2. Given a homomorphism f: A — B we define its kernel
ker f:= f71(0) = {a € A| f(a) = 0}.

It is a straightforward check that ker f is an ideal of A.

Remark 1.2.3. More generally for any ideal I of B, f~!(I) is an ideal of
A, and if I is prime, then f~!(I) is prime too (check these facts!).
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Remark 1.2.4. If f: A — B is a homomorphism, then f(A) is only a
subring of B, not necessarily an ideal. (Can you produce an example where
f(A) fails to be an ideal?)

As special cases we have

Definition 1.2.5. A homomorphism f: A — B is called an isomorphism
when is it injective and surjective, so it admits an inverse function g: B — A.
In this case g is necessarily a homomorphism, since f is.

When A = B we will say that f is an automorphism of A.

Example 1.2.6.
(a) Multiplication by n is not a ring homomorphism Z — Z. Indeed
nh-nk #n - hk
for nonzero h, k, as soon as n # 1.

(b) If a € A satisfies a> = a (in which case a is called idempotent),
multiplication by a does satisfy the first two conditions of a ring
homomorphism A — A, yet it is not unital.

(c) For any ring A, there is a unique homomorphism ¢: Z — A. Its
kernel ker ¢ is generated by a nonnegative number n, possibly 0
when ¢ is injective. We call n the characteristic of A, denoted
char(A).

(d) Let a = (a1,...,a,) € k™, and consider the evaluation map

evg: k[ze, ..., xn] = k

defined by ev,(f) = f(a1,...,a,). This is a homomorphism of
rings; indeed polynomial rings are constructed exactly in such a
way that this holds.

The same example works for any ring A in place of k.

(e) In the same way for every topological space X and for every z € X
we have the valuation homomorphism

evy: C(X)—> R
defined by ev,(f) = f(x).
(f) The conjugation map
c: Zli| — ZJi]
is a ring automorphism.
Similarly, let w € C be a primitive third root of unity, and take

A = Z[w]. There is a unique automorphism A — A exchanging the
third roots of unity w and w?.
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(g) Let f: k™ — k™ be a polynomial function. Then composition with
f yields a homomorphism
cr: klzy, .. ] = Kz, .. 2]

given by c¢f(g) = g o f. This is an automorphism when f admits a
polynomial inverse, for instance if f is an invertible linear function.
An example of such a function outside the realm of linear maps

is f(z,y) = (x+y%y).

There is an automatic way to produce a homomorphism, actually one
that will produce a homomorphism with an assigned kernel.

Definition 1.2.7. Given a ring A and an ideal I we define a ring A/I as
follows. As a set, A/I is A modulo the equivalence relation a ~ b if there is
some ¢ € I such that a = b+ 4. The equivalence class of a in A/I is denoted
@, or also a;y when we want to emphasize the dependence on I.

The operation are defined on representatives:
a+b:=a+0 and a-b:=ab.
These are well defined: for instance if a = o’ + 7 we have

ab= (a/ +i)b=a'b+ib=ab

since ib € 1.

The set A/I, endowed with the above ring structure is called the quotient
of A by I.

As a notation we sometimes write
a=b (modI)

and say that ¢ and b are congruent modulo I whenever @; = by, that is,
a—bel.

By construction we have a surjective homomorphism, which we usually
call projection,

Ty A— A / I

sending a to a. We see at once that kerm; = I. In a precise sense these
cover all the examples of homomorphisms.

Proposition 1.2.8. Let f: A — B be a homomorphism, and let I = ker f.
Then we have an injective homomorphism f: A/I — B such that f(ﬁ) =
f(a). Moreover f is surjective (hence an isomorphism) if and only if f is
surjective.

Proof. One checks that f given as above is well defined. Then kerf =
I/I =0, so f is injective. By definition, it has the same image of f. O
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Proposition 1.2.9. The preimage map J — 7TI_1(J) gives a bijective cor-
respondence between ideals of A/I and ideals of A containing I. This cor-
respondence preserves prime and mazximal ideals.

Proof. For every ideal J of A/I, n;'(J) is an ideal of A. The inverse
correspondence sends the ideal K O I to K/I = n(K). This is an additive
subgroup of A/I (this is true for any homomorphism of groups). To check
that it is an ideal we take @ € A/I and k € K/I and note that

a-k=akeK/I
If J is prime then 7—1(J) is prime; this is true for any homomorphism.
Vice versa, let P D I be a prime of A and assume that
a-b=abe P/I
Then ab € P+1 = P, so either a € P or b € P. It follows that P/I is prime.

Finally, the correspondence preserves inclusions, hence it preserve max-
imality of ideals. O

Since 0 is prime in A if and only if A is an integral domain, and is

maximal if and only if A is a field, we deduce the following,

Corollary 1.2.10. The ideal I C A is prime if and only if A/I is an integral
domain. It is maximal if and only if A/I is a field.

From the corollary we can deduce again that maximal ideals are prime.

Example 1.2.11. Consider the homomorphism v, of Example [L.2.6l It is
a surjective homomorphism whose kernel is

I, :==kerv, = {f € klx1,...,z,] | f(a1,...,a,) =0}.
From the isomoprhism
k‘[:l?l, .. .,l‘n]/Ia =k

we deduce that I, is a maximal ideal.

We end the section with the classical

Theorem 1.2.12 (Chinese remainder theorem). Let A be a ring, I,J C A
two ideals which are coprime, in the sense that I +J = A. Then we have a
canonical isomorphism

FrA/INT) = AJTx AJJ

such that f(ajm]) = (a[,@]).
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Proof. Define a homomorphism
g: A= A/l x AJJ

by g(a) = (ar,ay). If we prove that g is surjective, the thesis follows from
Proposition [L2Z.8 since kerg = 1N J.

Then for any b € A/I and ¢ € A/J we want to find z € A such that

b=x+1
c=x+7
for some ¢ € I, j € J. This can be solved for x provided
b—c=1—].
The existence of suitable elements ¢, then follows from the hypothesis
1+ J=A O
1.3. Modules

Formally, modules over a ring are defined exactly like vector spaces over a
field.

Definition 1.3.1. Let A be a ring, M a set endowed with a (binary) oper-
ation +, called addition, and a map

AXM—M
(a,m) ——a-m,

called (scalar) multiplication. We will call M an A-module, or simply a
module, if the operations satisfy the following axioms. First, the operation
+ should make M into an abelian group, that is

(1) addition is associative, namely for every m,n,p € M we have
(m+n)+p=m-+ (n+p);

(2) there exists an element 0 € M such that 0 +m = m + 0 = m for
every m € M;

(3) for every m € M there exists an element —m € M such that
m + (—m) = 0;

(4) addition is commutative, that is for every m,n € M we have m+n =
n+m.

Second we ask for some properties of the multiplication, explicitly

(5) the operation - is associative, in the sense that for every a,b € A
and m € M we have

(a-b)-m=a-(b-m)
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(note that the two mutiplications involved are actually different
operations);

(6) multiplication is distributive over addition, that is for every a € A
and m,n € M we have a-(m+n)=a-m+a-n.

Definition 1.3.2. A submodule of M is just a subset N C M which is
closed under the operations, so that it inherits the structure of an A-module
itself.

Remark 1.3.3. Uniqueness of the neutral element and of the additive in-
verse are proved exaectly in the same way as for rings, so there is no ambi-
guity in using the symbols 0 and —m.

Remark 1.3.4. Let M be an abelian group. Giving M the structure of an
A-module is the same as giving a homomorphism of rings A — End(M).

Example 1.3.5.

(a) When A = k is a field an A-module is just a vector space over k. In
general A-modules have a much more subtle structure, as the next
examples show.

(b) A™ is a module over A with component-wise multiplication.

¢) The submodules of A are just its ideals.

)

(c)

(d) Let I C A be an ideal. Then A/I is an A-module.
)

(e) Every abelian group G has a unique structure of Z-module. This is
because there is exactly one homomorphism Z — End(G) sending
1 to the identity. Explicitly we have

——
n times

(f) For the reader familiar with vector bundles, let X be a topological
space, E — M a vector bundle. Let C'(X, E) be the set of continous
sections of E; then C(X, E) is a module over C(X).

A similar example can be obtained when X = M is a mani-
fold, F is a differentiable vector bundle and only C*° functions and
sections are considered.

(g) Let M be a manifold (if you prefer just take M an open set in R™).
Then C(M) is a module over C*°(M).

(h) Let V be a k-vector space and choose any linear endomorphism
L € End(V). Then V becomes a module over k[z]; multiplication
by z is defined by

x-v=L(v).
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(i) Let M be an A-module, E C M. There is a smallest submodule of
M containing F; this is called the submodule generated by E, and
denoted (E) 4.

(j) Let M be an A-module, and denote M [z] the set of all formal finite
linear combinations
mpx”™ + -+ miz 4+ mg
with my,,...,mg € M; then M[z] is an A[z]-module in the obvious
way.
(k) Let M be an A-module, I C A an ideal. We define I - M as the

submodule of M generated by all products i - m for ¢ € I and
m € M, in symbols

I-M=(-ml|icl,meM),.
This agrees with our previous definition of product when M is an
ideal of A.
(1) If M, N C R are submodules, the sum
M+N:={m+n|meM,ne N}
is a submodule of R; it coincides with (M, N) 4.
(m) If M C N is a submodule, the set
(M:N):={a€A|aN C M}
is an ideal of A. This is sometimes denoted (M :4 N) when the
ring is unclear.
Remark 1.3.6. Let M be an A-module, I C A an ideal. Then M has an
induced structure of A/I-module if and only if I - M = 0.

In particular if 7 - M = 0, the A-submodules and A/I submodules of M
are the same. When M = A/I we conclude that ideals of A/I are the same
of A-submodules of A/I.

This fact will be used in many places, often implicitly.

Next we introduce some notions analogous to those already seen for
rings.

Definition 1.3.7. Let M, N be A-modules. A homomorphism between M
and N is a map
fi:M—N
such that
fm+n)=f(m)+ f(n) and  f(am)=af(m)
for all m,n € M and a € A. We will also say that f is a A-linear map.
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When M = N we say that f is an endomorphism of M. When f is
both injective and surjective, so that there is an inverse A-linear map, we
say that f is an isomorphism.

Definition 1.3.8. Given a homomorphism f: M — N we define its kernel
ker f := f71(0) = {m € M | f(m) =0}

and its image im f := f(M) C N. Both ker f and im f are submodules, of
M and N respectively.

Not surprisingly every submodule of M arises as the kernel of suitable
homomorphism, which is the projection to the quotient.

Definition 1.3.9. Let N C M be A-modules. We define the quotient A-
module M/N as follows. As a set M/N is formed by equivalence classes of
elements of M modulo the equivalence relation [ ~ m if there is some n € N
such that [ = m 4 n. The equivalence class of m is denoted 7 or sometimes
mpy.

Operations on M /N are defined on representatives:
m+ni=m-+n and a-m = am.

The verification that these are well defined is identical to the one we made
for rings.

As a notation we sometimes write
m=n (mod N)
and say that m and n are congruent modulo N whenever my = ny, that is,
m—n € N.

We have a surjective homomorphism, which we usually call projection,
wn: M — M/N

sending m to m. By construction ker my = N. As in the case of rings we
have (with the same proof)

Proposition 1.3.10. Let M, R be A-modules, f: M — R a homomorphism,
and let N = ker f. Then we have an injective homomorphism f: M/N — R
such that f(m) = f(m). Moreover f is surjective (hence an isomorphism)
if and only if f is surjective.

With the same notation, we have:

Proposition 1.3.11. The preimage map R — f~'(R) gives a bijective
correspondence between submodules of R and submodules of M containing

N.
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Definition 1.3.12. Given a homomorphism f: M — N we define the cok-
ernel of f as

coker f := N/im f.
In a sense which will be clearer later on, this is the specular notion of the

kernel.

Usually we use diagrams to keep track of kernels and cokernels.

Definition 1.3.13. Consider a sequence (finite or infinite) of A-modules
with maps between them:

M. .- My v, I

If f,, 0 fn_1 = 0 for every n we say that M, is a complex of A-modules. This
means that

im f,—1 C ker f,.

If we have
im fn—l = ker fn

we say that M, is an exact sequence. A three-term exact sequence like

0 M N P 0

is called a short exact sequence. In this case the first map is injective and
the last one is surjective.

Remark 1.3.14. If

0 M-t N

P 0

is a short exact sequence, then M is isomorphic to ker g and P to coker f.

Vice versa, any quotient M /N fits into an exact sequence

0 N M M/N 0.

Remark 1.3.15. Any long exact sequence can be split into short exact
sequences like

0 ——ker f, — M,, —— ker f;1 ——0

0 —— ker fr1 —— Mp4+1 —— ker fryo —— 0

this allows us to reduce many statements about arbitrary exact sequences
to the case of short ones.
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Example 1.3.16.

(a) For any ideal I of A we have the short exact sequence of A-modules

0 1 A A/l 0;

notice that the modules I and A/I have quite a different role—in
particular inherits A/I a ring structure, while I does not.

(b) Multiplication by n defines a homomorphism of Z-modules Z — 7Z,
which gives rise to the exact sequence

0 Z Z Z/nZ —— 0

this is not a homomorphism of rings since we require the latter to
be unital.

(¢) A homomorphism from A™ to A™ is defined by a m x n matrix with
coefficients in A, as in the field case.

(d) The set of homomorphism from M to N is in the obvious way an
A-module, denoted Hom(M, N), or else Hom4 (M, N) if the ring is
not clear from the context. We also use the notation End(M) :=
Hom (M, M).

(e) Let U C C be an open set and regard M = C*°(U,C) as a module
over A = O(U). Then the derivative d/dz is an endomorphism of
M, while d/dz is not A-linear.

After all these preliminary definitions, we actually begin to prove some-
thing about modules.

Definition 1.3.17. An A-module M is said to be finitely generated if there
is a finite number of elements my,...,m, € M such that

M= (my,....my),.

Equivalently, every element of M is a linear combination of the elements
mi, ..., m, with coefficients in A.

Remark 1.3.18. Every finitely generated module is a quotient of A" for
some r, and vice versa.

The following may be the most widely used result in commutative alge-
bra.

Theorem 1.3.19 (Nakayama’s lemma). Let A be a ring, J = J(A) its
Jacobson radical. Let M be a finitely generated module such that J-M = M;
then M = 0.
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Proof. Assuming M # 0, let mq,...,m, be a minimal set of generators of
M. Since m, € J - M we can write

My = a1my + -+ apMy,
with ay,...,a, € J. Rewrite this as
(1—ap)my =armi+ -+ ar_1mp_1.

According to Proposition [L1.19 we can invert 1 — a, to write m, as a
linear combination of the other m;, contradicting the minimality. (]

The above result and its corollaries are often used when A is a local ring,
that is A has only one maximal ideal M. In this case of course we just have
J =M.

Applying Nakayama’s lemma to the quotient M /N we get the seemingly
stronger form.

Corollary 1.3.20. Let A be a ring, J = J(A) its Jacobson radical. Let
M be a finitely generated module, N C M a submodule, such that M =
N+ J-M; then M = N.

There is a notion of finite generation for a different kind of objects, which
we now introduce.

Definition 1.3.21. Let A C B be rings. Then on B we have both the
structure of ring and that of A-module. We say that B is a A-algebra. More
generally we speak of a A-algebra when we have a (not necessarily injective)
homomorphism f: A — B. A homomorphism between two A-algebras is a
homomorphism of rings which is also A-linear.

Remark 1.3.22. When A = k is a field, every homomorphism k& — B is
injective, so the distiction above does not apply.

If B is an A-algebra and I C A an ideal we will write I - B to denote the
ideal generated by I in B. This is sometimes called the extension of I in B.

Definition 1.3.23. Let B be an A-algebra, E C B a subset. We say that
E generates B if the smallest sub-A-algebra of B containing E is B itself.
If we can choose a finite set E' that generates B, we say that B is finitely
generated.

Remark 1.3.24. Of course, if B is finitely generated as an A-module, it is
also finitely generated as an A-algebra, but the converse is in general false.

Remark 1.3.25. If B is a finitely generated A-algebra, there is a surjective
homomorphism

Alzq, ...,z — B,
and conversely.
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Example 1.3.26.

(a) Just as any abelian group is a Z-module, every ring B is a Z-algebra,
via the only homomorphism Z — B which sends 1 to 1.

(b) For any ring A we can consider the ring A[xi,...,x,]. This is
finitely generated as an A-algebra, but not as an A-module.

(c) Qis not finitely generated as Z-algebra. If it was, only a finite num-
ber of prime factors could appear in the denominators of rational
numbers.

(d) Every quotient A/I is a A-algebra via the canonical projection, and
is of course finitely generated.

1.4. More constructions with modules
Next we describe more operations that we can perform on A-modules.

Definition 1.4.1. Let {M,};c; be a (not necessarily finite) collection of
A-modules. We define the direct product of the M; to be

HMi i= {(mi)ier | mi € My}
and their direct sum as the submodule
P M; = {(mi)ig | m; € M;, m; # 0 for finitely many z}

Operations on [[ M; and @ M; are defined component-wise.

We say that M is free if it is isomorphic to a direct sum of copies of A.
Remark 1.4.2. Given a collection of A-module homomorphisms
fi: N — M;,
there is a unique homomorphism
fiN =M
such that f; = m; o f, where m; is the projection on the factor M;.
Symmetrically given homomorphisms
gi: M; - N
there is a unique homomorphism
g: M, - N
which agrees with g; on each summand.

Of course, when the index set is finite direct product and direct sum
agree, and enjoy both properties.
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Remark 1.4.3. Let M be any A-module, £ = {¢;} a set of generators.
Take any set S = {s;} in bijective correspondence with E, and consider the
direct sum of copies of A, one for each s;. This is a free module with basis
{si}, call it F'. We have a surjective homomorphism F — M sending s; to
e;. S0 every A-module is a quotient of a free one.

Example 1.4.4.

(a)
(b)

(c)

Every vector space over a field k£ has a basis, hence it is free.

Regard A[z| as an A-module; then it is the direct sum of a de-
numerable quantity of copies of A. Instead A[[z]] is their direct
product.

Let M,N,R be A-modules. If M = N & R we have an exact
sequence

0 N M R 0.

Conversely, given an exact sequence

p

0 N M R 0,

M is the direct sum of N and R (in such a way that ¢ and p are the
natural inclusion and projection) if and only if there is an A-linear
map

st:R—-M

such that po s = idgr. In this case we say that the exact sequence
splits.

The condition above is not always verified; for instance we have an
exact sequence of Z-modules

0 727 —*— 7.]A7, —— 7./27. — 0,

where a(7) = 2n, which does not split. Indeed Z/47Z has an element
of order 4, while Z/27 & 7Z./2Z does not.

For another example of an exact sequence which is not split take
A = k[x]/(2?), where k is a field. Then we have the exact sequence

0 EF—"= A k 0,

where a(t) = tz. Can you see why it does not split?

We go on with some definitions.

Definition 1.4.5. Let M be an A-module, m € M. The annihilator of m
is the ideal

Ann(m) ={a € A|a-m = 0}.
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When Ann(m) # 0 we say that m is a torsion element. More generally, if
N C M, we denote

Anmn(N)={a€ A|la-n=0forallne N}

Now assume that A is an integral domain. The torsion submodule T (M)
of M is the set of torsion elements. To check that this is a submodule, let
m,n be torsion, so that am = bn = 0 for some nonzero a,b € A. Then

ab(m+mn)=0 and a-cm=0
for all ¢ € A, so both m + n and cm are torsion (here we are using that
ab # 0).
We say that M is torsion-free when T(M) = 0; equivalently multiplica-

tion by any nonzero a € A defines an injective homomorphism M — M.

Remark 1.4.6. A free module is always torsion-free; the converse holds
only for some particular classes of rings.

Proposition 1.4.7. Let A be an integral domain, M an A-module. Then
M/ T(M) is torsion-free.

Proof. Assume am =0 in M/ T(M); then am is torsion, so is m. O

The reader may already know the next construction in the context of
vector spaces.

Definition 1.4.8. Let M, N be A-modules. We define their tensor product
M ® N as follows. First we consider the free module with basis a symbol
m ©n for every pairm € M, n € N, callit M © N.

The tensor product M ® N is the quotient of M ® N by the submodule
generated by the relations
(m+mYon—men—-—mon
(am)®@n—a-(men)
moe (n+n)—moen—men
m®o (an) —a-(moen)
for every choice of m,m’ € M, n,n’ € N and a € A.

The equivalence class of m ©® n is denoted m ® n, so elements of M @ N
are formal linear combinations
Z m; @ n;.

In particular, if the elements {m;} generate M and the {n;} generate N,
the products {m; ® n;} generate M ® N.
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Remark 1.4.9. By construction we have a map

MxN->M®N
which is A-linear in each variable; we shall say that such a map is A-bilinear.
Namely it is the map sending (m,n) to m @ n.

Moreover given any A-module R with a bilinear map
MxN—R
there is a unique A-linear map M ® N — R making the diagram
MxN—M®N

]

commute. This is all immediate from the definition.

This property is the raison d’étre of the tensor product. It allows us
to reduce the study of bilinear maps to that A-linear ones, at the cost of
changing the domain. By iterating this construction, one can also use tensor
products to investigate multilinear maps, that is, maps

My x---xM, — R

which are A-linear on each factor. These are in bijective correspondence
with A-linear maps
Mi®---® M, — R.

Remark 1.4.10. Let M, N, R be A-modules. From another point of view,

to specify a bilinear map M x N — R is the same as to give a linear map

M — Hom(N, R). This observation yields a bijective correspondence
Hom(M ® N, R) <» Hom(M,Hom(N, R)),

which is easily seen to be an isomorphism of A-modules. For those who
know some categorical nonsense, this means that - ® N and Hom(N,-) are
adjoint functors.

The above remark can be used to prove the following
Proposition 1.4.11. Let

a g

0 M, Mo M3 0

be a short exact sequence of A-modules and N another A-module. Then the
sequences

0 —— Hom(N, My) —** Hom(N, M) —> Hom(N, Ms),

0 —— Hom(Ms, N) —— Hom(Ms, N) —* Hom(Mi, N),
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and

id id
Mo N9  poN P2 reN—— 0

are exact.

We should say where the maps in the various exact sequences come from.
Given a homomorphism
(o'N M1 — M2

we obtain a corresponding homomorphism

a,: Hom(N, M;) — Hom(N, Ma)
defined by . (f) = ao f for f: N — M;. The homomorphism a* is defined
by composition in the other direction.

We also have a homomorphism

aRidy: Mi @ N — My ® N

sending m ® n to a(m) ® n. More generally given another homomorphism

B: N1 — No

there is an induced homomorphism
a® fB: My ® Ny — Ms® N

defined by
a® p(men)=alm)® B(n);

indeed the map M; x N1 — Ms ® Ny which sends (m,n) to a(m) ® B(n) is
bilinear.

Proof. Let f € keray, so f: N — M; and o f = 0. Since « is injective
we have f = 0, showing that «, is injective.
Clearly
B.oa, = (Boa). =0,

so we need only to prove that ker 5, C im . Let f € ker 5,, s0 f: N — My
and B o f = 0. Then f takes values in ker 8 = im «, so it can be regarded
as a map N — M;j. This shows that f € im a, proving that the Hom(N,-)
sequence is exact.

The proof of exactness of the Hom(-, N) sequence is similar.
By Remark [[L4.10] for every A-module R we have

Hom(M; ® N, R) = Hom(N, Hom(M;, R)).
By what we have already proved we obtain the exact sequence

0 —— Hom(L3, R) —— Hom(L2, R) —— Hom(L, R),
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where L; := M; ® N. So we end the proof if we show that this implies the
exactness of

Ly Lo Ls 0.

This is really more complicated to write up than to prove by yourself,
so we leave it as an exercise. [l

Remark 1.4.12. The above proof using Remark [[ZI0 is much more
straightforward than it would be to prove exactness at Mo ® N directly—try
it and see!

Remark 1.4.13. The extent to which the above exact sequences fail to be
exact is the subject of homological algebra. We will not treat this topic here,
but see for instance [Rot79] or [Wei95| if you are interested.

We can use the tensor product to prove that the rank of a free A-module
is well defined.

Proposition 1.4.14. Assume that A™ = A™. Then n = m.

Proof. Let M be any maximal ideal of A and consider the field k = A/ M.
Then

A" QA M=A"k=E™,
and the same for A”. So we get k™ = k™ as A-modules, and a fortiori as k-
vector spaces, and we obtain the conclusion by the usual linear algebra. [

Remark 1.4.15. If A is an integral domain we can argue in the same way,
using the field of fractions of A (see Section [[.6]) instead.

Remark 1.4.16. The proposition works equally for the case of infinite rank,
but not for the noncommutative case; see Exercise Bl

Definition 1.4.17. Let M be a finitely generated free A-module, so M =
A™ for some n. We call n the rank of M. It is well defined by the above
proposition.

1.5. Euclidean rings

We now introduce the most well-behaved class of rings, those which admit
an analogue of the Fuclidean algorithm. This section is just an example of
application of the preceding concepts in a simple situation.

Definition 1.5.1. Let A be an integral domain. We say that A is Fuclidean
if it admits a function

N: A\ {0} — N,
called a norm, such that:

(1) for all nonzero a,b € A, N(a) < N(ab);
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(2) for each a,b € A, b# 0, there exists ¢, € A such that
a=qgb+r
and either r =0 or N(r) < N(b).

In short Euclidean rings are those where we can perform the division
with remainder, in such a way that the remainder is “smaller” than the
divisor.

Remark 1.5.2. Unlike the Euclidean algorithm for the integers, we do not
ask that the decomposition a = ¢b + r is unique, even up to invertible
elements.

Remark 1.5.3. The invertible elements of A are exactly those with minimal
norm. Indeed the first condition tells us that N (1) < N(b) for every nonzero
be A. So m = N(1) is the minimal possible norm. If a € A is a unit, then
N(a) < N(aa™') = m, so N(a) = m by minimality.

Conversely, assume that N(a) = m. Then the division property tells us
that there are ¢,r € A with

l=qa+r;

since we cannot have N(r) < N(a) we must have r = 0, that is, a is
invertible.

Example 1.5.4.

(a) The ring Z is Euclidean; the norm is just the usual absolute value:
N(n) = |n|.

(b) For every field k, the ring k[z] is Euclidean. For the norm we can
take N(f) = deg(f); the division is just the usual division between
polynomials.

(¢c) Now a more subtle example: the ring Z[i] is Euclidean; here the
norm is the squared modulus for complex numbers, that is

N(a +ib) = a* + b%.
Since multiplicativity is clear, let us verify that we can perform the
division. Let z,w € Z[i] and consider the usual quotient u = z/w €
C. If u € Z[i] we are done; otherwise u lies in the interior of some

1 x 1 square with integer coordinates. Let g be the nearest vertex
of this square, and define r by

r=2z—qu.

Then N(r) = N((u — q)w) is less than N(w) since the modulus of
u — ¢ is less than 1.

Note that in this example there may be other vertices that work,
so we really don’t have any kind of uniqueness.
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(d) The ring k[[z]], for k a field, is Euclidean too. For a power series
a(x) we let N(a) be the degree of the first nonzero monomial; that
is, if

a(z) = zlay (x)
with a1(0) # 0, we let N(a) = t.
The first condition is immediate. For the existence of the divi-
sion take any two power series a(z), b(x) with b # 0. If N(a) > N(b)
write

N(a)a1 (l‘)

b(z) = 2V Oy (2),

a(z) =x

then we can divide exactly a by b taking
q(z) = VO NO g (2)by (z) 71, r(z) =0.
If N(a) < N(b) just take ¢ = 0 and r = a.

If A is Euclidean we can perform the Fuclidean algorithm. That is, given
a,b € A we perform the repeated divisions

a=qb+nr
b= qor1 +1m2

L =q3r2+ T3

until some r, = 0. This must happen in a finite number of steps because
N(b) > N(r1) > N(rg) > ---
is a decreasing sequence of natural numbers. So we have a last step
Trn—2 = qnTp—1-

By induction we see that r,,_1 divides both a and b. Moreover, inverting the
steps one at a time we find

Tn—1 = Tn—-3 — Gn—1Tny
=Tpn-3 — Qn—l(rn—4 - Qn—2rn3) =---=xa+yb

for some x,y € A. So if ¢ divides both a and b, it must divide r,_1. In this
case we say that r,_1 is a greatest common divisor between a and b. The
relation r,—1 = xa + yb is called Bézout’s identity.

Proposition 1.5.5. Let A be a Euclidean ring. Then every ideal of A is
principal.
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Proof. Let I C A be an ideal, and take any nonzero a € I with minimal
norm, say m = N(a). If b € I, write

b=qa+r;

since we cannot have N (r) < m we must have r = 0, that is b € (a). O

We see from the preceding proposition that ideals of an Euclidean ring
have a very simple structure. This is true also for more general modules.

Theorem 1.5.6. Let A be Euclidean and let F' be a finitely generated free
module over A. If N C F is a submodule, then N is free. More precisely,
there exists a basis {f1,..., fn} of F and elements a1,...,ax of A, k < n,
such that {aif1,...,apfr} is a basis of N.

Proof. We give an algorithmic proof. Starting from any basis of F' = A™,
we can write an element f € F' as a column vector with entries in A. Let
ni,...,Ns be generators for N, and write the respective column vectors as a
s x n matrix. We will allow ourselves to perform some elementary operation
on the matrix.

First, we can shuffle rows (this amounts to a permutation of the vectors
of the basis of F') or columns (a permutation of the generators of N). We
can also take two rows r1 and r9 and substitute r; with

r'l =71 +ars

for any a € A: this is an invertible change of basis for F'. Similarly, we can
perform the corresponding column operation.

We claim that a repeated application of the elementary operations takes
the matrix in the form

a; 0 0

0 a 0
(1.5.1) 0 - ap - 0],

0 0

0 0
where aj|az| - - - |ag. From this, the thesis follows.

Let 1, and w21 be the first two elements of the first column. Using
row operations and the Euclidean algorithm we can substitute z1; with the
greatest common divisor of the two. We repeat the process until we have
one element on the first column that divides all the others. We put it in first
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position, and subtract a suitable multiple of the first row from the others,
so that all the elements in the first column below the first are 0. So we get

Tr1 ok *
0 = *
0 = *

Now we do the same for the first row. This may ruin our first column,
anyway we obtain

T2 0 0
* * *
* * *

We turn back to the first column and so on. Since x; is multiple of zo,
which is multiple of 3 and so on, the process will stop. When it does we
are left with

a; O 0
0 =% *
0 = *

At this point we can conclude by induction on the number of columns. [J

A matrix in the form of (IL50]) (with aq|asz]-- - |ak) is said to be in Smith
normal form. Essentially, what we have proved is that a matrix with entries
in an Euclidean ring can be brought in Smith normal form with a sequence
of elementary row and column operations.

Corollary 1.5.7 (Structure of modules over Euclidean rings). Let M be
a finitely generated module over the Euclidean ring A. Then there exist
ai,...,ap € A such that

M=A"xA/(a1) x - x Af(ar).

Proof. Since M is finitely generated we have a surjective homomorphism
¢: F — M, where F is finitely generated free. Apply the proposition with
N = ker ¢. (I

Example 1.5.8. Since a Z-module is just an abelian group, we recover the
usual structure theorem for finitely generated abelian groups.

Corollary 1.5.9. Let G be a finitely generated free abelian group of rank n,
H < G a subgroup. Then H is finitely generated of rank m < n. Moreover,
if m = n, the quotient is finite with |det M| elements, where M is any matriz
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expressing the generators of H in coordinates with respect to generators of
G, that is,

n
h; = ZMi,jgja
j=1
for generators g1,...,9, of G and hy,...,hy, of H.

Proof. A special case of the above when A = Z. Fix generators ¢y, ..., g, of
G and identify G with Z". A finite set of elements in H can be represented
with a matrix. By taking this matrix in Smith normal form, we don’t
change the generated subgroup, which shows that H has at most rank m.
If moreover m = n, the moves that bring the matrix in Smith normal form
preserve the determinant. When H is generated by the columns of a matrix
in Smith normal form, the thesis is clear. O

These results will be generalized for principal ideal domains and for
Dedekind rings in the following sections.

1.6. Localization

In this section we introduce the process of enlarging a ring A by the use
of “fractions” with entries in A. Things would be simpler if A was an
integral domain, but for our purpose we need the more general case. For
reasons which will become apparent when translated in geometric context,
this process is called localization.

Definition 1.6.1. Let A be a ring, S C A a subset. We say that S is a
multiplicative set if 1 € S and for every s,t € S we have st € S.

Example 1.6.2.
(a) For every nonzero a € A the set
S=1{l,a,d%...}
is a multiplicative set.

(b) If P C A is a prime ideal, then S = A\ P is a multiplicative set.
More generally if { P;} is a family of prime ideals of A, we have the
multiplicative set S = A\ |, P;.

(c) The set of nonzero divisors of A is a multiplicative set. So is the
set of invertible elements.

(d) If I C Ais an ideal, S = 1+ I is a multiplicative set.

(e) Take A = k[z1,...xy] (k a field) and let V' C k™ be any subset.
Then

S={feklxr,...,zn] | f(x) #0 for all z € V'}

is a multiplicative set.



1.6. Localization 31

(f) Let k be a field and A = k[z]; then
S = {f € k[z] | f does not have any root in k}

is a multiplicative set.
Definition 1.6.3. Given a ring A with a multiplicative set S we define the
localization of A at S as the ring S~ A obtained as follows.

Elements of S~ A are couples (a, s) € A x S modulo the following equiv-
alence relation. Two couples (a,s) and (b,t) are equivalent if there exists
u € S such that

atu = bsu.

Apart from the presence of u this is the usual cross relation for fractions.
We cannot avoid u unless A is an integral domain.

Not surprisingly we denote the class of equivalence of (a, s) by a/s.

We define addition and multiplication in S~'A by the familiar rules
a/s+ b/t = (at + bs)/(st), a/s-b/t = (ab)/(st).

It is a simple exercise to check that the operations are well defined, so S~'A4
becomes a commutative ring, with unit 1/1.

By construction, we have a natural homomorphism
1 A— S7tA
sending a to a/1. In general this is not injective: indeed
kert = {a € A | there exists u € S such that au = 0}.

So ¢ is injective precisely when S does not contain any zero divisor; in this
case we shall allow ourselves to denote ¢(a) = a/1 simply by a. When we
want to recall S in the notation we shall write + = 1g, or even ¢ = ¢p if
S = A\ P. For more about the kernel of ¢p, see [[.5.20}

Corresponding to some cases in Example [[L6.2] we have a special nota-
tion for ST'A. When S = {a™,n > 0} we denote S™1A = A,.

When S = A\ P, P a prime a ideal, we denote S™'A = Ap; this is the
most important case of localization.

Finally when S is the set of nonzero divisors, we denote S™1A = F(A),
and call it the total ring of fractions of A. If A is an integral domain then
S = A\ {0}, and F(A) is a field, which we shall call the field of fractions of
A.

Remark 1.6.4. Any localization of an integral domain A is contained in
the field F(A), hence it is again an integral domain.

The following universal property comes for free from the definition:
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Proposition 1.6.5. Let f: A — B be a homomorphism of rings, S C
A a multiplicative set such that f(S) C B*. Then there exists a unique
homomorphism f: S~'A — B such that f = fou.

So S~1A together with the map ¢ is universal for such homomorphisms.
Ideals behave well under localization; in particular we have the following
proposition, which should be compared to Proposition [1.2.9

Proposition 1.6.6. Let A be a ring, S C A a multiplicative set.
(i) For any ideal I C S~YA, I is generated by 1(¢=1(I)); in particular
every ideal of STYA is the extension of an ideal of A.
(ii) For any ideal I C A we have
SIS A) = (T s s).
seS
(iii) The ideal I - S~'A is the whole S~YA if and only if I NS # (.

For instance, let P C A be a prime ideal and take S = A\ P. According
to the proposition, S™'P is the only maximal ideal of Ap, which is then a
local ring;:

Definition 1.6.7. A ring A is called local if it has only one maximal ideal.
It is called semilocal if it has finitely many maximal ideals. A local ring A
with maximal ideal M will sometimes be denoted simply by the pair (A, M).

Proof of Proposition
(i) Let
J =4I STA.
The inclusion J C I is obvious. For the converse, let a/s € I; then
actY(I),s0a/s € J.
(ii) Let
J=11-571A)
We first prove that (I : s) C J for any s € S. Indeed let a € (I : s),
so as € I; then

For the other inclusion let a € J; this means that a/1 = b/s for
some b € I, s € S. So there is u € S such that

asu =bu € 1.

This shows that a € (I : su).
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(iii) The ideal I - S~1A is trivial if and only if it contains 1. This is
equivalent to 1 = i/s for some i € I and s € S, which means

that ju = su for some v € S. Finally, this means that iu = su €
Ins. O

Unfortunately, we don’t have a bijective correspondence between ideals
of S71A and ideals of A not meeting S.

Example 1.6.8. In the ring Zy), the ideals (2) and (6) of Z extend to the
same ideal, since 3 becomes invertible after localization.

The situation is better for prime ideals:

Corollary 1.6.9. Let A be a ring, S C A a multiplicative set. There is a
bijective correspondence between prime ideals of S~'A and prime ideals of
A which don’t meet S.

Proof. It remains to show that if P C A is prime, then P = .~1(P-S~1A4).
According to Proposition [[.6.6] we have

NP STIA) = (P s)
seS
and (P :s) = P for all s € S, since P is prime and s ¢ P. O

We can use our new tool to prove

Proposition 1.6.10. The nilradical N'(A) of A is the intersection of all
prime ideals of A.

Recall from Example [LT.I8 that AV/(A) is the ideal formed by nilpotent
elements of A.

Proof. Let P be a prime ideal and let a € N(A), then some power a™ =
0 € P, so a € P. This proves one inclusion.

For the other, let a be contained in every prime ideal. Then A, is ring
without prime ideals, that is, A, must be the 0 ring. (Why?) Then +(1) =0
means that 1-a" = 0 for some n, so a is nilpotent. O

By considering the quotient A/I we obtain

Corollary 1.6.11. Let I be an ideal of A. Then \/I is the intersection of
all prime ideals containing I.

It is useful to know that localization and quotients commute, in the
following sense.
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Proposition 1.6.12. Let S be a multiplicative set, I C A an ideal such that
INS = 0. Then there is a natural isomorphism between S~*A/S™'I and
T~Y(A/I), where T is the image of S inside A/I.

Proof. It is clear that T is a multiplicative set. The composition of the
natural maps

A—S'A— STTA/STT

has kernel (~!(S~1I) = I by Proposition [[6.6l So we have an injective
homomorphism

AJT — S7TA/ST
Since this sends T into invertible elements, the universal property of local-
ization yields a homomorphism

¢: TYAJI) — ST1A/STLL
Vice versa, consider the composition
A— AJT — T HA/I).
This sends S into invertible elements, so we get a homomorphism
ST'A = T (A/T),
whose kernel contains S~'I. Hence we have a map in the other direction
Y: STYA/STI — TN A/T).
It is immediate to check that ¢ and v are mutual inverses. ([

Corollary 1.6.13. Let P C A be a prime. Then the fields of fractions of the
integral domain A/P is canonically isomorphic to Ap/PAp, the quotient of
the local ring Ap by its maximal ideal.

Definition 1.6.14. Let P C A be a prime ideal. The field
k(P)=F(A/P)= Ap/PAp
is called the residue field of A at P.

Modules can be localized in the same way as rings.

Definition 1.6.15. Let A be a ring, S a multiplicative set and M an A-
module. Then we define the S~ (A)-module S~™'M as follows. Elements of
S~IM are couples (m,s) € M x S, modulo an equivalence relation. The
couples (m, s) and (n,t) are equivalent when there exists u € S such that

mtu = nsu.

The equivalence class of (m, s) is denoted by m/s.
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As in the ring case, we have a homomorphism of A-modules
i M — S™IM
given by tpr(m) =m/1.
The same proof of Proposition yields:
Proposition 1.6.16. Let M be an A-module.

(i) For any submodule N C S™'M, N is generated by t(:=*(N)); in
particular every submodule of S~'M is the extension of a submodule

of M.
(ii) For any submodule N C M we have

CHSTIN) = (Vs s).

seS

Here S~'!N denotes the extension of N in S~'M, that is, the S71A
submodule generated by N. The submodule (N : s) is defined by

(N:s):={meM|mseN}.
Finally we have the following useful results.
Proposition 1.6.17. Localization of modules preserves exact sequences.
Proof. Let

Qn— n
"'_>Mn—1n—1>Mna—>Mn+1_>"'

be an exact sequence of A- modules; then we have an induced sequence of
S~1 A-modules

— Qn—1 — (e 7% —
v STIM, o S ST, 2 ST M —

Let us check exactness at M,,.

First for any m/s € M,,_1 we have
an(an—1(m/s)) = ap(an—1(m))/s = 0.

Vice versa, let m/s € M,, and assume that a,,(m/s) = an(m)/s = 0. Then
there exists u € S such that

ap(um) = ua,(m) = 0.

So we have um = ap_1(m’) for some m’ € M,_; and finally m/s =
an—1(m’/(su)). O

Proposition 1.6.18. Let M be an A-module, m € M. Then m = 0 if and
only if tp(m) =0 € Mp for every maximal (or prime) ideal P C A.
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Proof. One implication is obvious. For the other assume that tp(m) = 0
for all maximal ideals P C A. This means that for every such P we find
some s ¢ P such that sm = 0. In other words the ideal Ann(m) is not
contained in any maximal ideal, so it must be the whole A. (I

This has some useful corollaries

Corollary 1.6.19. Let M be an A-module; then M = 0 if and only if
Mp =0 for every mazimal (or prime) ideal P C A.

Corollary 1.6.20. Let f: M — N be an A-module homomorphism. Then
f is injective (resp., surjective) if and only if the induced homomorphism

fp: Mp — Np is injective (resp., surjective) for every mazimal (or prime)
ideal P C A.

Proof. Use the fact that localization preserves exact sequences and apply
the above corollary to ker(f) (resp., coker(f)). O

Properties like the above, which hold true for a ring (or a module, or
a homomorphism. .. ) if and only if they hold for the localization at every
prime ideal are called local properties. We will see more examples in the
next chapters.

1.7. Graded rings and modules
We begin with some routine definitions.

Definition 1.7.1. An abelian monoid is a set G endowed with a binary
operation +, called addition, such that

(1) addition is associative, namely for every g,h,l € G we have
(g+h)+l=g+ (h+1);

(2) there exists an element 0 € G such that 0+ g = g+ 0 = g for every
g9 €G;

(3) addition is commutative, that is for every g,h € G we have g+ h =
h+g.

In down to earth terms, an abelian monoid is just an abelian group
without the requirement of the existence of inverse elements.

Remark 1.7.2. Since inverses don’t exist in G, one does not have a can-
cellation law!

Example 1.7.3.

(a) Any abelian group is an abelian monoid.
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(b) The set N of natural numbers is a monoid which is not a group; it
will be our main example. More generally N¥ is a monoid.

(c) We can add to N a symbol co and give N U {oo} the structure of
an abelian monoid by declaring that

n+00=00+00=00

for every n € N.

(d) An example quite different from the monoids we will consider is

A*  which is an abelian monoid under multiplication for every ring
A.

The reason why we have introduced monoids is the following

Definition 1.7.4. Let A be a ring. We say that A is graded over the monoid
G if we have a decomposition

A= ®gEG Ag
as abelian groups such that
ab € Agyp fora € Ay, b€ Ay,

Elements of some A, will be said homogeneous. Every element can be written
uniquely as a finite sum of nonzero homogeneous elements, which are called
it homogeneous components.

If we speak of a graded ring without further specification we always
mean graded over N.

Remark 1.7.5. If A is a graded ring, Ag is a subring and A has the structure
of Ap-algebra.

In the case where A is graded over N, the subset

A+ = @nZl An

is an ideal of A, which—for geometric reasons which we shall see later (Ex-
ercise 2l in Chapter [§)—is sometimes called the irrelevant ideal.

Example 1.7.6.

(a) The most fundamental example of a graded ring is k[z1,...,z,].
Usually it is graded over N by considering the total degree, but it
has also the structure of a N"-graded ring by considering a separate
degree for each variable.

(b) For any topological space X the cohomology ring H*(X) is graded
over N. The complex K-theory ring K*(X) is graded over Z/27Z
by Bott periodicity.
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(c) Let A be any ring, I C A an ideal. The graded ring associated to I
is

Gri(A) = @ M/ I =A/ T I/ P .

Check that the operations are well defined!

In the case where (A4, M) is a local ring, we simply write Gr(A)
for Graq(A). This association is at the source of a deep connection
between the structure of graded and local rings, which will emerge
when we study the concept of dimension in Chapter 0

In the context of graded rings there are some ideals and modules which
are particularly well-behaved.

Definition 1.7.7. Let A be a G-graded ring. The ideal I C A is called
homogeneous if

I= ®QEG Ig?

where I, := I N Ay. This amounts to saying that if a € I, the homogeneous
components of a are still in 1.

Note that if I and J are homogeneous, so is I N J.

Proposition 1.7.8. Let I be an ideal in a graded ring. Then I is homoge-
neous if and only if it generated by homogeneous elements.

Proof. Assume I is homogeneous. Take any set of generators of I; then the
set of their homogeneous components still generates I.

Vice versa assume [ = (E), where E is composed of homogeneous ele-
ments. Let a € I and write

a=erfr+---+epfr

for some e; € F and f; € A. Taking the homogeneous component of both
members and taking in account that the e; are homogeneous shows that
each homogeneous component of a is again a combination of the e;, so it lies
in I. [l

Corollary 1.7.9. If I and J are homogeneous ideals, so are I +J and I -J.

Definition 1.7.10. Let A be a ring graded over G, M an A-module. We
say that M is graded if we have a decomposition

M = eageG M,
as abelian groups such that

am € Mgy, for a € Ay, m € Mj,.
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As for rings we have the definition of homogeneous elements, homoge-
neous components, and so on. A graded submodule N C M is a submodule
such that

N = @QGG Ny,
where Ny := N N M,.

As before, if A is any ring, I C A an ideal and M an A-module we can
define the associated graded module

Gri(M) == @y I*M/IFHM = M/IM ® IM/I*’M & - - - ;

this is a module over Gry(A). When (A, M) is local we will write Gr(M)
for Gra(M).

Definition 1.7.11. More generally, we call a nested sequence of submodules
of M DMy DD M, D ---a filtration and we define the associated graded
module

Gr(M) 1= @ M/ M.

Definition 1.7.12. Let f: M — N be a homomorphism of G-graded A-
modules. We say that f is graded of degree h if f(My) C Ngyp.

In the most common case h = 0, so we simply ask that f(M,) C Ng;
that is, f preserves the degree of homogeneous elements. In this case we will
simply speak of a graded homomorphism, without mentioning the degree.

Example 1.7.13.
(a) Write
Hom(M,N)g :={f: M — N | f is homogeneous of degree g}.
Then we have the submodule
Hom(M, N)gr := e Hom(M, N),
of Hom(M, N), which is a graded module.

(b) If M and N are graded over N, the tensor product is also graded.
Indeed we define

(M®N)n =D
Then one can check for exercise that

M®N:@neN(M®N)n'

pg=n Mp @ Ng.

When f: M — N is a graded homomorphism, the image f(V) is a
graded submodule of M. If N C M is a graded submodule, the quotient
M /N has a natural structure of graded module, since

M/N = @geG My/N,.
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In particular the quotient of a graded ring for a homogeneous ideal is again
a graded ring.

Remark 1.7.14. This does not mean that m € (M/N), if and only m €
M,! A homogeneous class can have various inhomogeneous representatives,
and even homogeneous representatives of different degrees. The only case
where the preceding assertion is true is when N = Nj.

The following result is often useful.

Proposition 1.7.15. Let A be a graded ring (over N). If the ideal Ay is
finitely generated, A is finitely generated as Ag-algebra.

Proof. Let Ay = (ay,...,ay); since Ay is homogeneous we can take the a;
to be homogeneous. We shall show that

A= Ao[al,...,an].

Let B := Aglaq, ..., a,]; we show that Ay C By by induction, the case k =0
being trivial.

If k>0, Ay C A4, so given a € Ay we can write
a=bia; +---+bpan,

for some by,...,b, € A. We can choose the b; homogeneous, since the
components in degree different from k will cancel out; moreover the b; will
have degree less than k. By induction by,...,b, € B, so we conclude that
a € B. ([l

1.8. Exercises

1. Any (not necessarily commutative, not necessarily with unit) ring is a
subring of a ring with unit. (Give the abelian group Z @ A a suitable ring
structure.)

2. Let A be a (not necessarily commutative) ring with unit. Prove that A
is a subring of End(E) for some abelian group E. (Consider the action of A
on itself by multiplication.)

3. Let V be a vector space of infinite countable dimension, A = End(V) the
(noncommutative) ring of linear endomorphisms of V. Show that for any
m,n > 1, A™ and A™ are isomorphic as modules over A. Hence, Proposition
[LZ.14 fails in the noncommutative case.

4. Give an example of a module—which is not finitely generated—that does
not satisfy the conclusion of Nakayama’s lemma.

5. Let A be a ring such that for all a € A there exists n > 1 (depending on
a) for which a™ = a. Prove that every prime ideal of A is maximal.
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6. Show that a finite integral domain is a field.

7. Let A be the ring of Example [LTH0
(i) Prove that an element f € A is invertible if and only if f(1) # 0.

(ii) Let u be the inverse of the constant function 1 (u is usually called
the Mobius function). Let r(n) be the number of primes dividing
n. Prove that

(n) (=1)"™) if n is squarefree
n)=
s 0 if n is not squarefree.

(iii) Prove the Mébius inversion formula: if

g(n) = f(d),

dln

fn) =Y glm (5).

din

then

8. The only maximal ideals of A = C([0, 1]) are those of the form
I, ={f €Al f(x) =0}

for some z € [0, 1].

9. Formulate and prove the Chinese remainder theorem (Theorem [[.2.12)
for more than two ideals.

10. Show that if the ideals I and J are coprime then INJ =1-J.

11. Let I € A = k[xy,...,z,] be an ideal generated by monomials; we
shall say that I is a monomial ideal. Let f € I; prove that any monomial
appearing in f is in I. Assume

1= (@),

where each «; is a multiindex. A monomial 2 is in T if and only if there is
some «; such that z% divides z”°.

12. Let
0 M, Mo M3 0
lﬁ lh lh
0 Ny Ny N3 0

be a map of exact sequences of A-modules, in the sense that all displayed
maps are A-linear, the rows are exact sequences and the diagram commutes.
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Show that we have a long exact sequence

0—>kerf1—>kerf2—>kerf3)

4oker f1 — coker fo —— coker f3 —— 0.

This result is sometimes called the snake lemma.

13. Let P be a finitely generated A-module. Show that the following con-
ditions are equivalent:

(i) there exists an A-module N such that
PN =A"
for some n;
(ii) for all homomorphisms of A-modules
f:85—T, g: P—>T
with f surjective there exists h: P — S such that g = f o h.

In this case M is called projective. In categorical style, the second condition
means that one can always complete the dashed arrow in the diagram

h /
// J/g
“ f

14. Show that a finitely generated torsion-free module over A = k[z] is free.

15. For a converse, show that the ideal (z,y) is a torsion-free module over
A = k[x,y], but it is not free.

16. This exercise uses some topology. Let X be a topological space, E a
vector bundle on X. The continuous sections of E are a module over the

ring A = C(X).
Now take X = S2, the 2-sphere, and let E = T'S? be its tangent bundle.
Prove that the associated module M is not free, but M @ A is free.

17. We work out an algebraic version of the above exercise. Let
A = Rlz1, z0, 23]/ (23 4+ 23 4 22 — 1).
Inside A3 consider the submodules

M = {(f1, f2, f3) | z1.f1 + 22 f2 + 23f3 = 0}
N = {(z1f,zaf, x3f) | f € A}.
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(i) Prove (possibly algebraically) that N = A and that
M & N = A3
still M is not free.

(ii) Let M C A be the ideal generated by x; — 1, z2, x3. Prove that M
is maximal, in particular prime, and that M, is free over Ang.

18. This exercise uses a little field theory. Let k'/k be a finite separable
extension of fields (this means that for all @ € k' the minimum polynomial
of a over k has distinct roots). Prove that k' = k[a] for some « € £'.

(Reduce to the case k' = k(a, 8), and prove that k' = k() where v =
a +tf for a suitable t € k. For this let f and g be the minimum polynomial
of a and 3 respectively. What is the greatest common divisor of f(vy — tz)
and g(x)? Use the Euclidean algorithm to prove that this greatest common
divisor is still in k(v)[z].)

19. Prove that the ring A = Z [Hi {19} is not Euclidean. We shall see

later (Exercise Bl of Chapter [6]) that nevertheless, it has the property that
all its ideals are principal. (First describe A*. Assuming that A has a norm
function, let @ € A\ A* with minimum norm; prove that A/(a) is formed by
the classes of 0 and the invertible elements. How big can A/(a) be? Derive
a contradiction.)

20. Let & be a field of characteristic 0, and let A = k[z,y]. Find generators
for (22,y) N (z,y?).

21. Let A be a ring, .S a multiplicative set, and consider the family
F={IcAideal | INS =10}
Let I € F be a maximal element; prove that I is prime.

22. Let A be an integral domain, so that all localizations Ap at prime ideals
can be seen as subgrings of k = F(A). Show that

A= [ Au= () 4r
M maximal P prime
23. [vDdBJ Let k be a field, and K := k(z1,z2,...) the field of ratio-
nal functions in infinitely many indeterminates. Consider the rings A :=
Kly1,v2,...] and B := A,, = Afy;']. Show that A is a localization of B,
and conversely, but A is not isomorphic to B. (Notice that A*U{0} is closed
under addition.)

24. Show that the ring C{x1,...,z,} of power series in n variables which
have a positive radius of convergence is local.
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25. Let A be a ring graded over Z, and assume that A does not have any
nonzero prime homogeneous ideals. Then Ay is a field and either A = Ag or
A Ag[z, 27 1).

26. Consider the ring A = k[z,271], where deg 2™ = n. Any graded module
over A is free. (Imitate the corresponding proof for vector spaces.)

27. Let A = @,y Am be a ring graded over N with Ay a field, and take
a truncation B = @, cyy Amk- Assume that A is finitely generated as an
Ap-algebra and it is an integral domain. Then B is generated in degree 1
for k large enough.

28. Let P C A be a homogeneous ideal. Then P is prime if and only if for
every homogeneous a,b € A such that ab € P we have a € P or b € P.

29. The radical of a homogeneous ideal is again homogeneous.

30. Let A = @,°(Z and A = [[,,Z. Prove that Hom(A,Z) = B and
Hom(B,Z) = A. (The first one is straightforward. For the second one, show
that the map Hom(B,Z) — B sending f to (f(e;)) is injective with image
A. For this, it will be useful to notice that every integer x can be written
in the form x = a,2" 4 b,3", for any n € N.)



Chapter 2

Finiteness Conditions

In this chapter we introduce the most common finiteness conditions one can
put on rings or modules, the so-called chain conditions. Basically, we ask
that our modules don’t have infinite (on the right or on the left) chains of
submodules. In the Section 2.2] we study these two conditions on modules;
here the theory is essentially symmetric (although the two conditions are
not equivalent).

For rings, this symmetry breaks up. First we study the class of Noether-
ian rings, that is, rings that don’t have infinite ascending chains of ideals.
This is by far the most common class of rings one encounters in commutative
algebra. The condition turns out to be equivalent to the request that ideals
are finitely generated; indeed, to give some motivation, we start by studying
the case where all ideals are actually principal.

Then we study Artinian rings, that is, rings that don’t have infinite
descending chains of ideals. This condition turns out to be much more
restrictive, and indeed we show that an Artinian ring is Noetherian as well.
Moreover we can give a quite precise structure theorem for this class of rings.

Finally, we turn to modules which are both Artinian and Noetherian:
for these modules we have a notion of length, which generalizes the concept
of dimension for vector spaces. We also prove the classical Jordan—Holder
theorem, which compares different series of composition for the same mod-
ule.

2.1. Principal ideal domains

Much of the complication in studying rings more general than say Z or k[z]
comes from the fact that ideals can have a nontrivial structure. From this

45
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point of view, the most fortunate case is that of rings whose ideals are all
generated by a single element.

Definition 2.1.1. Let A be an integral domain. We say that A is a principal
ideal domain if all the ideals of A are principal.

Remark 2.1.2. If I C A is any ideal of a principal ideal domain, then
I = A as A-modules. Indeed let I = (a); then the map

A——1T

Tr—ax

is both injective and surjective.

Example 2.1.3. We shall not give many examples. We have seen that
Euclidean rings are principal ideal domains, in particular Z, Z[i|, k[z] and
k[[x]], for k a field.

On the other hand, it is not easy to distinguish the class of principal
ideal domains from that of Euclidean rings. The simplest example of a

principal ideal domain which is not Euclidean is Z [Hi {19}, see Exercise
of Chapter [1l and Exercise Bl of Chapter Bl

In this section we shall not say much about principal ideal domains,
the main result being Theorem [B.1.0] which states that in a principal ideal
domain we have unique factorization. We start with a simple but important
fact.

Proposition 2.1.4. Let A be a principal ideal domain. Then every nonzero
prime ideal of A is mazimal.

Proof. Let P = (p) be a nonzero prime, and take a ¢ P; we only need to
show that (a,p) = A.

Let (a,p) = (b), so p = bh for some h € A. Note that b ¢ P, since
a € (b), so we have h € P. This means that

p = bh = bkp

for some k € A, from which we deduce bk = 1, since p # 0 and A is a
domain. Hence b is invertible and (a,p) = A. O

We can give a generalization of Theorem [[L5.6] characterizing modules
over a principal ideal domain. Since the proof is not much different, we
leave this as Exercise 2l Here we give a different argument, which yields a
weaker result, but works equally well for the infinite case. The reader who
is not familiar with ordinals and transfinite induction may try to translate
the following in a proof by ordinary induction (in the finite case).
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The idea is to proceed by induction, starting from the base case F' = A,
which is just Remark 2.1.21 This proof can be found in [Rot79].

Theorem 2.1.5. Let A be a principal ideal domain and let F be a free
module over A. If N C F' is a submodule, then N is free.

Proof. Let
F= ®S€S AS’

where S is any set and A, is a copy of A; call fs a generator of A;. Choose
a well-ordering < of S, and put

FSS = @tﬁs Fy
F<S = ®t<8 Ft.
We also let N<; := N N F<, and similarly for N,.

Then the quotient N<s/N<; is a submodule of A, hence it is either 0 or
it is generated by a single element agfs. In the latter case, choose a vector
ns € N<, having such a component in A,.

Call S’ the set for which the quotient is not 0. We want to show that
{ns}scs’ is a basis of N.

First, assume there is a linear combination
blnsl —+ -+ bknsk =0

with b; not all 0. We can assume k is minimal, and we can arrange the order
so that sj is the biggest index. Then projecting into Ay, gives

bkask fsk = 0,

thereby showing that by = 0, a contradiction. Hence the vectors are linearly
independent.

Assume by contradiction that these vectors do not generate. Every
n € N lies in N<s for some s. Since S is well-ordered we can choose a
minimal s such that there exists n € N<, which is not in the span of the

Let afs be the component of n in Ag; then asla, say a = bas, so

n —bng € Neg.
By minimality of s, n — bny is in the span of the {n;}, and so nis. O

We cannot hope to get the stronger result that there exists a basis {f;}
of F' and elements {a;} of A, such that {a;f;} is a basis of N. Since any
A-module is the quotient of a free module, this would imply that every A-
module would be the direct sum of addends, each one isomorphic to A/(a)
for some a € A. This is false, as shown by the following.
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Example 2.1.6. We take the ring A = Z, so A-modules are just abelian
groups. The additive group Q is divisible, that is, for every x € Q and
m € Z we can find y € Q such that my = . So Q cannot be isomorphic to
the direct sum of cyclic groups.

Still the conclusion is true for finitely generated free modules, as you are
asked to prove in Exercise 2], so we obtain:

Theorem 2.1.7. Every finitely generated module over a principal ideal do-
main A is isomorphic to

A" @ Af(a)® - ® Af(ay)

for some r € N and a suitable choice of ay,...,a; € A.

2.2. Artinian and Noetherian modules

One can try to generalize the notion of a principal ideal domain considering
rings whose ideals are finitely generated. In even greater generality one
could consider modules having the property that all their submodules are
finitely generated. We start with the following characterization.

Proposition 2.2.1. Let M be an A-module. Then the following properties
are equivalent:

(i) every submodule of M is finitely generated;

(ii) every ascending chain of submodules

NiCNyCN3C---

1s eventually stationary.

Proof. Assume the first property, and let N := [ J N;—this is a submodule
of M since the N; are nested. Since N is generated by a finite number
of elements, these all appear in some N; after k, the inclusions become
equalities.

Conversely, assume the second property, and let N C M be a submodule.
Take n; € N; if N = (n;) we are done. Otherwise take na € N \ (n1), and
so on. We cannot have an infinite chain

(n1) & (n1,n2) © (n1,n2,n3) S -+,
hence for some k we have N = (nq,...,ng). d

Definition 2.2.2. Condition fii) of Proposition 2.2.T]is called the ascending
chain condition. We can also formulate a descending chain condition:

every descending chain of submodules
N13NQDN33"'

is eventually stationary.
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Definition 2.2.3. An A-module M is called Noetherian (resp., Artinian)
if it satisfies the ascending (resp., descending) chain condition.

The ring A is said to be Noetherian or Artinian if it is as a module over
itself, that is, it satisfies the appropriate chain condition for ideals.

Remark 2.2.4. The characterization by finite generation has no analogue
for Artinian modules.

Although the definitions look rather similar, we will see that being Ar-
tinian is a very special condition, at least for rings, while the Noetherian
hypothesis is at the basis of most interesting results in commutative algebra.

Example 2.2.5.
(a) Every finite A-module is trivially both Artinian and Noetherian.

(b) Every principal ideal domain is a Noetherian ring, in particular
klz]. Note that any ring of the form A[x] cannot be Artinian,
because of the descending sequence of ideals

() D () D> @*) >
(¢) The ring k[z1, z2,x3,...] is neither Artinian nor Noetherian.

(d) Consider the abelian group u, formed by all nth roots of 1, say
inside C*. For p € N a prime, we let

o0
Hpoe = U Hpr-
n=1

Then jip is an Artinian Z-module, but it is not Noetherian.
The fact that it is not Noetherian is easily seen by the ascending
chain of subgroups

fip C fip2 C fiys C -+ .

To prove that it is Artinian, note that any subgroup of e
which contains roots of 1 of arbitrarily high order must be the whole
Hpoe. So any proper subgroup contains roots of unity of bounded
order, hence it is finite (actually it must be one of the pn ).

(e) The ring A = C([0,1]) of continous, real valued functions on the
unit interval, is not Noetherian. Indeed, let

Iy ={f €Al f(z)=0on[0,1/k]};

this is a strictly ascending sequence of ideals.

In fact the Noetherian hypothesis is rather strong: we will see
that it holds often for rings coming from algebraic objects, like
polynomial rings, but it is seldom (if ever) verified for rings of
functions on topological objects. In a vague sense, it is the condition
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that distinguishes the good properties of polynomial-like rings from
the intractable zoo of arbitrary rings.

There is a useful reformulation of the chain conditions. To avoid dupli-
cation, we formulate the result for a general partially ordered set; we will
then apply it to the set of submodules of a given module M, ordered by
ascending or descending inclusion.

Proposition 2.2.6. Let (S,<) be a partially ordered set. The following
conditions are equivalent:

(i) every ascending chain
51 <82 <53 < -

1s eventually stationary;

(ii) every subset of S has a mazimal element.

Proof. Assume [iil) and take an ascending chain
51 <82 <83 < -

if s; is maximal in the set {s;}, the sequence becomes stationary after k.

Conversely, assume [), and let T C S be any subset. Choose s; € T}
if s1 is maximal, we are done. If not there is some sy > sy in 1. If this
is not maximal, proceed to find s3 > so and so on. Since we cannot have
any infinite strictly ascending sequence, we must eventually find a maximal
element of T O

So we see that every family of submodules of a Noetherian (resp., Artin-
ian) module has a maximal (resp., minimal) element; this is an equivalent
characterization.

We finish this section by studying the behavior of Noetherian and Ar-
tinian modules under quotients and localization. We start with a simple
observation.

Remark 2.2.7. If M is Noetherian (resp., Artinian) and N C M, both N
and M /N are Noetherian (resp., Artinian). This is just because submodules
of N are also submodules of M, and submodules of M /N correspond to
submodules of M by Proposition [L3.111

The following is a useful converse.

Proposition 2.2.8. Let N C M. If both N and M/N are Noetherian
(resp., Artinian) then M is.
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Proof. Let {M;} be any ascending (resp., descending) sequence of submod-
ules. Denote by mn: M — M/N the projection. Then both M; N N and
wn(M;) must eventually be constant.

The conclusion follows from the simple remark that for any submodules
M', M" C M the equalities

M'NnN=M'nN and an(M') = mn(M")

imply that M’ = M", provided M’ c M".

The proof is straightforward: if m” € M”, find some m’ € M’ such that
m’ = m” modulo N. Then m”" —m’ e NnM" c M’, som” € M'. O

Remark 2.2.9. The request that M’ C M"” in the proof is necessary, oth-
erwise the conclusion of the remark is false, even for vector spaces!!

Corollary 2.2.10. If M,..., My are Noetherian (resp., Artinian) then
Ml@"'@Mk; 18.

Corollary 2.2.11. If A is Noetherian (resp., Artinian) and M is a finitely
generated A-module, then M is Noetherian (resp., Artinian).

Proof. Indeed M is the quotient of some A, which is Noetherian (resp.,
Artinian) by Corollary 22,10l O

We then treat the case of localization. Let M be an A-module, S C A
a multiplicative set. Then S~'M can be regarded both as A-module and
S~ A-module. Clearly every S~!A-submodule is a fortiori an A-submodule.
It follows that if M is Noetherian (resplectively Artinian) as A-module, it
is as S~!A-module. However the converse is false, so it is important to
distinguish which is the base ring when we speak about S™'M.

Proposition 2.2.12. Let M be a Noetherian (resp., Artinian) A-module,
S C A a multiplicative set. Then S~'M is Noetherian (resp., Artinian) as
S~ A-module.

Proof. By Proposition [L6.16] every submodule of S™!M is the extension
of a submodule of M. Hence an infinite ascending (or descending) chain of
submodules of S~'M induces an infinite chain of submodules of M. O

In particular the proposition says that every localization of a Noetherian
(resp., Artinian) ring is Noetherian (resp., Artinian).

2.3. Noetherian rings

In this section, we study the Noetherian condition for rings. As it turns
out, the apparent symmetry that exists between Artinian and Noetherian
modules breaks up for rings. The condition that a ring is Noetherian is pretty
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general—in fact it is a standard finiteness condition that will underlie many
of our results. On the opposite side, Artinian rings are pretty special: we
will eventually characterize them as Noetherian rings of dimension 0.

The crucial result that distinguishes the two is Hilbert’s basis theorem,
which states that if A is a Noetherian ring, the ring A[x] is Noetherian as
well. This is today a pretty routine result (we will see many other properties
that can be carried from A to the polynomial ring A[x]), but when it was
first devised it caused a diatribe about effective and abstract methods in
algebra.

Around the beginning of the twentieth century, many algebraist were
concerned with rings of invariants, which are obtained by taking an action
of a finite or linear group G on k[zi,...,x,| and considering the ring of
elements that are invariant under G. Typical examples are the determinant
or the Pfaffian, seen as polynomials over the entries of a matrix. Many
results of that period concerned finding explicit finite set generators for
such rings, that were seen as a sort of universal invariants.

By using Hilbert’s basis theorem, one can prove that many rings con-
structed in this fashion are Noetherian (see for instance Exercise[llof Chapter
), and in particular their ideals are finitely generated. This nonconstructive
approach is in sharp constrast with the explicit computations in vogue at
the time, and was regarded as highly controversial. It was the start of a
revolution in algebra that eventually lead to abstract algebra as we know
today. The key condition was then abstracted by Noether, and today we call
this property by her name. In particular, she proved that the Noetherian
property is enough to carry over the theory of primary decomposition, that
was originally developed by Lasker for polynomial rings and their quotients.
This is the approach that we will follow in Section

After this historical parenthesis, we begin this section by proving a par-
tial converse of Proposition 2.2.12

Proposition 2.3.1. Let A be a ring and take elements aq,...,a, € A such
that (a1,...,an) = A. If every localization A,; is Noetherian, A is itself
Noetherian.
Proof. Let Aj = A,;, and let

Lj: A— Aj
be the localization map. We claim that for any ideal I C A we have

I= (n] T Ay).

Jj=1

One inclusion is obvious.
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For the other, take an element b in the right-hand side intersection. Then
for each j we can write

1j(b) = bj/aj’,
so in A we have
a;nj (a?jb —b;) =0.
By increasing the n; and the m; and changing the b; accordingly, it is not

restrictive to assume that all n; are equal to a fixed n and all m; to a fixed
m.

So a’j"Jr"b € [ for all j. The powers a’j"Jr" generate the whole ring (why?),
SO we can write
n
_ +n.
L= cja™;
j=1

multiplying both sides by b we deduce that b € I.

Now take any ascending chain {I;} of ideals of A. Every chain
{I); - Aj}ken becomes stationary; since there are finitely many localizations
Aj, the chain {I;} becomes stationary by the claim. O

Remark 2.3.2. The hypothesis of the proposition easily implies that every
localization Ap at a prime ideal is Noetherian. So the result can be seen
as something just a bit weaker than saying that being Noetherian is a local
property (which is in fact false, see Exercise [10]).

Both the rings A, and Ap have a geometric meaning, and the relation
between the usual notion of local property and the variant used in the propo-
sition is made clear in the theory of schemes, see [Har77, Prop. I1.3.2].

The main result about Noetherian rings is Hilbert’s basis theorem. This
is a cornerstone of commutative algebra, so we will give two proofs.

Theorem 2.3.3 (Hilbert’s basis theorem). Let A be a Noetherian ring.
Then Alx] is Noetherian.

Remark 2.3.4. The analogue for Artinian rings is definitely false!

Before giving the proofs, it will be convenient to establish some notation.

Definition 2.3.5. Let A be a ring, f € A[z] a polynomial. The leading

coefficient of f is the coefficient of the highest-order term in f; it is denoted
by LC(f). If I C A[z] is any ideal, we let

LC(I) :=A{LC(f) | f € I};

it is straightforward to check that LC([) is in fact an ideal of A.
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First Proof. Let I C A[z] be any ideal. Since LC([) is finitely generated
we can choose f1,..., fr € I such that

LC(I) = (LC(f1),--.,LC(fx))-

Let n be the maximum degree of all f;, and take any f € I. If deg f > n,
we can write

f=afi+ - +gfetr,
where r has degree smaller than f. Just choose the g; so to cancel the
leading term of f.

Repeating this step, we see that I is generated by fi,..., fr and by the
intersection I N A[x]| <y, where A[x]|., denotes the polynomials of degree less
than n.

The A-module A[z]|<, is finitely generated, hence Noetherian by Corol-
lary 222171 so I N A[z]<y, is finitely generated as an A-module, and a fortiori
as an A[z]-module. We conclude that I is finitely generated as an A[x]-
module, which is the thesis. [l

Second Proof. This second proof does not use the notion of module. Let
I C A[z] be an ideal, and choose fi € I to be an element of I of least degree.
If I = (f1) we are done, otherwise choose fy of minimal degree in I\ (f).
If I # (f1, f2), repeat this process to choose f3 and so on.

We only need to show that this process eventually stops. Let k be the
first integer such that LC(f1),...,LC(fx) generate LC(I). We claim that
I =(f1,...,fx). Indeed take any f € I; if deg f < deg fr we must have

fe(fi,-.., fx—1) by the choice of f.
Otherwise deg f > deg fx. As in the first proof we can write

f=afi+ - +gfutr,

where r has degree smaller than f; moreover r isin (fy,. .., fi) if and only if
f is. By repeating this step enough times we find that f € (f1,..., fx). O

The Hilbert’s basis theorem has some corollaries which can be seen
as generalizations of the theorem itself. First, if A is Noetherian, then
Alzy,...,xy,) is again Noetherian. More generally every finitely generated
A-algebra is a quotient of some A[xy,...,z,], so we get

Corollary 2.3.6. Let A be a Noetherian ring, B a finitely generated A-
algebra. Then B is Noetherian.

We conclude this section with some facts on ideals of Noetherian rings.
These results will be generalized by the theory of primary decomposition in
Section 321 but we will need them in next section to compare the Artinian
and Noetherian property.
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Proposition 2.3.7. Any ring A has minimal prime ideals. More precisely
any prime P C A contains a minimal prime ideal.

Proof. The intersection of a descending chain of prime ideals is a prime
ideal; now apply Zorn’s lemma. O

By considering the quotient A/I we see that indeed there are minimal
primes in the family of primes containing a fixed ideal I. These will be
simply called the minimal primes of I. For Noetherian rings we also have:

Proposition 2.3.8. Let A be a Noetherian ring, I C A an ideal. Then
there are finitely many minimal primes of 1.

Proof. Assume that this is not true, and let F be the family of ideals which
don’t satisfy the thesis. Let I € F be maximal; by taking the quotient A/
we can assume that I = 0.

In particular 0 is not prime, so there are nonzero a,b € A such that
ab = 0. By maximality, (a) and (b) have finitely many minimal primes. Any
minimal prime of (0) either contains a or b, hence it is a minimal prime of
(a) or (b). So 0 has finitely many minimal primes, a contradiction. O

Corollary 2.3.9. In a Noetherian ring, the nilradical is a finite intersection
of prime ideals.

Proposition 2.3.10. Let A be a Noetherian ring, I C A an ideal, J = /1.
Then there exists m such that J™ C I.

Proof. Let

J = (a17"'aan)
and take k£ big enough so that af € I for every i. Let m = kn; then every
monomial of degree m in a4, ..., a, contains at least one a; at the power k,
hence is in 1. |

In particular we note that the nilradical of a Noetherian ring is nilpotent,
that is, N (4)™ = 0 for some m.

2.4. Artinian rings

We now turn to the study of Artinian rings. Unlike the Noetherian case, we
will be able to obtain a very precise picture. We start with the following
easy fact.

Proposition 2.4.1. Let A be an integral domain. If A is Artinian, then it
is a field.
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Proof. Let a € A be nonzero and consider the descending sequence
(@) D (a®) D (a®) D .

The sequence stabilizes, hence (a™*!) = (a™) for m big enough. In par-
ticular a™ = ba™*! for some b € A; cancelling a™ we get ab = 1, so a is
invertible. (]

Corollary 2.4.2. Let A be an Artinian ring. FEvery prime ideal of A is
maximal.

This is already a sign that the structure of Artinian rings is rather simple.
We then investigate maximal ideals.

Proposition 2.4.3. Let A be an Artinian ring. Then A has only finitely

many maximal ideals.

Proof. Assume we have an infinite sequence of distinct maximal ideals My,

and consider the descending chain
MiDMiNnMagDODOMiNManNMzgD---.

The chain stabilizes, hence for some n

n

i=1
By Proposition we get that M, contains some My, hence
they coincide, a contradiction. (I

Combining Corollary 4.2 and Proposition 2.4.3] we see that in an Ar-
tinian ring A we have J(A) = N(A), and moreover the nilradical is a finite
intersection of maximal ideals.

Lemma 2.4.4. Let A be an Artinian ring. Then N'(A)* =0 for some k.

Proof. Consider the descending chain {N'(A)¥}; by the Artinian property
we have N (A)*1 = N (A)* for k big enough. We claim that then N(A)* =
0.

If this is not the case, consider the set of ideals I such that I-N(A)* # 0;
since A is Artinian, we can choose I minimal in this set. In particular I = (a)
for some a € I such that a - N(A)* # 0. We have

a-N(AM =a.- N(A)F £ 0,
hence a- N (A) is one of the ideals considered above. By minimality we have
(a) =a-N(A), soa=a-n for some n € N(A).
But then
a=an=an?=---=0,

since n is nilpotent, a contradiction. O
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The above lemma allows us to reduce the theory of arbitrary Artinian
rings to the local case.

Theorem 2.4.5. Let A be an Artinian ring, Mi,..., My its maximal
ideals. Then we have

A A/MT X o x AJMT™

for suitable integers my, ..., my. Moreover each ring A/M;" is local.

Proof. By Lemma [Z4.7] we see that
M M =0
for some integers myq, ..., mg.

The only maximal ideal which contains a power of M; is M; itself, by
Proposition [LT2010). So for ¢ # j the ideal M}" + M;nj is not contained

in any maximal ideal, hence M"" + ./\/l;nj = A.
We can then apply the Chinese remainder theorem [[.2.12], or better the

refined version given in Exercises [0 and [[0 of Chapter [II, to obtain the first
part of the thesis.

The ideals of A/M" correspond to ideals of A which contain M]",
hence the only maximal ideal of the quotient is the image of M;. O

Corollary 2.4.6. With the notations of the previous theorem, we have
A/M;m = AMi’

Proof. Let m: A — A/M" and v: A — Apy, be the natural maps. Since
A/M" is local with maximal ideal m(M;), the projection of any element
outside M; is invertible in A/M". This yields a map

Apg, — AJ M.

To give the inverse map we only need to check that ¢(a) = 0 for a € M.
From the previous proof we have

M M= 0.
Note that
I:Mle\/A?M?’“ 7 M;,
where W means that this factor has been omitted. This follows from

Proposition [LT.20/4). Take any x € I\ M;, and let a € M;". Then az = 0,
whence ¢(a) = 0. O

Remark 2.4.7. In the last corollary, we found a localization map which
coincides with a quotient map. In particular, we see that a localization map
can look drastically different from the inclusion in a bigger ring. We are
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now rewarded for having developed localization for rings more general than
integral domains.

Corollary 2.4.8. Every Artinian ring is the direct product of its localization
at mazimal ideals.

We finish this section with the connection between Artinian and Noe-
therian rings. We start with a simple observation:

Remark 2.4.9. A vector space V over k is Artinian (as k-module) if and
only if it is Noetherian. Indeed both conditions are equivalent to having
finite dimension over k.

This can be readily generalized:

Lemma 2.4.10. Let A be a ring, and assume that there are mazximal ideals
My, ..., M,;, not necessarily distinct, such that My --- M, =0. Then A is
Noetherian if and only if it is Artinian.

Proof. If r =1, A is a field. Else, for i = 2,...,r consider the A-modules
Then A is Noetherian (resp., Artinian) if and only if all N; are. But each
N; is annihilated by M;, so can be regarded as a module over k; = A/ M,.

Moreover each N; is Noetherian (resp., Artinian) as A-module if and
only if it is as k;-module. So we conclude by the previous remark. O

We finally get our comparison theorem.

Theorem 2.4.11. Let A be a ring. Then A is Artinian if and only if it is
Noetherian and every prime of A is mazimal.

Proof. If A is Artinian, then every prime of A is maximal by Corollary
Moreover the nilradical is the intersection of finitely many maximal
ideals, and it is nilpotent by Lemma 2.4.4l So Lemma implies that A
is Noetherian.

Vice versa, assume that A is Noetherian; then N (A) is nilpotent by
Proposition 2310, and it is the intersection of finitely many primes by
Corollary By our assumption these primes are all maximal, so the
hypothesis of Lemma are again satisfied and A is Artinian. O

Example 2.4.12.
(a) The typical picture of a local Artinian ring is k[z]/(z").

(b) For more examples, one can take any Noetherian ring A and localize
it at a prime P C A. The ring Ap is local with maximal ideal
M = P - Ap. Then the ring Ap/M™ is local and Artinian.
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Indeed it is Noetherian, and its prime ideals correspond to
primes ) C A such that P C  C P. The only such prime
ideal is P itself, so every prime of Ap/M™ is maximal.

(c) Let A be an infinite direct sum of fields. Then every prime of A is
maximal, but A is not Artinian (or Noetherian).

2.5. Length

We begin with a

Definition 2.5.1. Let M be an A-module. A chain for M is a sequence
0=MoC My &--- CMp=M

of nested submodules. The integer n is called the length of the chain. If one
cannot insert another submodule to increase the length, the chain is called
a series of composition for M.

Example 2.5.2. It is not the case that a module always has a series of
composition. The simplest example is the case where A is a field and M is
a vector space of infinite dimension. For another example Z as a module
over itself will do, since any nonzero ideal (n) of Z properly contains another
ideal, for instance (2n).

Remark 2.5.3. A chain (M;) is a series of composition if and only if ev-
ery quotient M;.1/M; is simple, that is, it does not have any nontrivial
submodule.

Remark 2.5.4. If M is both Artinian and Noetherian, a series of composi-
tion can be obtained as follows. Let My = 0 and M; be a minimal nonzero
submodule; this exists because M is Artinian. Then let M> be minimal
among those containing M; and so on. The chain (M;) will stabilize be-
cause M is Noetherian, and it will do so at some M = M, so we have the
desired series of composition. We shall see soon that this condition is also
necessary.

Definition 2.5.5. If M admits a series of composition, we say that M
has finite length, and we define the length of M, denoted ¢(M), to be the
minimum length of a series of composition for M. After the following result,
it turns out that every series of composition is long exactly ¢(M).

Theorem 2.5.6. All series of compositions for M (if any) have the same
length. If £(M) is finite, any chain be enlarged to a series of composition.

Proof. Let (M;) be a series of composition for M having length ¢(M). We
first prove that a submodule N C M has stricly smaller length. Indeed let

N, =M;,NN
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and consider the chain (N;). Since M,i1/M; is simple, we either have
Niy1/N; = M;11/M; or 0. So, if we omit from (N;) the repeated terms,
we have a series of composition for N, long at most ¢(M).

Actually the length must be smaller, otherwise by induction N; = M;
for each i, and so N = M.

Now let (M;) be any chain for M, of length k. Then
O(M) > b(Mg—1) > ---£(My) > £(My) =0,
so £(M) > k. In particular if this is a series of composition we must have
(M) = k by minimality, so all series of composition have the same length.

If (M;) is any chain, one can enlarge it only a finite number of times,
because the length is bounded by ¢(M). So after a finite number of steps
we reach a series of composition. O

Corollary 2.5.7. M has finite length if and only if it is both Artinian and
Noetherian.

Proof. We have already noted one implication in Remark 2.5.4l For the
other, assume that M has finite length. Then every chain, either ascending
or descending, is long at most ¢(M ), hence it stabilizes. O

Remark 2.5.8. A ring has finite length over itself if and only if it is Artin-
ian, by Theorem 24111

We can be more precise than that.

Theorem 2.5.9 (Jordan-Hélder). Let M be an A-module of finite length
and (M;), (M]) two series of composition. There is a bijective correspon-
dence between the sets of subquotients {M;1/M;} and {M} ,/M]} such that
corresponding couples are isomorphic.

Proof. Let k be the minimal index such that My C M. Then MiNM]_, =
0 because M is simple, hence we have an injective homomorphism

My — M, ,é /M ,;_1.
This must be an isomorphism because M, /M, _, is simple.

Let N := M/M,, m: M — N the projection. Then N has the filtra-
tion {M;/M};>2 and the filtration {m(M})};xk—1, so we can conclude by
induction on ¢(M). O

The length of modules behaves additively on exact sequences:
Proposition 2.5.10. Let
0 M, Mo Ms 0
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be a short exact sequence of A-modules. Then

0(My) = 0(My) + £(Ms)
(including the statement that the left-hand side is finite if and only if the
right-hand side is).

Proof. Assume that M; and M3 have finite length, and take two series of
composition for them. Using the bijective correspondence between submod-
ules of M3 and submodules of My containing the image of M;, the two fit
together to give a chain for Ms. The associated subquotients are simple, so
we get a series of composition for Mo, hence the thesis. If either M; or M3
has infinite length, so does Ms by the same argument. O

In the case where A is Noetherian and M is finitely generated we have
a clear description of when the length of M is finite and the shape of the
factors that can appear. First we need a

Definition 2.5.11. Let M be an A-module. The set of associated primes
Ass(M) is defined to be

Ass(M) = {P C A prime | P = Ann(m) for some nonzero m € M }.

Remark 2.5.12. The simple fact that if N C M then Ass(N) C Ass(M)
will be used often in the sequel.

Proposition 2.5.13. Let P be a maximal element in the set
{Ann(m) | m € M, m # 0}.
Then P is a prime ideal.
Proof. Let P = Ann(m) and take a,b € A such that ab € P. Then abm =
0, hence a € Ann(bm). Of course P C Ann(bm), so by maximality we must

have a € P or Ann(bm) = A. In the first case we are done; in the second
we have 1 € Ann(bm), so b € Ann(m) = P. O

Corollary 2.5.14. If A is Noetherian and M # 0, then Ass(M) # ().

Lemma 2.5.15. A prime P belongs to Ass(M) if and only if M has a
submodule N isomorphic to A/P.
Proof. Let P = Ann(m) be a prime, and consider the homomorphism
¢p: A—> M
given by ¢(a) = am. Then the image of ¢ is Am, and the kernel is P, so
A/P = Am C M.

For the reverse implication we can reduce to the case where M = N = A/P;
then P = Ann(1). O
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We can now state the result for Noetherian rings.

Theorem 2.5.16. Let A be Noetherian and let M be a finitely generated
A-module. Then there exists a chain (M;) for M such that

Mi+1/Mi = A/PZ

for some primes P; C A.

Proof. Since M is Noetherian, we can find a maximal submodule N which
satisfies the conclusion of the theorem (the set of such submodules is not
empty, for instance any simple submodule will do). Let us prove that N =
M. If N C M, then by Corollary 2514 M/N has some associated prime
P. By Lemma we find some N’ C M containing N such that

N'/N = A/P.
But then also N’ satisfies the conclusion of the Theorem, a contradiction. [

Corollary 2.5.17. Under the hypothesis of the Theorem, M has finite
length if and only if each P; is mazximal. In this case (M;) is a series of
composition.

Proof. By Proposition 2.5.10] and induction, it is enough to prove that
((A/P) is finite if and only if P is maximal. Each A-submodule of A/P
is also an A/P-submodule; hence A/P has finite length if and only if it is
Artinian as a ring. By Proposition [2.4.]] an Artinian domain is a field, so
we have the first conclusion.

If all P; are maximal, the factors M;;1/M; are fields, so they are simple;
it follows that (M;) is a series of composition. O

Corollary 2.5.18 (Generic freeness). Let A be a Noetherian integral do-
main, M a finitely generated A-module. Then there exists a nonzero f € A
such that My is free over Ay.

Proof. Let (M;) be a series of composition as in Theorem 2.5.T6] so that
M;1/M; = A/P;. For each prime P; # 0, choose a nonzero element f; € P;.
Then f :=[] fi # 0 because A is an integral domain.

If P; # 0, we have f € P;. This implies (A/P;)s = 0, so the locallization
of the factor M; 1/M; at f becomes trivial. This means that M; has a
series of composition where each successive quotient is isomorphic to Ay. It
is easy to check that a short exact sequence where the last element is free
splits, hence My is isomorphic to a direct sum of some copies of Ay. O
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2.6. Exercises

1. Assume that A[z] is a principal ideal domain. Then A is a field.
2. Prove the analogue of Theorem for principal ideal domains.

3. Give examples to show that the conclusion of Proposition 2.2.12] cannot
be strengthened to say that S™!M is Noetherian (or Artinian) as an A-
module.

4. If A is Noetherian, then A[[z]] is.

5. Let M be a Noetherian A-module, f: M — M a surjective homomor-
phism. Then f is an isomorphism.

6. Let M be an Artinian A-module, f: M — M an injective homomor-
phism. Then f is an isomorphism.

7. Let M be an A-module of finite length, f: M — M a homomorphism.
Show that for m big enough there is a decomposition M = ker f™ @ im f.

8. Let A be a ring and assume that every prime ideal of A is finitely gener-
ated. Then A is Noetherian. This result is known as Cohen’s theorem. (If A
is not Noetherian, prove that there are maximal ideals among those which
are not finitely generated.)

9. Let A be a domain and assume that every prime ideal of A is principal.
Then A is a PID.

10 ([Pol]). A subring of a Noetherian ring is not necessarily Noetherian.
Namely, let A C k[z,y] be the ring of those polynomials that do not involve
monomials of the form z* for some k& > 0. Show that A is a ring and exhibit
an ideal that is not finitely generated.

11. Let B = Afby, ..., b,] be a finitely generated A-algebra, and M a finitely
generated B-module. If by,...,b, € /Anng(M), show that M is finitely
generated as A-module.

12. Let A C Q|z] be the ring of polynomials f such that f(x) € Z for all
x € Z. Show that Z[z] C A C Q[z]. Show that A is not Noetherian—mnamely,
the ideal

I:={feA|f0)e?2Z}

is not finitely generated.

For the next exercises, we need a little terminology. A Boolean ring A
is a ring such that a? = a for all a € A.

13 ([Clal5| Prop 9.4]). Let A be a Boolean integral domain. Show that A
is a field, and in fact A = Z/27Z. Deduce that a prime ideal in a Boolean
ring is maximal.
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14 ([Clal5| Prop 9.5]). Let A be a local Boolean ring. Show that A = Z/2Z.

15 (|Clal5l Prop. 9.6]). Let A be a Noetherian boolean ring. Show that A
is finite.

16. Using the previous exercises, find an example of a non-Noetherian ring
such that all its localizations are Noetherian. Hence, being Noetherian is
not a local property.

17. Let A be a graded ring, M a graded A-module (over Z). Prove that
every prime P € Ass(M) is graded, and moreover P = Ann(m) for some
homogeneous element m € M.

18. Let k be a field. The ring A = k[x1,z2,...] with the relations 23 = 0
and 7 41 = ¢ for k> 0 on has a single prime (hence maximal) ideal. Still
it is not Noetherian, hence it is not Artinian. Exhibit an explicit infinite
descending chain of ideals. Show that its analogue with a finite number of
variables is Artinian.

19. Let k be a field and A a local Artinian k-algebra, with maximal ideal
M 4 and residue field k4 = A/ M 4. Let d be the degree of the field extension
ka/k, and let M be any finitely generated A-module. Then

dimy M = dla(M).

20 (By Eric Wofsey on Math Stack Exchange, see [Wof]). Let A be a
Noetherian ring. Prove that a localization S™'A is a quotient of A if, and
only if, there is a decomposition as a direct product A =2 B x C such that
the B-coordinate of every element of S is a unit in B and there is some
element of S whose C-coordinate is 0. In this case the map A — S™'A can
be identified with the projection to B.

21 ([Jen80]). This exercise requires some model theory, see for instance
[CK90]. Let U be any ultrafilter on N that contains all cofinite sets—in
particular I is not principal. The ultraproduct A := ZN/U satisfies all
first-order propositions as Z (say over the language {0, 1,4+, x}) by Lo$’s
Theorem—in particular it is a ring and integral domain. Prove that A is
not Noetherian, hence being Noetherian is not a property expressible in first
order logic. (The element (1,2,4,8,...) is divisible by all powers of 2.)

22 (|Leqg85]). Let A be a ring, M C A a maximal ideal, and assume that
every ideal I C M is finitely generated. Then A is Noetherian. (Show that
for an ideal I ¢ M we have [ M= A (INM).)

23. Prove the following lemma of Artin and Tate (JAT51]). Let AC B C C
be rings, where A is Noetherian. Assume that C is finitely generated as an
A-algebra and as a B-module. Prove that B is also finitely generated as an
A-algebra.
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The next exercises, up to Exercise 28, follow [Clal5| in laying out a
beautiful thread of related results about conditions which guarantee Noethe-
rianity.

24. Let M be an A-module, N a submodule of M maximal with respect
to the condition of not being finitely generated. Let P = Ann(M/N).
Prove that P is prime. (Let a,b € A such that ab € P. If a,b ¢ P, then
N + aM is finitely generated, say by k elements {n; + am;}. Define
L:={m € M | am € N}) and prove that N = (ny,...,n;) + aL. De-
rive a contradiction.)

25. Prove Jothilingam’s theorem ([Jot00], [Nag05]): let A be a ring, M
a finitely generated module such that P - M is finitely generated for all
prime ideals P of A. Then M is Noetherian. This generalizes Cohen’s
theorem from Exercise 8 (Assuming it is not, find a submodule N maximal
with respect to the condition of not being finitely generated, and let P
be the prime ideal of the previous exercise. Prove that P = Ann(m) for
some m € M. Show that N + Am is finitely generated, say by k elements
{ni; + a;m}, and prove that N = (ni,...,n;) + PM. Deduce that P- M is
not finitely generated.)

26. Let M be an A-module, Ej; the family of submodules of the form - M
for ideals I C A. Prove that submodules in Ej; are finitely generated if and
only if Fjs satisfies the ascending chain condition.

27. Prove Formanek’s theorem ([For73]): let A be a ring, M a finitely
generated, faithful A-module. Let Fj; be the family of submodules of the
form I - M for ideals I C A. If E) satisfies the ascending chain condition,
then M is Noetherian, and A is Noetherian as well. (See the previous two
exercises.)

28. Prove the Eakin-Nagata theorem ([Eak68], [Nag68]): let A C B be
rings, with B Noetherian, and assume that B is finitely generated as A-
module. Then A is Noetherian as well.






Chapter &

Factorization

In this chapter we study how the analogue of the unique factorization theo-
rem for the ring Z can be generalized to different rings. In the first section
we study the rings that satisfy the most obvious generalization of the unique
factorization theorem. In particular we show that principal ideal domains
belong to this class.

The next step would be to study the class of Dedekind domains: those for
which unique factorization holds for ideals. It turns out that this is in many
respect a more interesting class of rings than unique factorization domains,
and their introduction is really a cornerstone of algebraic number theory.
Before doing so, however, we study the theory of primary decomposition.
This gives a factorization theorem for ideals which is much less precise that
the one achieved in Dedekind domains, but has the advantage that it holds
with the only assumption that the ring is Noetherian.

The section about Dedekind rings benefits from the primary decom-
position theorem. Using this theory, we can derive the factorization in a
quick and efficient way. After having introduced Dedekind rings, we prove
a structure theorem for modules over them, generalizing our previous result
for modules over Euclidean domains.

3.1. Unique factorization domains

One of the basic tools in elementary number theory is the unique factoriza-
tion theorem, which shows that prime numbers are really the building bricks
of all integers. Let us study the rings that satisfy simplest generalization of
this result.

67
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Definition 3.1.1. Let A be a ring. We say that a noninvertible element
x € A is irreducible if whenever x = ab for some a,b € A, at least one among
a and b is invertible. We say that x is prime if the ideal (x) is.

Remark 3.1.2. We note that x is prime explicitly means that if x divides
a product ab, then it must divide at least one of the factors. In an integral
domain, a prime element is always irreducible. Indeed assume that x = ab;
in particular x divides ab, so it must divide one of the factors, say a. So
a = E&x, and x = £bx. Factoring x out we see that £b = 1, so b is invertible.

Definition 3.1.3. Let A be an integral domain. We say that A is a unique
factorization domain (in short UFD) if

(1) every irreducible element of A is prime and

(2) every infinite sequence of principal ideals
(x1) C (w2) C -+ C (zp) C -+~

is stationary. This means that eventually we have z;11 = &x; for
some invertible element &;.

We will refer to such a sequence as a divisibility chain, so we can rephrase
saying that every infinite divisibility chain stabilizes. Note that this is just
a weaker form of the ascending chain condition; in particular it is satisfied
by Noetherian rings.

We can now show that UFDs satisfy a unique factorization theorem.
This is not surprising (and justifies the name), since our requests for a ring
A to be a UFD are precisely the hypothesis used to prove the classical
theorem.

Theorem 3.1.4 (unique factorization). Let A be a unique factorization
domain, and let x € A be a noninvertible element. Then we have a factor-
1zation

T = pl o 'pTH
where p1,...,pn € A are prime. Moreover the factors p; are unique up to
the order and up to multiplication by a unit of A.

Proof. Let us first show the existence of a factorization. If x is prime we
have nothing to do. Otherwise it must be reducible, so x = x1y; where both
x1 and y; are not units. If both x; and y; are prime, then we are done,
otherwise we repeat the process. This eventually must stop, otherwise we
would have an infinite divisibility chain in A.

As to the uniqueness, assume that x has two decompositions

L=PpP1"Pn=4q1"""qm-
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Then p; divides z: since it is prime it must divide one of the factors ¢;, and
up to reordering we assume that p; divides ¢1. So ¢1 = £p1, and since ¢ is
irreducible, £ must be a unit.

We can fit it into go, so it is safe to assume that p; = ¢1. Since A is an
integral domain, we can factor them out and obtain that

P2 "Pn =42 Qdm.

Now we can conclude by induction on n. O

At this point it is natural to investigate which rings are UFDs. Our
first result says that principal ideal domains are, so we have the unique
factorization for a familiar class of rings.

Theorem 3.1.5. Let A be a principal ideal domain. Then A is a unique
factorization domain.

Proof. We begin by showing that every irreducible element is prime, so let
x € A be irreducible. Assume that = divides a product ab but x does not
divide a. The ideal (a,z) is principal so (a,x) = (c) for some ¢ € A. This
means in particular that x = cd for some d € A.

Since z is irreducible and d is not a unit (otherwise x would divide a),
¢ must be invertible. In other words (a,z) is the whole ring, so we find
m,n € A such that

(3.1.1) ma +nz = 1.
Multiplying (BI.1]) by b we get
mab + nxb = b;

since x divides ab, we see that it must divide b.

For the other part, assume that
L1, X253 Lpy---

is an infinite divisibility chain, and let I = (x1,x2,...). Since A is a principal
ideal domain, we must have I = (a) for some a € A. So a admits a finite
writing as

a=2x1Yy1+ -+ Tnln.
By the divisibility condition, every summand is a multiple of z,, so a is.
Since vice versa a divides z,, we see that I = (z,,).

But then if m > n both z,, divides z,, and conversely; this means that
the chain stabilizes. O

By now we have a reasonable amount of examples of UFDs, like Z, Z[i] or
k[z] for every field k. But these are all principal ideal domains and we would
like to extend the unique factorization to more general rings. In order to do



70 3. Factorization

this we need to generalize the classical Gauss’s lemma, which is of interest
itself. First let us give some definitions.

Definition 3.1.6. Let A be a unique factorization domain, and take x,y €
A. The greatest common divisor of x and y, denoted by GCD(z,y) is the
product of all common irreducible factors of x and y. As usual if a prime
appears both in z and y, its multiplicity within GCD(z,y) is the minimum
of the multiplicities that it has in x and y.

Of course the greatest common divisor is determined up to a unit.

Remark 3.1.7. It is easy to see that GCD(x,y) is determined by the fol-
lowing properties:

(1) GCD(z,y) divides both z and y;

(2) if a divides both = and y, then it divides GCD(x, y).

The generalization to the greatest common divisor of three or more ele-
ments is straightforward.

Definition 3.1.8. Let A be a unique factorization domain and take f(x) €
Alz]. The content of f, denoted by cont(f), is the greatest common divisor
of its coefficients. We say that f is primitive if cont(f) = 1.

In order to prove Gauss’s lemma, we start with some lemmas about the
behavior of the content in products.

Lemma 3.1.9. Let A be a UFD and f,g € Alx] be primitive polynomials.
Then the product fg is primitive as well.

Proof. Assume that a prime p of A divides all the coefficients of fg; then
fg=0in A/(p)[x]. Since pis prime, A/(p) is an integral domain, so A/(p)[x]
is an integral domain too. This means that either f =0 or g =0, so f and
g cannot both be primitive. (I

Corollary 3.1.10. Let A be a UFD and take f,g € A[x]. Then

cont(fg) = cont(f) cont(g).

Proof. Write f = cont(f)f1 and g = cont(g)gi, where f; and g; are primi-
tive. [l

We are now ready to prove Gauss’s lemma.

Theorem 3.1.11 (Gauss’s lemma). Let A be a unique factorization domain
with field of fractions k. Take f,g € Alx] with f primitive, and assume that
f divides g in k[x]. Then f divides g in Alz].
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Proof. Assuming the hypothesis we have
9(x) = f(x)h(z)

where h has coefficients in k. Clearing out denominators we find

mg(x) = f(x) - (mh(z))
for some m € A, where now mh(zx) € Alz].

By the corollary we find
m cont(g) = cont(f) cont(mh) = cont(mh),

since f is primitive. In particular m divides cont(mh), so that h(x) actually
has coefficients in A. O

Corollary 3.1.12. Let A be a unique factorization domain with field of
fractions k. Let f € A[zx] be a primitive polynomial. If f is irreducible over
A, it is irreducible also over k.

The above corollary is most effective when coupled with the following
result.

Proposition 3.1.13 (Eisenstein’s criterion [Eis50]). Let A be a ring, PC A
a prime ideal. Take a polynomial f(x) € Alz| such that

f(x) = apx™ + -+ + a1 + ao,
where a, ¢ P, all other a; € P and ag ¢ P%. Then f is irreducible over A.

Proof. Assume that f(z) = g(x)h(x) and reduce this modulo P. The
reduction of f(z) is just a,z", so

anz" =g(z) - h(x).
Since A/P is an integral domain we see that g(z) = byz* for some k < n, so
g(z) = bkl'k + -+ bz + by,

with b; € P for i < k, in particular by € P. A similar remark holds for A, so
we see that ag € P2. O

More generally reduction modulo P, with an ad hoc argument, may
prove irreducibility of a given polynomial even if Eisenstein’s criterion does
not apply.

Our next theorem, together with Theorem [B.1.7] is the main tool to find
examples of UFDs. Before proving it we need a lemma.

Lemma 3.1.14. Let A be a unique factorization domain with field of frac-
tions k, and take a nonconstant polynomial f(z) € Alx|. Then f is irre-
ducible in Alz] if and only if it is primitive and irreducible in k[x].
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Proof. Assume that f is irreducible in A[z]. Then of course it must be
primitive, otherwise it has a constant factor. To show that it is irreducible
in k[z] assume that
f(z) = g(x)h(z)

for some g,h € k[x] of positive degree. Multiplying g by a constant and
dividing h by the same constant, we can arrange that g is in A[x] and
primitive. By Gauss’s lemma we find that h € A[z], so f is reducible in A[z]
too. The converse implication is obvious. O

Theorem 3.1.15. Assume that A is a unique factorization domain. Then
Alz] is.

Proof. Let f(z) € A[x] be a nonconstant irreducible polynomial. To show
that it is prime assume that f(x) divides a product g(x)h(x), with g,h €
Alz]. Let us call k the field of fractions of A. By Lemma B.I.I4 f is
irreducible in k[z], so it is prime since we already know that k[z] is a unique
factorization domain.

It follows that f divides one of the factors in k[z], say g. Applying
Lemma [B.T.T4] again we see that f is primitive, so Gauss’s lemma tells us
that f divides g in A[x]. The case where f is constant is obvious.

Next we consider an infinite divisibility chain

(3.1.2) fi,fose ooy frye o € Al

Let ¢; = cont(f;); then we easily see that ¢, co,... is an infinite divisibility
chain in A. Hence it must stabilize, so up to trimming a finite number of
terms in the sequence ([B.1.2) we can assume that the f; have all the same
content.

On the other hand we know that the chain in (8.1.2)) will stabilize in k[z],
so there exist constants & € k such that eventually f;11 = &;f;. Since the f;
are in Afz| and all have the same content we easily see that the constants
& € A*, so the chain stabilizes in A[zx]. O

Corollary 3.1.16. If A is a unique factorization domain, then Alx1, ..., xy]
is a unique factorization domain as well.

Example 3.1.17. With this result at hand we see that rings like k[z,y]
or Z[z| are unique factorization domains, while they are not principal ideal
domains.

Another nontrivial example is A = k[z1,z2,...,Zy,...], that is, a poly-
nomial ring in an infinite number of indeterminates. To see that A is a
unique factorization domain we just have to remark that both the condi-
tions defining unique factorization domains will involve only a finite number
of variables.
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Explicitly, take f € A irreducible, and assume that f divides a prod-
uct gh. Then the polynomials f, g and h will live inside a smaller ring
klx1,...,zy], and f will remain irreducible there, hence prime. It follows
that f divides one among ¢ and h in the smaller ring, and so a fortiori in A.

The argument for the divisibility chain is similar. Given a chain

fhf?a"'ufﬂa'”eA

we see that, since all f; divide f1, they all live inside a ring k[x1, ..., x,], so
we are done like before.

We end this section with other characterizations of UFDs. They are all
consequences of the simple observation that an irreducible element of a ring
that admits a factorization into primes is itself prime.

The following proposition justifies the name of unique factorization do-
mains.

Proposition 3.1.18. An integral domain A is a unique factorization do-
main if and only if every element a € A factorizes uniquely as a product of
primes, up to the order and units.

Proof. One implication is Theorem B.1.4l For the other, note that any
irreducible element is prime, by the above observation. Moreover, the unique
factorization into primes easily implies that a divisibility chain stabilizes.
Indeed in any divisibility chain the number of prime factors decreases. [

The following result gives a much more useful criterion to establish that
a ring is a UFD.

Theorem 3.1.19 (Kaplansky). Let A be an integral domain. Then A is a
unique factorization domain if and only if every nonzero prime ideal contains
a nonzero prime element.

Proof. Assume A is a unique factorization domain and take a prime P C A.
For any a € P, a # 0, factorize a as

a=pi--:Pn,
with the p; primes. Then one of the p; belongs to P.

Conversely, let S be the multiplicative set consisting of all elements
which factorize uniquely as a product of nonzero primes. We want to show
that S = A\ {0}.

Assume we can find a nonzero element z ¢ S. Then first note that
SN (z) =0. Indeed assume

LY =P1- " Pn;
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each prime divides either = or y, and assuming y is not invertible, in which
case x € S, at least one prime divides y, say p,. Then we can divide both
sides by p,, and proceed by induction. After a finite number of steps we find
x € S, which we have excluded.

So the ideal (x) remains nontrivial in S~!A, in particular it is contained
in a maximal ideal. The inverse image of this maximal ideal is a maximal
ideal M of A such that M NS = (. This is a contradiction, since by
hypothesis M contains a prime element. O

As a consequence of Kaplansky theorem, we recover again the result that
every principal ideal domain is a unique factorization domain.

3.2. Primary decomposition

In this section we will see a far reaching generalization of unique factoriza-
tion, which is valid for arbitrary Noetherian rings. Our treatment follows
[AMG69], which is slightly more general than other sources, proving the
uniqueness theorems for arbitrary rings.

Example 3.2.1. The simplest ring in which unique factorization fails is
A = Z[\/—-5]. Indeed in this ring we have

6=2-3=(1++vV-5)(1—+v-5).

It is not difficult to check by hand that all elements involved in these two
factorization are irreducible, and that the two factorizations are essentially
distinct, meaning that 2 and 1+ +/—>5 do not differ by an invertible element.

A clever way to check this without computations is the following. The
ring A has an automorphism ~ sending v = a + bv/—5 to W := a — b/—b.
Therefore the map

N: A——7Z

U —— uu
is multiplicative. Assume that for instance 2 factors in a nontrivial way in
Aj; since N(2) = 4 we see that a factor a must have N(«) = 2, which is
easily seen to be impossible in A. Similarly all other factors are irreducible.

To check that 2 and 1 4+ +/—5 do not differ by an invertible element
observe first that if « is invertible, it must satisfy N(«) = £1. But then the

fact that N(2) =4 and N(1£+/—5) = 6 shows that they are indeed distinct
irreducible factors.

By the above example, we see that unique factorization can fail even in
nice rings. Note that when we speak about unique factorization we always
consider equivalent elements which differ by an invertible; in other words
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generators of the same principal ideal. This might lead to the idea that the
right generalization of unique factorization is unique factorization for ideals.
That is, we might hope that under mild hypothesis every ideal could be
written uniquely as the product of prime ideals

This is actually true in a class of rings called Dedekind rings, but for our
purposes they are still too special.

Example 3.2.2.

(a) Consider the ring A = k[z,y], and the ideals P = (z,y) and I =
(2,%%). Then P is prime and P> C I C P so we cannot hope to
factorize I as the product of prime ideals.

(b) In the ring A = k[x,y, z] consider the prime ideals P = (x,y) and
Q= (y,2z),and let I = PNQ. Theny € I, but y ¢ P- Q. Again,
since

P-QCclIcCcPQ

there is no way to factorize I as a product.

The examples above show three phenomena. First, even if in a UFD,
unique factorization for ideals can fail. Second, one of the obstacles in the
factorization is the existence of ideals lying between two consecutive powers
of a prime. Third, even for radical ideals the fact that the intersection and
product differ can be an obstacle.

The solution is the following: we enlarge the class of “building blocks”
from prime powers to something better behaved, and we take intersection
instead of product as the main operation.

Definition 3.2.3. Let Q C A be an ideal. We say that @ is primary if
xy € @ implies that either x € () or some power y" € Q.

Remark 3.2.4. If () is primary its radical P = /@ is a prime. In this case
we say that () is P-primary.

Remark 3.2.5. As for prime and maximal ideals, there is characterization
in terms of the quotient ring. Namely a proper ideal @ C A is primary if
and only if every zero divisor in A/Q is nilpotent.

Although this concept is our replacement for the prime powers, it is not
true that a prime power is necessarily primary. Still

Proposition 3.2.6. Let I C A an ideal and assume that M = VT is
mazimal. Then I is primary.
1By the way, this is the historical origin of the concept of an ideal. Dedekind proved that

such a unique factorization holds in Z[v/—5], and so thought that unique factorization could be
restored provided one allowed the use of “ideal elements”.
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Proof. Every prime ideal containing I must contain its radical, so the only
prime containing I is M. In particular A/l is local with maximal ideal
m = M/I. So every noninvertible element of A/I lies in m, hence it is
nilpotent. (Il

In particular this applies to powers of a maximal ideal.

Example 3.2.7.

(a) The example above of I = (z,y?) inside A = k[x,y] shows that a
primary ideal is not necessarily a prime power. Indeed I is primary
since A/I = kly]/(y?).

(b) The example of a prime power which is not primary is more subtle.
First we have to take a prime ideal which is not maximal. Take
A = klx,y]/(zy) and the prime P = (Z). Then P? is not primary.
Indeed 7y = 0 € P? and T ¢ P2, so there should be a power of 7
in P2, which is clearly not the case.

(¢) In a principal ideal domain the primary ideals are exactly the prime
powers, which is easily checked using factorization of elements.

Definition 3.2.8. We say that I admits a primary decomposition if there
exist primary ideals @1, ..., Q, such that

I={Q.
=1

We shall see that primary decomposition always exists in Noetherian
rings, and that it satisfies a sort of uniqueness (this is independent of the
Noetherian hypothesis).

For Noetherian rings there is an easier concept to work with.

Definition 3.2.9. The ideal I C A is said #rreducible if whenever I = JNK
for two ideals J, K of A, we must have I = J or I = K.

Proposition 3.2.10. Let A be a Noetherian ring, I an irreducible ideal.
Then I is primary.

Proof. Working in A/I we reduce to the case where I = 0. Let = be a zero

divisor, say xy = 0; we must show it is nilpotent. Consider the chain
Ann(z) C Ann(z?) C -- - ;

this must stabilize, hence at some point Ann(z") = Ann(z"1).

We claim that (z") N (y) = 0. Indeed assume az” € (y); then a €
Ann(z"*1) = Ann(2"). Since 0 is irreducible and y # 0 we must have
" = 0. (]



3.2. Primary decomposition 7

Remark 3.2.11. The converse is definitely not true. For a complete picture
on the irreducibility of primary ideals, see [Fer), Section 9.4].

Now we have the following easy result.

Proposition 3.2.12. FEvery ideal of a Noetherian ring is the intersection
of finitely many irreducible ideals.

Proof. Let X be the set of ideals which do not satisfy the conclusion, and
let I € X be maximal. In particular I is not irreducible, so we can write

I=JNK

for bigger ideals J and K. But then J and K satisfy the conclusion, hence
I does. O

Corollary 3.2.13. Every ideal of a Noetherian ring admits a primary de-
composition.

As in the case of the unique factorization we see that the existence part is
easy, and it is a simple finiteness argument. The uniqueness is more subtle,
and at first it is not even clear what is the right statement.

First, it is clear that we should group together primary ideals with the
same radical, as we do for prime powers is the case of unique factorization
domains. This is achieved by the following

Lemma 3.2.14. Let Q1,...,Qy be P-primary ideals. Then the intersection
RQ=0Q1N-NQEn

s P-primary.

Proof. First note that

VQ@=vQin---Nny/Q,=P.

Now let 2y € @ and assume = ¢ Q. Then x does not belong to some @Q;, so

y€VQi=VQ. O
Definition 3.2.15. Let

I={Q:
=1

be a primary decomposition. We call it minimal if

(1) The radicals P; = +/Q; are all distinct, and
(2) no Q; includes an intersection @Q;, N--- N Qj, .
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Clearly, starting from any primary decomposition we can get a minimal
one. Namely, we group together all primary factors with the same radical,
thanks to Lemma[3.2.14 and then simply discard the primary factors which
do not satisfy Bl So we treat the uniqueness problem only for minimal
decompositions.

Remark 3.2.16. With the usual factorization over Z the case 2] does not
arise. But in more general rings it can happen that two different prime
ideals are included one in the other, so redundant decompositions actually
appear.

Recall that for a module M the set Ass(M) consists of those prime ideals
of the form Ann(m) for some m € M.
Definition 3.2.17. Let I C A be an ideal. The associated primes of I are
the associated primes of the module A/1.

The definition is standard, and hopefully will not cause confusion, even
though I is of course a module itself.

Remark 3.2.18. For T € A/I we have
Ann(z) = (I : z),

hence Ass([) is equally described as the set of primes of the form (I : x) for
x € A.

Theorem 3.2.19 (Uniqueness theorem, 1st form). Let

=@
=1

be a minimal primary decomposition, P; = +/Q;. Then the set {P;} is
determined by I. More precisely the ideals P; are exactly the primes of the

form /(I : ) for x € A.

Proof. For z € A we have
V(I :z)= m VI(Qi: ).
i=1
Now if z € Q; we have \/(Q; : ) = A, while for z ¢ Q; we have \/(Q; : ) =

P; by definition of a primary ideal. Hence this intersection can be rewritten
as

(3.2.1) VI x)= (] P.
r¢Q;

If moreover /(I : x) is prime we must have /(I : ) = P; for some i, by
Proposition [LT20/H]).
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In the other direction, by minimality of the primary decomposition, we
can find and element z; such that z; € ot Qj but z; ¢ Q;. Then
by B.2.1). O
Corollary 3.2.20. Assume that A is Noetherian and let

=)@
i=1

be a minimal primary decomposition, P; = \/Q;. Then the set {P;} =
Ass(I).

Proof. If P € Ass(I) we have P = (I : z) for some z € A, and P is radical,

so P=+/(I:x).

In the other direction take a prime P; and write

R=()Qs
J#i

so that I = @Q; N R. Then

R__R__R+Q_4

I QiNR Qi Qi
Note that A/Q; has the only associated prime P; by the first part of the
proof. Since Ass(R/I) C Ass(A/Q;) and is not empty, we see that P; is an
associated prime of R/I, and a fortiori of A/I. d

Note that the above results only give uniqueness of the radicals of the
factors of a primary decomposition. We shall say that the primes P; ap-
pearing in a minimal primary decomposition of I belong to I. The factors
themselves are not determined by I only, as the following examples show,
but there is a weak sort of uniqueness, which we shall investigate.

Example 3.2.21.

(a) It is very easy to find different minimal primary decompositions for
ideals in a polynomial ring. A typical example is I = (22, 2y) in
the ring k[z,y], which can be written

I=(2)N (2% 2y, 4% = (x) N (2*,y).
All ideals appearing in the decomposition are indeed primary: (z)

is prime, while both (22, 2y, 4?) and (22,y) have the radical (z,y),
which is maximal.

(b) For another example in the same ring take

I=(y—2°)n 2y, 9% = (y—2°) N (z,9%).
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(c) Consider the non-Noetherian ring A = k[z1,x2,...] and the ideal
I = (23,723,...). Then, as

\/TZM:(xl,xg,...),

which is maximal, I is M-primary. In particular I is certainly
decomposable, and M belongs to I. Still M ¢ Ass(I), showing
that the Noetherian hypothesis in Corollary is necessary.

To see this assume M = (I : f) for some f € A, say [ =
f(z1,...,zy). Clearly f ¢ I; but then

l‘n+1f($1, e ,l‘n) ¢ I,

a contradiction.

(d) Take the ring A = C(R) of continous functions on R. For a closed
interval D, say of length ¢, we shall see that the ideal

1:{feA|f\D=o}

does not admit a primary decomposition.

First note that I is radical, hence each primary component is
actually prime. Take a prime P D I. We can choose a function
f1 € I which vanishes exactly on D and is positive outside, say by
taking it piecewise linear. Then write

J1= f292,

where fo vanishes exactly on the left half of D and g» vanishes
exactly on the left half of D. So either fs or go belongs to P, say
f2. We can repeat the process writing

Jo = f393

and so on. The conclusion is that P contains functions which vanish
on arbitrarily small subintervals of D.
Now assume

I=PnNn---NEFE,.

For each i we can choose a function h; € P, which vanishes ex-
actly on an interval of length less that ¢/n. But then the product
hi---hy, € I and cannot be zero on the whole D, a contradiction.

Remark 3.2.22. Assume [ admits a primary decomposition; then any
prime containing I contains a prime belonging to I. Indeed assume

Po>I=0Q1N:--NQny;

then P contains some Q; by Proposition [LT.20[]), and taking radicals we
see that P D P;.

2This example was suggested by Georges Elencwajg on MathOverflow, see [Ele].
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In particular the minimal primes of I are the primes which are minimal
among those belonging to I. (Recall that a minimal prime of I is a prime
which is minimal among those containing I.)

With this language we can prove the following result, which looks some-
what unrelated to primary decomposition.

Corollary 3.2.23 (of Theorem B219). Let D be the set of zero divisors of
A. If 0 admits a primary decomposition, then D is the union of the primes
belonging to 0.

Proof. It is immediate to see that

CENGE!

x#£0

0=
i=1

be a minimal decomposition of 0, and let P; = /Q;. Then by (B.21]) we see
that each term of the union /(0 : x) is contained in some prime P;.

On the other hand, any prime belonging to 0 has the form /(0 : z),
thereby proving the reverse inclusion. O

Let

Definition 3.2.24. Let P be a prime belonging to I. If P is not minimal
we say that P is an embedded prime of I.

It will turn out that only the primary factors corresponding to minimal
components are uniquely determined. To see this it is convenient to under-
stand how primary decomposition behaves with respect to localization.

Let S be a multiplicative set. We know that there is a bijective corre-
spondence between prime ideals P such that PN .S = () and ideals of S71A,
given by P — S~!P (Corollary [L6.9). We want to extend this to primary
ideals.

Proposition 3.2.25. There is a bijective correspondence between primary
ideals Q C A such that QN S = 0 and primary ideals of S~ A.

Proof. First we remark that for any ideal I the conditions I NS # () and
VINS # O are equivalent, since S is multiplicatively closed. So we need
only consider primary ideals @ such that v/Q NS = (.

The correspondence is the usual one. Denote by
1 A— S7tA

the canonical homomorphism. Then @ corresponds to the extended ideal
S~1Q and in the other direction Q' C S~ A corresponds to :~1(Q").
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By Proposition [L6.6] we know that for an ideal Q' C S~'A we have
Q' = S71Q, where Q := 1 71(Q’). In the other direction assume @ is primary.
By the same Proposition

SR8 =@ s),

seS
and if SN /Q =0 we have (Q : s) = Q by definition.

It remains to check that this correspondence sends primary ideals to
primary ideals, which is easy and left to the reader. (I

Remark 3.2.26. With quotients the matters are even simpler. Since the
fact that @ is primary can be detected looking at the quotient A/Q, the
bijective correspondence between ideals containing I and ideals of A/T re-
stricts to a bijective correspondence between primary ideals.

For the purpose of the rest of the section, denote 7= 1~Y(S~LI), where
L A— STA
is the canonical homomorphism.

Corollary 3.2.27. Let I be an ideal admitting the minimal primary decom-

position

n

I = ﬂ Q’iv

i=1

and let P; = +/Q;. Then a minimal primary decomposition for I is
I= (N @
PZOS:@

Definition 3.2.28. Let X be a subset of the primes belonging to I. We

say that X is isolated if whenever Py C P» are two prime ideals belonging
to I and P, € X, then also P, € X.

We can now prove

Theorem 3.2.29 (Uniqueness theorem, 2nd form). Let I an ideal admitting
the minimal primary decomposition

I=(Qi
1=1

and let P; = +/Q;. For any isolated set X of primes belonging to I the

intersection
M @
PeX

is independent of the decomposition. In particular if P; is minimal, Q; s
determined by 1.
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Proof. Consider the multiplicative set

()

The definition of isolated set is made so that ;NS = () if and only if P; € X.
So by Corollary
N Q=1

PeX
is determined by I. O

Having established the two uniqueness theorems, we treat the question
nonuniqueness. For this purpose it is convenient to introduce a tool of
independent interest.

Definition 3.2.30. Let P be a prime ideal of A and let S := A\ P. The
ideal

P = pn = HSTPY)
is called the nth symbolic power of P.

These symbolic powers, among other things, give a measure of how far
is P™ from being P-primary.

Proposition 3.2.31. The symbolic power P™ is P-primary. More pre-
cisely if P" is decomposable, P") is the P-primary component of any pri-
mary decomposition of P™.

Proof. Since S™!'P is maximal in Ap, S~'P" is S~! P-primary, hence its
contraction P is P-primary by Proposition [3.2.25]

Now assume

k
P" = ﬂ Qi;
i=1
by Corollary we know that
PO~ ) @
P,CP

But the assumptions P; C P and P" C @; C F; show, taking radicals, that
P, = P. Hence this intersection only has one factor @); for P; = P, and we
are done. O

The following result shows that nonuniqueness of embedded primary
components is not pathological, but is really what one has to expect.
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Theorem 3.2.32. Assume A is Noetherian and let I C A be an ideal with
a minimal decomposition
n
I=()Qs;
i=1

as usual let P; = \/Q;. If P; is an embedded prime, there are infinitely many
different choices for the P;-primary component of I.

Proof. Passing to the quotient we can assume I = 0. We show that Pi(k) C

Q); for k big enough, and that all symbolic powers Pi(k) are distinct. The
two claims together imply the thesis.

The first claim follows immediately by Proposition 2Z.3.10 applied to the
extension of @); in the localization Ap,.

For the second one, observe that Ap, is not Artinian since it contains
prime ideals which are not maximal (the extension of any prime strictly
contained in P;). Let M; := P;Ap,. Since Ap, is Noetherian, no power ./\/lf
can be 0, otherwise we could apply Lemma By Nakayama’s lemma
we deduce that

ML ME
So their contractions are also distinct by Proposition [3.2.25] O

3.3. Primary decomposition for modules

We now generalize the results of the previous section to the case of submod-
ules of a given module. Since the proofs are almost identical, we shall be a
little sketchy. This generalization is fruitful: we have started studying the
problem of factorization of elements and we end up with a sort of structure
theorem for modules!

Our first remark is that the primes P containing an ideal I are exactly
those for which the extension I - Ap is not trivial. In other words the
localization (A/I)p should not be zero. This condition makes sense also for
modules (we should remark that primary decomposition for the ideal I will
correspond to primary decomposition for the module A/I). We isolate these
primes with a definition.

Definition 3.3.1. Let M be an A-module. The support of M is the set
Supp(M) := {P C A prime | Mp # 0}.

Remark 3.3.2. Assume that M is finitely generated; then the condition
P € Supp(M) is equivalent to saying that Ann(M) C P. In fact, P €
Supp(M) is equivalent to having some nonzero m € Mp. This means that
there is no s € A\ P such that sm = 0, that is, Ann(m) C P.
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If M is finitely generated, say M = (myq,...,m,), then

Ann(M) = m Ann(m;),
i=1
so some Ann(m;) C P if and only if Ann(M) C P by Proposition [LT20[l

The support of a module behaves nicely in exact sequences. In fact,
from Proposition [LE.17 it follows immediately:

Proposition 3.3.3. Let
0 M’ M M 0
be an exact sequence. Then Supp(M) = Supp(M’) U Supp(M").

The concept of support is strictly related to that of associated primes.
Recall that in 2.5.17] we have defined associated primes for a module M as

Ass(M) = {P C A prime | P = Ann(m) for some m € M}.

Moreover, for an ideal I in a Noetherian ring the minimal primes among
those containing I are the minimal associated primes of A/I. We are going
to work out the corresponding facts for modules. To start, the following fact
is reassuring.

Lemma 3.3.4. Any associated prime of M belongs to Supp(M).

Proof. Let P € Ass(M), so we have an injective homomorphism
A/P — M.
Then Mp contains the residue field k(P) = F(A/P), so is not zero. O
Next we define primary modules. As we have remarked, the property of
@ being primary can be detected by the quotient A/Q.
Definition 3.3.5. Let M be an A-module, a € A. We say that a is a zero
divisor in M if the multiplication by a
a: M—— M
m—— am

is not injective. We say that a is nilpotent in M if this map is nilpotent.
We say that a submodule @ C M is primary if every zero divisor in

M /Q is nilpotent in M/Q.

Lemma 3.3.6. If Q is primary in M, then (Q : M) is a primary ideal.

Proof. Let zy € (Q : M) with z ¢ (Q : M). Then multiplication by y

is a zero divisor on M/Q, so it is nilpotent. That is, a power of y is in
(Q: M). O



86 3. Factorization

Definition 3.3.7. For a submodule Q C M we define the radical of @ in
M as the ideal

V(Q:M)={a€ A|a"M C Q for some n}.

If @ is primary in M and /(Q : M) = P we say that @ is P-primary.
Throughout the rest of the section the ambient module M is fixed.

A primary decomposition for N C M is a decomposition

N=QiN:-NQn,
where the @Q); are primary submodules of M.

Definition 3.3.8. Let N C M be a submodule. We say that N is irreducible
if whenever N = RN S is written as the intersection of two submodules, we
must have N = Ror N = S.

Proposition 3.3.9. Let M be a Noetherian module. Then every submodule
of M 1is a finite intersection of irreducible submodules.

Proof. Noetherian induction, as in the proof of Proposition 3.2.12] O

Proposition 3.3.10. Let M be a Noetherian module. Then an irreducible
submodule N C M s primary.

Proof. We can assume N = 0. Let a be a zero divisor on M, say am = 0.
Denote ¢, the multiplication by a endomorphism of M. We look at the
ascending chain

ker ¢by C ker ¢2 C --- .

This eventually stabilizes, so we must have ker ¢" = ker ¢7*! for some n.
Then a"M N Am = 0. Indeed assume a"m’ € Am; then

m' € ker ¢ = ker ¢,

so a™m/ = 0. Since 0 is irreducible and Am # 0 we must have a"M = 0,
proving that ¢, is nilpotent. O

Corollary 3.3.11. Let M be a Noetherian module. Then every submodule
of M admits a primary decomposition.

This settles the existence part. The uniqueness, again, is very similar
to the case of ideals. First, it is easy to see that the intersection of two
P-primary submodules is again P-primary, so we can group together all pri-
mary components with the same radical in M. Then we remove components
which do not cut out anything and find a minimal primary decomposition.



3.3. Primary decomposition for modules 87

Theorem 3.3.12 (Uniqueness theorem, 3rd form). Let

N={)Q.
=1

be a minimal primary decomposition, P; = \/(Q; : M). Then the set {P;}
is determined by N. More precisely the ideals P; are exactly the primes of

the form /(N :m) form € M.

We omit the proof, which is identical to that of Theorem [3.3.12] There
is also an equivalent to B.2.23] again with the same proof.

Corollary 3.3.13. Let M be an A-module, and let D be the set of zero
divisors of A in M —that is, elements a € A such that there exists a nonzero
m € M with am = 0. Assume that 0 € M admits a minimal primary

decomposition
n
0={)Q:
i=1

Then D = J P;, where P; = \/(Q; : M).

Corollary 3.3.14. Assume that A is Noetherian and M is finitely gener-
ated, and let

N =)@
=1

be a minimal primary decomposition, P; = /(Q; : M). Then the set {P;} =
Ass(M/N).

Proof. If P € Ass(M/N) we have P = (N : m) for some m € M, and P is
radical, so P = /(N : m).
In the other direction, take a prime P; and write
R={)Qi,
JFi
so that N = @Q; N R. Then
E _ R R+Q; - %
N QiNR Qi Qi
Note that M/Q; has the only associated prime P;. Since Ass(R/N) is not

empty and contained in Ass(M/Q;), we see that P; is an associated prime
of R/N, and a fortiori of M/N. O

Corollary 3.3.15. If A is Noetherian and M is finitely generated, every
prime P € Supp(M/N) contains a prime associated to M/N.
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Proof. We can assume N = 0. Write

0={)Q:
=1

Since Mp # 0 there exists m € M such that Ann(m) C P; in particular

n

ﬂ(Ql : m) Cc P.

i=1
But then P contains some (Q; : m) by Proposition [LT.201l), and a fortiori
P D (Q; : M). Taking radicals we obtain P D P;. O

Definition 3.3.16. This ensures that the primes that are minimal in the
sets Supp(M/N) and Ass(M/N) are the same; we shall call them the mini-
mal primes of N in M.

We keep following closely the previous section.

Proposition 3.3.17. Let S be a multiplicative set. There is a bijective
correspondence between primary submodules Q@ C M such that \/(Q : M) N
S =0 and primary submodules of S™1M.

Proof. First note that if \/(Q: M)NS = 0, then (Q : s) = Q for any
s € S. Now apply Proposition [[L6.16] to obtain the bijective correspondence.
Again, one has to do the easy check that @ is primary if and only if S~1Q
is. (]

Let
v M — STIM
be the canonical homomorphism and for N € M denote N := :~}(S~1N).

Corollary 3.3.18. Let N C M be a submodule admitting the minimal pri-
mary decomposition

n
N = ﬂ Qi
i=1
and let P; = \/(Q; : M). Then a minimal primary decomposition for N is
N= (1 @

P;NS=0
We can now prove

Theorem 3.3.19 (Uniqueness theorem, 4th form). Let N C M be a sub-
module admitting the minimal primary decomposition

N =@
1=1
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and let P; = \/(Q; : M). For any isolated subset X of {P;} the intersection
M @
PeX

is independent of the decomposition. In particular if P; is minimal, Q; s
determined by N.

Proof. Consider the multiplicative set

sea (U ).

PeX
By definition, P; N S = () if and only if P; € X. So, by Corollary [3.3.18]

) @=N

PeX
is determined by N. O

3.4. Factorization in Dedekind rings

We now look at the class of rings where the theory of primary decomposition
takes its simplest form.

Definition 3.4.1. Let A be a Noetherian integral domain. We say that A
is a Dedekind ring (or Dedekind domain) if for every prime P C A the only
nonzero ideals of the ring Ap are the powers of the maximal ideal.

Remark 3.4.2. The local rings having as only nonzero ideals the powers of
the maximal ideal are called discrete valuation rings (DVR). We will study
them in detail in Section

Remark 3.4.3. Since localization commutes with quotients, it is immediate
to see that a nontrivial quotient of a Dedekind ring that is integral is in fact
a field.

The definition above is in some sense temporary. We will give a more
useful characterization of Dedekind rings in Theorem [E.1.19] after studying
integral extensions. For now we are interested in Dedekind rings because
the theory of factorization of ideals gets much simpler there.

Example 3.4.4.

(a) Every principal ideal domain is a Dedekind ring. Indeed, Noethe-
rianity is clear, and the other condition follows from unique factor-
ization.

(b) We are not able at the present point to give more examples, but we

shall see in Chapter Bl that many rings of interest in arithmetics,
like Z[v/19] or Z[(1 + +/5)/2] are Dedekind rings.
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We now apply the theory of primary decomposition to Dedekind rings.
We start with two simple remarks.

Remark 3.4.5. Every nonzero prime ideal of a Dedekind ring is maximal.
Indeed if P C @ is a proper inclusion of nonzero prime ideals, both PAg
and QAgq are prime, hence the first cannot be a power of the second.

Remark 3.4.6. Let I C A be a nonzero ideal of a Dedekind ring. Since A
is Noetherian, I admits a primary decomposition

I=Q1N - NQy;

assume this is minimal. Since every nonzero prime of A is maximal, there
cannot be embedded primes; so the primary components (); are uniquely
determined by I.

This is good enough, but there is more.

Proposition 3.4.7. Let P be a nonzero prime of a Dedekind ring. The
P-primary ideals are exactly the powers of P.

Proof. Since P is maximal, P" is primary by Proposition [3.2.0]

Vice versa, assume () is P-primary. Let

t: A— Ap
be the localization morphism. By Proposition
Q=11(QAp);
since QAp is a power of PAp, we are done. O

Corollary 3.4.8 (Factorization of ideals). Let A be a Dedekind ring. Any
nonzero ideal I € A can be uniquely written as

I=P"...po,
where the P; are primes (up to reordering the factors).
Proof. By Proposition B4 7l and the previous remarks, it is clear that I can
be uniquely written as an intersection
I=P"N---NP".
Recall from the proof of the Chinese remainder theorem that
JNK=J K

whenever J and K are coprime ideals, that is J+ K = A. By induction, we
only need to check that this is satisfied for J = P{*--- Pg* and K = P, T
It is an easy check that two ideals are coprime if and only if their radicals
are. So we must prove that J' := P; -+ P, and Py, are coprime.
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Since Pjyq is maximal, this is true unless J' C Pyy1. By Proposition
TT200) this implies that some P; C Pgy1, which is a contradiction since
the two are distinct and both maximal. O

In the rest of this section, we explore the consequences of unique factor-
ization for ideals. In particular, we will obtain some results which compare
Dedekind rings with unique factorization domains.

Let A be a Dedekind ring; if A is a principal ideal domain, unique
factorization for ideals just becomes unique factorization for elements. This
is unsurprising, since we know that every principal ideal domain is a unique
factorization domain. A little less trivial is the converse.

Proposition 3.4.9. Let A be a Dedekind ring. Then A is a principal ideal
domain if and only if it is a unique factorization domain.

Proof. One direction is clear. So assume A is both a Dedekind ring and
a unique factorization domain. Let P be a nonzero prime ideal of A; then
P contains a prime element p by Theorem Since every prime of A
is maximal, the inclusion (p) C P must be an equality, showing that P
is principal. It follows that every ideal of A is principal, since it can be
factorized as a product of primes. O

A way to restate this is that the intersection of the classes of unique
factorization domains and Dedekind rings consist exactly of the principal
ideal domains. We will give a slightly stronger form in Corollary 5.1.20

We now introduce a measure of how far a Dedekind ring is from being
a principal ideal domain.

Definition 3.4.10. Let A be an integral domain, k& = F(A) its field of
fractions. Any A-submodule of k of the form I/a := % - I, for some ideal
I C Aand a € A, is called a fractional ideal. The fractional ideal I/a is
called principal if I is.

Remark 3.4.11. Assume M C k is a finitely generated A-submodule. Then
there is a common denominator for elements in M, so for some a € A we
have aM C A. Then I := aM is an ideal of A, so M = éf is a fractional
ideal.

The converse holds assuming A is Noetherian. So for Noetherian rings
we can think of fractional ideals as finitely generated submodules of F(A).

Fractional ideals of A can be multiplied by defining
(I/a)-(J/b):=1J/ab.

With this operation, fractional ideals form a commutative monoid, whose
unit is the ring A itself. Principal ideals form a submonoid.
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In the case of Dedekind rings, things are better behaved.

Proposition 3.4.12. Let A be a Dedekind ring, I C J ideals. Then there
exists an ideal K such that I = JK.

Proof. Using factorization for I and J it is enough to prove the following
claim. Factorize I as

I=pP". . P*
and let P be a prime, say P = P; (here we allow a; to be 0). If I ¢ P?,
then b < a;.

To see this, remark that every prime P; with j # 1 is not contained in

P by maximality. So all such primes become trivial in the localization Ap,
and

IAp = P" Ap.
Since this is contained in P’Ap, we have b < a;. If this was not the case,
we would have

PutlAp, = pYAp,

which by Nakayama’s lemma gives P Ap = 0; this is a contradiction since
Ap is an integral domain. O

Corollary 3.4.13. Let A be a Dedekind ring. For every ideal I C A there
exists another ideal J such that 1.J is principal.

Proof. Take any nonzero a € I. Then (a) C I and we can apply the
proposition. O

The important consequence of this corollary is that if A is a Dedekind
ring, the quotient of the monoid of fractional ideals by the submonoid of
principal ideals is actually a commutative group. This group is an important
invariant of A, and is called the ideal class group of A.

We shall denote the ideal class group of A by G(A). If it is finite, its
order is denoted h(A).

By Proposition B.4.9] G(A) is trivial if and only if A is a principal ideal
domain, or equivalently A is a unique factorization domain.

Remark 3.4.14. As trivial as it can seem, the following observation is very
important. If A is Dedekind ring, and I is an ideal of order k in G(A),
I* is a principal ideal. In particular, if we know that G(A) is finite, many
questions about ideals in A can be reduced to the case of principal ideals.

Another result which gives a hint how far Dedekind rings are from prin-
cipal ideal domains is the following.

Proposition 3.4.15. Let A be Dedekind ring, I C A a nonzero ideal. Then
A/I is a principal ideal domain.
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Proof. Let J/I be an ideal of A/I; we must prove that it is principal. Using
unique factorization for ideals we can assume J is prime. Since I C .J, we
know that J divides I by Proposition [3.4.12)

Factorize I as
I =P P*,
say J = P;. By the Chinese remainder theorem we can find x € A such that
x=0 (mod P)
xZ0 (mod P?)
r=1 (mod P»)

r=1 (mod Py).

We claim P; = I + (z), from which the thesis follows. The inclusion
I+ (z) C Py is clear. On the other hand, by Proposition B.412 I + (x)
divides both I and (z); the factorization of I and the choice of = show that
the only common factor of these two ideals is indeed P;. O

Corollary 3.4.16. FEvery ideal in a Dedekind ring is generated by at most
two elements.

Proof. Let J be a nonzero ideal and take any nonzero x € J. Applying the
proposition to (z) we see that the ideal J/(x) in A/(x) is generated by a
single element g, which we can lift to y € J. Then J = (z,y). O

Remark 3.4.17. More precisely, we see from the proof that given any
nonzero x € I, we can find y € I such that I = (z,y).

3.5. The structure of modules over Dedekind rings

We now see, following [Sch03], how to generalize the classification of finitely
generated modules over a principal ideal domain to the case of Dedekind
rings. We start by understanding what ideals look like as modules.

Remark 3.5.1. Let I, J be two ideals of the Dedekind ring A. If I = .J in
G(A), we have J = xI for some x € F(A). Hence I and J are isomorphic
as A-modules.

Lemma 3.5.2. Let A be a Dedekind ring, I and J two nonzero ideals. Then
IeJ=2APIT

as A-modules.
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Proof. First assume I + J = A. Then the natural map
t: TeJ— A
(i, j) ——i+7
is surjective. Moreover kert = I N J. But
InJ=1J
since I and J are coprime, hence we have the short exact sequence

0—I1J—IJ —A—0.

We only need to check that this exact sequence splits, that is, there exist an
A-linear map s: A — I @ J such that t o s =id4. But this is clear since A
is free as an A-module.

For the general case, using the above remark, it is enough to show that
given any two ideals I and J there exists an ideal J” with same class of J in
G(A), and such that I and J’ are coprime.

Start from any x € J; by Proposition [3.4.12] there exists an ideal K such
that JK = (z). Moreover by Proposition B.4.15 there exists y € A such that

IK + (y) = K.
Multiplying by J we get
(3.5.1) IJK + (y)J = JK = ().
Again by Proposition we have
(y)J = (z)J'

for some ideal J’. This last relation tells us that J and J’ are in the same
class in G(A).

Plugging this last relation into (3.5.0]) yields
(@)] + (2)J" = (),
whence [ + J' = A. O

Recall from Exercise [[3] of Chapter [l that an A-module is called projec-
tive if it is a direct summand of a free module. As shown in that exercise,
projective modules are equivalently characterized by a universal property.
In particular this implies that if

0 M N P 0

is a short exact sequence and P is projective, the sequence splits, so N =
MoP.

Proposition 3.5.3. Let A be Dedekind ring. Every ideal of A is a projective
A-module.
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Proof. Let I C A be an ideal; we can assume I # 0. Take any z € I;
by Proposition B.4.12] there exists an ideal J such that I.J = (x). Then by
Lemma [3.5.2] we have

IToJ=As(x)=Ad A O

Before going into the proof of the main result, we need to generalize our
notion of rank to modules which are not free.

Definition 3.5.4. Let A be an integral domain, k := F(A), and let M be
an A-module. We define the rank of M as the dimension of the k-vector
space

M ®4 k.

Remark 3.5.5. This notion of course agrees with our previous definition
of rank, but note that it is only defined for integral domains.

Remark 3.5.6. If M is finitely generated we have
rk M = dimy M ® 4 k = dimy, Hom 4 (M, k),
since the latter vector space is dual of the former.

Lemma 3.5.7. Let A be a Dedekind ring, M a finitely generated torsion-free
A-module. Then M is isomorphic to nonzero ideal if, and only if, tk M = 1.

Proof. Let I be a nonzero ideal; for x € I we have
(x) CICA.
Since (x) = A as A-modules, we have

1 =rk(z) <rkI <rkA=1.

In the other direction assume rk M = 1. In particular there exists a
nontrivial homomorphism

¢o: M — k.
Since M is finitely generated, the image of ¢ is a fractional ideal; multiplying
¢ by a constant we can assume ¢(M) C A is an ideal, call it I.

The exact sequence

0 —— ker(¢) M 1 0
splits, since [ is projective, so
rk ker(¢) + rk I = rk M;

by the first part of the proof we conclude that rkker(¢) = 0. Since ker(¢)
is torsion-free, it must be zero, hence M = I. O
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Example 3.5.8. The lemma is false if we don’t assume that M is finitely
generated. For instance, Q has rank 1 as a Z-module, but of course it is not
isomorphic to any ideal. To compute the rank of QQ, just note that the map

m: Q®zQ — Q
given by m(a ® b) = ab is an isomorphism.
We are now ready to generalize the classification of finitely generated

modules over principal ideal domains, from Exercise 2] of Chapter [2, and its
consequence, Theorem 217

Theorem 3.5.9. Let A be a Dedekind ring, M a finitely generated module
which is isomorphic to a direct sum of ideals. For every submodule N C M
we can find my,...,my € M and ideals Jp C I}, for k=1,...,n such that

M=ZIm &---&I,m,
N=Z2Jmi & Jymy.
Proof. As in the proof of Lemma 357 we can find a homomorphism
o: M — A
with image an ideal I; let K :=ker ¢, J := ¢(N).

We have a commutative diagram of exact sequences

0— KNN N J 0
0 K M I 0.

Moreover, the rows are split exact sequences by Proposition [3.5.3]

First we argue that IV is itself isomorphic to a direct sum of ideals. This
is done by induction on rk N, the induction basis being trivial. Since the
first row splits,

rtk(KNN)=rkN —1
by Lemma 357 By induction, K N N is isomorphic to a direct sum of
ideals, so N is.

We then prove the thesis by induction on rk M. As above we have
rtk K =rkM —1,

and by the first part of the proof K is isomorphic to a direct sum of ideals.
By induction, K N N C K satisfies the thesis. Since the rows are split, the
thesis for IV follows. O
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Corollary 3.5.10. Let A be a Dedekind ring, M a finitely generated A-
module. Then M = T & P, where T s torsion and P is projective. More
precisely

T=A/L & DA/
for some ideals I; C A, and

P2A"pL

for some ideal L and some r > 0.
Of course here L can be A itself.

Proof. By Theorem we know that M is a direct sum of modules of
the form I/J for some ideals J C I C A.

If J # 0 we have that
I=J+(z)
for some x € A by Proposition Hence
I I+ (=)
J  (z)nJ’

J
the latter is a quotient of (z), hence isomorphic to a quotient of A. All this
summands go into 7.

The remaining summands are ideals of A, and we can group them to-
gether by Lemma [3.5.2] to obtain a module of the form A™ @ L. O

Corollary 3.5.11. Let A be a Dedekind ring, M a finitely generated A-
module. Then M is projective if, and only if, it is torsion-free.

3.6. Exercises

1. Let k be a field of characteristic 0 and let A = k[x2, 23]. Prove that every
element of A is a product of irreducible elements; still A is not a unique
factorization domain because there exists f € A irreducible but not prime.

2. Let A be a unique factorization domain, S C A a multiplicative set.
Prove that S™1A is itself a unique factorization domain.

3. Find a subring of k[z1,...,z,] that is not a unique factorization domain.

4. Prove Nagata’s lemma: let A be an integral domain such that every ele-
ment of A is a finite product of irreducible elements, S C A a multiplicative
set generated by prime elements. Then A is a unique factorization domain if
and only if S™!A is a unique factorization domain. Derive from this another
proof of Theorem
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5. Let k be a field. The only homomorphisms
b ki, )/ (5 — 7 — ) > K1)
are those given by ¢(f) = f(a, 8), where a, 3 € k are such that
% =0a+a.

6. Let A be a Noetherian ring and assume a € A is not contained in any
minimal prime of A. If ab = 0, then b is nilpotent.

7. Let k be a field and r € k(x) a rational function, say r(z) = a(z)/b(x),
where a and b are coprime polynomials. Show that the element a(y) —rb(y)
is irreducible over the ring A := k[r], and that z is a root for it.

As a weaker condition than unique factorization, one can consider rings
such that every (nonzero, noninvertible) element can be written (not unique-
ly) as a product of irreducible ones. A ring that satisfies this condition is
called an atomic ring. One may expect that this condition is equivalent to
the ascending chain condition for principal ideals (ACCP), that is, condition
in Definition In fact, being atomic is a strictly weaker condition.
In the next exercises, up to Exercise [3 we will give a counterexample
from [Gra74]. For more on atomic rings, including other examples, see also
[Zak82].

8. Let A be a ring that satisfies ACCP. Show that A is atomic.

9. Let M be the additive monoid generated by all rationals of the form ﬁ,
where pg = 3, p1 = 5, and so on, is an enumeration of the odd primes. Show
that each element m € M can be written uniquely as

a  ng ns
3.6.1 m=—4+ — +...+
( ) 2u 3 25ps’

where a,u,n; € N, n; < p; and either s = 0 or ns; # 0. Deduce that for each

m € M there is a maximum dyadic rational (that is, a rational of the form
a/2%) 1 (m) such that 1(m) < m.

10. Let k& be a field of characteristic 0, and consider the set T' of elements
having the form

(3.6.2) fot+ > fix™,
i=1
where m; € M and f; € k. Show that T is a ring and the set S C T of

elements having fy # 0 is a multiplicative set.

11. Let 7, S be as in the previous exercise and consider the ring A = S~!7.
1

Show that each element of the form z 27+ is an irreducible element of A.
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12. Let A be the ring of the previous exercise. Show that A does not satisfy
ACCP.

13. Let A be the ring of Exercise [[Il Show that A is atomic. (Take any
element a/b € A, with a in form ([B.6.2)—we want to factorize it as a product
of irreducibles. By factoring out a suitable element, show that it is not
restrictive to assume that ¢)(m;) = 0 for some m;, where 1) is the function of
Exercise[@ Writing m; as in (B.6.1]), show that a factorization for a contains
at most ng + - - - + ns nontrivial factors.)

14. Let A be a Dedekind ring. Prove that the principal fractional ideals
form a free abelian group. Deduce that Q*/+1 and k(x)*/k* are free abelian
groups.

15. Let A be a Dedekind ring, I and J two ideals. Prove that if A/T is
finite

#(A/T) = #(J/1J).
16. Let I1,...,I, C A be ideals such that I; + I; = A for all distinct pairs
of 7, 7. Show that ﬂZ:l I = HZ:I 1.
17. Let A be an integral domain. The following conditions are equivalent:

(a) A is a Dedekind ring;

(b) every nonzero ideal of A factorizes uniquely as a product of prime
ideals;

(c) the monoid G(A) of fractional ideals modulo principal fractional
ideals of A is a group.

The two following exercises are taken from the beautiful presentation
[GT02).

18. Assume you have a solution to the Fermat’s equation
a4+ b =c",

where a, b, ¢ € k[x] for some field k of characteristic 0. Prove that either all
polynomials are multiple of each other, or else n < 2. (Derive the equation
and rearrange to find that a"~! divides cb’ — bc/, then make this symmetric.)

19. By the same strategy as the previous exercise, prove the following theo-
rem of Mason. Let k be a field of characteristic 0. For a polynomial f € k[t],
let 7(f) the number of distinct roots of f in an algebraic closure of k.

Let a, b, ¢ € k[x] be polynomials without common roots such that a+b =
¢; then max{dega,degb,degc} < r(abc). The generalization of this fact to
integer numbers is the famous abc conjecture; see [GT02].
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20. Let A be a Noetherian ring, I C A an ideal. Prove that if TAp = 0 for
all primes P € Ass(A), then I = 0.

21. Let A be a Noetherian ring, M a finitely generated A-module, and S a
multiplicative subset of A. Prove that there is a natural bijection between
Assg-14(STIM) and Asso(ST1M), and that in fact the latter is the set of
primes in Ass4 (M) that do not meet S.

22. Prove some analogue of PropositionB.3.3]for associated primes. Namely,
let

0 M’ M M" 0
be an exact sequence of A-modules. Then Ass(M) C Ass(M') U Ass(M").
Find a counterexample to show that we do not always have equality.

23. Let A be a Noetherian ring, I C A an ideal, not necessarily prime.
Define the nth symbolic power of I as the intersection

™= (N B'U"Ap),
PeAss(I)

where P runs through the associated primes of I, and tp: A — Ap is the
localization map. Prove that this definition agrees with our previous Defi-
nition [3.2.30] when I is a prime ideal.

24. Let A be a Noetherian ring, I C A an ideal. Prove that for any m > 1,
Im c 1M Moreover, for m,n > 1, I™ c I™ if and only if m > n
(IBDRH'09, Lemma 8.1.4]).

25. Let M, N be two finitely generated A-modules. Prove that

Supp(M ® N) = Supp(M) N Supp(N).



Chapter 4

Computational
Methods

In this chapter we introduce some computational techniques that allow us
to work out explicitly some interesting examples. These techniques are most
well-suited for polynomial rings and their quotients. This chapter is indeed
composed of two mostly independent parts.

The first one introduces the resultant. This is a tool that allows one to
find the common factors of two polynomials in A[z]|, where A is a unique
factorization domain. When we take A = k[x1,...,2,] a polynomial ring
itself, the resultant is helpful to find the common zeroes of a set of polyno-
mials in an inductive way. The resultant is the core technique of classical
elimination theory, which is concerned with solving systems of polynomial
equations by eliminating one variable at a time. In Section 2] we give a
link between the resultant and some invariants of field extensions.

In the second part, we introduce Grobner bases. These are special sets
of generators for an ideal I of a polynomial ring, which make computable
the operation of deciding whether a given element f € I. Most of the foun-
dations on Grobner bases were laid in Buchberger’s thesis [Buc65|, and
they have become the most used tool in computational algebra since then.
In Section [4.3] we give the definition and study the simplest properties; in
particular we solve the ideal membership problem. Then in Section [4.4] we
show that Groébner bases can be used to solve some other common problems
in commutative algebra, in particular getting a different approach to elim-
ination theory. Our presentation of this part is inspired by [CLO96] and
[KROO].

101
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A word of caution about the implementation of the algorithms. For
brevity, we shall be a bit sloppy when we describe algorithms. In particular,
we will only give a textual description, without a pseudocode implementa-
tion. We leave to the reader the task of formalizing and implementing the
algorithms.

Moreover, we don’t strive for effectiveness. The algorithms that we give
are guaranteed to terminate, but we do not make any study of the expected
(or worst case) time of execution. We do not even try to give the quickest
and most efficient known algorithms, and we shall be content of presenting
the basics.

4.1. The resultant

Let A be a unique factorization domain. We know by Theorem B.T.T5] that
Alz] is again a unique factorization domain, so it makes sense to ask, given
f,g € Alz], whether they have a common divisor of positive degree in x.

This is essentially a problem in linear algebra. Let m := deg f, n := degyg
and write

mx" -+ a1 + ag

=a
g(x) =bpa™ + -+ 4+ brx + by.

The whole idea of the resultant stems from the simple remark that f and g
have a common factor of positive degree if and only if their lowest common
multiple has smaller degree than their product. Or, equivalently, if and only
if they have any common multiple of degree smaller then their product.

So we ask if we can find nonzero polynomials r, s € A[x], with degr < n
and deg s < m, such that

(4.1.1) f@)r(z) + g(z)s(x) = 0.

Let k = F(A) be the field of fractions of A; then equation ({.I11]) has
solutions r,s € A[x] if and only if it has solutions 7, s € k[z], because we
can always clear denominators. But finding solutions in k[z] is a problem in
linear algebra.

Namely, we can assign indeterminate coefficients to 7 and s and observe
that (A1) becomes a linear system in these indeterminates. Explicitly, the
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matrix of this system is just

am PR a]. aO 0 DTS 0
0 aym -+ a a 0 - 0
0 e 0 am DY a a
SYl(f.0) = | b by O N
0 by o by by 0 - 0
0 e 0 by, oo by by

where the a; appear in n lines and the b; in m lines.

Definition 4.1.1. The matrix Syl(f, g) is called the Sylvester matriz of f
and g. Its determinant is the resultant of f and g, and is denoted R(f,g).

Since a homogeneous square linear system over a field has a nontrivial
solution if and only if the associated matrix has determinant 0, we deduce
from our earlier remarks:

Theorem 4.1.2. The polynomials f and g have a common factor in Alx]
of positive degree if and only if R(f,g) = 0.

The theorem has some interesting corollaries when one takes A to be a
polynomial ring itself. The first observation is that the resultant of f and
g is just a polynomial in A, whose coefficients can be explicitly written in
terms of those of f and g. These expressions do not depend on the ring
where we are working, hence we have the following specialization result.

Proposition 4.1.3. Let A be a unique factorization domain, take f,g €
Alz,y] and let R = R(f,g) € Alz]| denote the resultant with respect to the y
variable. Write

f(z,y) = am(z)y™ + -+ + a1(x)y + ao(z)

9(@,y) = bp()y" + - -+ + ba(@)y + bo ().
Finally let o € A. Assume am () # 0 and by (a) # 0; then the resultant of
fla,y) and g(a,y) is R(c).

Remark 4.1.4. The request that a,,(«) # 0 and b, («) # 0 is necessary to
be sure that the degrees of f(«,y) and g(«,y) do not drop; if the degrees
change, the expression for the coefficients of the resultant also changes.

Corollary 4.1.5. With the same notation, f(«,y) and g(a,y) have a com-
mon factor of positive degree in y if and only if R(f,g)(a) = 0.
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By induction, this result can be generalized to specialization of more
than one variable. We leave this to the reader, and only note the following
particular case.

Corollary 4.1.6. Let k be an algebraically closed field, f, g€ k[z1,. .., xs, Y],
and consider the resultant R(f,g) € k[z1,...,xs] with respect to the y vari-
able. Let ay,...,as € k% such that

R(fvg)(ah ey as) =0.
Then either

(i) the highest coefficient of f or g vanishes at ay, ..., as, or

(ii) f(oa,...,as,y) and g(ai,...,as,y) have a common root in k.

Proof. If the degree of f and g does not drop, the resultant of f(aq,.. ., as, y)
and g(ai,...,as,y) is R(f,g9)(ai,...,as). This vanishes if and only if

flaa,...,as,y) and g(ai,...,asy) have a common factor of positive de-
gree. Since k is algebraically closed, this is equivalent to having a common
root. O

The above corollary can be used to solve the main problem of elimination
theory: given the system of polynomial equations

filzy,...,zn) =0

fm(iﬂly---;xn) =0

find the solutions in k", by eliminating one variable at a time. If we let
I = (f1,..., fm), then the problem reduces to finding generators for I N
klz1,...,zp—1]. If we are able to do this, we eventually reduce to a problem
in k[x1], solve for one variable, and finally backtrack to find the general
solution.

We will only consider the case m = n = 2, and leave the general case to
Exercise 2l In this case, the system becomes just

{f(x,m =0
g(z,y) =0,

and we can apply Corollary 160 If (xo,y0) is a solution of the system,
then f(zo,y) and g(xp,y) have a common linear factor, hence z is a root

of R(f, g)-
Example 4.1.7. Consider the system given by

flz,y) = 22y? — 2522 +9 =0
g(z,y) =4z +y=0.
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Then R(f,g) = 162* — 2522 4+ 9, which is biquadratic and has roots z =
43, £4. Setting these values for x in g and solving for y, we find the four
solutions (1, —4), (—1,4), (%,—3) and (—%,3).

The next results give some alternative expressions for the resultant.
They are all based on the slogan that to prove an identity between polyno-
mials, it is enough to prove it in a universal case.

Proposition 4.1.8. Let f,g € Alz] be polynomials over the UFD A, and
assume that we can factorize
fl@)=a(z—a)- (z —am)
9(@) = b(z = p1) - (x = Bn)
in Alz] (the roots can be repeated). Then
R(f.g) = a"0"™ - [ [(ei = 5).
2
Proof. It is enough to prove the identity in the ring

A= A[IL‘l,-- . 7$may17"'ayn]7
where o; = x; and 3; = y;. Indeed, once we know this, the identity remains
true when we specialize x; to o; and y; to f;, thanks to Proposition .13l

To prove this, let K = F(A) and isolate one of the variables, say y;. We
regard the resultant R(f,g) as an element of k(x1,...,Zm,y2,...,yn)[y1]-
As a polynomial in g; it becomes 0 for y; = x;, hence it must be divisible
by y1 — x; in that ring. By Gauss’s lemma it remains divisible by y; — z; in
A

Since the same is true for ys, . .., y, we conclude that R(f, g) is divisible
by [1; j(xi — y;). Both this product and R(f,g) are polynomials of total
degree n in the set of indeterminates {z;}, and m in the {y;}, so

R(f,9) = c] [ (=i —vy)
i3
for some ¢ € A. Finally comparing the coefficient of any given monomial we
find ¢ = a"b™. O

Corollary 4.1.9. With notation as above we have

R(f,9) = a" [ ] 9(cw).
=1

Corollary 4.1.10. For any f,g,h € Alz] we have
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Proof. It is enough to prove the identity in a bigger ring. So we can sub-
stitute A by the algebraic closure of F(A). Hence we can assume that f, g
and h factor completely.

In this case the assertion follows by Proposition [4.1.8 O

The above corollary is very useful, because computations with determi-
nants of high rank easily become very cumbersome.

Assuming that f is monic, we can give yet another characterization
of the resultant. In this case ring B = Alz]|/(f) is a free A-module with
basis B = {1,z,...,2™ '}: on the one hand, one can use f to express any
monomial of higher degree in terms of this B; on the other hand, elements
of B are independent over A, since any dependence relation would yield a
polynomial of degree smaller than f that becomes 0 in B.

Any A-linear endomorphism of B is then represented by a matrix, hence
has a well defined determinant, which a posteriori is independent of the
choice of a basis. Let

¢g: B— B
be the homomorphism given by multiplication by g.

Proposition 4.1.11. With the above notation, we have
R(f,g) = det Gg-

Proof. As in the previous proof, we can substitute A by the algebraic clo-
sure of F(A), hence we can assume that g factors completely. Note that
both members of the identity are multiplicative in g: the left-hand side by
Corollary LT.10, and the right-hand side thanks to the properties of the
determinant and the fact that ¢g, = ¢4 0 ¢p,.

So it is enough to prove the assertion when g has degree 1, say g(z) =
bx + c. As usual set

f(z)=2™ 4 apm_12™  + - 4 ayz + ap.
Since
(;Sg(xi) = bt 4 cat
for i <m — 2 and

bg (azm_l) =bz™ + ca™ !

= (¢ — bam—1)x 2

Ml by, 0™ — - — bay,
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a matrix for ¢, is the transpose of

c b 0 0
0 b 0
M = :
0 e 0 c b
—bay e —bay—o9 € — bam—1

We have to prove that det M is the same as the determinant of

1 Am—1 ay agp
b c 0 0
sl(f.g)=10 b e O 0
0 0 b c

Write the last row of M as
—b(ag, ... am-1)+(0,...,0,¢).
Using the multilinearity of the determinant we obtain

det M = ¢™ — bdet(N),

where
c b 0 0
0 ¢ b 0
N =
0 0 c b
ag te Um—2 Gm—1

By Laplace expansion on the first column of the Sylvester matrix, we get
det Syl(f,g) = ™ — bdet(N),
hence the thesis. O

Remark 4.1.12. It is not a priori clear that det ¢4 is multiplicative in f as
well; this would simplify the proof. Anyway, this follows as a byproduct.

4.2. Discriminants

In this section we look at a particular case of resultant, called the discrimi-
nant. Then we review some constructions from field theory, and we see how
the discriminant of a basis of a field extension gives a generalization of this
concept.
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Recall that for a polynomial over any ring we can define the formal
derivative by requiring that

for monomials, and then extending by linearity.
Definition 4.2.1. Let A be an integral domain, f € A[z], say
f(2) = apa” + ap12" '+ - + ap,

with a,, # 0. Then the discriminant of f is defined as

disc(f) :== (—1)(3) iR(fv ).

Remark 4.2.2. The change of sign and the fraction may appear arbitrary,
but this is the established definition.

As an example, let us compute the discriminant of a quadratic polyno-
mial f(z) = az?+ bx + c over a field of characteristic # 2. The derivative is
f'(z) = 2ax + b, hence the Sylvester matrix is

a b ¢
Syl(f.g) == [2a b 0],
0 2a b

SO
R(f, ') = ab® — 2a(b* — 2ac) = —a(b? — 4ac),
and finally disc(f) = b? — 4ac, which is the familiar formula.

In general, note that if n # 0 in A (for instance if A has characteristic
0), the discriminant is a homogeneous polynomial of degree 2n — 2 in the
coefficients of f.

Proposition 4.2.3. Let f € Alz], say
f(l:) = apx" + anflxn_1 -+ aop,

with an, # 0, and assume that f' has degree n — 1. Let aq,...,ap be the
roots of f in a splitting field of F(A), listed with multiplicities. Then

disc(f) = a2 H(ai —aj)%
1<j
Proof. We can enlarge A and assume that the roots of f belong to A. So
we can factor f as
f@) =an(z —a1) - (z — an).
The usual rules for differentiation yield

F@)=anY (@ —a1) (- ag) - (x — an),
i=1

where the term (z — ;) is omitted. Corollary A T.9then gives the thesis. [
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Note that the sign (—1)(3) in the definition of the discriminant is exactly
the sign needed to reorder the terms in the last part of the proof.

Corollary 4.2.4. Under the same hypothesis, f has repeated roots if, and
only if, disc(f) = 0.

We next discuss a generalization of the discriminant in the context of
field theory. For the rest of the section, we fix a finite separable extension
of fields L/K, and denote by K a fixed algebraic closure of K, which is
determined up to isomorphism. Recall from Section [A7 that in this sit-
uation we have the trace homomorphism Tryx: L — K, and the norm
NL/K: L* — K*.

Looking at L as a vector space over K, we can consider the dual space
LY. For any a € L we get a linear functional

Tow: L - K
defined by T, (8) = Trp,/k(af3). This gives a K-linear map
T:L— LY
sending « to T,. By Proposition T is an isomorphism. Indeed,
kerT ={a € L|Try g(af)=0forall € L} =0.

In other words, the K-bilinear pairing on L defined by (a, ) — Trp g (a3)
is nondegenerate.

In particular, given a basis uy,...,u, of L as a K-vector space, we can
find a dual basis v, ..., v,, such that

Trp, i (uivy) = d;-

Definition 4.2.5. We shall say that the two bases u1,...,u, and v1,...,v,
are dual with respect to the trace.

We are now ready to study the promised generalization of the discrimi-
nant.

Definition 4.2.6. Let L/K be a finite separable field extension of degree
n, and let o1, ..., 0, be the embeddings of L into K. Given a1,...,a, € L,
consider the matrix A = (0;(a;))i;. The discriminant of ay, ..., ay is defined
by

disc({a1,...,a,}) = (det(A))%
Remark 4.2.7. Because of the square, the discriminant does not depend

on the ordering of the a;. Still, note that it depends on the fields L and K,
that are now fixed, even though the notation omits this dependence.
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There is another convenient formula for the discriminant. Just note that
det(A)? = det(AT - A), and the matrix AT - A has entries

T A)y = owlai)ok(ay) = Trpx(aiay).

So we have the following expression:
(4.2.1) disc({a1,...an}) = det(Try x(aia;))i;-

Remark 4.2.8. The last formula shows in particular that disc({ai,...a,})
€ K.

Proposition 4.2.9. The discriminant disc({a1,...an}) is 0 if, and only if,
a1, -..,an are linearly dependent over K.

Proof. Assume that
ciar +---+cpap =0
for some nontrivial choice of ¢q,...,¢, € K. Then we have
clai(al) —+ -+ CnUZ'(CLn) =0

for every i, so the vector (ci,...,c,) lies in the kernel of the matrix A =
(0i(aj))ij- It follows that

disc({ay,...,a,}) = (det(A))? = 0.

Conversely, assume that disc({ai,...,a,}) = 0. Using the expression
(A.ZT) we see that the rows of the matrix (Try/x(a;a;))i; are linearly de-
pendent, hence for some choice of cy,...,c, € K we have

To,(cra1 + -+ cpan) =0

for all 7. If a1, ..., a, are linearly independent, the functionals 7}, span the
whole LV, hence

crar + -+ cpan =0,
a contradiction. O
Proposition 4.2.10. Let a1,...,a, € L and let by,...,b, € L be linear

combinations with integer coefficients of the a;, say b= Ma, where M is a
matriz with integer coefficients. Then

disc({b1,...,b,}) = (det M)*disc({a1,...,an}).
Proof. For any embedding o of L in the algebraic closure of K we have
o(b) = Mo(a), hence
disc({b1,...,bn}) = det(c;b;)* = (det M)?(0;a;)*
= (det M)?*disc({ay,...,an}). O
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We can now make the link with our previous notion of discriminant.
Take an element o € K of degree n, and let L = K(«). So L is spanned as
a K-vector space by the powers 1,a,...,a" L

Proposition 4.2.11. Let a be algebraic over K with minimal polynomial
fo of degree n, and take L = K(«). Then

disc(fo) = disc({1,a,...,a™1}).
Proof. Let a; = 0;(a) be the conjugates of «, so that
fa(x) = (z —a1) - (2 — an).
Then the matrix
(oi(a?))ij = ()i

is in Vandermonde form, and its determinant is

H(ozi — o).

1<j

The square of this is by definition disc({1, a,...,a” }), so the thesis follows
from Proposition 1.2.31 O

Corollary 4.2.12. With notations as above, we have
dise({1,a,...,a"1}) = (~1)(5) Np g (f(e).

Proof. Indeed this is the same of

dise(fa) = (D R(fa, £2),
and by Corollary we have

n

R(fa, £3) = [ foles) = Np e (£o(@). O

=1

We will come back to discriminants in the context of number fields in
Section

4.3. Grobner bases

In this section we work in a polynomial ring A = k[z1,...,x,], where k is
a field. We want to solve some algorithmic problems in A. The most basic
problem is ideal membership: given a € A and an ideal I = (f1,..., fx), how

do we test if a € I?

The answer is easy if n = 1. In this case A is a principal ideal domain,
and we can find a generator f of I using the Euclidean algorithm. Having
done that, we just perform the division of @ by f and check if the remainder
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is 0. Alternatively, if we do not want to rely on the fact that A is a principal
ideal domain, we can perform the division of a by fi, obtaining

aZQ1f1+T17

then divide r1 by fo and so on. If the last remainder 7 is 0, a € I, and
conversely.

This idea seems good to be generalized to a higher number of variables,
but we run into two problems. The first one, which is easy to solve, is that
there is no obvious way to perform the division algorithm between polyno-
mials in more than one variable. The first step of the division algorithm
is to perform the division between the highest-order monomials, and when
there is more than one variable there is no single choice of what highest-order
monomial means.

This is easily repaired with the following

Definition 4.3.1. A monomial order is a total order < on the set of mono-
mials in the indeterminates z1, ..., z, satisfying:

(1) if 2, 27 and z7 are monomials and z® < 2%, then z°7 < 277,

(2) there exists no infinite descending chain

e A R D =

Property Bl just states that < is a well-ordering, so every nonempty set
of monomials admits a minimum. Property [lis called multiplicativity.

Remark 4.3.2. There is a natural bijective correspondence between the set
of monomials and N, sending ® to the multiindex «, and correspodingly we
can give a definition of a monomial order on N™. Multiplication of monomials
becomes addition of vectors in N”, and we shall switch between the two
points of view according to convenience.

Remark 4.3.3. A simple consequence of the axioms is that for every a € N™
we have z% = 1. Indeed if 1 > z%, we get by multiplicativity the infinite
descending sequence
1= a% = 2% - ...

Applying multiplicativity again, it follows that if z® divides z?, then
< 2P,

In other words, every monomial order is a total order which refines the
partial order given by divisibility of monomials. In particular, the standard
order is the only monomial order in one variable.

We now give some examples of monomial orders. These are better de-
scribed as orders on N”.
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Example 4.3.4.

(a)

The first example is the lexicographic order LEX. In order to com-
pare two multiindices o = (o, ...,ap) and f = (51,...,By) one
first compares oy with 8. If a3 < (1 one puts a < 3, and con-
versely. If oy = B1, we compare as with £, and proceed until we
find a different entry (unless of course all entries coincide and so
a=pf).

In other words, a > ( if and only if the first nonzero entry
of o — (3 is positive. From this characterization, property I fol-
lows immediately. Indeed summing v to both « and 8 does not
change their difference. Property 2l follows easily by induction on
the number of variables.

The graded lexicographic order DEGLEX is similar to LEX, but
to compare o and 8 we first compare their total degree. Here the
degree of a = (a,..., ) is

deg(a) :=aq + -+ + .

If deg(cr) > deg() we declare a > (. For a monomial of equal
total degree, we use lexicographic ordering.

Finally, we shall consider the graded reverse lexicographic order,
denoted DEGREVLEX. As with DEGLEX, we first compare the
total degree of @ and B. If the degree is the same, we use the
reverse lexicographic order: in this order o > (8 if and only if the
last nonzero entry of o — [ is negative.

The only thing which is not obvious is property 2, which is
proved as follows. In any descending chain, the total degree is
decreasing. Since this is a natural number, it must eventually sta-
bilize. But there are only finitely many monomials of a given total
degree, hence we cannot have infinite descending chains.

Remark 4.3.5. All algorithms that we consider require the choice of a
monomial order, and for most of them any one will do. Still, the performance
of the algorithm may depend on the order chosen; this is why we choose not
to pick any particular one from the very beginning.

For the rest of the section, let us fix a monomial order <.

Definition 4.3.6. Let f € k[z1,...,z,], and write

[ = Z aax”,

a€eS

where all a,, € k are nonzero. The set S is called the monomial support of
S, and if a € S we say that % is a monomial of f.
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The monomial of f which is maximum with respect to < is called the
leading monomial and it is denoted by LM( f). Its coefficient in f is called the
leading coefficient of f and it is denoted by LC(f). The term LC(f)LM(f)
is called the leading term of f and it is denoted by LT(f).

If LM(f) = x® we define the multidegree of f as
mdeg(f) := a.

We now describe the division algorithm between two polynomials f and
g. Our aim is to write

where no monomial of 7 is divisible by LM(g). We will construct ¢ induc-
tively, one monomial at a time.
Start from the leading monomial of f. If LM(f) is divisible by LM(g),
say
LM(f) = 2“LM(g),

put the term

in ¢, and replace f by f —h-g.

If instead LM(f) is not divisible by LM(g), we just move the leading
term of f to r. Either way, the multidegree of f has lowered. We repeat the
process until we reach the point where f = 0, which will happen because <
is a monomial order and the sequence of multidegrees is decreasing. At the
end of the process, we have produced polynomials ¢ and r such that (£3.1))
holds, and r only contains monomials that are not divisible by LM(g), by
construction.

We can extend this process to define the division of f by a finite set of
polynomials g1, . .., g,. This is done by dividing f by g1, then the remainder
of this by g2 and so on.

Remark 4.3.7. The result of the division actually depends on the monomial
order we have chosen.

This process is best explained by way of an example.
Example 4.3.8. Take the lexicographic order on k[z,y| and consider the
division of f = 2%y +zy? + y? by f1 = vy — 1 and f» = y* — 1. Dividing f
by f1 we get f = (x +vy)f1 + 2z +y? +y. Next, we put the z term into the
remainder and divide y? 4 y by fa to obtain

f=@+y)fi+ fot+(+y+1).
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We cannot do any more steps since no monomial in x + y + 1 is divisible by
the leading term of either f; or fs.

Having discussed the issue of the monomial order, we can now see a

second, more serious, problem. Let’s take an ideal I = (fi,..., fx) and
assume we want to check whether g € I. The naive idea would be to
compute the successive divisions of g by fi,..., fr. Namely, we perform the

first division to obtain
g=qf1+r1,
then divide r1 by fo obtaining

1 =q2f2+ 12

and so on. At the last step we are left with a remainder r;, which we can
consider as the remainder of the division of g by the system of polynomials

fla-'-afk-

The problem is that this remainder is not determined by the polynomials
alone, but depends on the order we put on the f;. It may even happen that
for some ordering the remainder is 0, thereby showing that g € I, but for
another ordering it is not (see Exercise [A).

Example 4.3.9. We perform the same computation of Example £.3.8 but
this time we invert the order and we divide by fy first. Since LC(f) is not
divisible LC(f2), 2%y goes in the remainder. By dividing what remains, we
get f = (x+1)fo+2%y+2x+ 1. But then x?y is multiple of LC(f1) and the
other terms have too small degree, so the final result is

f=zfi+(x+1)fa+2z+ 1

Notice that the remainder, 2z + 1, is different from the one obtained in
Example 4.3.§

To start solving this issue, we need some information about monomial
ideals. We recall from Exercise [[1] in Chapter [1 the following

Definition 4.3.10. The ideal I C k[x1,...,x,] is called monomial if it is
generated by monomials.

In the same exercise, you proved that if f belongs to a monomial ideal,
then so does each of its monomials. If I C k[z1,...,x,] is any ideal, we
denote by LT(I) the monomial ideal generated by LT(f) for f € I.

Remark 4.3.11. If I is an ideal, LT(]) is finitely generated by Hilbert’s
basis theorem Hence it is generated by finitely many monomials, and
each of these monomials is multiple of LT(f) for some f € I. We deduce
that there exist fi,..., fi, € I such that LT(f1),...,LT(fn) generate LT(I).
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Now, it is not in general the case that any set of generators fi,..., fm
of I will do.

Definition 4.3.12. A set of elements g1,...,gm of I C klxy,...,z,] is
called a Grébner basis of I (with respect to a given momonial order) if
LT(g1),...,LT(gm) generate LT(I).

The relevance of Grobner bases for our task is given by the following
result.

Proposition 4.3.13. Let g1,...,9m be a Grobner basis for I and take any
f € klz1,...,xn]. Then there exists a unique r € k[z1,...,xy,] such that

(i) No monomial of r is divisible by any of LT(g1),...,LT(gm)-
(ii) We can write f =g+ r with g € (g1, --,9m)-

Proof. Existence is clear by the division algorithm. For the uniqueness,
assume f = g+r = ¢ +7', with g, ¢’ € I and r, 7’ as stated. Then r—71' € I,
so in particular LT(r —7’) € LT(I). Since g1, ..., gm is a Grobner basis, this
is excluded by [l) unless r = r’. O

In particular, we see that the remainder of the division of f by g1,..., gm
does not the depend on the order in which we perform the division if
g1, .-+, 9gm 18 a Grobner basis—although the other coefficients in the divi-
sion might change.

Corollary 4.3.14. Let g1,...,gm be a Gribner basis for I and take any f €
klx1,...,z,]. Then f € I if, and only if, the remainder of f by gi1,...,gm
s 0.

Remark 4.3.15. This in particular implies that gi,..., g, generate the
ideal I, a fact that we did not assume in the definition of a Grobner basis.

This solves the problem of determining if f € I in an algorithmic way,
provided we can find a Grobner basis for I. Now, such a basis certainly exists
by Remark [£3.11]l Before asking how to find one such basis algorithmically,
we look at a concrete example.

Example 4.3.16.

(a) The set {xy—1,y?—1} in k[z,y] is not a Grobner basis for the LEX
order, since we showed in the previous examples that the remainder
is not unique.

(b) We take k[z,y, 2], again with the LEX order. The set
G={g1, 0} ={z+1y?—2yz+32— 2 y+322 - 2%}

is a Grobner basis. In fact, let I = (G), take f € LT(I) and assume
that LT(f) does not belong to the ideal generated by LT (g;) =z and
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LT(g2) = y. Then LT(f) is a monomial in z and by the property
of lexicographic ordering f is a polynomial in z alone.

On the other hand, f = fi1g1 + fog2, hence it vanishes if we
specialize y = —322 + 23 and * = —y® + 2yz — 32 + 2°. Since f
does not involve either = or y, there is nothing to specialize, hence
f = 0 identically. In fact, all we used was that we could solve for y
in go and then solve for x in g;.

We are now left with the task of producing a Grobner basis for an ideal
I C klzi,...,x,] given a set of generators F' = {f1,..., f;}. If F'is not
already a Grobner basis, there exists f € I such that LT(f) does not belong
to (LT(f1),...,LT(fm))-

If we have a way of producing such f algorithmically, we can add f to
F and ask again if we have a Grobner basis. If not, we can enlarge F' again,
and so on. The process must end since k[x1,...,x,]| is Noetherian, leaving
us with a Grobner basis.

Hence, we are reduced to the following problem: given a set f1,..., fm €

klx1,...,zy], either show that it is a Grobner basis, or produce a polynomial
that shows that it is not.

Let f,g be two polynomials, and consider a linear combination h =
af + bg with a,b € k[z1,...,x,]. If the highest terms of af and bg do not
cancel out, LT(h) € (LT(f),LT(g)). So we start by looking for cases where
a cancellation occurs.

Definition 4.3.17. The S-polynomial of f and g, denoted S(f,g), is given
by

(!~

where m is the lowest common multiple of LM(f) and LM(g) (which makes
sense since both are monomials).

S(f,g) =

By construction, S(f, g) has degree less than m, because of cancellation.

Lemma 4.3.18. Let fi,..., fm be polynomials of the same multidegree
(meaning that LM(f1) = --- = LM(fm)). If a linear combination

h = i cifi
i—1

with ¢; € k has a smaller multidegree, then h is a linear combination of the

S(fi, fj) with coefficients in k.
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Proof. Let a; = LC(f;) and p; = fi/a;. The S-polynomials are simply
S(fi, f;) = fi/ai — fj/a; = p; — pj, so that the expression for h becomes

h= ciai(pi —p2) + (cra1 + caa2)(p2 — p3) + -+ +
+ (Clal +---+ Cm—lam—l)(pm—l - pm) +
+ (Clal +---+ cmam)pm-

Our hypothesis amounts to Y ¢;a; = 0, hence we have the desired expression
for h. [l

We can now state the main technical result of this section.

Theorem 4.3.19 (Buchberger’s criterion). Let I C k[x1,...,xy,] be an ideal
with generators F = {f1,..., fm}. Then F is a Grébner basis if and only if
for each i, j, the remainder of S(f;, f;) divided by F is 0.

Note that in the theorem the order in which we use the f; to perform
the division is arbitrary, and in fact any ordering will do.

Proof. Let h € I so that
(4.3.2) h=>_ figi
i=1

Let « be the (multi)degree of the highest monomial appearing in any of the
figi. If h has itself degree «, its leading monomials lie in (LT(f1),. . ., LT(fm))-
By contradiction, assume that we find A such that this is not the case, so
cancellation happens in the highest degree.

Let S be the set of indices ¢ for which f;g; has degree a. Then the
previous lemma ensures that

> figi= ciiS(figir £595)
ies ijes

for some constants c¢;;. Note that S(f;g;, fjg;) is itself a linear combination
of f; and f; with coefficients in k[z1,...,,], but has degree lower than .
Hence we can rewrite (£3.2) as

h=>_ figh,
=1

but this time the maximum degree of any combination f;g; is less than «.

We can repeat the process at will, constructing an infinite descending
sequence of degrees, thereby contradicting the definition of monomial order.
O
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As a consequence of Buchberger’s criterion, we finally have Buchberger’s
algorithm to produce a Grébner basis for an ideal I starting from a set of
generators F' = {f1,..., fu}.

(1) For each pair of polynomials f;, fj, we consider the S-polynomial
S(fi, f;) and perform the division with respect to F.

(2) If for some pair 4, j the remainder is not 0, we add S(f;, f;) to the
set and start again from [

(3) Otherwise F' is a Grobner basis by Buchberger’s criterion.
If we want to check if a given polynomial f lies in I we add a final step:

(4) Once we have a Grobner basis G, perform the division of f by G.
If the remainder is 0, then f € I, and conversely.

Remark 4.3.20. As a corollary, we also obtain an algorithm for ideal in-
clusion or equality. In fact, say I = (f1,..., fn) and J = (g1,...,9m). Then
to check if I C J it is enough to check whether each f; € J.

4.4. More algorithmic operations

In the previous section, we have learned to solve a few problems algorithmi-
cally. We work inside k[z1,...,z,] and we assume that ideals are given by
a finite set of generators. By computing Grobner bases with respect to any
monomial order, we are able to

(1) determine if a polynomial f belongs to an ideal I, or

(2) for two ideal I and J, determine whether I C J, and hence also
detect equality.

It is also trivial to compute generators for I U J and I - J—hence our
next problem is to compute generators of I N J.

To do this, we first give a small introduction to elimination theory. As
we discussed in Section [l the core idea of elimination theory is to solve
a system of polynomial equations by trying to eliminate one variable at a
time. The main result that links it to Grobner bases is the following:

Theorem 4.4.1 (Elimination theorem). Let I C k[xi,...,zy,] and G a
Grébner basis for I with respect to LEX. Then, for every i < n, G N
klxi,...,zn] is a Grobner basis for I Nk[x;, ..., xy)].

In particular, we can find generators for I N k[x;, ..., x,]| by taking the
elements of G that do not involve the first ¢ — 1 variables.

Proof. Let f € I be a polynomial that does not involve the first ¢ — 1
variables. The leading monomial LM(f) is divisible by LM(g) for some
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g € G, and clearly LM(g) does not involve the first ¢ — 1 variables. Since
this is the leading monomial for LEX, all other monomials have the same
property, hence g € G N k[z;, ..., zy). O

Example 4.4.2. [Mor08|] Consider the system of equations

2 4yt+z=1
r+yi+z=1
rH+y+22=1.

To solve this system, we take the ideal I = (f1, fa, f3), where
filey,z) =2 +y+z-1
Peyz)=a+y’ +2-1
f3(z,y,2) =x +y+ 22— 1.

The three elements are not a Grobner basis, but we can apply Buch-
berger’s algorithm to find one. A Grébner basis for [ is given by

g(z,y,2) = z+y+22-1,
gy, = y¥—y—2"+2
g3(z,y,2) = 2u2%+ 2 — 22
ga(z,y,2) = 22(z—1)%(2%+22-1).

The last equation can be solved for z giving the four solutions z = 0,
z=1and z = —1 4 /2. We can then substitute back z in gy or g3 to solve
for y and finally back into g; to solve for x. For instance, when z = 0, we
recover y = 0 or y = 1 from g9, and accordingly z = 1 or x = 0 from g¢;.
Work out the other solutions!

Theorem [£.4.1] guarantees that we can always find a way to eliminate
variables in a system of equations, and then we can backtrack to solve for
one variable at a time.

As we promised, another application for this result is the computation
of generators for I N J. We use the following

Proposition 4.4.3. Let I and J be ideals of k[z1,...,xy,]. Inside the ring
klt,xz1,...,xy,) consider the ideal L=1t-1+ (1 —t)-J. Then

Lﬂk[xl,...,xn] =1INnJ
Proof. If f € INJ we can write f = tf+(1—t)f, which shows one inclusion.
For the other one, let g € k[x1,...,z,] and assume that

g=ta+(1—1t)b
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for some a € I, b € J. Then writing g = t(a — b) + b, we see that a = b, so
they both lie in I N J. [l

Using this result, we now have an algorithm to compute generators for
INJ, since it is easy to compute generators for ¢ - I + (1 —t) - J and then
we can apply Theorem [£.4.T] to eliminate the t variable.

A similar reduction exists for the radical of an ideal.

Proposition 4.4.4. Let k be a field, I C k[z1,...,x,] an ideal. Then
f € VI if, and only if, 1 belongs to the ideal generated by I and 1 — tf in
the ring k[z1,...,xn,t].

Proof. Let A = k[z1,...,x,), and consider the multiplicative set S C A
generated by f. Then f € v/I if and only if I becomes trivial in S~ A. But
there is an isomorphism

b Afl/(L—tf) — STIA,

t——— 1/f,

hence this is equivalent to the condition that I and 1 —tf generate the whole
Alt]. O

Using this result, we get another algorithmic application of Grébner
bases: to check whether f € v/T, we only need to test whether 1 € (I, 1—tf),
which is something we can easily do by computing a Grobner basis for the
latter ideal.

We end with another example that shows the far-reaching applicability
of Grobner bases.

Example 4.4.5. [Mirll] Many problems in Euclidean geometry can be
reduced to systems of polynomial equations by choosing coordinates. These,
in turn, can be solved using elimination theory as we outlined above. This
is the observation at the heart of automatic theorem proving in Eucliden
geometry.

For a concrete example, consider the circle theorem of Apollonius: let
ABC be a triangle right in A. The midpoints of the three sides and the foot
of the altitude drawn from A to BC all lie on one circle.

C
H

M2 M3

A\_/Ml B
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To prove this, we place A in the origin and choose coordinates (uj,0)
for B and (0, ug) for C. The midpoints are M; = (z1,0), My = (0, z2), and
Ms = (x3,24). We also let H = (x5,26) be the foot of the altitude and
O = (x7,xg) be the center of the circle through the midpoints.

The construction gives a system of equations. First we have 2z; = u;
and three other equations for the midpoints. Then, the condition AH 1 BC
becomes xsu; = xguo, and the fact that H € BC becomes zsug + Tgu; =
uiug. Finally, we get two quadratic equations for M0 = MsO and M0 =
M30.

The whole system is

23)1 —Uuy = 0

2.’/62 —Uu2 = 0

2%3 — Uy = 0

204 —uo =10

TsUl — TeUg = 0

Tsus + Tgul — uiug =0

(r1 —27)? + 22 — 22 — (25 —22)2 =0

(z1 — x7)2 + x% — (z7 — x3)2 — (zg — :c4)2 =0.
The thesis is given by the equation
(x5 — x7)2 + (z6 — 28)% — (z1 — $7)2 — x% =0.

Using Grobner bases, one can show that the latter polynomial lies in
the ideal generated by the polynomials appearing in the system. This can
be automated using the algorithms of this chapter, and this technique al-
lows one to transform statements in Euclidean geometry into algorithmic
problems.

4.5. Exercises

1. Let k£ be an algebraically closed field, and I C k[xi,...,x,]| a radical
ideal, say I = (f1,..., fr). For each pair i # j, where 1 < i < k, consider
the resultant r; ; := R(f;, fj), where the resultant is taken with respect to
the variable x1, so that 7 ; € k[, ..., x,]. Assume that each f; has positive
degree in x1. Show that I Nk[xa,...,z,] = /(74).

2. Try to apply resultants to find solutions to a generic system of polynomial
equations. What difficulties do you find? Work out a concrete case by using
resultants to solve the system in Example 4.4.2
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3. A Grobner basis G = {g1,...,9r} is called reduced if each g; is monic
(that is, LC(g;) = 1) and for each i, LM(g;) does not divide any monomial
of any g; for j # i.

Show that given a Grobner basis for an ideal I, one can construct ex-
plicitly a reduced one. Moreover, show that a reduced Grobner basis for
is unique (up to order). Derive a simple algorithm to test ideal equality in
polynomial rings.

4. Let I C k[z,y] be the ideal generated by 2y — x and x? — y. Compute a
Grobner basis for I with respect to LEX.

5. Let I C k[z,y] be the ideal generated by z? and zy + 2. Compute a
Grobner basis for I with respect to LEX.

6. Inside k[x,y], consider the polynomial f = z2y3 — 2zy? and the ideal
I = (f1, f2), where f; = 2%y — 2z and fo = y3 + 4. Using the LEX order,
perform the division of f by fi, then fo. Then, do the same computation
using fo, then f;. Show that in one case, the remainder is 0, while in another
it is nonzero.

7 ([RZ10]). Consider the polynomials f(z,y) = (y?>—y)z*+=z and g(z,y) =
(y?—y)z+y in k[x,y]. Compute the resultant with respect to the = variable,
R(f,g9) = v*(y —1)2. Letting I = (f, g), use Grébner bases to compute that
I Nkly] = (y). What happens when you use resultants to solve the system
given by f and g7 Explain the discrepancy between the two techniques that
we have introduced for the elimination problem.

8. Let w € R™ be a vector such that the components w; are linearly inde-
pendent over Q. Given «, 8 € N”, define a <, 8 if w-a < w -, where -
denotes scalar product. Show that <, is a monomial order, called a weight
order.

9. Let w € R/, and consider the order defined as follows. Given o, 8 € N”,
define av <, B if w- (a1,...,a5) < w- (B1,---,0B;), where - denotes scalar
product. If the two products are equal, fallback to comparing o and § by
DEGREVLEX. This is called an elimination order for {1,...,j}. Show that
it has the property that if a variable z1,...,z; does not appear in LM(f),
then it does not appear in f at all.

10. Let <,, be the elimination order defined in the previous exercise. Show
that it can be used to compute the elimination ideal for the first j variables.
Namely, let I C k[z1,...,x,] and G a Grobner basis for I with respect to
<w. Then G NE[xjt1,...,x,] is a Grobner basis for I NE[zjq1,..., 2]

11. Consider a finite undirected graph G where each pair of vertices is
connected by at most one edge. For each vertex v; introduce a variable
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x; and consider the system of equations given by 27 = 1 (for each i) and
x? +xixr; + x? = 0 whenever v; and v; are adjacent.

Show that G can be colored with 3 colors (that is, each vertex can be
assigned one of 3 colors such that adjacent vertices get different colors) if,
and only if, the system has a solution. Derive an algorithm to test whether
a graph is 3-colorable.

12. Verify that the proof of correctness and termination of Buchberger’s
algorithm does not require the full strength of Hilbert’s basis theorem, but
only the special case that states that monomial ideals in k[z1,...,z,] are
finitely generated.

13. The following result is known as Dickson’s lemma. Consider the partial
order on N” defined by a < b if and only if a; < b; for alli =1,...,n. Then
every nonempty subset S C N has finitely many (at least one) minimal ele-
ments. Prove Dickson’s lemma directly, and then show that it is equivalent
to the form of Hilbert’s basis theorem for monomial ideals required in the
previous exercise.

In order to implement the algorithms described in this chapter, one has
to be able to implement operations on the base field k. A common choice is
to take the finite field F, over ¢ = p? elements. This can be described as the
quotient Fy,[z]/(f), where f is an irreducible polynomial of degree d over IF,,,
so one can perform computations in k = F; by finding one such polynomial
f, and then using the division algorithm in IF,[x]. This inspires one to find
algorithms that generate an irreducible polynomial of a given degree d over
F,. The next exercises, up to Exercise [L3] discuss this problem.

14. Let p be a prime, F,, = Z/pZ, and take d > 2. Compute the proportion
of polynomials of degree d in [, that are irreducible. Namely, the number
of monic polynomials of degree d is p?, and the number of irreducible ones
is asymptotic to p?/d as d — occ.

15. By the previous exercise, a viable—even if a little costly—strategy to
generate an irreducible polynomial of degree d is to generate random poly-
nomials and test whether they are irreducible. In this exercise, we are going
to provide such a test of irreducibility.

Namely, let f € Fp[z] be a polynomial of degree d. Show that if f is
reducible, then gcd(f, 2P — z) is nontrivial for some r < deg f/2. Hence
a test for irreducibility is just to compute all such ged and check if any of
them is not a constant.

16. For a polynomial f € k[x1,...,z,] define the Netwon’s polytope of f as
the convex hull (in R™) of points o« € N™ such that 2% is a nonzero monomial

of f.
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Show that if m = z¢ is the leading monomial of f for any monomial
order, then « is extremal in the Netwon polytope of f (that is, if we omit «
in the above construction, we get a strictly smaller convex hull).

17. Find a nontrivial solution in C? to the system
2y —2—-22=0
2y —y=0
y?—22=0.

18. Grobner bases can be used to prove Heron’s formula for the area of a
triangle

(4.5.1) s*=p(p—a)(p—b)p—o),
where s is the area, a, b, c are the side lengths and p = %b” is the semiperi-
meter.

To prove it, choose a reference system such that the vertices are in (0, 0),
(0,a) and (x,y). By the Pythagorean theorem, we have the relations
b2 = 2% + y? and

¢ =(a—a) +y°

and the area satisfies 2s = a -y. Let I C R[s,a,b,c,x,y] be the ideal
generated by these relations. Use elimination theory to find the intersection
INRJs,a,b,c|, and show that it is generated by the single equation ([A5.1]).

19. Let A = k[x1,...,x,). Follow the various connections in this chapter
and write an explicit algorithm to test whether a polynomial f € A belongs
to the radical v/T of an ideal I = (g1,...,gx) C A.

20. Let A = k[x1,...,2,] and B = k[y1,...,ym], and let f: A — B be a
homomorphism. Let f; := f(x;) € B, and define the ideal

Iy = (1 — fi,.. ;20 — fo) €K[T1, .o, Z0sY1s - -, Ul

Show that ker f = Iy N A. Use this result and the elimination theorem
to deduce an algorithm to compute ker f.

21. A polynomial f € k[zy,...,x,] is called symmetric if it is invariant
with respect to the action of the symmetric group &, that permutes the
indeterminates x1,...,x,. The elementary symmetric polynomials are the

polynomials si, ..., s, defined by
Sk = Z Ty Ty, -
11 <ig<-<ig

Of course, these polynomials are in fact symmetric.
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Prove that every symmetric polynomial is a polynomial in the elementary
symmetric polynomials si, ..., sy, in other words,

klxi,...,zn]s, = k[s1,--., Sn).

In general, it rarely happens that the invariant ring for the action of a group
has this simple structure, see [Dol03]. (Use the order LEX and do induction
on the multidegree. Prove that the multidegree of a symmetric polynomial
has the form a = (aq,...,a,), where a1 > ag > -+ > ay.)

22. Let I C k[x1,...,zy] be an ideal generated by binomials. Show that
there exists a Grobner basis for I which consists of binomials (follow the
steps of Buchberger’s algorithm). In fact, even a reduced Grébner basis for
I (see Exercise[d)) is composed by binomials. For much more about binomial
ideals, see [HHO18].

23. The result of the preceeding exercise does not hold for polynomials
composed of three terms. In fact, take the ideal I = (z1+x2+x3, x1+x4+x5)
in the ring k[z1,...,z5]. Show that a reduced Grobner basis for I with
respect to DEGREVLEX contains the polynomial xo + z3 — z4 — x5.



Chapter 5

Integral Dependence

In this chapter we study the so called integral extensions: given an inclusion
of rings A C B we want to understand what happens for elements of B
which satisfy a monic polynomial equation with coefficients in A. This is
the natural generalization of the concept of algebraic elements from field
theory (see Section [A.T]). Many results from field theory can be transferred
to this more general situation more or less literally, and we do so in the
first section. For example we prove that the set of x € B that satisfy a
monic polynomial equation with coefficients in A is a subring of B, called
the integral closure of A. We also prove the going up and going down
theorems, which describe the behavior of prime ideals in integral extensions,
and then prove the famous Noether normalization lemma, which gives a
structure theorem for integral extensions for k-algebras. Finally, we see how
this theory allows us to construct many important examples of Dedekind
domains.

5.1. Integral extensions

We want to mimic the theory of algebraic elements for fields in the more
general context of rings.

Definition 5.1.1. Let A C B be an extension of rings. We say that an
element b € B is integral over A if it satisfies an equation

(5.1.1) "+ A b+ ag =0,
where a; € A.

Definition 5.1.2. The subset of B of integral elements over A is called the
integral closure of A inside B. If the integral closure amounts just to A, we

127
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say that A is integrally closed in B. If it is the whole of B, we say that B
is integral over A.

Remark 5.1.3. We note that the equation (B.1.I]) that we ask b to satisfy
is monic (recall that a polynomial is called monic if its first coefficient is
1); this is irrelevant when working with fields since we can always divide
everything by the leading coefficient.

We shall see soon that the integral closure of A is a subring of B as
expected. Explicitly we have to see that if a,b € B are integral over A, then
a+0b and ab are integral too. In order to do this we take a roundabout way:
we do not exhibit a monic polynomial satisfied by a + b or ab; rather we find
an equivalent condition for an element to be integral.

To state the result in full generality we need

Definition 5.1.4. Let M be an A-module. We say that M is faithful if the
induced homomorphism A — End(M) is injective. Equivalently the ideal

Ann(M) := ﬂ Ann(m)

is 0.
Example 5.1.5.
(a) If A C B are rings, B is a faithful A-module. Indeed assume that
a € Ann(B), so a-b=0 for all b € B; taking b =1 we find a = 0.

(b) If I is a nonzero ideal of A, the inclusion I C Ann(A/I) shows that
A/I is not a faithful A-module.

(c¢) The infinite direct sum

M = @p prime Z/(p)

is a faithful Z-module, but any finitely generated submodule of M
is not faithful.

Theorem 5.1.6. Let A C B be rings, b € B. The following conditions are
equivalent:
(i) b is integral over A;
(ii) the ring A[b] is finitely generated as an A-module;
(iii) there exists a ring C' containing b, with A C C C B, such that C
is finitely generated as an A-module;

(iv) there exists a faithful A[b]-module M which is finitely generated as
an A-module.
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Note that (part of) this criterion is completely analogous to the usual
statement for fields: an element b is algebraic over the field k if and only if
k[b]/k is a finite extension (Remark [A-T.3)).

Proof. If b is integral over A, b satisfies an equation of the form (GEI.T]).
We can use the equation to express every power b for k > n as a linear
combination of 1,b,...,b" ! with coefficients in A, so ) implies ).

That [) implies [l is obvious. To show that [l implies [v)) it is enough
to take M = C.

Now assume [ivl. Consider the map
My : M — M

given by multiplication by b. If we choose a finite set my,...,my of genera-
tors of M, we can write

k
i =bemi =Y agmy,
i=1

for some a;; € A. It follows that the matrix
D = b . [kxk — (aij)
satisfies D - m = 0 for every element
k
m = Z Aim; € M.
i=1
Let D' be the matrix of cofactors of D; that is, the (i, j) coefficient of D’
is (—1)"*7 times the determinant of the minor of D obtained by removing

the i-th column and the j-th row. Then it is well known from linear algebra
that

(5.1.2) D'-D=detD-I.
Hence, from D’'D - m = 0 we deduce
detD-m =20

for every m € M. Note that the latter is a scalar equation. Since M is
faithful, we see that det D = 0; now just expand this determinant to find
the desired monic equation for b, thereby proving ). Il

Remark 5.1.7. Some readers may only be familiar with equation (5.1.2)
as it relates to matrices with coefficients in a field. As in Proposition 4.1.8],
this particular case implies that the same equation holds over any ring.

First, note that if A is an integral domain with quotient field k, the

result for k£ implies that for A trivially. In particular equation (5.1.2]) holds
in the ring Z[z;;], where z;; are indeterminates, for i,j = 1,..., k. Now for
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any ring A and for any matrix D = (d;;) with coefficients in A we can find
a homomorphism

sending x;; to d;j, and the result follows by specialization.

The method of proof that we have used is known as the determinant
trick. Notice that it also yields a more explicit form of Nakayama’s lemma.
More explicitly, let M be a finitely generated module over A—say mq, ..., m,
are the generators. If I is an ideal such that I - M = M, we can use the
above identity to find an explicit element x € I such that 1+ x € Ann M.

Theorem 5.1.8 (Nakayama’s lemma, explicit form). Let M be a module
over the ring A, generated by my, ..., my. Let I be an ideal such that [-M =

M, and write
n
m; = E aijmj.
j=1

Let A be the matriz with coefficients (ai;), aij € I, and y = det(id —A).
Thenyel+1 andy- M = 0.

The standard form of Nakayama’s lemma follows immediately: if I C
J(A), 1+ z is a unit for every = € I, hence M must be 0.

Proof. Let B =id —A, so that B annihilates the vector (m1,...,my). By
(BI2), det B - id also annihilates this vector, hence det B - m = 0 for all
m € M. All summands in the expansion of the determinant belong to I,
except for the product of n factors 1. O

Theorem [5.1.6] has some important corollaries.

Corollary 5.1.9. |1 Let A C B be rings. The integral closure of A in B 1is
a subring of B.

Proof. Let a,b € B be integral over A. Then the ring C' = Ala, b] is finitely
generated as an A-module; since a+ b and a- b belong to C we see that both
are integral over A. O

Corollary 5.1.10. Let A C B be rings. If B is finitely generated as an
A-algebra and it is integral over A, it is finitely generated as an A-module.

ndeed this is the origin of the word ring. Dedekind observed that he could obtain interesting
sets of numbers, closed under addition and multiplication, of the form Z[a], where « is integral
over Z. Once he had the first powers 1, q, ..., a1, higher powers could be expressed recursively
using an equation for «. In the important case where o™ = 1, he just had to cycle through the
powers; hence he decided to use the expression 1ing of numbers for such a set, and the name
“ring” has then stuck.



5.1. Integral extensions 131

Proof. Write

B = Alby, ..., by).
Each of the b; is integral over A, so the claim follows by Theorem and
induction. O

Corollary 5.1.11. Let A C B C C be rings. If B is integral over A and C
is integral over B, C' is integral over A.

Proof. Assume ¢ € C satisfies an equation
¢+ bp_1c by =0,
for some b; € B. The ring
B = Alby, ..., by1]

is finitely generated as an algebra and integral over A, so it is finitely gener-
ated as an A-module. Moreover B'[c] is finitely generated as a B’-module.
It follows that B’[c] is finitely generated as an A-module, so ¢ is integral
over A. O

This easily implies that the integral closure is idempotent.

Corollary 5.1.12. Let A C B be rings. If C is the integral closure of A in
B, C is integrally closed in B.

Definition 5.1.13. We say that A is integrally closed (or normal) if it is
integrally closed in the total ring of fractions F(A).

The simplest example is the following.

Proposition 5.1.14. A unique factorization domain is integrally closed.

Proof. Let A be a UFD, s,t € A, and assume that x = s/t satisfies (B.1.1]).
We can choose s,t € A without common factors; then by clearing denomi-
nators we get

$" 4+ an-18" "t + -+ apt" = 0.
Thus ¢t divides s™, which can only hold if ¢ is invertible in A, hence z € A. [

Example 5.1.15.

(a) Let A be an integral domain with field of fractions k, and let k' /k
be an extension of fields. Then the integral closure of A inside &’
is integrally closed. This is often applied with A = Z, to produce a
number of rings of interest in arithmetic.

Often it is difficult to determine exactly the integral closure,
but we will see that this can be done in some cases. The case
of quadratic extensions of Q is Example [6.1.2] while the case of
cyclotomic extensions is treated in Section [6.8
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(b) By way of example, we can check that Z[i] is integral over Z. Indeed
the element z = a + b satisfies
22 —2az + (a* +b*) = 0.
Since Z[i] is a unique factorization domain, it is integrally closed,
so it must be the integral closure of Z inside Q(3).

(c) A quotient of an integrally closed ring need not be integrally closed.
For instance take A = k[z,y|, which is a unique factorization do-
main, and hence integrally closed. Consider the ideal I = (y? —z3);
then A/I is not integrally closed.

Indeed, the element

foy

T

satisfies f2 —x =0, but f ¢ A/I.

Remark 5.1.16. In spite of the previous example, in some sense integral
closure behaves well with respect to quotients.

More precisely, let A C B be rings, I C B. If B is integral over A, B/I
is integral over A/A N I. This is immediately checked, by reducing a monic
equation for b € B modulo I.

For the localization we have:

Proposition 5.1.17. Let A C B be rings, S C 4a multiplicative set, and
let A be the integral closure of A in B. Then S™'A is the integral closure of
S~'A in ST!B.

In particular, if B is integral over A, S™!'B is integral over S™1A.

Proof. Let b € A, s € S. Since b is integral over A, b satisfies an equation

"+ ap 10" 4+ ag =0,

(0 22 ()it
S S S S

which shows that b/s is integral over S~ A.

whence

Conversely, assume b/s is integral over S~ A. A monic equation for b/s
can be written in the form

(O R () et
S t S t

for some t € S (after multiplying denominators). Then

(b)™ + ap_yst- (0t)" L+ 4 aps"t" ! =0,
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so bt € A. Hence

b_o e S lA. 0
S st

Corollary 5.1.18. Let A be an integral domain. A is integrally closed if,
and only if, every localization Ap at a prime ideal P is integrally closed.

Proof. Let k be the field of fractions of A, A the integral closure of A inside
k. Let t: A < A be the inclusion; for each prime P C A let S = A\ P and
consider the map

tp: Ap — S -4

induced in the localization. By the proposition S~!A4 is the integral closure
of Ap in k.

By Corollary [[L6.20, ¢ is surjective if, and only if, each ¢p is, hence the
thesis. O

As another application of this concept, we can give an alternative char-
acterization of Dedekind rings.

Theorem 5.1.19. Let A be an integral domain. A is a Dedekind ring if,
and only if, it satisfies the following conditions:

(i) A is Noetherian;
(ii) A is integrally closed;

(iii) every nonzero prime ideal of A is mazimal.

Proof. First assume that A is a Dedekind ring. A is Noetherian by def-
inition, and satisfies [[ll) by Remark We only need to show that A
is integrally closed, but that is identical to the proof of Proposition 5.1.14]
using unique factorization for ideals.

For the converse, assume A satisfies the conditions of the Theorem,
and let P be a prime of A. Then Ap is again Noetherian and integrally
closed, and moreover is local with maximal ideal M = PAp. By primary
decomposition, every nonzero ideal I C Ap is the intersection of primary
ideals; since M is the only nonzero prime of Ap, each component must be
M-primary. Hence I is M-primary itself, and in particular vI = M.

First we show that M is principal. Start from any nonzero a € M;
by Proposition 22310 there is some power M™ C (a). Take n minimal, so
M"1 7 (a), and take some element b € M"~ 1\ (a).

Let x := a/b; we claim that M = (x). Note that by construction

1 1
-MC-M"CA,
x a
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since every element of M" is multiple of a. On the other hand, assume
1
-M C M;
T

since M is a faithful A[1/z]-module, it follows that z is integral over A by
Theorem Since A is integrally closed, 1/x = b/a € A, which we have
excluded.

Hence 1
-M=A,
T

which means M = (z). Now we exploit that the choice of b above was
arbitrary in M" 1\ (a).

Taking b = 2"~ ! shows that a/2" ! is another generator 2’ of M, say
x’ = zu for some u € A*. In particular (a) = (2"), so every principal ideal
is a power of M.

Since every element of A is a power of x up to a unit, every ideal is
generated by powers of x, so it must be a power of M. O

Corollary 5.1.20. A unique factorization domain A is a principal ideal
domain if, and only if, every prime P C A is mazximal.

Proof. One implication is Proposition 2.T.41

Conversely, let A be a unique factorization domain; then A is integrally
closed by Proposition [5.1.14] and we are assuming that every prime is max-
imal. If we show that A is Noetherian, it is a Dedekind ring, and so we are
done by Proposition

The first part of the proof of Proposition [3.4.9 carries over, and tells us
that prime ideals of A are principal. By Exercise [ of Chapter 2], this is
enough to show that A is Noetherian. O

5.2. Going up and down

In this section we consider the following situation. Let A C B be an integral
extension; what is the relation between prime ideals in A and B? It turns
out that there is a beautiful description which relates chains of prime ideals
in the two rings. This is due to Cohen and Seidenberg ([CS46]).

Let P C A and Q C B be primes. If P = Q N A, we shall say that @
lies over P, or vice versa P is under Q. The first case that we study is that
of a single prime.

So assume P C A is a given prime; we want to find whether there is
any prime of B over it. Localizing at P we can assume that P is actually
maximal, and by taking a quotient we can even assume that P = 0 and A
is a field. In this case we have:
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Proposition 5.2.1. Let A C B be an integral extension of integral domains.
Then A is a field if, and only if, B is.

Proof. Assume A is a field, and take b € B, b # 0. Then b satisfies the
equation
"+ ap 10" 4+ ag =0,
and we can assume ag 7 0. Then
1 1

5= —a—o(b"‘1 +ap 1" 2+ +ay) € B.

Conversely, assume B is a field, and take a nonzero a € A. Then 1/a €
B, so it satisfies the equation

1 n 1 n—1
(Y s () 4
a a

1
—=—(ap1+apn2-a+--+apg-a"t) €A O
a

whence

We now have a series of formal consequences.

Corollary 5.2.2. Let A C B be an integral extension, QQ a prime of B over
P, that is, QA = P. Then P is maximal if, and only if, Q is.

Corollary 5.2.3. Let A C B be an integral extension, P a prime of A.
Then there exists a prime Q of B over P.

Proof. Let S = A\ P; by Proposition 5.1.17 we know that
Ap=S"'AcS'B

is integral. Let M C S™!'B be any maximal ideal. Then MNAp is maximal,
so it must be PAp. We conclude by the bijective correspondence for prime
ideals in the localization (Corollary [[L6.9). O

Corollary 5.2.4. Let A C B be an integral extension, P a prime of A and
assume QQ C Q' are primes of B over P. Then Q = Q'.

Proof. By localization we can assume that P is maximal. Then @ and Q’
must be both maximal, so they are equal. O

Remark 5.2.5. The above results tell us that we can always lift a prime P of
A, and that there cannot be two lifts one inside the other. It is by no means
true that the lift is unique, though. For instance the primes Q1 = (2 + 9)
and Q2 = (2 — 1) of Z[i] both satisfy Q; N Z = (5).

We can do a little better and lift chains of prime ideals.
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Theorem 5.2.6 (Going up). Let A C B be an integral extension. Let
P, C - C P, be a chain of primes of A and Q1 € -+ C Qm (m < n)a
chain of primes of B such that Q; is over P;. Then we can extend this to a
chain Q1 C -+ C Qn of primes of B with the same property.

Proof. We can forget the first m — 1 primes, so assume m = 1. Moreover
by induction we only need to do the step n = 2. Finally we can quotient by
P; and @1, and assume that both are 0. By Corollary we can lift Py,
and we are done. O

Remark 5.2.7. Producing a chain in A from a chain in B is easy. Indeed
assume @1 C --- € @y, is a chain of prime ideals of B, and let P; = @; N A.
Then the P; are again prime, and they are distinct by Corollary 5.2.4] so we
have the desired chain P C --- C P,.

Example 5.2.8.

(a) Consider the inclusion k C k[z]/(2?); this is an integral extension
since z satisfies 22 = 0. Note that both 0 and (z) restrict to 0 on
k, so the hypothesis that B is an integral domain is necessary in
Proposition B.2.11

(b) The same example shows that over the prime 0 we have both 0
and (x), so Corollary (5:24] does not extend to ideals which are
not prime; not even primary is enough. Indeed in the ring B =
k[z]/(z?) the ideal (x) is prime and 0 is primary, as every divisor
of 0 in B is nilpotent.

(¢) The going up property fails for nonprime ideals. To see this, con-
sider the integral extension k[z2, 23] C k[z], and take the ideal
I = (2?) C k[z?,2%]. Every ideal J C k[z] that contains I must
contain 2% as well, but 23 ¢ I, and hence there is no ideal of k[z]
that lies over I.

(d) For extensions which are not integral, there is no hope to have any
result as the above. This will be more apparent after we discuss
dimension.

For now just consider the inclusion k[x] C k[z,y]. For every
polynomial f = f(y) we have (f) N k[z] = (0); in particular both 0
and (y) are primes above 0.

(e) Similarly consider the extension k[x] C k[z,1/z], which is not in-
tegral. Since = becomes invertible in k[z, 1/z], there is no ideal of
klx,1/z], prime or not, over the prime ideal (z).

There is a similar result which allows us to extend descending chains of
prime ideals, but that requires more work. First we have to generalize our
definition of integral dependence.
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Definition 5.2.9. Let A C B be an inclusion of rings, I C A an ideal. We
say that an element b € B is integral over I if it satisfies a monic equation

(5.2.1) W'+ A b+ ag =0,

where all a, € I. The set of all such elements b is called the integral closure
of I in B.

As one may expect, this integral closure turns out to be an ideal, and it
is even expressible in terms of concepts we already know.

Proposition 5.2.10. Let A C B be rings, A the integral closure of A in B,
and let I C A be an ideal. Then the integral closure of I in B is VI - A.

Proof. Every element which is integral over I is certainly in A, so to simplify
notation we can assume A = B. We also denote J :=1 - B.

If b € B satisfies (5.2.1)), b" € J, hence b € v/J.
Vice versa, let b € v/J, so
b" = a;b; + - - - + apbg
for some n > 0 and elements a; € I and b; € B. The ring B’ = A[by, ..., by]
is a finitely generated A-module, since all b; are integral over A.

We can now apply the determinant trick, using the fact that "B’ C I-B’,

to obtain a monic equation for b whose nonleading coefficients are all in
1. O

Corollary 5.2.11. Let A C B be integral domains and assume A is inte-
grally closed. Denote k = F(A), and take an element b € B integral over
an ideal I C A. If we write the minimal polynomial of b over k as

f@)=2a" + an12" "+ + ao,
then all a; € V.

Proof. Let k' be the field of fractions of B; we can assume that &’ contains
all the conjugates b; of b. The coefficients of f are polynomials in the b; (the
elementary symmetric functions if the extension k&’/k is separable).

Each b; is integral over I, since it satisfies the same equation as b, so
the coefficients of f are integral over I. By the previous proposition and the
assumption that A is integrally closed, these coefficients are in v/I. (I

We need a last result:

Lemma 5.2.12. Let f: A — B be a ring homomorphism, and let P C A be
a prime. There there erists a prime Q C B such that f~1(Q) = P if, and

only if, f~1(f(P)- B) = P.
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Proof. The condition is clearly necessary.
So assume f~1(f(P)-B) = P. Let S = A\ P; by localizing at S we can
assume that A is local with maximal ideal P.

In this case let @ be any maximal ideal containing f(P) - B; then
Q) D P, so we must have equality by maximality. O

Theorem 5.2.13 (Going down). Let A C B be an integral extension of
integral domains, and assume that A is integrally closed.

Let Py 2 --- 2 P, be a chain of primes of Aand Q1 2 -+ 2 Qm (m <n)
a chain of primes of B such that Q; is over P;. Then we can extend this to
a chain Q1 2 -+ 2 Qn of primes of B with the same property.

Proof. As in the proof of going up, we can assume m = 1, n = 2. By
Lemma [5.2.12] it is enough to show that
PQBQI NA=D.
Take an element c
b= ; S PQBQ17

with ¢ € P,B and s € B\ Q1. By Proposition [5.2.10] ¢ is integral over P,
so by Corollary [(.2.T1] the minimal polynomial of ¢ over k := F(A) is

f(@) = 2"+ an_12" " + - + ao,

with a; € Ps.
If moreover b € A we find that a minimal equation for s = ¢/b over k is
n an—1 p—1 ag
Zn-l o+ 2 —0.
s"+ b s + -+ b

Again by Corollary B.2.17] we see that the coefficients of this equation are in
A. If b ¢ Py, all coefficients must lie in Py, so s™ € P - B.

But then
s"eP-BcC Q1,

which contradicts our choice of s. So b € P, and we are done. O

5.3. Noether normalization

In this section we prove the celebrated Noether normalization lemma, which
is a structural result for integral extensions of algebras over a field.

Recall that an extension of fields can always be factored into a completely
transcendental part, followed by an algebraic extension. Namely, if K C L
is an inclusion of fields, and L is finitely generated over K, there exists an
intermediate field T C L which is isomorphic to K (z1, ..., x,) as K-algebras,
and such that L is an algebraic extension of T'. Something similar holds for
algebras over a field.
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Theorem 5.3.1 (Noether normalization lemma). Let k be a field and A a
finitely generated k-algebra. Then there exist n > 0 algebraically independent

elements x1,...,x, € A such that A is finitely generated as a module over
k[wl, e ,{lfn].
Proof. Let y1,...,y,n be a minimal set of generators of A. We argue by

induction over m, the base case m = 0 being trivial.

If the y; are already algebraically independent, there is nothing to prove,
so assume that there exists a polynomial f over k such that f(y1,...,ym) =
0. We can try to alter the set of generators and use the relation given by f
to write one of the generators in terms of the other ones.

We perform the change of variable
i—1

2 =Y — y{
for i > 2 (r to be chosen later). This is an invertible change of variable
which has the effect of increasing the degree of y; inside f.

More precisely, in the equation
-1
)
we can look at the exponent of y; in the various monomials. For a monomial
of multidegree (o, ..., an) (in the y;), the exponent of y; after the change
of variables is

f(y1722+y{7"'72m+y{m

a1 + o + -+ ™

For r big enough, we see that there is a single monomial which will be of
maximum degree for y; such that the z; do not appear in this monomial.
This means that the transformed equation shows that y; is integral over
B :=Eklza, ..., zm].

By induction, B already has the desired form of an integral extension of
a polynomial ring, and the thesis follows. ([

Remark 5.3.2. When £ is infinite, one can use a linear change of variables
in the above proof. The only thing that is needed is that in the resulting
polynomial relation, y; appears with maximum degree in a monomial that
contains no other indeterminates.

Consider a change of variable of the form
Zi = Yi — Aiy1.

This change of variable preserves the total degree of monomials, so consider
the homogeneous part of maximum degree of f, call it . We want to ensure
that in F' there appears a monomial containing only y;. Let ¢ be the degree
of F.
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The coefficient of 3} in

F(yla'ZQ + )‘2:‘/1: ceeyZm Tt )\myl)

is a nonzero polynomial in As,...,Ay. Since k is infinite, there exists a
choice of Ao, ..., A\, that makes this coefficient not vanish, which is enough
to show that y; is integral over k[zo, ..., zpn].

5.4. Integral extensions of Dedekind rings

The theory developed so far allows us to give some important examples of
Dedekind rings. The main tool which we shall use is the following

Theorem 5.4.1. Let A be a Dedekind ring with field of fractions K, and
let L be a finite separable extension of K. Let B be the integral closure of A
in L. Then B is itself a Dedekind ring.

A few remarks are in order before proving the theorem. Recall from
Section that in this situation we have an additive homomorphism

Tr .= TI'L/KZ L— K

called the trace. Now assume b € B, and let 0: L — K be an embedding
in an algebraic closure of K; then the conjugate o(b) is again integral over
A, having the same minimal polynomial. It follows that the trace Tr(b) is
integral over A, and since A is integrally closed we find Tr(b) € A. So we
get by restriction an additive homomorphism

Tr: B — A.
Similarly we can see that N(B) C A.

We isolate the main step, which is of independent interest.

Proposition 5.4.2. Let A be a Noetherian integral domain with field of
fractions K, and let L be a finite separable extension of K. Let B be the
integral closure of A in L. Then B is a finitely generated A-module; in
particular it is itself Noetherian.

Proof. Let n = [L : K] be the degree of the extension. First, observe that
B contains a free rank n A-module. Namely, L is generated over K by a
single element «, and after multipliying by a suitable element of K we can
assume that « € B. So one can take the subring A(«a) C B, which as an
A-module is just

Ala) = <1,a,...,a”_1>A.

For any such submodule M C B with basis uq, ..., u,, consider the dual
basis v, . .., v, with respect to the trace (Definition L2.5]), and let

N = (v1,...,0n) 4.



5.4. Integral extensions of Dedekind rings 141

We claim that B C N; since N is a Noetherian A-module, it will follow that
B is finitely generated.

To see the claim, first note that since {v1,...,v,} is a basis of L over
K, any element b € B can be written as

b=ajvi + - -+ anvn
for some ayq,...,a, € K. Multiplying by u; and taking the trace we find
a; = Tr(bu;) € A,
since bu; € B. O

Proof of Theorem [5.4.31 We use the characterization of Dedekind rings
from Theorem .19 It is clear that B is integrally closed. Moreover, there
cannot be a strict inclusion P C @ of nonzero primes of B, by Corollary
(.24l and the fact that every nonzero prime of A is maximal. Finally, B is
Noetherian by Proposition O

The result applies in particular when A is a principal ideal domain, so
we can form a lot of new Dedekind rings. A special case is obtained when
A =7 and L is a number field, that is, a finite extension of Q.

Definition 5.4.3. Let K be a finite extension of Q. Then K is called a
number field. The integral closure of Z inside K is called its ring of integers,
and it is sometimes denoted O . For brevity, we will also call it a number
ring, although this terminology is not entirely standard.

This provides a lot of examples of Dedekind rings which are of great
interest in arithmetic—one of the early successes of commutative algebra
was developing the unique factorization for ideals in integral extensions of
Z. We will study these rings in greater detail in Chapter 6l

These are not the only examples, though: in Exercise [[7 of Chapter
you will see an example of a Dedekind ring which is not the integral closure
of a principal ideal domain in its fraction field.

In fact, Theorem [(.4.1] is true even in the inseparable case. In this
situation, though, Proposition fails: the integral closure of a Dedekind
ring in a finite extension of its fraction field can fail to be finite (Exercise
[[9). We will thus pursue a different strategy that avoids the construction of
the dual basis.

Theorem 5.4.4 (Krull-Akizuki, [Alo99]). Let A be an integral domain
with fraction field K, B a ring such that A C B C K. Assume that

(i) A is Noetherian

(ii) every nonzero prime of A is mazimal.

Then [l) and [) hold for B as well.
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In the terminology that we will introduce in Chapter @l conditions [i)
and ) say that A is a 1-dimensional Noetherian ring.

Proof. Let a € A be a nonzero element. Then A/aA is Noetherian, and
every prime of this ring is maximal. By Theorem 2411l A/aA is Artinian.
We claim that B/aB is Artinian as well.

Given this claim, we can easily conclude the proof. In fact, let I C B
be any nonzero ideal. Then I N A # 0 (why?), and we can choose a nonzero
a € INA. Then the image of I in B/aB is finitely generated, so [ is finitely
generated as well, which proves that B is Noetherian. If moreover [ is prime,
its image in B/aB is maximal, hence I is maximal as well.

To prove the claim, consider the ideals
I, =a"BNA+adA

of A. Let I,, be the image of I, in A/aA. This is a decreasing sequence of
ideals, hence it stabilizes. By the correspondence of ideals, the same must
hold for {I,}, so there is a a minimum m such that I,, = I,,, for all n > m.
We want to derive from this that

(5.4.1) a™B C a™' B+ A.

Both members of this relation are A-submodules of K, hence the inclusion
holds if and only if it holds between their localizations at any maximal ideal
of A. This allows us to prove (5.4.1]) under the additional hypothesis that A
is local. In this case, let M be its maximal ideal. We can also assume that
a € M, otherwise it is a unit and the inclusion is trivial.

Take any nonzero element z = b/c € B, where b,c € A. Each ideal in
a primary decomposition for (c¢) is M-primary, hence M"™ C cA for some
n > m. (Why?) But then a" ™'z € A (in fact, already a"x € A), so

a" e ead"BNA+aAd =111 = I10 =a"2BNA+dA.
We can simplify this to
(5.4.2) a"z € a"MB + A.

In fact, this holds for n = m. To see this, take n minimal such that (5.4.2)
holds. If n > m, then
a"vr € (a""B+A)Na"B=a""'B+ (a"BNA)
Ca" " B+ (a""'BNA)+ad =a" B+ a4,

so a" 'z € a"B + A, which contradicts the fact that n is minimal. Hence,
(BA2) holds with n = m, and finally since € B is arbitrary, this implies

ELD).
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Knowing this, we can finally prove our claim that B/aB is Artinian. In
fact,
B a™B a™ B+ A ~ A

2

aB_ @B S anriB  gnHiBNA
which proves that B/aB is an A/aA-module of finite length, hence it is
Artinian as an A/aA-module, and a fortiori as a B/aB-module. O

Corollary 5.4.5. Let A be an integral domain with fraction field K, L/ K
a finite field extension and B the integral closure of A in L. Assume that
(i) A is Noetherian
(ii) every nonzero prime of A is mazximal.

Then ) and i) hold for B as well. In particular, if A is a Dedekind domain,
B is also a Dedekind domain.

Proof. Take by,...,b, € B that generate L over K. Then the ring C :=
Alby, ..., by] is finitely generated over A, hence Noetherian. Also, by The-
orem [5.2.6 every nonzero prime of C' is maximal. Since C' C B, the thesis
follows from Krull-Akizuki theorem. O

5.5. Exercises

1. Let A be a ring, A its integral closure inside the total ring of fractions
F(A). Prove that

A= | U D.
I fractional
ideal of A

2. Prove the following strengthening of Gauss’s lemma. Let A C B be
integral domains, f € A[x] a monic polynomial, and assume we have a
factorization f = gh, where g,h € Blz| are monic. Then the coefficients
of g and h are integral over A. Can you prove the same result without
assuming that A and B are integral domains?

3. Let A be an integrally closed integral domain, f € A[z] an irreducible
monic polynomial. Then f is prime.

4. Let k be a field, B = k[z,y], and define

A:={f € B| £(0,0) = (1, 1)}.

Consider the ideal Q2 = (z — 1,y — 1) C B, P, = Q2N A and P; = (z) N A.
Show that P; C P», but there is no prime Q1 C Q)2 that lies over P;, hence
going-down fails for the inclusion A C B.

5. Compute the integral closure of A := k[x,y]/(y? — 2% — 2?), where k is a
field. (Notice that y/z is integral over A.)
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6. Let B be the integral closure of A := k[, y, 2]/(y? — 2° — 2?), where k
is a field. Show that the inclusion A C B does not satisfy the going-down

property.

7. Let A be aring with an action of a finite group G by ring homomorphisms.
Denoting

AY:={acA|lg-a=aforall gec G}
the invariant ring, prove that A is integral over A®. In particular, if A is a
finitely generated k-algebra, A is finitely generated as a k-algebra as well.
In this case, we conclude that A® is Noetherian.

The following exercises, up to Exercise [I3], give some properties of the
conductor ideal, a tool which is often used to study the properties of rings
that are not integrally closed. In particular, we will use it to extend the
property of ideal factorization from Dedekind rings to a slightly more general
class of rings, with some restrictions.

8. Let A C B be rings. The conductor ideal of A in B is defined as
f(B/A) := Anny(B/A) ={a € A|aB C A}.

Show that f(B/A) is an ideal both of A and B. Moreover, if [ is any
ideal of B such that I C A, then I C §f(B/A). Deduce that j(B/A) is the
largest common ideal of A and B.

9. Let A C B be rings, S C A a multiplicative set. Show that
STY(B/A) C f(ST'B/ST'A).

If moreover B is finitely generated as an A-algebra and integral over A, then
equality holds.

10. Let A be an integral domain with field of fractions &, and take a ring
B such that A C B C k. Then, as A-modules,

f(B/A) = Homyu (B, A).

11. Let A be a Noetherian domain and assume that every nonzero prime
ideal of A is maximal. Let B be the integral closure of A—by Krull-Akizuki,
this is a Dedekind ring. Let I C B be an ideal that is relatively prime to the
conductor f(B/A). Show that INA is also relatively prime to f(B/A) as ideals
of A. Moreover, the homomorphism A/I N A — B/I is an isomorphism.
Deduce that [ is prime if and only if I N A is prime.

12. Let A C B be as in Exercise[[Il Let I C A be an ideal that is relatively
prime to the conductor f(B/A). Show that I - B is also relatively prime to
f(B/A) as ideals of B. Moreover, the homomorphism A/I — B/IB is an
isomorphism. Deduce that I is prime if and only if I - B is prime.
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13. Let A C B be as in Exercise Il Show that there is a bijection between
ideals of A relatively prime to f(B/A) and ideals of B relatively prime to
f(B/A), and that this correspondence is multiplicative and preserves the
property of being prime. Deduce from the fact that B is a Dedekind domain
a factorization theorem for A. Namely, ideals of A that are relatively prime
to the conductor have the property of unique factorization into primes.

14. Use the Noether normalization lemma to prove this variant of generic
freeness (see Corollary [Z5.18])): let A be a Noetherian integral domain, B
a finitely generated A-algebra; then there exists a nonzero f € A such that
By is a free Ay-module.

15 ([Huc76, Prop 3.1]). Let A be a Noetherian local ring, P C A a prime
and I a P-primary ideal different from P itself. Let B := A/I and C
the integral closure of B inside its total ring of fractions. Prove that B is
Noetherian, but C' is not. (Let b € B be any element that is not a unit or a

zero divisor. The nilradical N'(C') satisfies bN(C') = N (C).)

In fact, integral closure does not preserve the property of being Noether-
ian even for integral domains; see [Nag62, Appendix, Example E.5].

The following exercises, up to [[9 give (a variant of) an example from
[Kap70, Theorem 100] of an integral extension of Dedekind rings which is
not finite. Our presentation here comes from [Knaal.

16. Let k be a field. Show that k((¢)) := F(k[[t]]) is transcendental over
E(t).

17. Let k be a field and a € k[[z]] an element transcendental over k(x).
Show that the ring A := k[[z]]Nk(z,a) is a Dedekind ring and in particular
is integrally closed.

18. Let k be a field of characteristic p, a € k[[x]] an element transcendental
over k(z), and let b = aP. Define the rings A := k[[z]] N k(x,a) and B :=
E[[z]] N k(x,b). Show that A is the integral closure of B inside F(A).

19. Let A, B be the rings of the previous exercise. Show that A is not
a finitely generated B-module. (For any n € N, b can be written as b =
fh+ xP™b,, where f, € k[x] and b, € k[[x]]. Then b,, has a unique p-th root
satisfying b,ll/ P = g7"(—f, +a). If A was finitely generated, one could find
¢ € A such that ¢B C Ala]. Show that this implies that 2™ divides ¢ in A,
for all n, and find a contradiction.)

20. Prove the following strengthening of the Krull-Akizuki theorem. Let A
be a reduced Noetherian ring, T its total ring of fractions, and B a ring such
that A C B C T. Assume that A is Noetherian and every nonzero prime
ideal of A is maximal; then the same holds for B. (Consider the minimal
primes of A and, for each such prime P, the map B — T — F(A/P).)
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21. Let A be an integral domain, B its integral closure inside the algebraic
closure of k := F(A). Prove that for any primes P,..., P, C B, the sum
P+ - -+ P, is either the whole of B or a prime ideal. This is a result of Artin
from JArt71]. (Reduce to two primes P; and P». Assume zy € Py + P, and
define z = y — x, so that 22+ zx = a1 + as, with a; € P;. Let t be a solution
to t2 + 2t = ay, and argue that either t € Py or t + z € P;. Find a way to
factor as, and check that in all cases either x € P+ P, or y € P; + P,. This
proof comes from [HH92]|.)



Chapter 6

Lattice Methods

This chapter is somewhat more specialized to the cases of interest in alge-
braic number theory. We are interested in rings that are obtained by taking
the integral closure of Z inside a finite extension K of Q. As an additive
group, such a ring A is isomorphic to Z™, where n is the degree of K over
Q. Ideals can then be viewed as sublattices inside Z"™, and this allows us to
study them using geometric techniques. In particular, the norm of an ideal
I—which measures how much I is sparser than A—will be a fundamental
technical tool. While most of the chapter is devoted to this setting, some
parts are valid over more general Dedekind rings.

In the first section, we study the properties of the integral closure of Z
inside number fields; in particular their structure as an additive group. We
also investigate what happens to prime ideals under extension. The norm
of an ideal is the tool that we use here. We also generalize these results to
Dedekind rings with a different technique. In the next section we study the
case of an integral extension of Dedekind domains when the corresponding
field extension is Galois.

We then go back to the special case of number fields, where we use more
geometric techniques to prove bounds on the norm of ideals, from which we
derive important results about the finiteness of the ideal class group and the
finite generation of the unit group. Finally, we specialize these concepts to
the interesting case of rings of integers inside cyclotomic extensions of Q.
This allows us to present a slick proof of the celebrated quadratic reciprocity
formula of Gauss.

This chapter, together with the material needed from the previous ones
(in particular the factorization theorem for Dedekind domains from Chapter

147
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), gives a quick introduction to the ideas and methods from algebraic num-
ber theory. It can be complemented with some parts of Chapter [ which
introduces the completion of rings and defines the so-called p-adic rings, giv-
ing a local analogue of the theory developed here. For more about number
fields, [Mar77] is an excellent reference.

6.1. Additive structure of number rings

Let K be a number field, A its ring of integers (see Definition (.4.3). By
Theorem [5.4.T], A is a Dedekind ring. In particular, we can apply the results
of Section B4l and factor every ideal I as a product of prime powers I =
P{t... P in a unique way.

As a Z-module, the structure of A is pretty simple.
Proposition 6.1.1. Let n = [K : Q]. Then A is a free Z-module of rank n.

Proof. By clearing denominators, we can find a Q-basis for K given by
elements aq,...,a, € A. Let by,...,b, be the dual basis with respect to the
trace (Definition £.2.5). Then for every a € A we can write

n
a = E Cibi
=1

for some ¢1,...,c, € Q. But then ¢; = Tr (a - a;) € Z by duality.
This shows that we have inclusions
Zay+ -+ Za, CACZby+---+7Zb,.
The latter inclusion implies that A is a free Z-module of rank at most n,

and the former shows that the rank is exactly n. O

Example 6.1.2. Let K = Q(y/m) be a quadratic number field; we can
assume that m is squarefree. (Why?) Let us compute a basis for its ring of
integers.

A number « = x + y/m € K is an algebraic integer if and only if
Tr(a) = 2z and N(a) = 22 — my? are in Z. Let us write + = a/2 and
y = p/q, where a,p,q € Z and p and ¢ are relatively prime. To have
N(«a) € Z is equivalent to

a’q> —4mp* =0  (mod 44°).
This implies that ¢? divides 4m, and since m is squarefree, ¢ divides 2. So
we can take y = b/2, with b € Z.

With this notation, « is integral over Z if and only if
a? =mb® (mod 4).

Since m is squarefree, m = 1,2 or 3 modulo 4.
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(a) If m = 2,3 (mod 4), a and b must both be even. In this case,
a = s+ ty/m, with s,t € Z, so a basis for Ok is {1,/m}

(b) If m =1 (mod 4), a and b need just have the same parity. In this
case, a basis for O is {1, 1+m}.

2

Generalizing the example, a natural question is to find a basis for the
ring A of integers in K. In particular, one may ask whether it is possible to
find some a € A such that A = Z[a]. This is not true in general, but one
can get bounds such as the following.

Proposition 6.1.3. Let ai,...,a, € A be a basis of K over Q, d =
disc({ai,...,an}). Then dA C Zlay,.. ., ay].

Recall that the discriminant was defined in [4.2.6]

Proof. Let by,...,b, be a basis of A, so that a = Mb for some matrix M
with integer coefficients. Let B = Zlay, ..., a,]; then A/B is a finite abelian
group of cardinality equal to |det M| by

By Proposition 4.2.10,
d =disc({ay,...,an}) = m>disc({b1, ...,b,}),

where m = det M. Since m(A/B) = 0, we have mA C B, and the result
follows since m|d. O

Definition 6.1.4. If A is the ring of integers in a number field K, we
define its discriminant disc(A) := disc({a1,...,an}), where {aq,...,a,} is
any basis of A over Z. This is well defined by E.2.10], since any other basis
can be obtained by a change of basis for an integer matrix with determinant
+1. We sometimes denote disc(K) := disc(A).

The discriminant has a natural geometric interpretation. First, recall
that a lattice is a free abelian group £ = Z" of finite rank with an embedding
i: L — R™ such that the image of a Z-basis for L is a basis of R as a vector
space. This is equivalent to saying that i(L£) is discrete in the Euclidean
topology (Exercise[). Given a basis g1, ..., g, of £, the linear combinations
Z?Zl a;i(g;) with 0 < a; < 1 form a parallelogram, called a fundamental
domain for the lattice. The figure shows an example of 2-dimensional lattice,
with generators v; and wve, and two choices of a fundamental domain.
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Definition 6.1.5. Let i: £ — R" be a lattice, D C R" a fundamental
domain with respect to the basis {gi,...,9n}. The volume of D, denoted
vol(D), is just its Lebesgue measure as a subset of R™. By elementary
measure theory, vol(D) = |det M|, where M is a matrix having as columns
the vectors {i(g1),...,i(gn)}-

The volume of L, denoted vol(L) is the volume of one of its fundamental
domain. To see that this is well defined, notice that if we choose a different
basis, the matrix for the change of basis has determinant +1, hence the
volume of the fundamental domain does not change.

Let K be a number field with degree n over QQ, A its number ring. We
have seen that—as a group—A = Z". We can in fact view A as a lattice
inside R™. To do so, let K = Q(«), and say f is the minimal polynomial
of a over Q. Then f has n roots, of which, say, there are r real ones and s
pairs of conjugate nonreal ones, so that 7 +2s = n. By Corollary [A:3.10, K
admits n distinct embeddings into C, each one determined by the image of
a. For r such embeddings o we have o(K) C R, so in fact the numbers r
and s are independent of a.

Definition 6.1.6. The pair (r, s) is called the signature of the number field
K.

The set of embeddings will be
{01,y Ory T, Ty - o+, Ty Ts |
where the o; are real. Together, they determine a homomorphism
(6.1.1) o: K - R" xC?

given by ¢ = (01,...,0,71,...,7s). As a real vector space, we can identify
R" x C* with R™, and look at the image of A via o.

Proposition 6.1.7. o(A) is a lattice inside R" x C%, whose volume is

vol(a(A)) = 275 /[disc(A)].
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Proof. The first assertion follows from the second one: as a group, A = Z",
and if o(A) did not generate R” x C* as a real vector space, its volume would
be 0.

Letting {a1,...,a,} be a Z-basis of A, the image of A is generated by
the columns of the matrix M given by

oi(ar) - op(aq) Rr(ar) Smi(ar) - S1s(aq)

o1(ay) - O'r('Oén) %leozn) 37'1'(0571) oo QTs(am)

The determinant of M is, up to sign, the volume of a fundamental do-
main. To compute it, we use column operations to replace the column
%Tk(ﬁ) with Tk(ﬁ). Then, by multiplying the next column by 2¢ and sub-
traction, we can turn next column into 7x(a’).

The square of the determinant of the matrix thus obtained is disc(A),
and our column operations have multiplied det M by (2i)°, hence |det M| =
275, /|disc(A)]. O

There is an alternative way to look at the embedding o in (GI.T]).
Namely, let Kr = K ®gR. Since K is a Q-vector space of dimension n, Kg
is a real vector space of the same dimension. More precisely, let K = Q(«),
and f the minimal polynomial of a. Then K = Q[x]/(f(x)), so

Rlz]
Kp o —2
(f ()
By factoring f over R[z] as a product of r linear and s quadratic factors, we

obtain an isomorphism R[x]/(f) = R" x C*, and this gives another definition
of the embedding

(6.1.2) K < Kg 2 R" x C°.

It is a simple verification that the two embeddings agree, for a suitable choice
of the ordering of the factors of f (Exercise []).

The discriminant can be used to bound the ring of integers of a composite
field.

Proposition 6.1.8. Let K, L be two number fields with m = [K : Q),
n = [L: Q] and assume that [KL : Q] = m-n. Let A be the ring of integers
of K, B that of L, and C that of KL. Setting d = (disc(A), disc(B)), we
have

1
-A-B.
CCd

Proof. Clearly, A- B C C. Let {ai,...,an} be an integer basis of A and
{b1,...,by} an integer basis of B. The set {a; - b;} is a Q-basis of K L.
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C' contains the product A - B as a subgroup of finite index, since both
have rank mn. If ¢ is this index, ¢- C C A - B. So, for t € C we can write

T
=1 j=1
for some x;; € Z. We can assume that the GCD of all x;; and c is 1.

Fix an embedding L C C, and consider an embedding o, : KL — C that
fixes L. There are m of those, and their restrictions to K remain distinct.
Hence

Ur(t) = Z Z %Ur(az)bj
i=1j=1 ©
= Z Z x—czjb] Ur(az) - Z ylar(al)
i=1 \j=1 i=1

The terms y; can be seen as the solution of a linear system defined by
the matrix (o, (a;)),; and vector (o(t)),. By Cramer’s rule,

o detM,-
Yi = ds

where dy4 = disc({a1,...,an}) = disc(A4), and M; is some cofactor matrix.
In particular, det M; € C, so day; € C. Since y; € L, we have day; € B,
which can be expanded to % Sy

So ¢ divides dax;; for all 7,j. Since ¢ was chosen to be coprime with
the x5, it follows that ¢ divides d4. Symmetrically, ¢ divides dg, hence c|d,
which is the thesis. O

6.2. Prime extensions in number rings

Let A C B be an inclusion of Dedekind domains, and let K be the fraction
field of A and L that of B. Assume that B is integral over A. A key
example is when K and L are number fields, with rings of integers A and B
respectively.

We want to relate the factorization for ideals in A to that in B. Given
an ideal I C A, we can consider the extension I - B and its factorization.
We start with the case of prime ideals.

Remark 6.2.1. Let P C A be a prime ideal. The ideal P-B is not trivial. In
fact, since P is not the whole of A, there exists v € K\ A such that y-P C A.
This is clear if P = (a) is principal: just take v = a~!. Otherwise, P71 > A
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is not the unit in the class group; then take any v € P~1\ A. Assume that
we can write

1=pibi + -+ prbg
for some choice of p1,...,pr € P and by,...,b; € B.

Multiplying by v we get that v € B is integral over A. But we know
that v € K, so we get a contradiction because A is integrally closed.

Since P - B is not trivial, there exists a factorization of the form
(6.2.1) P-B=Q{---Qr

for some prime ideals @); of B. The condition that () is a prime over P in
B can be expressed in several equivalent ways.

Proposition 6.2.2. Let A C B be an integral extension of Dedekind rings,
P a prime ideal of A and @ a prime ideal of B. The following conditions
are equivalent:

(i) Q divides P - B

(ii) > P-B
(i) Q O P
(iv) QN A=P.

Proof. The equivalence of the first three points follows immediately by the
unique factorization for ideals in B. For the last point, it is clear that if
@ N A D P, we must have equality because P is maximal. O

Definition 6.2.3. Let A C B be an integral extension of Dedekind rings,
P a prime ideal of A and @) a prime ideal of B over P.

(1) The degree of the field extension A/P C B/Q is called the degree
of inertia of @ over P, and is denoted f(Q | P).

(2) The exponent e; in the factorization (6.2.1)) is called the ramification
index of @; over P, and is denoted e(Q; | P).

(3) If e(Q; | P) =1 for all Q; above P, we say that P is unramified in
B; otherwise it is ramified.

So far we have been general, but now we restrict again to the case of
rings of integers in number fields. In this case we can prove that the degree
of inertia is always finite.

Remark 6.2.4. Let A be the integer ring in the number field K, I C A any
nonzero ideal. If x # 0 is any element of I, we have inclusions x- A C I C A,
which shows that, as an additive group, I is free of the same rank as A. In
particular, if P C A is prime, A/P is a finite field, and the degree of inertia
is always finite for the case of number rings extensons.
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Definition 6.2.5. Let I C A be an ideal in a number ring. The index A : 1
as additive groups—which is the same as the cardinality of A/I—is called
the norm of I and denoted |/I||.

Remark 6.2.6. By Proposition [6.1.7 it follows immediately that I embeds
into R” x C* as a lattice of volume 27%,/|disc(A)| - ||I||, where (r,s) is the
signature of the number field.

The connection with the norm of elements is given by the following

Proposition 6.2.7. If I = (x) is principal, ||I|| = |N(x)|, where we simply
denote N = N q.

Proof. [Conl, Theorem 7.2] Since I is a subgroup of A of the same rank,
by Theorem we can find a Z-basis of A, say {r1,...,m,}, such that
{a171,...,anry} is a Z-basis of I, for some integers {ai,...,a,}. Another
basis is of course {zri,...,zr,}, hence the linear map on K which sends
a;r; to xr; has determinant +1.

On the other hand, we have a commutative diagram of linear maps on
K given by

Ti—>aQ;T;

K K
\ lai Ti—>XT;.
T;—>XT;
K

Since the determinant of the vertical map is 1, the two other determi-

nants are the same, up to sign. But the one above is ||I]|, and the one below
is N(x). O

Remark 6.2.8. It follows that for any ideal I and = € I, ||I]| divides N(z),
since (z) is a subgroup of I.

As it happens for the norm of numbers, the norm of ideals is multiplica-
tive.

Proposition 6.2.9. Let I, J be ideals of the number ring A. Then ||I-J|| =
I

Proof. We use unique factorization and prove the equivalent fact that if
I=PpM" .- B, then [[I]| = [|Py[™ - - || Pyl|™

First, let us treat the case of coprime ideals. If I = S-T', with S+T = (1),
we have

4.4 4
I ST
by the Chinese remainder theorem [[L2.12] hence ||I]| = ||S]|||T||-



6.2. Prime extensions in number rings 155

This leaves with the case of a prime power, where we prove that ||P™|| =
| P||™ by induction. Assume it holds for m and choose any oo € P™\ P™+1.
Consider the composition

A2 pm pm/pmtl
TH——a -

call it ¢. Trivially, P C ker ¢, and conversely if z € ker ¢, we must have
x € P by unique factorization.

Since P = ker ¢, we can descend ¢ to the injective map
¢Y: A/P — P™/pP™tL

By unique factorization, the ideal (o, P™T!) is the largest common factor
of (o) and P™*!, which is P™. This implies that ¢ is surjective, hence 1 is
an isomorphism.

It follows that A/P = P™/P™*! hence | P™T!|| = || P™|||| P|| as desired.
(]

We can use what we have proved so far about norms of ideals to get a
special case of an important result.

Theorem 6.2.10. Let L be a number field with ring of integers B, p € Z a
prime, n = [L : Q]. Assume p-B = Q5" ---Q%. Then

n=> efi
=1
where fi == f(Q; | p).

We will generalize this in a moment to any extension of number fields,
but this result will be needed as a starting point.

Proof. We compare the norms in the factorization of p - B. For one, it is
clear that ||p- B|| = p", since B is free of rank n.

On the other hand, ||Q;|| = #(B/Q;), and B/Q; is a field extension of
Z./pZ of degree f;. Hence

Ip- Bl = Q- [@: I = () - (pF)r = p= it

and the thesis follows by comparison. O

To study the more general case, we want to compare how the norm of
ideals behaves under extension. First, we need
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Lemma 6.2.11. Let K C L be number fields with integer rings A and B
respectively. Let P C A be a prime ideal, and Q C B a prime over P—this
gives an inclusion of fields A/P C B/Q. Then

[B/Q:A/P| < [L: K.

Proof. Let n = [L : K] and take elements b1, ...,b,.1 € B/Q with repre-
sentatives by, ...,b,4+1 € B. Then we have a linear dependence relation

a1by + -+ apy1bns1 =0,
where can take a; € A by clearing denominators. This gives a similar relation
for the b; over A/P, unless all a; € P. If this is the case, it is enough to
find a € K such that aa; € A for all 4, but at least one aa; ¢ P and then
multiply the equation by «.
Let I = (ay,...,a,) and choose an inverse ideal J of A, so that I-J = (vy)
for some v € A. By unique factorization, I -J ¢ () - P, so we find g € J

such that BI ¢ () - P. Then it is easy to check that a := g is the desired
element. (]

Proposition 6.2.12. Let K C L be number fields with integer rings A
and B respectively. Let I C A be an ideal. Then ||I - B|| = ||I||", where
n=[L:K].

Proof. By the multiplicativity property 6.2.9, it is enough to prove the
assertion for a prime ideal P. First, we consider the case where K = Q; in
this case, P = (p). If {b1,...,b,} is a basis of B as a Z-module, then a basis
of P- B is {pbi,...,pby}, so |P-B| =p".

For the general case, consider the inclusion Q C K C L, and let (p) =

P NZ, so that we have also inclusions (p) C P C P - B. Factor (p) - A =
Prt... P with inertia degrees fi,..., fr, and P = P; for some i. By

ro

Theorem [6.2.10], we get
p" = l(p) - Al = p=F,
where m = [K : Q).
For B, using [6.2.9] again, we get
(6.2.2) P =|(p) - Bl =[|PB[ - | PB[.
Moreover, ||P; - B|| = || P;]|™ for some n; < n by Lemma Combining

with (6.2.2]), we get
P [Py e = pT e

Since all n; < n, we must have equality for all 7, hence ||P;- B|| = || F;||". O

This allows us to extend [6.2.10] to the general case of extensions of num-
ber fields.
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Theorem 6.2.13 (Inertia-ramification formula for number rings). Let K C
L be number fields with ring of integers A and B respectively. Let P C A be
a prime ideal, n = [L : K]. Assume P-B = Q7" ---Q¢ . Then

n= ieifi,
=1
where f; == f(Q; | P).

Proof. By Propositions[6.2.12] and [6.2.9] we get

1P = 1P~ Bl = Q] -+ Q-]
= [P Pt = P,

and the result follows by comparing exponents. ([

6.3. Prime extensions in Dedekind rings

We want to extend the results of the previous section to the more general case
of Dedekind rings. The situtation is more subtle because we cannot assume
the result of Section [B.Iin particular that the rings involved are additively
free Z-modules. For this reason, we will not use the ideal norm, instead we
will prove the analogue of Theorem with a different approach.

Let A be a Dedekind ring with fraction field K, L a finite separable
extension of fields, and let B be the integral closure of A inside L. By
Proposition [5.4.2] we know that B is finitely generated as an A-module, and
in fact it is itself a Dedekind ring by Theorem £.4.11

Given a prime ideal P C A, we want to study the factorization of P - B
as an ideal of B. Recall that Definition is valid for general Dedekind
rings, so we can talk about the index of ramification and the degree of inertia
of a prime ideal Q C B over P.

Proposition 6.3.1. Let K C L be a finite separable (Section[A3]) extension
of fields, A C K a Dedekind ring with fraction field K, and B C L its integral
closure. For a prime P C A we have

dimy,p =[L: K],

P.-B
where dim 4, p denotes dimension as a vector space over the field A/P.

Proof. Consider the multiplicative set S = A\ P, and let A’ = S™14 = Ap
and B’ = S™1B. Then, we have isomorphisms A/P = A’/PA’ and B/P =
B'/PB’, so we can assume that A is local.

In this case, by unique factorization, all ideals are powers of P, which
then must be principal. It follows that in fact, A is a principal ideal domain
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(actually, A is a discrete valuation ring, which we will encounter in Section
[73). From the structure of finitely generated modules over principal ideal
domains (Theorem 2.1.7) and the fact that B has no torsion, it follows that
B is actually a free A-module. In this case, the thesis is clear. (I

We can use this fact to generalize Theorem [6.2.13]

Theorem 6.3.2 (Inertia-ramification formula for Dedekind rings). Let K C
L be a finite separable extension of fields, A C K a Dedekind ring with
fraction field K, and B C L its integral closure. Let P C A be a prime
ideal, n = [L : K|. Assume P-B = Q5" --- QS . Then

r

n=> efi

=1

where f; :== f(Qi | P).

Proof. By the Chinese remainder theorem, we have
B H B
P-B Pl QT

k
Moreover, dim 4, p % =dimy,p % for all k (why?), hence

di —— =¢;di —
im - = ¢; dim .
By Proposition [6.3.1] we have

,

. B\~ . B
[LZK]:dlInA/PP.B:ZeidlmA/pgzzeifi- U
i=1 b=l

6.4. Galois extensions of Dedekind rings

Keeping the setting of the previous section, we investigate what happens
when the extension K C L is Galois (Section [A.5]). In this case, the Galois
group Gal(L/K) acts on B—Dbecause it preserves integral elements—hence
it acts on ideals of B. In particular, given a prime ideal P C A, Gal(L/K)
must permute the prime ideals Q; C B that are over P.

Proposition 6.4.1. Let K C L be a finite Galois extension of fields, A C K
a Dedekind ring with fraction field K, and B C L its integral closure. Let
P C A be a prime ideal, and Q1,...,Q, the primes of B over P. Then the
action of Gal(L/K) on {Q1,...,Qr} is transitive.
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Proof. Take any two primes over P, say @1 and (J2. Assuming that there
isno o € G := Gal(L/K) such that 0(Q1) = Q2, we can solve the system

=0 mod Qs
r=1 modo(Q) foralloceG
using the Chinese remainder theorem.

Let y = Np/k(2) = [[,eq o(x). On one hand, z itself is a factor in this
product, hence y € Q2. On the other hand, x ¢ o(Q;) for every o € G,
that is, no factor lies in (1. Since @ is prime, y ¢ @;. But this is a
contradiction, since y € AN Q2 = P. O

From the proposition, it follows that e = e(Q;|P) and f = f(Q;|P) do
not depend on 7, hence the inertia-ramification formula simplifies to

(6.4.1) n=I[L:K]=r-e-f.

Definition 6.4.2. Let K C L a finite Galois extension with Galois group
G, A C K a Dedekind ring with fraction field K, B C L its integral closure.
Let P C A be a prime ideal, and @) a prime of B over P.

(1) The decomposition group of @ over P, denoted D(Q|P) is
D(Q|P) ={o € G|o(Q) =@},
that is, the stabilizer of @) in G.
(2) The inertia group of @ over P, denoted E(Q|P) is
EQ|P)={c€G|o(z)=x (mod Q) for all x € B}.
Remark 6.4.3. Since D(Q|P) is the stabilizer of @, and the action is tran-
sitive, we have [G : D(Q|P)] = r. Moreover, all subgroups D(Q;|P) are
conjugate with each other: if 7(Q;) = Q;,
D(Q,|P) = 7D(Qs|P)7~".

Remark 6.4.4. It is immediate to check that F(Q|P) is a subgroup of

D(Q|P). In fact, it is normal subgroup. To see this, notice that an auto-
morphism o € D(Q|P) induces a commutative diagram

B—2 B

L]

B/Q —" B/Q,
thereby inducing a homomorphism ¢: D — Aut(B/Q).

In fact, A/P is a subfield of B/Q, and 7 € Gal(g/%). The kernel of ¢
is exactly F(Q|P), which must then be normal in D(Q|P). Moreover, since
the cardinality of Gal(£/4) is f(Q|P), we have [D(Q|P) : E(Q|P)] < .
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By the Galois correspondence (Section[A.5]), we obtain a tower of exten-
sions that sit between K and L:

L Aec}
Ly E
Lp D
K G,

where D = D(Q|P), E = E(Q|P), and on the vertical lines we denote the
degree of the field extensions.

Proposition 6.4.5. In the above setting, we have [L : Lg] = e and
[Lg: Lp]l=f.

Proof. Let us complete the diagram by showing the integral closure of A
in Ly and Lp, as well as the restrictions of () to these rings:

Q B L {ec}

P A K G.

We know some numbers in this diagram: [Lp : K] =r and [Lg : Lp| <
f. We will compute some others and use the inertia-ramification (6.4.1])
formula to conclude.

First, since D = Gal(L/Lp), and the Galois group is transitive on primes
over Qp, we deduce that @Q is the only prime of B over Qp. By [6.4.1]) we
see that

e(Q[P) - f(QIP) = e(QlQp) - f(QlQD),

and since there are obvious inequalities, we conclude that in fact e(Q|Qp) =

e(Q|P) and f(Q|Qp) = f(Q|P).
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The next step is to show that f(Q|Qg) = 1, that is,

is E-invariant, hence it belongs to Bg[x]. This gives a quotient polynomial
9(z) € Be/QElz].

By definition, o € E implies that o(a) = @ in B/Q, hence g(z) is
a power of (z — @). Since B/Q is a separable extension of Br/Qg, the
minimal polynomial of @ over Bg/Qr must be z —a—that is, @ € Bp/Qp.
Since a was arbitrary, B/Q is the trivial extension of Br/Qp, as claimed.

At this point, since inertia degrees are clearly multiplicative in exten-
sions, we find that f(Qg|Qp) = f(Q|@p) = f. By the inequality we already
know we conlude that [Lg : Lp] = f and now we can fill in all remaining
degrees in the diagram, which becomes

Q B L e} O

e=r=1 f
Qp Bp Lp D
e=f=1 T

The fields Lp and Lg, that we have defined in terms of subgroups of the
Galois groups, enjoy an intrinsic characterization. To see this, let F' be any
intermediate field, K C F' C L. If Bp is the integral closure of A in F', and
Qr = Q N Bp, by the definitions it follows immediately that D(Q|QF) =
D(Q|P)NH and E(Q|Qr) = E(Q|P)NH, where H = Gal(L/F'). Since the
intersection of Galois groups corresponds to the composite of the relative
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fields, we get the following diagram of field extensions:

L o
\
e FLg
Lg f
f‘ FLp
/
Lp

/

F,

K—

where 7/, f’, and €’ are the number of factors, degree of inertia and ramifi-
cation index of Qr in B.

Proposition 6.4.6. Fiz a finite Galois extension K C L with Galotis group
G, A C K a Dedekind ring with fraction field K, B C L its integral closure.
Given a prime P C A and a prime Q C B over it, let Lp and Lg be the
subfields of L associated to D(Q|P) and E(Q|P) respectively.

(i) Lp is the biggest subfield F' C L for which e(Qp|P) = 1 and

f(Qr|P) =1.
(ii) Lp is the smallest subfield F C L such that Q is the only prime
over Qp.

(iii) Lg is the biggest subfield F' C L for which e(Qp|P) = 1.

(iv) Lg is the smallest subfield F' C L such that Q is totally ramified
over Qp, that is, Qp - B = Q1.

Proof. (i) In the diagram above, assume e = ¢’ =1 and f = f' = 1.
Then [L : FLp] = [L : F], which means F' C Lp.

(ii) Let H = Gal(L/F). If @Q is the only prime over Qp, every o € H
preserves (), which means H C D(Q|P) and the thesis follows from
the Galois correspondence.

(iii) In the diagram above, assume e = ¢ = 1. Then [L : FLg] =
[L : Lg|, which means F' C Lg.

(iv) If @Q is totally ramified over Qr we must have f' =’ = 1, which
means F Ly =F,or Ly C F.

O

Corollary 6.4.7. Let A be a Dedekind ring with fraction field K, and let
Ly, Lo be two finite separable extensions of K. Let P be a prime of A. If
P splits completely (resp., is unramified) in L1 and L, then the same holds
m Lq1Lo.
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Proof. Fix a finite Galois extension L of K containing both L; and L.
The hypothesis is equivalent to L1, Lz C Lp(g, p) for each prime Q; over P
(resp., L1, Lo C Lg), hence the same holds for the composite field L1 Ly. O

Since the normal closure of a field L over K is the composite of o (L) for
all embeddings o of L into K, we also get

Corollary 6.4.8. Let A be a Dedekind ring with fraction field K, and L a
finite separable extension of K. Let P be a prime of A. If A splits completely
(resp., is unramified) in L, then the same holds in the normal closure of L.

6.5. Discriminant and ramification

As it turns out, the discriminant of a number field is strongly related to
the properties of ramification of primes in that field. In fact, we have the
following result:

Theorem 6.5.1. Let K be a number field with ring of integers A. The
prime number p is ramified in A if, and only if, it divides disc(A).

We will see in Corollary [6.7.4] that the discriminant of a number field is
always bigger than 1, so ramified primes always exist.

Since the proof is quite long, we split it in two.

Proof of forward implication. Assume that p is ramified, say p- A =
Pft... P with e; > 1. We can then write p- A = P, - I for some ideal I
divisible by all primes over p.

Fix an integer basis {a;,...,a,} of A, and choose a € I\ p- A. Write
a=mio1 + -+ mpQp,
where p does not divide all m;, say mi is not multiple of p. The basis
{a, a9, ..., ay} satisfies
disc({a, ag, ..., a,}) = m3disc(A),

so if we can prove that p divides disc({«, ag, ..., an}), we are done. Denote
o) = aand of = «; for i > 1.

Now let L be the normal closure of K, with ring of integers B. Since

a € 1, it is inside every prime of A over p, hence inside every prime of B
over p. The above discriminant is then

disc({a, az, ..., an}) = (det(os(a})))%,

where 01, ..., 0, are the complex embeddings of K. Since of = a belongs to
every prime @ of B over p, the same holds for each of its conjugates o;(a).
It follows that disc({a, ag,...,ay}) belongs to every prime @ of B over p,
and since it is an integer number, disc({a, g, ..., an}) € QNZ = (p). O
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Proof of backward implication. We use the characterization of discrim-
inant given by ([A21]), so given a basis {a1,...,a,} of A we have

disc(A) = det(Tr(uey))ij.

The matrix (Tr(oye;))i; has integer coefficients, and p dividing its de-
terminant implies that its rows are linearly dependent in Z/pZ. So there
exist integer numbers my, ..., my, not all divisible by p, such that

Zmi(Tr(aial), oo, Ir(ea)) =0 mod p.
i=1

In turn, this implies that Tr(az) =0 mod p for all x € A, where

n
o= E m;0o;.
=1

Notice that by construction o ¢ pA, since the linear combination is not
trivial.

Now assume by contradiction that p- A = P; - -- P, is unramified. Since
a ¢ pA, there is some i such that o ¢ P;. If L is the normal closure of K,
with ring of integers B, and @ is a prime of B above P;, we have a ¢ Q,
but by Proposition [A.7.5 Tr(az) € @ for all z € B.

Factor P,B = Q1---Q,, with Q = @1, and choose 8 € B satisfying
B¢ Q and € Q; for all i > 2. Our choice of « guarantees that

> o(aBy) =Tr(aBy) €Q

oc€Gal(L/Q)

for all y € B. On the other hand for every o € Gal(L/Q) such that o ¢
D(Q|P;), we have 0~ 1(Q) = Q; for some i > 2, hence o(afy) € Q for all
y € B. By difference, we find

(6.5.1) Z o(aBy) € Q
oc€D(Q|F;)
for all y € B.

Since the prime (p) is unramified, we have an isomorphism D(Q|P;) =
Gal((B/Q)/(A/P;)), and then (6.5.1) implies that a3 = 0 in B/Q. This
means that a8 € @), which is a contradiction since neither a nor g belongs
to Q. O

Example 6.5.2. Continuing Example[6.1.2] let us compute the discriminant
of K = Q(y/m), with m squarefree. When m =1 (mod 4), a basis for Ox
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is just {1, 1+§/7n}, hence

. 1 1 ?
disc(K) = | det | 1p1vm 1-ym =m,

2 2

so the only ramified primes are divisors of m.
When m = 2,3 (mod 4),

disc(K) = <det (\/‘% _%))2 — 4m,

so the ramified primes are divisors of m, as well as 2.

6.6. Computing prime factorizations

At this point, we know a great deal about factorization of primes in number
rings. It remains to find a way to actually compute them.

In order to do this, let K C L be number fields, with integer rings A and
B respectively. Take any o € B such that L = K(«). In general, A[a] is a
subring of B, but since they have the same rank as Z-modules (why?), the
index m := [B : A[a]] is finite. We will be able to provide a factorization in
B for all primes P C A that are coprime with mA.

Theorem 6.6.1 (Kummer). Let K C L be number fields, with integer rings
A and B respectively. Choose some o € B such that L = K(«); let g(x) €
Alz] be its minimal polynomial over K and denote m := [B : Ala]].

Let P C A be a prime such that P N7Z = (p), for some p that does not
divide m. Factor

g(z) = g1 (x) - g () in (A/P)[z],

where the g; are irreducible monic polynomials. Then P - B = Qf" -+
where Q; = (P, gi()) (as an ideal of B).

€r
r o

Proof. Since A/P is a field, and g; is irreducible in (A/P)|x], (1(49/- 1(1))[35] is

again a field, hence the ideal (P, g;(z)) is maximal inside A[z].

Now consider the composition

f=f(a)
The evaluation map is clearly surjective. The map A[a] — B/Q; is surjective
as well. In fact, Ala] and @; are both subgroups of full rank in B—the first
has index m, while the second has index a power of p by Proposition

Ala| —— B —— B/Q;.
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It follows that they must generate B, hence 1; is surjective. Since both P
and g; are in its kernel, we derive a surjective homomorphism

Alz] B
.
(P,gi(z)) Qi
Since the former is a field, B/Q); is a field or trivial, which means that @Q; is
either prime or the whole B.

Now let us show that Q; + Q; = B for i # j. To see this, since g; and
g;j are coprime in (A/P)[z], we can write

(6.6.1)

hig; + hjgj =1 modP
for some h;, h; € A[z]. Evaluating at a, we get to write

hi(@)gi() + hj(a)gj(e) + fla) =1
for some f(x) € P[xz], which shows that P, g;(«) and gj(«) generate B, as
desired.

We now prove that P - B divides Q7" - -- Q¢", or equivalently
Qi CP-B.
In fact, Q5" C (P, gi(a)%), hence

e Q C (Pa(@) ().
But g1(a) -+ gr() = g(a) + r(a) = r(«) for some r(z) € P[z], hence
the ideal simplifies to P - B.

It follows that P- B = chll e er for some d; < e; (omit Q; if it is the
whole B). We want to prove we have equality for each i. By Theorem [6.2.13
we get that

n:= [L : K] = Zr:dlfz,
=1

where f; = f(Q;|P) = deg;, the last equality in virtue of the isomorphism
(E6.1) (we have omitted terms where B/Q; is trivial).

On the other hand,

,
n=degg=degg=>» eifi
i=1
This means that we have d; = ¢; for all 4, and no term can be omitted (and
hence the case where ); = B never arises), proving the theorem. O

Example 6.6.2. By Example [6.5.2] we know the ramified primes of K =
Q(v/m), with m squarefree. With Kummer’s theorem, we can be more
explicit. Let us assume that m = 2,3 (mod 4), so that a basis for Ok is

{1, vm}.
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The minimal polynomial for v/m is just f(z) = 2> — m. Let us reduce
this modulo a prime p.

(a) If p divides m, f(zr) = 22, and by Kummer’s theorem pOf =
(p, v/m)?.

(b) If p = 2, f(z) = 2% or (z + 1)? according to whether m = 2 or 3
(mod 4), and correspondingly

(2,v/m)?
20k = )
(2,v/m+1)°.
(c) If p does not divide m and is not 2, f(x) has distinct roots modulo
p. If m is a square modulo p, say m = ¢?, then

pOK - (pa m - C)(pv \/T_n + C)'
Otherwise, f is irreducible modulo p, and in this case pOx = (p)
is irreducible as well.

The case where m = 1 (mod 4) is Exercise [Il

6.7. Geometry of ideal lattices

The results that we have proved so far in the chapter are mostly valid over
general Dedekind rings, although in the case of number rings we have been
able to give more explicit proofs based on the properties of the discriminant
and the ideal norms. In this section, we make more explicit use of the
embedding of a number ring as a lattice in R” x C® to derive some finiteness
results that are actually specific to the case of number fields. Namely, if A
is the ring of integers in a number field K, the multiplicative group A* is
finitely generated, and the class group G(A) is finite.

Remark 6.7.1. The two groups are related by a simple exact sequence.
Namely, given a nonzero a € A, factor the ideal (a) as a product of primes

(a) = PC .. Per.

This defines a monoid homomorphism A\ 0 — @ p Z, where the sum ranges
over all primes P of A, which sends a to a vector with component e; at
P;. By adding inverses, we get a homomorphism ¢: K* — @, Z, and by
definition we have ker ¢ = A* and coker ¢ = G(A). Putting all together we
get an exact sequence

0 A* K* Dpr2Z — G(A) —0.

The main technical tool of this section is the following geometric theorem
of Minkowski. We will use this result—together with the computation of the
volume of the embedding of a number ring—to construct nontrivial integer
algebraic numbers with some control on their size.
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Theorem 6.7.2 (Minkowski’s convex body theorem). Let £ C R" be a
lattice and let B C R™ be a convex, Lebesgue measurable subset, symmetric
with respect to the origin (that is, B = —B). If vol(B) > 2" vol(L), then
there exists a nonzero A € LN B. If moreover B is compact, the same holds
under the weaker assumption vol(B) > 2" vol(L).

Proof. Let D be a fundamental domain for £, so that
R" = J(\+ D),
AL

where the dot denotes that the union is disjoint. Denote by %B a rescaling
of B by 1/2, so that vol(3B) > vol(D). We can write

[e)

lp_ (%BD(A+D)>,

vol<§>z§vol<%3ﬁ >\+D> )%vol(( >mD>

This implies that the sets (3B — A\) N D cannot be disjoint, otherwise
vol(3B) < vol(D). So we find A1, Ay such that

<%B — /\1> N (%B — )\2) #* @,

that is, there are bi,by € B such that b1/2 — Ay = ba/2 — Ag. Then b :=
(b1 — b2)/2 = Ay — A\ € L, and moreover b € B since B is convex and
symmetric.

When B is compact and vol(B) > 2" vol(£), we can apply the above
results for (14 ¢)B for all € > 0, and find a nonzero element in (1+¢)BN L.
The intersection (1 + €)B N L is actually finite, since B is compact and £
is discrete, so the elements we find for various e will converge to a nonzero
element in BN L. O

To apply the above result, let K be a number field, A its ring of integers,
and I C A an ideal. If K admits r real and 2s nonreal embeddings into C,
we have an embedding ¢ : A — R" x C® which exhibits A as a lattice in R™,
for n = r + 2s. By Proposition [6.1.71 and Remark [6.2.6] we know that

VOI(A) =27 |disc(A)|

vol(I) = 27%y/|disc(A4)| - || 1]
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for an ideal I C A. By applying Minkowski’s theorem for various choices
of convex bodies, we can produce nontrivial algebraic integers satisfying
various constraints.

Proposition 6.7.3. Let K be a number field of degree n over Q, A its ring
of integers, I C A an ideal. Let r,s be the signature of K, so thatn = r+2s.
Then I contains an element x of norm

IN(z)] < A1,
where
S
(6.7.1) A= <§> ™ dise(A)].
™ n

Proof. Choose the convex body By C R" x C*® defined by

s S
Bi =< (Y1y oy Yry 21y -5 25) | Z\yl\+22|z]| <t
i=1 j=1

We choose t to have vol(B;) = 2" vol(I), in order to apply Minkowski. A
straightforward but long computation (see Exercise [) gives

mT\s t"
(6.7.2) vol(B,) = 2" (5) o

hence we choose t so that
4 S

(6.7.3) th = <—> nly/|disc(A4)| - ||1]].
T

For this value of t, we find x € I such that o(x) € By. If 0q,...,0, are
the real embeddings and 7, ..., 7s are the nonreal embeddings of K,

IN@)| = [Tloa(@)| - [T Ims ()P,
i=1 j=1

so |N(z)| < :TZ by the arithmetic-geometric inequality. Substituting our

choice of t" from (6.7.3) gives the desired result. O

Corollary 6.7.4. Let K be a number field of degree n > 2 over Q. Then

2 /81m\"
|disc(K)| > % <6—Z) .
In particular, |disc(K)| > 1 unless K = Q.

You will prove in Exercise that for any d there exists only finitely
many number fields with discriminant bounded by d.
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Proof. Taking I = A in Proposition[6.7.3 we find an x € A with [N(z)| < A,
in particular A > 1. This simplifies to
2n 2n

i > (3)° 25 ()

Calling a,, the right-hand side, so that as = 72 /4, we find

2n
a7 () 1) 8l
an 4 n 64

for n > 2, and the thesis follows by induction. O

Corollary 6.7.5. Let C € G(A) be any class of ideals. Then there exists
I € C such that ||I|| < A, where X is defined in (67.1]).

Proof. Let J € C~! be any integer ideal. By Proposition [6.7.3 we find
x € J with |[N(z)| < A||J||. Then there exists I € C such that (z) =1 - J.
By Proposition [6.2.9] we get

IN(@)[ = l@)] = [ - 171,
hence ||I|| < A. O

Proposition [6.7.3] also implies the following fundamental result.

Theorem 6.7.6. Let K be a number field, A its ring of integers. The class
group G(A) is finite.

Proof. Let C' € G(A) be any class of ideals. By Corollary [6.7.5] there is an
integer ideal I € C such that ||I]| < A. This bounds the norm of each prime
P in the factorization of I by Proposition So there are finitely many
choices for (p) = PN Z, and in turn finitely many choices for P. O

Definition 6.7.7. Let K be a number field with ring of integers A. The
cardinality of G(A) is called the class number of K, and denoted by h(K).

We will see in the exercises some easy cases in which h(K) can be com-
puted explicitly. Minkowski’s theorem also implies another fundamental
finiteness result.

Theorem 6.7.8. Let K be a number field of degree n over Q, A its ring of
integers, I C A an ideal. Let (r,s) be the signature of K, so that n = r+2s.
The group of units of A is finitely generated—more precisely,

A* =27 x U,

where p=1r+s—1 and U is a finite group, namely U is the group of roots
of unity in K.
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As it turns out, the proof is rather elementary, but the delicate part is
the equality p =7+ s — 1. We need a lemma, which is useful in itself:

Lemma 6.7.9. Let A be a number ring, x € A. Then x € A* if, and only
if, N(x) = £1.

Proof. Assume N(x) = %1, so that z satisfies the polynomial
" apqz" M+ a1 =0
for some aq,...,a,_1 € Z. Then
€ - (:E”_1 +ap12" 24+ ay) = +1,

hence zx is invertible. The other implication is trivial. O

Proof of Theorem [6.7.8l Since we work inside the multiplicative group

A*, we consider a modification of our standard embedding ¢. Let o4, ..., 0,
be the real embeddings of K and 71,...,7s the nonreal ones. We define a
homomorphism

logo: A* R7+s

& —— (log(lo1(2)]), ..., log(|7s(x)]))

and notice that N(z) = %1 if, and only if, log g(z) lies in the hyperplane H
defined by the equation

T S
Zyi + 2 Z zj = 0.
i=1 j=1

Notice that log g is a group homomorphism, with kernel
K :=kerlogg = {x € A* | |oy(z)| = |7j(z)| = 1 for all 4,5} .

The coefficients of the minimal polynomial of any element z € K are
bounded, which implies that K is finite. Since K is a multiplicative fi-
nite subgroup of C*, it must be cyclic (Proposition [A.2.2)—hence K is the
group of roots of unity in K.

It remains to study the image S := logo(A*) C H. By the same reason-
ing, for each compact W C H, the intersection SN W is finite. This implies
that S is a discrete subgroup of H, hence it is a free abelian group of rank
p <r+s—1. We conclude that we have an exact sequence

0 U A* zr 0,

which splits since Z” is free, and this implies the theorem, save for the
equality p =7+ s — 1.
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To conclude, we must prove that S generates H. Given any choice of
ALy ooy Apy fi1, -+ -, fhs > 0, consider the convex body By, C R" x C* defined
by
B)\,/L = {(ylu ey Yry 21y 72:8) ’ |yl| S Ai? |Z]| S IU’]}
Then

T S

vol(By,) = [T20) ] (mis2)-

i=1 j=1
In order to apply Minkowski, we choose the A\; and p; so that

1
(6.7.4) Mol i =T > Q"W\/]disc(zﬁl)].
T

Then we have
vol(By ) > 2" *y/|disc(A)| = 2" vol(A).
By Theorem [6.7.2] we find x5, € A, x # 0, such that o(z) € By ,.
Moreover, |[N(xy )| < T by construction (and hence T' > 1). Notice that
s
Tl < ’Ui(l"/\w” < A,
and similarly
[
7 Sl < wy
By taking logarithms and rearranging things a bit, these inequalities become
0 <log\; —logloi(za )| < logT

6.7.5
(6.7:5) 0 < log p; —log|7j(zx )| < logT.

The projection on the first r + s — 1 coordinates is an isomorphism
between H and R 5!, If we are able to show that there is no nontrivial
linear form on H that vanishes on .S, we are done. Now take any linear form
over R™5~1 say

T s—1
F(yl, ey Ypy By e ,2571) = Zciyi + Zdjzj.
i=1 j=1

By multiplying (6.7.5]) by ¢; and d; and summing, using the triangular in-
equality we get

r s—1
D ciloghi+ Y djlog py — F(logo(wa,))
=1 =1
(6.7.6) ’

T s—1
<D el + ) ldsl | log T
i=1 j=1
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Take any B > (3 |¢;| + > |dj|) logT. Given h € N, choose \; and f; to
satisfy

T

s—1
> ciloghi+ Y djlogp; = 2Bh,
i=1 j=1

apart from p,, which is chosen to satisfy (G.7.4]). The corresponding x , is
denoted xp. Equation (6.7.0) simplifies to
|F(log o(x1)) — 2Bh| < B,
SO
(2h —1)B < F(loga(xp)) < (2h+ 1)B.
This forces all the values obtained for z; to be distinct, as the choice of A
varies. On the other hand, they all satisfy |[N(zp)| <T.

Since the ideals of limited norm are finite in number, we must have
(xp) = (xp) for some h # k, so xj, = &xy, for some & € A*. From the fact
that

F(loga(xp)) # F(loga(wr))
we find that F(logo(&)) # 0, showing that F' does not vanish identically on
S and concluding the proof that p =7+ s — 1. O

Another beautiful application of Minkowski’s theorem is in Exercise [I31

6.8. Cyclotomic rings

We now give an example of application of the previous theory to a special
but very interesting case, namely the cyclotomic fields. Recall that the
cyclotomic polynomials ¢, (x) are defined inductively by the rule

(6.8.1) 2" =1 =¢n(z) - [] dalx),
din

starting from ¢1(x) = x — 1. They are constructed in such a way that the
roots of ¢, (x) are exactly the primitive nth roots of 1.

Remark 6.8.1. Using (6.8.1]) it is immediate to prove by induction that
¢n(x) is monic with coefficients in Z. Just note that the quotient of two
monic polynomials in Z[z] is again monic and with integer coefficients.

Let (, be a primitive nth root of unity. All other nth primitive roots
of unity are powers of (,, so the field Q({,) is the splitting field of ¢,. In
particular the field Q((,) is a Galois extension of Q.

Definition 6.8.2. A field of the form Q((,) is called a cyclotomic field.

The following result is well known.
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Proposition 6.8.3. The polynomials ¢, (x) are irreducible.

Proof. It is equivalent to say that all primitive nth roots of unity are con-
jugate. For this it is enough to show that if p is a prime not dividing n, (,
and ¢}, are conjugate.

Let f(z) € Z[z] be the minimal polynomial of ¢,, and write

¢n(w) = f(2)g(2);
by Gauss’s lemma we can take both f, g € Z[x].

Now assume by contradiction that f(¢h) # 0, hence g(¢h) = 0. So ¢, is
also a root of

h(z) := g(aP),
which means f(z)|g(z?). Reducing this modulo p we find

f@)ga?) =g(x)".

This implies that ¢, (x) has some repeated root in a finite extension of
F,. But 2™ — 1 does not have repeated roots modulo p, since it is relatively
prime to its derivative nz"~!, a contradiction. (I

Corollary 6.8.4. The Galois group of Q((,) over Q is isomorphic to
(Z/nZ)*.

Proof. For any a € (Z/nZ)* we can define an automorphism 7, of Q({y,)
fixing Q by the requirement that
Ta(Cn) = (g
Such an automorphism exists because ¢, and (! are conjugate, and it is
clearly uniquely determined since (,, generates the field.
It is clear that
Ta © Tp = Tab;

and this gives an injective homomorphism

(Z/nZ)" — Gal(Q(¢n)/Q).

Since both groups have cardinality ¢(n), this is an isomorphism. ([

We can also compute the ring of integers of Q((,) by using discriminants.

Lemma 6.8.5. The discriminant disc(Z[(,]) divides a power of n.

Proof. Let N = Ng(,)/0 be the norm. By EZTI] we need to compute
N (¢7,(¢n))-

Write ™ — 1 = ¢, (x)g(z). Taking derivatives and evaluating at (, we
get

nGrt =nGr = ¢(C)g(Gn)-
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Taking the norm and using the fact that N(¢,) = 1 we get

(6.8.2) N(n) = N(¢,(Ga))N(9(¢n)),
and the left-hand side is a power of n. O

Lemma 6.8.6. Letn = p* be a power of p, a prime integer. Then ¢,(1) = p.

Proof. For every n, denote

"—1
fn(:c)za;_l =14z+---+a"
so that f,(1) = n. Then for k > 1 we get
S (1)
N= 227 o O
Ppr (1) T P

Theorem 6.8.7. The ring of integers of Q((n) is Z[(y]-

Proof. Let A be the ring of integers of Q((,), so that Z[(,] C A.

First, assume that n = p® is the power of a prime p, so that disc(Z[(,])
is a power of p as well by the above lemma. By Proposition [6.1.3] we have
the inclusion ) )

AC EZ[C’R] = EZH - Cn]
for some ¢ > 0.

Assume by contradiction that Z[(,] € A, and let © € A not in Z[(,)].
Write
mo + m1(1 — Cn) +---+ mt_l(l - Cn)t_l
pC
where ¢t is the order of (Z/nZ)*, i.e., the degree of ¢, (z). We can change x
with x - p® for some s, so we can assume ¢ = 1. Also we can remove the first
terms if p divides some m;, so assume that

_ (L= G e (1 G) !
p

i

with p fm,.
We can also remove higher order terms, but this is trickier. Since

n

using Lemma we have

p=ds()= JI Q-¢.

k=1,(k,p)=1
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Each term 1 — ¢ is a multiple of 1 — ¢, hence (1 — ¢,) divides p in Z[(,].
Since ¢ < t, this implies that y := W € Z[(n), hence zy € A. By
expanding this we get

m; -
o mipr e m(1—G)T T E A,
1—¢(n
hence IT&'” € A, with p fm;.
Write this as m; = (1 — () - a and take norms to find m] =

N(1 - ¢,)N(a) = pN(«), which is a contradiction since p does not divide
m;. This proves the thesis for n a prime power.

For the general case, write n = p{* ---py*. We can apply the above for
each field @(Cpqi). To conclude, use Proposition [6.1.8 and the fact that the

discriminant of Z[( ] divides a power of p;, so all these discriminants are
prime with each other. O

We now focus in more detail on the ring Z[(y], where p is an odd
prime. First, we can compute the discriminant exactly. Namely, 2P — 1 =

(x — 1)¢p(x), so ([6.8.2) simplifies to
PPt = N(,(6))N(G — 1).
The minimal polynomial of ¢, — 1 is ¢p(z + 1), and its constant term is p,
so N(¢, — 1) = p. Since
dise(Z[,]) = (~1)"2) N(8},(6,)),
we get
disc(Z[Gy]) = £p"2,

where the sign is 4+ for p =1 (mod 4) and — otherwise. Since the discrimi-
nant is defined as the square of the determinant of a matrix with entries in
Z[(p), we conclude that \/Ep € Z[(p]. In particular, this shows the inclusion

Q(vEp) € Q(G)-

Let us understand the splitting of a prime ¢ # p in Z[(y]. By Kummer’s
theorem [6.6.1] we can do this by computing the factorization of ¢, inside
(Z/qZ)[x].

The finite extensions of F, = Z/qZ are the fields F », while the roots
of ¢, are primitive p-th roots of unity. In fact, the roots of ¢, over F, are
distinct, since ¢_p/ is not 0. The group E‘Zk is cyclic, so the roots of gb_p lie in
Fx if and only if ¢® — 1 is multiple of p. In this case, since all the roots are
inside the same extension of F, of degree k, the factorization of ¢, is

qs_pgm...g—m
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where r = %. The corresponding factorization of ¢ looks like

qZ[Gp) = Q1+~ Qr,

where e(Q;|q) =1 and f(Q;lq) = k.

In this case E(Q;|q) is trivial, but D(Q;|q) is not, and corresponds to a
subfield Q(¢{p)p of Q(¢p) of degree r = p%l over Q. By Corollary [6.84], the
Galois group of Q((p) over Q is cyclic, so there is a subgroup for each d that
divides p — 1. Let us denote the by F(d) the subfield of Q((,) of degree d
over Q. By comparison, we get the following useful result.

Theorem 6.8.8. Let p be an odd prime number, q # p another prime, and
d a divisor of p— 1. Then q splits completely inside F(d) if and only if q is
a d-th power mod p.

Proof. The group (Z/pZ)* is cyclic, so ¢ is a d-th power if and only if
¢P=Y/4 =1 (mod p). The order of q in (Z/pZ)* is exactly f(Qilq) = k, so
this amounts to (p — 1)/d being a multiple of k. Equivalently, this is the
same as r = (p — 1)/k being a multiple of d, or F(d) being contained in
Q(¢p)p- The conclusion follows by Proposition O

In fact, we know that F(2) = Q(y/£p), where the sign is positive if
p = 1 (mod 4) and negative otherwise. We can use this to obtain a slick
proof of the celebrated quadratic reciprocity formula. To introduce that, we
first need a

Definition 6.8.9. Let a,p € Z with p prime. The Legendre symbol of a and
p is defined by

0 if a is multiple of p

(g) =7 (mod p) = < 1if a is a square  (mod p)
—1 otherwise.

It is immediate to check that

2)-60)

which can be used to reduce the computation of a Legendre symbol to the
case where a is a prime number. The following famous result allows us to
simplify the computation more.

Theorem 6.8.10 (Quadratic reciprocity theorem). Let p and q be two dif-
ferent primes. If both are odd, then
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For the prime 2,

Proof. Let us consider the odd case, and assume that p = 1 (mod 4), in

which case we aim to prove that (£> = (5>. Let us consider the field

q p
F(2) c Q(¢p); as we have verified above this is just Q(y/p).

By Theorem [G.8.8], (%) = 1 if and only if ¢ splits completely inside
Z[/p). By Kummer’s theorem [6.6.1], this happens if and only if the polyno-

mial 22 — p factorizes in F;, which happens exactly when (%) =1.

The other cases are handled similarly. O

6.9. Exercises

1. Compute the factorization of a prime p in a quadratic number field K =
Q(y/m), where m = 1 (mod 4) is squarefree.

2. Show that Z[v/—3] does not have unique factorization for ideals by con-
sidering the ideal I = (2,1 + +/=3) and proving that I = 21, but I # (2).

3. Show that Z[y/7] is a principal ideal domain, as follows. By Corollary
675 we know that every class contains an ideal of norm at most A =
2.6457.... It is thus enough to show that primes of norm at most 2 are
principal. If P is such a prime, show that P NZ is (2). Factor 2 explicitly
using Kummer’s theorem.

You can do the same computation for other small quadratic fields.

4. Show in the same way that Z[/—163] is a principal ideal domain. In fact,
it is known that the only quadratic fields Z[\/—m], m > 0 of class number
one appear for m = 1,2,3,7,11,19,43,67 and 163 (Heegner—Stark theorem,
[Sta69]).

5. Prove that A = 7Z[1=19 V2_19] is a principal ideal domain, but is not Eu-
clidean. (For the last part, let @ € A be an nonunit of minimal Euclidean
norm—what are the possibilities for A/(«)?)

6. Let a be a solution of f(z) = 23+ 22 —22+8 =0, and let K = Q(a) (K
is known as the Dedekind field). Compute disc(f) = —22-503. Let 8 = 4/a;
prove that § is integral, and check that the discriminant of Z|c, 5] is —503.
Deduce that Z[a, 8] is the ring of integers of K, and that Z[a] has index 2
inside it.

7. Let K be the Dedekind field from Exercise[f], A its ring of integers. Show
that 2 is unramified in A, and that there exists no surjective homomorphism
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from A to one of the finite fields F4 or Fg. Conclude that 2 factors in A as
a product of 3 different primes.

Deduce from this that A is not of the form Z[v] for any v € A, and in
fact for any v € A the index of Z[y] in A must be even.

Verify the same thing directly by computing disc(Z[y]) for a generic
v € Z|a, ] and showing that it must be even.

8. Let £ C R™ be a subgroup which is abstractly isomorphic to Z". Show
that £ is discrete in the Euclidean topology if and only if £ generates R™ as
a vector space.

9. Compute the volume of By, proving (6.7.2]) (use induction on both r and
s).

10. Use Eisenstein’s criterion to give another proof that ¢,(z) is irreducible,
when p is prime.

11. Check that the two embeddings defined in (61.1) and (6I12) agree,
when using the same ordering for the factors of f.

12. Finish the proof of Theorem B.8.10 by analyzing in detail the other
cases.

13. Prove Hermite’s theorem: for any d there exist only finitely many num-
ber fields K with discriminant less than d. (One can assume that the degree
of K over QQ is bounded. Choose a convex body in R" x C® where each
coordinate is bounded by a small constant, except for one bounded by a big
constant times disc(K). Use this to get an algebraic integer « in K; prove
that in fact K = Q(«) and use the fact that the coefficients for the minimal
polynomial of o are bounded.)

The following exercises, up to Exercise [[6] discuss the Frobenius element
of a Galois number field extension.

14. Let L/K be a Galois extension of number fields, P C Ok be a prime
which is not ramified in Op. Let @ be a prime of Op over P. Show that
there is a distinct Frobenius element ®(Q|P) € Gal(L/K) such that

O(QIP)(z) =2’ (mod Q)
for all z € Or, where f = f(Q|P).

15. Continuing the previous exercise, show that if Q" is another prime over
P, say Q" = o(Q) for some o € Gal(L/K), the Frobenius elements are
related by

D(Q|P) = s(QIP)o ",
In particular, if L/ K is an abelian extension, ®(Q|P) = ®(P) only depends
on P.
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16. Let L = Q((n) be a cyclotomic field, where we can take m # 2 (mod 4).
A prime p € Z is unramified in L if and only if p does not divide m. The
Galois group Gal(Q((,,)/Q) is isomorphic to (Z/mZ)*, and acts by sending
¢m to some power (% .

Show that the Frobenius element ®(p) is the element of the Galois group
defined by @ (p) (Gn) = Ch.

17. The following example is taken from [Cla65]. Let K be a quadratic
number field with class number bigger then 1 - for concreteness, take K =
Q[v/—5]. Choose a prime p that factors as (p) = Q1Q2 in Ok, where Q1
and @2 are principal (in our case, p = 29 will do). Writing Q1 = (q1), let S
be the multiplicative system generated by ¢, and A = S™'Of. Prove that
A is not the integral closure of a principal ideal domain in K. (A cannot be
the integral closure of a subring of Q since @1 - A is invertible, but Q- A is
not. Prove that the class group of A does not become trivial.)

18. Prove that the equation z? — 2y?> = 1 has infinitely many integer so-
lutions. (Notice that #? — 232 is a norm in a suitable number ring). More
generally, show that the same holds for the equation

(6.9.1) 22 —dy? =1,

where d is a squarefree integer, that is not congruent to 1 modulo 4. Can you
modify your argument to make it work for the case where d =1 (mod 4)7.
Equation (6.9.1)) is known as Pell’s equation.

19. Give an alternative proof of quadratic reciprocity following Eisenstein.
Let S be the set of even integers s such that 2 < s < p—1. Denote by r(s) the
remainder of the division of gs by p. Prove that s — (—1)"(*)7(s) (mod p)

is a permutation of S, and deduce from this that <%) = (—1)ZS€SL%SJ.

This formula tells us that ¢ is a square modulo p if and only if the
number of points with integer coordinates in a certain triangle is even. Use
symmetry to conclude quadratic reciprocity from this.

This is just another one of a plethora of different proofs that have been
found since Gauss (see for example the book [Baulj]).

The following exercises (up to Exercise 22)) lead to a proof of a special
case of Fermat’s last theorem, usually denoted by Case 1 for regular primes:
there is no integer solution to aP +bP = P, where p does not divide abc. The
case where p divides abc (Case 2) is much harder; see [Tha99]. The general
case (when p is not regular) is the celebrated Wiles and Taylor theorem; see
[CSS97].

20. Let p be an integer prime and (, a primitive p"-th root of unity, for
some r > 1. Show that pZ[(y] = (1 — ()", where n = ¢(p"), and deduce
that 1 — ¢, is prime.
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21. Let p be a prime, u € Z[(p] a unit. Prove that u/u is a power of (,
where ~ denotes complex conjugation.

22. Let p > 5 be a prime, and assume that p does not divide h(Q((p))
(p is called a regular prime). Show that there is no integer solution to
aP + bP = P, where p does not divide abc. (Assuming there is a solution,
show that a + (pb = w - tP for u,t € Z[(,] with u invertible, then use the
previous exercise. )

The following exercises (up to Exercise [27]) discuss some aspects of the

geometry of lattices in more detail. For a detailed treatment of these topics,
see [MGO2] or [Sim10].
23. Let £ be a lattice in R™, and denote by A;(£) the minimum length
of a nonzero vector in £. Prove the result of Minkowski that A\ (£) <
Vv/n(vol E)% This is a theoretical bound, but actually finding a short vector
inside a lattice is a difficult computational problem, which we tackle in the
next exercises.

24. Let £ be a lattice in R", and {b1,...,b,} a basis of £. Denote by
{b7,...,b}} the basis of R™ obtained by Gram-Schmidt orthogonalization,

SO
F=br— > uikbi,
i<k

where u; j, = igkgri Prove that A\ (£) > min ||b]].

25. Keep the notation of the previous exercises. We say that the basis is
LLL-reduced if |Ju; ;| < 1 for all i < k, and

(6.9.2) 16541 + wiiaf (2 > 50717

>~ w

for all 7.

The following algorithm was introduced in [LLL82]. It alternates a
reduction step and a swap step. The reduction step looks like an approximate
Gram—Schmidt: for alli =2,...,nand forall j =¢—1,...,1, replace b; by
b; — [ui j]b;, where [-] denotes rounding by the nearest integer. The swap
step consists in looking at violations of (6.9.2): if b; and b;41 violate the
condition, swap them and start again from the beginning.

Prove that the LLL algorithm always terminates and produces an LLL-
reduced basis for a lattice. (The quantity F(by,...,b,) := [], [|b:]|* always
decreases in the swap step.)

26. With the notation of the previous exercise, prove that if the basis
{b1,...,b,} is LLL-reduced, then

n—1
1b1]] <272 Ai (L),
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thus obtaining an algorithmic way to produce a not too long vector in L.

27. The LLL algorithm can be used to find algebraic equations with small
coefficients satisfied by a number, given a good enough approximation of the
number.

Let a be some algebraic number of degree n, and @ some approximation
of a. Choose some big constant K, and consider the vectors

bo=(1,...,0,K)
by = (0,1,...,0, Ka)

by = (0,0,...,1, Ka").

Let L be the lattice generated by {bo, ..., b,}. Using the LLL algorithm, we
can find a short vector v € £. But such a vector must have the form

n
v = (ao,...,an,K- E a,-aZ).
i=0

In order for it to be short, the polynomial )" a;o¢ must be approximately
0, and we can hope that the equation is satisfied exactly by «.

Try this in practice using @ = 1.6180339887 and K = 10*: you should
recover the equation 22 — z + 1 for the golden ratio.



Chapter 7

Metric and Topological
Methods

In this chapter we use topological methods to investigate rings. We start
with the notion of absolute value on a field, which is analogue to the no-
tion of norm in the theory of Banach spaces, and we show that the metric
completion of a field endowed with an absolute value is again a field. The
important example of the p-adic absolute values give rise to the so-called
p-adic fields.

In the sequel our treatment becomes increasingly algebraic. First we
consider the notion of valuation, which is strictly connected to that of ab-
solute value. We exhibit a general result of existence for valuations on a
field. As a particular case we study the so-called discrete valuation rings
(or DVR), which turn out to be rings obtained by localization of Dedekind
rings.

Finally, in Section we show that the approach which uses the notion
of metric was not necessary to define the completion, and we can replace it by
purely algebraic methods. The choice of an ideal I of the ring A determines
a topology on A, and we can define the completion of A with respect to this
topology using the machinery of inverse limits, which we also introduce. In
the rest of the chapter, we study the properties of this topology and the
relation between a ring and its completion.

Both the metric and the algebraic approach allow us to give a definition
of the p-adic integers Z,. Section [L7l ends the chapter by showing yet
another way to build Z,, this time using explicit algebraic formulas. These

183
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can be generalized to any ring, giving rise the construction of rings of Witt
vectors.

7.1. Absolute values
Definition 7.1.1. Let k be a field. A function
|- |: k=R

is called an absolute value if it satisfies:

(1) |a] > 0 and |a| = 0 if and only if a = 0;

(2) |ab| = |af|bl;

(3) la+0b] < |af + [b|
for all choices of a,b € k. As usual, condition Bl is called the triangular
inequality.

Remark 7.1.2. This notion is clearly akin to that of a norm in functional
analysis. A norm is required to be homogeneous, and that only makes sense
for real (or complex) vector spaces. By changing that into condition 2l we
obtain a notion which is better suited to study abstract fields.

We will give examples soon, but before doing that let us introduce an
important distiction.

Definition 7.1.3. The absolute value | - | is called nonarchimedean if it
satisfies the stronger inequality

3. la+ b <max{|al,|b] }
for all a,b € k, and archimedean otherwise.

Example 7.1.4.

(a) The standard absolute value | - |s; on R is an absolute value in our
sense, and it restricts to an absolute value on every subfield of R.

(b) Similarly we have the Euclidean absolute value | - |5 on C.

(c) On every field, we have the trivial absolute value defined by |a|,, =
1 for all a # 0. This is the only absolute value on a finite field. A
quick way to see this is the following.

The multiplicative group Fy is cyclic; if a is a generator we must
have |a™| = |a|" for any absolute value |-|. Taking n = q— 1 we
find |a|?”! = |1| = 1; since |a| is real and positive we then have
la] = 1.
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(d) Here comes the real motivation for this notion. Fix a prime number
p € Z; for all a € Z \ {0} denote v,(a) = r if p" divides a but p" !
does not. Note that

(7.1.1) vp(a - b) = vp(a) + vy(b),

hence it makes sense to extend this to Q* by the rule

a

Up (3) = vp(a) — vp(b),
and (ZLI)) still holds. Also note that
(7.1.2) vp(a + b) > min {v,(a), vy(b) }.

These relations look like the logarithm of those defining an ab-
solute value. Indeed we can get an absolute value |- |, on Q defined
by

lal,, == p~ (.

Note that | - |, is nonarchimedean.

The function v, is called the p-adic valuation and |- |, is called
the p-adic absolute value. We will come back on valuations in next
section.

(e) By the same token, let A be a Dedekind ring with fraction field
k. Fix a prime P of A; for a € A we let vp(a) be the exponent of
P in the factorization of (a). This satisfies properties analogue to

(TII) and (T.I.2), hence we can extend it to k* by the rule

a
vp <g> :=wvp(a) —vp(b).
Letting ¢ be the norm of P, we define the nonarchimedean
absolute value

lalp = q~"r®),
Again we call vp the P-adic valuation and |- |p the P-adic absolute
value.

An absolute value on a field allows us to define a metric on it. Given an
absolute value | - | on the field k define the distance

d(a,b) = |a — b

for a,b € k. The function d turns k into a metric space; in turn this induces
a topology on k, such that the field operations are continuous.

It may happen that two different absolute values dominate each other;
in this case they are equivalent for our purposes.
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Definition 7.1.5. Let |- |1,] - |2 be two absolute values on k. We say that
| - |1 is equivalent to | - |2 if there exist a real number e > 0 such that
laly = |aly

for all @ € k. An equivalence class of absolute values on k is called a place
of k.

It is clear that two equivalent absolute values determine the same topol-
ogy on k; it may come as a surprise that the converse is true.

Proposition 7.1.6. Let |-|1, |-|2 be two absolute values on k. If the topologies
induced on k by |- |1 and | - |2 are the same, the two absolute values are
equivalent.

Proof. First note that for any absolute | - | and any a € k we have |a| < 1
if and only if «™ — 0. Since this is a topological property, |a|; < 1 if, and
only if, |al], < 1. Passing to the reciprocal we find |a|; > 1 if, and only if,
la|, > 1. It follows that for any a € k we can write
laly = |al]
for some e > 0, depending on a.
Now assume
laly =lal{ and |bl, = Bl{

we shall prove that e = f. If this is not the case, let

L log|b|1
C :— .
log]all

We can assume that e < f and ¢ > 0. Then ce < cf, so we can find a
rational number r/s such that

ce < ge < cf.
This gives the two inequalities
cs<r and re<csf.
From the first one we derive
b1 = laly” <laly,

SO

From the second

laly = lali® < [al$* = o3/ = 18]35,
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hence

This is a contradiction. O

Remark 7.1.7. The second part of the proof may seem tricky, but it is
simpler than it looks. Once one looks for a number of the form a”/b* which
violates the conclusion of the first part, it is just a matter of spelling out
the needed costraints.

Remark 7.1.8. The function | - | may fail to be an absolute value, even if
| - | is. For instance if | - |5 is the standard absolute value on R, |- |2, does
not satisfy the triangular inequality. Still, |- |¢ is an absolute value when | - |
is nonarchimedean.

The main reason we consider absolute values is that we can use them to
costruct new rings or fields by completion of old. Let k£ be a field endowed
with an absolute value | - |, and let A C k a subring. Then the metric
completion A of Ais itself a ring, with the ring operations extended from A
by continuity. To make sense of the preceding sentence, let us recall some
definitions.

Definition 7.1.9. Let (X, d) be a metric space. A sequenxe (z,,) of elements
of X is called Cauchy if for any € > 0 we can find N such that

d(xpm, xn) < €

for all m,n > N. The metric space X is called complete if every Cauchy
sequence has a limit in X.

It is trivial to check that, conversely, a converging sequence is always
Cauchy. If (X, d) is any metric space, there is a construction of a complete
metric space (X d) together with an embedding X < X such that d restricts
to d on X and X is dense in X. Moreover such X is unique up to isometry,
and is called the completion of X. We give the standard construction of X
leaving uniqueness to the reader.

Consider the set Y of Cauchy sequences of elements of X. We call two
sequences (z,) and (y,) equivalent if

d(n, yn) = 0.

We define X as the quotient of Y by this equivalence relation. The equiva-
lence class of a sequence is denoted [z,,]. On X we define the distance

~

d([xn], [yn]) == lim d(zn, yn).

n—oo
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Such a limit exists in R, since both z,, and y,, are Cauchy and d is uniformly
continous, so (d(zn, y»)) is a Cauchy sequence in R. Moreover it is immediate
to see that d does not depend on the choice of the representatives.

We claim that X is a complete metric space with a dense isometric
embedding of X. The embedding of X is given by the function

L: X—>)/f,

This is clearly an isometry, and moreover the image is dense. Indeed for any
Cauchy sequence [z,] € X choose N such that d(zy,x,) < € for n,m > N.
Then

o~

d([xn], [zN]) = nh_}rgo d(zp,xN) < €.

Finally, we check that X is complete. Let (z(m)) be a Cauchy sequence
in X and write z(m) = [#(m),]. One can define the diagonal sequence y by
Yn = x(n),. Using the triangular inequality, it is easy to check that

lim (2(m)) = [yn]

m—o0
in X.
We now come back to the setting of absolute values. Fix an absolute

value | - | on the field k. For a subring A C k let A be the completion. The
ring operations on A extend to A, by putting

[an] + [bn] = [an + bn]
[an] - [bn] = [an - bn)].

It is immediate to check that the sequences (a, + b,) and (ay - b,) are
indeed Cauchy, and that the operations are well defined. Note that this is
determined by the requirement that the operations should be continous on
the whole A. The ring axioms for the operations are valid on A which is
dense, hence hold on all A by continuity. This gives A the structure of a
ring.

If moreover A is itself a field—{for instance A = k—we also define

1/[an] := [1/an]
for [ay] # 0. In this case it is slightly less obvious that 1/a,, is Cauchy. Since
[an] # 0, an # 0, which implies that |a,| > € for some € > 0 and infinitely
many n. Since moreover a, is Cauchy, we have |a,| > €/2 eventually. For
any 0 > 0 choose N such that |a, — an,| < d for n,m > N. Then

1 1 46

an  Gm €2’

Gm — An

anGm
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proving that the sequence (1/a,) is Cauchy. We deduce that the completion
of a field is itself a field.

Note that the completion % inherits an absolute value, again obtained
extending by continuity the absolute value |- | on k. We shall denote this
absolute value by the same symbol.

Remark 7.1.10. Once one has constructed /k\:, Ais simply the closure of A
inside k. So, it is enough to consider completions of fields.

Example 7.1.11.

(a)

(b)

(7.1.3)

Consider the Euclidean absolute value | - | on Q. The completion
of Q is then R. If we complete Q(7) with respect to the Euclidean
absolute value, we obtain C.

The completion of Q with respect to the p-adic absolute value |-|, is
called the field of p-adic numbers and is denoted by Q. It contains
the ring Z, of p-adic integers as the completion of Z.

We claim that Z, is local; its maximal ideal is pZ,, or equiva-
lently the closure of (p) inside Z,. To see this, we try to understand
what a p-adic integer looks like. Choose any set D of representa-
tives for Z/(p), for instance

D={0,1,...,p—1}.

Let a € Zy; then a is the limit of a sequence (ay,) of integers which
is Cauchy for |- |,. Up to passing to a subsequence, we can assume
that if m,n > N then a,, — a, is divisible by p~. In particular
the class of a,, modulo p? is independent of n > N: we shall call
ay € D the representative for such class.

It follows that

n
an — 5 agp’
=0

is divisible by p"*!, so the sequence (E?:o ozipi) is equivalent to
(an). We conclude that we can write

(o] n
a= E o;p' = lim E o;pt.
n—o0
i=0 i=0

This is completely analogous to writing a real number between 0
and 1 in terms of powers of 1/10, and we can think of the coeffi-
cients a,, as the p-adic digits of a (note that the argument above
shows that the «; are uniquely determined). The numbers having
an expansion with a finite number of digits are exactly the usual
integers.
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The function
Ly — L/ (p")

defined by sending a to the finite sum Z?:_ol a;p' is easily seen to
be a surjective ring homomorphism extending the projection from
Z. It follows that p" generates a nontrivial ideal in Z,, and in
particular pZ, is maximal.

We can also verify that any p-adic integer a € Z, \ pZ, is in-
vertible. Indeed, consider the element 1/a € Q,. For any n € N we
can use density to find some b, € Q such that

b, — 1/al, <p™;

in particular, the denominator of b,, is not divisible by p and we
can find some ¢, € Z such that

len = bal, <p™™.

It follows that (¢,,) is a sequence of integers which converges to 1/a
in Qp, in particular 1/a € Z,. This completes the proof of our claim
that Z, is local with maximal ideal pZ,. Moreover the universal
property of the localization shows that we have inclusions

7 C Z(p) C Zp.

Since Z, has projections to Z/(p") for any n but no other homo-
morphisms, it is particularly well-suited for studying congruences
modulo powers of p. We shall make this more precise in Section
[0l when we treat the completion of a ring as an inverse limit.

Let k be a number field with ring of integers A. For a prime P of
A consider the absolute value | - |p of k. Then the completion of
k is a field kp, containing the completion Ap of A. By the same
arguments as above, Ap is a local ring with maximal ideal PAp,
and every element of Ap can be written as

oo
a = § Qj,
1=0

where a; € P'\ P~!. The only difference is the lack of a preferred
system of representatives for the digits.

On p-adic numbers, one can mimic Newton’s method to solve analytic

equations. A possible formulation is the following, but see Theorem [7.6.1]
for a generalization.

Theorem 7.1.12 (Hensel’s lemma for p-adics). Let f € Z[z] be a polyno-
mial, f(x) € Z/pZ[z] its residue modulo the prime p. Assume f has a simple
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root o € 7/ pZ—that is ?/(oz) Z£ 0. Then « can be lifted uniquely to a p-adic
root of f in Zy.

Proof. The idea is to lift a to roots oy of f modulo p*. By induction,
assume that we find o, € Z such that

f(ax) =0 mod p*

and
f'(ag) #0 mod p,

the case k = 1 being the hypothesis.
Expand

n
flag +t-p) = Zcitipik
i=0

as a polynomial in ¢ - p*. By construction ¢y = f(az) and ¢; = f'(ag), so
modulo p**! we have

Flag+t-p5) = flag) + Fan) -t mod phtl.

Since p* divides f(ay), we can solve for ¢ in Z/pZ by

f(aw)
7.1.4 t= ——.
(714 7l
With this choice of ¢, we get our desired lift a11. The sequence {ay}
converges in Z, to a root of f that lifts a. O

Notice the resemblance of (T.I.4) with the equations used in the Newton
method to approximate roots of real functions.

We shall generalize the completion construction in Section In the
final part of this section we classify all places on number fields. This consists
of two, pretty independent, steps: first we classify places on QQ, and then we
study the ways one can extend absolute values from one field to a bigger
one. It will turn out that the only places are those we already met in the
examples.

Theorem 7.1.13 (Ostrowski). Every nontrivial absolute value on Q is
equivalent either to the Euclidean absolute value or to a p-adic one.

Proof. Let |- | be an absolute value on Q. Given m,n € N with n > 1 we
write m in base n as

m=ay+an+---+an"
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with a; € {0,1,...,n — 1}. By the triangular inequality

T
m| <> Jai| N,
=0

logm
logn

where N = max{1, |n|}. Combining this with the easy estimates r <
and |a;| < a; < n we find

]_ logm
(7.1.5) Im| < (1+7)nN" < <1 + Oggm> nN Togn .
n

This is true for all m € N, so we can substitute m* for m in (ZL5).
After taking the k-th root and letting k — oo we find

(7.1.6) |m| < Nlegn
Two cases now arise
(i) Assume |n| > 1 for all n > 2. In this case N = |n| and (T.1.0)
becomes
1 1
| < |
Since m,n were arbitrary, by symmetry we must have the reverse
inequality, so in fact equality holds. In other words,

In|En = ¢

is the same constant ¢ > 0 for all n > 2. Then

logn logc

In| =c®" =n

for all n > 2. Tt follows that | - | is equivalent to | - |g.

(ii) Otherwise there is some n > 2 such that |n| < 1. Then N =1 and
from (7.1.6) we find |m| <1 for all m € N.
It is immediate to check that the set

{neZ|nl <1}

is a prime ideal, hence it is generated by some prime p € N. In this
case, | - | is equivalent to | - |,. O

Finally we discuss how to extend absolute values. The situation is easier
for complete fields, and is completely analogous to the fact that all norms
on R™ are equivalent.

Proposition 7.1.14. Let k be a field complete with respect to the absolute
value | - | and let E/k be a finite extension. Then there is at most one
extension of | - | to E.
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Proof. We abuse notation and denote by | - | an extension of | - | to E.
Choose a basis e, ..., e, of E over k; for v € E we can write

vV =v1e] + - Unen.

Triangular inequality yields
n n
(7.0.7) ol <3 feil el < MY il
i=1 i=1

where M = max{|e;|}.
Note that the function

n
ol = lui
i=1

may fail to be an absolute value, but still allows us to define a distance on
E by d(v,w) := ||v — w||. Equation (C.I7) then shows that |- | is continous
with respect to this distance.
The sphere

S:={veFE||el=1}
is compact since | - | is complete on k. It follows that |- | assumes a minimum
m on S, so

mJv]] < Jv] < M o]
for v € S; by homogeneity the same inequality holds for all v € E*. In
particular | - | and ||-|| induce the same topology on E. So all extensions of
| - | to E are equivalent. O

To generalize Ostrowski’s theorem, let k& be a number field with an ab-
solute value | - |. The restriction of | - | to Q is either | - |, for some prime p
or the standard absolute value.

Let us consider the first case. The completion % is a finite extension of
Qp—mamely, if k¥ = Q(«), then k = Q,(c). More explicitly, if g(x) is the
minimal polynomial for «, and

9(x) = gi(z) - - ga(x)
over Q,, then = Qp[z]/(g:) for some i. By Proposition[7.1.14] the absolute
value on k is uniquely determined by its restriction to Q.

In fact, we know how to extend the absolute value |-|, from Q, to k. The
ring Z, is a Dedekind domain with a single prime ideal (in the terminology
of Section it is a DVR), so the integral closure A of Z, inside k is a
Dedekind ring. If P is any prime of A over pZ,, we can define a P-adic
absolute value on k& which will extend | - |,. By uniqueness, this must agree
with the absolute value of k (and in fact, P is the only prime above pZ,).
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It follows that the absolute value on k is the P-adic absolute value, where
P=PnNQ0Oy.
In a similar way, we can prove that the only archimedean absolute values

on k are obtained by embeddings into C. Our conclusion is the following
classification.

Theorem 7.1.15 (Ostrowski). Every nontrivial absolute value on a number
field k is equivalent either to the Euclidean absolute value for some embedding
k — C, or to a P-adic one.

7.2. Valuations and valuation rings

Recall that we have defined the p-adic absolute value by taking the expo-
nential of the function v, defined by v,(a) = r if p” divides a but p"*! does
not. In this section we consider generalizations of this function.

Notice that we can see v, as a group homomorphism Q* — Z, and that
(CI2) implies that if v,(a) € N and v,(b) € N, then vy(a +b) € N.

Definition 7.2.1. An ordered group G (written additively) is an abelian
group endowed with a subset P closed under the group operation (the pos-
itive elements) such that for every g € G, either g € P or —g € P.

An ordered group has an order compatible with its group structure.
Namely, define g < h if h — g € P. The fact that P is closed under the
group operation implies that < is transitive, and the last requirement in the
definition implies that < is a total order.

Example 7.2.2. Taking G = Z and P = N we see that Z is an ordered
group with the usual order.

Definition 7.2.3. A waluation on the field k is a group homomorphism
v: k* — G, where G is an ordered group, such that

(7.2.1) v(a +b) = min {v(a),v(b)}.

Valuations and absolute values are strictly related concepts, as shown in
the following remark.

Remark 7.2.4. When the target group of v is Z with the standard ordering,
one can define a nonarchimedean absolute value by taking |z| = a®) for
any real a > 1. In general, there exist valuations with target groups different
from Z, as well as archimedean absolute values, so neither concept is more
general than the other.

Associated to a valuation v, there is a ring
A = {a € klv(a) = 0} U{0}.
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Notice that if a € k is a nonzero element, either a € A, or 1/a € A. We will
see that this property alone characterizes rings of this form, and in fact it is
enough to recover the group G and the valuation from the ring alone.

Definition 7.2.5. Let A be an integral domain with field of fractions k.
We say that A is a valuation ring if for all a € k* either a € A or 1/a € A.

The set M of elements a € A such that 1/a ¢ A is an ideal. In fact, let
x € Aand a € M. Then axr € M. If this was not the case, 1/(ax) € A,
hence 1/a = z/(ax) € A, a contradiction. Similarly take a,b € M—then we
can assume by symmetry that a/b € A, so

a+b:<1+%>-b6/\/1

by the previous point. Since M consist exactly of nonunit elements, it
follows that it is the only maximal ideal. We conclude:

Proposition 7.2.6. Let A be a valuation ring. Then A is local, with max-
tmal ideal

M={acAlljag¢ A}y = A\ A*.

Knowing this, we can construct the valuation from a valuation ring as
follows. Let A* be the group of units of A. We know that, if A arises from
a valuation v, v(A*) = 0. So we can just take the abelian group G = k*/A*,
with positive elements P the image of A. It is clear that P is closed under
the group operation, hence G is an ordered group.

The valuation v is just the projection k* — k*/A*. It remains to check
condition ((C.ZT]). This amounts to saying that given a,b € k, either (a +
b)/a € Aor (a+b)/be A. But

a+b b a+b a
a b b
so this follows from the definition of a valuation ring.

a

We summarize the discussion so far.

Theorem 7.2.7. Let A be a valuation ring with fraction field k. Then there
exists a valuation v on k such that

(7.2.2) A = {z € k|v(z) = 0}.
Vice versa, given a valuation v on a field k, define A by (T22). Then A is

a valuation ring.

In the rest of the section, we make some important connections between
valuation rings and integral closure.
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Proposition 7.2.8. Let A be a valuation ring. Then A is integrally closed.

Proof. Let k be the field of fractions of A and = € k an element integral
over A so that
2" 4 ap_12" P4 4+ ap=0

for some aq,...,a,—1 € A. Rewrite this as
ago
r (ot )

xnfl

Since A is a valuation ring, either z € A or 1/z € A. In the latter case the
above equation shows that r € A as well. O

We now turn our attention to a way to actually construct valuation rings
for a field k.

Theorem 7.2.9. Let k and K be two fields, with K algebraically closed, and
consider homomorphisms f: A — K, where A is a subring of k. Assume
(f, A) is mazximal among such pairs. This means that there is no pair (g, B)
of a ring B C k containing A and a homomorphism g: B — K which
restricts to f on A. Then A is a valuation ring.

Notice that maximal pairs of this kind always exist thanks to Zorn’s
lemma.

Example 7.2.10. When & = Q and K is the algebraic closure of Z/pZ,
the maximal ring is the localization Z,. In fact the projection Z — Z/pZ
can be extended to any element a/b € Q such that b is not divisible by p.
Unsurprisingly, the associated valuation is the p-adic valuation.

Before getting to the theorem, we need a couple of intermediate results.

Lemma 7.2.11. Let f: A — K be a maximal homomorphism as in Theorem
[72.9. Then A is a local ring with maximal ideal ker f.

Proof. It is enough to prove that if a € A and f(a) # 0, f can be extended
to A[l/a]. By maximality, it will follow that 1/a € A.

Consider the homomorphism g : AJz] — K sending x to 1/f(a). We
want to check that this descends to a homomorphism defined on A[1/a]. In
other words, let g : A[z] — A[l/a] be the evaluation morphism; we need to
check that kerg C kerg.

For this, let p(z) € Alz], and assume that p(1/a) = 0. If
p(x) =po+prz+ - +pra’
with po,...,pr € A, then
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hence we can multiply by f(a)" to get

f(a)"g(p) = f(a"p(1/a)) = 0.
O

Lemma 7.2.12. Let f: A — K be a mazximal homomorphism as in Theorem
and a € k a nonzero element. Let M C A be the mazimal ideal. Then
either M[a] € Ala] or M[1/a] C A[1/a].

Proof. Assume by contradiction that M]a| generates Afa] and the same
holds for 1/a. Then we have equations

1 = ro+ria+---+rpa™
1 = sp+s1/a+---+sp/ad",
where all the r;,s; € M and we can take m,n minimal. By symmetry,
assume m > n—then we rewrite the second equation as
(1—s0)a"” =s1a" 14 + sp,.
Notice that 1 — sq is invertible, so we get
A=t d" ety

for some t; € M. This allows us to write a” as a combination of powers of
a of lower degree, hence in the first equation m cannot be minimal. O

Proof of Theorem Let a € k; we want to show that either a or 1/a
belongs to A. Let M be the maximal ideal of A. By Lemma and
symmetry, we can assume that M[a] C Afa], so M]a] is contained in some
maximal ideal M’ of Ala].

Since M is maximal, M’ N A = M, and we get an embedding of fields
L=A/M cC L' = Ala]/M’. Notice that L' = L(a), and a is algebraic over
L. Since L comes equipped with an embedding into K, we can extend this
to an embedding of L’ into K.

By composition, this gives an extension of f to the ring A[a]. By maxi-
mality, it follows that a € A. O

Corollary 7.2.13. Let k be a field A C k a ring. The integral closure of A
in k is the intersection of all valuation rings of k which contain A.

Proof. One inclusion is clear by Proposition [[L2Z.8 For the other one let
a € k and assume that a is not integral over A. In particular, @ is not in
B = A[l/a]. This means that 1/a is not invertible in B, hence it is contained
in a maximal ideal M.

Let K be an algebraic closure of B/M. We have a homomorphism
f: B — K sending 1/a to 0. In particular, f cannot be extended to Bla].
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On the other hand, it can be extended to a valuation ring C O B by Zorn’s
lemma and Theorem [T.2.00 This shows that a ¢ C, which gives the reverse
inclusion. ]

7.3. Discrete valuation rings

A discrete valuation ring, or DVR, is a valuation ring A, where the underly-
ing valuation v has target the ordered group Z. These rings happen to have
a particularly simple structure.

First, we already know that they are local rings with maximal ideal
M ={a € A|v(a) > 1}. More generally, observe that for every n € N, we
can define the ideal I, = {a € A | v(a) > n}, so that Iy = A and I; = M.

Let a,b € A be two elements such that v(a) = v(b). Then v(a/b) = 0,
so that a/b is an invertible element of A. It follows that a and b generate
the same ideal. Similarly, if v(a) < v(b), b lies in the ideal generated by a.
Hence, we can easily describe all ideals of A.

Let ¢ be the minimal valuation of a noninvertible element, say ¢ = v(a).
Let b be any other noninvertible element, and ' be the remainder of v(b)
by t, so that v(b) = g*t+t'. If t' # 0, we can produce a ring element of
valuation strictly between 0 and ¢, namely b/a?. Tt follows that ¢ = 0, hence
v(b) is a multiple of v(a).

By rescaling, we can assume that ¢ = 1. The ideal I} contains a4 for g >
k. Tt follows that these ideals are all distinct, and in fact I, = (a*) = MF.

This tells us that all ideals are powers of the maximal ideals, and all

elements are powers of a single generator, up to invertible elements. We
summarize the discussion so far.

Proposition 7.3.1. Let A be a discrete valuation ring. Then A is local with
a principal mazimal ideal M, and all its nonzero ideals are powers of M.

We can characterize discrete valuation rings via the following result.

Proposition 7.3.2. Let A be a local integral domain with mazximal ideal
M #£ 0. Assume that A is Noetherian and integrally closed, and that M is
the only nonzero prime ideal. Then A is a discrete valuation ring.

Proof. By Theorem 5.1.19] A is a Dedekind ring. Since M is the only
nonzero prime, all nonzero ideals are powers of M, and these powers are
distinct by unique factorization.

We can then define a valuation on A as follows. Let a € A be any
element; if (a) = MF¥, define v(a) = k. It is easy to check that v is a
well-defined function, and we can extend it to the field of fractions of A by
the rule v(a/b) = v(a) — v(b). The extension becomes a discrete valuation.
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To check that A is the valuation ring of v, assume that v(a/b) > 0. Then
v(a) > v(b) hence (a) = MF*, (b) = M" for some k > h. We conclude that
a/b € A, hence A is the valuation ring of v. O

We can reformulate this result by saying that every local Dedekind ring
is a discrete valuation ring. There is also a converse:

Proposition 7.3.3. A discrete valuation ring is a local Dedekind ring.

Proof. A discrete valuation ring is integrally closed by [[.2Z.8 Moreover, it
is Noetherian and has a single nonzero prime ideal, both by [7.3.11 O

Remark 7.3.4. The localization of a Dedekind ring is again a Dedekind
ring. This is because being Noetherian or being integrally closed are prop-
erties that are preserved under localization (2.2.12]) and 5.1.18 and because
of the correspondence between prime ideals in a localization. Thus, the
above can be rephrased by saying that a localization of a Dedekind ring is
a discrete valuation ring.

The valuation can also be expressed explicitly. Namely, if P is a prime
ideal of a Dedekind ring A, for every element a € A we can factorize the
ideal (a) = P*-PJ* - - P,ik. The valuation is obtained by setting v(a) = ¢ and
extending by the valuation rule, hence it essentially encodes the multiplicity
of the factor P at a.

7.4. Direct and inverse limits

In Section [Tl we gave the definition of the completion of an integral domain
with respect to an absolute value on its fraction field. We want generalize
this construction to other rings, as well as express it in algebraic terms. To
do so, we introduce the machinery of limits.

Definition 7.4.1. Let I # ) be a set with a partial order <. T is said to be
directed if for any 4,5 € I we find k € I such that i <k and j < k.

Definition 7.4.2. Let {A;} be a family of groups (or modules over a fixed
ring, or rings) over a directed set of indices I. For every pair i < j as-
sume given a homomorphism {f;; : A; — A;}, and assume that these are
compatible, in the sense that for every ¢ < j < k the diagram

commutes. This datum is called a direct system.
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Definition 7.4.3. Let {A;}icr, {fi;} be a direct system and let A be a
group (module, ring) with given homomorphisms g; : A; — A, which are
compatible, in the sense that for every ¢ < j the diagram

A — A,

N

A

commutes.

A is called the direct limit of the system—denoted lim A;,—if it enjoys
the following universal property. For every other group (module, ring) B,
equipped with compatible homomorphisms h; : A; — B, there exists a
unique homomorphism h : A — B such that h; = h o g; for all 1.

Remark 7.4.4. The direct limit of a system of groups (or modules or rings)
is unique (up to a uniquely determined homomorphism) due to its universal
property. In fact, given two direct limits A and A’ (with their homomor-
phisms), the universal property determines two homomorpshisms A — A’
and A" — A, and again it follows from the uniqueness requirement of the
universal property that these morphisms are inverse to each other.

Let us consider how to construct the direct limit of a system of groups.
Assuming it exists, for every element x in some A;, we have its image g;(z) €
A. Moreover, if we have f;; : A; = Aj, the image g;(x) has to be the same
as g;(fij(x)).

Since there are no other conditions, the idea is to construct the universal
object by just putting together these requirements. Namely, we start from
the disjoint union U of all A;, and we introduce the equivalence relation ~
generated by the following: elements a; € A; and a; € A; are equivalent if
aj = fij(ai)-

The resulting quotient is equipped with a group operation. Namely, let
a; € A; and a; € A;j be any two elements of U. Then, we can find k bigger
than both ¢ and j. The images fi;(a;) ~ a; and fjr(a;) ~ a; belong to the
same group Ay, so we can use the operation there to combine them and get
a new element of U.

It is easy to check that this gives a well-defined operation on the quotient
A := U/ ~ that satisfies the group axioms. If moreover the A; have addi-
tional structure, such as being modules over a ring R or rings themselves,
the same construction gives A the structure of a module or ring.

The natural inclusion followed by the quotient gives maps A; — A, and
the universal property is easily checked.
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Example 7.4.5.

(a) All this may seem very abstract, but in fact it is something that
every child learns to do when summing fractions. Fractions with a
fixed denominator d are easy to sum: they form an additive group
Ag which is isomorphic to Z—for instance % + % = %.

There are homomorphism A, — A; given by multiplication by
k whenever b = k - a. Hence we have a direct system where the
index set is Ny and the ordering relation is divisibility.

In order to sum fractions with different denominators, one has
to consider the equivalence relation induced by these maps. To
sum, say, % and %, one has to consider the equivalent elements %

and % of Ass to get the result %. This is exactly the construction

we have outlined above, which in particular shows that Q is the

direct limit of the system of the Ag.

(b) When the maps of the system are inclusions, the direct limit is just
the union of the A;. For an example of this, consider the construc-
tion of the algebraic closure of a field k. Finite extensions can be
constructed explicitly as quotients of the form k[z]/(f), where f is
some irreducible polynomial. To get the algebraic closure, one has
to take the direct limit of the system of finite extensions.

The above examples should make the notion of direct limit more natural.
The notion of inverse limit is obtained by essentially reversing all the arrows.
Unfortunately, examples of inverse limits are not as natural.

Definition 7.4.6. Let {A;} be a family of groups (or modules over a fixed
ring, or rings) over a directed set of indices I. For every pair i < j as-
sume given a homomorphism {f;; : A; — A;}, and assume that these are
compatible. This datum is called an inverse system.

Definition 7.4.7. Let {A;}icr, {fij} be an inverse system and let A be a
group (module, ring) with given homomorphisms g; : A — A;, which are
compatible, in the sense that for every ¢ < j the diagram

A
S

A is called the inverse limit of the system—denoted @Ai—if it enjoys
the following universal property. For every other group (module over R,
ring) B, equipped with compatible homomorphisms h; : B — A;, there
exists a unique homomorphism h : B — A such that h; = g; o h for all <.

is commutative.
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As in the case of direct limits, there is a form of uniqueness, up to a
uniquely determined isomorphism. To show the existence, though, we must
follow a different way, since the arrows go in the reverse direction, and there
is no way to push elements a; € A; to the inverse limit.

Instead, assuming A = @Ai exists, for each a € A we get a compatible
system of elements a; = g;(a) € A4;.

Definition 7.4.8. Let {A;}icr, {fij} be an inverse system. We say that
the collection of elements (a;), where a; € A;, is compatible (or coherent) if
fij(aj) = a; for all i < j.

The idea is to define the inverse limit A as the set of compatible system
of elements {a; € A;}. The group operation can be applied separately on
each component, and it is easy to check that this gives a groups structure
on A. When the A; are modules over a ring, or ring themselves, the inverse
limit inherits the same structure, again by applying operations component
by component.

Given a group B equipped with compatible homomorphisms h; : B —
A;, for any b € B we get a compatible sequence (g;(b)). This defines a
homomorphism h : B — A such that h; = g; o h for all <. This is enough to
show that A is the inverse limit of the A;, as desired.

Example 7.4.9. The most prominent example of inverse limit is the con-
struction of p-adic numbers. Recall from Section []] that these can be
constructed by considering the p-adic absolute value on Q and taking the
completion Q. The closure Z,, of Z is the ring of p-adic integers—each such
number a € Z, has a series expansion

oo

7

a = E aq;p,
=0

which converges in the p-adic topology.

There is a homomorphism Z, — Z/(p") defined by sending a to the
finite sum Z:’L:_ol a;p’. These homomorphisms make Z, into the inverse limit
of the system of rings {Z/(p")}nen, equipped with the natural projections
Z/(p") = Z/(p").

This is easily proved by making use of the explicit description of the

inverse limit. Namely, given a compatible sequence {a, € Z/(p")}, we can
write

n—1

7

ap = E AinD,
=0
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for some coefficients «; ,, that are determined uniquely modulo p. The com-
patibility condition ensures that the coefficients o, = a; are in fact inde-
pendent from n. This allows us to define the element

[o.¢]
a = Zaipi € Zp.
i=0

This gives a homomorphism from the inverse limit of the system to Z,.
The inverse homomorphism is guaranteed by the universal property.

A similar construction shows that for a Dedekind ring A and a prime
ideal P, the ring of P-adic integers Ap is the inverse limit of the system of
rings {A/P'};en, equipped with the natural projections.

In the next section we are going to generalize this construction and define
the completion of a ring in purely algebraic terms.

Proposition 7.4.10. Let {A;}, {B;} and {C;} be inverse systems over the
same index set I and assume we have exact sequences 0 — A; — B; — C;
for every i € I, compatible with the system maps (a left-exact sequence of
inverse systems). Then we get an exact sequence

0—>1'£1A,-—>1£1Bi—>h

hm G

of the inverse limits.

If moreover we have short exact sequences 0 — A; — B; — C; — 0, the
index set is N, and the maps f;; for A; are surjective, the sequence

0—>1'£1Ai—>@n3i—>£n0i—>0
1S exact.

Proof. The maps @Ai — yLnBi and @Bi — 1'&101- are defined by the
universal property, and in fact are just restrictions of the product maps
[TAi — [[B:; and [[ B; — [[ Ci. This already makes clear that @Ai —
l'ngi is injective, since the product map is. Moreover, it also implies that
the composition %iLnAi — @Ci is 0.

Let (b;) be a compatible set that maps to 0 in lim C;. We can then lift
the set uniquely to a set (a;) € [] Ai, so we only need to show that this
lifted set is itself compatible. To do so, take i > j, so that we have a map
fij + Ai = Aj. The equality fij(a;) = a; can be checked by taking the
images in Bj, since A; — Bj is injective, but there it follows because (b;) is
a compatible system.

For the last assertion, assume exactness at C; and that maps A; — A;
are surjective. Given compatible set (c;), we can lift it to (b;) € [[ B as
above. The elements b; are determined up to the image of some a; € A;.
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Call «; : A; — B; the given map. We need to find some collection a; € A;
such that b} := b; + a;(a;) is a compatible system. Calling g;; the maps for
Bi;, this amounts to saying that

9i5(bj + aj(a;)) = bi + ai(as),
or equivalently
9ij (bj) — bi = ai(fij(a;) — ai).
The left side is in the image of a; by exactness, call it «;(a}), hence we
need to solve
fij(aj) = a;- + a;.
If f;; is surjective and the index set is N, this can be solved inductively.
O

7.5. Completion of rings and modules

In this section, we reformulate the notion of completing a field (or a subring
of it) with respect to an absolute value in terms of inverse limits. In doing
so we will obtain a notion that is useful in a more general setting.

For a start, we notice that the operation of constructing Cauchy se-
quences only requires that we are able to take the difference of two elements
and tell whether an element is close to 0. The following is thus the natural
setting to define Cauchy completions:

Definition 7.5.1. Let G be a group endowed with a structure of topological
space. We say that G is a topological group if the group operations are
continous.

In the following, we will only work with abelian topological groups and
use additive notation.

Remark 7.5.2. Since translations in the group are continuous, the topology
is determined by the neighborhoods of 0, and in fact G is Hausdorff if, and
only if, 0 is closed in G.

In general, the closure of 0 is a subgroup of G (why?), and the quotient
of G by this subgroup, with the induced topology, is Hausdorff.

Assuming that G is first countable, that is, each point has a countable
fundamental system of neighborhoods, we can define convergence in terms
of sequences as usual.

Definition 7.5.3. A sequence (g,) C G converges to g € G if for every
neighborhood U of ¢ there exists N such that g, € U for allm > N. A
sequence (gy,) is called Cauchy if for every neighborhood U of 0 there exists
N such that g, — g, € U for all m,n > N.
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It is easily seen that each convergent sequence is Cauchy—if the converse
holds, the group is called complete. The methods of [[T] are easily translated
in this more general setting, allowing us to construct the completion of a
topological group G.

Definition 7.5.4. Let G be an abelian, first countable, topological group.
Let G be the set of Cauchy sequences in G modulo the equivalence relation
~, where we say that (gn) ~ (hn) if (gn — hy) converges to 0. Then G has
a natural structure of topological group and is called the completion of G.

Remark 7.5.5. There is a natural map G — G that sends g to the constant
sequence g, = ¢, but unlike the case of metric spaces, this map is not
necessarily injective. The kernel is the set of elements equivalent to 0, that
is, the intersection of all neighborhoods of 0. In particular this map is
injective if, and only if, G is Hausdorft.

This is a simple generalization of something we have already seen: the
main twist of this section is to express this is as an inverse limit.

Proposition 7.5.6. Let G be an abelian topological group, and assume that
0 € G has a fundamental system of neighborhoods Gy, which are subgroups.
Then G is the inverse limit of the system G/G,,.

Proof. Assume, as we may, that the groups G, are in fact nested: G D
G1 D G9 D+ DGy D . The inverse limit of the inverse system given by
G/G,, is explicitly constructed as the set of coherent sequences z, € G/G,,.
If we lift x,, to some g, € G, the coherence condition tells us exactly that
the sequence (g,,) is Cauchy. The different choices in lifting x,, differ exactly
by a convergent sequence. O

Remark 7.5.7. This reconciles the two different constructions of p-adic
numbers that we have seen in [[.T.T1] and [[.4.9 Not all examples of com-
pletions are inverse limits, though. In particular the condition that 0 has a
fundamental system of neighborhoods that are subgroups rules out the case
of archimedean absolute values.

Remark 7.5.8. This proposition opens the way to studying filtrations of
groups topologically. Given a filtration on any group G, say

GOGLD--DG, D,

we can endow G with the topology where neighborhoods of 0 are generated
by the GG,,, and then link its completion to the inverse limit of the quotients

G/G,.

By Proposition [.Z.10] we immediately obtain
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Proposition 7.5.9. Let 0 - H - G — G/H — 0 be an exact sequence
of topological abelian groups, and assume G has the topology generated by a
filtration {Gy}. If we give H and G/H the induced topologies, then we have
an exact sequence of completions

0 i G G/H 0.
Corollary 7.5.10. Completion is idempotent, that is, G~G.
Proof. By the inclusion G,, — G we get

o~

0 an G G/G, 0.

But the topology on G/G,, is discrete, so G/G,, equals its completion, and
we deduce R
G G

Gn @,

The thesis follows by passing to inverse limits. ([

In the rest of the section we will specialize to the case where G = M is
a filtered A-module.

Definition 7.5.11. Let I be an ideal of the ring A, M an A-module with
a filtration M D My D --- D My, D ---. We say that this is an [-filtration if
I-M, C M,4+1. The I-filtration is called stable if I - M,, = M, 11 for n large
enough.

Remark 7.5.12. Given two different filtrations {M;} and {M/}, both of
which are I-stable, we have some N such that My,; C M/, and vice versa.
We say that they have bounded difference. In particular, they determine the
same topology on M. In the particular case where M, = I"™ - M, this is
called the I-adic topology.

Remark 7.5.13. The most obvious example of a stable I-filtration is of
course M,, = I"™- M, but things are easier if we keep a little more generality.

Recall from Section [T that associated to a filtration
M>DM; D---DM,D---
we have a graded module Gr(M). If this is an I-filtration, Gr(M) is in fact
a module over the graded ring Gry(A).
A related but different construction arises by taking the graded ring

Bi(A) = @no I"

n=0
and graded module
B(M) = @p2o M.
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In general, these behave worse than the usual associated graded ring and
module, where we take quotients on each homogeneous component. Still,
they are useful for the following result, which is the cornerstone of the theory
that we are going to develop next.

Proposition 7.5.14. Let A be a Noetherian ring, M a finitely generated
A-module with an I-filtration {My,}. Then {M,} is stable if, and only if,
B(M) is finitely generated over Br(A).

Proof. First, notice that By(A) is generated by I as an A-algebra. Since
A is Noetherian, I is finitely generated, so Bj(A) is itself Noetherian by
Hilbert’s basis theorem [2.3.3]

Consider the sum €, M; C B(M). This is not an Bj(A)-submodule,
because it is not closed under multiplication by I. The generated submodule
includes all terms of the form I* - M,,, hence it is

The union of all B(M), is B(M). If the chain {B(M),} stabilizes,
B(M) equals a member of this chain, hence it is finitely generated. Vice
versa, if B(M) is finitely generated over Bj(A), it is Noetherian, so this
chain must stabilize.

But it is clear from the definition that the chain stabilizes if, and only
if, the filtration {M,,} is I-stable. O

Corollary 7.5.15 (Artin—Rees lemma). Let A be a Noetherian ring, [ C A
an ideal and M D My D --- D M, D --- a stable I-filtration of the A-module
M. If M is finitely generated, for each submodule N C M, the {N N M,}
form a stable I-filtration of N.

Proof. 1t is clear that { NN M,} is an I-filtration, and stability follows from
Proposition [T.5.14] and the fact that B(N) C B(M), hence it is Noetherian
if B(M) is. O

Remark 7.5.16. As a particular case, taking M, = I"™ - M, we obtain that
NN (I"™- M) is stable. In particular, it has bounded difference from I™ - N,
and it induces the I-topology on N.

Corollary 7.5.17. Let A be a Noetherian ring, I C A an ideal and M,
M, Ms finitely generated modules over A. If

0 M, Mo M3 0

is exact, then

0 M, M, M 0
is exact, where ]\/4\, 1s the completion of M; with respect to the I-adic topology.
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Proof. This is just a rephrasing of [(.5.9 combined with the above remark
that the I-adic topology on M; agrees with the topology induced by the
inclusion in Ms. O

Corollary 7.5.18. Let A be a Noetherian ring, I C A an ideal. Then,
for all n > 0, the extension I™ - A is the completion of I, and moreover
7/ = I el

Proof. This is just the previous corollary in the case where My = A and
M, = I"™. In this case, M3 = A/I™ has the discrete topology, hence ]\/4\3 =~ Mg
and the thesis follows by a little diagram chasing. The second assertion
follows by considering M; = I"*! inside My = I™. O

We are now in a position to understand the kernel of the map M — M.
By construction, this is the intersection (1, / k. M, but we have a more
explicit description.

Theorem 7.5.19. Let A be a Noetherian ring, I C A an ideal and M a
finitely generated module over A, endowed with the I-adic topology. The
kernel of M — M s

{meM]|(1—z)-m=0 for somez € I}.

Proof. Let K = (0, I*- M be the kernel of M — M. This is the intersection
of all neighborhoods of 0, hence it has the discrete topology. By the Artin—
Rees lemma [[.5.15] this is the [-adic topology on K, so it follows that
I-K =K. ByBGI8we find z € I such that (1 —2)-K =0.

For the converse, assume (1 — x) - m = 0, that is, m = zm. Then
m = xFm for all k, som € N, I* - M = K. O

Remark 7.5.20. The identity I - K = K may seem trivial, but in fact it
is not, since products and intersections do not commute! This is the crucial
step where Artin—Rees enters the proof.

Given a Noetherian ring A with an ideal I, let A be its completion. For
an element x € ]A', the series 1+x+-- -4+ +- - - is well defined and converges
in A. To see this, consider the truncated sums sj, := Zf:o ' Ifh >k >N,
the difference s, — sp, € Il , so that the sequence {si} defines an element
of the inverse limit @ﬁ / ﬁ“, which is just the I-completion of g, and A is
complete.

If we denote this limit by s = Y 52,2, it follows that s- (1 —z) = 1

(why?), so that 1 — = is invertible inside A. By [.1.19] T is contained in
the Jacobson radical of A. We use this fact to give a few examples of

completions.
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Example 7.5.21.

(a)

(b)

(c)

Let A be a local Artinian ring with maximal ideal M. Then by
244, M* = 0 for k big enough, hence A is complete with respect
to the M-adic topology.

Let I C A an ideal. Then S = 1+ [ is a multiplicative set and we
can take the localization S~'A. Since every element of S is invert-
ible inside A\, there is natural map S~'A — A IfAis Noetherian,
Theorem implies that this map is injective, so that we can
see ST1A as a subring of the completion.

[Ces] Let M C A be maximal ideal, and assume that A is Noether-
jan. For the M completion A we know by Z5IRthat A/M =~ A/M
is a field, so M is maximal. Moreover we have just seen that it is
contained inside J(A), so A is local.

Moreover, consider the completion of the localization A 4. This
is just the inverse limit of quotients Axq/(MAp)*. Since localiza-
tion is exact, this is just the localization (4/M¥) .. But A/ MF is
already local, so this is in fact A/MPF¥, and the limit of these is A.

It follows that A is the completion of A as well, and in par-
ticular we have again a natural map Ay — A.

Let k be a field and A = k[x1, ..., z,], with the ideal M = {f € A |
f(0) = 0}. The completion of A can be identified with the formal
power series ring k[[z1,. .., Zy]].

To see this, notice that I* is the ideal of polynomial vanishing
at least of order k in 0, so A/I* can be identified with the module
of polynomials of degree less than k. Each compatible sequence
of such polynomials defines a unique power series, showing that

A= E[[z1, ... 2]

Actually the link between power series rings and completions allows us
to prove that completion preserves the Noetherian property.

Theorem 7.5.22. Let A be a Noetherian ring, I C A an ideal. Then the
completion A with respect to the I-adic topology is also Noetherian.

Proof. First, we establish that A[[z]], the ring of power series on A, is
Noetherian. This is the content of Exercise [ in Chapter 2 We will not
spoil it completely, but the proof is essentially the same as Theorem 2.3.3—
just replace the ideal generated by leading coefficients by the ideal generated
by the lowest-degree coefficients. The proof goes on mostly unchanged. By
induction—using the fact that A[[x, y]] is isomorphic to A[[x]][[y]]—it follows
that A[[x1,...,x,]] is Noetherian for all n.
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Now let aq,...,a, be generators for I. We show that there is a well-
defined surjective homomorphism

eva: Allzy, ... 0] —— A
Ti———a;

defined by evualuating a power series in ay, ..., a,, which implies that Ais
Noetherian.

To show that ev, is well defined, take any power series p and let p; be
the polynomial obtained by truncating up to degree k. Then if h,k > N,
we have pp(a) — pr(a) € IV, which shows that the pj(a) converge to a
well-defined element in A.

To show that ev, is surjective, recall that any element b € Ais defined
by a compatible sequence {b; € A/I*}. Choose representatives by of by. If
we let c 1= bg11 — bx and cg := by, then by compatibility ¢ € I*, and

b= i Ck.
k=0

Recursively write ¢, as a homogeneous polynomial of degree k in ay, ..., a,—
plus possibly an element of I**1, which we incorporate into cj,. This gives
the desired expression of b as a power series in aq, . .., a,, showing that ev,
is indeed surjective. ([l

In the end of the section, we derive a few consequences of the Artin—
Rees lemma, and in particular of the strictly related Theorem We
try to focus on some applications of the theory developed so far that do not
mention the machinery of completion.

The first result follows from the fact that for an element z in the Jacobson
radical, 1 4+ z is invertible.

Corollary 7.5.23. Let A be a Noetherian ring, I C J(A) an ideal and M
a finitely generated A-module. Then ngO I" - M = 0—in other words, the
I-adic topology is Hausdorff on M.

Specializing to the case where M = A we get the famous

Corollary 7.5.24 (Krull intersection theorem). Let A be a Noetherian ring,
I C J(A) an ideal. Then (), I" = 0.

Remark 7.5.25. In our terminology, a module M over a ring is complete
with respect to the I topology if every Cauchy sequence converges. Other
authors require the more stringent condition that the map ¢ : M — M is
an isomorphism. The difference lies in the fact that the kernel of ¢ may be
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nontrivial, or in other words, that M may not be Hausdorff. The above
results imply that the two definitions coincide in many cases of interest.

Another application is the following:

Proposition 7.5.26. Let A be a Noetherian ring, P C A a prime ideal.
Then the kernel of the localization map A — Ap is the intersection of all
P-primary ideals.

Proof. The ring Ap is local, hence applying the preceding corollary we see
that the intersection of all ideals P™ - Ap is 0. This is the same as the
intersection of all P-primary ideals of Ap, since every P-primary ideal sits
among P and some power P¥.

Pulling back this to A and using 3.2.25] we get the thesis. O

7.6. Hensel’s lemma

In this section we study various generalizations of Hensel’s lemma for p-adics
(Theorem [[.T.12) to arbitrary complete local rings. Since in this case there
is not a preferred generator for the maximal ideal, we cannot translate its
proof directly. Rather, we prove the following more general statement.

Theorem 7.6.1 (Hensel’s lemma, strong form). Let A be a Noetherian local
ring, complete with respect to its maximal ideal M. Denote k = A/ M. Let
f € Alz] be a monic polynomial, f(x) € k[z] its residue modulo M. Assume
f factorizes as f = G - H in k[z], where G and H are coprime. Then we
have a factorization f = g-h in A[X], where g and h are monic of the same
degrees of G and H, and g = G and h = H. Moreover, g and h are uniquely
determined.

The following, more familiar form, follows immediately by taking G(z) =
T —a

Corollary 7.6.2 (Hensel’s lemma, weak form). Let A be a Noetherian local
ring, complete with respect to its maximal ideal M. Denote k = A/ M. Let
f € Alz] be a monic polynomial, f(x) € k[z] its residue modulo M. Assume
f has a simple root o in k. Then « lifts uniquely to a root of f in A.

Proof. We show by induction that there exist monic polynomials gg, hy €
Alz] such that

f=gr-hr mod MF[z],

such that gz = G and hy = H. Moreover, such polynomials are uniquely
determined modulo M*[z]. The case k = 1 is the hypothesis of the theorem.
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Having produced gi and hj we look for polynomials of the form

Jk+1 =gk + 8
b1 = hy + t,
where deg s < deg g;, and degt < deg hy.
To find the right s and t, consider the difference

d:= f — gehix € M"[a].

Using the fact that G and H are coprime, we can write 1 = agy, + bhy,
mod M |z] for suitable a,b € A[z]. Multiplying by d we almost get what we
want:

d=(d-a)gr+ (d-b)hy mod MF[z],
so if we let g7, :=gr +d-band h}_, := hy + d - a we have

Ghs1 = gr  mod Mk[:c],
hy i1 =hy, mod MF[z],
and

(7.6.1) GRpahigr =gk he+d=f mod MF[z].

The only issue with this choice is that d-a and d-b may have large degree.
To remedy this, use the fact that g is monic to perform the division of d - b
by g, so that

d-b=1 - gx + s,
d-a=mp-hg+t.

With this choice of s and t, the relation (Z.6.1)) is valid for giy; and
hii1—that is, gpy1hrs1r = f mod MFFT1z]. Moreover, s has smaller degree
than g, so that g4 is monic, and similarly for A .

Uniqueness can be proved inductively, in a similar fashion. Since by
construction gp;1 — gx € MP*[z], and all g have the same degree, the coef-
ficients of the {gx} converge in A. This defines a limit polynomial g, monic
of the same degree as G. Symmetrically, we get a limit polynomial h, monic
of the same degree of H.

The equality f = g - h follows by passing to the limit. More precisely,
the coefficients of f — ¢ - h belong to M* for all k. But Nk MF is 0 by Krull
intersection theorem O

Local rings that satisfy the conclusion of Hensel’s lemma are called
Hensel rings, and are not necessarily complete (see [Ray70] for a detailed
treatment, or Exercise 23). The following results have a flavor similar to
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Hensel’s lemma, in that they allow to lift a condition on a module of the
form M/I to the I-adic completion of M.

Proposition 7.6.3. Let A be a Noetherian ring, I C A an ideal, M, N
two A-modules with a map ¢: M — N N. If the induced map M/I — N/I

is surjective, then the induced map M — N is surjective, where ™ denotes
completion with respect to the I-adic topology.

Proof. By induction, the map M/I* — N/I* is surjective for all k. In fact,
assume this holds for k, and take @ € N/I**1. Then we can write

r
m)+ E ajnj,
J=1

for some m € M, a; € I* and nj € N. Since M/I — N/I is surjective, we
can write nj = ¢(m;) + xj, where m; € mand z; € I - N, so

n=¢|m+> ajm;| (modI*'.N),

which means that M/I*t1 — N/I*1 is surjective as well.
It follows that there are exact sequences

0 Ly, M N

Ik M Ik M TN 0.

where L, = ¢~'(I*N). By a similar reasoning, the map Lj4/I**'M —
Ly/I*M is surjective (check this!). Using Proposition [[Z.10, we get an
exact sequence of the inverse limits, so M — N is surjective. O

Corollary 7.6.4. Let A be a Noetherian ring, complete with respect to the
I-adic topology, M an A-module. If (\,2; I" - M =0 and M/IM is finitely
generated over A/I, then M is finitely generated over A.

Proof. Let mq,...,my € M such that their classes in M/I generate M /I as
an A/I-module, and let N = (mq,...,my),. By the previous Proposition,
the map N — M is surjective. On the other hand, N is a quotient Of Ak,
hence it is complete. (Why?) Since ;2 I" - M = 0, the map M — M is
an inclusion, and we conclude that N = M = M. O

7.7. Witt vectors

In the course of this chapter, we have seen two different construction of
p-adic numbers. The first one starts with the p-adic absolute value on Q
and defines Q, as the Cauchy completion of Q with respect to this absolute
value. The p-adic integers Z, can be seen either as the topological closure
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of Z inside Qp, or alternatively as the integral closure of Z in the same
field. The second approach is more algebraic in nature and constructs the
p-adic integers Z, as the inverse limit of the system of quotients Z/ p*Z, and
Qp as the fraction field of Z,. Both points of view are fruitful, and their
generalizations lead to the study of general absolute values and valuations
in one direction, and to I-adic completions in the other one.

In this section, we are going to introduce a third approach to study p-
adic numbers, which will turn out to be crucial to prove Cohen’s structure
theorem in Section The idea is that every a € Z, has an expansion
into digits

oo

7

a = E a;p,
=0

where the coefficients «; are taken in {0,...,p — 1}. One should be able to
define p-adic numbers this way, and perform algebraic operations using this
system of digits.

Predictably, this plan is bound to fail due to the issue of carries. This
is very similar to trying to define addition or multiplication of real numbers
using digits: the formulas become very complicated, and keeping track of
carries in an organized way is tricky. The insight of Witt [Wit36] was that
one can perform this plan and find simple, universal formulas, provided one
chooses a smarter set of representatives for the digits.

Let m: Zy, — Z/pZ be the projection. A choice of “digits” essentially
amounts to a section of w, that is, a function o: Z/pZ — Z, such that
moo = id. Witt noticed that computations are simplified if one chooses a
particular o. Namely, each element a € Z/pZ satisfies a? = a, so by Hensel’s
lemma there exists a unique section 7: Z/pZ — Z, such that 7(a)? = 7(a)
for all a € Z/pZ. The section T is called the Teichmiiller character and 7(a)
is called the Teichmiiller representative of a. Clearly, 7 satisfies 7(ab) =
7(a)7(b). One can find suitable formulas for p-adic numbers when expressed
using Teichmiiller representatives.

Instead of pursuing this and building p-adic numbers out of Z/pZ digits,
we are going to define a universal construction that works over any ring. This
will lead us to the definition of p-adic Witt vectors. Our presentation will
follow parts of [Haz09], which has a much more extensive treatment. Witt
vectors satisfy many universal properties, and accordingly one can construct
them in various different ways. For possible alternative approaches, see
[Rab14] or [Hes05].

The following remark is meant to give some motivation for the construc-
tion of the Witt polynomials. If it is more confusing than inspiring on first
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read, one can safely skip it and come back to read it after the rest of the
section.

Remark 7.7.1. Fix a prime number p. Given a ring A, we are going to
define another ring W),(A) together with a projection 7: W,(A) - A—when
A =1Z/pZ, we want to recover Z,. Mimicking this special case, we want to
be able to write elements of W),(A) as infinite sums

a=) ola)p

I

Il
=)

2

for some a; € A, where o: A — W),(A) is a section. This representation is
going to induce a set bijection

At A" = W,(A)/p"W,(A)

given by

—_

n—

An(ag, ... an—1) = Za(ai)pi.

1=0

Having fixed such a bijection, we get an induced ring structure on A", and
the question becomes how to express addition and multiplication in such
coordinates.

Unfortunately, A\, depends on the choice of the section o, so it is unlikely
that we can find nice universal formulas. To proceed further, we will have
to alter the definition of A slightly. We start from the observation that in
any ring the congruence a = b (mod p) implies that a?" = " (mod p**1)
for all k—this can be seen by expanding the binomial formula. Using this,
it is not difficult to slightly change the defintion of A in order to make it

independent of . Namely,

n—1
pn(ag, ..., an—1) = Z o(a)”" p'
=0

is independent of the choice of ¢ modulo p”. Hence pu, is a better candidate
for our strategy. We will thus investigate how to sum and multiply elements
of this form, for ag,...,a,_1 € A™.
This, in turn, leads us to consider the polynomials
-1

Wi (Toy -+ oy Ty) 1= xgn —|—pgj€n e Py,

and see if we can use them to define a ring structure on A", and eventually
extend this to a ring structure for formal sums of elements in A.
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Guided by the above remark, the point of departure for our construction
is a collection of polynomials wy, € Z[zg,x1,...] defined by
wo(z) = w0
wi(z) = xf + py
2
wy(z) = xf + prl + pirs
(7.7.1)

wn(&) = xgn +ple)" 4 +pnxn

The definition seems mysterious at this point—the reason for the introduc-
tion of these polynomials is that one is able to find universal formulas for
addition and multiplication of them. The polynomials {w,} are called p-adic
Witt polynomaals.

By construction, they satisfy

(7.7.2) wi1(2) = wa(a?)  (mod p+Y),
where for simplicity of notation we denote =z = (xq,...,2,) and af =
(28, ...,2%). This simple observation allows us to prove the key result:

Lemma 7.7.2. Let f € Z[x,y, z]. Then there are uniquely determined poly-
nomials

fn S Z[$07'"axnvyOV"7ynaz07"'azn]
such that

(7‘7'3) f(wn(i)a wn(ﬁ)ﬂ”n(&)) = wn(fO(Ea Y, %)7 <o 7fn(§7g7 Z))

Thus, every ternary operation over the polynomials w, is just another
polynomial w,, evaluated at other polynomials. There is nothing special in
choosing ternary operations here—it is just that we will not need to apply
the lemma to operations of bigger arity.

Proof. One can choose fo(zo,y0,20) = f(x0,Y0,20), and then use equation
([C73) to define f, by induction. This can be done because f, appears
with degree 1 in (7.7.3]). The only thing that needs to be proved is that the
polynomials {f,} thus defined have coefficients in Z, since a priori defining
fn requires a division by p™.

This can be proved by induction using (Z.7.2)). For simplicity of notation,
we are going to omit underlines in sets of variables. Assume all polynomials
up to f, have integer coefficients. Notice that by construction

Wpt1(2) = wp(2P)  (mod p”"'l),
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and so
f(wnt1(2), wnt1(y), wnt1(2))
(7.7.4) = f(wn(2?), wn(yP), wn(2P))
= wn(folzP, 4P, 2P), ..., fa(zP, 4P, 2P)) (mod p" ).

At the same time we can expand

n+1 n
(7.7.5) Wo1(fos ooy far1) = 15 +pf0 + o+ p" M g

If we expand the last line of (C’74), and compare it term by term with
(TZ3H), all terms are congruent modulo p"*!. There is a last summand in
(T7H), which is p" ! f,, 11, so we get that p"*1f,.1 =0 (mod p"*!), which
proves that f,+1 has coefficients in Z. O

Choosing f(x,y) = x+y, one finds polynomials s, (g, ..., ZTn, Y0, -, Yn)

that satisfy
wn(&) + wn(y) = ’LUn(S(), ce Sn)-

Similarly, by choosing f(x,y) = zy, one finds another set of polynomials
Mn (o, -, Tn, Yo, -- -, Yn) that satisfy

W () - wn(y) = wn(mo, ..., my).

Definition 7.7.3. Let A be any ring, p a prime number. The ring of p-adic
Witt vectors over A, denoted W),(A), is the set

W,(A) = AN = {(ag,al,...) | a; € A},
endowed with the operations defined by
(a;) + (bi) := (so(a,b), s1(a,b),...)
(ai) - (bi) = (mo(a, b),m1(a,b),...).
Of course, we have to prove that W),(A) is a ring, so the operations are
associative, multiplication is distributive over the sum and so on. This is

the reason why we have proved Lemma[7.7.2] with 3 variables. For instance,
to prove associativity of the sum, one considers the polynomial

flyz)=(@+y)+z=a+(y+2)
Uniqueness in Lemma [7.7.2] implies the identity
Sn(x(h <oy In, sO(g; &)7 cee Sn(ga &))
== Sn(SO(Qa g)7 sy Sn(£7 g)a 205+ Zn)v

which amounts to the associativity of the sum in W),(A). All other ring
identities can be proved in the same way. The zero element of W),(A) is just
(0,0,...), while the multiplicative identity is (1, 0,0, ...). One can explicitly
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work out the polynomials involved, but the computations rapidly become
messy: for instance,

azg + yg — (x() -+ yo)p
p

Remark 7.7.4. There are various relations between a ring and the asso-
ciated Witt rings. Namely, a homomorphism A — B of rings induces a
homomorphism W,(A) — W,(B). Moreover, by construction, the evalua-
tion map

sl(x(hxlay(]ayl) = + T+ Y1

wn: Wy(A) —— A

(a) ——— wn(a)

is a ring homomorphism such that the diagram
Wi(
Wi (
is commutative for each map A — B. Putting together all the morphisms
wy, gives a morphism

(7.7.7) w: Wy(A) — AN

(7.7.6) Ay A
B) B

which in general is neither injective nor surjective.

Definition 7.7.5. Given an element a € W),(A), the components wy,(a) are
called the ghost components of a.

The rings W),(A) are quite special: unlike most constructions that we
have met until now (quotients, localizations, polynomial rings, power series,
...) they come endowed with maps W,(A) — A which have A as target in-
stead of source. The algebraic structure on W,,(A) is more or less interesting,
depending on the characteristic of A.

Remark 7.7.6. Assume that p is invertible in A. Then the homomorphism
w of (77 is an isomorphism, since one can recursively solve for x,, in wy,.
In this case, W)(A) is just another way to write AN and does not carry any
interesting information. This happens when A is an algebra over Q, or when
char(A) is a prime ¢ # p.
This implies that the rings W),(A) are determined by the fact that
(i) the underlying set of W,(A) is AY;
(ii) the polynomials wy: W,(A) — A are homomorphisms;
(iii) the diagram in (Z.7.6) commutes.
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In fact, these properties determine both the addition and multiplication on
W,(A) when A is a Q-algebra. Every integral domain A of characteristic
0 embeds into its fraction field, and commutativity of (7.7.6) implies that
the structure of W),(A) is uniquely determined in this case as well. Finally,
every ring is a quotient of Z[{z;};cs] for a suitable index set I, and since
these rings have characteristic 0, another application of (T.7.6]) is enough to
determine the operations on W),(A) for any ring A.

One can use computations with ghost components to derive many rela-
tions that hold in W),(A). We summarize some of these, but first we need a
few definitions.

Definition 7.7.7. Given a € A, the element t(a) := (a,0,0,...,) € W,(A)
is called the Teichmiiller representative of a. It satisfies wy(t(a)) = a.

The Verschiebung operation is just the shift Vj,: Wj(A4) — W,(A) de-
fined by

Vp((ao,a1,...)) = (0,a0,a1,...).
Proposition 7.7.8. Let A be a ring, p a prime number.
(i) Givena € A and b= (by,b1,...) € Wp(A),
t(a) - b= (abg,a’by, a by, . .. ).
In particular the Teichmailler map is multiplicative, that is, given
a,b € A one has t(ab) = t(a)t(b).
(ii) The Verschiebung satisfies wo(Vy,) = 0 and wy(Vy,) = p - wp—1.
(iii) The Verschiebung is additive, namely for a,b € Wy(A)
wn(Vp(a + b)) = wa(Vp(a)) + wn(Vp(D)).

(iv) Every a = (ag,a1,...) € W, can be written as a series
a=Y Vi(t(a;)).
=0
(v) Define polynomials pp(z) by
Wn(Po, 1, - - -, Pn) = pwn(2).
Then the {p,} are well defined and p,(z) = x! | (mod p).

We must be precise about the meaning of the series in [[vl). The ring
W, (A) is endowed with ideals
I = {(a;) e Wy | a; =0fori <k} = Vpk(Wp(A)).

These ideals define a filtration on W,(A), and the convergence in [iv)) has to
be meant in the topology induced by this filtration (this is just a fancy way
to say that the tails in that sum begin with more and more zeros).
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Proof. Ttem[l) is equivalent to stating that

My (20,0, ...,0,90,- -, Yn) = T8 Yn.
This can be proved by induction.

Item [{i)) is an obvious identity between the Witt polynomials. Property
i) follows from [l) and the fact that w,,_; is additive.

To prove [v)), first notice that if a,b € W,(A) are such that, for every
i, either a; = 0 or b; = 0, then wy(a + b) = wy(a) + w,(b). With this, the
result is clear since

Vi(t(as)) = (0,...,0,a;,0,...,),
where a; is in position i.
Finally, in @) the polynomials p, are well defined as in the proof of

Lemma [(.7.3] and in fact, p, can be computed by composition of the sum

polynomials {s;} for i < n. The equation p,(z) = 2¥_, (mod p) can be

proved by induction. O

At this point, we are going to assume that char A = p. In this case,
these computations simplify quite a bit.

Corollary 7.7.9. Let A be a ring of characteristic p. Then, for a = (a;) €
Wi(4),

p-a=(0,ab,a},...).
In particular, char W,(A) =0 and p = (0,1,0,0,...) in W,(A).

Proof. This is just a restatement of item [¥)) of Proposition [[.7.§] O

Example 7.7.10. Let A = Z/pZ. In this case, we can explicitly identify
W, (A) with the ring Z, of p-adic integers. In fact, by Proposition [7.8/iv]),
every element of Wp(A) can be written as a series Y ;o) Vii(t(a;)). By the
above corollary, Vj,(a) = p-a for a € W),(A), so every element of W),(A)

admits a decomposition
o0
a= sz - t(a;).
i=0

Moreover, t satisfies
t(a)? =t(a?) =t(a).
for all « € Z/pZ.

On the other hand, using the Teichmiiller character 7 defined at the
beginning of the section, every element a € Z, can be written as a series

o .
a= E p' - T(a;).
=0
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This gives a natural bijection between W),(A) and Z,. It is not a priori clear
that this is an isomorphism, but this will follow from the next two theorems,
which imply that there exists—up to isomorphism—a unique complete DVR
of characteristic 0 having Z/pZ as a residue field, and that is W,(Z/pZ).

Corollary [7.7.9allows us to generalize the construction of p-adic numbers
to any perfect field of characteristic p. Recall that a field k of characteristic
p is called perfect if kP = k. This holds, for instance, if k is finite or if & is
algebraically closed.

Theorem 7.7.11. Let k be a perfect field of characteristic p. Then the ring
Wy(k) is a discrete valuation ring of characteristic 0, with mazimal ideal
M =1, = V,(Wy(k)). Moreover, k = Wy(k)/M, M is generated by p, and
Wy (k) is complete with respect to the M-adic topology.

Proof. Corollary tells us that char(W,(k)) = 0. Moreover, since k is
perfect, it shows that I; is generated by p. The natural map wo: Wy(k) — k
is surjective, and has I; for kernel, so I; is maximal. If we denote M := Iy,
the same corollary implies that I, = M* = (p*).

By Proposition [T.7.8 [ivl), W,(A) is complete in the M-adic topology.
Every element a € W) (k) with ag # 0 is invertible, since M is maximal. It
follows that the only ideals of W) (k) are the powers of M, so W,(k) is a
DVR. U

Not only does the Witt construction allows us to produce a DVR out
of any perfect field k£ of positive characteristic—the ring thus constructed
enjoys a universal property among all rings having k£ as a quotient.

Theorem 7.7.12. Let k be a perfect field of characteristic p, m: A — k
be any surjective ring map, M := kerw. Assume that A is complete in
the M-adic topology and that (2, M? = 0. Then there is a unique map
f: Wy(k) — A that makes the diagram

W, (k) L A

N

k

commutative.

Proof. To prove the existence of f, we define maps
fn: Wp(k)/ M™ — A/M"

and then try to patch them together. First notice that inside A we have
p € M, as char(k) = p. By definition of the Witt polynomials, it follows
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that given aq,...,a, € M we have wy,(ag,...,a,) € M"T!. Hence, there is
a commutative diagram

W,y(A) ——— A

|

Wy(k) —= A/Mm

where the left-hand map is induced by w. The map g, sends M into
M /M"™ ! hence it induces the desired homomorphism f,,. The construction
of this diagram shows that the system of maps {f,} is compatible, in the
sense that the diagram

Wy(k) frt1 A
Mn+1 Mnt+1

L]

Wy (k) L A

M M

commutes. Hence we can define f(a) as the inverse limit of the elements
fn(a), which exists and is unique since A is complete and Hausdorff.

To prove uniqueness, notice that any map f as in the thesis must send
M to M, hence M™ to M" for all n. This implies that f is the inverse limit
of the maps f,, defined above. O

From the two theorems together, it follows:

Corollary 7.7.13. Let k be a perfect field of characteristic p. Then there
exist a complete DVR A with mazimal ideal M having k as residue field.
Moreover, A is unique up to a unique isomorphism.

There is a fairly straightforward generalization of p-adic Witt vectors.
The ring W, (A) encodes information about characteristic p phenomena, but
one can put together this information for various primes at once. To do so,
we are going to introduce some notation, that is in slight conflict with the
notation that we have used so far.

Definition 7.7.14. Given n € Z,, we define the Witt polynomial

wp(z) = Z dxg.
dln

Notice that w;, is a polynomial involving the variables =4 for d|n. When
n = p", we recover the familiar Witt polynomials that we previously denoted
W, save for the renaming that uses the variable z,x in place of xy.

We can develop the theory in this more general setting, although we are
going to allow ourselves to proceed a little faster.
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Lemma 7.7.15. Let f € Zlx,y,z]. Then there are uniquely determined
polynomials

fn € Z[xo, ..., Tpy Yoy -« s Yny 205 - - - 5 Zn)
such that

fwn(z), wn(y), wn(2)) = wn(fi1(z, Y, 2)s - - - fu(z, Y, 2))-

Proof. As in the proof of Lemma [[.7.2] we use the equation to define f,,
and the only thing to prove is that f, has integral coefficients. This is
done by induction: for each prime p dividing n, we can use the inductive
hypothesis on n/p to show that the coefficients of f,, which a priori are
in Q, have a nonnegative p-adic valuation. Since this is true for all p that
divide n, f, is in fact integral. O

Using the lemma, one can define sum polynomials s, (z,y) that satisfy

wp(2) + wn(y) = wn(s1,. .., 8p).

and multiplication polynomials m,(z, y) that satisfy

W () - wn(y) = wp(ma, ..., my).

We say that a subset S C Z is divisor-stable if whenever n € S and m
divides n, m € S as well. Given a divisor-stable set S and a ring A, we can
define the ring of Witt vectors Wg(A) as the set A5 = {(a;)ics | a; € A},
endowed with the operations defined by

(a;) + (bi) := (si(a,b))
(a;) - (b;) := (mi(a,b)).
Using Lemma [T7.15] we get that these operations give Wg(A) a ring struc-

ture. The ring Wg(A) comes with homomorphisms w,,: Wg — A for all
n € S, and putting them together gives a homomorphism

wg - WS — AS.

Remark 7.7.16. As we have already noticed, in this more general setting
we have switched to a different notation. If we take S = {p*} for a fixed
prime p, we recover the ring that we had previously denoted W), (A), although
the components are indexed (a1, ay, a,2, ... ) in place of (ag, a1, as,...). One
can also choose the set S = {p*}<,—the ring Wg(A) thus obtained is just
Wp(A)/anWp(A)-

When taking S = Z,, we get the so-called ring of big Witt vectors.

Remark 7.7.17. If T' C S are two divisor-stable sets, there is a surjective
homomorphism Wgs(A) — Wz (A) which just forgets all coordinates that are
not in 7. In this way, the ring of big Witt vectors has all other rings of Witt
vectors as quotients.
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Just as in Remark [7.7.6, the homomorphism wg: Wg — AS is bijective
when A is a Q-algebra. In this case, Wg(A) = A, Now if A — B is a ring
map, there is an induced homomorphism Wg(A) — Wg(B), such that the
diagram

Ws(A) ——

Ws(B) 22— B

commutes. This is enough to determine the structure of Wg(A) for all rings
A. In fact, every integral domain A of characteristic 0 embeds into the
Q-algebra F(A), which implies that Wg(A) is a a subring of Ws(F(A))
formed by vectors with coefficients in A. Finally, every ring A is a quotient
of an integral domain of characteristic 0, and commutativity of the diagram
implies that this is enough to fix the ring structure of Wg(A).

7.8. Exercises

1. Prove that a Noetherian valuation ring is either a field or a discrete
valuation ring.

2. Prove that the family of arithmetic progressions is a basis for a topology
on 7 which makes Z into a topological ring. Prove that arithmetic pro-
gressions are both open and closed, and deduce that Z has infinitely many
primes (otherwise {—1,1} would be open).

3. Give an example of a ring A, an ideal I, and an A-module M with two
I-filtrations that induce the same topology on M but do not have bounded
difference.

4. Show that the various p-adic norms on Q for different primes are not
equivalent.

5. Give an alternative proof of Ostrowski’s theorem that does not
use completions, at least for the nonarchimedean case. Namely, given a
nonarchimedean absolute value | - | on the number field k, show that =z —
log |z| is a discrete valuation, and use the results of Section[.3] to show that
| - | is a P-adic absolute value.

6. Given a point x € Q, and r > 0, define the disc
D(z,r) ={ye Q| |z -yl <r}.

Show that every point of a disc is a center—that is, if y € D(x,r), then
D(y,r) = D(z,7).
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7. Prove that the p-adic expansion (T.I3) of a number a € Z, is eventually
periodic (that is, a1+ = «; for some fixed t and i big enough) if and only if
a < QQZP :Z(p)

8. Show that in Z5 there is a third root of 3.

9. Let p € Z be a prime and n not divisible by p. Then any element a € Z
which is congruent to 1 modulo p is a nth root in Z,.

10. Prove the following stronger version of Hensel’s lemma. Let f € Z,[x]
be a polynomial, a € Z, such that

2
F@], < |F@.
Then there is a unique root « € Z, of f such that |a — al, < [f'(a)],.

11. Show that there is a unique extension of the norm |[-[, to the algebraic

closure (QTp of @,. On the other hand, for each finite extension K of Q, there
is an extension of Hp to K for each prime Q); of Ok over p. Why this is not
a contradiction?

12. In Remark[7.5.20 we state that products do not commute with intersec-
tions (even finite ones). Motivate this remark, by finding an explicit example
of a ring A with ideals I, I3, and I3 such that I - (IaN13) # Iy - Io N1y - I3.

13. [Car] In the ring
A_ Q[:L‘;ZaylayZV"]
= - ,
(x — zy1, @ — 2%y2,...)
consider the ideal I = (z). Show that (32, I* = (z) and that 2 - (z) # (z).

This provides a counterexample to Krull intersection theorem when the ring
is not Noetherian.

The following exercises (up to Exercise 20 develop the beginning of the
theory of heights on number fields.

14. Let K be a number field. For every equivalence class of absolute values
on K, choose a representative normalized as follows. If v is archimedean,
take the restriction of | - |5 for a suitable embedding K < C. Otherwise,
choose the normalization of Example [[.T.Zi5. Define e(v) = 1 unless v is the
restriction of | - |5 for an embedding of K in C such that K ¢ R, in which
case €(v) = 2.

Show that for any € K we have |z|, = 1 except for a finite number of

v, and that

[l =1

v
This is know as the product formula for absolute values. (Hint: show the
result on Q first.)
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15. Let K be a number field, and normalize absolute values on K as in
Exercise [4l Given z € K define its height

Hg(z) := Hmax{|x]v , 1}

Show that Hg is well defined, and that for a reduced rational number
a/b it reduces to Hg(a/b) = max{|al,,, |b|,}

16. Let Hx be the height on a field K, as defined in the previous exercise.
Show that if K C L is an inclusion of number fields, we have

Hy(z) = Hg (x)K
for all z € K. Hence given an algebraic number z, we can define the absolute
height

1

H(z) = Hg(x)xQ
for any number field K containing z.
17. Let H be the absolute height defined in the previous exercise. Show
that for an algebraic number = we have the identities H(z*) = H(z)* for all

k € N. Moreover, if y is another algebraic number, show the two inequalities
H(zy) < H(x)H(y) and H(z +y) < 2H(x)H(y).

18. Given a polynomial with algebraic coefficients
f(x) =apz" + -+ ar1x + ao,
define its height by

HU%:OImwﬂ%bwnﬁwﬁ>,

where the product runs over all absolute values of the field K:=Q(ay, . . ., a,),
and d = [K : Q).
Assume that f factorizes as
f(z)=an(z—ai) - (x — ay).
Show that "
H(f)<2" ' ] H(ew).

i=1
19. Use the previous exercise to prove the following theorem of Northcott:
for any choice of constants A, B, the set

{z|H(z) < A,[Q(x) : Q] < B}
is finite. In particular, every number field contains a finite number of ele-

ments of bounded height. (The coefficients of the minimal polynomial over
Q of an element of this set are bounded.)
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20. Prove the following theorem of Kronecker: an algebraic number x sat-
isfies H(x) = 1 if, and only if, it is a root of unity.

21. Let A be a ring, I C A an ideal, and M an A-module. Consider the
completion with respect to the I-adic topology. Show that there is a well-
defined map t : A®4 M — M.

Assuming that M is finitely generated, show that ¢ is surjective. (Write
M as a quotient of a free module.)

22. Continuing the previous exercise, assume that M is finitely generated
and A is Noetherian. Show that the map ¢ is an isomorphism.

23. Let A = R{{x}} be the ring of convergent power series around 0. Show
that A is not complete, but Hensel’s lemma holds for A.

To better understand ideals in valuation rings, we give some definitions.
Let G be an ordered group. A subset S C G is called a segment if for any
g €S, theset {h € G| —g <h < g}iscontained in S. A subgroup which is
a segment is called isolated. Given a field k£ and a valuation v: k* — G, we
can always assume that v is surjective, and then we say that G is the value
group of v.

24. Let A be a valuation ring with value group G, and call v the valuation.
Show that for any ideal I, the set

Gr=v(A\I)U—v(A\I)

is a segment of G, and that this induces a bijection between ideals of A
and segments of G. Moreover, this correspondence restricts to a bijection
between prime ideals of A and isolated subgroups of G.

25. Show that the set of isolated subgroups in an ordered group is totally
ordered with respect to inclusion. Use the previous exercise to prove that
the set of prime ideals in a valuation ring is totally ordered with respect to
inclusion.

26. Given an ordered group G, construct a field k with a valuation v having
value group G.

27. Find a valuation on k(z1,...,z,) having value group Z" with the lexi-
cographic order, and describe its valuation ring.

28. Let A be a complete DVR, M its maximal ideal, and let k = A/ M. If
k has characteristic 0, then A 2 k[[x]], where the isomorphism preserves the
valuation.

29. Let {w,} be the p-adic Witt polynomials. Show that there is a sequence
of integral polynomials { f,,(zo,...,Zn+1)} such that

wn(f07~ . 7fn) = Wn+1-
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Show that for each ring A, the map f: W,(A) — W,(A) defined by
flag, ar,...) = (folao,ar), fi(ao, a, az),...)

is a homomorphism. The map f is called the Frobenius homomorphism of

W, (A).

30. Let A be a ring of characteristic p. Show that the Frobenius homomor-
phism f: W,(A) — W,(A) defined in the previous exercise is given by

flag,a1,...) = (ap,dl,...),

justifying its name.

The next two exercises give a beautiful application of Krull’s intersection
theorem.

31. [KO10] Let A be a Noetherian integral domain, I C A an ideal, and let
a =|A|, b=|A/I|. Show that a < b*°. (The ring A embeds into [] A/I™.)

32. [Bel] One may wonder whether every Noetherian ring is the quotient
of a Noetherian integral domain. Show that this is false by applying the
previous exercise to the ring K x L, where K is a finite field and L is a field
of cardinality bigger than the continuum.



Chapter 8

Geometric Dictionary

In this chapter, we give a geometric perspective to the topics studied so far.
This is useful because some notions such as dimension are much easier to
grasp under the geometric point of view. We will also see that many of the
notions introduced up to this point are passible of a geometric interpretation.

The first section introduces the basic definitions, like varieties in affine
space, their coordinate rings, and the Zariski topology. Most of the rest of
the chapter uses this new language to reinterpret old results and concepts
from the geometric point of view.

In particular, in the second section we give some proofs of the celebrated
Nullstellensatz and use it to illustrate the correspondence between the points
of an affine variety and the maximal ideals of its coordinate ring. We also
derive from it the Ax—Grothendieck theorem on affine polynomial maps.
Then we introduce the local ring at a point and show that this can be
obtained by localization, so the terminology finally makes sense. Next, we
show that the local situation is somehow similar to the graded one, and
introduce the correspondence between projective varieties and graded rings.

Toward the end of the chapter, we introduce two new geometric concepts
which we will investigate from an algebraic point of view in the next chapters.
The first one is the concept of dimension. Actually some different definitions
are possible; the equivalence of them, in a more general setting, will be
shown on the next chapter. Second, we introduce the Zariski tangent space,
together with regular and singular points.

After this, one can define curves as varieties of dimension one. In the
last section we show how Dedekind rings arise as coordinate rings of smooth

229
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irreducible curves, and use our knowledge about Dedekind rings to discuss
morphisms of curves.

8.1. Affine varieties

We consider rings of the form A = k[z1,...,x,] where k is a field. We can
interpret a polynomial f € A as an equation that defines a zero locus

V(f)=A{(x1,...,2n) € K"|f(z1,...,2,) = 0}.
More generally, we can consider the locus defined by the vanishing of more
than one equation. Given a set S C A we define the locus

V(S)={(x1,...,zn) € E"|f(z1,...,2,) =0 for all f e S}.

Definition 8.1.1. A locus of the form V(S) for some S C A is called an
(affine) algebraic variety. When S is empty we obtain the whole k™, which

we will call an affine space and denote by A™(k), or simply A™ when k is
fixed.

Remark 8.1.2. It is immediate to check that V(S) = V(I), where I is the
ideal generated by S, hence it is enough to consider the zero loci of ideals.
Moreover, since ideals in k[z1,...,z,] are finitely generated, we see that a
finite number of equations always suffice to define an algebraic variety.

Example 8.1.3.

(a) When £k = R, n = 2 and I is generated by a single quadratic
polynomial, we obtain the classical example of plane conics. Notice
that it can happen that the polynomial has no real zeros (such as
22 + y? + 1)—in such case, the zero locus is just the empty set.

(b) More generally, the zero locus of a single equation f € A is called
a hypersurface.

(c) The zero locus V(S) of a set S is just the intersection of all V(f)
for f € S.

(d) The union V(I)UV (J) of two algebraic varieties is itself an algebraic
variety, defined by the ideal I-J. It can also be defined by the ideal
IndJ.

Definition 8.1.4. The last two points show that the sets of the form V' (5)
for S C A are the closed sets for a topology on A™(k), which we will call the
Zariski topology. Varieties V' C A™(k) inherit this topology—their closed
sets are the intersections of V' with other affine algebraic varieties.

Notice that this is a very coarse topology—its only open sets are com-
plements of algebraic varieties—hence there are no small open sets such as
balls in R™.
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We can also go in the other direction: given a set W C k™ we define
IW)={feA| f(x1,...,z) =0 for all (z1,...,2,) € W}.
The set (W) is always an ideal in R—in fact, it is a radical ideal.

Remark 8.1.5. The correspondences I — V(I) and W — (W) reverse in-
clusions. Moreover, it is easy to check that J C I(V(J)) and W C V(I(W)).
In fact, if W is itself an algebraic variety, we have the equality W = V (I(WW))
(check it!).

The fact that J is not always the same as I(V(J)) can be easily seen in
the case where k = R and J is generated by f = 22 + y2 + 1. In this case,
V(J) =0, hence I(V(J)) = R. We will discuss in the next section the shape
of I(V(J)) in the case where k is algebraically closed.

Definition 8.1.6. The ring R(V') := A/I(V) is called the coordinate ring of
the affine variety V. Notice that elements of R(V') define actual polynomial
functions V — k.

When V is a single point {z}, I(V') is just the kernel of the evaluation
function

evy: A—k

In particular I({z}) is a maximal ideal.

We end this section with a property of the Zariski topology that shows
that it cannot be very fine.

Definition 8.1.7. A topology is called Noetherian if every ascending chain
of open sets (or equivalently a descending chain of closed sets) is eventually
stationary.

By Hilbert’s basis theorem, it is immediate that the Zariski topology is
Noetherian. In fact a descending chain of closed sets
WiD>WyD---
gives rise to an ascending chain of ideals
I(Wy) cI(Wy) C ---

that must stabilize since A is Noetherian. This implies that the original
chain stabilizes, since W; = V(I(W;)).

Remark 8.1.8. In particular, this implies that A™ is compact under the
Zariski topology.
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8.2. The Nullstellensatz

Starting from this section, we assume that k is algebraically closed. This
simplifies the geometry of A™(k) considerably.

We start with the question left open in the previous section: what can we
say about an ideal of the form I(V'), where V € A™ is an algebraic variety?
It is easy to check that I(V') is a radical ideal (if f" vanishes on V', so does
f). Hence if V = V(.J), we see that v/.J C I(V).

In this section, we will see that the converse holds in the algebraically
closed case. We give three (equivalent) forms of the celebrated Nullstellen-
satz, also called the Hilbert zeros theorem [Hil93].

Theorem 8.2.1 (Nullstellensatz, strong form). Assume that k is alge-
braically closed, and let J C k[xy, ..., x,] be an ideal. Then I(V(J)) = /J.

Notice that this implies that there is a bijective correspondence between
algebraic varieties inside A" and radical ideals inside k[z1,...,zy]. There
are other formulations of the Nullstellensatz that are apparently weaker.

Theorem 8.2.2 (Nullstellensatz, first weak form). Assume that k is alge-
braically closed, and let J C k[x1,...,z,] be an ideal. If V(J) is empty, then
J is the whole ring.

Theorem 8.2.3 (Nullstellensatz, second weak form). Assume that k is al-
gebraically closed. The maximal ideals of k[x1,...,x,] are exactly those of
the form I({z}) for some point x € k™.

We start by proving the equivalence of the three forms, and then prove
the theorem itself.

Proof of the equivalence.

(1) We first see that the strong form implies the first weak form. This
is easy: if V(J) is empty, I[(V(J)) = A = k[z1,...,z,]. By the
strong form, this is the radical of J, hence J itself is the whole
ring.

(2) Assume that the first weak form holds, and let M C A be a max-
imal ideal. Then V(M) is not empty, so that we find some point
x € V(M). This implies that M C I({z}), and we must have
equality since M is maximal; this proves the second weak form.

(3) Assume that the second weak form holds, and let J C A be an
ideal such that V' (I) is empty. This means that J is not contained
in I({x}) for any point z. Since this are all the maximal ideals, J
is the whole ring, proving the first weak form.
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(4) The trickiest part is proving that the first weak form implies the
strong form. This is done by the so called Rabinowitsch trick
(IRab29]). Let J C k[z1,...,x,] be an ideal, and let g be a poly-

nomial vanishing on V(.J). Inside the ring k[z1, ..., z,, y], consider
the ideal J generated by elements of J and the single polynomial
y-g9—1

Since g is zero on V(J), V(J) is empty, and by the first weak
form we deduce that .J is the whole ring. This implies that we can
find an identity of the form

IL=ho(y-g—1)+hifi+-+hefr

for some fi,..., fr € J and hg,...,hy € k[x1,..., 20, Y]

We can formally substitute y = 1/¢ in this equation and then
clear the denominators by multipliying both sides by g* for some ¢
big enough. This leaves the identity

gt:hllf1+.-.+h;,fr,
which shows that g € v/J. O

There is another form of the Nullstellensatz that can be stated for an
arbitrary field. It usually goes under the name of Zariski’s lemma.

Theorem 8.2.4 (Zariski’s lemma). Let A be a finitely generated k-algebra
that is also a field. Then A is a finite extension of k.

Zariski’s lemma implies the Nullstellensatz, as we show here.

Proof of the Nullstellensatz. We show that Zariski’s lemma implies
Theorem [R.2.3] Assume that k is algebraically closed, and let M be a
maximal ideal of k[z1,...,z,]. Then the algebra A := k[z1,...,z,]/M is
finitely generated over k and it is also a field, hence it is a finite extension
of k. Since k it is algebraically closed, the natural inclusion k < A is an
isomorphism.

If we denote \; € k the image of x; under this isomorphism, it follows
that f; .= xz; — \; € M. Since the ideal generated by the elements f; is
maximal, it follows that M = (f1,..., f»). O

We give two proofs of Zariski’s lemma.

First proof of Zariski’s lemma. Let A be a finitely generated k-algebra
that is also a field. By the Noether normalization lemma (.31, we can
write A = k[z1, ..., x|, where z1, ..., z,, are algebraically independent, and
Tm+1,- - -, Ty are integral over k[xy,...,x;]. The assertion that we need to
prove is that m = 0.
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If not, 1/x; € A, hence it must be integral over k[x1, ..., zy,]. This gives
a nontrivial polynomial relation between x1, ..., x,,, contradicting the fact
that they are algebraically independent. ([

The second proof will be an immediate consequence of this more general
lemma, which is useful in its own sake.

Lemma 8.2.5. Let A C B be integral domains and assume that B is finitely
generated over A (as an A-algebra). For all nonzero b € B there exists a
nonzero a € A with the following extension property: every homomorphism
f+ A — K, where K is algebraically closed and f(a) # 0, can be extended
to a homomorphism g: B — K such that g(b) # 0.

Proof. By induction, we can assume that B is generated over A by a single
element . We now distinguish two cases, based on whether z is algebraic
over (the field of fractions of) A.

If = is transcendental over A, write
b=apz" 4+ -+ ap

with ag, ..., a, € A, and choose a := a,,. Then, for every f: A — K, we can
extend it to B by choosing at will the image y = g(z) € K. The requirement
that g(b) # 0 becomes

flan)y™ + -+ + f(ao) # 0,

which can be guaranteed for a suitable choice of y, since K is infinite and
flan) #0.

If x is algebraic over A, a little more care is needed since g(x) cannot be
chosen arbitrarily. In this case, x satisfies an equation

(8.2.1) anz" +---+ap=0

for some ay, ..., a, € A. Moreover, 1/bis a polynomial in z, hence it satisfies
a similar equation

(8.2.2) bpb™™ 4 +bg=0

for some by, ..., b, € A.

In this case, we choose a = a,by,. Given f: A — K such that f(a) # 0,
we can extend it to f': A[1/a] — K by declaring f'(1/a) = 1/f(a). Then
we can choose a maximal extension, say h: T'— K. By Theorem [T.2.9] T
is a valuation ring.

By (821]), x is integral over A[l/a], hence over T. But valuation rings

are integrally closed by [[LZ.8 hence x € T', and we have the desired extension
to B.
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To check that g(b) # 0, it is enough to show that h is defined on 1/,
and this follows in the same way. Namely, 1/b is integral over A[l/a] by
[®22)), so it belongs to T. O

Second proof of Zariski’s lemma. With the notation of the above lem-
ma, assume that A and B are fields and choose b = 1. Then the fact that
every homomorphism from A to an algebraically closed field can be extended
to B is equivalent to the fact that B is algebraic over A. O

In the final part of the section, we investigate the geometric consequences
of the Nullstellensatz. By Theorem[8.2.3] points in A" correspond bijectively
with maximal ideals of A.

Let V' be an affine variety, and consider the quotient R(V) = A/I(V).
Maximal ideals of R(V) correspond to those maximal ideals I({z}) of A
that contain I(V'); this happens exactly when =z € V. We conclude that
maximal ideals of R(V') correspond bijectively to points of V. Moreover, V'
can be reconstructed as a topological space knowing the ring R(V') alone: in
fact closed sets are exactly sets of maximal ideals that contain a given ideal
J. This shows that the algebraic side completely governs the geometry of
algebraic varieties.

8.3. The Ax—Grothendieck theorem

In this section, we temporarily go back to our algebraic setup to give an
application of the Nullstellensatz.

Theorem 8.3.1 (Ax—Grothendieck). Let k be an algebraically closed field,
f: k™ = k™ a polynomial map. If f is injective, then it is surjective.

The proof by Ax in [Ax68] is based on model theory—we sketch it in
Exercise[3Il We follow a simplification of Grothendieck’s argument ([Gro66),
Theorem 10.4.11]).

To begin, we rephrase the conditions of being injective and not being
surjective in more explicit terms.

Lemma 8.3.2. Let k be an algebraically closed field, f: k™ — k™ an injec-
tive polynomial map. Then there exists a set of polynomials hy,..., h, €
klz1,...,Tn,Y1,...,Yn] such that

®3.1)  fe) = fy) = h(z,y) (@1 —y1) + -+ ha(@,9) (@0 = yn)-

Proof. By hypothesis, f(z)— f(y) only vanishes on the diagonal of k™ x k™.
The radical ideal defining the diagonal is ((z1 — y1),...,(Zn — yn)), so this
follows by the Nullstellensatz. O
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Another application of the Nullstellensatz immediately translates the
condition of not being surjective.

Lemma 8.3.3. Let k be an algebraically closed field, f: k™ — k™ a nonsur-
jective polynomial map. Then there exists y € k™ and a set of polynomials
hi,... hy € klx1,..., 2] such that

(8.3.2) (fi(e) —y1) - ha() + -+ (fal) = yn) - hn(z) = 1.

Notice that the Ax—Grothendieck theorem also holds when k is a finite
field, trivially since any injection from a finite set to itself is also surjective.
We give the proof by reducing to this case.

Proof of Ax—Grothendieck theorem. By contradiction, assume that f
is injective but not surjective, hence ([83.1) and (83.2) hold. Consider the
ring A generated over Z (if k has characteristic 0) or Z/pZ (if k has charac-
teristic p) by all coefficients of all polynomials involved in these equations.
This implies that f is still injective and not surjective on A.

Choose a maximal ideal M that does not contains all coefficients, so
that equations (83.1]) and ([83.2)) remain nontrivial over k¥’ := A/M. The
map f defines a map on k" which is still injective and not surjective. Notice
that even if k£ has characteristic 0, ¥’ cannot contain @Q, hence in any case it
has positive characteristic p. By Lemma [B.2.5] %’ is an algebraic extension
of Z/pZ, hence it is itself a finite field. But this is a contradiction, since an
injective self map over k™, where k' is finite, is also surjective. O

8.4. Morphisms

In this section we introduce morphisms between affine varieties. Let V C
A"(k) be an affine variety, and consider the ring R(V') = k[x1, ..., x,]/I(V).
Any element f € k[z1,...,z,] defines a polynomial function A" (k) — Al(k),
where we identify A'(k) with k. This can be restricted to a function V' —
A'(k), and two polynomials f and g will define the same function on V if
and only if f — g € I(V). This allows us to identify R(V') with the ring of
polynomial functions V' — Al(k). Putting together more than one function,
we give the following

Definition 8.4.1. Let V' C A™(k) be an affine variety. An affine morphism
V — A™(k) is a function defined by the value of m elements fi,..., fm €
R(V). If W Cc A™(k) is another affine variety, a morphism V' — W is just
a morphism V — A"™(k) whose image lies inside W.

Using the Nullstellensatz, we can give a precise picture of the relation
between the algebraic and geometric side (assuming, as we will do from now
on, that we work on an algebraically closed field k). First, we have seen that
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to any affine variety V', we can associate a finitely generated, reduced ring
R(V'). The ring R(V) is reduced because the ideal I(V) is radical.

In the other direction, let A be any finitely generated, reduced k-algebra.
Since A is finitely generated as a k-algebra, there exists a surjective map
fiklxy,...,zn] — A. The ideal I = ker f is radical, since A is reduced.
Attached to I there is the affine variety V := V(I) C A™(k), and the Null-
stellensatz implies that I = I(V). It follows that in fact, A = R(V) as
k-algebras. This construction gives us a way to go from rings to varieties
and vice versa.

This duality also extends to morphisms. Let V' C A"(k) and W C A™ (k)
be two affine varieties. If f: V — W is a morphism, there is a natural
composition map

f RW) —— R(V),
g——gof

and f* is clearly a homomorphism of rings.

Vice versa, take any homomorphism t: R(W) — R(V). The coordi-
nate functions xi,...,z,, belong to R(W), and this gives us m elements
fi,oooy fm € R(V) defined as f; = t(x;). Moreover, for all g € I(W) we have

g(fi(x),..., fm(z)) =0

for all x € V, just because ¢ is well defined (do you see this?). This means
that

(fi(®@),..., fm(z)) €W
for all x € V, and this defines a morphism V — W.

In other words, studying the algebra of reduced, finitely generated k-
algebras and their homomorphisms is completely equivalent (up to inverting
the direction of maps) to studying the geometry of affine varieties over k.
Under this correspondence, reduced ideals of rings become closed set of
varieties under the Zariski topology. For those who know the terminology,
we have realized an equivalence between the category of reduced, finitely
generated k-algebras and the opposite category of affine varieties over k.

8.5. Local rings and completions revisited

In this section we can give geometric interpretations to the operations of
localization and completion of a ring.

Let V' C A™(k) be an affine variety, where k is an algebraically closed
field. Section showed that there is a bijective correspondence between
points of V' and maximal ideals of the ring R(V)—mamely the point x € V'
corresponds to the ideal M, of algebraic functions that vanish at x.
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Assume that V' is irreducible, so that R(V) is an integral domain, and
let k(V) be the fraction field of R(V'). Elements of k(V) can be seen as
rational functions defined on V. An element of k(1) takes the form f/g for
f,g9 € R(V), hence it defines a function U; — k on the Zariski open set

Uy ={p € Vlg(p) # 0}.

The localization of R(V) at M, is the subset of k(V') consisting of those
rational functions whose denominator does not vanish on z. In other words,
a function t = f/g belongs to the localization if, and only if, z € U,. This
entails that t is actually defined on a neighborhood of .

The ring R(V')r, is then ring of algebraic rational functions defined in
a neighborhood of x, which gives meaning to the name localization.

More generally, let P C R(V) be a prime ideal, and V(P) C V its zero
locus. The ring R(V)p is the ring of rational functions on V defined in a
neighborhood of V(P).

The completion of a ring gives rise to an even more local zoom around the
point . The issue is that the Zariski topology is not very fine. Zariski closed
sets in V are actually subvarieties of V—or symmetrically, Zariski open
subsets cannot be too small. In the case where k = C, complex algebraic
varieties are also endowed with the Euclidean topology, which contains many
more open sets—for instance Euclidean balls. We want to somehow capture
the notion of a function defined in a small neighborhood of x € V', but the
Zariski topology does not have small neighborhoods!

The answer comes by analogy with complex geometry. Complex differ-
entiable functions are locally expressible as a convergent sum of a power
series. In our algebraic setting, we do not have a suitable notion of conver-
gence, but we do away with it by just considering the ring of all algebraic
power series.

Let us first consider the case where V' = A"(k) is just the affine space.
We might just as well choose the point x = 0. Then the ring of algebraic
functions on V' is just k[zy,...,x,], and its completion at the ideal M, is
the power series ring k[[x1, ..., x,]], as we have seen in Example [7.5.21d]

Notice that in this case we have natural inclusions
kElxi,...,zp) C k[z1, ..., xn)m, CE[[z1,. .., 20]]

This is because a polynomial g, such that g(0) #0 is invertible in k[[z1, ..., )],
hence a rational function f/g, can be expanded as a well-defined power se-
ries.

This set of inclusions can be interpreted as taking smaller and smaller
neighborhoods of x. In other words, function defined globally are a subset
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of functions defined in a neighborhood of z, which are themselves a subset
of functions defined only formally in an infinitesimal neighborhood of z.

In the general case, Example [[.L5.21)) shows that for a ring R(V'), the
localization at the maximal ideal M, of a point sits between R(V') and its
completion at M,. Again, in this case, we interpret E(V\) as the ring of
“analytic functions” defined around the point x.

8.6. Graded rings and projective varieties

In this section, we mimic what we have done for affine varieties to define
varieties in projective space.

Definition 8.6.1. Let &k be a field. The n-dimensional projective space over
k is the set of lines through the origin in A™(k). It can be identified with
the quotient

P (k) = (k"T1\ 0)/ ~,

where ~ is the equivalence relation given by x ~ y if x =ty for some t € k.

We will soon give P"(k) the structure of a variety. To this end, notice
that if f € k[zo,...,zy] is a polynomial and p € P"(k), the value of f(p) is
not well defined, since it depends on a representative for p in k1. But if
f is homogeneous, it is well defined whether f(p) = 0 or not.

Hence, we can define a zero locus

V(f)={peP"(k)|f(p) =0}
More generally, we can consider the locus defined by a homogeneous ideal
I Ck[xy,...,zn41] as

V(I)={p e P"(k)|f(p) = 0 for all homogeneous f € I}.

Definition 8.6.2. A locus of the form V(I) for some homogeneous ideal
I is called a (projective) algebraic variety. When I = 0, we obtain the
whole P"(k), which is a projective variety itself. We will sometimes denote
P* = P(k) when k is implied.

Remark 8.6.3. As in the affine case, every algebraic variety is defined by
a finite number of equations, since k[xo, ..., zy] is Noetherian. Moreover,
mimicking the affine case, we can define the Zariski topology on P (k) whose
closed sets are projective varieties.

The projective space is covered by affine charts. Namely, for every i =
0,...,n, there is a subset C; C P*(n) defined by the equation x; # 0. For
each element (xq, ..., x,) € C;, there is unique representative having z; = 1,
hence C; can be naturally identified with A" (k) by taking such representative
and omitting the ¢-th coordinate.
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Remark 8.6.4. The sets C; are open in the Zariski topology and form an
open covering of P"(k). If V' C P"(k) is a projective variety, this restricts to
an open covering of V' by affine varieties.

We now give some examples of projective varieties.

Example 8.6.5.

(a) For every affine variety V' C A™(k), we can construct a projective
variety by homogeneizing its equations. Namely, if f(x1,...,z,)
is any polynomial of degree ¢ vanishing on V', we can construct a
homogeneous polynomial fj(xo,...,z,) of degree ¢t such that

fn(l iz, . mn) = fx1, ..., xn).

It is sufficient to take any monomial in f of degree d < ¢ and
multiply it by xf{d.

If we do that for all f € I(V), we get a projective variety
V < P*(k) such that VNCy = V. V is called the projective closure
of V.

(b) As in the affine case, the zero locus of a single equation f is called
a hypersurface.

(c) The zero locus V (I) of a homogeneous ideal I is just the intersection
of all V(f) for all f generating I.

(d) The union V(I)UV (J) of two projective algebraic varieties is itself
an algebraic variety, defined by the ideal V(I - J).

(e) Let My, (k) be the vector space of m x n matrices with coefficients
in k. For each r < min{m,n}, the set D, of matrices having rank
at most r is an affine variety. In fact, the condition of having rank
at most 7 is equivalent to the vanishing of all (r+1) x (r+1) minor
determinants. Since these equations are homogeneous, they also

define a variety D, in the corresponding projective space. These
are called determinantal varieties.

Let us denote A = k[xg,...,z,]. As in the affine case, attached a pro-
jective variety V' there is an ideal

I(V)={fe€eA| f(p)=0forall pe V},

and a ring R(V) = A/I(V). Unlike the affine case, I(V') is homogeneous,
hence R(V) is graded. Also, unlike the affine case, elements of R(V') do not
correspond to polynomial functions defined on V.

You will prove in Exercise [2] that when the field & is algebraically closed
there is version of the Nullstellensatz adapated to the projective case. Hence,
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while the algebra of finitely generated algebras over k is reflected in the ge-
ometry of affine varieties, graded finitely generated algebras are best seen as
counterparts of projective varieties. Let us see what it means for morphisms.

Definition 8.6.6. Let V C P" and W C P™ be two projective varieties.
A projective morphism f:V — W is a function which locally is an affine
morphism. This means that for each point x € V we can find affine charts
C; C P" and O} C P™ such that = € C;, f(z) € C} and the affine map

f’VﬂCi: VﬂCi—>WﬂC§

is a morphism of affine varieties.

As in the affine case, a morphism V — W gives a homomorphism
R(W) — R(V) between the graded rings, although the elements of this
rings cannot be interpreted as functions.

Remark 8.6.7. It is easy to generalize Definition to speak of mor-
phisms V' — W, where V is affine and W projective. Similarly, one can also
consider the case where V' is projective and W is affine, altough it turns out
that in this case the only morphisms are constant.

Remark 8.6.8. Definition R.6.6]is pretty cumbersome to work with. Actu-
ally, a morphism V' — P, where V is projective, is given by m + 1 elements
fos-oos fm € R(V) of the same degree, which do not vanish simultaneously
on V.

At least one direction is easy to see: if fo,...,fm € R(V) is such a
collection of polynomials, the map f: V — P given by

f(@) = (fo(@), .-, fm(2))

is at least well defined. (Why?) It is also clear that f restricts to a polyno-
mial map on each affine chart, hence it defines a projective morphism.

Example 8.6.9. Let v, be the map P! — P" defined by the homogeneous
polynomials x’[},xg_lxl, ...,27. These polynomials never vanish together

on P!, hence the map v, is a projective morphism, called the Veronese map.

The image v, (P!) is a curve inside P", called a rational normal curve.
It is easy to see that its ideal is generated by equations of the form

YalYo = YcYd
whenever a + b = ¢ + d, where g, ..., ¥y, are projective coordinates on P".
Another way to describe these equations is by requiring that the matrix
<yo yo yn—l)
vy y2 - Yn

has rank 1.
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8.7. A new idea: the dimension

In the previous sections, we have established a dictionary that allows us
to translate algebraic concepts in a geometric framework. Under this cor-
respondence, we have associated (reduced) k-algebras with affine varieties,
graded k-algebras with projective varieties and (radical) ideals with subva-
rieties. Moreover, we have seen how localization and completion correspond
to the geometric operations of considering smaller charts around a point.

In this section, we are going to introduce a new concept from a geometric
point of view. It will be the task for the next chapter to give the full picture
from the algebraic side. Actually, we will state four different definitions of
dimension of an algebraic variety, and give some motivation why each one
of those is at least plausible. In this chapter we deal with finitely generated
reduced algebras over an algebraically closed field, while in the next one, we
are going to generalize these definitions to rings more general than that. In
any case, the definitions that we are going to give will rely on the intuition
gained here. The next chapter will show that these definitions actually agree
and give the same number whenever it makes sense.

For simplicity, we state our definitions for affine varieties, although it
is easy to adapt them for projective varieties with minimal modifications.
Before proceeding, we need some remark on the irreducible components of
varieties.

Definition 8.7.1. Let V be a topological space. We say that V' is irreducible
if V' cannot be written as a union of two proper closed subset. If V is an
affine or projective variety, we call it irreducible when it is so with respect
to the Zariski topology.

Remark 8.7.2. Let V C A" be an affine variety, and assume that I(V) is
prime. Then V is irreducible by Proposition [LT.20]).

Remark 8.7.3. Any algebraic variety can be decomposed uniquely as a
finite union of irreducible varieties, which are called its irreducible compo-
nents. For an affine variety, this is the geometric translation of the existence
and uniqueness of the primary decomposition.

In fact, let V' be an affine variety, and decompose the ideal I(V) as
the intersection Q1 N --- N Q,, where the ideals @Q; are primary. Letting
P; = /Q;, we can write V as the union of the varieties V; := V(P;), where
P; is a minimal prime of 1(V'), and the components V; are irreducible by the
previous remark.

The same result for projective varieties follows easily by considering its
intersections with the affine charts C;.
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Remark 8.7.4. In fact, by the above decomposition it follows that the
affine variety V' is irreducible if and only if 7(V') is prime.

It is easy to see that the dimension is not a well-defined concept for re-
ducible variety. In fact, different components can have different dimensions—
for instance, the equations xy = 0 and zz = 0 define the union of a line
y=2z=0and a plane = 0 in A3.

There are two ways around this issue. The first one is to only define
dimension for irreducible varieties, and extend it to irreducible varieties by
taking the maximum across the components. The other one is to define the
concept of dimension of a variety around a point, with the implication that
this number can depend on the point. Given a variety V and a point p € V
defined by the ideal M, we are then lead to work with the local ring R(V') pm
and to define dimension for such rings. We will follow both ways in our
attempts to define dimension.

First approach. Our first attempt at defining dimension is based on
the idea that if there is an inclusion of irreducible varieties V' C W, the
dimension of W should be strictly greater than that of V.

Definition 8.7.5. Let V' be an irreducible algebraic variety. The Krull
dimension of V is the maximum integer n such that there exists a chain

(8.7.1) Wwcwvic---CcV,=V

of irreducible varieties.

The intution behind this definition is that the existence of a chain like
(7)) should imply that V has dimension at least n. Conversely, if V
has dimension n, there should always be a way to obtain lower-dimensional
subvarieties of any intermediate dimension, for instance by taking the inter-
section with a suitable linear subspace.

In the ring R(V'), the chain (87.I]) corresponds to a chain of prime ideals
P, C P,_1 C--- C Py, where P; is the ideal defining V;. This is the notion
that we will generalize to arbitrary rings.

Second approach. Let us assume that A" is an object of dimension
n. If we consider a variety defined by polynomials fi,..., f,., we would like
the dimension to drop by r, provided the equations f; = 0 are in some sense
independent. A measure of this is given by algebraic independence: that
there exists no polynomial identity satistied by fi,..., fr.

To make this precise, let us take an irreducible variety V', so that the
ring R(V) is an integral domain. Its quotient field k(V') can be considered
as the field of rational functions on V. Each time we add an independent
polynomial relation, we impose an algebraic relation between elements of
kE(V), thereby decreasing its transcendence degree by 1.
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Definition 8.7.6. Let V be an irreducible affine variety. The transcendence
dimension of V' is the transcendence degree of the field k(V') over k.

This definition makes sense for algebraic varieties, but is hard to gener-
alize over arbitrary rings, since it exploits the fact that R(V') is an algebra
over a field.

Third approach. This is in some sense complementary to the previous
one. Transcendence dimension was an attempt to define the dimension of
V € A™ as n —r, where r is the number of independent equations needed to
define V. Dually, we can consider the minimal number of equations needed
in R(V) to isolate a point. Since this can, a priori, change from point to
point, we work inside a localization R(V')q, where M is the ideal of a point
peV.

Definition 8.7.7. Let V be an affine variety, p € V a point defined by
the ideal M. The Chevalley dimension of V at p is the minimal number of

elements x1,...,zq € R(V)r that satisfy the equality \/(z1,...,24) = M.

Intuitively, to isolate the point p in V we need as many equations in
R(V') as the dimension of V' around p. Notice that here we do not require
V to be irreducible—but we will see that, when this is the case, the Cheval-
ley dimension does not depend on the point and agrees with the previous
definitions.

Fourth approach. Our last definition of dimension is the most sophis-
ticated and least intuitive one.

To begin, let us consider the case of A™, and let us take a point, say
O € A". Let M C k[z1,...,xy,] be the ideal of polynomials vanishing at O.
The local ring around O is the ring A = k[x1,. .., 2z, of rational function
whose denominator is defined at O.

A way to extract the numerical invariant n from the ring A is to consider
the space As of functions f € R vanishing of order s at O. The quotient
As/As+1 has a basis formed by all monomials of degree s in n variables, and
so its dimension is of order s". This allows us to define the dimension of A™
around O as the order of growth of this dimension.

Now let V' be a variety, p € V. If we had something like a local chart
around p, we could try to define the dimension of V' around p by following
the same approach: take the ideal M of p and consider the dimension of
M?®/M>*T! and its order of growth. Unfortunately, we do not work in the
differentiable setting, and this implies that we do not have this luxury.

On the other hand, we can hope to have something of the sort when
we pass to the completion with respect to the M topology (this is not
quite true, but it will turn out to be true for most points). And we know
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by Corollary [[.5.18] that passing to the completion should not change the
dimension of M*/M*t1 Hence, we are somewhat justified to give the
following definition.

Definition 8.7.8. Let V be an affine variety, p € V a point defined by the
ideal M. The Poincaré dimension (or Samuel dimension) of V at p is the
order of growth of the function n(s), which is the dimension of the space
M3 ) M>3TL of polynomial functions vanishing of order s at p.

At this point, it is not even clear that this is well defined. We will
make this definition precise in Section There, we will generalize this
definition to arbitrary local Noetherian rings, and show that it agrees with
our previous definitions.

8.8. The Zariski tangent space

Borrowing some ideas from differential geometry, we now want to define the
tangent space at point of an algebraic variety. We will use the setting of
smooth manifolds (say C*, C* or analytic) as a source of inspiration—the
reader that is not familiar with them can consult any standard source, such
as [Hir97], but in any case our final definitions will be independent of this
discussion.

In the differentiable (or holomorphic) setting, there are many ways to
introduce the tangent space. For instance, a standard way to introduce the
tangent space in a point p to a smooth manifold M is to consider classes
of equivalence of smooth arcs c¢: (—1,1) — M such that ¢(0) = p, modulo
the equivalence relation that identifies two such arcs if their diffentials in 0
agree, in a suitable local chart around p.

In the algebraic setting we are more constrained: for instance, given a
point p on an algebraic variety V, it may very well happen that the only
morphism ¢: Al — V such that ¢(0) = p is constant. A second complication
that we face is the fact that some of the varieties we consider will not be
smooth, and we would like to be able to define the tangent space even in
singular points.

To work around these issues, we start from the affine case. Let V C
A™(k) be an affine variety, p € V a point, I C k[x1,...,zy] the ideal defining
V. Each polynomial f € k[zo,...,zy] has a formal differential given by the

vector 5 9
= (L0 w).

By analogy with the implicit function theorem, one possible definition
of the tangent space would be

(8.8.1) T,V ={vek"|df,-v=0forall fel}.
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This is a well-defined subspace of k", and using the Leibniz rule it is
easy to check that if I = (f1,..., fr), then

T,V ={vek"|d(fi)p-v=0fori=1,...,r}.
In other words, T,V is the kernel of the matrix of the partial derivatives

o o
Ship) - 2h(p)

0 ,«. 0, T'
8:];1 (P) T agn (p)

The only disadvantage of this definition is that 7,V is not intrinsic, but
is defined in terms of the ambient embedding. To recover from this, we again
go by analogy with the differentiable case.

Given a smooth manifold M and a point p € M, one can define the
cotangent space Ty M := (T,M)*. To any smooth function f defined in a
neighborhood of p, one can then attach a differential form df,, which is an
element of TyM. Let O,M be the ring of smooth functions defined in a
neighborhood of p. Then O, M is a local ring with maximal ideal

My ={f € OpM | f(p) = 0}

(why?), and there is a natural surjective map
dp: My ——T;M
[ df)p.

By the Leibniz rule, it follows that d,, is identically 0 on M;, and in fact it
is a simple verification that d, induces an isomorphism of real vector spaces

M *
Wg = T¥M.
This looks like something we are able to translate to the algebraic setting.
Let V be an affine variety over the field k, p € V a point defined by the
maximal ideal M, C R(V). Let A= R(V)y, be the local ring of V' around
p, having maximal ideal M, = M, - A. The set M,/ Mg has the structure
of vector space over the field A/ M, = k.

Definition 8.8.1. The vector space M,/ M?J is called the Zariski cotangent
space of V at p, denoted by TxM. Its dual (M,,/M2)* is called the Zariski
tangent space of V' at p, denoted by T,M.

Notice that M,, is finitely generated, hence T, M is a finite-dimensional
vector space. To reconcile this intrinsic definition with the previous one, we
use the following result.
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Proposition 8.8.2. Let V' C A™(k) an affine variety, p € V., and T the
extrinsic tangent space at p, defined by (R8Il). Then there is a natural
duality between T' and M, /M3,

Proof. Let I be theideal of V, R(V') = k[x1,...,xy]/I and M, C R(V) the
ideal defining p. Given a polynomial f € k[x1,...,x,] such that f(p) =0
and a vector v € k™ we can compute the number

<f,’l)> = dfp'v

By definition, (f,v) = 0 for v € T and f € I, hence this descends to a
k-bilinear function on M, x T By the Leibniz rule, (f,-) is identically 0 if
fe Mg, hence this gives a bilinear form

M,
b: W x T — k.
p
We claim that b is a perfect pairing. One direction is easy: if b(-,v) =0
identically, then v is in the kernel of dy(z; — p;) for each coordinate function
x;, which implies that v = 0.
Vice versa, take f € M, such that b(f,-) = 0 identically. We can lift f
to a polynomial f, which we can expand in the form

f Zal T pl + g1,

where g; vanishes of order 2 at p. The condition that b(f,v) = 0 for all
v € T implies that there is a polynomial h € I such that

h = Zaz Xy pz + 92,

where go vanishes of order 2 at p. It follows that

f=f-h=gi—g €M,
S0 b is a perfect pairing of finite-dimensional k-vector spaces.

The isomorphism between M, /Mg and M,/ M% allows us to conclude.
O

Remark 8.8.3. We have defined the Zariski tangent space 7,V only when
V is affine. Since T,V is defined only in terms of the local ring R(V),, we
can extend the definition to projective varieties. Namely, if V is a projective
variety and p € V, we can take one of the standard affine charts C; containing
p, and consider the affine variety V N C;. The local ring of V N C; around
p does not depend on i, up to a natural isomorphism (prove this!), hence
there is a well-defined Zariski tangent space 1},V even in the projective case.
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Remark 8.8.4. Using the definition of Chevalley dimension R7.7 and Na-
kayama’s lemma, it follows immediately that

dim 7,V > dim V.
We will make this precise and prove this in Section [[0.1]

In general, we expect by analogy with the smooth case that the two
dimensions agree. We isolate this condition with a

Definition 8.8.5. Let V' be an algebraic variety, p a point of V. If dim 7,V =
dim V', we say that V is regqular at p, otherwise that it is singular. We say
that V is regular (or smooth) if it is regular at each of its points, singular
otherwise.

It is now time to look at a few examples.

Example 8.8.6.
(a) The surface S defined by

f(l‘,y,Z):ﬂZy—Z2—1

is smooth. In fact, the differential is

df(m,y,z) = (y7 Z, _22)7

which never vanishes on a point p € S. It follows that 7,5 is
everywhere 2-dimensional, and dim S = 2.

(b) Let V.= V(f) C A™ be an affine hypersurface and take a point
p € V. The condition that V is regular at p amounts to saying
that not all partial derivatives of f vanish at p. When p = 0, this
means that the linear part of f is not zero. Hence, we can picture
any hypersurface singularity by taking a suitable polynomial whose
lowest homogeneous component has degree at least 2.

(c) Consider the variety V formed by two lines in A?(k) meeting at the
origin—for concreteness take the z and y axes. The ideal defining
the union of the two lines is I = (zy), so V is singular at the origin.

(d) With the same notation, consider now the curve defined by the
equation y? = 2 + 23. From the analytic point of view, the singu-
larity looks the same as the previous one: for small z, 2> becomes
negligible, and the locus looks like y? = 22, which is the union of
the two diagonals. This kind of singularity is called a node.

(e) Consider the curve given by the equation y? = x3. In this case,

from the analytic point of view the locus has a double tangent line
given by »? = 0. This kind of singularity is called a cusp.
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The following figure depicts the planar singularities that we have de-
scribed above.

y2:{L'2+{L'3 v =z

8.9. Curves and Dedekind rings

Having gained some intuition about dimension and smoothness, we now
turn to the simplest varieties, apart from points: those of dimension 1,
which we will call curves. Let C' C A™ be a regular, irreducible variety of
Krull dimension 1. This implies that its only Zariski-closed subsets are finite
collections of points.

The ring R(C) is an integral domain, because C is irreducible. Moreover,
it is Noetherian, and the fact that C' is a curve says that the nonzero prime
ideals of R(C') are maximal. As we will see in Chapter [I0, the condition
that C' is regular ensures that R(C) is integrally closed. By Theorem (E.1.19]
we conclude that R(C) is a Dedekind ring.

This means that in our dictionary, Dedekind rings become the algebraic
counterpart to smooth, irreducible curves. Let x € C' be any point, corre-
sponding to the maximal ideal M C R(C). By our definition of Dedekind
rings, the localization R, = R(C)aq is a discrete valuation ring. In fact,
let f € M\ M?, that is, a function vanishing at x of order 1-f is called a
uniformizer at x.

Since the only ideals of R, are powers of M, every other function g € R,
can be written as ¢ = u - f* for some u invertible in R,—that is—mnot
vanishing at x. This shows that elements of R, are determined, up to
invertible elements, by their order of vanishing at x.

In the infinitesimal case, the same geometric picture holds as in the
local case. Namely, let R\x be the completion of R, at M. As we have
discussed before, elements of ]/%\x can be interpreted as germs of functions in
infinitesimal neighborhoods of z. By Corollary [[.5.18, the only ideals of R\x
are powers of M , hence every element g € ]/%; can be written as ¢ = u - f¥,
where u € R, is unit and fe M \ M?2 is a uniformizer.

We now turn to morphisms. Let f: C' — D be a nonconstant morphism

of affine smooth irreducible curves. There is a pullback map on the rings
f*t R(D) — R(C). We claim that f* is injective. In fact, let s € R(D)
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such that s o f = 0 identically. This means that s vanishes on f(C), and if
s is not 0, this implies that f(C) is a finite set of points. By irreducibility,
it follows that f is constant on C.

The inclusion f*: R(D) — R(C) gives R(C) the structure of a R(D)
algebra, and clearly R(C) is finitely generated as algebra. We will consider
what happens when we assume in addition that R(C') is an integral extension
of R(D). This happens at least in two interesting cases.

Example 8.9.1.

(a) Let C' be any smooth irreducible curve. By the Noether normal-
ization lemma [5.3.1] we can write R(C) as integral extension of
klx1,...,zq4] for some d—and in fact, d = 1 for dimensional reasons.
This gives us a morphism C' — A! with the desired properties.

(b) Another case where one can prove that f* is an integral extension
is when f is the restriction of a morphism of projective curves.
This is a nontrivial result, and follows for instance by the Stein
factorization; see [Har77, Corollary II1.11.5].

In any case, assume that R(C) is integral over R(D), and let k(C) be
the fraction field of R(C). Since we assumed that R(C) is integrally closed,
R(C) is the integral closure of R(D) in k(C'). In this situation, we can apply
the results of Section[6.3l Let y € D be a point, corresponding to a maximal
ideal P of R(D). We can then factorize

PR(C)= Q-+ Q¢

where @1, ...,Q, are the primes over P. Since we assumed that k is alge-
braically closed, the quotient fields R(C)/Q; and R(D)/P are all isomorphic
to k, hence f(Q;|P) =1 for all 4.

Let x; € C be the point defined by the ideal @);. These are exactly the
preimages of y. The ramification index e; = e(Q;|P) expresses in a precise
way the multiplicity of ; in f~!(y). In fact, let g € P\ P? be a uniformizer
at y. We can pull back ¢ to a function f*(g) =go f € R(C), and it is easy
to verify that f*(g) € Q5" \ Qf“Ll, so f*(g) vanishes of order e; at z;.

In this setting, Theorem [6.3.2] simplifies to

,
Z e(QZ|P) =n,
i=1
where n is the degree of the field extension [k(C) : k(D)]. We can interpret
this as saying that the number of preimages of y is constant, when they are
counted with multiplicities.
The map f can be seen as the algebraic analogue of a branched covering
in topology or complex analysis. Unramified primes P (if any) correspond to
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points which have exactly n preimages—these are the points where the cov-
ering is unramified. Over the other points, we can have multiple branches of
the covering converging into one, hence we need a local notion of multiplicity
to keep the number of preimages constant.

8.10. Exercises

1. Prove the following geometric version of Noether normalization lemma:
any affine variety V over a field k admits a surjective map onto an affine
space A"(k) such that R(V) is an integral extension of k[z1,...,x,]. If
moreover the field is infinite, a generic projection to an affine subspace of
suitable dimension will do.

2. Prove the projective version of the Nullstellensatz: given a projective
variety V over an algebraically closed field, points of V' are in bijective
correspondence with maximal homogeneous ideals of R(V') different from
the irrelevant ideal R(V')4, by the correspondence

p—=Mp={feRV)|f(p)=0}
3. Prove the claim of Remark R.6.3

4. Let f: PY(k) — P2(k) be the map given by z3, z0x?, 23 (a projection
of the rational normal curve). Show that the image of f is given by the
equation yoy3 = y3. In the affine chart Cp, this is simply y? = 23—draw it
when k£ = R, and check that it has a cusp at the origin.

The following exercises, up to Exercise B describe a result called the
combinatorial Nullstellensatz, by Noga Alon ([Alo99]), and some applica-
tions of it. This is a variant of the standard Nullstellensatz: on the one
hand, it works on any field, and does not require taking radicals; on the
other hand it only concerns ideals generated by polynomials of a certain
special form.

5. Let k be a field, p € k[z1,...,x,] a polynomial of degree ¢; in the variable
x;. Let S; C k be a subset of size t; + 1. If p vanishes on S7 x --- x Sy, then
p=0.

6. Use the previous exercise to prove the combinatorial Nullstellensatz. Let
k be a field, p € k[z1,...,x,] a polynomial and Si,...,S, C k be finite,
nonempty subsets. Define polynomials

giw:) = [] (@i —s).
SES;
If p vanishes on S X - - - X S;,, then there are polynomials h; € k[z1,...,zy],
satisfying deg h; < degp — deg g;, such that

p=gih1 + -+ gnhn.
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7. Use the previous exercise to prove the following result. Let k be a
field, p € k[x1,...,2z,] a polynomial of total degree ¢, say by a monomial
artll ~-xln. Let S; C k be a subset of size at least ¢; + 1. Then there exists
s €Sy x -+ x Sy such that p(s) # 0.

8. Use the previous exercise to prove the Cauchy—Davenport theorem: let
A, B be nonempty subsets of Z/pZ, for some prime p. Then

A+ B| = min{p,|A| + |B| - 1}.

9. Let A be the coordinate ring of an affine variety, M a finitely generated
module over A. For concreteness, think of the case where M is the module of
sections of a vector bundle over a subvariety. Give a geometric interpretation
of the associated primes of M, of its support, and a plausible explanation
why the minimal primes of the two sets are the same.

10. Let k be an uncountable, algebraically closed field. Give an alter-
native proof of the Nullstellensatz in the form of Theorem B2.3] as fol-
lows. Let M be a maximal ideal of k[z1,...,x,] and consider the field
k' = k[z1,...,2,]/M. Assume that k' contains an element ¢ transcen-
dental over k and show that the elements 1/(t — x) for x € k are linearly
independent. Derive a contradiction and conclude that ¥’ = k, from which
Theorem follows.

11. To generalize the result of the previous exercise to any algebraically
closed field, argue as in [CL]. Namely, given a field k, consider the quotient
of kN by a maximal ideal M that contains the ideal

I:= {({L‘Z) € kN | 2; = 0 except for a finite number of z} .

The field k&’ thus obtained is called an ultrapower of k. Show that % is
uncountable and algebraically closed, hence the previous exercise applies.
Deduce the Nullstellensatz for k.

12. Generalize the Veronese map to a map
vg: P — PV,

where NV + 1 is the number of monomial of degree d in n+ 1 variables. Show
that the image of v4 is a projective variety.

13. Show that there is well-defined map
St P x Py PlmAD)(nt1)—1

which sends a pair ((z;), (y;)) to the point having as coordinates all possible
pairwise products (x;y;). Moreover, s,,, is injective. This is called the
Segre map.
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14. Show that the image of the Segre map defined in Exercise [13]is a sub-
variety of P(m+D)(+1D)=1" Gince s,,,, is injective, this allows us to give the
structure of a projective variety to a product of projective spaces, and by
extension to a product of projective varieties.

15. Show that the restriction of the Segre map sy, defined in Exercise [L3]
to the diagonal A C P" x P" agrees with the Veronese map vy defined in
Exercise [[2] after having identified A with P™ in the natural way.

16. Give a coordinate-free description of the Segre map defined in Exercise
I3 as a map P(V) x P(W) —» P(V @ W).

17. Let p € P*, and H C P" a hyperplane not meeting p. Define the
projection from p as the map m,: P*\ {p} — H which sends a point ¢ to the
intersection of the line pg and H:

mp(q) =pgN H.
Show that in suitable coordinates, this is just the map sending (zo, ..., zy)

to (zg,...,xn—1). Deduce that if V' C P" is a subvariety not meeting p, the
map 7,: V — H is an algebraic map.

18. Let V' C P" be a projective variety, p ¢ V a point and consider the
projection map m,: V — H of the previous exercise. Show that the image
mp(V') is a projective subvariety. (For a point ¢ € H show, using coordinates,
that the line [ = pg meets V if and only if every pair of polynomials f,g €
I(V) have a common zero on [, then use resultants.)

19. A quasiprojective variety is a Zariski open set in a projective variety.
Show that affine and projective varieties are quasiprojective, and that a
quasiprojective is covered by open sets that are affine varieties. Use the last
fact to give a definition of morphism between quasiprojective varieties, by
reducing to the affine case.

20. Let V, W be quasiprojective varieties, as in the previous exercise, and
assume that V' is irreducible. A rational map f: V --» W is an equivalence
class of maps U — W, where U C V is open and dense, and two maps are
equivalent if they agree on the intersection of their domains. Show that this
notion is well defined and that every rational map is defined on a maximal
open set. Can you give examples of rational maps that are not morphisms?

21. Let V be an irreducible affine variety. Show that the set of rational
maps V --» Al (see Exercise 20) can be identified with the fraction field of
the coordinate ring R(V').

The following exercises, up to Exercise 26 define the Grassmann va-
rieties, or Grassmannians, which are one of the most important family of
projective varieties, and study their basic properties.
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22. Let V be an n-dimensional vector space over a field k. For m < n,
define the set

G(m,V) :={H C V subspace of dimension m}.
Given a subspace H € G(m, V), choose a basis vy, ..., vy, of H. Show that
the tensor
VA Avy, € ATV
is determined, up to scalar multiples, by H only, hence it is a well-defined
map
Y: G(m, V) — P(A™V),
which is called the Plicker map. Show that the Pliicker map is injective.
Finally, identify G(1,V') with P(V).

23. Let V be an n-dimensional vector space, m < n and let ¢ € A™V. Show
that ¢ is the product of elements of V' if and only if the rank of the linear
map

mg: V. —— ATV
VH——— P AV

is at most n — m. Deduce that the image of G(m, V) via the Pliicker map
is a closed subvariety of P(A™V), in fact a determinantal variety. By the
Pliicker embedding, the Grassmannians take the structure of a projective
variety.

24. Let k be a field not of characteristic 2, V' a finite-dimensional vector
space over k. Let ¢ € A?V. Show that ¢ is the product of two vectors of V'
if and only if ¢ A ¢ = 0. Deduce that the Grassmannian G(2,V) is defined
by quadratic equations.

25. Let V be a finite-dimensional vector space and consider the Grassman-
nian G(m,V)—this can be identified with the set of m — 1-dimensional
projective subspaces of P(V'). Define the universal family

U(m,V):={(H,p)|p€ H} CG(m, V) xP(V).
Show that a point (H,p) € U(m,V) if and only if
V1A Avgp Aw =0,

where vy, ..., vy, span H and w spans p. Deduce that U(m, V) is a closed
subvariety of G(m, V') x P(V') (the latter inherits the structure of variety via
the Pliicker and Segre embeddings).
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26. The universal family U(m, V') described in the previous exercise has
two natural morphisms given by projections, U(m,V) — G(m,V) and
U(m,V) — P(V). Describe the fibers of these morphisms. We have not
studied the dimension formally yet, but what do you think is the dimension
of U(m,V)? And the dimension of G(m,V)?

27. Consider the subset
Bo(A") == {(z,y) | ziy; = zjy;} C A" x P

The product A" x P"~1 is a quasiprojective variety (ExerciseId) via the
Segre embedding (Exercise [[3]). Show that By(A") is a closed subvariety of
A™ x P"~1 hence it is itself a quasiprojective variety. Bo(A") is called the
blow—upEI of A" in the origin.

28. Let By(A™) be the blow-up of A" in the origin, defined in the previous
exercise, and consider the morphisms given by projection 71: By(A™) — A™
and 7ma: Bo(A™) — P"~!. Show that 7 is bijective outside the origin, hence
it admits an inverse rational map (Exercise 20) A™ --» By(A™). What is
the fiber of m; over the origin? Show that the fibers of 7y are all lines—can
you link this to the universal family of Exercise 237

For the next exercises, we need some definitions. Let V be an affine
(resp., projective) variety of dimension k. Say V' C A" (resp., V C P") so
that its codimension is n — k. We say that V is a complete intersection if
the ideal I(V) is generated by n — k elements (resp., n — k homogeneous
elements). We say that V is a set-theoretic complete intersection if there
exists an ideal (resp., a homogeneous ideal) I generated by n — k elements
such that V(I) = V. Clearly a complete intersection is also a set-theoretic
complete intersection, in general the second condition is weaker. Even if we
do not have a formal definition of dimension, for the exercises assume that
the rational normal curve has dimension 1, while points have dimension 0.

29. Let V C A" be a finite set of points. Show that V is a set-theoretic
complete intersection. Find an example of a finite set in AZ? that is not a
complete intersection.

30. Let c: P! — P3 be the rational normal curve; its image C is called
the twisted cubic. Find explicit equations for C' and show that C' is not a
complete intersection, but it is a set-theoretic complete intersection. Also,
the intersection of C' with each affine chart of P? is an affine curve that
is a complete intersection. (To prove that C is a set-theoretic complete
intersection, start from 3 equations for C' and combine two of them with a
suitable linear combination with coefficients in k[zo, ..., x3].)

L Actually, the term “blow up” is kind of a mistranslation. The original Italian term is scoppi-
amento, which can be translated as blow up, but in its original form is more akin to “decoupling”.
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31. This exercise requires some model theory. Give an alternative proof
of the Ax—Grothendieck theorem as follows. First, prove it for finite fields,
and deduce that the result holds for the algebraic closure of a finite field.
To get the proof in general, consider the axioms for an algebraically closed
field of characteristic p on the language {0, 1,+,-} of rings. Up to isomor-
phism, there is at most one algebraically closed field of given characteristic
and cardinality. From the Lowenheim—Skolem theorem, it follows that the
theory of algebraically closed fields of characteristic p is complete. Since
the Ax—Grothendieck theorem is a first order statement, use Goédel’s com-
pleteness theorem to prove that it holds for all algebraically closed fields of
characteristic p. By a similar reasoning, derive the result in characteristic
0.



Chapter 9

Dimension Theory

In this chapter, we revisit the notion of dimension, which was introduced
from a geometric point of view in Section R7l Here, our focus becomes
more algebraic, since we want to extend these ideas to rings that do not
necessarily appear as coordinate rings of algebraic varieties. In particular,
in the earlier chapter we were concerned with finitely generated algebras
over an algebraically closed field, while many rings of interest do not even
contain a field.

We will start with some basic definitions of the dimension of rings, which
we soon generalize to modules, since it is easier to develop the dimension
theory of rings and modules at the same time. We then go on to prove the
main results about Hilbert functions, which will be the essential technical
tool to prove that all definitions we give are equivalent. Once we have
proved this important result, we introduce the notion of height of ideals,
which is a slight generalization of the Krull dimension, and use the theory
developed so far to prove the famous Krull Hauptidealsatz. In the rest of
the chapter, we study the nonlocal case. We derive the main properties of
Krull dimension, and its behavior under quotients, polynomial extensions,
and integral extensions, as well as investigate the dimension of graded rings.
A good reference for the topics of this chapter and the next one is [Ser00].

9.1. Dimension of rings and modules

Definition 9.1.1. Let A be a ring. The Krull dimension of A, denoted
dim A, is the maximum length of a chain of prime ideals

PhcP,C---CP,

contained in A.

257
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This is of course a direct generalization of Definition [8.7.5]

Remark 9.1.2. Since every prime ideal contains the nilradical, it is clear
that dim A = dim A/N(A).

We have already met some examples of rings of small Krull dimension.

Example 9.1.3.

(a) A ring A has dimension 0 if and only if every prime ideal is maximal.
This holds for Artinian rings by Corollary 2.4.2l The converse holds
assuming that A is Noetherian, by Theorem 2.4.11]

(b) Let A be an integral domain, so that 0 is prime. Then dim A =1

if and only if every prime other than 0 is maximal. This holds for
Dedekind rings by Theorem

The next definition of dimension will only make sense in certain cases.
We introduce the class of rings where the theory works nicely.

Definition 9.1.4. Let A be a ring. We say that a is semilocal if A has only
finitely many maximal ideals.

This class includes local rings, as well as Artinian rings, by Proposition
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Definition 9.1.5. Let A be a semilocal ring, My,..., M,, its maximal
ideals, and let

M=M;Nn---NM,,
be its Jacobson radical. The minimum number d (if any) for which there
exist ay,...,aq € M such that the length

(o)

is finite is called the Chevalley dimension of A, and denoted (temporarily)
by 0(A).

This definition is in fact temporary, since we will see that this number
agrees with dim A.

Remark 9.1.6. Let J = (ai,...,aq). Then ¢(A/J) < oo implies that the

sequence M]}*J must be stationary, hence M*¥ C J € M for some k > 0.

If A is in fact local, this implies that J is M-primary by Proposition
3.2.6. Conversely, if A is Noetherian and local with M* C J ¢ M, A/J has
finite length by Corollary 2.5.17

It follows that for a local Noetherian ring A, § A is the minimum number
of elements a1, ...,aq € M such that M* C (ay,...,aq) for some k > 1, or
in other words, the minimum number of generators of an M-primary ideal.
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The above remark should make clear the connection with Definition
RTT We extrapolate the condition, since it is useful terminology.

Definition 9.1.7. Let A be a local ring with maximal ideal M. Ele-
ments ay,...,aq € M are called a system of parameters for A if the ideal
(ai1,...,aq) is M-primary, and moreover d is minimal, that is, d = §(A).

We can generalize the above definitions to modules, in such a way that
the theorem on dimension will be valid in this more general setting.

Definition 9.1.8. Let A be a ring, M an A-module. The Krull dimension
of M is defined as dim M := dim A/ Ann(M).

Remark 9.1.9. When talking about a module of the form M = A/I, there
may be an ambiguity in the definition of dim(M), since it can be considered
as a module over A or as a ring. In fact, there is no ambiguity, as the two

definitions agree. This follows with a moment’s thought from the fact that
Ann(A/I)=1.

Similarly we can generalize the Chevalley dimension.
Definition 9.1.10. Let A be a semilocal ring, and let
M=MiNn---NM,

be its Jacobson radical. If M is an A-module, we define the Chevalley
dimension of M—denoted § M —as the least number d such that there exist
ai,...,aq € M such that the length

¢ M
aM+---+agM

is finite.

Remark 9.1.11. If A is Noetherian and M is finitely generated, then d M
is finite. In fact, if a1,...,aq is any system of parameters of A and I =
(ai,...,aq), A/I is Artinian, hence M /I - M has finite length.

9.2. Hilbert functions

In order to make Definition B.7.§] precise, and generalize it to a wider class
of rings, we need to understand the growth of the size of the homogeneous
components of graded rings and modules.

Remark 9.2.1. Let A = ;2 A, be a graded Noetherian ring, and M =
D;2y M, a finitely generated graded A-module. Then each M, is finitely
generated as an Ap-module.
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In fact, let x1, ..., xs be homogeneous generators of A as an Ag-algebra
(these exist by Proposition [L715]). Let my, ..., m; be homogeneous gener-
ators of M as an A-module, of degrees dy,...,d;. Then every m € M, can

be written as

m=yimi + -+ yimy,
where y; € A,,_g,. Bach y; is a polynomial in the z;, hence M,, is generated
by the products z{* - - - % m,; having total degree n.

Assume now that Ag is in fact Artinian. Then each component M,, has
finite length ¢(M,,) and we can put these lengths together in a generating
function.

Definition 9.2.2. Let A = ;2 A, be a graded ring with Ay Artinian, and
let M = @;2, M, be a finitely generated graded A-module. The Hilbert-
Poincaré series of M is the formal series

P(M,t) = ié(Mn)t" e Z[[1]].
n=0

The starting point is the following observation, that was proved by
Hilbert in the polynomial setting, and later extended by Serre in this gen-
erality.

Proposition 9.2.3 (Hilbert, Serre). Let A be a graded ring, and assume
that Ag is Artinian, and let M be a finitely generated graded A-module. The
Hilbert—Poincaré series P(M,t) is rational, more precisely

f(t)
P(M7 t) = 175 /1 2L\
[ (1 —t5)
where f € Z[t] is a polynomial, and A = Aglx1, ..., xs] with x; homogeneous

of degree k;.

Proof. By induction on s. When s = 0, we have A, = 0 for n > 1. Since
M is finitely generated over A, we must have M,, = 0 for all large n, hence
P(M,t) is in fact a polynomial.
For the inductive step, consider the multiplication map
fs: M — M,
me—— Ts-m.

which gives rise to an exact sequence

0 Kn Mn Mn+ks — Ln+ks E— 0,

where K and L are the kernel and cokernel respectively.
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Both K and L are finitely generated graded A-modules, and they are an-
nihilated by s, hence they are finitely generated over A’ = Axq, ..., x5-1].
The additivity of the length gives

E(Kn) - e(Mn) + B(MnJrks) - B(LnJrks) =0,
and multiplying by "% and summing over n gives
th P(K,t) — t* P(M,t) + P(M,t) — P(L,t) = g(t),

where ¢(t) € Z[t] is a polynomial. We can obtain

P(M,t) = (—tkSP(K, t)+ P(L,t) + g(t))

(1 — ths)
and we conclude by the inductive hypothesis. (I

Remark 9.2.4. The above proof goes unchanged—without assuming that
Ap is Artinian—for every integer-valued function A(M) over finitely gener-
ated Ap-modules having the property of being additive over exact sequences.

Definition 9.2.5. Under the hypothesis of Proposition 0.2.3] the order
of pole of P(M,t) at t = 1 is called the Poincaré dimension (or Samuel
dimension) of M and denoted d(M).

Corollary 9.2.6. Let A, M as in Proposition and assume that each
x; 18 homogeneous of degree 1. Then ¢(M,) = p(n) for all n large enough,
where p(n) € Q[n] is a polynomial function of degree d — 1, and d is the
Poincaré dimension of M. Moreover, the first coefficient of p can be written
as e/(d — 1)!, where e is an integer.

Proof. Under the hypothesis we have
oLy - SO _ o)

(1=t (1-1)

after simplification, so that g(1) # 0. The generalized binomial theorem
allows us to write

1 :i <d+n—1>tn
(1-t) =\ d-1 ’
with the convention that (:}) =1 and (fbl) =0 for m > 0.
Writing g(t) = ag + a1t + - - - + a,t", we get

r

E(Mn)zzak<d+z:lf_l>

k=0

for all n such that d +n —r —1 > 0, and this is a polynomial in n of
degree at most d. To check that the degree is exactly d, we compute the
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first coefficient, which is

. 1 g9(1)
Zak — | = — I 75 0. O
prd (d—1! (d—1)!
Example 9.2.7. Let A = Ag[z1,...,xs], where the z; are indeterminates.

Then A, is generated by all monomials 2" - - - 22* such that a1 +- - -+as = n.
Letting ¢y = ¢(Ap), we have

- (n+5 1)

> A, ,

hence ¢(Ay) = £o("1*] 1).

Let now A be a semilocal ring, with Jacobson radical M, and let M be
a finitely generated A-module. Any ideal I such that M* ¢ I ¢ M is called
an ideal of definition for A. In this case, we can consider the graded ring
A" = Gry(A) and the graded A’-module M' = Gry(M).

Since Ay = A/I is Artinian, the above results apply. In particular, if

I=(z1,...,x5), we can write A" = A{[&1,. .., &, where & is the class of z;
in A’

Definition 9.2.8. The Hilbert function of M at I is
Xar(n) =Y 6(M;,) = €(M/I"M).
i=0

By Corollary B.2.6], x},(n) agrees for all large n with a rational polynomial
of degree d, where d is the Poincaré dimension of M. This polynomial is
called the Hilbert polynomial of M at I.

Remark 9.2.9. Asin Remark[0.1.9 one may wonder whether the definition
of Poincaré dimension is ambiguous for a module of the form M = A/I,
which can be seen as a module over A or as a ring. Since d(M) is the degree
of the Hilbert polynomial, which can be computed as ¢(M/I" M) for n large,
and since this length does not depend on whether we see M as a module
over A or over itself, the definition of Poincaré dimension agrees in the two
cases.

Proposition 9.2.10. The degree of x};(n) does not depend on the choice
of I.

Proof. If J is another ideal of definition, we have I* C J and J° C I for
suitable integers a, b. It follows that

Xar(a(n +1) =1) > x1;(n),
and conversely
xXar(b(n+1) = 1) > xjy (n).
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This implies that the two polynomials X{w and X& have the same order of
growth. (I

The following result has a similar proof, but in fact it is much more
subtle due to the use of the Artin—Rees lemma.

Proposition 9.2.11. Let A be a semilocal Noetherian ring, I an ideal of
definition for A, and let

0 M’ M M 0

: I I
be a short exact sequence of finitely generated A-modules. Then x3; — X7
and Xﬂ/[, have the same degree and first coefficient.

Proof. It is easy to check that
M M// M/
¢ (I"M> =t (mw) Tt (I”M N M’) ’

0 by = Xy + () for

000 =¢ gy

By Lemma [.5.15] we know that I"M N M’ and I"M’ have bounded
difference, hence 1 is a polynomial of the same degree and first coefficient
as X{\/[" O

9.3. The main theorem on dimension

In this section, we are going to prove that all definitions that we have given
for dimension actually agree with each other.

Theorem 9.3.1 (Dimension theorem). Let A be a semilocal Noetherian
ring, M a finitely generated A-module. Then

dim(M) = §(M) = d(M).

Hence, after this section, we will not need to distinguish between Krull,
Chevalley, and Poincaré dimension, and we will just talk about the dimen-
sion of a module. We will prove this theorem as a consequence of three
inequalities. The first one, we prove separately in the ring case.

Proof that d(A) > dim(A). By induction on d = d(A). Let M be the
Jacobson radical of A. When d = 0, xyX'(n) = £(A/M") is eventually
constant, hence M™ = M"*+! for n big enough. By Nakayama’s lemma
L3193 M™ = 0. If P C A is a prime ideal, since 0 C P, it follows that
M C P. Writing M = M N---N My, where the M; are maximal, we get
that P D M, for some i by Proposition so dim(A) = 0.
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For the induction step, we can assume that dim(A4) > 0. Let
PP C---CPF

be a chain of primes. Choose z € P; \ Py and consider the exact sequence

A "z A A
0 Py Py (z)+Po 0.

Denote B = A/((z) + Py). Proposition 0.2 1Tlimplies that d(B) < d(A),
hence we can apply the inductive hypothesis to get
dim(B) < d(B) <d(A) — 1.
However, in B we have the chain
PICP G- CP,

which implies that r — 1 < d(A) — 1, that is, r < d(A). O

Since d(A) is finite, we can already state a corollary of the first part of
the proof, which we will use in the sequel.

Corollary 9.3.2. Let A be a semilocal Noetherian ring. Then dim(A) is
finite—in particular, every descending chain of prime ideals is stationary.

Remark 9.3.3. The Krull dimension is defined for arbitrary rings, and the
above Corollary is not valid for a general ring, not even a Noetherian one.
The first example of a Noetherian ring of infinite Krull dimension was given
in [Nag62, Appendix, example E1], as follows.

Example 9.3.4 (Nagata). Take integers m; such that the differences m;;—
m; are increasing. In the ring A := k[xi,x9,...] take the prime ideals
P = (T, +is - - - ,xmi+1). Let S be the complement of the union of the F;.
Then the localization S~ A is Noetherian and has infinite dimension. You
will prove both claims in Exercises

Having proved the first inequality for rings, we consider the module case.

Proof that d(M) > dim(M). By Theorem 25.16] we find a chain
(9.3.1) 0CM CMC---C My=M,

where M;11/M; = A/P;, and P; € Ass(M) is an associated prime of M.
We will prove the inequality by linking the dimension of M and that of the
rings A/P;.

To get there, let

0 M’ M M" 0
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be an exact sequence of A-modules. By Proposition B33 if P O Ann(M)
is a prime ideal of A, then either P D Ann(M’) or P D Ann(M"). Hence if
we have a chain of primes,

AHH(M) chCohPC---CPF,
we have either Ann(M’) C Py or Ann(M") C Py. In conclusion,
dim(M) = max{dim(M"), dim(M")}.

Similar reasoning can be done for the Poincaré dimension. By Proposition
02171 xa — x v has the same leading coefficient as x s, hence either y
or x v has the same degree as xs, which implies

d(M) = max{d(M’), d(M")}.

Using ([@.3.1)), we obtain
dim(M) = max {dim(A/P;)}
d(M) = max {d(A/P;)},

and we can conclude since the A/P; are rings. ]

This is probably the hardest inequality. We do not to treat the ring case
separately for the next ones.

Proof that dim(M) > 6(M). Again, we use induction on dim(M). When
dim(M) = 0, we have dim(A/ Ann(M)) = 0, which means that every prime
in that ring is in fact maximal. This implies that A/ Ann(M) is Artinian,
and since M is finitely generated over A/ Ann(M), it is an Artinian and
Noetherian module. Hence M has finite length, and (M) = 0.

For the inductive step, consider a maximal chain of prime ideals con-
taining Ann(M ). That is, the smallest prime ideal in the chain is a minimal
prime of M. By primary decomposition for modules, M has finitely many
minimal primes, say Pi,..., P;. Since dim(M) > 0, these are not maximal.

We claim that this allows us to find some elements x € M such that

x ¢ P; for any j, where M is the Jacobson radical. In fact, write M =
MinN--- N Myg. By Proposition [LT.20

Mg PLU---UP;,
so we can find y; € M; such that y; ¢ P; for any j. Then, taking z :=

y1 - - -y does the job.

If we take My = M/xM, then Ann(M;) D (x) + Ann(M). In particu-
lar, no minimal prime P; contains Ann(M;), and a chain for M; must be
shorter than one for M. This implies that dim(M;) < dim(M). Also, by
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construction 6(M) < §(M;y) + 1, since M is just the quotient of M by an
element of M. By induction,

(M) <o(Mp)+1<dim(M;)+1<dim(M). O
We finally turn to the last inequality in the theorem.

Proof that 6(M) > d(M). Again, we do induction on §(M). When
d(M) =0, M has finite length. In this case, the polynomial

) = (g ) < €00

is bounded, hence it must have degree 0, so d(M) = 0.

For the inductive step, assume §(M) = s, and take z1,...,zs € M such
that

4 M < 0
oM+ -+ M .

Fori=1,...,s,call M; = M/(xyM +---+2;M). It is a simple verification
that (S(MZ) =5—1.
We are going to relate xps and xaz,. To do this, observe that
My, M

MM, — M M + 2, M’

S0
i M1 .y M — M iy J,‘lM
MMy ) \MPM 4 M)\ MM MM Nz M)
On the other hand, we have a surjective homomorphism

Tl x1 M
M —x M Y BVEETR

whose kernel is (M™ : 7). Hence
J,‘lM o M
MM Ox M (M?:xq)’

() = Gre) ()

Finally, the inclusion M"~! C (M™ : 1) allows us to simplify this to

/ My >/ My / M )
MM,y MM Mr=1M
This just reads xar, (n) > xamr(n) — xar(n—1), hence y a7, has smaller degree

than x 7. By induction,
d(M) <d(My)+1<6(M)+1=6M). O

and
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9.4. Height

Let A be a Noetherian ring, P C A a prime ideal. By Corollary 0.3.2] every
descending chain of prime ideals

(9.4.1) P=P,DP,_1D---DF
must terminate, and in fact has length bounded by dim Ap, which is finite.

Definition 9.4.1. The maximum length of a chain as in (Q.41]) is called
the height of the prime ideal P, denoted ht(P). By Proposition [[L6.6] we
have ht(P) = dim Ap.

The height of a prime ideal is a more refined invariant than the dimen-
sion, in the sense that

dim A = sup ht(P).
PCA
prime

It turns out that this is not only finite, but we can give a precise bound in
terms of the number of generators.

Theorem 9.4.2. Let A be a Noetherian ring, I C A an ideal and P a
minimal prime of I. If I = (a1, ...,a,), then ht(P) <r.

Proof. First, notice that the only prime ideal containing I[Ap is PAp. In
fact, let @) be a prime of A such that TAp C QAp. This means that
I C @ C P, and since P is minimal, we must have QQ = P.

In particular, /IAp = PAp, which is maximal, so I Ap is PAp-primary.
This means that I Ap is an ideal of definition for Ap, so dim Ap = dAp <
T. O

The theorem was first discovered in the following restricted form as
Krull’s Hauptidealsatz or Krull’s principal ideal theorem.

Corollary 9.4.3 (Krull). Let A be a Noetherian ring, I C A a principal
ideal, say I = (x) where x is not a unit or a divisor of zero. Let P be a
minimal prime of I. Then ht(P) = 1.

Proof. The fact that ht(P) < 1 is a special case of the theorem. Assume
that ht(P) = 0. If I C A, then P is a minimal prime of 0, and by Corollary
3223 the union of the primes belonging to 0 is the set of zero divisors. [

Remark 9.4.4. The assumption that the ring is Noetherian is fundamental
for Krull’s Hauptidealsatz; see Exercise [[1] for a counterexample in the non-
Noetherian case.

We can also state a partial converse. Taken together, these results
demonstrate a strong relationship between the height of ideals and the num-
ber of generators.
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Proposition 9.4.5. Let P be a prime of height r in the Noetherian ring A.

(i) P is the minimal prime of an ideal I = (aq,...,a;).
(ii) If by,...,bs € P, then ht(P/(b1,...,bs)) > r —s.
(iii) Ifay,...,ar are asinfll) and s <r, then ht(P/(a1,...,as)) =r—s.

Proof.

(i) Ap is alocal ring of dimension r, hence it has a PAp-primary ideal
generated by r elements. Callit IAp = («y, ..., ). Write a; = ‘;—:,
where a; € P. Then P is a minimal prime of I = (aq,...,a,).

(i) Let A := A/(b1,...,bs), P := P/(b1,...,bs), and denote t =
ht(P). By the first point, P is the minimal prime of an ideal I =
(¢1,...,¢). Then P is aminimal prime of [ := (b1, ..., bs,c1,...,¢t),
and by Theorem ht(P) < s+ t.

(iii) One inequality is the previous point. The converse comes from the
fact that P/(ay,. .., as) is a minimal prime of the ideal (@541, ..., ar)
in A/(ai,...,as). O

The form in which we state Krull’s principal ideal theorem may look a
little awkward. One may wonder whether a minimal prime of a principal
ideal is itself principal, allowing to simplify the statement. In fact, this is
true only in a very special case.

Proposition 9.4.6. Let A be a ring. The following are equivalent:
(i) for every principal ideal I C A and minimal prime P of I, P is
also principal

(ii) A is a unique factorization domain.

Proof. Assume that A is a unique factorization domain, take a € A and
let I = (a). Factorize a = pf* ---p&. If P is a minimal prime of I, P must
contain one of the p;, hence P = (p;) by minimality.

For the converse, assume fll). If Q C A is a prime ideal, take any a € Q
and let P be a minimal prime of A. By the hypothesis, P is principal, and
we conclude the proof by Kaplansky’s theorem [3.1.19] O

9.5. Properties of dimension

In this section, we take a closer look to the dimension of rings, and in
particular we study how the dimension changes under various operations.

Remark 9.5.1. In a sense, we have already discussed the case of localization
by a prime ideal. By definition, dim Ap = ht(P), and we have already
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reviewed the Hauptidealsatz and its converse that allow us to control the
height of ideals.

The first thing we look at is the behavior of dimension under quotients.
It is not always well-behaved, but there are simple cases where we can control
the drop in dimension.

Proposition 9.5.2. Let A be a local Noetherian ring with mazximal ideal
M, z € M, and assume that x is not a zero diwisor. Then dim(A/(z)) =
dim A —1.

Proof. We have the exact sequence
0 (x) A Al(x) 0

and we know by Proposition[9.2.11]that x4 — X 4/(s) and x(z) have the same
first coefficient.

On the other hand, since x is not a zero divisor, A and (x) are isomorphic
as A-modules, which implies that deg x 4/(,) < deg x4, so dA/(z) < dA.

The reverse inequality is clear by using the Chevalley dimension: if
ay,...,ag € A and (ag,...,aq) is M/(x)-primary in A/(z), then
(x,a1,...,aq) is M-primary in A, hence 6(A) < §(A/(z)) + 1. O

Another useful property is that the dimension does not change under
completion, as the geometric intuition suggests.

Proposition 9.5.3. Let A, M be a local Noitherian ring, A its completion
in the M-adic topology. Then dim A = dim A.

Proof. This follows at once from Corollary [[.5.18] since A and A have the
same associated graded ring, hence the same Hilbert polynomial. O

Next, we take on studying the dimension of polynomial rings. For that,
we need a lemma, which is a useful result of its own.

Lemma 9.5.4. Let f: A — B be a homomorphism of Noetherian rings.
Take a prime Q C B and let P = f~'Q be the contraction. Then

. Bg
< —_—.
ht(Q) < ht(P) + dim Phg

Proof. By localization, we can assume that A is local with maximal ideal
P and B is local with maximal ideal @), in which case the thesis reads

B
dim B < dim A + dim —.
mb < dim A 4+ dim PR

Let r = dim A, and s = dim B/(PB). Then by Proposition @45, P
is minimal over an ideal I = (ay,...,a,) and Q/(PB) is minimal over an
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ideal (by,...,bs). The quotient Q/(PB + (bi,...,bs)) is both maximal and
minimal inside B/(PB + ((b1,...,bs)), hence it is nilpotent. (Why?) It
follows that
Q" C PB+ (by,...,bs)
for n big enough. By a similar reasoning,
P™ C (a1,...,ar)
for m big enough, and so

QM C J:=(f(ar),...,f(ar),bi,...,bs).

This implies that @ is a minimal prime of J, and the thesis follows by
Theorem [9.4.2] U

This allows us to study the relation between a ring and its polynomial
extension. For Noetherian rings, we have a very neat formula.

Proposition 9.5.5. If A is a Noetherian ring, dim A[z] = dim A + 1.

Proof. The inequality dim A[x] > dim A + 1 is easy. If
RCPC - CP

is a chain of primes in A, we get ideals P;[x] C A[z]. These are primes, since
A/P;[z] is a domain, hence dim Afx] > dim A. Moreover, we have a strict
inequality, since Py[z] is not maximal, as A/Py[z] is not a field.

For the converse, let @ be a maximal ideal of A[z], and P = QN A. By
Lemma [9.5.4]

ht(Q) < ht(P) + dim ﬁiﬁ?@,

hence it is enough to prove that the last term is at most 1. Now

(5 =Helo

where k is the fraction field of A/P. But dim k[z] = 1, and localization at
Q@ can only lower the dimension. (Il

The same proof also gives the following consequence (Exercise [7]).
Proposition 9.5.6. If A is Noetherian ring, dim A[[z]] = dim A + 1.
Corollary 9.5.7. If k is a field, dim k[x1, ..., z,] = n.

Proposition [0.5.5] does not hold for rings that are not Noetherian, but
still we can state a partial result.

Proposition 9.5.8. Let A be a ring. Then
dimA+1<dimAz] <2dim A+ 1.



9.5. Properties of dimension 271

Proof. The first inequality follows as in Proposition [@.5.5] as its proof does
not use the Noetherian hypothesis. The second one follows once we prove
that there are no three prime ideals Q1 € Q2 € Q3 C A[z] having the same
restriction to A. In fact, any chain of prime ideals in A[x] can have at most
twice the length of a chain in A.

To prove the claim, assume
QINA=QNA=Q3sNA=P.

By taking the quotient at P, we can assume that A is domain and P = 0.
Localizing at Q3 we get a chain of three prime ideals inside A[z]g,. This
ring is a further localization of k[x], where k = F(A) is the fraction field of
A. This is a contradiction, since dim k[z| = 1. O

In fact, this is not a limitation of our techniques: all intermediate di-
mensions can actually appear, as shown in [Sei53]. We only give a simple
example.

Example 9.5.9. [Sla] Let ¢,y be two indeterminates, k a field, and take
the ring

A:={f(y) € k®)[[y] | F(0) € k}.
The ideal

Pi={f(y) € k@[]l | £(0) =0} C A

is prime, and A/P = k by evaluation, so in fact P is maximal. In fact, P is
the only nontrivial prime ideal of A (why?), so dim A = 1.

On the other hand, dim A[x] = 3. To see this, consider the map
eve: Alx] —— k(t)[[y]]
p(z) — p(t).

Since, k(t)[[y]] is a domain, () = ker ev; is a prime ideal, and clearly yx—yt €
@, so @ # 0. On the other hand, @ C P[z], and the inclusion is strict since
y € P, but y ¢ Q. This show that we have the chain of 4 prime ideals

0CQC Plz]C M,
where M is any maximal ideal containing P[x]. Hence, dim A[z] > 3, and

the reverse inequality is Proposition [0.5.8

Now that the picture for polynomial extensions is clear, we turn to the
opposite case: the dimension of integral extensions. Here things are much
simpler. In fact, the going-up theorem [(.2.6] immediately gives:

Proposition 9.5.10. Let A C B be rings, with B integral over A. Then
dim A = dim B.
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Putting the two results together, we are finally able to conclude that
our definition of transcendence dimension R.7.6] also agrees with the other
definitions we have given. The precise statement is the following.

Theorem 9.5.11. Let k be a field and A a finitely generated k-algebra which
is an integral domain. Let K = F(A) be the fraction field of A. Then the
transcendence degree of K over k equals dim A.

Proof. Let s be the transcendence degree of K over k. By Noether normal-

ization lemma [5.3.1] we can find algebraically independent ai,...,as € A
such that A is integral over k[ai,...,as]. But dimk|ay,...,as] = s, and
integral extensions preserve the dimension. (I

9.6. Dimension of graded rings

If we track our definition of Poincaré dimension, it starts by considering
the lengths of homogeneous components in a graded ring A, where Ag is
Artinian. In turn, we were led to consider the special case of the graded
ring associated to a local Noetherian ring.

Now that the picture for local Noetherian rings is complete, thanks to
Theorem [0.3.7], it makes sense to go back to investigate graded rings. In
particular, one may wonder whether the dimension of graded rings can be
expressed in terms of its Hilbert polynomial, and whether the dimension of
a local Noetherian ring and its associated graded ring are related. As it
turns out, both things are true.

First, we establish a few results that allow us to only consider homoge-
neous ideals when dealing with the Krull dimension of graded rings.

Proposition 9.6.1. Let A be a graded ring, I C A a homogeneous ideal,
and P a minimal prime of I. Then P is homogeneous.

Proof. We can write P = Ann(z) for some x € A/I. Since A/I is a
graded ring, we can decompose z = xg + x1 + - - - + 4 into its homogeneous
components. Choose any a € P, and again decompose a = ag+a1+---+a,.
The condition ax = 0 becomes

apgrog = 0
airo +apgx; =0

a0 + a1x1 + apra =0

By multiplying each of these in turn by ag, we recursively get aﬁ“xk = 0.

In particular, ad™! € Ann(z) = P, so in fact a; +- - +a, € P. We can then

repeat the reasoning for all a; to find that all of them lie in P. O
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Proposition 9.6.2. Let A be a graded ring, and P C A a homogeneous
prime of height r. Then, there exists a chain
PbhoPC---CP.=P

composed by homogeneous primes.

Proof. Let Py be the smallest element in a maximal chain of primes ending
at P. Then P, is a minimal prime of 0, and by Proposition it is
homogeneous. By taking the quotient with respect to Py, we can prove the
result assuming that A is an integral domain.

Take any homogeneous a € P, a # 0. By Proposition @40 ht(P/a) >
r — 1. Since A is an integral domain, any maximal chain ending in P has to
start from 0, so in fact ht(P/a) = r — 1. This gives us a chain

P C---CP.=P,

where P is a minimal prime over a. By Proposition[@.6.1], P; is homogeneous
and we can then finish the proof by induction. O

Having established these basic results, we turn to the relationship be-
tween a local ring and its associated graded ring.

Theorem 9.6.3. Let k be a field, and consider a graded ring of the form
A = k[z1,...,x,], where the x; have degree 1. Let M = (x1,...,xz,), and
consider the localization Apy, with maximal ideal M = M Ay .
(i) Let
o(n) = L(Ay) (for n large enough)
be the Hilbert polynomial of A and
A
x(n) =14 (M—Ai> (for n large enough)
be the Hilbert polynomial of Apr. Then ¢p(n) = x(n) — x(n —1).
(ii) The dimensions are equal, in fact
dim A =dim Ay = dego + 1.
(iii) As graded rings,

A= Gra(Ap).

Proof. (i) There is an isomorphism
MTL n
A= ~ M

ML = M

o) = 604 = () = X(0) = X = ).
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(ii) By the previous point,
degop + 1 =degyx = dim Ay,.

On the other hand, since Ay is local, dim Ay; = ht(M) = ht(M).
The problem is, a priori A may have other maximal ideals of greater
height.

First, assume that A is an integral domain, and let ¢ be its
transcendence degree over k. We know that ¢ = dim A by Theorem
It is not restrictive to assume that in fact z1,...,z; are
algebraically independent over k. Then, the monomials of a given
degree n in x1, ...,z are linearly independent over k. This implies

n+t—1
L(A,) >
(An) 2 < t—1 )
hence deg¢p >t — 1 = dim A — 1, which is what we need.
In the general case, take any maximal chain of primes in A,

terminating at Py. Then Py is a minimal prime of A, and by Propo-
sition [0.6.1] it is homogeneous. Then the inequalities

dim A = dimi = ht% <htM <dimA
Py Py
show that dim A = ht M = dim A,,.
(iii) This follows from by verifying that the group isomorphism
A=, Ay =P i = Grm(Awm)
is in fact a ring homomorphism. (Il
Corollary 9.6.4. Let A be a local Noetherian ring with mazimal ideal M,

k=A/M. Then
dim A = dim Gra(4).

Proof. Just apply the previous theorem by taking as z; the images in
M /M? of a finite set of generators of M. O

9.7. Exercises

1. Let k be a field and A = k[zy,...,z]. Let f € A be a polynomial of
degree d. Prove that for n large enough we have
((A,) = dim A, — (n—l—s) B (n—d+8>7
s s

d
s—1!"

and that this is a polynomial of degree s — 1, with leading coefficient (

2. Find an explicit expression for the Hilbert—Poincaré series of the ring

k[z1,23,...,2" (as a module over itself) as a rational function.



9.7. Exercises 275

The following exercises, up to Exercise [ follow [Car80] to give an
alternative proof of Krull’s principal ideal theorem that does not rely on
the theory developed in this chapter, and especially avoids the usage of the
Artin—Rees lemma.

3. Let A be an integral domain, a,b € A nonzero. Show that there is an
isomorphism ((a) : (b)) = ((b) : (a)), and that this induces an isomorphism

(@) : (0) o, ((0) : (a))

(@ ()
4. Let A be an integral domain, a,b € A nonzero. Show that there is an
isomorphism

A ~ (a,b)

((@):(®)  (a)
5. Let A be a Noetherian local domain with maximal ideal M, and assume
that there exists © € A such that (x) is M-primary. Prove that ht(M) = 1.
(Assume 0 € P C M with P prime and take a nonzero z € P. The
chain ((z) : (™)) is eventually stationary. Use the previous two exercises
to deduce that ¢(A/(z™,z)) is eventually constant, and so (z",z) is also
stationary. From this, find the contradiction that € P.)

6. Reduce Krull’s principal ideal theorem to the local version proved in the
previous exercise.

7. Prove in detail Proposition [@.5.6in particular you will need to prove
that dim k[[z]] = 1.

8. Give an alternative proof of Proposition by reducing to the local
case and then showing that for a Noetherian local ring A, the ring A[[z]] is
also local and the Chevalley dimension satisfies 0(A[[z]]) = d(A4) + 1.

9. Show that R is not the field of fractions of a Noetherian ring other than
itself. (By localization at a suitable prime and the Krull-Akizuki theorem,
you can assume that this ring is integrally closed.)

10. Let A, be the valuation ring with value group (Z", LEX) constructed
in Exercise 27] of Chapter [l Show that dim A,, = n, and in fact all prime
ideals of A,, fit into a chain

PhCPC---CPF,.

11. With the notation of the previous exercise, find a principal ideal I C A,
and a minimal prime P of I having ht(P) = n. This shows a counterexample
for Krull’s Hauptidealsatz when the ring is not Noetherian. Why this
does not contradict Proposition
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12. Let A be Noetherian local ring of dimension 2. Show that A admits
infinitely many primes of height 1. Deduce the more general case: if A is a
Noetherian ring of finite dimension d, and there exist finitely many primes
of height k, then either k =0 or k = d.

13. Let A be a valuation ring. Using the previous exercise and Exercise
in Chapter [, show that if dim A > 2, then A is not Noetherian

14. Lest the previous exercise seduces you into thinking that valuation rings
of dimension 1 are Noetherian, here is a counterexample from [Knab]. Con-
sider the rings

k[z] C k[z'/?] - C k22" -
Abstractly, each of these rings is isomorphic to k[z], hence if we let P, =
(z1/2") C k[z'/?"], the localization

Ay = k‘[$1/2k]pk
is a DVR. Show that there are natural inclusions Ay C Agy1 and that the
union A := (J;Z, Ay is a valuation ring having a value group isomorphic to
the dyadic rationals
a
{2—ke@|an,beN}.
Conclude that A is a non-Noetherian valuation domain of dimension 1.

15. Let A be a Noetherian ring, and consider a chain of prime ideals
PSP S CP,
Given any a € P, show that we can find a different chain
PRCP G- CP_ CP,
ending at P,, such that a € P;.

16. Let S be the multiplicative set generated by x and the cyclotomic poly-
nomials. Prove that S™'Z[x] is a principal ideal domain.

17. Let A be a principal ideal domain, so dim A = 1. Show that a maximal
prime ideal of A[x] can have height at most 2 by Krull’s Hauptidealsatz, and
conclude that dim A[z] = 2. This gives a simple proof of Proposition
for the case of a PID.

The next Exercises, up to 22 go in detail in Nagata’s example of a
Noetherian ring of infinite dimension. We use the notation of Example[@.3.41
Our presentation is taken from [gne]. Recall the notation: A = k[z1,x2,...],
m; is an increasing sequence of integers such that m;y1 — m; is increasing,
Py = (Tm+1,-- > Tm,,,) and S = A\ U, B

18. Prove that ht(P;) = m;i1 — m;, and deduce that S~™'A has infinite
dimension.
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19. Prove that the ideals of the form S~!P; are maximal in S~ A, and that
every nonzero a € S~'A is contained in finitely many ideals of the form
S=1p;.

20. Let I C A an ideal. Show that if I C |J; P;, then I C P; for some i.
Deduce that the ideals of the form S~!P; are the only maximal ideals in
S~1A. (Find a way to avoid cancellation of monomials)

21. Prove that the localizations (S™'A)g-1p, are Noetherian.

22. Let A be a ring, and assume that for each maximal ideal M C A, the
localization A4 is Noetherian. Assume further that each nonzero a € A is
contained in finitely many maximal ideals. Show that A is Noetherian. Use
this criterion, together with the previous exercises, to show that the ring
S~ A in Nagata’s example is Noetherian.

23. Use the converse Hauptidealsatz Proposition[9.4.5 to give an alternative
proof of Proposition [3.4.9]

24. Let A be a Noetherian ring, B = A[z1,...,z,], @ a prime of B and
P =@QnNA. Prove that
Bq
ht = ht(P) + dim —=.
(@) =1t(P) + dim 72

25. Prove Nagata’s height formula: Let A C B be Noetherian integral
domains, with B finitely generated as an A-algebra, ) a prime of B and
P =QnNA. Let k(P) = Ap/PAp be the residue field at P and k(Q) =
Bq/QBg that at . Then

ht(Q) < ht(P) + trdeg 4y F(B) — trdegyp) k(Q),

where trdeg denotes the transcendence degree of a field extension. (By
induction, one can assume that B is generated over A by a single element
b. Distinguish the cases where b is transcendental or algebraic over A, and
use the previous exercise.)






Chapter 10

Local Structure

In this chapter, we investigate in more detail the local structure of rings—
in particular, we study the condition of regularity and the related notion of
multiplicity. Regular rings are the algebraic counterpart to smooth algebraic
varieties. Smoothness for an algebraic variety is measured by looking at the
dimension of its Zariski tangent space—this is at least the dimension of the
variety, and equality happens in the smooth case. By Nakayama’s lemma,
the dimension of the Zariski tangent space at a point x € V is the same
as the minimal number of generators of the maximal ideal of the local ring
R(V),. This notion can readily be generalized to a Noetherian local ring,
giving rise to the concept of regular ring.

In the first section, we study the elementary properties of regular rings—
we show that from an analytic point of view they are all very similar, and
that a regular ring is necessarily integral, which translates to the fact that
the union of two algebraic varieties is singular along the intersection. Many
more results are known for regular local rings—in particular, they are unique
factorization domains—but we are only able to prove the simplest of them,
since the most important results require homological techniques and will be
proved in the sequel of this book.

Next, we define the notion of multiplicity of a local ring. This is, in some
sense, a measure of how much the ring fails to be regular, or how complex a
singularity is. In fact, regular rings have multiplicity 1, and the converse is
true under some additional hypotheses. The latter implication is not easy,
though, and a good part of the chapter builds enough theory to prove at
least a special case.

We can also define the multiplicity of a finitely generated module, al-
though the ring case is the most interesting one. The multiplicity of a local

279
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ring is related to the degree of the associated graded ring via the tangent
cone construction.

In the next sections, we develop various results around multiplicity, in
particular, the very useful additivity formula. We also study the behavior
of the multiplicity of rings of the form A/(a), where A is a fixed local ring
and a € A varies. This is a way to express the notion of order of vanishing
of the element a, and, in some cases, it can be used to define a valuation on
the ring A.

We end the chapter with the famous structure theorem of Cohen, which
gives a precise description of complete local Noetherian rings.

10.1. Regular rings

Let A be a local Noetherian ring with maximal ideal M. From the previous
chapter we know that A has finite dimension d, and there is an M-primary
ideal @) generated by elements a1, ..., aq. In general, though, we cannot just

take QQ = M.

Definition 10.1.1. Let A, M be a local Noetherian ring, a1, ..., aq a system
of parameters. We say that aj,...,aq is a reqular system of parameters if
(a1,...,aq) = M. If M admits a regular system of parameters, then we say
that A is regular.

Definition 10.1.2. Let A be a Noetherian ring. We say that A is regular
if Ap is a regular local ring for all primes P C A.

Remark 10.1.3. In the definition we require that A is Noetherian, so that
by Corollary 0.3.2] we know that Ap has finite dimension for all primes P.

Remark 10.1.4. Let A, M be a local Noetherian ring. The minimum
number of generators of M is called the embedding dimension of A, denoted
embdim A. By definition, we have

embdim A > dim A,

and A is regular exactly when the above is an equality.

Before giving examples, we can look at the definition from a different
angle.

Remark 10.1.5. Let aq, ..., aq be any system of parameters for A, M. The
quotient module M /M? is a vector space over k := A/M. By Nakayama’s
lemma [[L3.19 aq,...,aq is regular if and only if the images @7, ...,ag are
linearly independent over k.
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The above remark makes the geometric meaning of regularity more ap-
parent. As discussed in Section B8 in the geometric case this notion corre-
sponds to a nonsingular variety. To be more specific, take a variety V' and
a point p € V, corresponding to a maximal ideal M C R(V'). Assume that
V has dimension d in p—then elements ay,...,aq € R(V)r form a regular
system of parameters if and only if their linear components are indepen-
dent over k. This can be guaranteed exactly when the Zariski tangent space
T,V has dimension d. In general, the dimension of 7T,V is the embedding
dimension of the ring R(V) .

The name embedding dimension comes from the remark that V' cannot
be embedded in A" for n < embdim R(V)a4, since its tangent space is
a subspace of k™, so the embedding dimension is a lower bound for the
dimension of an affine space in which V' can be embedded. Notice that in
any case this bound is not at all sharp, as the example of a regular variety
should immediately show.

Example 10.1.6.

(a) Let A be a local ring of dimension 0. Then A is regular if and only
if it is a field.

(b) More generally, let k be a field, A = Ek[[z1,...,2z4]]. Then A is local
with maximal ideal (x1,...,z4). Since dimA = d, A is regular
of dimension d. This is our prototypical example: we will prove
with Cohen’s theorem that the completion of a regular local rings

has this form whenever it has the same characteristic as its residue
field.

(c) Let A, M be a regular local ring of dimension d. Then the comple-
tion A has dimension d, and generators for M map to generators
of M. This implies that A is regular as well.

(d) Let A, M be a regular local ring of dimension 1. Then M has a
single generator a. It turns out (we will not prove this here) that a
regular local ring is a UFD, and in particular integrally closed. By
Proposition [[.3.2] it follows that A is a DVR. You will prove this
directly in Exercise [Il

(e) Vice versa, every DVR has dimension 1, and its maximal ideal is
principal by Proposition [7.3.1l Hence local regular rings of dimen-
sion 1 are the same as discrete valuation rings. This gives a lot of
examples of regular rings, such as the p-adic integers Z,,.

(f) For a nongeometric example, take A = Z[z] and the maximal ideal
M = (p,x) for a prime p. Then Ap( has dimension 2, and its
maximal ideal is generated by two elements, so Axq is a regular
local ring.



282 10. Local Structure

Remark [I0.1.5] helps understanding when a quotient of a regular ring
remains regular.

Proposition 10.1.7. Let A be a regqular local ring, with mazximal ideal M.
Elements a1,...,a; are a subset of a regular system of parameters if and
only if A/(ai,...,a;) is reqular.

Proof. Let I = (ay,...,a;). Notice that dim A/I = d — i by Proposition
Assume that ai,...,aq is a regular system of parameters. Then
Qit1,-- -, 0q are a regular system of parameters for the quotient A/, because
their images remain linearly independent over £k = A/ M. Conversely, any
regular system of parameters for A/ lifts to a regular system of parameters
for A together with aq,...,a;. O

From an analytic point of view, regular local rings have a very simple
structure. This is expected, since they correspond to nonsingular points
on a variety. In differential geometry, the inverse function theorem ensures
that the nonsingular points of the zero locus of finitely many C'* functions
admits a local chart, hence the local structure around all nonsingular points
looks the same. We have an analogous statement in the algebraic setting.

Proposition 10.1.8. Let A, M be a regular local ring of dimension d. Then,
as graded Tings,
Grap(A) 2 k[xq, ..., x4],

where k = A/ M.

Proof. Let aq,...,aq be a regular system of parameters. There is a surjec-

tive homomorphism of graded rings ¢: k[x1,...,z4] — Gra(A), so
Grpe(A) = Flon 2l ; .2

for some homogeneous ideal I. Assuming I # 0, take a homogeneous f € I,
say of degree r. Then every multiple of f lies in I, so we can bound the

length
n+d—1 n+d—r—1
< —

for n big enough. But the right-hand side is a polynomial of degree d — 1,
while Theorem guarantees that dim Gra(A) = d. O

This result has an important corollary.
Theorem 10.1.9. A regular local ring is an integral domain.

Proof. Let A, M be a regular local ring, and take some nonzero a,b € A. By
Krull’s intersection theorem [T.524] M, oy M™ = 0, hence a € M"™\ M"*!
and b € M?®\ M**L for some r,s € N. This implies that @ € Gra(A),
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and b € Gra(A)s are not zero. By the above Proposition, Gra(A) is a
domain—in particular ab # 0, which implies that ab # 0. O

In the nonlocal case, we cannot hope to have such a result: a variety
made by multiple smooth, not intersecting components has a coordinate ring
that is regular but not integral. This is essentially the only thing that can
go wrong;:

Proposition 10.1.10. Let A be a regular ring. Then A is a finite direct
sum of integral domains.

Proof. Let Py,..., P, be the minimal primes of A, so that
NA) =Vo=PN---NP,.
Since A is Noetherian, N'(A) is finitely generated, so N (A)™ = 0 for n big

enough.

Let M be a maximal ideal of A. Then A, is a regular local ring, in
particular it is a domain. The only minimal prime of Axq is 0, hence M
contains exactly one of the P; by Corollary [L6.9l It follows that the primes

Py, ..., P are all coprime. By the Chinese remainder theorem,
A A
A — P P —.
P DD P

Let A; :== A/P!, and take a divisor of zero a € A;. By construction, a
is nilpotent in A;. For every maximal ideal M C A, the image of a inside
Apm is 0, since Apq is a domain. But then Ann(a) is not contained in any
maximal ideal, so a = 0. It follows that each A; is an integral domain, and
A is a finite sum of integral domains. O

We have another way to express the fact that the analytic structure of
a regular ring is especially simple.

Lemma 10.1.11. Let A be a local Noetherian ring of dimension d, with
a system of parameters ai,...,aq, and let Q = (ai,...,aq). Let f €
Alz1,...,xq] be a homogeneous polynomial of degree s, and assume that
flai,...,aq) € Q*TL. Then f € M[z1,...,14).

Proof. Evaluation at aq,...,aq gives a surjective homomorphism
A evq n
Al wa] — == Go(A) = @ 53

By hypothesis, ev,(f) = 0, where f is the class of f modulo Q. If f ¢
M(z1,...,24], f has an invertible coefficient, hence f is not a zero divisor.
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By Proposition 0.5.2]

dim Go(A) < dim ARl _
(f)
which is a contradiction since dim Gg(A) = d. O

The following theorem expresses the fact that a system of local coordi-
nates for a regular ring is given by analytically independent parameters. It
is just a special case of the above lemma.

Theorem 10.1.12. Let A be a regular local ring of dimension d, with a
regular system of parameters ai,...,aq. Then the a; are analytically inde-
pendent, that is, if f € Alx1,...,x4] is a homogeneous polynomial such that
flai,...,aq) =0, then f € Mlx1,...,xq].

When the ring contains a field, this result has a simpler statement.

Corollary 10.1.13. Let A, M be a regular local ring of dimension d, with a
regular system of parameters ay,...,aq. Assume that there is a field k C A
that maps isomorphically onto A/ M. Then the a; are algebraically indepen-
dent over k.

Proof. Take a polynomial f € k[x1,...,x4] such that f(ai,...,aq) = 0. Let
s be the minimal degree of a monomial of f, so that f = fs; + ¢, where each
monomial of g has degree at least s + 1. Then fs(a1,...,aq) € M*T! and
Lemma[[0.T. 1T guarantees that fs € M[x1,...,x4]. Since fs € k[x1,...,z4],
this means that f; = 0, hence f = 0. O

There are a few properties about regular rings that are too important
to omit. However, we cannot prove them with the techniques we have at
hand. The proof of these theorems marks the beginning of the usage of
homological methods in commutative algebra. We will expand on this circle
of ideas in the following volume [Fer].

The most important result is that Theorem [10.1.9] can be strengthened
considerably:

Theorem 10.1.14 (Auslander—Buchsbaum). A regular local ring is a unique
factorization domain.

Proof. See [Eis95, Theorem 19.19] or [Fer, Theorem 8.4.1]. O

Remark 10.1.15. In particular, this means that regular local rings are
integrally closed. A singular point of variety having an integrally closed
local ring is called normal—this is considered a mild form of singularity.



10.2. Multiplicity and degree 285

Example 10.1.16. The planar singularity 3> = 22 + 23 (a node) is not
normal. In fact, this is a rephrasing of the content of Exercise Bl in Chapter

Gl

The other important result is

Theorem 10.1.17. Let A be regular local ring, P C A a prime. Then the
local ring Ap is regular as well.

Proof. See [Eis95, Corollary 19.14] or [Fer), Corollary 8.2.5]. O

A consequence of this fact is that in order for a ring to be regular it is
sufficient that all localizations A for a maximal ideal M are regular local
rings (that is, it is redundant to ask this for all prime ideals). Some texts
even adopt this as the definition of regular ring.

10.2. Multiplicity and degree

In this section, we study the leading coefficient of the Hilbert polynomial
in more detail, both in the local and in the graded case. In the local case,
this term is an algebraic expression of the multiplicity of a singularity. In
particular, it gives an interesting invariant for local Noetherian rings that
are not regular. In the graded case, it computes the degree of a projective
variety. We also show how the two notions are related via the tangent cone
construction.

We start with a semilocal Noetherian ring A of dimension d. Let @ be
any ideal of definition for A, so that v/Q = J(A), and fix a finitely generated
A-module M. Then we know by Corollary that for n big enough we
can express the length of M/Q" M with a polynomial

M
X%(n) =1 (W) :
We can bound the degree of X% (n) since
dim M = dim A/ Ann(M) <d.
Hence, we can write

(&
(10.2.1) X% (n) = End‘f‘ad—lnd_l e tag

for some e € N.

Definition 10.2.1. Let A be a semilocal Noetherian ring with dim A = d,
M a finitely generated A-module. The natural number e in (I0.2:1)) is called
the Hilbert-Samuel multiplicity, or simply multiplicity, of M at ), denoted

e(Q,M).
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As a notation, we will simply write e(Q) = e(Q,A). When A is local
with maximal ideal M, we let e(A) = e(M) = e(M, A).

In the geometric case, let V' be an affine variety, M C R(V') the maximal
ideal of a point p € V. We will call e(R(V)) the multiplicity of V at the
point p.

Remark 10.2.2. Some authors introduce a notation for all coefficients of
the Hilbert polynomial, and so denote by eg(Q, M) what we denote by

e(Q,M).

Remark 10.2.3. Let A be a regular local ring. Then Proposition [[0.1.8
gives the expression

Mo\ (n+dy 1 4
= ("5 ) = gt

hence e¢(A) = 1. It follows that the multiplicity is an interesting invariant
of the ring only in the singular case.

The converse is not true without additional assumptions.

Example 10.2.4. Consider the ring A = k[z, y]/(2?, ry) and the maximal
ideal M = (z,y) C A. Let B = Ay, which is a local ring with maximal
ideal M = M - B.

For n > 2 we have

e<%> :dimk%:njhl,

which shows that dimA = 1 and e¢(A) = 1. On the other hand, A is not
regular, because it is not even an integral domain (in fact z is nilpotent in
A).

We can also consider the M-primary ideal @ = (y). Then, by the same

computation,
A

Remark 10.2.5. In the above example, we may be tempted to describe A
as the local ring in 0 of the variety defined by the ideal I = (22, xy). This
is not correct, since [ is not radical, and in fact V(I) is just the line z =
0. Talking properly of such singularities requires the language of schemes,
which are geometric objects that are not fully described by their set of
geometric points. In this language, the zero locus of I would be a line with
an embedded double point.

so e(Q,A) =1 as well.
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Our counterexample is not integral, but this is not the only restriction.
For an example of an integral domain of multiplicity 1 which is not regular,
see [Nag62, Appendix A1, Example 2]|. In general, the appendix of Nagata’s
book is a fantastic source of counterexamples in commutative algebra.

On the other hand, the condition having multiplicity 1 is not too far
from being regular. To state this precisely, we need the following definition.

Definition 10.2.6. Let A be a local Noetherian ring, A its completion
with respect to the topology defined by its maximal ideal. We say that A is
unmized if for every associated prime P of 0 in A we have

~

A ~
dim — = dim A = dim A.
P
With this definition, we can state the following multiplicity 1 criterion.

Theorem 10.2.7 (Nagata). Let A be a local Noetherian ring. Then A is
regular if and only if e(A) =1 and A is unmized.

The proof of this result is surprisingly subtle, see [Nag62, Theorem
40.6]. Following [Now97|, we will give the proof in the case where the
residue field of A has characteristic 0, as a consequence of Cohen’s theorem.

We now pass to the graded case, where we can give similar definitions.
Let A be a graded ring of dimension d, and assume that Ay is Artinian. For
a finitely generated graded A-module M we have the bound

dim M = dim A/ Ann(M) <d.
Hence, for n big enough we can write

(10.2.2) U(M,,) = E” Yag 4 tag

for some e € N.

Definition 10.2.8. Let A be a graded Noetherian ring of dimension d, M
a finitely generated graded A-module. The natural number e in ([0.2:2) is
called the (Hilbert—Samuel) multiplicity of M, denoted e(M).

In particular, we are interested in the multiplicity of a graded ring as
a module over itself. In this case, we will also call e(A) the degree of A,
denoted deg A.

Remark 10.2.9. The notions of multiplicity and degree are strictly re-
lated. In fact, let A, M be a local Noetherian ring of dimension d. Then by
construction the Hilbert polynomials of A, M and Gra(A) are the same,

since
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In particular
e(A) = deg Graq(A).

To better understand this relation, we consider the geometric case. Let
V C A™(k) be an affine variety, p a point of V' defined by the maximal ideal
M c R(V). To this we associate the local ring A = R(V')s, with maximal
ideal M = M - A. If we translate the variety so that p = 0, each polynomial
f € I(V) has zero constant term, hence we can write

f=tfat fasi o

where fj. is homogeneous of degree k and d > 0. In particular, we can
consider the homogeneous component of lowest degree, f;. For the purpose
of this section, we denote H(f) := f,.

Definition 10.2.10. Let V' C A"(k) be an affine variety with 0 € V. Let
H(I(V)) be the homogeneous ideal generated by all polynomials H(f) for
f € I(V). The affine variety CoV defined by H(I(V)) is called the tangent
cone of V in 0. Since H(I(V)) is homogeneous, it also defines a projective

variety in P"~1(k) called the projective tangent cone of V in 0, and denoted
PCyV.

Remark 10.2.11. Assume that I(V) = (f1,..., fr). Then
HI(V)) = (H(f),-- - H(fr)).

This is especially useful when V' is regular in 0. In this case, we can choose a
regular system of parameters fi,..., f.. Then, each f; has a nonzero linear
term, and the tangent cone is exactly the Zariski tangent space to V in
0. However, when V is singular, the tangent cone contains strictly more
information.

By construction, the ring associated to the projective tangent cone PCyV
is exactly the associated graded ring to the local ring A, M. In particular,
we can translate Remark [10.2.9] as follows:

Proposition 10.2.12. Let V' C A"(k) be an affine variety with 0 € V.
Then the multiplicity of V in 0 is equal to the degree of the projective variety
PCyV.

Notice that we have defined the notion of tangent cone in the point
0, but using a suitable translation this concept readily generalizes to other
points in V.

Example 10.2.13. Let C be the node defined by the equation y? = 2% +a3.
The tangent cone is defined by the equation y? = 22, so it is the union of
two lines. This expresses the fact that—while C itself is irreducible—locally
there are two different branches.
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The notion of multiplicity has a much simpler interpretation for singu-
larities of a hypersurface, as the degree of vanishing of a singular polynomial.
The following Proposition makes this precise.

Proposition 10.2.14. Let k be a field and V- C A™(k) an affine hypersur-
face, given by the equation f = 0. Assume that 0 € V, which means that
f(0) =0, and write f as a sum of homogeneous components

f=tat fari+---,

where deg fr, = k and fqg # 0. Let A be the local ring of V in 0. Then
e(A) =d.

Proof. Let M = I(0) C k[z1,...,z,] be the ideal of the point 0, and let
I=(f), M'"=M/I, sothat A= R(V)y. To compute the multiplicity, we
have to evaluate the length of A/M'*.

Let By, := k[z1,...,2,]/(f, MF). First, we claim that
A/M™* = By,

In fact, since quotients and localizations commute, A/M’* is a localization
of B at the multiplicative set S constisting of images of polynomials with
nonzero constant term. But such polynomials are already invertible in By.
In fact, take a polynomial g € k[z1,...,z,] with g(0) # 0. Multiplication by
g is an injective map By — By, and since By, is a finite-dimensional k-vector
space, it must be surjective as well. This means that g has an inverse in By,
proving the claim.

To compute dim By, for k > d, we look at the map
Cklry, . xn] Kw, . @)
Y W MF
given by multiplication by f. Since fg # 0, py is injective, giving an exact
sequence

0 Alrrstl Mot otal By 0.

This allows us to compute

. A ) n+k n+k—d

d
= k"1 + lower order terms,

(n—1)!
which implies that e(A) = d. O

(10.2.3)

With exactly the same proof we get an analogous result for the graded
case:
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Proposition 10.2.15. Let k be a field and V' C P™(k) a projective hyper-
surface, given by the equation f = 0. Let A be the ring associated to V.
Then deg A = deg f.

In fact, the notions of multiplicity and degree were originally understood
in simple cases such as this, and the definition with the Hilbert polynomial
was introduced later [Sam49].

Remark 10.2.16. The concepts of multiplicity and degree are both funda-
mental in intersection theory. To understand what this is about, we recall
some notions on the topology of manifolds.

Let M be a compact, oriented smooth manifold of real dimension d. The
cup product gives a ring structure on the graded sum of the cohomology
groups H*(M, A), for all rings A. To a compact oriented submanifold S C
M one can associate a fundamental class ¢(S) € H*(M,Z) using Poincaré
duality. If S,T C M are two such submanifolds, one can then compute the
product ¢(S) - ¢(T) € H*(M,Z).

Let s =dim S, t = dimT. Assuming s+t = d, and that S and T are
transverse, the product

e(S)-e(T) € H(M,Z) =7

computes the number of points of intersection between S and T', counted
with sign. For a point p € SN T, the sign is positive when the natural
isomorphism
T,S e T,T =T,M

preserves the orientation on the tangent space, negative otherwise. In the
case where S and T are not transverse, one can deform S in its tubular
neighborhood to a submanifold S” having ¢(S") = ¢(5), in such a way that
S" and T are transverse, and then the product ¢(S”)-¢(T) has this geometric
interpretation as the number of signed intersections.

One would like to be able to obtain a similar theory for projective alge-
braic varieties, but there are some subtleties. First, for fields other than R
or C, there is not an obvious replacement for singular cohomology. In any
case, one would like to be able to compute products even inside singular
varieties, where something like Poincaré duality cannot be expected to hold.
Third, since subvarieties are defined algebraically, there is no obvious way
to deform them to obtain tranversality, as one can do in the differentiable
case.

It turns out that one can develop intersection theory in this algebraic
setting, but some care has to be taken. In particular, the notion of multiplic-
ity is fundamental in computing products in cases where the intersections
cannot be made transverse. The degree of a projective variety V. C PF,
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instead, measures the number of intersections (counted with multiplicities)
with a generic linear space of dimension k£ — dim V. For much more about
intersection theory, the standard reference is [Ful84].

10.3. Formulas for multiplicity

In this section, we are going to investigate some properties of multiplicity. In
particular we will derive some convenient formulas to compute the multiplic-
ity in a local ring in terms of multiplicity in smaller rings such as quotients
and localizations. We start by mentioning some elementary facts, which are
immediate.

Proposition 10.3.1. Let A be a semilocal Noetherian ring of dimension d,
Q and Q' two ideals of definition for A and M a finitely generated A-module.

(i) e(Q, M) = limy_o ¢ (QLM) ;
(ii) e(Q", M) = e(Q, M) - r?
(il) if Q@ C @', e(Q', M) < e(Q, M).
Also, we can rephrase Proposition [9.2.11] as follows:

Proposition 10.3.2. Let A be a semilocal Noetherian ring, Q C A an ideal
of definition. If we have an exact sequence of finitely generated A-modules

0 M’ M M" 0,
then e(Q, M) = e(Q, M') +(Q, M").

Although we have defined the multiplicity for an A-module M, in many
cases of interest only the multiplicity of A carries some new information. In
particular, we can reduce the computation of the multiplicity of an A-module
to that of a ring in many cases. The following result, known as the additivity
formula, achieves this, and at the same time reduces the computation of
multiplicity to the case of integral domains. Some authors call this the
associativity formula (see for instance [Eis95, Ex. 12.11]), but following
[Lec57] we reserve this name for Theorem [[0.3.8

Proposition 10.3.3 (Additivity formula). Let A be a local Noetherian ring,
Q C A an ideal of definition, M a finitely generated A-module. Let d =
dim A and let P, ..., P, be the minimal primes of A for which dim A/P; = d.
Then

T

e(Q, M) =) e(Qi, A/P)(Mp,),

i=1

where Q; 1= Q;P".
7
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Proof. We use an induction over s(M) := > ¢(Mp,).

When s(M) = 0, we must have Mp, = 0 for all 4, that is, P; ¢ Supp(M)
for all 2. But this means that Ann(M) is not contained in any mini-
mal prime P; of A such that dim A/P; = d. It follows that dim(M) =
dim(A/ Ann(M)) < d — 1, and in this case e(Q, M) = 0.

For the inductive step, choose a minimal prime P € Supp(M) that is
one of Py,...,P., say P = P;. By Corollary B.3.15] the minimal primes
of Supp(M) and Ass(M) are the same, hence P is associated to M. This
means that we can find N C M such that N = A/P. By Proposition 10.3.2]

we have

(10.3.1) e(Q, M) = e(Q, N) + ¢(Q, M/N).
Remark that Np = %, so {(Np) = 1, while Np, = 0 for ¢ > 2, since

these are different minimal primes. This allows us to compute
=Y UNp)+ > U(M/N)p,) =1+ s(M/N).

By inductive hypothesis,

r

=1

Moreover, by our choice of N we have e(Q, N)=e(Q, A/P)=e(Q1, A/ P).
Equation (I0.31) becomes

€(Q, M) - 6(@, A/P) + Z 6(@, A/R)K((M/N)pz)

i=1
For all ¢ > 2, we have (M/N)p, = Mp,, while for ¢ = 1 we have
L((M/N)p,) =£(Mp,) — 1, and the thesis follows. O

Corollary 10.3.4. Under the hypothesis of Proposition [[0.3.3], assume that
A is an integral domain. Then e(Q, M) = e(Q) rk(M).

Proof. In this case, the only minimal prime is 0, hence e(Q, M) =e(Q)¢(Mp)
and ¢(My) = dimy M ® k, where k is the fraction field of A. O

In particular, if A is a regular local ring, the multiplicity just measures
the rank of an A-module, and gives no new information.

Remark 10.3.5. Proposition [[0.3.3] can also be used taking M = A. In
this case, it reduces the computation of e(Q, A) to that of e(Q, A/P) for
various primes P.

Consider an affine variety V' and a point p € V. From a geometric point
of view, the additivity formula allows us to compute the multiplicity of V at
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p in term of the multiplicity of the components of V' of maximal dimension
passing through p.

Remark 10.3.6. The previous remark does not add anything in the case
where V is irreducible. But even then, the additivity formula can be useful.
In fact, let A be a local Noetherian ring with maximal ideal M, and A its
completion in the M-adic topology. By Corollary [[.5.18 A and A have the
same associated graded ring, hence the same Hilbert polynomial. It follows
that e(A) = e(A), and it can happen that A is an integral domain while
A is not. Geometrically, this can happen if an irreducible variety has two
branches at a point that are analytically separable.

Example 10.3.7. Let k be a ring of characteristic different from 2. The
curve C defined by y? = 22 + 23 in A%(k) is irreducible. But in the ring
E[[x,y]] one has the factorization y? = (zv/1 + z)2, where

\/14-—36:1—1—%96—%9624-%:1:
so the completion of the local ring of C at 0 is not an integral domain, and
Proposition T0.33 applies. Again, we see that while C is irreducible, around
0 we can consider C as composed by two different components.

3_|_...’

Related to the additivity formula, there is the following associativity
formula of Lech from [Lec57], generalizing a previous result from [Che45].

Theorem 10.3.8 (Lech). Let A, M be a local ring, ay,...,aq a system of
parameters for A and Q = (ai,...,aq). Fir a natural number m < d and
let Q1= (a1,...,am) and Q2 = (am+1,-..,aq). Then

(@=L e (LFE )@ ).

P

where the sum ranges over the primes P C A that are minimal over Q2 and
that satisfy dim A/P + ht P = dim A.

Notice that the elements of the formula are well defined: for such a
prime P, ag,...,a,, is a system of parameters for A/P, so (Q1 + P)/P is
M/ P-primary, and a;,+1/1,...,a4/1 is a system of parameters for Ap, so
Q9 - Ap is P - Ap-primary.

Let us set up some terminology. Just for the purpose of this proof, we
will call a prime P C A balanced if dim A/P + ht P = dim A, and a chain

PiCP G- Ch
compatible with aq, ..., aq if for each £k =0, ..., d we have
(a‘k+17"'7ad) - Pk

This allows us to state some simple lemmas.
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Lemma 10.3.9. Fach prime P appearing in a chain compatible with ay, . . .,
aq 18 balanced.

Proof. The chain can be split into a chain for A/P and one for Ap. O

Lemma 10.3.10. The set of chains compatible with aq, ..., aq is finite.

Proof. The hypothesis implies that P is a minimal prime of the ideal

(ag+1,---,aq), and minimal primes of an ideal are finite in a Noetherian
ring. O
Lemma 10.3.11. The set of chains compatible with a1, ..., aq is not empty.

Proof. There exists a minimal prime of 0 which is balanced, call it Pj.
Recursively choose Py, as a minimal prime of P11+ (ag+1) which is balanced.
O

Lemma 10.3.12. Fach balanced prime Py such that (agy1,...,aq) C Py
and dim A/ Py, = k appears in a chain compatible with ay, ..., aq.

Proof. Apply the previous lemma to find a chain for A/ Py and one for Ap, ,
and join them. O

We are now ready to prove the associativity formula.

Proof of Theorem [I0.3.8l Let X be the set of chains compatible with
a1,...,aq, which is finite and nonempty by the previous lemmas. A repeated
application of the additivity formula (Proposition [0.3.3]) gives

(10.3.2) e(Q,A) =Y L((A/P)r,)--- L ((A/Pa)p, ) U(Ap,).
Pex
A similar repeated application, just stopped earlier, gives

E(Q’A) - Z € <@> ¢ ((A/Pm+1)Pm) N4 ((A/Pd)Pdfl) E(Apd)‘

Pex m

By applying (I0:3.:2)) to Ap,,, we simplify this to

(@)=Y ¢ (LEE) et@n an,)

P, P

where the sum is over all balanced primes that contain (a1, ...,aq) ap-
pearing in a member of ¥. By the previous lemmas, these are exactly the
balanced primes minimal over (a;,+1,- - -, aq), and we get the conclusion. [J

We conclude this section with two classical result by Samuel. The first
one ([Sam53|) relates length and multiplicity.
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Proposition 10.3.13 (Samuel). Let A, M be a local Noetherian ring of
dimension d, QQ an ideal of definition generated by the system of parameters
ai,...,aq. Then

e(Q,A) < ¢ (g) .

Proof. Evaluation at ay,...,aq gives a surjective homomorphism of graded
rings

%[$1, e ,:cd] — GI‘Q(A)

This gives a corresponding inequality between their Hilbert polynomials,
and since both rings have dimension d, an inequality between their first
coeflicient

€ (g[{lfl, cee ,xd]> > €(G1“Q(A)) = e(Q,A).

To conclude, we just note that the Hilbert polynomial of the first ring is

A

(4 n—+d . 0
Q d

The next theorem gives a way to relate multiplicities in integral exten-

sions. It appears in [ZS76bl, Theorem 24, Chapter 10], but we give a slightly
simplified statement.

Theorem 10.3.14. Let A C B be Noetherian integral domains, and assume
that A is local with maximal ideal M. Let Q C A be an ideal of definition,
and assume that B is integral over A. Take a primary decomposition

Q-B=()Qi,
i=1
where Q; is P;-primary in B. Then the polynomials
(10.3.3) [F(B) : F(A)x%(n)
and
(10.3.4) SUIB/P; A/M]Xg;i (n)
i=1

have the same degree and leading term.

The statement can be simplified when all localizations Bp, have the same
dimension as A. In this case, all summands contribute to the leading term,
and we get
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Corollary 10.3.15. In the above theorem, assume that ht P; = ht M for
all primes P;. Then

T

F(B) : F(A)e(@, A) = S [B/P s AfM]e(Qi, Bp,).
i=1
Remark 10.3.16. If we assume that A is integrally closed, then we can
apply the above corollary. In fact, for every prime P; as in Theorem [10.3.14],
we have () C P; N A, which implies that P, N A = M. In this case, we can
apply the going down Theorem (£.2.13] to conclude that ht P, = ht M.

Remark 10.3.17. If B is local, there is only one prime P; that appears in
the sum, and the corollary applies again.

Proof of Theorem [10.3.14l

For a given M, we denote ¢4(M) the length of M as an A-module
and {p(M) the length of M as a B-module. Take n big enough, and let
d = x3,, (n). By Theorem [2.5.1€] there is a chain of Bp-modules

Qf =Mg &G Mg &--- G M =F-Bp

such that (g, (My/My11) = 1. This is also a chain of B-modules, and
their length as B-modules is the same—and in fact it is the same as
dimp,p,(My/Mpy11). As A/ M-vector spaces, though, each term My /My
has dimension [B/P; : A/M]. This implies that

[B/P; : AJMIX, (n) = [B/P; : A/M]d = (4(B/Q}).

Moreover, Q" - B = (;_; Q¥, and by the Chinese remainder theorem we
have

> La(B/QY) = a(B/Q" - B).

Putting the two equations together, we recognize that the sum in (I0.3.4)
is just £4(B/Q™ - B). On the other hand, the term in ([0.3.3)) amounts to
[F(B): F(A)]£a(A/Q™), so we need to compare these two lengths.

Let k = [F(B) : F(A)]. If B is a free module over A, its rank must be
k, in which case the equality
Ca(B/Q™ - B) =k - £A(A/Q")

holds trivially. In general we cannot assume that, but we can find by, ..., b, €
B that span the field 7 (B) over F(A), and then one can fit B in

1
CCBCEC,

where C' = (b1,...,by) 4, and d € A. We use this to compare {4(B/Q" - B)
with £4(C/Q™ - C).
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Namely, there is a surjection
C C+Q"-B
— )
Q- C Q"B

which implies the inequality

c C+Q"-B d-B+Q"-B
u(gro)zu (o) 2u(“ors )

B B
=t (Q"-B) ~h (d-Bwn-B)'

By a symmetric reasoning,

w(ge)<a(as) r(aerae)
ANorc)-"*\egvB) M\acrqer-c)

Hence, to understand the difference between ¢ 4(B/Q"-B) and £4(C/Q"™-C),
we look at the terms

and

a(—C )
A(d-C+Qn.B '

In both cases, these are Hilbert functions for modules over the ring A/dA,
which has dimension strictly less than dim A, so £4(B/Q™-B) and £4(C/Q™-
(') have the same degree and leading coefficient. Since for C' we have

€a(C/Q"-C) = k- La(A/Q"),

the theorem is proved. O

10.4. Multiplicity and valuations

In this section, we investigate the meaning of multiplicity as the order of
vanishing of a suitable element. The prototypical result in this spirit is
Proposition [[0.2.14], which links the order of vanishing of a polynomial f in
0 to the multiplicity of the hypersurface defined by f in 0. We are going
to greatly generalize this result, and in doing so, we state some conditions
under which the order of vanishing of an element can be interpreted as a
valuation.

Let A be a Noetherian ring, I an ideal. Then by Krull intersection
theorem [7.5.24] we have
o
1" =0,
n=0

hence for each element a € A\ {0} we can find a unique n such that a €
Im\ 1+
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Definition 10.4.1. Let A be a Noetherian ring, I an ideal. If @ € I"\ "1,
we denote vr(a) = n. The function vy: A\ {0} — N is called the order
function of I. When A is local with maximal ideal M, we denote v = v .

Now assume that A is local with maximal ideal M. By construction, we
have the inequality

(10.4.1) va(a+b) > min{va(a),va(b)},

which makes v4 something similar to a discrete valuation, but this is not
always the case. For one thing, valuations are defined on a field, and A need
not be an integral domain, so it may not have a fraction field. But even
if A is a domain, v can fail to be multiplicative, hence it is not always a
valuation.

Remark 10.4.2. In fact, we always have the inequality
va(ab) > va(a) +va(b),

but it can be strict. The condition that we always have equality is equiva-
lent to saying that the associated graded ring A" = Gra(A) is an integral
domain. In fact let a € M"\ M"*! and b € M3\ M5!, Then @ is a nonzero
element of A, and b is nonzero in A, so their product is nonzero in A’ _ if
and only if v4(ab) = va(a) + va(b).

In this section, following [Hor76], we want to relate the order function
of A to the function that measures multiplicity of an element a € A.

Definition 10.4.3. Let A, M be a Noetherian local ring of dimension d.
Given a € M \ {0}, we define

pala) =e (%)

if dimA/(a) = d—1, and pa(a) = oo otherwise. We define p(a) = 0 for
a € A\M (this is consistent, since in this case A/(a) is trivial). The function

pas A\ {0} = NU {00}
is called the multiplicity function of A.

Remark 10.4.4. By Proposition [0.45] dim A/(a) > d— 1, so the condition
pa(a) = oo means that dim A/(a) = d. This can only happen if a is a divisor

of 0 by Proposition Hence, on an integral domain, the multiplicity
function takes values in N.

It is no wonder that the functions vy and p4 are related, since both
measure some kind of order of vanishing of an element. In some cases, we
have already established a relation between the functions v4 and p 4.
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Example 10.4.5.

(a) Let A be a DVR. In this case, v4 is exactly the discrete valuation on
A. Moreover, a quotient A/(a) has dimension 0, and if v4(a) = n,
then £(A/(a)) = n as well, since all ideals are powers of the maximal
ideal. Hence g4 = v4 in this case.

(b) Let k be a field, let M C k[z1,...,x,] be the ideal of 0, and let A =
klx1,...,2n]am. Then we can rephrase Proposition [0.2.14 by say-
ing that p4 = v4. Moreover, it is immediate that v4 is multiplica-
tive by looking at the monomials of lowest total degre. Hence, we
can extend vy to a valuation on k(x1,...,zy).

In both examples, things behave as well as we can hope: the functions
va and p4 agree and both are valuations. We will prove in this section that
these two phenomena are strictly related. In fact, while vy4 satisfies (I0.4.1]),
the multiplicity function p4 is almost always multiplicative.

Proposition 10.4.6. Let A, M be a local Noetherian ring. If pua(a) = oo
or a is not a divisor of zero, then

pa(ab) = pa(a) + pa(b).

The hypothesis that a is not a divisor of zero is necessary; see Exercise

Bl

Proof. In the case where p4(a) = 0o, there is a minimal prime P C A such
that @ € P and dim A/P = dim A. Hence, ab € P as well, and p4(ab) = oc.

Thus, we can assume that p14(a) and pa(b) are both finite. Since a is
not a divisor of 0, multiplication by a induces an isomorphism

A (a)

(b)  (ab)’

Using the exact sequence

a A
0 fa) -

&
o

b

we deduce the equality

(10.4.2) ()= (5) ()

Let d = dim A. We can specialize the additivity formula in Proposition

M0.3.3 to get
() -2 (7) (@5
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where the sum ranges over all primes P 3 a such that dimA/P = d — 1.
We can also include primes P that do not contain a, since in that case
Ap/(a-Ap) is 0. A similar formula holds for b and ab.

Using additivity of the lengths (I0.4.2) in the rings of the form Ap, we
obtain the conclusion. O

Corollary 10.4.7. Let A, M be a local Noetherian integral domain. Then
the multiplicity function pa is multiplicative.

We now investigate under what conditions v4 is multiplicative as well.
A simple case is the following.

Proposition 10.4.8. Let A be a regqular local ring. Then the order function
v 18 a discrete valuation on A.

Remark 10.4.9. Notice that A need not be a discrete valuation ring—in
fact this cannot happen unless dim A = 1. What we mean is just that vy
extends to a valuation with values in Z on the fraction field 7(A). Here we
are implicitly using the fact that A is an integral domain (Theorem [I0.1.9).

Proof. By Remark [[0.4.2] it is enough to prove that Gra (A) is a domain,
and Proposition [[0.1.8 tells us that Gra(A) is isomorphic to k[x1,...,x4],
where d = dim A and k = A/ M. O

In order to connect the functions v4 and p 4, we start with a lemma that
simplifies the computation of p 4.

Lemma 10.4.10. Let A be a semilocal Noetherian ring, Q an ideal of defi-
nition, a € Q. Then

X3 () = X3/ (n) = ¢ (ﬁ) ‘
Proof. This is just a computation:
X&) =G (n) = £ (%) ! (Q"%w))
(25 ()
~(aa) (@)

The last equality uses the fact that, while multiplication by a is not neces-
sarily injective, its kernel is contained in (Q" : a) anyway. O

Using this lemma, we see that to control the difference between e(Q, A)
and e(Q/(a), A/(a)) we need to understand the ideal (Q™ : a). Assume that
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a € @°. Then we have the inclusion Q"* C (Q™ : a). Samuel introduced in
[Sam53] the following definition to capture the case where we are able to
control the behavior of (Q" : a).

Definition 10.4.11. Let A be a semilocal Noetherian ring, () an ideal of

definition. We say that the element a € Q° is superficial (of order s) for @
if there exist an integer ¢ such that

(Q":a)nQ°=Q"
for all n large enough.

When A, M is a local ring, we call the element superficial of order s if
it is so for M. Notice that this implies that a ¢ M**!, so in fact the order
va(a) = s. This gives a hint that superficial elements can be used to connect
v4 to pwa. We can specialize the previous lemma to the case of superficial
elements:

Proposition 10.4.12. Let A be a semilocal Noetherian ring, Q an ideal of
definition, a superficial of order s for Q. Then there exists an integer ¢ such
that

X3 () = xF(n—5) < X379 (n) <xGm) = x3(n - 5) +xF(e)

for n large enough.

Proof. By definition of superficial element, we get

‘ (%Z:Sa )> = <(QE‘?2; ?W)QC>

ny <M> <7 (i) 7
Q° Q°
which we can translate to

0< Xg(n —s5)—/ (ﬁ) < Xg(c).

We conclude by Lemma I0.4.101 O

By comparing just the first coefficients in the Proposition, we get

Corollary 10.4.13. Let A be a semilocal Noetherian ring of dimension
d > 1, a € Q° superficial of order s for the ideal of definition Q. Then

e(Q/(a), A/(a)) = e(Q, A) - 5.

Proof. We need to compute the first coefficient of the polynomial Xg(n) -

Xg (n—s). The coefficients in the same degree cancel each other, so the first

nonzero monomial is in degree d — 1 and is given by

giving e(Q/(a), A/(a)) = e(Q, A) - 5. m
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Corollary 10.4.14. Let A, M be a Noetherian local ring. Then A[[z]] is
local as well, and e(Al[z]]) = e(A).

Proof. The ring A[[z]] is clearly local with maximal ideal (M, z). Moreover,
it is easy to check that x is superficial of order 1. If dim A > 0, then Corollary
applies and gives the conclusion. If dim A = 0, then e(A) = ((A)
and the Hilbert polynomial of A[[z]] is x a[z))(n) = £(4) - n. O

We can finally prove the result that links v4 to pa.

Theorem 10.4.15. Let A, M be a local Noetherian integral domain. Then
va is a valuation if and only if va =k - pa, in which case k = e(A).

Proof. If v, is a multiple of u 4, then it is multiplicative by Corollary [0.4.7]
hence it is a valuation.

Conversely, assume that vy is multiplicative. Then the ring Ga(A) is
an integral domain, and this implies that every nonzero element a € A is
superficial (this should be clear, but see Lemma [[0.5.2). Assuming dim A >

1, by Corollary I0.4.13] we get
pala) =e (%) =wva(a) - e(A).

For the case where dim A = 1, apply the result to A[[z]]. It is a simple check
that the order function v 41, is also a valuation, hence v 4[] = k- pra[y))- For
a € A, we have vy (a) = va(a), and by Corollary [0.4.14 also p () (a) =
pa(a), so we get the conclusion. O

Putting this together with Proposition [[0.4.8] we get

Corollary 10.4.16. Let A be a regular local integral domain. Then vy =
ua, and both functions are valuations.

In the case where vy and p4 disagree, we cannot expect that py is a
valuation, but still we have the following result that we quote without proof
(see [Hor76l, Theorem 4]).

Theorem 10.4.17. Let A be a local Noetherian integral domain. Then there
exist r discrete valuations vy, ...,v, on F(A) and corresponding integers
ni,...,n, such that

pA =nvi+ -+ npvp
10.5. Superficial elements

Let A be a semilocal ring, Q C A an ideal of definition. In the previous
section, we defined an element a € Q° to be superficial of order s if it has
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the property that

for a fixed ¢ € N and for all n large enough. We used this to prove Corollary
that states that in this case we have e(Q/(a), A/(a)) = e(Q, A) - s,
provided dim A > 1. This allows us to prove properties of multiplicity by
induction on the dimension.

In this section, we investigate this technical tool in more detail, starting
from some existence results for superficial elements, and use it to prove
some deeper properties of multiplicity. Most of this material is taken from
[ZS76b]. The main existence result is

Theorem 10.5.1. Let A be a semilocal Noetherian ring, QQ C A an ideal of
definition. Then there exists a superficial element of order s for some s > 1.

In order to prove it, we rephrase the condition of being superficial.

Lemma 10.5.2. Let A be a semilocal Noetherian ring, Q C A an ideal
of definition, A" = Gg(A) the associated graded ring. Given an element
a € Q®, leta e Al be its image. Then a is superficial of order s if and only
if Ann g (@) C AL for some c € N,

Proof. This is just a matter of spelling out the definitions.

To say that a is not superficial (with constant ¢) means that we can find
b€ Q°\ Q" * such that ab € Q™. Rephrasing in terms of the order function
vg of @, this means that ¢ < vg(b) < n — s and vg(ab) > n.

To say that Anna/(a) ¢ AL, means that we can find b with vg(b) > ¢
such that b € A;Q(b) satisfies @b = 0, which is the same as ab € Qstve(®)+1,

The two conditions are now seen to be equivalent. O

Proof of Theorem [10.5.11

Let A" = Grg(A) be the associated graded ring. By the lemma, we need
to understand divisors of 0 in A’, so we investigate the associated primes of
0.

Let A/, be the irrelevant ideal, and partition the associated primes
Pi,...,P. of 0 in A’, so that the last » — h contain Ay and the first h
do not. We claim that we can find a homogeneous element @ € A’ such
that a ¢ P, fori=1,...,h.

To prove this, choose homogeneous elements b; € A’+ \P; and ¢;; € Pj\ P;
for i, =1,...,h, and then take

ai =b; Hcij7

J#
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so that a; € A, a; ¢ P; but at the same time a; € P; for all j # i. Finally,
letting

h
— d;
a = E a,
i=1

for suitable d; such that @ is homogeneous, we have the desired element.

Say @ is homogeneous of order s, and let @ € Q° be a representative of
a. We want to show that a is superficial of order s. Using Lemma T0.5.2]
we look at an element b € Ann(a@). We can assume that b is homogeneous.

Consider a primary decomposition of 0

0=[Q:
i=1

where Q); is P;-primary. For a suitable exponent ¢ we have

,
(10.5.1) (A)ec () Q.
i=h+1
By our choice of @ we have b € P; fori =1,..., h. If we assume b € A/ZC,
we find from (I0.5.0]) that b € P; for i = h+ 1,...,r, hence b = 0. This
proves that Ann(a) C A’ ., and the theorem. O

Unfortunately, we are not free to choose the order s at will in the above
theorem. This is not a limitation of our approach.

Example 10.5.3. Let k = Z/27 and consider the ring

sl
(zy(z +y))
Then A does not have superficial elements of order 1 for its maximal ideal
M. For if a € A is such an element, then a € M \ M2 But there are

only 3 such elements: x, y and x + y, and each of them is annihilated by a
homogeneous element of arbitrarily large order in Gra(A).

We can however guarantee the existence of superficial elements of any
order, assuming the residue field is infinite.

Theorem 10.5.4. Let A, M a Noetherian local ring of positive dimension,
and assume that k = A/ M is infinite. Let @ be a M-primary ideal. Then
for any s > 1 there exists a superficial element of order s for (). Moreover,
we can take such an element outside all minimal primes of 0 in A.
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Proof. As in Theorem [I0.5.1, we consider the graded ring A" := Gg(A)
and take a primary decomposition of 0 in A’

0=[)Qs
i=1

where Q; is P;-primary, and the indices have been chosen so that A’, C P;
exactly for i =h+1,...,r, for some h < 7.

Let Dy, ..., D¢ be the minimal primes of 0 in A. Given a nonzero element
a € A with vg(a) = s, denote a € A, its class, and given an ideal I C A
denote
I:=(a|la€l,a#0).

We claim that A, ¢ D; for any i = 1,...,t and any s € N. Otherwise,
Q* C Q*T! + D;, and by Nakayama’s lemma Q° C D;. Since D; is prime,
this implies that M C D;, which can only happen if dim A = 0.

Now choose any s > 0. Then A, is not contained in any of the D;, as
well as in P; for j < h. Let M = A} /A, |, which we regard as a module over
A/Q= A'JA!, . Every ideal J of A" defines a submodule JNAL/A{,, and in
particular the ideals D; and P; for j < h define a collection of submodules
N;,©t=1,...,h+t. By what we have just said, we have strict inclusions
N; C M.

If we prove that M # | ! N;, then we can find @ € A/, such that a ¢ D;
fori=1,...,tanda ¢ P; for j = 1,...,h. As in the proof of Theorem
IO.5.T], this means that a is superficial of order s, and we are done.

It remains to prove that M # |JN;. This is clear when @ = M, for in
this case M is a vector space over the infinite field k£, hence it cannot be

the union of finitely many subspaces. In general, we reduce to this case as
follows. Choose g such that M9 C Q). Given a submodule N C M, we have

M
N+ —MC M,
Q
otherwise, we would have the chain
M M M M?
M:N+—M:N+—<N+—M> =N+ —M
Q Q Q Q
MY

=...=N+2—M=N.
Q

Therefore, as vector spaces,
N+ MM - M
MM = MM’
In particular, (N; + MM)/ MM is a strict subspace of M /MM, and the
union over all ¢ cannot be the whole space. O
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Superficial elements are the basis for many results on multiplicities, in-
cluding the proof of the multiplicity 1 criterion (Theorem [[0.2.7). We will
just give an application in this section.

Proposition 10.5.5. Let A, M be a Noetherian local ring, Q C A an ideal
of definition, and assume that k = A/ M is infinite. Then there exists an
ideal of definition Q' C Q generated by a system of parameters such that

e(Q,A) =e(Q,A).

Proof. Induction on d := dim A. The case d = 0 is trivial, since we can
take Q" = 0. The difficult case is d = 1. Choose an element a € @ which is
superficial of order 1 for ). By definition we have

(10.5.2) (Q":a)NQ°=Q" !

for a fixed ¢ € N. Now apply the Artin—Rees lemma to the ideal (a). The

Q-adic topology on (a) and the topology induced by the Q-adic topology on
A have bounded difference, so

(10.5.3) Q"N (a) CQ" " (a)
for some k € N.

Assume first that a is not a divisor of zero, so that the multiplication
map
ta: A—a-A
is injective. In this case, u; ! (a- Q" %) = Q" *, while by definition
p21 Q"N (@) = (Q@"N(a) :a) = (Q" : a).
So, by taking preimages in (I0.5.3]), we get
(Q":a) Cc Q"
When n — k > ¢, we can put this together with (I0.5.2) and get
@ :a)= Q"
Using Lemma we get
X2 ) = xG(n) — x§(n —1) = e(Q, 4),

since dim A = 1. In particular, dim A/(a) = 0, so the left-hand side is just
¢(A/(a)). Since a is not a zero divisor,

(@) 1(3) e

which proves that e((a), A) = e(Q, A) and we can take ' = (a). This ends
the proof for the case d = 1, assuming a is not a divisor of 0.

For the general case—still with d = 1—we first notice that all chains of
primes in A have the form P C M, where P is a minimal prime of 0. Choose
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any superficial element a € @ of order 1 that lies outside the minimal primes,
so that dim A/(a) = 0. If a is not a divisor of 0 we are done, otherwise we
can apply the above result to A/ Ann(a). To this end, define I := Ann(a),
A:=A/I and Q := (Q + I)/I. Then we can compute

G = £ (Q"A+ I >
‘(&)%)

=x%(n) —¢ (anm) .

Now, [ is a finitely generated module over A/(a), which is Artinian, so it
has finite length. Moreover, (1, Q" NI = 0 by Krull’s intersection theorem,
so we have Q" NI = 0 for n big enough. In this case, we can simplify the
last equation to

X2(n) = x5 (n) - &I).
This implies that dim A = 1 and that e(Q, A) = e(Q, A). The same reason-

ing, applied to (a), show that e((a), A) = e((a), A). Since @ is not a divisor
of 0 in A, we can apply the first part of the proof to A and conclude that
e((a), A) = e(Q, A), so finally e((a), A) = e(Q, A) and we can take Q' = (a).

This ends the proof for the case d = 1.

For d > 1, we perform an inductive step. Using Theorem I0.5.4] choose
an element a € @) which is superficial of order 1 for Q. Let A = A/(a) and
Q = Q/(a); then e(Q, A) = ¢(Q, A) and by induction we find a system of
parameters ag, . . ., aq for A such that

e((@, ..., aq),A) = e(Q, A).

Then {a,as,...,aq} C Q is the desired system of parameters for A. In fact,
let Q" = (a,az,...,aq). Then using Lemma [[0.4.10l we deduce that

(@A) <e(Q/(a),A) = e(Q, 4) = e(Q, A),

and vice versa e(Q’, A) > e(Q, A) in any case, so we must have equality. [

10.6. Cohen’s structure theorem

In this section, we discuss a famous result of Cohen ([Coh46]) that gives a
precise description of complete local rings. In particular, we will be able to
exactly describe the structure of a complete, regular local ring. Under an
additional hypothesis, which we will describe below, such a ring is isomor-
phic to a ring of power series over its residue field. Geometrically, this is
essentially an algebraic version of the inverse function theorem.
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In differential geometry, the inverse function theorem describes the local
structure of the zero locus V of k smooth functions fi,..., fi defined on an
open set in R™. Namely, if p is a point in V', and the differentials of the func-
tions {f;} are independent in p, then V admits a local chart ¢: R ¢ 5V
around p, giving to V the structure of an embedded differentiable manifold.

In the algebraic setting, one does not have the luxury of a local chart.
Still, let V' C A™(k) be an affine variety of dimension d, p a point of V', and
A, M the local ring of V in p. If V is regular in p, we will be able to say that
the completion A of A with respect to the M-adic topology is isomorphic to
El[x1,...,2z4]]. In a sense, from an analytic point of view V has something
that resembles a local chart, even though the Zariski topology is too coarse
to express this.

Our treatment follows in part [Katb] and [Mur], but the reader can
also consult tag 0323 in |[dJea20]. The equicharacteristic case is Theorem
7.8 in [Eis95].

In order to state our results we need

Definition 10.6.1. Let A, M be a local ring with residue field k = A/ M.
We say that the field K C A is a coefficient field if the induced map K —
A/ M =k is surjective (hence an isomorphism).

This condition cannot always be ensured. For a simple example, A may
be of characteristic 0, while k£ may have characteristic p > 0 (as it happens
with the ring Z,). In this case, a coefficient field cannot exist.

In fact, a few cases can arise. If char(k) = 0, we must have char(A4) =0
as well. If instead char(k) = p > 0, then either char(A) = 0 or char(A) = p”
for some n. In fact, A is local and for every prime ¢ # p we have ¢ ¢ M, so
q is invertible in A.

Definition 10.6.2. Let A, M be a local ring with residue field k = A/ M.
We say that A is equicharacteristic if char(A) = char(k).

By the above discussion, if A is not equicharacteristic then char(k) =
p > 0 and either char(A) = 0 or char(A) = p™ for some n > 1. If A admits
a coefficient field, then A is equicharacteristic. To handle the other cases,
we need a more subtle definition.

Definition 10.6.3. Let A, M be a local ring with residue field k = A/ M.
We say that the ring C' C A is a coefficient ring if

(1) C is a complete, Hausdorff local ring
(2) the ideal C' N M is generated by p = char(k)
(3) the induced map C' — A/ M = k is surjective.
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Remark 10.6.4. From ), it follows that the maximal ideal of C'is CNM =
p-C. Moreover, since C' is Hausdorff in the topology defined by its maximal
ideal, Np*-C = 0. If I C C is any ideal, we can find a biggest k such that
I C p¥F - C. In particular there exists € I\ (p"*! - C), and we can write
x = p* -y for some y € C. But y ¢ p- C, hence y is invertible in C' and
I =pF.C. It follows that C is a principal ideal domain, and all ideals of C
are powers of its maximal ideal.

If moreover, p ¢ (C' N M)?2, it follows by Nakayama’s lemma that all
ideals p* - C are distinct. In this case, one can define a valuation v on
C\ {0} by declaring that v(z) = n if x € p™-C but = ¢ p"*! - C and extend
it to the fraction field of C. In this case, C is a discrete valuation ring.

The following proposition allows us to get some structure from the mere
existence of a coefficient field or ring.

Proposition 10.6.5. Let A, M be a Noetherian complete local ring, C C A
a coefficient field or ring. Then there is a surjective map

o: Cllzy, ..., z]] — A.

More precisely if M = (ax,...,at), the map defined by ¢(x;) = a; is surjec-
tive, hence one can take t = embdim A.

Proof. For n > 0, take an element a € M™, and write

a = Z bimi,

where b; € A and m; is a monomial of degree n in aq,...,a;. By definition
of a coefficient field or ring, we can write b; = ¢; + d;, where ¢; € C and
d; € M. Hence we obtain a decomposition a = ¢ + d, where d € M™! and
c is a form of degree n in a1, ..., a; with coefficients in C'.

Now given any a € A we apply this construction repeatedly, starting
from

a=cy+d,
with ¢; a linear term in aq,...,a; with coefficients in C and d; € M. We
repeat this writing

dy = co +do,

and so on. After n steps, we have
a = (cl+02+'+cn)+dn7

where the term in parenthesis is a polynomial in aq, ..., a; with coefficients
in C. Taking the limit (which exists and is unique since A is complete and

Noetherian) we get
o0

a = E Ci,
i=1
which is a power series in a1, ..., a; with coefficients in C.
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We can define ¢ by sending z; to a;,—then ¢ is well defined since A is
complete, and is surjective by the above argument. ([

In view of this result, it makes sense to ask when a complete local ring
admits a coefficient field or a coefficient ring. This beautiful result of Cohen
gives a pretty complete answer.

Theorem 10.6.6 (Cohen). Let A be a complete Noetherian local ring.
(i) If A is equicharacteristic, then A admits a coefficient field.

(ii) If A is not equicharacteristic, then A admits a coefficient ring that
is the image of a DVR.

Before going into the proof of the theorem, we will state and prove some
important consequences.

Corollary 10.6.7. Let A, M be a complete regular local ring of dimension
d, with residue field k.

(i) If A is equicharacteristic, then
A= L[z, ... 2q]].

(ii) If A is not equicharacteristic, char(k) = p > 0 and p ¢ M?, then
there exists complete DVR C' such that

A= Cllxy, ..., zq4-1]]

Proof. Let us first consider the equicharacteristic case. By Cohen’s theo-
rem, there is a coefficient field k¥ C A. If aq,...,aq is a regular system of
parameters, using Proposition [[0.6.5], we find a surjection

¢: k[[azl,. . .,:cd]] — A

such that ¢(z;) = a;. It remains to prove that ¢ is injective. There are two
ways to see this. For one thing, Proposition [0.1.8 implies that ¢ induces
an isomorphism between the associated graded rings, and then one can use
Remark Alternatively, one sees that

dim k[[wl, Ce ,CCdH =dim A =d.
If I := ker ¢ was not trivial, the dimension of A would be less than d since
E[[x1,...,x4]] is integral, a contradiction.

The same proof works in the mixed characteristic case with slight mod-
ifications. In this case, we can take a regular system of parameters of the
form p,aq,...,aq—1. By Cohen’s theorem, we find a coefficient ring C, and
using Proposition a surjection

o: Cllzr, ..., zq-1]] > A
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such that ¢(z;) = a;. By Remark [0.6.4] C is in fact a DVR, so the di-
mension on the two sides are equal, and ¢ is injective as in the previous
case. [l

Corollary 10.6.8. Let A be a complete Noetherian local ring. Then A is
the tmage of a complete regular local ring.

Proof. This follows immediately by Proposition and Theorem [10.6.0]
since the rings k[[x1, ..., x4]], where k is a field, and C[[z1, ..., x4_1]], where
C'is a DVR, are complete and regular (see Exercise [I0). O

Corollary 10.6.9. Let A, M be a complete, equicharacteristic local ring of
dimension d, with residue field k. Then A is a finitely generated module
over a subring B C A such that

B = kl[x1,. .., z4]]-

Proof. Let ay,...,aq be asystem of parameters for A, and Q = (ay,...,aq).
Since /QQ = M and A is complete with respect to M, it is also complete
with respect to Q. It follows that it is a well-defined homomorphism

o k[[x1,...,x4]] > A

such that ¢(z;) = a;. Let B := im¢. Since A/Q is finitely generated over
B/Q, by Corollary [[.6.4] A is finitely generated as a B-module.

In particular, dim B = d by Proposition @.5.10L Since k[[z1,...,xq4]] is
an integral domain, each chain of primes ends in (0), so ¢ must be injective,
otherwise dim B < d. It follows that B = k[[x1, ..., z4]] as desired. O

We can also derive from Cohen’s theorem a proof of the multiplicity one
criterion of Nagata, albeit with some additional assumptions.

Partial Proof of Theorem [10.2.7l. Let A be a local ring with maximal
ideal M. If A is regular, then e(A4) = 1 by Remark [0.2.3] Moreover, the
completion A with respect to the M-adic topology is regular as well, hence
an integral domain by Theorem So, the only associated prime of A
is 0, and A is unmixed.

Conversely, assume that e(A) = 1 and A is unmixed. To prove that
A is regular, it is not restrictive to assume that A is M-adically complete.
To prove this implication, we make the additional assumption that A is
equicharacteristic and the residue field k = A/M is infinite (for instance,
both are true if char k = 0). Since k is infinite, by Proposition [[0.5.5] there is
an ideal @) C M generated by a system of parameters such that e(Q, A) = 1.

If @ = (ai,...,aq), where dim A = d, using Corollary [0.6.9) we know
that A is finitely generated over the power series ring B = kl[ay, ..., aq]].
Using the additivity formula (Proposition [[0.3.3]) and the hypothesis that A
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is unmixed, we conclude that A has only one associated prime of 0. If P is
this associated prime, by primary decomposition it follows that P = N(A).
Moreover, by the additivity formula, /(Ap) = 1, which means that Ap is a
field. Since P is nilpotent, this can only happen if P = 0, so in fact A is an
integral domain.

We can now use Corollary [[0.3.T5to deduce that A has the same fraction
field as B. Since B is integrally closed and A is an integral extension of B,
we must have A = B, so A is regular. O

We now prove Cohen’s theorem. We split the proof in various cases,
which we treat differently. We recall the notation that A is complete local
ring, M its maximal ideal and k = A/ M its residue field.

Proof of Cohen’s theorem when char(A) = char(k) = 0.

By Zorn’s lemma, there exists a maximal subfield K’ C A. We will prove
that the induced map K — k is surjective, hence an isomorphism. Let

T A—k

be the projection, and let F_: 7(K) be the image of K. If K C k, we find
a € A such that @ = 7(a) ¢ K.

If @ is transcendental over K, then a is transcendental over K. In this
case, K[a] N M = 0, so every nonzero element of K[a] has an inverse in A.
This means that K(a) C A, contradicting the maximality of K.

If @ is algebraic over K, let f be its minimal polynomial over K, where
f € K[z]. Then, since char(k) = 0, @ is a simple root of f, hence it can be
lifted to a simple root of f in A by Hensel’s lemma [7.6.2], call it a’. Again
we find that K (a’) C A, contradicting the maximality of K. O

We now pass to the equicharacteristic case where char(A) = char(k) =
p > 0. In this case, the last step of the proof can fail, so we need a slightly
adapted argument. The argument is similar to the proof of Hensel’s lemma,
but we need an additional result.

Lemma 10.6.10. Let A, M be a local ring with residue field k and assume
that char(A) = char(k) = p > 0. If MP = 0, then A admits a coefficient
field.

Proof. Since char(A) = p, the set AP := {a? | a € A} is a subring of
A. Moreover let b = a? € AP be any nonzero element. Then a ¢ M (as

MP = 0), so a has an inverse in A, and b has one in AP. It follows that
AP C A is a subfield.
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By Zorn’s lemma, there exists a maximal subfield K C A containing AP.
We want to prove that the induced map K — k is surjective. Let

T A—k

be the projection, K = m(K) the image of K. If this is not the case, we find
a € A such that @ = 7(a) ¢ K.

The situation is similar to the previous proof, but this time we know that
@” € K, so the minimal polynomial of @ is 2P — @”. It follow that a satisfies
the same polynomial over K, hence K(a) is a subfield of A, contradicting
the maximality of K. O

We can now easily conclude the proof of Cohen’s theorem in the equi-
characteristic case.

Proof of Cohen’s theorem when char(A) = char(k) =p > 0.
Denote
A A
ot et e
the projection. We will recursively find a coefficient field K,, C A/M™ such
that 7, (Kp,+1) = K. Then the inverse limit of the fields { K}, } is the desired
coefficient field.

We start with n = 2. In this case, Lemma [[0.6. 10 applies, as p > 2, and
gives a coefficient field Ko C A/M?2.

For the induction step, assume that we have found K, and let B :=
7.1 (K,). Also, denote P := ker 7, = M"/M"F1.
Given b € B\ P, let b := m,(b) # 0. Since b € K,,, we have b ¢ M/ M",
which implies that b ¢ M/M"*L. It follows that b is invertible in A/ M+,
and in fact the inverse of b lies in B. (Why?) This proves that B is local

with maximal ideal P.

We can then apply Lemma [I0.6.10] to the ring B having residue field
B/P = K, since PP = (. This gives us a coefficient field in B, which we
can take as Kj,11. (I

For the proof of Cohen’s theorem in the mixed characteristic case, we
are going to rely on the theory of Witt vectors developed in Section [T.7)

Proof of Cohen’s theorem when char(A) # char(k).
First, assume that k is a perfect field, and let p = char k. In this case,
Theorem [L.7TT] tells us that the ring W),(k) is a DVR, having maximal

ideal M = p- W,(k), and complete with respect to the M-adic topology.
Moreover, k = W,(k)/M.
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By Theorem [[.7.12] there exists a homomorphism W,(k) — A. The
image of W) (k) inside A is the desired coefficient ring C'. Notice that in this
case if char A = 0, the map is injective, hence C is itself a DVR.

The case where k is not perfect is done by reduction to the previous
case, but we are only giving a brief sketch. The steps are:
(i) Construct a DVR V' complete with respect to its maximal ideal M
and such that £ = V/M, even when k is not perfect

(ii) Consider the perfect closure &' of k—this is a construction similar
to the algebraic closure of k, but done by recusively adding p-th
roots of elements of k (see Definition [A:3.30)).

(iii) By a similar procedure, starting from A, construct another com-
plete local ring A" with residue field &

(iv) Apply Theorem to find a lift ¢: W, (k") — A"

(v) Prove that V- W,(k”"), and in fact ¢(V) C A—this is the desired
coefficient ring C.

Some more details can be found in [Katb], or the original paper [Coh46].
O

10.7. Exercises

1. Prove directly that a regular local ring of dimension 1 is a discrete valu-
ation ring.

2. Let A be a regular ring of dimension 1. Prove that A is a Dedekind
domain.

3. Prove the properties stated in Proposition [0.3.11
4. Compute the multiplicity of n lines meeting at the origin in A2.

5. Use Example [[0.37 to compute the multiplicity e(A), where A is the
local ring of the node y? = 22 4 22 in a simpler way.

6. Verify the final computation (I0.2.3]) in Proposition [0.2.141

7. Let A be an integral domain of dimension 1, and assume that the order
function v4 is a valuation. Prove that A is a discrete valuation ring.

8. Let B = k[z,y]/(2?, 2y) and A the localization of B at 0. Compute j14(y)
and p4(y?) and show that pa(y?) # 2ua(y)—in particular the hypothesis
that a is a regular element is necessary in Proposition [10.4.6]

9. Let A be a Noetherian ring, a € A a nonzero divisor. Assume that for
a € M\ M? for every maximal ideal M C A. If A/(a) is regular, prove
that A is regular.
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10. Let A be a regular local ring. Prove that the ring A[[z]] is regular (use
the previous exercise).

11. Let A, M be a complete local ring of dimension d, of mixed character-
istic, and let p = char A/ M. Assume that ht(p- A) = 1. Prove that A is a
finitely generated module over a subring B C A such that

B = C[[.’L’l, e ,xd,l]],
where C' is a DVR.

12. Prove Corollary T0.Z.T4}—that is, e(A[[z]]) = e(A) for a local Noetherian
ring A—Dby a direct computation (it is easier to write the Hilbert polynomial
of A as a sum of binomial coefficients, instead of powers of n).

The following exercises discuss the notion of reduction of ideals as a
means to compute multiplicities. Given a ring A with two ideals J C I, we
say that J is a reduction of I if J-I™ = I"*! for some n € N.

13. Let A be a semilocal Noetherian ring, J C I two ideals of definition.
Prove that if J is a reduction of I, then e(J) = e(I).

A sort of converse was proved by Rees in [Ree61]:

Theorem (Rees). Let A, M be a local Noetherian ring. Assume that A is
unmized, and let J C I be two M-primary ideals such that e(J) = e([).
Then J is a reduction of 1.

14. Let A be a Noetherian ring, J C I C A two ideals. Let B be the integral
closure of A in its total fraction ring. Prove that J is a reduction of I if and
only if I and J have the same integral closure inside B.

15. Let A = C[[z,y]] and I = (23, 2%y,%?). Find a reduction of I and use it
to compute e(I).

16. Use Corollary [10.3.18lto give an alternative proof of the inertia-ramifica-
tion formula (Theorem [6.3.2]).

The following exercises, up to Exercise 2I] discuss a structure result
for principal ideal rings, due to Hungerford [Hun68], building on Cohen’s
theorem and [ZS76a, Theorem 33, Part IV]. A principal ideal ring is just
a ring (not necessarily an integral domain) whose ideals are all principal.
Such a ring is called special if it has a single prime ideal.

17. Let A be a principal ideal ring, Py, P C A prime ideals. Prove that
either P; and P, are coprime, or P| C P», or P, C P;.

18. Let A be a principal ideal ring, P, C P» C A prime ideals. If Q is a
Ps-primary ideal, then P; C Q.
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19. Let A be a principal ideal ring. Prove that A is a finite direct sum
of principal ideal domains and special principal ideal rings. (Use primary
decomposition for 0 and the previous exercises.)

20. Let A be a special principal ideal ring. Prove that A is an image of a
PID. Deduce the theorem of Hungerford: every principal ideal ring is a finite
direct sum of images of principal ideal domains. (A is a complete local ring,
so we can apply the structure theorem of Cohen. If A has a coefficient field,
we are done. Assume that A is the image of C[[z]], where C' is a coefficient
ring. Find a quotient of C[[z]] which is a PID and still surjects onto A.)

21. One may want a stronger form of Hungerford’s theorem, but it is not the
case that every principal ideal ring is a quotient of a principal ideal domain.
To see this, take A = R @ Z, and show that Q, seen as an A-module with
a trivial R-action, is not a direct sum of cyclic A-modules. Conclude by
the classification of modules over a PID. (Compare this with Exercise 32 in
Chapter [7)



Appendixz A

Fields

In this appendix, we investigate the properties of fields. The theory has a
different flavor from the study of general rings, for at least two reasons. For
one thing, all field homomorphisms are injective, so the study of morphisms
between fields is the same as the study of field extensions. Second, fields
have no proper ideals, and modules over fields are vector spaces, hence they
are fully characterized by their dimension alone. As a consequence, many
interesting questions of ring theory become moot in this setting. On the
other hand, we will be able to prove much more about field extensions than
about general ring homomorphisms.

This appendix goes through the standard results of field theory, up to the
Galois correspondence and the Kummer theory of Abelian extensions. First,
we study algebraic and transcendental extensions. Next, we specialize to the
algebraic setting and introduce the notion of separability. This is in order
to investigate the phenomenon—which appears in positive characteristic—
that irreducible polynomials can have multiple roots. In the next section,
we study normal extensions, which are maximally symmetric. Extensions
that are both normal and separable admit a Galois correspondence which
relates intermediate fields and subgroups of the automorphism group. We
explain the Galois correspondence both in the finite and infinite case. In
the last section, we specialize the theory to the case of Abelian extensions,
where a more precise description can be obtained.

This appendix covers more than what is needed in the book, which only
uses the notion of transcendence degree, basic results on separability, and
the Galois correspondence in the finite case. Even so, many important facts
about fields are not covered here. In particular, many classical applications
of Galois theory to the feasibility of geometric constructions with ruler and
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compass are only presented in the exercises, and we just hint at the problem
of inverse Galois theory.

A.1. Algebraic elements

Let K be a field. If L D K is a bigger field and S C L is any set, we denote
by K(S) the smallest subfield of L containing S—this is the field generated
by S over K. If {L;} is a collection of subfields of L, we denote by [, L;
their composite, that is, the smallest subfield of L containing all the L;. In

other words,
[[zi=kK <U Li> .

The composite of two fields L, and Lo will be simply denoted LqLs.

As we have remarked, any ring morphism K — L between fields is
injective. For this reason, we are going to be concerned with field extensions,
that is, given a field K we will investigate the fields L such that K C
L. We usually denote such an extension by the notation L/K. The first
observation is that in this case L is a vector space over K, by restriction of
the multiplication map.

Let us start with the case where L = K («) is obtained by adding a single
element to K. The natural evaluation map

evy: Klg] —— L

f(@) —— f(a)

is injective if and only if o does not satisfy any algebraic equation with
coefficients in K. In this case, we can extend ev, to an isomorphism K (z) =
L between L and the field of rational functions in one variable over K. In this
case, the structure of L is easy to understand. We capture this distinction
as follows:

Definition A.1.1. Let K C L be two fields, « € L. We say that « is
algebraic over K if there exists f € K[z] such that f(a) = 0; otherwise we
say that « is transcendental over K.

If all elements of L are algebraic over K, we say that L is an algebraic
extension of K, otherwise that L is a transcendental extension of K.

Let a be an element algebraic over K. Then the set of polynomials that
vanish on « is a nonzero ideal of Klz]. Since K|[z] is a UFD, this ideal is
generated by a polynomial of minimal degree.

Definition A.1.2. Let a be an element algebraic over K, I the ideal of
K[x] consisting of polynomials vanishing at «v. Any generator of [ is called
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a minimal polynomial of o over K. We usually normalize such a polynomial
by requiring that its leading coefficient is 1, in which case we speak of the
minimal polynomial of o, and denote it by .

Remark A.1.3. Let K C L be two fields, « € L. Then saying that « is
algebraic over K amounts to a relation of linear dependence between the
powers 1,a,a?.... Hence, a is algebraic over K if and only if K(a) is a
vector space of finite dimension over K.

To restate this, we introduce another piece of terminology.

Definition A.1.4. Let K C L be a field extension. Then we say that L is
a finite extension of K if L is finite dimensional as a vector space over K.

The dimension of this vector space is called the degree of L over K, denoted
[L: K].

With this terminology, « is algebraic over K if an only if K(a)/K is a
finite extension.

Remark A.1.5. Let K C L C M be three fields. If L/K and M/L are
finite, then M /K is finite as well, and [M : K] = [M : L] - [L : K|. We say
that the degree is multiplicative in towers of field extensions.

The above remark has an important consequence:

Proposition A.1.6. Let L/K be an extension of fields, o, 3 € L elements
algebraic over K. Then o+ 3, a- 8 and /3 (when 5 # 0) are algebraic
over K.

Proof. All such elements are contained in K («, ), which is a finite exten-
sion of K—since K(«, 8)/K(a) and K(«)/K are finite. O

Corollary A.1.7. Let K C M be fields, and let {L;} be a set of intermediate
fields. If all L;/ K are algebraic extensions, then the composite of the L; is
also algebraic over K.

Proof. Every element in the composite is a rational function in finitely
many algebraic elements. (I

Corollary A.1.8. Let L/K be an extension of fields. The set of elements
of L that are algebraic over K is a subfield of L, called the algebraic closure
of K in L.

Usually, when we talk about the algebraic closure, we do so in an ab-
solute sense: the algebraic closure of K is a field obtained from K by the
process of adding all possible algebraic elements, that is, all possible roots
of polynomials with coefficients in K. To make this precise, we need some
more language.
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Definition A.1.9. Let K be a field. We say that K is algebraically closed
if every polynomial f € K[z]| has at least one root in K.

The field L D K is called an algebraic closure of K if it is algebraically
closed and algebraic over K.

Shortly we will prove the existence and uniqueness of the algebraic clo-
sure. Still, before doing so, we first need to understand what it means to
add to K the root of an irreducible polynomial f € K[x]. We need to find
a field L D K such that f admits a root in L. This is easy, since K|z]| is
a PID: the ideal generated by f is prime, because f is irreducible, hence
maximal. It follows that K[x]/(f) is a field, and by construction f has a
root in this field (the image of x). By generalizing this construction we can
prove:

Proposition A.1.10. Let K be a field. Then K admits an algebraic closure.

Proof. Let F' be the set of irreducible polynomials of positive degree in
Klz], and for each f € F take a formal variable z;. In the ring Kz f]tcp
the ideal (xf) e is not the whole ring, hence it is contained in a maximal
ideal M. Then K := K[z]fer/M is an algebraic extension of K because
of Corollary [A.1.7, and each irreducible polynomial in K has a root in Kj.

Now K7 may not be algebraically closed, but we can repeat the process
to produce a field Ko D K such that all irreducible polynomials with co-
efficients in K7 have a root in K5, and so on. The union of the ascending
chain K C K; C Ky C --- is an algebraic closure of K. O

The algebraic closure of a field enjoys a uniqueness property, although
noncanonical. We can state a slightly stronger result.

Proposition A.1.11. Let L/ K be an algebraic extension, T an algebraically
closed field with a morphism ¢: K — T. Then ¢ can be extended to a
morphism ¢r: L — T.

Proof. By applying Zorn’s lemma to pairs (M, ¢ps)—where K C M C L is
a field and ¢pr: M — T is a morphism extending ¢—one finds a maximal
pair (H,¢p). We claim that H = L. If this was not the case, take any
a € L\ H, and let f be its minimal polynomial. By the embedding ¢5, we
can see H as a subfield of 7. The morphism ¢g can be extended to H(«)
by sending « to any root of f inside T (check this!). O

Corollary A.1.12. If L1, Lo are two algebraic closures of the field K, then
there is an isomorphism Ly, = Lo.

Proof. The above proposition allows us to extend the inclusion K C Ly to a
morphism f: Ly C Lo. Since L is a field, f is injective. It is also surjective,
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otherwise the inverse morphism f(L;) — L; could not be extended to the
whole Lo. 0

The isomorphism between different algebraic closures is noncanonical,
but usually we are not concerned with this. Most of the time, we will just
stick with one choice for the algebraic closure of a field K, which we will
call the algebraic closure of K and denote by K.

We now move to the general setting of an extension that may not nec-
essarily be algebraic. To understand such an extension, it is useful to factor
it in two stages: first a maximally transcendental extension, and then an
algebraic one.

Definition A.1.13. Let L/K be an extension of fields. The set A C L is
said to be algebraically independent over K if there is no nonzero polynomial
f € Kx1,...,zy,] such that f(ai,...,a,) =0 for some ay,...,a, € A.

A is called a transcendence basis of L over K if it is algebraically inde-
pendent and the extension L/K(A) is algebraic.

Algebraically independent sets are ordered by inclusion, and by Zorn’s
lemma, there is such a maximal set. Clearly, a maximal algebraically inde-
pendent set is a transcendence basis, so transcendence bases always exist.
Notice that if A is an algebraically independent set over K, we can form a
set of indeterminates {x4}qsc4 and define a homomorphism K({z,}) — L
that sends x, to a. Hence, every field extension factors as an extension
isomorphic to a rational function field, followed by an algebraic extension.

What is less obvious is the following result.

Theorem A.1.14. Let L/K be a field extension. Any two transcendence
bases for L/ K have the same cardinality.

Definition A.1.15. Given a field extension L/K, the cardinality of any
transcendence bases for it is called the transcendence degree of L over K,
denoted trdegy L.

Proof. Let A, B be two transcendence bases, and assume at first that at
least one of them is finite, say A = {a1,...,a,}. Each b € B is algebraic
over K(A), so we can find a polynomial p, € K(A)[z] such that p,(b) = 0.
Choose an element of A, say a;. There exists a b € B such that a; appears
in pp, otherwise all elements of B would be algebraic over K(aq,...,a,).
Since a; is algebraic over K(B), it would follow that ay is algebraic over
K(ag,...,a,), a contradiction.

Choose one such element by, and let p; be the associated polynomial

relation. Then, we claim that C := {b;, ag,...,a,} is another transcendence
basis. In fact, a; is algebraic over K(C') (using p1), so L is algebraic over
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K (C) as well. Moreover, a polynomial relation between elements of C' would
show that b is algebraic over K (ag, ..., a,), which we have already excluded.

By iterating this procedure, we find elements by, ...,b,. € B that consti-
tute a transcendence bases, hence B is finite and |B| = r.

It remains to prove the theorem when both A and B are infinite. In this
case, for each b € B choose a finite subset A, C A such that b is algebraic

over K(Ayp), and let
A= | A,

beB
Then clearly A* is a subset of A of the same cardinality of B. Moreover,
every a € A is algebraic over B, hence over A*. Since A is algebraically
independent, it follows that A = A*, and so the theorem follows. O

This proof should be compared to the result that every two bases of a
vector space have the same cardinality. The basic idea is similar, but in the
vector space case things are made simpler by the fact that one can use a
linear equation to express one variable in terms of the other ones—something
that one cannot do with polynomial relations of higher degree.

Remark A.1.16. Let K C L C M be three fields. If A is a transcendence
basis for L/K and B one for M /L, it is immediate to check that AU B is a
transcendence basis for M /K. In particular,

trdegy M = trdegy L + trdeg; M.

A.2. Finite fields

Let K be a finite field. Then K has positive characteristic p, a prime, hence
it contains a copy of Z/pZ, which we will call the prime field of K. We
can regard K as a vector space over Z/pZ, of some finite dimension d—in
particular K has q := p? elements.

We are now going to turn things around. We fix such prime power
q = p?, and let K be a field with ¢ elements. We will show that K is uniquely
determined up to isomorphism. First, all elements of K are algebraic over
Z/pZ, so we can assume that K is a subfield of the algebraic closure m
We are going to identify K by looking at the multiplicative group K*. This
has ¢ — 1 element, each of which satisfies the equation z9~! = 1. Adding 0,
we get that all elements of K satisfy the equation

(A.2.1) x? =z
Since this equation has at most ¢ roots, this determines K as a set, that is,
(A.2.2) K = {IL‘ €ZL/pZ | x? = 3:} .

This is enough to prove the uniqueness of the field with ¢ elements.



A.2. Finite fields 323

Moreover, the set of solutions to (A.2.1]) is easily checked to be closed
under sum, multiplication, and inversion, since K has characteristic p. It
follows that we can use (A2.2) as a definition of K, and this is in fact a
field. The roots of ([A.2.1]) are distinct because the derivative of ¢ — x in
characteristic p is —1, which never vanishes (see Proposition [A.3.3)). This
implies that (A2.]) has ezactly q distinct roots. Hence the field K defined
by (A2.) has exactly ¢ elements, and we have an existence result.

We summarize the previous discussion:

Theorem A.2.1. Let p be a prime, ¢ = p®. Inside Z/pZ there exists a
unique field with q elements, which is the set of solutions to 9 = x.

Since the field with g elements is essentially unique, we are going to give
it a name, and denote it F,. In particular, F,, is just Z/pZ, seen as a field.

In the rest of the section, we are going to analyze the structure of I,
in more detail. First, Fy is cyclic. Actually, this holds in slightly greater
generality:

Proposition A.2.2. Let K be a field, G C K* a finite multiplicative sub-
group. Then G is cyclic.

Proof. By Corollary [L5.7 G is a product of finite cyclic groups
G%Glx---xGT.

If G was not cyclic, the lowest common multiple of the cardinalities of the
G; would be strictly less than their product. If m is such a lowest common
multiple, this means that |G| > m, and all elements g € G satisfy the
equation ¢ = 1. This cannot happen in a field, since this equation has at
most m roots. [l

In particular, inside F,, there exists a primitive ¢ — 1-th root of 1, which
generates the whole field.

Proposition A.2.3. Let p be a prime, ¢ = p*. Then there exists o €
Fy such that o generates Fy, as a multiplicative group—in particular, F, =
Fp(a).

Since the fields Fq all live inside F_p, we can also consider whether there
is any inclusion among them.

Proposition A.2.4. Let a,b be natural numbers, p a prime. ThenFpa C Fp
if and only if a divides b.

Proof. One direction is obvious: if b is multiple of a, then all solutions of
x® = x are also solutions of 2 = z.
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Conversely, assume Fpa C . The inclusion between the multiplicative
groups implies that p® — 1 divides p® — 1. In other words,

pP’=1 (mod p®—1).

The order of p modulo p* — 1 is clearly a, hence b is a multiple of a. O

The fields F, are also endowed with automorphisms.

Definition A.2.5. Let K be a field of characteristic p. The map x — xP is
a field automorphism of K, which is called the Frobenius endomorphism of
K.

For a general field, the Frobenius endomorphism need not be surjective:
for instance in F,(x), the indeterminate x is not the p-th power of any
element. However, for finite fields, every injective endomorphism is also
surjective, hence an automorphism.

Let ¢: F, — [, be the Frobenius automorphism on F,, with ¢ = p?.
Then ¢%(z) = 27 = x for all x € F,, so ¢¢ is the identity. Also, ¢¢ is not the
identity for any ¢ < d, since ¢¢ only fixes elements in the field [Fjc, which
does not contain IF,. We conclude:

Proposition A.2.6. Let p be a prime, g = p®. The Frobenius element is
an automorphism of Fy, fizing each elements of Fp,, and it has order d.

A.3. Separability

Before delving into Galois theory, we need to understand a behavior which is
typical of extensions of fields in positive characteristic. In many situations,
it would be tempting to assume that an irreducible polynomial must have
distinct roots, but this is not always the case.

Example A.3.1. Let K be a field of characteristic p > 0, L = K(t) for
some indeterminate t. The polynomial f(x) = aP —t € L[x] is irreducible.
In fact, if it was reducible, we would have a nontrivial factorization f(z) =
a(z,t)b(z,t) for some a,b € KJz,t] by Gauss’s lemma, and this is easily
excluded since f has degree 1 in t.

On the other hand, let o € L be any root of f, so that o = t. Then

(x—a)f =2 —al =2 —t = f(x),

since char L = p. It follows that o has multiplicity p as a root of f, and in
particular f does not have distinct roots.

The above is the prototypical example of an inseparable extension, which
we are now going to define. As it turns out, this is not only a nuisance, but
the manifestation of a fundamental phenomenon typical of characteristic p
extensions.



A.3. Separability 325

Definition A.3.2. Let K be a field.

(1) The irreducible polynomial f € K[z] is called separable if it has
distinct roots in K—that is, it factorizes over K as a product of
distinct linear factors.

(2) The element o € K is called separable over K if the minimal poly-
nomial pu, is separable.

(3) The algebraic extension L/K is called separable if every element of
L is separable over K.

In all this cases, we will use the word inseparable to mean not separable.

The main tool to undestand this notion is the following standard crite-
rion using derivatives.

Proposition A.3.3. Let K be a field, f € K|z] a polynomial. Then f has
distinct roots in K if and only if f and f’' do not share common factors.

Proof. If f has a multiple root a, we can write f(z) = (z — a)?g(z) over
K. Since

fl(@) =2 (z —a)g(x) + (z — a)’g'(x),
(x — a) is a common factor of f and f’.

Conversely, if f has distinct roots ay,...,a,, we can write
f@) =Mz —a1)-(z —an),

and then for each ¢ we have
f(ai) = Mai —a1) -+ (@i — ai) -~ (a; — an),
where the term a; — a; is omitted, so f’(a;) # 0. O

Corollary A.3.4. Let K be a field, f € K[x] an irreducible polynomial.
Then f has distinct roots if and only if f # 0.

Proof. Since both f and f’ are defined over K, their greatest common
divisor is also with coefficients in K. Assuming f is irreducible, it cannot
share a nontrivial factor with f’, unless f’ = 0. O

A simple consequence is that a field of characteristic 0 is always sep-
arable: in fact, the derivative of a nonzero polynomial cannot be 0. In
characteristic p > 0, the derivative of f can be identically 0 exactly when f
contains only powers of zP, so we conclude:

Corollary A.3.5. Let K be a field of characteristicp > 0. Then f € K[x] is
inseparable if and only if f(x) = g(aP) for some other polynomial g € K|x].

Separable finite extensions are easier to study thanks to the the primitive
element theorem, which ensures that they are generated by a single element.
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Theorem A.3.6. Let L/K be a finite separable extension. Then there exists
a € L such that L = K(«).

Proof. By induction, it is enough to prove that if L = K(«, /3), we can find
a single v € L such that L = K(v). Let fia, 13 be the minimal polynomials
of o and f.

Take any combination v = a + t8 for some fixed t € K. The key
observation is that the polynomial f(z) := puq(7y — tz) is defined over K (7)
and vanishes for = 8. Hence, f and ug have 3 as a common root. If we
can ensure that this is the only common root, then the gcd of f and pug is
x — 3, and in particular 5 € K(v) (and so also a € K(v), which means we
are done).

Say fia, g have roots a1 = a, an,..., o and By = B, f2,...,Bs. These
sets of roots are distinct because L/K is separable. Then [ is the only
common root of f and pg, unless

o =7y —tfj = a+ 16 — 1B;,
for some 7,7 # 1,1. This can be solved for ¢, giving
o —
B-B;
In other words, it is enough to choose t outside this finite set of values to

prove the thesis. This prove the theorem assuming that K is infinite—the
finite case has been already proved as Proposition [A.2.3] O

t =

In order to measure exactly the failure of an extension to be separable,
we define a separable degree.

Definition A.3.7. Let L/K be an algebraic field extension, K an algebraic
closure of K. The separable degree of L over K, denoted [L : K], is the
cardinality of Homg (L, K).

We can assume that in fact L C K, in which case, this is the same as
the cardinality of the set

{¢:L—>F[¢|K=1d}.
Using this observation, it is easy to check that this notion behaves nicely
in towers of extensions.

Proposition A.3.8. Let K C L C M be algebraic extensions of fields.
Then

[M:K|s=[L:K]s-[M: Lls.
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Proof. Let 0 € Homg (L, K) and 7 € Homy (M, K). We can extend o to a
homomorphism 7: K — K, and form the composition

(@or7),, € Homg (M, K).
It is a simple verification that this gives a bijection

Hompg (L, K) x Homp(M, K) — Homg (M, K). O

The connection between this degree and the notion of separability is
as follows. Let a be algebraic over K, and take L = K(«). Let u, be
the minimal polynomial of a over K, and «aj,...,«a, the distinct roots of
fio. Then a homomorphism ¢: L — K as K-algebras is uniquely defined
by choosing ¢(«), which must be one of the «;. Moreover, each «; ap-
pears as ¥ («) for a suitable homomorphism . (Why?) In other words,
[L : K]s is exactly the number of distinct roots of . On the other hand,
[L : K] = degpq is the number of roots of pq, counted with multiplicities.
We conclude:

Proposition A.3.9. Let L = K(«a), with « algebraic over K. Then [L :
K] =[L: K]s if and only if « is separable over K.

Corollary A.3.10. Let L/K be a finite, separable extension. Then L ad-
mits exactly [L : K] distinct embeddings into K.

Proof. By Theorem [A.3.6] we can write L = K («) for a separable element
a,s0 [L: K| =[L: K]s. Then use the definition of separable degree. O

In general, all roots of ji, have the same multiplicity m, so that [L : K] =
m[L : K]s. We can use this to prove the following important corollary, that
in particular implies that separability of a field extension L/K is determined
by the separability of generators of L over K. This makes checking whether
an extension is separable much more manageable.

Corollary A.3.11. Let L/K be a finite algebraic extension, generated by
the finite set {au,...,as}. Then the following are equivalent:
(i) L is separable over K,
(ii) Fach «; is separable over K,
(iii) [L: K] = [L : K]s.

Proof. Implicationsfl) to ) to [ are immediate, so we only need to prove
that [l) implies [).
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To do this, take any o € L, so that [K(«) : K] = m[K(«) : K], for some
m > 1. Then

[L:K]|=[L: K(a)|[K(a): K]|=[L: K(a)]-mK(a): K|s
>[L: K(a)s-m[K(a): Kls =m|[L: K|s =m[L: K],

which implies that m = 1, and so that « is separable over K. O

This result is easily generalizable to the infinite case. Since any element
algebraic over K lives in a finite extension of K, we have

Proposition A.3.12. Let L/K be an algebraic extension, where L = K (S)
for some set S. Then L is separable over K if and only if each s € S is
separable over K.

We can also use the above results to guarantee that separability is pre-
served in a tower of extensions.

Proposition A.3.13. Let K C L C M be algebraic extensions. Then M /K
is separable if and only if both L/K and M/L are separable.

Proof. One direction is obvious, so assume that L/K and M/L are sepa-
rable. If the extensions are finite, the result follows from Corollary [A.3.17]
and the multiplicativity of separable degree. In the infinite case, take any
a € M, and let pqy be its minimal polynomial over L. Then we can consider
the finite extension F' of K generated by the coefficients of u,. Both exten-
sions F'(a)/F and F/K are finite and separable, hence F'(«)/K is separable
as well. O

Corollary A.3.14. Let L, M C K be fields separable over K. Then the
composite L - M = L(M) is itself separable.

The above result allows us to define the biggest separable extension of
a field. In fact, let K be a field, K a fixed algebraic closure. Then the
composite field

(A.3.1) K .= II =z
LCK separable

is itself separable. In fact, every element of K " lives in a finite product of
separable extensions of K, which is itself separable by repeated applications

of Corollary [A_3.14]
Definition A.3.15. The field K°? defined by (A.3.1) is called the separable

closure of K.
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Now that we have a pretty clear picture of separable extensions, we are
going to investigate the opposite situation. Let K be a field of character-
istic p > 0, f € K[z] an irreducible polynomial. By Corollary [A.3.5 f is
inseparable if and only if we can write f(x) = g(zP) for some g € KJz|. If
g is itself inseparable, we can repeat the process—after a finite number of
steps we end up writing f(x) = h(zP") for some r > 0 and some separable
irreducible polynomial h € K|[z].

Definition A.3.16. Let L/K be a finite extension. We define its inseparable
degree, denoted [L : KJ;, as the quotient

[L: K]

[L:K]s

[L: K];:=

By induction of the number of generators of L over K and the above
discussion, we have:

Proposition A.3.17. Let L/K be a finite extension of characteristic p > 0.
Then L : K|; is a power of p.

Remark A.3.18. We can rephrase Corollary [A.3.11] to conclude that L/K
is separable if and only if [L : K]; = 1. Moreover, if K C L C M are finite
extensions of fields, we have

by Proposition [A.3.8
We can mimic Definition [A.3.2] to describe the opposite phenomenon.

Definition A.3.19. Let K be a field.
(1) The polynomial f € Klz] is called purely inseparable if it has a
single distinct root in K.

(2) The element o € K is called purely inseparable over K if the mini-
mal polynomial u, is purely inseparable.

(3) The algebraic extension L/K is called purely inseparable if every
element of L is purely inseparable over K.

By definition, if o € L is purely inseparable over K, u, has a single
distinct root in K, which means that [K(«) : K|s = 1. We can say a little
more:

Proposition A.3.20. Let L/K be an algebraic extension. The following
are equivalent:

(i) L/K is purely inseparable.

(i) L = K(S) for a set S of purely inseparable elements.
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(iii) [L: K]s=1
(iv) For every o € L there exists r such that o?” € K.

Proof. That[l) implies[d) is obvious. Assume[dl) and take any o € L. Then
a € K(9') for a finite set S" C S, so
[K(a): K]s <[K(S): K]s = 1.

Assume by contraction that [L : KJ]; > 1. Then there is an embedding
o0: L — K over K which is not the identity on L. Taking any a € L such
that o(a) # «, we also have [K(«a) : K]; > 1, which we have excluded.
Hence, ) implies [).

Now assume i) and let & € L. Then [K(«) : K]s = 1, so the minimal

polynomial i, has a single root over K, which means that pq(z) = 2" — ¢
for some ¢ € K, so [iv]) holds.

Finally, assume [v]). Then every o € L satisfies the polynomial zP" —
o?" € K[x], for some 7 > 0. The minimal polynomial , is a divisor of this
polynomial, hence it is purely inseparable. O

Remark A.3.21. Clearly, in the finite case, all of the above are also equiv-
alent to the condition [L : K]; = [L : K].

As a consequence of Proposition[A.3.20] we prove the analogue of Propo-
sition [A.3.13l
Proposition A.3.22. Let K C L C M be algebraic extensions. Then M /K
is purely inseparable if and only if both L/ K and M /L are purely inseparable.

Proof. Use the fact that L/K is purely inseparable if and only if [L : K]s =
1, together with the multiplicativity of the separable degree in towers. [

Corollary A.3.23. Let L, M C K be fields purely inseparable over K. Then
the composite L - M = L(M) is itself purely inseparable.

The above theory allows us to factorize any extensions as a tower of
a separable and a purely inseparable one, thus cleanly splitting the two
phenomena. To see this, take any algebraic extension L/K, and define the
field

(A.3.2) (L/K)g = {a € L| o is separable over K} = LN K" 7.

By Proposition[A314] (L/K)s is a field, and we can factorize the extension
as K C (L/K)s C L.

Theorem A.3.24. Let L/K be an algebraic extension. Then (L/K)s is the
only subfield of L such that L/(L/K)s is purely inseparable extension and
(L/K)s/K is separable. Moreover,

[L: K]s = [(L/K)s : K],
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and if L/K s finite,
[L:K|;=[L:(L/K)s.

Proof. First, (L/K), is separable over K, by construction. Take any o € L
and let p, € K[z] be its minimal polynomial. Then we can write pq(x) =
h(zP") for some h € K|[x] separable. This means that o?" € (L/K)s, and if
r > 1, a is purely inseparable over (L/K)s.

The equality [L : K]|s = [(L/K)s : K] then follows from the fact that
[L:(L/K)s)s =1, and the claim about [L : K]; follows by multiplicativity
assuming L/K is finite.

Finally, let K’ C L be any other field such that K’/K is separable and
L/K' is purely inseparable. Then K’ C (L/K)s, and (L/K)s is at the
same time a separable and a purely inseparable extension of K’ (because
L/K' is purely inseparable, while (L/K)s/K is separable). It follows that
K' = (L/K)s. O

We end this section by considering fields whose finite extensions are
always separable.

Definition A.3.25. Let K be a field. We say that K is perfect if all finite
extensions L/K are separable.

Example A.3.26.

(a) Any field of characteristic 0 is perfect.
(b) Any finite field is perfect. In fact, any finite field extension F s /Fpa

is generated by the p’-th roots of 1, and the p’-th cyclotomic poly-
nomial has exactly ¢(p®) = (p — 1)p*~! distinct roots in F,,.

Remark A.3.27. If K is a perfect field, any algebraic extension of K is
separable, since it is generated by finite, separable extensions.

There is a convenient characterization of perfect fields.

Proposition A.3.28. Let K be a field of characteristic p > 0. Then K is
perfect if and only if KP = K.

Proof. Assume that K is perfect and let o € K. Let 3 € K be any p-th
root of a. Then
(- B = aP — " =¥ —a,

so (3 is the only root of 2P — . This means that 5 € K, otherwise K(5)/K
would be inseparable. It follows that o € KP.

Conversely, assume that K = KP, and take any a € K. Then we can
write its minimal polynomial as i (z) = h(2P") for some h separable over
K. Taking p"-th roots of the coefficients of h, we can write h(zP") = g(x)?"
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for some g € KJ[z], which implies that p" = 1, since puq is irreducible. It
follows that pe = h, so « is separable, hence all finite extensions of K are
separable. 0

Remark A.3.29. A finite extension of a perfect field is perfect as well.
In fact, let K C L C M be finite extensions of fields, with K perfect.
Then M/K is separable, and so M/L is separable as well (for instance, by
computing the separable degree).

With the above criterion, we can rephrase this by saying that if K is a
field of characteristic p such that K = K and L is a finite extension of K,
then LP = L as well, something that is much less obvious to prove directly.

Using this characterization, we can always enlarge a field to make it
become perfect. Starting from a field Ko = K of characteristic p > 0, we let

Ki=K'""=K({aecK|o? € K}).
Iterating this procedure, we define Ko = K 11 /P and so on. The union
(A.3.3) K" =K"= | K
i>0
satisfies K7 = (Fper)p, so it is perfect. In fact, it is the smallest perfect
field containing K.

Definition A.3.30. Let K be a field of characteristic p > 0. The field K"
defined by (A.3.3)) is called the perfect closure of K.

By construction, X' is the union of a tower of purely inseparable ex-
tensions of K, so the extension K’ /K is purely inseparable as well. Given
an algebraic extension L/K, we define

(A.3.4) (L/K);:=={a € L|ao?” € K for somer} =LNK"".

Clearly, (L/K); is a purely inseparable extension of K. The analogue
of Theorem [A.3.24] does not necessarily hold, though. In other words,
L/(L/K); can fail to be separable.

Example A.3.31. Let k be a field of characteristic p > 2, and K = k(z,y).
Consider the polynomial
Ft) = —atr —y,

and let a be a root of f in K. We take L := K(«a). By construction, f is
not separable, hence L/K is an inseparable extension. On the other hand,
no element of L is purely inseparable over K, that is, (L/K); = K. To see
this, assume that some element 5 € L satisfies gP € K. Write

2p—1

B=gla)="Y ga'
=0
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for some g € K[t]. Then
2p—1 2p—1

B =gla) =Y gia?)' =) g/,
=0 =0

where v = oP. Using the fact that f(«) = 0, we can simplify this equation
to eliminate all powers 4¢ for d > 2. Namely, v2 = 274y so we end up with

BP = ad? + b,
with a,b € K. The condition 8P € K amounts to a = 0.

We now choose p = 3 and carry out the computation explicitly, to find
(A35)  a=g]+zg+ (@ +y)g3+ (2° +2y)g} + (¢ +y°)g3 = 0.
This is a linear equation in the powers gf’ with coefficients in K. We can
derive (AL3.5]) with respect to either z or y to find new equations. Using
the fact that the derivatives of g? are 0 in characteristic 3, these are new
equations in the powers g?. It is not difficult to five independent equations,

which means that P € K implies that g; = 0 for all ¢ > 1, or equivalently
BeK.

In fact, we can tell exactly when an algebraic extension admits such a
splitting.

Proposition A.3.32. Let L/K be an algebraic extension. Then L is sepa-
rable over (L/K); if and only if L = (L/K)s(L/K);.

Proof. Assume that L = (L/K)s(L/K);. Then L is generated over (L/K);
by elements that are separable over K, and a fortiori over (L/K);. This
means that L is a separable extension of (L/K);.

Conversely, assume that L/K is separable, and consider the composite
M = (L/K)s(L/K);. Then L is at the same time separable and purely
inseparable over M, hence L = M. O

A.4. Normal extensions

In this section, we study those field extensions that satisfy as many sym-
metries as possible.

Deﬁnition_ A.4.1. Let L/K be an algebraic extension, and regard L as 2
subfield of K. We say that L is normal if for every field morphismo: L — K
such that O'|K = id, we have oL C L.

Remark A.4.2. In fact, in the above definition we can equivalently say that
o(L) = L. Otherwise, o(L) = L' C L, and we can extend a_l‘L,: L' - K
to the whole of L (by Proposition [A.T.11]), thereby showing that L is not
normal.
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Let L/K be a normal extension, a € L and let p, be its minimal poly-
nomial. Then every other root of p, lies in L. Otherwise we could define a
morphism K (a) — K which sends « to a root outside L, and extend this to
a morphism L — K. This prompts the next definition.

Definition A.4.3. Let K be a field, F' a set of polynomials over K. The
splitting field of F' is the smallest subfield of K containing all roots of all
polynomials in F.

The two concepts are clearly linked, and we make this precise in the
next result.

Proposition A.4.4. Let F be a set of polynomials defined over K. Then
the splitting field of F' is a normal extension of K. Conversely, if L/K is a
normal extension, there is a set F' of polynomials over K such that L is the
splitting field of F'.

Before proving this, it is useful to introduce a last piece of terminology.

Definition A.4.5. Let K be a field a, 3 € K. We say that o and 3 are
conjugate if they have the same minimal polynomial. Equivalently, there is
a morphism o: K(a) — K such that o(a) = 3.

Proof. Let L be the splitting field of F', and let S be the set of roots of
all polynomials in F. Then each morphism L — K must permute the set
S, and so preserve L. Conversely, assume that L/K is normal. If S is any
set of generators of L, all conjugates of elements in S also lie in L. Hence

L is the splitting field of the set of the minimal polynomials of elements in
S. O

We now give some examples.

Example A.4.6.

(a) Let a be purely inseparable over K. Then K(«) is the splitting
field of pq, hence K(a)/K is normal. By the same reasoning, any
purely inseparable extension is normal.

(b) Let K be a field of characteristic different from 2, L /K an extension
of degree 2. Then L = K («) for some « that satisfies an equation of
degree 2. By the quadratic formula, L = K (v/A) for some A € K.

There is only one nontrivial morphism L — K, sending VA to
—\/K, hence L/K is normal.

(c) Every finite field extension is normal, for cardinality reasons: Fy is

the only subfield of IETq with ¢ elements, so every embedding of F,
into its algebraic closure must actually map F, into itself.
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(d) The extension Q(4/2)/Q is not normal. In fact, the conjugates of
V2 are (3v/2 and 2 /2, where (3 is a third root of 1, and (3V/2 ¢
Q(+/2) since it is not a real number.

(e) Unlike other concepts we have introduced, normality is not pre-
served in towers of extensions. That is, if K C L C M are fields,
with M/L and L/K normal, it may be the case that M /K is not
normal. A simple example is the composition of two degree 2 ex-
tensions, such as Q C Q(v2) € Q(v/2). The two extensions of
degree 2 are normal by [B), but the minimal polynomial of v/2 over
Qs 2* — 2, so v/2 is conjugate to i - v/2, which is not real.

We can single out some easy properties of normal extensions, whose
proof is a simple verification.

Proposition A.4.7. (i) Let L/K and M/K be two normal exten-
stons. Then the composite LM is normal over K.
(ii) Let K C L C M be extensions. If M/K is normal, then M/L is
normal.

(iii) Let L/K be a normal extension. Then (L/K)s is also normal over
K.

With the concept of normal extension we can also revisit Example[A.3.31]

Example A.4.8. Let L/K the extension of example [A.3.31] Notice that
in that example [L : K]; = 2, hence (L/K)s is a normal extension of K. If
(L/K); was not trivial, it would have degree p over K, which implies that
the composite of (L/K)s and (L/K); is the whole L. Since both are normal,
L/K would be normal as well, by the previous proposition. But it is easy
to check that L/K is not normal.

In fact, keeping the notation of that example, let v = o be one solution
of 2 — xt — y = 0, and let v, be the other one. Also, choose a, such that
o = ~,. Then we have the equations

ool =

aPal = —y.
If L/K is normal, we have o, € L, which means that {/z, ¢/y € L. However,
this is impossible, since K (¢/z, ¢/y)/K is an extension of degree p?.

It is not a coincidence that normality can shed a light on Example[A.3.311
In fact, under normality assumptions, we can prove an analogue of Propo-
sition [A.3.24!

Proposition A.4.9. Let L/K be a normal extension. Then L is separable
over (L/K);, and in fact (L/K); is the only intermediate field K' such that
L/K' is separable and K'/K is purely inseparable.
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Proof. Let a € L, and let a; = o, g, . . ., @, be its conjugates over (L/K);.
Then the polynomial

f@)=(z—a1)---(z— )

lies in (L/K);, and so must be the minimal polynomial of « over (L/K);.
To see this, notice that all embeddings L — K send L into itself, hence they
form a group G = Autg(L). The elements of L fixed by G are by definition
purely inseparable, so the fixed field of G is (L/K);. But every elements of
G permutes the set {a;}, so the polynomial f is unchanged under the action
of G, which means that f € (L/K);[x]. Since f is separable by construction,
« is separable over (L/K);.

To prove the second assertion, every field K’ purely inseparable over K
is contained in (L/K);, so assuming L/K’ separable, we must have K’ =
(L/K)i. U

A.5. The Galois correspondence

Let L/K be a finite extension, where we assume that L C K is a fixed
algebraic closure of K. We have seen that the number of distinct embeddings
L — K that fix K equals the separable degree [L : K]s. Moreover, for such
an embedding o, we do not have necessarily o(L) C L, unless L/K is a
normal extension. If o(L) C L, then one has equality o(L) = L, and o can
be regarded as an automorphism of L fixing K. Thus, L/K has the maximal
possible number of automorphisms precisely when L/K is separable and
normal.

Definition A.5.1. Let L/K be an algebraic extension. We say that L/K
is Galois if L/K is separable and normal. In this case, the automorphism
group Autg (L) will be called the Galois group of L over K, and denoted
Gal(L/K). If f € K[x] is a separable polynomial, the splitting field of f is
a Galois extension, and we define the Galois group of f as the Galois group
of this extension.

We remark again that if L/K is a Galois extension, every embedding
o: L — K that fixes K actually satisfies o(L) = L, and so can be regarded
as an element of Gal(L/K).

Remark A.5.2. When L/K is finite and Galois, by the above discussion
the Galois group Gal(L/K) has exactly [L : K| elements.

The Galois group can be used to study subfields of L, through the Galois
correspondence, which relates subgroups of Gal(L/K) and subfields of L that
contain K. In one direction, let L' C L be a subfield such that K C L'
Then L is Galois over L', and one can consider the Galois group Gal(L/L’).
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By construction, this is a subgroup of Gal(K/L), since the automorphisms
of L that fix L’ a fortiori fix all elements of K.

Going in the other direction, let H < Gal(L/K) be a subgroup. Then
the set

L?:={acL|o(a)=aforallocc H}

is a subfield of L that contains K. The Galois correspondence is given by
the two maps

(A.5.1) { subfields of L containing K} —— {subgroups of Gal(L/K)}

I Gal(L/L')

L7 | H.

There are trivial inclusions H < Gal(L/L*) and L' ¢ LEHE/L) In
fact, much more is true. We first state the main theorem of Galois theory
for the case of finite extensions.

Theorem A.5.3 (Main theorem of Galois theory, finite case). Let L/K be
a finite Galois extension. Then the maps of Galois correspondence (A5.J))
are inverse to each other.

Proof. Let H < Gal(L/K) be a subgroup, L its fixed field. Using Theo-
rem [A.3.6, write L = L (a), and let

f@):= ] (z—o(a)).

ceH

Then f is invariant under H, hence f € L¥[z]. Since f has degree n := |H|,
we have [L : LH#] < n. But L is a Galois extension of L and its Galois
group has exactly [L : L¥] elements. Since H < Gal(L/L"), we must have
equality, so H = Gal(L/L™Y).

In the other direction, let L' C L be an intermediate field, and let
H = Gal(L/L'"). Consider the field L > L'. The extension L/L is
Galois, and by the first part of the proof its Galois group is H. This implies
that [L : LH] = [L : L'], which means that L = L/, O

Corollary A.5.4. Let L/K be a finite separable extension. Then there are
only finitely many subfield L' C L containing K.

Proof. Let M be the normal closure of L/K, that is, the composite of the
extensions o (L) for all embeddings o: L <+ K. Then M is a finite extension
of K, and it is normal and separable by construction. The main theorem of
Galois theory applied to M /K shows that the intermediate fields between
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K and M are in bijection with the subgroups of Gal(M/K), hence they are
finite in number. A fortiori, this is true of the extension L/K. O

Let L/K be a Galois extension, L’ an intermediate extension that is also
Galois over K. Then one can consider the Galois group Gal(L'/K). Any
automorphism of L that fixes K will send L’ to itself, hence restriction gives
a natural map Gal(L/K) — Gal(L'/K). This map is surjective, since every
automorphism of L can be extended to a map L — K, that in turn will send
L to itself. The main theorem of Galois theory can be strengthened to also
describe this picture, by connecting Galois groups of the form Gal(L'/K)
to quotients of Gal(L/K).

Theorem A.5.5. Let L/K be a finite Galois extension. Then a subgroup
H < Gal(L/K) is normal if and only if L¥ is normal over K. In this
case, H is the kernel of the natural surjective homomorphism Gal(L/K) —

Gal(L" /K).

Proof. Let 0 € Gal(L/K), and H' = cHo~! a conjugate of H. Then the
fixed field of H' is exactly o(L?), so L* is invariant under Gal(L/K) if
and only if H is stable under conjugation, which proves the first half of
the theorem. The kernel of the restriction map Gal(L/K) — Gal(L" /K)
consists of those elements of Gal(L/K) that fix LY, and so is exactly H by
the main theorem of Galois theory. (Il

The main theorem of Galois theory can be extended to the case of infinite
extensions, but it requires some subtlety. In one direction, the correspon-
dence works flawlessly even in the infinite case.

Proposition A.5.6. Let L/ K be a (possibly infinite) Galois extension, L' C
L an intermediate field, and let H := Gal(L/L'). Then L = L'

Proof. To simplify the notation, we can assume without loss of generality
that L' = K. Let « € L\ K, and let M be the normal closure of K («) over
K. Then M/K is Galois, so using the Galois correspondence in the finite
case we find o: M — M such that o(a) # a. We can extend o to a map
7: L — K, and since L/K is Galois, & € Gal(L/K). It follows that a ¢ LY,
and since « is arbitrary, L = K. O

The other half of Galois correspondence, though, cannot be extended
literally, for the following reason. An algebraic extension is the composite
of its finite subextensions. Dually, this should entail that the Galois group
is determined by its finite quotients. However, not all groups have this
property. To make this observation precise, we introduce some topological
language.
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Let G be a topological group. We recall from Section that this is a
group endowed with the structure of a topological space in such a way that
the group operations (multiplication and inverse) are continuous. In this
case, since translation in the group are continuous homeomorphisms, the
topology is determined by the set of neighborhoods of the identity element.

Definition A.5.7. The topological group G is called profinite if the sub-
groups of G of finite index form a fundamental system of neighborhoods of
the identity.

In other words, for every homomorphism ¢: G — H, where H is a finite
group, we require that the map ¢ is continuous, where H is given the discrete
topology. In the language of Section[(.4] a profinite group is the inverse limit
(as topological groups) of a family of finite groups (Exercise 22)).

Remark A.5.8. A finite profinite group necessarily has the discrete topol-
ogy, so the notion is only meaningful for infinite groups.

If L/K is a Galois extension, we can always endow Gal(L/K) with a
profinite topology. Namely, let {L;} be the family of finite Galois extensions
of K contained in L. Each element of Gal(L/K) is determined by its action
on the finite extensions L;/K, which shows that there is a natural injection

(A.5.2) Gal(L/K) < [[ Gal(Li/K).
L;

Inside this product, the image of Gal(L/K) can be identified as the
set of compatible sequences—that is, sequences (o;) where o; € Gal(L;/K)
such that o; and o; agree on the intersection L; N L;. This shows that
Gal(L/K) = @Gal(Li/K). If we give each Gal(L;/K) the discrete topol-
ogy, then Gal(L/K) can be given the smallest topology that makes all re-
striction maps

Gal(L/K) — Gal(L;/K)

continuous. In other words, Gal(L/K) inherits the subspace topology from
the injection (A.5.2), where the right-hand side is endowed with the product
topology. This description exhibits the group Gal(L/K) as the inverse limit
(as topological groups) of a family of discrete finite groups, hence Gal(L/K)
is a profinite group.

We can use this language to make the remark after Proposition [A.5.6]
precise:

Proposition A.5.9. Let L/K be a Galois extension, H < Gal(L/K) a
subgroup, L its fived field. Then Gal(L/L™) = H is the topological closure
of H.
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Proof. Let {L;} be the family of finite Galois extensions of K contained
in L, so that L is the composite of the L;. If we let H; be the image of H
inside Gal(L!/K), then L; N L¥ = L hence

f =L
)

Let ¢;: Gal(L/K) — Gal(L;/K) be the restriction map. Then, by
definition of the profinite topology,

H= mqs;l(Hi).

On the other hand, H is the biggest subgroup of Gal(L/K) that fixes all
fields Lfl ¢ (here we are using the Galois correspondence inside L;). Equiva-
lently, H is the biggest subgroup that fixes L, and this is Gal(L/L™) by
definition. O

By putting together Propositions and [A.5.9, we obtain the main
theorem of Galois theory in its general form.

Theorem A.5.10 (Main theorem of Galois theory). Let L/K be a Galois
extension. Then the maps of Galois correspondence
(A.5.3)

{ subfields of L containing K} —— {closed subgroups of Gal(L/K)}

L' Gal(L/L)

L7 | H.

are inverse to each other.

We remark again that in (A5.3) we are only considering closed sub-
groups with respect to the natural profinite topology on the Galois group.
Once the Galois correspondence is established, the following refinement can
be proved exactly as in the finite case.

Theorem A.5.11. Let L/K be a Galois extension. Then a closed subgroup
H < Gal(L/K) is normal if and only if L* is normal over K. In this
case, H is the kernel of the natural surjective homomorphism Gal(L/K) —
Gal(L7 /K).

Given this result, all Galois groups of the form Gal(L/K), where L/K

is a Galois extension, can be regarded as quotients of a fixed group:

Definition A.5.12. Let K be a field. The absolute Galois group of K is
Gal(K*" /K), endowed with its profinite topology.
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The absolute Galois group is the biggest Galois group that can be taken
over K, and encodes in a single (albeit complicated) object, the structure
of all possible (separable) algebraic extensions of K.

A.6. Some computations

In the previous section, we have exposed the Galois correspondence, without
actually computing even a single Galois group. In this section, we are giving
some examples.

Example A.6.1.

(a)

(b)

Let L/K be a finite Galois extension of prime degree p. Then
Gal(L/K) is a group with p elements, which is necessarily isomor-
phic to Z/pZ.

Take an extension of finite fields F;/Fpe. Then we know that a
divides b by Proposition [A.2.4l The extension is normal because
F,» is the only subfield of ]FT,, of cardinality p®. Let ¢: F, — F, be
the Frobenius homomorphism given by ¢(x) = zP. Then ¢ leaves
each element of Fpa fixed, hence it is an element of Gal(F/Fpa).
Letting b = ka, we see that the power (¢%)* = ¢® acts as the identity
on F,», while no smaller power of ¢ is the identity. It follows that
¢ generates a subgroup of Gal(F,/Fye) of cardinality k. Since
the extension itself has degree k, we conclude that Gal(F,»/Fya) is
cyclic, generated by ¢“.

We can extend the previous example to compute the absolute Ga-
lois group Gal(F,/F,). Namely, each finite quotient Gal(Fn /F,)
is isomorphic to Z/nZ, and these form an inverse systems with the
natural maps Z/nZ — Z/mZ each time m divides n. The absolute
Galois groups is then 2, the inverse limit of the finite cyclic groups
ordered by divisilibity. This group naturally contains Z (it is its
completion with respect to the topology generated by arithmetic
progressions), and the Frobenius element ¢ can be identified with
1 under this map. In particular, the subgroup generated by ¢ is

dense in Gal(F,/F,).

Let Q((n)/Q be a cyclotomic extension, where m is not
twice an odd integer. Then we compute in Proposition that
Gal(Q(¢m)/Q) is isomorphic to (Z/mZ)*, where the element a €
(Z/mZ)* acts by sending (, to (2.

Let L/K be a finite Galois extension of degree n. By the primitive
element theorem, L = K («) for some o € L. Let a1 = o, aa, ..., ap
be the conjugates of a. Then the Galois group Gal(L/K) acts on
the elements {a1, 9, ..., a,} by permutations. Since an element
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of Gal(L/K) is determined by its action on «, it follows that the
restriction homomorphism Gal(L/K) — &, it injective. This ex-
hibits the Galois group as a subgroup of a group of permutations.

(f) Asapartial converse, let K be a field and let &,, act on K (x1, ..., zy,)
by permuting the indeterminates. If we let L = K(x1,...,2,)%"
be the subfield of symmetric rational function, then

Gal(K(z1,...,2n)/L) = &,

In fact, in this case every permutation of {1,...,n} defines a field
automorphism. Define the polynomial

n

f@O)=][T-z)=T"-nT" " +-- Loy,
=1

over the field K(z1,...,z,), where the polynomials {o;} (defined
by this equality) are the elementary symmetric functions. By con-
structions, the o; are symmetric, hence f € L[T]. This proves that
K(x1,...,zy) is the splitting field of f, so the Galois group of f is
Sp.

(g) Let G be any finite group. By letting G act on itself, we find an
injective homomorphism G — &, into some symmmetric group.
Let L/K be any Galois extension with Galois group &,—for in-
stance the one in the previous example. Then G corresponds to a
subfield LY C L such that Gal(L/L%) = G. This allows us to real-
ize every finite group as a Galois group of some Galois extension.
Unfortunately, this does not allow us to control LZ, in particular to
construct—for example—Galois extensions with given Galois group
over Q. The problem of realizing a given finite group as a Galois
group over a given field is called the inverse Galois problem, and is
in general open even over Q [MM18§].

To give some more examples, we quote Hilbert’s irreducibility theorem.

Theorem (Hilbert). Let K be a number field, flx1,...,xy,y] an irreducible
polynomial. Then there exist (ay,...,an) € K™ such that f(ai,...,an,y)
remains irreducible as a polynomial in y.

In fact, much more is known: the same can be done for finitely many
polynomials at once, and the set of specializations that leave the polynomials
irreducible is “big” in an appropriate sense (see [Ser88]| for the notion of
thin set, or [CD16] for quantitative results).
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Example A.6.2.

(h) Let K be a number field, and consider the general polynomial of
degree n

n
FO) =TT —2:) =T" =T+ £ o,
i=1

which is defined over K(o1,...,0,). By Hilbert’s irreducibility
theorem, we can find (a1,...,a,) € K™ such that ¢(T) =
f(a1,...,an)(T) remains irreducible as a polynomial in 7. This
entails that the splitting field of G’ has degree n! over K. Since its
Galois groups is a subgroup of &,,, we must have equality, which
shows that one can always realize G,, as a Galois group over K.

A.7. The trace and norm

Let L/K be a finite extension of separable degree n = [L : K|, and insep-
arable degree f = [L : K|;. Denote by o1,...,0, the distinct embeddings
L — K. We define two important group homomorphisms.

Definition A.7.1. The trace is the additive homomorphism
Trr g L= K
defined by
Trp r(a) = f-(o1(a) + -+ on(a)).
Similarly we define a multiplicative homomorphism called norm
Np/g: L* — K*
by
Np/k(a) = (o1(@) - on(@).

It is not a priori clear that these homomorphisms actually take value in
K. However, this follows since the values Try/x(a) and Ny /g () are fixed
by every element of the Galois group of the normal closure of L.

Remark A.7.2. We do not ask in the definition that L is a normal extension
of K, so the individual values o;(«) may lie outside L.

Remark A.7.3. The coefficient f appears in the above formulas because we
want to count each embedding o; with multiplicity f. This ensures that the
number of (repeated) embeddings considered in these formulas is [L : K].
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Example A.7.4.

(a) The simplest example is a quadratic extension of K, say L =
K(y/a). In this case the extension is Galois, and the only non-
trivial automoprhism of L over K sends /a to —+/a. It follows
that

Try k(z +yva) =2z
Np/k(r+ yva) = 2% + ay?.

(b) More generally assume that L = K(«a). Let a; = o;(a) be the
conjugates of @. Then the minimal polynomial of « is

Ho(T) =" +ap_ 12" '+ +ag= (x—a1) - (x— ay).

In particular we see that Tr(a) = —a,—1 and N(a) = +ag are, up
to sign, coefficients of the minimal polynomial of a.

(c) Even more generally, take any a € L, which does not necessarily
generate the field. Multiplication by « gives a K-linear map

mea: L — L,
which sends 8 to af3. Let
fal@) =2" + an12" '+ +ag

be the characteristic polynomial of m,. Then Tr(a) = —a,—1 and
N(a) = +ap. This relation is the reason why we considered the
factor [L : K|; in the definition of the trace and norm.

For a tower of extensions, trace and norm behave nicely.
Proposition A.7.5. Let K C L C M be extensions of fields. Then
Ty =Trp ko Tryyr
Nayyx =NpyxoNpyyr -
Proof. Let {o;} be the embeddings of M in K, {;} be those of M in L = K

(fixing L) and {n;} those of L in K. Since M is algebraic over L, we can
extend the homomorphisms 7; to homomorphisms

M — K,
which we still denote ;.

Note that every composition 7; 07; is an embedding of M into K, hence
it is equal to some ;. Moreover, since

[M: Kls=[M:L]s-[L: K,

the two sets {o;} and {7; o 1} have the same number of elements. If we
prove that they are equal, the desired relations follow immediately.
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So we only need to prove that there are no repetitions in the set {7jomn;}.
If we have
Tj 0Nk = T1 0 Mm
we obtain Tl_l OTj = MmO nk_l, SO M © Uk_l fixes L. It follows that m = k,
and in turn [ = j. O

The trace can be used as a measure of separability.

Proposition A.7.6. Let L/K be a finite extension. Then L/K is separable
if, and only if, Trpk 1s not identically 0.

We only prove half of this result here; the last part of the proof will be
given as a consequence of Artin’s theorem on the independence of characters.

Proof of Proposition [A.7.6], first half. If L/K is inseparable, we can
factor the extension through F := (L/K)s. The extension L/F is purely
inseparable by Proposition Using the property of composition of the
trace in Proposition [AZ3] it is enough to show that Trj/p = 0—in other
words, we only need to consider a purely inseparable extension. But if &« € L
is purely inseparable over F', its minimal polynomial is a divisor of " — o
for some r > 0, hence its second coefficient is 0, that is, Try/p(a) =0. O

A.8. Abelian extensions

Let L/K be a Galois extension with Galois group G. According to the
nature of G, we can distinguish some classes of extensions.

Definition A.8.1. Let L/K be a Galois extension with Galois group G
(1) We say that L/K is cyclic if G is (finite) cyclic.
(2) We say that L/K is Abelian if G is Abelian.
(3) We say that L/K is cyclic if G is solvable.

We recall that a group G is called solvable if there exists a finite chain
of subgroups
{e}=Go<Gi1<--- <G, =G,

with G normal inside G 1, such that the quotiens Gj11/G) are Abelian.
If G is finite, it is equivalent to require that each quotient is cyclic (up to
refining the chain).

Remark A.8.2. Certain authors call an extension L/K solvable if there
exists a field M D L such that M/K is a Galois extension with solvable Ga-
lois group. In our terminology, a solvable extension will always be implicitly
Galois (and the same holds for cyclic and Abelian).
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In this section, we want to show that these conditions on the Galois
group have a natural interpretation in terms of extensions. In particular,
we will be able to characterize the properties of Abelian extensions. The
prototypical result is the following.

Proposition A.8.3. Let L/K be a Galois extension of degree d, where
L = K(a) for some a such that a® € K. Assume that char K does not
divide d, and that K contains the d-th roots of 1. Then L/K is cyclic.

Proof. Let (; € K be a primitive d-th root of 1, and let 8 = o¢ € K.
Then « is a root of f(x) = 2% — 3. Since [L : K] = d, f is irreducible, so
« is conjugate to (4o, which is another root of f. Let 0 € Gal(L/K) such
that o(a) = (qo. Then o*(a) = (¥a. In other words, o acts by cyclically
permuting the conjugates of . Since an element of Gal(L/K) is determined
by its action on «, it follows that the Galois group is cyclic, generated by
0. (]

Actually, a kind of converse holds: a cyclic extension L/K (under suit-
able conditions) is generated by adding roots of elements of K. Let us try
to invert the argument in the above proof. Assume that Gal(L/K) = (o) is
cyclic of order d, and that a primitive d-th root of 1, (4, lies in K. If we are
able to find an element o € L* such that o(«) = (4cv, then

d d
ad = HCfloz = Hai(a) =Ny k(o) € K.
=1 =1

This suggests that we are able to find d-th roots of elements of K inside L,
provided (g € K and we are able to write

for some o« € L*.

Remark A.8.4. Let L/K be a Galois extension and ¢ € G = Gal(L/K).
Then for any o € L* we have

() - g1

This observation is consistent with our setting, since we assumed that
(4 € K, hence NL/K(Cd) = Cg = 1. The key result is the following:

Theorem A.8.5 (Hilbert’s Theorem 90). Let L/K be a finite cyclic exten-
sion with Galois group G = (o).
(i) If B € L* satisfies Np /i (B) = 1, there evists a € L* such that
B =o(a)/a.
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ii) If 8 € L satisfies Try, i (B) = 0, there exists a € L such that
/
g =o(a)—a.

Before being able to prove Hilbert’s Theorem 90, we need some termi-
nology. If G is a group and L is a field, a homomorphism G — L* will be
called a character of G (with values in L).

Theorem A.8.6 (Artin). Let o1,...,0, be character of G with values in
L. Then the characters are linearly independent over L.

The following proof is taken from [Katal.

Proof. Let A be the group algebra L[G]. Its elements are formal finite
linear combinations

n

3 i

i=1

with a; € L and g; € G. The sum is made formally, while multiplication
is lifted by linearity from the multiplication of G (all we need here is that
G is a monoid). By construction, A is a (noncommutative) algebra with
unit over L. Every character of G gives rise to a L-linear homomorphism
A — L—we will still denote these homomorphisms by o1, ..., 0,.

We claim that—more generally—such homomorphisms of algebras are
linearly independent for every L-algebra A. In fact, let 0: A — L™ be the
map of L-algebras given by o0 = (071,...,0,). We claim that o is surjective—
this is easily done by adapting the proof of the Chinese remainder theorem
to the case of noncommutative rings. In particular, we can choose elements
x1,...,%y € A such that o;(x;) = d;;. Assume a linear relation

n
E a;0; = 0
i=1

with a; € L. Evaluating at x; gives a; = 0, hence the characters are linearly
independent. O

With Artin’s theorem on the independence of characters at hand, we
can prove the second half of Proposition [A. 7.6l

Proof of Proposition [A.7.6l second half. Assume that L/K is separa-
ble. The embeddings o;: L — K can be seen as characters of the group L*
with values in K. Hence they are linearly independent, and in particular
the element Try/x = 01 + -+ + o5 s nOt zero. (I

We can now prove Hilbert’s Theorem 90.
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Proof of Theorem [A.8.5l To proveli), take o € L* with Ny /(o) = 1.
Define a function f: G — L given by f(e) = 1, f(0) = a, f(0?) = ac(a)
and so on, up to f(c? 1) = ac(a)---0%2(a). This is done to ensure the
relation f(mim2) = f(m1) - 11(f(72)) for all 7,7 € G.

By Artin’s theorem, the linear combination

xi=y f(n)r

TEG

is not 0, hence we find v € L such that 8 := x(v) # 0. We can compute

o(8) = Y o(folrn) = 3 :

(o7)
o(r(n) = 7
o Jo)

f flo)’

which we can rewrite as

X0~ 1/5(0) = 1o

Since Ny /i (a) = 1 if and only if Ny /x(1/a) = 1, we have proved the first
part.

The proof of [ is similar. Define f: G — L by f(e) =0, f(0) = o and
so on, up to f(0?) = a +o(a) + -+ 0% 2(a). As above, consider

X = Z f(r)r.

TEG

This time, just choose any v € L having Try k() # 0 (here we use Propo-
sition [ALZ.6)), and let § := x(v)/ Trp k(7). A computation similar as before
(do it!) shows that g —o(B) = f(0) = a. O

We can now prove a converse to Proposition [A 8.3t

Proposition A.8.7. Let L/K be a cyclic extension of degree d. Assume
that char K does not divide d, and that K contains the d-th roots of 1. Then
L = K(a) for some o such that o € K.

Proof. Let (4 € K be a primitive d-th root of 1. Then Ny /x((4) = 1, so
by Hilbert’s Theorem 90 we can write (4 = o(«)/a, where o is a generator
of Gal(L/K) and o € K. Raising to the d-th power we deduce that a? is
invariant under o, so a® € K. Moreover, d is the smallest exponent k such
that o € K, so o has degree d over K, and it generates the whole of L. [

This fact, together with Proposition [A.8.3 is enough to derive the clas-
sical results of Galois theory about the solvability of equations using roots.
To state the result precisely, let us first agree what it means to solve a
polynomial with a formula involving roots.
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Definition A.8.8. Let L/K be a finite extension. We say that L is obtained
from K by adding roots if there is a tower of fields

K=IgyclLiyC---CL.=1L

such that L;11 = L;(«;) for some «; such that afi € L;, foralli=0,...,
r—1.

The polynomial f € K[z] is said solvable by radicals if the splitting field
of f is obtained from K by adding roots.

We have already proved that extensions that are obtained by adding a
single root are cyclic (under some additional conditions), so the following
should not come unexpected.

Theorem A.8.9. Let L/K be a Galois extension of degree d, and assume
char K = 0 or is a prime not dividing [L : K|. Then L is obtained from K
by adding roots if and only if L/K is a solvable extension.

Proof. Let d = [L : K]. It is not restrictive to assume that K contains the
d-th roots of 1. In fact, if this is not the case, one can consider a primitive
d-th root of 1 {4 and apply the result to the extension L((y)/K((4). Since
K(¢4)/ K is both a cyclic extension and is obtained from K by adding roots,
the result for L/K follows.

By the Galois correspondence, L/K is solvable if and only if there is a
tower of fields
K=IgyclLiyC---CL.=1L
such that each extension L;11/L; has cyclic Galois group. Using Proposi-

tions [AL8.3] and [A-87 this is the same as saying that L is obtained by K
adding roots. O

Remark A.8.10. Of course, we introduced the terminology in a way that
is backward with respect to historical usage. First, the theorem about solv-
ability of equations was proved, then it became customary to call groups
obtained as a tower of cyclic extensions solvable.

Corollary A.8.11 (Abel). Let K be a field of characteristic 0. The generic
equation of degree > 5 does not have a solution in radicals—that is, the
generic polynomial

is not solvable by radicals over K (aq,...,aq) if d > 5.

Proof. By Theorem [A.8.9] this amounts to saying that the Galois group of
f is not solvable. We computed in Example [A.6.1] that this Galois group is
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the full symmetric group &4, and this is not solvable for d > 5 (Exercise
[L3). O

Remark A.8.12. Using Hilbert’s irreducibility theorem, one can give con-
crete polynomials over QQ of degree 5 that are not solvable by radicals. This
means that not only is there no generic formula to solve the quintic equation,
there are explicit quintic equations whose roots are not writable in terms of
radicals (see Exercise [I6 for an explicit example).

Propositions [A.8.3] and [A.8.7] admit a generalization to Abelian exten-
sions. In this case, one needs to add simultaneously many roots of elements
of the base field at once. To simplify the statement of the result, we intro-
duce some terminology.

Definition A.8.13. Let L/K be a Galois extension. We say that L/K is
a Kummer extension of exponent n if

(1) The Galois group Gal(L/K) is Abelian and has exponent n, that
is, 0™ = e for all 0 € Gal(L/K)

(2) the field K contains a primitive nth root of 1

(3) the characteristic of K does not divide n.

Remark A.8.14. If char K is not multiple of n and K contains a primitive
nth root of 1, K* contains the subgroup U, of nth roots of 1. Moreover,
if a € K and b,c € K are two elements such that b" = ¢” = a, the fields
K (b) and K (c) are the same, since b and ¢ differ by a nth root of 1. We will
simply denote this field by K ({/a). Similarly, if A C K* is any set, we will

denote by K ({VZ) the composite of K ({/a) for all a € A.

Propositions [A.8.3] generalizes as follows.

Proposition A.8.15. Let K be a field such that char K does not divide n
and K contains all nth roots of 1. Let A C K* and denote L = K ({L/K)

Then L/K is a Kummer extension of exponent n.

Proof. By definition, L is the splitting field of a family of separable poly-
nomials, hence L/K is Galois. For each a € K*, the extension K ({/a) is
cyclic of exponent n, by Proposition [A.83 Putting together all restriction
homomorphisms gives an embedding

Gal(L/K) < [] Gal(K ({/a) /K),

a€EA
which proves that Gal(L/K) is Abelian of exponent n. O

In the other direction, we can generalize Proposition [A.8.7]
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Proposition A.8.16. Let L/K be a Kummer extension of exponent n.
Then L = K (%/Z) where A := (L*)" N K*,

Proof. By definition, K (Q/Z) C L. As we have already observed, by the
Galois correspondence, L/K is the composite of cyclic extensions. If M/K
is a cyclic extension with M C L, we have M = K ({/a) for some a € K,
by Proposition It follows that M C K (Q/K), and since L is the

composite of all such extensions, L C K ( {L/Z) O

The statement of Proposition [A.8.16] tells more than just the converse of
Proposition [AL8 15l In fact, it tells how to reconstruct L from the subgroup
A = (L*)" N K*. This hints at a correspondence between subgroups of
K* and Abelian extensions. In fact, a famous result of Kummer describes
precisely such a link.

Let K be a field such that char K does not divide n and K contains all
nth roots of 1. The Kummer correspondence is given by the two maps
(A.8.1)

{L/K Kummer of exponent n} —— {subgroups A of K*/(K*)"}

| o (L*)nﬂK*
L T (K*)n

K({L/K) ’ A

Proposition[A.8.16lalready proves that foq is the identity. The converse
is more subtle, and needs a little detour on characters of finite groups.

Definition A.8.17. Let G be a finite Abelian group. The dual group of G
is defined as R
G := Hom(G,C").

Remark A.8.18. Let U,, < C* be the subgroup of nth roots of 1. If G has
exponent n, then G := Hom(G, U,,), since the image of each element of g by
a homomorphism is a nth root of 1.

As in the case of vector spaces, there is a natural homomorphism f from
G to its double dual @, given by

f(g)(@) = alg)

for g € G and a € G. The following result, known as Pontryagin duality,
holds in greater generality (see [Fol94) Section 4.3]), but we will only need
the finite case.
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Theorem A.8.19 (Pontryagin). Let G be a finite Abelian group. The nat-

ural homomorphism f: G — G is an isomorphism.

Proof. Since every finite Abelian group is a product of cyclic ones (for
instance by Corollary [[L5.9), it is enough to prove the result for cyclic groups.

If G = Z/mZ, every character ¢ of G sends 1 to a m-th root of 1—call it

w—and moreover ¢ is determined by w, since ¢(k) = wF.

It follows that the dual of Z/mZ can be identified with U,,, and in
particular G and G are isomorphic, albeit not canonically. Still, this implies
that G and G have the same cardinality, so it is sufficient to check that f is
injective.

If f(g) = e, then ¢(g) = 1forall ¢ € G. This means that every character
on G descends to a character on G/ (g)—in other words there is an injection

G — G//@ This can only happen when g = e, for cardinality reasons. [

If H < G is a subgroup, we can define its orthogonal
HL::{¢e(§y¢(h):1forauheﬂ}.

Remark A.8.20. There is a natural identification

H = G/H,
since characters in H' descend to the quotient modulo H. With the natural
identification G =2 é, we have the inclusion H C (H l)L, and by comparing

cardinalities we conclude that this is in fact an equality H = (H l)l.

With these remarks on group duality out of the way, we can now state
a converse to the stronger statement in Proposition [A.8.16l

Theorem A.8.21 (Kummer). Let K be a field such that char K does not
divide n and K contains a primitive nth root of 1. The Kummer correspon-
dence in (A8.1) is a bijection. Moreover, for each A < K*/(K*)", there is
an isomorphism

Y: A —— Hom.(Gal(L/K),U,),

at Xa

where L = K ({L/Z) is the field corresponding to A, X, s the character
defined by
Xa(o-) — 0’(—\”/6),
Va
and Hom, denotes continuous homomorphism with respect to the natural
profinite topology on Gal(L/K) (on U, we just use the discrete topology).
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Proof. We already know from Proposition [A.8.16] that 3o « is the identity.
To prove that avo § is the identity requires the second part of the statement,
so we proceed to that first.

Fix a Kummer extension L/K and let A := (L*)"NK*, G := Gal(L/K).
First, we prove that 1 is well defined. To start, notice that o({/a)/{/a is a
nth root of 1, and does not depend on the choice of an nth root of a, as we
assumed that U, C K. It is immediate that x, is a homomorphism, and it
is continuous since

ker X = {0 € G | o(¥/a) = ¥/a} = Gal(L/K (¥a))
is a subgroup of finite index. Finally, x, only depends on the class of a
modulo (K*)", so v is well defined. Also,
kery) = {a € A|o({/a) = {/afor all 0 € G} = (K*)"/(K*)" = {1},
so 1 is injective.
To check that 1) is surjective, assume first that L/K is finite. Given a

homomorphism y: G — U,, as in the proof of Hilbert’s Theorem 90, we find
an element b € K* such that
o(b
x(o)= 72
for all ¢ € G. But then b" is fixed by all elements of G, so b € K. Writing
b= {/a for some a € K* N (L*)" = A, we recover that b = x,.

In the infinite case, let xy: G — U, be a continuous homomorphism.
Then ker x has finite index, and there exists a subfield M C L such that
ker x = Gal(L/M). By the finite case, we find a € (L*)" N M* such that

X = Xa- But actually, given ¢ € G we have
o(a) _ (awa))" L,
a Ya ’
so o(a) = a. Since this holds for all 0 € G, a € (L*)" N K* = A.
At this point, we have the second part of the theorem. To check that
a o f3 is the identity, fix A < K*/(K*)", and let L = f(A) = K (C/Z) and
A" = a(L) = (L*)" N K*. Clearly, A C A/, and by the previous part of the
proof, we have an isomorphism
A’ = Hom.(G,U,),
where G = Gal(L/K). Our goal is to show that A = A’

Assume first that L/ K is finite. In this case, we can identify Hom.(G, U,,)
with G. By Pontryagin duality, it is enough to check that the orthogonal of
¥(A) is trivial. But

Y(A)r ={0 € G| xa(o)=1forallacA}.
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Saying that x,(c) = 1 amounts to o({/a) = {/a; if this happens for all
a € A, o is the identity on L. So ¢(A)' is trivial, which implies that
A=A

In the infinite case, take any A, < A which is finite. Correspondingly,
construct L, and A’. By the finite case, we have A, = A’. Notice that
A is the union of all such finite subgroups A, since it has finite exponent.
Correspondingly, L is the union of all such subfields L,. It follows that A’
is the union of all such A’ hence A = A’ O

A.9. Exercises

1. Show that the infinite recursion in the proof of Theorem[A.1.10lis not nec-
essary: namely, the field K; constructed in the proof is already algebraically
closed.

The following exercises, up to Exercise @, apply Galois theory to the
classical problem of geometric constructions with ruler and compass. Let
S be a set of points in the plane. Two distinct points p,q € S determine
the line pg, as well as the circle having p as center and passing through
g. In turn, each pair of these curves (lines and circles) is either disjoint or
determines 1 or 2 intersection points. We can add these new points to the
set S and repeat the construction. We say that a point s is constructible
with ruler and compass from S if it can be obtained by a finite number of
steps as above.

2. Assume we start with S = {(0,0),(1,0)}. Prove that a point s is con-
structible with ruler and compass if and only if both its coordinates (z,y)
are algebraic of degree 2™ for some n.

More generally, if S is a finite set of points—regarded as complex num-
bers aq,...,ap—prove that s € C is constructible if and only if it is algebraic
of degree 2" for some n over Q(aq,...,a,).

3. Use Exercise 2] to prove that doubling a cube cannot be done with ruler
and compass. The problem of doubling a cube consists of starting from a
segment—which is the side of a cube—and producing a segment which is
the side of a cube having twice the volume.

4. Use Exercise 2l to prove that angle trisection cannot be done with ruler
and compass. The problem of trisecting the angle consists of starting from
an angle o (determined by its vertex and two points on its sides) and con-
structing the angle a/3.

5. Determine for which n > 3 the regular n-gon is constructible with ruler
and compass. Your answer should predict that the regular 9-gon is not
constructible, but the regular 17-gon is.
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The last classical problem with ruler and compass is the squaring of the
circle. This requires understanding the algebraic properties of w. We offer
some exercises proving the classical theorem of Lindemann that 7 is tran-
scendental. The approach we take is from [Fill11], where the transcendence
of e is proved as well, using similar methods.

6. Let f be a real polynomial of degree n. Define
¢

I(t) :—/ e~ f (u)du.
0

Prove the equality

n

I(t)=¢Y_ fI0) -y ),
j=0

j=0
where f() denotes the j-th derivative of f.

7. Let f be a real polynomial of degree n, say
fle)=>aza’,
j=0
and define the polynomial f by

n
f(x) =" laj]a’.
j=0
If I(t) is the quantity defined in the previous exercise, prove the bound

()] < [¢] T F(J21).

8. Prove the 7 is transcendental, as follows. Assume that 0 = i is algebraic,
and let g be its minimal polynomial, with roots 6 = 61,6s,...,60,.. Denote
by b the leading coefficient of g. Expand the identity

(14+eM).--(1+e’)=0
to get
Q+e¢1+---—|—e¢":O,

where each ¢; # 0 has the form €;0; + - - - + €.0, for some set of ¢; € {0,1},
and ¢ =2"—n € N.

Fix a large prime p, and introduce the polynomial
fla) = b"aP "Nz — ¢1)P - (x — &,)P,
and prove that f € Z[z]. With I(¢) defined in Exercise [ let
J=1(60) + -+ ()
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Prove that J is an integer, and in fact J is the sum of two terms J; and Jo,
where p! divides Jo but not J; (for p large enough), while (p — 1)! divides
both. Conclude that |J| > (p — 1)L

On the other hand, derive from the previous exercise a bound of the
kind |J| < ¢ich for suitable constants cy,c2, and observe that this is a
contradiction.

9. The problem of squaring the circle starts from a circle (determined by its
center and a point on the circumference) and requires to construct a square
having the same area. Use the previous exercises to show that this is not
doable with ruler and compass.

The theory of cyclic extensions from Propositions and gener-
alizes to the case where characteristic of the field is not prime to the degree
of the extension, but with a twist. The results of the following two exercises
go under the name of Artin—-Schreier theory.

10. Let K be a field of positive characteristic p, L/K a cyclic extension of
degree p. Prove that L = K(«), where « satisfies a polynomial 2P —z + ¢ €

11. Let K be a field of positive characteristic p, a € K a root of the
polynomial f(x) =aP —x + ¢ € K[z], and let L := K(«). Prove that either
L =K or L/K is cyclic of degree p. In particular, f is either irreducible or
a product of linear factors.

12. Given a group G, denote G’ the subgroup of G generated by the com-
mutators (i.e., elements of the form ghg='h~! for g,h € G). The group
G’ is called the derived group of G, and the sequence of groups defined by
GO = @ and G"*! = (G™)Y' is called the derived series of G. Prove that a

group G is solvable if and only if G(™) = {e} for n big enough.

13. Prove that the symmetric group &,, is solvable if and only if n < 4 (look
at the conjugacy classes in the alternating group As).

14. Let G < &, be a subgroup of the nth symmetric group. Assuming that
G contains a transposition and n is prime, prove that G is the whole &,,.

15. Let f € Q[z] be an irreducible polynomial of prime degree n. Assume
that f has exactly two nonreal roots. Then the Galois group of f is the
whole &,,.

16. Prove that the quintic polynomial 2° 4+ 3z + 3 is not solvable in radicals
over Q. More generally, do this for 2° + pz + p, where p is a positive prime
number.

17. Construct a quartic Galois extension of Q having Galois group Z/47Z.
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18. Construct a quartic Galois extension of Q having Galois group Z/2Z x
Z7]27.

19. Use Galois theory to find the formula for the solution to a general
equation of degree 3
flx)=a*+pr+qg=0

over a field K of characteristic different from 2,3. (You can assume that
(3 € K. Let a1, a2,as be the roots of f, L = K(a1,a2,as). Corresponding
to the subgroup A3 < &3 there is a field C' such that [L : C] = 3 and
[C : K] = 2—prove that L = C(a1). Let o be a generator of As, acting as
o(a1) = ag, o(az) = as, o(az) = aj. Follow the proof of Hilbert Theorem
90 and find that (3 = 3/0(5), where

B = ay + (zag + (3as.

Conclude that 83 € C; then compute 32 explicitly and express it in terms
of p and ¢. Use the relations you find to solve for a;, as, and a3 in terms of

B and B2.)

20. State and prove a form of the Chinese remainder theorem for rings that
are not necessarily commutative, as we used in the proof of Theorem [A.8.6]

21. Give an alternative proof of Artin’s theorem [A.8.6] by induction on the
number of characters (given a dependence relation between n characters,
you can get more using the fact that characters are multiplicative).

22. Prove that a topological group G is profinite if and only if it is the
inverse limit (as topological groups) of a family of discrete finite groups.

23. A topological group G is profinite if and only if it is Hausdorff, compact
and totally disconnected.

24. Use Corollary [A.5.4to give an alternative proof of the primitive element
theorem.

25. Prove the fundamental theorem of algebra, namely show that C is alge-
braically closed. (Prove that R does not have finite extensions of odd degree,
and that C does not have quadratic extensions. If K//C is a finite extension,
use Galois theory to show that K = C.)
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automatic theorem proving, 1211
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Bézout’s identity, 27
big Witt vectors, see also Witt vectors
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algorithm,
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Cohen’s theorem,
Cohen—Macaulay rings, Kiil
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combinatorial Nullstellensatz,
commutators,

compatible elements,
complete intersection,
complete metric space, [I87]
completion, [I87 205 210, 237
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DCC, see also descending chain
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Dedekind domain, see also Dedekind
ring
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Dedekind ring, see also ring
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derived group,
descending chain condition,
determinant trick,
determinantal variety,
Dickson’s lemma,
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Chevalley, 244] 258
Krull, 243] 257,
Poincaré, 2611
Poincaré,
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dimension theorem,
direct limit, see also limit
direct product, see also module
direct sum, see also module
discrete valuation ring, [89]
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of a number ring,
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DVR, see also discrete valuation ring

Eakin—Nagata theorem,
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embedding dimension,
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short, 17
split, 211

extension of an ideal,

Fermat’s last theorem, Q9]
field
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finite,
of fractions, see also fractions
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transcendental,
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Formanek’s theorem,
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field of, [31]

total ring of, Bl
Frobenius element, [I79, 228 [341]
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fundamental domain,
fundamental theorem of algebra,

Galois correspondence,
Galois extension, see also field extension
Galois group,
absolute,
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Hermite’s theorem,
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Hilbert function,
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Hilbert’s basis theorem,
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Hilbert’s Theorem 90,
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graded,
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Hungerford’s theorem,
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definition,

fractional,

homogeneous,
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irrelevant, 371

maximal,
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prime,

principal, [1]
ideal class group, @2]
ideal membership problem, [[T1]
inertia group,
inertia-ramification formula, 157 I58]
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integral closure, 127 130 [[37, 197,
integral domain,
integral element, 127, 137
intersection theory,

inverse Galois problem,
inverse limit, see also limit
invertible,
irreducible

element,

polynomial, [T1]
isolated subgroup,
isomorphism

of modules,

of rings,

Jacobson radical, see also radical
Jordan—Holder theorem,
Jothilingam’s theorem,

Kaplansky’s theorem,

Koszul complex, Kiil

Kronecker’s theorem,

Krull dimension, see also dimension

Krull intersection theorem, 210,

Krull’s principal ideal theorem,

Krull-Akizuki theorem, [T4T]

Kummer extension, see also field
extension

Kummer’s theorem,

Kummer’s theorem on Abelian
extensions, [352]

lattice,
leading
coefficient, B3] 114
monomial, 114
term, [I14]
Legendre symbol, 177
length,
lexicographic order, see also order
limit
direct,
inverse,
LLL algorithm, [I8T]
local property,
local ring, see also ring
localization, 30 311 237
of modules, [34]
universal property, 31

main theorem of Galois theory, B37]
Mason’s theorem,
minimal polynomial,
Minkowski’s theorem,
Mobius
function, [4]]
inversion, [4]]
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primary,
projective, 42
support of,
torsion-free,
monoid,
monomial order, see also order
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affine,
projective,
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multiplicity, 285
function,
multiplicity 1 criterion,

Nagata’s height formula,
Nagata’s lemma,
Nakayama’s lemma, [I8]
Netwon polytope,
nilradical, [7]
node,
Noether normalization lemma, [[35]
Noetherian ring, see also ring
Noetherian topology, 2311
norm

Euclidean,

of a field extension,

of an ideal, [154]
normal point,
Northcott’s theorem,
Nullstellensatz, 232] 2511
number field, [47]
number ring, [[41]

order
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graded lexicographic,
graded reverse lexicographic,
lexicographic,
monomial,

weight,
order function,
ordered group, [194]
Ostrowski’s theorem, [T97] 194

p-adic numbers,
Pell’s equation,
perfect closure, [314],
perfect field, 2211 [313] B3]
place,
Pliicker map, 2541
polynomial
monic, [128
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symmetric,
Pontryagin duality, 351
power series, see also ring
primary decomposition, [76} [T7]
minimal, [T7], [78] B2] BT,
prime
associated, [61],
element, [7]
embedded,
ideal, see also ideal
in integral extensions, [[36]
minimal, [55]
regular, [I7]
prime field,
primitive element theorem,
primitive polynomial,
principal ideal domain, [46] @1l 1341
principal ideal ring,
product formula,
profinite group,
projection, [IT] [T6]
projective closure,
projective module, see also module
projective space,
projective variety, see also algebraic
variety
purely inseparable extension,

quadratic reciprocity, [[T1]
quasiprojective variety, see also
algebraic variety

quotient

of modules,

of rings, [
Rabinowitsch trick, 233
radical

ideal,
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Jacobson, [7]
of an ideal,
ramification index,
ramified prime, 053]
rank, [25]
rational map,
rational normal curve,
reduction of an ideal,
regular sequence, [xiil
regular variety,
resultant, [103] [T05]
ring, [
Artinian,
atomic,
Boolean,
commutative,
complete,
Dedekind, [R9, [T33]
equicharacteristic,
Euclidean,
generated by a set,
graded, 37]
integrally closed, 128 [T31]
local, [T9]
Noetherian, [49]
normal, [T37]
of power series, [
regular,
semilocal,
unmixed, 287,
valuation,
with unit,
ring of integers, 141l
rng,
ruler and compass constructions, [354]

S-polynomial, I17]
Samuel’s formula,
segment of a group,
Segre map,
semilocal ring, see also ring
separable

closure,

degree,

extension,
series of composition,
signature,
singular variety,
Smith normal form,
snake lemma,
solvable extension, see also field

extension

solvable group,

splitting field, 334]

superficial element, 3011
support, see also module
Sylvester matrix,

symbolic power, B3]
system of parameters, [259]

tangent cone,

Teichmiiller representative, 214]
tensor product,

torsion,

torsion submodule,

total ring of fractions, see also fractions
trace,

transcendence basis, 3211
transcendence degree, [321]
transcendental element,
triangular inequality, 184l

uniformizer,
unique factorization
domain,
for ideals,
theorem, [6S]

unmixed ring, see also ring

valuation, [194]
discrete,
p-adic,
valuation ring, see also ring
variety
irreducible,
Veronese map, 241]
Verschiebung,
volume of a lattice,

Witt polynomials, 216] 222
Witt vectors, 213] P17 2231
big, 223

Zariski tangent space,
Zariski topology, 230,
Zariski’s lemma,

zero divisor, [B]
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This book provides an introduction to classical methods in commutative algebra
and their applications to number theory, algebraic geometry, and computational
algebra. The use of number theory as a motivating theme throughout the book
provides a rich and interesting context for the material covered. In addition, many
results are reinterpreted from a geometric perspective, providing further insight
and motivation for the study of commutative algebra.

The content covers the classical theory of Noetherian rings, including primary
decomposition and dimension theory, topological methods such as completions,
computational techniques, local methods and multiplicity theory, as well as some
topics of a more arithmetic nature, including the theory of Dedekind rings, lattice
embeddings, and Witt vectors. Homological methods appear in the author’s
sequel, Homological Methods in Commutative Algebra.

Overall, this book is an excellent resource for advanced undergraduates and
beginning graduate students in algebra or number theory. It is also suitable for
students in neighboring fields such as algebraic geometry who wish to develop
a strong foundation in commutative algebra. Some parts of the book may be
useful to supplement undergraduate courses in number theory, computational
algebra or algebraic geometry. The clear and detailed presentation, the inclusion
of computational techniques and arithmetic topics, and the numerous exercises
make it a valuable addition to any library.
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