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Preface

The domain of ALGEBRAIC GEOMETRY is a fascinating branch of Mathematics
that combines methods from ALGEBRA and GEOMETRY. In fact, it transcends
the limited scope of pure ALGEBRA, in particular COMMUTATIVE ALGEBRA, by
means of geometrical construction principles. Looking at its history, the theory
has behaved more like an evolving process than a completed workpiece, as quite
often the challenge of new problems has caused extensions and revisions. For
example, the concept of schemes invented by Grothendieck in the late 1950s
made it possible to introduce geometric methods even into fields that formerly
seemed to be far from GEOMETRY, like algebraic NUMBER THEORY. This paved
the way to spectacular new achievements, such as the proof by Wiles and Taylor
of Fermat’s Last Theorem, a famous problem that was open for more than 350
years.

The purpose of the present book is to explain the basics of modern AL-
GEBRAIC GEOMETRY to non-experts, thereby creating a platform from which
one can take off towards more advanced regions. Several times I have given
courses and seminars on the subject, requiring just two semesters of LINEAR
ALGEBRA for beginners as a prerequisite. Usually I did one semester of CoM-
MUTATIVE ALGEBRA and then continued with two semesters of ALGEBRAIC
GEOMETRY. Each semester consisted of a combination of traditional lectures
together with an attached seminar where the students presented additional ma-
terial by themselves, extending the theory, supplying proofs that were skipped
in the lectures, or solving exercise problems. The material covered in this way
corresponds roughly to the contents of the present book. Just as for my stu-
dents, the necessary prerequisites are limited to basic knowledge in LINEAR
ALGEBRA, supplemented by a few facts from classical Galois theory of fields.

Explaining ALGEBRAIC GEOMETRY from scratch is not an easy task.
Of course, there are the celebrated Eléments de Géométrie Algébrique by
Grothendieck and Dieudonné, four volumes of increasing size that were later
continued by seven volumes of Séminaire de Géométrie Algébrique. The series
is like an extensive encyclopaedia where the basic facts are dealt with in striv-
ing generality, but which is hard work for someone who has not yet acquired a
certain amount of expertise in the field. To approach ALGEBRAIC GEOMETRY
from a more economic point of view, I think it is necessary to learn about its
basic principles. If these are well understood, many results become easier to di-
gest, including proofs, and getting lost in a multitude of details can be avoided.
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Therefore it is not my intention to cover as many topics as possible in my book.
Instead I have chosen to concentrate on a certain selection of main themes that
are explained with all their underlying structures and without making use of
any artificial shortcuts. In spite of thematic restrictions, I am aiming at a self-
contained exposition up to a level where more specialized literature comes into
reach.

Anyone willing to enter ALGEBRAIC GEOMETRY should begin with certain
basic facts in COMMUTATIVE ALGEBRA. So the first part of the book is con-
cerned with this subject. It begins with a general chapter on rings and modules
where, among other things, I explain the fundamental process of localization, as
well as certain finiteness conditions for modules, like being Noetherian or coher-
ent. Then follows a classical chapter on Noetherian (and Artinian) rings, includ-
ing the discussion of primary decompositions and of Krull dimensions, as well
as a classical chapter on integral ring extensions. In another chapter I explain
the process of coefficient extension for modules by means of tensor products,
as well as its reverse, descent. In particular, a complete proof of Grothendieck’s
fundamental theorem on faithfully flat descent for modules is given. Moreover,
as it is quite useful at this place, I cast a cautious glimpse on categories and their
functors, including functorial morphisms. The first part of the book ends by a
chapter on Ext and Tor modules where the general machinery of homological
methods is explained.

The second part deals with ALGEBRAIC GEOMETRY in the stricter sense of
the word. Here I have limited myself to four general themes, each of them dealt
with in a chapter by itself, namely the construction of affine schemes, techniques
of global schemes, étale and smooth morphisms, and projective and proper
schemes, including the correspondence between ample and very ample invert-
ible sheaves and its application to abelian varieties. There is nothing really new
in these chapters, although the style in which I present the material is different
from other treatments. In particular, this concerns the handling of smooth mor-
phisms via the Jacobian Condition, as well as the definition of ample invertible
sheaves via the use of quasi-affine schemes. This is the way in which M. Raynaud
liked to see these things and I am largely indebted to him for these ideas.

Each chapter is preceded by an introductory section where I motivate its
contents and give an overview. As I cannot deliver a comprehensive account
already at this point, I try to spotlight the main aspects, usually illustrating
these by a typical example. It is recommended to resort to the introductory
sections at various times during the study of the corresponding chapter, in or-
der to gradually increase the level of understanding for the strategy and point
of view employed at different stages. The latter is an important part of the
learning process, since Mathematics, like ALGEBRAIC GEOMETRY, consists of
a well-balanced combination of philosophy on the one hand and detailed argu-
mentation or even hard computation on the other. It is necessary to develop a
reliable feeling for both of these components. The selection of exercise problems
at the end of each section is meant to provide additional assistance for this.



Preface VII

Preliminary versions of my manuscripts on COMMUTATIVE ALGEBRA and
ALGEBRAIC GEOMETRY were made available to several generations of students.
It was a great pleasure for me to see them getting excited about the subject, and
I am very grateful for all their comments and other sort of feedback, including
lists of typos, such as the ones by David Krumm and Claudius Zibrowius. Special
thanks go to Christian Kappen, who worked carefully on earlier versions of the
text, as well as to Martin Brandenburg, who was of invaluable help during
the final process. Not only did he study the whole manuscript meticulously,
presenting an abundance of suggestions for improvements, he also contributed
to the exercises and acted as a professional coach for the students attending
my seminars on the subject. It is unfortunate that the scope of the book did
not permit me to put all his ingenious ideas into effect. Last, but not least,
let me thank my young colleagues Matthias Strauch and Clara Loh, who run
seminars on the material of the book together with me and who helped me
setting up appropriate themes for the students. In addition, Clara Loh suggested
numerous improvements for the manuscript, including matters of typesetting
and language. Also the figure for gluing schemes in the beginning of Section 7.1
is due to her.

Miinster, December 2011 Siegfried Bosch
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1. Rings and Modules

The present chapter is devoted to discussing some basic notions and results
on rings and their modules. Except for a few preliminary considerations, all
rings will be meant to be commutative and to admit a unit element 1. Like
a field, a ring comes equipped with two laws of composition, namely addition
“4+” and multiplication “”, which behave in the same way as is known from
the case of fields. The only difference is that non-zero elements of a ring R do
not need to admit multiplicative inverses in R, a default that has far-reaching
consequences. A prominent example of such a ring is Z, the ring of integers. But
we can easily construct more intricate types of rings. Let k be a field and write
R for the cartesian product of k£ with itself, i.e. R = k x k. Defining addition
and multiplication on R componentwise by

(a1, a2) + (81, B2) = (1 + B, aa + Ba),
(061,042) : (51752) = (a1 B 52)7

we see that R becomes a ring. The equation (1,0)-(0,1) = (0, 0) implies that R
contains non-trivial zero divisors, whereas (1,0)" = (1,0) for n > 0 shows that
R contains idempotent elements that are different from the unit element (1,1).
However, in this case there are no non-trivial nilpotent elements, i.e. elements
(aq, ag) different from (0, 0) such that (ay,a2)™ = (0,0) for some exponent n.
On the other hand, non-trivial nilpotent elements will occur if we take

(a1, a2) - (B, B2) = (a1 - Br,a1 - fo+ - Br)

as multiplication on R.

For rings R of general type the notion of ideals is fundamental. An ideal
in R is just an additive subgroup a C R that is stable under multiplication by
elements of R. Historically ideals were motivated by the aim to extend unique
factorization results from the ring of integers Z to more general rings of algebraic
numbers. However, as this did not work out well in the conventional setting,
Kummer invented his concept of “ideal numbers”, which was then generalized
by Dedekind, who introduced the notion of ideals as known today. A further
natural step is to pass from ideals to modules over rings, thereby arriving at a
simultaneous generalization of ideals in rings and of vector spaces over fields.

A very useful notion is the one of so-called polynomial rings. Let Ry be
a ring, viewed as a coefficient ring, and (X;);e; a family of symbols viewed

S. Bosch, Algebraic Geometry and Commutative Algebra, Universitext, 7
DOI 10.1007/978-1-4471-4829-6_1, © Springer-Verlag London 2013



8 1. Rings and Modules

as variables. Then the polynomial ring Ro[(X;)icr] consists of all finite formal
sums of formal products of type

n n
aXpt . X[, a € Ry, ny,...,n. €N,

where the indices i1,...,%, € I are pairwise distinct and where addition and
multiplication on this ring are defined in the conventional way. In particular,
given any polynomial f € Ry[(X;)ier], the latter involves only finitely many of
the variables X;, i.e. there are indices 41, ...,7s € I and a finite subset N C N*
such that

f= > X2 X", dn.n € Ro.

(n1,...,ns)EN

General rings are not so far away from polynomial rings over the coefficient
ring Ry = Z, since any ring R can be viewed as a quotient of a polynomial
ring of type Z[(X;)icr]. To explain this fact we need to consider ring homo-
morphisms, i.e. maps between rings that respect addition and multiplication
on the source and the target, and preserve unit elements. Starting out from a
ring homomorphism ¢: Ry —— R, one can extend it to a ring homomorphism
&: Ro[(X;)ier] — R simply by prescribing the images of the variables X.
Indeed, given a family (z;);cs of elements in R, the map

aX XD pla)a}!

substituting x; for the variable X; is defined on a certain part of Ry[(X;);e;] and
can be extended additively to yield a well-defined map @: Ro[(X;)icr] — R;
the latter is a ring homomorphism, due to the commutativity of the multiplica-
tion in R. It is easily seen that any ring homomorphism @: Ry[(X;)ic;] — R
is uniquely characterized by its restriction ¢ = @|g, to the coefficient ring Ry
and the values z; = ®(X;) of the variables X;, a fact that is sometimes referred
to as the universal property of polynomial rings.

Now observe that there is a unique ring homomorphism ¢: Z —— R. The
latter can be enlarged to a surjective ring homomorphism @: Z[(X;)ie;] — R
if we take I large enough. For example, let I = R and consider the family of
variables (X;);cr. Then the substitution X; — i yields a ring homomorphism

?: Z[(Xi)ier] — R, X — 1,

that is surjective. Its kernel is an ideal in Z[(X;);cr] by 1.1/4 so that @ induces
an isomorphism Z[(X;)icr]/ker® —= R by the Fundamental Theorem on
Homomorphisms 1.1/5.

For a given ring R, its so-called prime spectrum Spec R, i.e. the set of prime
ideals in R, will be of particular interest. One likes to view Spec R as a point
set, on which the elements of R live as “functions”. Indeed, for f € R and
x € SpecR let f(z) be the residue class of f in R/p,, where p, is a second
(more ideal-friendly) notation used instead of x. For example, the set of all
“functions” f € R vanishing identically on Spec R equals the intersection of all
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prime ideals in R, and this turns out to be the nilradical rad(R), namely the ideal
consisting of all nilpotent elements in R; cf. 1.3/4. In a similar way, we can look
at the mazimal spectrum Spm R consisting of all maximal ideals in R. Since any
maximal ideal is prime, this is a subset of Spec R, non-empty if R # 0. The set
of functions f € R vanishing identically on Spm R is, by definition, the Jacobson
radical j(R) where, of course, rad(R) C j(R). In classical algebraic geometry
one considers rings where both radicals coincide; see 3.2/5. Independently of
this, the Jacobson radical j(R) is meaningful within the context of Nakayama’s
Lemma 1.4/10 or 1.4/11, addressing generators of modules over R.

Just as we can pass from the ring of integers Z to its field of fractions Q, we
can fix a multiplicatively closed subset S in a ring R and pass to the associated
ring of fractions Rg, where we allow denominators being taken only from S; see
Section 1.2. The process is referred to as localization by S. For example, if p
is a prime ideal in R, its complement S = R — p is a multiplicatively closed
subset in R and the localization Rg is a local ring, meaning that Rg contains
a unique maximal ideal, which in this case is generated by the image of p in
Rg; see 1.2/7. By construction the elements of Rg can be understood as “local
functions” on Spec R living on certain “neighborhoods” of the point z € Spec R
that is represented by the prime ideal p. This interpretation will become more
familiar in Chapter 6 where we start discussing basic concepts of ALGEBRAIC
GEOMETRY. Also it explains why the process of passing to rings of fractions
is referred to as localization. As we will see already during the discussion of
radicals in Section 1.3, localization is a very useful tool in the theory of rings
and modules as well.

The chapter ends with a thorough study of finiteness conditions for mod-
ules, like being of finite type, of finite presentation, as well as being Noetherian,
or coherent. For this the Snake Lemma 1.5/1 serves as a convenient technical
tool. In the world of vector spaces, all these conditions specify finite dimension
or, in other words, the existence of finite generating systems. However, for more
general modules, finer distinctions are necessary. To be on the safe side for poly-
nomial rings in finitely many variables over fields, we prove that such rings are
Noetherian in the sense that all their ideals are finitely generated; see Hilbert’s
Basis Theorem 1.5/14. Modules over Noetherian rings enjoy the nice property
that all the above finiteness conditions are equivalent; see 1.5/12 and 1.5/13.

1.1 Rings and Ideals

Let us recall the definition of a ring.

Definition 1. A set R together with two laws of composition “ + 7 (addition)
and -7 (multiplication) is called o ring (with unity) if the following conditions
are satisfied:

(i) R is an abelian group with respect to addition; the corresponding zero
element is denoted by 0 € R.
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(ii) The multiplication is associative, i.e.
(@a-b)-c=a-(b-¢c) for a,bc€R.

(i) There exists a unit element in R, which means an element 1 € R such
that 1-a=a=a-1 forall a € R.
(iv) The multiplication is distributive over the addition, i.e. for a,b,c € R
we have
a-(b+c)=a-b+a-c (a+b)-c=a-c+b-c

The ring R is called commutative if the multiplication is commutative.

We list some important examples of rings:

(1) fields,

(2) Z, the ring of integers,

(3) R[X], the polynomial ring in a variable X over a commutative ring R,
(4) 0, the zero ring, which consists of just one element 1 = 0; it is the only
ring with the latter property.

An element a of a ring R is called invertible or a unit if there exists some
element b € R such that ab =1 = ba. It follows that the set

R*={a € R; aisaunit in R}

is a group with respect to the multiplication given on R.

An element a of a ring R is called a zero divisor if there exists an element
b € R—{0} such that ab = 0 or ba = 0. Furthermore, a commutative ring R # 0
is called an integral domain if it does not contain (non-trivial) zero divisors, i.e.
if ab = 0 with a,b € R implies a = 0 or b = 0. For example, any field is an
integral domain, as well as any subring of a field, such as the ring of integers
Z C Q. Also one knows that the polynomial ring R[X] over an integral domain
R is an integral domain again. However, by definition, the zero ring 0 is not an
integral domain.

For a field K, its group of units is K* = K — {0}. Furthermore, we have
Z* ={1,-1} and (R[X])* = R* for an integral domain R.

Definition 2. A map ¢: R —— R’ between rings is called a ring homomor-
phism or a morphism of rings if for all a,b € R the following conditions are
satisfied:
(i) wla+0b)=p(a) + @(b),
(ii) ¢(a-b) ) ¢(b),
(iii) (1) = 1.

Furthermore, mono-, epi-, iso-, endo-, and automorphisms of rings are de-
fined in the usual way. Namely, a monomorphism is meant as an injective and
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an epimorphism as a surjective homomorphism.! A subset R’ of a ring R is
called a subring of Rif 1 € R' and if a,b € R’ implies a — b,a-b € R'. Then R’
is a ring itself under the addition and multiplication inherited from R.

In the following, we will exclusively consider commutative rings with 1. By
abuse of language, such rings will be referred to as rings again:

Convention. From now on, a ring is meant as a commutative ring with 1.

Definition 3. Let R be a ring. A subset a C R is called an ideal in R if:

(1) a is an additive subgroup of R, i.e. a is non-empty and a —b € a for all
a,b € a.

(i) ra € a forallm € R and a € a.

Any ring R contains the so-called trivial ideals, namely the zero ideal 0
consisting only of the zero element 0, and the wnit ideal, which is given by
R itself. For a family (a;);c; of elements in R, we can look at the associated
generated ideal, namely

a = Z Rai
i€l
= {Z ria;; 7 € R, r; = 0 for almost? all 4 € I}.

icl

This is the smallest ideal in R that contains all elements a;, i € I. If the index
set I is finite, say I = {1,...,n}, we write

n
u:ZRai = (ar,...,an).
=1

Furthermore, an ideal a C R is called finitely generated if, as before, it admits
a finite generating system. An ideal a C R is called principal if it is generated
by a single element: thus, if there is some element a € a such that a = (a). For
example, the trivial ideals a = 0 and a = R are principal; they are generated by
0 and 1, respectively. Furthermore, an integral domain R is called a principal
ideal domain if every ideal of R is principal. In particular, Z and the polynomial
ring K[X] over a field K are principal ideal domains, just as are the rings of
algebraic integers Z[v/2] and Z[i], since all these rings are Euclidean domains;
see [3], Section 2.4.

There are several ways to build new ideals from known ones. Let (a;);e; be
a family of ideals of a ring R. Then

! The notion of an epimorphism between rings is ambiguous, as it is also used in the sense
of a so-called categorical epimorphism; see Section 8.1. Such epimorphisms are not necessarily
surjective and we therefore tend to avoid the term epimorphism when dealing with surjective
ring homomorphisms.

2 In this setting, for almost all means for all up to finitely many exceptions.
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Zai = {Zai; a; € a;, a; = 0 for almost all 7 € I}

i€l i€l

is again an ideal in R; it is called the sum of the ideals a;. Furthermore, the
intersection
(e

iel
of all ideals a; is an ideal in R. For finitely many ideals a;,...,a, C R we can
also construct their product

n

JJE2

i=1

which is defined as the ideal generated by all products a; - ... - a, where a; € q;

fori=1,...,n. Clearly,
H a; C m a;.
i=1 i=1

Finally, for ideals a,b C R their ideal quotient is the ideal given by
(a:6)={reR;r-bCa}

For the special case where a = 0 we write Ann(b) = (0 : b) and call this the
annghilator of b. If b is a principal ideal, say b = (b), we use the notations (a : b)
in place of (a: (b)) and Ann(b) in place of Ann((b)).

Proposition 4. Let ¢: R —— R’ be a morphism of rings. Then
kerp ={r € R; ¢(r) =0}
is an ideal in R and im¢ = @(R) is a subring of R'.

Within this context, let us briefly recall the definition of residue class rings,
sometimes also referred to as quotient rings. Given an ideal a in a ring R, we
would like to construct a surjective ring homomorphism 7: R — R’ such that
ker m = a. To do this, consider the set

R/a={r+a;re R}, where r+a={r+a;ac€a}l,
of all (additive) cosets of a in R and define two laws of composition on it by

(r+a)+ (' +a):=(r+r)+aq,
(r4+a)-(r'+a):=(@-1)+a

Of course, it has to be checked that these laws are well defined. This being done,
the defining properties of a ring follow for R/a from those of R and we see that

7: R—— R/a, r—r+a,
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is a surjective ring homomorphism satisfying kerm = a, as desired. The ring
R/a is uniquely characterized up to canonical isomorphism by the following
so-called universal property:

Proposition 5 (Fundamental Theorem on Homomorphisms). Let ¢: R — R’
be a morphism of rings and a C R an ideal satisfying a C ker ¢. Then there is
a unique ring homomorphism @: R/a — R’ such that the diagram

R/a
is commutative. Furthermore:
D injective <= a = keryp
 surjective <= ¢ surjective
For a proof, see for example [3], 2.3/4. Let us note as a consequence:

Corollary 6. Let p: R —— R’ be a surjection between rings. Then ¢ induces
a unique isomorphism @: R/ kero —~~ R’ such that the diagram

R—"— TR
ks ///¢
R/ ker ¢

is commutative.
Next we want to discuss prime ideals and maximal ideals.

Definition 7. Let R be a ring.

(i) An ideal p C R is called prime if ab € p implies a € p or b € p, for any
elements a,b € R.

(ii) An ideal m C R is called maximal if m C a implies m = a, for any

proper ideal a C R.

For example, the zero ideal 0 C R of some ring R is prime if and only if R
is an integral domain. For a field K, the zero ideal 0 C K is prime and maximal
at the same time.
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Proposition 8. Let R be a ring and a C R an ideal. Then:
(i) a is prime if and only if R/a is an integral domain.
(i) a is mazimal if and only if R/a is a field.
In particular, any mazimal ideal in R is prime as well.

Proof. First, observe that p is a proper ideal in R if and only if the residue ring
R/p is non-zero, likewise for m. Then assertion (i) is easy to verify. If we write
a,b € R/p for the residue classes of elements a,b € R, then

a-bep = acporbeyp

is equivalent to ~ ~
a-b=0 = a=0orb=0.

Further, assertion (ii) is a consequence of the following lemmata:

Lemma 9. An ideal m C R is mazimal if and only if the zero ideal 0 C R/m
is mazximal.

Lemma 10. The zero ideal 0 C R of a ring R is mazimal if and only if R is
a field.

Proof of Lemma 9. Let m: R — R/m be the canonical homomorphism. Then
it is easily checked that the maps

RD> a +— w(a)C R/m,
RO7'(b) «—— b CR/m,

define mutually inverse bijections between the set of all ideals a C R such that
m C a C R, and the set of all ideals b C R/m. Since these maps respect
inclusions, the desired equivalence is clear.

Alternatively, the claim can be justified by explicit computation. To do
this, recall that m is a proper ideal in R if and only if the residue ring R/m
is non-zero. Now, if m is a proper ideal in R, then m is maximal if and only if
a € R—m implies Ra + m = R, in other words, if and only if for any such a
there are elements r € R and m € m such that ra+m = 1. Using the projection
m: R —— R/m, we see that the latter condition is satisfied if and only if for
any @ € R/m—{0} we can find an element ¥ € R/m such that 7-@ = 1, thus, if
and only if the zero ideal in R/m is maximal. g

Proof of Lemma 10. Assume that the zero ideal 0 C R is maximal and consider
an element a € R that is non-zero. Then we have aR = R and there is some
b € R such that ab = 1. Thus, we get R* = R—{0} and R is a field. Conversely,
it is clear that the zero ideal of a field is maximal. O

In order to illustrate the assertion of Proposition 8, consider a prime p € Z,
in the sense that p is irreducible in Z. Then the ideal (p) C Z generated by p
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is maximal and, hence, also prime. Indeed, if a C Z, say a = (a), is some ideal
satisfying (p) C a C Z, we get a|p. Since a C Z, we see that a cannot be a unit
in Z. But then, as p is irreducible, a must be associated to p and we get (p) = a.
Thus, (p) C Z is maximal. Furthermore, Proposition 8 says that (p) is prime as
well, and we see that F, := Z/(p) is a field, in fact, a field with p elements.

To give another application of Proposition 8, let us consider the polynomial
ring K[ X1, X5] over a field K and show that the ideal generated by X, is prime,
but not maximal. To justify this, look at the surjection

o1 K[X1, Xo] — K[X1], > ayXiX]— ) anX],

,j€N ieN

which substitutes X7,0 for the variables X, X». Since K[X;] is an integral
domain, but not a field, we see from Proposition 8 that the ideal generated
by X, in K[X7, X5], which coincides with the kernel of ¢, is prime but not
maximal.

Next we want to show:

Proposition 11. Any ring R # 0 contains a mazimal ideal.

Proof. We will apply Zorn’s Lemma, which says that a non-empty partially
ordered set ) admits a maximal element, provided every totally ordered subset
of X admits an upper bound in X.

In our case, we define X' as the set of all proper ideals a C R, using the set
inclusion as order relation. Then, R being non-zero, it contains the zero ideal as
a proper ideal and, hence, ¥ # ). Now let X’ C X be a totally ordered subset,
in the sense that for a,a’ € X' we have a C o/ or o’ C a. In order to construct
an upper bound of X’ in X, we may assume X’ non-empty. Then we claim that

b::Ua

acy’

is a proper ideal in R. In order to justify this, observe that b contains at least
one ideal of R and, therefore, is non-empty as Y’ was assumed to be non-empty.
Now consider elements a,a’ € b, say a € a and o’ € o’ where a,a’ € Y. Since
X is totally ordered, we may assume a C a’. Then a — @’ € @ C b and also
ra € a C b for all » € R. Hence, b is an ideal in R. Of course, b cannot coincide
with R, since otherwise we would have 1 € b and, thus, 1 € a for some a € X,
which, however, is excluded. As a consequence, we have b € X and, by its
construction, b is an upper bound of X’. Thus, all conditions of Zorn’s Lemma
are satisfied and X' contains a maximal element. In other words, R contains a
maximal ideal. O

Corollary 12. Let R be a ring and a C R a proper ideal in R. Then there

=

exists a maximal ideal m C R such that a C m.
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Proof. Apply Proposition 11 to the ring R/a, which is non-zero due to a C R.
Then the preimage of any maximal ideal n C R/a with respect to the projection
R —— R/a is a maximal ideal in R containing a. |

Corollary 13. Let R be a 1ing and a € R a non-unit. Then there exists a
mazimal ideal m C R such that a € m.

Proof. Apply Corollary 12 to the principal ideal a = (a). |
For a ring R the set
Spec R = {p C R; p prime ideal in R}

is called the spectrum or, in more precise terms, the prime spectrum of R.
Likewise, the subset

Spm R = {m C R; m maximal ideal in R}

is called the mazimal spectrum of R. It is via such spectra that geometrical
methods become applicable to ring theory. This is the main theme in ALGE-
BRAIC GEOMETRY, as we will see from Section 6.1 on. In this setting, Spec R
and Spm R are interpreted as sets of points on which the elements of R can be
evaluated in the sense of functions.

We want to sketch the basics of this approach in brief terms. For f € R and
x € Spec R define f(z) as the residue class of f in R/p,. Here p, is a second
notation instead of x, just to remember that the point x is, in reality, a prime
ideal in R. This way, elements f € R can be interpreted as functions

f:SpecR— J[ R/pa.

zE€Spec R

In particular, assertions like f(z) = 0 or f(z) # 0 make sense and just mean
f€pgor f&p,. For any ideal a C R we can look at the set

V(a) = {z € Spec R; f(z) =0 for all f € a}
of all common zeros of elements of a.

Proposition 14. For any ring R, there exists a unique topology on Spec R, the
so-called Zariski topology, such that the sets of type V(a) for ideals a C R are
precisely the closed subsets of Spec R.

As a consequence, we can see that the sets of type D(f) = Spec R — V (),
for elements f € R, form a basis of the Zariski open subsets of Spec R. For
proofs of these facts and further details we refer to Section 6.1. Let us add:
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Remark 15. Let p: R —— R be a morphism of rings. Then ¢ induces a map
“p: Spec R — SpecR',  pr— ¢ (p),

which is continuous with respect to Zariski topologies on Spec R and Spec R'.

For the proof see 6.2/5. At this place, let us just point out that the map *p
is well-defined. Indeed, for any ideal p C R there is a commutative diagram

R 4 R

|

R /o7 (p) ="~ R/p .

Now if p is prime, we see from Proposition 8 that R/p and, hence, R/~ (p) are
integral domains. But then ¢~1(p) must be prime, again by Proposition 8. [

Exercises
1. Let ¢: R — R’ be a ring homomorphism and m € Spm(R’). Can we conclude
¢~ (m) € Spm(R)?
2. Prove that an integral domain is a field as soon as it contains only finitely many

elements. Deduce that in a finite ring every prime ideal is maximal.

3. Prove the Chinese Remainder Theorem: Let R be a ring with ideals ay,...,a,
satisfying a; + a; = R for ¢ # j. Then there is a canonical isomorphism

R/ ﬁ a; ~ ﬁ R/ai
i=1 i=1

where the cartesian product of the rings R/a; is viewed as a ring under compo-
nentwise addition and multiplication.

4. Consider a ring R and ideals a1, ...,a, C R satisfying a;+a; = R for i # j. Show
that, in this case, the inclusion [[;"; a; C ()L, a; is an equality.

5. Let R be a principal ideal domain.
(a) Give a characterization of Spec R and of Spm R.
(b) Give a characterization of the ideals in R/(a) for any element a € R.

6. Let Ry,..., R, be rings and consider the cartesian product R; X ... x R,, as a
ring under componentwise addition and multiplication. Show:
(a) Given ideals a; C R; for ¢ = 1,...,n, the cartesian product a; X ... X a,, is an
ideal in Ry X ... X R,.
(b) Each ideal in Ry X ... X Ry, is as specified in (a).

(c) There is a canonical bijection

Spec(Ry X ... X R,) —2» HSpec R;
i=1

and a similar one for spectra of maximal ideals.
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1.2 Local Rings and Localization of Rings

Definition 1. A ring R is called local if it contains precisely one mazimal ideal
m. The field R/m is called the residue field of the local ring R.

Proposition 2. Let R be a ring and m C R a proper ideal. The following
conditions on m are equivalent:
(i) R is a local ring with mazimal ideal m.
(ii) Every element of R —m is a unit in R.
(iil) m is a mazimal ideal and every element of type 1 + m with m € m is a
unit in R.

Proof. We start by showing that conditions (i) and (ii) are equivalent. If (i)
holds and @ € R is not a unit, we can use 1.1/13 to conclude that there is a
maximal ideal n C R with a € n. Necessarily, n must coincide with m. Therefore
the complement R —m consists of units and we get (ii). Conversely, if (ii) holds,
every proper ideal a C R will be contained in m, since proper ideals cannot
contain units. In particular, m is a unique maximal ideal in R and we get (i).

Next assume (ii) again. Then m is a maximal ideal by (i), and we see for
every m € m that 1 + m cannot be contained in m, since 1 ¢ m. Thus, by our
assumption, 1 + m is a unit and we have (iii). Conversely, assume (iii) and let
x € R —m. Since m is a maximal ideal,  and m will generate the unit ideal in
R. Hence, there exists an equation

l=ax—m

with elements a € R and m € m. Then ax = 1 + m is a unit by (iii) and the
same is true for  so that (ii) holds. O

Every field K is a local ring with maximal ideal 0 C K. Further examples
of local rings are provided by discrete valuation rings, which can be viewed
as principal ideal domains R containing just one prime element p € R (up to
multiplication by units). In such a ring, (p) C R is the only maximal ideal.

To give an explicit example of a discrete valuation ring R, fix a prime p € N
and consider m

Ly = {E eEQ;mmneZ withpfn} cQ

as a subring of Q. Then Z,) is an integral domain, and we claim that Z,) is, in
fact, a principal ideal domain. To show that any ideal a C Z,) is principal, look
at its restriction a’ = aNZ, which is an ideal in Z. As Z is principal, there is an
element a € Z with a’ = aZ, and we get a = aZ,), because we may interpret a’
as the set of numerators of fractions ™ € a where ptn. Next we want to show
that Z,) contains precisely one maximal ideal and that the latter is generated
by p. To justify this, observe that % does not belong to Z, and, hence, that p
is not invertible in Z,). Therefore pZy is a proper ideal in Z,), and we claim



1.2 Local Rings and Localization of Rings 19

that its complement Zg, — pZ,) consists of units in Zg). Any element in Z,
can be written as a fraction 2 with p{n, and such a fraction satisfies p{m if it
does not belong to pZ,). But then (%)~ = 2 € Z, and 2 is a unit. Therefore
all elements of Z,) — pZ,) are invertible, and it follows from Proposition 2 (ii)
that Z, is a local ring with maximal ideal pZ,. In particular, p is a prime
element in Z,), in fact, up to multiplication by a unit the only prime element
existing in Z,). Indeed, a prime element of Z,) cannot be invertible and, hence,
must belong to pZ,), which means that it is divisible by p. Looking at prime
decompositions of elements in Z,), we see that the ideals in Z, are precisely
the ones occurring in the chain

Z(p) D pZ(p) D p2Z(p) D...D0.

In general, local rings can be constructed by a localization process, a method
we want to explain now. Also note that Z,) as constructed above can be inter-
preted as a localization of Z.

Let R be a ring and S C R a multiplicative system, i.e. a subset in R
satisfying 1 € S and 5,8’ € S = ss’ € S. Then, roughly speaking, we want
to consider the “ring” of all fractions 7, where r € R and s € S. The latter is
called the localization of R by S. To make sense of such fractions as elements
of a ring, a bit of care is necessary. Guided by the idea that two fractions ¢
and < —, with a,a’ € R and s,s" € S should specify the same element in such a
locahzatlon as soon as as’ = a’'s and that, in particular, any two fractions of
type ¢ and Zt for t € S should coincide, we define a relation “ ~” on R x S by

(a,s) ~ (a',s') <= there is some t € S such that (as’ — a’s)t =0,

claiming that this is an equivalence relation. Evidently, the relation is reflexive
(just choose t = 1) and symmetric. To justify transitivity, assume

(a,s) ~ (d,s), (a,s") ~ (a",s")
for pairs (a, s), (¢, s'), (a",s”") € R x S. Then there are ¢,t' € S such that
(as’ —d's)t =0, (a's" —a"s")t' =0,
and it follows that
(as” —a"s)s's"tt' = (as' — a's)s"tt’ + (a's" — a"s')ss"tt’ = 0.

Hence, (a,s) ~ (a”,s"), as required.

Now consider the set (R x S)/~ of all equivalence classes in R x S under
the relation “ ~ 7 and write ¢ for the class of an element (a,s) € R x S. We
claim that (R x S)/~ is a ring, using the standard addition and multiplication
of fractional arithmetic

a

T ost’

b

| o

at + bs a biab
st s t

VA
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To justify this claim, we start by showing that these laws are well-defined. Thus,
consider two elements

a d b UV
sTy i WS~
with different representatives (a, s), (¢, s') and (b, ), (', ') in R x S. Then there

are elements u,v € S such that
(as" —a's)u =0, (bt" — V't)v =0,
and it follows

[(at + bs)s't’ — (a't' +V's')st]uv
= (as’' —d's)u-vtt' + (bt' — b't)v - uss’ =0,

as well as
(abs't’ — a'V'st)uv = (as’ — a's)u - bt'v + (bt' — V't)v - a'su = 0.

This means
at+bs adt' +b¢ ab dlt
st st st st
and we see that addition and multiplication on (R x S)/~ are well-defined.
Furthermore, it is easily checked that (R x S)/~ is a ring, with % serving as the
zero element and % as the unit element. Using a more handy notation, we will

write Rg (or sometimes also S™'R) instead of (R x S)/~.

Definition 3. Let R be a ring and S C R a multiplicative system. Then Rg is
called the localization of R by S.

In the situation of the definition, the canonical map

7: R —— Rg, at— %,
is a homomorphism of rings and we will often write a instead of 7(a) = ¢. In
using this notation a bit of care is required, because 7 will not be injective in
general, so that we may not be able to interpret R as a subring of Rg. However,
common factors from S in numerators and denominators of fractions can be
canceled as usual; for a € R and s,t € S we have

a at
s st
because ast — ats = 0.

Remark 4. Let R be a ring with a multiplicative system S C R and let
7: R —— Rg be the canonical map. Then:
(i) ker7 = {a € R; as = 0 for some s € S}.
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(ii) 7(s) = { is a unit in Rg for all s € S.
(iii) Re#0<=0¢S.

(iv) 7 is bijective if S consists of units in R.

Proof. (i) According to the definition of Rg, we have § =
only if there is some s € S satisfying as=(a-1-0- 1)

(ii) For s € S we can write £ -1 =2 =1; hence, (2)7}

(iii) Rg is the zero ring if and only 1f 1 = (1), ie. if and only if there exists
some s € S such that s = (1~1—O~1)s:0.

(iv) If S contains only units of R, we see ker 7 = 0 by (i). Furthermore

0= Oforaeleand

shows that 7 is surjective then. ([l
We want to look at some examples.

(1) For an integral domain R set S := R — {0}. Then the canonical map
R —— Ry is injective and we may view R as a subring of Rg. Since all non-
zero elements of Rg are invertible, Q(R) := Rg is a field, the so-called field of
fractions of R. For example, we have Q(Z) = Q. For the polynomial ring K [X]
in one variable X over a field K, we obtain as its field of fractions the so-called
rational function field in the variable X over K, which is denoted by K(X).

(2) Consider a ring R # 0 and let S = R — Z where Z is the set of all zero
divisors in R. Then Ry is called the total quotient ring of R. It is not necessarily
a field, but contains R as a subring.

(3) Consider a ring R and a prime ideal p C R. Then S = R—p is a
multiplicative system in R, due to the prime ideal property of p, and we call
Rp_, the localization of R at p. By abuse of language, one mostly writes R,
instead of using the more clumsy notation Rp_,.

(4) For an element f of a ring R, the set S = {1, f, f2, f3,...} defines a
multiplicative system in R. The localization Rg is denoted by Ry or R[f'].

In the following, let Rg be the localization of a ring R by a multiplicative
system S C R, and let 7: R —— Rg be the canonical map. For any ideal
a C R, we can consider its extension to Rg, which is denoted by aRg. Thereby
we mean the ideal generated by 7(a) in Rg. A simple verification shows

aRS:{g;aEa,seS}.

On the other hand, we may consider the restriction of any ideal b C Rg to R,
which is given by b R = 771(b).

Proposition 5. Let Rg be the localization of a ring R by a multiplicative system
S C R. Then:
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(i) An ideal @ C R extends to a proper ideal aRs C Rg if and only if
SNna=0.
(i) For any ideal b C Rg, its restriction a = b N R satisfies aRg = b.
(ii) If p C R is a prime ideal such that p NS = (), then the extended ideal
pRgs is prime in Rg and satisfies pRs N R = p.
(iv) For any prime ideal q C Rg, its restriction p = qN R is a prime ideal
in R satisfying pRs = q. In particular, pN S =0 by (i).

Proof. Starting with assertion (i), let a C R be an ideal containing some s € S.
Then aRs contains {, which is a unit, and we have alg = Rg. Conversely,
assume alRg = Rg. Then there are elements a € a and s € S such that &= %
in Rg. Hence, we can find ¢t € S such that (a — s)t = 0. But then st = at € qa,
and an S # (.

To show aRs = b in the situation of (ii), consider an element ¢ € b. Then
1= 1% implies a € a = bN R and, hence, ¢ € allg so that b C aRg. The
opposite inclusion is trivial.

Next consider a prime ideal p C R such that p NS = (). Then pRg is a
proper ideal in Rg by (i). To show that it is prime, consider elements ¢, ‘SL—: € Rg
such that %‘;—,’ = ‘Z—(S’,/ € pRg, say Z—:,’ = ‘;—:: for some a” € p and s” € S. Then there
is an equation

(ad's” —a"ss )t =0
for some t € S and we get aa's"t = a”ss't € p. Since "t € p, we have ada’ € p
and, thus, a € p or @’ € p. Therefore ¢ € pRg or ’;—: € pRg and we see that
pRg is prime in Rg. Clearly p C pRg N R. To verify the opposite inclusion, let
b € pRs N R. Then there is an equation % = 2 in Rg, for some a € p, s € S.
Hence, there is t € S such that (bs — a)t = 0. Thus, bst = at € p and, since
st € p, we get b € p.

Finally, let q be a prime ideal in Rg. It follows from 1.1/15 that p=qN R
is prime in R. To show pRg = q use the argument given in (ii). a

One may ask if assertion (iii) of Proposition 5 still holds for more general
ideals than prime ideals. The answer is yes for so-called primary ideals by 2.1/13,
but no in general, as can be seen using 2.1/14 or Exercise 4 below.

Corollary 6. The canonical homomorphism R —— Rg from a ring R to its
localization by a multiplicative system S C R induces a bijection

Spec Rg —~ {p € SpecR; pN S =}, g——qnNR,
that, together with its inverse, respects inclusions between prime ideals in R and

Rs.

Corollary 7. For any prime ideal p of a ring R, the localization R, is a local
ring with mazimal ideal pR,.

Proof. We just have to observe that R, — pR, consists of units in R,. (]
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It remains to discuss the so-called universal property of localizations, which
characterizes localizations up to canonical isomorphism.

Proposition 8. The canonical homomorphism 7: R —— Rg from a ring R to
its localization by a multiplicative system S C R satisfies 7(S) C (Rg)* and is
universal in the following sense: Given any ring homomorphism ¢: R —— R’
such that ¢(S) C (R')*, there is a unique ring homomorphism ¢': Rg — R’
such that the diagram

T

R

is commutative.
Furthermore, if ¢: R R’ satisfies the same universal property as T
does, then ¢': Rg — R’ is an isomorphism.

Proof. We start by the uniqueness assertion. For ¢ € R and s € S, we have
()= #(2) =0
(a) w(l vl51) =75 )#6)
and, hence,

7 (2) = el@pels) ™,

which implies that the map ¢’ is uniquely determined by .
To show the existence of a homomorphism ¢': Rg —— R’ as required, set

/(2) = lare(s)™

S

/

for a € R and s € S. We claim that ¢'($) is well-defined. Indeed, for ¢ = %,
say where (as’ — a's)t = 0 for some t € S, we get

(pla)p(s') — w(a)p(s)) - () =0

and, since ¢(t) is a unit in R, also

Hence, ¢': Rg — R’ is well-defined, and it is easily checked that ¢’ is a
homomorphism satisfying ¢ = ¢’ o 7.

Now assume that both 7 and ¢ are universal in the sense of the assertion.
Then besides ¢': Rg —— R’ satisfying ¢ = ¢’ o 7 there is a homomorphism
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7': R — Rg such that 7 = 7/ o p. Applying the uniqueness part of the
universal property to the equations

idpop =y or= (¢ 07) o, idrgor =7 op=(7"0¢)o

we conclude ¢’ o7’ = idg as well as 7'o0 ¢’ = idg,. Consequently, ¢': Rg — R’
is an isomorphism. (|

As an example of how to work with the above universal property, let us give
an alternative description of localizations.

Lemma 9. Let R be a ring, F' = (f;)ier a family of elements in R, and S C R
the multiplicative subset generated by F, i.e. S consists of all (finite) products
of members in F. Then, fiting a system of variables T = (t;)icr, there is a
canonical isomorphism

Rg —~~ R[T]/(1— ftzi€l).

In particular, for a single element f € R, there is a canonical isomorphism

~ R[t]/(1 - ft).

Proof. The canonical ring homomorphism ¢: R —— R[T]/(1 — fit;;i € I)
sends all elements of S to units. Thus, it factorizes over a well-defined ring
homomorphism ¢": Rg —— R[T]/(1 — fit;;i € I). On the other hand, it is
easily checked that ¢ satisfies the universal property of a localization of R by
S. Therefore ¢’ must be an isomorphism. |

We want to discuss some simple compatibility properties for localizations.

Proposition 10. Consider elements f,g € R of some ring R and integers
d,e € N where d > 1. Then there is a canonical commutative diagram

|
Rpg ——— (Ry)s-

where the lower horizontal map is an isomorphism.

Proof. The canonical map R — Ry — (Ry) -e4a sends f, g and, thus, also fg
to units in (Ry) p—eza and therefore factors through a well-defined homomorphism
Ry — (Ry) p-e4a, which is the lower horizontal map of the diagram. To obtain
an inverse of the latter, observe that R —— Ry, maps f to a unit and, hence,
factors through a map Ry — Ry,. Since this map sends f~¢g? to a unit in
Ryg, it factors through a map (Ry)s-cja — Ryy. The latter is easily seen to
be an inverse of the lower one in the dlagram either by relying on the universal
property of localizations, or by using fractional arithmetic. |
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Proposition 11. Consider a prime ideal p C R of some ring and an element
f € R—p. Then pRy is a prime ideal in Ry, and there is a canonical commutative
diagram

R Ry

|

Ry ——— (Ry)pr,

where the lower horizontal map is an isomorphism.

Proof. It follows from Proposition 5 that p Ry is a prime ideal in R;. Furthermore,
the same result says that the canonical homomorphism R —— Ry maps R —p
into Ry—pR;. In particular, the composition R — Ry — (Ry)pr, maps R—p
into the multiplicative group of units in (Ry),r, and therefore factors through
a well-defined homomorphism R, —— (Rf),r,, which is the one considered in
the diagram. To obtain an inverse of the latter, observe that R — R, factors
through Ry, since the image of f is a unit in R,. Furthermore, the induced map
R; — R, sends all elements of Ry —pR; to units in R, and therefore induces
a well-defined homomorphism (Rf),r, — R,. The latter is easily seen to be
an inverse of the lower one in the diagram. Similarly, as in the proof above, we
may rely on the universal property of localizations, or simply apply fractional
arithmetic. ]

Note that the same argument of proof works for any localization Rg in place
of Ry if the condition f € R — p of Proposition 11 is replaced by p NS = 0.

Exercises

1. Let R be a non-zero ring. Show that R is local if and only if 1 + a is a unit
for every non-unit a € R. In the latter case the maximal ideal of R is given by
R - R*.

2. For a ring R and a maximal ideal m C R show that R/m" is a local ring for any
exponent n > 1.

3. Show that every subring of Q is a localization of Z.

4. Consider the polynomial ring K[X,Y] in two variables over a field K and its
ideal @ = (X2, XY), as well as its multiplicative subset S = K[X,Y] — (X).
Show that the ideal aK [X,Y]s N K [X,Y] strictly contains a, in contrast to the
assertion of Proposition 5 (iii) for prime ideals.

(@23

For a ring R and a prime ideal p C R show that there is a canonical isomorphism
Q(R/p) — R,/pR, where Q(R/p) is the field of fractions of R/p.

6. Show that any localization of a factorial ring is factorial again; factorial means
that the ring satisfies the theorem of unique prime factor decomposition.

7. Show for any ring R and a variable X that the localization (R[X])g of the
polynomial ring R[X] by the multiplicative system S = {1, X, X? ...} is the
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so-called ring of Laurent polynomials over R; the latter consists of all formal
expressions of type ) ;. a; X" where a; € R and a; = 0 for almost all i € I,
endowed with conventional addition and multiplication.

8. Consider the polynomial ring R[X] in a family of variables X over a ring R.
Show for a multiplicative subset S C R that there is a canonical isomorphism
(R[X])s — Rs[X].

9. Call a ring homomorphism ¢: R —— R’ a localization morphism if there exists
a multiplicative subset S C R with p(S) C R™ such that ¢ satisfies the universal
property of a localization of R by S. Show that the composition of two localization
morphisms is a localization morphism again.

1.3 Radicals

Definition 1. Let R be a ring. The intersection

iR= (] m

meSpm R

of all mazximal ideals in R is called the Jacobson radical of R.

As an intersection of ideals, the Jacobson radical j(R) is an ideal in R
again. If R is the zero ring, it makes sense to put j(R) = R, since an empty
intersection of ideals in a ring R equals R by convention. Let us consider some
further examples. Clearly, a ring R is local if and only if its Jacobson radical
j(R) is a maximal ideal. Furthermore, we claim that the Jacobson radical of a
polynomial ring in finitely many variables X, ..., X,, over a field K is trivial,

J(K[X1,...,X,])=0.

This is a special case of Hilbert’s Nullstellensatz; see 3.2/5 or 3.2/6. To give a
simple argument for this at the present stage, let K be an algebraic closure of
K. Then, for a point = (x1,...,2,) € K", we may consider the ideal

which is the kernel of the substitution homomorphism
K[Xla"'aXn]—'Fv g}—>g(I)

As the latter is surjective onto the field K (z1,...,z,) generated over K by the
components of z, we see that K[X7,..., X,]/m, is a field. Therefore it follows
from 1.1/8 (ii) that m, is a maximal ideal in K[X7,..., X,].

Now let f € j(K[Xi,...,X,]). Then f € m, and, hence, f(z) = 0 for
all z € K". From this we can conclude by induction on n that f is the zero
polynomial. Indeed, the case n = 1 is clear, since any algebraically closed field
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contains infinitely many elements and, hence, f is a polynomial in one variable
that has an infinite number of zeros. On the other hand, if n > 1 we can write f
as a polynomial in X,, with coefficients in K [X3,..., X, _1],say f = Z;'i:o i XL
Fixing an arbitrary point 2/ € K", the polynomial

d

J@ X)) =Y fila) X € K[X,]

i=0

vanishes at all points x,, € K and, as before, must have coefficients f;(2’) that
are trivial. But then, varying 2/, the polynomials f; will vanish on all points of
K1 so that the f; must be trivial by the induction hypothesis. In particular,
f =0 and this shows that the Jacobson radical of K[X7,..., X,] is trivial, as
claimed. For a different method of proof see Exercise 5 below.

Remark 2. Let R be a ring. For a € R the following are equivalent:
(i) o€ j(R).
(i) 1 —ab is a unit in R for all b € R.

Proof. Let a € j(R). Then a is contained in every maximal ideal of R, and it
follows that 1 — ab for b € R cannot be a member of any of these ideals. Since
every non-unit is contained in a maximal ideal of R by 1.1/13, we see that 1 —ab
must be a unit.

Conversely, consider an element a € R — j(R). Then there is a maximal
ideal m C R such that @ ¢ m. Hence, (m,a) = R and there is an equation of
type 1 = m+ ab, for suitable elements m € m and b € R. Since 1 —ab =m € m,
we have found an element b € R such that 1 — ab is not a unit in R. (]

Definition 3. Let R be a ring. An element a € R is called nilpotent if a® =0
for some s € N. Furthermore,

rad(R) = {a € R; a nilpotent}
is called the nilradical of R. If rad(R) =0, the ring R is called reduced.

As a,b € rad(R) implies a £ b € rad(R) using the binomial theorem, it
becomes clear that rad(R) is an ideal in R. For example, consider the ring
R = K[X]/(X?), for a field or even a ring K and some integer s > 0. Writing
X € R for the residue class of the variable X, we get X* = 0 and it follows
that X € R is nilpotent. Assuming rad(K) = 0 (in the case of a ring K), one

can show that rad(R) = (X). In general the ideal rad(R) will be generated by
rad(K) and X.

Proposition 4. For any ring R we have

rad(R) = ﬂ p.

peSpec R
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Proof. Let us start by showing rad(R) C [,cgpec g P- To achieve this, choose an
element a € rad(R) and assume a® = 0 for some s € N. Then a® is a member
of any prime ideal p C R, and it follows that a itself must belong to p. Thus,
a € mpESpecRp'

To derive the opposite inclusion, consider an element a € R — rad(R). We
have to show that there exists a prime ideal p C R such that a € p. To construct
such a prime ideal, look at the multiplicative system

S={d";neN}CR.

By its choice, a is not nilpotent. Therefore 0 ¢ S and this implies Rg # 0 by
1.2/4 (iii) for the localization of R by S. Then Rg will contain a maximal ideal
q by 1.1/11, which, in particular, is a prime ideal. Considering the canonical
homomorphism 7: R — Rg, we claim that p = 771(q), which is a prime ideal
in R, cannot contain a. Indeed, otherwise q would contain 7(a) as a unit and
therefore the prime ideal q would coincide with the unit ideal in Rg, which is
impossible. Alternatively, we can use 1.2/5 (iv). |

Comparing Proposition 4 with Definition 1, we see that the Jacobson and
the nilradical are characterized in a similar way. In particular, the nilradical
is always contained in the Jacobson radical. The two radicals will be different
in general, which becomes most apparent by looking at local rings admitting a
non-maximal prime ideal. For example, Z, for a prime p is such a ring. We
want to extend the notion of radicals to ideals.

Definition 5. Let R be a ring and a C R an ideal. Then

i@= (] m

meSpm R
aCm

is called the Jacobson radical of a and
rad(a) = {a € R; a" € a for some n € N}
is called the nilradical of a. If rad(a) = a, the ideal a is called reduced.

Note that for the unit ideal @ = R the radicals j(R) and rad(R) in the
sense of Definition 5 are not really significant. This is why these notions are
predominantly used for the radicals of the ring R as introduced in Definitions 1
and 3.

Remark 6. Let R be a ring and a C R an ideal. Let m: R —— R/a be the
canonical residue homomorphism. Then:

(i) j(a) = 7' (§(R/w)).
(i) rad(a) = 7! (rad(R/a)).

(iil) rad(a) = ﬂpESpec R.acp P-
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Proof. To justify assertions (i) and (iii) observe that the map n —— 7—1(n)
defines a bijection between all maximal (resp. prime) ideals of R/a and the
maximal (resp. prime) ideals in R that contain a. Therefore (i) and (iii) follow
from Definition 1 and Proposition 4; just use the fact that the formation of
inverse images with respect to 7 commutes with intersections. For (ii) use the
fact that a power b" of some b € R belongs to a if and only if 7(b)" = 0. O

Assertion (iii) of Remark 6 admits a geometric interpretation on the prime
spectrum Spec R, as introduced in Section 1.1. To explain this, associate to any
subset Y C Spec R the ideal

Y)={feR; f(x)=0forallz €Y} CR

of functions in R that vanish on Y. Then we have I(z) = p, for any point
x € Spec R and therefore I(Y') =,y 02 It follows

ﬂ P = ﬂ p= rad(a)

z€V(a) peSpec R
aCp

namely, that the nilradical rad(a) coincides with the ideal of all functions in R
that vanish on the zero set of a.
Finally, let us add two technical lemmata on prime ideals.

Lemma 7. Let R be a ring, a C R an ideal, and p1,...,p, C R prime ideals
such that a C U?Zl p;. Then there is an index i, 1 < i < n, such that a C p;.

Lemma 8. Let R be a ring, ai,...,a, C R ideals, and p C R a prime ideal
such that 0?21 a; C p. Then there is an index i, 1 < i < n, such that a; C p.
If, more specifically, (\;_, a; = p, then a; = p for this index i.

Proof of Lemma 7. We conclude by induction on n, the case n = 1 being trivial.
Let n > 1 and suppose we have a C U ., p;, but not a C p; for any index
i = 1,...,n. By induction hypothesis we may then assume a ¢ U]# p; for
i=1,...,n. Thus, for any i, we can find some element

a;€a—|Jp; Cpi
J#i
Then consider the elements
bZ:HajGHpj, 1=1,...,n,
J#i J#i
where b; belongs to a and for j # i also to p;, but not to p;, as can be seen by
using the prime ideal property of p;. Therefore

b:= i bj
j=1
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is an element of a that cannot belong to any of the py,...,p,. But this means
ad U;.l:l p;, contradicting our assumption. |

Proof of Lemma 8. Proceeding indirectly, as before, let us assume ﬂ?;l a; C p,
but a; ¢ p for j =1,...,n. Then there are elements

a; €a; —p, j=1...,n,

and using the prime ideal property of p we get

n
a:=ay...ay € (ﬂaj)fp,
j=1

which contradicts the inclusion (7_; a; C p.
Therefore there is an index i, 1 < i < n, such that a; C p. If ﬂ;”zl a; =p,
we get a; = p from this for trivial reasons. O

Let us point out that Lemma 8 admits a geometric interpretation on the
prime spectrum of R, as introduced in Section 1.1. Namely, for ideals ay, ..., a,
and a prime ideal p of R, we have the equivalence

é a; Cp <= V(ﬁ aj) D Vip).

Jj=1

Indeed, the implication “ =" is obtained by looking at the zeros of the ideals
involved, whereas the implication “ <= " uses the formation of ideals I(:)
of vanishing functions, as introduced above, in conjunction with rad(p) = p.
Furthermore, we can use the assertion of Lemma 8 to show

n

V(n aj) = Q V(a;).

Jj=1

Thus, given an inclusion V(p) C Uj_, V(a;), Lemma 8 yields the existence of
an index ¢, 1 <4 <n, such that V(p) C V(a;). This property characterizes the
so-called #rreducibility of V (p) for prime ideals p.

Exercises

1. Let R be a ring and set Ryeq = R/rad(R). Show that Ryeq is reduced and that
any ring homomorphism R — R’ to a reduced ring R’ factors through a unique
ring homomorphism Rpeq — R.

2. Consider the polynomial ring K[X,Y] in two variables over a field K and set
R=K[X,Y]/(X —_XYZ, Y3). Writing X, Y for the residue classes of X, Y, show
that rad(R) = (X,Y) is the only prime ideal in R and that Ryeq ~ K.
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3. Let R be a ring containing only finitely many prime ideals and assume that a
certain power of the radical rad(R) is zero. Show that R is a cartesian product
of local rings. Hint: Apply the Chinese Remainder Theorem of Exercise 1.1/3 in
conjunction with Exercise 1.1/4.

4. Show rad(R[X]) = rad(R) - R[X] for the polynomial ring R[X] in one variable
over a ring R. Furthermore, prove

R[X]* = R"+rad(R) - (X)

where the right-hand side is to be interpreted as the set of all polynomials of type
Z?:o a; X for variable d where ag € R* and a; € rad(R) for i > 0. Hint: Think
of the geometric series.

5. Show rad(R[X]) = j(R[X]) for the polynomial ring in one variable over any
ring R. Hint: Use Exercise 4 above.

1.4 Modules

Definition 1. Let R be a ring. An R-module consists of a set M together with
an inner composition law M x M —— M, (a,b) —— a + b, called addition,
and an external composition law Rx M —— M, («,a) — «-a, called scalar
multiplication, such that:

(i) M is abelian group with respect to addition.

(i) (a+p)-a=a-a+p-aand a-(a+b)=a-a+a-bforal a,p € R,
a,b € M, i.e. addition and scalar multiplication satisfy distributivity.

(iii) (@-B)-a =a-(B-a) forall o, € R,a € M, i.e. the scalar multiplication
18 associative.

(iv) 1-a = a for the unit element 1 € R and all a € M.

Modules should be seen as a natural generalization of vector spaces. In
particular, a K-module over a field K is just a K-vector space. On the other
hand, any ideal a of a ring R can be considered as an R-module. Just view a as a
group with respect to the addition of R and use the multiplication of R in order
to define a scalar multiplication of R on a. In particular, R is a module over
itself. Also note that there is a (1 : 1)-correspondence between abelian groups
and Z-modules.

Definition 2. A map ¢: M —— N between R-modules M and N is called a
morphism of R-modules or an R-module homomorphism (or just an R-homo-
morphism if the context of modules is clear) if

(i) (@ +y) = @) + ¢(y) for all z,y € M,

(i1) @(rz) =re(x) for all T € R and x € M.

Mono-, epi-, iso-, endo-, and automorphisms of R-modules are defined as
usual.
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It is possible to combine the concept of modules with the one of rings; we
thereby arrive at the notion of algebras.

Definition 3. Let R be a ring. An R-algebra (associative, commutative, and
with a unit 1) is a ring A equipped with a structure of an R-module such that
the compatibility rule

re(@ey)=(0-z)y=z-(r-y

holds for all v € R and z,y € A where “ -7 denotes both, the ring multiplication
and the scalar multiplication on A.

A morphism of R-algebras A —— B is a map that is a homomorphism
with respect to the ring and the module structures on A and B.

Given any ring homomorphism f: R —— A, we can easily view A as an
R-algebra via f; just set r -z = f(r) -z for r € R and x € A. Conversely, for
any R-algebra A as in the definition, the map

fi R— A, r——1-1g4,

where 14 is the unit element of A, defines a ring homomorphism such that the
R-algebra structure of A coincides with the one induced from f. In fact, to
equip a ring A with the structure of an R-algebra in the sense of the definition
we just have to specify a ring homomorphism R —— A, which then is called
structural. Using this point of view, a homomorphism between two R-algebras
R A and R —— B is a ring homomorphism A —— B compatible with
structural homomorphisms in the sense that the diagram

N

B

is commutative.
Returning to the notion of R-modules, we need to introduce the concept of
submodules.

Definition 4. Let M be an R-module. A subgroup N C M is called a submodule
or, in more precise terms, an R-submodule of M if ro € N for all r € R and
x € N. In particular, N is then an R-module itself, using the addition and scalar
multiplication inherited from M.

For example, the R-submodules of any ring R consist precisely of the ideals
in R.

Remark 5. Let p: M —— N be a morphism of R-modules. Then

kerp :={x € M ; p(z) = 0},
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the kernel of ¢, is an R-submodule of M, and
im ¢ := (M),
the image of ¢, is an R-submodule of N.

If M is an R-module and N C M an R-submodule, then just as in the
setting of vector spaces, one can construct the residue class module M /N, often
referred to as the quotient of M by N. It consists of all cosets x + N of N in
M where x varies over M. Then M/N is an abelian group under the addition

(z+N)+y+N)=(@+y +N, zyeM,
and even an R-module if we take
r(x +N)=(rz) + N, reR, x €M,

as scalar multiplication. These composition laws are well-defined, as can be
checked easily, and the canonical map

w: M — M/N, r+——x+ N,

is an epimorphism of R-modules, which satisfies the universal property of the
Fundamental Theorem on Homomorphisms, namely:

Proposition 6. Let M be an R-module and N C M an R-submodule. If
w: M —— M’ is a morphism of R-modules satisfying N C ker @, there exists
a unique R-module homomorphism ¢': M/N —— M' such that the diagram

M—2 M

™

M/N

s commutative.

In addition, let us point out that ¢’ is injective if and only if N = ker ¢, and
surjective if and only if ¢ is surjective. In particular, we can conclude that ¢’ is
an isomorphism if and only if N = ker ¢ and ¢ is surjective. As consequences
of this fact, let us mention the so-called Isomorphism Theorems.

Proposition 7. Let N, N’ be submodules of an R-module M. Then the canonical
homomorphism N —— N + N’ —— (N + N')/N’ admits N NN’ as its kernel
and is surjective. Hence, it induces an isomorphism

N/(NNN') -~ (N + N')/N".
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Proposition 8. Let M be an R-module and N C N’ C M submodules.

(i) The canonical homomorphism N' —— M —— M /N admits N as kernel
and induces a monomorphism N'/N —— M/N so that N'/N can be viewed as
a submodule of M/N.

(ii) The canonical epimorphism M —— M/N’ factorizes over M/N, i.e.

it can be written as a composition M —— M /N L. M/N'" where f is an

R-module homomorphism and m the canonical map.
(iil) f admits N'/N as kernel and induces an isomorphism

(M/N)/(N'/N) ==~ M/N".

Next, let us discuss some construction methods for modules. We start out
from a given R-module M.

(1) Let (x;)ser be a family of elements in M. Then

Zin = {ZH%‘; r; € R,r; = 0 for almost all i € I}

el el

is a submodule of M, the so-called submodule generated by the z;, ¢ € I. This
is the smallest submodule of M containing all elements x;. An R-module M is
called finitely generated, or of finite type, if there exist elements z1,...,x, € M
such that M = >"" | Ra;.

(2) Let (N;)ier be a family of submodules of M. Then

N:ZNZ-: {le, x; € N;, x; = 0 for almost allie[}

i€l el

is a submodule of M, called the sum of the submodules N; of M. The sum is
called direct and we write
N=EN

iel
if, for every x € N, the representations of type = Y., x; with z; € N; are
unique. Note that suppressing trivial summands, such a representation reduces
to a finite sum, say x = z;, + ...+ z;, with indices 41,...,is € I. Sometimes
the notation x = z;, &...® x;, is used in this context in order to stress the fact
that the terms z; are unique.

(3) Let (M;);er be a family of R-modules. Then the cartesian product
[T
icl

is an R-module under componentwise addition and scalar multiplication; it is
called the direct product of the M;. Identifying M; for j € J with the submodule
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M; fori=j
e[ wiee =0 5020
o P 0 for i # j

we may view each M; as a submodule of [],_; M;. The sum of these submodules

is direct and we have

@Mi = {(xi)iel € HMl x; = 0 for almost all i € I}.

i€l i€l

i€l

Thereby we can define the direct sum of any family of R-modules not necessarily
given as submodules of an ambient module M. This construction is referred to
as the constructed or external direct sum of the M;. For example, we write
R = P, R for the direct sum of copies of R, extending over an index set /.
Furthermore, it follows that @,.; M; = [[,; M; if I is finite.

(4) Given R-modules M, N, the set Hompg (M, N) of all R-module homomor-
phisms M —— N is an R-module again. Indeed, using the R-module structure
of N, the sum of arbitrary maps M —— N as well as their scalar products with
constants from R are well-defined. Furthermore, any R-module homomorphism
v: M' —— M gives rise to an R-module homomorphism

Homp(M, N) — Hompg(M’, N), ©— o7,

and any R-module homomorphism 6: N —— N” gives rise to an R-module
homomorphism

Homp(M, N) — Hompg(M, N"), Y 00p.

As an example, consider a family (M;);cr of submodules in M. Then the inclu-
sion maps ¢;: M; —— M determine an R-module homomorphism

&: Homp(M,N) — [[Homg(M;, N), ¢+ (g0 t)icr.

icl

It is easily seen that @ is an isomorphism for all R-modules N if and only if M is
the direct sum of the submodules M; C M. Also note that for this assertion we
can replace the inclusion maps ¢; by arbitrary R-module homomorphisms; they
will automatically be injective if @ is an isomorphism for all V. This gives us the
opportunity to characterize direct sums in terms of a universal mapping prop-
erty. Namely, a direct sum of a family of R-modules (M;);c; is an R-module M
together with R-module homomorphisms ¢;: M; —— M (necessarily injective)
such that the induced R-module homomorphism & as above is an isomorphism
for every R-module N or, in other words, such that for every family of R-module
homomorphisms ¢;: M; —— N, ¢ € I, into an arbitrary R-module N there is
a unique R-module homomorphism ¢: M —— N satisfying ¢ o ¢; = ¢; for all
i € I. The standard argument for universal mapping properties (for example, as
used in the proof of 1.2/8) shows that M is unique up to canonical isomorphism.



36 1. Rings and Modules

(5) Let a C R be an ideal. Then

<oo

aM = {Zaixi; aiEa,xiEJV[}

=0

is a submodule of M. It is the submodule generated by all products ax where
acaand x e M.

(6) For a family (M;);er of submodules of M, the intersection

o

i€l

is a submodule of M.

Definition 9. Let M be an R-module. A family (x;)ier of elements in M s
called free if the following holds: given coefficients a; € R where a; = 0 for
almost all i € I, the equation ), a;x; = 0 implies a; = 0 for all i € I.

An R-module M is called free if it admits a free generating system; the
latter amounts to a family of non-zero elements (x;);e; such that every x € M
admits a representation

T = Z a;T;

iel
with unique coefficients a; € R that are trivial for almost all i € I.

Free generating systems of modules are to be seen as a generalization of
vector space bases. For example, R" for some power n € N, or RY) for some
index set I, is a free R-module where the canonical “unit vectors” give rise to
a free generating system. Every vector space over a field K is a free K-module.
However, in most cases modules will not admit free generating systems and,
thus, will not be free. Even submodules of free modules need not be free. As
an example, consider the polynomial ring K[X,Y] in two variables X,Y over
a field K. Then K[X,Y] is a free K[X,Y]-module, since the unit element
1 € K[X,Y] gives rise to a free generating system. Now consider an ideal
a C K[X,Y]. We claim that a is a free submodule of K[X,Y] if and only
if a is a principal ideal. Indeed, if a = (a) for some a € a, then a defines a
free generating system of a, at least if a # 0. If a = 0, the ideal a is zero,
admitting the empty system as a free generating system. On the other hand,
if a is not principal, then every generating system of a contains at least two
elements f,g # 0, and the equation gf — fg = 0 shows that such a system
cannot be free. For example, the ideal (X,Y) C K[X,Y] defines a submodule
of K[X,Y] that is not free.

The non-existence of free generating systems for arbitrary R-modules is,
of course, related to the possible lack of sufficiently many units in R. How-
ever, in certain situations, the desired units do exist so that, as a consequence,
one can construct generating systems enjoying special properties. The key fact
underlying such constructions is given by the following result:
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Lemma 10 (Nakayama). Let M be a finitely generated R-module and a C j(R)
an ideal such that aM = M. Then M = 0.

Proof. We proceed indirectly and assume M # 0. Since M is finitely generated,
we may consider a minimal generating system z1,...,x, € M. Using aM = M,
there is an equation

Ty = Q171+ ...+ ATy,

for suitable coefficients a; € a. Then
(I—ap)xn =a1x1+ ...+ ap_1Tp_1,

and we see from 1.3/2 that 1 — a, is a unit, since a, € a C j(R). But
then the above equation yields z, € Z;:ll Rx; and M is already gener-
ated by x1,...,x,_1, contradicting our assumption that the generating system
Z1,..., %, iS minimal. [

Corollary 11. Let M be a finitely generated R-module and a C j(R) an ideal.
Then, if N C M is a submodule satisfying M = N+aM, we must have M = N.

Proof. M = N +aM implies M/N = a(M/N). Since M/N, just as M is finitely
generated, Nakayama’s Lemma yields M/N = 0. Hence, M = N. ]

Corollary 12. Let R be a local ring with mazimal ideal m C R. Then, for
any finitely generated R-module M, the quotient M /mM is canonically a vec-

tor space over the field R/m. Furthermore, if x1,...,x, € M are elements
whose residue classes Ty,...,T, € M/mM generate this vector space, then
M = z?zl R.Z'Z

Proof. From M/mM = >"" | R/mT; we conclude
M =" Rz;+mM

i=1

and, using Corollary 11, M =Y | Rux;. O

Exercises

1. Consider a family (M;);er of submodules of an R-module M such that M; C M;
or M; C M; for any pair of indices 4,j € I. Show that (J;c; M; is a submodule
of M. On the other hand, give an example of a module M where the union of
arbitrary submodules is not necessarily a submodule again.

2. Let A be an integral domain that is an algebra over a field K. Show that A is a

field if, as a K-vector space, it is of finite dimension.

3. Let (M;);er be a family of R-modules. Establish the universal properties for the
direct sum and the direct product of the M;. Namely, show for any R-module N
that there are canonical bijections
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Homp (@ M;, N) —=~ [ Hompg(M;, N),

el el
Homp (N, 11 M,») —=» [ Homp(N, M;).
el el

4. Give an example of a module M over some ring R such that Nakayama’s Lemma
(Lemma 10) loses its validity.

5. Generalization of Nakayama's Lemma: Let M be an R-module and a C R an
ideal satisfying M = aM. Show that there is some element a € a such that
(14-a)-M = 0. Hint: Choose generators z1, . . ., Ty of M and write x for the column
vector of the z;. Consider an equation of type z = A - z for some (n X n)-matrix
A with coefficients in a. This yields (I — A) - = 0 for the (n x n)-unit matrix I.
Deduce det(I — A) - M = 0 from Cramer’s rule; see also the proof of 3.1/4.

6. Let o: M —— M Dbe a surjective endomorphism of a finitely generated R-module
M. Show that ¢ is injective. Hint: View M, together with its endomorphism ¢,
as a module over the polynomial ring in one variable R[t] by setting ¢ -z = ()
for x € M. Then apply Exercise 5 above.

1.5 Finiteness Conditions and the Snake Lemma

To start with, let us recall the notion of exact sequences of modules over a ring
R. A sequence of R-modules is a chain of morphisms of R-modules

fn—2 frn—1 fn frt1
Mn—l Mn Mn+1 -

where the indices are varying over a finite or an infinite part of Z. We say
that the sequence satisfies the complex property at M, (more specifically, at
position n) if we have f,, o f,—1 = 0 or, in equivalent terms, im f,,_; C ker f,.
Furthermore, the sequence is said to be ezact at M, if, in fact, im f,,_; = ker f,,.
If the sequence satisfies the complex property at all places M,, (of course, except
at those where the sequence might terminate), it is called a complex. Likewise,
the sequence is called ezact, if it is exact at all places. For example, a morphism
of R-modules f: M’ —— M is injective if and only if the sequence

0— M —Lo

is exact; here 0 denotes the zero module and 0 —— M’ the zero mapping, the
only possible R-homomorphism from 0 to M’. On the other hand, f is surjective
if and only if the sequence

ML —o

is exact; M —— 0 is the zero mapping, the only possible R-homomorphism
from M to 0. Exact sequences of type
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0 M f M g M 0

are referred to as short exact sequences. The exactness of such a sequence means:
(1) f is injective,
(2) im f = ker g,
(3) g is surjective.

Thus, for a short exact sequence as above, we can view M’ as a submodule of
M via f and we see, using the Fundamental Theorem of Homomorphisms 1.4/6,

~

that g induces an isomorphism M/M' —~~ M". Conversely, every submodule
N C M gives rise to the short exact sequence

0 N M M/N — 0.

Another type of short exact sequences can be built from the direct sum of
two R-modules M’ and M”, namely

(%) 0— M — MaeM — M —0,

where M/ —— M’ & M" is the canonical injection and M’ & M” —— M" the
projection onto the second factor. Such sequences are the prototypes of so-called
split exact sequences. In fact, an exact sequence of R-modules

() 0 M M M" 0

is called split if it is isomorphic to one of type (x) in the sense that there is an

~

isomorphism M’ @ M"” —~ M making the diagram
0—’M/—’MI@M”_’MU—’O

|

0 M M M 0

commutative.
For a short exact sequence

f M g M 0

(%) 0 M

as above to be split, it is enough that g admits a section. Thereby we mean
a morphism of R-modules s: M” M such that g o s = idy»~. Then s is
a monomorphism and we may identify M” with its image in M so that M”
becomes a submodule of M. Viewing M’ as a submodule of M as well, we get
M'NM" =0and M = M'+M", as is easily verified. As a result, M = M'& M"
and the exact sequence (xx) is isomorphic to the canonical one (*). In a similar
way, one can show that (xx) is split if f admits a retraction, i.e. a morphism of
R-modules t: M — M’ such that t o f = idyy. Then g identifies kert with
M" and one can show, as before, that M = M’ & M".
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For any morphism of R-modules M’ L. M we can consider its cokernel

given by
coker f = M/im f.

Then any morphism f as above gives rise to the canonical exact sequence

f

0 ker f M’ M coker f —— 0.

Although the definitions of the kernel and cokernel look quite different, both

notions are nevertheless closely related. Namely, ker f is characterized by the

exact sequence

f

0 ker f M M

b

whereas the same is true for coker f and the exact sequence

M’—f>M—>cokerf—>O.

Note that the type of the latter sequence is related to the former one by reversing
arrows. It is this reverse setting, which usually is referred to by the prefix “co”.

Lemma 1 (Snake Lemma). Let

M —2

b

(TT) Nl g1 N2 92 N3

be a commutative diagram of R-module homomorphisms with exact rows. Then
the diagram extends uniquely to a commutative diagram

i /

ker u; fi ker s /2 ker us

M;

wuy u us

N1 g1 N2 g2 N3

g g
coker u; —— coker ug —— coker us

where the vertical sequences are just the canonical exact sequences associated to
Uy, Us, uz. Furthermore:
() oo fl =0 and Gy 07, = 0.
(i) If gy is injective, the top upper row is exact.
(iil) If fy is surjective, the bottom lower row is exact.
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(iv) Let g1 be injective and fo surjective. Then there exists an R-module
homomorphism d: ker us —— coker uy, the so-called snake morphism, defined
as follows:

Starting with ©3 € kerug C Ms, choose an fo-preimage o € M. Then
ug(22) € ker go = im gy and there is some y; € Ny such that g1(y1) = ua(22).
Now let d(z3) be the residue class §, of y1 in cokeru;.

(v) In the setting of (iv), the exact sequences of (ii) and (iii) yield an exact
sequence as follows?:

/

f f3
keru; —— keruy, ——— kerus
d ;
( 91 92
coker u; — coker up, —— coker uz

Proof. For any x; € keru; we have ua(fi(x1)) = ¢1(ui(z1)) = 0 and, hence,
fi(z1) € keruy. Thus, f; restricts to an R-morphism f]: keru; — ker us.
Likewise, fo restricts to an R-morphism f5: kerus —— kerus. Further-

more, we have g;(u1(M1)) = wua(fi(My) and, hence, ¢g;(imu;) C imus. In
g1

particular, the R-homomorphism N; Ny —— cokerus has a kernel
containing imwu; and therefore factorizes uniquely over an R-homomorphism
g, : coker u; — coker uy. In the same way, we obtain the existence and unique-
ness of the R-homomorphism g,.

Assertion (i) is a direct consequence of the exactness of rows (f) and (1),
using the relations fy o f; =0 and g, 0 g1 = 0.

In order to verify (ii), assume that g; is injective. We only have to show that
ker fi C im f{. To do this, let zo € ker fi C ker fo C M,. Using the exactness
of (1), there is some z; € M; such that f,(z;) = z» and we claim that, in fact,
21 € keruy. Then f](z1) = 2 will show x5 € im f] and, thus, ker fi C im fj.
Now x5 € kerus implies g1(ui(z1)) = ua(fi(x1)) = ua(ze) = 0. Since ¢ is
assumed to be injective, we get ui(x1) = 0 and, hence, x; € keruy, as desired.

For assertion (iii) it remains to show kerg, C img;. Therefore choose an
element y, € kerg,, together with a representative y, € N;. Then the image
go(y2) is a representative of Go(7;) = 0. Thus, ga(y2) € imuz and we can find
a ug-preimage x3 € Mj of go(y2). Since fo was assumed to be surjective, x3
admits an fy-preimage xo € My so that now yh = y2 — us(x9) is a representative
of 7, satisfying ga2(y4) = 0. But then, using the exactness of (77), there is a
gi-preimage y; € N; of y5. Writing 7, € cokerw; for the associated residue
class in cokeru;, we get §,(7,) = ¥y. Therefore, J, € img, and we see that
kerg, C im7,, as desired.

Now assume that g; is injective and fs surjective. We want to show that we
can define an R-homomorphism d: ker us — coker vy, as specified in (iv). To
do this, start out from an element x3 € ker uz and, using the surjectivity of f,

3 If we insert the snake morphism d in the above diagram, the exact sequence takes the
shape of a “snake”; this is how the lemma got its name.
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choose an fy-preimage xy € My; by the exactness of () the latter is unique up
to an additive contribution from im f;. Then

92(ua(x2)) = us(fa(22)) = uz(z3) =0

and, using the exactness of (1), we get us(z3) € ker g = im g;. Thus, ug(x)
admits a gj-preimage y; € M; where the latter depends uniquely on wug(z2),
since ¢y is injective. Since x5, as an fy-preimage of x3, is unique up to an ad-
ditive contribution from im f;, we see that y; depends uniquely on x3 up to an
additive contribution from imw,. In any case, the residue class y, € coker u, is
uniquely determined by x3 and it follows that the map d: ker ug —— coker uy,
r3 — T, is well-defined. It is clear that d satisfies the properties of an
R-homomorphism, since d has been defined in terms of taking preimages and
images with respect to R-homomorphisms.

It remains to show that the sequence in (v) is exact at the places kerus

and coker u;. Let us start with the sequence ker uqy LN ker ug . coker u;.
Clearly, we have im fj C kerd, since any z3 € im f} admits an fo-preimage x,
in kerus. Then wus(zy) = 0. In particular, 0 € Nj is a g;-preimage of us(xs)
and, hence, is a representative of d(x3) so that d(xz3) = 0. Conversely, sup-
pose x3 € kerd. Again, let x5 € M, be an fo-preimage of x3 and y; € Ny a
gi-preimage of us(z3). Then, since x3 € kerd, we have y; € imwu; and there
exists a ui-preimage x1 € My of y;. Writing

uy(f1(71)) = g1(ua(21)) = g1(y1) = ua(z2),

we see T3 — fi(x1) € keruy. Therefore

vy = fo(r2) = fo(za) — fa(fi(71)) = fal22 — fi(21)) € imfé

and, hence, kerd C im f}.

Finally, let us discuss the sequence ker ug 4., coker uy —% . coker Us.
First, we show imd C kerg,. To do this, choose an element x5 € kerus and let
xo € My be an fy-preimage of x3, as well as y; € Ny a gi-preimage of us(z2).
Then y; is a representative of d(x3) and g (y1) = uz(x2) € im uy a representative
of g,(d(x3)). But then g,(d(x3)) = 0 and we have imd C kerg,. Conversely,
consider an element 7, € kerg,, together with a representative y; € N;. Then
we have g1(y1) € imuy and there is a up-preimage xo € Ms of ¢1(y1). Observing
the equation wus(fa(z2)) = go(uz(xs)) = g2(g1(v1)) = 0, where we use that
g2 0 g1 = 0 due to the exactness of (”), we conclude z3 := fo(22) € keruz and
see from the construction of x3 that d(x3) = ¥,. Therefore 7, € imd and, hence,
kerg, C imd. g

Let us mention a special case of the Snake Lemma, which is quite neat to
state.
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Corollary 2. Let

1

0 M, M, M 0
\ul \uz \us
0 N, N N3 0
91 92

be a commutative diagram of R-module homomorphisms with exact rows. Then,
using the notation of Lemma 1, there is a corresponding exact sequence

f1 15
0 — keru; —— ker uy —— kerug

d g g:
— coker uy —— coker ug —— coker ug — 0.

Proof. Apply the Snake Lemma. The injectivity of f] follows from the injectivity
of fi and the surjectivity of g, from the surjectivity of gs. |

Next, let us discuss some finiteness conditions for modules. As a technical
tool, we will need the Snake Lemma. Given an R-module M together with a
generating system (z;);es, we can look at the R-module homomorphism

@ R(I) _— ]\/[, (ai)iej [ — Zaixi,

i€l

which maps the canonical free generating system (e;);c; of RY) onto the gener-
ating system (z;);e; of M. The morphism ¢ is surjective. On the other hand,
for any epimorphism of R-modules ¢: RY) —— M, the image (¢(e;))ics of the
canonical free generating system of R is a generating system of M. Thus, for
a given index set I there exists a generating system of type (x;);e; for M if and
only if there exists an epimorphism R) — M.

Definition 3. Let M be an R-module. M s called of finite type (or finitely
generated) if there exists an exact sequence

R"— M —0

for some n € N. By abuse of language, M is also said to be a finite R-module
in this case. Furthermore, M 1is called of finite presentation if there exists an
exact sequence

R™ R" M 0

for some m,n € N. The latter sequence is referred to as a finite presentation of

M.

It follows from the above explanation that an R-module M is of finite type
in the sense of Definition 3 if and only if it admits a finite generating system
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(a condition already mentioned in Section 1.4). Also recall that, by the Fun-
damental Theorem of Homomorphisms 1.4/6, any epimorphism of R-modules
m: R* —— M induces an isomorphism R"/kerm —~~ M. Moreover note
that a given R-module M is of finite presentation if and only if there exists an
epimorphism 7: R" —— M for some n € N such that ker 7 is of finite type.
Before applying the Snake Lemma to the finiteness conditions just intro-
duced, let us establish a technical lemma, which will turn out to be quite useful.

Lemma 4. Let

R™ R"
\ p/ \ p//
0 M f M g M 0

be a diagram of R-module homomorphisms where the bottom row is exact. Then
the diagram can be enlarged to a diagram of R-module homomorphisms with
exact rows

0 R L g 9, pr 0
b
0 M—L o N 0.

Proof. We construct the diagram as follows. Let f be the R-module homomor-
phism mapping the canonical free generating system ey, ..., e, of R™ to the
first m elements of the canonical free generating system ey, ..., €y, of ™"
Furthermore, let g be the R-module homomorphism mapping ey, ..., e, to 0
and e;,11, ..., €nt, Onto the canonical free generating system of R™. Then the
sequence

0 Rm f Rm+n g Rn, 0
is exact. To define the morphism p: R™*"* —— M, we require ey, ..., e, to
be mapped to f(p'(e1)), ..., f(P'(em)), as well as €1, ..., €min to arbitrarily
chosen g-preimages of the elements p”(g(em+1)), - -, 2" (§(€m+n)). The resulting
diagram is commutative. (]

Proposition 5. Let
f

0 M M2 M 0
be an exact sequence of R-modules.
(i) If M is of finite type, the same holds for M".
(i) If M' and M" are of finite type, the same holds for M.

Proof. It R* —— M is an epimorphism of R-modules, its composition with g
will be surjective, since g is surjective. Thus, if M is of finite type, the same is
true for M".



1.5 Finiteness Conditions and the Snake Lemma 45

Now let M’ and M” be of finite type and let p’ : R™ —— M’ as well as
p’: R* —— M" be epimorphisms of R-modules. Then, using Lemma 4, there
is a commutative diagram

0 R L gman 9, pr 0
b b
0 M—L o 0

with exact rows and Corollary 2 shows that there is an associated exact sequence
. — cokerp’ —— coker p — cokerp” — 0.

However, coker p’ and coker p” are trivial, since p’ and p” are surjective. Hence,
we must have coker p = 0, too, and it follows that p is surjective. In particular,
M is of finite type.

Of course, alternatively, we could have argued in a more conventional way
by showing that a generating system of M’ together with a lifting of a generating
system of M” yields a generating system of M. |

In the setting of Proposition 5 (i) we cannot expect that M of finite type
implies the same for M’, since a submodule of a finitely generated R-module
is not necessarily finitely generated again. To give an example, consider the
polynomial ring K[X;, X, ...] in infinitely many variables over a field K. As
a module over itself, it is generated by the unit element 1. Hence, it is finitely
generated. However, the submodule (X7, X,...) C K[X1,Xs,...], which is
given by the ideal generated by all variables, is not finitely generated.

We want to carry assertion (ii) of Proposition 5 over to modules of finite
presentation.

Proposition 6. Let

0 M L 2 M 0

be an exact sequence of R-modules. If M' and M" are of finite presentation,
the same holds for M.

Proof. We proceed similarly as in the proof of Proposition 5 and choose finite
presentations

/ / 1" i

R L. pm o\ 0, R IR M" 0.

Being images of finitely generated R-modules, we see that kerp’ = im¢ and
ker p” = im¢” are finitely generated. Now use Lemma 4 and enlarge the given
short exact sequence together with the morphisms p/, p” to a commutative dia-
gram
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0 R L gman 9, pr 0
L
0 M—L o 0

with exact rows. Then the Snake Lemma yields an exact sequence

0 ker p/ ker p ker p”

—— coker p’ — cokerp — cokerp” — 0.

Since p’ and p” are surjective, we get coker p’ = 0 and coker p” = 0, hence, also
coker p = 0. Furthermore, the remaining short exact sequence

0 ker p’ ker p ker p"” 0

shows via Proposition 5 that ker p is finitely generated, since the same is true
for ker p’ and ker p”. In particular, there exists an epimorphism of R-modules of
type R® —— kerp C R™" and the resulting sequence

Rl — R™" 2o M —— 0
is exact. Hence, M is of finite presentation. O

If M is an R-module of finite presentation, then by definition, M may be
seen as part of an exact sequence of type R™ R M 0. In
other words, there exists an epimorphism R” —— M, whose kernel is finitely
generated. We want to show that then the kernel of any epimorphism of type
R" —— M is finitely generated.

Proposition 7. For an R-module M the following conditions are equivalent:
(i) M is of finite presentation.
(il) M is of finite type and for every R-module epimorphism - M— M
where M is of finite type, the kernel ker ¢ is of finite type.

Proof. We only have to show the implication from (i) to (ii). Therefore let

R™ R" M 0

be a finite presentation of M and let : M —— M be an epimorphism of
R-modules where M is of finite type. In order to show that ker ¢ is of finite
type, look at the short exact sequence

0 — kergp M+ M 0.

We want to combine these two exact sequences to a commutative diagram
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f1 f2

R™ R" M 0
R
0 ker o —2+ M —5— M 0

as follows. Define uy by requiring that the canonical free generating system
e, ...,e, of R be mapped onto certain ¢-preimages of fa(e1),. .., fao(e,) in
M, which we can freely choose due to the surjectivity of . Then the resulting
(right-hand) square is commutative. Since ¢ o ug o fi = fa o fi = 0, it follows
that the image of us o f; is contained in ker ¢ = im g;. Therefore we can define
up: R™ —— ker ¢ by restricting the range of uy o f;. Since ¢ is injective and
fa surjective, the Snake Lemma yields an exact sequence

0 = keridy; — coker u; —— cokerups — cokeridy; =0

and, thus, an isomorphism coker u; —== coker us. Now coker us, as a quotient
of M, is of finite type and, hence, the same is true for cokeru;. Then we may
look at the exact sequence

0 — imwu; — ker ¢ —— cokeru; — 0.

Since imwu; and coker u; are of finite type, Proposition 5 (ii) shows that ker ¢
is of finite type. Thus, we are done. O

We have already seen that a submodule N of an R-module M is not neces-
sarily of finite type, even if M is of finite type. The same phenomenon occurs for
modules of finite presentation. Furthermore, the image of an R-module of finite
presentation under a module homomorphism is not necessarily of finite presen-
tation again. As an example, consider a ring R admitting an ideal a C R that is
not finitely generated. Then R, as a free module over itself, is of finite presen-
tation, but R/a as an R-module is not. The latter follows from Proposition 7,
since a, as the kernel of the canonical surjection R —— R/a, is not finitely
generated. A better behavior can be expected if we put suitable finiteness con-
ditions on the ring R. We will study the properties of R being Noetherian or
coherent.

Definition 8. Let R be a ring and M an R-module. M is called Noetherian
if every submodule N C M is of finite type. M is called coherent if M is of
finite type and if every submodule of finite type N C M is of finite presentation.
R itself is called Noetherian (resp. coherent) if R, as an R-module, enjoys the
corresponding property.

If N is a submodule of a Noetherian R-module M, then N is Noetherian
for trivial reasons. Likewise, if M is just coherent, NV will be coherent as soon as
it is of finite type. In the following, we want to look more closely at Noetherian
and coherent modules, starting with the Noetherian case.
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Lemma 9. For an R-module M the following conditions are equivalent:

(i) M is Noetherian.

(ii) Ewvery ascending chain My C My C ... C M of submodules in M be-
comes stationary, i.e. there exists an index igc € N such that M,, = M, for all
i > .

Proof. Assume first that M is Noetherian, as in (i), and let M; C M5 C ... be an
ascending chain of submodules in M. Then it is easily seen that N := [ J,.y M;
is a submodule of M. The latter is finitely generated, say N = E?:l Rz, and
there will exist an index 49 € N such that zy,..., 2, € M;,. But then we have
N C M; C N and, hence, N = M; for all ¢ > iy, which means that the chain of
submodules M; C M becomes stationary.

Conversely, assume that condition (ii) is satisfied. Suppose there is a sub-
module N C M that is not finitely generated. Then, choosing an element
1 € N, we get Rry € N and there is an element o € N — Rx;. Since N
is not finitely generated, we must have Rzy + Rxs C N. Continuing this way,
we can construct an infinite strictly ascending chain of submodules in M which,

however, contradicts condition (ii). O

Lemma 10. Let 0 ML 0 be an exact sequence of

R-modules. Then the following conditions are equivalent:
(i) M is Noetherian.
(i) M' and M" are Noetherian.

Proof. Assume first that M is Noetherian. Viewing M’ as a submodule of M via
f, we see that M’ is Noetherian for trivial reasons. But also M" is Noetherian.
Indeed, the preimage ¢g7'(N) C M of any submodule N C M" is finitely gen-
erated since M is Noetherian. Then N = g(g~!(N)), as the image of a finitely
generated R-module, must be finitely generated itself.

Next, let M’ and M” be Noetherian and let N C M be a submodule. Then
N gives rise to the short exact sequence

0— f7H(N) N g(N) 0

and it follows that f~1(N) C M’ as well as g(N) C M" are submodules of finite
type. Applying Proposition 5 we see that IV is of finite type. (]

As a direct consequence we can show:

Corollary 11. Let My, My be Noetherian R-modules. Then:

(i) My ® My is Noetherian.

(ii) If My, My are given as submodules of some R-module M, then My + M,
and My N My are Noetherian.
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Proof. Using Lemma 10, the exact sequence
0 — My — My & My — My — 0,

consisting of the canonical embedding M; —— M; @& M, and the natural pro-
jection My @ My —— Ms, shows that My @ M, is Noetherian, since M; and M,
are Noetherian. If My, My are submodules of some R-module M, consider the
canonical epimorphism

pZMl@M2—>M1+MQ, my D mo —— my + Mao,
as well as the corresponding exact sequence
0—— kerp —— M; & My —2+ My + My —— 0,

where ker p is isomorphic to My N M. Because we know already that M; ® M, is
Noetherian, we see from Lemma 10 that M; + My and M; N M; are Noetherian.
a

Of course, using an inductive argument, the assertion of the corollary ex-
tends to finite sums and finite intersections.

Proposition 12. For a ring R, the following conditions are equivalent:
(i) R is Noetherian.
(ii) Every R-module M of finite type is Noetherian.

Proof. We have only to show the implication (i) = (ii). Therefore assume
that R is Noetherian and let M be an R-module of finite type. There exists an
epimorphism p : R* —— M for some n € N, and we can conclude by induction
from Corollary 11 that R™ is Noetherian, since R is Noetherian. But then, using
Lemma 10, the exact sequence

0 — kerp ) S,V 0,
shows that M is Noetherian. O

Corollary 13. Let R be a Noetherian ring and M an R-module of finite type.
Then M is coherent. In particular, R is coherent.

Proof. Since M is a module of finite type over a Noetherian ring, it is Noetherian
by Proposition 12. Now let N C M be a submodule. Then N is of finite type
and there is an epimorphism R" —— N for some n € N. Since R is Noetherian,
R" is Noetherian and it follows that the kernel of R* —— N, as a submodule
of R", is finitely generated. In particular, NV is of finite presentation. O

Next, let us prove a result that is fundamental for the construction of
Noetherian rings.
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Proposition 14 (Hilbert’s Basis Theorem). Let R be a field or, more generally,
a Noetherian ring. Then:

(i) The polynomial ring R[Y] in one variable Y over R is Noetherian.

(i) In particular, any quotient R[X1,...,X,]/a of a polynomial ring in a
finite set of variables X; by some ideal a C R[X,...,X,] is Noetherian.

Proof. To verify assertion (i), consider an ideal a C R[Y'], where R is a Noethe-
rian ring. Define a; C R for ¢ € N as the set of all elements a € R such that a
contains a polynomial of type

aY® + terms of lower degree in Y.

Then it is easily seen that each a; is an ideal in R. Furthermore, these ideals
form an ascending chain
apCa; C...CR;

just use the fact that f € a implies Y f € a. According to Lemma 9, the chain
becomes stationary at some index iy, because R is Noetherian. Now, for each
i € {0,...,4p}, choose finitely many polynomials f;; € a of degree deg fi; = i
such that the highest coefficients a;; of the f;; generate the ideal a;. This is
possible, since R is Noetherian and, hence, the ideals a; are finitely generated.
We claim that the polynomials f;; generate the ideal a. Indeed, let g € a and
assume g # 0. Let d = deg g and denote by a € R the highest coefficient of g.
Writing ¢ = min{d, ic}, we have a € a; and there is an equation

a = E CjQij, Cj €R.
J

Obviously, the polynomial

g=9-=Y"" > ef

J

belongs to a again. Its degree, however, is strictly smaller than the degree d of
g, because, by our construction, the coefficient of Y'¢ will vanish. If g; # 0, we
can proceed in the same way with g; in place of g and so on. This way, after
finitely many steps, we end up with a polynomial g, where g, = 0. We conclude
that g is a linear combination of the f;; with coefficients in R[Y] and thereby
see that the f;; generate the ideal a. This shows that R[Y] is Noetherian.

It follows by induction that the polynomial ring R[ X7, ..., X,,] in a finite set
of variables is Noetherian and the same is true for any quotient R[ X1, ..., X, ]/a
by Lemma 10. O

Finally, let us study coherent modules. We start with an analogue of
Lemma 10.

!

Lemma 15. Let 0 M’ M —L M7 0 be an exact sequence of

R-modules. Then:
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(1) If M’ is of finite type and M is coherent, M" is coherent.
(il) If M' and M" are coherent, M is coherent.
(i) If M and M" are coherent, M' is coherent.
In particular, if two of the modules M', M, M" are coherent, all three of
them will have this property.

Proof. We start with assertion (i). Thus, let M’ be of finite type and M of finite
presentation. Then M” is of finite type by Proposition 5. To show that M” is
even of finite presentation, choose an epimorphism ¢: R" — M" and look at
the commutative diagram with exact rows

0 ker ¢ R —2 + M" 0

P,k

0 M —L

" 0
)

where us is defined by mapping the canonical generating system ey, . .., e, of R"
onto g-preimages of p(ey), ..., ¢(e,) and u; is induced from uy. We may assume
that u; is surjective. Indeed, otherwise we can consider a finite generating system
zi,...,T, of M’ and replace R™ by R™™", extending the morphisms ¢ and us
by mapping the additional generators e, 1, ..., €, of R**" as follows:

gp(en+i) = 07 u2(en+i) = f(‘rl)a i = 17 s T
Applying Corollary 2, we get the exact sequence
0 — keru; —— keruyg — keridyyy — ...,

where keridy» = 0 implies that we have an isomorphism kerwu; —= ker us.
Since M is of finite presentation, ker us and, hence, also ker u; are of finite type
by Proposition 7. Then the exact sequence

0 — keru; — kerg@LM'—>0

shows by Proposition 5 that ker ¢ is of finite type. In particular, M” is of finite
presentation.

Now let N” € M” be a submodule of finite type. In order to verify that
it is of finite presentation, consider the preimage N of N” with respect to
g: M —— M", as well as the resulting exact sequence

0 M N N" 0.

Then N is of finite type by Proposition 5 and, thus, as a finitely generated sub-
module of M, even of finite presentation. But then we are in the same situation
as considered above and we can conclude that N” is of finite presentation, and
hence, that M” is coherent.

Next, as in (ii), assume that M’ and M" are coherent. Then M is of finite
presentation by Proposition 6. To show that every finitely generated submodule
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N C M is of finite presentation, let N’ = f~}(N) and N” = g(N). We get the
following commutative diagram with exact rows

0 N’ N N" 0
T
0 M f M g M 0

where g, us, uz are the canonical inclusion maps. Now N” being the image of
the finitely generated R-module N, is of finite type itself and, thus, of finite
presentation, because it is a submodule of a coherent module. Furthermore,
Proposition 7 shows that N’ is of finite type and, thus, of finite presentation,
again because it is a submodule of a coherent module. But then Proposition 6
implies that N is of finite presentation and, hence, that M is coherent.
Finally, let us assume as in (iii) that M and M” are coherent. Then M’
is of finite type by Proposition 7. Viewing M’ as a submodule of the coherent
module M, we can conclude that M’ is coherent. O

Corollary 16. Let My, My be coherent R-modules. Then:

(i) My ® My is coherent.

(i) Assume that, in addition, My, My are submodules of a pseudo-coherent
R-module M, i.e. of an R-module M such that every finitely generated submod-
ule is of finite presentation. Then My + Ms and My N My are coherent.

Proof. Similarly as in the proof of Corollary 11, we consider the canonical exact
sequence
0— My — My & My — My — 0.

If M, and M, are coherent, we see from Lemma 15 that M; & M, is coherent.
If, in addition, M; and M, are submodules of a pseudo-coherent R-module M,
then M; 4+ M> is coherent, as it is a finitely generated submodule of M. Using
Lemma 15 again, the exact sequence

0—>M1QM2—>M1@M2—’]\/[1+M2—>0
shows that M; N M, is coherent. O

Proposition 17. For a ring R the following conditions are equivalent:
(i) R is coherent.
(ii) Every R-module M of finite presentation is coherent.

Proof. We only have to show the implication from (i) to (ii). Therefore, let R
be coherent and let M be an R-module of finite presentation. Then there is an
epimorphism p: R" —— M for some n € N such that kerp is of finite type.
Looking at the short exact sequence

0 —— kerp R 2. M 0,
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we know from Corollary 16 that R" is coherent if R is coherent. But then, since
ker p is of finite type, M is coherent by Lemma 15. [

There are some interesting classes of coherent rings transgressing the
Noetherian case. For example, any polynomial ring K [X] in an infinite family
of variables over a field K is coherent, but not Noetherian; see Exercise 4.3/2.
Furthermore, algebras of topologically finite presentation over a complete (non-
discrete) valuation ring of height 1 are coherent, but in general not Noetherian;
see [4], Section 1, in particular 1.3, for details. These algebras play a fundamen-
tal role in RIGID GEOMETRY.

Exercises

1. Let p € N be prime. Determine the (isomorphism classes of ) short exact sequences
of Z-modules that are of type

0 — Z/pZ —~ M — Z/pZ — 0.
2. Let ¢: M —— R"™ for some n € N be an epimorphism of R-modules where M is
of finite type. Show that ker ¢ is of finite type.
3. Five Lemma: Consider a commutative diagram of R-modules
M, M, M M, M;

T W

N1 N2 N3 N4 N5

with exact rows, where u; is an epimorphism, us, u4 are isomorphisms, and us is
a monomorphism. Apply the Snake Lemma to show that ug is an isomorphism.
4. Prove:

(1) A sequence of R-modules M —— M —— M" —— 0 is exact if and only if
the associated sequence

0 — Hompg(M",N) — Hompg(M, N) — Hompg(M', N)

is exact for every R-module N.

(2) A sequence of R-modules 0 N’ N N" is exact if and only if
the associated sequence

0 — Hompg(M,N') — Hompg(M,N) — Hompg(M, N")

is exact for every R-module M.

. Consider an R-module homomorphism ¢: R™ —— R" for certain exponents
m,n € N and assume R # 0. Show:

(1) If ¢ is an isomorphism, then m = n.

(@23

(2) If o is an epimorphism, then m > n.
(3) If  is a monomorphism, then m < n.
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Hint: For the proof of (1) and (2) choose a maximal ideal m C R and consider the
induced homomorphism @: R™/mR™ —— R"/mR"™ of R/m-vector spaces. For
the proof of (3) proceed indirectly. Assume m > n, say m = n+1, and construct a
chain of R-module monomorphisms ... —— R"*?2 —— Rl — . R™ Just take
for R+« R"*¥ the cartesian product of ¢: R"t!1 —— R™ with the identity
map on R’. Then the images of the “unit vectors” e,,.; € R""*ti i € N, form
a free family of elements in R™ and thereby can be used to construct an infinite
ascending chain of submodules in R™. In particular, if R is Noetherian, we get a
contradiction. In the general case, write ¢(e;) = > | a;je; for j =1,...,n+ 1,
using canonical “unit vectors” e; € R", resp. e; € R™1 and suitable coefficients
a;j € R. Then consider the smallest subring R’ C R containing all coefficients a;;.
Show that R’ is Noetherian and reduce to the case where R is replaced by R'.

. Let R be a Noetherian ring. Show that any quotient R/a by some ideal a C R as

well as any localization Rg of R are Noetherian again.

. Let R be a coherent ring and a C R a finitely generated ideal. Show that R/a is

a coherent ring. Furthermore, it can be shown that any localization of a coherent
ring is coherent again; see Exercise 4.3/1.

. A formal power series with coefficients in a ring R is a formal expression of type

D ien @iX ¢ where a; € R for all 4. Similarly as in the case of polynomials, X is
referred to as a wvariable. Show that such formal power series form a ring under
conventional addition and multiplication; the latter is denoted by R[X . Prove
that R[X] is Noetherian if R is Noetherian.

. Let R = C[0,1] be the ring of all continuous real valued functions on the unit

interval [0,1] C R. Show that R is not Noetherian.

Let R be the ring of all polynomials f € Q[X] such that f(Z) C Z. Consider the
polynomials f,,(X) = LX(X —1)...(X —n+1) € Q[X], n € N, and show:

(a) The system (fy)nen is a Q-vector space basis of Q[ X].

(b) All f,, belong to R and (fy)nen is a free generating system of R as a Z-module.
(c) If n is prime, f,, does not belong to (f1,..., fn—1), the ideal generated by
fi,--+, fn—1 in R. In particular, R cannot be Noetherian.

Hint: The Q-linear map A: Q[X] — Q[X], f(X) —— f(X + 1) — f(X),
satisfies the formula A(f,) = fn—1 for n € N where f_1 :=0.
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As we have seen in 1.5/8, a ring is called Noetherian if all its ideals are finitely
generated or, equivalently by 1.5/9, if its ideals satisfy the ascending chain con-
dition. The aim of the present chapter is to show that the Noetherian hypothesis,
as simple as it might look, nevertheless has deep impacts on the structure of
ideals and their inclusions, culminating in the theory of Krull dimension, to be
dealt with in Section 2.4.

To discuss some standard examples of Noetherian and non-Noetherian rings,
recall from Hilbert’s Basis Theorem 1.5/14 that all polynomial rings of type
R[X3,...,X,] in finitely many variables X1,..., X, over a Noetherian ring R
are Noetherian. The result extends to algebras of finite type over a Noethe-
rian ring R, i.e. R-algebras of type R[Xi,...,X,]/a where a is an ideal in
R[Xj,...,X,]. In particular, algebras of finite type over a field K or over the
ring of integers Z are Noetherian. One also knows that all rings of integral alge-
braic numbers in finite extensions of Q are Noetherian (use Atiyah—-Macdonald
[2], 5.17), whereas the integral closure of Z in any infinite algebraic extension of
Q is not; see Section 3.1 for the notion of integral dependence and in particular
3.1/8 for the one of integral closure. Also note that any polynomial ring R[X]
in an infinite family of variables X over a non-zero ring R will not be Noethe-
rian. Other interesting examples of non-Noetherian rings belong to the class of
(general) valuation rings, as introduced in 9.5/13.

To approach the subject of Krull dimension for Noetherian rings, the tech-
nique of primary decomposition, developed in Section 2.1, is used as a key tool.
We will show in 2.1/6 that such a primary decomposition exists for all ideals a
of a Noetherian ring R. It is of type

(%) a=qN...Ngq,

where qi,...,q, are so-called primary ideals in R. Primary ideals generalize
the notion of prime powers in principal ideal domains, whereas the concept of
primary decomposition generalizes the one of prime factorization.

Looking at a primary decomposition (x), the nilradicals p; = rad(q;) are of
particular significance; they are prime in R and we say that q; is p;-primary.
As any finite intersection of p-primary ideals, for any prime ideal p C R, is
p-primary again (see 2.1/4), we may assume that all py,...,p, belonging to
the primary decomposition (*) are different. In addition, we can require that
the decomposition (x) is minimal in the sense that it cannot be shortened any
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further. In such a situation we will show in 2.1/8 that the set of prime ideals
P1, ..., P, is uniquely determined by a; it is denoted by Ass(a), referring to the
members of this set as the prime ideals associated to a. There is a uniqueness
assertion for some of the primary ideals g; as well (see 2.1/15), although not all
of them will be unique in general.

Now look at the primary decomposition (x) and pass to nilradicals, thereby
obtaining the decomposition

rad(a) = ﬂ p

pEAss(a)

for the nilradical of a. This is again a primary decomposition, but maybe not
a minimal one. Anyway, we know already from 1.3/6 that rad(a) equals the
intersection of all prime ideals in R containing a or even better, of all minimal
prime divisors of a; the latter are the prime ideals p C R that are minimal with
respect to the inclusion a C p. Using 1.3/8, it follows that the minimal prime
divisors of a all belong to Ass(a). Thus, their number is finite since Ass(a) is
finite; see 2.1/12. It is this finiteness assertion, which is of utmost importance in
the discussion of Krull dimensions for Noetherian rings. Translated to the world
of schemes it corresponds to the fact that every Noetherian scheme consists of
only finitely many irreducible components; see 7.5/5.

To give an application of the just explained finiteness of sets of associated
prime ideals, consider a Noetherian ring R where every prime ideal is maximal,
we will say that R is of Krull dimension 0. Then all prime ideals of R are
associated to the zero ideal in R and, hence, there can exist only finitely many
of them. Using this fact in conjunction with some standard arguments, we can
show in 2.2/8 that R satisfies the descending chain condition for ideals and,
thus, is Artinian. Conversely, it is shown that every Artinian ring is Noetherian
of Krull dimension 0.

The Krull dimension of a general ring R is defined as the supremum of all
lengths n of chains of prime ideals pg C ... € p,, in R and is denoted by dim R.
Restricting to chains ending at a given prime ideal p C R, the corresponding
supremum is called the height of p, denoted by htp. As a first major result
in dimension theory we prove Krull’s Dimension Theorem 2.4/6, implying that
ht p is finite if R is Noetherian. From this we conclude that the Krull dimension
of any Noetherian local ring is finite; see 2.4/8. On the other hand, it is not too
hard to construct (non-local) Noetherian rings R where dim R = co. Namely,
following Nagata [22], Appendix A1, Example 1, we consider a polynomial ring
R =K[X%,X,,...] over a field K where each X; is a finite system of variables,
say of length n;, such that lim;n; = oo. Let p; be the prime ideal that is
generated by X; in R and let S C R be the multiplicative system given by the
complement of the union (J;=, p;. Then we claim that the localization Rg is a
Noetherian ring of infinite dimension. Indeed, looking at residue rings of type
R/(%,,X,11,...) for sufficiently large indices r, we can use 1.3/7 in order to
show that the p; are just those ideals in R that are maximal with respect to the
property of being disjoint from S. Therefore the ideals m; = p;Rg, i = 1,2, ..,
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represent all maximal ideals of Rg. Identifying each localization (Rg)n, with
the localization K(X;;j # i)[X;](x,), we see with the help of Hilbert’s Basis
Theorem 1.5/14 that all these rings are Noetherian. It follows, as remarked
after defining Krull dimensions in 2.4/2, that dim(Rg)m, = ht(m;) > n;. Hence,
we get dim Rg = oo. To show that Rg is Noetherian, indeed, one can use the
facts that all localizations (Rg)m, are Noetherian and that any non-zero element
a € Rg is contained in at most finitely many of the maximal ideals m; C Rg.
See the reference of Nagata [22] given above in conjunction with Exercise 4.3/5.

Krull’s Dimension Theorem 2.4/6 reveals a very basic fact: if R is a Noethe-
rian ring and a C R an ideal generated by r elements, then ht p < r for every
minimal prime divisor p of a. For the proof we need the finiteness of Ass(a) as
discussed in 2.1/12 and, within the context of localizations, the characterization
of Noetherian rings of dimension 0 in terms of Artinian rings. Another techni-
cal ingredient is Krull’s Intersection Theorem 2.3/2, which in turn is based on
Nakayama’s Lemma 1.4/10 and the Artin-Rees Lemma 2.3/1. Both, Krull’s
Intersection Theorem and the Artin—Rees Lemma allow nice topological inter-
pretations in terms of ideal-adic topologies; see the corresponding discussion in
Section 2.3.

For Noetherian local rings there is a certain converse of Krull’s Intersection
Theorem. Consider such a ring R of dimension d, and let m be its maximal
ideal so that ht m = d. Then every m-primary ideal q C R satisfies rad(q) = m
and, thus, by Krull’s Dimension Theorem, cannot be generated by less than
d elements. On the other hand, a simple argument shows in 2.4/11 that there
always exist m-primary ideals in R that are generated by a system of d elements.
Alluding to the situation of polynomial rings over fields, such systems are called
systems of parameters of the local ring R. Using parameters, the dimension
theory of Noetherian local rings can be handled quite nicely; see for example
the results 2.4/13 and 2.4/14. Furthermore, we can show that a polynomial ring
R[X,...,X,] in finitely many variables X1,..., X, over a Noetherian ring R
has dimension dim R + n, which by examples of Seidenberg may fail to be true
if R is not Noetherian any more.

A very particular class of Noetherian local rings is given by the subclass of
reqular local rings, where a Noetherian local ring is called regular if its maxi-
mal ideal can be generated by a system of parameters. Such rings are integral
domains, as we show in 2.4/19. They are quite close to (localizations of) poly-
nomial rings over fields and are useful to characterize the geometric notion of
smoothness in ALGEBRAIC GEOMETRY; see for example 8.5/15.

2.1 Primary Decomposition of Ideals

Let R be a principal ideal domain. Then R is factorial and any non-zero element
a € R admits a factorization a = ep}* ... pl with a unit ¢ € R*, pairwise non-
equivalent prime elements p; € R, and exponents n; > 0 where these quantities
are essentially unique. Passing to ideals, it follows that every ideal a C R admits
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a decomposition
_ 1 za
a=pln...Np

with pairwise different prime ideals p; that are unique up to order, and expo-
nents n; > 0 that are unique as well. The purpose of the present section is to
study similar decompositions for more general rings R where the role of the
above prime powers p;* is taken over by the so-called primary ideals. In the
following we start with a general ring R (commutative and with a unit element,
as always). Only later, when we want to show the existence of primary decom-
positions, R will be assumed to be Noetherian. For a generalization of primary
decompositions to the context of modules see Serre [24], I.B.

Definition 1. A proper ideal ¢ C R is called a primary ideal if ab € q for any
elements a,b € R implies a € q or, if the latter is not the case, that there is an
exponent n € N such that b € q.

Clearly, any prime ideal is primary. Likewise, for a prime element p of a
factorial ring, all powers (p)”, n > 0, are primary. But for general rings we will
see that the higher powers of prime ideals may fail to be primary. Also note
that an ideal ¢ C R is primary if and only if the zero ideal in R/q is primary.
The latter amounts to the fact that all zero-divisors in R/q are nilpotent. More
generally, if 7: R —— R/a is the canonical projection from R onto its quotient
by any ideal a C R, then an ideal ¢ C R/a is primary if and only if its preimage
7n-1(q) is primary in R.

Remark 2. Let q C R be a primary ideal. Then p = rad(q) is a prime ideal in
R. It is the unique smallest prime ideal p containing q.

Proof. First, rad(q) is a proper ideal in R, since the same holds for q. Now
let ab € rad(q) for some elements a,b € R where a ¢ rad(q). Then there is an
exponent n € N such that a™b" € q. Since a ¢ rad(q) implies a™ ¢ q, there exists
an exponent n’ € N such that " € q. However, the latter shows b € rad(q) and
we see that rad(q) is prime. Furthermore, if p’ is a prime ideal in R containing
q, it must contain p = rad(q) as well. Hence, the latter is the unique smallest
prime ideal containing q. O

Given a primary ideal q¢ C R, we will say more specifically that q is
p-primary for the prime ideal p = rad(q).

Remark 3. Let q C R be an ideal such that its radical rad(q) coincides with a
mazimal ideal m C R. Then q is m-primary.

Proof. Replacing R by R/q and m by m/q, we may assume q = 0. Then m is the
only prime ideal in R by 1.3/4 and we see that R is a local ring with maximal
ideal m. Since R — m consists of units, all zero divisors of R are contained in m
and therefore nilpotent. This shows that q = 0 is a primary ideal in R. |
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In particular, the powers m"™, n > 0, of any maximal ideal m C R are
m-primary. However, there might exist m-primary ideals of more general type,
as can be read from the example of the polynomial ring R = K[X,Y] over a
field K. Namely, ¢ = (X, Y?) is m-primary for m = (X,Y), although it is not a
power of m. On the other hand, there are rings R admitting a (non-maximal)
prime ideal p such that the higher powers of p are not primary. To construct such
aring, look at the polynomial ring R = K[X,Y, Z] in three variables over a field
K. Theideal q = (X% XZ, Z?, XY — Z?) C R has radical p = rad(q) = (X, Z),
which is prime. However, q is not primary, since XY € g, although X & q
and Y & rad(q) = p. Now observe that that q = (X, 2)? + (XY — Z?). Since
(XY — 7% C g C p, we may pass to the residue ring R = R/(XY — Z?),
obtamlng q = p° for the ideals induced from p and q. Then p is prime in R, but
p? cannot be primary since its preimage g C R is not primary.

Lemma 4. Let qq, ..., q, be p-primary ideals in R for some prime ideal p C R.
Then the intersection q = (., q; is p-primary.

Proof. First observe that rad(q) = (;_, rad(q;) = p, since we have rad(q;) = p
for all 7. Next consider elements a,b € R such that ab € q or, in other words,
ab € q; for all . Now if b ¢ rad(q) = p, we get b & rad(q;) for all 4. But then, as
all g; are primary, we must have a € q; for all ¢ and, hence, a € gq. This shows
that q is p-primary. O

Definition 5. A primary decomposition of an ideal a C R is a decomposition

a= qu‘
i=1

into primary ideals q; C R. The decomposition is called minimal if the corre-

sponding prime ideals p; = rad(q;) are pairwise different and the decomposition

is unshortenable; the latter means that ﬂi#j QG ¢ q; forall j=1,...,7r
Anideal a C R is called decomposable if it admits a primary decomposition.

In particular, it follows from Lemma 4 that any primary decomposition of
an ideal a C R can be reduced to a minimal one. On the other hand, to show the
existence of primary decompositions, special assumptions are necessary such as
R being Noetherian.

Theorem 6. Let R be a Noetherian ring. Then any ideal a C R is decomposable,
i.e. it admits a primary decomposition and, in particular, a minimal one.

Proof. Let us call a proper ideal q C R irreducible if from any relation q = a;Nas
with ideals a;,a0 C R we get q = a; or ¢ = ay. In a first step we show that
every irreducible ideal ¢ C R is primary. To achieve this we may pass to the
quotient R/q, thereby assuming that q is the zero ideal in R.



60 2. The Theory of Noetherian Rings

Now consider elements a,b € R, a # 0, such that ab = 0 and look at the
chain of ideals

Ann(b) c Amn(b*) C...C R

where the annihilator Ann(b’) consists of all elements z € R such that zb* = 0.
The chain becomes stationary, since R is Noetherian. Hence, there is an index
n € N such that Ann(b') = Ann(b") for all i > n. We claim that (a) N (b") = 0.
Indeed, for any y € (a)N(b™) there are elements ¢, d € R such that y = ca = db".
Then yb = 0 and, hence, db™*! = 0 so that d € Ann(b"™') = Ann(b"). It follows
y = db" = 0 and therefore (a) N (") = 0, as claimed. Assuming that the
zero ideal of R is irreducible, the latter relation shows (b") = 0, since a # 0.
Consequently, b is nilpotent and we see that 0 C R is primary.

It remains to show that every ideal a C R is a finite intersection of ir-
reducible ideals. To do this, let M be the set of all ideals in R that are not
representable as a finite intersection of irreducible ideals. If M is non-empty,
we can use the fact that R is Noetherian and thereby show that M contains a
maximal element a. Then a cannot be irreducible, due to the definition of M.
Therefore we can write a = a; Nas with ideals a;, a; C R that do not belong to
M. But then a; and ay are finite intersections of irreducible ideals in R and the
same is true for a. However, this contradicts the definition of a and therefore
yields M = (). Thus, every ideal in R is a finite intersection of irreducible and,
hence, primary ideals. O

To give an example of a non-trivial primary decomposition, consider again
the polynomial ring R = K[X,Y,Z] in three variables over a field K and its
ideals

p=(X,Y), ' =(X,2), m=(X,Y,2).

Then a = p - p’ satisfies
a=pnp Nm?

and, as is easily checked, this is a minimal primary decomposition.

In the following we will discuss uniqueness assertions for primary decom-
positions of decomposable ideals. In particular, this applies to the Noetherian
case, although the uniqueness results themselves do not require the Noetherian
assumption. We will need the notion of ideal quotients, as introduced in Sec-
tion 1.1. Recall that for an ideal ¢ C R and an element x € R the ideal quotient
(q : =) consists of all elements a € R such that az € q.

Lemma 7. Consider a primary ideal ¢ C R as well as the corresponding prime
ideal p = rad(q). Then, for any x € R,
(i) (g:2)=Rif x€q,
(i) (q: ) is p-primary if = & q,
(iii) (q:2) =qif = &p.
Furthermore, if R is Noetherian, there exists an element x € R such that

(q:x)=p.
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Proof. The case (i) is trivial, whereas (iii) follows directly from the definition of
primary ideals, since p = rad(q). To show (ii), assume x ¢ q and observe that

qC(q:z) Cp=rad(q),

where the first inclusion is trivial and the second follows from the fact that q
is p-primary. In particular, we can conclude that rad((q : x)) = p. Now let
a,b € R such that ab € (q : z), and assume b & p. Then abzx € q implies az € q
as b & p and, hence, a € (q : ). In particular, (q : ) is p-primary.

Next assume that R is Noetherian. Then p = rad(q) is finitely generated
and there exists an integer n € N such that p” C g. Assume that n is minimal
so that p"~! ¢ q, and choose x € p"~1 —q. Then p C (q : ), since p-z € p* C q,
and we see from (ii) that (q : z) C p. Hence, (q: x) = p. O

Theorem 8. For a decomposable ideal a C R, let

a= ﬂ q;
i=1

be a minimal primary decomposition. Then the set of corresponding prime ideals
p; = rad(q,) is independent of the chosen decomposition and, thus, depends only
on the ideal a. More precisely, it coincides with the set of all prime ideals in R
that are of type rad((a : x)) for x varying over R.

Proof. Let « € R. The primary decomposition of a yields (a: z) = ()_,(q; : )
and therefore by Lemma 7 a primary decomposition

rad((a:z)) = ﬂrad((qi x)) = ﬂ ;.

i=1 &g,

Now assume that the ideal rad((a : x)) is prime. Then we sce from 1.3/8 that it
must coincide with one of the prime ideals p;. Conversely, fix any of the ideals
pi, say p; where j € {1,...,7}, and choose x € ([, ; 4;) — ;. Then, as we have
just seen, we get the primary decomposition

rad((a : l‘)) = m p; = pj
zZq;

and we are done. O

The prime ideals py,...,p, in the situation of Theorem 8 are uniquely as-
sociated to the ideal a. We use this fact to give them a special name.

Definition and Proposition 9. Let a C R be an ideal.

(i) The set of all prime ideals in R that are of type rad((a : z)) for some
x € R is denoted by Ass(a); its members are called the prime ideals associated
to a.t

1 Let us point out that usually the set Ass(a) is defined by the condition in (ii), which
is equivalent to (i) only in the Noetherian case. However, we prefer to base the definition of
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(ii) If R is Noetherian, a prime ideal p C R belongs to Ass(a) if and only if
it is of type (a: x) for some x € R.
(iil) Ass(a) is finite if R is Noetherian or, more generally, if a is decompos-

able.

Proof. Assume that R is Noetherian and let a = ()_, ¢; be a minimal pri-
mary decomposition of a; see Theorem 6. Choosing z € ([, ; 9;) — q; for any
je{l,...,r}, we obtain

(a:2) = ((a::2) = (a;: 2)

Tdq;

where (q; : z) is p;-primary by Lemma 7. Furthermore, by the same result, we
can find an element z’ € R such that (q; : z2') = ((q; : x) : 2’) = p;. But then,
since za’ € q; for all i # j, we conclude that

(a:za) = ﬂ (qi : x2’) = (q; : z2’) = p;.

zx' €q;

This shows that any prime ideal in Ass(a) is as stated in (ii). Since prime ideals
of type (ii) are also of type (i), assertion (ii) is clear. Furthermore, (iii) follows
from Theorem 8. g

There is a close relationship between the prime ideals associated to an ideal
a C R and the set of zero divisors in R/a. For an arbitrary ideal a C R let us
call

Z(a) = U (a:2)={2€ R; zz € afor some z € R —a},
r€ER—a
the set of zero divisors modulo a in R. Indeed, an element z € R belongs to
Z(a) if and only if its residue class Z € R/a is a zero divisor. Furthermore, if a
power 2" of some element z € R belongs to Z(a), then z itself must belong to
Z(a) and therefore
Z(a)= | J rad((a:2)).

zER—a

Corollary 10. If a is a decomposable ideal in R, then

Z@= |J »

peAss(a)

Proof. Let p € Ass(a). Then, by the definition of Ass(a), there exists some 2 € R
such that p = rad((a : ¢)) Since p is a proper ideal in R, the element = cannot
belong to a and, hence, p C Z(a).

Ass(a) on the condition in (i), since this is more appropriate for handling primary decompo-
sitions in non-Noetherian situations.
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Conversely, consider an element z € Z(a) and let + € R — a such that
z € (a: z). Furthermore, let a = (;_, ¢; be a minimal primary decomposition
of a. Then, writing p; = rad(q;), we get

ze(a:x):ﬂ(qi:x)cﬂpu

z¢q; TE4q;

since (q; : x) is p;-primary for ¢ g; and coincides with R for x € q;; see
Lemma 7. Using = € a = ()._, q;, the set of all ¢ such that x ¢ g, is non-empty
and we are done. |

Although for a minimal primary decomposition a = (;_, q; of some ideal
a C R, proper inclusions of type q; C g, are not allowed, these can nevertheless
occur on the level of prime ideals associated to a. For example, look at the
polynomial ring R = K[X,Y] in two variables over a field K. Then the ideal
a = (X% XY) admits the primary decomposition a = p; N p2 where p; = (X)
and ps = (X,Y). Clearly, this primary decomposition is minimal and, hence,
we get Ass(a) = {p1,pa} with p; C po.

Definition 11. Given any ideal a C R, the subset of all prime ideals that
are minimal in Ass(a) is denoted by Ass'(a) and its members are called the
isolated prime ideals associated to a. All other elements of Ass(a) are said to
be embedded prime ideals.

The notion of isolated and embedded prime ideals is inspired from geometry.
Indeed, passing to the spectrum Spec R of all prime ideals in R and looking at
zero sets of type V (E) for subsets E C R as done in Section 6.1, a strict inclusion
of prime ideals p C p’ is reflected on the level of zero sets as a strict inclusion
V(p) 2 V(p'). In particular, the zero set V(p’) is “embedded” in the bigger one
V(p) and, likewise, p’ is said to be an embedded prime ideal associated to a
if we have p,p’ € Ass(a) with p C p’. Also recall from Theorem 8 that if a is
decomposable with primary decomposition a = ()_, q;, then Ass(a) consists of
the finitely many radicals p; = rad(q;). Since V(q;) = V(p;), one obtains

Vo= |J vim= U V.

peAss(a) pEAss/(a)

as explained at the end of Section 1.3.

Proposition 12. Let a C R be an ideal and assume that it is decomposable;
for example, the latter is the case by Theorem 6 if R is Noetherian. Then:
() The set Ass(a) and its subset Ass'(a) of isolated prime ideals a are finite.
(ii) Every prime ideal p C R satisfying a C p contains a member of Ass'(a).
Consequently, Ass'(a) consists of all prime ideals p C R that are minimal among
the ones satisfying a C p C R.
(iil) rad(a) = ﬂpeASS/(u) p is the primary decomposition of the nilradical of a.
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Proof. Let a = (,_, q; be a minimal primary decomposition and set p; = rad(q;).
Then Ass(a) is finite, since it consists of the prime ideals py,...,p, by Theo-
rem 8. Furthermore, we obtain a C p for any p € Ass(a). Conversely, consider
a prime ideal p C R such that a C p. Then we see from a = ()_,; q; C p by
1.3/8 that there is an index i satisfying q; C p and, hence, p; = rad(q;) C p.
In particular, p contains an element of Ass(a) and, thus, of Ass’(a). This settles
(ii), whereas (iii) is derived from the primary decomposition of a by passing to
radicals. (]

Looking at a primary decomposition a = ();_, q; of some ideal a C R, we
know from Theorem 8 that the associated prime ideals p; = rad(q;) are unique;
this led us to the definition of the set Ass(a). In the remainder of this section
we want to examine the uniqueness of the primary ideals ¢; themselves. Not
all of them will be unique, as is demonstrated by the two different primary
decompositions

(X2 XY)=(X)N(X,Y)? = (X)N(X?%Y)

in the polynomial ring R = K[X, Y] over a field K. We start with the following
generalization of 1.2/5:

Lemma 13. Let S C R be a multiplicative system and Rg the localization of R
by S. Furthermore, consider a prime ideal p C R and a p-primary ideal q C R.

(i) If Snp =0, then pRs is a prime ideal in Rg satisfying pRs N R = p
and qRg is a pRg-primary ideal in Rg satisfying qRs N R = q.

Proof. Since p = rad(q), we see that S Np # @ implies S N q # O and, hence,
qRs = Rg by 1.2/5. This settles (i). To show (ii), assume that SN p = (. Then
we conclude from 1.2/5 that pRg is a prime ideal in Rg containing qRg and
satisfying pRgs N R = p. In particular, qRg is a proper ideal in Rg and we can
even see that pRg = rad(qRs).

To show qRs N R = q, observe first that ¢ C qRg N R for trivial reasons.
Conversely, consider an element a € qRg N R. Then there are elements a’ € g
and s € S such that ¢ = “;/ in Rg. So there exists t € S such that (as—a')t =0
in R and, hence, ast € q. Since st € S, no power of it will be contained in ¢ and
we get a € q from the primary ideal condition of q. Therefore qRs N R = q, as
claimed. It remains to show that qRg is a pRg-primary ideal. Indeed, look at
elements ¢, %’/ € Rg such tha ‘;—‘S’,/ € qlis, and assume ¢ ¢ qRg. Then ‘IT“/ € qRs
and, hence, aa’ € q, as we just have shown. Furthermore, ¢ ¢ qRg implies a ¢ q
so that a’ € p. But then ‘:—: € pRs and we are done. [

Proposition 14. Let S C R be a multiplicative system and Rg the localization
of R by S. Furthermore, consider a minimal primary decomposition a = (._, q;
of some ideal a C R. Let p; =rad(q;) for i =1,...,r and assume that r' is an
integer, 0 < ' < r, such that p; NS =0 for i =1,....7" and p; NS # O for
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i=1r"+1,...,r. Then q;Rg is p;Rs-primary for i =1,...,r" and

/ /

(i) aRs = m q;Rs as well as (i) aRsN R = m qs

i=1 i=1
are minimal primary decompositions in Rg and R.

Proof. The equations (i) and (ii) can be deduced from Lemma 13 if we know
that the formation of extended ideals in Rg commutes with finite intersections.
However, to verify this is an easy exercise. If b, ¢ are ideals in R, then clearly
(bNc¢)Rs C bRg N cRg. To show the reverse inclusion, consider an element
= 5 € bRsNcRs where b € b, ¢ € ¢, and 5,5 € S. Then there is some
€ S such that (bs’ — cs)t = 0 and, hence, bs't = cst € b N c. But then
= ls’z—:i € (bN¢)Rg, which justifies our claim.

Now we see from Lemma 13 that (i) and (ii) are primary decompositions.
The primary decomposition (ii) is minimal, since the decomposition of a we
started with was assumed to be minimal. But then it is clear that the decompo-
sition (i) is minimal as well. Indeed, the p;Rg for i = 1,...,r" are prime ideals
satisfying p; Rs N R = p;. So they must be pairwise different, since p1,. .., p, are
pairwise different. Furthermore, the decomposition (i) is unshortenable, since
the same is true for (ii) and since q;Rs N R = q; for i = 1,...,r' by Lemma 13.

|

» o Thw o

Now we are able to derive the following strengthening of the uniqueness
assertion in Theorem 8:

Theorem 15. Let a C R be a decomposable ideal and a = (;_, q; a minimal
primary decomposition where q; is p;-primary. Then q; = aR,,NR for all indices
i such that p; € Ass'(a).

In particular, a member q; of the primary decomposition of a is unique,
depending only on a and the prime ideal p; = rad(q;) € Ass(a), if p; belongs to
Ass'(a). In the latter case, we call q; the p;-primary part of a.

Proof. Consider an index j € {1,...,7} such that p; = rad(q;) € Ass'(a) and
set S =R —p;. Then SNp; =0, while SNp; # O for all i # j. Therefore we
can conclude from Proposition 14 that aRg N R = g;. |

Let R be a Noetherian ring. As an application to the above uniqueness
result we can define for n > 1 the nth symbolic power of any prime ideal p C R.
Namely, consider a primary decomposition of p”, which exists by Theorem 6.
Then Ass'(a) = {p} by Proposition 12 and the p-primary part of p" is unique,
given by p"R, N R. The latter is denoted by p™ and called the nth symbolic
power of p. Of course, p” C p™ and we have p" = p™ if and only if p” is
primary itself.
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Exercises

1.

Show for a decomposable ideal a C R that rad(a) = a implies Ass'(a) = Ass(a).
Is the converse of this true as well?

. Let p C R be a prime ideal and assume that R is Noetherian. Show that the nth

symbolic power p(™ is the smallest p-primary ideal containing p™. Can we expect
that there is a smallest primary ideal containing p"?

. For a non-zero Noetherian ring R let pi,...,p, be its (pairwise different) prime

ideals that are associated to the zero ideal 0 C R. Show that there is an integer
no € N such that (),_; pgn) = 0 for all n > np and, hence, that the latter are

minimal primary decompositions of the zero ideal. Conclude that pgn) = pgno) for
(n)

all n > ng if p; is an isolated prime ideal and show that the symbolic powers p,

are pairwise different if p; is embedded.

. Consider a decomposable ideal a C R and a multiplicative subset S C R such

that SN a = 0. Then the map p —— p N R from prime ideals p C Rg to prime
ideals in R restricts to an injective map Ass(aRg) — Ass(a).

. Let R = K[X},...X,] be the polynomial ring in finitely many variables over

a field K and let p C R be an ideal that is generated by some of the variables
X;. Show that p is prime and that all its powers p"™, n > 1, are p-primary. In
particular, p(® = p™ for n > 1.

. Let M be an R-module. A submodule N C M is called primary if N # M and if

the multiplication by any element a € R is either injective or nilpotent on M/N;
in other words, if there exists an element x € M — N such that ax € N, then
there is an exponent n > 1 satisfying "M C N.

(a) Let (N: M) ={a € R; aM C N} and show that p = rad(N : M) is a prime
ideal in R if N is primary in M; we say that N is p-primary in M.

(b) Show that an ideal q C R, viewed as a submodule of R, is p-primary in the
sense of (a) for some prime ideal p C R if and only if it is p-primary in the sense
of Definition 1.

(c) Generalize the theory of primary decompositions from ideals to submodules
of M; see for example Serre [24], 1.B.

2.2 Artinian Rings and Modules

As we have seen in 1.5/9, a module M over a ring R is Noetherian if and only
if it satisfies the ascending chain condition, i.e. if and only if every ascending
chain of submodules M; C Ms; C ... C M becomes stationary. Switching to
descending chains we arrive at the notion of Artinian modules.

Definition 1. An R-module M is called Artinian if every descending chain of
submodules M D My D My D ... becomes stationary, i.e. if there is an index iy
such that M;, = M; for all i > iy. A ring R is called Artinian if, viewed as an
R-module, it is Artinian.
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Clearly, an R-module M is Artinian if and only if every non-empty set of
submodules admits a minimal element. In a similar way, Noetherian modules
are characterized by the existence of maximal elements. This suggests a close
analogy between Noetherian and Artinian modules. However, let us point out
right away that such an analogy does not exist, as is clearly visible on the level
of rings. Namely, the class of Artinian rings is, in fact, a subclass of the one
of Noetherian rings, as we will prove below in Theorem 8. Thus, for rings the
ascending chain condition is, in fact, a consequence of the descending chain
condition.

Looking at some simple examples, observe that any field is Artinian. Fur-
thermore, a vector space over a field is Artinian if and only if it is of finite
dimension. Since, for any prime p, the ring of integers Z admits the strictly
descending sequence of ideals Z 2 (p) 2 (p?) 2 ..., we see that Z cannot
be Artinian. However, any quotient Z/nZ for some n # 0 is Artinian, since it
consists of only finitely many elements.

For the discussion of general properties of Artinian modules, the Artinian
analogue of 1.5/10 is basic:

Lemma 2. Let 0 ML 0 be an exact sequence of

R-modules. Then the following conditions are equivalent:
(i) M is Artinian.
(il) M’ and M" are Artinian.

Proof. If M is Artinian, M’ is Artinian as well, since any chain of submodules in
M’ can be viewed as a chain of submodules in M. Furthermore, given a chain of
submodules in M” . its preimage in M becomes stationary if M is Artinian. But
then the chain we started with in M” must become stationary as well. Thus, it
is clear that condition (i) implies (ii).

Conversely, assume that M’ and M"” are Artinian. Then, for any descending
chain of submodules M D M; D M, D ..., we know that the chains

M > fﬁl(Ml) D fﬁl(MQ) D, M" > g(Ml) D) g(Mg) D

become stationary, say at some index i, and we can look at the commutative
diagrams

00— f Y (M) —— M; —— g(M;) —— 0
0—— f Y (M) —= M;, — ) ——0

for ¢ > iy. Since the rows are exact, all inclus1ons 0;: M; —— M,;, must be
bijective. Hence, the chain M D M; D M, D ... becomes stationary at i, as
well and we see that M is Artinian. O

Using the fact that Noetherian modules can be characterized by the ascend-
ing chain condition, as shown in 1.5/9, the above line of arguments yields an
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alternative method for proving the Noetherian analogue 1.5/10 of Lemma 2.
Just as in the Noetherian case, let us derive some standard consequences from
the above lemma.

Corollary 3. Let My, My be Artinian R-modules. Then:

(i) My ® My is Artinian.

(i) If My, My are given as submodules of some R-module M, then My + M,
and M, N My are Artinian.

Proof. Due to Lemma 2, the proof of 1.5/11 carries over literally, just replacing
Noetherian by Artinian. a

Corollary 4. For a ring R, the following conditions are equivalent:
(i) R is Artinian.
(ii) Every R-module M of finite type is Artinian.

Proof. Use the argument given in the proof of 1.5/12. ]
There is a straightforward generalization of Lemma 2 to chains of modules.

Proposition 5. Let 0 = My C My C ... C M, = M be a chain of submodules
of an R-module M. Then M is Artinian if and only if all quotients M;/M;_1,
i=1,...,n, are Artinian.

The same is true for Artinian replaced by Noetherian.

Proof. The only-if part is trivial. To prove the if part we use induction by n,
observing that the case n = 1 is trivial. Therefore let n > 1 and assume by
induction hypothesis that M, _; is Artinian (resp. Noetherian). Then the exact
sequence

0 M, M M/Mnfl —0

shows that M is Artinian by Lemma 2 (resp. Noetherian by 1.5/10). d

Corollary 6. Let R be a ring with (not necessarily distinct) mazimal ideals
my,...,m, C R such that my-...-m, = 0. Then R is Artinian if and only if it
is Noetherian.

Proof. Look at the chain of ideals
O=my-....m,C...Cm;-mCm CR

and, for ¢ = 1,...,n, consider the quotient V; = (my - ... -m;_1)/(my - ... - m;)
as an R/m;-vector space. Being a vector space, V; is Artinian if and only if it is
of finite dimension and the latter is equivalent to V; being Noetherian. As there
is no essential difference between V; as an R/m;-module or as an R-module,
Proposition 5 shows that R is Artinian if and only if it is Noetherian. ]
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Proposition 7. Let R be an Artinian ring. Then R contains only finitely many
prime ideals. All of them are maximal and, hence, minimal as well. In particular,
the Jacobson radical j(R) coincides with the nilradical rad(R) of R.

Proof. Let p C R be a prime ideal. In order to show that p is a maximal ideal, we
have to show that the quotient R/p is a field. So consider a non-zero element
r € R/p. Since R/p is Artinian, the chain (') D (2?) D ... will become
stationary, say at some exponent g, and there is an element y € R/p such that
xi = ghFl.y Since R/p is an integral domain, this implies 1 = x -y and, hence,
that x is a unit. Therefore R/p is a field and p a maximal ideal in R. Thus, all
prime ideals of R are maximal and it follows with the help of 1.3/4 that the
Jacobson radical of R coincides with the nilradical.

Finally, assume that there is an infinite sequence pi, po, p3, ... of pairwise
distinct prime ideals in R. Then

PLOPiNPaDP1NpaNps D...

is a descending sequence of ideals in R and, thus, must become stationary, say at
some index ig. The latter means p;N...Np;, C Piyr1 and we see from 1.3/8 that
one of the prime ideals pq,...,p;, will be contained in p; 1. However, this is
impossible, since the p; are pairwise distinct maximal ideals in R. Consequently,
there exist only finitely many prime ideals in R. ]

In Section 2.4 we will introduce the Krull dimension dim R of a ring R. It
is defined as the supremum of all integers n such that there is a chain of prime
ideals pg € ... € p,, of length n in R. At the moment we are only interested in
rings of dimension 0, i.e. rings where every prime ideal is maximal. For example,
any non-zero Artinian ring R is of dimension 0 by Proposition 7.

Theorem 8. For a non-zero ring R the following conditions are equivalent:
(i) R is Artinian.
(i) R is Noetherian and dim R = 0.

Proof. Since Artinian rings are of dimension 0, we must show that, for rings
of Krull dimension 0, Artinian is equivalent to Noetherian. To do this we use
Corollary 6 and show that in a Noetherian or Artinian ring R of dimension 0
the zero ideal is a product of maximal ideals.

Assume first that R is a Noetherian ring of dimension 0. Then we see from
2.1/12 applied to the ideal a = 0 that there are only finitely many prime ideals
p1,...,pn in R and that the intersection of these is the nilradical rad(R). The
latter is finitely generated and, hence, nilpotent, say (rad(R))" = 0 for some
integer » > 0. Then

(P pn)” C (P10 N pa)" = rad(R) =0

shows that the zero ideal in R is a product of maximal ideals.
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Now consider the case, where R is Artinian. Then R contains only finitely
many prime ideals py,...,p, by Proposition 7 and all of these are maximal in
R. In particular, we get p; N...Np, = rad(R) from 1.3/4. As exercised in the
Noetherian case, it is enough to show that the nilradical rad(R) is nilpotent.

To do this, we proceed indirectly. Writing a = rad(R), we assume that
a’ # 0 for all i € N. Since R is Artinian, the descending chain a' D> a? O ...
becomes stationary, say at some index ig. Furthermore, let b C a® be a (non-
zero) minimal ideal such that a®b # 0. We claim that p = (0 : a”b) is a prime
ideal in R. Indeed, p # R, since a®b # 0. Furthermore, let =,y € R such that
xy € p. Assuming z & p, we get a®bxy = 0, but a®bx # 0. Then bz = b by
the minimality of b and therefore a”by = 0 so that y € p. Thus, p is prime and
necessarily belongs to the set of prime ideals py, ..., p,. In particular, we have
a®® C p. But then

ab = aa®b C pa®b = 0,

which contradicts the choice of b. Therefore it follows that a = rad(R) is nilpo-
tent and we are done. ]

Exercises

1. Let R be a Noetherian local ring with maximal ideal m. Show that R/q is Artinian
for every m-primary ideal q C R.

2. Let Ry,...,R, be Artinian rings. Show that the cartesian product [[; R; is
Artinian again.

3. Let R be an Artinian ring and let p1,...,p, be its (pairwise different) prime
ideals. Show:

(a) The canonical homomorphism R —— [[;_; R/p? is an isomorphism if n is
large enough.

(b) The canonical homomorphisms R,, — R/p}', i =1,...,r, are isomorphisms
if n is large enough. Consequently, the isomorphism of (a) can be viewed as a
canonical isomorphism R — T[], R,,.

4. Let A be an algebra of finite type over a field K, i.e. a quotient of type
K[Xi,...,X,]/a by some ideal a of the polynomial ring K[Xj,...,X,]. Show
that A is Artinian if and only if the vector space dimension dimy A is finite.
Hint: Use Exercise 3 in conjunction with the fact to be proved in 3.2/4 that
dimg A/m < oo for all maximal ideals m C A.

5. Call an R-module M simple if it admits only 0 and M as submodules. A
Jordan—Hdélder sequence for an R-module M consists of a decreasing sequence
of R-modules M = My D M1 D ... D M, = 0 such that all quotients M;_1/M;,
i = 1,...,n, are simple. Show that an R-module M admits a Jordan—Holder
sequence if and only if M is Artinian and Noetherian.



2.3 The Artin—Rees Lemma 71
2.3 The Artin—Rees Lemma

We will prove the Artin—Rees Lemma in order to derive Krull’s Intersection The-
orem from it. The latter in turn is a basic ingredient needed for characterizing
the Krull dimension of Noetherian rings in Section 2.4.

Lemma 1 (Artin—Rees Lemma). Let R be a Noetherian ring, a C R an ideal,
M a finitely generated R-module, and M' C M a submodule. Then there exists
an integer k € N such that

(@'M)N M = a"*(a"M M)
for all exponents i > k.

Postponing the proof for a while, let us give some explanations concerning
this lemma. The descending sequence of ideals a' D a? O ... defines a topology
on R, the so-called a-adic topology; see 6.1/3 for the definition of a topology.
Indeed, a subset E C R is called open if for every element € E there exists
an exponent ¢ € N such that « + a* C E. Thus, the powers a’ for i € N are
the basic open neighborhoods of the zero element in R. In a similar way, one
defines the a-adic topology on any R-module M by taking the submodules a’M
for i € N as basic open neighborhoods of 0 € M. Now if M’ is a submodule of
M, we may restrict the a-adic topology on M to a topology on M’ by taking
the intersections a’M N M’ as basic open neighborhoods of 0 € M’. Thus, a
subset £ C M’ is open if and only if for every x € E there exists an exponent
i € N such that = + (a’M N M') C E.

However, on M’ the a-adic topology exists as well and we may try to com-
pare both topologies. Clearly, since atM’ C a’M N M’, any subset E C M’ that
is open with respect to the restriction of the a-adic topology on M to M’ will be
open with respect to the a-adic topology on M’. Moreover, in the situation of
the Artin—Rees Lemma, both topologies coincide, as follows from the inclusions

(@M)YNM =a k"M M) ca M

for i > k.

A topology on a set X is said to satisfy the Hausdorff separation axiom
if any different points z,y € X admit disjoint open neighborhoods. Since two
cosets with respect to a’ in R, or with respect to a’M in M are disjoint as soon
as they do not coincide, it is easily seen that the a-adic topology on R (resp.
M) is Hausdorff if and only if we have (,cya’ = 0 (resp. (;cy &'M = 0). In
certain cases, the latter relations can be derived from the Artin—Rees Lemma:

Theorem 2 (Krull’s Intersection Theorem). Let R be a Noetherian ring, a C R
an ideal such that a C j(R), and M a finitely generated R-module. Then

ﬂaiM =0.

€N
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Proof. Applying the Artin-Rees Lemma to the submodule M'" = (), a'M of
M, we obtain an index k € N such that M’ = a"*M’ for i > k. Since M as
a finitely generated module over a Noetherian ring is Noetherian by 1.5/12, we
see that the submodule M’ C M is finitely generated. Therefore Nakayama’s
Lemma 1.4/10 yields M’ = 0. O

Now in order to prepare the proof of the Artin—Rees Lemma, consider a
Noetherian ring R, an ideal a C R, and an R-module M of finite type together
with an a-filtration (M;);en. By the latter we mean a descending sequence of
submodules M = My D M; D ... such that a’M; C M;; for all i, j € N. The
filtration (M;);en is called a-stable if there is an index k such that M;, = a- M;
for all i > k or, equivalently, if My,; = a*- M, for all i € N. Furthermore,
let us consider the direct sum R, = @,y a’ as a ring by using component-
wise addition and by distributively extending the canonical multiplication maps
al x @/ — o'/ for i,j € N that are given on components. In a similar way,
we can view the direct sum M, = @,y M; as an R,-module. Note that R, is
a graded ring in the sense of 9.1/1 and M, a graded R,-module in the sense of
Section 9.2.

Observe that the ring R, is Noetherian. Indeed, R is Noetherian and, hence,
the ideal a admits a finite system of generators ay, ..., a,. Thus, the canonical
injection R — R, extends to a surjection R[ X3, ..., X, ] — R, by sending
the polynomial variable X, to a, for v = 1,... n. At this point a, has to be
viewed as an element in the first power a!, which is the component of index 1 in
R.. Since the polynomial ring R[X7,..., X,] is Noetherian by Hilbert’s Basis
Theorem 1.5/14, we see that R, is Noetherian as well.

Lemma 3. For a Noetherian ring R, an ideal a C R, and an R-module M
of finite type, let Ro and M, be as before. Then the following conditions are
equivalent:

(i) The filtration (M;)ien is a-stable.
(ii) M, is an Re-module of finite type.

Proof. Starting with the implication (i) == (ii), let k¥ be an integer such that
My = at - M, for all i € N. Then M, is generated as an R,-module by
the subgroup @, , M; C M,. Since M is a finitely generated R-module over
a Noetherian ring, it is Noetherian by 1.5/12. Hence, all its submodules M;
are finitely generated and the same is true for the finite direct sum €@,., M;.
Choosing a finite system of R-generators for the latter, it generates M, as an
R,-module.

Conversely, assume that M, is a finitely generated R,-module. Then we
can choose a finite system of “homogeneous generators”, namely of generators
Ty,...,Tn, Where x, € My, for certain integers o(1),...,0(n). It follows that
aM; = M;;q for i > max{o(1),...,0(n)} and, hence, that the filtration (M;);en
of M is a-stable. O
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Now the proof of the Artin—Rees Lemma is easy to achieve. Consider the
filtration (M;)ieny of M given by M; = a'M; it is a-stable by its definition.
Furthermore, consider the induced filtration (M/);eny on M’; the latter is given
by M/ = M; N M’'. Then M] is canonically an R,-submodule of M,. Since M,
is of finite type by the Lemma 3 and R, is Noetherian, we see from 1.5/12 that
M. is of finite type as well. Thus, by Lemma 3 again, the filtration (M));ey is
a-stable, and there exists an integer k such that a(a’M N M') = a"™'M N M’
for i > k. Tteration yields a’(a*M N M’) = ak*"M N M’ for i € N and, thus, the
assertion of the Artin-Rees Lemma. |

Exercises

1. Let M be an R-module. Verify for an ideal a C R that the a-adic topology on M,
as defined above, is a topology in the sense of 6.1/3. Show that the a-adic topology
on M satisfies the Hausdorff separation axiom if and only if (;cy alM = 0.

2. Consider the a-adic topology on an R-module M for some ideal a C R. Show
that a submodule N C M is closed in M if and only if (;cy(a’M + N) = N. For
R Noetherian, M finitely generated and a C j(R), deduce that every submodule
of M is closed.

3. Generalization of Krull’s Intersection Theorem: Consider an ideal a of a Noethe-
rian ring R and a finitely generated R-module M. Then [,y a’ M consists of all
elements x € M that are annihilated by 1 + a for some element a € a. In partic-
ular, show (V;cy a’ = 0 for any proper ideal a of a Noetherian integral domain.
Hint: Use the generalized version of Nakayama’s Lemma in Exercise 1.4/5.

4. For a field K and an integer n > 1 consider the homomorphism of formal power
series rings 0: K[X] —— K[X] given by f(X)+—— f(X™). Show that o is
an injective homomorphism between local rings and satisfies o(X) C (X) for the
maximal ideal (X) € K[X]. Construct a ring R as the union of the infinite
chain of rings

K[X] <2 K[X] << K[X] << ...

and show that R is a local integral domain where Krull’s Intersection Theorem
is not valid any more. In particular, R cannot be Noetherian. Hint: For the
definition of formal power series rings see Exercise 1.5/8.

5. Given an ideal a C R, show that gr,(R) = @,y a’/a’*! is canonically a ring;
it is called the graded ring associated to a. Show that gr,(R) is Noetherian if R
is Noetherian. Furthermore, let M = My D M; D ... be an a-filtration on an
R-module M. Show that gr(M) = @,y M; /M1 is canonically a gr,(R)-module
and that the latter is finitely generated if M is a finite R-module and the filtration
on M is a-stable.



74 2. The Theory of Noetherian Rings
2.4 Krull Dimension

In order to define the dimension of a ring R, we use strictly ascending chains
Po S p1 € ... € p, of prime ideals in R where the integer n is referred to as the
length of the chain.

Remark 1. Let R be a ring and p C R a prime ideal. Then:

(i) The chains of prime ideals in R starting with p correspond bijectively to
the chains of prime ideals in R/p starting with the zero ideal.

(i1) The chains of prime ideals in R ending with p correspond bijectively to
the chains of prime ideals in the localization R, ending with pR,.

Proof. Assertion (i) is trivial, whereas (ii) follows from 1.2/5. O

Definition 2. For a ring R, the supremum of lengths n of chains

R R

where the p; are prime ideals in R, is denoted by dim R and called the Krull
dimension or simply the dimension of R.

For example, fields are of dimension 0, whereas a principal ideal domain is
of dimension 1, provided it is not a field. In particular, we have dimZ = 1, as
well as dim K [X ] = 1 for the polynomial ring over a field K. Also we know that
dim K[X7,...,X,] > n, since the polynomial ring K[ Xy, ..., X, ] contains the
chain of prime ideals 0 C (X7) € (X1, X2) € ... € (X1,...,X,). In fact, we will
show dim K[Xy,...,X,] = n in Corollary 16 below. Likewise, the polynomial
ring K[X1, Xo,...] in an infinite sequence of variables is of infinite dimension,
whereas the zero ring 0 is a ring having dimension —oo, since by convention
the supremum over an empty subset of N is —oo. Any non-zero ring contains
at least one prime ideal and therefore is of dimension > 0.

Definition 3. Let R be a ring.
(i) For a prime ideal p C R its height htp is given by htp = dim R,,.
(ii) For an ideal a C R, its height ht a is given by the infimum of all heights
ht p, where p varies over all prime ideals in R containing a.
(i) For an ideal a C R, its coheight coht a is given by cohta = dim R/a.

Thus, for a prime ideal p C R, its height htp (resp. its coheight coht p)
equals the supremum of all lengths of chains of prime ideals in R ending at p
(resp. starting at p). In particular, we see that htp + coht p < dim R.

In order to really work with the notions of dimension and height, it is
necessary to characterize these in terms of so-called parameters. For example,
we will show that an ideal a of a Noetherian ring satisfies ht a < r if it can be
generated by r elements; see Krull’s Dimension Theorem 6 below. Furthermore,
we will prove that any Noetherian local ring R of dimension r admits a system of
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r elements, generating an ideal whose radical coincides with the maximal ideal
m C R; see Proposition 11 below. If m itself can be generated by r elements,
we face a special case, namely, where R is a so-called regular local ring.

To prepare the discussion of such results, we need a special case of Krull’s
Intersection Theorem 2.3/2.

Lemma 4. Let R be a Noetherian ring and p C R a prime ideal. Then, looking
at the canonical map R —— R, from R into its localization by p, we have

ker(R — Ry) = [)p?,

i€N

where p = p'R, N R is the ith symbolic power of p, as considered at the end
of Section 2.1.

Proof. Since R, is a local ring with maximal ideal pR, by 1.2/7 and since
we can conclude from 1.2/5 (ii) that R, is Noetherian, Krull’s Intersection
Theorem 2.3/2 is applicable and yields (), b’R, = 0. Using the fact that
taking preimages with respect to R —— R, is compatible with intersections,
we are done. ]

Now we can prove a first basic result on the height of ideals in Noetherian
rings, which is a special version of Krull’s Principal Ideal Theorem to be derived
in Corollary 9 below. For any ideal a C R we consider the set of minimal prime
divisors of a; thereby we mean the set of prime ideals p C R that are minimal
among those satisfying a C p. In the setting of 2.1/12, this is the set Ass'(a)
of isolated prime ideals associated to a. Also note that, for a prime ideal p
containing a there is always a minimal prime divisor of a contained in p. This
follows from 2.1/12 (ii) or without using the theory of primary decompositions
by applying Zorn’s Lemma.

Lemma 5. Let R be a Noetherian integral domain and consider a non-zero
element a € R that is not a unit. Then htp = 1 for every minimal prime
divisor p of (a).

Proof. For a minimal prime divisor p of (a), we can pass from R to its local-
ization R, and thereby assume that R is a Noetherian local integral domain
with maximal ideal p. Then we have to show that any prime ideal py C R that
is strictly contained in p satisfies po = 0. To do this, look at the descending
sequence of ideals ,

g =py’ +(a), €N,

where péi) is the ith symbolic power of po, and observe that R/(a) is Artinian by
2.2/8. Indeed, R/(a) is Noetherian and satisfies dim R/(a) = 0, as p is the only
prime ideal containing a. Therefore the sequence of the a; becomes stationary,
say at some index 7. Hence,
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pS” cp + (@), Q>

and, in fact

Py

using the equality (péo) ta) = p[()“’ the latter relation follows from 2.1/7, since

P
1.4/11 implies p, o) — p((f) for ¢ > ig. Furthermore, since R is an integral domain,
Lemma 4 shows

=p Fapl®, P>,

is po- prlmary and since a ¢ po. Now Nakayama’s Lemma in the version of

"’) ﬂp =ker(R — R,,) =

€N

But then we conclude from p’ C pg”) that po = 0 and, thus, that htp =1. O

Theorem 6 (Krull’s Dimension Theorem). Let R be a Noetherian ring and
a C R an ideal generated by elements ay,...,a,. Then htp < r for every
minimal prime divisor p of a.

Proof. We conclude by induction on the number r of generators of a. The case
r = 0 is trivial. Therefore let r > 0 and consider a minimal prime divisor p of a
with a strictly ascending chain of prime ideals pg C ... C p; = p in R. It has to
be shown that ¢ < r. To do this, we can assume that R is local with maximal
ideal p and, hence, that p is the only prime ideal in R containing a. Furthermore,
we may suppose t > 0 and, using the Noetherian hypothesis, that there is no
prime ideal strictly between p; 1 and p;. Since a ¢ p;_1, there exists a generator
of a, say a,, that is not contained in p;_;. Then p = p; is the only prime ideal
containing p;—1 + (a,), and it follows from 1.3/6 (iii) that rad(p,—1 + (a,)) = p.
Thus, there are equations of type

n /! -
a; = a; + a,Y;, i=1,...,r—1,

for some exponent n > 0 where a; € p;—1 and y; € R. Now consider the ideal
o =(ay,...,a,_;) C R. Since a’ C p;_q, there is a minimal prime divisor p’ of

a’ such that p’ C p;_;. By the above equations we have
p =rad(a) C rad(a’ + (a,)) C rad(p’ + (a,)) C p.

In particular, p is a minimal prime divisor of p’ + (a,.) or, in other words, p/p’ is
a minimal prime divisor of a, - R/p’ in R/p’. But then we get ht(p/p’) = 1 from
Theorem 5 and we can conclude p’ = p; 1 from p’ C p; 1 € p; = p. Thus, p; 1
turns out to be a minimal prime divisor of @’. Since the latter ideal is generated
by r — 1 elements, we get t — 1 < r — 1 by induction hypothesis and, thus, are
done. |

Let us list some immediate consequences from Krull’s Dimension Theorem:

Corollary 7. Let a be an ideal of a Noetherian ring R. Then hta < co.
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Corollary 8. Let R be a Noetherian local ring with mazximal ideal m. Then
dim R < dimp/m m/m? < oo.

Proof. First note that dimp/m m/m? < oo, since R is Noetherian and, hence, m is
finitely generated. Choosing elements a1, . .., a, € m giving rise to an R/m-basis
of m/m?  we conclude from Nakayama’s Lemma in the version of 1.4/12 that
the a; generate m. But then dimR = htm < r = dimp/ym/m* by Krull’s
Dimension Theorem. (]

Corollary 9 (Krull’s Principal Ideal Theorem). Let R be a Noetherian ring and
a an element of R that is neither a zero divisor nor a unit. Then every minimal
prime divisor p of (a) satisfies htp = 1.

Proof. We get htp < 1 from Krull’s Dimension Theorem. Since the minimal
prime ideals in R are just the isolated prime ideals associated to the zero ideal
0 C R by 2.1/12, the assertion follows from the characterization of zero divisors
given in 2.1/10. O

Next, to approach the subject of parameters, we prove a certain converse of
Krull’s Dimension Theorem.

Lemma 10. Let R be a Noetherian ring and a an ideal in R of height hta = r.
Assume there are elements ay,...,as—1 € a such that ht(ay,...,a5-1) = s—1
for some s € N where 1 < s < r. Then there exists an element as € a such that
ht(ay, ..., as) = s.

In particular, there are elements ay, ..., a, € a such that ht(ay,...,a,) =r.

Proof. We have only to justify the first statement, as the second one follows from
the first by induction. Therefore consider elements aq,...,a, 1 € a, 1 < s <7,
such that ht(a,...,as_1) = s — 1, and let py,...,p, C R be the minimal
prime divisors of (ay,...,as—1). Then, using Krull’s Dimension Theorem, we
have htp; < s — 1 < r for all 4. Since hta = r, this implies a ¢ p; for all
i and, hence, a ¢ (J!_, p; by 1.3/7. Thus, choosing a, € a — |J_, p;, we get
ht(aq,...,as) > s and, in fact ht(aq, ..., as) = s by Krull’s Dimension Theorem.

O

For the discussion of parameters, which follows below, recall from 2.1/3 that
an ideal a of a local ring R with maximal ideal m is m-primary if and only if
rad(a) = m.

Proposition 11. Let R be a Noetherian local ring with mazimal ideal m. Then
there exists an m-primary ideal in R generated by d = dim R elements, but no

such ideal that is generated by less than d elements.

Proof. Combine Lemma 10 with Krull’s Dimension Theorem 6. [l
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Definition 12. Let R be a Noetherian local ring with maximal ideal m. A set
of elements x1,...,xq € m is called a system of parameters of R if d =dim R
and the ideal (x1,...,24) C R is m-primary.

In particular, we see from the Proposition 11 that every Noetherian local
ring admits a system of parameters.

Proposition 13. Let R be a Noetherian local ring with mazimal ideal m. Then,
for given elements x4, ...,x, € m, the following conditions are equivalent:
(i) The system x1,...,x, can be enlarged to a system of parameters of R.
(ii) dim R/(z1,...,2,) =dimR —r.

Furthermore, conditions (i) and (ii) are satisfied if ht(xq,...,z,) = 7.

Proof. First observe that condition (i) follows from ht(xy,...,z,) = r, using
Lemma 10. Next consider elements ¥y, ..., y, € m. Writing R = R/(z1,...,z,)
and m = m/(zy,...,x,), the residue classes 7y, ...,7, generate an m-primary
ideal in R if and only if @1,..., 2, 41, ..., ys generate an m-primary ideal in R.
In particular, if 1, ...,z y1, ..., Ys is a system of parameters of R, as we may
assume in the situation of (i), we have r + s = dim R and can conclude from
Proposition 11 that dim R < dim R—r. On the other hand, if the residue classes
of y1,...,ys form a system of parameters in R, we have s = dim R and see that
(T1,. .., T, Y1, - -, Ys) is an m-primary ideal in R. Therefore dim R < r +dim R
by Proposition 11. Combining both estimates yields dim R < dim R—r < dim R
and, thus, dim R = dim R — r, as needed in (ii).

Conversely, assume (ii) and consider elements y, . .., ys € m, whose residue
classes form a system of parameters in R so that s = dim R. Then the system
iy ey Y1, - - -, Ys generates an m-primary ideal in R. Since r 4+ s = dim R by
(ii), the system is, in fact, a system of parameters and (i) follows. O

Corollary 14. Let R be a Noetherian local ring with maximal ideal m, and let
a € m be an element that is not a zero divisor. Then dim R/(a) = dim R — 1.

Proof. Use the fact that ht(a) = 1 by Corollary 9. |

As an application of the theory of parameters, let us discuss the dimension
of polynomial rings.

Proposition 15. Consider the polynomial ring R[X1,...,X,] in n variables
over a Noetherian ring R. Then dim R[ X4, ..., X,] =dim R+ n.

Proof. We will show dim R[X] = dim R + 1 for one variable X, from which
the general case follows by induction. Let py C ... € p, be a strictly ascending
chain of prime ideals in R of length r. Then

=
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is a strictly ascending chain of prime ideals of length r 4+ 1. From this we see
that dim R[X] > dim R+ 1. To show that this is actually an equality, consider
a maximal ideal m C R[X] and set p = mN R. Then p is a prime ideal in R
and it is enough to show that ht m < htp 4+ 1. To do this, we replace R by its
localization R, and interpret the polynomial ring R,[X] as the localization of
R[X] by the multiplicative system R — p. Thereby we have reduced our claim
to the case where R is a Noetherian local ring with maximal ideal p; use 1.2/7.
Then R/p is a field and R[X]/pR[X] ~ R/p[X] a principal ideal domain.
Hence, there is a polynomial f € m such that

m = pR[X] + fR[X].

Now let zy,...,z, be a system of parameters of R where r = dim R. Then
X1, ..., %, [ generate an ideal in R[ X] whose radical is m. Therefore Theorem 6
shows htm <7+ 1 =htp + 1, as claimed. [

Corollary 16. dim K[ Xy, ..., X,,] = n for the polynomial ring in n variables
over a field K.

In particular, we can conclude for finitely generated K-algebras, i.e. quo-
tients of polynomial rings of type K[ X7, ..., X, ], that their dimension is finite.
Making use of the fact to be proved later in 3.2/4 that any maximal ideal
m C K[Xy,...,X,] leads to a residue field K[X7,...,X,,]/m that is finite
over K, we can even derive the following more specific version of Corollary 16:

Proposition 17. Consider the polynomial ring K[Xi,...,X,] in n variables
over a field K and a mazimal ideal m C K[X1,...,X,]. Then:
(i) m is generated by n elements.
(i) htm =n.
(i) The localization K[X1,...,Xn]m is a local ring of dimension n, whose
maximal ideal is generated by a system of parameters.

Proof. To establish (i) and (ii), we use induction on n, the case n = 0 being
trivial. So assume n > 1. Let n = m N K[Xy,...,X,,—1] and consider the
inclusions

K‘—»K[X17...7Xn_1]/n;>K[Xh,..,Xn]/m.

Then K[Xj,...,X,]/m is a field that is finite over K by 3.2/4 and, hence,
finite over K[X7,..., X,,_1]/n. In particular, using 3.1/2, the latter is a field as
well. Therefore n is a maximal ideal in K[Xy,..., X, 1], and we may assume
by induction hypothesis that n, as an ideal in K[Xy,...,X,_1], is generated
by n — 1 elements.

Now look at the canonical surjection

(K[X1,..., Xot]/0) [X,] — K[Xy,...,X,]/m
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sending X, onto its residue class in K[X7,...,X,]/m. Since on the left-
hand side we are dealing with a principal ideal domain, there is a polynomial
f € K[Xy,...,X,] such that m is generated by n and f. In particular, m is
generated by n elements and assertion (i) is clear. Furthermore, we see that
ht m < n by Krull’s Dimension Theorem 6. On the other hand, since

KIX0, o X/ () = (KX X /) [X,

it is clear that n generates a prime ideal in K[X7,..., X, ] different from m so
that n C m. Using ht n = n — 1 from the induction hypothesis, we get ht m > n
and, hence, ht m = n, showing (ii).

Finally, (iii) is a consequence of (i) and (ii). O

To end this section, we briefly want to touch the subject of regular local
rings.

Proposition and Definition 18. For a Noetherian local ring R with mazimal
ideal m and dimension d the following conditions are equivalent:

(i) There exists a system of parameters of length d in R generating the
maximal ideal m; in other words, m is generated by d elements.

(ii) dimpmm/m? =d.

R is called regular if it satisfies the equivalent conditions (i) and (ii).

Proof. Assume (i) and let xy,...,z4 be a system of parameters generating
m. Then, as an R/m-vector space, m/m? is generated by d elements and,
hence, dimp/m m/m? < d. Since dim R < dimpg/, m/m? by Corollary 8, we get
dimp/m m/m? = d and therefore (ii).

Conversely, assume (ii). Then m/m? is generated by d elements and the same
is true for m by Nakayama’s Lemma in the version of 1.4/12. In particular, such
a system of generators is a system of parameters then. O

For example, we see from Hilbert’s Basis Theorem 1.5/14 in conjunction
with Proposition 17 that for a polynomial ring K[X3,...,X,] over a field K
its localization K[ Xy, ..., X, ]n at a maximal ideal m is an example of a regular
Noetherian local ring of dimension n. It is known that any localization R, of a
regular Noetherian local ring R by a prime ideal p C R is regular again; see Serre
[24], Prop. IV.23. Also, let us mention the Theorem of Auslander-Buchsbaum
stating that any regular Noetherian local ring is factorial; see Serre [24], Cor. 4
of Thm. IV.9 for a proof of this fact.

To deal with some more elementary properties of regular local rings, it is
quite convenient to characterize Krull dimensions of rings not only via lengths
of ascending chains of prime ideals, or systems of parameters, as we have done,
but also in terms of the so-called Hilbert polynomial. For example, see Atiyah—
Macdonald [2], Chapter 11, for such a treatment. From this it is easily seen that
regular Noetherian local rings are integral domains. Since we need it later on,
we will prove this fact by an ad hoc method.
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Proposition 19. Let R be a reqular Noetherian local ring. Then R is an integral
domain.

Proof. We argue by induction on d = dim R. Let m be the maximal ideal of R.
If d = 0, then m is generated by 0 elements and, hence, m = 0. Therefore R is a
field. Now let dim R > 0 and let x1, ..., x4 be a system of parameters generating
m. Furthermore, let py,...,p, be the minimal prime ideals in R; their number
is finite by 2.1/12. We claim that we can find an element of type

d
a=mx+ E ¢, € m —m?
=2

for some coefficients ¢; € R such that a is not contained in any of the minimal

prime ideals py, ..., p,. Clearly, any element a of this type cannot be contained
in m? since zy, ..., x4 give rise to an R/m-vector space basis of m/m?2.
Using a recursive construction for a, assume that a & pyq,...,p; for some

t <r, but that a € p;1. Applying 1.3/8, there exists an element

t
ce ﬂpj_pt+1

Jj=1

and we can find an index iy € {2,...,d} such that cz;, & psy1. Otherwise,
since ¢ & p;o1 and cx; € Pp;yq implies x; € Piyq, all elements a, xo, . .., T4 would
be contained in p;11 so that m C pyy1. However, this contradicts the fact that
dimR = d > 0. Then we see that ' = a + cx;, is of the desired type: o
is not contained in pq, ..., Py, since this is true for a and since ¢ € ﬂ;zlpj.
Furthermore, a’ & p;11, since a € py and cx;, & Pria.

Thus, we have seen that there exists an element a € m — m? as specified

above that is not contained in any of the minimal prime ideals py, ..., p, of R.
Now look at the quotient R/(a). Its dimension is d — 1 by Proposition 13, since
a,Ts,...,xq form a system of parameters of R. Furthermore, x,,..., x4 give

rise to a system of parameters of R/(a) generating the maximal ideal of this
ring. Therefore R/(a) is regular and, thus, by induction hypothesis, an integral
domain. In particular, we see that the ideal (a) C R is prime. Now consider
a minimal prime ideal of R that is contained in (a), say p; C (a). Then any
element y € p; is of type ab for some b € R and, in fact b € py, since a € p;.
Therefore p; = (a) - p; and Nakyama’s Lemma 1.4/10 shows p; = 0. Hence, R
is an integral domain. O

Exercises

1. Consider the polynomial ring R[X] in one variable over a not necessarily Noethe-
rian ring. Show dim R+1 < dim R[X] < 2-dim R+ 1. Hint: Let p; C p2 C R[X]
be two different prime ideals in R[X] restricting to the same prime ideal p C R.
Deduce that p; = pR[X].
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Let K[X,Y] be the polynomial ring in two variables over a field K. Show
dim K[X,Y]/(f) = 1 for any non-zero polynomial f € K[X,Y] that is not
constant.

Let R be a Noetherian local ring with maximal ideal m. Show for a1,...,a, € m
that dim R/(ay, ..., a,) > dim R — r. Hint: Assume r = 1. Show for any chain of
prime ideals pg € ... € p, where a; € p, that there is a chain of prime ideals

pi € ... Cpl, satisfying a1 € p) and p,, = pl,; use induction on n.

Consider the formal power series ring R = K[ X, ..., X,] in finitely many vari-
ables over a field K. Show that R is a regular Noetherian local ring of dimension
n. Hint: Use Exercise 1.5/8 for the fact that R is Noetherian.

Let R be a regular Noetherian local ring. Show that R is a field if dim R = 0.
Show that R is a discrete valuation ring, i.e. a local principal ideal domain, if
dim R = 1.

Let R be a regular Noetherian local ring of dimension d with maximal ideal
m C R. Show for elements aj,...,a, € m that the quotient R/(a,...,a,) is
regular of dimension d — r if and only if the residue classes @1,...,a, € m/m2 are
linearly independent over the field R/m.

Let R be a regular Noetherian local ring of dimension d with maximal ideal m.
Let m = (ay,...,aq) and set k = R/m. Show for polynomial variables Xy, ..., Xy
that the canonical k-algebra homomorphism

kl:X17"'aXd:| _bgrm(R):®mi/mi+l7 X] |_'6]7
ieN

where @; is the residue class of a; in m/m?, is an isomorphism of k-algebras.
Hints: See Exercise 2.3/5 for the fact that the graded ring gr,,(R) associated to
m is Noetherian if R is Noetherian. Proceed by induction, similarly as in the
proof of Proposition 19, and look at the maximal ideal €, m’/m"*! C gr  (R).
Show that this maximal ideal cannot be a minimal prime ideal in gr,(R) if
d=dimR > 0.
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Recall that an extension of fields K —— L is called algebraic if each element
x € L satisfies an algebraic equation over K, i.e. an equation of type

a4 +a, =0

for suitable coefficients a; € K. Replacing K —— L by an arbitrary (not
necessarily injective) ring homomorphism ¢: R —— R/, equations of the just
mentioned type are still meaningful; they are referred to as integral equations.
Furthermore, R’ is said to be integral over R (via ¢) if every element z € R’
satisfies an integral equation over R.

The fact that any finite extension of fields is algebraic, is fundamental in
field theory. In 3.1/5 we will generalize this result to ring extensions and show
that any ring homomorphism ¢: R —— R’, which is finite in the sense that it
equips R’ with the structure of a finite R-module, is integral. We obtain this
assertion from a quite general characterization of integral dependence in terms
of a module setting; see Lemma 3.1/4. The proof is based on Cramer’s rule and
is much more laborious than in the field case.

To give a simple example illustrating a basic application of Lemma 3.1/4,
consider the polynomial ring R[X] in one variable X over a non-zero ring R
and fix a monic polynomial

f=X"+a X" ' +.. . +a, € R[X]

with coefficients a; € R. For a second variable Y look at the canonical morphism
¢: R[Y] — R[X], Y+—f.

We claim that ¢ is finite and, hence, integral. Of course, the equation
X"+ X"+ (a,— oY) =0

shows that X is integral over R[Y]. From this we conclude by induction that
the R[Y]-submodule generated by X, ..., X" ! in R[X] contains all powers of
X and, hence, coincides with R[X]. In other words, ¢ is finite. Alternatively,
we could have derived this fact directly from 3.1/4 (ii). Furthermore, using
3.1/4 (iii) or 3.1/5, it follows that ¢ is integral. The latter is a non-trivial fact,
which cannot be derived by a direct ad hoc computation.

S. Bosch, Algebraic Geometry and Commutative Algebra, Universitext, 83
DOI 10.1007/978-1-4471-4829-6_3, © Springer-Verlag London 2013
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Without doubt, Lemma 3.1/4 is the key to handling integral dependence. We
use it in advanced settings, where we relate normal rings to discrete valuation
rings (see the reference below), but also for deriving various standard facts on
integral extensions such as the transitivity property; see 3.1/7. In particular, for
any ring homomorphism ¢: R —— R/, we can define its integral closure in R'.
Just consider the set of all elements 2z € R’ that are integral over R. The latter
is a subring of R’ that is integrally closed, as is seen in 3.1/8. Furthermore,
an integral domain R is called normal if it is integrally closed in its field of
fractions Q(R). We show in 3.1/10 that any factorial ring is normal, whereas
the reverse is true for Noetherian local integral domains of Krull dimension 1.
In fact, a normal Noetherian local integral domain of dimension 1 is principal
or, as we will say later, a discrete valuation ring; see 9.3/4. This result will serve
in Section 9.3 as an important ingredient for the discussion of so-called divisors
on schemes.

As a more basic application of integral dependence we study in Sec-
tion 3.2 finitely generated algebras over a field K, or K-algebras of finite
type as we will say. We thereby mean quotients of polynomial rings of type
K[Xi,...,X,] by some ideal, the X; being variables. The key tool for attack-
ing such algebras is Noether’s Normalization Lemma 3.2/1, asserting that for
every non-zero K-algebra A of finite type there exists a finite (and, hence, in-
tegral) K-monomorphism K[Yi,...,Y;] = A, for a certain set of variables
Y1,..., Yy From this we can immediately conclude in 3.2/3 that any extension
of fields K —— L equipping L with the structure of a K-algebra of finite type
is, in fact, finite algebraic. For example, such a situation occurs when we con-
sider a maximal ideal m in some K-algebra of finite type A and look at the
extension K —— A/m. The latter is finite (3.2/4) and even an isomorphism if
K is algebraically closed. This result is sometimes referred to as the weak form
of Hilbert’s Nullstellensatz and we can easily derive from it the full version; see
3.2/5 and 3.2/6. In pure terms of commutative algebra Hilbert’s Nullstellensatz
states that any K-algebra A of finite type is Jacobson, i.e. for any ideal a C A the
nilradical rad(a), which consists of all elements a € A that are nilpotent modulo
a, coincides with the Jacobson radical j(a), which equals the intersection of all
maximal ideals containing a. On the other hand, Hilbert’s Nullstellensatz is of
geometric significance from the viewpoint of classical ALGEBRAIC GEOMETRY,
as we explain at the end of Section 3.2; see in particular 3.2/6.

A natural question to study is how the Krull dimension of rings, as discussed
in Section 2.4, behaves with respect to integral ring extensions. We do this in
Section 3.3. As a first result we prove the Lying-over Theorem 3.3/2. It asserts
for an integral ring extension p: R —— R’ and a prime ideal p C R satisfying
ker ¢ C p that there exists at least one prime ideal 8 C R’ lying over p, namely
satisfying 8 N R = p and, furthermore, that between different prime ideals
P, P> C R with this property there cannot exist any inclusion relation. The
next objective is to lift ascending chains of prime ideals step by step from R
to R’ (Going-up Theorem 3.3/3) and then to settle the more delicate question
of lifting descending chains of prime ideals (Going-down Theorem 3.3/4). As a
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corollary we see that dim R = dim R’ if ¢ is an integral monomorphism. Using
this we can show that the Krull dimension of any integral domain A that is of
finite type over a field K equals the transcendence degree of the field of fractions
Q(A) over K; see 3.3/7.

3.1 Integral Dependence

Given any ring homomorphism ¢: R —— R/, it is quite convenient for our
purposes to view R’ as an R-algebra with respect to ; see 1.4/3. In particular,
R’ carries then a structure of an R-module where products of type r -’ for
r € R, ' € R are defined by r -’ = ¢(r) - 1, using the multiplication on R'.

Definition 1. Let ¢: R —— R’ be a homomorphism of rings. An element
x € R is called integral over R with respect to @, or is said to depend integrally
on R with respect to v, if it satisfies a so-called integral equation over R, i.e.
if there are elements aq,...,a, € R such that

Ly 4a,=0.

" + a™”
The ring R’ is called integral over R, or ¢ is called integral, if each x € R’ is
integral over R.
Furthermore, ¢ is called finite if it equips R’ with the structure of a finite
R-module.

If R= K and R' = K’ are fields, then ¢ is injective and we may view K as
a subfield of K’. Recall that the extension of fields K C K’ is called algebraic
if K’ is integral over K.

Remark 2. Let ¢o: R~ R' be a monomorphism of integral domains such
that R’ is integral over R. Then R is a field if and only if R’ is a field.

Proof. Assume first that R is a field and let 2 # 0 be an element in R’. Then z
satisfies an integral equation over R,

1

"+ a4+ ...+ a, =0, a1y...,0, € R.

Dividing out a suitable power of x, we may assume a,, # 0 and, hence, that a,
is invertible in R. In the field of fractions of R’, we can multiply the equation
by 1. This yields

vl =—a @t aa" . ta,1) €ER,

n

hence R’ is a field.
Conversely, if R’ is a field, consider an element x € R, x # 0. Then 27! € R’
satisfies an integral equation over R,
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"4 ar "+ 4a, =0, ai,...,a, € R.

n—1

Multiplying by ", we see

zl=—a—ax—...—a,z" ! €R,

hence R is a field. O

Remark 3. Let ¢o: R —— R’ be a homomorphism of rings, which is integral
(resp. finite).

(i) If a C R and o’ C R are ideals satisfying p(a) C o, then the homo-
morphism R/a — R'/a’ induced from ¢ is integral (resp. finite).

(ii) For any multiplicative system S C R, the induced homomorphism
Rg — R:D<S) is integral (resp. finite).

Proof. Assertion (i) is trivially verified using the definition of integral (resp.
finite) maps. To justify (ii), observe first that ¢(.9) is a multiplicative system in
R’ and that ¢ induces a homomorphism Rg — R:O( ) by the universal property
of localizations 1.2/8. Now consider an element —75 € R with z € R and
s € S. Then, from an integral equation

a1 4. 4a, =0, A1y...,0, € R,

of x over R, we derive the integral equation

(%)"+%($)”_1+...+%=0

for ﬁ over Rg. Furthermore, if xy,...,x, generate R’ as an R-module, the
corresponding fractions %, ..., %= will generate pr( g) as an Rg-module. (]

There is a basic characterization of integral dependence in terms of finiteness
conditions, which is presented next.

Lemma 4. Consider a homomorphism of rings ¢: R —— R’ and an element
x € R'. The following conditions are equivalent:

(i) x is integral over R.

(i) The subring R[z] C R' generated by ©(R) and x in R' is finitely gen-
erated, when viewed as an R-module.

(iil) There exists a finitely generated R-submodule M C R’ such that 1 € M
and xM C M.

(iv) There exists an R[xz]-module M such that M is an R-module of finite
type and aM = 0 for any a € R[x] implies a = 0.

Proof. Let us start with the implication (i) = (ii). So assume there is an
integral equation
a4+ +a,=0
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with coefficients ay,...,a, € R. Then 2" belongs to M = Z?;OI Rz, and we
see by induction that 2 € M for all i € N. Hence, R[z] C M and, in fact,
R[z] = M. In particular, R[x] is a finitely generated R-module, as required in
(ii).

The implications (ii) = (iii) and (iii) = (iv) are trivial. Thus, it remains
to justify (iv) = (i). Let M be an R[z]-module and assume there are elements
Y1, Yn € M such that M = >""" | Ry;. Then the inclusion M C M leads to
a system of equations

Y1 = anyr + ... + QG1pYn,

TYn = Q11 + - - - + AppYn,

with coefficients a;; € R. In terms of matrices we can write

Yn
where A = (0;;2 — aij)i j=1,..n € (R[x])™*"; here 6;; is Kronecker’s delta, which

is given by 6;; = 1 for ¢ = j and d6;; = 0 for 7 # j. Now consider Cramer’s rule,
i.e. the relation

(%) A A= (det A) - T

with A% € (R[z])™" the adjoint matrix of A and I € (R[z])™™ the unit
matrix, as well as det A € R[z] the determinant of A. In LINEAR ALGEBRA
this equation is established for matrices with coefficients in a field, but it applies
to general rings as well. Indeed, comparing coefficients of the matrices on both
sides of the equation (x), we get a system of polynomial identities involving the
coefficients of A. To justify these identities, we can view the coefficients c;; of
A as variables and work over the ring Z[¢;;], a case which can be reduced to
the situation of coefficients in a field if we pass to the field of fractions Q(c;;).
Using Cramer’s rule (%), we get

Y1 Y1
(detA)- [ 1] =a-Aa-| ] =0
y” yTL
and, thus, (det A)-y; =0fori=1,...,n. As M is generated by y1,...,Yn, we
see that (det A) - M = 0 and, hence, by our assumption in (iv), that det A = 0.

Therefore
det(éin — aij) S RI:X]

is a monic polynomial vanishing at z, as desired. (|



88 3. Integral Extensions

Corollary 5. Fach finite homomorphism of rings R — R’ is integral.

Proof. Use condition (iii) of Lemma 4 for M = R’ in order to show that
R —— R/ is integral. O

Corollary 6. Let o: R —— R’ be a homomorphism of rings, and assume there
are elements yi, ..., y, € R integral over R such that R’ = R[yi,...,y.]. Then
p: R —— R’ is finite and, hence, integral.

Proof. Consider the chain of successive ring extensions

p(R) Co(R)[p] € ... Co(R) [y, ur] = R,

each of which is finite by Lemma 4. It follows then by induction that R’ is
finite over R. To carry out the induction step, consider a set of generators for

R’ as a module over ¢(R)[y1,...,yr—1] and multiply it with a similar system
generating (R)[v1,...,y-—1] over R, thereby obtaining a set of generators for
R’ over R. O

Corollary 7. Let R—— R’ and R’ —— R’ be two homomorphisms of rings
which are finite (resp. integral). Then their composition R —— R" is finite
(resp. integral) as well.

Proof. The case of finite homomorphisms is dealt with in the same way as in
the proof of Corollary 6. If R —— R’ and R' — R are integral, consider an
element z € R”. Then z satisfies an integral equation over R':

4 b, =0, by,....b,€R.

From this we see that z € R” is integral over R[by,...,b,], and it follows
from Lemma 4 that the extension R[bi,...,b,] —— R[by,...,b,, 2] is fi-
nite. Since R — R[by,...,b,] is finite by Corollary 6, the composition
R —— R[by,... by, z] will be finite. But then this homomorphism is inte-
gral by Corollary and we see that z is integral over R. Letting z vary over R”,
we conclude that R —— R’ is integral. |

2"+ b2+

Corollary 8. Let R be a subring of a ring R’ and let R be the set of all elements
in R' that are integral over R. Then Risa subring of R’ containing R. It is
called the integral closure of R in R'. Furthermore, R is integrally closed in R,
i.e. the integral closure of R in R coincides with R.

Proof. Let z,y € R’ be integral over R. Then R[z,y] is integral over R by
Corollary 6. In particular, from z,y € R we getx —y,x-y € R and we see that
R is a subring of R’ containing R. Furthermore, R is integrally closed in R’ by
Corollary 7. |

As an example, we may consider the integral closure Z of Z in C, which is
called the ring of integral algebraic numbers. The latter is countable and, thus,
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much “smaller” than C itself. Also note that Z is different from the algebraic
closure of QQ in C, since its restriction ZNQ will coincide with Z, due to the fact
that Z is integrally closed in Q; the latter will follow from Remark 10 below.

Definition 9. An integral domain R is called normal if it is integrally closed
in its field of fractions Q(R).

Remark 10. Any principal ideal domain or, more generally, any factorial ring
R is normal.

Proof. Consider r, s € R with s # 0 such that © € Q(R) is integral over R. Then
we may assume that £ is reduced in the sense that ged(r,s) = 1. Now let

r n r n—1
() va(2) " b
S S

be an integral equation for = over R. Then
™ 4+ sar™ ..+ s"a, =0,

and we see that s divides 7", contradicting the fact that r and s were assumed
to be relatively prime. O

In particular, it follows that Z is a normal ring. The same is true for polyno-
mial rings in a finite set of variables over Z or over a field K, because all these
rings are factorial. Also note that due to the Theorem of Auslander-Buchsbaum
[24], Cor. 4 of Thm. IV.9, any regular Noetherian local ring (2.4/18) is factorial
and, hence, normal.

Proposition 11. For an integral domain R, the following conditions are equiv-
alent:
(i) R is normal.
(i) Ry is normal for all prime ideals p C R.
(iil) R is normal for all mazimal ideals m C R.

Proof. Concerning the implication (i) = (ii), we show more generally that, for
a multiplicative system S C R — {0}, the localization Rg will be normal if R is
normal. To do this, note that R C Rg C Q(R), since R is supposed to be an
integral domain, and that therefore the field of fractions Q(Rg) coincides with
Q(R). Now let x € Q(R) be integral over Rg, say

3] — Qp,
" —" L+ =0,
S1 Sn,
for elements aq,...,a, € R and sq,...,s, € S. Writing s = 51 - ... - s, wWe see

that sz is integral over R and, hence, contained in R if R is normal. But then
z =515z € Rg and it follows that Rg is normal.
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The implication (ii) = (iii) being trivial, it remains to justify (iii) = (i).
Let « € Q(R) be integral over R and assume that all localizations R,, at maximal
ideals m € Spm R are normal. Then z € () R, and it is enough to show
ﬂmeSmeRm =R.

To achieve this, fix an element z € ﬂmesme Ry, and, for each m € Spm R,
choose elements a, € R and b, € R — m such that z = ‘;T": As the set of all by,
for m € Spm R, cannot be contained in a maximal ideal of R, it must generate
the unit ideal in R. Thus, there is an equation

Z Cmbm =1

meSpm R

meSpm R

with coefficients ¢, € R vanishing for almost all m. But then

xz( Z cmbm)-xz Z cmme—mz Z CmOm € R

meSpm R meSpm R meSpm R
and we see that R is normal. O
Exercises
1. Consider ring morphisms ¢;: R — R;, i = 1,...,n, starting out from a given

ring R. Show that the ring morphism
R — HRH a (<p1(a)7"'7(pn(a))v
i=1

is finite (resp. integral) if the same is true for all ;.

2. Let R be a ring and I a finite group of automorphisms of R. Show that R is an
integral extension of the fized ring RT' = {a € R; v(a) = a for all v € I'}.

3. Let R be a normal integral domain with field of fractions K and let L/K be an
algebraic extension of fields. Show that an element x € L is integral over R if and
only if the minimal polynomial of z over K has coeflicients in R.

4. Let R be a normal integral domain. Show that the polynomial ring in one variable
R[X] is normal as well.

5. Show that the integral closure of Z in Q(v/5) is Z[$(1 4+ v/5)]; it is known that
this ring is factorial.

6. Show that the integral closure of Z in Q(v/—5) is Z[+/—5]. Show that Z[+/—5]
is a non-factorial normal ring. Hint: Consider the decompositions 21 = 3 -7 =
(14 2v=5)- (1 —2=5).

7. Let R be a valuation ring, i.e. an integral domain with field of fractions K such
that for any € K we have z € R or, if the latter is not the case, 2~ € R. Show
that R is normal.

8. Let R be a normal Noetherian integral domain with field of fractions K and let
L/K be a finite separable extension of fields. Show that the integral closure R of
Rin L is a finite R-module. Hint: The trace function Try /g of L/K gives rise to
a non-degenerate bilinear form L x L — L, (2,y) —— Try g (2y). Show that
there is a K-basis y1, ..., yq of L such that R C Z?:l Ry;.
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3.2 Noether Normalization and Hilbert’s Nullstellensatz

In this section we want to illustrate the concept of integral dependence by
discussing polynomial rings K[X] = K[X3,..., X, over a field K, for a finite
set of variables X = (X1,...,X,). As we know already from 1.5/14, K[X] is
Noetherian. Furthermore, it follows from the Lemma of Gauf} (see [3], 2.7/1)
that K [X] is factorial and, hence, normal by 3.1/10.

Let A be a K-algebra and call a set of elements x4, ...,x, € A algebraically
independent over K if the K-homomorphism K[X7,...,X,] — A substitut-
ing x; for the variable X; is injective, and algebraically dependent otherwise.
Furthermore, as before, let us write K[z1,...,z,] C A for the image of such a
substitution homomorphism. Recall that A is called a K-algebra of finite type
if there is a surjective K-homomorphism K[X3,...,X,] A or, in other
words, if there exist elements x1,...,2, € A such that A = K[x1,...,2,].

Theorem 1 (Noether’s Normalization Lemma). Let A be a K-algebra of finite
type. If A # 0, there exists a finite injective K-homomorphism

K[Yy,...,Y;]=— A
for a certain set of variables Yi,...,Yy.

The proof of the Normalization Lemma needs a technical recursion step,
which is of interest by itself and which we will prove first.

Lemma 2. Let K[xy,...,x,] be a K-algebra of finite type and consider an

element y € K[xy,...,x,] given by some expression
(%) y= > ay.a.al
(vi..vn)€D

with coefficients a,,. ., € K* where the summation extends over a finite non-
empty index set I C N"; in particular, n > 1. Then there exist elements
Yty -y Un1 € K[x1,...,2,] such that the canonical monomorphism

K[y, yn1,y] — K[a,.. 2]
is finite.
Proof. Let us set
Y= — T, Ypg =Ty — T

where the choice of exponents sy, . .., s,-1 € N—{0} still has to be made precise.
Then we have

K[Il,....,.’rn:l :K[ylwnaynflaxn]'
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Substituting z; = y; + 2% for ¢ = 1,...,n — 1 in the relation (%) and splitting
the powers z;" = (y; + «3)” into a sum of z%* and terms of lower degrees in
ZTn, We get a new relation of type

SiV4
n

_ 2SIV F S —1Vn—1+V,
(**) y= E a'lll...l/n‘Ln] ! o + f(yh ey Yn—1, x’n)v
(v1..vn)€l

where f(y1,...,Yn_1,%,) is a polynomial expression in z, with coefficients in
K[y1,...,yn_1] whose degree in xz, is strictly smaller than the maximum of
all numbers s1v1 + ... + Sp_1Vp—1 + vy for (v1,...,1,) varying over I. As is
easily seen, the numbers s1,...,s,-1 € N can be chosen in such a way that the
exponents sqv; +. ..+ Sy_1V,—1 + Vy occurring in (xx) are different for all tuples
(v1,...,0,) € I. Just take t € N larger than the maximum of all vy, ..., v, for
(v1,...,v,) € I and set

1
,...,Snflzt.

Viewing the right-hand side of (x*) as a polynomial in x, with coefficients in
K[y1,...,yn1], the choice of exponents s; leads to precisely one term of type
azl with a coefficient a € K[yi,...,yn_1] and, in fact, a € K*, whose degree
N dominates the degrees of all the remaining ones. Therefore multiplication of
(xx) with ! and subtraction of a~'y yields an integral equation for x, over
Kyi,-.-,Yn-1,y]. Thus, we see from 3.1/6 that the map

Ky, oy Yn-1,9] = K[¥1, -y Un-1,2n] = K[21,..., 2]

is finite. 0

Now the proof of Noether’s Normalization Lemma is easy to achieve. Since
A # 0, we may view K as a subring of A. Let A = K[x1,...,x,] for suitable
elements x; € A. If xy,...,z, are algebraically independent over K, nothing
has to be shown. Hence, we can assume the x; to be algebraically dependent
over K. Then, taking y = 0, there is a non-trivial relation (x) as specified in
Lemma 2, and there are elements y1, ...,y,_1 € A such that the canonical map

K[ylv"'vyn—l] :K[ylv"'vyn—lvy] ;'K[z17"~7$n:| :A

is finite. If y1, ..., y,_1 are algebraically independent over K, we are done. Else
we apply the process just described again, this time for the ring K [y1, ..., yn_1]-
Proceeding recursively, we arrive after finitely many steps at a system y, ..., yq
that is algebraically independent over K and has the property that A is finite
over K[y1,...,Yd]- |

As we will see later from 3.3/6 in conjunction with 2.4/16, the integer d
in Noether’s Normalization Lemma is uniquely determined by the K-algebra
A. In fact, d coincides with the Krull dimension of A, as introduced in 2.4/2.
Alternatively, if A is an integral domain, one can show combining 3.1/3 (ii) with
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3.1/2 that the field of fractions Q(A) is finite over the transcendental function
field K (Y1, ...,Yy) and it follows that d equals the transcendence degree of Q(A)
over K.

Corollary 3. Let K C L be an extension of fields where L = K [x1,...,2,] for
some elements x1,...,x, € L. In other words, we assume that L is a K-algebra
of finite type. Then the extension K C L is finite.

Proof. By Noether’s Normalization Lemma, we can find finitely many elements
Y1,---,Yq € L, algebraically independent over K, such that the extension of
rings K [y1,...,ya] = L is finite. As L is a field, the same must be true for
Ky, ..,ya] by 3.1/2. However, a polynomial ring in d variables over a field K
cannot be a field, unless d = 0. Therefore K [yi,...,yqs] = K and the extension
K —— L is finite. g

A situation as in Corollary 3 occurs naturally, if we divide a polynomial
ring K[X,...,X,] by a maximal ideal.

Corollary 4. Let A be a K-algebra of finite type and m C A a mazimal ideal.
Then the canonical map K —— A/m is finite and, hence, L = A/m is a finite
extension field over K.

Proof. We know that A/m, just as A, is a K-algebra of finite type. As A/m is
a field, we can conclude from Corollary 3 that it is finite over K. [

Another remarkable consequence of Noether’s Normalization Lemma is the
fact that any polynomial ring K[ X, ..., X, ] over a field K is Jacobson, i.e. we
have rad(a) = j(a) for any ideal a C K[X;,...,X,]. Using 1.3/6, this claim is
derived from the following assertion:

Corollary 5. Let A be a K-algebra of finite type. Then its nilradical coincides
with its Jacobson radical, i.e. rad(A) = j(A).

Proof. Clearly we have

rad(A)= (] pc [ m=ijA).

pESpec A meSpm A

To verify the opposite inclusion, consider an element f € A —rad(A). Let us
show f ¢& j(A). As f is not nilpotent, it generates a multiplicative system
S C A that does not contain 0. Thus, the localization Ag = A[f~'] is non-zero
by 1.2/4 (iii) and, hence, there exists a maximal ideal m C A[f~']. Let n C A
be its inverse image with respect to the canonical map 7: A — A[f~!]. Then
7 induces a monomorphism

A/ A[f71]/m
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of K-algebras. As A is of finite type over K, say A = K[x1,...,2,], so is its
localization A[f™!] = K[x1,...,2,, f~!]. Therefore we see from Corollary 4
that the field A[f~1]/m is finite over K and, in particular, over A/n. However,
then A/n must be a field by 3.1/2 and we see that n is a maximal ideal in A.
Since 7(f) is a unit in A[ f~1], it cannot be contained in m. In particular, f & n
and, hence, f & j(A). |

Finally, let us discuss the geometric significance of the preceding corollary
in terms of Hilbert’s Nullstellensatz. For a ring R and an ideal a C R we have
defined its zero set

V(a) ={x € SpecR; f(z) =0forall f € a} ={p €SpecR; aC p},
and for any subset E C Spec R its corresponding vanishing ideal

I(E)={f€R; f(x)=0forallz € B} = (] pa:

zeE

see Sections. 1.1 and 1.3. Interpreting the nilradical rad(a) as the intersection
of all prime ideals p C R containing a, as shown in 1.3/6 (iii), we have obtained
the equation

I(V(@) = () p=rad(a)

peSpec R
aCp

for ideals a C R.

Considering an algebra A of finite type over a field K in place of R and
an ideal a C A, we know from the above corollary that the nilradical rad(a)
coincides with its Jacobson radical j(a). Therefore, in the above equation, we
may replace V'(a) by its restriction Viax(a) = V(a) N Spm A, thereby obtaining
the following assertion:

Corollary 6 (Hilbert’s Nullstellensatz). Let A be a K-algebra of finite type and
a C A an ideal. Then:

I(Vimax(a)) =[] m=rad(a),

meSpm R
aCm

We want to make the concept of viewing the elements of a K-algebra A
of finite type as functions on the spectrum of its maximal ideals Spm A a bit
more explicit, at least for polynomial rings A = K[X;,...,X,]; see also the
discussion of the affine n-space over a field K in Section 6.7. Choose an algebraic
closure K of K and, for each point € K", consider the evaluation map

0o K[X1,..., X, — K, fr— f(x).

Since the image of ¢, is integral over K, it is a field by 3.1/2. Hence, ker ¢, is
a maximal ideal in K[Xj,...,X,,] and there is a well-defined map
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7: K" — Spm K [X;,..., X,], z +—— ker @y,

which we claim is surjective. Indeed, given an ideal m C K[Xi,...,X,],
which is maximal, its residue field K[Xi,...,X,]/m is finite over K by
Corollary 4, and we may extend the inclusion K —— K to an embedding
K[Xi,...,X,]/m —— K. Writing 2; € K for the image of the residue class of
X;, we see that 7(zy,...,7,) = m. Of course, the point x = (z1,...,7,) € K"
we have constructed from m, is unique only up to a K-automorphism of the field
K(z,...,2y,). Therefore, we may interpret Spm K[ Xy, ..., X,,] as the quotient
of K™ by the group of K-automorphisms Autg (K), i.e.

Spm K[X,...,X,] ~ K"/ Autg(K).

In particular, for an algebraically closed field K, the map 7 considered above
will be bijective and a straightforward argument shows that it is given by

7: K" — Spm K[ Xq,..., X,], (1, .oy xn) — (X — 21, X —x0).

Going back to the situation of Hilbert’s Nullstellensatz for an arbitrary field
K, we may alternatively associate to an ideal a C K[Xy,...,X,] the set

Vig(a) ={z € K"; f(z) =0forall f€a}=7"(Viax(a)),
and to a subset £ C K" the ideal
I(E)={f € K[X1,...,X,]; f(z) =0forall z € E} = I(7(E)).
Then, via 7, Hilbert’s Nullstellensatz transforms into its classical version

I(Vi(a)) = rad(a).

Exercises

In the following let K be a field.

1. Let ¢: A —— B be a morphism of K-algebras where B is of finite type. Show
that ¢ ~!(m) is a maximal ideal of A for every maximal ideal m C B. In other
words, ¢ gives rise to a map Spm B — Spm A.

2. Give an explicit solution of Noether’s Normalization Lemma for the K-algebra
K[X1,X2]/(X1X2).

3. Let m be a maximal ideal of the polynomial ring K[X7,...,X,] in n variables
over K. Show that there exist polynomials f; € K[Xy,...,X;—1]|[X;] satisfying
m= (f1,..., fn) where f; is monic in X; fori=1,...,n.

4. Consider the polynomial ring K[X1,...,X,] in n variables over K for n > 1.
Let f € K[Xy,...,X,] be a non-constant polynomial. Show that there ex-
ists a monomorphism of type K [Y1,...,Y,—1] = K[Xy,...,X,,]/(f) defining
K[X1,...,X,]/(f) as a finite free module over K[Y7,...,Y,1].
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5. Generalization of Noether’s Normalization Lemma: Let ¢: R — A be a
monomorphism of rings equipping A with the structure of an R-algebra of fi-
nite type. Assume that R is an integral domain and that ra =0 forr € R, a € A
implies 7 = 0 or a = 0. Show there exists a finite set of polynomial variables
Xi,..., X4 such that ¢ extends to a monomorphism ¢’: R[Xy,...,X4] —— A
and that the latter becomes finite when localized by the multiplicative system
generated by a suitable element s € R — {0}.

6. Another generalization of Noether’s Normalization Lemma: Let A be an algebra
of finite type over a field K and consider an ascending chain a; C ... C a, C A of
proper ideals in A. Show that there exist elements x1,...,z4 € A, algebraically
independent over K, such that A is integral over K[z1,...,z4] and such that
a; N K[z1,...,24], as an ideal in K[zy,...,zq], is generated by zi,...,z4, for
i=1,...,r and suitable indices d; < ... < d, < d. Hint: Reduce to the case
where A is a free polynomial ring over K and use Lemma 2. Consult Serre [24],
Thm. IT1.2, if necessary.

3.3 The Cohen—Seidenberg Theorems

In the present section we fix an integral ring homomorphism ¢: R —— R’ and
discuss the relationship between prime ideals in R and R'. Given a (prime) ideal
B C R, we write B N R for the restricted (prime) ideal ¢~ (B) C R.

Proposition 1. Let ¢: R —— R’ be an integral ring homomorphism.

(1) A prime ideal P C R’ is mazimal if and only if its restriction p = PN R
is mazimal in R.

(i) Let PB1,Po C R be prime ideals satisfying Py N R = P N R. Then
By C Py implies P1 = Po.

Proof. In the situation of (i), the map ¢ induces an integral monomorphism of
integral domains R/p —— R'/B, and we see from 3.1/2 that R/p is a field if
and only if R'/%B is a field. Hence, p is maximal in R if and only if 9B is maximal
in R.

Now let 3;,B2 C R’ be two prime ideals as required in (ii), namely such
that the induced ideals p = B; N R and Py N R coincide in R. Let S = R —p
and consider the ring homomorphism Rg — R:O<S) induced from ¢, which
is integral by 3.1/3 (ii) since ¢ is integral. Then, by 1.2/7, the ideal S~!p
generated by p in Rg is maximal. Likewise we can consider the ideals S™13;
and S™!93, generated by 93, and B, in R;(S). These are prime by 1.2/5, since
©(9) is disjoint from 3, and PBy. Then q; = S~IP; N Rg and g2 = S~Po N Ry
are prime ideals in Rg that contain S~!p. Because S~'p is maximal in Rg, we
get S™'p = g1 = ga. Thus, S™'P; and S™'P, are two ideals in R, whose
restrictions to Rg are maximal. But then, by (i), we know that S™3; and
S™'9P, are maximal in R, g and it follows S, = S, from Pi C Po.
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Since Py = STUP; N R and Py = S™9P, N R’ by 1.2/5, we conclude Py = P,
as desired. [l

Theorem 2 (Lying-over). Let ¢: R —— R’ be an integral ring homomorphism
and p C R a prime ideal such that ker ¢ C p. Then there exists a prime ideal
P C R such that PN R = p. Furthermore, according to Proposition 1, there is
no proper inclusion between such prime ideals B C R'.

Proof. As in the proof of Proposition 1, we let S = R — p and consider the
homomorphism Rs — R{ ) induced from ¢; it is integral by 3.1/3 (ii). Since
kerp C p, we have S Nkerp = @ and therefore 0 € ¢(5) so that R;(S) is
non-zero by 1.2/4. Therefore we can find a maximal ideal m C R;(S) and it
follows from Proposition 1 (i) that m N Rg is a maximal ideal in Rg. But Rg is
a local ring with maximal ideal S~'p so that mN Rg = S~'p. Now consider the
commutative diagram

R R

|

/
Rg —— R

and the restriction 8 = m N R’ of m to R'. Then
PNR=mNR)NR=mNRs)NR=S"'pNR=p
by 1.2/5, as desired. O

Theorem 3 (Going-up). Let ¢: R —— R’ be an integral ring monomorphism
and

PpCpC...Cp, CR

a chain of prime ideals in R. Then, for any prime ideal By C R’ such that
PBo N R = pg, there exists a chain of prime ideals

PBoCcPriC...C P C R
satisfying B; N R =p; for all i.

Proof. We conclude by induction on the length n of such chains of prime ide-
als, the case n = 0 being trivial. Thus, let n > 0. By the induction hypoth-
esis, we can find a chain of prime ideals Py C ... C P,_1 C R’ satisfying
PyNR =p; fori=1,...,n—1. Then ¢ induces an integral monomorphism
R/p,1 —— R'/%B,_1 and, by Theorem 2, there is a prime ideal ¢ C R'/P,_1
lying over the prime ideal p,,/p,—1 C R/pn_1. Let B, be the preimage of q with
respect to projection R —— R'/PB,_1. Then B,_1 C P, and we conclude
from the commutative digram
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R R

]

R/pnfl - R//mnfl

that B,, N R = p,,, as desired. [

In Theorem 3 we have constructed extensions of chains of prime ideals with
respect to integral ring extensions where an extension of the smallest prime
ideal was given. We now will look at the analogous problem where an extension
of the largest prime ideal is given.

Theorem 4 (Going-down). Let ¢: R < R’ be an integral ring monomorphism
where R and R’ are integral domains and, in addition, R is normal. Then, given
a chain of prime ideals

RDOpoDp1D...Dp,

in R and Po C R’ a prime ideal satisfying Po N R = po, there exists a chain of
prime ideals

ROBDOP1D...OP.,
in R such that P, N R = p; for all i.

To do the proof, we need some preparations. In particular, we will use Galois
theory on the level of fields. Let K C K’ be an algebraic extension of fields
which is quasi Galois or normal in the sense that K’ is a splitting field of a set
of polynomials in K[X]. Then we can consider the group G = Aut (K”) of all
K-automorphisms K’ —— K'; in other words, the group of all automorphisms

of K’ that leave K fixed. We call
K'Y ={a€ K'; gla) = afor all g € G}

the fized field of K’ with respect to G. It contains K and, thus, is a field between
K and K’. One knows from Galois theory (see [3], 4.1/5) that the extension
K'Y C K'is Galois with Galois group G and that K C K'¢ is purely inseparable.
In particular, for each element y € K’“, there is an integer n € N — {0} such
that y" € K.

Let us start now by giving a lemma that will settle the main part of the
proof of Theorem 4.

Lemma 5. Let p C R be a prime ideal of a normal integral domain R. Fur-
thermore, let K' be a quasi Galois extension of the field of fractions K = Q(R)
and write R’ for the integral closure of R in K'. Then:
(i) Fach g € Autg(K') induces a ring automorphism R —=~ R’ fixing R.
(i) If B is a prime ideal in R’ satisfying P N R = p, the same if true for
g(B), for any g € Autx(K').
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(iil) Autg(K’) acts transitively on the set of all prime ideals in R’ that lie
over p, i.e. given two prime ideals P1,Pa C R’ such that P1NR =p =PoN R,
there is an element g € Autg(K') such that g(P1) = Pa.

Proof. Write G = Autg(K’) and look at an element x € R’, thus, an element
x € K’ satisfying an integral equation over R. Then each g € G transports
this equation into an integral equation for g(z) over R. This way we see that
g restricts to a ring automorphism R’ —~2~ R’ fixing R. In particular, g maps
prime ideals B C R’ to ideals of the same type. Furthermore, from S8 N R = p,

we can conclude

gP)NR=g(P)Ng(R)=g(PNR) =g(p) =p.

This settles assertions (i) and (ii).

To derive (iii), let us first assume that G is finite, which is automatically
the case if K’ is finite over K. Let 1,P2 C R’ be prime ideals satisfying
PB1NR=p="LP>N R. We have to find some g € G such that g(;) = Ps. For
the latter equation it is enough to show s C g(P1), if we apply Proposition 1
in conjunction with assertion (ii) which has just been proved. Furthermore, the
existence of such a g will follow from Lemma 1.3/7 and the finiteness of G, once
we have shown that

P2 C U 9(P1).

g€l

To justify the latter inclusion, let x € 9By. Then y = ngG g(z) is fixed by
G. Thus, as explained above in terms of Galois theory, there exists an integer
n € N—{0} such that y* € K. Now y", being a member of R', is integral over R.
Therefore we must have y™ € R, since R is normal. As G contains the identity
automorphism, we know 3" € Py N R = p and, hence, y"* € p C PB;. Using the
fact that B; is a prime ideal, the definition of y shows that there must exist
some g € G satisfying g(z) € %y, and we get € g~ (), which justifies the
above inclusion.

If G is not necessarily finite, we consider intermediate fields K ¢ E C K’
and define Ry = R'NFE as the integral closure of R in E. Let M be the set of all
pairs (Rg, grg) where E is an intermediate field of the extension K C K’, quasi
Galois over K, and where gg € Autg(F) satisfies gg(1 N Rg) = P N Re. We
write (Rg, 9g) < (Rg, gg/) for elements in M, when F C E' and g/ |E = gg.
Then M is a partially ordered set which allows the application of Zorn’s Lemma
and, thus, admits a maximal element (Rz, g7)-

If E is strictly contained in K’, we can choose a non-trivial finite extension
E' C K’ of E that is quasi Galois over K (and, thus, over E) and extend gz to
a K-automorphism ¢’ of E’. Then

J(PB1NRe)N Ry =g (P1NRg) =PoN Rg = (P2N Rer) N R

and, by the above special case, there exists some element g of the finite group
Autz(E") such that
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gog (BN Rp)=PaN R
Now go ¢’ € Autg(E’) is an extension of g. Thus,

(Rpr,gog)e M,  (Rggg) < (Re,g04d),

which contradicts the maximality of (Rz, g5). Therefore we have E = K’, hence
Ry = R and gf € Autg(K') satisfies gg(B1) = Po. O

The proof of Theorem 4 is now quite easy. Let K and K’ be the fields of
fractions of R and R’. Then the extension K C K’ is algebraic, and we can find
a field K" extending K’ such that the extension K C K" is quasi Galois. Let
R’ be the integral closure of R in K”. Applying Theorem 3, choose a chain of
prime ideals

R'ODOPEOPID...O%B,
lying over the chain R D py D ... D p, and, according to Theorem 2, a prime
ideal P, C R” over Py C R’ (and, thus, over p C R). By Lemma 5, there exists
some g € Autg(K") such that g(5) = By Then

Po=Fo N R =g(Po) N Dg(P)NR D ... D g(P,) N K

is a descending chain of prime ideals in R’ that lies over R D pg D ... D p, and
starts with 3y, as desired. ]

To end this section, we give some applications of the Cohen—Seidenberg
Theorems to the theory of Krull dimensions, as developed in Section 2.4.

Proposition 6. Let R —— R' be an integral ring monomorphism, @’ C R’ an
ideal, and a = &’ N R its restriction to R. Then:
(i) dim R’ = dim R.
(i) hta’ < hta and, in fact, hta' = hta if R and R’ are integral domains
and R is normal.
(iii) cohta’ = coht a.

Proof. We start with assertion (i), observing that (iii) is a consequence of (i).
According to the Going-up Theorem 3, each strictly ascending chain of prime
ideals in R may be extended to a (strictly) ascending chain of prime ideals in
R’. Conversely, each strictly ascending chain of prime ideals in R’ restricts to an
ascending chain of prime ideals in R where the latter must be strictly ascending
by Proposition 1. This proves (i).

To settle (ii), consider a strictly ascending chain of prime ideals in R’. Re-
stricting it to R yields an ascending chain of prime ideals in R, which is strictly
ascending by Proposition 1. This shows ht ' < hta if a’ is a prime ideal in R'. If
a’ is not necessarily prime, choose a minimal prime divisor p of a. Applying the
Lying-over Theorem 2 to the induced monomorphism R/a — R’/da’, there is
a minimal prime divisor 3 of @’ lying over p. Since htP < htp, as we just have
seen, we get ht a’ < hta.
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Now assume that R and R’ are integral domains and that R is normal. Then
the Going-down Theorem 4 becomes applicable and we see that hta’ = ht a if
a’ is a prime ideal in R’. Furthermore, for general a’ we see that the minimal
prime divisors of @’ restrict to minimal prime divisors of a. Combining this with
the above argument, we get ht a’ = ht a, as desired. U

Fixing a field K, a bit more can be said about K-algebras of finite type.

Proposition 7. Let A be a K-algebra of finite type that is an integral domain.
Then dim A = transgrad, (Q(A)), i.e. the Krull dimension of A equals the
transcendence degree of the field of fractions Q(A) over K.

Proof. By Noether’s Normalization Lemma 3.2/1, there is a finite monomor-

phism K[X,...,X4] —— A. Then
dmA=dimK[X,,...,X4] =d
by 2.4/16 and Proposition 6 (i). Furthermore,
d = transgrad . (Q(K [X1, ..., X4])) = transgrad, (Q(A)),
since the extension of fields Q(A)/Q(K[ X1, ..., X4]) is algebraic. O

Proposition 8. Let A be a K-algebra of finite type that is an integral domain.
Then:

(i) htp + coht p = dim A for every prime ideal p C A.

(i) ht m = dim A for every mazimal ideal m C A.

Proof. First observe that (ii) is a special case of (i). To show (i) we use induction
on dim A. Applying Noether’s Normalization Lemma 3.2/1, there is a finite
monomorphism of type K[X3,..., Xy] = A where d = dim A by 2.4/16 and
Proposition 6 (i). The case of dimension d = 0 is trivial, since then A is a field
by 3.1/2. Also the case p = 0 is trivial, since then htp = 0 and coht p = dim A.
Therefore we can assume d > 1 as well as p # 0.

Now choose a non-zero element y € p N K[X7, ..., Xy], which exists since
the restriction of the non-zero prime ideal p to K[X,...,X ] must be non-
zero by Proposition 1. Then we may apply 3.2/2 and thereby obtain elements
Y1, Ya—1 € K[X1,...,X4] such that the canonical monomorphism

v K[y, ya1,y] — KXy, .., Xa]

is finite. Comparing transcendence degrees of fields of fractions, we see that

the elements vy, ...,y4_1,y are algebraically independent over K and, hence,
that K[y, ..., ya—1,y] may be viewed as a free polynomial ring in the variables
Y1y - Ya—1,y. Composing ¢ with K[Xy,..., X ] = A, we arrive at a finite

monomorphism of type K[Y1,...,Yy;] —— A where the Y; are variables and Y,
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is mapped into p. Now observe that the latter morphism satisfies the require-
ments of the Going-down Theorem 4, since K[Y1,...,Y,], as a factorial ring, is
normal by 3.1/10. Therefore we can find a prime ideal pg C A that is contained
in p and restricts to the prime ideal (Yy) C K[Y1,...,Yy]. Then, looking at the
finite monomorphism

K, ..., Ya] = A/po

and the ideal p/pg C A/po, we can conclude from the induction hypothesis that
ht(p/po) +coht(p/po) = d—1. Since ht p > ht(p/po)+1 and coht p = coht(p/po),
we get htp + coht p > d and then, necessarily, ht p + cohtp = d. O

Exercises

1. Show for rings R, R’ that dim(R x R’) = max(dim R, dim R'). Hint: Use Exer-
cise 1.1/6.

2. Let R —— R’ be an integral morphism of rings. Show dim R < dim R'.

3. Let R —— R’ be an integral monomorphism of rings. Show that every morphism
R —— L into an algebraically closed field L admits an extension R/ — L.

4. Let R —— R’ be an integral morphism of rings. Show that R’ is Jacobson if R
is Jacobson. Hint: Use the fact that a ring is Jacobson if each of its prime ideals
is an intersection of maximal ideals.

5. Let A be an algebra of finite type over a field K. Assume that A is an integral
domain. Show that every maximal chain of prime ideals in A is of length dim A.

6. Let R be a ring and I a finite group of automorphisms of R. Then R is integral
over the fixed ring R by Exercise 3.1/2. Show for any prime ideal p C R that
there are only finitely many prime ideals 8 C R lying over p and that I" acts
transitively on these.

7. For an integral morphism of rings ¢: R — R’ consider the associated map on
prime spectra %p: Spec R — Spec R, p’ —— p’ N R. Show:
(a) “(V(a’)) = V(a’ N R) for any ideal ' C R'. In particular, % is a closed map
with respect to Zariski topologies on Spec R and Spec R'.
(b) The fibers of “¢ are finite if ¢ is finite.



4. Extension of Coefficients and Descent

The main theme of the present chapter is to discuss the process of coefficient
extension for modules and its reverse, called descent. For example, imagine a
ring R and an R-module M whose structure seems to be difficult to access.
Then one can try to replace the coefficient domain R by a bigger ring R, over
which the situation might become easier to handle. In other words, we would
select a certain extension homomorphism R —— R’ and use it in order to
derive from M a best possible R-module M’ extending the R-module structure
we are given on M. In particular, M’ will respect all relations that are already
present in M. The technical frame for such a construction is given by the so-
called tensor product. Passing from M to the tensor product M’ = M ®p R’
we say that M’ is obtained from M via coefficient extension with respect to
R —— R'. Of course, the extension homomorphism R — R’ must be chosen
in an intelligent way so that the results obtained for M’ can be descended to
meaningful information on M.

Let us discuss an example from LINEAR ALGEBRA. We consider a quadratic
matrix with coefficients from R, say A € R™*™ where n > 0, and look at the
R-linear map

R" — R", rH—— A-x.

Recall that an element A € R is called an eigenvalue of A if there exists an
associated eigenvector, i.e. a vector z € R™ — {0} such that Az = Az. Note that
the eigenvalues of A are precisely the zeros of the characteristic polynomial
Xa(X) = det(X -id—A). Since the field R is not algebraically closed, it is
possible that the set of eigenvalues of A is empty.

However, if we assume A to be symmetric, then the characteristic polynomial
Xa(X) decomposes completely into linear factors over R and, hence, the set of
eigenvalues of A cannot be empty. We want to explain how this result can
be derived by means of coefficient extension from R to C. Viewing R™ as an
R-vector space, a canonical candidate for its coefficient extension via R —— C
is of course the C-vector space C". So we look at the C-linear map

cr— C", r— A-x.

Furthermore, consider the canonical Hermitian form on C" given by {x,y) = x'-y
for column vectors z,y € C" where z' means the transpose of x and 7 the
complex conjugate of . Then, since A is a symmetric matrix with real entries,
we get

S. Bosch, Algebraic Geometry and Commutative Algebra, Universitext, 103
DOI 10.1007/978-1-4471-4829-6_4, © Springer-Verlag London 2013
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(Az,y)=(A-a) - g=a"-Ay=(z,A-y)
for x,y € C". Now use the fact that the field C is algebraically closed. There-

fore the characteristic polynomial x4(X) admits a zero A € C and there is a
corresponding eigenvector z € C* — {0}. Since (z, z) # 0, the equation

Mz, 2) = Mz, 2) = (A-2,2) = (2, A-2) = (2, \2) = Az, 2)

shows A = \. Hence, all zeros of the characteristic polynomial y4(X) must
be real and we are done. In our argument we can rely on the fact that the
characteristic polynomial y4(X) is the same for A as a matrix in C™*" or in
R™ ™. This makes the descent from C to R particularly easy.

Having seen that the technique of extending coefficients can be quite useful,
let us discuss now how to construct such extensions in more generality. Let M
be a module over a ring R and consider a ring homomorphism R —— R'. In
particular, the latter equips R’ with the structure of an R-module. To extend
the coefficients of M from R to R’ we would like to construct an object M’
where products of type z -1 for x € M and ' € R’ make sense. Of course, this
product should be R-linear in x and R-linear in 7/, which requires that M’ must
be imagined to be at least an R-module. Moreover, if M’ is not exceedingly big,
namely generated over R by all products of type x - v/, which is enough for our
purposes, we can expect that it is automatically an R’-module. Therefore we
look at R-bilinear maps M x R’ —— T into R-modules 7" and try to find a
universal one among these, i.e. an R-bilinear map 7: M x R —— T such that
for every R-bilinear map ¢: M x R — F into another R-module E there is a
unique R-linear map ¢: T —— F satisfying @ = por. Then, according to 4.1/1,
T is called a tensor product of M and R’ over R and is denoted by M ®x R/,
where the latter notation is justified, since such a tensor product is unique up
to canonical isomorphism; see 4.1/2. Furthermore, it follows from 4.1/3 that
the tensor product M ®r R’ always exists. Usually the inherent R-bilinear map
7: M x R —— M ®x R’ is not mentioned explicitly, since for x € M and
r" € R’ one writes  ® r’ in place of 7(z,7’), interpreting this as the product
x - " in the sense discussed above.

The construction of tensor products works more generally for R-modules
M and N, resulting in an R-module M ®gr N where M is as before and N
replaces the ring homomorphism R —— R’ providing R’ with the structure of
an R-module. The first two sections of this chapter are devoted to the study of
such tensor products. We begin with some basic properties and then investigate
how tensor products of modules behave with respect to exact sequences. Fixing
an R-module N, we can associate to each R-module M the R-module M @ N
and to each morphism of R-modules f: M’ —— M the morphism of R-modules
f®rN: M'"®@g N — M ®g N given by the R-bilinear map

M' xN—M®@rN, (z,y)— f(z)®@y.

As we will say in Section 4.5, the process of taking tensor products with N over
R is a covariant functor on the category of R-modules. Now, what happens
when we tensor a short exact sequence
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0 M M M 0

of R-modules with N over R? The answer we will give in 4.2/1 is that the right
part of the resulting sequence

0— M@ N —+ Mg N — M"®@r N — 0,

starting at M’ ®g N, is exact. This is the so-called right exactness of tensor
products. It gives us the opportunity to call an R-module N flat if taking
the tensor product with N over R always preserves short exact sequences of
R-modules. The latter is equivalent to the fact that for any monomorphism of
R-modules M’ —— M the resulting R-morphism M’ ®g N M ®pr N is
a monomorphism as well. Let us add that the flatness of modules is a quite
complicated feature. In part it is characterized by the lack of zero divisors.
Indeed, a module N over a principal ideal domain R is flat if and only if each
equation ax = 0 for a € R and = € N implies a = 0 or = 0; see 4.2/7. On
the other hand, looking at a module M of finite presentation (or even of finite
type) over a local ring R, we can read from 4.4/3 (resp. Exercise 4.4/4) that M
is flat if and only if it is free. Moreover, we show in 4.3/3 that every localization
morphism R —— Rg is flat, i.e. defines the localization Rg as a flat module
over R.

Let us turn back to the situation where the R-module N is present in the
form of a morphism of rings R —— R’. Then, as we have indicated above and
will show in more detail in Section 4.3, the extension process

-QrR:M+—— M®rR

produces from any R-module M an R-module M ®g R’, which is canonically
an R’-module via multiplication with R’ from the right. The process preserves
several interesting module properties. For example, if M is a free R-module,
M ®g R’ will be a free R-module, since tensor products are compatible with
direct sums; see 4.1/9. But also more general properties like finite type, finite
presentation, flatness, or even faithful flatness are preserved, as shown in 4.4/1.

The reverse problem of descending R’-module properties from M ®r R’ to
R-module properties of M is much more difficult. For this to work out well we
need strong assumptions on the morphism R —— R’. This is illustrated by the
fact that the zero morphism R —— 0, which is flat for trivial reasons, turns
any R-module M into the zero module M ®z 0 = 0, the only possible module
over the zero ring. Of course, from the zero module M ®pz 0 nothing can be
read about M itself. In fact, for the descent to work well, we have to assume
that a tensor product M ®g R’ is zero if and only if M is zero. If this is the
case for every R-module M and if, in addition, R — R’ is flat, then the latter
morphism is said to be faithfully flat. For example, we show in 4.4/1 that the
above-mentioned module properties, except for the property of being free, all
descend from R’ to R if R — R’ is faithfully flat. A more delicate situation is
given for an R-module M such that M ®z R’ is a free R’-module. At the end of
Section 4.4 we give an example of an R-module M and a coefficient extension
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morphism R —— R’ such that M ®x R’ is a free R'-module without M being
free. But M will be locally free in the sense of 4.4/2 and we show in 4.4/3
that the property of being locally free of finite rank descends with respect to a
faithfully flat extension morphism R — R/.

A truly demanding venture is to descend R’-modules M’ and their mor-
phisms with respect to a given extension morphism R — R’, even when the
latter is faithfully flat. But precisely what is meant by descent in this case? Of
course, the first naive idea is that, starting with an R’-module M’, we would
like to construct an R-module M, whose extension via R — R’ is isomorphic
to M’, i.e. satisfies M ®r R’ ~ M’'. But, what about the uniqueness of M if
M exists at all? In some cases one can easily guess an R-module M extending
to M’, for example, if M’ is free. Then one may fix free R'-generators of M’
and define M as the free R-module generated by these. This will produce an
isomorphism M ®@r R —~ M’, as desired. However, the example at the end of
Section 4.4 shows that there exist non-free R-modules M nevertheless extend-
ing to a free R-module M ®p R'. From this we conclude that R-modules M
that are naively descended from M’ cannot be expected to be unique. In other
words, if f': M’ —— N’ is a morphism of R’-modules and even if M’, N’ are
known to descend to R-modules M, N, we cannot expect without any further
assumption that f’ descends to a morphism of R-modules f: M —— N.

The key point for accessing a more elaborate version of module descent
consists in a very careful analysis of morphisms obtained via coeflicient exten-
sion. To explain this, we use a special notation for extended modules that is
particularly convenient for the purposes of descent. Namely, given a morphism
of rings p: R R and an R-module M, we write p*M for the extended
R'-module M ®p R'. Likewise, if f: M —— N is a morphism of R-modules,
we write p*f: p* M —— p*N for the R'-module morphism obtained from f via
taking tensor products with R’ over R. Proceeding like this may look a bit arti-
ficial, but the notation has a rather plausible geometric background, as we will
explain at the beginning of Section 4.6. Now set R’ = R’ ®g R’ and consider
the canonical morphisms pi,ps: R —= R" = R'®r R’. Then the compositions
of p1, p2 with p coincide; let ¢ = p; o p = py o p. Thus, using 4.3/2, there are
canonical isomorphisms

pi(p™M) ~ "M =~ p;(p"M)
so that we can look at the diagram

Hompg(M, N) . Homp (p*M,p*N) p::l Homp»(¢*M,q*N)
Py
of module morphisms over R, R', and R”. Assuming p to be faithfully flat,
the striking assertion of 4.6/1 says that this diagram is exact, i.e. that p*
defines a bijection between Hompg(M, N) and the set of those morphisms in
Homp (p*M,p*N) that have the same image with respect to p{ and p5. This
fully characterizes all R’-morphisms on extended R’-modules that descend with
respect to p: R —— R/. In particular, the descent of morphisms is unique.
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Furthermore, looking at the above diagram and the isomorphisms preced-
ing it, the descent of morphisms suggests for the descent of modules that
R’-modules M’ equipped with further data should be considered, such as suit-
able R"-isomorphisms ¢: pfM’ — pi;M’. If an isomorphism of this type
satisfies the so-called cocycle condition, which is a natural compatibility be-
tween all possible extensions of ¢ to the level of R” = R' ®g R’ ®g R, then
¢ is called a descent datum for M'. We will see from Grothendieck’s Theorem
to be proved in 4.6/5 that any descent datum on an R’-module M’ provides a
natural way to descend M’ to an R-module M. The more precise statement of
4.6/5 uses the language of categories and functors, which is quite appropriate
in this context and which will be explained in detail in Section 4.5. Although
we do not touch descent theory in the later part on ALGEBRAIC GEOMETRY,
the same methods as presented in Section 4.6 can be applied in the setting of
quasi-coherent modules on schemes; see [5], 6.1/4.

Also note that the phenomenon we have encountered before, namely that an
R'-module M’ may be viewed as the extension via R — R’ of different non-
isomorphic R-modules M, corresponds to the fact that there can live different
incompatible descent data on a single R'-module M’.

4.1 Tensor Products

Let M and N be R-modules. Recall that a map @: M x N E to some
R-module E is called R-bilinear if, for all x € M and y € N, the maps

&(z,): N— E, 2 P(x, 2),
¢(7y)M—>E7 Z'_>¢(Z/y)7

are R-linear, by which we mean that they define morphisms of R-modules.

Definition 1. A tensor product of M and N over R consists of an R-module
T together with an R-bilinear map 7: M x N —— T such that the following
universal property holds:

For each R-bilinear map @: M x N E to some R-module E, there is
a unique R-linear map ¢: T —— E such that & = @ o1, i.e. such that the
diagram

MxN—"-T

15 commutative.

Remark 2. Tensor products are uniquely determined by the defining universal
property, up to canonical isomorphism.
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The proof consists of a well-known standard argument, which we would like
to repeat once more. Let

T MxN—T, 7 MxN—T

be tensor products of M and N over R. Then there is a diagram

T

M x N T

T/ ©
A
T/

with R-linear maps ¢, ¥, where the existence of ¢ satisfying 7/ = ¢ o 7 follows
from the universal property of 7: M x N —— T and, likewise, the existence of
1 satisfying 7 = ¢ o7’ from the universal property of 7/: M x N — T". Then
we have

idror =7=1or =(Yogp)or.
Thus, considering 7: M x N — T as an R-bilinear map and using the universal
property of 7, there is a unique R-linear map ¢: T —— T such that T = oo 7.
Because, as we have just seen, the maps o = idr as well as 0 = 1 o ¢ solve this
problem, we get necessarily ¥ o ¢ = idp. Likewise, we can conclude ¢ o) = idp
from

idp ot =7 =por=(poth)or’.

Therefore ¢ and ¢ are mutually inverse isomorphisms between 7' and 7", and
we see that both tensor products are canonically isomorphic. O

When considering a tensor product 7: M x N —— T of two R-modules
M and N, we will write more specifically M ®g N in place of T' and, further-
more, r ® y in place of 7(x,y), for x € M and y € N. We call z ® y the
tensor constructed from x and y. Using this notation, the R-bilinear map 7 is
characterized by

MxN— M®grN, (z,y) — z®y.
In particular, tensors are R-bilinear in their factors, i.e.
(a +a's') @ (by + 1Y)
=ab(z®@y) +ab/(z @y') +d'ba’ @ y) + V(2 ®Y)

for a,a’,b,0' € R, x,2’ € M, y,y € N. In most cases, we will not mention the
defining R-bilinear map 7: M x N — M ®pg N explicitly and just call M ® g N
the tensor product of M and N over R. Proceeding like this, we assume that all
tensors z @y in M ®r N are known, which allows us to reconstruct the map 7.

Proposition 3. The tensor product T'= M QgN exists for arbitrary R-modules
M and N.
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Proof. The idea behind the construction of the tensor product M ®g N is quite
simple. We consider RM*N) as an R-module,

C(zy) = (5171/ . 5y,y’)(z’,y’)€M><N7 T € M,y € N,

being its canonical free generating system. Writing (z,y) instead of e, ), we
may view RM*N) as the free R-module generated by all pairs (z,y) € M x N.
Then we divide out the smallest submodule Q@ ¢ RM*N) guch that the residue
classes (z,y) of the elements (z,y) = e,y € RMXN) acquire the property of
tensors. This means, we consider the submodule @ € R™*N) generated by all
elements of type

(x+2"y) = (z,y) = (),
(@y+y) = (z,y) = (2.9),
(az,y) — a(z,y),
(z,ay) — a(z,y),

where a € R, z,2’ € M, y,y/ € N. Setting T = RM*M)/Q, the canonical
map 7: M x N T, sending a pair (z,y) to the residue class (z,y) € T,
is then R-bilinear. We claim that 7 satisfies the universal property of a tensor
product, as mentioned in Definition 1. To justify this, let &: M x N —— E be
an R-bilinear map to some R-module F. There is an associated R-linear map
¢: RM*N) . [ given as follows: set p(z,y) = ®(x,y) for the canonical free
generators (r,y) € RM*N) and define ¢ on all of RM*N) by R-linear extension.
Then the R-bilinearity of @ implies that ker ¢ contains all generating elements
of @, as listed above, so that ¢ induces an R-linear map ¢: RM*N) /Q —~ E
satisfying @ = poT:

7: M x N —— RM*N) — RODN) /g

E

Finally, observe that ¢ is uniquely determined by the relation @ = @o7. Indeed,
the residue classes (7, y) for (v,y) € M x N generate RM*N) /@ as an R-module
and we have

¢((z,y)) = o(r(2,y)) = 2(,y).
Therefore ¢ is unique on a set of generators of T = RM*N) /@ and, thus, unique
on T itself. O

To handle tensor products, the explicit construction, as given in the proof
of Proposition 3, is only of minor importance. In almost all cases it is much
more appropriate to derive the needed information from the universal property
of tensor products.
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Remark 4. Let M and N be R-modules. Then every element z € M @r N
can be written as a finite sum of tensors, say z = Z::l x; ® y; with elements
x; € M and y; € N.

Proof. The assertion follows directly from the explicit construction of tensor
products, as given in the proof of Proposition 3, but can also be deduced from
the universal property of tensor products as follows. Consider the submodule
T C M ®g N generated by all tensors x ® y where € M and y € N. Then the
canonical R-bilinear map 7: M x N — M ®pg N restricts to an R-bilinear map
7' M x N —— T, which, just as 7, satisfies the universal property of a tensor
product of M and N over R. Indeed, if &: M x N —— F is an R-bilinear map
to some R-module E, there exists an R-linear map ¢: M ®p N —— E such
that @ = po7. Then the restriction ¢’ = ¢|r satisfies @ = ¢’ o 7. Furthermore,
¢ is uniquely determined by this condition, since, on tensors 7'(z, y) for x € M,
y € N, it is given by ¢'(7'(z,y)) = @(x,y). Therefore, T is a tensor product of
M and N over R, and the uniqueness assertion in Remark 2 implies that the
inclusion map T'—— M ®g N is bijective so that T = M ®r N. 0

Corollary 5. Let (x;)ier and (y;)jes be generating systems of two R-modules
M and N. Then (z; @ yj)icrjes 1S a generating system of M &g N.

Proof. Given x € M and y € N, there are equations of type

v=> am,  y=» by,

i€l jeJ

with coefficients a;, b; € R, and we get

TRY = (Z aixi) ® (Z bjy]-) = Z a;bjz; ®y;.
iel jeJ

icl,jed

Using Remark 4, it follows that (2;®vy;)ier jes 1S a generating system of M @gN.
O

Working with tensors, a little bit of caution is necessary. For example, we
have 2 ® 1 # 0 in (2Z) ®z (Z/2Z), as we will see further below. On the other
hand, the equation 2 ® 1 = 0 holds in Z ®z (Z/27Z), because the bilinearity of
tensors shows

201=2-(1®1)=1®2=1®0=0
in Z ®z (Z/2Z). Therefore, when considering tensors, the associated tensor
products should always be specified, unless this is clear from the context.

Special care is also necessary when constructing R-linear maps from a tensor
product to another R-module. The following principle, which is a reformulation
of the defining universal property of tensor products, is useful:

Remark 6. Let M, N be R-modules and (zyy)semyen @ family of elements of
some R-module E.
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(i) If p: M@r N — E is an R-linear map satisfying o(z @y) = 24, for
all v € M,y € N, then ¢ s unique.

(i) Assume that the map ®: M x N E given by @(x,y) = zyy is
R-bilinear. Then there exists an R-linear map ¢p: M ®r N —— FE such that
oz ®y) = 24, for all z € M, y € N, and ¢ is unique by (i).

It is quite practical to define R-linear maps M ® N —— E using the
assertion (ii) above, as we will see below.

Remark 7. Let M, N, P be R-modules and F ~ R a free R-module, generated
by a single element e. Then there exist canonical isomorphisms of R-modules

FrM —+ M, ae @ r —— ax,
M @QR/fV' O fVVQQ}g]V[, T & Yy Rz,
(M®rN)®r P -~ M ®g (N ®g P), (ZRY)®z— 18 (y®:2).

Proof. In all three cases the construction of the required isomorphism is accom-
plished in more or less the same way. We keep the third assertion, which is a
bit more laborious than the others, for Exercise 1 below and discuss only the
first assertion here. The map

FxM— M, (ae, ) — axz,
is R-bilinear and, thus, induces a well-defined R-linear map

M where ae® z+——— ax.

p: F®r M
Moreover, we can consider the R-linear map
v: M — F®gr M, TH——eQ .
Then, clearly, ¢ o 1) = idy; and also
voplae®z) =y(axr) =e® (ax) =ale®@z) =ae Rz

for a € R, x € M. Thus, ¢ and ¢ are mutually inverse to each other and
therefore bijective. O

As an application, we see immediately that the tensor 2®1 € 2Z®77Z /27 is
non-trivial, as claimed above. Indeed, the isomorphism 2Z®3Z /27 —~ 7Z/27
obtained from Remark 7 maps the tensor 2 ® 1 to the residue class 1 # 0 in
Z)27.

Proposition 8. Let (M;);er be a family of R-modules and N another R-module.
Then there exists a canonical isomorphism

(@ Mz) Qr N —= @(Mz ®r N), (Ti)ier @ Y — (i @ Y)ier-

i€l i€l
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Proof. The map
(@ Mi) x N— DM@ N),  ((@)ier,y) — (@i @ y)ier,
iel iel
is R-bilinear and, thus, induces an R-linear map
o (M) @n N —+ P @r N)
iel iel
of the type mentioned in the assertion. To exhibit an inverse of ¢, look at the

inclusion maps M; —— @, ; M;, for j € I, and at the induced maps

My x Ne— (M) x N — (D M,) 0 V.
icl iel
These are R-bilinear and therefore give rise to R-linear maps
wjiMj®RN_'<@Mi)®RN7 ]6[7
iel
and, hence, to an R-linear map
v PO, @p N) — (@Mi) ®r N, (2)ier — Y _Wilz).
iel iel iel

It is easily checked that ¢ and @ are inverse to each other. O

Corollary 9. Let M be an R-module with a free generating system (x;)icr.
Then, for any R-module N, there are isomorphisms

M @ N ~ P)(Ra; @5 N) ~ N,

i€l

Proof. Since (;);cs is a free generating system of M, we have M = @, ; Rx;.
Therefore the first isomorphism follows from Proposition 8 and, since Rx; ~ R,
the second from Remark 7. O

Exercises

1. Associativity of tensor products: As claimed in Remark 7, show that there is a
canonical isomorphism of R-modules (M ®g N)®r P — M ®p (N ®p P) for
given R-modules M, N, P.

2. n-fold tensor products: Let My, ..., M, be R-modules, n > 1. Show that there
exists an R-multilinear map 7: M7 X ...x M,, — T into some R-module T" such
that the following universal property is satisfied: For every R-multilinear map
®: My X ...x M, — FE into some R-module F, there is a unique morphism of
R-modules ¢: T —— E such that ® = po7. We write T'= M) ®r ... ®r M,
and call this the tensor product of the R-modules M;.
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3. For R-modules M, N, E show that there are canonical isomorphisms of R-modules
Homp(M,Homp(N, E)) ~ Homg(M ®g N, E) ~ Hompg (N, Homg (M, E)).

4. Let m,n € Z be prime to each other. Show Z/mZ @z Z/nZ = 0.
5. Show dimg (V @k W) = dimg V - dimg W for vector spaces V, W over a field K.

6. Let 0: R —— R’ be a ring morphism and consider R’-modules M’, N’. Given
any R'-module E’, write E', for the module obtained from E’ by viewing it
as an R-module via 0. Show that there is a canonical morphism of R-modules
M;R ®R N;R — (M’ ®p N')/g and that the latter is surjective.

7. Compatibility of tensor products with cartesian products: Let (M;);er be a family
of R-modules and N another R-module. Show that there is a canonical morphism
of R-modules A: ([T;e; M;) @R N — [[;c;(M; ®g N) and that the latter is an
isomorphism if I is finite. Show that A does not need to be injective nor surjective
if I is infinite. Hint: Take I = N, R = Z, and N = Q. Choose a prime p € N
and set M; = Z/p'Z for i € N to show that A will not be injective. Furthermore,
taking M; = 7Z for all i € N, it is seen that X is not surjective.

4.2 Flat Modules

Given two morphisms of R-modules ¢: M —— M’ and ¢): N —— N’, their
tensor product over R is defined as the R-linear map

p@1Y: M@ N — M' @ N', 2@y ¢(z) @Y(y),

which is well-defined, due to the fact that the map M x N —— M’ @ N’,
(x,y) — ¢(x) @9 (y), is R-bilinear in = and y. In particular, we can consider
the tensor product

p®Ridy: M @g N — M' @ N

of an R-linear map ¢: M —— M’ with the identity map idy: N —— N on
any R-module N. Thereby we tensor ¢ with N over R, as we will say. In the
same way, we can tensor sequences of R-linear maps with N. As is easily seen,
the process of tensoring R-linear maps with an R-module N commutes with the
composition of such maps.

Proposition 1. Let
P

M/ P M M// 0

be an exact sequence of R-modules. Then, for any R-module N, the sequence

M @p N W pop NN gy N —— 0

obtained by tensoring with N is exact. The property is referred to as the right
exactness of tensor products.
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Proof. First observe that im(¢ ® idy) C ker(¢) ® idy), since
(P @idy) o (p®@idy) = (Y o) ®idy = 0.

Therefore ¥ ® idy admits the factorization

M@y N — 22 M" @r N
7
(M ®gr N)/im(p ® idy)
and we see:
im(p ®idy) = ker(yy ®idy) <= ¥ is injective,
Y ®idy is surjective <= ¥ is surjective.

Thus, in order to finish the proof of the proposition, it remains to show that ¥
is an isomorphism.
Looking for an inverse of ¥, let us consider the map

o: M"xX N — (M ®gN)/im(p ®idy), (@, y) — (a") ®y,

where ¢(2") € M denotes an arbitrary -preimage of 2”7 € M”. We claim
that o is well-defined in the sense that it is independent of the choices of the
y-preimages ¢(z”). Indeed, if z1, 22 € M are two 1-preimages of some element
z’ € M", we can conclude 71 @ y = 1, ®y for all y € N as follows. Since
Ty, 19 € Y7L(2"), we get 11 — 19 € kertyp = im, and there will exist some
x' € M’ such that 7 — xo = (). But then it follows

TRY -0y = (21— 22) @Yy = (') @y = (¢ ®idy) (2’ ®y) = 0.

This being done, it is easy to see that o is R-bilinear. Indeed, consider two
elements z/, x5 € M" with ¢-preimages ¢(zf), t(2}) € M. Then v(z]) + ¢(a}) is
a 1-preimage of ] + 5 and we may assume (2} + 25) = o(z) + ¢(2]), thereby
obtaining

o(@f +a3,y) = uz] + 25) @y = ((a) + 1(25)) @y
Uaz)) @y +uzy) @y = o(a,y) + o(x3,9).

N — oz ¢
Likewise, for a € R, we may assume t(az!) = ac(z]) and see

o(axi,y) = wax)) @y = (ar(2])) ® y = a(u(z)) @ y) = ao (a7, y)-

Therefore ¢ is R-linear in the first argument and, for trivial reasons, also in the
second one.
As a consequence, o induces an R-linear map
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p: M"@p N — (M @p N)/im(p @idy), 2" @yr— 1a") @y,

which is related to ¥ as follows:

x"®y

@y L, " ®y
e o) @y =10y

In particular, we get ¥ o p = id as well as po ¥ = id, and ¥ is an isomorphism,
thereby concluding our proof.

We want to sketch a second argument of proof, which is more conceptual,
but a bit more advanced. It uses the functor Hom, briefly touched in Section 1.4
and to be explained in more detail in Section 5.3, as well as its left exactness;
for the concept of functors, see Section 4.5. We start out from the commutative
diagram

M ®@r N PN N ®r N coker(y ® idy) 0
| | @
M @ NN Mo N 22 gl N 0

where the first row is the exact sequence associated to the morphism ¢ ® idy
and the second one satisfies at least the complex property. As before, we have
to show that ¥ is an isomorphism. To do this fix any R-module E and apply
the functor hp = Homg(-, E) to the above diagram, thereby obtaining the
commutative diagram

0

hg(M" ®r N)

hg(M ®r N

hg(M' ®g N)
H |
00— hE(Coker(go X ldN)) E—— hE M ®R —_— hE(MI Rr N) .

The second row is exact since the contravariant functor hg = Homg(:, E) is
left exact in the sense that it turns right exact sequences into left exact ones;
see Section 5.3. We claim that the first row is exact as well and, hence, that
hg(¥) will be an isomorphism. Indeed, using the universal property of the tensor
product, we can identify the first row with the canonical sequence

0 — Bilg(M" x N, F) — Bilg(M x N, E) — Bilg(M’ x N, E)
of R-bilinear maps to E. Since there is a natural identification
Bilg(M x N, FE) = Homg(M,Hompg(N, E))

and similarly for M’ and M"” (see Exercise 4.1/3), the latter sequence may be
viewed as the sequence

0 —— higv)(M") —— vy (M) —— T vy (M)
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derived from M’ M M 0 by applying the functor Ay, ). This
functor is left exact. Hence, it follows that, indeed, the first row in the above
diagram is exact so that the map

hE(E)I hE(M// Rr N) —_— hE(coker(<p X ldN))

is an isomorphism. Now observe that this holds for every R-module E and that
then ¥ : coker(p®idy) — M"”®p N must be an isomorphism as well. Indeed,
taking E = coker(p ® idy), the map p € hg(M” ®r N) corresponding to the
identity map in hyp(E) will satisfy p o W = id, whereas the relation ¥ o p = id
follows with the help of the isomorphism hg(¥) for E = M” @p N. O

As an application, let us consider two R-modules M, N and a submodule
M' C M. In order to give a description of the tensor product (M/M’') @ N,
look at the canonical exact sequence

M e M M/M —— 0

and tensor it over R with N, thereby obtaining the exact sequence

M @p N 229 M @p N 229 (M/M') @7 N 0.

The latter induces an isomorphism
(M @r N)/im(e @idy) == (M/M)@rN, 78§ T8y,

where, as we want to point out, the tensor product map ¢ ® idy will not be
injective in general, even if ¢: M’ —— M has this property, as in our case. Thus,
in most cases, it is not permitted to view M’ ®p N as a submodule of M &z IV,
since we cannot generally identify M’'®g N with its image im(p®idy). A typical
example of this kind is given by the canonical inclusion map ¢: 2Z —— Z.
Namely, applying the isomorphism 2Z ~ 7Z in terms of Z-modules, the tensor
product map ¢ ® id: 2Z ®z Z /27 — 7 ®gz Z/27 corresponds to the zero map
0:72/2Z — Z)27.

Let us add that the situation can be described in more explicit terms if we
tensor the inclusion map of some ideal a —— R with an R-module N:

Corollary 2. Let N be an R-module and a C R an ideal. Then there is a
commutative diagram with exact rows

6@ N — R@g N — Rja@g N 0
l‘r’ lr lr”
0 aN N N/aN 0,

where 7' is surjective, T is the canonical isomorphism of 4.1/7, and 7" is the
isomorphism induced from T. In particular, there is a canonical isomorphism

R/a®@r N -~~~ N/aN, T® T +— TT.
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Proof. The upper row of the diagram is obtained by tensoring the exact sequence
a R R/a 0 over R with N. Hence, by Proposition 1, it is exact.
For the remaining part of the assertion, consider the isomorphism

7: Rr N —=~ N, rRr— T,

of 4.1/7 and observe that it maps the image of a ® g N —— R ®r N onto the
submodule aN C N. O

We take the phenomenon that an injective morphism of R-modules might
not remain injective when tensoring it with some R-module N, as reason to
introduce the notion of flatness for modules.

Definition 3. An R-module N is called flat if for every monomorphism of
R-modules M' —— M the map M' @ g N —— M ®@p N obtained by tensoring
over R with N is injective. A ring homomorphism ¢: R —— R’ is called flat
if R, viewed as an R-module via ¢, is flat.

For example, it follows from 4.1/7 that any ring viewed as a module over
itself is flat. Furthermore, the direct sum of flat modules is flat by 4.1/8. In
particular, any free module is flat.

Proposition 4. For an R-module N the following conditions are equivalent:
(i) N is flat.
(ii) If 0 M M M" 0 is a short exact sequence of
R-modules, the sequence

0——+ M @z N — M@z N — M" @z N — 0

obtained by tensoring over R with N 1is exact.

(i) If M' — M — M" is an exact sequence of R-modules, the sequence
M @zrN — M@pr N — M"®@r N

obtained by tensoring over R with N s exact.

Proof. Using the definition of flatness, the implication (i) = (ii) follows imme-
diately from Proposition 1.

Next, assume condition (ii). In order to derive (iii), consider an exact se-

quence M’ —2+ M ¥+ M” and look at the associated commutative diagram
with exact rows:
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M’ im 0
©
0 ker v M imy 0
P
0 im M

Since the first and the third rows can be completed to form short exact se-
quences, it follows from (ii) that the diagram

M,®RN—>1HIQD®RN 0

pRidy

0 ——kery g N — M g N — imy @ N

P®id N

0 —— imyp®@z N — M'®@r N

obtained by tensoring over R with N has exact rows as well. In particular, the
sequence

M @p N 220 Mo N 2290 A @, N
is exact.
Finally, the implication (iii) = (i) is trivial. O

If M is an R-module and M’ —— M a submodule, then, for any flat
R-module N, the map M’ g N —— M ®pr N obtained by tensoring over R
with N remains injective. Thus, in this case, M’ ®pg N can canonically be viewed
as a submodule of M ®r N.

Corollary 5. Let N be a flat R-module and ¢: M —— M’ a morphism of
R-modules. Then the tensor product - @g N commutes with the formation of
ker ¢, coker ¢ and imy, i.e. there are canonical isomorphisms of R-modules

(kerp) @g N — ker(p ® idy), (coker ) ®p N —+ coker(y ®idy),
(imp) @ N = im(p ®idy).

Proof. The claimed isomorphisms are worked out by tensoring the exact se-
quence
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0 ker ¢ M M coker p — 0,
as well as the diagram
M ime 0
©
0 im M,
over R with N, using the fact that exact sequences remain exact when tensoring
them with a flat module. |

Proposition 6. Let (N;)icr be a family of R-modules. The direct sum @,.; N;
is flat if and only if N; is flat for all i € I.

Proof. Use the fact (4.1/8) that the tensor product commutes with direct sums.
|

Applying the canonical isomorphism M ®p R —2 M from 4.1/7 to
R-modules M and their submodules, it is easily seen that R, as an R-module,
is flat. Therefore the above proposition shows that the direct sum R, for an
arbitrary index set I, is a flat R-module. In other words, every free R-module is
flat. Likewise, any polynomial ring R[X], for a set of variables X, is flat over R.

Proposition 7. Let N be an R-module.

(i) If N is flat and a € R is not a zero divisor in R, then an equation
ax = 0 for some x € N implies x = 0.

(ii) If R is a principal ideal domain, N is flat if and only if any equation
ax =0 for a € R and x € N implies a =0 or x = 0.

Proof. Starting with assertion (i), assume that a € R is not a zero divisor. Then
the map R —— R, r —— ar, is injective and, for any flat R-module N, the
map

R®r N — R®grN, rorr——ar®u,

obtained by tensoring over R with N has the same property. Now apply 4.1/7
and identify R ®g N with N via r ® v +—— rax. We thereby see that the map
N —— N, x —— ax, is injective, as claimed.

Next assume that R is a principal ideal domain. Then no element in R—{0}
is a zero divisor and the only-if part of (ii) follows from (i). Thus, it remains to
show that N is flat if an equation of type ax = 0 for some elements a € R and
x € N can only hold if a = 0 or x = 0; the latter corresponds to the condition
of N being torsion-free. Now if N is finitely generated, the structure theorem
for finitely generated modules over principal ideal domains (see [3], Section 2.9)
says that N is free and, hence, flat.

Using the lemma below, this argument extends to the case where N is not
necessarily finitely generated. Indeed, consider a monomorphism of R-modules

¢: M" —— M and an element z = ) ., z; ® y; belonging to the kernel of
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e®idy: M'@r N —— M ®@rN. Then )., ¢(x;) ®y;, viewed as an element in
M ®p N, is zero. Therefore Lemma 8 provides a finitely generated submodule
N’ C N such that, looking at the canonical commutative diagram

M @p N' 229 0o, N

M’®RN@>M®RN,

the element z € ker(¢®idy) admits a preimage 2’ € ker(p®idy). But we know
already that ¢ ® idy must be injective, since N’ is finitely generated. Hence,
z' = 0 and therefore also z = 0 so that ¢ ® idy is injective. It follows that N is
a flat R-module. |

Lemma 8. Let M,N be two R-modules and consider an equation of type
Yoicr i @y = 0 for some elements x; € M, y; € N, and a finite index set 1.
Then there exist finitely generated submodules M’ C M and N' C N such that
x; € M' y; € N' for all i € I, and such that the equation Y ., x; @ y; = 0 holds
already in M' @p N'.

icl

Proof. Look back at the construction of M @z N as a quotient RN /@ where
RM*N) ig the free R-module generated by all symbols (z,y) withz € M,y € N
and where @ ¢ RM*N) is the submodule generated by all relations that are
needed in order to render the symbols (z,y) R-linear in both arguments. Then
Y ier Ti®y; = 0/is equivalent to . (24, %:) € Q. Now choose finitely generated
submodules M’ C M and N’ C N that are sufficiently large in order to satisfy
the following conditions:

(1) zm e M', y; € N foralli € I.

(2) All generators of @ that are needed to write ) .., (;,%;) as an R-linear
combination of these, are contained in @’, where @’ stands for module of rela-
tions needed for the construction of the tensor product M'®@z N’ = RM*N) /@',

Then, clearly, >, (2, ;) € Q" and therefore ), ., v;®y; = 0in M'@z N'.

O

i€l

Regarding the above proof, one may ask if it is really necessary to go back
to the explicit construction of tensor products. Indeed, it must be admitted that
this is only an ad hoc solution at this place. A more rigorous approach would
establish the compatibility of tensor products with so-called inductive limits, as
considered in Section 6.4.

Alternatively, the proof of Proposition 7 (ii) can also be settled by using
the following criterion of flatness (for a proof see 5.2/8):

Proposition 9. An R-module N (over an arbitrary ring R) is flat if and only
if for every inclusion a —— R where a is an ideal in R, the induced map
a®r N — R®g N 1is injective.
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Indeed, if R is a principal ideal domain, every ideal a C R is principal, say
a = (a) with a generator a € a. If a is non-trivial, then a, as an R-module,
admits a as a free generating system and, thus, is isomorphic to R. Looking at
the canonical isomorphisms

(a) @g N —~~ N, ra® T — rz,
R®r N — N, r®r+—rx,

of 4.1/7, it follows that the injectivity of the canonical map a®p N — R®QgrN
is equivalent to the injectivity of the multiplication by a on V.

Finally, let us introduce the notion of faithful flatness, which is a certain
strengthening of flatness.

Definition 10. An R-module N is called faithfully flat if the following condi-
tions are satisfied:

(i) N is flat.

(i) If M is an R-module such that M ® g N = 0, then M = 0.

A ring homomorphism ¢: R —— R’ is called faithfully flat if R’ viewed
as an R-module via @, is faithfully flat.

In particular, condition (ii) implies that a faithfully flat module over a ring
R # 0 must be non-zero.

Proposition 11. For an R-module N, the following conditions are equivalent:
(i) N is faithfully flat.

(ii) N is flat and, given a morphism of R-modules ¢: M’ —— M such that
e®idy: M @g N —— M ®r N is the zero morphism, then ¢ = 0.

(iil) A sequence of R-modules M' —— M M" is exact if and only if
the sequence M @k N —— M Qr N —— M" ®r N obtained by tensoring over
R with N is ezact.

(iv) N is flat and, for every mazimal ideal m C R, we have mN # N.

Proof. We will freely use the fact that, according to Corollary 5, the tensor
product with a flat R-module N is compatible with the formation of kernels
and images of R-module homomorphisms. Starting with the implication from
(1) to (ii), assume that N is faithfully flat and let p: M’ —— M be a morphism
of R-modules. Then ¢ = 0 is equivalent to im¢ = 0 and, hence, using (i), to
im(p ®idy) = (imp) ®r N = 0, thus, to ¢ ® idy = 0.

A sequence of R-module homomorphisms M’ —— M Y M is exact if
and only if we have im(¢) o) = 0 and the canonical map ker ) — kerv/im ¢
is zero. Given (ii), this is equivalent to

im((¢ ®idy) o (p ®@idy)) = im((¢ 0 ¢) ®idy) =0
and the condition that

keryy @p N — (ker¢p/im¢) @g N = (ker¢ @ g N)/(imp @r N)
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is the zero map, hence to imp ®g N = kert) ®g N. Therefore (ii) implies
condition (iii).

Next assume (iii). To derive (i), observe that tensoring with N over R
respects exact sequences then. Hence, N is flat. In order to show that N is even
faithfully flat, consider an R-module M satisfying M ®z N = 0. This implies
that tensoring the sequence 0 —— M —— 0 over R with N yields an exact
sequence 0 — M ®r N —— 0. But then, given condition (iii), the sequence
0 —— M —— 0 must be exact and we get M = 0.

Now, let us assume (i) and derive (iv). If m C R is a maximal ideal, the
quotient R/m is non-zero. Hence, by Corollary 2, the faithful flatness of N yields

N/mN ~ N Qg R/m #0

and therefore mNN # N. Thus, (iv) is clear.

It remains to establish the implication (iv) = (i). To do this, assume that
N is flat and that N/mN ~ N ®p R/m # 0 for all maximal ideals m C R.
We will show that the tensor product M ®g N is non-trivial for every non-
trivial R-module M # 0. Therefore, let M be a non-trivial R-module and let
x € M — {0}. Looking at the submodule M’ = Rz C M and the epimorphism

R— M, a— ax,

as well as the corresponding kernel a C R, we get an isomorphism of R-modules
R/a —~= M’. The inclusion M’ C M induces a monomorphism

(R/a) ®pg N ¥ M' @g N — M @p N,
since N is flat. Thus, to show that M ®g IV is non-trivial, it is enough to show
that (R/a) ®g N is non-trivial. Now R/a ~ M’ is non-zero by its definition.
Hence, a C R is a proper ideal and there exists a maximal ideal m C R such
that a C m. Considering the commutative diagram with exact rows

T

N/aN N/mN 0
where N/mN # 0 by (iv), we get
(R/a) @r N ~ N/aN # 0,
as desired. ]

We can conclude from Proposition 11 that any ring, viewed as a module
over itself, is faithfully flat, as it is flat anyway. In particular, a free module over
a non-zero ring is faithfully flat if and only if it is non-zero.
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Exercises

1.

10.

Let M/ —2+ M —%+ M” as well as N' -2~ N —Y+ N” be morphisms of

R-modules. Show that the resulting morphisms M’ @z N' — M"” @g N” given
by (w0 ¢') ® (100 ") and (p ® 1) o (' © ¢') coincide.

Let M be an R-module such that each finitely generated submodule of M is flat.
Show that M is flat itself.

Let M, N be flat R-modules. Show that M ®gr N is a flat R-module.

Let M be a module over an integral domain R such that the annihilator ideal
{a € R; aM = 0} C R is non-zero. Show that M cannot be flat.

Consider the polynomial ring K [X,Y] in two variables over a field K. Show that
the ideals (X),(Y),(XY) C K[X,Y] are faithfully flat K[X,Y]-modules, but
that the ideal (X,Y) C K[X,Y] fails to be flat. Hint: There is a canonical exact
sequence of K[X,Y]-modules 0 — (XY) — (X))@ (Y) — (X,Y) — 0.
Let (M;)icr be a family of R-modules. Show that the direct sum &, ; M; is

faithfully flat if and only if all M; are flat and at least one of these is faithfully
flat.

Let p: R —— R’ be a flat ring morphism. Show that ¢ is faithfully flat if and
only if the associated map Spec R —— Spec R, p’ — p’ N R, is surjective.
Let P be a projective R-module (in the sense that there exists another R-module
P’ such that P @ P’ is free). Show that P is flat.

Let (M;)ier be a family of R-modules and N an R-module of finite presentation.
Show that the canonical morphism A: (I,c; M;) ®r N — [[;c;(M; ®r N) of
Exercise 4.1/7 is an isomorphism.

Let 0 — M’ —— M —— M" —— 0 be a short exact sequence of R-modules
where M" is flat. Show that the resulting sequence

04>M’®RN4>M®RN4>MU®RN4>O

is exact for all R-modules N. Hint: View N as a quotient of a free R-module
and use diagram chase. It is not necessary to apply the theory of Tor modules,
as done later in 5.2/9.

4.3 Extension of Coefficients

Let ¢: R—— R’ be a ring homomorphism and N’ an R’-module. Then N’
can be viewed as an R-module via ¢; just look at N’ as an additive group and
define the scalar multiplication by r2’ = ¢(r)z’ for elements r € R and 2’ € N’
where @(r)x’ is the product on N’ as an R’-module. We say that the R-module
structure on N’ is obtained by restriction of coefficients with respect to . In
particular, R’ itself can be viewed as an R-module via ¢, and we see that the
tensor product M ®g R/, for any R-module M, makes sense as an R-module.
It is easily seen that M ®r R' can even be viewed as an R’-module. Indeed, let
' € R and consider the R-bilinear map
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M xR — M®r R, (2,0) —z®d'V,
as well as the induced R-linear map
M@r R — M ®r R, o —

Taking the latter as multiplication by @’ € R’ on M ®g R’, it is straightforward
to see that the additive group M ®x R’ becomes an R’-module this way. We
say that M ®pr R/, viewed as an R’-module, is obtained from M by extension of
coefficients with respect to . More generally, given any R'-module N’, we can
view the tensor product M @z N’ as an R’-module, just by using the map

R'x (M ®rN')— M Qg N, (dz2@y)—z®dy
as scalar multiplication.

Remark 1. Let ¢: R —— R’ be a ring homomorphism and M an R-module.
(1) If (mi)ier is a generating system of M over R, then (x; ® 1)er is a
generating system of M ®p R’ over R'.
(i) If (x;)ier is a free generating system of M over R, then (x; ® 1);er is a
free generating system of M ®g R' over R'.

Proof. Assertion (i) is verified by direct computation, whereas assertion (ii) is a
consequence of 4.1/9. |

Remark 2. Let R —— R' —— R’ be ring morphisms and M an R-module.
Then there is a canonical isomorphism of R"-modules

(M @p R)®r R -~ M ®rR", (r®@d)®d ——2@dd".
Similarly, for any R'-module N’ there is a canonical isomorphism of R'-modules

(M ®r R')®r N —~ M ®@g N, (z@d)@y ——z®dy.

Proof. Starting with the second assertion, fix ¥ € N’ and observe that the map
Mx R — M ®r N/, (v,d) — 2 ®dy,

is R-bilinear. Thus, it induces a map
M®r R — M ®r N, r®d — 1 ®ady,

which is R-linear, and even R'-linear. Therefore we can consider the R’-bilinear
map

(M®grR)x N'— M @ N, (z®d),y) —z®dy,

as well as the induced R’-linear map
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(M @ R)®@r N' — M @ N, (r®d)y —z®dy.
The latter is an isomorphism, since the map
M@r N' — (M ®r R') @p N, QY — (z®1)®Y,

serves as an inverse.
Now, replacing N’ by R”, viewed as an R-module via R —— R”, the above
argument yields an isomorphism of R’-modules

(M ®gr R') ®p R/ — M &g R”, (z®@d)®ad —— 2z ®dd,
and it is easily seen that the latter is even R’-linear. |

Next we want to generalize the process of localization from rings to modules.
To do this, consider an R-module M and a multiplicative system S C R. Then

“ ”

we define a relation “ ~ 7 on M x S as follows:

(r,s) ~ (x',s') <= there is some t € S such that (xs’ — z's)t =0

”

As in the case of localization of rings, one shows that “ ~ 7 satisfies the condi-
tions of an equivalence relation. Writing ¥ for the equivalence class of an element
(x,s) € M x S and

Ms:{z;z€M7 SES}
S

for the set of all these equivalence classes, it is easily checked that Mg is an
Rgs-module under the rules of fractional arithmetic. We call Mg the localization
of M by S. Similarly as in the case of rings, we write M, instead of Mp_, if p is
a prime ideal in R, as well as M} for the localization of M by the multiplicative
system {1, f1, f2,...} generated from a single element f € R.

Proposition 3. Let S C R be a multiplicative system. Then:
(i) R—— Rg is flat, i.e. Rg is a flat R-module via R — Rg.

(ii) For every R-module M, there is a canonical isomorphism

M ®r Rg —= Mg, ($®E)I—>%
S S

Proof. Let us start with assertion (ii). Since we have so far skipped the details of
viewing Mg as an Rg-module, let us examine this structure more closely now.
The R-bilinear map

a ax
M x Rg — Msg, (x,—)n—»—,
s s
is well-defined. Indeed, any equation ¢ = ‘Sl—: for elements a,a’ € R and s,s" € S,
where (as’ — a's)t = 0 for some ¢t € S, implies (zas’ — xza's)t = 0 and, thus,

’ . .
“f = &%, Therefore the above map induces an R-linear map
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@2M®RRS4>M5, l‘® I—'?
which, clearly, is even Rg-linear. In order to show that ¢ is an isomorphism, we
try to define an Rg-linear inverse by

1
b: Mg —— M ®p Rs, EHW@;

Obviously, v is an inverse of ¢, providod we can show that it is well-defined.
To justify the latter, assume = % for elements x,2" € M and s,s" € S, say

(xs' —a's)t =0 for some t € S. Th1s yields
1 1
(x ®-—-7'® —,)ss't =@sd®@l—2's@t=((xs —s2)t)®@1=0.
s s

Using the fact that M ®g Rg is an Rg-module and the product ss't is a unit in
Rg, we get
1 , 1
r®-—r®- =0
s s
Hence, ¢ is well-defined.

It remains to justify assertion (i). To do this, let 0: M’ —— M be a mono-
morphism of R-modules. We have to show that the map obtained by tensoring
with Rg over R or, applying (ii), the map
x o(x

(z).

UsiM_lg—>M5, g s

is injective. To do this, consider elements z € M’ and s € S where o5(%) =0
and, hence, “(:) = 0. Then there is some ¢ € S such that o(tz) = to(z) =

and we can conclude ¢tz = 0 since o is injective. But then we must have £ =
in Mg, as desired.

DOP

As an application of the localization of modules, we want to give a local
characterization of flatness. Such a characterization will be of special interest
later, when dealing with flat morphisms of schemes; see for example 8.5/17. We
begin with a simple auxiliary result.

Lemma 4. For any R-module M the canonical map

M — H M,

meSpm R

into the cartesian product of all localizations of M by mazimal ideals m C R is
injective. In particular, M = 0 if My = 0 for all m € Spec R.

Proof. Consider an element x € M, whose image in M, is trivial for all maximal
ideals m C R. Then the module analogue of 1.2/4 (i) shows for every such m
that there is an element a, € R — m satisfying za, = 0. Since the elements a,
for m € Spm R generate the unit ideal in R, we must have z = 0. 0
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Proposition 5. For a ring homomorphism ¢: R — R’ and an R'-module N
the following conditions are equivalent:
(i) N is flat when viewed as an R-module via .
(ii) For every mazimal ideal m' C R’ the localization Ny is a flat R-module.
(ii) For every mazimal ideal m' C R’ the localization Ny is a flat Ryn-module
where m = p~1(m’).
The same equivalences are valid for prime ideals p' C R’ in place of maximal
ideals.

Proof. Let N be a flat R-module as in (i) and fix a maximal ideal (or a prime
ideal) m’ C R’. To show that the localization Ny is a flat R-module, look at
a monomorphism of R-modules M’ —— M. Then the derived morphism of
R-modules M’ ®g N —— M ®pr N is injective, since N is flat over R. Further-
more, Ry, is flat over R’ by Proposition 3. Consequently, using the associativity
of tensor products, the morphism of R-modules

M @ Ny =M @r N ®@p Ry — M ®@r N Qg Ry = M ®r Ny
is injective and we see that N, is a flat R-module. Thus, (i) implies (ii).

Next let us show that (ii) is equivalent to (iii). Assume first that Ny is a
flat R-module for a certain maximal ideal (resp. prime ideal) m’ C R'. Since
¢ induces a ring morphism R, — R/, for m = ¢! (m’), it is clear that Ny
can be viewed as an Ry-module. Now if M’ < M is a monomorphism of
Ry-modules, the flatness of Ny over R yields a monomorphism of R-modules

M/ QR Nm’ — M Xr Nm/.

Using the fact that M’ and M are already Ry-modules, the canonical mor-
phism M’ ®pg Ry — M’ as well as the corresponding one for M in place of
M’ are isomorphisms. Therefore, in conjunction with Remark 2, the preceding
monomorphism can be written in the form

M Ry Now = (M’ ®g Rn) ®r, Now —— (M Qg Ry) g, Nu = M Qg,, Ny

and we see that Ny is a flat Ry-module. Conversely, if the latter is the case,
choose a monomorphism of R-modules M’ —— M. Localizing it at m yields a
monomorphism of Ry-modules M, —— M, and tensoring it with Ny over Ry
yields a monomorphism

M @p Ry @py New = My, @y Now — My Qg Now = M @ Ry @y Now

if Ny is flat over Ry,. But then, applying Remark 2 again, the canonical mor-
phism M’ ®pg Ny —— M ®pg Ny is injective and we see that Ny is flat over
R.

It remains to show that (ii) implies (i). So assume that Ny is a flat R-module
for all maximal ideals m’ C R’. Choosing a monomorphism of R-modules
M’ —— M, there is a canonical commutative diagram
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M @r N M ®r N

| |

[I MepN)w— ] (MerN

m’/€Spm R/ m’eSpm R’

where M’ ®p N and M ®p N are viewed as R'-modules via N and the vertical
maps are injective by Lemma 4. Using the isomorphisms

(]\4’(@}3]\7)1.“/2]\4’(8]%]\[(@}2/Fi‘lﬂ,’i]\4,(®R]\fm/7 m’ESme/,

and the same ones with M’ replaced by M, we conclude that in the above
diagram the lower horizontal map is injective. Therefore the same will be true
for the upper one and we see that N is a flat R-module. O

Finally, let us briefly address the subject of tensor products of R-algebras.
Recall from 1.4/3 and the explanations following it that an R-algebra may be
defined as a ring A together with a ring homomorphism f: R —— A. We will
say that A is an R-algebra via f. In particular, there is an underlying structure of
an R-module on A. An R-algebra homomorphism between two such R-algebras
R—— A" and R—— A" is defined as a ring homomorphism A" —— A”
that is compatible with the structures of A’; A” as R-algebras; i.e. such that the

diagram
A/ AN
R

is commutative. Furthermore, the tensor product A’ ® g A” of two R-algebras
A’ and A” can be constructed in the setting of R-modules, but is also a ring
under the multiplication

(a®b) - (c®d)=ac®bd,
which is easily seen to be well-defined. Therefore, via the canonical map
R— A wrA”, a—a®l=1®a,

the tensor product A’ ®g A” is an R-algebra again.

Lemma 6. Let A" and A” be R-algebras. Then the canonical R-algebra homo-
morphisms

o A —— A ®z A, a—d®1,
A A ®r A//7 ' —1® a//’

enjoy the following universal property:

For any two R-algebra homomorphisms ¢': A” —— A and ¢": A" — A,
there is a unique R-algebra homomorphism ¢: A’ @p A" —— A such that the
diagram
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AII

A/
15 commutative.

Proof. The uniqueness of ¢ follows from the equation
pla®@ad) =p((d@1)-(1®d") =p(d @1)-p(l@a") = ¢'(d) - ¢"(d")
for a’ € A’, a” € A”. To show the existence of ¢, look at the R-bilinear map
AXAT e A () e () - ),
which induces an R-linear map
p: AA@p A" —— A, d®ad —— ¢'(d)-¢"(d").

It is easily checked that ¢ is an R-algebra homomorphism, making the diagram
mentioned in the assertion commutative. (]

As an application, let us discuss the extension of coefficients for polynomial
rings.

Proposition 7. Let R be an R-algebra, X a system of variables and a C R[X]
an ideal. Then there are canonical isomorphisms of R'-algebras

R[X]®gr R —= R'[X], f®dr—df,
(R[X]/a) ®r R —~ R'[X]/aR'[X], fod—df.

Proof. We see from Lemma 6 that the canonical maps
¢ R[X] — R'[X], ¢ R —— R'[X]
induce an R-algebra homomorphism
¢: R[X]®r R — R'[X], f®dr—df.
On the other hand, consider the homomorphism
R — R[X] ®r R/, dr—1®d,

which we extend to a ring homomorphism
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R'[X] — R[X]®g R, X— X®l1,
using the universal property of polynomial rings. It is easy to verify that ¢
and v are mutually inverse isomorphisms and, in fact, isomorphisms of R- or
R’-algebras. Alternatively, we could have based our argument on the fact that
R'[ X] satisfies the universal property of the tensor product R[X]®g R, in the
sense of R-algebras.
For the second isomorphism use 4.2/2. O

Exercises
1. If R is a coherent ring (1.5/8), show that any localization Rg is coherent as well.

2. Let X = (X;)ies be an infinite family of variables. Show that the polynomial ring
K[X] over a field K is coherent (1.5/8), but not Noetherian.

3. Show for ideals a,b C R that R/a ®g R/b ~ R/(a + b). Deduce from this that
Z)mZ @z, Z/nZ ~ Z./gcd(m, n)Z for any integers m,n € Z.

4. Show that Q(v/2) ®g Q(v/3) is a field, whereas Q(v/2) ®g Q(v/2) is not, because
the latter Q-algebra is isomorphic to Q(v/2)[X]/(X? — 2) ~ Q(v2) x Q(+/2).

5. Show that a morphism of R-modules M —— N is injective (resp. surjective,
resp. bijective) if and only if the induced morphism M, —— Ny, is injective
(resp. surjective, resp. bijective) for all maximal ideals m C R or, alternatively,
for all prime ideals m C R.

6. Compatibility of tensor products with extension of coefficients: Given R-modules
M, N and a ring morphism R — R/, show that there is a canonical isomorphism

(M®rN)®p R ~ (M ®gR')®r (N QgrR).

7. For finitely generated modules M, N over a local ring R, show that M @ N =0
implies M = 0 or N = 0. Hint: Use Exercise 6 above.

8. Universal property of coefficient extensions: Let R — R’ be a ring morphism
and consider an R-module M as well as an R'-module N’. Write NV ; g for the
R-module obtained from N’ by restricting coefficients to R and show that there
is a canonical bijection

Homp (M ®g R, N') —~~ Hompg(M, N}p).
9. Let M, N be R-modules and S C R a multiplicative system. Show that there is

a canonical morphism of Rg-modules

(Hompg (M, N))  — Hompg,(Ms, Ns)

and that the latter is an isomorphism if M is of finite presentation. Give an
example where, indeed, the canonical morphism fails to be an isomorphism.

10. Show for a finitely generated ideal a C R that the following conditions are equiv-

alent:
(a) R/a is flat over R.
(b)a?=a

(c¢) a = (e) for some idempotent element e € R.

Hint: Use Nakayama’s Lemma in the version of Exercise 1.4/5.
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4.4 Faithfully Flat Descent of Module Properties

For any ring homomorphism R —— R/, the process - ®z R’ of tensoring with
R’ over R can be viewed as an assignment that attaches to an R-module M
the R'-module M ®x R’ and to a morphism of R-modules ¢: M’ —— M the
corresponding morphism of R'-modules ¢ ® id: M’ ®p R —— M ®g R'. We
talk about a so-called functor from the category of R-modules to the category of
R’-modules. As will be seen in Section 4.6, the general problem of descent is, in
some sense, to find an inverse to this process. As a preparation, categories and
their functors will be discussed more extensively in Section 4.5. At this place
we start descent theory by looking at several module properties that behave
well when switching back and forth between R- and R’-modules by means of
extension of coefficients via tensor products.

Proposition 1. Let M be an R-module and R — R' a ring homomorphism.

(i) If M is of finite type over R, then M Qg R’ is of finite type over R'.

(i) If M is of finite presentation over R, then M ®@g R’ is of finite presen-
tation over R'.

(iil) If M is a flat R-module, then M ®g R’ is a flat R'-module.

(iv) If M is a faithfully flat R-module, then M ®gr R is a faithfully flat
R'-module.

(v) If R—— R s faithfully flat in the sense that R' is a faithfully flat
R-module via R —— R/, then the reversed implications of (i)—(iv) hold as well.

Proof. If
R'"— M —0

or
R™ R" M 0

are exact sequences of R-modules, then the sequences obtained by tensoring
with R’ over R are exact by 4.2/1. Using the fact that the isomorphisms
R™®r R ~ (R)™ and R" ®p R’ ~ (R)" furnished by 4.1/9 are, in fact, iso-
morphisms of R'-modules, assertions (i) and (ii) are clear.

Now let M be a flat R-module. To establish (iii), we have to show for every
monomorphism of R-modules F/ —— F that the tensorized map

E' @r (R @g M) — E Qp (R @ M)

is injective as well. To do this, look at the commutative diagram
E' ®p (R ®p M) — E@p (R ©p M)

F'@rM E®Qpr M

where the vertical maps are the canonical isomorphisms from 4.3/2. Since M is
a flat R-module, the lower horizontal homomorphism is injective and the same
holds for the upper horizontal one.
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If Fis an R'-module such that £ Qg (R’ ®r M) =0, we get E®Qr M =0
from 4.3/2. Hence, E as an R-module and even as an R'-module will be trivial
if M is faithfully flat, which settles assertion (iv).

In order to verify (v), assume that R —— R’ is faithfully flat. Then, if
M ®r R’ is of finite type over R/, there exists a finite generating system of
M ®g R', which we may assume to be of type z; ® 1, for i = 1, ..., n. We claim
that the elements x;, ¢ = 1,...,n, generate M. Indeed, let M’ = >"" | Rx; C M
be the submodule of M generated by these elements and consider the canonical
sequence M’ M —— 0. The latter is exact if and only if the tensorized
sequence M’ ® g R —— M ®p R’ — 0 is exact, since R — R’ is faithfully
flat. However, the tensorized sequence is exact, due to the definition of M.
Hence, M being the image of the finitely generated R-module M’ will be finitely
generated, too.

Next assume that M ®p R’ is of finite presentation over R’ and that
R —— R’ is faithfully flat. In particular, M ®g R’ is then of finite type and the
same is true for M, as we have just seen. Hence, there exists an exact sequence
of type

R*—+ M ——0
and it is enough to show that ker ¢ is finitely generated. Clearly, the tensorized

sequence

(R 2295 N @ R 0

is exact and ker(¢ ® idg) is of finite type by 1.5/7, the same being true for
(ker ) ®g R', due to 4.2/5. But then the reversed version of (i) shows that
ker ¢ is of finite type, and we see that M is of finite presentation.

For the reversed version of (iii), assume that M ®g R’ is flat over R, keeping
the assumption that R — R’ is faithfully flat. To see that M is flat over R,
consider a monomorphism of R-modules £/ —— E and look at the tensorized
map ' @p M —— E®gr M, which must be shown to be a monomorphism, too.
Since R’ is flat over R, the map R' ®r F' —— R’ ®pr F is injective and, since
M ®p R’ is flat over R’, the same is true for the map

(Rl Rr El) Rpr (R/ Xr M) —_— (R/ Rr E) Rpr (R/ Qpr M)

Using 4.3/2 in conjunction with 4.1/7, the latter can canonically be identified
with the map
R @p (' ®@r M) — R Qg (K ®@r M),

obtained from E' ® pk M —— E ®pr M by tensoring with R’ over R. Since R’ is
faithfully flat over R, we conclude from 4.2/11 that E' @ g M —— E ®p M is
injective, as desired. Consequently, M is a flat R-module.

Finally, let M ®g R’ be a faithfully flat R'-module. If R — R’ is faithfully
flat, we know already that M is flat. To show that M is even faithfully flat,
consider an R-module F such that £ ®r M = 0. Using 4.3/2 we get

(E@RRI) Rp (M@RRI) 2E®R (M@RR/) ~ (E@RM) ®RR/ =0.
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The faithful flatness of M ®pr R’ as an R'-module yields F ®r R’ = 0 and the
faithful flatness of R’ over R yields £ = 0. Thus, £ ®z M = 0 implies £ = 0
and we see that M is faithfully flat. 0

We just have seen that the properties for a module to be of finite type, of
finite presentation, flat, or faithfully flat behave well with respect to arbitrary
extension of coefficients, but also with respect to the reverse process of descent,
when the coefficient extension is faithfully flat. One may ask if the same is true
for the property of a module to be free. Of course, for a free R-module M and
an arbitrary coefficient extension R —— R/, the resulting R’-module M ®x R’
is free by 4.1/9. On the other hand, if M @z R’ admits a free generating system,
for example a finite free one, it is not necessarily true that M has the same
property, even if R —— R’ is faithfully flat; see the example we give at the
end of this section. A property that is better adapted to descent is the one of
being locally free, which we want to discuss now. For the necessary details on
localizations of rings we refer to Section 1.2.

Definition 2. An R-module M is called locally free of finite rank if, for every
x € Spec R, there is some f € R such that f(x) # 0 and My = M @g Ry is a
finite free' Ry-module.

Proposition 3. For an R-module M the following conditions are equivalent:
(i) M is locally free of finite rank.
(il) M is flat and of finite presentation.
iii) M is of finite presentation and M Qg Ry is free for all mazimal ideals

mC R.

In particular, Proposition 3 shows for a local ring R that a flat R-module
is free as soon as it is of finite presentation. Let us point out that this assertion
remains true if we substitute “finite type” in place of “finite presentation”; see
Exercise 4 below. However, for the full version of Proposition 3, it is essential
to require the finite presentation in conditions (ii) and (iii).

Corollary 4. Let M be an R-module and ¢: R R’ a faithfully flat ring
homomorphism. Then M is locally free of finite rank if and only if the same
holds for M @ R’ as an R'-module.

Proof of Corollary 4. Use Proposition 3 in conjunction with Proposition 1. O

Proof of Proposition 3. We start with the implication (i) = (ii). Therefore let
M be locally free of finite rank. Then, for any = € Spec R, there is an element
fz € R such that f,(xz) # 0 and M, is a finite free Ry, -module; as usual,
My, and Ry, denote the localizations of M and R by the multiplicative system

L A finite free module is meant as a free module admitting a finite generating system; the
latter amounts to the fact that it admits a finite free generating system.
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generated by f, in R. By construction, the elements f,, x € Spec R, cannot
have a common zero on Spec R, which means that they cannot be contained in
a single prime or maximal ideal. As a consequence, they must generate the unit
ideal in R. But then finitely many of these, say fi,..., f., generate the unit
ideal in R, and it follows that the canonical homomorphism

R—>R/:Rfl><...XRfT

is faithfully flat where R’ is considered as a ring under componentwise addition
and multiplication. Indeed, Ry, is flat over R by 4.3/3 and R’ = [[;_, Ry, is flat
over R by 4.2/6 since, in terms of R-modules, it can be viewed as the direct
sum of the Ry,. Furthermore, R is even faithfully flat over R, as follows from
4.2/11. Indeed, if m C R is a maximal ideal, there exists an index ¢ such that
fi ¢ m, and this implies mRy, ¢ Ry, by 1.2/5. Thus, indeed, R —— R’ is
faithfully flat, and to show that M is flat and of finite presentation over R, it is
enough to show that M ®r R/, viewed as an R'-module, has these properties;
cf. Proposition 1.

We write ¢; for the unit element in Ry,, thereby obtaining the relations
e;ej =0; in R, for i,j = 1,...,r, as well as e; + ... + ¢, = 1. Then any
R'-module E can be decomposed as E = [[!_, E; with E; = ;£ ~ E Qg Ry,,
using the canonical projection R© — Ry, in conjunction with the right exact-
ness of tensor products 4.2/1. This way we obtain a bijective correspondence
between R’-modules £ and families (E;);—1,. , consisting of Ry-modules E;.
In particular, for £ = M ®g R’ we have E ~ []'_, My, where in this case
E; ~ M ®g Ry, ~ My, by 4.3/2. Now My,, as a free Ry,-module, is flat, and we
claim that then M ®g R’ is flat over R’ as well. To verify this, just observe that
the above correspondence extends in a natural way to R'-linear maps and that
a tensor product of type F ®p F' corresponds to the family (E; ®g ., Fyic1,.;
use the relations e;e; = ¢;; in conjunction with 4.1/8. Now write M, ~ R;ﬁ: and
let n = max;—=1,_,n;. Then it is easy to construct an epimorphism of type

(R — [[(Rs)" =~ M @r R,

i=1

whose kernel is finitely generated. Thus, M ®g R’ is of finite presentation over
R’ and we see that (i) implies (ii).

Next let us verify the implication (ii) = (iii). Assuming that M is flat
and of finite presentation, choose a maximal ideal m C R and let us show
that M ®pr Ry, is a free Ry-module. We know already from Proposition 1 that
M ®pg Ry is flat and of finite presentation over Ry,. Therefore it is enough to
show that any flat module of finite presentation over a local ring R is free. To do
this, consider such a module M over a local ring R with maximal ideal m, and
let zy,...,2, € M give rise to a basis of M/mM as a vector space over R/m.
Nakayama’s Lemma 1.4/10 then yields M = """ | Rx;, and we can consider the
canonical exact sequence

0 K R" M 0
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that is associated to the morphism of R-modules mapping the canonical free
generating system of R"™ to the chosen elements xy,...,x, € M. Then K, the
kernel of this map, is of finite type by 1.5/7, since M is of finite presentation.
Now, tensoring the inclusion map m —— R with the modules of the above
sequence, we get a commutative diagram

mIrK —m" — mpp M ——0
0 K R" M 0

with exact rows. Since M is flat, the map w3 is injective, and the Snake
Lemma 1.5/1 yields an exact sequence

u3

0 = ker u3 — cokeruy — (R/m)" — M/mM

where (R/m)" M/mM is bijective by construction. But this implies
K/mK = cokeru; = 0 and, by Nakayama’s Lemma, K = 0. Therefore
R" —— M must be an isomorphism and, hence, M is free.

It remains to consider the implication (iii) == (i). Thus, let M be of finite
presentation and assume that M ®pr R, is a free Ry-module for each maximal
ideal m C R. We want to show that, given a prime ideal p C R and a maximal
ideal m C R containing it, there is an element f € R — m C R — p such
that My = M ®g Ry is free over Ry. To do this, fix a free generating system
T1,y..., T, of My = M ®g Ryn. Then there are elements y; € M, s; € R—m
such that z; = 2_27 for i = 1,...,n. Since each s; induces a unit in R, we may
assume s; = 1 so that z;, for each i, admits y; as a preimage with respect to
the canonical map M —— M,,. Then look at the R-linear map ¢: R" — M,
sending the canonical free generating system of R"™ to the elements y1, ..., yn,
and consider the attached exact sequence

(%) 0 ker ¢ R+ M coker ¢ — 0.

Tensoring the latter over R with R, and using the flatness of R, over R, we
obtain the exact sequence

0 — (kery) ®p Ry — R}, $8iRg M ®pg Ry — (coker ) @ Ry — 0.

m

By the definition of ¢, the tensorized map ¢ ®idg,, is an isomorphism. Therefore
we must have (ker ) ® g Ry = 0 and (coker ¢) ®p Ry = 0.

Next we claim that, for an R-module N of finite type satisfying NQgr Ry, = 0,
there always exists an element f € R — m such that fN = 0 and, hence,
N ®gr Ry = Ny = 0. Indeed, if 21,..., 2 is a generating system of IV, we get
% =0in N ®g Ry = Ny, for all i. By the module analogue of 1.2/4 (i), there
exist elements fi,..., f, € R — m such that f;z; = 0 in N. Therefore, setting
f=fi...frgives fe R—mand fN =0, as claimed.

Let us apply this fact to the above situation. The R-module coker ¢ is finitely
generated and satisfies (coker ) @ Ry, = 0. Therefore we can find an element
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f € R —m such that (coker ) ®g Ry = 0. Now, using the compatibilities for
localizations 1.2/10 and 1.2/11, we may tensor the exact sequence (%) over R
with Ry and write R instead of Ry again. Thereby we can assume coker ¢ = 0
and, hence, that ¢ is surjective. Then ker ¢ is of finite type by 1.5/7, since M
is of finite presentation. Using the same argument as before, we conclude from
(ker )@ g Ry = 0 that there is an element f € R—m such that (ker p)@pRs = 0.
Then the exact sequence

n LP@ide
0 = (ker p) ®g Rf — R} ——— M ®p Ry — (coker ¢) ®p Ry =0

shows that ¢ ® idg,: R} —— M ®pg Ry is an isomorphism and, hence, that
M ®p Ry is free. O

Finally, we would like to give an example showing that Corollary 4 does
not extend to finite free modules in place of locally free ones of finite rank.
So we will construct a module M over a ring R where M is locally free of
finite rank, but not free, although it becomes globally free after performing a
suitable faithfully flat coefficient extension R —— R’. To do this we choose
R as a Noetherian normal integral domain of Krull dimension < 1; such rings
are called Dedekind domains. Any principal ideal domain is Dedekind. But the
most prominent examples of Dedekind domains arise from NUMBER THEORY.
For a finite algebraic extension K/Q let R be the integral closure of Z in K.
Then R is normal, as we can see from 3.1/7, and of Krull dimension 1 by 3.3/6.
Furthermore, one knows that R is finite over Z and, hence, Noetherian; see
Exercise 3.1/8 or use Atiyah—-Macdonald [2], 5.17. In particular, such a ring R
will be a Dedekind domain.

There are Dedekind domains admitting ideals that are not principal. For
example, we can take R = Z[v/—5]. By elementary computation one can see
that this is the integral closure of Z in Q(v/—5) and therefore a Dedekind do-
main; cf. Exercise 3.1/6. But it cannot be factorial and, hence, is not a principal
ideal domain, since there are the following essentially different decompositions
into irreducible factors:

6=2-3=(1++v=5)-(1—-+v-5)

Alternatively, one can verify directly that the ideal a = (2,1++/=5) C R is not
principal.

Let us fix a Dedekind ring R containing some ideal a that is not principal.
Then, for any maximal ideal m C R, the tensor product a®g R, defines an ideal
in the localization Ry, of R, since the localization map R — R, is flat by 4.3/3.
Furthermore, Ry, is normal by 3.1/11. Therefore, using the characterization of
normal Noetherian local integral domains to be proved later in 9.3/4, we see
that each localization R, is a local principal ideal domain. In particular, the
ideal a ® g R C Ry, is principal and, thus, a free R,-module of rank 1.

Since R is Noetherian, a is an R-module of finite presentation, and we can
conclude from Proposition 3 that a is a locally free submodule of finite rank in
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R. Hence, there are elements fi,..., f. € R generating the unit ideal of R such
that a®g Ry, is a free Ry,-submodule in Ry, for all 4, necessarily a principal ideal
of Ry,. Now, as exercised in the proof of Proposition 3, we use the faithfully flat
morphism R —— R' = Ry, X ... X Ry, to extend the coefficients of a. Then
we can observe that a @ R’ is free, namely a principal ideal in R’, although a
itself cannot be free, since it is not principal.

Exercises

1. Let M, N be R-modules where N is faithfully flat. Show that M is flat (resp.
faithfully flat) if and only if the same is true for M @ N.

2. For a ring morphism R —— R’ consider a faithfully flat R’-module M’ as well
as its restriction M ; r On R, by viewing M" as an R-module via R — R’. Show
that M ;  is a flat (resp. faithfully flat) R-module if and only if R — R’ is flat
(resp. faithfully flat).

3. Consider a ring morphism R —— R’, an R’-module M’, as well as its restriction
M ; p on R, and assume that the latter is a faithfully flat R-module. Show:

(a) For any R-module M, the canonical morphism of R-modules M — M®pR/,
T —— z ® 1, is injective.

(b) Any ideal a C R satisfies aR' N R = a.
(c) If R is Noetherian (resp. Artinian), the same is true for R.

Hint: Consider the canonical morphism of R-modules M;R — M;R ®r R and
its retraction ]VI;R Qr R — ]VI;R given by £ ® a — ax. The composition of
these is the identity on M} r and, thus, leads to a split short exact sequence.

4. Let M be a flat R-module of finite type. Show that all localizations M ®p R
at maximal ideals m C R are finite free. Hint: Reduce to the case where R is a
local ring with maximal ideal m. Then proceed as in the proof of Proposition 3 by
considering an exact sequence of type 0 — K —— R"™ —— M —— (0 where
K/mK = 0. For any z € K let a,, C R be the ideal generated by all coordinates of
x as a point in R". Show ma, = a, and conclude a, = 0 by Nakayama’s Lemma.

5. For a ring R let £(R) denote the set of isomorphism classes of locally free
R-modules of finite rank.

(a) Show that £(R) becomes a monoid, when the multiplication is defined by the
tensor product. For example, £L(R) = (N, ) if R is a principal ideal domain or a
local ring.

(b) Let Pic(R) C L(R) be the group of invertible elements; it is called the Picard
group of R. Show that Pic(R) consists of all locally free R-modules of rank 1, i.e.
of all M € L(R) such that My, ~ Ry, for all maximal ideals m C R.

(c) Show that the inverse of any M € Pic(R) is given by Hompg(M, R).
Hint: For (c) use Exercise 4.3/9.
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4.5 Categories and Functors

The language of categories and their functors is an essential tool in advanced
ALGEBRAIC GEOMETRY. Implicitly this concept has already appeared in earlier
sections, mostly in the form of “universal properties”. But we need to make more
intensive use of it, especially for the descent of modules in Section 4.6. Since
pure category theory is not very enlightening by itself, we have chosen to include
only basic material at this place.

Definition 1. A category € consists of a collection? Ob(€) of so-called objects
and, for each pair of objects X, Y € Ob(€), of a set Hom(X,Y) of so-called
morphisms (or arrows), together with a law of composition

Hom(Y, Z) x Hom(X,Y) — Hom(X, Z), (9, f)——>gof,

for any objectsX,Y, Z € Ob(C). The following conditions are required:
(i) The composition of morphisms is associative.
(ii) For all X € Ob(C) there is a morphism idx € Hom(X, X) such that
idyof = f forall f € Hom(Y, X) and foidx = f for all f € Hom(X,Y).
Note that idx is unique, it is called the identity morphism on X.

Sometimes we write Home(X,Y') instead of Hom(X,Y'), in order to specify
the category € whose morphisms are to be considered. In most cases, morphisms
between objects X, Y are indicated by arrows X —— Y, thereby appealing to
the concept of a (set theoretical) map. However, since only the above conditions
(i) and (ii) are required, morphisms can be much more general than just maps.
A morphism f: X —— Y between two objects of € is called an isomorphism
if there is a morphism ¢g: ¥ —— X such that go f =idx and f o g =idy. Let
us consider some examples.

(1) All sets together with maps in the usual sense as morphisms form a
category, denoted by Set.

(2) All groups together with group homomorphisms form a category, de-
noted by Grp. Likewise, all rings together with ring homomorphisms form a
category, denoted by Ring.

(3) For a ring R, all R-modules together with R-module homomorphisms
form a category, denoted by R-Mod. Given two objects M, N in this category,
the set of morphisms M —— N is denoted by Homg(M, N), as before. This
set can be canonically interpreted as an R-module again, using the R-module
structure of .

(4) If € is a category, we can consider the associated dual category €° where
Ob(€% = Ob(€) and Homgo(X,Y) = Home (Y, X) for objects X, Y. The com-
position of two morphisms X — Y and Y — Z in €° is done by composing

2 Note that a collection, like a set, groups together certain mathematical objects. However,
it is not required that a collection respects the axioms of a set, as considered in set theory.
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the underlying morphisms Z — Y and Y — X in €. Thus, €° is constructed
from €, as we say, by inverting directions of arrows. Of course, dualizing €° yields
€ again. The dual category €° is also referred to as the opposite category of €
and denoted by €°P.

(5) Let € be a category and S € Ob(€) an object. Then the category €g of
relative objects over S, also called S-objects, is defined as follows. Ob(€g) is the
collection of all morphisms of type X —— S where X varies over the objects in
¢. For two S-objects X —— S and Y —— 5, let Hom(X S, Y —5)
be the set of all morphisms X —— Y in Home(X,Y') such that the diagram

X Y
S

is commutative. Such morphisms are generally referred to as S-morphisms in
€. Usually, S-objects are denoted by symbols like X or Y again, and the set of
S-morphisms between them by Homg(X,Y).

(6) Switching to the dual setting and fixing an object R of a category €, we
can define the category €% of all objects under R. Then Ob(€F) is the collection
of all morphisms of type R —— X where X varies over the objects of €. For

two such objects R —— X and R —— Y, let Hom(R —— X, R——Y) be
the set of all morphisms X —— Y in Hom¢ (X, Y) such that the diagram

X Y
R
is commutative. Such morphisms are referred to as morphisms under R or also

as R-morphisms in €. A typical example of such a category is the category
R-Alg of R-algebras under a fixed ring R.

Definition 2. Let € be a category and S € Ob(€). Let X, Y € Ob(€s). An 0b-
ject W € Cg, together with two S-morphisms py: W —— X and po: W — Y
(referred to as projections onto the factors X,Y) is called a fiber product of X
and Y over S if the following universal property holds:

Given two S-morphisms T —— X and T —— Y, there is a unique
S-morphism T —— W such that the diagram

is commutative.
If it exists, the fiber product W is unique up to canonical isomorphism and
will be denoted by X xXgY.
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In particular, we can say that an S-object W together with two S-morphisms
p1: W —— X and py: W —— Y is a fiber product of X and Y over S if the
map

Homg(T, W) — Homg(T, X) x Homg(T,Y),
h — (pl o h7p2 o h)?

is bijective for all S-objects T'. Suppressing S and replacing €g by any category
¢, the latter condition is still meaningful and defines the cartesian product of X
and Y in €; see also 7.2/1. Thus, we can say that the fiber products over some
object S of €, as introduced in Definition 2, are just the cartesian products in
Cs.

As an example, let us consider the category € = Set of all sets with maps
between sets as morphisms. For a one-point set S, the fiber product X xgY of
two sets X,Y is given by the cartesian product

XXSY:XXY:{(m,y);xEX,yEY},

together with the canonical projections X x Y X and X XY Y.
More generally, for an arbitrary set S, the fiber product of two relative objects
ox: X —— Sand oy: Y —— S consists of the subset

X xgY ={(z,y) € X xY;ox(x) =0y(y)} C X xY,

together with canonical projections to X and Y where, on the left-hand side, X
and Y have to be interpreted as the relative objects ox and oy. Thus, X xgVY
is, indeed, a fibered product, since, fiberwise over S, it is just the family of all
cartesian products of type X(s) x Y (s) where s varies over S and X(s), Y (s)
are the fibers of X,Y over s, i.e. the preimages of s with respect to the maps
ox and oy.

Switching to the dual notion of fiber products, we arrive at so-called amal-
gamated sums.

Definition 3. Let € be a category and R € Ob(€). Let X,Y € Ob(€®). An ob-
ject W € €F, together with two R-morphisms 11: X — W and 15: Y —— W
is called an amalgamated sum of X and Y under R if the following universal
property holds:

Given two R-morphisms X —— T and Y —— T, there is a unique
R-morphism W —— T such that the diagram

1s commutative.
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If it exists, the amalgamated sum W is unique up to canonical isomorphism
and will be denoted by X IR Y.

The tensor product A; ®pg Ay of two R-algebras R —— A; and R — A,
over a ring R, together with the canonical R-algebra homomorphisms

A1—>A1®RA2, (Il—>a®17
A2—>A1®RA2, bl—*]@b,

is a typical example of an amalgamated sum; see 4.3/6 for the universal prop-
erty. To illustrate the interplay between amalgamated sums and fiber products,
let us consider the category ¢ = Ring of all rings and its dual category €. The
latter plays a central role in ALGEBRAIC GEOMETRY. Namely, for any ring
R € Ob(€), one can consider its associated affine scheme, which is a so-called
ringed space. By abuse of notation, this ringed space is denoted by Spec R and
consists indeed, as main ingredient, of the set of all prime ideals in R, viewed
as a topological space under the Zariski topology. But, in addition, it incorpo-
rates all localizations Ry of R by elements f € R, where the elements of Ry
are interpreted as functions on the open set D(f) = {z € Spec R; f(x) # 0}.
It is crucial that the ring R we started with can be reconstructed from the
ringed space Spec R and that morphisms of affine schemes Spec R — Spec R’
correspond bijectively to ring homomorphisms R’ — R. In other words, the
category of affine schemes, together with their morphisms, can be interpreted
as the dual € of the category € of rings. For details see Chapter 6 and, in par-
ticular, 6.6/12. The existence of tensor products in € implies then the existence
of fiber products in €°, in the sense that for R-algebras A; and A, we have

Spec Ay Xspec r Spec As = Spec(A4; ®p As).

Next let us address the subject of functors between categories, which play
the role of “maps” within this context.

Definition 4. Let €, O be categories. A covariant functor F: € —— 9 is a
rule that assigns to each object X € Ob(€) an object F(X) € Ob(D) and to
each morphism X ——Y in € a morphism F(X) — F(Y) in © such that
the following conditions hold:

(i) F(go f)=F(g)o F(f) for composable morphisms g and f in €.

A contravariant functor € —— D is a covariant functor €° 9. In
particular, passing from € to ® such a functor inverts directions of arrows.

For example, fixing a ring homomorphism R —— R’, the assignments
) b

M+—— M@gpR,
(fM—>N)I—>(f®1dR/M®RRI—>N®RR/),

define a covariant functor R-Mod —— R’-Mod.
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If F: € ——® and G: € —— D are two (covariant) functors between
categories € and D, we define a functorial morphism p: F —— G (also known
as a natural transformation between F' and G) as a collection of morphisms
ox: F(X) — G(X) in ©, where X varies in Ob(€), such that for any mor-
phism f: X — Y in € the diagram

F(X) =" G(X)
lF(f) JG(f)
F(Y) === G(Y)

is commutative. Two functors F,G: € —— ® are called equivalent or isomor-
phic if there exists a functorial isomorphism ¢: F' —— G by the latter we mean
a functorial morphism such that ¢x is an isomorphism for all X € Ob(€). Fi-
nally, two categories €, ® are called equivalent if there are functors F': € — 2
and G: ® — € such that G o F' is equivalent to the identity on € and F o G
equivalent to the identity on ©.

Exercises

1. Let F': € — €3 and G: €3 —— €3 be functors between categories. Show that
G o F: € —— €3 is again a functor. Taking into account that there exists the
identity functor idg: € — € on any category €, can we talk about the category
of all categories?

2. For two categories €1, €y construct (up to set-theoretical difficulties) the cat-

egory Hom(€;, ;) of all (covariant) functors € —— €, where a morphism
@: FF —— G between two such functors is understood as a functorial morphism.
In particular, show for functors F,G, H: €, —— &, and functorial morphisms
¢: F—— G and 9: G —— H that the formula (¢ o p)x = ¥x o ¢x for
X € Ob(€;) can be used to define the composition of ¢ and ¢. Furthermore, note
that there is the identity functorial morphism idr on F given by (idr)x = idpx)
for any object X in €.
As an example, fix a group G and write G for the one-point category with mor-
phisms (including their compositions) given by the group G, as well as Ab for the
category of abelian groups. Show that Hom(G, Ab) is the category of G-modules,
i.e. of Z-modules that are equipped with a G-action.

3. Construct amalgamated sums in the categories of sets Set and abelian groups
Ab.

4. Consider a functor F': R-Mod —— R-Mod on the category of modules over a
fixed ring R by setting F'(M) = Homg(Hompg (M, R), R) for objects M of R-Mod
and by defining F' in the obvious way on morphisms of R-Mod. Construct a
functorial morphism idg.vioa — F' between the identity functor on R-Mod
and the functor F', which is an isomorphism when restricted to the subcategory
of finite free R-modules in R-Mod.

5. Define the cartesian product of two categories. Show for rings R, R’ that there is
an equivalence of categories R-Mod x R'-Mod —~ (R x R')-Mod.
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6. Given a category € we conclude from Exercise 2 that the functorial morphisms
idg —— ide¢ on the identity functor of € form a monoid. Compute this monoid
for the categories Set, Ring, and R-Mod over a given ring R.

4.6 Faithfully Flat Descent of Modules and their Mor-
phisms

Let R and R be two rings and p*: R — R’ a ring homomorphism. The some-
what exotic notation p* for a ring homomorphism has been chosen with care;
it is motivated by the algebraic-geometric background of affine schemes. As we
have already pointed out in Section 4.5, the category of affine schemes can be
interpreted as the dual of the category of rings and vice versa. This way, p*
corresponds to a well-defined morphism p: Spec R —— Spec R between asso-
ciated affine schemes where, as a map of sets on the underlying prime spectra,
p is given by
Spec R’ > p' —— (p*)*(p’) € Spec R.

In fact, our notation suggests to take the morphism p as point of departure and
to interpret p* as the associated dual. As we will see in Chapter 6, the ring
homomorphism p* admits a natural interpretation as a so-called pull-back of
functions on Spec R to functions on Spec R', just by composition with p. In the
same spirit we define for R-modules M, hence, objects living on the level of
Spec R, their pull-backs under p by

p*M=M®rR

and, likewise, for morphisms of R-modules ¢: M —— N, their pull-back under
p by
po=¢®idp: M@r R — N®rR'.

The notations p* M and p*p have the advantage that they spell out in an explicit
way, how to view R’ as an R-module in the occurring tensor products. For
questions of descent, this is of essential importance, as we will see below. Also
note that if p*: R —— R’ is decomposable into the product r* o s* of two ring
homomorphisms 7* and s*, there is a canonical isomorphism p*M ~ r*(s*M)
for R-modules M by 4.3/2. In the following such isomorphisms will occur as
identifications, just writing p*M = r*(s*M). In the same way we will proceed
with pull-backs of morphisms.

Now let us start descent theory by discussing the descent of module mor-
phisms.

Proposition 1. For a faithfully flat ring homomorphism p*: R —— R', con-
sider the associated homomorphisms

pi: R — R'®p R, ar—d®l,

ph: R — R ®@r R, adr—1®d,
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as well as the composition
and let R" = R' Qg R'. Then, for any R-modules M, N, the diagram

* Py
Homp(M, N) —— Hompg (p*M, p*N) ::i Homp~(¢"M,q*N)

12

15 exact.

Recall that a diagram of maps between sets

p1

A—L . B C

p2

is called ezact if p induces a bijection
A — ker(py,pa) :={b € B; pi1(b) = p2(b)}.

In the case of homomorphisms between abelian groups this is equivalent to the
exactness (in the usual sense) of the sequence

O A p B p1—p2 C

where ker(p; — pa2) = ker(p1, p2). In particular, these sequences are exact if and
only if p is injective and imp equals ker(py, p2).

To a substantial extent, the proof of Proposition 1 will be based on the
following fact:

Lemma 2. In the setting of Proposition 1 the diagram

*

P1

R 2 R R"

5

P2

is exact. It remains exact when tensoring over R with an arbitrary R-module
M.

Proof of Lemma 2. To check the exactness of the above diagram, we can use
4.2/11 and thereby tensor it with a faithfully flat R-algebra R —— A. Then
the exactness of the diagram

A

R'®rA R ®r R @p A,

or the corresponding one obtained by tensoring with M over R, has to be
checked. Let A’ = R’ @ A and set

A=A @1 A ~(RorA)®s(R@rA) ~R rR ®r A

where we have used 4.3/2. It follows that the preceding diagram is of the same
type as the one mentioned in the assertion, namely
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A A —=

"
A7,

just replacing R — R’ by A —— A’. Since tensoring with M over R can also
be interpreted as tensoring with M ®gz A over A, it becomes clear that, for the
proof of the lemma, we may replace R without loss of generality by a faithfully
flat R-algebra A.

Doing so, apply the preceding argument to the R-algebra R —— A given
by p*: R —— R’. Thereby we are reduced to the diagram

R’LE>R'®RR'::...

But now p;: R —— R’ ®p R’ admits a so-called retraction. Thereby we mean
a homomorphism ¢*: R’ ® g R —— R’ such that * o p} = idg/; just consider
the multiplication map

e Repr R — R, ad @b — d'V.

Thus, replacing R by a faithfully flat R-algebra, in our case A = R, we may
assume for the diagram

R Rl RII

p3

that p* admits a retraction €*. But then pj and p; admit retractions as well,
namely the homomorphisms idg ®c* and €* ® idg/, and these retractions are
maintained when tensoring with M over R. Now, to justify the exactness of the
diagram

M M®r R

M ®R RII7

Pa
observe first that p*: M —— M ®pr R’ is injective, since this map admits a
retraction. In addition, we have

imp* C ker(pj, p3),

due to the relation pjp* = pip*. To show the opposite inclusion, choose some
element z = Y " | 2; ® a} € ker(p},p3), where 2; € M and a € R'. Then the

images
=in®a;®1, ps(z Zx1®1®a
=1

coincide, and application of the retraction idy; ® 1d r ®c* of p} yields

Z—le®1 e* (Zmz )Elmp

so that im p* = ker(p, p}). -

Now we are able to carry out the proof of Proposition 1. To do this we
choose R-modules M, N and look at a commutative diagram of type
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Mc———— p'M M

L

Nce——p"N ——= ¢'N

where the rows are exact by Lemma 2 and where the vertical maps have still
to be specified. We start with a morphism of R-modules ¢: M —— N and
consider the morphism of R-modules p*p: p* M —— p*N obtained from ¢ by
tensoring with R'. It makes the left-hand square commutative, and we see from
the injectivity of N —— p*N that p*: Hompg(M, N) Hompg (p*M,p*N)
is injective. Furthermore, the relation pj o p* = p} o p* implies that the image
im p* is contained in the kernel of

*

Py

Hompg (p* M, p*N) Hompg»(qg*M,¢*N).

*

Pa

To show the opposite inclusion, let ©: p*M —— p*N be a morphism of
R'-modules and consider pji, pi as vertical maps on the right-hand side of
the above diagram. Then the right-hand square will be commutative if, from
the double arrows, we select just the ones pertaining to pj or, alternatively,
to p3. Now if ¢ € ker(pj, p}), the vertical maps piv, pii coincide, and a di-
agram chase shows that 1 maps the kernel of p*M —— ¢*M into the kernel
of p* N —— ¢*N. However, due to the exactness of the rows, this means that
1 restricts to a morphism of R-modules ¢: M —— N. Since 9 is uniquely
determined by the values it takes on M, we get p*p = 1), which establishes the
remaining inclusion. O

Next we want to discuss the descent of modules. To do this, fix a faithfully
flat ring homomorphism p*: R —— R’ and look at the functor

p*: R-Mod — R'-Mod

from the category of R-modules to the category of R'-modules, which assigns
to an R-module M the R'-module p*M = M ®gz R, and to a morphism of
R-modules ¢: M —— N the morphism of R'-modules p*¢ = ¢ ® idg. We
would like to describe the “image” of this functor. In Proposition 1 we have
already solved this problem for morphisms, but a similar reasoning has still
to be carried out on the level of modules as the objects of our categories. We
will prove the striking fact that p* induces an equivalence between the category
of R-modules and the category of R'-modules, provided we enrich the latter
modules by some additional structure, so-called descent data.

To define descent data we consider, in addition to p*: R —— R’ and the
homomorphisms

pi: R — R'®p R, ar—d®1,
py: R — R'®@p R, dr—1®d,

already used above, the homomorphisms
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phy: R @p R —— R @r R ®r R, dRV —1®dal,
pis: R@p R —— R @r R ®r I, dRV —d®1al,
Pla: R @ R —— R @r R'®r R, d@b —d @b ®l,

where, switching to the dual category of affine schemes, the latter maps can be
interpreted as the canonical projections

pi: Spec R Xspec g Spec R —— Spec R,
pij: Spec R’ Xgpec r Spec R’ Xgpec g Spec ¥ —— Spec R’ Xgpec R Spec R

onto the factors, as indicated by the indices.

Definition 3. As before, let p*: R —— R’ be a faithfully flat ring homomor-
phism and fiz an R'-module M'. A descent datum on M’ with respect to p* is
an isomorphism of R"-modules

o: piM' 2 py M’
such that the diagram

v g P2 w s m v st P33P wam
PPy M' — plops M PPy M —— paps M

‘ * ‘

* % P13¥ * %
P13P1M/ = p13p2M/

is commutative (cocycle condition).
Observing the relations

P10 P12 = P19Pi3, resp. P2 © P1 = Pi3 0Py,

P20oP12 =PpPLOP3,  TESD.  Piy O Py = Pag O Py,

P2 © P23 = P2 © P13, resp. P33 © P> = D3 © P,
the cocycle condition requires that the different possible pull-backs of a descent
datum ¢ to the level of R” = R' @ R’ ®p R/, namely by coeflicient extension

via the pj;, are compatible. To give a trivial example, start with an R-module
M and set M’ = p*M. Then the canonical isomorphism

piM' = pip"M — (popy)"M = (pops)"M ~~— pyp"M = p;M’

yields a descent datum on p* M, the so-called trivial descent datum. In this case,
all isomorphisms entering into the cocycle condition are “canonical” so that the
required commutativity holds for trivial reasons.

Definition 4. Let M', N’ be R'-modules with descent data ¢: pfM' —=~ piM’
and : piN' —~ psN'. A morphism of R'-modules f: M' —— N’ is called
compatible with the descent data ¢ and v if the diagram
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piM —F— ps M’

{pff {pzf
Y

N N’

is commutative.

For us it is of interest that the pairs of type (M’ ), consisting of an
R'-module M’ and a descent datum ¢ with respect to p* on M’, form a category
R'-Mod-DD if we admit as morphisms only those R’-module homomorphisms
that are compatible with the involved descent data.

Theorem 5 (Grothendieck). Let p*: R —— R’ be a faithfully flat ring homo-
morphism. Then the functor

é: R-Mod — R'-Mod-DD,
M+—— p"M,

defines an equivalence of categories.

Note that we have already shown in Proposition 1 that the functor & is
faithful and, in fact, even fully faithful, which means that for all R-modules M
and N the map

Hompg moa(M, N) — Homp.mod-pp ("M, p*N)

given by @ is injective, and even bijective. To prove that @ defines an equivalence
of categories, we have to exhibit a functor ¥: R'-Mod-DD —— R-Mod such
that ¥ o is equivalent to the identity on R-Mod and @ oV is equivalent to the
identity on R'-Mod-DD. To do this it is enough to show that @ is essentially
surjective in the sense that for every object M’ in R'-Mod-DD there is an
object M in R-Mod such that M’ is isomorphic to @(M). Indeed, choosing for
any object M’ in R'-Mod-DD an R-module M such that M’ ~ @(M), we see
from the fully faithfulness of @ that M’ —— M yields a well-defined functor
¥: R'-Mod-DD —— R-Mod which, together with &, furnishes an equivalence
between the two categories.

Before we actually start the proof of Theorem 5 and show that @ is es-
sentially surjective, let us develop an alternative description of descent data
that will be quite handy for our purposes. Consider an R-module M’ and an
isomorphism of R’-modules

p: piM' o py M.
Then, for any morphisms of affine R-schemes ¢;: T —— Spec R, ¢ = 1,2,

or dually speaking, for any R-algebra homomorphisms ¢;: R —— S, where
T = Spec S, we obtain via the universal property of fiber products



4.6 Faithfully Flat Descent of Modules and their Morphisms 149

Spec R’
t1
pP1
(t1,t2) i
T —— Spec R
b P2
Spec R’

a well-defined morphism (t1,¢3): T —— Spec R”, which corresponds to the
product map

R'"— 5, a @b ——tjd - t3b.
Now, pulling back the isomorphism ¢: pi M’ —~ piM’ via (t1,1s) yields an
isomorphism of S-modules ¢y, ;, that makes the diagram
(t1,t2)*

(t1,t2) Py M’

M

L (th, 1) p3 M

Pt M’
commutative. Likewise, for any three morphisms
t;: T — Spec R/, i=1,2,3,
we can consider the canonical morphism
(t1,t2,t3): T — Spec R”,
as well as associated diagrams of type

* (t1,2,t3)" Plo¢p
(t1,ta, t3) plypI M’ utato vy (t1,ta,t3) piops M’

| |

M Pt BM

thereby arriving at the following fact:

Lemma 6. An isomorphism of R'-modules ¢: pfM’' — p5M’ is a descent
datum if and only if we have

Ptits = Plajts © Pty te

for any three morphisms t;: T —— Spec R', i = 1,2, 3, where T wvaries over all
affine R-schemes, i.e. over the spectra of all R-algebras.

Proof. The relation ¢y, 1, = @t,.45 © P11, is immediately clear from the above
type of diagrams if ¢ satisfies the cocycle condition. To show the converse, apply
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the relation mentioned in the lemma to 7" = Spec R” and the possible three
projections ¢;: T'—— Spec R'. |

Now let us begin the proof of Theorem 5 by looking at a special case.

Lemma 7. The assertion of Theorem 5 holds if p*: R —— R’ admits a retrac-
tion €*: R' — R (in the sense that * o p* = idR).

Proof. We consider for T' = Spec R’ the morphisms ¢,¢: T — Spec R’ given by
the identity map id: R —— R’ and the composition R’ LR R, and let
M = "M’ where M’ is an R'-module with descent datum ¢: pjM' — p;M’.
Then
f=ep M =~ peM' =p"M

is an isomorphism of R/’-modules, and we claim that f is compatible with the
given descent datum ¢ on M’ and the trivial descent datum on p*M. This
will show that the functor @ of Theorem 5 is essentially surjective and thereby
establish the desired equivalence of categories, as we have explained above.
Therefore we have to show that the diagram

nM’ M’
{Pi‘f {p;f

is commutative. To achieve this, observe that the cocycle condition of ¢ in the
version of Lemma 6, applied to the morphisms

p1, P2, tg=copopy=copop, : Spec R" — Spec R/,

yields
Ppists = Ppasts © Ppi,pas

where ¢, 5, = @, since (p1,p2): Spec R” —— Spec R” is the identity map.
Furthermore, writing (p;, t3) for ¢ = 1,2 as a composition

Spec R _ eet) Spec R’ Xgspec g Spec R/

pi (t,t)=(id,eop)
Spec R/
shows
prf = p;@t,t" = Ppits-
Therefore the above cocycle relation reads
pif =pafoe

and we see that, indeed, f is compatible with descent data as claimed. 0
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To settle the general case of Theorem 5 by showing that the functor @ is
essentially surjective, we need a concretion of descent data in terms of so-called
cocartesian diagrams. Again we consider an R-module M’ and an isomorphism
of R’-modules

p:piM' =~ piM’,
in detail
o: M'@r R —~~ R @r M,
where M’ ®r R’ and R’ @ M’ are viewed as R’ ®p R’-modules, respecting
positions of factors. Then the canonical maps t;: M’ — M’ ®g R and
to: M' —— R' ®p M’ yield a diagram

Ml ®R R/

Rl ®R M/
where there is no reason for the latter to be commutative. Since tensor prod-

ucts are significant only up to canonical isomorphism, we can view ¢ as an
identification, thereby arriving at the diagram

L1
M —= M @z R,
o towy

which is cocartesian over N
P

/ / /

R E— R ®r R
Py

The latter property is indicated by the diagram
M — M o R

‘ * ‘

R —— R@pR

P3
and means the following. A diagram of type

T

M/ M//
Rl R”

with an R’-module M’ and an R”-module M” is called cocartesian if the
R/-bilinear map
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R'"x M' —~ M", (a,z) — ar(z),

satisfies the universal property of the tensor product R” ® p M’. For a diagram
with multiple horizontal maps, as in our case, cocartesian means that this prop-
erty holds for all arrows at the same position upstairs and downstairs. Thus, in
our case, cocartesian amounts to the condition that M’ ®z R is an R”-module,
which can be interpreted through both maps M’ —= M’ ®r R’ as a coeffi-
cient extension from M’, namely with respect to the maps pj: R’ —— R’ and
py: R —— R". Also note that if we consider the cocartesian diagram

Ml - 5 M//

* ‘

R P1 R"

*

12

associated to an isomorphism of R”-modules p: M'®r R’ —~» R ®pr M’, this
isomorphism can be recovered from the diagram. It corresponds to the identity
map on M"” and is given by the composition of canonical maps

o: M @p R =~ M" >~ R @z M.

Applying the formalism of cocartesian diagrams to descent data and using
identifications of tensor products as discussed above, we arrive at the following
characterization:

Lemma 8. Descent data on M’ correspond bijectively to cocartesian diagrams

M —= M'®@rR

—_

M Rr R KRR R

P33
/ Lt / ; Pl / / /
R . R@RRf'R@)RR@RR
2 P12
— =

where the morphisms of the first row satisfy relations just as the ones in the
second row, namely

P10 P12 = P10 P13, resp. pTQ © PY = Pfg © pf,
P2 © P12 = P1 O Pag, TESP.  Pig © Py = Pa3 O Py,
P2 © P23 = P2 © P13, resp. P33 O Py = P13 © Pa-

For an R-module M, such a descent datum is trivial on M’ = M ®@p R’ if and
only if the above diagram can be enlarged by adding a cocartesian diagram

M—- M




4.6 Faithfully Flat Descent of Modules and their Morphisms 153
such that the morphisms in the first row satisfy relations just as the ones in the
second row, namely pop; = po py and pi o p* = p; o p*.

~

Proof. Consider a descent datum ¢: p{M’' — piM’. As explained above, we
can identify pj M’ with p5M’ via ¢ and thereby obtain a cocartesian diagram

M ——= M ®p R

‘ * ‘

R——= ReopR .

*

P2
By a similar identification process, we construct a cocartesian diagram

Ml ®R / 4»4' M/ ®R R/ ®R Rl

P33
R/®RRIP—?>R/®RR/®RR/.

P12

Namely, looking at the cocycle condition satisfied by ¢, we observe the canonical
identifications

() plopiM’ = pigpi M, piopy M’ = pipi M’ phapy M = pigp; M
and use the commutativity of the diagram in Definition 3 in order to identify
these (R’ ®@r R’ ®pr R')-modules via the isomorphisms pi,p, pisp, and pise.
Thereby we obtain a cocartesian diagram over

Reor R — R ®9r R ®r R,

which together with the previous one yields a cocartesian diagram as stated in
the assertion. The additional relations are clear from the construction.

Conversely, look at a cocartesian diagram as specified in the assertion. Then
the general explanations above show that the left part of the diagram determines
an isomorphism of (R’ @ R')-modules ¢: pi M’ —~~ piM’ whereas the right
part together with the required relations implies that ¢ satisfies the cocycle
condition and therefore is a descent datum. Indeed, one can deduce from the
given relations that the canonical isomorphisms (x) are compatible with the
isomorphisms

Pos(M' @ R') =~ pis(M' @g R') ~ pi,(M' @ R)

derived from the right part of the diagram. From this one easily deduces a
commutative diagram as required for the cocycle condition in Definition 3.
* !

Finally, for an R-module M, a descent datum ¢: pjM' —~~ pj on
M’ = p*M is trivial if and only if the canonical diagram
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pip"M

pp™M
is commutative. The latter amounts to the fact that in the cocartesian diagram
M— M — MrR

R R —— R @R

both compositions of the first row coincide and, thus, satisfy the relation spec-
ified in the assertion. (]

Now we have gathered all auxiliary means in order to finish the proof of
Theorem 5. Considering a descent datum on M’ given by a cocartesian diagram
Mlg,Ml®R l::MI®RR/®RRI

Rl R/®RR/::R/®RR/®RR/7

_

we know from Lemma 2 that the diagram

pI

R—" R

R Rr R,,

*

Py

remains exact, when we tensor it over R with some R-module M. Thus, if the
above descent datum is induced from an R-module M, then M is necessarily
isomorphic to the kernel K = ker(M' —— M’ ®g R’). On the other hand, it is
enough for the proof of Theorem 5 to show that the diagram

K M —— M @z R

R R ——= R ®rR

is cocartesian. To check the latter condition, we can use 4.2/11 and thereby
are allowed to apply a faithfully flat coefficient extension to the diagram. For
example, taking p*: R — R’ as a coefficient extension, we are reduced to the
case where p*: R —— R’ admits a retraction. But then, by Lemma 7, there
exists an R-module M that we might insert instead of K in the above diagram
such that the resulting diagram
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M M — M @ R
R R ——= R @p R

is cocartesian. It follows that M is canonically identified with K and that the
diagram involving K is cocartesian. a

As a corollary of Theorem 5, one can work out the technique of faithfully
flat descent for algebras as well. One only has to require that the descent data
under consideration are compatible with the algebra structure; see Exercise 3
below. Also let us mention that the classical form of Galois descent can be
viewed as a special case of the faithfully flat descent for modules considered
here; see Exercise 5 below.

Exercises

1. Let R —— R’ be an extension of degree > 1 of fields. Show that the functor
R-Mod —— R'-Mod, M —— M ®pr R', is faithful, essentially surjective, but
not fully faithful.

2. Let p*: R —— R’ be a faithfully flat morphism of rings. Assume there exists
a non-free R-module M such that M’ = M ®g R’ is finite free, say with free
generators x1,...,T,. Show that the morphism of R”-modules

o:piM' =M ®r R —— R ®@p M' = p5M’,

obtained by R’-linear extension from z; ® 1 —— 1 ® z; for i = 1,...,n, de-
fines a descent datum on M’ and that (M’,¢) as object in R'~-Mod-DD is not
isomorphic to the canonical object p* M.

3. Generalize descent theory from modules to algebras. In more precise terms, let
p*: R —— R’ be a faithfully flat morphism of rings and consider the category
R-Alg of R-algebras, as well as the category R'-Alg-DD of R'-algebras with
descent data. Adapting the notation of Definition 3, a descent datum on an
R'-algebra A’ is an isomorphism of R”-algebras ¢: pf A’ —~2» p} A’ satisfying the
cocycle condition. Show that the functor A —— p* A gives rise to an equivalence
of categories R-Alg —— R'-Alg-DD. Hint: Do not rebuild the whole descent

theory. Use Theorem 5 in conjunction with Proposition 1 instead.

4. Gluing as an example of descent: Consider elements fi,..., f, of a ring R that
generate the unit ideal. Set R’ =[], Ry, and show:
(a) The canonical morphism R — R’ is faithfully flat.
(b) The category R'-Mod of R'-modules is equivalent to the cartesian product
[1i=; Ry,-Mod; see also Exercise 4.5/5. Roughly speaking this means that any
R’-module is a cartesian product [ [}~ ; M; with M; being an Ry,-module for each i
and, likewise, that morphisms of R’-modules are cartesian products of morphisms
of Ry,-modules.
(¢) The category R-Mod is equivalent to the category R'-Mod-G defined as
follows. Its objects are families (M;)i—1,. n where each M; is an Rj-module,
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together with so-called gluing data (see also 7.1/1), by which we mean isomor-
phisms p;;: M; ®r Ry, —=+ M; ®g Ry, of Ry,-modules satisfying the cocycle
condition
wit ®r Ry, = (o1, ®r Ry;) o (wij ®r Ry,)

for all indices 4, j, k; view the occurring maps as morphisms of Ry, , r,-modules.
Furthermore, a morphism (M;) — (V;) between two objects of R'-Mod-G
with gluing data (y;;) and (¢;;) consists of a family of Ry-module morphisms
Ai: M; — N;,i=1,...,n, that is compatible with the gluing data in the sense
that for all indices 4, j the diagram

M; ®Rr Rfj ﬂ ]\/fj KR sz

)\ri,®Rfj l l)\j@Rfi
Yij
N; @r Ry, —> N; ®r Ry,

is commutative.

. Galois descent: Let R — R’ be a finite Galois extension of fields, write I" for

the attached Galois group, and fix an R’-vector space M’. Consider actions of I
on M’ such that vy(a - z) = y(a) - y(x) for elements v € I', coeflicients o € R/,
and vectors x € M’. Show:

(a) Actions of this type correspond bijectively to descent data on M’ with respect
to R— R/

(b) The fixed part M = {z € M'; v(x) = « for all v € I'} of M’ is an R-vector
space such that the canonical R'-linear map M @ g R" — M’ is an isomorphism.

Hint: If necessary, consult [5], Example 6.2/B, and dualize the arguments.
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Consider a short exact sequence

¥

(%) 0 M — M M" 0

of modules over some ring R and fix an additional R-module E. Then it fol-
lows from the right exactness of tensor products 4.2/1 that the corresponding
sequence

0—— M op B8 Mo E 2% M @r E—— 0
obtained by tensoring with £ over R is right exact, but maybe not exact in
terms of a short exact sequence. Indeed, unless F is flat over R (see 4.2/3), the
map ¢ ® idy might have a non-trivial kernel. For example, let us look at an
exact sequence of type

a

() 0 R—+R R/(a) — 0

“

where “ -a ” indicates multiplication by some element a € R that is not a zero
divisor in R. Tensoring with E over R and identifying R ®g E with E produces
the right exact sequence

-a

0 E

E E/aE — 0

2

where, similarly as before, the map “ -a ” is multiplication by a on E. In par-

ticular, we get
ker(E —+ E) = {z € E; ax = 0},

the latter being called the submodule of a-torsion in E. Clearly, this torsion
module can be non-trivial, as the example E = R/(a) shows.

Returning to the general case of a short exact sequence (x) as above, one
might ask if there is a natural way to characterize the kernel of the morphism

p®Ridg: M g E — M Qg E.

Of course, keeping F fixed for a moment, ker(p ® idg) will be determined by
¢ and thereby depends on both, M’ and M. This dependence is most naturally
clarified by the so-called long exact Tor sequence 5.2/2. Indeed, the striking
fact we will discuss in 5.1/10 and 5.2/1 is that there exist so-called left derived

S. Bosch, Algebraic Geometry and Commutative Algebra, Universitext, 157
DOI 10.1007/978-1-4471-4829-6_5, © Springer-Verlag London 2013
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functors Torl(-, E) of the tensor product - @ E. These are functors on the
category of R-modules such that any short exact sequence () will canonically
lead to an infinite exact sequence of R-modules

Torl(M" E)

Tor®(M', E) Torf (M, E)

Torf(M" | E)

0.

-« M'®iFE M®gE M @ E

The latter sequence behaves functorially in any reasonable way, namely for exact
sequences of type (%) on the level of the first variable, but also for morphisms
on the level of the second variable. In particular, there is an isomorphism

coker (Torf/(M, E) — Tor(M", E)) = ker(M' ® E — M @ E).

In the special case of a short exact sequence (xx) where M = M’ = R and
M" = R/(a) it follows from 5.2/6 that Tor'( R, E) is trivial, since R is flat over
R. Hence,

Torf'(M", E) = Tor{ (R/(a), E) ~ ker(E —"~ E)

is the submodule of a-torsion in E. This is the historical reason for introduc-
ing the terminology of Tor functors for the left derived functors of the tensor
product.

The construction of Tor functors follows a quite universal recipe from ho-
mological algebra. The same methods will be met again in 7.7 where we deal
with Grothendieck cohomology. Let F': R-Mod R-Mod be a covariant
functor on the category of modules over a certain ring R where F is assumed to
be additive in the sense that it respects the addition of morphisms. Then, given
any R-module M, choose a so-called homological resolution M, of M. Thereby
we mean an exact sequence of R-modules

dnt1 dn f
M, 41 M, M, e My M 0
where, in more strict terms, M, is just the sequence
dnt1 dn do
o My — M, — M, My 0.

Then M, is exact at all positions except at My, unless M is trivial. However, in
any case, M, is a complez, which means that the composition of two subsequent
morphisms is always zero. Applying F' to the resolution M,, we conclude from
the additivity of F' that F'(M,) is still a complex and we can try to define the
nth left derived functor F,, of F by

Fo(M) = ker(F(dy,))/im(F(dns1)), n € N.

In particular, we get Fy = F if F is right exact.
However, such a procedure can only be useful if the resulting modules F,, (M)
are independent of the chosen homological resolution M, of M. And, indeed,
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the latter is the case if all members M,, of the resolution M, satisfy certain nice
properties, such as being projective. Every free module is projective (see 5.1/7).
Therefore the existence of projective homological resolutions is a triviality. Using
such resolutions, we will explain the general construction of left derived functors
in 5.1, while the particular case of tensor products will be dealt with in 5.2.

For a given covariant additive functor F': R-Mod —— R-Mod, the right
derived functors F™ can be constructed similarly as the left derived functors. One
only has to pass to the “dual” or cohomological situation where all arrows have
been reversed. So for any R-module M we consider a cohomological resolution
M* of M given by an exact sequence of R-modules

0 ML Mt e L et

and set

F"(M) = ker(F(d"))/im(F(d"™")),  neN.

Again, for F™ to be well-defined, we have to assume that the members of the
resolution M™* are suitably chosen, for example, to be injective, which is the
cohomological counterpart of projective. Although the transfer from homologi-
cal to cohomological resolutions is a purely formal procedure reversing arrows,
the existence of injective cohomological resolutions is a non-trivial result that
requires a laborious proof; see 5.3. Finally, for a contravariant additive functor
F: R-Mod —— R-Mod its derived functors are constructed viewing it as a
covariant additive functor on the category opposite to the one of R-modules.
Thus, in this case, the left derived functors of F' are obtained using cohomo-
logical resolutions, whereas the right derived functors of F' use homological
resolutions. As an example, we study in 5.4 the right derived functors of the
Hom functor, namely the so-called Faxt functors.

5.1 Complexes, Homology, and Cohomology

Let R be a ring. In the following we will consider R-modules and homomor-
phisms between these, indicating the latter by arrows, as usual. We have already
mentioned in Section 1.5 that a complex, or as we like to say, chain complex of
R-modules is a sequence of R-module homomorphisms

dn
M,y

My 2% A,
satisfying d,, o d,,+1 = 0 when n varies over Z. One calls
Z, = ker(M, —2~ M,_,) C M,

the submodule of n-cycles,

B, = im(M,, =% M,) € M,
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the submodule of n-boundaries, and

the nth homology or the nth homology module of the complex. We will use the
notation M, for such a chain complex and write more specifically H,,(M.) for
its homology. In many cases, complexes will satisfy M,, = 0 for all n < 0.

Viewing M, as a direct sum @nez M,,, we can combine the homomorphisms
dp: M, —— M,,_1, also known as boundary maps, to yield an R-module ho-
momorphism d: M, —— M,. The latter is said to be of degree —1, since its
application lowers the index of each direct summand by 1. In most cases, we
will just write d instead of d,.

Passing to the dual notion of a chain complex, we arrive at the notion of a
cochain complex M*. It is of type

1 qan—1 an

Mn7 Mn Mn+1

where its n-cocycles are given by
7" = ker(M" L Mn+1) C j\/[n7
its n-coboundaries by
1 dn—l
B" =im(M"™" — M"™) C M",
and its nth cohomology module by
Hn(M*) — Z’!l/B’!l-

A homomorphism f: M, —— N, (of degree 0) between chain complexes
M, and N, is defined as an R-module homomorphism M, —— N, of degree
0, in other words, as a family of R-module homomorphisms f,: M, — N,
where the diagram

Mn 4(1' Mn—l
\f’n [fnl
Nn ? Nn—l

is commutative for all n € Z. In particular, we can consider sequences of complex
homomorphisms of type

0 M M, M 0,

calling such a sequence ezxact if, for each level n € Z, the sequence

0 M, M, M) 0

is exact.
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Proposition 1. Fvery exact sequence of chain complezes

f

0 M! M, —4~ M 0

gives in a canonical way Tise to a so-called long exact homology sequence

) Hy(f)

Hn(Mi) Hn(g)

H,(M,) H, (M)

a
—— Hya (M

) Hn—l(f)

Proof. Let us start by a preliminary remark and exemplarily consider the com-
plex M, where we write in more precise terms

dn+t1 dp,
My M,

M, | — ...

Then, using imd,; C kerd, and imd, C kerd,_;, the sequence induces a
homomorphism

dp: cokerd,, 1 — kerd,_y C M,
where, apparently,
ker d,, = ker dy/imd,1 = Hp(M,),
coker d,, = ker dp_1/imd, = H,_1(M,).
Now let us verify the assertion of the proposition which, basically, is a

generalization of the Snake Lemma 1.5/1. Applying this lemma, we arrive at
the following commutative diagram with exact rows and columns:

0 0 0
0 ker d), ker d,, ker d!!
0 M, — M, 0
d, dn dp
0 Mr/kl fn—1 M, , gn—1 M;Ll 0
coker d;, — coker d,, — cokerd, ——— 0

0 0 0
Applying the above remark to M., M,, and M/, induces a diagram
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0 0 0

cokerd’

u
np1 — coker d,; — cokerd, ; ——— 0

a, dn dy

——kerd,_; — kerd’

0 ——— kerd, I

n—1

anl(M;) - nfl(M*) — nfl(j\/[:)

0 0 0
where the columns are exact and the same is true for the second and the third
rows. But then the Snake Lemma yields the assertion of the proposition. O

Of course, there is a similar assertion for cochain complexes. Moreover, we
can easily derive the following fact from Proposition 1.

Corollary 2. Let

f

0 M’ M, —2 M 0

be an exact sequence of chain complezes. If the homology of two of the complexes
M, M, M is trivial, the same holds for the third complex as well.

As an example of a long homology sequence, we will study in Section 5.2 the
so-called long exact Tor sequence associated to an exact sequence of R-modules

0 M M M" 0
and a further R-module E. Due to the right exactness of tensor products (see

4.2/1), such a sequence leads to an exact sequence

M @rE —+ M@rE — M@ E — 0

and, as we will see, the latter can be enlarged to an exact sequence of type

— Toa?(M'E) —— Tor?(M,E) —— Torf(M" E)

—— Tor® |

(M', E) —— Tor? (M, E) —— Tor® (M",E)
—— Torf(M',E) —— Tor(M,E) —— Torl(M", E)
— M®gE —— M@yE —— M'®rE ——0
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which turns out to be a long exact homology sequence in the setting of Propo-
sition 1.

We have already seen in Proposition 1 and its proof that a complex ho-
momorphism f: M, —— N, induces a family H,(f): H,(M.) — H,(N.)
of homomorphisms on the level of homology. Given two such homomorphisms
f,9: M, — N,, one is interested in conditions assuring H,(f) = H,(g) for all
n. Sufficient for this, but in general not necessary, is the existence of a so-called
homotopy between f and g.

Definition 3. Let f,g: M, — N, be two homomorphisms of chain complexes.
A homotopy between f and g is a module homomorphism M, — N, of degree
1, in other words, a system of R-module homomorphisms hy: M, — Np.1,
such that the maps of the diagram

My M, M,
hnt1 hn hp—1 hn—2
f-g f-g
Nn+1 Nn Nn—l

satisfy the relation f —g =hod+doh. We will call f and g homotopic in this
case.

The following fact is immediately clear by the relation characterizing a
homotopy:

Remark 4. Any two homomorphisms of chain complexes f,g: M, — N,,
which are homotopic, induce the same homomorphisms

Ho(f), Hu(g): Ho(M.) — Hn(N.),  ne€Z,

on the level of homology.
Definition 5. Let M be an R-module. A homological resolution of M is an
exact sequence of R-modules

oM 0

My M, My

where the latter is to be interpreted as a homomorphism of chain complexres
M, —— M or, in more explicit notation,

M, M, M, 0
.
0 0 M 0,

inducing an isomorphism on the level of homology.
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Let F: R-Mod —— R-Mod be a covariant functor which is additive in
the sense that, for any R-modules M and N, the map

Homp(M, N) — Hompg(F (M), F(N))

is a group homomorphism. In most cases we will assume that, in addition,
F is right exact, which means that application of F' to an exact sequence of
R-modules

M M M 0

produces an exact sequence of R-modules

FM') — F(M) — F(M") — 0
again. As an example we may look at the functor
F:M+—— MQ®grE,

for a fixed R-module E; see 4.2/1. In the following we will construct the so-
called left derived functors of F', the Tor functors in the case of the example.
The process is quite simple. Given an R-module M, resolve it by R-modules
behaving well with respect to F' in a certain sense, apply the functor F' to the
resolution and consider the homology modules of the resulting complex. For
this to work well, we need projective resolutions; i.e. resolutions by projective
modules which are defined as follows.

Definition 6. An R-module P is called projective if for every epimorphism
©: M — M" the map Hompg(P, M) — Hompg(P, M"), f —— po f, derived
from ¢ is surjective:

s

,
»

M-~ M"—0

Proposition 7. Every free module is projective. More precisely, an R-module P
is projective if and only if it is a direct summand of a free one, in other words,
if and only if there is an R-module P' such that the direct sum P @ P’ is free.

Proof. Clearly, a free R-module F is projective, since homomorphisms ' — M
to an arbitrary R-module M can be uniquely constructed by selecting values for
the images of a free generating system of F'. In particular, if P’ is an R-module
such that P@ P’ is free, P @ P’ will be projective. Then consider a morphism of
R-modules g: P —— M” and an epimorphism ¢: M —— M”. Composing g
with the projection P& P’ —— P onto the first factor, this map factors through
@: M —— M" via a morphism f: P& P’ —— M and f|p is a factorization of
g through ¢. Hence, P is projective.

Conversely, assume that P is projective and consider a free module F' to-
gether with an epimorphism ¢: ' —— P. Then the short exact sequence
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0 — keryp F2.p 0

is split. Indeed, due to the projectivity of P, the identity map idp: P —— P
factors through F' and, thus, admits a section. Therefore F' is isomorphic to the
direct sum P @ ker ¢ and we see that P is a direct summand of a free module.

|

Let us add that an R-module M is projective and of finite type if and only
if it is locally free of finite rank in the sense of 4.4/2; see Exercise 5 below. Thus,
in 4.4/3, one may add as a fourth equivalent condition M to be projective of
finite type.

Proposition 8. Every R-module M admits a free and, hence, projective homo-
logical resolution.

Proof. Choose a generating system (;);c; of M and let My = RY). Then the
homomorphism M, M mapping the canonical free generating system of
My onto the system (z;);c; is surjective and the construction may be repeated
for the kernel of this map. Continuing this way, we arrive at a free homological
resolution of M. |

We need to know in which way different projective homological resolutions
of an R-module M might differ.

Lemma 9. Let M, —— M and N, —— N be projective resolutions of two
R-modules M and N and let ¢: M —— N be an R-module homomorphism.
Then:

(i) There exists a complex homomorphism f: M, —— N, such that the

diagram
M, — M

N, — N
s commutative.

(i) If f,f": M, —— N, are complex homomorphisms as in (i), they are
homotopic.

Proof. Starting with assertion (i), we have to construct a complex homomor-
phism f: M, —— N, such that the diagram

M, My M, M 0
\fz \fl \fo \w
Ny N Ny N 0

is commutative. To obtain fy, look at the composition pod: My — N and lift
it to a homomorphism fy: My —— Ny, using the projectivity of My. Next, to



166 5. Homological Methods: Ext and Tor

define fi, we proceed similarly and consider the composition fyod: M; — Ny,
whose image is contained in the kernel ker(Ny — N). Since the latter coincides
with the image im(Ny —— Np), we can apply the projectivity of M; in order
to lift fy o d to a homomorphism f;: M; —— N;. Continuing this way, we can
inductively construct homomorphisms f;: M; —— N; satisfying the required
commutativity conditions.

Turning to assertion (ii), let f, f': M, — N, be complex homomorphisms
as in (i) and set g = f — f'. We look at the diagram

]\/[2 M1 MQ M 0
2 1 h_
" 92 " 91 "o 9o ) 0
N2 N1 N() N 0

where the maps h; are obtained as follows. Start by defining h_;: M —— Nj as
the zero map. Then we use the projectivity of My to construct hg: My — Ny
with

g():dOhO:dOhO<i>h_lOd7
observing that im gg C ker(Ny —— N) = im(N; —— Nj). Next we have to

define hy: M; —— N3 such that g; = d o hy + hg o d. Using the projectivity of
My, it is enough to show that

im(gy — ho o d) C ker(N; —— Np) = im(Ny — Ny).
However, the latter is clear, since we have d?> = 0 and, thus,
dogy—dohyod=dog; —(go—h_1od)od=dog —gyod=0.
Continuing this way, we can construct the required maps h; by induction. [

If M, — M and M, —— M are two projective homological resolutions
of some R-module M, then applying Lemma 9 we obtain two complex homo-
morphisms f: M, — M, and g: M — M,, which are compatible with the
identity on M. Furthermore, it follows that go f and f o g are homotopic to the
identity on M,, respectively M.. We will refer to such a setting by saying that
f: M, —— M/, and g: M, — M, define a homotopy equivalence between M,
and M.

Next let us consider a covariant functor

F: R-Mod — R-Mod

on the category of R-modules that is additive. As we have seen the latter means
that, for any R-modules M and N, the map

Homp(M, N) — Hompg(F (M), F(N))
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given by F' is additive in the sense of being a group homomorphism. Then F'
respects direct sums, since a direct sum of type A @ B can be characterized by
a diagram

A A@ B B
i q
where
poi=idsy,  goj=idg,
qoi=0, poj=0,
top+joq=idagp-
As an example, let us point out that the functor F' = - @ F, for a fixed

R-module F, is additive.

Given any sequence M, of R-module homomorphisms, we can apply the
functor F' to it, thereby obtaining a sequence of R-module homomorphisms
again; the latter will be denoted by F(M,). If M, admits the complex property
and F is additive, F'(M,) will be a complex as well. However, in general, F' will
not preserve resolutions, even if F' is additive.

Proposition and Definition 10. As before, let F' be an additive covariant
functor on the category of R-modules. For an arbitrary R-module M, define
R-modules F,,(M), n € N, as follows: choose a projective homological resolution
M, — M and set

F,(M) = H,(F(M,)) forne€N.

Then F, is canonically a well-defined functor on the category of R-modules, the
so-called nth left derived functor associated to F.

Proof. Fix R-modules M, N, as well as projective homological resolutions
M, —— M and M, —— N. Then, applying Lemma 9 (i), we can asso-
ciate to any module homomorphism ¢: M —— N a complex homomorphism
f: M, — N, such that the diagram

M, M
Pl
N, — N

is commutative. It follows from Lemma 9 (ii) that f is uniquely determined by
this diagram, up to homotopy. Thus, if f': M, N, is a second complex
homomorphism making the above diagram commutative, there is a homotopy
between f and f’ in the sense of Definition 3.

Since F is additive, the images F'(M.,) and F'(V,) will still have the complex
property and, moreover, F' will transform the homotopy between f and f’ into
a homotopy between F(f) and F(f’). Thus, using Remark 4, the resulting
homomorphism
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H"(F(f)) - H, (F(M*)) — H, (F(N*))

will be independent of the choice of f. Furthermore, we see for M = N that
two projective homological resolutions of one and the same R-module M are
homotopy equivalent and that such an equivalence is respected by the functor
F, due to its additivity. Therefore the complexes F(M,) and F(N.) are ho-
motopy equivalent and the homology modules H,,(F(M,)) and H, (F(N,)) can
canonically be identified. (]

In general, we will assume that the functor F', besides being covariant and
additive, is right ezact.

Remark 11. Let F be a covariant additive functor with left derived functors
F,, n € N, on the category of R-modules. Then:

(i) If F is right exact, Fo = F.

(i) If M is a projective R-module, F,,(M) =0 for n > 1.

Proof. Let F be right exact and let M be an R-module with a projective reso-
lution M, —— M, say, given by the exact sequence

M, M, M 0.
Then applying F' yields the exact sequence
F(M;) — F(My) — F(M) — 0
and therefore an isomorphism Fy(M) —= F(M). On the other hand, if M is

projective, we can take M, = (... 0 0 My 0) with My = M
as a projective resolution of M, thus, showing F,,(M) =0 for n > 1. g

Proposition 12 (Long exact homology sequence). Let F be a covariant additive
functor with left derived functors F,,n € N, on the category of R-modules. Then
every exact sequence of R-modules

0 M M M" 0

induces canonically a long homology sequence

L Fy(M?) —— Fy(M) —— Fp(M") —2+ F (M) —— ...

L By(MY) —— Fy(M) —— Fy(M") —— 0

Proof. We start out from projective homological resolutions M, —— M’ and
M —— M” and construct a commutative diagram
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da
0 M, —— Ml &M/ — M 0
di
0 My — M@ M) — M/ 0
0 M M M 0
0 0 0

with exact rows and columns where the left and right columns are given by
the resolutions M, —— M’ and M! —— M". The bottom row consists of the
given exact sequence involving the modules M’, M, M" and the rows at positions
above the bottom row are the canonical short exact sequences associated to the
direct sums M; & M/. It remains to specify the maps of the central column.
We want to construct them in such a way that we get/a projective resolution
of M. To define €, consider the composition o’: M} —+ M’ —— M and lift
e": M —— M" to a homomorphism ¢”: M{ —— M, using the projectivity
of M. Then the map

e: M{® M — M, d@ad ——d(d)+d"(d"),

is an epimorphism making the two lower squares commutative. Furthermore,
the Snake Lemma 1.5/1 shows that the sequence

0 kere’ kere ker &” 0

induced by the row above the last one is exact. Departing from this sequence
and proceeding similarly as we have done with €, we can construct a map
dy: M| & M — M} & M} with image ker ¢, making the squares adjacent to
d; commutative. Continuing this way, the central column becomes, indeed, a
homological resolution M, of M which, in addition, is projective, due to the fact
that M) and M/ and, hence, M, & M/ are projective. Thus, we have obtained
from the exact sequence

(%) 0 M’ M M" 0
an exact sequence

0 M M, M 0

*

of associated projective resolutions.
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Now applying the functor F' yields the sequence
(15) 0 — F(M]) — F(M.) — F(M!) — 0

of complexes which remains exact, since F' is additive and, hence, respects direct
sums in the sense that, for all n € N, it transforms the canonical exact sequence

0— M — M &M — M! — 0
into the canonical exact sequence

Finally, applying Proposition 1 to the exact sequence (#*) yields the claimed
long exact homology sequence. As shown in Remark 13 below, the latter depends
naturally on the exact sequence (k). O

Remark 13. In the situation of Proposition 12, the construction of the long
exact homology sequence depends functorially on the exact sequence

0 M M M" 0.

More precisely, a commutative diagram of R-modules

0 M M M 0
0 N’ N N" 0

with exact rows canonically yields a commutative diagram

Fn+l(M”) - Fn(M/) - Fn(M) - Fn(M”) - nfl(M,)

R T T

Fn+1(N”) - Fn(N,) Fn(N) Fn(N”) - n—l(N/)

between associated long exact homology sequences such that the properties of a
functor (from the category of short exact sequences of R-modules to the category
of long exact sequences of R-modules) are satisfied.

Proof. Tt follows from Lemma 9 that the vertical maps between the two long
exact homology sequences are unique and depend canonically on the maps be-
tween the modules M', M, M” and N’, N, N”. To show that the squares of the
diagram of the long exact homology sequences are commutative, we must know
that the maps occurring in the Snake Lemma 1.5/1 depend in a functorial way
on the involved modules and homomorphisms. However, the latter is clear, since
the formation of the kernels ker and cokernels coker of module homomorphisms
is functorial. O
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Exercises

1. Give an example of two complex homomorphisms f,g: M, — N, that are not
homotopic although they induce the same morphisms H,(f) = H,(g), n € Z, on
the level of homology.

2. Show that any direct sum of projective R-modules is projective.
3. Show that every projective R-module is flat. Is the converse of this true as well?

4. Let M be a projective R-module and let S C R be a multiplicative subset. Show
that the localization M ®r Rg is a projective Rg-module.

5. Show that an R-module M is projective of finite type if and only if it is locally
free of finite rank.

Hints: First assume that M is projective of finite type. Deduce that M is a direct
factor of a finite free R-module and conclude that M is of finite presentation.
Now use 4.4/3 (ii) in conjunction with Exercise 3 above to see that M is locally
free of finite rank.

Conversely, consider elements f1,..., f, € R generating the unit ideal in R such
that M ®pg Ry, is finite free for all i. Writing R' = Ry, X ... X Ry, show that
M ®pg R’ is projective. Finally, use that the canonical morphism R —— R’ is
faithfully flat (as in the proof of 4.4/3) and conclude that M is projective of finite
type.

For further details see Bourbaki [6], I1.5.2, Thm. 1 and, in particular, [6], 11.3.6,
Prop. 12.

6. The projective dimension pd(M) of any R-module M is defined as the minimum of
all integers d such that there exists a projective resolution M, — M satisfying
M,, = 0 for all n > d. If no such resolution exists, we put pd(M) = co. Show for
R-modules M, N that pd(M & N) = max(pd(M), pd(N)).

7. Let F': R-Mod —— R-Mod be a covariant functor on the category of R-modules
that is additive and right exact. Show that F' is exact if and only if the left derived
functors F,, n > 0, are trivial. The latter is equivalent to the fact that Fy is trivial.

For example, consider a multiplicative subset S C R and let F' be the functor
that associates to any R-module M its localization Mg, viewed as an R-module.
Determine the left derived functors of F.

8. Computing homology via acyclic resolutions: As before, let F' be a covariant ad-
ditive and right exact functor on the category of R-modules. Let Fy, Fi,... be
its left derived functors. An R-module A is called F-acyclic if F,(A) = 0 for all
n > 0. Likewise, a homological resolution A, — M of some R-module M is
called F-acyclic if all R-modules A,, are F-acyclic. For such a resolution, show
that there are canonical isomorphisms Fy, (M) — H,(F(A.)), n € N, and that
these are functorial in M. Hence, the left derived functors of F' can be computed
using F-acyclic homological resolutions.

Hints: Consider a projective resolution P, —— M and generalize Lemma 9
by showing that there exists a complex homomorphism f: P, —— A,, unique
up to homotopy, such that Hy(f) equals the identity on M. Constructing the
fn: Pn —— A, step by step and adapting the P, if necessary, the f,, can be
assumed to be surjective. Then, defining K, as the “kernel” of f, one gets a
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short exact sequence of complexes (x): 0 K, P, A, 0.
Note that, due to the F-acyclicity of A, the sequence of complexes F(x) ob-
tained from (%) by applying F' remains exact. Furthermore, show that K, — 0
is an F-acyclic resolution of the zero module and, by induction on n, that all
kernels ker(K,+1 — K,) are F-acyclic. Deduce from this that the complex
F(K,) is ezact. Now use the long exact homology sequence (Proposition 1) at-
tached to the exact sequence F'(x) to conclude that the canonical homomorphisms
H,(F(Py)) — H,(F(A))), n € N, are isomorphisms.

For more details see the cohomological version in Lang [17], Thm. XX.6.2.

5.2 The Tor Modules

In the following we want to apply the constructions of Section 5.1 in order to
study the functor

-®g E: R-Mod — R-Mod, M+— M®rFE

for a fixed R-module E. Note that this is a covariant additive functor which is
right exact due to 4.2/1.

Definition 1. The nth left derived functor of - @ FE is denoted by Tor’ (-, E).
Thus, if M, — M is a projective homological resolution of an R-module M,
we have

Tor®(M,E) = H,(M, ®r E),  né€N,

and the latter is called the nth Tor module, associated to M and E. In particular,
Torl(M,E) = M ®g E by 5.1/11.

Rewriting 5.1/12 in our special setting, we arrive at the following fact:

Proposition 2 (First long exact Tor sequence). Let E be an R-module. Then
every short exact sequence of R-modules

0 M M M 0

induces a long exact sequence

Torl(M", E)
Torl'(M', E) Torf'(M, E) Torl'(M", E)
—~ M ®rkFE Mg E M'"®gr E 0.

By its construction, Tor (M, E) is a functor in M, but apparently also in F,
since any morphism of R-modules ' — F gives rise to a functorial morphism

'®RE, —— - ®grkE.
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We say that Torf is a bifunctor on the category of R-modules. On the other
hand, to define Torff(]\/[ , E), we could just as well interchange the roles of M
and F, by choosing a projective homological resolution E, —— F of F and
setting

Tor® (M, E) = H,(M ®x E.).

In the following we want to show that H,(M, ®g E) and H,(M ®p E.) are
canonically isomorphic and, hence, that both possible definitions are equivalent.
To achieve this, we need some preparations.

Let M, and FE, be complexes satisfying M,, = E,, = 0 for n < 0. Then we
arrange the tensor products M, ®r E, as a double complex

0 My ®@p Ey +~— My Qp By ~— My ®pr Fs
d/

0 M1®RE0‘d—M1®RE1‘—M1®RE2

0 My ®p By ~— My ®@p By ~— My ®r E»

and look at the associated single complex M, Qg E,, which is given by

(M, ®rE)n= @ M,®rE,, nez,

pt+q=n
together with the boundary maps
dn = d/ + JN: (M* ®R E*)n - (M* ®R E*)nfl

where d’ = (—=1)?d” on the row with index p of the double complex. To show
that we really get a complex, imagine replacing d” by d” in the above diagram.
Then the squares become anticommutative in the sense that ' od” +d" od =0
and we observe that d o d = 0, as claimed.
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Any complex homomorphisms M, — M, and E, — FE, induce canonical
complex homomorphisms

M, ®r E. — M, Qg E. and M,®gr E, — M, Qg FE,

between single complexes, as introduced above. In particular, we will need such
homomorphisms in cases where M —— M, or E, —— FE, are homological
resolutions of given R-modules M and E.

Proposition 3. Let M, —— M and E, —— E be projective homological
resolutions of two R-modules M and E. Then the canonical complex homomor-
phisms

M*@RE*—’M*®RE7 M*®RE*—’M®RE*
induce canonical isomorphisms

H,(M,®r E) ~~~ H,(M,®pFE,) —~~ H,(M®gE,), n € N.

Corollary 4. The Tor functors can be interpreted as left derived functors of
the tensor product, regardless of the type of functors - ®r E or M Qg - we use.
Consequently, the modules Tor®(M,E), n € N, for R-modules M,E can be
defined via the above homology modules.

Interpreting Tor (M, -) as the ith left derived functor of the functor M ®p-,
we can deduce a second Tor sequence from 5.1/12:

Corollary 5 (Second long exact Tor sequence). Let M be an R-module. Then
every short exact sequence of R-modules

0 N’ N N” 0

induces a long exact sequence

Tor¥ (M, N")

Torf'(M, N) Torf (M, N")

Torf (M, N")
— M®zN ——ns M&N —— M@zN' ——0.

Proof of Proposition 3. We restrict ourselves to looking at the complex homo-
morphism M, ®g F, — M ®g FE,. As the tensor product is symmetric in its
factors, the morphism M, ®r F, — M, ® E can be dealt with in the same
way. Let us start out from the following diagram
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0 My ®g Ey ~— My @r By ~— M ®p E»
d/

0 M1®REO‘LM1®RE1‘7M1®RE2

0 My ®r Ey ~— My ®p By ~— My ®r E»

0 Mg Ey+~— M Qr B ~— M Qg Ey

0 0 0

where the bottom row is the complex M ®gr F, and the upper part coincides
with the double complex associated to M, and F,, as discussed above. Since a
projective module, as a direct summand of a free module, is flat by 4.2/6, we
get from 4.2/4 exactness properties in the diagram as follows:

(i) All rows are exact at positions with column index q > 0, except for the
bottom row.

(i1) All columns are ezxact.

Now look at the complex homomorphism M, ®g F, — M ®gr F, and the
induced homomorphisms

0n: Hy(M, ®p B,) — H,(M ®z E,), neN.

We claim that these, in fact, are isomorphisms. To show that o, is surjective,
start with an element 7 € H,,(M ®g E.) and choose a representative

T e Zn(M QR E*) C M Qg E,.
We want to construct an element in

Zn(M* ®R E*) C @ Mp ®R Eq

ptg=n

which represents a preimage of Z. Therefore choose a preimage z,, € My®r E,
of x. In general, the latter will not belong to Z,(My ®g E.), but we can find an
element 2,1 € M; ®g F,_; such that

d/(flan,l) —+ (_1)0d”($0,n) = 0

This is possible, since « € Z,(M ®g E.) implies that the image of x¢,, under
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d": My ®gr E, — My Qg Ep_y
is contained in
ker(Mo @ Ep1 —— M @g Ey_1) = im(M, ®g By —v My @ En_1).
In the same way we can construct xs,_s € My ®g E,_» such that
d (29 9) + (=1)'d"(1,1) =0

and so on. The process ends with some element z,, € M, ®r Ey and we see
that, by our construction,

Zon D...D Tn0 S Zn(M* Rr E*)

Then it is easily checked that this element represents a preimage of T with
respect to o,: H,(M, ®g E,) — H,(M ®g E.). Hence, o, is surjective.
To show that o, is injective, consider an element

(*) xO,n b...D xn,O S Zn(M* ®R E*)a {L'p,q S Mp ®R Eq7

whose image © in M ®g E,, belongs to B,(M ®g E.). Then z is just the image
of zg,, under the map My Qg E, — M ®p E,,. To show

To,n S...08 Tn0 € Bn(M* R E*),

choose a preimage of x in M ®p E, 11 and, again, a preimage Y ,+1 € Mo®@g L1
of the latter. Then

xO,n - (_ 1)0d//(y0,n+1)

belongs to the kernel of My®prFE,, — M ®pE, and therefore admits a preimage
Y1, € My ®p E,. Using (*), we can compute

d'(z1p1 = (=1)'d"(y1n) = d'(x10-1) + (=1)°d"d (y1,0)
= d/(xl,nfl) + (_1)0d”(5€0,n - (_1)0d//(y0,n+1))
= d'(@151) + (=1)"d"(20) = 0

and we see that z1,1 — (—1)'d”(y1,,) admits a preimage y2,—1 € My Qg E,,_1.
Repeating this construction, we finally arrive at an element

Yont1 D .o B Ynt1,0 € (My Qp E)npa
such that
d(yO,n+1 b...P yn+1,0) = Zon b...0 Tn,0
and it follows zg, @ ... ® Tno € Bn(M, ®r E,), which justifies our claim. O

Let us point out that there is a more convenient way of proving Proposition 3
by using the advanced technical tool of so-called spectral sequences, namely
the spectral sequence associated to the double complex under consideration.
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However, as we will not touch this subject, our proof of the proposition had to
be done “by hand”.

Next we want to give a characterization of flatness in terms of Tor modules.
To begin with, observe the following fact.

Remark 6. Let M and N be R-modules and assume that one of them is pro-
jective or, more generally, flat. Then Tor®(M,N) =0 for n > 1.

Proof. If one of the modules is projective, we may use 5.1/11 in conjunction
with Corollary 4. If N is just known to be flat, the functor - ® g IV is exact.
Therefore, if M, —— M is a projective homological resolution of M, we see
that M, ® g N —— M ®p N is still a homological resolution of M ®pxr N, and
we get Tor(M, N) = 0 for n > 1. Using Corollary 4, the same follows if M is
flat. |

Proposition 7. For an R-module M the following conditions are equivalent:
(i) M is flat.
ii) Tor®(M,N) =0 for all n > 1 and all R-modules N.
(iii) Torf(M,N) = 0 for all R-modules N of finite type.
(vi) Torf(M, R/a) =0 for all finitely generated ideals a C R.

Proof. The implication (i) = (ii) is a consequence of Remark 6 and the impli-
cations (ii) = (iii) = (iv) are trivial.

Next assume condition (iv). In order to derive (iii), consider an R-module
N of finite type, say with a set of generators of length s > 1. We show by
induction on s that Torf(M, N) = 0. If s = 1, there is an element 2 € N such
that N = Rx. Then the map

R— N, a— ax,

is surjective and its kernel yields an ideal @ C R such that N ~ R/a. We claim
that Torf(M, N) = Tor®(M, R/a) = 0.

If a is finitely generated, we know Torf(M, N) = 0 from (iv). Otherwise we
look at the long exact Tor sequence

... Tor®(M, R) — Tor®(M,R/a) — M ®gra — M @zr R=M — ....

Since R, as an R-module, is free, we have Tor?(]\/[, R) = 0 due to Remark 6,
thereby obtaining an isomorphism

Torf (M, R/a) —~ ker(M ®pa — M).
For every finitely generated ideal a’ C a the composition of canonical maps
M®Ra’—>M®Ra—>M

is injective, since we have Tor{f(M, R/a’) = 0 by (iv). Now if 2 = > m; ® a;
is an element of the kernel of M ®ga — M, let o' = (ay,...,a,) C R be the
ideal which is generated by the elements a;. Then
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,

/

S E m; @ a;,
i=1

makes sense as an element of M @pa’. Clearly, 2’ is a preimage of z and therefore
belongs to the kernel of M ®g o' —— M. But then we must have 2z’ = 0 and,
hence, z = 0. In other words, M ®gr a —— M is injective and we see that
Torf'(M, N) = Tori'(M, R/a) = 0, as claimed.

Now assume s > 1, say N = > 7 | Rz;. Then let N = Zf;ll Rz; and
consider the exact sequence

0 N’ N N” 0

where N” ~ N/N’ is generated by a single element, namely the residue
class of x,. By induction hypothesis we can assume Torf(M, N’) = 0 and
Torf(M, N") = 0 so that the long exact Tor sequence

J— TOY{%(M7N/) - Tor{%(M7N) — TOY{?(M“]V”) _— ..

shows Torf'(M, N) = 0, as desired.
To pass from condition (iii) to (i), let N’ —— N be an injective homomor-
phism of R-modules and look at the associated exact sequence

0 N’ N N" 0

where N” = N/N’. In order to see that M is flat, we must show that the
tensorized map M ®zr N' —— M ®pg N is injective. To do this, assume for a
moment that NV is finitely generated. Then N” is finitely generated as well and
we have Torj'(M, N") = 0 if condition (iii) is satisfied. Therefore the long Tor
sequence

. — Tory(M,N") — M @zg N' — M @zg N — M @z N" — 0
shows that the sequence
0— M@ N — M@z N — M Qg N" — 0

is exact. In particular, M ® g N’ —— M ®gr N is injective.

If N is not necessarily finitely generated, fix any element z = >""_, m; @ n;
belonging to the kernel of M ®g N' —— M ®g N. To prove z = 0, we may
replace N’ by the submodule generated by ni,...,n,. Furthermore, we know
from 4.2/8 that there is a finitely generated submodule N C N containing N’
such that the image of z is trivial in M ®x N. Thus z belongs to the kernel of
M @z N' —— M ®p N and it follows from the special case dealt with above
that z is trivial. Therefore M ® g N' —— M ®pz N is injective and, thus, M is
flat. |

It is easy now to verify the criterion 4.2/9 which we had mentioned without
giving a proof.
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Corollary 8. An R-module M s flat if and only if for every finitely generated
ideal a C R the canonical map a @ g M —— M 1is injective.

Proof. Assume first that M is a flat R-module. Then, of course, the canonical
map a ®r M M derived from the injection a —— R remains injective
for all ideals a C R. Conversely, assume this condition for all finitely generated
ideals a C R. Fixing such an ideal, look at the short exact sequence

0 a R R/a 0
and the associated long exact Tor sequence
Torf (M, R)
M

Torf (M, R/a)

a®pr M M/aM ———0.

We have Torf‘(M, R) = 0 by Remark 6, since R, as an R-module, is free. There-
fore, if a ®@p M — M is injective, we must have Torf'(M, R/a) = 0. However,
if the latter is satisfied for all finitely generated ideals a C R, Proposition 7 says
that M is flat. g

Proposition 9. For an R-module M" the following conditions are equivalent:
(i) M" is flat.
(ii) For every short exact sequence

0 M M M" 0

and every R-module N, the tensorized sequence
00— M@z N— M@ N— M"@p N — 0

is eract.

Proof. Let 0 M M M" 0 be a short exact sequence
and assume that M” is flat. Then Remark 6 yields Torf'(M"” N) = 0 for any
R-module N and the long exact Tor sequence

Torf(M" ,N) — M' @z N — M @z N — M" @p N — 0

shows that condition (i) implies (ii).
Conversely, assume condition (ii) and look at an exact sequence

0 M M M 0

where M is free. Then the sequence
00— M@ N—+ M@k N — M"@r N —0

is exact for arbitrary R-modules N. Since Torf (M, N) = 0 by Remark 6, as M
was assumed to be free, the long exact Tor sequence
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Tor®(M, N) — Tor}(M",N) — M' @z N — M @y N — M" @z N — 0
shows Torf'(M”, N) = 0 so that we get (i) using Proposition 7. O

Proposition 10. Let

0 M’ M M 0

be a short exact sequence of R-Modules where M" is flat. Then M’ is flat if and
only if M is flat.

Proof. Given an arbitrary R-module N, we can look at the following part of the
long exact Tor sequence

Torf(M", N) — Tor{(M’, N) — Tor{/(M, N) — Tor{'(M", N)

where Tor¥(M", N) = 0 = Torf'(M", N) by Remark 6, since M” is flat. There-
fore the sequence yields an isomorphism

Torf(M', N) —~~ Torf (M, N)

and we see from Proposition 7 that M’ is flat if and only if M is flat. (]

Exercises

1. For non-zero integers p,q € Z show that TorZ(Z/(p), Z/(q)) ~ Z/(gcd(p, q)).

2. Let M, N be modules over a principal ideal domain R.
(a) Show that Torf (M, N) =0 for n > 2.
(b) Determine Torf(R/(a), M) for any element a € R.
(¢) Determine Tor®(Q(R)/R, M) for the field of fractions Q(R) of R.

3. Let R be alocal ring with maximal ideal m and M an R-module of finite presen-
tation. Show that M is free if and only if Tor®(M, R/m) = 0.

4. The formation of Tor modules is compatible with flat coefficient extension: For a
flat ring morphism R — R’ and R-modules M, N show that there are canonical
isomorphisms of R'-modules Tor?(M, N)®r R/ —<~ Torff/(M ®@rR , N®grR),
n € N. In particular, for any prime ideal p C R, there are canonical isomorphisms
Tor®(M,N), 2~ Torf"(Mp,Np), neN.

5. Group homology: The group ring Z[G] of a group G is defined as the free
Z-module generated by the elements of G, i.e. Z[G] = @ e Z- g, with multipli-
cation given by (3 ccag-9) - (Xpegbn-h) =3, neg agbn - gh. Every Z-module
M can trivially be viewed as a Z[G]-module by setting g -z = z for all g € G
and x € M.

Given any Z[G]-module M, the nth homology group, n € N, of G with values
in M is defined by H,(G,M) = TorZlC] (Z,M). Compute H,(G, M) for a cyclic
group G.



5.3 Injective Resolutions 181

6. Bourbaki’s Criterion of flatness: Consider an R-module M and an ideal J C R.
Assume either that J is nilpotent in the sense that 3" = 0 for a certain expo-
nent r > 0, or that R is Noetherian and M ideally separated; the latter means
Mpeny I (a®r M) = 0 for every finitely generated ideal a C R. Show that the
following conditions are equivalent:

(a) M is a flat R-module.

(b) Torf!(M, N) = 0 for every R-module N satisfying IN = 0.
(¢c) M/3M is a flat R/J-module and Torf (M, R/3) = 0.

(d) M/3™"M is a flat R/3™-module for all n > 1.

Hint: See Bourbaki [6], III, §5.3.

5.3 Injective Resolutions

Let M and N be R-modules. Then we can look at the covariant additive functor

Hompg(M,-): R-Mod — R-Mod,
E +—— Homg(M, E),
(f: F E") (¢t fop, ¢ € Homg(M,E)),

which is easily seen to be left exact in the sense that it transforms exact se-

quences of type
0 E E E"

into exact sequences
0 — Homg(M, E') — Hompg(M, E) — Hompg(M, E").
On the other hand, Hom can be viewed as a functor in the first variable as well,

Homg(-, N): R-Mod — R-Mod,
E +—— Hompg(E,N),
(f: E E) (o1 ¢o f, ¢ € Homg(E,N)),

and we see that Hompg(-, N) is an additive, in this case contravariant functor,
which is left ezact in the sense that it transforms exact sequences of type

E E E" 0
into exact sequences
0 — Hompg(E",N) — Hompg(F, N) — Homg(E', N);

just use the Fundamental Theorem on Homomorphisms 1.4/6.
We already know from Section 5.1 that an R-module P is called projective
if for each surjective morphism of R-modules E —— E” the associated map
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Hompg(P, E) — Hompg(P, E") is surjective, a property which is characterized
by the following diagram:

P
E E" 0
Passing to the “dual” diagram
1
h
E FE 0

we obtain the notion of an injective R-module.

Definition 1. An R-module I is called injective if for every injective morphism
of R-modules E' —— E and a given morphism of R-modules E' — I, the
latter can always be extended to a morphism E —— I, in other words, if any
injection E' — E induces a surjection Homg(E,I) — Hompg(E',I).

Calling an additive functor ezact if it is left and right exact and, thus,
preserves short exact sequences, we see:

Remark 2. (i) An R-module P is projective if and only if the functor
Hompg(P, ") is ezact.
(ii) An R-module I is injective if and only if the functor Homg(+, I) is ezact.

Also note that an additive functor preserves general exact sequences as soon
as it preserves short exact ones. This is seen just as in the proof of 4.2/4.

Clearly, the zero module over any ring R is projective, as well as injective.
Also we know that any free module is projective. Just as any direct sum of
projective modules is projective, any cartesian product of injective modules is
injective; cf. Exercise 1 below. Any vector space over a field is projective, since
it is free. But it is injective as well, because any subspace of a vector space
admits a direct complement. Furthermore, one knows that Q is an injective
Z-module and that any Q-vector space is injective when viewed as a Z-module,
which is a little bit more laborious to prove; see Proposition 5 below. There
are further examples of injective modules; we will explain some of the possible
constructions in a moment.

For additive covariant functors, their left derived functors were defined using
projective homological resolutions. For contravariant functors we need to dualize
this concept. A cohomological resolution of a given R-module M is an exact
sequence of type



5.3 Injective Resolutions 183

0 ML e M M?

ey

which we interpret, similarly as for homological resolutions, as a complex ho-
momorphism

M 0 M 0 0
bl
M 0 M° M* M?

which induces an isomorphism on the level of cohomology modules. The reso-
lution is called injective if all modules M™ are injective.

Every R-module admits a projective homological resolution (see 5.1/8),
which is easy to prove. However, the analogue for injective cohomological reso-
lutions is much more demanding and we will spend the remainder of the present
section to establish this result.

Proposition 3. Every R-module M admits an injective cohomological resolu-
tion M —— M*.

Lemma 4. For every R-module M, there exists an injection M —— I into an
injective R-module I.

The proof of Proposition 3 is an easy consequence of the assertion of the
lemma. Indeed, start with an injection M ——— M of M into an injective
R-module M°. Then choose an injection M°/M —— M" into an injective
R-module M" so that we get the exact sequence

0 M M° M.

Embedding the cokernel of the map M® —— M into an injective R-module
M? and continuing this way, we obtain step by step an injective cohomological
resolution of M. g

To carry out the proof of Lemma 4, we need some preparations.

Proposition 5. For an R-module I the following conditions are equivalent:
(1) I is injective.
(i) Given an ideal a C R, every R-linear map a —— I extends to an
R-linear map R — I.
Moreover, if R is a principal ideal domain, conditions (i) and (ii) are equiv-
alent to
(iil) I is divisible in the sense that for a € R—{0} and x € I there is always
an element ¢’ € I such that © = az’.

Proof. The assertion (i) = (ii) is trivial; just apply the defining property of
injective modules to the injection a —— R.
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Conversely, assume (ii) and consider an injection of R-modules M’ —— M
as well as an R-linear map f': M’ —— I. In order to extend f’ to M, look at
the set of all pairs (M, f) where M C M is a submodule containing M’ and
where f : M — I is an R-linear extension of f’. Applying Zorn’s Lemma, this
set contains a maximal element (M, f) and we claim that M = M. To justify
this we proceed indirectly and assume there is an element y € M — M. Then
consider the set

a={reR;rye M},

which apparently is an ideal in R satisfying
M N Ry = ay.
Now, using (ii), the R-linear map
a— I, r— f(ry),

admits an extension §: R — I. Writing z = §(1), we have f(ry) = §(r) = rx
for all r € a. In particular, if there is some r € R such that ry = 0, then r € a
because 0 € M and, thus, rz = 0. Therefore we see that

g: Ry — 1, rYy — 12,

is a well-defined R-linear map coinciding with f on M N Ry = ay.
From this we conclude that f: M —— I can be extended to an R-linear
map
f: M+ Ry —1, z+ry — f(2) + g(ry).

Indeed, f is well-defined, since z,2" € M and r,7’ € R with z+ry = 2/ +r'y
imply z — 2’ = (*' — r)y € M N Ry and, thus,

(f(2)+9(ry)) = (F(Z) +9(r'y) = F(z = 2') —g((' = r)y) = 0.

However, M C M + Ry contradicts the maximality of (M, f). Hence, we must
have M = M and f: M — I is an extension of f': M’ — I. It follows that
I is injective.

Finally, if R is a principal ideal domain, let us show that conditions (ii) and
(ili) are equivalent. Indeed, for elements a € R — {0} and x € I consider the
R-linear map

f'i(a) — 1, ra— r;

the latter is well-defined, since R is an integral domain. If condition (ii) is given,
f admits an R-linear extension f: R —— I and the image f(1) of the unit
element in R yields an element 2’ € I satisfying x = ax’. Conversely, consider
an ideal a C R, say a = (a), and look at an R-linear map f': (a) —— I; the
latter is of type ra —— rx for r € R and some =z € I. To extend f’ to an
R-linear map R —— I, we may assume a # 0. Then, if I is divisible in the
sense of (iii), there is an element 2’ € I such that x = az’ and the R-linear map
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f:R—1, r— 1z,

extends f’. This shows that condition (ii) is satisfied. O

As an application, we repeat that Q, as a divisible Z-module, is injective in
contrast to Z, which is not divisible. Moreover, we can immediately conclude
from Proposition 5:

Corollary 6. As a divisible Z-module, Q/Z is injective. Likewise, Z-modules of
type (Q/Z)X are injective for arbitrary index sets X.

Corollary 7. Every Z-module M can be embedded into an injective Z-module.

Proof. We may assume M = 0, since the zero module is injective itself. Then,
for any y € M — {0}, consider the submodule Zy C M and choose a Z-linear
map
Zy — Q/Z, 2y — zu,

where u € Q/Z is the residue class of L if Zy ~ Z/nZ with n > 0 and where
u # 0 can be chosen arbitrarily if Zy ~ Z. Then extend Zy —— Q/Z to a
Z-module homomorphism ¢,: M —— Q/Z using the injectivity of Q/Z and
look at the Z-linear map

M— ] @z 2 (py(2))yer—o}
yeM—{0}
which is injective by its construction. (|
In particular, the assertion of Lemma 4 is now already clear for Z-modules
and it remains to generalize our argument to the case of arbitrary rings R in
place of Z. In the following, let M be a module over a ring R and let G be

an abelian group, which we will view as a Z-module. Then Homg (M, G) is an
R-module if we define the product ap for a € R and ¢ € Homgz(M,G) by

(ap)(y) = p(ay) where y € M.

Lemma 8. The canonical map
@: Homp (M, Homz(R,G)) — Homy (M, G)
o (y— (¢(¥)(1)),
is an isomorphism of abelian groups.

Proof. By its definition, @ is additive. To exhibit an inverse of @, look at the
additive map

V: Homgz(M,G) — Hompg(M,Homgz(R, G)),
U (y = (a = ¥(ay))).
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The composition ¥ o @ is given by

o (y — (p(y))(1))

— (y — (a — (p(ay))(1)) = ¢,

because we have (¢(ay))(1) = (ap(y))(1) = ¢(y)(a - 1). Since the composition
@ o V¥ is given by

b (y — (a — ¥(ay)))
e (g — () = o,

we see that @ and ¥ are mutually inverse to each other. O

Lemma 9. Let G be an abelian group which in terms of Z-modules is injective.
Then E = Homgy(R,G) is an injective R-module.

Proof. Let M' —— M be an injection of R-modules and f: M’ —— E an
R-linear map. Then, by the above lemma, f corresponds to a Z-linear map
/s M' — G. Using the injectivity of G, the latter extends to a Z-linear map
f'* M —— G which, again by the lemma, corresponds to an R-linear map
f: M —— E. Since f’ is an extension of f/, we see that f is an extension of f
and it follows that E is injective. O

Now we can easily finish the proof of Lemma 4. Let M be an R-module. As
in the proof of Corollary 7, we choose a non-trivial Z-linear map Zy — Q/Z
for each y € M — {0} and extend it to a Z-linear map M —— Q/Z, using
Corollary 6. Furthermore, applying Lemma 8 to these maps yields R-linear
maps ¢,: M —— Homg(R,Q/Z) that satisfy ¢,(y) # 0 for all y € M — {0}.
But then

M — H Homgz(R,Q/Z), y = (py(¥))yer—{o}:

yeM—{0}

is an injective R-linear map into an injective R-module. Indeed, the factors
Homgz(R,Q/Z) on the right-hand side are all injective, due to Lemma 9, since
Q/Z as a Z-module is injective. ([

Exercises

1. Show that any cartesian product of injective R-modules is injective.

2. For a Noetherian ring R show that any direct sum of injective R-modules is
injective. Is this true as well without the Noetherian hypothesis?

3. Let M be an R-module. Show that every injective submodule of M is a direct
summand of M.
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4. Let M, N be Z-modules where M is injective and NN is a torsion module in the
sense that for every € N there is an integer n € Z — {0} satisfying nz = 0.
Show that M ®7z N = 0.

5. Consider the so-called p-quasi-cyclic group Z(p™) = Z[p~']/Z for a prime num-
ber p. Show that it is divisible and, hence, injective as a Z-module.

6. Let M be a flat and N an injective R-module. Show that Hompg (M, N) is an
injective R-module.

5.4 The Ext Modules

In the following we want to introduce Ext functors as right derived functors of
the Hom functor. To do this, let M, N be two R-modules. Choosing a projective
homological resolution M, — M of M, we can apply the functor Hompg(-, N)
to it. Since the functor is contravariant and additive, it transforms M, into a
cochain complex

Hompg(M,,N): 00— Hompg(My, N) — Hompg(M;, N) — ...
and we can define
Exth (M, N) = H"(Homg(M,, N)), n €N,

as the nth Ext module associated to M and N. Of course, we have to check
that Ext, (M, N) is well-defined. Proceeding as in the proof of 5.1/10, consider
a second projective homological resolution M, — M of M. Then we conclude
from 5.1/9 that the chain complexes M, and M are homotopy equivalent.
As an additive functor, Homg(-, N) transfers this equivalence into a homotopy
equivalence between Hompg(M,, N) and Hompg(M., N). Indeed, as the latter
complexes are cochain complexes, we adapt the definition of a homotopy, known
from 5.1/3 for chain complexes, to our situation as follows:

Definition 1. Let f,g: C* —— D* be homomorphisms of cochain complexes.
A homotopy between f and g is a module homomorphism C* —— D* of degree
—1, in other words, a system of R-module homomorphisms h": C" — DL,
such that the maps of the diagram

d

Cn—l Cm Cn+1
pn—1 e Bl pn—2
f—g f—g
Dn—l D" DTH—I

satisfy the relation f—g = hod+doh. Just as in the setting of chain complezes,
f and g will be called homotopic in this case.

Notice that the above diagram coincides with the one given in 5.1/3, except
for the fact that in chain complexes passing through arrows of boundary maps
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decreases module indices whereas the contrary is the case in cochain complexes.
In any case, we thereby see that the Ext modules are well-defined. In particular,
we have

Ext%(M, N) = Homg(M, N),

since Hompg(-, N) is left exact.
Alternatively, we can take an injective cohomological resolution N —— N*
of N and consider the cohomology modules

Ext' (M, N) = H"(Homg(M, N*)), neN.

Also in this case, we must check that these modules are well-defined. This can
be done similarly as for projective homological resolutions. First we need to
prove an analogue of 5.1/9 for homomorphisms of cochain complexes show-
ing that two injective cohomological resolutions N N* and N N™
of N are homotopy equivalent; this is achieved by “dualizing” the arguments
used in the proof of 5.1/9. Then we use the fact that the covariant additive
functor Hompg(M, -) transfers such an equivalence into a homotopy equivalence
between Homp (M, N*) and Hompg (M, N™*). Thus, indeed, the cohomology mod-
ules Ext’ (M, N) are well-defined.

In a next step we can compare the modules Ext},(M, N) and Ext' % (M, N).
To do this, we set up the double complex induced from M, —— M and
N —— N* as follows:

0 Hompg(M,, N°) — Hompg(Msy, N*) — Hompg(My, N?) —— ...
d/

0 Hompg(M;, N°) < Hompg(M;, N') — Homp(M;, N?) —— ...

0 Hompg(My, N°) — Homp(My, N*) — Hompg(My, N?) —— ...

The associated single complex Hompg(M,, N*) is given by

(Homp (M., N*)), = € Homp(M,, N%),  neN,
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together with boundary maps d” = d’ + d” where d” differs from d” by the sign
(—1)? on the row with index p. Then we see:

Proposition 2. The canonical complexr homomorphisms
Hompg(M,, N) — Hompg(M., N*) ~— Hompg(M, N¥)
induce isomorphisms
H"(Hompg(M,, N)) —= H"(Hompg(M,, N*)) <=~ H"(Homg(M,N™))

for all n € N. In particular, Extly(M, N) can be defined by any of these coho-
mology modules.

The proof is done in analogy to the proof of 5.2/3, by “dualizing” arguments.
|

Remark 3. Let M, N be R-modules. Then:
(i) Ext%(M, N) = Homg(M, N).
(i) Exth(M,N) =0 for n >0 if M is projective or N is injective.

Proof. The first assertion has already been mentioned; it follows from the left
exactness of the Hom functor. To verify the second one, we just note that M,
given by 0 —— M —— 0 yields a projective resolution M, M if M is
projective and that, likewise, N* given by 0 —— N —— 0 yields an injective
resolution N —— N* if N is injective. Then, applying Proposition 2, we are
done. ]

Next, let us discuss the so-called long exact Ext sequences.

Proposition 4 (Long exact Ext sequences). Let M, N be R-modules. Then
every short exact sequence of R-modules

0 M’ M M 0

induces a long exact Ext sequence

0 Hompg(M”, N) Hompg(M, N) —— Hompg(M', N)
% . Bxth(M",N) —— ExtL(M,N) ——

and every short exact sequence of R-modules

0 N’ N N” 0
a long exact Ext sequence
0 —— Hompg(M, N') —— Hompg(M, N) —— Hompg(M, N")
% . BxtL(M,N') —— ExtL(M,N) ——
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Proof. The first Ext sequence can be constructed as explained in the proof of
5.1/12, by setting up suitable projective resolutions for M’ M, M", applying the
functor Hompg(-, N), and using 5.1/1. For the second Ext sequence we proceed
in a similar way, replacing projective by injective resolutions and “dualizing”
the arguments given in the proof of 5.1/12. |

There are two essentially different long exact Ext sequences. This corre-
sponds to the fact that Ext can be viewed as a contravariant functor in the first
and as a covariant functor in the second variable of the Hom functor. In prin-
ciple, a similar situation is faced when dealing with tensor products. However,
in contrast to Hom, the tensor product functor is covariant in both variables
and, furthermore, is symmetric in the sense that the functors - @z F and F ®pg -
are canonically equivalent for any R-module E. This is why the long exact Tor
sequences, as mentioned in 5.2/2 and 5.2/5, are essentially the same.

Corollary 5. For an R-module P the following conditions are equivalent:
(i) P is projective.
(ii) ExtR(P,N) =0 for n >0 and all R-modules N.
(iii) Exty(P, N) =0 for all R-modules N.

Proof. The implication (i) = (ii) follows from Remark 3 whereas (ii) = (iii)
is trivial.
To verify (iii) = (i), consider an exact sequence of R-modules

0 N’ N N” 0,
as well as the associated long exact Ext sequence
0 —— Hompg(P, N') —— Hompg (P, N) —— Hompg(P, N")
% . ExtY(P,N') —— ExtL(P,N) ——

Then, using (iii), the functor Hompg(P, ) is exact and we see that P is projective
according to 5.3/2 (i). O

Corollary 6. For an R-module I the following conditions are equivalent:
(1) I is injective.
(i) Exth(M,I)=0 for n >0 and all R-modules M.
(iil) Extp(M, 1) =0 for all R-modules M.

Proof. We use the same arguments as in the proof of Corollary 5, although
from the “dual” point of view. Again, the implication (i) = (ii) follows from
Remark 3 and (ii) = (iii) is trivial.

To verify (iii) = (i) consider an exact sequence of R-modules

0 M M M 0

and the associated long exact Ext sequence
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0 —— Homp(M",I) — Hompg(M,I) —— Homp(M’,I)
% ExtL(M", ) —— Exth(M,I) ——

Using (iii), we see that the functor Hompg(+, I) is exact. Therefore I is injective,

due to 5.3/2 (ii). O
Exercises
1. Show
Exth (@D Mi, N) ~ [ Extip(Mi, ), Extip(M, ][] N;) ~ [ ] Extz(M, N;)
el el jeJ jeJ

for R-modules M, M; and N, N;.

2. Let M, N be modules over a principal ideal domain R.
(a) Show that Ext% (M, N) =0 for n > 2.
(b) Determine Ext%(R/(a), M) for any element a € R.

3. Let M, N be R-modules. Show:
(a) If ExtL(M, N) = 0 for all R-modules M, then N is injective.
(b) If Exth(M, N) = 0 for all R-modules N, then M is projective.

4. Let M, N be R-modules where R is Noetherian and M is of finite type. Show
for any multiplicative subset S C R that there are canonical isomorphisms
Exth(M, N)s ~ Exth (Mg, Ns), n € N. Hint: Use Exercise 4.3/9.

5. Group cohomology: Let G be a group and M a Z[G]-module (see Exercise 5.2/5).
For n € N the nth cohomology group of G with values in M is defined by
H"(G,M) = Ext ¢ (z,M). Compute H"(G, Z) for a cyclic group G.

6. Ext and extensions of modules: Let M, N be R-modules. An extension of M
by N is an exact sequence of R-modules 0 N E M 0,
simply denoted by E. Two such extensions E, E’ are called isomorphic if there is
a commutative diagram

0 N E M 0
0 N E M 0

where F —— F’ is necessarily an isomorphism. Let Ext(M, N) be the set of
isomorphism classes of such extensions.
Show that there is a bijection Ext(M,N) —~» Exth(M, N) as follows. Choose

L

any exact sequence 0 K P M 0 with P being projective
(or free). Then there is a commutative diagram of type

L

0 K P M 0

1o

0 N E M 0
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where o exists by the projectivity of P and 7 is induced from o. Now look at
the long exact Ext sequence associated to the upper row and the module N. It
contains a morphism of R-modules Hom(K, N) — Exth(M, N); the latter is
surjective as Ext}z(P, N) = 0, due to the projectivity of P. Show that associating
to £ € Ext(M,N) the image of 7 € Hom(K, N) in ExthL(M, N) yields a well-
defined map Ext(M, N) — Exth(M,N).

Conversely, starting with an element ¢ € Ext}a(M ,N), choose a preimage
7 € Hom(K, N) with respect to Hom(K, N) —— Exth(M,N) and let E be
the “amalgamated sum” of P and N over K, namely the quotient (P & N)/K,
where K is the image of the mapping K — P & N, z —— «(x) — 7(z). Then
we get a commutative diagram

0 K P M 0

(.

0——=N— (P®N)/K — M —— 0

where the lower row usually is referred to as the push-out under 7 of the upper
one. In any case, show that associating to € € Ext}%(]\/[ , N) the lower row yields
a well-defined map Exth(M, N) — Ext(M, N).

Show that both maps above are mutually inverse to each other and, thus, define
a bijection Ext(M,N) —2 Exth(M,N). Does this bijection depend on the
choice of the exact sequence 0 — K —— P —— M —— 07

Give a construction on the level of extensions of M by N that corresponds to the
addition of elements in Exth(M, N).
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The first step in scheme theory is to explain the construction of affine schemes,
namely schemes of type Spec A for a ring A. Such schemes serve as the local
parts from which more general global schemes are obtained via a gluing process.
As we have pointed out already in the introductory section above, Spec A is a
ringed space, i.e. a topological space with a sheaf of rings on it. Let us first
discuss Spec A as a topological space. The underlying point set consists of the
prime spectrum of A, the set of all prime ideals in A. Furthermore, a subset
Y C Spec A is said to be closed if there exists an ideal a C A such that

Y =V(a):={p € SpecA; a Cp},

and open if its complement is closed in Spec A. We will show in 6.1/1 and 6.1/2
that the open (resp. closed) subsets really define a topology on Spec A, namely
the so-called Zariski topology. For example, taking A = Z, every prime ideal
p # 0 in Z is maximal and therefore gives rise to a closed subset {p} C SpecZ.
More generally, a subset Y C SpecZ is closed if and only if it equals SpecZ or
consists of (at most) finitely many closed points. Hence, we can conclude that
the intersection U N U’ of two non-empty open subsets in Spec Z will never be
empty. This shows that the Zariski topology on a prime spectrum Spec A does
not satisfy the Hausdorff separation axiom, except for some more or less trivial
cases. However, it is easily seen that Spec A is a Kolmogorov space: given two
different points x,y € Spec A, at least one of them admits an open neighborhood
not containing the other; see 6.1/8.

The topology of such a Kolmogorov space X = Spec A can be quite patho-
logical. To mention a particular phenomenon that will occur, consider an open
subset U C X and a closed point & € U in the sense that {z} C U is a closed
subset with respect to the topology induced from X on U. So = could be called
a locally closed point of X. If X would satisfy the Hausdorff separation axiom,
such a point would automatically be closed in X, since all points of a Hausdorff
space are closed. However, in our case where X is just a Kolmogorov space it
can happen, indeed, that x is not closed in X. For example, consider a discrete
valuation ring in the sense of 9.3/3 such as the ring A = Z,, the localization of
Z at a non-zero prime ideal p C Z. Then X = SpecZ, contains just two points,
namely the generic point n given by the zero ideal 0 C Z, and the special point
s given by the maximal ideal pZ, C Z,. Since s is closed in X, we see that
U = {n} will be open in X. Furthermore, n € U is closed in U, but clearly not
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closed in X, since the closure of {5} is all of X. However, such a phenomenon
cannot happen if A is of finite type over a field, i.e. a quotient by some ideal of
a polynomial ring in finitely many variables over a field; see 8.3/6.

Returning to the case of a general ring A, consider an ideal a C A generated
by a family (f;)ics of elements in A. Then the associated Zariski closed subset
V(a) C Spec A satisfies V(a) = (,c; V(fi). In particular, passing to comple-
ments in Spec A, we see that any open subset in Spec A is a union of sets of
type D(f) = Spec A — V(f) for f € A. Therefore the latter sets form a basis of
the Zariski topology on Spec A and are referred to as the basic open subsets in
Spec A.

Now fix an element f € A and let Ay be the localization of A by the
multiplicative system that is generated by f. Then we know from 1.2/6 that
the canonical morphism A —— A, gives rise to a bijection

Spec Ay —=~ D(f) C Spec A4, qg——qnA.

Furthermore, it is not hard to see that this bijection is, in fact, a homeomorphism
with respect to Zariski topologies when the open set D(f) is equipped with the
restriction of the Zariski topology on Spec A; see 6.2/8. In particular, D(f)
can canonically be identified with Spec A; and this fundamental fact makes it
possible to interpret Ay as the ring of “functions” on D(f), just as A is the ring
of “functions” on Spec A. The canonical morphism A —— A; from A into its
localization Ay plays the role of a restriction morphism, restricting functions on
Spec A to D(f). More generally, using the universal property of localizations,
any inclusion D(g) C D(f) gives rise to a well-defined restriction morphism
Ay — A, since the restriction of f € A to D(g) is seen to be invertible.

Proceeding like this, a little bit of care is necessary, since a basic open set
D(f) does not determine its defining element f uniquely. For example, we would
have D(f) = D(ef™) for any unit e € A and any exponent n > 0. However,
on the level of localizations, the problem does not persist any more. Indeed, if
D(f) = D(f"), we will see in 6.3, example (4), that the localizations A; and
Ay are canonically isomorphic. Furthermore, we show that functions on Spec A
can be defined locally with respect to any open covering of Spec A by basic
open subsets D(f;) C Spec A, i € I. More precisely, given elements h; € Ay, on
D(f;) that coincide on all overlaps D(f;) N D(f;) = D(fif;), there is a unique
element h € A restricting to h; on D(f;) for all ¢ € I. In other words, the
functor D(f) —— A satisfies the properties of a sheaf. All this is dealt with in
Section 6.6, where we extend the functor D(f) — Ay to a sheaf with respect
to the Zariski topology on Spec A, its so-called structure sheaf, and thereby
construct Spec A as a ringed space, called the affine scheme associated to A.
For the convenience of the reader, the necessary technical tools such as inductive
and projective limits as well as the technique of sheafification are included in 6.4
and 6.5. Needless to say, the notion of affine schemes allows a straightforward
globalization: a scheme is a ringed space such that each of its points admits an
open neighborhood looking like an affine scheme.
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Finally, the notion of a morphism of schemes needs some special atten-
tion. Roughly speaking, one admits only those morphisms of ringed spaces
@: X —— Y such that the inherent pull-back of functions from Y to X takes
a local function vanishing at a point ¢(z) € Y to a local function vanishing at
x € X; see 6.6/8 and 6.6/11. Proceeding like this, we show in 6.6/9 that the
set of morphisms Spec A —— Spec B between two affine schemes corresponds
bijectively to the set of ring morphisms B —— A, a result that is quite essential
from the viewpoint of solutions of polynomial equations, as we have explained
in the introductory section above.

There is some additional material in the present chapter. Namely, we gen-
eralize the construction of the structure sheaf on affine schemes Spec A to
A-modules replacing the ring A, thereby arriving at the notion of quasi-coherent
modules on schemes. Furthermore, the basics of direct and inverse images of
module sheaves are explained in 6.9, including the result 6.9/9 on the quasi-
coherence of direct images.

6.1 The Spectrum of a Ring

Let A be a ring; as before, all rings are assumed to be commutative and to admit
a unit element 1. In Section 1.1 we have already considered the set Spec A of
all prime ideals in A; the latter is called the spectrum or, in more precise terms,
the prime spectrum of A. For the purposes of geometry, the spectrum of a ring
is viewed as a point set and, to underline this point of view, notations like
2 € Spec A are used for the elements of spectra. However, in situations where it
is more advisable to imagine such points as prime ideals and, thereby, as subsets
in A, it is common practice to use an ideal-like notation such as p, instead of
x. Thus, given any point x € Spec A, we will use p, as a second notation, when
we would like to go back to the original meaning of x being an ideal in A.

For any x € Spec A, the localization A, = A, is a local ring with maximal
ideal m, = p,A,; see 1.2/7. Tt is called the local ring of A at x. Furthermore,
the field of fractions k(x) = Q(A/p.), which coincides with A,/m, (see Ex-
ercise 1.2/5), is called the residue field of A at x; it is related to A via the
canonical maps A — A/p, — k(x).

Recall that the elements of A can be interpreted as functions on the spec-
trum Spec A. Just define f(z) for f € A and x € Spec A as the residue class of
fin A/p, C k(x). Thereby every f € A determines a map

Spec A — H Afp. C H k(x),

zE€Spec A zESpec A

where f(x) = 0, for some x € Spec A, is equivalent to f € p, and, likewise,
f(x) #£0to f & p,. Since p, is a prime ideal, an equation (fg)(x) = 0 for two
functions f, g € A and a point = € Spec A is equivalent to f(z) = 0 or g(z) = 0.

Next consider a subset E C A and the associated ideal a = (E) C A
generated by E in A. Then
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rad(F) =rad(a) = {f € A; f* € a for some n € N}
is called the nilradical of a or E; cf. 1.3/5. Moreover we set

V(E) ={z € SpecA; f(x)=0forall f € E}
={x e SpecA; ECp,}

and call this the zero set of F; it is also referred to as the variety of E, which
explains the usage of the letter V. For f € A we will apply the notations

V(f) = {x € Spec A; f(z) = 0},
D(f) = Spec A= V(f) = {x € Spec A; f(x) # 0}

for the zero set of f and its complement in Spec A. The latter is also known as
the domain of f, which explains the usage of the letter D. If we want to keep
track of the ambient spectrum X = Spec A, we write more specifically Dx(f)
instead of D(f).

Proposition 1. Consider subsets E, E', and a family of subsets (Ex)xea of a
ring A. Then:
i) V(0) = Spec A, V(1) =0.

)

) V(Unea £x) = V2 aealEX) = Myea V(EN).

) V(EE") =V(E)UV(E') where EE' = {ff"; f € E, f' € E'}.
)

Proof. Assertions (i) and (ii) are more or less obvious. Next, the set V({4 Ex)
in (iii) consists of all points € Spec A where (J,., Ex C p,, hence, where
E\ Cp, for all A € A, and therefore coincides with (,., V/(Ex). Since [y, Ex
is contained in p, for some x € Spec A if and only if the ideal ), ,(E»)
generated by (J,., £ is contained in p,, we see that, in addition, V({J,c, Er)
coincides with V(D¢ 4(Ey)).

Turning to assertion (iv), look at a point z € Spec A such that € V(E)
and = € V(E'). Then we have £ ¢ p, and E' ¢ p,, and there are elements
f € Eand f' € E' such that f, f' & p,. But then ff’ & p, since p, is a prime
ideal, and therefore x & V(EFE’) so that V(FEE') C V(E)UV(E’). To show the
reverse inclusion, look at a point & € V(E), hence, satisfying F C p,. Then,
clearly, EE’ C p, and therefore z € V(EE"). This proves V(E) C V(EE’) and,
likewise, V(E') C V(EE").

Finally, assertion (v) is easy to verify. Indeed, £ C p, is equivalent to
rad(E) C p,, due to the fact that p, is a prime ideal. O

Corollary 2. Let A be a ring and X = Spec A its spectrum. There exists a

unique topology on X, the so-called Zariski topology, whose closed sets consist

precisely of the subsets of type V(E) C X for some subset E C A.
Furthermore:
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(i) The sets of type D(f) for f € A are open and satisfy the intersection
relation D(f)ND(f")=D(ff") for f,f € A.

(ii) Every open subset of X is a union of sets of type D(f). In particular,
the latter form a basis of the Zariski topology on X (which is the reason why
the sets of type D(f) are referred to as the basic open subsets of X).

Before giving some indications on the proof of the corollary, let us recall the
definition of a topology.

Definition 3. Let X be a set. A topology on X consists of a set T of subsets
in X such that:
i) 0, X eT.
(ii) If (Ux)rea is a family of elements in T, then |J,c, Ux € T.
(iii) If (Ux)rea is a finite family of elements in T, then (o, Ux € T

In the situation of the definition, the elements of T are called the open
subsets of X. Furthermore, a subset V' C X is called closed if its complement
X — V is open. Thus, passing to the complements of open sets, a topology can
alternatively be characterized by the properties of its closed subsets. Doing so,
one has to consider a set 7" of subsets of X such that:

(i) X,0eT.
(ii") If (Va)aea is a family of elements in T", then (o, Va € T".
(iii") If (Vi)rea is a finite family of elements in T", then | o, Va € T".

After these explanations, the proof of Corollary 2 can be achieved quite
easily. The assertions (i), (iii), and (iv) of Proposition 1 yield the characterizing
properties for the closed sets of a topology, assuming that we generalize (iv)
by induction to finite unions of sets of type V(E). The sets of type D(f) for
functions f € A, being complements of the sets of type V(f), are open and
satisfy the claimed intersection property due to Proposition 1 (iv). Finally, an
arbitrary open subset U C X = Spec A is the complement of a closed set of
type V(E) for a subset £ C A. Therefore

V(E)= V()

fer

and, hence,

U=J Do,

fer

which says that every open subset in X is a union of subsets of type D(f). O

Let us consider some examples. The zero ring 0 does not contain any prime
ideal. Therefore its spectrum is empty.

Next, let A be a principal ideal domain, for example A = Z or A = K[t]
where K is a field and t a variable. Then the spectrum X = Spec A consists of
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the zero ideal 0 C A and of all principal ideals (p) C A that are generated by
prime elements p € A. Furthermore, the closed subsets of X are of type V(a),
for elements a € A. In particular, V(a) = X for a = 0 and V(a) = 0 if a is a unit
in A. In all other cases a admits a non-trivial prime factorization a = epy* ... p¥
with pairwise coprime prime factors p;, exponents v; > 0, and a unit ¢ € A*.
A prime ideal (p) C A belongs to V(a) if and ounly if (a) C (p), i.e. if and
only if the prime element p divides a. However, the latter can only be the case
if p is associated to one of the prime factors py,...,p,. In particular, all prime
ideals which are generated by prime elements or, equivalently, all non-zero prime
ideals, give rise to closed points in X = Spec A. Furthermore, the consideration
shows that a subset V' C Spec A is closed if and only if it coincides with X or (),
or if it consists of finitely many closed points, the latter corresponding to prime
elements in A. Therefore the zero ideal 0 C A yields a dense point in X, in the
sense that its closure m coincides with X. In particular, if A is not a field and,
hence, X # {0}, the point 0 € X cannot be closed.

Switching to complements, we obtain § and X as open sets in X, as well as
the sets of type X —{zy, ..., x,}, for finitely many closed points 1, ..., z, € X.
Thus, any non-empty open subset of X will contain the point given by the zero
ideal 0 C A, and we thereby see that the Zariski topology on X = Spec A
cannot satisfy the Hausdorff separation axiom, unless A is a field.

Now let us work again with the spectrum X = Spec A of an arbitrary ring
A. So far we have looked at zero sets in X of type V(E) for a subset £ C A, or
V(a) for an ideal a C A. We want to introduce another construction which, in
a certain sense, is an inverse of the mapping V'(+). Doing so, we associate to a
subset Y C X the ideal

IYV)={f€A; fly)=0forallyeY}={p,

yeY

of all functions in A vanishing on Y’; notice that f € p, is equivalent to f(y) =0
and that this implies I({y}) = p, for all y € X.

Remark 4. Let A be a ring.
(i) Let Y CY' C Spec A be subsets. Then I(Y) D I(Y").
(i) I(Usea Ya) = Niea L(Ya) for any family (Yx)rea of subsets in Spec A.

Proof. The assertions follow immediately from the definition of the mapping
I(). |

Proposition 5. Let A be a ring.

(i) I(V(E)) =rad(E) for any subset E C A. In particular, I(V(a)) = a for
ideals a C A satisfying a = rad(a).

(i) Let Y C Spec A be a subset. Then V(I(Y)) coincides with the closure
Y of Y with respect to the Zariski topology on Spec A. In particular, we have
Y =V(I(Y)) for closed subsets Y C A.
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Proof. In the situation of (i), let a be the ideal generated by E. Then

IVE)= () ps= [) p= (] »

yeV(E) pESpec A pESpec A
ECp acp

and, furthermore,

ﬂ p =rad(a) = rad(E)
peESpec A
aCp

by 1.3/6.

To justify (ii), observe first that Y C V(I(Y")), since the ideal I(Y") of all
functions vanishing on Y admits a zero set which must contain Y. In particular,
the closure Y of Y in Spec A will satisfy Y C V(I(Y)), since Y is defined as the
smallest closed subset in Spec A containing Y, i.e. as the intersection of all sets
of type V(E) C Spec A such that Y C V(E). To show Y = V(I(Y)) it remains
to check that Y C V(E) implies V(I(Y)) C V(E). Indeed, from Y C V(E) we
conclude f(y) = 0 for all y € Y and all f € E and, hence, E C I(Y). Then
Proposition 1 (ii) yields V(I(Y)) C V(E), as desired. O

Corollary 6. Let A be a ring and X = Spec A its spectrum.

(i) For x € X we have {x} = V(p,.). Therefore the closure of a point x € X
consists of all points y € X such that p, C p,,.

(ii) A point x € X is closed in X if and only if the ideal p, is mazimal in
A.

Corollary 7. Let A be a ring and X = Spec A its spectrum. Then the mappings

closed ! ideals a C A
subsets in X % satisfying a = rad(a) [’
Vo I(Y),
V(ia) ~— q,

are inclusion-reversing, bijective, and mutually inverse to each other. Further-

7 1<U YA) =N IM), 1(ﬂ Y,\) - rad(z [(YA))
AeA AeA AeA AeA

for a family (Y))xea of subsets in X, where for the second equation the subsets
Y, are required to be closed in X.

Proof. In view of Proposition 5, all assertions can easily be derived, except
possibly for the second equation, which we will justify in more detail. Since
Y, = V(I(Y))) by Proposition 5 (ii), we get from Proposition 1 (iii)

Ny=v(>10m)

AeA AeA
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and therefore

1(ﬂ YA) - rad(z I(YA))

AeA xeA
by Proposition 5 (i). O

The Zariski topology on the spectrum Spec A of a ring A does not necessarily
satisfy the Hausdorff separation axiom, as we have seen above by looking at
principal domains A. However, a weaker version of this axiom holds.

Remark 8. The Zariski topology on X = Spec A yields a Kolmogorov space,
i.e. a topological space satisfying the following separation axiom:

Given two different points x,y € X, there exists an open neighborhood U of
x such that y € U or an open neighborhood U’ of y such that x & U'.

Proof. Note that z and y being different means p, # p,, and this is equivalent
to py & py or p, ¢ p,. In the first case we have y & V(p,) = {z}. Then X — {z}
is an open neighborhood of y which does not contain . O

We have already seen in Corollary 2 that the subsets of type D(f) C X
for elements f € A form a basis of the Zariski topology on X. Furthermore,
the equation D(f)ND(f") = D(f ") shows that this class is closed under finite
intersection. Of course, a function f € A is not uniquely determined by the
subset D(f) C X it defines, except for some rare cases. But we know from
Proposition 5 that V(f) = V(f’) is equivalent to rad(f) = rad(f’). Thereby we
see:

Remark 9. The following conditions are equivalent for functions f, f' € A:
(i) D(f) = D(f").
(i) rad(f) = rad(f’).

Proposition 10. Let A be a ring and X = Spec A its spectrum. Then, for
any g € A, the associated subset D(g) C X is quasi-compact. In particular,
X = D(1) is quasi-compact.

Proof. We will see later in 6.2/8 that D(g) with its topology induced from X is
canonically homeomorphic to Spec 4,4, the spectrum of the localization of A by
g. Therefore it would be enough to restrict ourselves to the case where g = 1.
However, as this does not really make things easier, we will not proceed like this
and work with a general g instead. Also recall that the notion of quasi-compact
means compact, but without the Hausdorff separation axiom. Therefore a subset
U of a topological space X is called quasi-compact if every open covering of U
admits a finite subcover.

Keeping in mind that the sets of type D(f) form a basis of the Zariski
topology on X, it is enough to show that every covering of D(g) by means of sets
of type D(f) admits a finite subcover. To check this, consider a family (f3)aea
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of elements in A such that D(g) C U,c, D(f). Switching to complements in
X yields
V(g) D (V(H) =V(a),

AeA

where a C A is the ideal generated by the elements f,. From this we obtain
rad(g) C rad(a) by Proposition 5 and there is some integer n € N such that
g™ € a. Since a is generated by the elements fy, there are indices A\y,..., A\, € A
as well as coefficients ay,, ..., ay € A such that ¢" = Y"!_, ay, f5,. This implies
(gn) c (f)xu Tt f)w)7 hence>

V(g) = V(gn) ) V(f)\m o '>f)\r)

and therefore
T

D(g) < [JD(fr).

i=1

Thus, the covering (D(fx))aea of D(g) admits a finite subcover, as claimed. O

Proposition 11. Let A be a ring, a C A an ideal, and 7: A —— Ala the
canonical surjection. Then the map

“m: Spec A/a —— Spec A, p— 7 '(p),

induces a homeomorphism of topological spaces Spec A/a —~ V(a) where
V(a) is equipped with the subspace topology obtained from the Zariski topology
of Spec A.

Corollary 12. For a ring A its spectrum and the spectrum of its reduction
A/rad(A) are canonically homeomorphic.

Proof of Corollary 12. Recall that rad(A), the nilradical of A, is defined as the
nilradical of the zero ideal 0 C A. Therefore V(rad(A)) = V(0) = Spec A4, and
Proposition 11 applies. (|

Proof of Proposition 11. First observe that the map *m defines a bijection be-
tween Spec A/a and the subset of Spec A consisting of all prime ideals containing
a, hence a bijection Spec A/a —= V'(a). Taking this map as an identification,
we obtain

Spec A D D(f)NV(a) = D(n(f)) C Spec A/a

for elements f € A. Since 7 is surjective, the sets of type D(f) C Spec A/a for
f € A/a correspond bijectively to the restrictions V(a) N D(f) C Spec A for
f € A, and this justifies the assertion. O
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Finally, let us consider decompositions of spectra into certain closed subsets.

Definition 13. A topological space X is called irreducible if:

(i) X#0

(il) Given any decomposition X = X1 U X5 into closed subsets X1, Xa, then
X1 =X or XQ = X.

Furthermore, a subset Y of a topological space X is called irreducible if Y
is irreducible under the topology induced from X on Y.

Lemma 14. For a non-empty topological space X the following conditions are
equivalent:

(i) X is irreducible.

(i) If Uy,Uy C X are open and non-empty, then Uy N Uy is non-empty.

(iil) If U C X is open and non-empty, then U is dense in X, i.e. the closure
U of U in X coincides with X.

(iv) If U C X is open, it is connected, i.e. U is not a disjoint union of two
non-empty open subsets of X.

Proof. Let us assume condition (i) and derive (ii). Consider U;,Us C X open
and non-empty. Then, if Uy N Uy were empty, we would get the decomposition
X = (X —U;) U (X — Us) into the proper closed subsets X — Uy, X — Uy € X.
However, this contradicts (i).

Next assume condition (ii) and let U C X be open and non-empty. Then
U and X — U are disjoint open subsets in X which, however, is only possible if
X — U = ) and, hence, X = U. Therefore we get (iii).

Assuming (iii), let U C X be open. If U is not connected, it is a disjoint
union of two non-empty open subsets Uy, Uy C U. Then U; N Uy = @ implies
U, CcX-U, C X ,as X — U, is a closed subset in X containing U;. However,
U; should be dense in X by (iii). Therefore U must be connected, as claimed in
(iv).

Finally, assume (iv). To derive (i), consider a decomposition X = X; U X,
into closed subsets X7, X5. Then we obtain the decomposition

X —(X1NXy)=(X—X)U(X = X)

of the open set X — (X7 N X5) into the disjoint open sets X — X and X — X5.
Since X — (X7 N X3) is connected according to (iv), we get X — X7 = () or
X — X5 =10, hence, X; = X or Xy = X and, thus, (i). |

Proposition 15. Let A be a ring and X = Spec A its spectrum. The following
conditions are equivalent:
(1) X is irreducible as a topological space under the Zariski topology.
(i) A/rad(A) is an integral domain.
(iii) rad(A) is a prime ideal.



6.1 The Spectrum of a Ring 211

Proof. Using Corollary 12, we may replace A by its reduction A/rad(A) and
thereby assume rad(A) = 0. Now let X be irreducible as in (i). If there are
elements f,g € A — {0} such that fg = 0, this yields the decomposition

X =V(0)=V(fg) =V(f)uV(g)

into the closed subsets V(f), V(g) C X. But X irreducible implies V' (f) = X or
V(g9) = X. Furthermore, from V(f) = X = V(0) we can conclude that rad(f)
coincides with rad(0) = rad(A) = 0 by Proposition 5 and, hence, that f = 0.
Likewise we get ¢ = 0 from V(g) = X and it follows that A is an integral
domain, as claimed in (ii).

The equivalence between (ii) and (iii) being trivial, assume that A is an
integral domain and let X = X; U X, be a decomposition of X into proper
closed subsets X7, Xo € X. Then Proposition 5 yields

0=1I(X) = I(X1) N I(Xa), I(X1) # 0 # I(Xa).

Choosing f; € I(X;) — {0}, i = 1,2, we get fifo = 0, in contradiction to the
fact that A was assumed to be an integral domain. Therefore we see that X
must be irreducible, as claimed in (i). O

Corollary 16. Let X = Spec A be the spectrum of a ring A and ¥ C X a
closed subset. Then'Y is irreducible if and only if I(Y') is a prime ideal in A.

Proof. Writing a = I(Y'), we have Y = V(a) and a = rad(a) so that we can
use the homeomorphism Spec A/a —~~ Y of Proposition 11. Therefore Y is
irreducible if and only if Spec A/a is irreducible, hence, using Proposition 15,
if and only if A/a is an integral domain. However, the latter is the case if and
only if a is a prime ideal in A. (]

Corollary 17. Let A be a ring and X = Spec A its spectrum. Then the mappings
I and V of Corollary 7 yield mutually inverse and inclusion-reversing bijections

{irreducible closed} 1

subsets of X % {prlme ideals in A} = Spec A,

Y — I(Y),

@‘—'py

Proof. Given Corollary 7, the assertion is an immediate consequence of Corol-
lary 16, using the fact that V(p,) = {y} by Corollary 6. O

Thereby we see that every irreducible closed subset Y C Spec A contains
a unique point y such that Y = @ This point is known as the generic point
of Y, whereas the points of its closure @ are referred to as specializations
of y. More precisely, a point x € Spec A is called a specialization of a point
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y € SpecA if x € @ The latter is equivalent to p, C p,. For example, it
follows from Proposition 15 that Spec A for an integral domain A is irreducible
and therefore admits a unique generic point. The latter corresponds to the zero
ideal in A.

Exercises

1. Show for a ring A that every non-empty closed subset V' C Spec A contains a
closed point. Deduce that an open subset U C Spec A containing all closed points
of Spec A must coincide with Spec A.

2. For an algebraically closed field K consider the polynomial ring K[t¢] in one
variable ¢. Show that the set of closed points in Spec K [t] can be identified with
K and that there is precisely one non-closed point in Spec K [t], namely the
generic point.

3. For an algebraically closed field K consider the polynomial ring K [¢1,t2] in vari-
ables t1,to and set X = Spec K [t1,t2]. Show:
(a) The set of closed points in X can canonically be identified with K2.
(b) The non-closed points of X that are different from the generic point are given
by the ideals of type (f) C K[t1,t2] where f € K[t1,t2] is irreducible.
(¢) The closure {y} of a point y as in (b) consists of y itself as the generic point
and of the “curve” {z € K?; f(z) = 0}.

4. Let X be a topological space, which is irreducible. Show that every non-empty
open subset U C X is irreducible.

5. Show that there is a canonical bijection Spec[[ A, — ][, SpecA4; for
given rings A, ..., Ay; see also Exercise 1.1/6.

6. Let A be an algebra of finite type over a field and consider a closed subset
Y C Spec A. Show that the closed points are dense in Y. Does this remain true
if we replace A by a localization of it?

7. Let A be an algebra of finite type over a field. Show that Spec A is finite if and
only if A is of finite vector space dimension over K. Hint: A is Noetherian and,
hence, by 2.1/12, contains only finitely many minimal prime ideals. Use this to
reduce the assertion to the case where A is an integral domain. Then apply results
on integral dependence.

8. Let A be an algebra of finite type over a field F. Provide the spectrum Spm A
of maximal ideals in A with the topology induced from the Zariski topology on
Spec A. Thus, a subset Y C Spm A is open (resp. closed) if and only if it is of type
Yn Spm A for some open (resp. closed) subset Y C Spec A. Show that Spm A
satisfies the Hausdorfl separation axiom if F' is a finite field. Is the same true
without the assumption of F' being finite?

6.2 Functorial Properties of Spectra

Let ¢: A —— A’ be a ring homomorphism. Then ¢ induces for any ideal p € A’
a monomorphism A/p~1(p) = A’/p. If p is a prime ideal, A’/p is an integral
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domain and the same is true for A/¢~!(p). Therefore it follows that ¢=!(p) is
a prime ideal as well and we can state:

Proposition 1. Every ring homomorphism @: A —— A’ induces a map
“p: Spec A’ — Spec A, Po — o (pa)
between associated spectra.
We can be a bit more precise on this fact:
Lemma 2. In the situation of Proposition 1, there is the commutative diagram

A L A

L

Al (pa) = A'fp,

]

k(“p(x)) = k(z)

for any x € Spec A'. In particular, for f € A and x € Spec A" we have

@u (f(*p(2))) = (f)(2)

which, in a simplified way, can be read as f o *p = p(f). Therefore @ might be
interpreted as the map of composing functions f € A with *.

Proof. Implicitly, the upper part of the diagram was used for the construction
of the map %p: Spec A” —— Spec A in Proposition 1, whereas the lower part
is the canonical extension to residue fields, as introduced at the beginning of
Section 6.1. |

Proposition 3. As before, consider a ring homomorphism ¢: A —— A" and
its associated map “p: Spec A — Spec A on spectra.

(i) Let E C A be a subset. Then (“p) YV (E)) =V (p(E)).
(ii) If o € A" is an ideal, then *p(V(a')) = V (¢~} (a')).

Proof. We start with assertion (i). The relation x € (%@)~Y(V(E)) for points
x € Spec A’ is equivalent to *p(x) € V(E) and, hence, to f(*p(x)) = 0 for all
f € E. Furthermore, it follows from Lemma 2 that f(%¢(z)) = 0 is equivalent
to p(f)(x) = 0. Thus, z € (“p)"Y(V(E)) is equivalent to z € V(¢(E)).

In the situation of (ii) we apply 6.1/5 (ii) and thereby get ¢o(V(a')) = V(a)
for the ideal a = I(*¢(V (a'))) C A. Now f € a for elements f € A is equivalent
to f vanishing on “p(V(a')), or, by Lemma 2, to ¢(f) vanishing on V' (¢') and,
thus, by 6.1/5 (i), to ¢(f) € rad(a’). Therefore we have a = ¢ !(rad(a’)),
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and it is easily checked that ¢~!(rad(a’)) = rad(¢~!(a’)). But then we have
V(a) = V(¢! (o) and, hence, *p(V(a')) = V(™' (a')). O

Proof. We have (")~ (V(f)) = V(o(f)) by Proposition 3 (i). Since the forma-
tion of preimages with respect to ¢ is compatible with passing to complements,
the assertion follows. |

As a direct consequence, we obtain the following fact:

Corollary 5. The map “p: Spec A’ —— Spec A associated to a ring homomor-
phism p: A —— A’ is continuous with respect to Zariski topologies on Spec A
and Spec A'. Thereby we mean that the preimage of any open (resp. closed)
subset in Spec A is open (resp. closed) in Spec A’

Next we want to study ring homomorphisms ¢: A —— A’ where the map
@p: Spec A/ —— Spec A is injective and induces a homeomorphism between
Spec A" and im %¢.

Proposition 6. Let o: A —— A’ be a ring homomorphism such that every ele-
ment f' € A’ is of type f' = o(f)-h with an element f € A and a unit h € A™.
Then the map “p: Spec A —— Spec A is injective and defines a homeomor-
phism Spec A’ —= im%p C Spec A where Spec A and Spec A" are equipped
with their Zariski topologies and im “p with the subspace topology induced from

the Zariski topology on Spec A.

Proof. We start by looking at the injectivity of *¢. Let x,y € Spec A’ satisfy
“p(z) = “p(y) and, hence, o (p,) = ¢ *(p,). We claim that then p, = p, and,
thus, x = y. Indeed, given f' € p,, there exist f € A and h € A™ such that
J' = @(f) - h. Then o(f) = f'- b~ € p, and, hence, f € ¢\ () = ¢ '(5,).
This implies ¢(f) € p, and therefore f* = p(f) - h € p, so that p, C p,.
Interchanging the roles of x and y, we get p, = p, and, hence, z = y.
Recalling the definition of the subspace topology, a subset Y C im“%p is
closed (resp. open) with respect to the subspace topology of im *¢ if and only
if there is a closed (resp. open) set Y C Spec A such that YV = Y N im %p.
Since the map %p: Spec A’ —— Spec A is continuous, it is immediately clear
that the induced bijection Spec A” —— im *p is continuous as well. To verify
that the latter map is, indeed, a homeomorphism, it is enough to show that,
for any closed subset Y’ C Spec A’, there is a closed subset Y C Spec A such
that Y’ = (“@) "' (Y). Such a Y is easy to construct. Indeed, if Y’ = V(E’) for
some subset £’ C A’, the elements of E’ can be adjusted by suitable units in
A™ in such a way that we may assume F' C ¢(A). For E' = p(F) with a subset
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E C A we get from Proposition 3 (i)

Y =V(E) =V(p(E) = (") (V(E)) = ("¢) (V)
with Y = V(F), as desired. O

There are two typical examples of ring homomorphisms ¢: A — A’ where
the assumption of Proposition 6 is fulfilled, namely surjections and localizations.
We will discuss both cases separately.

Corollary 7. Let A be a ring and a C A an ideal. Then the map
“r: Spec AJa — Spec A
associated to the projection m: A —— A/a defines a homeomorphism
Spec A/a —2 V(a) C Spec A.

In this case, *m is called a closed immersion of spectra.

Proof. The assertion was already shown in 6.1/11. Using im*r = V/(a) it can
alternatively be derived from Proposition 6. O

Corollary 8. Let A be a ring and S C A a multiplicative system. Then the
canonical homomorphism 7: A —— Ag induces a homeomorphism

“r: Spec Ag — ﬂ D(f) C Spec A.
fes

If im *7 is open in Spec A, we call *T an open immersion of spectra. For example,
the latter is the case if S is generated by finitely many elements fi,..., f. € A,

since then (Ve D(f) = D(fr- ...+ fr).

Proof. Applying Proposition 6 it remains only to determine the image im 7.
To do this, we rely on the fact that taking inverse images with respect to
7: A—— Ag yields a bijective correspondence between all prime ideals in
Ag and the prime ideals p C A satisfying p NS = 0; see 1.2/6. However, we
have S Np, = 0 for a point = € Spec A if and only if x € ;g D(f) so that

im*r = (;cs D(f)- O

Exercises

1. Let &: X —— Y be a continuous map between topological spaces. Show for any
irreducible subset V' C X that its image ¢(V') as well as the closure #(V) are
irreducible in Y.

2. For a morphism of rings ¢: A —— A’ consider the associated map between
spectra “p: Spec A’ —— Spec A. Assume that Spec A’ is irreducible and let =
be its generic point. Show that “p(z) is the generic point of the closure im %ep.
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Let p: A —— A’ be a morphism of algebras over a field K and consider the
associated map of spectra “¢: Spec A’ —— Spec A. Show that the image of any
closed point = € Spec A’ is closed in Spec A, when A’ is of finite type over K. Is
the latter assumption necessary?

. Let ¢p: A —— A’ be an integral morphism of rings. Show that the associated

map of spectra “p: Spec A’ —— Spec A is closed in the sense that it maps closed
subsets of Spec A’ onto closed subsets of Spec A.

. For a ring R consider R[t], the polynomial ring in a variable ¢ over R. The

spectrum Al, = Spec R[t] is referred to as the affine line over R. The latter is
viewed as a relative object over Spec R via the “projection” 7: A}% — SpecR
derived from the canonical injection R —— R[¢]. Assuming that R is a principal
ideal domain, determine the fibers of the map =. In particular, show:

(a) Given a point s € Spec R, the fiber 77!(s) is canonically homeomorphic to
the affine line A}C(s) where k(s) is the residue field of s.

(b) If s corresponds to a prime ideal in R that is generated by a prime element
p € R, the fiber 771(s) consists of all ideals in R[t] that are of type (p) or
(p, f) where f is a monic polynomial in R[¢] whose residue class in (R/pR)[t] is
irreducible.

(c) For the generic point s € Spec R the fiber 771(s) consists of the zero ideal
in R[t] and of all ideals of type (f) where f is primitive in R[¢] and irreducible
in k(s)[t]. Note that the residue field k(s) coincides with the field of fractions
of R and that a polynomial f € R[t] is called primitive if the greatest common
divisor of its coefficients is 1.

. Neile’s parabola: For a field K and variables t¢,t;,ts consider the morphism of

K-algebras
(IDZK[tth]/(t%*t?);’K[t], %1'—'t27 EQ'—'tS-

Show that the associated map between spectra %y is a homeomorphism, although
 is injective, but not surjective. Hint: Localizing ¢ by the multiplicative system
generated from the residue class t yields an isomorphism of K-algebras. Also note
that the plane curve with equation 3 = x§ has been considered by W. Neile; it
is referred to as the semicubical or Neile's parabola.

6.3 Presheaves and Sheaves

It is convenient to use the language of categories and functors, as introduced in
Sect. 4.5, when dealing with sheaves and presheaves.

For a topological space X, let us consider the category Opn(X) of all open

subsets of X, defined as follows. The objects of Opn(X) are, indeed, the open
subsets of X, whereas morphisms U —— V between two such subsets U,V C X

are

given by

0 ifU ¢V

Hom(U, V) = .
om(U, V) {{inclusion map U ——V} ifUCV
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Definition 1. Let X be a topological space. A presheaf of sets (resp. groups,
rings, modules over a fized ring R, ...) on X 1is a contravariant functor

F: Opn(X) — Set
into the category of sets (resp. groups, rings, modules over a fived ring R, ...).

Thus a presheaf F on X, say of sets, consists of the following data:

(a) sets F(U) where U varies over all open subsets of X,
(b) morphisms pf;: F(V) —— F(U) where the pair (U, V) varies over all
inclusions U C V of open subsets in X.

The following conditions are required:

(i) pY: F(U) — F(U) is the identity map for all open subsets U C X,
(ii) pf; o pi¥ = pl¥ for open subsets U C V C W C X.

If X’ is an open subset of X, the functor F: Opn(X) —— Set can be
restricted to the category Opn(X'’) of open subsets contained in X’. Thereby
we obtain a presheaf again, the latter being denoted by F|x.

Sometimes it is convenient to imagine the elements of F(U) as functions
on U and, likewise, the maps p};: F(V) —— F(U) for inclusions U C V as
restrictions of functions on V' to functions on U. This is why these maps are
usually referred to as restriction morphisms, using the suggestive notation

pl: F(V) —F(U),  fr—flv.

However, in many cases the elements of F(U) will not be given as functions on
U in the strict sense of the word. Consequently, we cannot argue in terms of
ordinary functions when dealing with general presheaves.

Concerning presheaves of modules, there exists a slight variant of the sit-
uation covered in Definition 1. Let O be a presheaf of rings on a topological
space X and F a presheaf of abelian groups on X. Then the cartesian product
O x F is defined as the functor that associates to an open subset U C X the
cartesian product O(U) x F(U) and to an inclusion U C V of open subsets
in X the cartesian product of the restriction morphisms O(V) — O(U) and
F(V) — F(U). Then a law of composition O x F — F is meant as a func-
torial morphism and, thus, consists of maps O(U) x F(U) — F(U) for U C X
open that are compatible with restriction morphisms. Using such a terminology,
an O-module is defined as a presheaf of abelian groups F together with a law of
composition p: O x F — F such that, for any open subset U C X, the map
w(U): OU) x F(U) — F(U) defines an O(U)-module structure on F(U).

Definition 2. A presheaf F on a topological space X is called a sheaf if for
every open subset U C X and every covering U = |J,c, Ux by open subsets
Uy C X the following hold:
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(i) If f,g € FU) satisfy flu, = glu, for all X € A, then f =g.

(i) If fr € F(UN), A € A, satisfy [y, = fulosov, for all AN € A,
there exists f € F(U) such that fly, = fx for all A € A. (Note that f will be
unique by (i).)

Clearly, if F is a sheaf on a topological space X, its restriction F|xs to any
open subset X’ C X is a presheaf that is a sheaf again.

Alternatively, we can require in place of conditions (i) and (ii) above that
the diagram

FU) —[[F0)=—= ][] FwU.nUy)
AeA (AM)eAXA

is ezact where the map on the left-hand side is given by f —— (f|v,)aea and
the ones on the right-hand side by

(Sihrea — (Ko, ) oaneaxas
(fx)vea — (fxluano, ) oayeaxa-
Also recall that a diagram of type

®1

A—* . B C

w2

is called ezact if ¢ is injective and its image im ¢ coincides with

ker(1,p2) :={b € B; ¢1(b) = p2(b)},

where the latter set is called the kernel of (1, ¢2). For example, if A, B, C are
abelian groups and ¢, @1, @9 are group homomorphisms, the above diagram is
exact if and only if the sequence of abelian groups

0 A ¥ B P1—p2 C

is exact.
We will use the remainder of the present section in order to discuss some
examples of presheaves and sheaves.

(0) The zero or trivial sheaf (of abelian groups, rings, or modules) on a
topological space X is obtained by assigning to each open subset in X the zero
group, ring, or module.

(1) The continuous (resp. differentiable) R-valued functions on R yield a
presheaf of rings and, in fact, a sheaf, since the condition “continuous” (resp.
“differentiable”) is tested locally. To be a bit more explicit, consider X = R as
a topological space with the usual topology and let F(U) for U C R open be
the ring of all continuous (resp. differentiable) R-valued functions on U. Define
restriction morphisms as usual by restriction of functions.
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(2) Let X be a topological space and G a group. Similarly as before, the
constant G-valued functions on X define a presheaf of groups. However, since the
condition of a function to be constant cannot be tested locally (on disconnected
sets), this presheaf is not a sheaf in general. On the other hand, the locally
constant G-valued functions on X define a presheaf which is a sheaf.

(3) Let X be a set which is considered as a topological space under the
discrete topology. (This means that every subset U C X is open.) We can
define a presheaf F on X by

7 iU =X
FU) = ’
@) {o if U C X,

and by taking the identity on Z as well as the zero maps as restriction mor-
phisms. Then F is not a sheaf if X consists of at least two elements.

(4) Let A be a ring and X = Spec A. Restricting to basic open subsets of
X, consider the category D(X) of all open subsets of type D(f) C X as objects
where f varies in A, with inclusions D(f) C D(g) as morphisms. As a variant
we may also look at the category D*(X) which differs from D(X) in so far
as two objects D(f) and D(g) are viewed as different as soon as the functions
f and g are different, even if D(f) and D(g) coincide as subsets of X. Thus,
strictly speaking, the objects of D*(X) are given by the elements f € A and
the morphisms by the inclusions of type D(f) C D(g). In particular, mapping
f € A to the corresponding subset D(f) C X yields a well-defined “forgetful”
functor F': D*(X) — D(X). On the other hand, we can consider a “section”
of F, namely a functor G: D(X) — D*(X) by selecting for each basic open
subset U C X an element f € A such that U = D(f). Then it is immediately
clear that F and G define an equivalence between D*(X) and D(X).

There is a natural contravariant functor

0% : D¥(X) - Ring,
D(f) — Ay,
D(f) C D(g) — Ay — Ay,

so to say a presheaf on the family (D(f))sea of all basic Zariski open subsets
in X, which, in more detail, is defined as follows. Assign to an object D(f)
of D*(X) the localization Ay of A by the multiplicative system {1, f*, f2,...}.
Then any inclusion D(f) C D(g) gives rise to a well-defined ring homomorphism
A, —— Ay Indeed, D(f) C D(g) is equivalent to V(f) D V(g) and, using
6.1/5 (i), to rad(f) C rad(g), hence, to the existence of elements n € N and
a € A such that f* = ag. Looking at the canonical map 7,: A —— Ay, we
see that 7,(f)" = 77(a)7s(g) and, hence, 7(g) are units in Ay. Thus, by the
universal property of the localization map 7,: A —— A, there is a unique
factorization
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A 4 Af

by a homomorphism 7'}} : Ay — Ay. The latter is the map we want to assign

to the inclusion D(f) € D(g) by means of the functor O%. To check that O%
really is a functor, observe first that T}c Ay —— Ay for any f € A is the
identity map. Furthermore, for any chain of inclusions D(f) C D(g) C D(h),
the composition

Th g

Ay — e A, — L 4

coincides with T;LZ A — Ajy. This follows immediately from the commutative
diagram

A
Tg
Th Ag Ty
T T;Z
T?
Ay Ay

using the universal property of the localization map 7,: A —— A;,. Thus, Og(
is a functor, indeed.

Now we want to construct a functor Ox: D(X) — Ring such that its
composition with the forgetful functor F': D*(X) — D(X) is isomorphic to
Og(. Proceeding in a non-canonical way, we could select for each basic open
subset U C X a describing function f € A such that U = D(f), thereby
obtaining a “section” G': D(X) — D*(X) of F. Then Ox could be defined
as the composition ng o (G. Since G o F' is isomorphic to the identity functor
on D*(X), it would follow that Oy o F is isomorphic to O%.

However, there is a more satisfying definition of Oy, which does not involve
any choices and, thus, is completely natural. For each f € A set

S(f)={g9€ A; D(f) C D(9)}.

Then the equation D(g - ¢') = D(g) N D(g') for elements g,¢g" € A (see 6.1/2)
shows that S(f) is a multiplicative system in A containing all powers of f.
In particular, the universal property of localizations yields a canonical homo-
morphism ¢y: Ay —— Ag(y). We claim that the latter is actually an isomor-
phism. Indeed, we know from the discussion of the functor Og( above that,
for any g € A, its image 7,(g) with respect to the canonical homomorphism
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Tr: A—— Ay is a unit if D(f) C D(g). From this we conclude that 74 maps
S(f) into the group of units in Ay and, thus, that ¢y must be an isomorphism.

Since D(f) C D(g) implies and, actually, is equivalent to S(f) D S(g), the
theory of localizations yields

Ox: D(X) — Ring,
D(f) — Aspy,
D(f)cD(g) +——  Asg) — Asip),

as a well-defined functor from D(X) to the category of rings. Furthermore, the
isomorphisms of type ty: Ay —~~ Ag(y) for f € A show that the composition
Ox o F with the forgetful functor F': D*(X) —— D(X) is isomorphic to the
above considered functor (’)&. Alluding to this fact, we will ignore the difference
between Ay and Ag(s) in the following by writing Ay instead of Ag(y in most
cases. Later in 6.6/2 we see that the functor Ox, which is viewed as a presheaf
on (the basic open sets of) X, is even a sheaf.

Exercises

1. Saturation of multiplicative systems: Let S be a multiplicative system of a ring
A. Define the saturation of S as the set S’ of all elements in A that are divided
by an element of S. Show:

(a) S’ is a multiplicative system in A.

(b) If S is the multiplicative system consisting of all powers of some element
f € A, then its saturation S’ coincides with the multiplicative system S(f) as
considered above.

(c¢) The canonical morphism Ag —— Ag is an isomorphism.

2. Give an example of a presheaf F on a topological space X such that F satisfies
the sheaf condition (i) of Definition 2, but not condition (ii). In the same way,
show that condition (i) is not a consequence of condition (ii).

3. The empty set: For a given topological space X and a set (resp. abelian group,
resp. ring) F, construct a presheaf F of sets (resp. abelian groups, resp. rings)
on X such that F(@) = E. Show for a sheaf F of sets (resp. abelian groups, resp.
rings) on X that F(0) is a terminal object in the corresponding category, thus, a
one-point set (resp. the zero group, resp. the zero ring). Hint: A terminal object
of a category € is an object Z such that Home(Y, Z) is a one-point set for every
object Y in €. Note that, by convention, the cartesian product over the empty
family of objects in F is given by a terminal object of € if the latter exists.

4. Consider the spectrum X = Spec R of a principal ideal domain R. Show that
every open subset in X is basic open and that the presheaf Ox defined above is a
sheaf. Hint: Use factoriality arguments in principal ideal domains. Furthermore,
see 6.6/2 for a generalization to arbitrary rings R.

5. Let A be an integral domain and K its field of fractions. For any point z
in X = Spec A, write A, for the localization of A by the corresponding prime
ideal p, C A and view A, as a subring of K. Furthermore, consider the functor
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O: Opn(X) — Ring that is given by O(U) = [,y Az on any open sub-
set U C X and that, to any inclusion of open sets U C V C X associates the
canonical inclusion morphism O(V) — O(U). Show that O is a sheaf and that
the above constructed presheaf Ox can be interpreted as the restriction of the
functor O: Opn(X) — Ring to the subcategory D(X) of Opn(X).

6.4 Inductive and Projective Limits

To define inductive limits, we need an index set I equipped with a preorder, i.e.
with a binary relation < such that

(i) i<iforalliel,
(i) ¢ < jand j < k implies ¢ < k for 4,5,k € I.

In order to keep things simple, we assume that I is non-empty and, in
addition, directed, namely that

(iil) for any 4,j € I there exists k € I such that i < k and j < k.

Note that without the latter assumption the proof of Proposition 2 below
would have to be modified while the assertion of Remark 3 could not be main-
tained.

Now let (G;)ier be a family of sets (resp. groups, rings, modules, etc.), or of
objects in any category €, together with ¢-morphisms f;;: G; —— G for all
indices ¢ < j in I such that

(a) fiu=1id for all i € I,
(b) fir = fjr o fi; for indices s < j < kin 1.

We call (G;)ier together with the morphisms f;; an inductive system and
denote lt by (G“ fij)i,jEI~

Definition 1. Let (G, fij)ijer be an inductive system of objects in a category
€. An object G of € together with €&-morphisms f;: G; — G, i € I, satisfying
fi = fijo fij for i < j is called an inductive or direct limit of the system
(G, fij)ijer if the following universal property holds:

Let H be an object of € and g;: G; H, i e I, Cmorphisms such that
g; = gj o fij for i < j. Then there exists a unique €-morphism g: G —— H
such that g; = go f; for all i € I.

The involved morphisms can be read from the following commutative dia-
gram:
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In particular, we see that an inductive limit G of an inductive system (G, fi;)ijer
is uniquely determined up to canonical isomorphism if it does exist. Without
spelling out the attached maps explicitly one often writes G = ligGi, calling
this the inductive limit of the Gy, i € I.

When dealing with inductive limits, it is often convenient to restrict the
inductive system (Gj, fi;)ijer to a so-called cofinal subset I’ of I. Thereby we
mean a subset I’ C I such that every ¢ € I admits an index i’ € I’ satisfying
7" > 4. Then I’ is directed again, and it is an easy exercise to show that the
inductive system (Gj, fi;)ijer admits a limit if and only this is the case for the
full system (Gj, fij)ijer- Furthermore, both limits will canonically coincide if
they exist.

Also let us point out that the notion of inductive systems and their limits
extends to the more general setting, where [ is just a collection of indices with
a preorder. In more precise terms, we would talk about a category I, writing
1 < j for objects 1, j if there is a morphism ¢ — 7 in I. A natural example of
such a collection will occur in Sects. 6.5 and 7.6 where we introduce techniques
of Cech cohomology. Namely, consider a topological space U and take for I the
collection Iy of all open coverings of U. Then I is not a set, since arbitrary
repetitions of covering sets are allowed. However, when restricting to coverings
without repetitions, in other words, to coverings that correspond to subsets
of the power set P(U), we get a set I[;, and the latter is cofinal in Iy with
respect to the preorder given by the refinement relation. In particular, any
inductive system indexed by Iy will have a limit if its restriction to Ij; has
a limit. Thereby we are reduced to the case of true index sets, as considered
from the beginning of this section on. Therefore, unless stated otherwise, we
will assume in the following that all inductive (or projective) systems under
consideration are indexed by index sets.

Proposition 2. Inductive limits exist in the categories of sets, groups, rings,
and modules (over a given ring R).

Proof. Starting with the case of an inductive system of sets (Gj, fij)ijer, We
look at the disjoint union G = [Lic;
on it as follows. Write x ~ y for elements z,y € G where z € G; and y € G,
if there is some k € I, 4,5 < k, such that fiz(z) = fjx(y). We claim that ~
is an equivalence relation. Of course, ~ is reflexive and symmetric, but also

G, and introduce an equivalence relation
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transitive. Indeed, let z € G, y € G, and z € G, be elements in G such that
x ~ y and y ~ z. There are indices r € I, 4,5 < r, such that f;.(z) = f;(y)
and s € I, j, k <'s, such that f;;(y) = fis(2). Furthermore, using the fact that
I is directed we can find an index ¢ € I such that r, s < t. Then the equation

flt(:p) = frt(fzr(x)) = frt(ij(y)) = f]t(y)
= fa(fis() = fat(frs(2)) = fre(2)

shows = ~ z. Now writing G = G / ~, the canonical embeddings fl G — G
induce maps f;: G; —— G which satisfy f; = f; o fi; for i < j, and we claim
that G together with these maps is an inductive limit of (G;, fij)ijer-

To justify this, consider a set H together with maps g;: G; —— H that
satisfy g; = g;jof;; for all indices ¢ < jin /. Assuming thereisamap g: G — H
satisfying ¢; = g o f; for all i € I, we want to show it is unique. Indeed, let
x € G and choose a representative € G of z, say & € G; for some ¢ € I, which
means f;(Z) = z. Then we get g(z) = (g o f;)(£) = ¢:(Z) and this shows that
g: G — H is unique if it exists.

To actually construct g: G —— H, look at an element x € G and choose
a representative & € G again, say & € G for some i € I, and set g(z) == g;(&).
Ifye G is another representative of z, say § € G, then & and ¢ are equivalent
and there exists an index k& € I such that 4,7 < k and fix(2) = f(9). This
implies

9(x) = gi(2) = ge(fir(2)) = gr(f3x(2)) = 9;(8)
and we see that g: G H is well-defined. Furthermore, it is clear by its
construction that g satisfies the compatibilities g; = go f; fori € I .

Next, let us turn to the construction of inductive limits of groups; induc-
tive limits of rings and modules are dealt with in a similar way. Therefore let
(Gi, fij)ijer be an inductive system of groups where now, of course, the maps

fi; are group homomorphisms. Then the inductive limit G = G‘/ ~ together
with the associated maps f;: G; —— G exists in the category of sets, as shown
above. We want to equip G with a group structure in such a way that all maps
fir G; G become group morphisms. To do this, let z,y € G and choose
representatives #,4 € G, say & € G; and § € G, where f;(2) =z and f;(9) = y.
Then we can find an index k € I with i, j < k and set

-y = ful fi(@) - fir(9)),

knowing that the elements &' = f,(%) and §' = f;,(9) of Gy, form a new set of
representatives for x and y. To show that the product z -y is well-defined, look
at another index r € I such that there are representatives 2", 9" € G, of x and
y. Then there are indices s,t € I satisfying k,7 < s and k,r <t such that

fks(il) = f7's(£//)7 fkt(gl) = frt(gu)‘

Of course, we may assume s = ¢ replacing s and ¢ by some ¢’ € I where s,t < t'.
Then, using the fact that fis: Gy —— G5 and f.5: G, —— G are group
morphisms, we obtain
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fks(fi.l : gl) = fka(‘%l) : fka(g/) = frs(i'") : frs(gﬂ) = fT'S(‘%” . @”)

and it follows that the products #’-3' and £”-9" are equivalent, thus representing
the same element z -y € G. Therefore the product -y is well-defined in G and
it is easily seen that all maps f;: G; —— G respect such products in the sense
that f,(& - §) = fi(#) - fi(3) for &5 € Gi.

Next we want to show that the above defined product yields, in fact, a group
structure on G and, hence, that all maps f;: G; —— G are group morphisms.
First, there is a well-defined element e € G, which is represented by the unit
element e¢; € G; for any i € I; note that any two unit elements e; € G; and
e; € G; are equivalent in G, since group morphisms map unit elements to unit
elements. Furthermore, the group axioms for G follow immediately from those
of the G;, relying on the fact that for finitely many elements of G there is always
an index ¢ € I such that GG; contains representatives of all these elements.

To establish the universal property of the inductive limit consider a group
H and group morphisms g;: G; — H satisfying g; = g, o f;; for indices ¢ < j
in I. As we already know, there is a unique map of sets g: G —— H such that
gi = go f; for all i € I. To verify that g is even a group morphism consider two
elements z,y € G. Since [ is directed, there exists an index 7 € I such that G;
contains representatives Z,y of both, x and y. Then the equations

g(z-y) = g(fi(2) - fi(9)) = 9(fi(Z - 9)) = (- 9)

show that g: G —— H is a group morphism, as claimed. O

The construction shows that inductive limits are compatible with forgetful
functors as follows:

Remark 3. If G, as in Proposition 2, is an inductive limit in the category of
groups, then, as a set, it is an inductive limit in the category of sets as well. We
say that the inductive limit is compatible with the forgetful functor

Grp — Set,

which associates to a group its underlying set and to a group morphism its
underlying map of sets.

In a similar way the inductive limit is compatible with other forgetful func-
tors, like the one from the category of rings or modules to the category of groups
or sets.

We want to look at a simple example, which is nevertheless quite basic. Let
M be a set. Viewing the finite subsets of M as an index set I, let us use M;
with ¢ € I as a second notation for the subset of M given by i. To define a
preorder on I, write ¢ < j for indices ¢,j € I if M, C M;. Furthermore, let
fij: My — M be the associated inclusion map. Since the union of two finite
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subsets of M is finite again, it follows that I is directed and that (M;, fij)ijer
is an inductive system. We claim that M = lim M;, more precisely, that M
together with the maps f;: M; —— M given by the inclusions M; C M is an
inductive limit of the system (M, fi;)ijer- To justify this, fix a set N and look
at maps g;: M; —— N, i € I, where g; = g; o fi; for ¢ < j. Then any maps
i, g; for arbitrary indices ¢,j € I coincide on M; N M; and therefore yield a
well-defined map g: M —— N, taking into account that M is the union of all
M;, i € I. Of course, we have g; = go f; for all i € I and it follows that, indeed,
M is an inductive limit of (M;, f;;)ier- In the same way one can show that a
group (resp. a ring, or a module) is the inductive limit of any directed system
of subgroups (resp. subrings, or submodules) of G that cover G. For example,
the system of all finitely generated subgroups (resp. all subrings of finite type
over Z, or all submodules of finite type) of G admits this property.

Next we discuss the concept of projective limits, which is dual to that of
inductive limits. This means that we use the same definition as for the inductive
limit, although arrow directions have to be reversed. Again we need an index set
I with a preorder < which satisfies the conditions (i) and (ii) mentioned at the
beginning of this section. However, we will not assume that I is directed since
this is unnecessary. Now let (G;);cr be a family of sets (resp. groups, rings,
modules, etc.), or of objects in any category €, together with €-morphisms
fij: G — G, for indices ¢ < j in I such that

(@) fi=id for all i € I,
(b') fi, = fij o fjx for indices i < j < k in I.

We call (G;)ier together with the morphisms f;; a projective system and
dCHOtC it by (G“ flj)l,jGI

Definition 4. Let (G, fij)ijer be a projective system of objects in a category
€. An object G of € together with €&-morphisms f;: G — Gy, i € I, satisfying
fi = fijo fj for i < j, is called a projective or inverse limit of the system
(Gi, fij)ijer if the following universal property holds:

Let H be an object of € and g;: H — Gy, i € I, &-morphisms such that
gi = fij 0 g; for i < j. Then there exists a unique C-morphism g: H — G
such that g; = f;og forall i € I.

The involved morphisms can be read from the following commutative dia-
gram:
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As in the case of inductive limits, a projective limit G of a projective system
(Gi, fij)ijer is unique up to canonical isomorphism if it does exist. Often one
writes G = LmGi and calls this the projective limit of the G;, i € I.

Proposition 5. Projective limits exist in the categories of sets, groups, rings,
and modules (over a given ring R).

Proof. Starting with a projective system of sets (G, fij)ijer, consider the carte-
sian product [, ; G; together with the projections

pi: [[Gi — G, (1) jer — i,
jel

where 7 varies over I. We claim that the subset

G = {(IL‘Z‘)Z’E[ S HGZ7 f“(fl‘]) =g, for all 4 <jin [} C HGZ

iel iel
together with the maps
fi: G - Gi7 (xj)jEI = 2y,

induced from the projections p; for ¢ € I is a projective limit of the system
(Gi, fij)ijer- This is easy to verify. First observe that f; = fi; o f; by the defi-
nition of G. Now if H is a set together with maps ¢g;: H — G, © € I, there
is a map
g: H — HGu x — (9:i(2))ier,
iel

which is uniquely characterized by the relations g; = p;0 g, @ € I. If, in addition,
the g; satisfy g; = f;j o g; for ¢ < j, then clearly the image of g lies in G so
that g restricts to a unique map g: H — G satisfying ¢; = f;og fori € I. In
particular, G together with the projections f;: G —— G is a projective limit
of the System (G“ fij)i,jel'

Now if (G, fij)ijer is a projective system of groups (resp. rings or modules),
the cartesian product H]EI G, is a group (resp. ring or module) and the same
is true for G, since all maps f;; are assumed to be homomorphisms. Then the
projections p;: Hjel G; — G restrict to homomorphisms f;: G —— G;
and one shows as above, but now arguing in terms of homomorphisms, that G
together with the homomorphisms f; is a projective limit of (G, fij)ijer- O

Just as we have done for inductive limits, let us discuss a simple example of
a projective limit. Consider a family of maps between sets (h;: X; —— S)er
with common target S, which we want to view as a projective system of sets.
To be formally correct take I’ = TTI1{0} as index set. So we let I’ be the disjoint
union of I with another symbol 0 not yet contained in I and set G; = X, for
i € I as well as Gy = S. Now introduce a preorder on I’ by writing 0 < 7 for
all i € I (and, of course, 0 < 0 as well as @ < i for all 4 € I). Then the maps
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hi, © € I, (together with the identity maps on S and X; for all i € I) yield
a projective system (G, fij)ijer of sets. Analyzing the universal property of
a projective limit of this system, it is convenient to use the category Setg of
relative sets over S. Indeed, a projective limit of (Gj, fi;)ijer Will be a relative
object X in Setg together with S-morphisms p;: X — X, such that the map

Homg(T', X) — H Homg(T', X;), p — (pioQier
iel
is bijective for any object T in Setg. However, as a generalization of 4.5/2; this

universal property characterizes the fiber product Hs X; of the X; over S so

lim @, = HSXi.

iel’ el

that we get

We have looked at inductive and projective limits since we need these con-
cepts for dealing with sheaves and presheaves. An important example of induc-
tive limits is given by the so-called stalks of sheaves and presheaves which we
want to discuss next.

Definition 6. Let X be a topological space equipped with a presheaf (or a sheaf)
F. Then, for any point x € X, we call

F = lim F(U)
xzelU

the stalk of F at x, where the inductive limit extends over all open neighborhoods
UcCX of z.

To describe the involved inductive system in more detail, use the set of all
open neighborhoods of x as index set I and define a preorder on it by the in-
clusion relation. Then we have to consider the inductive system (F(U), p5)uv
where p{: F(U) — F(V) is the restriction morphism associated to an inclu-
sion V' C U of members in I.

As a typical example, consider the sheaf F of all continuous real valued
functions on a topological space X, which is a sheaf of rings. Then there are
canonical homomorphisms

for any point x € X and any open neighborhood U C X of z. The image f, € F,
of a function f € F(U) is called the germ of f at x. From the construction of
inductive limits in the proof of Proposition 2 we can read the following facts:

(i) Every element in F, can be interpreted as the germ of a continuous
function f € F(U) where U C X is a suitable open neighborhood of x.

(ii) If f,, g, € F, are germs of continuous functions f € F(U) and g € F(V)
for open neighborhoods U,V C X of x, then f, = g, if and only if there is an
open neighborhood W C X of x such that W Cc UNV and flw = g|w-
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Thus, indeed, the ring F, may be imagined as the ring of all germs of
continuous real valued functions around z. Let us point out that the example
gives a good picture of the general situation as well. Except for the interpretation
of elements in F(U) as functions on U, the above characterization of elements
in F, remains valid for any sheaf or presheaf F on X.

Lemma 7. Let X be a topological space and F a sheaf on it (or a presheaf
satisfying condition 6.3/2 (i)). Then, for any open subset U C X, the map

]:(U) - H-an f — (fm)zEUa

zelU
18 1njective.
The proof is quite simple. Let f,g € F(U) be such that f, = g, for all
x € U. Then there exists for every x € U an open neighborhood U, C U such

that f|y, = g|u,; use the above condition (ii). Since (U, )zer is an open covering
of U, we get f = g by condition (i) of 6.3/2. a

The lemma makes it possible to describe sheaves via their stalks in a quite
instructive way. Namely, we consider the so-called étalé space of F (from the
French étalé meaning spread out), which is given by [] . F, and may be
imagined as the family of all stalks F,, x € X:

Fe—I1[ %

yeX

or

HmEX fz

X

X

Given any element f € F(U) on an open subset U C X, we can identify f
according to Lemma 7 with the family (f,).ev of all germs of f, hence, with
the map

slf:U—>{fz;x€U}CH]:z, T fo.

rzeX
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The latter satisfies (posy)(x) = « for all x € U and, thus, is a section over U of
the projection p: J] .y F» — X from the étalé space associated to F onto
the basis X:

Fa
HwGX ‘FZ

X

U x

Having this in mind, the elements in F(U) are usually referred to as sections of
F over U. However note that, in general, there will be an abundance of sections
of p: [[,ex Fe — X over an open subset U C X, in particular, sections that
are not induced by elements of F(U) and therefore are not related to the sheaf
F. One can introduce a suitable topology on the étalé space [ [,y F, such that
the elements of F(U) correspond precisely to the continuous sections over U,
but we will not apply this point of view in the following.

However, let us point out that the interpretation of elements from F(U) as
sections in the étalé space [ [, v . can be used to canonically associate a sheaf
F to any presheaf F'. Indeed, let F’' be a presheaf on a topological space X.
Then the stalk F, of F” is defined at any point 2 € X and we can consider the
étalé space p: [[,cy Fn — X over X. For open subsets U C X we define
F(U) as the set of all sections s: U —— [] ., F, such that there is an open
covering U = |J,; U; together with a family (f;)ic; of elements f; € F'(U;)
satisfying

s(x) = fix for alli € I and all z € U,.

Thus, F(U) consists of all sections of p: [] ., F, — X that locally on U are
represented by elements in the presheaf F'. Without difficulties one can check
that F together with the obvious restriction morphisms is a sheaf, the so-called
sheaf associated to the presheaf F'; see 6.5/5 for a more thorough discussion of

associated sheaves.

Exercises

1. Let X be a set and (U;);er a family of subsets in X.
(a) Interpret (U;)icr as a projective system satisfying hm, Ui = Nicr Ui
(b) Abandoning the condition on the directness of index sets for inductive systems,

interpret (U;)ier as an inductive system satisfying hﬂie ; Ui = Ui Ui

2. Interpret the family (Z/nZ),en as an inductive system of groups with inductive
limit lim Z/nZ = Q/Z.
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. Tensor products commute with direct limits: Let (M;);er be an inductive system
of modules over a ring R. Show for any R-module N that there is a canonical
isomorphism of R-modules (@iel M;))®g N —» hﬂieI(Mi ®gr N).

. Ezactness of inductive limits: Define the notion of a short exact sequence

0 — (M])ier — (M;)ier —> (M}")icr — 0

of inductive systems of modules over a ring R in a natural way and show that

. : / : . 3 n___,
the resulting sequence 0 — lim, M — lim,  M; — lim,_ M; 0
is exact.

. Let p be a prime ideal of a ring A. Show that the localizations Ay for f € A —p
form an inductive system and that the the localization A, can be interpreted as
the inductive limit of this system.

. Show that any ring A can be interpreted as the projective limit of all its local-
izations Ay, f € A.

. a-adic completion: Let a be an ideal of a ring A. Call a subset U C A open if for
each element f € U there is an integer n € N such that f+a™ C U. This way the
powers a”, n € N, play the role of a fundamental system of neighborhoods of 0. A
sequence (a;);en of elements in A is called a Cauchy sequence if for every n € N
there is an index k € N such that a; — a; € a” for all ¢, 7 > k. Furthermore, such
a sequence is called a zero sequence if for every n € N there is an index k € N
such that a; € a™ for all ¢ > k.

Show:

(a) The open subsets define, indeed, a topology on A; the latter is called the
a-adic topology.

(b) The set C of Cauchy sequences in A is a ring under componentwise addition
and multiplication; the zero sequences define an ideal N' C C. There is a canonical
ring homomorphism A — C/N with kernel (), oy a”.

(c) There is a canonical isomorphism C/N —2» hm o Afa™.

(d) The projective limit A = hm o A/a™ can be viewed as the (separated)
a-adic completion of A. Namely, using the kernels of the canonical morphisms
A— A/a™ as a fundamental system of neighborhoods of 0 in A, we get a
topology on A such that the image of A — A is dense and every Cauchy se-
quence converges in A. Furthermore, the topology on A induces the given one on
A in the sense that a subset in A is open if and only if it is the preimage of an
open subset in A.

. For aring R and a variable ¢ consider the ring R[[¢] of formal power series in ¢ with
coefficients in R. Recall that R[[t] consists of all formal expressions ), -y @nt"
for arbitrary coefficients a,, € R, and that addition as well as multiplication of
such sums are defined as usual. Show that R[[¢] can be interpreted as the (t)-adic
completion (see Exercise 7 above) of the polynomial ring R[¢].

. Sheaf of holomorphic functions: For an open subset U C C let O¢c(U) be
the C-algebra of holomorphic functions on U. Show that the resulting functor
Opn(C) — C-Alg is a sheaf and that the stalk Oc at the origin 0 € C can
naturally be identified with the ring of convergent power series
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{Z ayt"™ € C[t] ; Z apz" is convergent for some z € C — {0}},

neN neN

the latter being viewed as a subring of C[[¢]. For the formal power series ring
C[t] see Exercise 8 above.

10. Alternative definition of sheaves: An étalé sheaf of sets on a topological space X
consists of a topological space § together with a continuous map 7: § —— X
that is a local homeomorphism. Show that the concept of an étalé sheaf of sets
is equivalent to the one of sheaf of sets as introduced in 6.3/2.

6.5 Morphisms of Sheaves and Sheafification

To compare different presheaves and, likewise, sheaves among each other, we
need to introduce the concept of morphisms between these.

Definition 1. Let X be a topological space and F,G presheaves (resp. sheaves)
on X. A morphism of presheaves (resp. sheaves) ¢: F —— G is a functorial
morphism between F and G, the latter being viewed as functors from the category
of open subsets in X to the category of sets (resp. groups, rings, ...).

Hence, ¢ consists of a collection of morphisms

e(U): F(U) — G(U), U C X open,
that are compatible with restriction morphisms in the sense that for open subsets

UcCV cCX the diagram
F(v) £ g(v)

Y Y

FU) #% 6()

is commutative. We call ¢ an isomorphism if ¢ is a functorial isomorphism,
i.e. if all morphisms o(U) are isomorphisms.

For modules over a presheaf of rings O on X, the concept of a morphism can
be adapted in a natural way. Namely, a morphism of O-modules F — G is
a morphism of presheaves of abelian groups that is compatible with O-module
structures in the sense that the canonical diagram

OxF—0xgG

|

F g

is commutative. For module (pre)sheaves F, G over a (pre)sheaf of rings O, the
set of O-module morphisms is denoted by Home(F, G).
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Remark 2. Let ¢o: F —— G be a morphism of presheaves on a topological
space X and consider any point v € X. Then ¢ induces a morphism of stalks
0z Fo — G, in such a way that for all open neighborhoods U C X of x the

canonical diagram

Fu) 22 gm)

fz"gz

is commutative.
Proof. Let x € X. For open neighborhoods U C X of z, consider the composition
FU) 22 () — 6.,

which due to the properties of a morphism of presheaves is compatible with
restriction morphisms of F and G. Using the defining universal property of the
inductive limit 75 = lim, _ F(U), the morphisms F(U) — G, must factorize
over a unique morphism ¢, : F, — G,. U

Proposition 3. Let ¢: F —— G be a morphism of sheaves on a topological
space X.

(i) ¢ is injective — in the sense that ¢(U): F(U) — G(U) is injective
for all open subsets U C X — if and only if ¢,: F, — G, is injective for all
reX.

(i) @ is locally surjective — in the sense that for any section g € G(U) over
an open subset U C X and a point x € U, there is an open neighborhood U, C U
of x such that g|y, admits a preimage with respect to o(Uy,): F(U,) — G(Uy)
— if and only if p,: Fp — G, is surjective for all x € X.

(i) ¢ is an isomorphism if and only if @.: Fo —— G, is bijective for all
reX.

Proof. In all three cases, the only-if parts of the assertions are easily deduced
from the characterization of stalks in 6.4/6 and thereafter. To attack the if parts,
assume first that ¢, is injective for all z € X. Fixing an open subset U C X, we
have to show that ¢(U): F(U) — G(U) is injective as well. To achieve this,
consider elements f, f' € F(U) with ¢(U)-images g,¢9" € G(U) that coincide.
Then we have

u(fa) = gu = g;c = ‘pw(fa/c)

and, hence, f, = fI for all x € U, since ¢, is injective for all x € X. But this
implies f = f’ by 6.4/7 and we see that ¢(U) is injective, thereby settling (i).

Next assume that ¢, is surjective for all x € X and consider an element
g € G(U) over some open subset U C X. Fixing x € U, there is an element
fz € Fu such that ¢, (f.) = g.. Now let U, C U be an open neighborhood of z
such that the germ f, is induced by some element f,y € F(U,). Then we have
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(¢(U2)(f))), = 9o by Remark 2 and we may even assume (U,)(f)) = glu,
if we replace U, by a smaller open neighborhood of x. This settles (ii).

Finally assume that ¢, is bijective for all x € X. Then ¢ is injective by
(i) and locally surjective by (ii). Thus, given a section g € G(U) on some open
subset U C X, there exists for every € U an open neighborhood U, C U of
x together with a section f(,) € F(U,) such that ¢(U,)(fw)) = glu,. Since the
map

(U, NUyp): F(U, N Uy) — G(U, N U,)

is injective for any points x, 2’ € U, we must have

f)lvorv, = fanlvenu,
since both quantities left and right are mapped to gly,nv,, under (U, N Uy).
Using the fact that F is a sheaf, there is a unique element f € F(U) such that
flu, = fo) for all x € U. But then, by the sheaf property of G, we see that
©(U) maps f to g. a

Definition 4. Let ¢: F —— G be a morphism of presheaves of abelian groups
(resp. presheaves of modules over a presheaf of rings) on a topological space X.
Then the following functors from the category of open subsets U C X to the
category of abelian groups are presheaves of abelian groups (resp. presheaves of
O-modules) again:
(i) (ker @)pre: U —— ker(p(U)), the kernel of ¢,
(i) (Im@)pre: U —— im(p(U)), the image of ¢,
(ili) (coker ¢)pre: U —— coker(p(U)) = G(U)/im(p(U)), the cokernel of .

If F and G in the situation of the definition are sheaves, it is easily seen
that (ker ¢)pe is a sheaf as well. In this case the kernel is simply denoted by
ker . However, special care is necessary when dealing with image and cokernel
of a morphism of sheaves ¢, since (im ¢)pre and (coker ¢)pe Will not be sheaves
in general.

In the following we want to concentrate on the problem of constructing for
a presheaf F a so-called associated sheaf F', which, in a certain sense, is a sheaf
approximating F in a best possible way. A provisional version of this result was
already discussed at the end of Section 6.4.

Proposition 5. Let F be a presheaf on a topological space X. Then there
exists a sheaf F' together with a morphism of presheaves F —— F' such that
the following universal property is satisfied:

If F —— G is a morphism of presheaves into a sheaf G, there exists a
unique morphism of sheaves F' —— G such that the diagram

-
-
’
-
-
’
»

g

1s commutative.
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We call F' together with the morphism F — F' the sheafification of F,
or the sheaf associated to F.

The most rapid way to establish the above result is to consider sections in
the étalé space of F, as we have explained at the end of Section 6.4. However,
here we want to use a more rigorous method derived from Cech cohomology
(see Section 7.6), which has the advantage that it extends to the context of
generalized topologies in the sense of Grothendieck [1].

Let X be a topological space and F a presheaf on it. Furthermore, consider
an open subset U C X and an open covering 3 = (Uy)aea of U by open subsets
Ux C U, hence, satisfying U = (o, Ux. Then we set

HO(4, F) = ker(H Foy=— J[ Fw.n UX))
AeA (AN)eAxA

where the kernel of the maps on the right-hand side can alternatively be inter-
preted as the limit of the projective system (F(Uy) — F(UxNUx))anvea. By
its definition, H°(U, F) consists of all families (f)rea € [[ ey F(Ux) such that
Ilusnoy, = fxlusno,, for all A, X € A. In particular, there is a canonical map

F(U) — H(U, F), f— (fluy)ren,

which is a monomorphism if F satisfies sheaf condition 6.3/2 (i) and an isomor-
phism if F is a sheaf. Also note that we may view H°(4l, -) as a functor on the
category of presheaves on X, since any morphism of presheaves p: F —— G
gives rise to a canonical map H°(8, p): H(U, F) — HO(8,G).

If sl = (Ux)rea and U = (V) em are two open coverings of U, we call U a
refinement of 4 if there exists a map 7: M —— A such that V, C U, for all
€ M. Then there is a canonical map

Ho(nw]:) - Ho(ma ]:)7 (f)x))xe/l I (fr(,u)'Vu)HeMv

and it is easily checked that this map is independent of the map 7 used for
declaring U to be a refinement of . Indeed, let 7: M —— A be a second map
such that V), C Uy, for all 4 € M. It follows V, C U,y NUr(,) and, since any
element (f\)rea € HO(U, F) satisfies

f’l’(u) |UT(}L)QUT/(,_L) = fT’(M) |UT(“)FIU,/(#) )

we see that fro|v, = frwlv, for p e M.

Now fix an open subset U C X and consider the collection of all open cover-
ings 4 of U as an index collection Iy, equipped with the preorder given by the re-
finement relation. So we write U < U for elements in Iy if 0 is a refinement of L[.
Then Iy is directed, since for two open coverings 4 = (Uy)xea and B = (V,,) jem
of U, we can always construct the product covering U x 8 = (Ux N V,,)) x wyeaxns
which is a common refinement of 4l and 2. Therefore the family (H°(4, F))yer,,
together with the morphisms induced by refinements, form an inductive system,
and we can look at the corresponding limit



236 6. Affine Schemes and Basic Constructions

FHU) = lim HO(8L, F).

Uely

The latter exists by 6.4/2 and the explanations preceding this result, since we
may replace the collection Iy by a cofinal subset. If U varies over the open
subsets of X, we may interpret FT as a presheaf on X . Indeed, for open subsets
V C U C X and an open covering 4 = (Uy)xea of U consider the corresponding
restriction U|y = (Ux N V)xea of U to V. Then, using the universal property of
the inductive limit, the morphisms of type

HO(8, F) — HO(Uly, F), (Sa)rea = (faloanv)aeas

induce morphisms of type
FHU) — FH(V),

which satisfy the conditions of a presheaf on X. Moreover, it is clear that the
maps of type

]:(U) - Ho(ua ]:)7 J— (f‘UA)/\é/la

induce a morphism of presheaves F —— F ' where for a sheaf F the maps
F(U) —— HO(YU, F) are isomorphisms and, hence, the same is true for
F F*t as well. If F only satisfies sheaf condition 6.3/2 (i), the maps
F(U) — HO(4, F) are still injective and the resulting map F(U) — F+(U)
does not lose this property. Unfortunately, 7 is not a sheaf in general, but there
is the following result which, in particular, settles the assertion of Proposition 5:

Lemma 6. Let X be a topological space and F a presheaf on X.
(i) The assignment F —— F T is compatible with restriction to open subsets
U C X, i.e. there are canonical isomorphisms (F )|y ~ (Fluv)*t.

(i) The presheaf F* satisfies the sheaf condition 6.3/2 (i).

(i) Assume that the sheaf condition 6.3/2 (i) holds for F. Then F' sat-
isfies the sheaf condition 6.3/2 (i) as well and, hence, is a sheaf. Further-
more, F — F* is a monomorphism in the sense that the canonical maps
F(U) — FT(U) for U C X open are injective.

(iv) The presheaf F*+ = (F*)* is a sheaf, which together with the canonical
map F — F —— FTT satisfies the universal property of the associated sheaf
of F.

Proof. Assertion (i) follows directly from the definition of F*. Next, turning to

assertion (ii), fix an open subset U C X and consider elements f,g € F(U)

such that there is an open covering U = |J,., Ux where f|y, = glv, for all

A € A. Since FF(U) = lim H°(%0, F), there is an open covering U of U
Vel

such that f, g are represented by elements f/, ¢’ € H°(55, F). It follows that the

restrictions f|y, and g|y, are represented by the elements

.f/‘U,\7g/|UA S Ho(m‘UA7]:)'
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Since we have fly, = ¢g|v, for all A € A, there is a refinement 20, of Uy,
for every A such that the images of f’|y, and ¢'|y, coincide in H°(2,,F).
Now setting up an open covering U’ of U by using the coverings 2y, A € A,
the images f”,¢" € HO(Y', F) of the elements f', ¢ € H°(U,F) coincide by
construction and we get f = g as desired.

To verify assertion (iii) assume that F satisfies the sheaf condition 6.3/2 (i).
Consider an open subset U C X and an open covering U = o, Ux of U, as
well as elements fy € F*(Uy) such that fi|lv,nv,, = fx|vyno,, for all A, N € A
We have to construct f € FH(U) such that f|y, = f) for all A € A. To do
this choose an open covering U, of U, for every A € A in such a way that
fr € FH(U,) is represented by some element fi € H°(U,,F). Then consider
the product coverings Uy x Ly of Uy N Uy for A\, N € A and observe that the
restrictions of f3, fi, to UxNUy yield elements fY, f, € H(0, x Yy, F) whose
images fi|v,no,, and fx|v,nvu,, coincide in F*(Uy N Uy ). Passing to a suitable
refinement 20, » of Uy x W)/, we can assume that the images of f{, f1, coincide
already in H°(20, v/, F). Then, by sheaf condition 6.3/2 (i), we see that, in fact,

) f4 coincide in HO(U\ x Yy, F) for all \, \' € A. Setting up an open covering
¥ of U from the coverings V), A € A, the elements f{, A € A, give rise to an
element f' € H°(U, F) and it follows from the construction that f’ induces an
element f € FH(U) satisfying f|y, = fi for all A € A. Thus, F* satisfies the
sheaf condition 6.3/2 (ii). The fact that F —— F* is a monomorphism was
already discussed before.

Finally, to obtain (iv) it remains to establish the universal property of an
associated sheaf for the composition F — F* —— F . For this it is enough
to check that each morphism ¢: F — G to a sheaf G factors through a unique
morphism ¢ : FT —— G. To do this, let U C X be open. Using the inductive
limit over all open coverings $4 = (Uy)xea of U, we conclude from the canonical

commutative diagram

e(U) l HO (L)

G(U) — H°(Y,G)
that ¢: F —— G factors through a well-defined morphism ¢*: F* —— G.
To see that ¢T is uniquely determined by ¢, consider an open set U C X and
an element f € FT(U). Then there exists an open covering 4l = (Uy)yen of U
such that f is represented by some element f’ € HO(4, F). Furthermore, the
commutative diagram

F(UN) — H(U|y,, F) — F(U))

HO (U, ) et (Uy)

S"(UA)\

g(U)\) — HO(M‘UMQ) = g+(U)\) s

shows for A € A that o*(U)(f)|v, = ¢ (Ux)(f|v,) is uniquely determined by .
Since G is a sheaf, T (f) is unique and we see that ¢* is uniquely determined
by . O
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In particular, the construction of associated sheaves yields the following
result:

Remark 7. Let F be a presheaf on a topological space X. Then the canonical
morphism F —— FT induces for every x € X an isomorphism F, — F
between stalks at x. The same is true for the morphism F —— F' where F' is
the sheaf associated to F.

If p: F —— G is a morphism between sheaves of abelian groups or of
modules over a sheaf of rings, then, similarly as in Definition 4, we can define
the following sheaves:

(i) ker ¢ = (ker ¢)pre, called the kernel of ¢,

(ii) im ¢, the sheaf associated to (im )y, called the image of ¢,

(iii) coker ¢, the sheaf associated to (coker @)y, called the cokernel of .

As usual, ¢ is called a monomorphism if ker ¢ = 0. Moreover, ¢ is called an
epimorphism if imp = G. If . F —— G is a monomorphism, we may identify
F with its image in G and thereby view F as a subsheaf of G. In addition, the
quotient G/JF makes sense in terms of the cokernel of ¢.

Proposition 8. Let G be a sheaf of abelian groups on a topological space X and
F C G a subsheaf. Then:

(i) The quotient in terms of presheaves (G/F)pe, defined as the cokernel
of the attached morphism of presheaves F —— G, satisfies the sheaf condi-
tion 6.3/2 (i).

(ii) The quotient G/F in terms of sheaves, defined as the sheafification of
(G/F)pres coincides with ((G/F)pre) ™

(i) For any section g € (G/F)(U) on some open part U C X, there is an
open covering (U;)ier of U such that the restrictions gly, are represented by
sections g; € G(U;) satisfying (g; — 9;)|vinv, € F(Us N U;) for all 4,5 € 1.

Proof. Consider a section § € (G/F)pe(U) = G(U)/F(U) on some open subset
U C X, represented by a section g € G(U), and assume that there exists an open
covering (U;);er of U such that g|y, = 0 for all ¢ € I. Then g|y, € F(U;) for all i
and, hence, g € F(U), since F and G are sheaves. In particular, § = 0 and we see
that (G/F)pe satisfies the sheaf condition 6.3/2 (i). Thus, assertion (i) is clear
while (ii) follows from Lemma 6 (iii). Finally, assertion (iii) is a consequence of
the definition of ((G/F)pre) ™. O

Also note that there is the notion of an exact sequence of sheaves of abelian
groups or modules. Namely, a sequence of morphisms

¥

]_-/ i F ]_-//

is called ezact if im ¢ = ker ) (in the sense of sheaves). There is the following
criterion for exactness:
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Proposition 9. A sequence

0 F F F 0

of sheaves of abelian groups (or of sheaves of modules over a sheaf of rings) on
a topological space X is exact if and only if the sequence of stalks

0 F.

x

Fa Fr 0

is exact for all x € X.

Proof. First check that the formation of stalks commutes with the formation
of kernels and images of morphisms. Then the assertion is easily derived from
Proposition 3. (]

Finally, as another application of the technique of sheafification, let us con-
struct the direct sum of a family (F;);c; of module sheaves over a sheaf of rings
O on a topological space X. A natural way to do this is by considering the
functor

F:Ur— @ F(U), UCX open
iel
Clearly, F is an O-module in the setting of presheaves. To examine if it actually
is a sheaf, we consider an open covering U = (J,, Ux of some open subset
U C X and look at the canonical diagram

() PFrEU)— [[PFU)=—= ] @FU.nU).

i€l e iel ANeA el

Since direct sums of ordinary modules or abelian groups may be viewed as
restricted cartesian products and since the diagrams

FU) — [[7@W) = ][] AOnUy), iel

AeA AN eA

are exact for all i € I, we see that the left map of (x) is injective with its
image being contained in the kernel of the right double maps. In particular,
F satisfies the sheaf condition (i) of 6.3/2. On the other hand, any element of
the latter kernel determines a family of sections r; € F;(U) and such a family
gives rise to an element in @, ; F;(U) only if 7; = 0 for almost all s € 1. If T
is finite, there is no problem and the diagram (x) will be exact so that F is a
sheaf in this case. Similarly, if A is finite, the diagram (*) is seen to be exact.
But we cannot exclude infinite coverings in general, and this is the reason why
F will fail to satisfy the sheaf condition (ii) of 6.3/2 in typical cases where I
is infinite. Therefore we are obliged to apply Proposition 5 in order to pass to
the sheafification of F; the latter is of type FT according to Lemma 6, since
F satisfies already the sheaf condition (i) of 6.3/2. Using Proposition 5 again,
it follows from our construction that for any O-module sheaf G the canonical
morphisms F; — F —— F T give rise to bijections
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Homep(F,G) -~ Homp(F,G) — HHomo(}'i,g).

icl

In particular, the morphisms F; —— F 1, i € I, satisfy the universal property
of a direct sum. Therefore we see that, from a categorical point of view, FT is
indeed the correct construction for the direct sum of the @-modules F; in the
setting of module sheaves.

Exercises

1. Give an example of a non-trivial presheaf of abelian groups such that its associ-
ated sheaf is the zero sheaf.

2. Two covariant functors F': ® — € and G: € — D between categories € and
D are said to be adjoint if there are bijections Hom(F(Y), X) ~ Hom(Y, G(X))
that are functorial on objects X in € and Y in ©. Interpret the sheafification
functor for presheaves on a topological space as part of a pair of adjoint functors.

3. Let t: P —— P be a monomorphism of presheaves, i.e. a morphism of pre-
sheaves satisfying (ker:)pre = 0. Show that the associated morphism of sheaves
(T P —— P is a monomorphism as well. Conclude for any morphism of
sheaves ¢: F G that im ¢, the image of ¢ in the sense of sheaves, can be
viewed as a subsheaf of G.

4. Inductive limit of sheaves: Let (F;);cr be an inductive system of sheaves of sets
(resp. abelian groups, resp. rings, etc.) on a topological space X . Define a presheaf
on X by assigning to each open subset U C X' the limit lim, Fi(U). Show that
the associated sheaf, denoted by @ie I.E-, satisfies the universal property of an
inductive limit in the corresponding category of sheaves.

5. Consider the 1-sphere X = {z € C; |z| = 1} as a topological space under the
topology induced from C. Let Cx be the sheaf of continuous real valued functions
on X and Ry the subsheaf of locally constant functions with values in R. Show
that G = (Cx/Rx )pre, the quotient in the context of presheaves, is not a sheaf.

6. Skyscraper sheaf: Consider a closed point x of a topological space X together
with an abelian group F. The skyscraper sheaf on X with stalk F' at x is defined
by associating to any open subset U C X the object F' if z € U and 0 otherwise.
Show that the resulting presheaf F is a sheaf, indeed, and that the latter is
uniquely characterized up to canonical isomorphism by the fact that F, = F' and
Fy =0 forall y # .

7. Sheaf Hom: Consider a topological space X together with sheaves of abelian
groups JF, G on it. For any open subset U C X set

Hom(F,G)(U) = Hom(Fl|y,Glv)

where Hom(F|y, G|r) denotes the set of sheaf morphisms from the restriction F|g
of F on U to the restriction G|y of G on U. Show that Hom(F, G) is canonically
a presheaf of abelian groups and that the latter is actually a sheaf.
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6.6 Construction of Affine Schemes

Let A be a ring and X = Spec A its spectrum. As in example (4) of Sec-
tion 6.3, consider the category D(X) of all open subsets of type D(f) C X
where f € A, with inclusions as morphisms. As we have seen, there is a well-
defined contravariant functor

Ox: D(X) — Ring,
D(f) — Ay,
D(f)ycDlg)  ——  Ay— Ay

which associates to an object D(f) the localization A; and to an inclusion
D(f) € D(g) the canonical morphism A, —— Ay. It is viewed as a presheaf
on X or, more precisely, on the basic open subsets of type D(f) C X.

For any element f € A, we can look at the open sets D(g) C Spec Ay given
by elements g € A;. To underline the fact that we are considering open subsets
in Spec Ay instead of Spec A, let us write Dy (g) in place of D(g).

Lemma 1. Let A be a ring and X = Spec A its spectrum. Fizing an element
f € A, look at the localization Ay and its associated spectrum Xy = Spec Ay.

(i) The map °t: Xy —=> D(f) C X induced from the canonical morphism
T7: A —— Ay is a homeomorphism .

(ii) The equation “7=*(D(g)) = Dy(7(g)) holds for g € A. Furthermore,
7= Vinduces a bijective correspondence between sets of type D(g) C D(f) where
g € A and the open sets of type D¢(h) where h € Ay.

(iii) The restriction of the functor Ox: D(X) — Ring to the subcategory
induced on D(f) is equivalent to the functor Ox,: D(X;) — Ring.

a

Proof. Assertion (i) was already proved in 6.2/8 while the first part of (ii) was
established in 6.2/4. Furthermore, the second part of (ii) is clear as well, since
hzfinEAfforgEAandneNyields

f9
fn+1

Dy(h) = Dy (:5) = Ds(r(f9)) = (D (f9)),

and since D(fg) C D(f).

To obtain (iii) use the canonical isomorphism
Agg = (Af)rig)
for g € A, which is a special case of 1.2/10. |

Proposition 2. For a ring A and its spectrum X = Spec A, the above functor
Ox: D(X) —— Ring satisfies the sheaf properties 6.3/2 (i) and (ii) if we
restrict ourselves to basic open coverings of type D(f) = Uyeq D(fr) where
f7 f/\ € A
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Proof. Consider a basic open covering D(f) = U, D(f\) as mentioned in the
assertion. Then we conclude from Lemma 1 that we may assume without loss
of generality f = 1 and, hence, D(f) = X. Since X is quasi-compact by 6.1/10,
we know that the covering under consideration admits a finite subcover, say of
type X = Ji—, D(f;) for functions fi,..., f, € A. Let us look at such a covering
first. In order to check that the first sheaf property holds, we have to show that
the canonical map

n
A— H Afi
i=1
is injective.
To do this, let g € A be an element of the kernel. Then for each i, 1 <17 < n,
there is an exponent r; € N such that f{"g = 0. Furthermore, X = {J_, D(/f:)
is equivalent to

@ mv flu"'uf’!b)
i=1
and by 6.1/5to A= (f1,..., fr), orevento A = (f{*,..., fI), since the radical

of an ideal a C A equals the unit ideal if and only if a itself is the unit ideal.
Hence, there are elements a1, ..., a, € A such that )", a;- f{* = 1, and we get

g—Zal 1 g*X:aZ 0=0.

This establishes the first sheaf property.
The second sheaf property is a little bit more involved. Using the relation
D(f;) N D(f;) = D(fif;) we have to show that the canonical diagram

n n
A—'HAfz:: HAfifj
i=1 i,7=1

is exact. Since the injectivity of the map on the left has just been shown, look
at an element of the kernel of the two maps on the right-hand side, hence, at
an element

(9:): € HAfi such that  gilp(rs,) = 95lp(ry,) forall 3.
i=1

There is a canonical commutative diagram

SN

b

S
o
o
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which we will apply for discussing the coincidence of g; and g; on D(f;f;).
Namely, for each i there are equations g; = f; ™" h; in Ay, for suitable exponents
n; € N and elements h; € A. Furthermore, from ;]| D(fif) = gjl D(fif;) We obtain
the equations

fiMh = f; "k and i — flh; =0 in Ay,

t J J

Thus, we can find some exponent r € N such that
(Ff) (F7hi = f"hy) =0 and f77(fhi) = 7 (£ hy)

hold in A. Since we are dealing with only finitely many indices ¢, j, we may
assume that r is independent of i and j. Now, using the fact that fi,..., f,
generate the unit ideal in A, there are elements by, ..., b, € A satisfying

Z bifit =1 in A.
i=1
Then we look at the element
9= biffhi€ A

i=1

and claim that g|p(,) = ¢; for all i. Indeed, using the above relations, the
following equalities hold in Ay, for a fixed i

9= _bifh;
j=1
=D bl (S hy) - £
j=1
= Yob i -
j=1

- (Z bjffw) hafi
j=1

= Ui

Therefore ¢ p() = gi for all i and we see that the functor Ox satisfies sheaf
properties as claimed, at least if the covering under consideration is finite.

Now consider an open covering 4 = (D(f)))aea of X that is not necessarily
finite. As we have already pointed out, { admits a finite subcover ', say cor-
responding to indices Ay, ..., A\, € A. Then look at the canonical commutative
diagram

A—— H°(4,Ox)

b

A—— H( Ox)
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where we have used the notation

H(,0x) =ker([Tox (D) = ] Ox(D(ffv)).

AeA (AN)EAXA

of Section 6.5 and where p: H(4, Ox) — H(W', Ox) is the restriction of the
canonical projection

H Ox(D(f)) — H Ox(D(fx))-

AeA

Note that p may also be interpreted as the canonical map obtained in the setting
of Section 6.5 when viewing ' as a refinement of 4. From the finite case, which
has been settled above, we know that ' is bijective and, in order finish our
proof, the same has to be shown for «. The bijectivity of ¢ is clear if we know
that p is injective. Therefore look at an element (gx)xea € H°(44, Ox) whose
p-image is trivial. Then the equations

g\lpronnin) = 9nlpgonni,), A€ i=1,...n,

show that each g, trivializes with respect to the finite cover &'|p(y,). Because
we know already that Oy satisfies the sheaf properties for such coverings, g
must be trivial. Hence, indeed, p is injective and we are done. O

Now we want to extend the functor Ox: D(X) — Ring, which so far is
only defined on the basic open subsets of X, to a sheaf of rings Ox on all of
X = Spec A. To do this, set

Ox(U)= lm Ox(D(f))= lm Ay
D(f)cU fEA with D(f)CcU

for open subsets U C X, where the first projective limit runs over all open
subsets in X of type D(f) that are contained in U, and the second one over
all f € A such that D(f) C U. Then we conclude from the universal property
of projective limits that Ox is a functor on the category of open subsets in X.
Furthermore, if U is a basic open subset, say U = D(g) for some g € A, then
Ox(U) = @D(f)cU Ox(D(f)) is canonically isomorphic to Ox(D(g)) = A,

and we see that, indeed, the restriction of Ox to D(X) yields a functor, which
is isomorphic to Ox.

Theorem 3. Let A be a ring and X = Spec A its spectrum. The above functor
Ox yields a sheaf of rings on X, extending the functor Ox: D(X) — Ring
as considered in Proposition 2.

Proof. To check the sheaf conditions for Oy, consider an open set U C X and
an open covering of U. Refining the latter if necessary, we will first assume that
the covering is of the special type U = (o, D(fx) for elements fy € A. Then,
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for arbitrary ¢ € A such that D(g) C U, there is a canonical commutative
diagram

Im Ay —— T4, == II 4ns
D(f)cu AeA AN €eA

| J |

Ag HAng —_— H Agfxfy
AeA ANeA

where all squares are commutative if, on the right-hand side, corresponding
horizontal arrows are considered. Interpreting the projective limit as

lim Ay ={(ap)re [] Ars asloi = ap for D(f) € DA},
D(f)cU D(f)cU

the maps from l'&lecU Ay to Ay, and Ay are given by the projections of

11 D(f)cU Ay onto the corresponding factors and it becomes clear that we have

im( @ Ay — HAfA) Ckor(H Ay, —= H Afxfy)-

D(f)cU e AeA AN e

Furthermore, we know from Proposition 2 that the lower row of the diagram is
exact, since the sets D(gf\) = D(g)ND(fy) form an open covering of D(g) C U.

We claim that the upper row is exact as well. Indeed, the injectivity of
the maps Ay —— [],.4 Ags, Where g varies over all elements in A such that
D(g) C U shows that T&ancU Ay — Tl e Ay, must be injective. Further-
more, if (hy)xea belongs to the kernel of [[,c, Ay, == [l ves Asiry this
element induces for every g € A where D(g) C U an element of the kernel of
[Laea Agrn == Tlxrea Agsrr, and, thus, by the exactness of the lower row, a
well-defined element hy € A,. Then (hy)y € [[p (o Af represents an element
of ],iHmD(f)d] Ay, which is mapped to (hi)aea, and we see that the upper row
of the diagram is exact. Since the latter may be identified with the canonical
diagram

Ox(U) — [[0x(D(£)) == [] Ox(D(f) N D(f)),

AeA AN e

it follows that Oy satisfies the sheaf conditions for the covering (D(f))xea of
U, as claimed.

It remains to look at an open covering U = (U;)ser of U of general type. In
order to show that O satisfies sheaf conditions for i, we proceed similarly as
in the proof of Proposition 2. Namely, covering each U; of 4 by basic open sets
of type D(f) C X, we obtain a refinement 4l of { which is of the special type
considered in the first part of our proof. Furthermore, there is a commutative
diagram
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Ox(U) — H°(4,Ox)
| !

Ox(U) — H'(W' Ox)
where ¢ and ¢/ are the canonical maps and p is the restriction morphism cor-
responding to the refinement U of L. Since ' is of the special type dealt
with above, we know already that ' is bijective, and the same has to be
checked for ¢. To do this, we show that p is injective, looking at an element
(hi) € kerp C [[;e; Ox(U;). Then, for fixed i € I, the component h; is trivial
on ea(il set of ' that is contained in U;. Since these open sets cover U; and
since Oy has already been recognized as being a sheaf with respect to such a

covering, h; must be trivial. Consequently, p is injective and we see that Oy
satisfies sheaf properties for the covering i, as claimed. O

To simplify our notation, we will write Oy again instead of Oy, calling this
the structure sheaf of the spectrum X = Spec A. Note that the ring Ox (U) for
any open subset U C X may be interpreted as the ring of all “functions” on U
that locally in a neighborhood of any point x € U are of type L with suitable
global functions f, g € A where, of course, f and g may depend on x and satisfy
g(x) # 0.

As the construction method used in the proof of Theorem 3 can be applied
to more general situations, we want to formulate it in more detail.

Lemma 4. Let X be a topological space and B a basis of the topology of X,
i.e. a system of open subsets such that

) U,VeB=UNVeB,

(i) every open subset in X is a union of sets from B.

Furthermore, let O: B —— € be a functor from B viewed as a category
with inclusions as morphisms, to a category € (of sets, abelian groups, etc.) and
assume that O satisfies the sheaf conditions for coverings of type U = Uy, Un
where U,Uy € B. Then O can be extended to a sheaf O on all open subsets of
X and this extension is unique up to canonical isomorphism.

Proof. For open subsets U C X set

oU)= lm O
U’'eB with U'CU

and apply the arguments given in the proof of Theorem 3 where we have used
the system of all sets of type D(f) for f € A as a basis of the topology of
X = Spec A. |

Next we want to discuss a module variant of the structure sheaf Ox which
has just been constructed. Doing so, let A be a ring with spectrum X = Spec A
and M an A-module. To associate a sheaf F on X to M, we set
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F(D(f)) = My

for elements f € A where My = M ®4 Ay is the localization of M by the
multiplicative system generated by f in A; see Section 4.3. Just as for Oy
one shows that F, as a functor from the category D(X) of all basic open
subsets of type D(f) C X to the category of groups or A-modules, satisfies
the sheaf conditions of 6.3/2 and, furthermore, that F extends to a sheaf of
A-modules on all open subsets of X. This sheaf is denoted by F again, or by
M in order to underline the dependence on the A-module M. Since My is,
in fact, an A;-module for every f € A, it is easily checked that the module
structure on F = M extends canonically to an Oy-module structure in the
sense of Section 6.3. Using the same notation again, F = M is called the
module sheaf associated to the A-module M or the Ox-module associated to
M. Thus, associated modules can be characterized as follows:

Theorem 5. Let A be a ring, X = Spec A its spectrum, and M an A-module.
Then the functor

D(X)—>A—M0d, D(f)l—>Mf=M®AAf,

mapping an inclusion of basic open subsets D(f) C D(g) to the canonical map
My —— My obtained via localization extends to a sheaf of Ox-modules M
on X, called the Ox-module sheaf associated to M. The latter is unique up to

canonical isomorphism.

In this context, Oy itself may be viewed as the sheaf A associated to A.
Further basic properties of associated modules will be discussed in Section 6.8.

Definition 6. A ringed space is a pair (X, Ox) where X is a topological space
and Ox a sheaf of rings on X. We call Ox the structure sheaf of the ringed
space.

A morphism of ringed spaces (X, Ox) — (Y, Oy) is a pair (f, [#) where
f: X —— Y is a continuous map and f#: Oy — f.(Ox) a morphism of
sheaves of rings on Y. Here f.(Ox) stands for the sheaf on'Y that is given by
V i Ox(f~1(V)) and canonical restriction morphisms. Thus f# consists of
a system of ring homomorphisms

fEV): Oy (V) — Ox(f1(V)), V C Y open,
which are compatible with restriction morphisms.

Note that the composition of morphisms between ringed spaces is defined
in a natural way. Furthermore, if (X, Ox) is a ringed space and U C X an open
subset, we can consider its restriction to U, namely the ringed space (U, Ox|y).
The injection U —— X may canonically be viewed as a morphism of ringed
spaces; it is a so-called open immersion of ringed spaces.
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Of course, for a morphism of ringed spaces (f, f#): (X, Ox) — (Y, Oy),
the continuous map f: X —— Y is the main ingredient because it determines
how to map the points of X to the points of Y. On the other hand, as we
are considering ringed spaces, namely topological spaces together with rings of
“functions” on them, it is of interest to know how the “functions” on Y can be
pulled back to “functions” on X, like this is done in a true function setting via
composition with f. Since there is no automatic definition of such a pull-back,
the corresponding data have to be provided; this is the role played by f#.

Remark 7. Any morphism of ringed spaces (f, f#): (X,0x) —— (Y, Oy)
canonically induces ring homomorphisms

f#: Oy ) — Oxa, reX.

Proof. For a point z € X and open subsets V' C Y such that f(z) € V, the
compositions

i\ .
Oy (V) ZEL Ok (£71(V)) —— Oxa
are compatible with restriction morphisms of Oy and, thus, induce a ring ho-
momorphism f# Oy f(z) — Ox, as claimed. 0

A ring is called local if it contains a unique maximal ideal; see 1.2/1. For
example, the localization A, of a ring A by a prime ideal p C A is a local
ring; see 1.2/7. In particular, any field is a local ring. A ring homomorphism
¢: A —— B between local rings with maximal ideals m C A and n C B is
called local if ¢(m) C n. For example, given a ring homomorphism ¢: A — B
and a prime ideal ¢ C B, we know that p = ¢~!(q) is a prime ideal in A and it
follows that the induced ring homomorphism A, — B; is local. However, for
any prime element p € Z the canonical inclusion Z,, —— Q is not local where
Zp) is the localization of Z by the prime ideal (p) C Z generated by p.

Definition 8. A locally ringed space is a ringed space (X, Ox) such that the
stalks Ox 5 at all points x € X are local rings.

If (X,0x) and (Y,Oy) are locally ringed spaces, a morphism of ringed
spaces (f, f*): (X, Ox) (Y, Oy) is called a morphism of locally ringed
spaces if all maps f#: Oy, ) — Ox for x € X are local.

Isomorphisms of ringed (resp. locally ringed) spaces are defined as usual in
the categorical sense.

Proposition 9. (i) Let A be a ring, X = Spec A its spectrum, and Ox the sheaf
on X associated to A. Then (X, Ox) is a locally ringed space with Ox , = Ay
as stalk at any point x € X.

(ii) Let A and B be rings with spectra X = Spec A and Y = Spec B. Then
the canonical map
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@: Hom((X,Ox),(Y,0y)) — Hom(B, A), (f, f7) — f#(Y),

from the set of morphisms of locally ringed spaces (X,Ox) — (Y, Oy) to the
set of ring homomorphisms B — A is bijective; see 7.1/3 for a more general
version of this fact.

(iii) For any morphism of locally ringed spaces (f, f#): (X,O0x) — (Y, Oy)
as in (ii) and a point x € X, the associated map between stalks

fz# : OY,f(r) OX,Z

coincides canonically with the map By(y) — A, obtained via localization from

FEY): B— A.

Proof. Let us start with assertion (i). Due to Proposition 2 and the construction
in Theorem 3 we know that Oy is a sheaf of rings on X. Thus, it remains to
show that the stalk Ox, at a point x € X is canonically isomorphic to the
localization A,. To do this fix a point z € X. Since the system D(z) of basic
open neighborhoods D(g) of z in X is cofinal in the system U (z) of all open
neighborhoods of z, in the sense that given any U € U (z) there is always a
D(g) € D(z) such that D(g) C U, we can write

Oxo= lim Ox(D(g)) = lim A,.
D(g)>x g(z)#0

Doing so, we want to show that the localization A, at the prime ideal p, C A
satisfies the universal property of an inductive limit of the localizations A, for
g varying over A — p,, where g ¢ p, is another way to say g(x) # 0. First
note that there is a canonical family of ring homomorphisms A, —— A, for
g € A—p,, which is compatible with restriction morphisms of type 4, — Ay
for z € D(¢') € D(g). Now consider another family of ring homomorphisms
Tyt Ay — B for g € A —p, to some ring B and assume that the 7, are com-
patible with restrictions of type A, — A, for z € D(¢’) C D(g). Then, taking
g = 1, we obtain a homomorphism 77: A B, which factorizes through all
Tg: Ay —— B for ¢ € A — p,. It follows that each g € A — p, is mapped
via 71 to a unit in B and, furthermore, that all 7, factor uniquely through a
homomorphism 7: A, —— B. This shows that A, is an inductive limit of the
Ay for g € A —p, and that, accordingly, the canonical map Ox, — A, is an
isomorphism.
To verify assertion (ii) we define a map

V: Hom(B,A) — Hom((X, Ox), (Y, OY)):

which will serve as an inverse of @. To do this, let p: B —— A be a ring
homomorphism and consider the corresponding map between spectra

“p: Spec A —— Spec B, pr— o '(p).

Now set up a morphism of locally ringed spaces
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@(90) = (fa f#): (X/ OX) - (Y7 OY)
as follows. Let f = %p and take

f#(D(9)): Oy(D(g)) = By — Aye) = Ox(D(¢(9))) = Ox(f 1 (D(g)))

for g € B as the canonical map By —— A, derived from ¢: B —— A via
localization. More general open subsets V' C Y can be covered by sets of type
D(g). Therefore we can derive a map f#(V): Oy (V) — Ox(f~1(V)) from the
f#(D(g)) for D(g) C V by using the sheaf condition 6.3/2 (ii). The compatibil-
ity properties of localizations show that this way we obtain a morphism of ringed
spaces. Furthermore, passing to inductive limits at a point x € X, respectively
f(z) € Y, we see from (i) that the morphism of stalks f#: Oy ) — Ox,
coincides with the canonical map By(,) — A,, which is local. Hence, (f, f#) is
a morphism of locally ringed spaces. Also note that this observation will settle
assertion (iii), once we have finished (ii).

Our construction of ¥ () = (f, f#) yields f#(Y) = ¢ for homomorphisms
¢: B—— A so that (®o¥(p)) = ¢ and, hence, & o ¥ = id. As the remaining
relation ¥ o @ = id will be provided by Lemma 10 below, we are done. (]

Lemma 10. Let A, B be rings with spectra X = Spec A, Y = Spec B and
(f, f*): (X,0x) — (Y, Oy) a morphism between the attached locally ringed

spaces. Then the morphism (f, f#) is uniquely determined by the ring homo-
morphism f#(Y): Oy (Y) — Ox(X).

Proof. Writing ¢ = f#(Y), let us show f = %p first. For € X there is the
following commutative diagram

—f#
B o=f7(Y) A

]

By Ay

o
Oy j@) —— Oxa

where the homomorphism f# is local by our assumption and, thus, maps the
maximal ideal generated by py(,) in Oy, s, into the maximal ideal generated by
p, in Ox,; use 1.2/7 to see that these ideals are maximal. In other words, we
have

(FH) " (1:0x.0) = Ps(0) Oy f(a)-

Since p,Ox, and Py Oy, f(z) admit as preimages in A and B the ideals p, and
P f(z), we conclude that ¢~ !(p,) = py(») and, hence, f(z) = “¢(x), as claimed. In
particular, the map f: X —— Y is uniquely determined by the homomorphism
fAY): Oy (Y) — Ox(X).
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In order to check that the morphism f#: Oy — f,Ox, consisting of the
homomorphisms f#(V): Oy (V) — Ox(f~'(V)) for V. C Y open, is uniquely
determined by ¢, we consider for such a V' the commutative diagram

— f#
Oy(Y) o= Ox(X)

oy (V) LU 0 (71 (V) .

In the special case where V' = D(g) for some g € B, the preceding diagram be-
comes more concrete: we get f~1(D(g)) = D(¢(g)) from 6.2/4 and the diagram

is of type
e=f#(Y)

B A
‘ F#(V) \
Bg Aqﬁ(.q) :

Therefore we see from the universal property of the localization B, that f# (V)
is uniquely determined by . If V' is more general, choose a basic open covering
V' = Uyea D(9r) where gy € B. Then, given b € Oy (V), its restrictions

FEV)O) by = (D)) Blpey), A€ 4,

are uniquely determined. Applying the sheaf properties of Oy, it follows that
J#(V)(b) is uniquely determined by ¢ as well. d

Starting out from a ring A, we constructed in Proposition 2 and Theorem 3
the associated sheaf Ogpec 4 01 the spectrum Spec A, thereby obtaining a locally
ringed space (Spec A, Ospec a). Locally ringed spaces of this type will serve as
prototypes for so-called schemes, a notion introduced by A. Grothendieck.

Definition 11. An affine scheme is a locally ringed space (X,Ox) such that
there is an isomorphism of locally ringed spaces (X, Ox) —= (Spec A, Ospeca)
for some ring A.

A scheme! is a locally ringed space (X,Ox) such that there exists an open
covering (X;)ier of X where (X;, Ox|x,) is an affine scheme for all i € 1. Here
Ox|x, 1is the restriction of the sheaf Ox to the open subset X; C X.

Finally, a morphism of schemes is meant as a morphism of locally ringed
spaces.

In most cases, we will just write X in order to refer to a scheme (X, Ox). The
sheaf Oy is called the structure sheaf of X . Likewise, for a morphism of schemes
(f, f*): (X,0x) — (Y, Oy) we will use the simpler notation f: X — Y.

! The original notion of Grothendieck was prescheme, while the term scheme was reserved
for a prescheme that is separated in the sense of 7.4. However, this convention is not followed
any more today.
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If (X, Ox) is ascheme and U C X an open subset, we call (U, Ox|y) an open
subscheme of X; it is a scheme again, as is seen using Lemma 1 (iii). Sometimes
the notation I'(U, Ox) is used in place of Ox(U), calling this ring the ring of
sections of Ox over U. If (U, Ox|y) is an affine scheme, U is also referred to
as an affine open subset of X. For any morphism of schemes f: X —— Y and
an open subset U C X we can define the restriction of f to U. This is the
morphism of schemes f|: U — Y, which is meant as the composition of the
open immersion (U, Ox|y) = (X, Ox) with f: (X,O0x) — (Y, Oy). Also
note that any open subset V' C Y determines an open subset f~1(V) C X as
well as a unique morphism of schemes f": f~1(V) — V making the diagram

X Y
1 Iy
commutative.

V) ——

It is clear that schemes together with their morphisms form a category,
which we will denote by Sch, and that the affine schemes define a subcategory
of Sch, in fact, a full subcategory, which means that the morphisms X —— Y
between two affine schemes X and Y are the same in the category of affine
schemes and the category Sch of all schemes. As usual, the set of morphisms
between two objects X, Y of Sch is denoted by Hom(X,Y'). Furthermore, for a
fixed scheme S, we can consider the category Sch/S of relative schemes over S.
As was explained in Section 4.5, the objects of Sch/S are morphisms of schemes
of type X —— S where X varies over the objects of Sch and the morphisms
in Sch/S are given by commutative diagrams of type

X Y

f

f

We usually talk about S-schemes and S-morphisms, referring to S as the base
scheme of the relative schemes. For two relative schemes X, Y in Sch/S the set
of S-morphisms X —— Y is denoted by Homg(X,Y).

According to our definition, there is a bijective correspondence between
affine schemes and rings. Furthermore, by Proposition 9, morphisms of affine
schemes correspond bijectively to ring homomorphisms. More specifically, we
can state:

Proposition 12. The category of affine schemes is equivalent to the opposite
of the category of rings.

For a thorough justification of the assertion we would have to consider
the contravariant functor “Spec” from the category of rings to the category
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of affine schemes that assigns to a ring A the corresponding affine scheme
(Spec A, Ogpec 4) and to a ring homomorphism B —— A the corresponding
morphism (Spec A, Ogpec a) — (Spec B, Ospec g) as characterized in Proposi-
tion 9 (ii). On the other hand,

X e Ox(X),
X —Y +—— [fHY): Oy(Y) — Ox(X)

sets up a contravariant functor from the category of affine schemes to the cat-
egory of rings, and we see easily from Proposition 9 (ii) that both possible
compositions of these functors are equivalent to the identity.

Let us end this section by some remarks concerning the topology of schemes.
Of course, since affine schemes are Kolmogorov spaces by 6.1/8, the same is
true for arbitrary schemes. Furthermore, since any non-zero ring admits a max-
imal ideal, we know from 6.1/6 that any non-empty affine scheme admits a
closed point. To generalize this assertion to the non-affine case, we need a quasi-
compactness assumption.

Proposition 13. Let X be a non-empty Kolmogorov space that is quasi-
compact. Then X contains a closed point.

Proof. Using the quasi-compactness of X, we see using Zorn’s Lemma that X,
if it is non-empty, contains a minimal non-empty closed subset Z. We claim
that Z consists of just one point. Indeed, assume there are two different points
x,y € Z. Then, by the Kolmogorov property, we can find an open subset U C X
containing just one of them, say x € U. It follows that x does not belong to
the closure @ of y in Z and, consequently, that Z cannot be a minimal closed
subset in X. |

For schemes X, the argument given in the above proof does not look very
satisfying, since it is not constructive. Instead one might be tempted to look at
a non-empty affine open part U C X. Then, by 6.1/6, there is a point € U
that is relatively closed in U. However, from this we cannot conclude that z will
be closed in X, as we have explained already in the introduction of the present
chapter. On the other hand, see 8.3/6 for a class of schemes X where every
point that is relatively closed in some open part of X is already closed in X.

Exercises

1. Let X = SpecZ. Describe the structure sheaf Ox of X by exhibiting all restriction
morphisms. Do the same for X = Spec C[¢]/(t> —t) and X = Spec C[t]/(t> —t?)
where ¢ is a variable.

2. Counsider the affine scheme X = SpecZ[t] and its open subschemes X7, X given
by the basic open subsets D(2), D(t) C X where t is a variable. Show that
X1 U X, defines an open subscheme in X that is not affine. Hint: Determine the
ring Ox (X7 U X3).
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Let X be a scheme containing at most two points. Show that X is affine.
Consider a topological space X with three points xg, z1,x2 and open subsets
0, Xo={z0}, X1=A{zo,21}, Xo={wo,22}, X.
For a field K and a variable ¢ define a presheaf Ox on X by setting
Ox(0) =0, Ox(Xo)=K(t), Ox(X1)=0x(Xz)=O0x(X)=K[t]y

with canonical restriction morphisms. Show that Ox is a sheaf and that (X, Ox)
is a scheme that cannot be affine.

. Disjoint union of schemes: Let (X;);er be a family of schemes. Define the disjoint

union X = [[;c; Xi as a ringed space; it is a scheme again. Assuming that all X;
are non-empty affine, show that X is affine if and only if I is finite. Hint: Use
Exercise 1.1/6.

. Show that there is a unique morphism of schemes X —— SpecZ for any scheme

X. Conclude that the category of schemes is equivalent to the one of relative
schemes over SpecZ.

. For a scheme X and a point x € X show that there exists a canonical morphism

of schemes Spec Ox, —— X. Its image consists of all points z € X satisfying
x € {z}, i.e. such that x is a specialization of z.

. Given a scheme X and a global section f € Ox(X), write Xy for the set of all

points z € X where f does not vanish; more precisely, z € X if and only if the
germ f; € Ox; is a unit. Show:

(a) X is open in X.

(b) Xy = D(f) if X is affine.

(c) There is a canonical ring morphism ¢: (Ox (X)) — Ox(Xy).
(d) ¢y is injective if X is quasi-compact.

(e

) @y is an isomorphism if there exists a finite affine open covering (X;);cr of X
such that all intersections X; N X, i,j € I, are quasi-compact.

If X is not affine, the ring Ox(X) of global sections on X can be quite small.
For example, the projective n-space X = P’ over a field K, to be constructed
in Section 7.1, satisfies Ox (X ) = K. Therefore one cannot expect that the open
sets of type Xy will form a basis of the topology on X.

. A criterion for affine schemes: Show that a scheme X is affine if and only if

there are global sections fi,..., f, generating the unit ideal in Ox (X) with the
property that the subsets Xy, ,..., X C X as in introduced in Exercise 8 above
are affine. Hint: To establish the if part set A = Ox(X) and construct a mor-
phism of schemes 7: X —— Spec A that restricted to each Xy, corresponds to
the canonical morphism Ox (X) — Ox(Xy,). Use Exercise 8 to show that 7
induces isomorphisms 77! (Spec Ay,) = Xy, —~» Spec Ay, and, hence, that 7 is
an isomorphism itself.
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6.7 The Affine n-Space

Let R be aring and S = Spec R its spectrum, which we want to view as an affine
scheme, in fact, as a base scheme over which we construct the affine n-space as
a relative S-scheme. To do this, choose variables t1,...,t, and consider

& =SpecR[t,...,tn]

as an S-scheme under the morphism A% —— S induced from the canonical
inclusion R —— R[t1,...,t,]. Then A% is called the affine n-space over S
and we will often use the notation A as an abbreviation of Ag ... For any
R-algebra R’ let A%Z(R') be the set of all S-morphisms Spec " —— A%; this is
the set of so-called R'-valued points of A%. Since the set of R-homomorphisms
R[t1,...,t,] —— R’ corresponds bijectively to the set (R')™ of all n-tuples
with entries in R', via the map ¢ —— (p(t1), ..., p(t,)), we see that the set of

R'-valued points of A}, is given by
AR(R) = (R)".

In particular, this justifies the term affine n-space.

We want to look a bit closer at the affine n-space A% in the case where R
is a field, say R = K. Let K be an algebraic closure of K. As we have seen
already at the end of Section 3.2, the map

Hompg (K [ty,... ,tn], K) — Spec K[t1,...,t,], » — ker ¢,
gives rise to a canonical map
7 A% (K) — Spm K [ty,..., t,]

from the set of K-valued points of A% to the set of closed points of A%. Indeed, a
morphism Spec K — A% is given by a K-morphism ¢: K[t;,...,t,] — K
and its image im ¢ is a subring of K that is integral over K. Then im ¢ is a field
by 3.1/2 and we can conclude that ker ¢ is a maximal ideal in K[ty,...,¢,].

On the other hand, if m C K[ty,...,t,] is an arbitrary maximal ideal,
we know from 3.2/4 that the quotient K’ = K[t1,...,t,]/m is a finite field
extension of K. Therefore we may embed K’ via a K-homomorphism into K
and it follows that the composition

Kty ... ,ty] —= K[t1,...,ty]/ m— K

yields a K-valued point € A%(K) such that 7(x) = m. In particular, 7 is
surjective.

To determine the fibers of 7, consider two points z,y € A%(K) given by
K-homomorphisms ¢, : K[t,...,t,] — K and assume 7(x) = 7(y). Then
there exists a commutative diagram of K-homomorphisms as follows:
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K[ti,.. . tn]/kerp ——= K

K[ti,... ty]/kerp —= K

Indeed, due to kerp = kert the subfields K[t;,...,t,]/kerpp C K and
K[t,...,t,]/ker¢p C K are isomorphic over K and such a K-isomorphism
can be extended to a K-automorphism of K. Thus, letting the automorphism
group Autx (K) act on K™ in a canonical way, we see that two points x,y € K"
satisfy 7(x) = 7(y) if and only if there exists an automorphism o € Autg(K)

such that o(z) = y. In particular, the map 7 gives rise to a bijection
?”/Aut;((?) —— Sme[tl/ c. ,tn] C SpeCK[th . 7tn]

Since any K-automorphism of K leaves K fixed, it follows that 7 induces an
injection

K" —— Spm K [t1,...,t,]
where the maximal ideal 7(z) corresponding to a point = = (z1,...,2,) € K"
is given by (t; — x1,...,t, — x,) C K[t1,...,t,]. Thus, we see that, for an
algebraically closed field K = K, the map 7 is both, surjective and injective,
hence, defines a bijection

K" —=» SpmK|[t,...,t,].

We will see later in Section 7.2 for a general base scheme S that the affine
n-space A%, like any relative S-scheme, may be imagined as the family of its
fibers over S. In our special case the latter are the affine n-spaces AZ(S) where s
varies over the points in S.

Exercises

1. Let S be an affine base scheme. Show that there is a canonical bijection
Homg(T,AL) — O7(T) that is functorial on S-schemes T and, thus, gives
rise to an isomorphism of functors from the category of S-schemes to the category
of sets. Later the assumption “affine” on S can be removed.

2. Show that the affine n-space A over an affine base S can be interpreted as the
n-fold cartesian product (Ag)” in the category of S-schemes. Indeed, for any
S-scheme T' there is a canonical bijection Homg(7T,A%) —~~ Homg(T, A};)"
Later we will be able to remove the assumption “affine” on S.

3. Consider Neile’s parabola X = Spec K [t1,t2] /(13 — t3) over a field K. As we can
conclude from Exercise 6.2/6, there is a morphism of schemes A}, — X that
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is not an isomorphism, although it is bijective as a map of sets. Show that there
cannot exist any isomorphism of schemes between X and the affine line A}(. Hint:
All stalks of the structure sheaf of A}( are discrete valuation rings, while the same
is not true for X.

6.8 Quasi-Coherent Modules

In the following we want to study the category of Ox-modules on a scheme X
where by an Ox-module we always mean a module sheaf, unless stated other-
wise. We begin with the affine case. So let A be a ring and X = Spec A the
associated affine scheme. As we have explained in Section 6.6, starting out from
an A-module M we can construct an associated Ox-module M on X. By 6.6/5
the latter is the sheaf that on basic open subsets of type D(f) C X for f € A
is given by the localization

M(D(f)) = My =M @4 Ay

where the tensor product yields the structure of M; as an Ay-module. For an
arbitrary open subset U C X we can take a basic open covering & = (D(f)))aea
of U given by suitable elements f, € A and describe the sections over U in terms
of sections on basic open sets by
M(U)=HW M) C [[ My, Ox(U)=H"4Ox) c [] Ap:

AeA AeA

see Section 6.5 for the notion of H(4,-). Also note that the structure of M (U)
as an Ox (U)-module is componentwise induced from the structure of each M,
as an Ay,-module. Using this point of view it becomes clear that every morphism
of A-modules p: M —— N gives rise to an associated morphism of Ox-modules
¢: M N. On a basic open subset D(f) C X, the latter is given by the
localization ¢y: My —— Ny of ¢ by f. Thereby we see that, in fact, M +—— M
defines a functor from the category of A-modules to the category of Ox-modules.
Also note that A = Ox, i.e. the Ox-module associated to A with its canonical
A-module structure is the structure sheaf Ox viewed as a module over itself.
There is a slight generalization of the construction of associated morphisms.
Consider an A-module M and an Ox-module F. Then every morphism of
A-modules p: M — F(X) induces a morphism of Ox-modules @: M — F.
Indeed, for any basic open subset D(f) C X, we know that F(D(f)) is an
Ag-module. Hence, the composition M F(X) F(D(f)) factors
uniquely over a morphism of Ay-modules ¢;: My —— ]:(D(f)). As before,

these maps give rise to the desired morphism ¢: M —— F. In particular,
the identity map on F(X) induces a well-defined morphism of Ox-modules

F(X) — F and the latter is an isomorphism if and only if F is associated to
some A-module M (which will be isomorphic to F(X)).
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Proposition 1. Let M be an A-module and My its localization by some ele-
ment f € A. Then the restriction M|x,, where Xy = Spec Ay, is canonically

isomorphic to the Ox -module Mf associated to the Ag-module Mj.

Proof. This is the module analogue of 6.6/1 (iii); use 1.2/10 in conjunction with
4.3/2. 0

Proposition 2. For A-modules M and N, the map
Hom (M, N) — Home, (M, N), O @,

is bijective. More generally, for any A-module M and any Ox-module F, the
map .
HomA(M7.7-'(X)) —— Homp, (M, F), @,

is bijective.
Proof. Of course, a left-inverse of the map ¢ —— ¢ is given by ¢ —— ¥(X)

for morphisms of Ox-modules ¢: M —— F. The latter is a right-inverse as
well, as follows from the commutative diagram

M P(X)

|

M; Y(D() f(D(f));

F(X)

namely it shows for any f € A that, as a morphism of A-modules, w(D( f )) is
uniquely determined by ¢ (X). |

Corollary 3. The functor M —— M from A-modules to Ox-modules respects
direct sums, i.e. for any family of A-modules (M;);er there is a canonical iso-

morphism o
@ M; ~ @ ]\Zf,a

icl iel

Proof. As we have shown in Sections 1.4 (Example 4) and 6.5, direct sums of
ordinary modules and of module sheaves are characterized by the same uni-
versal mapping property. Thus, it is enough to refer to the second bijection in
Proposition 2. O

Proposition 4. The functor M +—— M from A-modules to Ox-modules is
exact, i.e. for any exact sequence M' —— M —— M" of A-modules the
resulting sequence of Ox-modules M’ —— M —— M" is exact as well. In
particular, the functor M —— M respects the formation of kernels, images,
and cokernels.
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Proof. We know from 4.3/3 that any localization Ay of A by an element
f € A is flat over A. Therefore, if we tensor an exact sequence of A-modules
M'" — M — M" with a localization As over A, this yields an exact sequence
M} —— My —— Mj. In particular, any section of the kernel of M —— M"
hvmg on some open subset of X admits local preimages in M’. But then it
follows that the sequence M’ —— M —— M" is exact. O

Corollary 5. A sequence of A-modules M' —— M M" is exact if and
only if the associated sequence M' — M — M" is exact.

Proof. Taking into account Proposition 4, we have just to know that an
A-module F is trivial if and only if its associated Ox-module F is trivial.
However, this is clear from the construction of associated modules. O

Now let F be an arbitrary Ox-module. We want to prove the remarkable
fact that the condition of F being associated to an A-module M, in the sense
that F is isomorphic to M, can be checked locally on X.

Theorem 6. Let X be the spectrum of a ring A and F an Ox-module. Then
the following conditions are equivalent:
(i) F is associated to an A-module M.
(ii) There exists a family of elements [ € A such that the basic open subsets
D(f) cover X and each restriction F|p(s) is associated to an Ap-module M.
(iil) The following hold for every f € A:
(1) given a section r € F(X) such that r|py = 0, there exists n € N
such that f"r =0, and
(2) given a section s € F(D(f)), there exist r € F(X) and n € N such
that r|pepy = f"s.

Proof. Tt is trivial that (i) implies (ii). Therefore assume condition (ii). Since X
is quasi-compact by 6.1/10, there exists a finite family (f)\)rea of elements in
A such that X = J,., D(fr) and each F|ps,) is associated to an Ay -module
M. Now let f € A and consider a section r € F(X) such that r|p) = 0.
Writing 7y = 7|p(s,), We get 7a|p(sr,) = 0 or, in other words, % = 0 in (My)
for all A € A. By the module analogue of 1. 2/4 (i), there is an exponent neN
such that fry = 0in F(D(f,)) = M,. Since the index set A is finite, we may
assume that n is independent of X\. But then f"r|p) = f"ry =0forall A € A
and, hence, since F is a sheaf, f"r must be trivial. Thus, we see that the first
condition in (iii) is satisfied.

To derive the second condition in (iii), consider a section s € F(D(f)) for
some f € A and look at its restriction sy = s|p(sr,) € F(D(ffr)) =~ (My)s on
D(f) N D(fy). Then we can find an exponent n € N such that f"s, extends
to a section ry € F(D(fy)) =~ M,, where, again, we may assume that n is
independent of A. Restricting ry and ry to D(f\) N D(fy) for indices A\, X' € 4,
we see that the difference
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rax—1x € F(D(fafx)) = (My)g,, = (My)y,

becomes trivial on D(f fyfy) or, equivalently, after localization by f.Using the
module analogue of 1.2/4 (i), it follows that r) — 7y is killed by a power of f,
which we may assume to be independent of the finitely many index pairs (A, \').
But then, taking n sufficiently big from the beginning on, we may assume that all
differences ry—ry € F(D(frfv)) are trivial. Since F is a sheaf, there is a global
section 7 € F(X) such that r|p,) = 7 for all A € A so that, in particular,
TIpry = Talpirsy = f7sx for all . Using the covering D(f) = Uy, D(ff2) in
conjunction with the sheaf property of F, we obtain r|pyy = f™s, as required
in the second condition of (iii).

Finally, let us show that (iii) implies (i). To do this, let M = F(X) and
observe that any f € A gives rise to a unique morphism of Ay-modules ¢y such

that the diagram
M ——=F(X)

|,

My — F(D(f))

with canonical vertical morphisms is commutative. Now, if condition (1) in (iii)
holds, ¢y is injective, and if condition (2) holds, ¢y is surjective. From this one
concludes that F is associated to the A-module M and we are done. [

Corollary 7. Let A be a ring and X = Spec A. Furthermore, let M be an
A-module and F an Ox-module that is associated to M. Then, for any affine
open subscheme U = Spec B of X, the canonical map M ®4 B F(U) is
bijective and F|y is associated to M @4 B as B-module.

Proof. Since F(U) is a B-module, the restriction morphism F(X) — F(U)
factors through a canonical morphism of B-modules 0: M ®4 B — F(U).
The latter induces a morphism of Op-modules : M/ZéA/B —— F|v by Propo-
sition 2. Furthermore, for any f € A such that D(f) C U, the canonical map
A — B induces an isomorphism Ay —— By via localization and, hence, using
4.3/2, a commutative diagram

M®sB

F(U)

M ®y By —2—~ M @, A;

where o is an isomorphism. But then ¢ is an isomorphism locally on U and,
thus, an isomorphism on U as well. (]

Next we want to adapt certain special properties of modules over rings to
the situation of modules on schemes. To do this consider for any index set I the
Ox-module
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oY =P ox
i€l
where, on the right-hand side, Ox is meant as a module over itself. Thus, ng
is the direct sum of copies Oy parametrized by I; see the end of Section 6.5 for
the direct sum of module sheaves. Note that for a ring A it is common practice

to interpret AUY) as a part of the cartesian product A, namely as
AD = {(a;)ie; € A a; = 0 for almost all i € I}.

This way AD is an A-module, which can be interpreted as the direct sum of
copies of A parametrized by I.

Remark 8. Let U = Spec A be an affine open subscheme of a scheme X. Then,
for any index set I, the restriction of the direct sum ng to U is associated to

the A-module AD, i.e. O |y ~ AD),

Proof. The construction of direct sums at the end of 6.5 in conjunction with
6.5/6 (i) shows (ng)b ~ (Ox|y) so that we can apply Corollary 3. O

Let us call an Ox-module F free if there exists an index set I such that F
is isomorphic to the Ox-module ((’)X)(I). Furthermore, an Ox-module F on a
scheme X is called locally free if every point z € X admits an open neighborhood
U such that F|y is free. If more specifically F is locally isomorphic to Oy, i.e.
if each € X admits an open neighborhood U C X such that F|y ~ Ox|v,
then F is called invertible; see 9.2 for a closer discussion of the latter property.

Definition 9. An Ox-module F on a scheme X is called quasi-coherent if,
for every point x € X, there exists an open neighborhood U C X such that the
restriction of F to U admits an ezact sequence of type

(Ox ) — (Ox|p)!) — Fly — 0,

called a presentation of F|y.

In particular, the structure sheaf Oy is a quasi-coherent module over itself,
on any scheme X.

Theorem 10. Let X be a scheme and F an Ox-module. Then the following
conditions are equivalent:
(i) F is quasi-coherent.
(il) Fvery x € X admits an affine open neighborhood U C X such that Fly
is associated to some Ox (U)-module.
(i) The restriction F|y to any affine open subscheme U C X is associated
to some Ox (U)-module.

Proof. In a first step we show that (i) is equivalent to (ii). For this it is enough
to consider the case where X is affine, say X = Spec A. Assume that F is
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isomorphic to the cokernel of some Oy-morphism (Ox)) — (Ox)?. Then,
by Proposition 2, the morphism must be associated to a morphism of A-modules
w: A —~ AU Since the formation of associated modules respects cokernels
by Proposition 4, we see that F is associated to the A-module coker (.
Conversely, assume that F is associated to some A-module M. Then, choos-
ing a presentation
AW AD M 0

and passing to associated Ox-modules using Proposition 4, we get a presenta-
tion for F, showing that F is quasi-coherent.

Now assume condition (ii) and consider an affine open subscheme U C X.
Then we can find an open covering $4 = (Uy)rea of U such that all U, are
affine and, in fact, basic open in U and such that F|y, is associated to some
Ox (Uy)-module. In this situation it follows from Theorem 6 that F| is associ-
ated to some Ox(U)-module, thereby establishing the implication from (ii) to
(iii). The reverse is trivial. |

The good exactness properties of associated modules, as mentioned in the
beginning of this section, extend to quasi-coherent modules as follows:

Proposition 11. Let X be a scheme and
0 F' F F" 0

an ezxact sequence of Ox-modules. If two of the modules F,F', F" are quasi-
coherent, the same is true for the third one.

Proof. Since quasi-coherence is a local property on X, we may assume that X is
affine, say X = Spec A. Now if 7/ and F are quasi-coherent, they are associated
to A-modules by Theorem 10, namely to M’ = F'(X) and M = F(X). Further-
more, by Proposition 2, the morphism F' —— F corresponds to a morphism
of A-modules M’ —— M that is injective by Corollary 5. The same result
shows that F” is associated to M/M’ and, hence, that F” is quasi-coherent.
Proceeding similarly with the morphism F —— F”, we can conclude that F’
is associated to an A-module if the same is true for F and F”.

Now assume that 7" and F” are quasi-coherent, say associated to A-modules
M’ and M”. Then it is easy to see that F is quasi-coherent if we jump to
the cohomological methods of Section 7.7 and use the long exact cohomology
sequence

0— F'(X) — F(X) — F'(X) — H'(X,F) — ...
of 7.7/4. Since H*(X, F') = 0 by 7.7/7, the sequence
(%) 0 M M M 0,

where M = F(X), is exact. Then the canonical morphism M—F gives rise
to a commutative diagram
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0 M M M" 0
0 F' F F" 0

with exact rows, the first one being exact by Proposition 4. But then one can
show by some diagram chase on the level of sections of M and F that M — F
must be an isomorphism. In particular, F is quasi-coherent, since this is true
for M.

A more direct attack on the quasi-coherence of F demonstrates that, quite
naturally, cohomological methods, namely from Cech cohomology as dealt with
in Section 7.6, come into play. Indeed, a crucial step in the above proof is
to show that the sequence (x) is exact, and for this only the surjectivity of
F(X) — F"(X) has to be checked. Therefore, consider a section f” € F"(X).
Then, locally on X, there are preimages of f” in F. In other words, there exists a
(finite) basic open covering $ = (U;);er of X such that each f|y, admits a preim-
age f; € F(U;). In particular, the images of all differences fi; = (f; — fi)|v.nv;
are trivial in F”(U; N U;) and, hence, viewing F’ as a subsheaf of F, these be-
long to F'(U; N U;). Now, using the notion of Cech cochains as introduced in
Section 7.6, the sections f;; define a so-called 1-cochain

F=igere [ Fwinuy c [ Fwinuy),

ijel ijel

and to find a preimage of f” in F(X), it is enough to find sections f; € F'(U;)
such that (f] — f))|v,v, = f7; holds in F(U; NU;) for all 4, j € I. Then, indeed,
the differences f; — f/ € F(U;) are preimages of f”|y, coinciding on all overlaps
U; N U; and, thus, giving rise to a global preimage of f” in F(X).

To obtain the desired sections f/ € F'(U;), we can use the construction that
will be given in the proof of Proposition 7.6/4. Therefore let us introduce the
modules of ¢-cochains

oW F) =[Fw), ' F) =[] FUy),
C*uLF) = ] FUu)

ij.kel

for ¢ = 0,1,2, where U;; = U; N U; and Uy, = U; N U; N Uy. Using a similar
notation for F’ in place of F, there is a commutative diagram

COL, Fly —v O3, F) —5 (4, F)
COYL, F) — e O, F) — v C2(4, F)

with so-called coboundary maps d°,d", which are given by
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d: (gi)iel — ((gj - gt) Ui])i’jej )
d': (gij)ijer — ((gjk = Gik + gjk)|Uijk)iﬁj’k€[ .
We claim that the 1-cochain f = (fl;)ijer € C'(U4, F') above is a cocycle in
the sense that it belongs to the kernel of the coboundary map

d': CY WU, F) — CP(4U, F).

Indeed, look at the above diagram. Since d! o d° = 0, as is easily verified,
we conclude that d'(f) = (d* o d°)((fi)ies) = 0. Therefore f is a 1-cocycle in
C*(U, F), but then also in C' (44, F’) and we can conclude from Proposition 7.6/4
that f belongs to the image of d°: CO(8, F') — C'(4l, F'). This is what we
need. ]

To further illustrate the concept of quasi-coherent modules on schemes, let
us discuss some finiteness conditions that originate from modules over rings.

Definition 12. An Ox-module F on a scheme X is called locally of finite type
if every point x € X admits an open neighborhood U C X together with an
ezxact sequence of type (Ox|p)!) —— Fly — 0 where I is finite.

Furthermore, F is called locally of finite presentation if every point x € X
admits an open neighborhood U C X such that there is a presentation

(Ox|0)"”) — (Ox|v)!) — Fly — 0
where I and J are finite.

In particular, if F is locally of finite presentation, it is quasi-coherent. The
latter may fail to be true if F is just locally of finite type; cf. Exercise 3 below.

Corollary 13. The following conditions are equivalent for a quasi-coherent
Ox-module F on a scheme X:

(1) F is locally of finite type (resp. locally of finite presentation).

(ii) Bvery x € X admits an affine open neighborhood U C X such that
Flu is associated to a finite Ox(U)-module (resp. an Ox(U)-module of finite
presentation).

(i) The restriction F|y to any affine open subscheme U C X is associated
to a finite Ox(U)-module (resp. an Ox(U)-module of finite presentation).

Proof. If F is quasi-coherent, we see from Proposition 4 and Corollary 5 in
conjunction with Theorem 10 that, for each affine open subscheme U C X, the
exact sequences of type (Ox|y)D —— Fly 0 correspond bijectively to
the exact sequences of type Ox (U)) — F(U) — 0. Since the same is true
for presentations, the equivalence of (i) and (ii) follows.

Thus, it only remains to show that (ii) implies (iii). To do this, we may
assume that X is affine, say X = Spec A, and applying Theorem 10 again, that
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F is associated to some A-module M. Using (ii) in conjunction with the quasi-
compactness of X, we know that there is a finite covering of X by basic open
sets D(fy) C X, A=1,...,n, such that F|p,) is associated to an Ay, -module
of finite type (resp. finite presentation). In other words, the localization My, is
an Ay, -module of finite type (resp. finite presentation).

Now look at the canonical ring homomorphism

n

o: A— HAfw

A=1

which is flat, since each localization A — Ay, is flat by 4.3/3 (i) and since the
direct sum (here occurring as a finite cartesian product) of flat modules is flat
by 4.2/6. As the D(fy) cover X, we see that this module is, in fact, faithfully flat
by the criterion 4.2/11 (iv). Now, viewing [[y_, My, as a module over [[}_, Ay, ,
this module is of finite type (resp. finite presentation) by our assumption on the
My, . Since []5_, My, is obtained from M via tensoring with o, it follows from
4.4/1 that M is of finite type (resp. finite presentation). Hence, we get (iii). O

Finally, for completeness, let us mention that an Ox-module F on a scheme
X is called coherent if the following conditions are satisfied:

(i) F is locally of finite type.

(i) If U C X is open and ¢: (Ox|v)"
Ox|y-modules, then ker ¢ is locally of finite type.

In particular, any coherent Ox-module F is quasi-coherent. Furthermore,
using the methods of the present section in conjunction with 1.5/7, one can
show that an Ox-module F is coherent if and only if, locally on any affine open
part U C X, it is associated to an Ox(U)-module that is coherent in the sense
of 1.5/8.

Fly is a morphism of

Exercises

1. Let A be a ring and X = SpecA. Show that the functor M —— M from
A-modules to quasi-coherent O x-modules respects inductive limits.

2. Let A be a ring and M an A-module. Show for X = Spec A and any point
x € X that (M),, the stalk of the associated Ox-module M at x, is canonically
isomorphic to the localization M, of M at x.

3. For a scheme X and a closed point « € X consider an Ox z-module F. Let F be
the associated skyscraper sheaf on X satisfying F, = F' and F, = 0 for y # ;
see Exercise 6.5/6. Show that F is canonically an O x-module and that the latter
is quasi-coherent if and only if F;, = 0 for all y € Spec Ox , C X different from .
Give examples where F is quasi-coherent, as well as examples where F is locally
of finite type, but not quasi-coherent.

4. Show that the direct sum of quasi-coherent modules on a scheme X is quasi-
coherent. Can we expect the same to be true for quasi-coherent modules on
arbitrary ringed spaces, adapting Definition 9 to this case?
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5. Show that the kernel, image, and cokernel of any morphism between quasi-
coherent O x-modules on a scheme X are quasi-coherent.

6. Let A be a Noetherian ring and set X = Spec A. Show that an Ox-module is
coherent if and only if it is associated to a finite A-module.

7. Let X be a scheme and F an Ox-module that is locally of finite type. For any
point z € X where F, = 0, show that there exists an open neighborhood U of x
satisfying F|y = 0. Conclude that the set {x € X ; F, # 0}, the so-called support
of F, is closed in X.

8. Consider a morphism of quasi-coherent Ox-modules f: F —— G on a scheme
X and let x be a point where the morphism of stalks f,: F, —— G, is an
isomorphism. Assume that F is locally of finite type and G locally of finite pre-
sentation and show that there exists an open neighborhood U of x such that
flo: Flu — Glv is an isomorphism. Hint: Use 1.5/7 in conjunction with Ex-
ercise 7 above.

9. Let A be an integral domain with field of fractions K. Define the constant sheaf
Kx on X = Spec A by setting Kx(U) = K for each non-empty open subset
U C X. Show that Ky is a quasi-coherent Ox-module that cannot be locally of
finite type and, thus, is not coherent, unless A is a field.

6.9 Direct and Inverse Images of Module Sheaves

For any morphism of ringed spaces f: X —— Y and a sheaf F on X, the
functor

[o(F): Vi— I (f71(V),F), V CY open,

defines a sheaf on Y, called the direct image of F under f. If F is an Ox-module,
then I'(f~1(V), F), for any V C Y open, is an Oy (V)-module with respect to
the ring morphism f#(V): Oy (V) — Ox(f~1(V)) and we may view f.(F) as
an Oy-module. Recall that the direct image sheaf f,(F) was already considered
in 6.6/6 in the case where F equals the structure sheaf Ox.

On the other hand, if G is a sheaf on Y, its inverse image f~'(G) with
respect to f is obtained via the so-called adjunction formula

Homx(ffl(g)“}_) = HOmY(Q,f*(}-))a

which has to be interpreted as a functorial isomorphism between functors from
the category of sheaves F on X to the category of sets. In this setting, f~! is
called the left adjoint functor of f, and, likewise, f, the right adjoint functor
of f~1. However, proceeding like this, some basic questions have to be settled.
Namely, it is by no means clear that f~1(G) will exist as a sheaf on X and, if
it does, one has to check that it is unique up to canonical isomorphism. Also
note that the definition of f~!(G) depends a priori on the type of morphisms
we allow for sheaves on X or Y. Indeed, if G is a sheaf of abelian groups on Y
equipped with the structure of an Oy-module, we will in general obtain different
inverse images f1(G), viewing G as a sheaf of abelian groups on Y, or as an



6.9 Direct and Inverse Images of Module Sheaves 267

Oy-module. In the first case, the adjunction formula is considered for sheaves
F of abelian groups on X and for morphisms between such sheaves, whereas
in the second case we are dealing with Ox-modules F and morphisms of Ox-,
resp. Oy-modules. Let us start by looking at the problem of uniqueness.

Lemma 1 (Yoneda). Let A, B be objects of a category € and consider a func-
torial morphism
h: Homg(A, ) — Home(B, )

between functors from € to the category of sets. Then there is a unique morphism
p: B—— A inducing h, i.e. for all objects E in € the corresponding map
hg: Home(A, E) — Home (B, E) is given by 0 — o 0 .

Furthermore, h is a functorial isomorphism if and only if ¢ is an isomor-
phism.

Proof. Look at the map h4: Homge(A, A) — Homg(B, A); it sends the identity
morphism id: A —— A to a certain morphism ¢: B —— A, which we claim is
as stated. Indeed, for any morphism o: A —— FE in €, the functorial morphism
h gives rise to a commutative diagram

Homg (A, A) N Home (B, A)

Home (A, E) —£+ Home (B, E)

where the vertical maps are given by composition with o. As we have said, the
identity id € Homg (A, A) is mapped horizontally to ¢ € Home (B, A) and then
to o o ¢ € Home(B, E), as well as vertically to o oid = ¢ € Homg (A, F) and
then to hg(o) € Home(B, E). This yields

hp(o) =00y

and shows that the functorial morphism % is given by composition with .

To derive the uniqueness of ¢, consider two morphisms ¢, ¢’ € Home (B, A)
inducing h and, hence, satisfying cop = ooy’ for all 0 € Home(A, E), where E
varies over all objects in €. Then, for E = A and the identity id € Homg(A, E),
we see that id o = id o’ and, hence, ¢ = ¢'.

If h is a functorial isomorphism, its inverse

h™': Homg(B,-) — Homg(4, ")

is given by composition with a well-defined morphism ¢’: A —— B, as we have
shown above. Using the uniqueness assertions for the compositions ¢ o ¢’ and
¢’ o, we see that ¢’ is an inverse of (. Likewise, one shows for an isomorphism
¢ that its inverse ¢! gives rise to an inverse of h. g

Proposition 2. Let f: X —— Y be a morphism of ringed spaces and G a sheaf
(of sets, abelian groups, or rings) on Y. Then there is a sheaf f~1(G) (of the
same type) on X, together with a functorial isomorphism
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Homy (f7'(G),F) —=~ Homy (G, f.(F))

of functors on the category of sheaves F (of sets, abelian groups, or rings) on
X. Furthermore, f~1(G) is uniquely determined up to canonical isomorphism;
it is called the inverse image of G with respect to f.

In more precise terms, f~1(G) is the sheaf associated to the presheaf

Utr— lim Gg(v), U C X open,
VDO f(U)

where the inductive limit extends over all open subsets V- C'Y containing f(U).

Proof. We have to establish the existence of the left adjoint functor of f., which
can be done under quite general categorical assumptions; see Milne [19], I1.2.2,
or Hilton-Stammbach [16], IX.5.1. However, we want to be more explicit and
prefer to show that the construction specified in the assertion yields a left adjoint
of f,, relying on Lemma 1 for the uniqueness assertion. In the following, we
write f71(G) for the sheaf associated to the presheaf U +—— lim G(v)
for U C X open.
Let us introduce a map

VO f(U)

b Homy(g,f*(]:)) — Homx(fil(g),]:)

that is functorial in F as follows. A morphism of sheaves o: G —— f.(F)
consists of a family of morphisms

c(V): G(V) — f(F)(V) = f(f’l(V)), V C Y open,

that is compatible with restriction morphisms. Given an open subset U C X,
we obtain for open subsets V C Y such that U C f~(V) morphisms

G(V) — F(f7'(V)) = F(U)
and, thus, a morphism

lim G(V) — F(U), U C X open,
VO f(U)

where the limit extends over all open subsets V' C Y such that f(U) C V.
Varying U and passing to the associated sheaf on the left-hand side yields a
morphism

@) — F.
which we denote by @(o). It is immediately clear that the resulting map
@: Homy (G, f.(F)) — Homx(f*(G),F) is functorial in F.

To show that @ is an isomorphism, we construct an inverse map

v Homx(ffl(g)p}-) — HOmy(g,f*(]:))
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of ®. A morphism 7: f~1(G) —— F consists of a system of morphisms
T(U): f7HGU) — F(U), U C X open,

that is compatible with restriction morphisms. Then, for open subsets U C X
and V C Y satisfying f~1(V) D U, we can consider the composition

can

(V)

g(vV)— lim G(V') o)) F(U),

viSso)

where “can” is the canonical morphism of the presheaf U —— hﬂvb ) G(v"
to its associated sheaf f~1(G). In particular, taking U = f~1(V) for open subsets
V C Y, we obtain a system of morphisms

G(V) — F(f7'(V)) = f(F)V),  V CY open,
that is compatible with restriction morphisms and, hence, a morphism

which we denote by ¥(7). Similarly as before, it is seen that the resulting map
v: Homx(f~1(G),F) Homy (G, f.(F)) is functorial in F. Moreover, ¢
and ¥ are mutually inverse and ¥ provides the desired isomorphism, showing
that f, and f~! are mutually adjoint. O

In Proposition 2, inverse images of module sheaves are not yet covered. To
pass to this case, we need to use tensor products on the level of sheaves. Note
that the tensor product F @0 G of two modules F, G over a sheaf of rings O
on a topological space X is defined as the O-module sheaf associated to the
presheaf

Ur— FU) Row) Q(U), for U C X open.

Proposition 3. Let f: X —— Y be a morphism of ringed spaces and G an
Oy-module sheaf on Y. Then there exists an Ox-module sheaf f*(G) on X,
together with a functorial isomorphism

Homo, (f*(G), F) —=~ Homo, (G, f.(F))

of functors on the category of Ox-module sheaves F on X. Furthermore, f*(G)
is uniquely determined up to canonical isomorphism; it is called the inverse
image of the module sheaf G with respect to f.

If f~YG) is the inverse image of G, viewed as a sheaf of abelian groups, and
FHOy) the inverse image of Oy as a sheaf of rings, then f~Y(G) is canonically
an =Y Oy)-module. Furthermore, the morphism Oy — f,(Ox) given by f
corresponds to a morphism f~Y(Oy) —— Ox of sheaves of rings inducing an
isomorphism

[1(G) ~ fﬁl(g) Qf-1(0y) Ox.
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Proof. The argument given in the proof of Proposition 2 can be extended
to Ox-modules F and Oy-modules G. Thereby we see that f*l(g) is an
J~HOy)-module giving rise to a functorial isomorphism

Hom 10y (f1(G), F) —= Homo, (G, f.(F)),

acting as adjunction formula. Now, similarly as for ordinary modules (for ex-
ample, see the argument in the proof of Corollary 4 below), the canonical map

Homffl(oy)(f_l(g)v-’r) - HOIH(')X (f_l(g) ®f’l(0y) OXa]:)>

is a functorial isomorphism. Consequently, f*(G) = f~1(G) ®-1(0,)Ox satisfies
the adjunction formula

Homox(f*(g),]:) — HomOy(g7f*(]:))'

As usual, the uniqueness assertion for f*(G) follows from Lemma 1. O

The explicit construction of inverse image sheaves in Propositions 2 and 3 in
conjunction with 6.5/6 (i) shows that the formation of the sheaves f~1(G) and
f*(G) with respect to a morphism of ringed spaces f: X — Y is compatible
with restriction to open parts on X and Y, i.e. for open subsets U C X and
V C Y where f(U) C V and, hence, f restricts to a morphism fy: U — V|
one has

(@)l = f71G),  (F9) v = f5(Glv).

On the other hand, direct images f.(F) are only compatible with restriction to
open parts on Y (and their preimages in X'), namely

(f (PN = (fv)(Fly-10)

for open subsets V C Y and fy: f71(V) V' the morphism induced from
f. Furthermore, let us mention that f,, as a functor from the category of
Ox-modules to the category of Oy-modules, is left eract and that f* as a
functor from the category of Oy-modules to the category of Ox-modules, is
right exact. Both assertions can be checked directly from our constructions or
derived formally from the adjunction formula.

Looking at the adjunction formula

Homo, (f*(G), f*(G)) = Homo, (G, f.(f*(9)))

for F = f*(G) and any Oy-module G, we see that the identity morphism
id: f*(G) — f*(G) corresponds to a canonical morphism f#: G — f.(f*(G))
of Oy-modules. Furthermore, the construction of f~!(G) and f*(G) shows that
f# is induced from the canonical maps

G(V) —= G(V) @0, 1) Ox (f1(V)),  ar—a®]l,
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on open subsets V' C Y. In the special case, where G = Oy, the morphism f#
coincides with the morphism Oy —— f,.(Ox) given by f. In particular, the
chain of functorial isomorphisms

Home, (f*((9y),.7:) ~ Homop, (Oy,f*(f)) ~ F(X) ~ Homop, (Ox, F)

yields f*(Oy) ~ Ox, according to Lemma 1.
Analogously, the adjunction formula

HOIHOX(f*(f*(]:)),]:) — Homoy(f*(f)/f*(f))

for G = f.(F) and any Ox-module F shows that the identity morphism
id: fo(F) — fo(F) corresponds to a canonical morphism f*(f.(F)) — F
of Ox-modules. The latter is induced by the canonical maps

F(F71 V) @0y ) Ox (f7H(V)) — F(U)

on open subsets U C X and V' C Y such that f(U) C V.

Finally, we want to discuss direct and inverse images in the case of quasi-
coherent modules on schemes. Restricting to the local situation of a morphism
between affine schemes, we have to describe direct and inverse images of asso-
ciated modules. As usual, for an affine scheme X = Spec A and an A-module
F, the associated Oy-module will be denoted by F.

Corollary 4. Let X = Spec A, Y = Spec B be affine schemes and f: X — Y
a morphism given by a ring morphism o: B —— A. Furthermore, consider an
A-module F' and a B-module G.
Then ~ . ~ o
[o(F) ~ F)p, 1(G) ~G g A,

where Fyp is the restriction of I with respect to o: B —— A; see Section 4.3.
Proof. We start by looking at the direct image f,(F). For g € B we have
f(F)(D(g)) = F(D(0(9))) = F ®4 Aq(g)
and furthermore, since A, ;) = A ®p By,
F®aAyg =F®s(A®p By) = F/p®p By

by 1.3/2. Hence, we can deduce that f,(F) = FA'//B.
Next, let F be an arbitrary Ox-module and consider F' = I'(X, F) as an
A-module. Then, using 6.8/2, the adjunction formula yields

Homp, (f*(é),]:) = Homo, (G, f.F) = Homp(G, F/p).

Furthermore, given any B-linear map 7: G —— F)p, we can look at the
B-bilinear map
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GXA—'F7 (gva)'_bT(g)'aa

where we use the structure of F' as A-module. Passing to the associated tensor
product yields an A-linear map

GRpA—F, gRar—71(9)-a,
and it is easily seen that this assignment defines a bijection
Homp (G, F/p) —~~ Homu(G ®p A, F).

Using 6.8/2 again, we derive a bijection
Homo, (f*(G), F) —=~ HomoX(G/tgl;/A, F),
showing f *(G) ~ G/ECSB/A with the help of Lemma 1. a

Since any morphism of schemes f: X —— Y is continuous with respect to
the Zariski topology, there exist affine open coverings (U;);er of X and (V;);er of
Y such that f(U;) C V; for all i € I. Thereby we can conclude from Corollary 4:

Corollary 5. Let f: X —— Y be a morphism of schemes and G a quasi-
coherent Oy-module. Then f*(G) is a quasi-coherent Ox-module.

Corollary 6. Let f: X —— Y be a morphism of schemes and G an invertible
(rep. locally free) Oy-module. Then [*(G) is an invertible (resp. locally free)
Ox-module; note that invertible and locally free module sheaves were introduced
within the context of 6.8/9.

Proof. Use Corollary 4 in conjunction with the fact 4.1/9 that free generating
systems of modules are preserved under tensor products. ]

As can easily be read from Corollary 4, the direct image of an invertible or
locally free Ox-module F with respect to a morphism of schemes f: X — Y
is not necessarily locally free any more. However, the weaker condition of quasi-
coherence is preserved if f satisfies certain finiteness conditions.

Definition 7. A morphism of schemes f: X —— Y is called quasi-compact
if the preimage f~Y(V) of every quasi-compact open subset V. C Y is quasi-
compact in X.

Furthermore, f: X —— Y s called quasi-separated if the diagonal embed-
ding Axyy: X — X Xy X, to be considered in Section 7.4, is quasi-compact.

We have chosen to define quasi-separatedness via the diagonal morphism
Axyy, since this is the most natural way, although it involves the construction
of fiber products to be explained only later in Section 7.2. However, there is
another characterization of quasi-separated morphisms in Remark 8 (iii) below



6.9 Direct and Inverse Images of Module Sheaves 273

that is free from fiber products. For the purposes of the present section, namely
the proof of the direct image theorem in Proposition 9, it is enough to take this
characterization as a definition, thereby avoiding the use of fiber products at
this place.

Remark 8. Let f: X —— Y be a morphism of schemes.
(i) An open subset of X (resp. Y) is quasi-compact if and only if it is a
finite union of affine open subsets in X (resp. Y).

(ii) f is quasi-compact if and only if there is an affine open covering (Y;)ier
of Y such that the preimages f=1(Y;) are quasi-compact.

(i) f is quasi-separated if and only if there exists an affine open covering
(Y.)ier of Y with the property that, for any affine open subsets U,U" C X
satisfying f(U)U f(U') CY; for some i € I, the intersection UNU’ is quasi-
compact.

Proof. Assertion (i) is true, since affine open subsets in X are quasi-compact by
6.1/10 and since these sets form a basis of the topology of X.

In the situation of (ii) we start by considering the special case where
f: X —— Y is a morphism of affine schemes; let f#: Oy (Y) — Ox(X) be
the corresponding ring morphism. Now, if V' C Y is open and quasi-compact,
it is a finite union of basic open subsets of type D(g) C Y for suitable elements
g € Oy(Y). Since f~1(V) is the union of the preimages f~'(D(g)) = D(f*(g)),
it is a finite union of affine open subsets in X and, hence, quasi-compact. In
particular, f is quasi-compact.

In a next step we assume that X is quasi-compact and Y is affine. Also in
this case f is quasi-compact, since there is a finite affine open covering (X;);er
of X and since every restriction f;: X; —— Y of f is quasi-compact, as we
just have seen. Therefore, if V' C Y is quasi-compact, the same holds for all
preimages f; '(V) and, hence, also for f=1(V) = ., fi '(V), since it is a finite
union of quasi-compact sets.

In the general case, we look at a quasi-compact open subset V' C Y and
assume that there is an affine open covering (Y;);c; of Y such that f=1(Y;) is
quasi-compact for all 4 € I. Then all restrictions f;: f~1(Y;) —— Y; of f are
quasi-compact, as we just have seen. Furthermore, there exists a finite affine
open covering (V;);es of V such that for each index j € J there is an index ¢ € I
satisfying V; C Y;. Then the preimages f~!(V}) are quasi-compact, and f~*(V),
as a finite union of quasi-compact sets, is quasi-compact as well. Therefore f
is quasi-compact also in this case. This settles the if part of assertion (ii), the
reverse being trivial.

To verify (iii) we have to make use of fiber products as we will construct
them in Section 7.2. Starting with the if part, let us use 7.2/5 and consider the
open covering (f~1(Y;) xy; f71(Y;))ier of X Xy X. Since we want to apply the
criterion (ii), we may replace Y by any of the Y; and thereby assume that YV
is affine. Then consider the affine open covering (X;);cr of X consisting of all
affine open subsets in X. It follows from 7.2/4 that the fiber products X; xy X;
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are affine for all 4, j € I and, furthermore, from 7.2/5 that these form an open
covering of X xy X satisfying A;(}Y(Xi xy X;) = X; N Xj;. Since condition (iii)
implies that all these preimages are quasi-compact, Ay/y is quasi-compact by
criterion (ii). To settle the only-if part, choose affine open parts U, U’ C X
such that f(U) U f(U') C Y; for some ¢ € I. Then U Xy, U’ is an affine open
subscheme in X Xy X. Since its preimage with respect to Ax/y equals the
intersection U NU’, the latter must be quasi-compact if Ay/y is quasi-compact.
Thus, we are done. O

Let us add that any morphism of schemes f: X — Y that is separated in
the sense of 7.4/2 is, in particular, quasi-separated. Namely, separated means
that the diagonal morphism Ay/y is a closed immersion in the sense of 7.3/7
and such immersions are affine in the sense that preimages of affine open subsets
are affine again.

Proposition 9. Let f: X —— Y be a morphism of schemes and F a quasi-
coherent Ox-module where f is quasi-compact and quasi-separated. Then the
direct image f.(F) is a quasi-coherent Oy-module.

Proof. The problem is local on Y. Therefore we may assume that Y is affine,
say Y = Spec B. If X is affine as well, say X = Spec A, then F is associated
to some A-module F' and we have f,(F) ~ F)p according to Corollary 4. In
particular, f.(F) is quasi-coherent in this case.

If X is not necessarily affine, we can choose a finite affine open covering
(Xi)ier of X, as f is assumed to be quasi-compact and Y was supposed to
be affine. Furthermore, all intersections X; N X; are quasi-compact, since f is
quasi-separated; use Remark 8 (iii).

Let us assume for a moment that the intersections X; N X; are even affine.
We write F for the direct image of F|x, with respect to the composition

X,——~x-1.yv, el

as well as JF;; for the direct image of F

x;nx; with respect to the composition

XinX,—x-L.v, ijel

Then the Oy-modules F; and JF;; are quasi-coherent by the special case dealt

with above, and we can look at the exact diagram

i€l ijel
that is given for U = f~1(V) with V' C Y open by the canonical exact diagrams

FU)— [[FUnx) = [[ FOnXxinX))

il ijel
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related to the sheaf condition of F with respect to the open covering (UNX;)er
of U. In other words, we have

1) =ker([[F = TI #)

il ijel

where the cartesian products can be interpreted as direct sums, since they ex-
tend over finite index sets. Now using the fact that the formation of associated
modules commutes with direct sums (6.8/3), as well as with kernels of module
homomorphisms (6.8/4), we see that f.(F) is quasi-coherent.

If the intersections X; N X; are only known to be quasi-compact, choose for
each pair of indices 4, j € I a finite affine open covering (Xyji)res, of Xi N X;
and write F;, for the direct image of F|x,;, with respect to the composition

XijkC—’Xi'Ya i,j €1, ke Jij.
As before, F7; is a quasi-coherent Oy-module, and the canonical exact diagrams

FU)— [[FUnx) = ][] FWnXyu)

iel ijel kedy;

for U = f~4(V) with V C Y open give rise to an exact diagram

fo(F) — H]:zl:: k-

el i,j€1,kEJ;;

The same reasoning as above shows that f,(F) is a quasi-coherent Qy-module.
O

Exercises

1. Let f: X — Y be a morphism of ringed spaces. Show for any sheaf G of abelian
groups on Y and any point x € X that there is a canonical isomorphism of stalks
(f1G)s ~ G(x)- Conclude that the étalé space of f71G on X may be viewed as
the fiber product of the étalé space of G over Y with X.

2. Let f: X —— Y and g: Y —— Z be morphisms of ringed spaces. Show for
sheaves of modules 7 on X and G on Z that there are canonical isomorphisms
of Oz-modules, resp. Ox-modules

(g0 f)sF = gu(fuF), (go f)*G =~ f*(g"G).

3. Let f: X —— Y be a morphism of ringed spaces. Consider the functors f. on
sheaves of abelian groups or modules on X, as well as £~ on sheaves of abelian
groups on Y, and f* on sheaves of modules on Y. Show:

(a) f« is left exact.
(b) £~ is exact.
(c) f* is right exact.
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11.
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For a sheaf of rings Ox on a topological space X, an Ox-ideal is meant as an
Ox-submodule sheaf Z C Ox; see also 7.3/1. Let f: X —— Y be a morphism
of ringed spaces. Show for any Oy-ideal Z C Oy that the canonical morphism
fYZ —— f71Oy defines f~'T as an ideal sheaf in f~'Oy. Moreover, can we
conclude that f*Z is always an ideal sheaf in f*Oy = Ox?

Consider a topological space X and a subset Z C X equipped with the subspace
topology induced from X. Thus, a set V C Z is (relatively) open in Z if and
only if it is of type U N Z for some open subset U C X. Writing i: Z —— X for
the inclusion map, show that there is a canonical isomorphism (i, F )i(z) ~ F, for
each z € Z and that (i,F), = 0 for points € X not contained in the closure Z
of Z in X. Give an example where Z is different from Z and where F,, # 0 for a
point = € Z — Z.

Let X be a topological space with a closed point x. Consider an abelian group F'
and view it as a sheaf F of abelian groups on the one-point space {z}. Show for
the inclusion map i: {z} —— X that i.F equals the skyscraper sheaf on X with
stalk F at x; for the latter see Exercise 6.5/6. Conclude from Proposition 9 for a
scheme X, a closed point x € X, and a k(z)-vector space F' that the skyscraper
sheaf F with stalk F, = F is quasi-coherent. See also Exercise 6.8/3.

Show that the formation of associated modules on affine schemes respects tensor
products. Conclude that, on any scheme X, the tensor product F ®o, G of quasi-
coherent Ox-modules F, G yields a quasi-coherent Ox-module again.

Give an example of a morphism of schemes that fails to be quasi-compact, resp.
quasi-separated (in the sense of Remark 8 (iii)).
Consider a topological space X and an open subset U C X. Let j: U —— X be

the inclusion map. Show for any sheaf of abelian groups F on X that the inverse
image sheaf j~!F coincides with the restriction F|y of F to U.

Extending sheaves by zero: As in Exercise 9, let j: U —— X be the inclusion of an
open set into a topological space. For any sheaf F of abelian groups on U, define
its extension by zero jiF (pronounced j lower shriek) as the sheaf associated to
the presheaf given on open subsets U’ C X by
FU) U cU,
- { ")

0 otherwise.

Show that jiF is uniquely characterized by the facts that it restricts to F on U
and, furthermore, satisfies (j1F), =0 for allz € X — U.

For a topological space X and a closed subset Z C X consider the inclusion maps
i: Z — X and j: U — X where U = X — Z. Show for any sheaf F of abelian
groups on X that there is a canonical exact sequence of sheaves of abelian groups

0 — j(j 'F) — F — i.(i 'F) — 0.

Note that j7'F = F|y and that, likewise, i~!F may be considered as the “re-
striction” of F to Z. Hint: Use Exercises 5, 9, and 10 above.
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Schemes have been defined as ringed spaces with certain additional proper-
ties. Therefore it is reasonable to expect that standard gluing techniques from
the theory of manifolds can be used for the construction of new schemes from
previously established ones. To glue a family of schemes (X;);c; along certain
“overlaps” X; N X;, which we assume to be open in X; and X;, we need to
specify these “overlaps” as open subschemes X;; C X; and Xj;; C X for all
1,7 € I, together with gluing isomorphisms ¢;;: X;; —~~ Xj;, which are used
as identifications. Of course, the data must be symmetric in the sense that the
wy; satisfy ;005 = 1d (as well as Xy = X, and ¢ = id for all ¢ € I). However,
the latter is not enough. Given three indices i, j, k € I, there are identifications

/ \

X CX;0 Xj—2 X4y € XD Xi

and these must be compatible in the sense that ¢;, = ;i © ;; on the part of
X; where both sides are defined. The latter is the so-called cocycle condition
for triple overlaps. Indeed, as we will see in 7.1/1, if the cocycle condition is
satisfied, the X; can be glued by using the isomorphisms ¢;; as identifications.
Furthermore, writing X = (J,.; X; for the resulting scheme, one can use the
sheaf property of the structure sheaf Ox to define morphisms X —— Y by
gluing morphisms X; —— Y that coincide on all overlaps of the X;; see 7.1/2.

If the index set I consists of precisely two elements, say I = {1,2}, the
cocycle condition is automatically fulfilled and therefore can be neglected. For
example, consider X; = X, = Spec K[(], the affine line A} over a field K,
as well as X5 = Xy = Spec K [¢,(71], the open subscheme of the affine line
obtained by removing its “origin”, the latter being given by the maximal ideal
(¢) € K[(]. Then to construct a scheme X by gluing X; and X5 along X;» we
can use the identity morphism @9: X179 —— Xo; as the gluing isomorphism.
The resulting scheme is denoted by Al it is the affine line with a “double
origin”. Alternatively, we can use the gluing isomorphism @9: X195 —— Xo1
given by the isomorphism of K-algebras

K[¢(.¢T] =~ K¢, (sl

S. Bosch, Algebraic Geometry and Commutative Algebra, Universitext, 277
DOI 10.1007/978-1-4471-4829-6_7, © Springer-Verlag London 2013
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The resulting scheme is the projective line PL; see the construction of projective
n-spaces in 7.1 or the more general approach to Proj schemes in 9.1. Also note
that the schemes A}, and P} are not isomorphic. This is easily seen by looking
at the separatedness condition to be discussed below. The projective line P is
separated over K whereas the affine line with double origin Ak is not.

The just described gluing technique is used for several basic constructions in
the setting of schemes. For example, we show in 7.1 how to define the projective
n-space P}, over some base ring R by gluing n+1 copies of the affine n-space A’%.
Furthermore, we construct the spectrum Spec A of a quasi-coherent Og-algebra
A over some base scheme S; the latter generalizes the construction of the scheme
Spec A associated to a ring A.

Another rather interesting application of the gluing technique is the con-
struction of fiber products in the category of schemes, which we deal with in
7.2. As the category of rings admits amalgamated sums in the form of tensor
products (see 4.3/6 and 4.5/3), it follows that its opposite, the category of affine
schemes, admits fiber products in the sense of 4.5/2, namely

Spec Ay Xspec r Spec Ag = Spec(A; ®g As)

for algebras A;, Ay over some ring R. Then, using the characterization 7.1/3 of
morphisms into affine schemes, we can show that fiber products in the setting of
affine schemes satisfy the universal property required for fiber products in the
larger category of all schemes; see 7.2/4. Thus, it follows that fiber products in
the category of affine schemes are fiber products in the category of all schemes
as well. It is then a technical but straightforward process to construct fiber
products X Xg Y for arbitrary schemes X,Y over some base scheme S; see
7.2/3. Assuming S affine in a first step we fix affine open coverings (X;);e; and
(Y;)jes of X and Y and construct the fiber product X xgY by gluing the fiber
products X; x g Y; along the “overlaps” (X;NX;) xg(Y;NY;) wherei,i € I and
4,4 € J; that the latter fiber products exist and, in fact, are open subschemes
of X; xgY; and Xy xg Y} follows from the observation made in 7.2/5. Finally,
for general S, one works with respect to an affine open covering (.5;);er of S.
If X; and Y; are the preimages of S; with respect to the structural morphisms
X —— S and Y —— 5, the fiber products X; xg, Y; exist by the previous
step and X xgY is obtained by gluing the fiber products X; xg, Y; along the
“overlaps” (X; N Xy) Xg,ns, (YiNYy) for i7" € 1.

It is important to realize that a fiber product of schemes X xg Y will in
general not serve as a fiber product in the category of topological spaces or even
sets. Writing |X| for the point set underlying a scheme X, there is a canonical
map of sets

X xs Y| — | X] x5/ [V
that is surjective, but not necessarily injective; see 7.2/6. For example, we show
that the fiber product SpecC Xgpecr SpecC consists of two points, whereas
| Spec C| X |gpeck| | Spec C| is a one-point set.

Nevertheless, fiber products can successfully be used to define a workable
replacement of the Hausdorff separation aziom in the setting of schemes. Recall
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that a topological space X is called Hausdorff if any two different points of
it admit disjoint open neighborhoods. Equivalently, one can require that the
diagonal embedding A: X —— X x X into the cartesian product of X with
itself has closed image when X x X is equipped with the product topology.
Passing to a scheme X, say over some base scheme S, the diagonal embedding
Axg: X — X xg X of X into the (scheme theoretic) fiber product X xg X
exists as a morphism in the category of schemes; it is the one that composed
with both projections X xg X —= X yields the identity morphism on X.
Although the topological space underlying X is just a Kolmogorov space (see
6.1/8), it is a surprising fact that the image Ax/g(X) is closed in X xg X in
many significant cases, for example, if X and S are affine; see 7.4/1. We say
that X is a separated S-scheme in this case. As it turns out, the separatedness
condition is a good adaptation of the Hausdorff separation axiom to the setting
of schemes.

Actually, an S-scheme X is called separated if the diagonal embedding
Ax/s: X —— X xg X is a closed immersion; see 7.4/2. We will study closed
immersions and locally closed immersions in 7.3. A morphism of affine schemes
f: Spec B—— Spec A is called a closed immersion if the corresponding ring
morphism f#: A —— B is surjective. Then, writing a = ker f#, there is a
canonical isomorphism A/a —=~ B and we see that Spec B is a scheme living
on the Zariski closed subset V(a) C Spec A; it is called a closed subscheme of
Spec A. More generally, a morphism of schemes f: Y —— X is called a closed
immersion if for every affine open subscheme U C X its preimage f~1(U) is an
affine open subscheme in Y such that the resulting morphism f~1(U) — U is
a closed immersion in the sense just mentioned. Actually, it is enough to require
this property for U varying over the members of an affine open covering of X;
see 7.3/9. Also note that a morphism of schemes f: Y —— X is called a locally
closed immersion if there exists an open subscheme X’ C X such that f factors
through a closed immersion f': Y — X'

It is easy to see that the diagonal embedding Ay,s: X —— X x4 X associ-
ated to an S-scheme X is always a locally closed immersion; cf. 7.4/1. Moreover,
it is a closed immersion as soon as the image Ax,s(X) is closed in the fiber
product X xg X. Therefore the two versions of separatedness as mentioned
above are equivalent; see 7.4/3. As an example, let us show that K}(, the affine
line with double origin over a field K, is not separated. As above, consider the
affine open covering Ak = X; U X, by two affine lines X; = A}, = Spec K[(],
i =1,2. Using the observation 7.2/5 we obtain

K}( XKK}(:(Xl XKX1)U(X1 XKXz)U(XQ XKXl)U(X2 XKXQ)

as an affine open covering of the fiber product of A}, with itself. Furthermore,
we see that the preimages of X; xXx X5 and Xy Xx X; with respect to the
diagonal embedding A: A}, —— AL xx Al coincide both with X; N X,. Of
course, the latter intersection is the affine line X; = Spec K[¢;] with its origin
removed, i.e. X1 N X, = SpecK[ChC{l]. In particular, we get the following
commutative diagrams
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X1 K[G]
5/ _ 5#* {
leXZ\)(IXKXQ K[, ¢ ] ~—— K[, G]
X K[(]

on the level of schemes, as well as on the level of associated K-algebras; § is the
restriction of the diagonal embedding A to the preimage of X7 X x X5. We claim
that & is not a closed immersion and, hence, that Ak cannot be separated. For
this it is enough to show that 67 is not surjective, which is easy to see. Indeed,
by our notation the map K[(;] — K[(1,¢; "] is meant to be the canonical
one whereas, due to the gluing we have done for constructing Ak, the map
K[¢] — K[(,¢ ] is given by ¢, = ;. Thus, ¢;* does not belong to the
image of 6% and therefore § cannot be a closed immersion. Consequently, Al
is not separated over K.

In principle, the situation is similar for the projective line Pk.. The only
difference is that the map K[(y] —— K[, (1] is given by ¢ —— (7
This implies that now 6% is surjective, indeed. Since the diagonal embeddings
X, — X; xg X;, 1 = 1,2, are closed immersions for trivial reasons, it follows
that PL is a separated K-scheme. We will show more generally in 9.1/18 that
Proj schemes and, in particular, projective n-spaces are separated.

There is another basic technique applicable to schemes, which we have
included in the present chapter, namely cohomology theory. It comes in two
flavours. First there is Cech cohomology, which we deal with in 7.6, a theory
that is quite useful for explicit computations. On the other hand we will ex-
plain Grothendieck cohomology in 7.7, which is a derived functor cohomology
using methods similar to the one explained in 5.4 for the construction of Ext
modules. In contrast to Cech cohomology, Grothendieck cohomology admits
nice general properties, like the existence of long cohomology sequences 7.7/4.
In addition, there are quite general situations where both cohomology theories
are compatible so that the advantages of both can be combined; see 7.7/5 and
7.7/6.

Given a topological space X and a sheaf F (of abelian groups) on it, one
considers for any open covering 34 of X the complex

CWF): 00— COULF) T CH U F) e CA U F) -

of so-called Cech cochains on 4l with values in F; see 7.6 for its definition. Then
one is interested in the attached Cech cohomology groups

HI(4, F) = kerd?/im d"*, q=0,1,...

For example, if X is a scheme and F its structure sheaf Oy, these groups
represent certain invariants of X, at least if one can eliminate the dependence
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of the cohomology groups from the covering 4l. On separated schemes the latter
is possible, indeed, by taking U affine, as follows from Leray’s Theorem 7.7/5
in conjunction with 7.4/6 and 7.7/7.

As an example, let us consider the affine 2-space A% = Spec K [(1, (2] over a
field K and remove the “origin” from it, namely the closed point 0 given by the
maximal ideal ((1,¢() C K [(1,(2]. The resulting scheme X admits a canonical
affine open covering i, namely

X = Spec K[(1,6, (1] U Spec K[, ¢t G

To compute the Cech cohomology groups H9(, F) we use the Cech complex
of so-called alternating cochains; see 7.6/1. The latter is particularly simple in
our case, as it is given by

00— K[, G X K[CL G G~ K[CLGT GG '] —— 0
with d°(fi, f2) = fo — f1. Then
HO(4, Ox) = kerd’ = Ox(X)

due to the sheaf property of Ox and, furthermore,

H'(4,0x) = K[, G, ¢ '/ imd” = @ K - ¢idd,

1,7<0
HiU,0x) =0 for ¢ > 1.

In particular, H*(4, Ox) is a K-vector space of infinite dimension and this
shows that X cannot be affine. Indeed, for affine schemes and affine open cov-
erings, all higher cohomology groups H?(i, Ox), ¢ > 0, are trivial; use 7.7/7
in conjunction with Leray’s Theorem 7.7/5. Of course, that X is not affine can
also be seen from the fact that the inclusion X —— A2 which is a proper
inclusion, nevertheless gives rise to an isomorphism on the level of associated
K-algebras K[(1,(] — Ox(X). Finally, let us refer to Serre’s criterion
7.7/8, which states that the vanishing of first cohomology groups with values
in quasi-coherent modules characterizes affine schemes.

Also we have included in the present chapter a brief discussion of the Noethe-
rian finiteness condition for schemes (see 7.5), after having settled the necessary
prerequisites on associated ideals in 7.3. A scheme X is called locally Noetherian
(see 7.5/3) if every point in X admits an affine open neighborhood Spec A C X
where A is Noetherian. The condition has geometric implications for the Zariski
topology as well as consequences on the level of rings of functions. In particular,
if Spec A is any affine open subscheme of a locally Noetherian scheme, then A
will be Noetherian by 7.5/4. For some time it was quite popular to require the
Noetherian condition for any base scheme S whenever relative schemes X/S
were considered. However, we will not proceed like this and follow the strategy
of Grothendieck instead, who preferred to work over a general base .S, imposing
any necessary conditions on the structural morphism X —— S. Usually this
requires a little bit of extra effort, but has the advantage that the theory re-
mains compatible with general base change. This way impacts originating from
the base and from the morphism can be kept well apart from each other.
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7.1 Construction of Schemes by Gluing

According to its definition, any scheme X admits a covering by affine open
subschemes X;, i € I. Therefore we may view X as being obtained by gluing the
affine schemes X; along their intersections X; N X;. In the following we want to
study more thoroughly how global schemes can be constructed by gluing known
local parts such as affine schemes along open overlaps. The case where only two
schemes X; and X, are involved is easy. We just need a scheme U serving as the
intersection of X; and X5. This means, we must be able to view U as an open
subscheme of both X; and X5 in order to identify X; with X5 along U. For an
arbitrary number of schemes X; the situation becomes more complicated, since
triple overlaps and the related cocycle condition have to be taken into account.

Proposition 1. Consider

(1) a family (X,)ier of schemes,

(ii) open subschemes X;; C X, and isomorphisms ¢;;: X;; — Xj; for all
ijel,

subject to the following conditions:

(a) wij 0w =1id, Xy = X; and ¢ =id for all 4,5 € 1.

(b) The isomorphisms @;;: X;; — Xj; restrict to isomorphisms
such that 902('? = @52 o npg?) for all i,5,k € I (cocycle condition).

Then the schemes X; can be glued along the “intersections” X;; ~ Xj; to
set up a scheme X.

More precisely, there is a scheme X together with morphisms ;: X; — X,
1 € I, such that:

(1) oy defines for all i € I an isomorphism of X; onto an open subscheme
X/ CcX.

(2) X = Uie[ Xi.

(3) ¥i(Xyy) = X{N X forall i,j € I.

(4) The diagram

@35 X NnXj

Yilx

ji

is commutative for all i,j € I.
Moreover, X is unique up to canonical isomorphism.

Proof. The given gluing data can be illustrated as follows:
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The basic idea is to identify the open subschemes X;; C X; and Xj; C X, via
the isomorphisms ¢;;: X;; —— Xj; for all ¢, j € I, thereby obtaining a scheme
X, which is covered by the open subschemes X;. For this to work properly we
need compatibility of the identification process on triple overlaps, a requirement
expressed by the cocycle condition. Let us start by defining X as a set; namely,
let X = ([;c; Xi)/ ~, where the relation “~” is given as follows: For z € X;
and y € X; write z ~ y if € Xj; and ¢;;(z) = y. Then “~” is an equiva-
lence relation. Indeed, reflexivity and symmetry of the relation “~” follow from
condition (a). Furthermore, the transitivity is a consequence of the cocycle con-
dition (b). Indeed, let z € X, y € X;, and z € X}, such that x ~ y and y ~ 2.
Then we have

z € Xy, y = gij(z) € Xji, Y € Xk, z = p(y) € Xi;.

In particular, we get y € X;; N Xj; and, hence, z € X;; N X as well as
z € Xi; N Xy; according to (b). Therefore

P (2) = ¢ (¢ (2)) = () = =

” is an equivalence

by the cocycle condition and we see x ~ z. Consequently, “~
relation, and X is well-defined as a set.

Next consider the canonical maps ;: X; —— X, ¢ € I, that map any
element of X; to its associated equivalence class in X. Since ¢;; = id, all ¢; are
injective. Hence, v; defines a bijection of X; onto the subset X! = ¢;(X;) C X,
and it is clear that the stated properties (2), (3), and (4) of the assertion hold in
terms of sets. Now let us introduce a topology on X by calling a subset U C X

open if 1, *(U) is open in X; for all i € I. This is the finest topology on X such
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that all maps v; are continuous. Moreover, if there is an index iy € I such that
U C Xj,, then U is open in X if and only if 1/);01(U) C X, is open. Indeed, if

the latter holds, we get for every i € 1
Ui (U) =97 (U N X)) = gy (47, (V)

from (4) and it follows that ;' (U) is open in X;, since ;. '(U) C X;, is open
and the map
Piig

Xido X X
is continuous. In particular, all subsets X! C X are open in X and the maps 1,
induce homeomorphisms X; —~ X/.

It remains to construct the structure sheaf of X. To do this, we trans-
port for every ¢ € I the structure sheaf Oy, of X, under the homeomorphism
Yit Xi — X to a structure sheaf Ox; = (¢).(Ox,) on X|. Then the isomor-
phisms ¢;;, now as isomorphisms of locally ringed spaces, induce isomorphisms

. C
(1

#.
¢f: Oxtlxinxs === Oxtlxinx

of sheaves of rings, which we may view as identifications by applying the cocycle
condition (b). Indeed, looking at subsets U C X and indices i, € I such that
U C X{NXj, we may identify Ox. (U) with Ox;(U) via the isomorphism <p;’f(U)
Proceeding similarly as for the construction of X itself, we would have to set
up equivalence relations from the cpf;- on the disjoint union of all Ox/(U) for
indices ¢ € I such that U C X and then pass to equivalence classes. Doing so
we obtain a functor Ox with values in the category of rings, which is defined on
all open subsets U C X such that U C X for some index 7 € I. Since these sets
form a basis B of the topology on X and since Oy satisfies sheaf conditions
for coverings of sets from B by sets from B, we can extend Ox via 6.6/4 to a
sheaf on X, just by setting

Ox(U)= lim Ox(U)
U'es, U'CU
for arbitrary open subsets U C X. Then it is easily seen that (X, Oy) is a scheme
as stated in the assertion. The latter is unique up to canonical isomorphism,

as can conveniently be checked by using the exact diagram of Proposition 2
below. ]

Next, let us discuss how to define scheme morphisms by gluing.

Proposition 2. Let X be a scheme together with a covering by open subschemes
(Xi)ier, and let Y be another scheme. If f;: X; — Y are morphisms such that
filxinx; = filxinx; for all i, j € I, there exists a unique morphism f: X —Y
such that f|x, = fi for all i € I. In other words, the canonical diagram

Hom(X,Y) — [[Hom(X;,Y) == [] Hom(X; N X, Y)
icl i,j€1

s exact.
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Proof. In terms of maps between sets, the f; determine to a unique map
f: X —— Y such that f|x, = f; for all i € I. Furthermore, f is continu-
ous, since all f; are continuous. Indeed, for V' C Y open, we have

vy = _U A V)NX; = _U v,

and we see that f~1(V) is open in X, since, due to the continuity of the maps
fi, all sets f;*(V) are open in X; and, in particular, in X.

To equip f with the structure of a morphism of schemes, consider for any
open subset V' C Y the following diagram:

Ox (f71(V))

Oy (V) [Tox(s(v)nx)

|

[Tox(r(v)nxinX;)

i,j€l

The vertical maps are the canonical ones; they constitute an exact diagram, due
to the sheaf property of Ox. Furthermore, the horizontal map is derived from the
maps fi#: Oy — [iOx,, ¢ € I, and its composition with the two vertical maps
yields a unique map Oy (V) — [, ;c; Ox(f~'(V)NX;NXj), due to the com-
patibility fi|x,nx; = fjlxinx, for 4,5 € I. Then, using the exactness of the ver-
tical part of the diagram, we get a unique morphism Oy (V) — Ox(f~4(V))
making the upper triangle commutative. Letting V' vary over the open sets of
Y, the resulting morphisms Oy (V) —— Ox(f~1(V)) can be used to define
a morphism of schemes f: X —— Y satisfying f|x, = f; for all i € I, the
uniqueness of f being clear from the construction. O

As a first consequence, let us derive from Proposition 2 the following gen-
eralization of 6.6/9 (ii):

Corollary 3. Let A be a ring and Y a scheme. Then the canonical map
@: Hom(Y, Spec A) — Hom (A4, Oy (Y)), (f, f#) —— f*(Spec A),
from the set of scheme morphisms Y —— Spec A to the set of ring homomor-

phisms A —— Oy (Y)) is bijective. In particular, @ gives rise to isomorphisms
of functors on schemes Y, or on rings A.
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Proof. Fix an affine open covering (Y;);cr of Y and set
B =0y (Y), B; = Oy (Yi), By = Oy (Yy;)

for 7,7 € I where Y;; = Y;N'Y;. Then consider the following canonical commu-
tative diagram:

Hom(Y, Spec A) —— HHom(Yi, Spec A) —— H Hom(Y;;, Spec A)

iel ijel

Hom(A, B)

HHom(A, B) —/—— H Hom(A4, B;;)

i€l i,j€l

The upper row is the exact one occurring in Proposition 2, whereas the vertical
maps are the canonical ones, as mentioned in the assertion. Furthermore, the
lower row is obtained from the exact row

B— HBi:', HBij,

il ijel

given by the sheaf property of Oy, via the application of Hom(A4,-). Since the
latter functor is left exact, the lower row of the above diagram is exact as well.
Now the middle vertical map is bijective, due to 6.6/9 (ii) and the same is
true for the right vertical one if all intersections Y;; are affine. In that case
we see by diagram chase that @ must be bijective as well. For example, this
argument establishes the assertion of the corollary if ¥ might be viewed as an
open subscheme of some affine scheme Y. In particular, we can assume then
that each Y; is basic open in Y and the same will hold for the intersections Y.

Passing to the general case, we know from the special case just dealt with
that the right vertical map of the diagram is bijective. But then, as before, the
same is true for the left vertical map @ and we are done. (]

For any scheme Y there is a unique ring homomorphism Z — Oy (Y) and,
thus, by Corollary 3, a unique morphism of schemes Y —— SpecZ. Therefore
every scheme can canonically be equipped with the structure of a Z-scheme.

As an example of how to apply the gluing techniques discussed above, we
want to construct the affine n-space A% as a relative S-scheme over an arbitrary
base scheme S. We will achieve this by choosing an affine open covering (S;)er
of S and by gluing the affine n-spaces A over the base S. To do this in an
effective way, we fix a system of variables t = (¢, ..., t,) and introduce the sheaf
Og[t] of polynomials in ¢ over Og. Then we can interpret the affine n-space A%
as the “spectrum” of the sheaf of rings Og[t]. Explaining this in more detail,
we need some preparations.

Quasi-coherent algebras. — Just as in the setting of ordinary rings, a sheaf
of rings A on S together with a morphism Og —— A is called an Og-algebra.
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The latter amounts to the fact that A(U), for every open subset U C S, is
equipped with the structure of an Og(U)-algebra, in a way that is compatible
with restriction morphisms. If S is affine, say S = Spec R, then, similarly as
done in Section 6.6 for R-modules, we can construct for any R-algebra A its
associated sheaf of Og-algebras A = A, namely the sheaf extending the functor
given on basic open subsets of type D(f) C S for f € R by

A(D(f)) = A@r Ry.

Furthermore, note that, given an Og-algebra B, any morphism of R-algebras
A —— B(S) induces by the universal property of tensor products 4.3/6 a
canonical morphism of Og-algebras A —— B, whose underlying morphism of
Og-modules coincides with the one considered in 6.8. In particular, we see:

Remark 4. Let A be an Og-algebra on an affine scheme S = Spec R. Then

the canonical morphism A(S) — A is an isomorphism of Og-algebras if and
only if it is an isomorphism of Os-modules.

Based on the construction of associated algebras we can consider quasi-
coherent Og-algebras similarly as in the module case:

Definition 5. An Og-algebra A on a scheme S is called quasi-coherent if there
exists an affine open covering (Uy)rea of S such that Aly,, for each X € A, is
associated to some Og(Uy)-algebra.

The equivalent characterizations of 6.8/10 carry over from the module to
the algebra situation:

Proposition 6. For a scheme S and an Og-algebra A the following conditions
are equivalent:

(i) A is quasi-coherent.

(i) For every affine open subset U C S the restriction A|y is associated to
some Og(U)-algebra.

Proof. The implication from (ii) to (i) is trivial. To verify the reverse, we may
assume U = S, hence, that S is affine, say S = Spec R, and that there is an
affine open covering (Uy)aea of S where Aly,, for each A € A, is associated to
some Og(Uy)-algebra. Then, thinking in terms of Og-modules, we can apply
6.8/10 and thereby see that A is associated to A(S), viewed as an R-module.

Therefore the canonical morphism A(S) — A is an isomorphism in terms of
Og-modules and the same is true by Remark 4 in terms of Og-algebras. O

Quasi-coherent polynomial algebras. — As an example of a quasi-
coherent Og-algebra on a scheme S we introduce the polynomial algebra
A = Og[t] in a set of variables t = (f1,...,%,). To define this sheaf we pro-
ceed similarly as for the construction of the free Og-module (959]) in Section 6.8,
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where now I = N". Indeed, consider the functor that associates to an open
subset U C S the polynomial algebra Og(U)[t] over Og(U) and pass to the
associated sheaf of Og-algebras. We denote the latter by Og[t] and call it the
sheaf of polynomials in t over S. This Og-algebra is characterized by the fact
that the canonical map

Homos(OS [f:lvb)) - B(S)nv (2 (@(S)(tl)v R @(S)(tﬂ))z

is bijective for any Og-algebra B where Home,, at this place, indicates the set of
Og-algebra morphisms. Furthermore, note that on every affine open subscheme
U = Spec R C S the sheaf Og[t] is associated to the R-algebra given by the
polynomial ring R[t]. In particular, we can state:

Proposition 7. Let S be a scheme and t = (t1,...,t,) a system of variables.
Then the Og-algebra Og[t] of polynomials in t over S is quasi-coherent.

The spectrum of a quasi-coherent algebra. — Next we want to show
how to obtain from a scheme S and a quasi-coherent Og-algebra A4 an S-scheme
Spec A, generalizing the construction of affine schemes on spectra of rings. This
is done by gluing ordinary schemes Spec. A(U) for affine open subsets U C S.
To explain the process in more detail, choose an affine open covering (.5;);er of
S and consider X; = Spec A(S;) for ¢ € I as an S;-scheme; let p;: X; —— S;
be the corresponding structural morphism. For any section f € Og(S;) we get
canonical identifications

pi'(Ds,(f)) = Dx,(f) = Spec A(S); = Spec A(Ds,(f)),

using the quasi-coherence of A in conjunction with canonical isomorphisms of
type Ay ~ A ®p Ry for algebras A over a ring R and elements f € R; see
the algebra analogue of 4.3/3 (ii). Then we look at the intersections .S; N.S; for
1,7 € I and choose affine open coverings

SinS;=J Six

AEA;;

such that the Sj;, are basic open in S; and ;. For example, we could consider
affine open coverings &4;;, Ll;; of S; N Sj, where the members of l;; are basic
open in S; and the ones of 4, basic open in S;. Then we can conclude from
6.6/1 (ii) that the product covering i;; x f;; is as desired, namely that its
members are basic open in both, .S; and \S;. Thus, by the above interpretation,
the affine schemes p; '(S;;,) and p}l(Sij ) are canonically isomorphic for ,j € T
and A € A;;, namely to Spec A(S5;;»). The same is true over the intersections of
type Sija N Sijn and we obtain from Proposition 2 canonical isomorphisms

wij:pjl(siﬂsj) —— p;l(SiﬂSj)7 i,7 € 1.

Over any affine open subset of the base S these isomorphisms are induced from
identity maps on the level of sections of the Og-algebra A. Using this fact, it
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is easy to see that the isomorphisms ;; satisfy the conditions of Proposition 1.
Therefore the X;, ¢ € I, can be glued to yield an S-scheme X and we see
from Proposition 2 that the latter is uniquely determined by A, up to canonical
isomorphism over S.

Next consider an S-scheme Y with structural morphism ¢: ¥ —— S and
an S-morphism f: Y —— Spec A. Then the morphism f#: Ogpees — f:Oy
given by f induces a family of Og(U)-algebra morphisms

fu: A(U) — Oy (¢7(U)), U C S open,

and, thus, a morphism of Og-algebras f: A — ¢:(Oy). One can show as a
generalization of Corollary 3 that the map

Homg(Y, Spec A) — Homp, (A, ¢.0y), [ f.,

is bijective; see Exercise 4 below. Thereby we obtain a functorial characteri-
zation of Spec A which, departing from the special version of Corollary 3, can
alternatively be used at different levels of generality in order to construct Spec A
in a more formal way.

The affine n-space. — Applying the above construction to the quasi-
coherent Og-algebra of polynomials in a set of variables t1,...,t,, we are able
to generalize the definition of the affine n-space over a base scheme S, as given
in Section 6.7, by

A% = Spec Ogt1, ..., tn].

Later in Section 7.2, when fiber products are available, we may alternatively
characterize the affine n-space over S as A% = A} Xgpecz S. Also we see that
the canonical injections Og[t;] —— Og[t1,...,t,] set up a natural bijection

Homg (T, A%) —~~ Homg(T,Ag)",

certainly for S-schemes T" that are affine, but also for general S-schemes if we
apply the gluing technique of Proposition 2. This shows that A% is the n-fold
cartesian product of the affine line A} in the category of S-schemes.

The projective n-space. - We want to discuss another example where
the gluing process of Proposition 1 is applied, namely the construction of the
projective n-space P% over a scheme S, for n € N. In classical analytic geometry,
the projective n-space over a field K is given by the quotient

P"(K) = (K™ — {0})/K".

This means, we consider on K™ — {0} the equivalence relation given by mul-
tiplication with elements from K* and write P*(K) for the set of associated
equivalence classes. Therefore each element x € P*(K) is represented by a tuple
(%o, ..., 2n) € K" — {0} where, however, the components z; are unique only
up to a common factor A € K*. A good way to express this behavior is to write
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x = (xo:...:x,), where the x; are called the homogeneous coordinates of x.
Quite often one finds the notation x = (zo, ..., z,), although in strict terms it
is not correct.

The projective n-space P"(K) is covered by the n + 1 subspaces

U={(zo:...:2,) €e PY(K); x; # 0}, 1=0,...,n,

and each of these can be viewed as an affine n-space under the bijection
U — K", (zo: ... an) — (zox; ... 1, xpz ),

where the symbol 1 at the position with index i means that the entry at this
place has to be discarded. Thus, P*(K) is covered by n + 1 affine n-spaces K™
and we will base the construction of the projective n-space in terms of schemes
on this fact.

Starting with an affine base scheme S = Spec R, we choose a set of variables
t = (to,...,t,) and consider the ring of Laurent polynomials

Rlto,tg"s . tusty'] = { Z a,t”; a, € R, a, =0 for almost all v € Zn+1}:

vegzn+1
which we can view as the localization of the polynomial ring R[{,...,t,] by
the multiplicative system generated by %o, . .., t,. Then we introduce for indices

i,3,k =0,...,n the following subrings of R[to,ty", ..., tn,t;']:

t
AZ.—R{O,...,t”],
t; t;

-1 -1
to t, (L ty
Ain=R|—,..., 2 2 = .
" [fi ti (tz) (fz‘
Note that we may view A; as a free polynomial ring over R in the variables
b t’tfﬂ t’tfl ;... and, furthermore, A;; as the localization of A; by i—%
as well as A;j, as the localization of A; by ii and % Moreover, we have for
,J,k=0,....n

Ay = Aji, Aije = Ajik = Akij-
Then, for i,5,k = 0,...,n, look at the schemes X; = Spec A; ~ A}, and the
open subschemes

Xij = Spec Aij C Xi, Xij N sz: = Spec Aijk C Xz
The identification A;; = Aj; yields a canonical isomorphism
wij: Xyy — Xy,

which using the identity A;;, = Aji; restricts to an isomorphism
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Then it follows easily from the above identities between the rings A;; and A;j;
that all prerequisites for the application of Proposition 1 are at hand. In partic-
ular, the X; can be glued along the intersections X;; to yield a scheme X. All
X; and X;; are canonically equipped with the structure of an S-scheme, and we
obtain from Proposition 2 a canonical morphism X —— S exhibiting X as an
S-scheme. The latter scheme is denoted by P4 or P, and is called the projective
n-space over S. Also note that the ring of global sections of the structure sheaf
on X =P} is given by the intersection

Ox(X) —ﬁA—ﬁR[i—Oﬂ _ R
=0 i=0 v 4

From this we can conclude that the projective n-space P}, will not be affine in
general since, otherwise, it would be isomorphic to Spec R. For example, if R
is a field K, then Spec K is a one-point space, whereas P for n > 0 contains
more than just one K-valued point, as we will see below.

So let us look at the special case of a field R = K and let K’ be a
field extending K. We want to show that the set of K’-valued points of P,
namely P (K’) = Homg (Spec K, P%), coincides with the ordinary projective
n-space P"(K’). To do this, consider a K’-valued point of P} = (J;_, X;, thus,
a K-morphism z: Spec K’ —— P}.. Then x factors through X; for some index
i. Therefore x corresponds to a K-homomorphism

)

t tn
O'ZA,:K|:t—07,t—:| —’K/

(o) o(2)

as a point of the ordinary projective n-space P"(K’). If x factors through a
second open part X; C PP}, then z factors through X; N X;, and o; and o;
extend to a K-homomorphism

and we can view

to tn
O'ij = Ujii Aij = K|:t—, .

LN
Ry .
t
t

(5 (12) o ra(2)) = (1) () HH)

Since  is a unit in A;; = Aj;, we get

Hence, every point z € P (K’) gives rise to a well-defined point in P"(K’),
thereby inducing a map P%(K') —— P*(K’). Now, covering P} by affine
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n-spaces X; ~ A% as done above and using the equation A% (K') = (K')"
from Section 6.7, we see immediately that this map is bijective.

We could continue now defining the projective n-space P§ over an arbitrary
base scheme S. A convenient way to do this is within the context of fiber
products to be introduced in Section 7.2; just set

g = ]P)% X SpecZ S.

Another possibility is to glue n + 1 affine n-spaces A% in the way described
above. Also let us refer to Section 9.5 for defining projective schemes of more
general type within the setting of Proj schemes.

Exercises

1. Point functors: For a relative scheme X over some base scheme S consider the
associated functor of points hx: Sch/S —— Set, which maps an S-scheme
T to the set hx(T) = Homg(7, X) of S-morphisms T'—— X, as well as an
S-morphism 7" —— T to the canonical map Homg(T, X) — Homg (7", X).
Quite often one writes X (7) instead of Homg(T, X) and calls this the set of
T-valued points of X. Show:

(a) Let X = SpecOg[(], for a variable ¢. Then hx is isomorphic to the func-
tor T +—— Or(T') on Sch/S. This functor is often referred to as the additive
group and is denoted by G,. In fact, addition yields a morphism of functors
G, x G, — G, defining a “functorial group law” on G,; for the latter term see
the explanations on group schemes in Section 9.6.

(b) Similarly as in (a), let X = SpecOg[¢,¢{™']. Then hy is isomorphic to the
functor T +—— O7(T)* on Sch/S. This functor is referred to as the multiplica-
tive group and is denoted by G,,. Multiplication yields a morphism of functors
G X G, — Gy, defining a “functorial group law” on Gy,.

2. As in Exercise 1, consider point functors hx for schemes X viewing them as
relative schemes in Sch/Z. Let h'}‘gf be the restriction of hx to the full subcategory
of affine schemes in Sch. Show:

(a) Any morphism hx — hys between point functors of schemes X, X’ is

induced from a scheme morphism X —— X’. The same is true for isomorphisms.

b) The assertion of (a) remains true for morphisms h3f —— A3 between point
X X

functors on the category of affine schemes, even if X, X’ are not necessarily affine.

3. Let R be a discrete valuation ring with field of fractions K. Consider the multi-
plicative group over R, namely the R-scheme Gy r = Spec R[(, ¢71]. Show that
G, g can be viewed as an open subscheme of a larger R-scheme @m’ R such that
the canonical map

Hompg(Spec R, Gy g) — Homp(Spec K, Gy, r)

becomes bijective. Hint: Glue certain “translates” of Gy, g along the open sub-
scheme G,k = Spec K [(, ¢ c Gm,r. Note that Gy, r and the resulting scheme
G, g are R-group schemes in the sense of Section 9.6 and that Gy, g is the so-
called Néron model of G i; see [5], 10.1/5.
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4. Let ¢: Y —— S be an S-scheme and A a quasi-coherent Og-algebra. Show that
there is a canonical map Homg (Y, Spec A) — Hompg (A, ¢:Oy) and that the
latter is bijective. In particular, if ¢,Oy is quasi-coherent, conclude that there is
a canonical S-morphism ¥ —— Spec ¢.Oy .

5. A morphism of schemes ¢: Y —— S is called affine (see 9.5/1 (1)) if there exists
an affine open covering (S;);e; of S such that f~1(S;) is affine for all i € I.
Show that ¢ is affine if and only if ¢.Oy is a quasi-coherent Og-algebra and the
canonical S-morphism Y —— Spec ¢, Oy of Exercise 4 is an isomorphism.

6. Morphisms of projective spaces: For an (affine) base scheme S and an integer
m > 0, show that there are canonical S-morphisms P'g’ — P%¢ that symbolically
(on K-valued points for S consisting of a field K) are described as

(a) (mo:eoci@m) —> (o i iz :0:...:0) for m <mn.
(b) (ot ...t @m) —— (Mo(z) : ... : My(x)) where My, ..., M, are the (myj;d)
monomials in Z[tg, ..., tn] of a certain degree d > 0 (d-uple embedding).

On the other hand, we can see later that any K-morphism P —— P% on a field
K will be constant if m > n; use 9.3/17 in conjunction with 9.4/4.

7. Give an example showing that, different from the affine n-space A%, the projective
n-space P'¢ cannot be viewed as an n-fold fiber product of IP’IS with itself. Hint:
For a prime p, set S = SpeclF, and count F,-valued points in IP% and IF’Alg Xg IP’%,
assuming that the fiber product exists (which actually is the case by 7.2/3).

8. Quotients of schemes by finite groups: Let X be a scheme and I a finite subgroup
of the group of automorphisms of X. A quotient of X by I is a scheme X’ together
with a morphism 7: X —— X’ such that:

(1) moy=mforallyeI.

(2) If p: X — Y is a morphism of schemes such that p oy = ¢ for all y € I,
then it admits a unique factorization ¢': X’ —— Y satisfying ¢ = ¢’ o 7.

If the quotient of X by I exists, it is unique up to canonical isomorphism and
will be denoted by X/I".

(a) Show that X /I exists if X is affine. Hint: If X = Spec A, set X/I" = Spec AT
for AT the fixed ring consisting of all elements in A that are invariant under the
automorphisms given by elements of I". Show with the help of 1.3/7 that the
canonical morphism Spec A —— Spec AT satisfies the universal property of the
quotient X/I.

(b) In the general case, show that the quotient X/I" exists if there is a I'-invariant
affine open covering of X, ie. an affine open covering (X;);e; that satisfies
v(X;) = X; for all v € I" and all ¢ € I. If the intersection of any two affine
open subschemes in X is affine again (for example, if X is separated; see 7.4/2
and 7.4/6), the condition can be relaxed. In this case X/I" exists if each I'-orbit
in X is contained in an affine open subscheme of X.

(c) In the situation of (b), show that m: X —— X/I" is a quotient in the setting
of sets as well. Hint: Use Exercise 3.3/6.



294 7. Techniques of Global Schemes

7.2 Fiber Products

In this section we want to apply the gluing techniques of 7.1/1 in order to
construct fiber products of schemes. First, let us recall the notion of cartesian
products for objects in a category. To do this we need to know the cartesian
product of two sets A, B, which is given by the set A x B of all pairs (a,b)
such that a € A and b € B. Then, indeed, A x B together with the projections
onto its factors is a cartesian product in the category of sets in the sense of the
definition below.

Definition 1. Let XY be objects in a category €. An object W in € together
with two morphisms

p: W — X, q W —Y,

is called a cartesian product of X and Y in € if for every object T in € (test
object) the map

Hom(T,W) — Hom(T, X) x Hom(T,Y), fr—(pof,qof),
is bijective; i.e. if for any morphisms

Y

T—X, T

there is always a unique morphism T —— W such that the diagram

i1

LS

is commutative. If W exists, it is unique up to canonical isomorphism and we
write W = X xY. The morphisms p: W —— X and q: W —— Y are referred
to as the projections onto the factors X and Y of the cartesian product W.

Given an object S in a category € (referred to as a base object) we can
consider the category €g of all relative objects of € over S. As explained in
Section 4.5, the objects in €g are the morphisms of type X —— S in €, and
a morphism between two such objects X —— S and Y —— S is given by a
morphism X —— Y in € such that the diagram

X\S/Y
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is commutative. Often the category €g is not mentioned explicitly. One just
talks about S-objects and S-morphisms in €, denoting these as usual by X, Y ...
and X — Y. As we have pointed out in 4.5/2, the cartesian product of two
objects X, Y in €g is called the fiber product of X and Y over S. It is denoted
by W = X xg Y if it exists and is characterized by the following commutative
diagram:

Fibred products can also be interpreted within the context of cartesian
diagrams, which are defined as follows:

Definition 2. Let € be a category. A commutative diagram

w2+ X
.
y —/ 8

of morphisms in € is called cartesian if the following universal property holds:

Given an object T in € as well as morphisms f: T — X and g: T — Y
in € such that oo f = 7og, there exists a unique morphism h: T — W in €
such that poh = f and goh = g:

f

“w X
.
Y i S

Viewing the objects X, Y, and W, T in the situation of Definition 2 as
S-schemes, namely under the morphisms o, 7, respectively ¢ o p = 7 0 ¢ and
oo f =71og, it becomes clear that such a cartesian diagram shows that W
coincides with the fiber product X xgY. Conversely, every fiber product of this
type gives rise to a cartesian diagram as above.

Theorem 3. Fibred products exist in the category of schemes.
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First, we establish the existence of fiber products of affine schemes by tracing
them back to tensor products of algebras. Then we will gradually generalize the
construction, applying the gluing techniques of Section 7.1.

Lemma 4. Fibred products of affine schemes ezist in the category of schemes.
More precisely, if A and Ay are algebras over a ring R, the fiber product of
Spec A; and Spec As over Spec R is given by

Spec A1 Xspec r Spec A = Spec(A; ®g As),
together with the projections

p1: Spec Ay Xgpec r Spec Ay —— Spec Ay,
Do Spec Ay Xgpee g Spec Ax —— Spec Ay

induced from the canonical R-algebra homomorphisms

L1:A14>A1®RA2, L22A24’A1®RA2.

Proof. Let T be any R-scheme and consider R-morphisms f;: T —— Spec A4;,
1 = 1,2. Using Corollary 3, the latter correspond to morphisms of R-algebras
fi: Ay — Op(T), i = 1,2. Furthermore, by 4.3/6 there is a unique morphism
of R-algebras f*: A; @g Ay —— Op(T) such that the diagram

A

\ fi
L1

A @p Ay - Op(T)

L2 ‘
I3

A

is commutative. Then we can apply Corollary 3 again, thereby getting the com-
mutative diagram

Spec A,

T=------ > Spec(Al QR Ag)
\ \
P2
Spec A
and it follows that Spec(A; ®g As) together with the projections pq, ps satis-

fies the universal property of the fiber product in the category of schemes, as
claimed. O
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Lemma 5. Let 0y: X —— S and 03: Y —— S be two S-schemes such that
their fiber product W = X xg Y with projections

pr: X XgY — X p: X XgY — Y

exists. If X' C X and Y' C Y, as well as S’ C S are open subschemes satisfying
oi(X') € S and oo(Y') C S, then W = p;Y(X') N py ' (Y') together with
projections py: W' —— X' and py: W' —— Y induced from py,ps is a fiber
product of X' and Y’ over S'.

The proof is obvious. Just check the defining universal property for W’ by
using the one of W = X xgY. O

We are now able to carry out the proof of Theorem 3 on the existence of
fiber products of schemes. To explain how we will proceed, assume for a moment
that the fiber product X xgY is known already:

X
‘ 0-1
pP1
XxgY —2-28
.
Y

Choosing affine open coverings (X;)ie; of X and (Yj)jes of ¥V, we see that
(pr (X)) N pa ' (Y)))ier jes is an open covering of X xg Y. The members of this
covering can be viewed in the light of Lemma 5 as fiber products of type

Hence, if S is affine, we conclude from Lemma 4 that (X; Xg Y))ier jes is an
affine open covering of X xgY . Furthermore, intersections of any two sets from
this covering can be interpreted as fiber products of type

(XN Xy) xs (Y;NYy) =pirH(XiN Xy) Npy (Y NY)
= (pr' (X)) Ny (Y5)) N (o1 (X)) oyt (V)

and a similar interpretation is possible on triple overlaps.

To actually prove the existence of the fiber product X xg Y, let us first
assume that S is affine. Choosing affine open coverings (X;);er and (Y;);es of
X and Y as above, the fiber products X; xgYj, i € I, j € J, exist as affine
schemes according to Lemma 4. Furthermore, applying Lemma 5, we can view
the fiber products (X; N X)) xg (Y; NYy) for i,i' € I and j,5° € J as open
subschemes of both X; xgY; and X; xg Yj.. This yields gluing morphisms as
required in 7.1/1; the cocycle condition follows from the universal property of
fiber products by looking at triple overlaps. Hence, the fiber products X; xgY;
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can be glued along the intersections (X; N Xy) xs (Y; NY;) to yield a scheme
X x5 Y. Due to 7.1/2, the latter is canonically an S-scheme equipped with
projections

pr: X XgY — X, po: X XgY —Y

extending the ones given on X; xg Y for all 7 and j. To check that X xgV
satisfies the universal property of a fiber product of X with Y over S, consider
two S-morphisms f1: T —— X and fo: T —— Y, as well as the open covering
(T3;)ie1 jes of T where Ty; = fi'(X;) N f3'(Y;). Then the universal property of
the fiber products of type X; xsY; and (X; N Xy) xg (Y; NY}) yields unique
S-morphisms

Tij—>Xi><5Y};>XXSY, i1el, jeJ,

that coincide on all intersections of the Tj; and, thus, by 7.1/2, give rise to a
unique S-morphism g: T —— X Xg Y such that p,og = f, forv=1,2.

Finally, for an arbitrary base scheme S, choose an affine open covering
(Si)ier of S. If the fiber product X xgY exists, we see using notations as above
that the fiber products

o7 (8i) xs, 03 (Si) =07 (S), i€l
form an open covering of X xXg Y, with the fiber products
Ufl(Si n Sz’) X 8:nS, U;l(Si n Sz/) = 0'71(5’1' n Si/)7 i7i/ el,

serving as intersections. Keeping this in mind, we can, indeed, get the existence
of the fiber product X xgY by gluing the fiber products o7 '(S;) xs, o5 (S;)
along the intersections o '(.S; N Sy) X 5,18, oy (SN Sy). |

Let us look a bit closer at the points of a fiber product X xg Y. First
note that the universal property of fiber products just says that these products
respect the formation of T-valued points, namely,

(X x5 Y)(T) = X(T) x Y(T)

for S-schemes T'; recall that X (7T") = Homg (7T, X) is called the set of T-valued
points of an S-scheme X. However, such a nice behavior cannot be expected
from ordinary points. Indeed, for any scheme X let |X| be the set of points
of its underlying topological space. Since any morphism of schemes X —— S
induces a map |X| —— |S|, it is clear that, given two S-schemes X and Y,
there is a canonical map

|X xs Y[ —— |X] x5 [Y].

We want to show that this map will not be injective in general.
Let ¢ be a variable. Using the Chinese Remainder Theorem and the prop-
erties of tensor products, there are canonical isomorphisms
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R[¢]/(¢*+ 1) ®: C~C[¢]/(¢* +1) = C[¢]/(C+1) x C[¢]/( —i) ~C x C,

where C x C is viewed as a ring under componentwise addition and multiplica-
tion. This ring contains precisely two prime ideals, namely the ideals generated
by (1,0) and (0,1). Consequently, the fiber product Spec C Xgpecr Spec C con-
sists of two points. Since Spec R and Spec C are one-point spaces, the canonical
map

| Spec C Xgpeer Spec C| —— | Spec C| X|specr) | Spec C|

cannot be injective.
Proposition 6. Let X and Y be S-schemes. Then the canonical map

X Xg V| — [X] x5 [Y]
is surjective, but in general not injective.
Proof. To show the surjectivity, consider a point (z,y) € |X| x|g |Y[, hence
points x € X, y € Y lying over a common point s € S. Furthermore, let
Spec A C X and Spec B C Y be affine open neighborhoods of = and y that lie

over an affine open neighborhood Spec R C S of s. Then there is the following
commutative diagram

T A/Lpz ( T \
T R/ps < k(s) /Mﬂ(@ Qn(s) k(y)) /m
B B/p, k(y)

for a maximal ideal m C k() ®y(s) k(y). Passing to spectra, the diagram

Speck(z) —— X

|

Spec K ——— Speck(s) — T
Speck(y) —— Y

yields an S-morphism Spec K —— X xg Y. Its image z € X Xg Y is a point
lying over = and y and, thus, is mapped to (z,y) € | X x5 |Y]. |

Corollary 7. Let f: X —— S be a morphism of schemes. For a point s € S
look at the canonical morphism Speck(s) — S and the cartesian diagram
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Speck(s) xg X —2—~ X

f

Speck(s) —— S

attached to Spec k(s) X X as a fiber product of Spec k(s) with X over S. Then
p induces a homeomorphism

p': Spec X Xgk(s) — Xi,
where Xy is the fiber f~(s) of f over s.

Proof. We know from Proposition 6 that p’ is surjective. To show that p’ is, in
fact, a homeomorphism, we may assume by Lemma 5 that X and S are affine,
say X = Spec A and S = Spec R. Now look at the map A — A®pg k(s) given
by p: Speck(s) xg X — X it is obtained by tensoring R — k(s) with A
over R. Then every element of A ®g k(s) is of type a - b for some element a
that admits a preimage in A and a unit b € A @g k(s). Hence, it follows from
6.2/6 that p induces a homeomorphism onto its image, which we have already
recognized as f~1(s). 0

Given a relative scheme in the form of an S-scheme X or a morphism of
schemes X — S, we can look at its associated family of fibers (X;)ses, which
are schemes over fields. We thereby get a quite good picture of the relative
scheme X/S, although it must be pointed out that there are some constraints
for families occurring in this way. Indeed, for “nice” morphisms X —— S it
can be observed that the structure of a fiber X, over some point s € S will
have influence on neighboring fibers. In addition, a relative scheme X —— S
is by no means uniquely characterized by the family of its fibers X, s € S. For
example, disregarding connectedness, we can consider the canonical morphism
[I,cs Xs — S as a relative scheme having same fibers as the previous one.
Let us compute the fibers of an S-scheme in a simple case.

Let Spec C[z,y]/(y* — 2x) be the curve that is given in A% by the equation
y* — 2z; the latter is isomorphic to A}, since C[z,y]/(y* — 2z) is isomorphic
to C[y]. However, this curve can already be defined over Z by considering
X = SpecZ[z,y]/(y* — 2z) as a Z-scheme. The spectrum of Z consists of the
generic point 1 € SpecZ, which corresponds to the zero ideal in Z, and of
the special points p € SpecZ that correspond to the principal ideals (p) C Z
generated by primes p € N. Since k() = Q and k(p) = F,, for primes p, we get:

X, = SpecQ[z,y]/(y* — 2z) ~ Ay,
X, = SpecF,[z,y]/(y* — 27) = Ay, for p # 2,
Xy = SpecFy[z,y]/(y°) # A,

Next we want to derive some elementary categorical facts on fiber prod-
ucts, which we will formulate for the category of schemes, but which have their
counterparts (except for Remark 11) in any category admitting fiber products.
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Remark 8. For every S-scheme X the projection X xgS —— X onto the first
factor is an isomorphism.

Proof. If T is an S-scheme and f: T —— X an S-morphism, then the diagram

shows that X satisfies the universal property of a fiber product of X and .S over
S. O

Remark 9. If f: X! —— X and g: Y’ —— Y are morphisms of S-schemes,
then f and g induce an S-morphism f X g: X' xgY' —— X xgY.

Proof. Use the diagram

and the universal property of X xg Y. O

Remark 10. The fiber product is commutative and associative. More precisely,
for S-schemes X, Y, Z there ezist canonical isomorphisms

XXSY — YXSX,
(X ><5Y) XSZ — XXS(YXSZ).

Proof. Use the universal property of fiber products. O

Remark 11. For m,n € N and any scheme S there are isomorphisms

Ag EA% X SpecZ S, ]P)g' 2}1])% X SpecZ Sv
m+n m n
AT ~ AT g AL,

Proof. Use the fact that every ring homomorphism R —— R’ induces canoni-
cally an isomorphism of R’-algebras
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Rlt1,...,t,) @ ' — R'[t1,...,t,].
In particular, there is a canonical isomorphism
Rlt1,...,tm] Qr R[t1,.. ., tn] —= R[t1,... tmin]-

O

Finally, we want to discuss the concept of base change for relative schemes,
which generalizes the concept of coefficient extension known from rings and
modules. The base change functor given by a morphism of (base) schemes
p: 8 —— S associates to any S-scheme X an S’-scheme Xg, namely the
fiber product Xg = X x5.5’, which is viewed as an S’-scheme under the projec-
tion X x g8 —— S’. Furthermore, to any morphism of S-schemes f: X — Y
it associates the product morphism

fo=fxidg: Xg — Y,
which is an S’-morphism. Also note that in the cartesian diagram
X2 Xq

LT

S—*2 g

characterizing Xg as the fiber product of X and S’ over S, the projection p’ is
obtained from p via base change with ¢ and the projection ¢’ from ¢ via base
change with p.

Remark 12. Let ¢: " —— S be a morphism of schemes. Then, using the
above notations

Fgs: Sch/S — Sch/S'
X — XS’7
f | — fS’7

is a functor from the category of S-schemes to the category of S’-schemes, called
the base change functor attached to the morphism @: S’ — S.

Proposition 13. Let 8" —— S" and S’ —— S be morphisms of schemes.

(i) Base change is transitive, i.e. the composition of base change functors
Fgnygr 0 Fgiyg is isomorphic to Fgn/s. In particular, for any S-scheme X there
is a canonical isomorphism

(X Xssl) X g S// — XXSS//;

see 4.3/2 for a similar result on the level of rings and modules.
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(ii) Base change is compatible with fiber products; i.e. for S-schemes X and
Y there is a canonical isomorphism

(X XSY)SI s XSI X g YS/

Proof. Starting with assertion (i), write X’ = X x¢.5" and X" = X' x¢ S”. To
interpret X" as a fiber product of X and S” over S, we consider for S-morphisms
u: T —— X and v: T — S” the following commutative diagram with carte-
sian squares

S//

S/
where the morphisms ¢ and 1) exist according to the universal property of fiber
products. Indeed, ¢ is a unique morphism such that

S

flop=u, Top=0c"ou,
and, likewise, 1 a unique morphism satisfying

[rov=g,  ov=u.
It follows that 1 satisfies

fofop=u top=u

and, furthermore, that ¥ is uniquely determined by the latter equations. Hence,
X" is a fiber product of X and S” over S. Applying base change functors to
morphisms we can proceed by a similar argumentation.

The isomorphism in (ii) can easily be derived from (i). We have

(X XSS,) Xg (Y XSS/)ZXXS(Y Xss/)Z(X XSY) XSS,

due to (i) and the associativity of fiber products by Remark 10. d

Exercises

1. Let S — S be a morphism of schemes. Show for S’-schemes X, Y that there is
a canonical morphism X xg/Y —— X XgY and that the latter is an isomorphism
if S’ is an open subscheme of S via S — S.

2. Let X, Y be relative schemes over some base scheme S. Show for any Y-scheme
T that the canonical map Homy (T, X XgY) — Homg(T, X) is bijective.
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3. Let X = SpecK[t1,t2]/(t3 — 3) be Neile’s parabola over a field K, as in
Exercises 6.2/6 and 6.7/3. Determine the fibers of the canonical K-morphism
AL — X.

4. Consider the affine plane A%( = A}( X Spec K A}( together with the projections
P1,D2: A}( X Spec K A}( — A}( onto its factors. Let n be the generic point
of AL and write Z = pfl(n) N p;l(n). Thus, Z equals the fiber of the map
|A% Xspec & Af| — |Ak| X|spec k| |AJ| over the point (1, 7). Show that Z is
canonically equipped with the structure of a K-scheme and that the latter is
affine containing an infinity of points.

5. Consider the canonical map |Aj Xspec & Afc| — [Af| X|gpec k| [Af| as in Ex-
ercise 4 where now K is assumed to be algebraically closed. Show that the map
is bijective if we restrict ourselves to closed points in A}< X Spec K A}( and A}(.

6. Let f: X —— Y be a morphism of affine schemes. Show for an affine open
subscheme V C Y that its preimage f~'(V) is affine as well. In particular, the
intersection of two affine open subschemes in an affine scheme is affine.

7. Let X —— S be a surjective morphism of schemes. Show for any base change
morphism S’ —— S that the resulting morphism X xg .5’ —— S’ is surjective.
Thus, the surjectivity of scheme morphisms is stable under base change.

7.3 Subschemes and Immersions

Let X be a scheme with structure sheaf Oy and U an open subset in X. Then
U together with the sheaf Ox|y obtained from Ox by restriction to U is a
scheme again, a so-called open subscheme of X, as we have already pointed out
in Section 6.6.

On the other hand, there is a canonical way to introduce closed subschemes
of a scheme X. Namely, let A be a ring and a C A an ideal. Then the projection
A —— A/a induces a morphism of affine schemes

Spec A/a — Spec A

and we know from 6.2/7 that the latter constitutes a homeomorphism from
Spec A/a onto the closed subset V(a) C Spec A. Equipping V' (a) with the struc-
ture sheaf induced from A/a we get an affine scheme that we may call a closed
subscheme of Spec A. We will see that this construction can be extended to
arbitrary schemes X in place of Spec A if we start out from a quasi-coherent
ideal Z C Ox replacing the ideal a C A.

Finally, both notions of subschemes can be combined. If U —— X is an
open subscheme of a scheme X and Z —— U a closed subscheme of U, we
arrive at a so-called locally closed subscheme Z —— X.

Definition 1. Let X be a topological space and Ox a sheaf of rings on X.
An Ox-ideal is defined as a sheaf of Ox-submodules T C Ox, i.e. as a sheaf
functor associating to every open subset U C X an ideal Z(U) C Ox(U) in
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such a way that the structure of Z(U) as an ideal in Ox(U) is compatible with
restriction morphisms of T and Ox.

Now let X' = Spec A be an affine scheme. For any A-module M we have
constructed in Section 6.6 the associated sheaf of Oy-modules M, the latter
being given on basic open subsets D(f) C Spec A where f € A by

M(D(f)) = My = M ®4 Ay.

Applying this construction to an ideal a C A, we see from 6.8/4 that the
resulting Ox-module Z = a is a sheaf of ideals in Ox. Therefore, calling a sheaf
of ideals Z on an arbitrary scheme X quasi-coherent if it is quasi-coherent in the
sense of Ox-modules, the characterization 6.8/10 of quasi-coherent O x-modules
carries over to sheaves of ideals as follows:

Theorem 2. Let X be a scheme and I an Ox-ideal. Then the following con-
ditions are equivalent:
(1) Z is quasi-coherent.
(il) Every x € X admits an affine open neighborhood U C X such that Z|y
is associated to an ideal in Ox(U).
(iil) The restriction |y to any affine open subscheme U C X is associated
to an ideal in Ox(U).

Also let us mention the counterpart of 6.8/7 for sheaves of ideals:

Lemma 3. Let A be a ring and X = Spec A. Furthermore, let a be an ideal
in A and T C Oy the sheaf of ideals associated to a. Then, for any affine open
subscheme U = Spec B of X, the canonical map a ®4 B—— Z(U) C B is
bijective and, hence, I|y is associated to the ideal aB C B.

In the following consider a scheme X and a quasi-coherent ideal Z C Ox. In
order to define the zero set of Z, look at any affine open subscheme U = Spec A in
X. Then Z|y is associated to some ideal a C A and, as explained in Section 6.1,
we can look at its zero set Viy = V(a) C U C X, which is a closed subset in U.
If U varies over all affine open subschemes of X (or just over the members of
some affine open covering of X), the union of the Vj; yields a well-defined subset
V(Z) C X such that V(Z) N U = Vy for all affine open subschemes U C X.
Indeed, if U = Spec A and U’ = Spec A’ are affine open subschemes in X and
if 7 is associated to the ideal a C A on U and the ideal ' C A’ on U’, then
Lemma 3 shows for every affine open subscheme U” = Spec A” C U N U’ that
the sets Viy N U” and Vi N U” coincide, as they coincide with V(a”) where a”
is the ideal generated by a or, alternatively, @’ in A”. In particular, we see that
V(Z) is closed in X, since there exists an open covering (U;);er of X such that
V(Z)N U, is closed in U; for all i € 1.

The definition of V(Z) can be phrased in a more elegant way by passing to
the quotient Ox/Z and by defining V(Z) as the support of this sheaf, namely,
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V(Z) =supp Ox /I ={z € X; (Ox/I). # 0}.

Let us show that, indeed, both definitions describe the same subset in X. Using
the exactness of inductive limits (which is easy to obtain by a straightforward
argument) we get

(Ox/1), = Ox /T, = Ay/aA,
if U = Spec A is an affine open neighborhood of x in X and Z|y is associated
to the ideal a C A. Furthermore, A, /aA, = 0 is equivalent to aA, = A, = A,,,
hence to a ¢ p,, and therefore to = & V(a). Consequently, we see that

(supp Ox/Z)NU =V (a)

and both definitions of V(Z) coincide.

We want to equip V(Z) with a structure sheaf such that V(Z) becomes
a scheme. If X is affine, say X = Spec A, we have already indicated how to
proceed. Namely then 7 is associated to an ideal a C A so that V(Z) = V(a).
Since the canonical morphism Spec A/a —— Spec A induces a homeomor-
phism Spec A/a — V/(a) by 6.2/7, we can transport the structure sheaf
of Spec A/a to V(a) and thereby obtain an affine scheme Y with underlying
topological space V(Z). If X is not necessarily affine, we cover it by affine open
subschemes U C X and equip each V(Z) N U with the structure of an affine
scheme Yy, as just explained. Then we can try to glue the affine schemes Yy,
to produce a global scheme Y. This functions well, as follows from the con-
struction of the spectrum of a quasi-coherent Ox-algebra in Section 7.1. In-
deed, using the easy part of 6.8/11, it is seen that Ox/Z is a quasi-coherent
Ox-algebra. Furthermore, the projection Ox —— Ox /T gives rise to a canon-
ical morphism Spec Ox/Z — X = Spec Ox. The latter induces a homeomor-
phism Spec Ox/Z —+ V/(Z), which corresponds on affine open subschemes
U = SpecA C X to the canonical homeomorphism Spec A/a — V(a) of
6.2/7, assuming that Z|y is associated to the ideal a C A. Thus we can state:

Proposition and Definition 4. Let X be a scheme and T C Ox a quasi-
coherent ideal. Then:
(i) The zero set V(Z) = supp Ox/T of T is closed in X.
(ii) The quotient Ox /T is a quasi-coherent Ox-algebra.
(iil) The canonical map Spec Ox /I —— X gives rise to a homeomorphism
SpecOx /I —~ V(I).
In particular, V(I) can be identified with Spec Ox /T and thereby is equipped
with the structure of a scheme. Schemes of this type will be referred to as closed
subschemes of X.

There is a reverse construction showing that every closed subset of a scheme
X occurs as the zero set of a quasi-coherent ideal in Oy . To explain this, consider
a subset Y C X and look at the ideal Zy C Oy that on arbitrary open subsets
U C X is given by the functor

Ur——{heOx(U); h(z)=0forallz e Y NU}.
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The equation h(z) = 0 might be read in the residue field k(z) of = or can
alternatively be interpreted as h|y:(x) = 0, for any affine open neighborhood
U’ of x in U. We call Zy the vanishing ideal in Oy associated to Y. Clearly,
for any affine open part U = Spec A in X, we have Zy (U) = I4,(Y NU) where
I4 C A is the vanishing ideal in the sense of Section 6.1.

Proposition 5. Let X be a scheme and Y C X a closed subset. Then Zy C Ox
is a quasi-coherent ideal satisfying V(Zy) =Y. In particular, Y can be equipped
with the structure of the closed subscheme Spec Ox /Iy of X in the manner of
Proposition 4. We say that Y is provided with its canonical reduced structure.

The term reduced structure alludes to the fact that the sheaf of rings Ox /Zy
does not contain non-trivial nilpotent elements. Also note that in general an
ideal Z C Ox satistying V(Z) = Y is not fully characterized by this equation,
since any positive power of Z has the same zero set as Z itself.

Proof of Proposition 5. It is enough to consider the case where X is affine, say
X = Spec A. Then, being a closed subset of X, we know from 6.1/5 (ii) that YV’
equals the zero set of the ideal I4(Y) C A. We claim that Zy is associated to
this ideal and, hence, that Zy is quasi-coherent. Indeed, consider a basic open
subscheme U = D(f) in X where f € A. Then Y N U coincides with the zero
set V (14(Y) - Ay) of the ideal generated by 14(Y) in A;. Hence, using 6.1/5 (i)
and Lemma 6 below, we get

IAf(Y n U) = rad(IA(Y) . Af) = rad(IA(Y)) . Af = [A(Y) . Af,

which means Zy (U) = I4(Y) - A;. This shows that Zy is associated to I4(Y)
and, furthermore, that V(Zy) =Y. O

Lemma 6. Let A be a ring, a C A an ideal and f an element of A. Then we
have rad(aAy) = (rad a) A;.

Proof. Since the formation of residue rings is compatible with localization, it is
not hard to show that we may replace A by A/a and thereby assume a = 0.
Then, trivially, we have rad(A)- Ay C rad(Ay). To obtain the opposite inclusion,
consider an element h € rad(Ay), hence, h € A such that A" = 0 for some
n € N. Ifh:%forsomeaGAanerN,weget“T":OinAf and there
exists some s € N such that f°a™ = 0 in A. This shows fa € rad(A4) and
therefore % € rad(A) - Ay so that h € rad(A) - Ay. O

Definition 7. A morphism of schemes f:Y —— X is called an open (resp.
closed) immersion if there exists an open (resp. closed) subscheme Y' of X such
that f decomposes into the composition

f1Y YV X

of an isomorphism' Y —~ Y’ and the canonical morphism Y’ —— X.
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Lemma 8. For an affine scheme X = Spec A and a morphism of schemes
f:Y —— X the following conditions are equivalent:

(i) The morphism f is a closed immersion.

(ii) The scheme Y is affine, say Y = Spec B, and the ring homomorphism
w: A —— B corresponding to f is surjective.

Proof. If f is a closed immersion, there is a quasi-coherent ideal Z C Oy
such that f induces an isomorphism ¥ —~» SpecOx/Z. Since X is affine,
T is associated to some ideal a C A. It follows that Spec Ox/Z ~ Spec A/a
and, hence, Y are affine, say Y = Spec B. In particular, the homomorphism
p: A—— A/a — B is surjective.

Conversely, let Y be affine, say Y = Spec B, and assume that the homo-
morphism ¢: A —— B associated to f is surjective. Then, writing a = ker ¢,
we see that ¢ induces an isomorphism A/a —~ B, and it follows that f fac-
tors through an isomorphism ¥ —~~~ Spec A/a where Spec A/a is viewed as a
closed subscheme of X = Spec A. O

Proposition 9. For a morphism of schemes f = (f, f#): Y — X the fol-
lowing conditions are equivalent:

(i) f is a closed immersion.

(ii) For every affine open subscheme U C X, the morphism f~(U) — U
induced from f is a closed immersion; by Lemma 8 the latter amounts to f=(U)
being affine and f#(U): Ox(U) — Oy (f~1(U)) surjective.

(iil) There exists an affine open covering (U;)ier of X such that the morphism
FHU;)) — U; induced from f is a closed immersion for every i € I; as before,
the latter means f~1(U;) is affine and f#(U;): Ox(U;) —— Oy (f~1(U,)) is

surjective.

Proof. Assume first that f is a closed immersion. Then there is a quasi-coherent
ideal Z C Ox such that f induces an isomorphism f’: Y Spec Ox /T.
Now if U C X is an open subscheme, the ideal Z|y € Op = Ox|y is quasi-
coherent and f’ restricts to an isomorphism f~'(U) —= SpecOy/(Z|y).
Hence, f~1(U) — U is a closed immersion, and the implication (i) = (ii) is
clear.

The implication (ii) = (iii) being trivial, it remains to verify the implica-
tion (iii) = (i). For this it is enough to show that there exists a quasi-coherent
ideal T C Oy satisfying Z(U;) = ker(f#(U;)) for all i € I. Indeed, f factors
then through a morphism f': Y —— Spec Ox/Z, followed by the canonical
morphism Spec Ox/Z —— X, and we see from the assumption in (iii) that f’
is an isomorphism.

To get hold of such a quasi-coherent Ox-ideal Z, look at the sequence

0 7 Ox £.0y — 0

where f,Oy is the direct image sheaf given by the functor U —— Oy (f~1(U))
for open subsets U C X (see 5.3) and Z the kernel of Ox —— f.(Oy).
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Then, clearly, Z(U;) = ker(f#(Ui)) for all ¢ € I. Now observe that f,Oy is
a quasi-coherent Ox-module by 6.8/10 since f.(Oy )|y, is quasi-coherent for ev-
ery i € I; the latter follows from the assumption in (iii) in conjunction with
6.9/4 since f~1(U;) — U, is a morphism of affine schemes. Furthermore, we
see from 6.8/4 that Z, as the kernel of a morphism between quasi-coherent
Ox-modules, is quasi-coherent itself, as claimed. We could add that the mor-
phism Ox —— f,Oy is an epimorphism and, hence, the above sequence is
exact, although we do not really need this. 0

Finally, we want to discuss locally closed subschemes of a given scheme X.
To do this, recall that a subset Y of a topological space X is called locally
closed if, for every y € Y, there exists an open neighborhood U(y) C X such
that Y N U(y) is closed in U(y). In particular, Y is then a closed subset of the
open subset (J,y U(y) C X.
Definition 10. Let X be a scheme. A scheme Y is called a (locally closed)
subscheme of X if there exists an open subscheme U C X such that Y is
a closed subscheme of U. A morphism of schemes f:Y —— X is called a
(locally closed) immersion if f induces an isomorphism 'Y —— Y’ to a locally
closed subscheme Y' of X, i.e. if f decomposes into a composition of a closed
immersion Y —— U and an open immersion U — X.

It follows from Proposition 5 that every locally closed subset Y of a scheme
X can be equipped with the structure of a locally closed subscheme of X.

Proposition 11. Let f: Y —— X be a locally closed immersion of schemes
and U an open subscheme of X such that f(Y') is a closed subset of U. Then
f restricts to a closed immersion Y — U.

Proof. In view of Remark 12 below we may assume that U is the largest open
subscheme of X such that f(Y) is closed in U. Since f is a locally closed
immersion, there is an open subscheme U’ C X such that f restricts to a closed
immersion Y —— U’; then necessarily U’ C U. Now choose an affine open
covering (U;);er of U such that U; C U’ or U; N f(Y) = 0 for all ¢ € I. This is
possible, since f(Y) is closed in U. Then f~(U;) — U, is a closed immersion
by Proposition 9 if U; C U’. On the other hand, if U; N f(Y) = ), the same is
true because f~!(U;) = (). Therefore it follows from Proposition 9 again that f
induces a closed immersion Y — U. ]

Remark 12. The following conditions on a subset Y of a topological space X
are equivalent:

(1) Y is locally closed in X.

(i) There exists an open subset U containing Y such that Y is closed in U.

If Y is locally closed in X, there exists a largest open subset U C X con-
taining Y such that Y is closed in U.
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Proof. If Y C X is locally closed, choose for each y € Y an open neighborhood
U(y) C X such that Y NU(y) is closed in U(y). Then U = {J,y U(y) is open
in X and Y is closed in U. This establishes the implication (i) = (ii), the
converse being trivial.

If Y is locally closed in X, we consider the set U of all points © € X such
that there exists an open neighborhood U(z) C X whose restriction Y N U(x)
is closed in U(zx). Then, apparently, U is the largest open subset in X such that
Y is closed in U. By the way, U = X — (Y —Y). O

Proposition 13. Open, closed, and locally closed immersions are preserved
under composition and base change.

Proof. Using 7.2/5 it is easily seen that open immersions are preserved under
base change. The same is true for closed immersions in the affine case, due to
the right exactness of the tensor product, and in the general case by applying
Proposition 9. It follows that the case of locally closed immersions is clear as
well.

Next, it is obvious that the composition of two open immersions yields an
open immersion again. The same is true for closed immersions of affine schemes
and, using Proposition 9, also for closed immersions of general schemes. To
show that locally closed immersions are preserved under composition, look at a
composition of morphisms Z —— Y X Itis enough to consider the case
where ¢ is an open immersion and f a closed immersion. Then g(Z) is open in
Y with respect to the topology induced from X and, hence, there is an open
subscheme X’ C X such that ¢ restricts to an isomorphism 7 —~» Y N X'
Thereby we get a decomposition

fogiZ ~ yYnXx e x e x

where f’ is obtained from f via the base change X’ —— X and, hence, is a
closed immersion. It follows that f o g is the composition of a closed immersion
followed by an open immersion and therefore is a locally closed immersion. [

Finally, let us add a local characterization of immersions without giving a
proof; see EGA [11], 1, 4.2.2.

Proposition 14. Let f: Y —— X be a morphism of schemes.

(i) f is an open immersion if and only if [ yields a homeomorphism of Y
onto an open subset in X and ff Ox, jyy — O,y 1s bijective for all y € Y.

(i) f is a closed (resp. locally closed) immersion if and only if f yields
a homeomorphism of Y onto a closed (resp. locally closed) subset of X and
ff: Ox,ty) — O,y is surjective for all y € Y.
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Exercises

1. Characterize all subschemes of the affine line A}( over a field K. In particular,
show that every subscheme of A}( is open or closed, a fact that does not extend
to affine n-spaces of higher dimension.

2. Give an example of a scheme X and of an ideal sheaf 7 C Ox where Z is not
quasi-coherent. Hint: Use extension by zero, as introduced in Exercise 6.9/10.

3. Let F be an Ox-module on a scheme X. Define the annihilator of F as the
kernel 7 of the sheaf morphism Ox —— Homy, (F,F) that associates to a
section f € Ox(U) on an open subset U C X the multiplication by f on F|y; see
Exercise 6.5/7 for the definition of Hom sheaves. Show that Z is an ideal in Ox
and that the latter is quasi-coherent if F is quasi-coherent and locally of finite
type. Hint: Reduce to a problem on modules over rings and proceed by induction
on the number of generators.

4. Monomorphisms: A morphism ¢: X’ —— X in some category € is called a
monomorphism if two €-morphisms f, g: T — X’ coincide as soon as to f = tog.

(a) Characterize monomorphisms in the category of sets, resp. groups, resp. rings,
resp. modules.

(b) Show that immersions are monomorphisms in the category of schemes.

(c) Give an example of a scheme morphism that is a monomorphism but not an
immersion. Hint: Look at morphisms of type Spec Ag —— Spec A for a ring A
and a multiplicative system S C A.

5. Let X —— S be an immersion of schemes. For any point s € S, determine the
fiber X of X over s.

6. Give an example showing that the fiber X, of a relative scheme X —— S over
a point s € S is not necessarily a subscheme of X.

7. Inverse images of subschemes: Consider a scheme X together with a subscheme
Z C X. Show for any scheme morphism f: Y —— X that the preimage f~!(2)
admits a canonical structure as a subscheme of Y. If Z is an open, resp. closed,
resp. locally closed subscheme in X, the same is true for f~!(Z) as a subscheme
of Y.

8. Reduced schemes: A scheme X is called reduced if the ring Ox (U) is reduced for
all open subsets U C X. Show:

(a) X is reduced if it can be covered by affine open subschemes of type Spec A
where A is reduced.

(b) There exists a unique closed subscheme X;oq C X that is reduced and point-
wise coincides with X. In terms of topological spaces, the canonical morphism
Xied — X is a homeomorphism.

(¢) Every morphism 7' —— X from a reduced scheme T factors uniquely through
chd~

(d) Every morphism of schemes f: X —— Y gives rise to a unique morphism
fred: Xved — Yieq such that the obvious diagram is commutative.
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7.4 Separated Schemes

Given a relative scheme X over a base scheme S, we can consider the diagonal
morphism A: X —— X xg X, which is characterized by the fact that the
composition p; o A: X —— X with each projection py,py: X xg X — X is
the identity morphism. The image A(X) is called the diagonal in X xg X.

Note that a morphism of S-schemes @: T X xg X factors through
the diagonal morphism A: X —— X xg X if and only if p; o p = ps 0 ¢ since
then Aop;op=Aopyop coincides with ¢, as can be checked by composing
both morphisms with the projections pi, po. On the other hand, the condition
that p; o ¢ coincides with py o ¢ on all points t € T is not sufficient for such a
factorization. For example, view Spec C as a relative scheme over Spec R. Then,
as we have seen in Section 7.2, the fiber product Spec C Xgpecr Spec C consists
of two points and, hence, the diagonal morphism

A: SpecC —— SpecC xgpecr SpecC

will not be surjective. Therefore the identity map ¢ = id on the fiber product
Spec C Xgpecr Spec C cannot be factored through the diagonal morphism A,
although we have (p;0id)(t) = (p20id)(¢) for all points ¢ € Spec C XgpecrSpecC,
due to the fact that Spec C is a one-point space. In particular, for an arbitrary
S-scheme X, we observe that the obvious inclusion

A(X) C{z e X xs X pi(2) = p2(2)}
will not be an equality in general.

Proposition 1. For any relative scheme X over a base scheme S, the diagonal
morphism A: X —— X Xg X is a locally closed immersion. If X and S are
affine, then A is even a closed immersion.

Proof. To begin with, let X and S be affine, say X = Spec A and S = Spec R.
Then the structural morphism X —— S corresponds to a ring homomorphism
R — A, which equips A with the structure of an R-Algebra. Since the diagonal
morphism A corresponds to the multiplication morphism

A®prA— A, a®br—- ab,

which is surjective, we see from 7.3/8 that A is a closed immersion.

If X is not necessarily affine, consider a point x € X, as well as an open affine
neighborhood U C X of x such that U lies over some affine open subscheme
S’ C S. Then we know from 7.2/5 that U X U is an open subscheme of
X xg X satisfying AY(U xg U) = U. Furthermore, the diagonal morphism
Ay: U —— U xg U is a closed immersion by the special case just dealt with.
Hence, if x varies over all points of X, the commutative diagram
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A
U—"UxgU
,] A
X

shows that Ay is a locally closed immersion. O

XX xg X

Definition 2. Let f: X —— S be a morphism of schemes. Then f is called
separated if the diagonal morphism A: X —— X X5 X is a closed immersion.
A relative S-scheme X is called separated if the structural morphism X — S
is separated. Furthermore, an absolute scheme X is called separated if it is
separated as a Z-scheme.

Proposition 3. An S-scheme X is separated if and only if the image A(X) of
the diagonal morphism A: X —— X xXg X is closed in X xXg X.

Proof. Use the fact that A is a locally closed immersion by Proposition 1 and,
thus, a closed immersion by 7.3/11. (|

Recall that a topological space X is said to satisfy the Hausdorff separation
axtom if any different points =,y € X admit disjoint open neighborhoods in X;
the latter is equivalent to the fact that the diagonal is closed in the cartesian
product X x X with respect to the product topology. Hence, although schemes
do not satisfy the Hausdorff separation axiom in general, the notion of separat-
edness on schemes may be viewed as an adaptation of this axiom to the scheme
case.

We can conclude from Proposition 1:

Remark 4. Let f: X —— S be a morphism of affine schemes. Then f is
separated.

Proposition 5. Let X be a relative scheme over an affine base S = Spec R and
let A: X —— X xXg X be the corresponding diagonal morphism. Then, for a
given affine open covering (X;)ier of X, the following conditions are equivalent:
(i) X is separated over S.
(ii) For all i,j € I, the diagonal morphism A induces a closed immersion
(i) For all i,j € I, the intersection X; N X, is affine and A induces a
surjection Ox(X;) @r Ox(X;) — Ox(X; N Xj).

Proof. Using 7.2/5 we see that (X; xg Xj); er is an affine open covering of
X xg X satisfying A™1(X; xg X;) = X; N X;. Now apply 7.3/8 and 7.3/9. O
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Corollary 6. Let S be an affine scheme and X a separated S-scheme. Then, if
U and V are affine open subschemes of X, the intersection U NV is an affine
open subscheme of X as well.

Proof. Tt follows from condition (ii) of the above proposition that the diagonal
morphism A: X —— X X gX restricts to a closed immersion UNV — U xgV.
Since U, V, and S are affine, the fiber product U xg V is affine by 7.2/4.
Therefore U NV is affine by 7.3/8. O

We want to give an example of an S-scheme X over an affine base S, for
which the conclusion of Corollary 6 cannot be obtained. In particular, X cannot
be separated then. To construct such a scheme, look at the affine n-space A%
over some field K and assume n > 2. Let 0 € A% be the origin, i.e. the point
given by the maximal ideal (ti,...,t,) C K[ti1,...,t,]. Now glue two copies
of A% by identifying the open subschemes A% — {0} C A% via the identity
morphism id: A — {0} —— A% — {0}. Thereby we obtain a K-scheme X
admitting an affine open covering by two copies X1, X5 of A. In fact, we may
interpret X as the affine n-space over K with a double origin. Then X; N X,
coincides with A% — {0} and the latter is not affine for n > 2. Indeed, we have
A% — {0} = UL, D(t:) and

n

K[ty ta] [ = K[ty ]

i=1

for n > 2. This shows that the restriction morphism
Ouy (A% —{0})

is bijective and, hence, that A% — {0}, being strictly contained in A%, cannot
be affine.

Next, let us derive some criteria and properties for separated morphisms; see
also 9.5/17 for the valuative criterion of separatedness. First, we can conclude
from 7.3/9 that the separatedness can be tested locally on the base:

Oy (AK)

Proposition 7. Let f: X —— S be a morphism of schemes and (S;)ier an
open covering of S. Then the following conditions are equivalent:

(i) f is separated.

(ii) The morphism f~1(S;) — S; induced from f is separated for all i € 1.

Later in 9.5/1 a morphism of schemes f: X S will be called affine
if there exists an affine open covering (S;);e; of S such that f=1(.S;) is affine
for all i € I. Alternatively, we may require that the preimage f~1(S’) of any
affine open subscheme S’ C S is affine again; see 9.5/3. The link between both
definitions is provided by 6.8/10. Indeed, if A is a quasi-coherent Og-algebra,
the canonical morphism Spec A —— S is affine and one can show a converse:
if f: X —— S is an affine morphism of schemes, the direct image f,Ox is a
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quasi-coherent Og-algebra and X is canonically isomorphic to Spec f,Ox; see
also Exercise 7.1/5. Using the notion of affine morphisms, we can conclude from
Proposition 7 in conjunction with Remark 4 the following assertion:

Corollary 8. Affine morphisms and, in particular, morphisms of affine schemes,
are separated.

Proposition 9. Let S be an affine scheme and f: X —— S a morphism of
schemes. Assume that for any points s € S and x,y € f~1(s) there is always
an affine open subscheme U C X such that x,y € U. Then f: X —— S is
separated.

Proof. Our assumption implies that X x¢ X admits a covering by affine open
subschemes of type U x gU where U is affine open in X. Indeed, consider a point
z € X xgX with projections z,y € X. Then these points lie over the same point
s € S and, by our assumption on the fiber f~1(s), we can find an affine open
subscheme U C X containing both, z and y. It follows that U xg U C X xg X
is an affine open neighborhood of z and, using Remark 4, that the diagonal
embedding A: X —— X Xxg¢ X restricts to a closed immersion U — U x g U.
Covering X xg X by affine open subschemes of type U xg U, we conclude from
7.3/9 that A is a closed immersion. Consequently, X is separated over S. [

Corollary 10. Let f: X —— S be a morphism of schemes such that the under-
lying map of topological spaces is injective. Then f is separated. In particular,
every immersion of schemes is separated.

Let us give some applications of separated morphisms.

Lemma 11. Let 0: X —— S and 09: Y —— S be schemes over some base
scheme S. Then, for every morphism of schemes S —— T, the canonical dia-
gram

X xgY —+ X x7Y

o g1 X02

Asr
S———— S xp 8
s cartestan.
Proof. Let us write

0 X xgY — X, g X xgY —— Y,
¢ X xp Y — X, ¢: X XY — Y,

as well as py,pa: S xS — S for the canonical projections. To check that the
above diagram is commutative, observe that the compositions

p1o (01 X 03) 0T =071 04y, P20 (01 X 02) 0T =020 ¢
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coincide with the structural morphism o: X xgY —— S and that this yields
the desired commutativity relation (o X 03) o7 = Ag/roo.
Next, to show that the diagram is cartesian, look at a scheme Z and mor-
phisms
leZ4>)(XTYV7 fQZZ%S

such that (o1 X 02) o fi = Agyr o fo. Then we get

U1Oq/10f1 =po(oy Xo9)0 fi =p10AS/T0f2 = fa
:p20AS/T°f2 :P20(01 X Gz)ofl :azoqQOfl-
Therefore the compositions ¢; o fi and ¢} o f; are S-morphisms and, using the
universal properties of fiber products, these induce a well-defined S-morphism
f:Z —— X xgY such that 7o f = f; and o0 o f = f;. Furthermore, f is
uniquely determined by the latter relations, since the compositions ¢; o f and

@2 o f are uniquely determined as the compositions of f; with the projections
of the fiber product X x7 Y onto its factors X and Y. O

Corollary 12. The morphism 7: X XgY —— X X7Y of Lemma 11 is a locally
closed immersion. If S —— T is separated, T is even a closed immersion.

Proof. Tmmersions and especially closed immersions are stable under base
change; see 7.3/13. O

Proposition 13. Let S be a base scheme and f: X —— Y an S-morphism.
Then the graph morphism I';: X X XgY given by id: X —— X and
f: X ——Y s an immersion, even a closed immersion if Y is a separated
S-scheme.

Proof. We consider the cartesian diagram

X=XxyY e X xgY

Y Y xsY
obtained in the situation of Lemma 11 by taking for oo: Y —— S the identity

morphism on Y = S and by replacing T by S. Then the assertion follows from
Corollary 12. (|

Corollary 14. Let f: X —— S be a morphism of schemes and £: S —— X
a section of f, i.e. a morphism satisfying f oe =idg. Then € is an immersion,
even a closed immersion if [ is separated.

Proof. Viewing X as an S-scheme under f, we can say that a section € of f is
just an S-morphism €: S —— X. Then Proposition 13 applied to the morphism
¢ shows that

FSI S — Xs X
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is a locally closed immersion, and even a closed immersion if X is a separated
S-scheme. However, I, coincides canonically with ¢ in our situation. a

Proposition 15. (i) The composition of two separated morphisms is separated
again.

(ii) For separated morphisms of S-schemes f: X — Y and f': X' — Y/,
their fiber product f X f': X xg X' ——Y x5V’ is separated as well.

(i) Separated S-morphisms are stable under base change.

(iv) Let f: X — Y and g: Y —— Z be morphisms of schemes. If go f
is separated, the same applies to f.

Proof. Starting with assertion (i), look at the cartesian diagram in Lemma 11 for
X =Y. Then if S —— T is separated, the upper row of the diagram is a closed
immersion by Corollary 12. Now if the diagonal morphism X —— X xg X is
a closed immersion, the same is true for the composition

X— X xg X — X xp X

by 7.3/13 and we see that X —— S —— T is separated if X —— S and
S —— T have this property.

Assertion (ii) can be derived from (i) and (iii). To obtain (iii), look at
a separated morphism X —— S and a base change morphism S" —— S.
Then, using 7.2/13 and applying the base change to the diagonal morphism
X —— X xg X yields a morphism

X XSS/—> (X XsX) XSS/:(X XSS/) X g (X XSS/)7

which is a diagonal morphism again. Since closed immersions are stable under
base change by 7.3/13, we are done.
To settle (iv), look at the decomposition

XXk, y Py,

where Iy is the graph morphism (viewing f as a Z-morphism) and p, the pro-
jection onto the second factor. We know from Proposition 13 that I’ is a locally
closed immersion. Even better, being injective it is separated by Corollary 10.
Furthermore, p, may be viewed as a fiber product of g o f over Z with the
identity on Y, the latter viewed as a Z-scheme via g. Hence, ps is separated by
(ii). But then, as a composition of two separated morphisms, f is separated by
(1). |

Corollary 16. If X is a separated scheme (over Z), then any morphism of
schemes X —— Y is separated.

Exercises

1. Show that a scheme morphism f: X —— S is a monomorphism (see Exer-
cise 7.3/4) if and only if the diagonal morphism A: X —— X Xxg X is an iso-
morphism. In particular, monomorphisms are separated.
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Show that the projective n-space P% over any ring R is separated.

For two S-morphisms f,g: T —— X on some base scheme S consider the fiber
product T' X (x s xyX with respect to the morphisms (f,g): T — X x5 X given
by f,g and the diagonal morphism A: X —— XgX; it is called the coincidence
scheme for f and g. Show:

(a) The projection onto the first factor ¢: T' X(xx,x) X — T is a locally
closed immersion satisfying the following universal property: Every S-morphism
p: Z — T such that f op = go p admits a unique factorization through .
(b) ¢ is a closed immersion for all S-schemes 7" and all S-morphisms f, g if and
only if X is a separated S-scheme.

(¢) In particular, assume that X is separated over S, that T is reduced (see
Exercise 7.3/8), and that f coincides with g on a dense open subscheme U C X.
Then the morphisms f and g coincide on X.

. Consider gluing data for schemes, namely schemes X; for i varying over some

index set I, as well as open subschemes X;; C X; together with isomorphisms
pij: Xij — Xj; for 4,7 € I such that conditions (a), (b) of 7.1/1 are satisfied.
Give a necessary and sufficient condition on the gluing data assuring that the
scheme X obtained from gluing the X; via the intersections Xj;; is separated.

. Let X be an S-scheme, for some base scheme S. The separatedness of X cannot

be tested locally on X. But show that the disjoint union of separated S-schemes
is separated.

. Let f: X —— S be a morphism of schemes and consider closed subsets X; C X

and S; C S such that f(X;) C S; where 4 varies over a finite index set I. Equip
all sets X; and S; with their reduced structures so that f induces morphisms
fi: Xi — S;, i € I, and assume that the X; cover X. Show that f is separated
if and only if all f;, i € I, are separated.

7.5 Noetherian Schemes and their Dimension

The notion of dimension of a scheme X is based on the length of chains of
closed irreducible subsets in X. Recall from 6.1/13 that a topological space X
is said to be irreducible if it is non-empty and cannot be decomposed into a
union X = X; U X, of two proper closed subsets X1, Xo € X. Let us start with

the

following useful observation:

Remark 1. Let X be an irreducible topological space and U a non-empty open
subset of X. Then U is dense in X and irreducible.

Proof. Tt follows from 6.1/14 (iii) that U is dense in X. Furthermore, consider a
decomposition U = Z; U Z, into relatively closed subsets Z; and Zs of U. This
implies X = Z1UZ,, and we see that Z; = X or Z, = X since X is irreducible.
But then Z; = Z,NU =U for i = 1 or 2 and U is irreducible. U
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As we know from 6.1/17 for affine schemes X = Spec A, the map z —— m
defines a bijection between X as a point set and the set of its irreducible closed
subsets. We want to generalize this fact to arbitrary schemes.

Proposition 2. Let X be a scheme. Then the map

irreducible closed —
¢: X { subsets of X }’ t {=},

is bijective.

Proof. First, observe that for any x € X its closure m is irreducible and,
hence, that the map @ is well-defined. Indeed, if m = Z1 U Z, for closed
subsets 77, Zy C m we must have x € Z; or x € Zy and, therefore, m =7
or m = Zs.

Now let Z be an irreducible closed subset in X and choose an affine open
subscheme U C X meeting Z. Then the bijectivity of @ can be obtained by
applying 6.1/17 to the closed subset ZNU of the affine scheme U, where ZNU
is irreducible and dense in Z by Remark 1. Indeed, by 6.1/17 there exists a
point z that is dense in Z N U, and we get Z = m since Z NU is dense in Z.
On the other hand, if x, 2’ are two points that are dense in Z, we must have
x,2’ € ZNU and therefore = 2’ by 6.1/17. This shows that the map & is
bijective. O

In particular, we see that any irreducible closed subset Z of a scheme X
admits a unique point z satisfying {z} = Z. As in Section 6.1, z is called the
generic point of Z, whereas the points of its closure {z} (including z itself)
are referred to as the specializations of z. Using Zorn’s Lemma, one shows that
any scheme X admits maximal irreducible subsets; they are necessarily closed.
These subsets cover X and are referred to as the irreducible components of X.
The associated generic points are called the generic points of X.

Definition 3. A scheme X is called locally Noetherian if each point © € X
admits an affine open neighborhood U C X whose ring of global sections Ox (U)
is Noetherian. If, in addition, X is quasi-compact, it is called a Noetherian
scheme.

It is clear that open or closed subschemes of locally Noetherian schemes are
locally Noetherian again. Furthermore, we want to show that the property of
an affine scheme to be (locally) Noetherian is equivalent to the fact that its ring
of global sections is Noetherian.

Proposition 4. An affine scheme X = Spec A is Noetherian if and only if its
ring A is Noetherian.
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Proof. The if part of the assertion is trivial. Therefore assume that X is Noethe-
rian. Then X admits a finite covering by affine open subschemes U; = Spec A;,
i =1,...,n, where each A; is Noetherian. To show that A itself is Noetherian,
look at some ideal a C A and let Z be the associated ideal in Ox. Then the
restriction Z|y, is associated to the ideal aA; C A; by 7.3/3, and the latter is
finitely generated since A; is Noetherian. But then a is finitely generated by
6.8/13. |

Proposition 5. Any Noetherian scheme X consists of finitely many irreducible
components.

Proof. Let us first consider the case where X is affine, say X = Spec A. Then
A is Noetherian by Proposition 4 and we see from 6.1/17 that the irreducible
components of X correspond bijectively to the minimal prime ideals in A. It is
known that the number of such ideals is finite in a Noetherian ring; just apply
2.1/12 to the zero ideal in A.

To give a more direct argument in the case of a Noetherian affine scheme
X = Spec A, let M be the set of all non-empty closed subsets Z C X that cannot
be written as a finite union of irreducible closed subsets of X . If M is non-empty,
Zorn’s Lemma in conjunction with the Noetherian property shows that there
exists a minimal element Z € M. Indeed, any descending chain Z; D Z, D ...
of elements in M must become stationary, as by 6.1/7 it is equivalent to an
ascending chain of reduced ideals in A, i.e. of ideals that coincide with their
radicals. Then Z cannot be irreducible and there are proper closed subsets
21,22 C Z such that Z = Zl U 22. Now Zl and Zg do not belong to M and
therefore are finite unions of irreducible closed subsets in X. Consequently, the
same is true for Z, which, however, is in contradiction with Z € M. Therefore
M must be empty and we see that X itself is a finite union of irreducible closed
subsets. Furthermore, Proposition 2 shows that all irreducible components of
X occur as members of this union and, hence, that their number is finite.

Now, let us look at a general Noetherian scheme X. Then we can use its
quasi-compactness in order to find a finite affine open covering (U;);e; of X.
Combining Remark 1 with the affine case, there are only finitely many irre-
ducible components of X meeting each U;. Thus, the number of irreducible
components of X must be finite. O

Finally, we want to discuss the dimension of schemes, a notion based on
the dimension of topological spaces. To compute such dimensions, one relies on
the Krull dimension of rings, which we recall below; for more details on the
dimension of rings see Section 2.4.

Definition 6. For a topological space X, the supremum of the lengths n of
chains of irreducible closed subsets

XoCX:C...C X, CX,

is denoted by dim X and is called the dimension of X.
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The local dimension of X at a point x € X, denoted by dim, X, is given by the
infimum over all dimensions dimU where U is an open neighborhood of x in

X.
For a ring A, the supremum of the lengths n of chains

PSP C... S CA

where the p; are prime ideals in A, is denoted by dim A and is called the dimen-
sion of A.
The dimension is also referred to as the Krull dimension of X or A.

For example, we see from 6.1/17 that the dimension of an affine scheme
X = Spec A equals the dimension of its ring of global sections A. In particular,
the polynomial ring K [ty,...,t,] in n variables over a field K is of dimension n
(see 2.4/16) and the same is true for the affine n-space A%. From this one easily
concludes that the projective n-space P, as introduced in Section 7.1, is of
dimension n as well. Also note that by convention the supremum over an empty
family of integers is —oo. This way the zero ring and the empty topological
space are said to have dimension —oo.

Definition 7. For a topological space X and an irreducible closed subset Z C X,
the supremum of the lengths n of chains

Z=XoCX,C...CX,CX

where the X; are irreducible closed subsets of X is denoted by codimx Z and is
called the codimension of Z in X.
For a ring A and a prime ideal p C A, the supremum of the lengths n of
chains
PSP C...Cpa=pCA
where the p; are prime ideals in A, is denoted by htp and is called the height
of p.

For an affine scheme X = Spec A and an irreducible closed subscheme
7 C X it follows from 6.1/17 again that codimyx Z = ht p where p = I(Z) is the
prime ideal in A associated to Z. Furthermore, one knows that the dimension of
any Noetherian local ring is finite (see 2.4/8) and that the height of any prime
ideal p in a Noetherian ring is finite as well (see 2.4/7). From this one easily
deduces that the codimension of any irreducible closed subscheme Z in a locally
Noetherian scheme X is finite.

Exercises

1. A topological space X is called Noetherian if every descending sequence of closed
subsets X D Z; D Zy D ... becomes stationary. Show for a scheme X that
its underlying topological space is Noetherian if X is Noetherian, but that the
converse is not true in general.
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2. Show that a topological space X is Noetherian (see Exercise 1) if and only if each
open subset in X is quasi-compact.

3. Let X be a scheme whose underlying topological space is Noetherian; see Exer-
cise 1. Show that X contains a closed point.

4. Let F be a quasi-coherent Ox-module on a locally Noetherian scheme X. Show
that F is coherent if and only if it is locally of finite type.

5. Let X be alocally Noetherian scheme. Show that the set of points z € X where X
is reduced (resp. integral) in the sense that the stalk Ox , satisfies rad(Ox 5) = 0
(resp. is an integral domain) is open in X. Hint: Use Exercise 6.8/7.

6. For any scheme X prove dim X = sup,¢x(dim Ox ).

7. For a discrete valuation ring R, i.e. a principal ideal domain that is a local ring,
consider the scheme S = Spec R. Determine the dimension dim S as well as the
local dimension dim, S for all points s € S. Do the same for the affine n-space A%
and the projective n-space P%. Hint: View A% and P§ as relative schemes over S
and look at their fibers.

7.6 Cech Cohomology

Consider a topological space X and an open covering $ = (U;);e of it. Further-
more, let us fix a presheaf F, say of abelian groups, on X. Setting

Uig.“iq = Uio n...N Uiq

for indices i, ..., i, € I, we define the group of g-cochains on Y with values in
F by
CF)= ] FUi.i,).

i0...iq €1

A cochain g € C(4, F) is called alternating if

Gir(0)-riin(q) — Sgn(ﬂ') * Gig...ig

for any indices i, . .. , i, € I and any permutation 7 € &, (or, equivalently, for
any transposition ™ € S444) and if, furthermore, Gio...i, = 0 for indices iy, ..., 4,
that are not pairwise distinct; &441 is the symmetric group of index ¢+ 1. The
alternating g-cochains form a subgroup C(4, F) of C9(4, F).

There is a so-called coboundary map

d?: CUU, F) — CTH (U, F),

given by
q+1 _
(dqg)io---iq+1 = Z(f]‘)]gio..i]miqﬂ Uig..ig 117

J=0
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which satisfies d?*! o d? = 0 and maps alternating cochains into alternating

ones, as is easily verified by looking at transpositions of index tuples (7; means
that the index 4; is to be omitted). Thus, we obtain a complex

0—— OO, F) —2 ol s, F) — e, F) S

which is called the complez of Cech cochains on i with values in F. In short, it
is denoted by C*(4, F). Similarly, there is the complex

0 — COLL, F) —2e O, F) 20 C2(8t, )~

of alternating Cech cochains on $f with values in F, denoted by C* (U, F). As-
sociated to these complexes are the Cech cohomology groups

HI(sl, F) = kerd?/im d"*,
HI(st, F) = kerd?/imdi™*,

which are defined for ¢ € N (set d™' = 0 and d;* = 0). There is a canonical
homomorphism

e F(X) — C'W, F)=C'8L, F), g— (g

U,;)iGIa

called the augmentation morphism. It leads to the so-called augmented Cech
complezes

0 F(X) —» O, F) - oM s, 7Y~ o2, F) S
0 F(X) —w OO, F) 20 olst, F) % 24, F) o

Note that in case F is a sheaf, the augmentation morphism ¢ yields an isomor-
phism

F(X) = H(U,F) = H°(LL, F).
In particular, we see that the Cech cohomology groups of level 0 do not differ

when working with all cochains or merely with alternating ones. This phe-
nomenon extends to higher cohomology groups as follows:

Lemma 1. Let F be a presheaf on a topological space X and 34 an open covering
of X. Then the inclusion v: C(U, F) —— C*(U, F) induces isomorphisms of
cohomology groups

HIW,F) ==~ HILF), g€ N.

Proof. We will construct a complex homomorphism p: C* (4, F) — C* (L, F)
such that p o is the identity on C*(84, F) and ¢ o p is homotopic to the identity
on C*(4, F) in the sense of 5.4/1. This will imply the assertion.

Digressing for a moment, we consider the sequence
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do

0 [y 2 ¢

£ <5

where F, is the free Z-module generated by 177, namely,

F,= @@ Z-(io,.... i),

00, 0q €1

and where d;: F; — Fj_; for ¢ > 0 is the Z-linear map given by

dy(io, - ig) = Z(_w‘ gyl i)

Since dg o dg41 = 0, the modules F, and maps d, constitute a complex F} of
Z-modules. Calling a Z-linear map ¢: F, —— F; between two modules of F,
simplicial if
(70(2'07-“72'7‘)6 Z Z(.]Oa/.]s)
J0eeesfs €{005--sr}

for all 4g, ...,4, € I, it is clear that all maps d, are simplicial.

Now fix a total ordering on I. Then we can define simplicial homomorphisms
Vq: Fy — Fy as follows. Let i, ..., i, € I. If the indices are not pairwise differ-
ent, set v,(io, - . ., iq) = 0. Else there is a unique permutation 7 of i, . . ., i, such
that i,r(o) < iﬂ(l) < ... < i,r(q), and we set ’yq(io, ... ,iq) = (sgn W)(iw(o), e iﬂ(q)).
It is easily seen that the v, constitute a complex homomorphism F, —— Fi.
We want to show that there is a simplicial homomtopy h in the sense of 5.1/3
between v and the identity map id.

To achieve this, we construct by induction simplicial homomorphisms
hq: Fg Fyi1, ¢ > 0, such that

— ldq = ]’Lq,1 [©] dq + dq+1 o hq.

Since vy — idy is the zero map, we can start with h_; = 0 and hg = 0. If hy_ is
already constructed for some g > 1, a standard calculation shows that

Vg — idg —hg_10dy: By — F,

maps Fy into kerd,. Furthermore, this map is simplicial. Thus, fixing indices
10,...,% € 1, there is an equation of type

a = (7q — idg —hg—1 0 dg)(io, . - . ,ig) = Z C;";ZZ “(Jo, -+ Jq)

J0s-dq €805 rig }

with coefficients c 'Zq € Z, and the relation d,a = 0 yields

00y.- eyl
(+) > e

q
~~7]k7~~~7jq):0-
0se-sdq €480, ig } k:O

Now let
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r 005e005lg . . .
a = E it (105 J0s - -, Jq)-

j()w-yjre{i(],m,iq}

Then
r_ 105.00s0g . .
dod' = Y G (oo da)
505G €4{20,00s0q }
q
00,050 k+1 . . ~ .
+ E Cjo,m,]'q E (_1) : (207j07 s Jky e 7]q)

Joyesdr€{i0,00q } k=0

= Q.

Indeed, the first summand is a and the second one is trivial, as follows from
the relation (x), transferred from F,_; to Fj, under the Z-linear map given by
(Jos - -+ Jg—1) — (%0, Jos - - - , Jg—1)- Thus, defining h,: F, — F, 41 by associ-
ating to any tuple (i, ...,1,) the corresponding element @’ constructed above,
we see that h, is a simplicial homomorphism as desired.

Turning back to Cech cohomology, observe that any simplicial homomor-
phism ¢: F, —— F§ between two modules of F, induces canonically a homo-
morphism ¢: C*(U, F) —— C"(4, F). Indeed, if ¢: F, — F; is determined
by the equations

plio,...i) = > a (o, js)s
3055 ds €005 eesin }
we set for any g € C*° (4, F)
B Do = D, AT g,

J0se-sds €480, -0 }

Ui

0yeeeylr *

The correspondence ¢ — ¢ is additive and functorial (contravariant); in par-
ticular, d, equals the coboundary morphism d4~': C4~1(4, F) Cl(sL, F).
Thus, the morphisms 7, derived from the v, above constitute a complex ho-
momorphism 3*: C*(, F) — C*(, F) which is homotopic to the identity
via the morphisms h,_1: CU(4, F) — C9 (4, F). Now observe that 5,(g) for
any g € C9(, F) is characterized by

ﬁq(g)io,...,iq =0
if 49, ...,44 € I are not pairwise distinct and else by
Ya(9)io....i, = sg0(T) - Gire(0)s--vin(a)

where m € G4 satisfies ir) < ... < in(g. From this we easily see that 7*
maps C*(4, F) onto C* (4, F) and restricts to the identity on C¥(4f, F). Hence,
it induces a complex homomorphism p: C*(U, F) — C* (4, F) as required for
our proof. O

There is an immediate consequence:
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Corollary 2. If the covering 3 consists of n elements, then

HYW, F) = HYW F) =0 for q>n.

Proof. We have C4(4, F) = 0 for ¢ > n if { consists of n elements. O

Now let us consider two open coverings i = (U;)ier and U = (V;);es of
a topological space X and assume that U is a refinement of {l. Hence, there
exists a map 7: J — I such that V; C U, for j € J. Any such map induces
homomorphisms

Tq:Cq(LLv]:)_’Cq(mv}—)a QZO
mapping a cochain g € C9(4, F) to the cochain 79(g) given by

(7(9)) 5050 = 9700 i) Vi -

,,,,,

The maps 77 constitute a complex homomorphism
T C* (U, F) — C* (0, F),

as is easily checked, and it is clear that 7" maps alternating cochains to alter-
nating ones.

Although the map 7: J —— I might not be uniquely determined by the
coverings 4 and U, one can show that the induced maps

Hq(T*):Hq(iL]:)—>Hq(Q],]:)7 QZO,

are independent of 7. To do this, let 7/: J —— I be a second map satisfying
Vj C Uy for all j € J. Then one verifies that the homomorphisms

hi: CU(U, F) — CTH(, F), q >0,

given by

define a homotopy between 7* and 7/*. Thus, the maps H(r*) and H?(7"™)
must coincide for all ¢. We will use the notation p?(4l, U) instead of H?(7*) or
Ha(1™). Note that p?(, ) = id and that p?(Ll,20) = p?(V, W) o p?(U, V) if W
is a refinement of U and U a refinement of L. In particular, we can conclude:

Proposition 3. Assume that the coverings i1 and U are refinements of each
other. Then p?(U,0): HI(U, F) —— HI(U, F) is bijective, and its inverse is
p1(B,80) for all q.
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In order to obtain cohomology groups on X that do not depend on a cer-
tain covering, we fix ¢ and take the inductive limit of the groups H?(i, F)
for 4 varying over the collection Cov(X) of all open coverings of X. Writ-
ing 4 < Y if Y is a refinement of I we get a preorder on Cov(X), and we
see that Cov(X) is directed, as the product covering (U; NV} );er jes is a com-
mon refinement of two given members (U;);er and (V;);es of Cov(X). Therefore
(H(8L, F), p?(4L, m))u,‘ZTECov(X) is an inductive system. The associated limit

HU(X,F)= lim HOWF),
UeCov(X)

exists by 6.4/2 and the explanations preceding it. It is called the gth Cech
cohomology group on X with values in F. The above constructions can be carried
out in the same way for alternating cochains, thus, leading to the alternating
Cech cohomology groups

HUX,F)= lim HIUF),
leCov(X)

which, however, coincide with the previous ones due to Lemma 1.
As an example, we compute the Cech cohomology groups of a quasi-coherent
module on an affine scheme. Our method is similar to the one applied in 6.6/2.

Proposition 4. Let X be an affine scheme and F a quasi-coherent sheaf of
Ox-modules. Then, for any finite covering b = (U;)ier of X by basic open
subsets in X, the augmented Cech complex

0 —— F(X) — OO, F) -2 o4t F) —2s c2(1, F) -5

is exact so that H(U, F) = F(X) and HY(YU, F) = 0 for all ¢ > 1. In particular:

{]—'(X) if g =0

HI(X, F) = 0 if >0

Proof. The exactness of the augmented Cech complex at C°(, F) simply reflects
the sheaf property of F. To show HI(4l, F) = 0 for ¢ > 1, let X = Spec A. Then
we know from 6.8/10 that F is associated to an A-module M. Furthermore, if
U; = D(f;) for elements f; € A, the f; generate the unit ideal in A since the U;
cover X.

Now assume ¢ > 1 and consider a cochain g € C?(4, F) such that d%g = 0.
We have to construct a cochain ¢’ € C771(4, F) satisfying d?"'¢g’ = g. To do
this, look at the relation d?%g = 0, which means

q+1

(dqg)i0~~iq+1 = Z(fl)jgiouij...iqﬂ Uig.igy1 0

J=0
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for all indices dg, ..., 9441 € 1. Since Uy, i, = D(fi, - .- fi,), there exist elements
hi....i, € M and an integer » € N such that g;, i, = Ri,...i,(fio - - - fi,) ™" Then,
writing ¢ instead of iy and shifting ¢y, ..., 7,11 back to 4, ..., %, we get
q ~
Rigyiy(Fio - Jia) "= (= [T e i (i fiy oo fi)7
7=0

on Ujj....i,» for all indices 4, g, . . ., i € I. Since Uy .5, = Uiy,...i, N D(fi), there
is some integer n € N such that the equation

q

(B S gy (Fia - fi) T = Y i iy ia o i fi)

Jj=0

holds already on Uy,,...,-

Now using the fact that the elements f;, i € I, generate the unit ideal in A,
there are elements b; € A such that Y, b;f"*" = 1. Then we set up a cochain
g € CTL (8 F) by

Troroig s = D Vil g 1 (Fig - Fiy )

el

and claim that d971¢’ = g. Indeed, using the relation (x), we have

q
(dqilg/)iow-viq = Z(_l)]g;o~~ﬁj7~-~,iq Ui

IR
=0
q ~
=Y (VD bif sy (i fiy e fi) T
7=0 el

bifi ™ hig,..oiy (fio - - fi) ™"

el
= gi(),“.,iq
for any indices i, . ..,%, € I. Thus, we are done. O

Exercises

1. Glue two copies of the affine line A}, = Spec K[¢] over a field K via the
K-isomorphisms K[, (7] —~ K[¢, ¢ given by ¢ — ¢, resp. ¢ — (7L
The resulting K-scheme X comes equipped with an affine open covering 1 con-
sisting of two affine lines and equals the affine line with a double origin K}(, resp.
the projective line PL., as explained in the introduction to the present Chapter 7.
Compute the Cech cohomology groups H(4U,Ox), ¢ > 0, in both cases.

2. Consider the l-sphere S' = {z € C;|z| = 1} as a topological space under
the topology induced from C. Compute the Cech cohomology groups H q(S Z),
¢ > 0, with values in the constant sheaf Z on S'. Hint: Compute the Cech co-
homology groups HY(il,,Z) where iL,, for integers n > 0, consists of the open
sets
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{z:eﬁz’”;l/<t<u—§—2}CSl7 v=0,...,2n—1.
Show that the coverings of this type are cofinal in Cov(S').

. Let C be the sheaf of continuous real valued functions on the 1-sphere S! of
Exercise 2. Compute the Cech cohomology groups H?(S!,C), ¢ > 0.

. Consider a topological space X with an open covering ${ = (U;);er where the
index set [ is provided with a total ordering. For any sheaf of abelian groups F
on X and integers ¢ > 0 set C9(4l, F) = [Tio<..<i, 7 (Uig...i, ); the latter is a direct
summand in C?(4, F) such that the coboundary map on C9(4l, F) restricts to a
coboundary map C9(, F) — C9t1(4, F). Show that the canonical inclusion
of complexes C*(4, F) —— C*(4, F) induces an isomorphism on the level of
cohomology groups.

. Flasque sheaves: Let X be a topological space. A sheaf F on X is called flasque
or flabby if for every inclusion of open sets U C V the restriction morphism
F(V) —— F(U) is surjective. Show for any flasque sheaf of abelian groups F
on X that the Cech cohomology groups H9(§l, F) are trivial for all ¢ > 1 and all
open coverings 4 of X. Hint: Use Exercise 4 in conjunction with the instructions
from [18], Chapter 5, Exc. 2.1.

. Cup product: Let 4 = (U;);er be an open covering of a topological space X and
F a presheaf of rings on X. Consider C* (8, F) = P,y C7(4, F) as an abelian
group and define the so-called cup product on it, via linear extension of the maps

CULU, F) x CT (U, F) — CTH (W F),  (ff)— fUF,
where ¢,¢' € N and

/ /
(fuf )7;01"'7iq+q/ = fio,»»-,’iq‘Uio igig 'fz‘q,“.,i |U10.,....1‘

Ya+q’

for indices ig, . . ., ig+¢ € I. Admitting rings that are not necessarily commutative,
show that C*(4, F) is a ring under the cup product and that the multiplication
induces a ring structure on the Cech cohomology H*(U, F) = P ,cn H (L, F).

Determine the induced ring structure on HO(8L, F).

. Cech resolution of a sheaf: Let F be a sheaf of abelian groups on a topological
space X and Y = (U;);er an open covering of X. For any open subset V' C X
denote by LNV the open covering (U; N V);cr of V. Define sheaves of abelian
groups C?(4U, F), ¢ > 0, on X by associating to an open subset V' C X the group
of g-cochains C($4 NV, F|y ). Show that the canonical morphisms

q
FV) < OUNV, Fly),  CIUNV,Flv) -2 0ot (4 V, Fly)

give rise to morphisms of sheaves of abelian groups

d° d* d?
0— F — CO(8LF) = CY (WU, F) =+ C*(, F) — ...
which constitute a resolution of F in the sense that the sequence is exact. Hint:
To check the exactness at positions C?(4l, F) for ¢ > 0, show d? o d9~! = 0 and
use 6.5/9 in conjunction with the maps 79: C4(8, F), — CI71(4l, F), between
stalks at points z € X that are defined as follows. Fixing a point z € X, say
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x € U;, start with a germ g, € C4(4, F), induced by some g € C4(UNV, Fly)
where V' C X is a suitable open neighborhood of z; we may assume V C Uj.
Then let 7(g) be the germ at z of the element ¢’ € CI~1(U NV, F|y) that is
given by gi .\ = Giig...iyr- Show that d""'(¢")iy...i; = Gio...ig — A(9)iio...i, for all
10y, 1q el

7.7 Grothendieck Cohomology

Cech cohomology is well suited for computations. However, it lacks certain gen-
eral properties one usually expects from a cohomology theory, like the existence
of long exact cohomology sequences; see 5.4/4 or Theorem 4 below. There is
another approach to cohomology theory following Grothendieck, which does not
have such disadvantages, but at the expense of more serious difficulties when
it comes to explicit computations. Fortunately, there are basic situations where
both theories yield the same cohomology groups so that the advantages of both
approaches can be used.

In the present section we will present Grothendieck’s approach to cohomol-
ogy for the case of module sheaves on a scheme X. Similarly as exercised for
modules over rings in Chapter 5, the cohomology of Ox-modules is defined via
derived functors. The functors we want to consider are the section functor

X, ): F—I'(X,F)=F(X),

which associates to any Ox-module F the group of its global sections F(X)
and, for a morphism of schemes ¢: X —— Y, the direct image functor

Put F— @ F
where the direct image ¢, F of an Ox-module F is given by
0 F: Vi—= L(p ' (V), F), V C Y open.

Both functors are left exact, and to define their right derived functors we need
injective resolutions as already discussed in Section 5.3. For brevity, let us write
¢ for the category of Ox-module sheaves.

Definition 1. An object F € € is called injective if the functor Hom(-, F) is
exact, i.e. if for every short exact sequence

0 &' & & 0
in € the sequence
0 — Hom(&", F) — Hom(&, F) — Hom(&', F) — 0

is exact as well.
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As Hom(+, F) is left exact, the sequence
0 — Hom(&",F) — Hom(&, F) — Hom(&', F)

will always be exact, and we see that F is injective if and only if for any
monomorphism £ —— £ and any morphism & —— F, the latter admits a
(not necessarily unique) extension & — F.

Proposition 2. The category € of Ox-modules on a scheme X contains enough
injectives, i.e. for each object F € € there is a monomorphism F —— 1T into
an injective object I € €.

Proof. Fix an Ox g -module I, for every x € X and construct an Ox-module
sheaf 7 on X by looking at the functor that on open subsets U C X is given by

IU)=]] L
zelU
with canonical restriction morphisms. One might think that the stalk Z, of 7 at
any point x € X will coincide with I,. But a careful analysis shows that there
is just a canonical map Z, —— I, and that the latter will not be injective in
general. Nevertheless, we claim for every Ox-module F that the canonical map

(%) Homo, (F,Z) — [] Homo, ,(F., I.)

zeX
associating to a morphism of Oy-modules ¢: F —— T the family of induced
morphisms (@, : F, — I)zex where F, is the stalk of F at z, is bijective.
First, the map (x) is injective since any section f € Z(U) over an open subset
U C X is uniquely determined by its projections to I, for x varying over U. On
the other hand, given a family of morphisms (¢, : F, — I,.)zex, the canonical
maps

pU): FU) —— [[ 7 2 ] L

zelU zelU
on open subsets U C X yield a preimage ¢ of (¢;)zex in Home, (F,Z).

To settle the assertion of the proposition, fix an Ox-module F and choose
an injection F, —— I, into an injective Ox -module I, for each x € X. This
is possible, since the category of modules over a given ring contains enough
injectives; see 5.3/4. Then, if Z is constructed as above, the characterization (x)
of Ox-morphisms with target Z shows that the injections F, —— I, z € X,
yield a morphism F —— Z. Clearly, the latter is a monomorphism. Further-
more, using (*) again, we can conclude that Z is injective. Indeed, any injection
of Ox-modules 7' —— F induces a family of injections F, —— F, between
associated stalks, and the commutative diagram

Home, (F,T) Homo,, (F',7)

|

H Homo, , (Fz, L) — H Homo, , (Fy, L)

zeX zeX
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shows that the upper row is surjective since the lower row is a cartesian product
of surjections. O

Also note that the assertion of Proposition 2 is true for quite general cate-
gories €; cf. Grothendieck [9], Thm. 1.10.1.

Corollary 3. Any object F € € admits an injective resolution, i.e. there is an
exact sequence

0 F 7° T

with injective objects I%, i = 0,1, ...

Recall that, just as in Section 5.4, the above exact sequence should be viewed
as a quasi-isomorphism of complexes

0 F 0

0 7° T 7?

where the lower row is referred to as an injective resolution of F.

Proof of Corollary 3. We choose an embedding F —— Z° of F into an injective
object Z° an embedding Z°/F —— Z! into an injective object 7', then an
embedding Z'/im Z° —— Z? into an injective object Z?, and so on. O

Now let us define right derived functors of the section functor I' = I'(X, )
and of the direct image functor ,, the latter for a morphism of schemes
@: X — Y. To apply these functors to an Ox-module F, choose an injective

resolution .

Il 1 2

« « %

0 7° 72

of F, apply the functor I" to it, thereby obtaining a complex of abelian groups

I'(a%) I(ah) r(@?)

I(X,1% S

0 Ix,1°% (X, 7"

and take the cohomology of this complex. Then
HY(X,F)=RT(X,F)=ker I'(a?)/im '(a®™")

for ¢ > 0 is called the qth cohomology group of X with values in F. Using the
technique of homotopies as in 5.1/9, one shows that these groups are indepen-
dent of the chosen injective resolution of F and that H/(X, ) = RI['(X,-) is
a functor on €; it is the so-called right derived functor of the section functor
I'(X,-). Note that R°I'(X,-) = I'(X,-) since the section functor is left exact
on sheaves. For F = Ox the cohomology groups H%(X, F) may be viewed as
certain invariants of the scheme X.



7.7 Grothendieck Cohomology 333

In the same way one proceeds with the direct image functor ¢,, which might
be viewed as a relative version of the section functor. Applying ¢, to the above
injective resolution of F we get a complex of Oy-modules

a® cal ca?
0 0,10 22 o Tt 0,1~
Furthermore, the Oy-module
Rip,(F) = ker p,a/im p,a4™!

is called the qth direct image of F where ¢ > 0. Clearly, R%¢,(F) equals o, (F)
as F is a sheaf, and one can show that R%,(F) is the sheaf associated to the
presheaf

YOV H (¢ (V), Fle-1v);

see [9], 3.7.2.

Of course, the definition of right derived functors works in much more gen-
eral situations for functors that are additive in the sense of Section 5.1. Let
us add that, just as we have explained in 5.1/12 for projective resolutions of
modules, there exist long exact cohomology sequences in our context as well.

Theorem 4. Let @ be a covariant additive functor on the category € of
Ox-modules with values in the category of abelian groups or Ox-modules. Then
every exact sequence

«

F L 0

of objects in € gives rise to an associated long exact cohomology sequence:

0 ROB(F!) 22, pog( ) 2O, pogy( )
O Rig(F) B, pig(F) B0, pugF
e}

Proof. We translate the proof of 5.1/12 to the dual situation where we replace
projective resolutions by injective ones; a similar situation was faced in 5.4/4.
Thus, we start out from injective cohomological resolutions

.F/ I/ * .F// Ill *

of 7/ and F” and construct a commutative diagram
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4t
O Ill I/l @ Illl I//l O
d0
0 I/O I/O o I"O I//O 0
0 i F F 0
0 0 0

with exact rows and columns and where the left and right columns are given
by the selected resolutions of 7" and F”. The bottom row consists of the given
exact sequence involving the modules F’, F, F” and the rows at positions above
the bottom row are the canonical short exact sequences associated to the direct
sums Z'7@Z". Then the maps €, d°, d*, . .. of the central column are constructed
to yield an injective resolution of F, relying on the injectivity of the modules
7' and Z" for ¢ > 0. For this we use the argumentation given in the proof of
5.1/12 which carries over almost literally, just by passing to the dual point of
view.
In particular, the rows of the above diagram yield an exact sequence

0 Il* I* I//* 0

of injective resolutions of F', F, and F”. Applying the functor @ to it yields
the sequence

0 —— &(T") (T H(T") 0,

and the latter remains exact since @ is additive and, hence, compatible with
direct sums. Then, by 5.1/1, we arrive at the desired long exact cohomology
sequence.

Let us point out that the result 5.1/1, which concerns modules over a ring,
is directly applicable if @ takes values in the category of abelian groups, since
then we take the long cohomology sequence associated to an exact sequence of
complexes of Z-modules. On the other hand, if @ is a sheaf functor, we need a
version of 5.1/1 that applies to module sheaves. To obtain such a version, we
have to reprove the Snake Lemma 1.5/1, replacing arguments given in terms of
elements and their images and preimages by those involving the formation of
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kernels, cokernels, images, and coimages of module morphisms. We leave this
as an exercise. ([

Next let us address the problem of computing derived functor cohomol-
ogy. For example, for an injective object Z € € we have R°®(Z) = &(Z) and
R@(T) = 0 for ¢ > 0 since we can use 0 — Z — 0 as an injective resolution
of Z. In general, one can try to compute derived functor cohomology via Cech
cohomology. If F is any Ox-module, there is always a canonical morphism

HY(X,F) — HYX,F)

about which one knows that it is bijective for ¢ = 0,1 and injective for ¢ = 2.
However, to compute higher cohomology groups via Cech cohomology, one needs
special assumptions. We state the main results without proof; for details see
Godement [7], II, 5.4 and 5.9, or Grothendieck [9], 3.8.

Theorem 5 (Leray). Let 4 be an open covering of a scheme X and F be an
Ox-module. Assume HI(U,F) =0 for all ¢ > 0 and U any finite intersection
of sets in L. Then the canonical map

Hq(ﬂ7_7'—) - Hq(Xv]:)
is bijective for all g > 0.

Theorem 6 (Cartan). Let X be a scheme, F an Ox-module, and & a system
of open subsets of X satisfying the following conditions:
(i) The intersection of two sets in & is in & again.
(ii) Each open covering of some open subset of X admits a refinement con-
sisting of sets in G.
(iit) HY(U,F) =0 for all >0 and U € &.

Then the canonical homomorphism
HY(X,F) — HYX,F)
is bijective for all ¢ > 0.

For example, let us look at an affine scheme X and let & be the system of
all basic open subsets of X. Then the conditions of Theorem 6 are satisfied for
the structure sheaf 7 = Ox and for any Ox-module F that is associated to an
Ox (X)-module; for condition (iii), see 7.6/4. Thus, we can conclude:
Corollary 7. Let X be an affine scheme. Then

HY(X,0x)=0 for ¢>0.

The same is true for any quasi-coherent Ox-module F in place of Ox.
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Actually, the assertion of Corollary 7 characterizes affine schemes; this is
Serre’s criterion:

Theorem 8 (Serre). Let X be a quasi-compact scheme. Then the following
conditions are equivalent:
(i) X is affine.
(i) HY(X,F) =0 for all quasi-coherent Ox-modules F.
(iii) HY(X,Z) =0 for all quasi-coherent ideals T C Ox.

In order to prepare the proof of the theorem, let us introduce the notion
Xy={zeX; f(z) #0}

for any global section f € Ox(X), assuming that the relation f(z) # 0 is read in
the residue field k(x) of z. In particular, for any affine open subscheme U C X,
the intersection U N X equals the basic open set Dy (f|y) C U where f|y does
not vanish, and we thereby see that X is an open subscheme in X.

Lemma 9. Let X be a scheme. Then X is affine if and only if there exist global
sections f; € Ox(X), i € I, such that the following conditions are satisfied:

(i) The scheme Xy, is affine for all i € I.

(ii) The f;, i € I, generate the unit ideal in Ox(X).

Proof. The only-if part is trivial. Therefore write A = Ox(X) and assume that
there exist functions f; € A, i € I, satisfying conditions (i) and (ii). Now let
Y = Spec A and observe that the identity map id: A — Ox(X) gives rise to
a canonical morphism

p: X —Y

by 7.1/3. Considering the schemes Y; = Spec Ay, as basic open subsets in V', we
conclude from condition (ii) that the Y; cover Y. Furthermore, ¢ *(V;) = X},
and we see from condition (i) that the induced morphisms

i Xy — Y, i1el,

are morphisms of affine schemes. In particular, ¢.(Ox) is a quasi-coherent
Oy-algebra via the morphism ¢#: Oy ©«(Ox) given by ¢. But then we
can apply 7.1/6 to see that ¢.(Ox) is associated to an A-algebra, namely to
Ox(X) = A. Tt follows that all p; are isomorphisms and, hence, that ¢ is an
isomorphism. Thus, we are done. (]

Lemma 10. Let X be a quasi-compact scheme. Then the following conditions
are equivalent:

(1) X is affine.

(i1) For every exact sequence 0 F F F 0 of quasi-
coherent Ox-modules, the associated sequence of global sections
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0— F(X) — F(X) — F'(X) — 0

1s exact.

(i) Condition (ii) holds for all exact sequences of quasi-coherent Ox-modules
0 F F F 0 where F' is a submodule of a finite cartesian
product O%.

Proof. If X is affine, we know from Corollary 7 that the first cohomology group
H'(X,F) is trivial for any quasi-coherent O x-module F on X. Furthermore, the
long cohomology sequence of Theorem 4 shows that the section functor I"( X, -)
is exact on the category of quasi-coherent Ox-modules. This establishes the
implication (i) = (ii).

Since the step from (ii) to (iii) is trivial, it remains to go from (iii) to (i). To
do this, we will use the criterion provided in Lemma 9. So assume condition (iii)
and consider a closed point € X; such a point exists by 6.6/13 if X is non-
empty. Furthermore, let U C X be an open neighborhood of z. We claim that
there exists a global section f € Ox(X) such that € X; C U. To construct
such an f, look at the closed subset Z = X — U in X and let Z C Ox be the
ideal of all functions in Oy vanishing on Z, as defined within the context of
7.3/5. Furthermore, let J, C Ox be the ideal of all functions in Ox vanishing
at x. Then 7/ = Z N J, is the ideal of all functions in Ox vanishing on the
closed subset Z U {z} in X. All these ideals are quasi-coherent by 7.3/5 and,
since x ¢ Z, the quotient

)T =Z/ZINT) = (T+ To)/Te = Ox/|Ta

is a quasi-coherent Oy-module with support {z}. Now applying (iii) to the
exact sequence 0 7 T Ox/J. — 0, there is a global section
f € I(X) € Ox(X) such that f(z) # 0. Since f vanishes on Z, we have
r € Xy C X —Z = U, as claimed. Furthermore, let us point out that we
may assume X to be affine, since we may take U to be affine and thereby get
Xy = Du(flv).

Now consider the union X' of all open subschemes of type Xy C X where f
varies over Ox(X) under the condition that Xy be affine. Then, by the above
consideration, X’ is an open subscheme in X containing all closed points. How-
ever, since any non-empty closed subset in X is quasi-compact and therefore
must contain at least one closed point by 6.6/13, we see that X’ coincides with
X. In particular, there are finitely many global sections f; € Ox(X), i € I, such
that all Xy, are affine and X = J,.; Xj,. We claim that the f; generate the unit
ideal in Ox(X) and, hence, that Lemma 9 becomes applicable. Indeed, look at
the homomorphism of Ox-modules 7: O% Ox given by the sections f;,
1 € I. The latter is surjective, since for each € X there is an index ¢ € I such
that f; is invertible in a neighborhood of x. Hence, 7 extends to a short exact
sequence

0 F oL . 0y 0.
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But then the morphism of Ox-modules (X ): O%(X) — Ox(X) is surjective
by (iii) and, hence, the f; generate the unit ideal in Ox(X), as claimed. |

Now we are able to carry out the proof of Theorem 8. The implication from
(i) to (ii) follows from Corollary 7, whereas the one from (ii) to (iii) is trivial.
To derive (i) from (iii) we use the criterion given in Lemma 10 (iii). Therefore
let 7’ be a quasi-coherent submodule of some cartesian product O%. Using the
canonical filtration 0 C Ox C 0% C ... C O%, the intersections F, = F' N O%,
1 = 0,...,n, form a filtration of F' by quasi-coherent Ox-submodules; that
the intersection of two quasi-coherent submodules of some O x-module is quasi-
coherent again needs to be checked on affine open parts of X only and follows
from the criterion 6.8/6 (iii). Furthermore, using 6.8/11, the quotient F; ,/F/
is isomorphic to a quasi-coherent Ox-submodule of O /O% ~ Oy or, in other
words, to a quasi-coherent ideal in Ox. Then the long cohomology sequence of
Theorem 4 in conjunction with (iii) yields the exact sequence

Hl(Xa]:i,)_'Hl(X? i/+1) HI(X7 i/+1/]:i,):05

showing that H'(X,F) = 0 implies H*(X,F/,;) = 0. Thus, proceeding by
induction, we get H'(X, F') = H' (X, F},) = 0, which is needed for the applica-
tion of Lemma 10. |

Exercises

1. Let 4 be an affine open covering of a separated scheme X. Show for any quasi-
coherent Ox-module F that the canonical map H?(, F) — HYI(X, F) is bi-
jective for all ¢ > 0.

2. Compute the cohomology groups H?(X,Ox), ¢ > 0, for the affine line with
a double origin X = K}( and the projective line X = IP’}( over a field K, as
considered in Exercise 7.6/1.

3. Let X be a scheme and F an Ox-module that is flasque; see Exercise 7.6/5. Show
HYX,F) =0 for all ¢ > 0.
4. Let X be a separated scheme admitting an affine open covering consisting of n

members. Show for any quasi-coherent Ox-module F that H4(X,F) = 0 for all
q=n.

5. Let X be the affine plane A%( over a field K with its origin removed. Compute
H(X,Ox) and conclude that X cannot be affine.

6. Compute the cohomology groups H4(P%, (’)P%( ), ¢ > 0, for the projective plane
over a field K.

7. Let S be a separated scheme and A4 a quasi-coherent Og-algebra. Show that
H(Spec A, Ospec 4) = H1(S, A) for all ¢ > 0.

8. Let X be a separated scheme and 0 F' F F 0 a short
exact sequence of Ox-modules where F’ is quasi-coherent. Show that there is an
attached long exact cohomology sequence of Cech cohomology groups:
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0 —— HYX,F) —— HYX,F) —— H(X,F")

L HX,F) —— HNX,F) —— HY(X,F")
o

Can we avoid the assumption on F’ to be quasi-coherent?

Give an example of a sheaf of Ox-modules F on an affine scheme X such that
HY(X,F) # 0. Hint: Consider a short exact sequence of Ox-modules where the
section functor I'(X,-) is not right exact and apply the long exact cohomology
sequence.

Computing cohomology via acyclic resolutions: For a sheaf of Ox-modules F
on a scheme X show that the cohomology groups HY(X,F), ¢ > 0, can be
computed replacing injective resolutions by acyclic ones, i.e. using resolutions
0 F Fo F! ... where H9(X, F%) = 0 for all ¢ > 1 and
all 7. For example, due to Exercise 3 above we may use flasque resolutions. Hint:
Adapt the method of Exercise 5.1/8 to the cohomological situation of module
sheaves. For further details see Lang [17], Thm. XX.6.2.




8. Etale and Smooth Morphisms

Smooth schemes in ALGEBRAIC GEOMETRY may be viewed as analogues of
manifolds in COMPLEX ANALYSIS or DIFFERENTIAL GEOMETRY. Recall that
a manifold is a ringed space that looks locally like an affine space. For example,
a complex analytic manifold of dimension n is a ringed space (X, Ox) that is
locally isomorphic to open parts of the affine n-space (C*, O¢n) where Ocnr is the
sheaf of analytic functions on C™. Quite often the Inverse Function Theorem
and the Implicit Function Theorem are used in order to show that certain
subobjects of manifolds are manifolds again. As a typical example, consider a
curve C C C? given by an equation of type f(x,y) = 3?> — p(x) = 0 where
p € C[z] is a polynomial of degree 3 having simple roots; in fact, C is a so-
called elliptic curve from which the point at “infinity” has been removed. Due
to the assumption on the polynomial p, the gradient (%, %5) is non-trivial at all
points of C, and the Implicit Function Theorem shows that C' is a submanifold
of C2. Indeed, assuming g—i(xg,yo) # 0 for a certain point (xg,yo) € C, there
exists a neighborhood of (zg,y9) where the equation f(z,y) = 0 is equivalent
to an equation of type y = g(x) for a convergent power series g in x. It follows
that
C —C!, (z,y) — z,

is an analytic isomorphism locally at (xg,yo). A similar reasoning applies to
points (zg,%0) € C where %(mo,yo) # 0, and we thereby see that C' is a man-
ifold. However, note that the Inverse and Implicit Function Theorems apply
to settings of analytic (or continuously differentiable) functions, but not to a
strict polynomial setting. Thus, even if we start with the polynomial equation
f(z,y) = 0, we cannot expect the local solutions y = g(z) or z = h(y) to be
polynomial as well.

Now let us switch to the scheme situation and consider the above curve C'
with equation f(z,y) = y* — p(x) = 0 as a closed subscheme of the affine plane
AZ. Will C be a manifold in the sense of being locally isomorphic to the affine
line A{? The answer is negative and should come as no surprise, since there
are two clear indications for this. First, we have seen before that the Implicit
Function Theorem, which we could conveniently use in the analytic context, is
not available in the setting of schemes. Furthermore, the Zariski topologies on
the curve C' and on the affine line A} are rather weak in comparison to the
corresponding complex topologies. Thus, possible local isomorphisms between
C and Al would be defined on rather large open domains and the latter seems to
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be unthinkable from the analytic viewpoint. However, to really prove that there
cannot exist a non-empty open subscheme U C C' that is isomorphic to an open
subscheme of Al is not easy. One knows that the function field of C, namely the
field of fractions of the ring C[z,y]/(y?> — p(z)) (which is an integral domain)
is a function field of genus 1, whereas the corresponding field of the affine line
is the purely transcendental extension C(z) of C; the latter is of genus 0. So
we conclude that there cannot exist any local isomorphism between C and the
affine line A{; see [15], Exercise 1.6.2 for an elementary treatment of a special
example as well as for further information. As a result, we learn that the strict
analogue of a manifold is not a useful notion in the setting of schemes.

On the other hand, we can easily observe that differential calculus works
quite well on schemes, since for any polynomial P € R[¢;;¢ € I'] where R is a
base ring and (;);cr a family of variables, the formal partial derivatives g—i are
defined and satisfy the usual rules. Relying on this fact we define the smoothness
of schemes via the Jacobian Condition occurring as a requisite in the Implicit
Function Theorem; see 8.5/1. To be more specific, consider a relative scheme
X over some base S. We say that X is smooth of relative dimension r if there
exists an open neighborhood U C X at every point ¢ € X, together with an
S-morphism j: U —— W C A% giving rise to a closed immersion of U into
some open subscheme W C A%, such that the following condition is satisfied:

If T C Ow is the sheaf of ideals corresponding to the closed immersion j,
there are n — r sections gri1, ..., gn n I that generate I in a neighborhood of
z = j(z) and whose Jacobian matriz satisfies

da.
rg( 8?5 (Z)>j—r+1...n =n-—-r
i=1l..n

where t1, ..., t, are the coordinate functions of A%.

Of course, the above Jacobian matrix has to be viewed as a matrix with
coefficients in the residue field k(z). Even if the assertion of the Implicit Func-
tion Theorem is not at our disposal, the definition of smooth schemes via the
Jacobian Condition is nevertheless a fully satisfying alternative for the notion
of manifolds as used in the analytic or differentiable setting.

In order to conveniently handle the smoothness condition, it is necessary to
put the differential calculus on schemes on a solid basis. We do this by introduc-
ing modules of differential forms as universal objects characterizing derivations,
a procedure usually referred to as the method of Kdhler differentials. In 8.1
such differentials are considered on the level of commutative algebra, whereas
the adaptation to sheaves follows in 8.2. Another feature of the smoothness
condition is the fact that smooth S-schemes are automatically locally of finite
presentation. This means that locally over open parts S’ of the base S such
a scheme can be viewed as a closed subscheme V' of some affine n-space A%,
where V' is defined by finitely many sections on A%,. Since we will need some
generalities on schemes of locally finite presentation also in later sections, we
have included their basics in 8.3.
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After these preparations, the treatment of smoothness starts in 8.4 with the
study of unramified schemes, a certain pre-stage for smooth schemes, whereas
the actual theory of smoothness is explained in 8.5. The definition of smoothness
as given above suggests a natural question right away. Namely, the Jacobian
Condition being sufficient for the characterization of smoothness, will it also
be necessary so that it becomes a criterion for smoothness? In other words,
consider an S-scheme X with a point z € X and an open neighborhood U C X
of z, on which we are given any closed immersion j: U —— W C A into some
open part W of an affine m-space A%'. Then, assuming that we know X is a
smooth S-scheme of relative dimension 7, will the sheaf of ideals Z defining U
as a closed subscheme in W be generated on a neighborhood of z = j(z) by
m — r local sections g,41, ..., gn in Z satisfying the Jacobian Condition

rg(?,;zj (z)> =m-—r?

As it will turn out in 8.5/9 the answer is yes. But the proof of this fact is highly
non-trivial. As basic ingredient we need the characterization of smoothness via
the so-called Lifting Property 8.5/8, a fundamental result whose proof fully
justifies the elaborate techniques of differential modules as introduced in 8.1
and 8.2.

Once the characterization of smoothness via the Lifting Property is settled,
the property of a scheme to be smooth becomes quite accessible. For example,
we show in 8.5/13 that an S-scheme X is smooth of relative dimension r if and
only if, locally on open parts U C X, its structural morphism X —— S is
the composition of an étale morphism U —— A% and the canonical projection
Ay —— 5. Here étale means smooth of relative dimension 0. Note that the
étale morphisms are precisely those morphisms that would be locally invertible
from the viewpoint of the Invertible Function Theorem, a theorem that unfor-
tunately is not at our disposal. In any case, interpreting étale morphisms as the
scheme analogues of locally invertible morphisms, we see that smooth schemes
resemble classical manifolds, indeed, since they are étale locally isomorphic to
affine spaces.

Another useful result on smooth schemes is the Fibre Criterion 8.5/17 stat-
ing that an S-scheme X is smooth if and only if it is flat and all its fibers
Xs = X xg k(s) over points s € S are smooth. Furthermore, it is interesting
to know that the smoothness of schemes over a field k& can be characterized in
terms of geometric regularity; see 8.5/15.

8.1 Differential Forms

In order to study unramified, étale, and smooth morphisms, we need to intro-
duce the sheaf Q% /s of relative differential forms of degree 1 on an S-scheme
X. In the present section we start with the necessary preparations on modules
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of differential forms in the setting of commutative algebra, working over a base
ring R.

Definition 1. Let A be an R-algebra and M an A-module. An R-derivation
from A to M is an R-linear map d: A —— M satisfying the so-called product
rule

d(fg) = fd(g) + gd(f)

for elements f g € A. The set of R-derivations from A to M is naturally an
A-module, which we denote by Derg(A, M).

Remark 2. Consider an R-derivation d: A —— M as above. Then d(r-1) =0
for all r € R.

Proof. Since d is R-linear, we get d(r - 1) = r - d(1). Furthermore, we have
d(1)=d(1-1)=1-d(1)+1-d(1) =d(1)+d(1)
and, thus, d(1) = 0. O
Let us consider a fundamental example.

Lemma 3. Let A= R[T;; i € I] be the polynomial ring in a family of variables
(T})ier over R and M an A-module. Then, for each family (x;)cr of elements
in M, there is a unique R-derivation d: A — M such that d(T;) = z; for all
1€l

Proof. Since A is generated as an R-algebra by the elements T}, ¢ € I, we see
from Definition 1 in conjunction with Remark 2 that d: A —— M is uniquely
determined by the relations d(T;) = z;, @ € I. On the other hand, we can set

oP
oT;

i€l

d(P) =

"t T

for polynomials P € A and thereby define a map d: A — M. By we mean
the (formally built) partial derivative of P by the variable Tj, namoly given by

— i n - Pnj—;nfl
n=1

if we write P = Y P, 1" with coefficients P, € R[Tj;j € I — {i}]. Of
course, the above sums can contain only finitely many non-zero terms, since,
by its definition, a polynomial P € R[T;; ¢ € I] is a finite linear combination
of monomials in finitely many of the variables T;. Furthermore, the product

n- PnTZ-”’1 with a factor n € N is meant in terms of the Z-algebra structure of
A.
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It can be checked in an elementary way that the map d obeys the product
rule and, hence, is a derivation. For this it is enough to show that the partial
derivative by T; satisfies the product rule, namely, that

aPQ) 8@ P
or,

for polynomials P, Q € A. To verify this, write

P:ZPmTz‘m'/ Q:ZQnTzn

meN neN

with coefficients P,,, Q, € R[Tj; j € I — {i}]. Then we have

:im'PmJ—;‘mila :inQnT‘tn71
m=1 n=1

and therefore

P 0Q op
o1, YT,
(S nar) (S aa) - (Sam) (Snon)
m=0 n=1 n=0 m=1
_ i( S Pan)Tf‘1+§:( S om Pan)Tf—l
k=1 m+n=k k=1 m+n=k
S, 1 APQ)

]

Proposition and Definition 4. Let A be an R-algebra. Then there exists an
A-module QA/R together with an R-derivation da/p: A — Qi‘/R satisfying the
following universal property:

For every A-module M the canonical map

b HomA(Qi‘/R,]W) —— Derg(A, M), Q> @odap,

is bijective; in other words, for every R-derivation d: A —— M there exists a
unique A-linear map p: QA/R —— M such that the diagram

da/r
A

Qg

1s commutative.
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By the defining universal property, the pair (52,14/3,61,4/3) is unique up to
canonical isomorphism. We call Qi‘ /R the module of relative differential forms
of degree 1 of A over R and d4/r the exterior differential of the R-algebra A.

Furthermore, the n-fold exterior power QZ/R =A" 9,14/3 for n € N is called
the module of relative differential forms of degree n of A over R.

Proof. Given an R-derivation da/p: A —— QY /r» 1t is easily checked that
the composition ¢ o da/g for any A-linear map ¢: Q4 yp — M yields an
R-derivation from A to M. In particular, the map @ is well-defined, once the
derivation d4/r has been set up. To actually construct the pair (4 IR da/r),
let us first look at the case of a free polynomial ring A = R[T;; ¢ € I] where
(T})ier is a family of variables. Set Q}A/R = AU) and write (z;);s for the family of
canonical free generators of A7), Using Lemma 3, there is a unique R-derivation
da/r: A QZ/R such that d,/r(T;) = x; for all ¢ € I, and we claim that
(Qi‘/R, da/r) enjoys the stated universal property. Indeed, starting out from any

R-derivation d: A —— M, we can look at the A-linear map ¢: QL/R — M
given by x; —— d(T;), i € I. Then d = ¢ o d g by the product rule and
Remark 2. Moreover, since Q} /R is generated as an A-module by the elements
da/r(T;), 1 € I, we see that ¢ is uniquely determined by the relation d = pod 4 g.
Therefore we can conclude that, indeed, (Q}4 IR da/r) is the module of relative
differential forms of A over R.

In the general case, we can interpret A as a quotient of a free polynomial
ring, and it is enough to prove the following assertion:

Lemma 5. Let A be an R-algebra such that the associated module of differential
forms (Qz/mdA/R) exists. Then, if A —— B is a surjection of R-algebras with
kernel a C A, the differential da/r induces canonically a commutative diagram

d
A L Q/r
) l
B -2 /(0 Qg + A~ dasr(a)

where dg/g is an R-derivation of B satisfying the universal property of Propo-
sition 4. In particular,

Qpr = Qyp/(a-Uyp+ A-dajr(a))

and (Q}B/R, dp/r) is the module of relative differential forms of B over R.

Proof. First note that Qz/R/(a - Qi‘/R + A-dayr(a)) is canonically a B-module.
Since .
AZ2E Qp/(a-Qyp+ A-dar(a))

is an R-derivation, whose kernel contains the ideal a C A, we see immediately
that it factors through an R-derivation

Qa/r
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d

B p/(a-Qyp+ A dayr(a)).
The latter satisfies the required universal property, as is easily verified by relying
on the universal property of d4,g. O

In particular, the explicit construction of the module of differential forms
in the above proofs shows:

Corollary 6. Let A be an R-algebra that is generated by a family (t;)ier of
elements in A. Then the A-module of differential forms Q}A/R is generated by
the elements da/g(t;).

If the t; are variables and A is the free polynomial ring R[t;; i € I], then
the differential forms da/gr(t;), i € I, form a free generating system of Qi‘/R.

There is another approach to modules of differential forms, which we want
to present now. Starting out from an R-algebra, consider the multiplication map

w: AQgp A — A, TRy H— zy,

and set J = ker pr. Then p gives rise to an isomorphism (A ®g A)/J —= A,
whose inverse is induced from any of the two canonical maps

L1:A—>A®RA, xl—»x@l,
lo: A—— A®g A, r—1®u.

The quotient J/J? is an (A ®x A)-module and even an (A @ A)/J-module.
Thus, by the above isomorphism, J/J* may be viewed as an A-module as well
and we can think of the A-module structure of J/J? as being obtained from its
(A®g A)-module structure by restriction of scalars via either of the morphisms
t1,t9: A —— A®pr A. We claim that the map

A— 73, r—1®r—2r®1,

induces an R-derivation §: A —— J/J% and that (J/3J2,6) is the module of
relative differential forms of A over R. To justify this, some preparations are
necessary.

Lemma 7. For an R-algebra A let J be the kernel of the multiplication map
w: AQr A — A.

(i) View A®gr A as an A-module under the morphism 11: A — A®g A,
rH——2®1, and J C ARgr A as a submodule. Then the elements

I1ot—t®l, teA,

generate J as an A-module.
(i) If A as an R-algebra is generated by the family (t;)icr, then the elements

1t —t; ®1, 1€1,
generate the ideal J C A ®g A.
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Proof. Clearly, all elements of type 1 ®t—t®1 for t € A belong to J. Moreover,
we can write

rQ@y=2yR1+ 2 )(1y—yx1)

for z,y € A. Now assume that Y. | z; ®y; for some elements z;, y; € A belongs
to J. Then we have Z?:l z;7; = 0 and therefore

in@)yi = Z($z® Nl®y—ye1).
=1

i=1

In particular, the elements of type 1 ® t —t ® 1 for t € A generate J as an
A-module, as claimed in (i). Furthermore, writing ¢ = zy for elements z,y € A,
we obtain

Iet—tel)=@@e)(1ley-—ye)+(1er-21)(1®y),
from which one derives assertion (ii) by means of recursion. g

Proposition 8. Let fo: A —— B be a morphism of R-algebras and J C B an
ideal such that 3% = 0. View J as an A-module under f;.

(i) If d: A —— J is an R-derivation, then f; = fo+d defines a morphism
of R-algebras A — B satisfying f1 = fo mod J.

(i) If fi: A —— B is a morphism of R-algebras satisfying f1 = fo mod J,
then fi1 — fo yields an R-derivation A — 3.

Thus, the correspondence f+—— f — fo sets up a bijection between the set
of R-algebra morphisms f: A —— B satisfying f = fo mod J and the set
Derg(A,J) of all R-derivations from A to J.

Proof. An R-linear map f;: A —— B is a morphism of R-algebras if and only if
it satisfies fi(1) = 1 and is multiplicative in the sense that fi(zy) = fi(z)fi(y)
for all z,y € A. However, if f; = fo mod J, the equation f;(1) = 1 follows from
the multiplicativity of f;. Indeed, using the geometric series in conjunction with
J? = 0, the congruence f1(1) = fo(1) = 1 mod J shows that f;(1) is a unit in B.
The latter must be idempotent and, thus, coincides with 1 if f; is multiplicative.

Therefore it remains to show that an R-linear map f;: A —— B satisfying
f1 = fo mod J is multiplicative if and only if the difference d = f; — fy obeys
the product rule. To check this, let z,y € A. Then

Fi@) fi(y) = (fo(x) +d(2))(foly) +d(y)) = folzy) + fo(x)d(y) + fo(y)d(z),
since d(x)d(y) € 3> = 0. Thus, f; is multiplicative if and only if
Jolwy) + fo(x)d(y) + foly)d(x) = folzy) + d(zy) = fr(zy)

for all z,y € A, i.e. if and only if fo(2)d(y) + fo(y)d(z) = d(xy). However, the
latter is equivalent to the fact that d satisfies the product rule. ([
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Corollary 9. For an R-algebra A let J C A®g A be the kernel of the multipli-
cation map p: A@r A —— A. Then the map

A—73, r—1Qrx—z®1,

gives rise to an R-derivation 0: A — 3/32.

Proof. We look at the R-algebra morphisms
fo, Jit A— (A®r A) /¥
that are induced from the maps
T ®1, r—1Q®ua.

Applying Proposition 8 to the ideal J/J* C (A ®@r A)/J?, we see that the
difference 6 = f; — fo is an R-derivation. |

Proposition 10. In the situation of Corollary 9 the module of relative differ-
ential forms of degree 1 of A over R is given by the pair (J/J2,6).

Proof. For an A-module M and an R-derivation d: A —— M consider the
R-linear map
0: AQr A — M, xQyr— xd(y),

which is even A-linear if we view A ® g A as an A-module under the morphism
1t A A ®pg A given by x —— 2 ® 1. Then, since d is a derivation, we
obtain for z,y € A

p(leor—z0)(ley—yx1)
=p(l@ay) —py®@z) —plz@y) + ey ®1)
= d(zy) — yd(z) — zd(y) = 0.

Now observe from Lemma 7 (i) that 3%, as an A-module via t;: A — A®pr A,
is generated by all products of type

1Iez—z)(1®y—y®1), T,y € A.

Therefore, using the above computation, ¢ is trivial on J? and, hence, induces
by restriction to J an A-linear map %: J/J> — M such that the diagram

is commutative. Since J/J? is generated by the elements §(z) for z € A, as
follows from Lemma 7 (i) again, we see that ¥ is unique as an A-linear map
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satisfying d = p o d. This shows that, indeed, (J/J?,6) is the module of relative
differential forms of degree 1 of A over R. |

One can easily see as a corollary that Q4 g must be trivial if the struc-
tural morphism ¢: R —— A is a categorical epimorphism, in the sense that
for ring morphisms 71, 75: A —— B an equality 71 o ¢ = 75 0 ¢ implies always
71 = To. For example, surjective morphisms and localization morphisms are of
this type. Due to the definition of tensor products, the two canonical morphisms
T, Ty A —— A®pg A coincide, when composed with ¢: R —— A. But then, if
¢ is a categorical epimorphism, we get 71 = 75 and therefore Q4 JR= /32=0
by Lemma 7 (i).

Next we discuss some functorial properties of modules of differential forms,
starting with the base change functor.

Proposition 11. Let A be an R-algebra and R —— R’ a morphism of rings.
Set A" = AQp R'. Then the exterior differential dajp: A — Q}q/R induces via
tensoring with R over R an R'-derivation

dA’/R’: A/ —_— S)%/R ®A Al,

and (Qi‘/R ®a A’ dayr) is the module of differential forms of A’ over R'. In
particular, QlA//R/ =~ Q}4/R ®A A/-

Proof. Using the canonical isomorphism
QyrOr R = Qyp@a (AOrR) = Qyp®4 A’

of 4.3/2, it can be checked by direct computation that dsr ®pr R’ is an
R’-derivation satisfying the required universal property.

Alternatively, we can base our argument on Proposition 10. To do this, we
look at the canonical exact sequence

00— J—AQrA— A —0,

which splits as a sequence of R-modules, since the map A —— A Qg A,
r —— x ® 1, may serve as a section of the multiplication map A ®zr A — A.
Therefore the sequence remains exact when applying the tensor product with
R’ over R. Now view the tensored sequence as the first row of the canonical
commutative diagram

0 Jop R — AQrA®@p R — A®r R 0
0 3—/ A,®R1A/ A/ 0

where the lower row is the exact sequence associated to the multiplication map
A" @p AP —— A’. Since the canonical vertical maps in the middle and on
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the right are isomorphisms, the same must be true for the vertical map on the
left, and we can conclude that the canonical map J2 ®p R — J? is at least
surjective. Thus, tensoring the exact sequence

0 3 J 3/3° 0

with R over R, yields a commutative diagram

ForR —JorR — 3/ @r R 0
0 37 ¥ /3 0

with exact rows where the left vertical map is surjective and the middle vertical
map is an isomorphism. But then the right vertical map J/J? ®g R — J'/J?
is an isomorphism as well, as follows by diagram chase or from the Snake
Lemma 1.5/1. Now it can be checked directly from its definition in Corollary 9
that the exterior differential §: A —— J/J? carries over via tensoring with R’
over R to the exterior differential §': A’ — J'/J". O

Proposition 12. Let f: A —— B be a morphism of R-algebras. Then there
is a canonical sequence of B-modules

Qa/r ®a B /g Op/a 0
and the latter is exact.

Proof. To introduce the morphisms of the sequence, look at the commutative
diagram

d
A0
f :sa
v

d
B—e Oy

where ¢ is the unique A-linear map provided by the universal property of the
exterior differential d 4. For this to work well, note that dg,gro f: A —— Q}B/R
is an R-derivation from A to Q} /r» the latter being viewed as an A-module via
f: A—— B. Since Q}S/R is a B-module as well, we obtain from ¢ a B-linear
map QY jr®aB— Q3 /r- Furthermore, the diagram

dp/r
B

Qp/r

I
I
dp/a v

Q)
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shows the existence of a canonical B-linear map Q}3 R Q}3 /4 SO that the
canonical maps of the sequence

(*) Q}4/R ®a B Q}a/R QE/A 0

are clear.

To show the exactness assertion, we use the fact based on the left exactness
of the functor Hom that (x) is exact if and only if, for all B-modules M, the
corresponding sequence

0— HomB(Q}g/mM) — HomB(Q}l_L;/R,]V[) — HomB(Qi,/R ®a4 B, M)

is exact. Since Homp(Q},5 ®a B, M) = Homa(Q} 5, M) (see Exercise 4.3/8),
we can use Proposition 4 to write the latter sequence as

(%) 0 — Dery(B, M) —— Derg(B, M) —— Derg(A, M)

where u is the forgetful map interpreting any A-derivation B —— M as an
R-derivation and v the composition map of R-derivations B —— M with
f+ A—— B. Then, clearly, u is injective and v o u = 0 by Remark 2.

To show that the sequence (kx) is exact, it remains to check the inclusion
kerv C imu. To do this, let d: B —— M be an R-derivation belonging to
the kernel of v and, thus, satisfying d o f = 0. Then d is even an A-derivation,
because for a € A and x € B the product rule yields

dla-z) = f(a)-d(x)+2z-(do f)(a) = a-d(z).

This shows d € im u, as required. O

If the morphism f: A —— B is surjective, we have Q} /4 = 0 by Remark 2
and the exact sequence of Proposition 12 can be continued to the left:

Proposition 13. Let f: A—— B be a surjection of R-algebras with kernel
a C A. Then there is a canonical sequence of B-modules

a/a® — Q) p @4 B — Qpp — 0

and the latter is exact.

Proof. The exterior differential dy/p: A — Q}A /R yields via restriction to a an
R-linear map a — QY R sending a2 into a - QY /R by the product rule. Thus,
da/r induces a map a/a> —- QL/R/a - 9114/3 and we see that the latter is A-
or (A/a)-linear, since for x € A and a € a we have

da/r(ra) = xda/p(a) + ada/p(x) € vda/r(a) +a- Q,lax/n

Now using the surjectivity of f: A —— B, we can identify Q) ,/aQ} , with
Q) ®4 B, thereby obtaining a B-linear map a/a* — Q} , ®4 B. Combining



8.1 Differential Forms 353

the latter with the canonical map Q) /R ®A B—Q} /R from Proposition 12,
we want to show that the resulting sequence

a/a® — Q) )p ®4 B— Qpp — 0,

is exact.

Indeed, f being surjective implies Q] /a4 = 0, as we have already pointed
out. Hence, the map Q) ,, ®4 B — Qj p, is surjective by Proposition 12. On
the other hand, this map is already known from Lemma 5. Namely, it coincides
with the canonical surjection

Qlyp/a-Qyp — Qyp/(a- Uy p+ A-dajr(a)),

whose kernel is generated by the image of d,/r(a) in QA/R/aQi‘/R. Consequently,
the sequence mentioned in the assertion is exact. O

Proposition 14. Let A and B be two R-algebras. Then there exists a canonical
isomorphism of (A ®g B)-modules

(Qyr®r B) & (A®rQpp) > Ysgn/ne
Furthermore, if
51:A—>QlA/R7 52:3—'9}3/3
are the exterior differentials of A and B, the exterior differential of A ®p B
corresponds to the R-linear map

§: A®r B— (Un ®r B) & (A®rQp)

given by
@y r— [0i(z)®@y] © [z dh(y)].

Proof. Clearly, § as defined in the assertion is R-linear and it is easily checked
that it is even an R-derivation. Namely, for 2/, 2" € A and ¥/, vy" € B we have:

(2" @y) - (2" ®y")
=0(2'2" @ y'y")
[51( ’ ”)®(y’1/’)] @ [(a2") @ &2(y'y")]
= [(@'61(2") + 2”01 (2))) @ (y'y")] & [(a'2") ® (y'da(y") +y"52(y))]
=[@®y) (@) @y")+ @ @y") (6i(z) ®y)]
& [(@®y)- (2" ®@6©EY") + (@ @y") - (¢ ©&))]
(@' ®y)- 0" @y")] + [(a" @y") - 62" @ )]

To show that § is the exterior differential of A ® zp B, consider an R-derivation
d: AQr B—— M from A ®p B to some (A @ B)-module M. Let

01: A—— AQRr B, 09: B—— A®rB
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be the canonical morphisms and write M4 for the A-module obtained from
M by restriction of scalars via ;. In the same way, let M, be obtained by
restriction of scalars via g9. Then

di=dooy: A—— My, dy=dooy: B—— Mg
are R-derivations and the corresponding A-, resp. B-linear maps
9114/3 — M4, Q}E/R — M
induce (A ®g B)-linear maps
wlei‘/R@)RB—»M, @2:A®RQ}B/R—>M

and, thus, an (A ®pg B)-linear map

o= (1,02): (U ®r B) & (A®rp)p)
such that for 2, 2" € A and y/,y"” € B we have
(@) @y] & [2"®0(y")] — di(@) - (1®y) + (@"®1)-da(y").

Using the product rule for d, one easily checks that ¢ o § = d. Furthermore,
since (Q} ), ®r B) ® (A®g Q) p), as an (A @p B)-module, is generated by
0(A ®g B), it follows that ¢ is uniquely determined by the relation ¢ 0 6 = d
and we see that, indeed, § is the exterior differential of A ® B. O

Exercises

1. For a field K, consider the coordinate ring A = K [t1,t2]/(t3 — 3) of Neile’s
parabola, as in Exercise 6.2/6. Show that the A-module of relative differential
forms 9}4 /K can be generated by two elements, but that it is not free. Conclude

once more that the scheme Spec A cannot be isomorphic to the affine line Al

2. Let A be an R-algebra, S C A a multiplicatively closed system, and Ag the cor-
responding localization of A. Show by elementary computation that the module
of relative differential forms st /R 18 given by the localization Q4 / r)s and that
the map

f sda/r(f) — fdasr(s)

d: AS - (9114/1{)57 g [ — 52 5

serves as the exterior differential of Ag over R where dy/p: A — Q}q , denotes
the exterior differential of A. Conclude that the exact sequence of Proposition 12
reduces to an isomorphism 9114/1% R4 Ag — 91145/12 and, in particular, that
Qg/a =0

3. Consider a local K-algebra A with maximal ideal m where K is a field such
that the projection A —— A/m restricts to an isomorphism K — A/m.
Show that the exact sequence of Proposition 13 reduces to an isomorphism
m/m? QL/K ®4 K. Hint: Use the direct sum decomposition A = K & m.
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Modules of relative differential forms QlL/K for field extensions L/K:

. Determine €} /i for a simple algebraic extension L = K (z) where z is separable,

resp. purely inseparable over K.

. If L/K is separable algebraic, then Q};/K = 0. Hint: Reduce to the case of finite

separable extensions.

. If L/ K is generated by n elements, say L = K(z1,...,Zy), then Q}‘/K is generated

over L by the n elements dy /x(21),...,dr/k(2n). Hint: Observe Exercise 2.

. Let E be an intermediate field of the extension L/K and (z;)je; a family of

elements in L such that L = E(x;;j € J). For variables X;, j € J, look at the
canonical morphism of E-algebras m: E[X;;j € J] — L given by X; — z;
and let (f;)ier be a family of polynomials generating the ideal ker 7. Show that
the following assertions are equivalent for a given K-derivation 6: £ — V into
some L-vector space V and for a family (v;);jes of elements in V:

(a) There exists a K-derivation §': L — V extending J that satisfies ¢'(z;) = v;
for all j € J.

(b) For any polynomial f € K[X;;j € J] write f0 € V[Xj;j € J] for the
“polynomial” obtained by transporting coeflicients with §. Then the equations

afi ‘
ff(x)-i— E (z)-v; =0, iel,
jeJan J

hold for the tuple x = (z;)je..

Moreover, if there exists an extension &’ as in (a), it is unique.

. Let E be an intermediate field of the extension L/K. Show that the canonical

map Q}E/K Rp L — Q}:/K of Proposition 12 is injective if and only if every
K-derivation F —— L admits an extension as a K-derivation L — L.

. For a finitely generated field extension L/K, show that QlL /K= 0 is equivalent to

L/K being separable algebraic. Hint: If QlL K= 0, choose an intermediate field
K C E C L such that E/K is purely transcendental and L/E is algebraic. If
L/E is separable, use Exercises 7 and 8 to show that the extension E/K must
be trivial. Otherwise, derive a contradiction if there should exist an intermediate
field K C E’ C L such that L/E" is a non-trivial simple extension, which is purely
inseparable.

Show that there exist examples of algebraic extensions L/K that are not separa-
ble, but nevertheless satisfy QIL /K= 0.

Assume that L/K is generated by n elements, say L = K (z1,...,2y). Show that
transgrad L < dimyp, QlL/K < n and, moreover, that transgrad;, L = dimp, QlL/K
holds if and only if L/K is separably generated, i.e. if and only if L is separa-
ble algebraic over a purely transcendental extension of K. Hint: After a suitable
renumbering of the elements z; there exists an integer » < n such that the differen-
tial forms dp /i (1), ..., dp k() are a basis of QE/K. Setting E = K(z1,...,2,)
show Q} g = 0 and conclude from Exercise 9 that the extension L /E is separable
algebraic.
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8.2 Sheaves of Differential Forms

Now we want to generalize the construction of modules of differential forms, as
presented in Section 8.1, from rings to schemes. To do this, let us consider a base
scheme S and an S-scheme o: X —— S. Furthermore, let A: X —— X x¢ X
be the diagonal embedding, which as we know from 7.4/1, is a locally closed
immersion. In particular, there exists an open subscheme W C X xg X such
that A(X) C W and the induced morphism X —— W is a closed immersion;
for simplicity the latter will be denoted by A again. Let J C O be the
associated quasi-coherent ideal defining A(X) as a closed subscheme of W.
Then the Ox-module
Qs =A"(T/T?)

is called the sheaf of relative differential forms of degree 1 of X over S. Note that
the explicit construction of the inverse image sheaf in 6.9/2 and 6.9/3 shows
that Q% /s 18 well-defined, independent of the choice of W. For example, we can
assume that W is the largest open subscheme in X xg X such that A(X) is
closed in W; cf. 7.3/12. Since J is quasi-coherent, the same is true for J/J?,
and it follows from 6.9/5 that Q% /s Is quasi-coherent as well.

To give a description of Q% /5 on local affine open parts of X, consider affine
open subschemes V = Spec R C S and U = Spec A C X such that o(U) C V.
Then the morphism U —— V induced from o corresponds to a ring morphism
R —— A equipping A with the structure of an R-algebra. Let J C A ®@g A be
the kernel of the multiplication map A ® g A —— A. Then J|yx,v = 3 and
using 6.9/4 in conjunction with 8.1/10 we obtain isomorphisms

AT T = (/3 Bawen A)” = J/T? = Uy

Note that the tensor product is meant as the coefficient extension of J /32
with respect to the multiplication map A ® g A —— A and that the result-
ing A-module coincides with J/J2, due to the isomorphism (AQgA)/J — A.
Furthermore, we see from 8.1/10 that the exterior differential d 4 JRTA— Q}q /R
is induced from the morphism of Og-modules

dx/si OX e Q}X/S?

mapping a section f of Oy to the residue class of pi(f) — pi(f) in J/J? where
p1,p2: X Xg X —— X are the projections onto the factors X. Also in this case
dx/s is called the exterior differential of X over S. Let us add that, just as in
the case of rings, the sheaf (0} /s of relative differential forms of degree n of X
over S, for some n € N, is defined as the nth exterior power A" Q% /s

Proposition 1. Let 0: X —— S be an S-scheme. Then, as a quasi-coherent
Ox-module, the sheaf of differential forms Q%{/s together with its exterior dif-
ferential dx;s: Ox — Qﬁ(/s is uniquely characterized up to canonical isomor-
phism by the following universal property:
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Given affine open subschemes U = SpecA C X and V = Sp/e_c\i% c S
satisfying o(U) C V, there is a unique isomorphism Q§/5|U ~ Qi‘/R such
that the restriction of dx;s to U is induced from the exterior differential
dA/R,5 A—n Qil/R

Proof. Taking into account the universal property of the modules of differential
forms QY /R it is clear from the above consideration that the sheaf of differen-
tial forms Q% /s admits the stated property. The uniqueness assertion for Q% /s
follows then by means of a gluing argument. g

Applying the above result to the affine n-space X = A% and choosing a
set of global coordinate functions ¢, ...,t, on X, we can conclude from 8.1/6
that in this case the Ox-module of differential forms Qﬁ(/s is free of rank n,
namely isomorphic to O%, and admits the sections dy/s(t;), i = 1,...,n, as
free generators.

Corollary 2. Let A be an algebra over a ring R and dajp: A —— Q}MR the
exterior differential of A. Then, for any localization Ay of A by some element
f € A, there is a canonical isomorphism

QAIAf/R >~ Q}ﬁl/R ®A Af
such that the exterior differential of Ay is given by the map

a "d a) —ad T
di,/n: A, Q,IA/R ®a Aj, FI frdasr( )fQT' A/r(f7)

Proof. The isomorphism Qi‘f /R~ Q4 /r ®a Ay is obtained from Proposition 1,
together with the commutative diagram

da/r

A Qi,/R
\ da,. /R
Af ! Qi‘/ﬂ’ ®A Af

where the horizontal maps are the exterior differentials of A and A;. Then,
using d = da,/r as an abbreviation, we get for a € A and r € N the equation

do)=d( g ) = )+ £ d( )

and, thus,

R

as claimed. O
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The assertion of Corollary 2 can just as well be obtained by checking via
elementary computation that the above map da,p is, indeed, an exterior differ-
ential of Ay; see Exercise 8.1/2. Then the module of differential forms QY g ofa
relative s/c_\/heme 0: X — S can be obtained by gluing quasi-coherent modules
of type Qi‘/R where U = Spec A C X and V = Spec R C S vary over all affine
open subschemes of X and S such that o(U) C V. Proceeding like this, it is
not necessary to consider the diagonal morphism Ax/g: X —— X x5 X, and
the results 8.1/7 up to 8.1/10 become dispensable.

Finally, we want to indicate how to generalize the results 8.1/11 up to
8.1/14 to sheaves of differential forms on schemes. As a general observation, let
us point out that any morphism of S-schemes f: Y —— X induces a canonical
morphism f*Qﬁf/S Q%,/S of Oy-modules. In the case of affine schemes, say
X =SpecA, Y = Spec B, and S = Spec R, the latter corresponds to the mor-
phism of B-modules Q4 JR®aB — 93 /r given by the canonical commutative
diagram

d
A A/R QA/R
f X2
d ¥
B—2" Qp

This way every differential form w € Qi‘/R induces an element w®1 € Q;/R(X)AB
and, taking its image, a differential form in Q7 /R The same is true for sheaves of
differential forms. Every section w of /s gives rise to a section W' in fr(QY /5)

and, taking its image under the canonical morphism f*Qﬁ(/S Q%,/S, to a
section w” of Q4. It is common practice to call ', just as well as w”, the pull-
back of w, using the notion f*(w) for both quantities. Of course, if ambiguities
are possible, one has to be careful about specifying the intended type of pull-
back.

Now, fixing a base scheme S, it is straightforward how to generalize the

results 8.1/11 up to 8.1/14 by means of gluing techniques to the scheme case:

Proposition 3. For an S-scheme X and a base change morphism S" —— S
consider the resulting S'-scheme X' = X x5’ as well as the attached projection
p: X' —— X. Then the canonical morphism

* 1
p Q%{/s - Qx’/s'
is an isomorphism.
Proposition 4. Let f: Y —— X be a morphism of S-schemes. Then there is
a canonical exact sequence of Oy-modules

f*Qﬁc/s - Q%//S — Q%,/X — 0.

Proposition 5. Let X be an S-scheme and j: Y —— X a closed subscheme,
given by a quasi-coherent ideal T C Ox. Then there is a canonical exact sequence
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of Oy-modules

where T/T? is interpreted as the inverse image i*(Z/I?).

Proposition 6. Let X, and X5 be S-schemes and write p;: X1 Xg Xo — X;,
1= 1,2, for the projections onto the factors of the fiber product of X; and Xs.
Then the canonical morphism of Ox,x¢x,-modules

*()1 * )1 1
P182x, /s D Pflx, 5 — Qx xoxa/s

is an isomorphism.

Exercises

1. Consider a monomorphism of schemes S’ —— S, for example, a locally closed
immersion; see Exercise 7.3/4. Show for any S’-scheme X that the canonical
morphism of Ox-modules Qk /s T Qﬁ( /s is an isomorphism. Hint: Use Exer-
cise 7.4/1.

2. Consider the affine line with a double origin X = K}( over a field K, as described
in the introduction to Chapter 7. Compute the sheaf of differential forms Q}( e

3. Consider the projective n-space X = P over an affine base scheme S.

(a) Show that the sheaf of differential forms Q% ¢ is locally free of rank n in
the sense that each point x € X admits an open neighborhood U C X where
Q% /S\ v~ Op.

(b) Compute Qﬁ(/s for the projective 1-space X = ]P’}Sn Show that this module
does not admit non-zero global sections and, hence, that it cannot be free (if S is
non-trivial). Hint: Let S = Spec R. As in Section 7.1, construct P}% by canonically
gluing the affine lines Xy = Spec R[%] and X = SpecR[%] for variables tg, t;.
Furthermore, define a quasi-coherent Ox-module Ox(—2) (the so-called Serre
twist with index —2, as to be introduced in Section 9.2) by gluing Ox,, the free
module generated by sop = 1 on X, with Ox, , the free module generated by s; =1
on X1, via the equation s; = (%)250 on Xo N Xi. Show that Q%{/S ~ Ox(-2).

4. Consider the diagonal embedding A: X — X x g X for a relative scheme X over
some base scheme S. Let W be an open subscheme of X x g X such that A factors
through a closed immersion X —— W and let J C Ow be the corresponding
quasi-coherent ideal. Show:

(a) Q}X/S =0 is equivalent to J = J2.
(b) Assuming that J is locally of finite type, the stalk Qﬁ( /5,0 At some point z € X
vanishes if and only if A is a local isomorphism at z, i.e. if and only if there is an
open neighborhood U C X of x such that A restricts to an isomorphism between
U and an open subscheme of X xg X.

For example, the assumption on J to be locally of finite type is fulfilled, due to
8.1/7 (ii), if X is locally of finite type over S in the sense of 8.3/4.
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Invariant differential forms on group schemes: Let G be an S-group scheme over
a base scheme S and v: G xg G —— G the morphism defining its group law, as
well as €: S —— G the unit section and i: G —— G the formation of inverses;
see Section 9.6 for the notion of group schemes. For any S-morphism g: T' — G
(i.e. a T-valued point of G with T viewed as a “test scheme”), we obtain from
G a T-group scheme G by applying the structural morphism 7" —— S as base
change. Then we can consider the left translation by g on G, or better G, namely
the morphism

grXid 7
Tg:GT —— TXTGT—>GT XTGT—>GT

where T as an index always means base change with respect to T'—— S; note
that 7,4 is an isomorphism.

We say that a global differential form w € Qf, (G) is invariant under left trans-
lation with g if the pull-back of w to G, again denoted by w, satisfies Tjw = w
using the identification 7; QéT = QéT T furnished by the isomorphism 7. Fur-
thermore, we say that w is left-invariant if it is invariant under the left translation
by every T-valued point g of G for T varying over all S-schemes. In the same

way, one defines right-invariant differential forms using right translations on G.
(a) Take for G the additive group G, s and the multiplicative group Gy, g intro-
duced in Exercise 7.1/1 and specify an invariant differential form on G generating
Qé‘/s as a free Og-module.
(b) Passing to S-group schemes of general type, show for every wy € I'(S, E*Qé/s)
that there is a unique left-invariant differential form w € QF, /S(G) satisfying
£*w = wp in 5*95/5.
(c) Conclude that by extending sections in e*Q, /s to left-invariant sections of
Qé /s we get a canonical isomorphism p*s*QlG /s = QlG /s where p: G —— S is
the structural morphism of G.
Hints: To establish the uniqueness in (b), use the so-called universal point given
by T = G and the identity morphism T'—— G. For the existence part in (b)
reduce to the case where wy is induced by a differential form ' € Qé /s defined in
a neighborhood of the image of the unit section . Pull back w’ with respect to the
multiplication morphism G x gG —+ G and write Y*w' = w1 ®wsy according to the
decomposition QlstG/S = p’{ng/S P p§(21G/S of Proposition 6. Then define w as
P d
the pull-back of wy with respect to the twisted diagonal morphism G Gid) GxsG.
If necessary, consult [5], 4.2, for further details.

8.3 Morphisms of Finite Type and of Finite Presentation

Before discussing unramified, étale, and smooth morphisms we introduce cer-
tain finiteness conditions that are satisfied by such morphisms. On the side of
algebras these are similar to the finiteness conditions introduced for modules in
1.5/3.
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Definition 1. Let A be an algebra over some ring R and ¢: R —— A the
corresponding structural morphism. We call A, as well as ¢, of finite type if
there exists an exact sequence

0——a—— R[t1,....t)] ——= A ——0

where R[tq, ..., t,] is a polynomial ring in finitely many variables t1, ... t, over
R and where @ is a surjection of R-algebras. If, in addition, & can be chosen
in such a way that the ideal a = ker @ is finitely generated, then A and ¢ are
called of finite presentation.

For example, we see from 1.2/9 that any localization map
R —— R[a™'] = R[t]/(1 — at)

of a ring R into its localization by some element a € R is of finite type and even
of finite presentation. As a further observation note:

Lemma 2. Let A be an R-algebra and
@
0—>O—>R|:t1,.“,tm:| — A—0

an exact sequence as considered in Definition 1. Then, if A is of finite presen-
tation, the ideal a = ker @ is finitely generated.

Proof. If A is of finite presentation, there exists a surjection of R-algebras
&' R[t),...,t)] — A where a’ = ker ¢’ is finitely generated. Then the mul-
tiplication map

¢N:R[t17"'7 ]®RR[t17"'7 n]—’A7 p®Q'_’¢(p)¢l(q)7

is surjective and we claim that it has a finitely generated kernel. Indeed, look
at the finitely generated ideal R[t1,...,t,] ®g o’ C ker @”. Dividing it out and
using the right exactness of tensor products 4.2/1, we arrive at a surjection

Rlt1, ... tm] ®r A= Alt1, ... tm] — A,

whose kernel is generated by the elements t; ® 1 — 1@ ®(¢;), i =1,...,m, as is
easily verified. Therefore ker @” is finitely generated by 1.5/5 (ii).
Now look at a commutative diagram of type

0 ker " R[t1,. .. tm] ®r R[t), ... 1] /)
0 a R[t1, ... tm] ? 0
where the middle vertical map 7 sends t; ® 1 tot; fori =1,...,mand 1 ® t;-

to a @-preimage of ¢'(t}) for j =1,...,n. Of course, 7 is surjective. Therefore



362 8. Etale and Smooth Morphisms

the left vertical map ker @ —— a must be surjective as well. But then the
ideal a C R[ty,...,tn,] is finitely generated, since the ideal ker @” is finitely
generated in R[ty,...,tn] ®r R[t],...,1,]. O

Furthermore, we will need some standard facts:

Lemma 3. (i) Ring morphisms of finite type are stable under base change, i.e.
if R—— A is a ring morphism of finite type, then for any ring morphism
R —— R’ the induced morphism R —— A ®r R’ is of finite type. The same
holds for ring morphisms of finite presentation.

(ii) The composition of ring morphisms of finite type is of finite type again.
The same holds for ring morphisms of finite presentation.

Proof. Assertion (i) is a consequence of the right exactness of tensor products
4.2/1. To establish (ii), look at the composition R ——~ A —+ B of two ring
morphisms and choose surjections 7: R[T] —— A and #": A[T'] —— B,
where T and T” are systems of variables. Then we can consider the composition
of surjections

-

— B.

T®id

&: R[T] @ R[T'] ~2% Aop R[T'] = A[T"]

Now if ¢ and 1 are of finite type, we can suppose that T and 7" are finite
systems of variables and we see that ¢ o p: R —— B is of finite type. If ¢ and
1 are of finite presentation, we can suppose that, in addition, ker 7 C R[T] and
ker 7’ C A[T'] are finitely generated. As ker® C R[T] ®g R[T"] is generated
by (ker7)®1 and (7 ®id)-preimages of generators of ker 7', it follows that ker &
is finitely generated and, hence, that ¢ o ¢ is of finite presentation. |

Definition 4. A morphism of schemes f: X —— Y s called locally of finite
type (resp. locally of finite presentation) at a point x € X if the following holds:
There exist affine open subschemes U C X and V C Y, say U = Spec A
and V = Spec B, such that x € U and f(U) C V, and such that the induced
morphism of rings B —— A is of finite type (resp. finite presentation).
We say that f is locally of finite type (resp. locally of finite presentation)
if the corresponding property holds at all points x € X.

For example, any closed immersion is locally of finite type and any open
immersion is locally of finite presentation. Furthermore, Lemma 3 shows that
morphisms of locally finite type (resp. locally finite presentation) are preserved
under base change and under composition.

Let us add along the way that a morphism of schemes f is said to be of
finite type if f is locally of finite type and quasi-compact. Moreover, f is said to
be of finite presentation if f is locally of finite presentation, quasi-compact, and
quasi-separated. As usual, we would like to show:
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Proposition 5. The following conditions are equivalent for a morphism of
affine schemes f: Spec A —— Spec B:

(1) f is locally of finite type (resp. locally of finite presentation).

(ii) The morphism of rings B —— A associated to f is of finite type (resp.
of finite presentation).

Proof. Let us write X = Spec A and Y = Spec B. We have only to show that
condition (i) implies (ii). Assume first that f: X — Y is locally of finite type
(resp. locally of finite presentation) at a certain point x € X. Then there are
affine open subschemes U C X and V' C Y where U is a neighborhood of z, such
that f(U) C V and the corresponding morphism of rings 0: Oy (V) — Ox(U)
is of finite type (resp. finite presentation). Choosing a section b € B such that
f(z) € D(b) C V, we may localize o by b and thereby assume using Lemma 3 (i)
that V' is a basic open subset of Y. Furthermore, since the localization map
B —— B[b7!] is of finite presentation, we see from Lemma 3 (ii) that Ox(U)
is even of finite type (resp. finite presentation) over B. In particular, we may
assume V' =Y. In a similar way it is possible to replace U by the basic open
subset D(g) attached to a suitable section g € A.

Now, assume that f is of finite type at all points z € X. Combining the
above argument with the quasi-compactness of X (see 6.1/10), there are finitely
many sections g; € A, i = 1,...,n, such that the ring morphisms B — A[g; ']
are of finite type and the D(g;) cover X or, what is equivalent to the latter,
such that there is an equation )., a;9; = 1 for certain sections a; € A. Then
consider a B-subalgebra A" C A of finite type containing all sections a;, g; and
large enough such that all morphisms ¢;: A'[g;'] —— A[g;'], i =1,...,n,
induced from the inclusion A’ ——— A are isomorphisms. To show that the
latter is possible, observe first that all ¢; are injective, since the localization
morphisms A’ —— A'[g;'] are flat by 4.3/3. Moreover, A[g;'] is a finitely
generated B-algebra. So if h = 7 € Alg; '] for some a € A and r € N is any of
the finitely many generators, Wclmay add a to A’. Thereby we can assume that
all generators h belong to A’[¢; '] and, hence, that A'[g; '] = A[g; ']

By our construction, the morphism f: Spec A —— Spec B admits a fac-
torization

Spec A ——~ Spec A' —— Spec B

with a morphism 7 that is an isomorphism over all basic open subschemes
D(g;) C SpecA’, i = 1,...,n. Since the equation Y .  a;g; = 1 persists in A’,
the D(g;) cover Spec A" and it follows that 7 must be an isomorphism. Thus,
we see from 6.6/9 that A’ coincides with A so that A is of finite type over B.

It remains to consider the case where f is locally of finite presentation. Then,
by the above reasoning, we know already that the ring morphism B —— A is
of finite type so that there is an exact sequence

0——a—— B[t1,....tm] ——= A—— 0

where the surjection @ gives rise to a closed immersion Spec A —— A}. Pro-
ceeding as in the finite type case, there is a finite covering of Spec A by basic
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open subsets D(g;), i = 1,...,n, such that A[g;'] is of finite presentation over
B. Taking ®-preimages of the g; in B[ti,...,t,], we extend these sections to
sections on A%, denoted by g; again. Thus, using the flatness of localization
maps and localizing the above exact sequence by g; yields an exact sequence

00— a; — B[ty ... tm][97}] — A[g7'] — 0,

where a; = a- B[ty,...,tm][g;']. We claim that a; is a finitely generated ideal
in Blty,... . tn][g;"]. Knowing this, we see that the quasi-coherent Oym-ideal
associated to a is locally of finite type in the sense of 6.8/12. Then it follows from
6.8/13 that a is finitely generated and, hence, that A is of finite presentation
over B.

To show that all a; are finitely generated, look at the canonical commutative
diagram with exact rows

0—~a Blt1, ... tn][t]

7

Alg7'] ——0

|

0 ——a;—— Blti,....ta][g; '] —— Alg;]"] ——0

where t is an additional variable that is mapped to g; ', horizontally and verti-
cally. The middle vertical map is surjective. Hence, the same is true for the left
vertical one. Furthermore, the kernel a] is finitely generated by Lemma 2, since
A[g; '] is of finite presentation over B. But then a; must be finitely generated
as well, and we are done. O

Finally, let us mention a particular property on closed points of schemes
that are locally of finite type over a field.

Proposition 6. Let X be a scheme that is locally of finite type over a field k.
Then any locally closed point x € X is closed, i, e., if x is closed in a certain
open neighborhood U C X, then x is already closed in X.

Proof. Assuming that x is locally closed in X, there exists an affine open sub-
scheme U C X such that z is closed in U. Hence, the residue extension k(z)/k
is finite by 3.2/4. Now let U be an arbitrary affine open neighborhood of z in
X, say U = Spec A, and let p, C A be the ideal corresponding to x. Then
A/p, C k() is finite over k and we see from 3.1/2 that A/p, must be a field.
Therefore p, is a maximal ideal in A and, consequently, x is closed in U. Thus,
for every affine open part U C X the intersection {z} N U is closed in U and
this implies that x is a closed point in X. [

Exercises

1. For a ring R and a multiplicatively closed subset S C R consider the localization
morphism R —— Rg. Show that R —— Ry is of finite type if and only if it is
of finite presentation.
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2. Let 0: A —— B be a finite morphism of rings, in the sense that B is a finite
A-module via o. Show that B is an A-algebra of finite presentation via o if and
only if B is an A-module of finite presentation via o.

3. Let 0: A —— B be a morphism of rings that is of finite presentation. Show that
there exists a morphism of rings ¢’: A —— B’ such that:
(a) A’, resp. B’ is a subring of A, resp. B.
(b) A’ is Noetherian and ¢’ is of finite type.
(¢c) o is obtained from ¢’ by coefficient extension with A over A’.

Sometimes this is useful to reduce problems on morphisms of finite presentation
to the Noetherian case.

4. Let X be a scheme that is locally of finite type over a locally Noetherian base
scheme S. Show that X is locally Noetherian and that it is locally of finite pre-
sentation over S.

5. Let f: X — Y and g: Y —— Z be morphisms of schemes. Show:
(a) If g o f is locally of finite type, the same is true for f.

(b) If g o f is locally of finite presentation and g is locally of finite type, then f is
locally of finite presentation.

6. Let X —— S be a morphism of schemes that is locally of finite type. Show that
the diagonal morphism X —— X X g X is locally of finite presentation.

7. Let f: Y —— X be a locally closed immersion of schemes and let U C X be
an open subscheme such that f factors through a closed immersion Y —— U.
Let Z C Oy be the corresponding quasi-coherent ideal. Show that f is locally of
finite presentation if and only if the ideal Z C Oy is locally of finite type.

8.4 Unramified Morphisms

Now we are ready to discuss unramified morphisms of schemes. As will be seen
from Theorem 3 below, such morphisms may be viewed as a certain generaliza-
tion of finite separable field extensions.

Definition 1. A morphism of schemes f: X —— S is called unramified at
a point x € X if there exists an open neighborhood U C X of x as well as a
closed S-immersion! j: U —— W C A% into an open subscheme W of some
affine n-space A% over S such that:

(i) If T C Ow is the sheaf of ideals associated to the closed immersion j,
there exist finitely many sections generating Z in a neighborhood of j(x).

(ii) The differential forms of type dg for sections g of T where d stands for
the exterior differential dpn/s: Opnjs — Q}%g/y generate Q}xg/s at j(z).

The morphism f is called unramified if it is unramified at all points of X.

! An S-immersion is an S-morphism that is an immersion.
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Let us explain more closely the terms occurring in the definition. An im-
mersion j: U —— W C A} as required for an open neighborhood U C X of
exists if and only if f is locally of finite type at x. In conjunction with condi-
tion (i) this is equivalent to the fact that f is locally of finite presentation at
x. Moreover, in condition (ii) we require that Q}&g /s 18 generated at j(x) by all
differential forms obtained from certain local sections of Z at j(z). Since Q}%g /s
is a quasi-coherent Opn/s-module that is locally of finite type by 8.1/6, this
condition may be viewed as a local condition at j(x), or even as a condition on
the level of stalks at j(x), just according to the following lemma:

Lemma 2. Let X be a scheme and F a quasi-coherent Ox-module of locally
finite type. Furthermore, let f1,..., f, be local sections of F at a point v € X
that are defined in an open neighborhood U C X of x. Then the following
conditions are equivalent:

(i) There exists an affine open neighborhood U' C U of x such that the
elements fi|y: generate F on U', i.e. such that F(U') =>"7_, Ox(U’) filvr.

(ii) The stalk of F at x satisfies Fp =y . Oxafin where f;, is the germ
of fi at x.

(il)) Fu ®oy, k(z) = Y0 k() f,, where k(z) = Ox./(ps) is the residue
field of Ox at x and 7”3 denotes the residue class of the germ fi, € Fy.

If the equivalent conditions of the lemma are met, we say that F is generated
at x by the local sections fi, ..., fr.

Proof of the lemma. The implications (i) = (ii) = (iii) are trivial. Moreover,
we have (iii) = (ii) by Nakayama’s Lemma in the version of 1.4/11, since F
is assumed to be locally of finite type. Now, to go from (ii) to (i), assume (ii)
and consider an affine open neighborhood U’ C U of z together with sections
g1,---,9s € F(U') generating F on U’. Then the germs ¢i4,...,0s0 € Fu
generate the stalk 7, and there are coefficients a;;, € Ox, such that

r
gj,x = E az’j,xfi,ma J= 17 S, S
i=1

Taking U’ small enough, the germs a;;, € Ox, extend to sections a;; € Ox(U’)
and, shrinking U’ even more if necessary, we may assume

gjzzaijfi|U’7 jzl,...78.
=1

Then fi,..., f» generate the Ox-module F on U’, as required in (i). |

If a morphism of schemes f: X —— S is unramified at a point z € X, it
follows from the preceding lemma that f is unramified in an open neighborhood
of x. Therefore the unramified locus of f, namely, the set of all points in X,
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where f is unramified, is open in X. Let us consider an example. For a field &, a
polynomial p € k[t] in one variable ¢, and X = S = A}, consider the morphism
f: X —— S, corresponding to the morphism of k-algebras

f#:04(8) = k[t] — k[t] = Ox(X),  t+—p.

Let us determine the locus in X where f is unramified. To construct an
S-immersion of X into an affine n-space A%, we use the graph morphism of
7.4/13, viewing f as a morphism of k-schemes. Thus, writing ¢’ instead of ¢ for
the coordinate function on S, we extend f# to a surjection

i k[ ] — K[t], t' — p, t—t,
thereby obtaining a closed S-immersion
i=(d, f): X = A, — X x;, 5 = A},

which can suggestively be described by @ —— (, f(z)). The corresponding
ideal kerj# C k[t,t'] is generated by p — ' and we see that f is unramified at
a point x € X if, as a sufficient condition, the differential form

dp

d(pft’):dpzawit

generates the module of differential forms 2}, /s at j(x); note that dt’ = 0 by
S
8.1/2, since t' is a section living on the base S. Now observe that Q}xl /s
S

free OAg -module, generated by the differential form dt. Thus, we see that f is

is a

unramified at x, if fi—’t’(z) # 0, or in other words, if p — p(x), as a polynomial
in k(x)[t], does not admit multiple zeros in algebraic extensions of k(x). This
condition is necessary as well, as can be deduced with the help of 8.2/5 from
the characterization of unramified morphisms given below in Theorem 3 (ii);
for details see the proof of Corollary 5.

Moreover, let us point out that any immersion is unramified, as soon as it
is of locally finite presentation. Also it can be shown in a straightforward way
that unramified morphisms are stable under base change, composition, and the
formation of fiber products; see Exercise 1.

Now let us state the main characterization theorem for unramified mor-
phisms.

Theorem 3. Let f: X —— S be a morphism of schemes that is locally of
finite presentation. Then, for points x € X and s = f(x) € S, the following
conditions are equivalent:
(i) f is unramified at x.
(iil) The diagonal morphism A: X —— X Xg X is a local isomorphism at
x, i.e. there exists an open neighborhood U C X of x such that its image A(U)
is open in X xg X and A induces an isomorphism U —~ A(U).
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(iv) Xy = X xg Speck(s) is unramified over Speck(s) at x.

(v) Consider the morphism between stalks f#: Ogss — Ox.,. Then the
mazimal ideal m, C Ox, is generated by the image f#(my) of the mazimal
ideal my; C Og, and the induced map between residue fields k(s) — k(x)
defines k(x) as a finite separable extension of k(s).

Before starting the proof, let us derive some consequences from the theorem.
We will write [[,.; X; for the disjoint union of a family of schemes X;, i € I,
just gluing these via empty intersections. This way (X;);e; becomes an open
covering of [[,.; X;.

Corollary 4. A morphism of schemes X —— Speck where k is a field is
unramified if and only if we have X = [[,.;Speck; where the morphisms
Spec k; —— Speck correspond to finite separable extensions of fields k — k;.

Proof. Every morphism [, ; Speck; —— Speck of the type mentioned in the
assertion is unramified by Theorem 3 (v). For the converse it is enough to show
that every affine open subscheme of X is a disjoint union of schemes Spec k; as
stated in the assertion. Thereby we are reduced to the case where X is affine, say
X = Spec A. If X —— Speck is unramified, we see from Theorem 3 (v) that
the stalk Ox, at any point € X is a finite separable field extension of k. In
particular, every prime ideal of A is maximal and minimal as well. Furthermore,
since X —— Speck is locally of finite type, the same is true by 8.3/5 for A as
a k-algebra. In particular, A is Noetherian by Hilbert’s Basis Theorem 1.5/14
and we see from 2.1/12 that X consists of only finitely many closed points, all
of which must be open as well. In particular, X = [] . Speck(x) where, as
seen above, each field k(z) = Ox, is a finite separable extension of k. O

Corollary 5. Let f: X —— S be a morphism of schemes that is unramified
at a point v € X. Furthermore, let U C X be an open neighborhood of x and
j: U —— W C A% any closed S-immersion from U into an open subscheme
W C A%. Then the corresponding quasi-coherent ideal T C Ow is generated in
a neighborhood of j(x) by finitely many sections of T and the differential forms
of type dg for sections g of I gemerate the module of differential forms Q}&g/s
at j(z).

In other words, the defining condition in Definition 1 for the property of f to
be unramified at a point x € X, is independent of the choice of the S-immersion

j: U W C AL

Proof. Let us consider a closed S-immersion j: U —— W with corresponding
quasi-coherent ideal Z C Oy, as stated. Since f: X —— S is locally of finite
presentation at x, we conclude from Lemma 8.3/2 that Z is generated in a
neighborhood of j(z) by finitely many sections of Z. Then look at the exact
sequence

)T — " Qyypg — Qg — 0
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of 8.2/5. Since f is unramified at z € X, we have Qb/sw = 0 according to
Theorem 3 (ii) and the assertion follows from the surjectivity of the map

Zz/Ii - (j*Qxle/s)z = Q}%g/S,z/IIQxl&g/S,z

in conjunction with Nakayama’s Lemma in the version of 1.4/11. g

Now we turn to the proof of Theorem 3, starting with the equivalence be-
tween (i) and (ii). Since f: X —— S is locally of finite presentation at z,
there is an open neighborhood U C X of x together with an S-immersion
j: U —— W C A% into an open subscheme W of some affine n-space A% such
that the corresponding quasi-coherent ideal Z C Oy is generated at j(z) by
finitely many sections of Z. If f is unramified at =, we may assume that, in
addition, the module of differential forms Q}&xg /s 1s generated at j(x) by the
differential forms dg attached to sections g in Z. Thus, considering the exact
sequence

7/1° . Qg — Qg — 0
of 8.2/5, as well as the corresponding exact sequence of stalks at = (see 6.5/9),
we find that d,: Z,/Z7 — j*Qyy g, is surjective and, hence, that Q¢ , = 0.
Conversely, if QU/Sar is trivial, the morphism Z, /Z? — (j *QW/S)x is surjective
and it follows with the help of Nakayama’s Lemma as in the proof of Corollary 5
that f is unramified at z.

Next, in order to establish the equivalence (ii) <= (iii), decompose the
diagonal embedding X X x5 X into a closed immersion A: X —— W
and an open immersion W —— X xg X. Let J C Oy be the quasi-coherent
ideal defining (the image of) X as a closed subscheme of W. Then we have
0l X/s = = A*(J/J?) by the definition given in 8.2. Thus, Q% X/s is trivial if and
only if A*(J/J?) is trivial. Now consider an affine open part V C W and let
U = A7Y(V) be its restriction to X. Then U is affine open in X. Furthermore,
using 6.9/4, we get

AT )TNU) = (T T*)V) o) Ox(U) = (T/TH(V),

since J/J? is an Oy /J-module. Therefore A*(J/J?%) = 0 is equivalent to
J/J? = 0 and, thus, to J = J?. It follows that Q%{/s = 0 is equivalent to
J =7

Let z = A(z). Since f: X —— S is locally of finite presentation and, in
particular, of finite type at x, we see from 8.1/7 (ii) that 7 is of finite type on an
open neighborhood of z and the same follows for Q% /5 on an open neighborhood

of z. As a consequence, the stalk Q% /5,0 at 2 is trivial if and only if QY x/s 1s trivial
on an open neighborhood of z. Likewise, J, = J2 is equivalent to the equation
J = J? on an open neighborhood of z. Therefore the above considerations
show that QX S 18 trivial if and only if 7, = J2. Now let m, C Oy, be the
maximal 1deal of the stalk of Oy at z where J, C m, since z € A(X). Then we
have jf cm,J, C J, and J, = jf implies J, = m,J,. Moreover, the latter



370 8. Etale and Smooth Morphisms

yields J, = 0 by Nakayama’s Lemma 1.4/10, as 7, is a finite Ow,.-module; see
8.1/7 (ii), the argument employed above. Consequently, {2} /s, = 01s equivalent
to J, = 0 and, hence, to the fact that J vanishes on an open neighborhood of
z. However, the latter signifies that A is a local isomorphism at z.

The implication (i) = (iv) is trivial, since unramified morphisms are com-
patible with base change. For the reverse implication it is enough to derive (ii)
from (iv). To do this, assume that X, is unramified at « over k(s) and observe
that the implication from (i) to (ii), which has already been established, yields
ka/k(sm = 0 and, hence, using 8.2/3,

Q%(/S,w/mSQﬁf/S,:c = Qﬁ(/s,x ®0s, k(s) = Qﬁ(s/k(s),x =0

where m, is the maximal ideal in Og 4. Then, if m, is the maximal ideal in Ox 4,
the equation

Q%(/S,x/mSQk/S,z =0
yields
Q%{/S,T/mTQk'/S,T =0

and therefore Q}X/S@ = 0 by Nakayama’s Lemma 1.4/10.

Accessing condition (v), let us establish the implication (v) = (ii) first.
Since the equivalence of conditions (i) through (iv) has already been settled, we
may assume S = Spec k(s). Then Oy, is a field by condition (v) and we claim
that x gives rise to an open subset {z} C X. To justify this, choose an affine
open neighborhood U = Spec A of z in X and let 7: A —— k(z) = Ox, be
the canonical morphism. It follows that U’ = Spec A’ with A’ = A/ker T equals
the closure of {z} in U and that there are inclusions

k(s) = A" —— k(z).

Observing that the field k(z) is finite over k(s) by our assumption, we can
conclude from 3.1/2 that A’ is a field. Furthermore, since k(z) = Ox, is a
localization of A’, we see A’ = k(x). Hence, x is a closed point in U such that
the corresponding maximal ideal m, C A is minimal as well.

Now let py, ..., p, be the remaining minimal prime ideals in A. Their number
is finite by 2.1/12, due to the fact that A is Noetherian; use that A is of finite
type over k(s) by 8.3/5, in conjunction with Hilbert’s Basis Theorem 1.5/14.
Then p; ¢ m, for all ¢ so that ¢ V(p;) U... UV (p,). On the other hand,
since m, N()_, p; = rad(A) by 1.3/4, we see that U — {z} = |JI_, V(p;) and,
hence, that the set {x} is open in U, as well as in X. As a consequence, we can
conclude that the stalk Q% /s, 1S given by the k(z)-module of differential forms
o) ko)

By our assumption, k(z)/k(s) is a finite separable extension of fields and
we claim that this implies

Q;/S,x = Qllc(x)/k(s) =0.
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Indeed, if k is a field and &'/k a finite separable extension, then it is generated by
a primitive element, say k' = k(«), where the corresponding minimal polynomial
p € k[t] of o over k is separable. Using the canonical isomorphism &' ~ k[t]/(p),
we get from 8.1/5

Qe = gy (0 - Qg + k(L] - dp) = (K - dt) /(K- p'(«) - dt)

where p’ is the derivative of p. However, p’(a) # 0 since p is separable. Therefore
we get Q}C,/k =0.

To finish our proof, we establish the implication (iii) = (v). Let us consider
the fiber X of f: X —— S over the point s, as well as the corresponding stalks
at x and s, thereby obtaining commutative diagrams

X Xs OX,:E - OX,z/msOX,z
S «—— Speck(s) , Ogs s Ogs/mg = k(s)

where m, is the maximal ideal of Og,. Now, writing m, for the maximal ideal of
Ox s, it is clear that m, = m,;Ox , is equivalent to m, /m;Ox , = 0. Furthermore
the residue extension k(z)/k(s) is the same for f: X —— S and its fiber
fs: Xy — Speck(s). It follows that f satisfies condition (v) if and only the
fiber f; does. Thus, in view of the fact that condition (iii) is stable under base
change, we may replace the S-scheme X by its fiber X over s and thereby
assume S = Spec k for a field k. Moreover, we can pass from X to an affine open
neighborhood of z so that we are dealing with an affine k-scheme X = Spec A
of finite type. Shrinking X even more, we can assume that, in addition, the
diagonal morphism X —— X x; X is an open immersion.

To derive condition (v) in this situation, it is enough to show that the
k-algebra A = Ox(X) is a finite direct product of fields that are finite separable
over k. Fixing an algebraic closure k of k, we see from Lemma 6 below that A
is such a direct product if and only if the k-algebra A ®j k is a finite direct
product of copies of k. In other words, we may assume that k is algebraically
closed.

Doing so we claim that the Zariski topology of X = Spec A coincides with
the discrete one (where every subset of X is open). Since the closure of any
point of X contains a closed point, it is enough to show that all closed points
of X are open. Therefore consider a closed point z € X. Since A is of finite
type over the algebraically closed field k, we can read k(z) = k from 3.2/4. In
particular, we may interpret z as a k-valued point z: Spec k —— X and, hence,
as a section of X over k. Then consider the morphism

h: X — X %, X, y+— (y,2),

where, using the projections py,ps: X X X —— X, the morphism p; o h coin-
cides with the identical morphism id: X —— X and p, o h is the composition
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X — Speck — X

of the structural morphism of X with the section given by z. Then the
h-preimage of the diagonal A(X) C X x; X coincides with {z}, since any
w € X satistying h(w) € A(X) yields

w=pi(h(w)) = p2(h(w)) = 2.

Therefore, as claimed, {z} is open in X, since A(X) is open in X X X by our
assumption.

Having shown that X carries the discrete topology, all points of X are open
and closed. Since X is affine and, hence, quasi-compact by 6.1/10, it consists
of only finitely many points and, thus, is the disjoint union of open subschemes
concentrated at the points of X. To show that A = Ox(X) is a direct product of
copies of k = k we may assume X = {x} where the residue field k(z) coincides
with k, as shown above. Then A/rad(A) ~ k and the isomorphisms

(A@y A)/(rad(A) @ A+ A®jrad(A)) ~ A/rad(A) ®;, A/ rad(A)
~kQpk~k

show that X ®; X consists of a single point, just as X does. Furthermore, by
our assumption the diagonal embedding X — X ®;, X or, in other words, the
multiplication map A ®, A —— A is an isomorphism. However, for a non-zero
k-algebra A the latter can only be the case if the structural morphism & — A
is an isomorphism, since otherwise the multiplication map A®; A — A would
have a non-trivial kernel. Thus, X = Spec k and we are done. (]

Lemma 6. Let A be a k-algebra where k is a field. Fizing an algebraic closure
k of k, the following conditions are equivalent:

(i) The k-algebra A is a finite direct product of fields that are finite and
separable over k.

(ii) The k-algebra A ®y k is a finite direct product of copies of k.

Proof. To pass from (i) to (ii), consider a finite separable field extension £'/k.
Choosing a primitive element o € k', we may assume k' = k(«). Let p € k[t]
be thie minimal polynomial of « over_k‘ and p = [[}_,(t — a;) its factorization
over k, where the zeros ay,...,qa, € k are pairwise different, as p is separable.
Then the Chinese Remainder Theorem yields

¥ ek~ E[1/ () = [T R0/t = o) ~ [T

from which the implication (i) = (ii) is easily derived.

Conversely, if (ii) is given, we have rad(A) = 0, since rad(A ® k) = 0, and
the canonical map A — A ® k is injective. Furthermore, using 3.1/6, we see
that the latter map is integral, since A @, k is generated over A by k and k is
integral over k. Also we know that
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dimy, A = dimg(A @y, k) < o0.

Now if p is a prime ideal in A, the quotient A/p is an integral domain that is finite
and, hence, integral over k. Therefore A/p is a field by 3.1/2. Furthermore, we
see from the Lying-over Theorem 3.3/2 that every prime ideal of A is restriction
of a prime ideal in A ®;, k. It follows that A, just as A ® k, can contain only
finitely many prime ideals py, ..., ps. Since the quotients k; = A/p; are fields,
all p; are maximal as well as minimal, and the Chinese Remainder Theorem in

conjunction with rad(A) = 0 shows A ~ []_, k;. Then

Ak~ [ (ki @ k)
=1

implies rad(k; ®x k) = 0 for all i and we claim that therefore all k; are separable
over k. Indeed, consider an element « € k; for some ¢ and let p € k[t] be its
minimal polynomial over k. Then, if p = H;zl(t — o)™ is the factorization of

p over k, the inclusion

TT*0E1/( = ap)s = E[1)/(p) = k(a) @k — ks @4 &

j=1

shows that all multiplicities n; must be trivial and, hence, that k;/k is separable.
This finishes the step from (ii) to (i). O

Exercises

1. Show that unramified morphisms are stable under base change, composition, and
the formation of fiber products. Hint: For compositions use the argument in the
proof of 8.3/3 (ii) showing that the composition of two morphisms of locally finite
presentation is of locally finite presentation again.

2. Counsider the canonical morphism K [t1,t2](t1t2) —— K[t1] x K[t2] for vari-
ables t1,t9 over a field K. Show that the associated morphism of K-schemes is
unramified.

3. Consider Neile’s parabola X = Spec K [t1,t2]/(t2 — #3) over a field K and the
attached K-morphism f: A}( — X, as in Exercises 6.2/6 and 6.7/3. Determine
the unramified locus of f.

4. Let f: X —— Y be a monomorphism of schemes. Show that f is unramified if
and only if it is locally of finite presentation. Hint: Exercise 7.4/1.

5. Let f: X —— Y be a morphism of schemes that is locally of finite presenta-
tion. Show that f is unramified if and only if for each Y-scheme T and each
Y-morphism ¢g: T —— X the Y-morphism (g,idr): T —— X xy T is an open
immersion.

6. For two S-morphisms f,g: T —— X on some base scheme S consider the co-
incidence scheme Z = T X (xx,x) X as in Exercise 7.4/3; it is a locally closed
subscheme of T and even a closed subscheme if X is separated over S. Show that
Z is an open subscheme of T if X is unramified over S.
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7. Unramified extensions of discrete valuation rings: Let R —— R’ be an integral
extension of discrete valuation rings. Let K’/ K be the attached extension of fields
of fractions and k’/k the residue extension modulo maximal ideals. Show that the
corresponding scheme morphism Spec R — Spec R is unramified if and only if
the extensions K’/ K and k’/k are finite separable and satisfy [K' : K] = [k’ : k].
Hint: Use Exercise 3.1/8.

8.5 Smooth Morphisms

In the introduction to the present Chapter 8 we have already explained that the
Jacobian Condition known from DIFFERENTIAL GEOMETRY provides a rather
natural device for defining smooth morphisms in ALGEBRAIC GEOMETRY. In
the following we will discuss this approach in detail.

Definition 1. A morphism of schemes f: X —— S is called smooth at a point
x € X (of relative dimension r) if there is an open neighborhood U C X of x
together with a closed S-immersion j: U —— W C A% into an open subscheme
W of some affine n-space A% such that:

(i) If T C Ow is the sheaf of ideals corresponding to the closed immersion
j, there are m — r sections gri1,...,G9n in L that generate Z in a neighborhood
of z=j(x); in particular, we assume r < n.

(ii) The residue classes dg,41(2), ..., dgn(2) € Q}%g/s®k(z) of the differential
forms dgyi1,...,dg, are linearly independent over k(z).

We say that f is smooth on X if it is smooth at all points of X. Moreover,
f is called étale at x (resp. étale on X) if it is smooth of relative dimension 0
at x (resp. smooth of relative dimension 0 at all points of X).

The notation leysl /s ® k(z), as used above, is an abbreviation for the
k(z)-vector space

Qs @0y k(2) = U/ Qs

where m, C Oyy . is the maximal ideal and k(2) = Oan ./m, the residue field of
z. To relate the definition of smoothness to the Jacobian Condition, let ¢4, ..., ¢,
be the coordinate functions on A% and imagine the elements g,41, ..., g, occur-
ring in Definition 1 as rational functions in ¢1, ..., ¢, with coefficients living on
the base S. It follows from the construction in the proof of 8.1/4, recalled in
8.1/6, that the differential forms dty, ..., dt, give rise to a free set of generators
of Q}&g/S' Thus, there are equations

dgj:Zaijdti, j=7‘+1,...77’l7
i=1

with unique sections a;; in Og. Using formal partial derivatives, a reasoning
similar to the one in the proof of 8.1/3 shows
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dgjzza%dti, j=r+1,...,n.
i=1

Hence, the linear independence of the residue classes dg,.1(2),...,dg,(z) is
equivalent to the relation
9as
rg(aij(z)) =n—r

for the Jacobian matrix of g,y1,..., g, at z. Thus, we can say that a morphism
f: X —— S is smooth at a point x € X if, locally at x, there is an immer-
sion into some affine n-space A% such that the Jacobian Condition is satisfied.
However, it is highly non-trivial to show that this condition is satisfied for every
immersion into an affine m-space A as soon as it is satisfied in one particular
case. This is the so-called Jacobian Criterion in Algebraic Geometry, which we
will prove later in Proposition 9 using as basic ingredient the so-called Lifting
Property for smooth morphisms; see Theorem 8 below.

Note that the structural morphism A% —— S of the affine n-space over a
base scheme S is a trivial example of a smooth morphism. Also observe that a
morphism f: X — S is locally of finite presentation at a point x € X if it is
smooth at x. Furthermore, if f is étale at x, it is unramified at z in the sense
of 8.4/1; see also Proposition 6 below.

For an S-scheme X with structural morphism f: X —— S| the relative
dimension at a point x € X is usually defined as the topological dimension
dim, f = dim, X, at z of the fiber X, = f~!(s) over s; for the definition of
local dimensions see 7.5/6. We will show in Proposition 4 below for smooth
morphisms that the relative dimension in this sense coincides with the one as
specified in the setting of Definition 1.

Let us start now proving some elementary facts on smooth morphisms.

Proposition 2. Smooth (resp. étale) morphisms are stable under base change,
composition, and the formation of fiber products.

The proof is straightforward from the definition of smooth and étale mor-
phisms; see Exercise 1.

Proposition 3. Let f: X —— S be locally of finite presentation. Then the set
of all points x € X where f is smooth of relative dimension a given number r,
is open in X.

Proof. Consider a point x € X where f is smooth of relative dimension r
and look at a situation as in Definition 1. Then we have an open neighbor-
hood U C X of z together with a closed S-immersion j: U —— W C A¥% and
its associated quasi-coherent ideal Z C Oy . Furthermore, there are sections
Gri1s - - -5 gn Of T generating 7 in a neighborhood W’ C W of z = j(x) such that
the residue classes dg,1(2), ..., dg,(z) € O} ns ® k(z) are linearly independent
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over k(z). Since the differential forms dty,...,dt, attached to the coordinate
functions of AY yield a free generating system of Qi&g /s> We can enlarge the
system dg,41(2), ..., dgn(z) to a k(z)-basis of Q}&xg/s ® k(z) by adding r residue
classes of the dt;, say by adding dt,(z),...,dt,(z). Then 8.4/2 shows that the
differential forms dty, ..., dt,,dg,11,. .., dg, generate 2}, /s at z and therefore
also on a certain neighborhood of z, for example on W/ C W. Hence, for any
z' € W' the n residue classes

dtl(zl)a R dtr(21)7 dgTJrl (Z/)a SR dgn(zl) € Q}&g/s ® k(zl)

will form a k(z')-basis of Q}%g/s®k(3’)7 which is a k(2’)-vector space of dimension
n, and we see that the residue classes

dgr1(2"); -+ dgn(?) € Qyn /s @ k(2)

are linearly independent for all 2’ € W'. Thereby we have shown that the
defining property of the smoothness of f at x automatically extends to a certain
neighborhood j~1(W’) of x. Consequently, the set of points in X where f is
smooth of relative dimension r, is open in X. O

Proposition 4. Let f: X —— S be smooth of relative dimension v at a point
x € X. Then, indeed, r coincides with the relative dimension dim, f of f at x.

Proof. Replacing X by a suitable open neighborhood of x, we can assume that
f is smooth of relative dimension r at all its points. Since the smoothness is
preserved by base change due to Proposition 2, we may pass to the fiber of f over
s = f(z) and thereby assume that S is the spectrum of a field k. Furthermore,
we may assume that X is affine, say X = Spec A where A is a k-algebra of finite
type. In particular, A is Noetherian then by 1.5/14 and the same is true for its
localization Ox .

If A is an integral domain, we know from 3.3/8 that htm = dim A for all
maximal ideals m C A. We then have dim, f = dim, X = dim U for every non-
empty open subscheme U C X, since the closed points of U are dense in X
use Hilbert’s Nullstellensatz 3.2/6. In the general case, X will consist of finitely
many irreducible components C1, ..., Cs (see 7.5/5), so that

dim, X = max dim C;.
zeCy

In particular, there is an index i such that dim, X = dim C;,, and we can find
an affine open subscheme U C X that is contained in C;,, but disjoint from all
other Cj. Since we have required f: X —— Speck to be smooth of relative
dimension r at all its points, we may replace X by U, forgetting about the
initial point x. This way we are reduced to the case where X is irreducible.
Next choose an algebraic closure k of k and apply the base change k/k
to f, thus obtaining a morphism f: X —— Speck that is smooth again by
Proposition 2. Furthermore, we have dim A ®; k = dim A by 3.3/6. Similarly as
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just explained, we may replace X by an irreducible open part. Thus, we have
reduced our original problem to the situation where % is algebraically closed
and X is affine and irreducible. Furthermore, taking for z any closed point in
X, we have dim, X = dim Ox, by 3.3/8 and it remains to show dim Oy, = r.

Now assume that there is a closed immersion j: X —— W C A% into
some open subscheme W C A% where the conditions of Definition 1 are sat-
isfied. Then there are local sections g,11,...,¢g, in Z defining X as a closed
subscheme on a neighborhood of z = j(z) in W such that the residue classes
dgri1(2),...,dgn(z) € Q}&g/s ® k(z) are linearly independent over k(z). Note
that k(z) = k, due to 3.2/4 and the fact that k is algebraically closed.
In particular, the maximal ideal m, C Oy, corresponding to z is of type
m, = (t; — c1,...,t, — ¢,) for the coordinate functions ¢; on A% and suitable
constants ¢; € k. Now, looking at the exact sequence

mz/mZ - Q%ow,z/k 0w, k(z) — Qllc(z)/k =0

of 8.1/13, the first map is an isomorphism by reasons of vector space dimensions.
Therefore we can enlarge the system g¢,,1,...,g, to a system ¢1,...,¢g, € m,
defining a closed subscheme in a neighborhood of z that is étale over S at z.
Then gy, ..., 9, generate m, by Nakayama’s Lemma in the version of 1.4/11
and we thereby see that g.11, ..., g, are part of a system of parameters in Oyy,,.
Thus, we conclude from 2.4/13 that dim Ox, = dim Ow../(gr+1,---,9n) = T,
as desired. O

Proposition 5. Let f: X —— S be smooth of relative dimension r at a point
xz € X. Then Qﬁ(/s is locally free of rank r at x.

Proof. Consider a situation as in Definition 1, namely, an open neighborhood
U C X of x together with a closed S-immersion j: U —— W C A% and with as-
sociated quasi-coherent ideal Z C Oy, . Then there are local sections g, .1, - - ., g,
in Z generating Z in some neighborhood W' C W of z = j(x) such that the
residue classes dg,11(2),...,dg.(2) € Qzl&ge/s ® k(z) are linearly independent
over k(z). As in the proof of Proposition 3 we may assume that the differential
forms dt, ..., dt, obtained from the first r coordinate functions of A% together
with dg,.1,...,dg, generate Q}%g /5 On some affine open neighborhood of z, say
on W', Fixing such generators, we get a short exact sequence of quasi-coherent
Ow-modules

0 R ", Qb slwr — 0

that splits, since QF, n/s is free. Then R may be viewed as a quotient of O,
and, hence, is locally of finite type. Furthermore, we get R ® k(z) = 0 from
our construction, since a split short exact sequence remains exact under coeffi-
cient extension; for example, use 4.1/8. Now Nakayama’s Lemma 1.4/10 yields
R. = 0 and, hence, that R is trivial in a neighborhood of z. Therefore, on some
neighborhood of z, say on W’ the differential forms dty, ..., dt,,dg, 1, ...,dgn
give rise to a free generating system of Q}&g /85 and the exact sequence
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from 8.2/5 shows that Qﬁf/s is freely generated on W' by the images of the
differential forms dty, ..., dt,. In particular, Qﬁ(/s is locally free at = of rank r.

O

Proposition 6. The following conditions are equivalent for a morphism of
schemes f: X — S:

(i) f is étale.

(i) f is smooth and unramified.

Proof. Assume first that f is étale at some point x € X, and consider an open
neighborhood U C X of z with a closed S-immersion j: U —— W C A}% where
T C Oy is the associated quasi-coherent ideal, as in Definition 1. Furthermore,
let g1, ..., g, be local sections generating Z on some neighborhood of z = j(x)
and assume that the residue classes dgy(z), ..., dg,(z) € Q}&xg/s(@k(z) are linearly
independent so that they form a k(z)-basis in Qi&g /s @ k(z). Then Nakayama’s
Lemma in the version of 1.4/11 shows that the differential forms dg, ..., dg,
generate the module Q}&g /s at z. Therefore f is unramified at x and, as an étale
morphism, smooth at x as well.

Conversely, assume that f is smooth of some relative dimension r and, in
addition, unramified. Then, fixing a point x € X, there exists an open neigh-
borhood U C X together with a closed S-immersion j: U —— W C A% and
associated quasi-coherent ideal Z C Oy, as in Definition 1, namely, such that 7
is generated in a neighborhood of z = j(x) by local sections g1, ..., g, where
the residue classes dg,1+1(2), ..., dg,(2) € Q}&g/s@)k(z) are linearly independent.
Since f is unramified at z, the differential forms dg attached to sections g in
Z will generate the module Q}«xg /s at z by 8.4/5 and therefore also the vec-
tor space Q}xg/s ® k(z), which is of dimension n over k(z). From an equation

g =i, 0ig; With sections a; in Oy we conclude

n n

dg(z) = Z (ai(2)dgi(z) + gi(2)da;i(z)) = Z a;(2)dgi(2)

i=r+1 i=r+1

because of ¢,11(z) = ... = gn(z) = 0, and we see that the residue classes
dgr41(2), ... ,dgn(2) are even a basis of Q}xg/s ® k(z). Therefore we must have
r =0, and f is étale at x. |

Moreover, one can show that the condition étale is equivalent to flat
and unramified; see Corollary 18 below. For example, one easily verifies that
a finite separable extension of fields k'/k gives rise to an étale morphism
Spec k' —— Spec k. Then we conclude from 8.4/4 for a morphism X —— S
with S the spectrum of a field that the conditions étale and unramified coin-
cide. On the other hand, the difference between unramified and étale morphisms
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becomes already apparent, when considering immersions. As we know from Sec-
tion 8.4, any immersion of schemes is unramified, provided it is locally of finite
presentation. However, étale immersions are open:

Lemma 7. An immersion f: X —— S is étale if and only if it is an open
1MMETSION.

Proof. If f: X —— S is an open immersion, we may interpret .S as the trivial
affine space A% and X as an open subscheme of A%. Then the identical morphism
j: X —— X C AY shows that f is étale at all points z € X.

Conversely, assume that f is étale. We only need to consider the case where
f is a closed immersion, claiming that in such a situation f is an open immersion
as well. To prove this we can work locally on X. Therefore consider an open
neighborhood U C X of some point € X, together with a closed S-immersion
j: U —— W C A% into some open subscheme W of A% such that the defining
conditions for f being étale at = in the sense of Definition 1 are satisfied. Then
we can assume U, S, and W to be affine with rings of global sections A, R, and
A’ and, furthermore, that there are global sections gy, ..., g, € Ow (W) = A’
generating the quasi-coherent ideal Z C Oy attached to j with the property that
the differential forms dgy, ..., dg, generate in/s at z =j(x). Thus, if t1,...,t,
are the coordinate functions of A%, we have the following commutative diagrams

Ue—l—w AL A
! / \
S

on the level of schemes, respectively, on associated rings of global sections. As
the morphism R —— A is surjective, we may modify the variables ¢1, ..., ¢, in
such a way that their images in A’ belong to the kernel of A’ —— A and, thus,
to Z. Then there are equations

A" —— R[t1,.. ., ts]
R

tj|W:Za’l]gl7 jzla‘“)n)
=1

with coefficients a;; € Ow (W). Using g;(z) = 0 for all ¢ as in the proof of
Proposition 6, the attached equations on the level of differential forms

i=1

show that the determinant det(a;;) is a unit on some neighborhood of z. Hence,
the matrix (a;;) is invertible at z. Shrinking S, U, and W if necessary, we may
even assume that (a;;) is invertible on all of W. Then the elements ¢ |y, . . ., t,|w
generate the ideal Z on W since the same is true for gy, ..., g,. Thus, applying
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the base change given by the zero section S —— A% to the open immersion
W —— A¥, we end up with a morphism U —— S that, by its construction,
is an open immersion coinciding with the restriction of f to U. Since such a
consideration is possible for all x € X, the closed immersion f is open. 0

Next we discuss the fundamental characterization of unramified, smooth,
and étale morphisms via the so-called Lifting Property.

Theorem 8 (Lifting Property). For a morphism f: X —— S of locally finite
presentation the following conditions are equivalent:
(1) f is unramified (resp. smooth, resp. étale).
(ii) For every S-scheme Y where Y is affine and for every closed subscheme
Y CY given by a quasi-coherent ideal J C Oy satisfying J* = 0, the canonical
map
@: Homg(Y, X) — Homg(Y, X)

is injective (resp. surjective, resp. bijective).

Proof. We start by looking at unramified morphisms. In this case both condi-
tions (i) and (ii) are local on X and local over S. Therefore we may assume X
and S to be affine, say X = Spec A and S = Spec R. Let B be an R-algebra
and J C B an ideal satisfying 3% = 0. Then we know from 8.1 /8 that for any
R-algebra morphism ¢: A —— B, the mapping v —— ¥ — ¢ defines a bijection
between the set of R-algebra morphisms ¢: A —— B satisfying ¢ = ¢ mod J
and the set Derg(A,J) of all R-derivations from A to J.

If f is unramified, we read Qﬁ(/s =0 from 8.4/3 so that Derg(A,J) = 0. It
follows that any R-algebra morphism ¢: A — B satisfying ¢ = ¢ mod J will
coincide with ¢ and, hence, that @ is injective. To show the converse, consider
the multiplication map A ®p A —— A. Let J C A ®g A be its kernel and
set B = (A ®g A)/J?. Then the square of the ideal J/J*> = JB C B is trivial
and we can look at the canonical map ¢: Homg(A, B) — Homg (A4, B/JB).
Now, if @ is injective, we get Derp(A,J/J?) = 0, as explained above. Since
J/3? coincides with the module of differential forms Q}L‘/R by 8.1/10, we get
Hom(QL/R, Qi‘/R) = 0 and, thus, QZ/R = 0 so that f is unramified by 8.4/3.

Next we deal with smooth morphisms. By its definition, the smoothness of
the morphism f: X —— S in condition (i) can be tested locally on X. That
the same is possible for the corresponding lifting property in (ii) is not obvious
at all and requires a special argument. Postponing this problem for a moment,
let us look at a “local” situation where f: X —— S is a smooth morphism
of relative dimension r and where X and S are affine, say X = Spec A and
S = SpecR. Let j: X —— W C A% be a closed immersion of X into an open
affine subscheme W = Spec A" of some affine n-space A% = Spec R[ty,...,t,],
where W is assumed to be basic open in A% so that A’ is a localization of the
polynomial ring R[t,...,t,]. Let J C A’ be the ideal attached to j. Choosing
X small enough, we may assume as in the proof of Proposition 5 that there are
elements g1, ..., g, € A’ such that their associated differential forms dgy, . . ., dg,
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form a set of free generators of Y, /R and, in addition, ¢,.1, ..., g, generate the
ideal 3 C A’. Then the residue classes of the latter elements generate J/J2 as a
module over A ~ A’/TJ and it is easily seen that the exact sequence from 8.1/13
gives rise to a short exact sequence

(*) 0—'3/32—’QIA//R®A/A—’Q}4/R—’O

that is split.

Now let Y = Spec B be an affine S-scheme and Y C Y a closed sub-
scheme given by some ideal b C B satisfying b2 = 0. We have to show that
every R-algebra morphism g: A —— B/b lifts to an R-algebra morphism
p: A B. The corresponding problem for A’ in place of A can be solved,
using the universal properties of polynomial rings and their localizations. For
this to work well, observe that an element b € B is a unit if and only if its
residue class b € B/b is a unit. The latter is true because all elements of type
1+ ¢ € B with € € b are invertible, namely, (1 +¢)~! = 1 — ¢ due to €2 = 0.
Thus, there exists an R-algebra morphism #: A" —— B such that the diagram

A A=A/3
P 7
B B/b

is commutative. Then we have necessarily ¥(J) C b and v gives rise to an
A-linear map
V' 3/ ——b/b* =b.

As the above short exact sequence (x) is split, we see that ¢’ extends to an
A-linear map 9": Qi‘,/R ®4 A — b as follows:

0

3/3 —— Qg @4 A — QY —— 0

w/l
w/

b

In particular, 1" induces by composition with the canonical maps

A/ dA’/R

Q}W/R Q%//R®A/A

an R-derivation §: A" —— b satisfying ¢|; = 6|5. Since the image of 0 is
contained in b, we see from 8.1/8 that ¢ — §: A’ —— B is a morphism of
R-algebras giving rise to the desired lifting ¢: A = A'/T —— B of g, due to
the fact that J C ker(¢) — 9).

Now, to derive the lifting property for a smooth morphism of general type
f: X — S, let Y = Spec B be an S-scheme that is affine and let Y C Y be a
closed subscheme, given by a quasi-coherent ideal J C Oy satisfying J2 = 0.
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Furthermore, let %: ¥ —— X be an S-morphism. Then, working relatively
with respect to affine open parts in X lying over certain affine open parts in
S and applying the above special case, we can find a (finite) basic affine open
covering (Y;)ier of Y such that 3|y, -3 lifts to an S-morphism ¢}: ¥; — X for
all i € I. As the lifting process is only unique in the unramified case, we cannot
expect that two liftings i, ¢/ for 4, j € I will coincide on the intersection ¥;NY;.
To analyze the difference between ¢; and ¢, let us simplify our notation and
assume X and S to be affine, say X = Spec A and S = Spec R. Then, writing
Y;NYj = Spec Byj, as well as bj; = J(Y; NYj), the liftings ¢f|y;ny;, and ¢f]y;ny;
correspond to two R-algebra morphisms A —— B;; that are congruent modulo
b;; and we see from 8.1/8 that these will differ by an R-derivation A — b;;.
Now observing that b;; is a B;;/b;;-module, due to b?j = 0, and viewing b;; as
an A-module via the morphism A — B;;/b;; obtained from &: Y — X, we
get

DerR(/L bl]) ~ HOIIIA(Q%/R, b”) ~ HOIIIBZ.]/[.,” (QA/R ®A (Bz]/bu)7 bzy)

If we switch back to the previous notation where X and S are not necessarily
affine, the consideration above shows that the obstruction for gluing the mor-
phisms ¢}: ¥; —— X to a lifting of 3: ¥ —— X consists of a cocycle on the
basic open covering (Y; NY );e; of Y with values in the sheaf

HO_THOV(WKQ}(/S, J),

which is a quasi-coherent sheaf of Oj-modules. To explain the quasi-coherence
in more detail, note that for a scheme Z and sheaves of Oz-modules F, G on
Z, the sheaf Hom, (F,G) is given by the functor

U +—— Homo, |, (Flv,G|v).

which is canonically an Oz-module. If F and G are quasi-coherent, the compat-
ibility between Hom and localizations for ordinary modules (see Exercise 4.3/9
or Bourbaki [6], II, § 2, no. 7, Prop. 19) shows that the sheaf Hom, (F,G) is
quasi-coherent as well, provided F is locally of finite presentation in the sense
of 6.8/12. In our case, F = @*Qk/s is quasi-coherent by 6.9/4, since Qﬁ(/s is
quasi-coherent. In fact, it is even locally free of finite type, since the same is
true for QY ¢ by Proposition 5. Thereby we see that F = *Qy ¢ is locally
of finite presentation and it follows that @o?(a*(& /s> J) is quasi-coherent.
Also note that the compatibility result mentioned above is not really needed in
our situation where F is locally free of finite type, since it is trivial then.
Now, Ho_mov(ﬁ*ﬂk/s, J) being quasi-coherent, we can conclude from 7.6/4

that the first Cech cohomolgy of this sheaf is trivial and it follows that the
cocycle obtained from the above local liftings ¢}: ¥; — X can be resolved.
Therefore these morphisms can be modified by means of derivations as in 8.1/8
to yield local liftings ¢, : ¥; — X of i that coincide on all overlaps of the cover-
ing (Y;)ier. Thus, they can be glued to define a global S-morphism ¢: ¥ — X
providing the desired lifting of @.
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It remains to show that the surjectivity of @ in (ii) implies the smoothness
of f. Since condition (ii) is maintained when shrinking X and S, we may work
locally on X. Furthermore, since f is locally of finite presentation, we can assume
that X has been realized as a closed subscheme of some affine n-space A%, given
by a quasi-coherent sheaf of ideals Z C Opp of locally finite type. Then it is
enough to show that the exact sequence from 8.2/5 extends to a short exact
sequence

0 — I/7° — Qs ®0,, Ox — Qxjs — 0

that is locally split. Indeed, as it is locally split, the sequence remains exact when
tensoring it with the residue field k(z) at any point € X. Therefore, choosing
local sections g, ..., g, of T at x such that their images form a basis of the
k(z)-vector space Z/I? ® k(z), Nakayama’s Lemma in the version of 1.4/11
shows that these elements generate 7 at x. Furthermore, the residue classes
dgn_r(x),...,dgy(x) are linearly independent in Q}&,SL/S ® k(z) by construction
so that f is smooth of relative dimension r at x.

We would like to establish the above locally split exact sequence more gen-
erally for a smooth S-scheme W in place of A%. To do this, we assume S, X,
and W to be affine, say S = Spec R, X = Spec A, and W = Spec A’ where
A = A’'/T for some finitely generated ideal 3 C A’. Applying the surjectivity
of the map @ in (ii) to the identical morphism id: X — X, we see that the
identical map

p=id: A)T — A)T = (A")3*)/(3/3%)

admits a morphism of R-algebras
o A')3— A7
as a lifting. Therefore the canonical exact sequence of R-modules

L ™

0 3/3° A2 A3 0,

is split, since ¢ may be viewed as an R-linear section of 7. Furthermore, the
difference id 4/ /32 —¢ o 7 gives rise to a retraction

T A3 ——T/7?

of the inclusion ¢. Since ida//52 and ¢ o 7 are R-algebra morphisms on A’/J?
that are congruent modulo J/J2 by construction, we conclude from 8.1/8 that 7,
being the difference of these two maps, is an R-derivation. Composing 7 with the
projection A" —— A’/3? it induces an A’-module morphism 2, R 3/7?
mapping any differential form of type da for a € J to the residue class @ € J/J2
associated to a. Therefore 9}4'/}2 —— J/3? gives rise to a retraction of the

canonical morphism J/J2 QL /R On A occurring in the exact sequence of

8.1/13, and we see that the latter sequence extends to a short exact sequence
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0— 3/32 —_— QA//R R A — QA/R —0

that is split. This settles the implication (ii) == (i) for smooth morphisms.
Finally, the remaining equivalence between (i) and (ii) for étale morphisms

follows with the help of Proposition 6 by combining the corresponding equiva-

lences for unramified and smooth morphisms. O

We can show now as a consequence of the Lifting Property of Theorem 8
that the characterizing property for a smooth morphism in Definition 1 is in-
dependent of the choice of the immersion U —— W C A% and that, moreover,
the affine n-space A% and its open part W may be replaced by any smooth
S-scheme Z.

Proposition 9 (Jacobian Criterion). Let j: X — Z be a closed S-immersion
of S-schemes where j is locally of finite presentation, and let T C Oy be the
associated quasi-coherent ideal. Consider a point © € X such that Z, as an
S-scheme, is smooth at z = j(x) of relative dimension n. Then the following
conditions are equivalent:

(1) X is smooth over S at x of relative dimension r.

(ii) There exists an open neighborhood of x, on which the exact sequence of
8.2/5 yields a short exact sequence

0 I/T* Qs Qs 0

that is split. Furthermore, dimy.) Qﬁ(/s ®k(z) =r.

(iii) Let t1,...,t, and gi,...,gn be local sections in Oz, such that the as-
sociated differential forms dti,...,dt, give rise to a free generating system of
QIZ/SZ and g1, ...,gn generate the ideal Z,. Then, after a suitable renumbering
of the elements t; and g;, we can assume that gri1,..., g, generate L and the
differential forms dtq, ..., dt.,dg.y1,...,dg, generate the module of differential
forms le/s on an open neighborhood of z.

(iv) There ezist local sections gri1,...,9n € Oz, generating I, such that
dgr41(2), ..., dgn(2) are linearly independent in le/s ® k(z).

Proof. The implication (i) = (ii) is a consequence of Theorem 8 and its proof.
Indeed, if X is smooth at x of relative dimension r, then the structural morphism
f: X —— S satisfies the Lifting Property on some open neighborhood of z.
As shown in the last step of the proof of Theorem 8, the exact sequence from
8.2/5 extends locally at = to the split exact sequence of (ii) and and we see that
dimy,) Qﬁ(/s ® k(z) = r using Proposition 5.

As for (ii) = (iii), use the fact that the exact sequence from (ii) remains
exact when tensoring it with the residue field k(z) = k(z), since it is split locally
at «. Then (iii) is easily obtained with the help of 8.4/2. Furthermore, since le/s
is a locally free Oz-module of rank n by Proposition 5 and since the latter is
generated at z by the differential forms attached to local sections of Oy, (see
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8.1/6), we can read from 8.4/2 that local sections ty,...,t, € Oy as in (ii) will
always exist. Therefore the implication from (iii) to (iv) is straightforward.

Finally, the implication (iv) = (i) is clear if, for some open neighbor-
hood V C Z of z, there would exist an open S-immersion V' —— A%. As we
cannot assume this in the general case, we must rely on the smoothness of Z
at z and choose an open neighborhood V' C Z of z together with a closed
S-immersion j’: V —— W C A% into an open subscheme W of some affine
m-space AY such that the defining conditions for Z to be smooth at z are sat-
isfied. Thus, if Z' C Oy is the quasi-coherent ideal attached to j’, there exist
local generators g;,,1,...,g,, of ' at 2’ = j'(z) such that the residue classes
dg,. (%), ..., dg,,(2') are linearly independent in Q%/V/S ® k(z"). Now replace
Z by V and X by j='(V) so that we may assume V = Z, and choose local
sections g, ,,..., g, in Ow extending the sections g,y1,..., g, to some open
neighborhood of 2. Then we see:

(a) The sections g,.q,. .., g, generate the quasi-coherent ideal attached to
the closed immersion iy oj: X —— Z —— W at 2.

(b) dgr11(2), ..., dgm(2") are linearly independent in Q‘l/V/S ® k(2.

Assertion (a) follows from the fact that for two surjective ring morphisms
p: Ay — As and q: Ay —— Ajz the kernel of the composition gop is generated
by kerp and arbitrarily chosen p-preimages of generators of ker q. In a similar
way one obtains (b), just tensoring the exact sequence

T/T7 s {5~ Qg — 0

with k(z) = k(2’) and using the properties of the sections g;. Together, (a) and
(b) say that X is smooth at x. O

In particular, we can read from conditions (iii) or (iv) that the characterizing
property for X to be smooth of relative dimension r at a point x € X is
independent of the choice of the closed S-immersion j: U —— W C A% where
U C X is an open neighborhood of x and W an open subscheme of some affine
n-space A%. We may even assume W = A%, for some open subscheme 5" C S
now, as suggested from the fact that X should be locally of finite presentation
at z. However, note that this simpler version is not suitable for introducing the
notion of smoothness in Definition 1, since it does not allow shrinking of X in
a flexible way.

Also let us recall from the beginning of this section that the condition on
the linear independence of the residue classes dg,+1(2), ..., dg,(2) € QIZ/S(X)k(z)
in (iv) can be checked via looking at the Jacobian matrix. Indeed, we know
from Proposition 5 that QJ, /5, 18 free of rank n if Z is smooth at z of relative
dimension n. Thus, if dtq,...,dt, are free generators of QIZ/S’Z, then for any
given sections gr11, ..., g, € Oz, there are equations

n

ng:Zamdtl, j:T+17...77’l,
i=1
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with unique coefficients a;; € Oz ., and the residue classes

n

dg;(z) :Zaij(z)dti(z), j=r+1,...,n,

i=1

are linearly independent in le/s ® k(z) if and only if rg(a;;(2)) =n —r.

Proposition 10. Let f: X —— Y be a morphism of S-schemes where X is
smooth at a point v € X and Y is smooth at y = f(x). Then the following
conditions are equivalent:

(1) f is smooth at x.

(ii) The canonical morphism o (f*Qyg)e —= Qg s left invertible, i.c.
there is a retraction (3: Qﬁf/&m — (f*Qy/s)e satisfying 8o a =id.

(iii) The canonical morphism (f*Q,5) @ k() oo Qs @ k(2) is injective.

Proof. Starting with the implication (i) = (ii), consider the exact sequence
s — Q) — Q) — 0

from 8.2/4. If f is smooth at z, then all occurring Ox-modules are locally free
of finite type at z, due to Proposition 5, and we have

rg Qﬁ(/s,x =18 f*(Q%//s),x tr1g Q}X’/Y,m?

since relative dimensions are added when composing smooth morphisms. Fur-
thermore, the exact sequence

0 ima Qﬁ(/s Qﬁ(/y 0

splits at « since Qﬁ(/yw is free. Lifting a k(x)-basis of im a®k(zx), we can proceed
as in the proof of Proposition 5 and see with the help of Nakayama’s Lemma
that im « is locally free of finite type at x. But then the exact sequence

0 — kera — f*Q%,/S — ima—0

shows in the same way that ker « is locally free of finite type at = as well. Now
observe that the above rank formula yields rg(ker a), = 0. Therefore we get the
exact sequence

0— (f*Q%//s)z - Q%(/S,z — Q&/y,z — 0,

which splits, since QY -, is free. Thus, (ii) is clear.

Next, (ii) = (iii) is valid for trivial reasons. To show (iii) = (i), we start
with the special case where Y = A%. Let ¢1,...,%, be the coordinate functions
of A% and let g; = f#(t;) fori = 1,...,n. Then we see from (iii) that the residue
classes dg, (z), . .., dg, () are a linearly independent in Qﬁ(/s®k(:c). Now use the
fact that X is smooth at = of some relative dimension r. Shrinking X and S' if
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necessary and taking them affine, we can find a closed immersion j: X — A%.
By the Jacobian Criterion we can assume that the corresponding ideal Z C Opm
is generated by global sections h,41, .. ., by, whose associated differential forms
give rise to a set of linearly independent residue classes dh,.1(2),...,dh,(z) in
Q}VS’”/S ® k(z) where z = j(z). Now look at the morphism

. id jxid

(i, £): X 25 X xg Y e A xg AL = AT,
which is a composition of closed immersions; use 7.4/13 in conjunction with

7.4/8, as well as 7.3/13. Choosing extensions g, . . ., gn € O (AY) of Gy, ..., Gy,
the m — (r — n) elements

gl—tl,...,gn—tn, hr+1,...,hm

will generate the quasi-coherent ideal in Oam corresponding to the above closed
immersion (j, f). Since the differential forms dt, ..., dt, € Q}W/Y are trivial,
the differential forms attached to the above functions are simply

dgl: ceey dg,,“ dhr+17 e ,dh"L S 911&7‘?/3/7

and we may interpret these as pull-backs of the corresponding differential forms
in Qfl‘%“ /s if we use the structural morphism Y —— S as base change. Then, by

8.2/3, it is enough to show that the residue classes
dgi(2), ..., dgn(2), dhei1(2), ..., dhy(2) € ng/s ® k(z)

are linearly independent. To verify this, use the fact that X is smooth at .
Thus, applying the Jacobian Criterion of Proposition 9 yields a sequence

0 T/T? e Qs Dy — 0,

which is exact and split at x. In particular, the sequence remains split exact
if we tensor it with the residue field k(z) = k(z). Now observe that by our
assumption (iii) the images of dgi(2),...,dgn(z) in Q%{/s ® k(z) are linearly
independent. Moreover, dh,1(2),...,dhy(z) are linearly independent by con-
struction. Since the latter residue classes are induced from sections in Z, the
exactness of the above sequence, tensored with k(x), shows that the whole sys-
tem is linearly independent. Thus, it follows that f: X —— Y is smooth at =
of relative dimension r — n.

To deal with the general case, assume X and Y to be smooth at x, resp. y,
namely, of relative dimension r, resp. s. Let hq, ..., hs be local sections in Oy,
whose attached differential forms dhy,...,dhs induce a basis of Qi/s ® k(y).
Shrinking X and Y if necessary, we may assume that the h; are global sections
in Oy. Then we see from (iii) that there exist local sections gsy1, ..., g, in Ox
such that

Oé(f*dhl)(l’), SRR O‘(f*dhs)(r)v dgerl(I)v s 7dgr(*7;)
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is a basis of K&/S ® k(z). Taking X small enough, we may assume that
Jsi1,- - -, g are global sections in Ox. Then the S-morphisms

g:(gsﬂ-lv"'vgr):X"Ag_S,
h=(hy,...,hs) Y — A%

induce a commutative diagram

X (f.9) YXSAng—p'Y

hxid
(hof.g)

A

where p is the projection onto the first factor. By the special case dealt with
above, we see that (ho f, g) is étale at = and, likewise, that h is étale at y. Then,
by a base change argument, h x id will be étale at all points in p~*(y), and it
follows from Lemma 11 below that (f, g) is étale at =. Since f =po (f,g) is a
composition of two smooth morphisms, it is smooth and we are done. 0

Lemma 11. Let f: X ——Y and g: Y —— Z be morphisms of schemes
where g is unramified. Then, if go f is unramified (resp. smooth, resp. étale),
the same is true for f.

Proof. Let us first show that f is locally of finite presentation. To do this, look
at the cartesian diagram

x -y, vy

f fxid

Y —2 v x,Y

derived from 7.4/11 where the morphisms
o1: X — S, 09: Y — S, S—T
have been taken as

f: X —Y, id: Y — Y]

g Y — 7,

and where A is the diagonal morphism attached to g. Since g is locally of finite
type, we can read from 8.1/7 (ii) that A is locally of finite presentation. This
property remains unchanged under base change; thus, (id, f): X — X xz Y
is locally of finite presentation as well. It follows that f, as a composition of
(id, f) with the projection p: X xz Y —— Y is locally of finite presentation,
because p is obtained from g o f via base change with g: ¥ —— Z.

To see that f is unramified, resp. smooth, resp. étale, provided go f admits
this property, we use the Lifting Property from Theorem 8. Let T be a Y-scheme
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that is affine and let T C T be a closed subscheme, given by a quasi-coherent
ideal T C Oy satisfying Z?> = 0. Then, if 3: T —— X is a Y-morphism
and ¢: T —— X a Z-morphism lifting ©, it follows that ¢ is necessarily a
Y -morphism, since the canonical map

Homy(T,Y) — Homy(T,Y)

is injective, due to the fact that g is unramified. Thereby we can derive without
problems the desired Lifting Property for f if the corresponding one for go f is
known. O

Let us formulate Proposition 10 especially for the case of an étale morphism
f: X —— Y. Since relative dimensions are added when composing smooth
morphisms, we see with the help of Proposition 5:

Corollary 12. Let f: X Y be a morphism of S-schemes where X is
smooth at a point x € X and Y smooth at y = f(x). Then the following
conditions are equivalent:

(i) f is étale at x.

(i) The canonical morphism (f*Qy/s)e — Qﬁ(/&x 18 an isomorphism.

The assertion of the corollary suggests to view étale morphisms as certain
analogues of maps that, for example in the setting of DIFFERENTIAL GEOME-
TRY, satisfy the assumptions of the Inverse Function Theorem and thereby are
locally invertible. However, note that étale morphisms are not locally invertible
in ALGEBRAIC GEOMETRY, at least not in the general case. Such a behavior
can only be put into effect if the Zariski topology is replaced by the more general
concept of the étale topology. Furthermore, in DIFFERENTIAL GEOMETRY the
Implicit Function Theorem suggests that smooth morphisms may be viewed as
local fibrations by open subsets of affine n-spaces. The same is true in ALGE-
BRAIC GEOMETRY if we localize the category of schemes by étale morphisms
in the sense of formally viewing the latter as being invertible.

Proposition 13. For a morphism f: X — S and a point x € X the following
conditions are equivalent:

(i) f is smooth at x of relative dimension r.

(ii) There exists an open neighborhood U C X of x and a commutative
diagram

U—2— AL

p
flu

S,

where g 1s étale and p is the structural morphism.
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Proof. Since the composition of smooth morphisms is smooth again, condition (i)
is a consequence of (ii). Conversely, if f is smooth at z of relative dimension
r, the module of differential forms QY /s is locally free at = of rank r and, as
exercised in the proof of Proposition 5, there are local sections g, ..., g, in Ox
such that the attached differential forms dgi, . . ., dg, generate QY /s freely at x.
Then ¢y, ..., g, define an S-morphism g: U — A% on some open neighborhood
U C X of x and Corollary 12 shows that ¢ is étale at x. Using Proposition 3,
we may assume that g is étale on U. g

Proposition 14 (Existence of étale quasi-sections). For a smooth morphism
X S and a point s € S consider a closed point v € X, of the fiber
Xs = X xg k(s) of f over s such that the extension k(x)/k(s) is separable.
Then there exists an étale morphism g: S' —— S together with a point s' over
s such that the morphism f': X xgS" —— S obtained from f via base change
with g admits a section h: S" —— X xg.S" where h(s') lies over x and satisfies

k(h(s')) = k(z).

Proof. Let f be smooth at = of relative dimension r and let J C Ox, be the
quasi-coherent ideal of all functions vanishing at x. Since f is locally of finite
type, the extension k(z)/k(s) is even finite by 3.2/4 and the corresponding
morphism Spec k(z) —— Speck(s) is étale. Viewing Speck(x) as a closed
subscheme of X and using that X is smooth over k(s) of relative dimension r,
we conclude from the Jacobian Criterion of Proposition 9 that there exist local
generators gy, .., g, of the ideal J, such that their attached differential forms
dgy, . .. ,dg, give rise to a basis of Q&S/k(s) = Q%{/s ® k(s) at .

Now lift g;,..,7, to local sections ¢i,...,¢, in Oy, defined on some open
neighborhood U C X of x. Let S’ be the closed subscheme of U defined by
g1, ---, 9, Then we see from the Jacobian Criterion again that g: 8" —— S is
étale at x. Shrinking S’ if necessary, we may assume by Proposition 3 that g is
étale at all points of S’. But then the canonical morphism h: S’ —— X xg .5’
is a section of f': X xg.5 —— S" having the desired properties. a

The assumption in the above proposition that the fiber X, contains a closed
point & with a separable residue extension k(z)/k(s) is always fulfilled, provided
X is non-empty. Indeed, using Proposition 13 one can show for a smooth scheme
X over a field k that the set of its closed points z € X with separable residue
extension k(x)/k(s) is dense in X.

Next we want to characterize smooth schemes over fields in terms of regu-
larity. Recall from 2.4/18 that a local Noetherian ring A with maximal ideal m
is called regular if m can be generated by dim A elements. Likewise, a locally
Noetherian scheme X is called regular at a point € X if the local ring Ox ,, is
regular. If Ox , is regular for all points x € X, the scheme X is called regular
or non-singular. Since any localization A, of a regular Noetherian local ring A
by a prime ideal p C A is regular again (see Serre [24], Prop. IV.23), it follows
that a locally Noetherian scheme X is regular if and only if it is regular at all



8.5 Smooth Morphisms 391

its locally closed points, i.e. at all points that are closed in some open part of
X. Also note that locally closed points are automatically closed if X is locally
of finite type over a field; see 8.3/6.

Proposition 15. Let X be locally of finite type over a field k. Then, for a point
x € X, the following conditions are equivalent:

(i) X is smooth over k at .

(ii) There is an open neighborhood U C X of x such that U @y k' is reqular
for all field extensions k' /k.

(iil) There is an open neighborhood U C X of = and an extension of fields
k'/k such that k' is perfect and U ®y k' is regular.

(iv) Qﬁ(/m is generated by dim, X elements.

Proof. Note that X is locally Noetherian by 1.5/14, since it is locally of finite
type over a field. To show that (i) implies (ii), we apply Proposition 13 and
consider an étale (and, hence, unramified) morphism ¢g: U —— A, defined on
an open neighborhood U C X of . Then we conclude from 8.4/3 for each closed
point w € U that the maximal ideal m, C Ox, is generated by the maximal
ideal my(,) C Oar g(u) and therefore by r elements, since the localization of a
polynomial ring &[4, . . ., t,] at a maximal ideal is regular local ring of dimension
7; see 2.4/17. Furthermore, as U is smooth over k of relative dimension r, we get
dim Ox,, = dim, X = r from Proposition 4 so that Ox, is regular by 2.4/18.
But then, since U is locally of finite type over a field, all its locally closed points
are closed by 8.3/6 and we see that U is regular. The same consideration can be
carried out after base change with any field extension k’/k, which establishes
(ii).

The next step from (ii) to (iii) is trivial. Therefore assume (iii). In order to
derive (iv), we may assume k = k' and, hence, that k is perfect. Indeed, if we
can establish the equivalences of the proposition for £’ in place of k, then (iii)
will imply that X ®; &’ is smooth over &k’ at all points lying over x. From this
we can conclude via condition (ii) of the Jacobian Criterion that X is smooth
over k at z, say of relative dimension r. But then Q% ko 15 a free Ox ;-module
of rank r by Proposition 5 where r = dim, X by Proposition 4. Consequently,
we are reduced to the case where k is perfect.

Next, observe that all local rings at points v € U are integral domains
by 2.4/19, because these are regular local rings. Since local rings belonging to
the intersection of two different irreducible components of U cannot be integral
domains, U must be the disjoint union of its irreducible components. Restricting
U to one of these, we may assume that U is irreducible. Then 3.3/8 implies
dim, X = dim Ox,, for every closed point u € U. Moreover, by the same result,
it is enough to prove that Jhou 1 generated by dim Ox, elements for all closed
points u € U.

Let uw € U be such a closed point. As k is perfect and X is of locally finite
type over k, the field k(u) is a finite separable extension of k so that Q}C(u)/k =0
by 8.4/3. Hence, we get an exact sequence
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m, /m} — Q}qk,u ® k(u) — Qi(u)/k =0

from 8.1/13. Since X is regular at u, we have dimy,) m,/m2 = dim Oy, and
(iv) follows from 8.4/2.

It remains to derive (i) from (iv). Since X is locally of finite presentation at
x, there is an open neighborhood U C X of = together with a closed immersion
j: U —— W C A} where the associated quasi-coherent ideal Z C Oy is locally
of finite type. Look at the exact sequence

I/T — " Qe — Qg — 0

of 8.2/5 and let r = dim, X. Then dimy,) Qb/k ®k(z) <r by (iv). Thus, using
Nakayama’s Lemma in the version of 1.4/11 and observing (iv), there exist local
sections ¢yi1,...,9, in Z at z such that the corresponding differential forms
dgri1, - .., dg, generate a free direct factor in Q%,V/,”, of rank n —r. Shrinking W
(as well as its closed subscheme U) if necessary, we may assume that g,.1,...,9x
are defined on all of W and, thus, give rise to a closed subscheme U’ C W where
U c U'. We may even assume that U’ is smooth over k of relative dimension r
at all its points. Since r = dim, U’ by Proposition 4, we see that U is a closed
subscheme in U’ satisfying dim, U = dim, U’. Now let u € U be a closed point
that is a specialization of x. Since the implication (i) = (ii) has already been
established, the local ring Oy, is regular and, hence, by 2.4/19, an integral
domain. Therefore, using 3.3/8, the local dimension dim, U’ must coincide with
dim Oy, and we have

dim Oy, > dim, U = dim, U’ = dim Oy .

However, the surjection o: Oy, Oy, corresponding to the closed im-
mersion U —— U’, in conjunction with Oy, being an integral domain shows
dim Oy, < dim Oy, if o has a non-trivial kernel; see 2.4/14. Consequently, o
will be an isomorphism and U C X is smooth at x over k. ]

For example, one can read from conditions (iii) and (iv) in Proposition 15
that X is smooth if and only if X is geometrically reqular in the sense that
X @ k is regular for an algebraic closure k of k. However, note that a locally
Noetherian k-scheme that is regular or, in other terms, non-singular, may fail
to be geometrically regular and therefore might not be smooth. Just look at a
k-scheme Spec k’, where £'/k is a finite extension of fields that is not separable.
There is a slightly weaker notion: a k-scheme X is called geometrically reduced
if all stalks of the structure sheaf of X ®j k are reduced in the sense that they
do not contain (non-trivial) nilpotent elements.

Corollary 16. Let X be locally of finite type over a field k. If X is geometrically
reduced, the smooth locus of X is open and dense in X.

Proof. The smooth locus is open in X by Proposition 3. To show that it is dense
as well, we must show that X is smooth at all its generic points. To do so, let
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be a generic point of X. Restricting X to an open neighborhood of x, we may
assume that X is affine, say X = Spec A. Then A is of finite type over k due
to 8.3/5 and, hence, Noetherian by 1.5/14. Assuming that x is the only generic
point of X, we see using 6.4/7 that A is reduced and, hence, an integral domain
with field of fractions k(x). In particular, the local dimension dim, X equals
the Krull dimension d = dim A by 3.3/8 and it follows from 3.3/7 that d is the
transcendence degree of the extension of fields k(z)/k.

By our assumption, k(z) ®; k is reduced for an algebraic closure k of k. In
other words, the extension k(x)/k is separable; cf. [3], 7.3/2 and 7.3/7. But then
we can use [3], 7.4/11, to see that Q}m)/k is a k(z)-vector space of dimension
d, the transcendence degree of k(z)/k. Since QY ® k(z) =~ Qj ), by 8.1/11
and since d coincides with the local dimension of X at z, Proposition 15 in
conjunction with 8.4/2 shows that X is smooth at x. g

In most of the literature, smoothness is introduced via the so-called Fibre
Criterion. Basically this criterion says that the smoothness of a morphism of
schemes f: X —— S can be checked fiberwise, provided f is flat. The latter
means that all local morphisms f7 : Og,fz) — Ox, at points z € X are flat
in the sense that Oy, is a flat Og p(;)-module via f#. This clearly is a local
notion, but also note that a morphism of affine schemes Spec B —— Spec A
is flat if and only if the corresponding ring homomorphism A —— B is flat;
use 4.3/5. However, we would like to point out that the concept of flatness for
scheme morphisms is much more complicated than the notion of smoothness in
terms of the Jacobian Condition. It is for this reason that we did not base the
definition of smoothness on the Fibre Criterion.

Proposition 17 (Fibre Criterion for Smoothness). Let f: X — S be locally
of finite presentation. Then the following conditions are equivalent for a point
x € X and its image s = f(x):

(i) f is smooth at x.

(i) f is flat at x and the fiber X; = X xg k(s) is smooth at x over k(s).

Proof. To derive (ii) from (i), we have only to show that the smoothness of f at
x implies that f is flat at x. For this we can assume that X and S are affine, say
X = Spec A and S = Spec R and, furthermore, that R is Noetherian. In order to
reduce to the Noetherian assumption, we consider a situation as in Definition 1,
namely a closed immersion j: U —— W C A% from an open neighborhood
U C X of z into an open subscheme W of some affine n-space A%. Shrinking
X, we can assume U = X and, in addition, that W is basic open in A¥, say
W = D(h) where h € R[ty,...,t,] is a global section in the structure sheaf of
A%, Furthermore, if f is smooth of relative dimension r at z, we can assume
that there are polynomials g,i1,...9, € R[t1,...,t,] globally generating the
quasi-coherent ideal Z C Oy, associated to the closed immersion j. In addition,
we may assume that there are polynomials g1, ..., g € R[t1,...,t,] such that
the differential forms dg, . .., dg, generate Q}&xg/s at all points of W. In partic-
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ular, this way f is assumed to be smooth of relative dimension r at all points of
X. Now choose a Z-subalgebra of finite type R’ C R, large enough to contain
all coefficients of the polynomials h, g1, ..., g, necessary to describe the above
situation, including some auxiliary polynomials that are used to relate the dif-
ferential forms dg; to the canonical ones dt; on W. Then j: X W C A}
naturally descends to a closed R'-immersion X' —— W' C A%, showing that
f: X — SpecR is obtained via base change with R/R’ from a smooth mor-
phism f": X’ —— Spec R'. If we can show that [’ is flat on X', it will follow
from arguments of base change like 4.4/1 that f is flat on X = X’ @z R and,
in particular, at . Thereby we are reduced to the case where the base ring R
is a Z-algebra of finite type and, hence, is Noetherian by 1.5/14.

Now assume S = Spec R with R being Noetherian. Starting out from an
auxiliary scheme Z = A% and using induction, it is enough for the implication
(i) = (ii) to consider an affine situation where Z is a smooth S-scheme that is
already known to be flat over S, and where X is a closed subscheme of Z, defined
by a single section g € Oz such that the residue class dg(x) € le/s ® k(z) is
non-trivial and, hence, f: X —— S is smooth at x. The multiplication by g
defines a morphism of Oz -modules p1: Oy, — Oz, giving rise to the short
exact sequence

00— OZ,z/kerlu - OZ,Z OX,z — 0.

The latter remains exact when tensoring it over Og s with the residue field k(s).
Indeed, since the fiber Z; is smooth over k(s) at x, we see that Oz, ® k(s)
is regular by Proposition 15 and, hence, an integral domain by 2.4/19. As ¢
induces a non-zero element in Oz, ® k(s), the multiplication by ¢ yields a short
exact sequence

0 —_— OZ@ ® k(S) —_— Ozyz ® k(s) —_— OX,z ® k’(S) —_— 07

which we may interpret as being obtained from the former one by tensoring
with k(s) over Ogs. But then the long Tor sequence of 5.2/2 yields

Tor{** (Ox., k(s)) = 0,

due to the fact that Z is flat over S and, hence, Tor?s"‘ (Oz4,k(s)) = 0 by
5.2/7. Therefore we can conclude from Bourbaki’s Criterion [6], III, §5, no. 2,
Thm. 1 (iii) with J the maximal ideal of Og, that Ox, is flat over Og, and,
hence, f: X — S is flat at z.

To pass from (ii) to (i), we may assume that S is affine, say S = Spec R, and
that X is a closed subscheme of some affine n-space A%, say given by a finitely
generated ideal I C R[t1,...,t,]. Using the fact that the fiber X, is smooth at
x of some relative dimension r, the Jacobian Criterion of Proposition 9 shows
there are elements g,41, ..., g, € I such that, locally at x, the induced elements
Jri1>- -+ g define X as a closed subscheme of Aj ) and the residue classes
dg,.,(z),...,dg,(z) are linearly independent in Q}*I&s)/k(s) ® k(z) where the

latter coincides with Q}&’A/R ® k(z) by 8.1/11.
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Now let X’ be the closed subscheme in A% that is defined by the ideal
J =(grs1,---,9n). Then X' is smooth at z of relative dimension r and J C I
implies X C X’. Furthermore, the fibers X, and X! coincide locally at x. Since
X is flat over S at x, the short exact sequence

0—1I/J— R[t1,...,tn]/J — R[t1,...,t,]/] — 0

remains exact at  when tensoring it over R with k(s); use 5.2/9. Therefore
J/I ®pr k(s) vanishes at x and Nakayama’s Lemma 4.10 yields (J/I), = 0.
Thus, X and X' coincide locally at 2 and we see that X is smooth over S at x
since this is true for X'. d

We have already pointed out that a finite separable extension of fields gives
rise to an étale morphism between associated schemes. Thus, we conclude from
8.4/4 that a scheme morphism f: X —— S with S the spectrum of a field is
étale at a point « € X if and only if it is unramified at z. Keeping this in mind,
the Fibre Criterion for smooth morphisms of Proposition 17 in conjunction with
the one for unramified morphisms of 8.4/3 shows:

Corollary 18. A morphism f: X — S is étale at a point v € X if and only
if it is flat and unramified at x.

Furthermore, we see with the help of Proposition 15 that a morphism of
schemes f: X —— § is smooth if and only if it is locally of finite presentation,
flat, and has geometrically regular fibers. Such a characterization is often used
in order to get a rapid definition of smooth morphisms.

Also let us mention the fact that every flat morphism f: X —— S that is
locally of finite presentation, is open in the sense that it maps open subsets of
X onto open subsets of S. Therefore smooth and étale morphisms are open; see
EGA [14], IV, 2.4.6.

Finally, let us refer to the local structure of étale morphisms; see Raynaud
[23], V. For example, relying on this result, it is immediately clear that étale
morphisms are flat. In conjunction with Proposition 13 the same follows for
smooth morphisms. This may replace the direct argument we have used to
prove the Fibre Criterion of Proposition 17.

Proposition 19. Let f: X —— Y be a morphism of schemes that is étale at a
point © € X. Then there exists an affine open neighborhood T: Spec A —— Y
of f(x) together with a commutative diagram

[eg

Spec(A[t]/(p))g — X
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where p,q € A[t] are polynomials in one variable t such that p is monic and the
derivative p' of p is invertible on Spec(A[t]/(p))y. Furthermore, o is an open
immersion and can denotes the canonical morphism.

The proof is based on a famous result of Zariski (see EGA [14], IV, 18.12.13):

Theorem 20 (Zariski’s Main Theorem). Let f: X —— Y be quasi-finite and
separated and Y quasi-compact and quasi-separated. Then there exists a com-

mutative diagram
X c J Z
Y

where g is an open immersion and h is finite.

Note that a morphism f: X —— Y is called quasi-finite if for every y € Y
the fiber X, carries the discrete topology. Furthermore, f is called finite (see
9.5/1 and 9.5/3) if for every affine open subscheme V' C Y the preimage f~1(V)
is affine and the morphism f#(V): Oy (V) Ox(f~%(V)) is finite in the
sense that Ox (f~1(V)) is a finite Oy (V')-module via f# (V).

Exercises

1. Show that smooth morphisms are stable under base change, composition, and the
formation of fiber products. Compute relative dimensions in these cases. Hint:
For compositions use the argument in the proof of 8.3/3 (ii) showing that the
composition of two morphisms of locally finite presentation is of locally finite
presentation again.

2. Let A be a smooth algebra over a ring R, in the sense that the associated scheme
morphism Spec A —— Spec R is smooth. For a multiplicatively closed subset
S C A, give a condition assuring that the localization Ag is a smooth R-algebra
as well.

3. As in Exercise 8.4/2 consider the scheme morphism f: X —— S associated to
the canonical K-morphism K [t1,t2]/(t1t2) — K[t1] x K [t2] for variables 1, to
over a field K. Show that f is not étale on all of X, although it is unramified.
Determine the étale locus of f.

4. Consider Neile’s parabola X = Spec K [t1,t2]/(t3 —}) over a field K as in Exer-
cise 6.7/3. Determine the smooth locus of X over K.

5. A morphism of schemes f: X —— S is called formally unramified (resp. for-
mally smooth, resp. formally étale) if f satisfies the corresponding lifting prop-
erty, i.e. if for every S-scheme Y where Y is affine and for every closed subscheme
Y C Y given by a quasi-coherent ideal J C Oy of square J2 = 0, the canonical
map Homg(Y, X) — Homg(Y, X) is injective (resp. surjective, resp. bijective).
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Show that such morphisms are stable under base change, composition, and the
formation of fiber products.

. Let X be a scheme that is smooth of relative dimension 1 over a field. Show that

all local rings Ox , at closed points € X are discrete valuation rings.

. Let K = k(t) be the function field in a variable ¢ over a field k of characteristic

p > 2. Consider the curve X given by the equation y? = 2P —t in the affine plane
A% ie. X = Spec K [t1,t2]/(t3 — t§ +t) for variables t1,¢2 and show that X is
regular, but not smooth over K. Determine its smooth locus.

. Let f: X —— S be a smooth morphism. If S is regular, show that X is regular

as well. In particular, conclude for any regular ring R, in the sense that all lo-
calizations Ry, by prime ideals p C R are regular Noetherian local rings, that the
polynomial ring R[X1,...,X,] in finitely many variables X7, ..., X, is regular
as well.

. Consider a smooth scheme X over a field k. Show that the set of closed points

x € X such that the residue extension k(z)/k is separable, is dense in X. Hint:
Reduce the assertion via Proposition 13 to the case where X = A}. Do this either
by using that flat and, hence, étale morphisms are open, or avoid this result by
a weaker direct argument.

Descent of smoothness: Let 7: S" —— S be a faithfully flat morphism of schemes,
in the sense that 7 is flat and surjective, and f: X —— S a morphism that is lo-
cally of finite presentation. Show that f is smooth if and only if the corresponding
morphism f X idg/: X xg 8" —— S’ obtained by base change with 7 is smooth.
Hint: Use the results of Section 4.4.

Group schemes over a field: Let G be a k-group scheme of locally finite type over
a field k; see Section 9.6 for the notion of group schemes. Show that G is smooth
over k if and only if it is geometrically reduced. Give an example of a field k and
of a k-group scheme of finite type that is reduced, but not smooth.

Henselization of a local ring: Fix a local ring R and set S = Spec R. A local
R-algebra is a local ring R’ with a structural morphism R —— R’ that is lo-
cal. Furthermore, R’ is called an essentially étale R-algebra if there exists an
étale morphism S’ —— S with a point s’ € S’ lying over the closed point
s € S such that R — R’ coincides with the inherent morphism between stalks
Og,s — Ogr ¢. Show for an essentially étale local R-algebra R’ and any local
R-algebra A that the canonical map Hompg(R', A) —— Homy (%', k4) is bijec-
tive where k, K/, and k4 are the residue fields of R, R/, and A. Conclude that
the inductive limit R" over all essentially étale local R-algebras exists and is a
local R-algebra with residue field k. It is called the henselization of R and is
characterized by the fact that every étale morphism X —— Spec R" is a local
isomorphism at all points z € X over s where the residue extension k(z)/k is
trivial.



9. Projective Schemes and Proper Morphisms

The notion of compactness is fundamental in TOPOLOGY and far beyond. For
example, given a complex analytic space or manifold, one wishes to construct
a compact closure of it, a so-called compactification. The projective n-space Pg
for instance may be viewed as a compactification of the affine n-space Ag. Quite
often suitable compactifications can make the original object more accessible.

A literal translation of the compactness condition to the scheme case leads
to quasi-compactness, as schemes do not satisfy the Hausdorff separation axiom.
In particular, all affine schemes, including the affine n-space over an affine base,
are quasi-compact. However, this clearly indicates that quasi-compact schemes
will not be the “right” analogues of compact spaces in analysis. Indeed, there is
a perfect adaptation of compactness to schemes, the notion of properness, which
will be introduced in 9.5/4. For example, the projective n-space P% over some
base scheme S is proper, cf. 9.5/9, whereas the affine n-space A% for n > 0 is not,
unless S is the empty scheme. We will deal with basic material on proper mor-
phisms in Section 9.5, including the valuative criteria on separatedness 9.5/17
and properness 9.5/18. Also we give references for several fundamental theo-
rems like Chow’s Lemma 9.5/10, the Proper Mapping Theorem 9.5/11, and the
Stein Factorization 9.5/12, whose proofs can readily be studied departing from
the knowledge of the present chapter.

If X is a relative scheme that is proper over its base S (assumed to be affine
in the following), one might ask if X is already projective in the sense that it
admits a closed immersion over S into some projective n-space IPg. In particular,
if the latter is the case, there are global coordinates on X, homogeneous though,
but which can nevertheless serve for a convenient description of X over S.
Due to Chow’s Lemma 9.5/10, proper schemes can always be dominated by
projective ones, but not all proper schemes are projective. In fact, it is one of
the guiding themes of the present chapter to study conditions assuring that a
given scheme X admits an immersion into the projective n-space P and, thus,
can be characterized in terms of homogeneous coordinates. The main criterion
for this is the existence of ample invertible sheaves on X; cf. 9.4/10.

Using an ad hoc gluing technique, the projective n-space P4 has already been
constructed in 7.1. However, to deal conveniently with projective spaces of more
general type, we study in 9.1 so-called Proj schemes attached to graded rings.
In principle, their construction is similar to the construction of affine schemes,

although the details are quite different. So let A = €, .y An be a graded ring

S. Bosch, Algebraic Geometry and Commutative Algebra, Universitext, 399
DOI 10.1007/978-1-4471-4829-6_9, © Springer-Verlag London 2013
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in the sense of 9.1/1 and write A, = EBn>0 A, for its so-called irrelevant ideal.
Then the homogeneous prime spectrum of A, denoted by Proj A, is the subset
of the whole prime spectrum Spec A consisting of all graded prime ideals that
do not contain the irrelevant ideal A ; see 9.1/2 for the notion of graded ideals.
The set Proj A comes equipped with a natural topology, the Zariski topology
inherited from the Zariski topology of Spec A. Furthermore, the sets of type

D4(f) = D(f) N Proj A

for basic open subsets D(f) C Spec A and homogeneous elements f € A form a
basis of the Zariski topology on Proj A; see 9.1/12. But most importantly, the
sets Dy (f), which are referred to as the basic open subsets of Proj A, carry a
natural structure of an affine scheme, namely D (f) = Spec A(y) where Ay is
the homogeneous localization of A by f; see 9.1/13. Gluing the schemes D (f)
along the intersections

D (f) N Do (f") = D+ (ff') = Spec A

we obtain a scheme, namely the scheme Proj A attached to the graded ring A.
For example, we can view the polynomial ring R[%g,...,t,] in a set of variables
to,...,t, over a ring R as a graded ring or, better, as a graded R-algebra by
defining the grading via the total degree function. Then the corresponding Proj
scheme Projg R[to,...,t,] is just the projective n-space P%.

From affine schemes we know that any morphism of rings B —— A gives
rise to a morphism Spec A —— Spec B between associated affine schemes.
A similar fact for morphisms of graded rings and Proj schemes is true only
in some very special situations; see 9.1/20 and 9.1/21 for results of this type.
However, working over some base ring R there is an ingenious way to character-
ize R-morphisms X —— P% from an arbitrary R-scheme X to the projective
n-space P}. Recall from 7.1/3 that for any R-scheme Y there is a canonical
bijection

HOIIIR(Y, AT}%) — I’IOIIIR(R[?H7 ce 7tn],0y(Y)) >~ Oy(Y)n

Thus, if we are given an R-morphism f: X — P}, we can cover P}, by n+1
copies U; of A% as in 7.1, say

no__ " _ " tO tn
R—UUi—USpeCR{t—i7...7t—J
=0

=0

for a set of variables ty, ..., t,, and thereby describe each of the restricted mor-
phisms f;: f~4(U;) U; by a set of n sections in Ox(f~'(U;)), namely
the ones obtained via pull-back from the “variables” & in

FI RS (neglecting the

constant # = 1) on U;. The “variables” ¥ satisfy some obvious relations on dou-
1 J
ble and triple intersections of the U; and these are maintained on preimages.
Indeed, a careful analysis of the situation shows that the pull-backs of the “vari-
77 S_O

ables” ';—9, R tt—” can conveniently be denoted as “fractions” £¢,..., 2= although
K z S Si
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S0, - - -, Sp do not make sense in terms of sections of Oy, just as tg, . .., t, cannot
be interpreted as sections of the structure sheaf of P%. However, t, ..., t, make
sense as sections of Serre’s invertible sheaf Ops (1), which we construct on Pg;
use 9.2 and, in particular, 9.2/7 as a reference and note that an invertible sheaf
L on a scheme X is just an Ox-module that, locally on X is isomorphic to Ox
itself. Then the pull-back £ = f*(Opy (1)) is invertible on X and so, .. ., s, make
sense as sections of £, namely as the pull-backs of ¢y, ..., t,. Using such a set-
ting, we get the assertions of 9.4/4 and 9.4/5 showing how to set up a bijection
between R-morphisms X — P} and equivalence classes of data (L, s, . .., S,)
where £ is an invertible sheaf on X and the s; form a set of global generators
for L.

Let us mention along the way a very interesting application of Proj schemes,
namely the technique of blowing up, which is a key ingredient for resolving
singularities on schemes. For a ring A and an ideal I C A we consider the
direct sum of A-modules A = D, I and view it as a graded A-algebra where
I% C A is the dth power ideal of I and, of course, I° = A for d = 0. Then the
canonical scheme morphism 7: Proj A —— Spec A is called the blow-up of the
closed subscheme Spec A/I —— Spec A on Spec A. It is interesting to know
that the blow-up morphism 7 is characterized by a universal property involving
invertible ideal sheaves. Namely, the ideal I C A generates an invertible ideal
sheaf on Proj A and, furthermore, any scheme morphism ¥ —— Spec A where
I generates an invertible ideal sheaf on Y admits a unique factorization through
7: Proj A —— Spec A; cf. Exercise 9.2/10.

As a special example, let us look at Neile’s parabola X given by the equation
z3 — 23 = 0 in the affine plane A% over a field K; cf. Exercise 6.2/6. Fixing
variables t, t1, ty, we have

X = Spec K [t1,t2]/(t5 — )
and it is not hard to see that the K-algebra morphism
K[t ts] — K[t], ti——1*,  tyr—t,

induces an identification of A = K[t,1,]/(t3 — t3) with a subring of the poly-
nomial ring K [¢], namely

A . {Zciti; ¢ =0} C K[t].
ieN

In fact, K[t] is the normalization of A, since ¢ is integral over A and K[¢] is
normal itself; use 3.1/10. Now let 7: A}, —— X be the morphism given by
the inclusion A —— K[t]. We know that 7 is bijective, although it is not an
isomorphism. Indeed, writing 0’ € X for the point corresponding to the maximal
ideal m = (1,12) = (¢,¢%) C A, the only preimage above 0/ is the origin 0 € AJ..
Furthermore, since A —— K [t] becomes bijective after localization by #* € A,
we see that 7 is an isomorphism above X — {0’} and, thus, will be bijective.
Using 2.4/17, all localizations of the polynomial ring K [¢] by maximal ideals
are regular local rings of Krull dimension 1. This corresponds to the fact that
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AL is non-singular at all its points and the same is true, of course, for X — {0},
due to the isomorphism A}, — {0} — X — {0'}. However, the point 0 € X
is singular, since the local ring A, is not regular. Indeed, #? defines a system of
parameters in Ay, which implies that A, is of Krull dimension 1. On the other
hand, we have A/m ~ K and dimg m/m? = 2 and this forbids Ay, to be regular
by 2.4/18. Therefore X has precisely one singularity, namely 0". The same would
follow from the Jacobian Criterion 8.5/9 in conjunction with 8.5/15, at least if
K is algebraically closed.

To demonstrate that blowing up might be useful for resolving singular-
ities, let us show that the above normalization morphism m: AL X
is just the blow-up of the point 0" on X, namely the canonical morph1sm
Proj A —— Spec A where A = @7 me. Indeed the irrelevant ideal @7, m?
of Ais generated by t2 and 3, viewed as homogeneous elements of degree 1 in A.
Therefore Proj A = D+(t2)UD+ (t3) = D, (t?), since D, (t?) = D, (t%) = D, (t3),
and it follows that Proj A reduces to Spec /~1<t2) where fl(,g) is the homogeneous
localization of A by 2. Now consider the canonical inclusions

m?—— *K[t], deN.

Certainly, for d = 0 we get the strict inclusion A —— K[¢t], but all other
inclusions are bijectivel Thus, viewing A as a subring of the graded ring
B = @, t**K[t], the homogeneous localization A2y will coincide with the
homogeneous localization B(tZ) If we write ¢’ instead of 2 as a homogeneous
element of degree 1 in B, we see that B = K[t][t'] is a polynomial ring in two
variables, the degree function being given by the degree in #'. But then it is clear
that the homogeneous localization B<t2) = B(t/) coincides with K[t]. Therefore
the blow-up of 0’ on X is the morphism Ak —— X induced from the inclusion
A —— K[t] and, thus, coincides with the normalization morphism .

After this digression to the world of blowing up, let us look a bit closer at
the already mentioned criterion 9.4/10 relating ample invertible sheaves to pro-
jective embeddings. We fix a relative scheme X over some base ring R assuming
that X is quasi-compact and quasi-separated. An invertible sheaf £ on X is
called ample if some tensor power £%™ of it admits global generators s, ..., S,
such that each X, defined as the open subscheme of X where £®™ is gener-
ated by s;, is quasi-affine. The latter means that X, is quasi-compact and can
be viewed as an open subscheme of an affine scheme. If, in addition, X is of
finite type, the criterion 9.4/10 asserts that, for m big enough, £%™ and the
sections s; define an immersion of X into the projective n-space P. As a main
ingredient for the proof we need a careful analysis of quasi-affine schemes; cf.
9.4/7.

There are several interesting applications of the projectivity criterion based
on ample invertible sheaves and we will discuss one of them, namely the pro-
jectivity of abelian varieties. As we will show in 9.6, any abelian variety admits
an ample invertible sheaf and therefore is projective. The construction of such
an invertible sheaf is done in terms of divisors. Therefore we need to discuss
the theory of divisors first (see 9.3), including their relationship to invertible
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sheaves. This is quite laborious and involves a lot of details, but at the end
we get an equivalence between Weil divisors, Cartier divisors, and invertible
sheaves, provided the scheme that we work on is sufficiently nice; cf. 9.3/16.

To supply some idea about the nature of abelian varieties, fix a field K.
An abelian variety over K is a K-group scheme A that is proper, smooth, and
irreducible. The term K-group scheme is most conveniently characterized by
the fact that there is a K-morphism v: A xx A —— A defining a “group law”
on A, in the sense that it induces for each K-scheme T a group structure on
the set of T-valued points Homg (7', A); see 9.6 for more details. The simplest
examples of abelian varieties are elliptic curves (with a rational point); these
exhaust all abelian varieties of dimension 1. Let us show how to access such
elliptic curves over the field K = C. Consider I' =Z ¢ Zw forw e C—R as a
subgroup of the additive group of C, a so-called lattice, and look at the quotient
C/TI'. The latter is a torus (life belt) from the topological point of view and a
compact Riemann surface (complex analytic manifold of dimension 1) from the
analytic point of view. On C/I" lives the so-called Weierstrafl o-function p(z)
as a meromorphic function. It satisfies a well-known differential equation

o' (2)? = 49(2)" — g20(z) — g3

where go and g3 depend on w and the polynomial 423 — gox — g3 has only simple
roots. Furthermore, the map C/I" —— P4(C) that is symbolically described
by z —— (p(z) : ¢/(z) : 1) gives rise to an isomorphism between C/I" and the
submanifold E defined in the complex projective plain P4(C) by the equation

ylz = dad — gar2® — 32>,

Thus, F may be thought to be a subscheme of the projective plain P4. Fur-
thermore, one can deduce from the addition theorem for p(z) that the group
law transported from C/I" to E corresponds to a morphism of C-schemes
E xX¢ E—— E. In other words, F is an abelian variety over C of dimen-
sion 1 and one knows that all abelian varieties over C of dimension 1 are of this
type. This is the classical analytic background of the fact that abelian varieties
— here of dimension 1 — are projective. In higher dimensions it is still true that
an abelian variety over C, say of dimension d, comes from an analytic quotient
(Cd/ng where Iy is a lattice of rank 2d of the additive group C?. However,
a given quotient of type C?/Iy, is algebraizable to become an abelian variety
only if the lattice Iy satisfies Riemann’s period relations; see Mumford [21], I
for more details.

9.1 Homogeneous Prime Spectra as Schemes

In Section 7.1 we have introduced the projective n-space P by gluing affine
n-spaces A% over a base scheme S. Now we want to discuss a more general
construction method for schemes of similar type. Let us start with some prepa-
rations.
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Definition 1. A graded ring is a ring A with a decomposition A = @, o, An
into a direct sum of subgroups A, C A such that A, - A, C Apmin for all
m,n € 7.

Note that the product A,, - A, is meant as the set of all products a - b
where a € A, and b € A,. The elements of A, are called homogeneous of
degree n. In particular, the zero element 0 € A is homogeneous of every degree
n and it is the only element enjoying this property. Moreover, we have 1 € Agy
and see that Aj is a subring of A. In most cases we will assume A, = 0 for
n < 0, talking then about an N-grading or a grading of type N on A. But the
general case of Z-graded rings will be of interest for us as well, notably when
dealing with localizations. As a typical example of an N-graded ring we can
consider the polynomial ring R[X] in a set of variables X over some ring R
where the grading is induced from the total degree of polynomials. Likewise,
the corresponding ring R[X, X 1] of Laurent polynomials in X is a Z-graded
ring.

In the following let A be a graded ring of general type. Then every element
[ € A admits a unique decomposition f =3 _, f, into homogeneous elements
fn € A, where f, = 0 for almost all n € Z. We call f, the homogeneous
component of f of degree n. Furthermore, an ideal a C A is called graded or
homogeneous if, given any f € a, all its homogeneous components f,, belong to
a; in other words, if we have a = @, .,(a N A,). Also note that for a graded

ideal a C A the residue ring A/a = @,,., An/(a N A,) is graded again.

Remark 2. An ideal a C A is graded if and only if it is generated by homoge-
neous elements.

Proof. Let a be an ideal in A. Choosing generators for a, we can decompose these
into homogeneous components. If a is graded, all these components belong to a
and therefore generate a. In particular, we see that graded ideals are generated
by homogeneous elements.

Conversely, let (g;)ier be a family of homogeneous elements in A where
g; is homogeneous of degree n;. Then the ideal a = (g;;¢ € I) generated by
these elements is homogeneous. Indeed, look at some element f € a and at a
homogeneous component f’ of f, say of degree n’. To show f’ € a choose an
equation f = Zie ; a;ig; with elements a; € A where a; = 0 for almost all ¢ € I.
Let a} be the homogeneous component of a; of degree n’ — n;. Then, using the
condition A, - A, C A4, in conjunction with the direct sum decomposition
A=, A, we get f' =3, ag; and, hence, f € a. This shows that a is
graded. [

Remark 3. The formation of sums, products, intersections, and radicals of
graded ideals yields graded ideals again.
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Proof. The assertion follows from Remark 2 for sums and products of graded
ideals and is clear for intersections, due to the definition of graded ideals. Now
consider a graded ideal a C A and a non-trivial element f € rad(a) of its radical.
There is an exponent ¢ > 0 such that f* € a. Write f = fy + f1 where f € A
is the non-zero homogeneous component of highest degree of f and f; the sum
of all its homogeneous components of lower degree. Then the binomial formula

t
Fe o f) =Y (t) fir

=0

shows that f¢ is a homogeneous component of f!, namely of degree tng if fo
is homogeneous of degree ng. Since a is graded, f¢ belongs to a and we get
fo € rad(a). Replacing f by fi = f — fo, we can show by induction that
all homogeneous components of f belong to rad(a) and, hence, that rad(a) is
graded. ]

Remark 4. A graded ideal p C A is prime if and only if fg € p for homoge-
neous elements f,g € A implies f € p or g € p.

Proof. We have only to show that a graded ideal is prime as soon as it satisfies
the prime ideal condition for products of homogeneous elements. Therefore let
p C Abe agraded ideal and let f, g € A such that fg € p. Proceeding indirectly,
assume that neither f nor g belongs to p. Then f and g admit homogeneous
components that do not belong to p and we may assume that all homogeneous
components of f and g belonging to p are trivial. Similarly as in the proof of
Remark 3, write f = fo + f1 and g = go + g1 where fy and gy are the non-zero
homogeneous components of f and g of highest degree. By our construction,
fo and gy do not belong to p. However, fogo is a homogeneous component of
fg € p and, thus, contained in p, since p is graded. Now if p satisfies the prime
ideal condition for products of homogeneous elements, we see that fy or go must
belong to p, contradicting our assumption. O

Next we want to look at localizations of graded rings. Let A = @, ., A, be a
graded ring and f € A a homogeneous element, say of degree d, so that f € A,.
Passing to Ay, the localization of A by the multiplicative system generated by
f, we introduce the subgroups

a

Afﬁn:{fkeAf;keNaeAMkd}cAf, n € 7,

and claim that these give rise to a grading on A;. Intuitively speaking, we assign
to a fraction of type 75 where a € A is homogeneous of some degree degr the
homogeneous degree n = dega — kd. Note that, even if the grading on A is
of type N, the grading on the localization A will not preserve this property,
except for trivial cases.
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Proposition 5. Let A be a graded ring and f € A a homogeneous element. Then
the subgroups Aj, C Ay, as introduced above, give rise to the decomposition
Ap = @,z Asn and the latter defines a grading on Ay.

Proof. Clearly we have Ay = EnEZ Afn, as well as App, - Apyy C Af s for
integers m,n € Z. Thus, it remains to show that the sum of the subgroups
Ay, C Ay is direct.

To do this, assume that f is homogeneous of degree d and look at an equation
> nez hn = 0 for some elements h, € Ay, where h, is trivial for almost all
n € Z. By the definition of Ay,,, there exist exponents k,, € N and homogeneous

an

elements a,, € A, 1, q such that h, = i for all n € Z, and we may assume that
a, and k,, are trivial for almost all n € Z. Then, choosing ¢ > max{k, ; n € Z}

big enough, we get
OICRIY

nez

as an equation in A where the summands f‘*»a, are homogeneous of degree
¢d + n. Since A is a graded ring, we must have f**ma, = 0 in A and therefore
hnzﬁT’;:OforallnGZ. O
Definition 6. Let A be an N-graded ring and f € A an element that is homo-
geneous of degree > 1. Then the subring Ayy C Ay of all homogeneous elements
of degree 0 in Ay is called the homogeneous localization of A by f. The latter
is denoted by Ay).

When dealing with homogeneous localizations of type Ay), as just intro-
duced, it is reasonable, but not really necessary, to assume the homogeneous
degree d of f to be > 1. For example, if A is a graded ring and f € A a homo-
geneous element of degree 0, then the subring Ay of all homogeneous elements
of degree 0 in A coincides with the localization (Ay); of the subring Ay C A
by f.

Homogeneous localizations of graded rings play a central role for the con-
struction of projective schemes, similarly as do ordinary localizations of rings
within the context of affine schemes. To prepare the discussion of such schemes,
we want to establish a basic lemma on homogeneous localizations. Also note
that, simplifying our terminology, a graded ring will in the following be tacitly
understood as a graded ring of type N, unless we talk explicitly about a grading
of type Z.

Lemma 7. For a graded ring A consider homogeneous elements f € Aq and
g € A, of degrees d,e > 1. Then there is a canonical isomorphism

d\ —k _(d-1)k .
~ a g g a
A(fg) (A(f))f‘cyd ) (fo)F (F) ’ FlerDE

where a € Agyey for k€ N.
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Proof. We look at the canonical isomorphism
01 Apg =+ (Aj)peeqa

of 1.2/10, which amounts to rewriting fractions of type ﬁ as fractions with

a numerator in Ay and a power of f~°g? as denominator. For example, the
mapping described in the assertion can be used for general a € A. Now view
Ay as a Z-graded ring. Then f~¢g? € A; is homogeneous of degree 0 and we
see from Proposition 5 that the localization (Ajf);-cga is a Z-graded ring again.
Furthermore, viewing Ay, as a Z-graded ring as well, it is easily seen that
we have o ((Ag)n) C ((Af)f—egd)n for all n € Z; in other words, o respects
gradings by maintaining degrees of homogeneous elements. Therefore o is an
isomorphism of graded rings and it restricts to an isomorphism between subrings
of elements of degree 0. As the corresponding subring of (Ay) j—e,q coincides with
the localization (A(y)) f-e4e, we are done. O

Now let us associate to a graded ring A = €, An its corresponding
homogeneous prime spectrum Proj A. To define it, we write Ay = @, ., An
and view this as a graded ideal in A, sometimes referred to as the irrelevant

ideal of A.

Definition 8. Let A be a graded ring. Then
Proj A = {p € Spec A; p graded, A, Z p}

is called the homogeneous prime spectrum of A.

Remark 9. Let A be a graded ring and p C A a prime ideal such that AL ¢ p.
Then there is the following equivalence for ideals a C A:

aCp<anA, Cp.

Proof. Only the implication “<==" needs to be verified. By our assumption there
exists an element f € A, —p. Now let a be an ideal in A such that an Ay Cp
and consider an element a € a. Then fa € aN A, and, hence, fa € p. Since p
is a prime ideal and f ¢ p, this implies a € p so that a C p. ]

In the situation of the remark we see that p, as a prime ideal in A satisfying
A, ¢ p, is uniquely determined by its intersection p N A,. Thus, we can say
that Proj A consists of all “graded prime ideals in A,”, more precisely, of all
intersections pN A, where p C A is a graded prime ideal in A such that A, ¢ p.

Next, similarly as we did on ordinary spectra of rings, we can introduce the
Zariski topology on the homogeneous prime spectrum Proj A of a graded ring
A. For any subset F C A we set

V.(E)={peProjA; ECp}=V(E)NProjA
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where V(E) = {p € Spec A; E C p} is the zero set of E in the full spectrum
Spec 4, as introduced in Section 6.1. Then V,(0) = Proj A for the zero ideal
0 C A, as well as V, (A, ) = 0. Furthermore, we conclude from Remark 9 that

Vi(E) =Vi(a) = Vi(anAy)

for a C A the graded ideal in A that is generated by (all homogeneous com-
ponents of) the elements of E. If a C A is an arbitrary graded ideal in A,
then its radical rad(a) is graded by Remark 3 and the same holds for the ideal
rad, (a) = rad(a) N A,. Applying Remark 9 again, we get

Vi(a) = Vi (rad(a)) = V, (rad; (a)).

Furthermore, using the fact that V. (E) is the restriction of V(E) to Proj A in
the sense that Vi (E) = V(E) N Proj A, we can derive the following analogue of
6.1/1:

Remark 10. Let A be a graded ring. Then, for a family (Ey\)xea of subsets in
A, respectively for subsets E, E' C A, one has

Vi(UB) =N Va(Br).  Vi(BE) = Vi(E)UVi(E).

AeA AeA

Moreover, E C E' implies V. (E) D V,.(E').

For any graded ring A we can view its homogeneous prime spectrum Proj A
as a subset of the ordinary spectrum Spec A. In particular, the Zariski topology
on Spec A restricts to a topology on Proj A.

Definition 11. Let A be a graded ring. The restriction of the Zariski topology
from Spec A to Proj A is called the Zariski topology of the homogeneous prime
spectrum Proj A. This way the closed subsets of Proj A are given by the sets of
type V.. (E) for arbitrary subsets E C A, while the open subsets of Proj A are
just the complements of the closed ones.

Similarly as in the case of ordinary spectra, we can consider for any f € A
the open subset

Dy (f) =ProjA—-V,(f) ={p € ProjA; [ €p}

of Proj A; the latter coincides with the restriction of the basic open subset
D(f) C Spec A to Proj A. In particular, the sets of type D, (f) form a basis of
the Zariski topology on Proj A. However, this assertion can be improved:

Proposition 12. Let A be a graded ring. Then the sets of type D.(f) for
homogeneous elements f € Ay form a basis of the Zariski topology on Proj A.
As a variant of this we can observe:
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Let d € N, d > 1. Then the sets of type D, (f) for homogeneous elements
f € Ang, where n varies over all integers > 1, form a basis of the Zariski
topology on Proj A.

Proof. Let U C Proj A be an open subset and a C A a graded ideal such that
the complement of U in Proj A is given by the closed subset V. (a) C Proj A.
Then we have

Vi(a)=Vi(anAy) = N Vi(f),

f€an Ay homogeneous

thus implying

U = Proj(A) - Vi(a) = U DA(f).

f €an Ay homogeneous

Hence, every open subset U C Proj A is a union of open sets of type D (f) for
homogeneous elements f € Ay.

Finally, given an integer d > 1, we have D, (f) = D, (f¢) for any element
f € A, that is homogeneous of a certain degree n > 1. Since f¢ € A,4, the
second assertion becomes clear as well. [

Next, for any graded ring A, we want to cover the homogeneous prime
spectrum Proj A by ordinary prime spectra of type Spec A(y), for homogeneous
elements f € A,. This will enable us to canonically equip Proj A with the
structure of a scheme. As a key fact, we need:

Proposition 13. Let A be a graded ring and f € Ay a homogeneous element.
Then the map

Yy Di(f) — Spec Agp),
p }—>pAfﬂA(f),

is a homeomorphism of topological spaces.

Proof. First of all, recall from 1.2/5 that the maps
Spec A > p—— pAs C Ay, Spec Ay > qr—— qN A€ Spec A

yield mutually inverse bijections D(f) = Spec Ay. In particular, we thereby sce
that 1) transforms prime ideals from D (f) to prime ideals in Af). Indeed, if
p C A is a prime ideal satisfying f & p, then the ideal pA; C Ay is prime and
its intersection with the subring Ayy C Ay yields a prime ideal in A(f). Next
we want to show:

Let f € Ay where d > 1. For elements h € Anq, n € N, and graded prime
ideals p C A satisfying f & p, one has
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newf( p) <= hep,

f

() o (D(55)) = Do) Dot = D1 (1)

Indeed, h € 1y(p) is equivalent to & € pAy and the latter is equivalent to
he€pbyl. 2/5 (iii). This shows ( ) and equation (k) is a consequence.

Since the sets of type D( L) form a basis of the Zariski topology on
Spec A(yy, we conclude that wf is continuous. Moreover, if we know that s
is surjective, we can see from (*x) that ¢ is open as well, since the sets of type
D (f)NDy(h) for h € Ang, n > 1, form a basis for the restriction of the Zariski
topology from Proj A to D, (f); use Proposition 12.

Thus, it remains to show the bijectivity of 1;. Addressing the injectivity
first, let p,p" € Dy (f) be graded prime ideals such that ¢¢(p) = 1¢(p’). Then,
for h € A homogeneous of some degree n, we get h? € A, 4 and we see from (%)
that h?, respectively h belongs to p if and only if it belongs to p’. Since p and
p’ are graded, we get p = p’.

In order to see that 1) is surjective, consider a prime ideal q C Ay and set

d

bo={re s caf

for n € N. We claim that the p,, are the homogeneous components of a graded
prime ideal p C A. To justify this we show:

(a) p, is a subgroup in A,. Let x,y € p,, hence, f"a? f~"y¢ € q. This
implies f~2"(x—y)? € q by the binomial formula and therefore f~"(z—y)?¢ € q,
since q is a prime ideal. The latter means z — y € p,,. Also note that 0 € p,,.

(b) ApPrn C Pmsn for myn € N. Let h € A, and x € p,,, hence, f~"z? € q.
This implies f~™*") (hz)? = f~™h? . f~"z? € q and therefore hx € Ppyn.

(c) If v € A, and y € A, are such that zy € Pyin, then © € p,, or
y € p,. Let z,y be as stated and assume f~""(zy)? € q. Then the prime
ideal condition for q yields f~™z? € q or f~"y¢ € q, hence x € p,, or y € p,..

(d) There exists an integer n > 0 such that p, # A,. Since q is a proper
ideal in A(y), we must have f~f? =1 ¢ q and, thus, f & py.

Properties (a) and (b) show that p = €, bn is a graded ideal in A.
Furthermore, we see from (c¢) and (d) in conjunction with Remark 4 that p is
a prime ideal satisfying p € D (f). Finally, to show ¢¢(p) = ¢, we use the
following equivalences for elements h € A, :

d
f fre f
Indeed, the first equivalence follows from the prime ideal property of q, the

second one from the definition of the subgroup p,q, and the third one from (x).
Therefore we see that ¥;(p) = q and, hence, that 1, is surjective. (]

€= —E€q<= h€Epy —

newm
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Lemma 14. Let A be a graded ring and f,g € Ay homogeneous elements of
degree d, respectively e. Then there is a canonical commutative diagram

Yrg
D (fg) — Spec Ay,

{L JU
»
D (f) —L— Spec Ay
where the maps Pz, and 1y are as in Proposition 13 and ¢ is the canonical

inclusion. Furthermore, o is the open immersion obtained in the manner of
6.2/8 from the localization map

Ay = (Ap)gegr === Ay
where the right-hand isomorphism is the one of Lemma 7.

Proof. Looking at the localization maps
A— Ay — Ay,

we see from 1.2/5 that pA; = pAs, N Ay for any prime ideal p C A satisfying
fg & p. If, in addition, p C A is graded, we obtain

Yp(p) = pAr N Agp, Pg(p) = pAsg N Agsg)

and, hence,

o (Vre(P)) = pAsg N Ay N Agpy = pA; N Ay = U5 ().
0

To give an application of the above techniques, we want to deduce an ana-
logue of 6.1/5 for Proj schemes, which will be used later in 9.3/11 for the
characterization of divisors on the projective n-space P} over a field L. Doing
so, consider a graded ring A and a subset Y C Proj A. Then, similarly as we
did for spectra of ordinary rings, we can consider the ideal

L) ={f €A Y CVi(f)} = (V)N A,
where I(Y') is defined as in the paragraph preceding 6.1/4.

Corollary 15. Let A be a graded ring.

(i) For any subset E C A,, the ideal I, (V(F)) coincides with rad,(a)
where a is the restriction to Ay of the graded ideal generated by E in A.

(ii) For any subset Y C Proj A its Zariski closure coincides with Vi (11 (Y)).

Proof. In the situation of (i) we have V,(E) = V,(a) by Remark 9, and it
remains to show that rad, (a) is the intersection of all graded prime ideals in
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A, containing a. Replacing A by the quotient A/a with its canonical grading,
we may assume a = 0. Now consider an element f € A that is not nilpotent. It
is enough to show that there is a graded prime ideal in A not containing f. Since
not all homogeneous components of f can be nilpotent, we may assume that f
is homogeneous. Then we can consider the homogeneous localization Ay and
conclude that it is non-zero, since the ordinary localization Ay is non-zero. So
there exists a prime ideal in A(y). By Proposition 13 the latter corresponds to
a graded prime ideal p C A such that p € D, (f) and, hence, f & p, as desired.

Next, to verify (ii), let a C A4 be a graded ideal such that Y C V, (a). Since
Vi(a) = Njea Vo (f), we get Y C Vi(f) for all f € a and, hence, [,(Y) D a
so that V(I.(Y)) C Vi(a) and, in particular, V(I (Y)) C Y. On the other
hand, Y C V4 (I.(Y)) for trivial reasons and we are done. O

Now we have collected all necessary tools in order to equip the homo-
geneous prime spectrum Proj A of a graded ring A with the structure of a
scheme. Namely, it follows from Proposition 12 that the sets of type D, (f)
for homogeneous elements f € A, form an open covering of Proj A and we
can view each of these covering sets as an affine scheme, just by using the
homeomorphism ¢y: Dy(f) — Spec Ay of Proposition 13 and transport-
ing the scheme structure from Spec A(s) to Do (f). Then we apply the method
of 7.1/1 in order to glue the affine schemes D, (f) along the intersections
D .(f)NDy(g) = Di(fg) to yield a global scheme. More precisely, we ap-
ply Lemma 14 and view D, (fg) = Spec Ay as an open subscheme of both,
D, (f) =Spec Ay and D (g) = Spec Ay, namely via the canonical maps

Ay — Agg) ~—— Aqg)

that are obtained from the corresponding canonical maps between ordinary lo-
calizations. For this to work well, it remains to check the cocycle condition.
The occurring triple intersections of type Dy (f)N D4 (g) N D4 (h) may be inter-
preted as schemes of type Spec A(fg) for homogeneous elements f,g,h € A,.
This way the restrictions of the involved gluing morphisms are reduced to the
identity morphism on Spec A(gp), as the same is true in the setting of ordinary
localizations, and we see that the cocycle condition holds for trivial reasons.
Therefore the gluing works well and Proj A becomes a scheme covered by the
open subschemes of type Spec Ay for f € A, homogeneous.

Let us point out that there is an alternative construction method, which
looks slightly more elementary. To explain it, we need the following auxiliary
result:

Lemma 16. Let A be a graded ring and f,g € A homogeneous elements of
degree > 1. Then, for D.(f) C D4i(g), there is a canonical homomorphism
Ay — Aj. The latter respects gradings and maintains degrees of homogeneous
elements. In particular, it restricts to a homomorphism of homogeneous local-
izations Ay — Ap).
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Proof. The assumption D, (f) C D.i(g) implies Vi (f) D Vi(g) and, hence,
rad, (f) C rady(g) by Corollary 15 (i). Thus, there is an equation f™ = hg
for some exponent n > 1 and a homogeneous element A € A. As a result, the
universal property of localizations yields a canonical homomorphism

a R
Ay — Ay, Ei—»h 'f"’“’

where a € A. It is easily checked that the latter maps homogeneous elements of
Ay to homogeneous elements in Ay of the same degree. In particular, it restricts
to a homomorphism of homogeneous localizations Ay — A(p). ]

To explain the alternative approach to the scheme Proj A of a graded ring
A, look at the ordinary prime spectrum X = Spec A and start out from the
functor

O%:. D#(X) — Ring

considered in example (4) of Section 6.3; it associates to any element f € A
(interpreted as the basic open subset D(f) C Spec A given by f) the localization
Ay and to any inclusion D(f) C D(g) the canonical map between localizations
Ay — Ay. Using the fact that A is a graded ring, we can restrict this functor
to homogeneous elements f € A,. Since any restriction morphism A, — Ay,
for homogeneous elements f,g € A,, will respect gradings, as we have seen
above, it induces a restriction morphism between homogeneous localizations
Ay — A(y). Thus, for Y = ProjA and D (Y) the category of all basic
open subsets in Y with inclusions as morphisms, the functor (’)ﬁ gives rise to a
functor

Oy: D.(Y) — Ring
D (f) — Ay,
Dy (f) € D(g+) Ay — Ap-

Even if we are a bit more careful and work with localizations of type Ag
instead of A as exercised in example (4) of Section 6.3, we can use the canonical
isomorphism Ay —~ Ag(y in order to transport the grading from Ay to Ag(y).
By Lemma 16 the graded ring Agyy, as well as its homogeneous part of degree 0,
denoted by (Ag(y))o, are well-defined and depend only on the subset D (f) C Y.
Then it follows from 6.6/2 and Proposition 13 in conjunction with Lemma 14
that the functor Oy: Do (f) —— (As(s))o = Ay is a sheaf in the setting of
6.6/4. In addition, the latter result shows that Oy extends uniquely to a sheaf on
all of Y, denoted by Oy again. Moreover, we see for any homogeneous element
[ € A, that the locally ringed space (D (f), Oy|p,(s) is isomorphic to the
affine scheme Spec A(yy. Consequently, Y = (Y, Oy) is a scheme and the affine
schemes Spec Ay for f € A, homogeneous form an open covering of it. Thus,
using either method, we can state:

Theorem 17. Let A be a graded ring. Then we can equip its homogeneous prime
spectrum Proj A with the structure of a scheme in such a way that for homo-
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geneous elements f € A, the homeomorphisms 1y: D (f) — Spec Ay of
Lemma 13 become isomorphisms of schemes and, thus, give rise to an affine
open covering of Proj A. The resulting scheme is denoted by Proj A again and
1s called the Proj scheme associated to A.

A graded ring A together with a ring homomorphism R —— Ay C A
is called a graded R-algebra; it satisfies RA,, C A, for all n. In such a case
the scheme Proj A constructed above may be viewed as an R-scheme and we
will write Projg A for it in order to refer to this fact. As a natural example,
we may consider the polynomial ring A = R[to,...,ts] as a graded R-algebra
where the grading is given by the total degree of polynomials. Then the scheme
Projy A is canonically isomorphic to the projective d-space P%, as introduced
in Section 7.1. Indeed, the irrelevant ideal A, C A is generated by t,...,tq
and, hence, the scheme Proj A is covered by the affine open subschemes D (¢;),

i =0,...,d. The latter are affine d-spaces A%, since the homogeneous local-
ization Ag,) coincides with the polynomial ring R[i—?, e t’;l, t’; e tt—j], the
fractions o, ... b=t Ll fheing viewed as “variables”. Also note that

[P » T 0t 0 't
we have Ay =~ (Ay)y by Lemma 7 and, hence, that the intersections
23

D. (t;) N D+ (t;) = D4(tit;) are as required in the construction of Section 7.1.
Finally observe that any graded ring A can be viewed as a graded Z-algebra,
thus, equipping Proj A with its canonical structure as a Z-scheme.

The notation Proj A or Projp A might suggest calling such schemes “pro-
jective”. However, note that the term projective is reserved for Proj schemes
admitting a closed immersion into a projective d-space for some d € N; see
9.5/7.

Proposition 18. For any graded ring A, the corresponding scheme Proj A is
separated (over Z). Likewise, for any ring R and a graded R-algebra A, the
corresponding R-scheme Projgp A is separated.

Proof. We check condition (iii) of 7.4/5 for the affine open covering of Projy A
consisting of the open subschemes D, (f) ~ Spec A(y) where f varies over all
homogeneous elements in A, . For two such elements f,g € A, the intersection
D, (f)NDy(g9) = Dy(fg) is isomorphic to Spec A(sy and, hence, affine. Thus,
we have only to show that the multiplication morphism Ay ®r Ay — A(sg)
is surjective. If f is homogeneous of degree d and ¢ of degree e, the canonical
maps from Ay and Ay to Arg) may be seen as follows, using Lemma 7:

Ay — (A frege === Arg) = (A(g))gape ~—— Ag)

Therefore A(q) ~ (A(f))f-eqe is generated (in the sense of algebras) by the
image of A() and the inverse of f~¢g?. However, the latter inverse coincides
with the image of g~9f¢ € Ag). Therefore it follows that the multiplication
map mentioned above is surjective and, thus, that Projy A is separated. [l
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Finally, let us discuss some functorial properties of Proj schemes. We know
from the affine case that any ring morphism ¢: A —— A’ gives rise to a mor-
phism between associated affine schemes “p: Spec A’ —— Spec A. To obtain a
similar assertion for Proj schemes, assume that A, A" are graded rings and that
¢ is a morphism of graded rings in the sense that p(A,) C A’ for all n. Looking
at a graded prime ideal p’ C A’, its preimage p = ¢~ 1(p’) C A is graded again
and we thereby see that we can restrict the map “p: Spec A —— Spec A to
graded prime ideals. However, for p’ € Proj A’ it can happen that its preimage
p = ¢ Y(p') C A contains the irrelevant ideal A, of A and, thus, does not be-
long to Proj A. The latter is the case if and only if p’ contains the image ¢(A.).
Thereby we see:

Remark 19. For any morphism of graded rings p: A — A’ the map
%p: Spec A’ — Spec A, p— o' (p),
restricts to a map

“3: Proj A’ — Vi (p(A.))

Proj A,
satisfying “@ YD, (f)) = D (¢(f)) for homogeneous elements f € A..
Proof. Tt only remains to work out the formula on the preimages of basic open

subsets of Proj A. To do this, recall that “o~*(D(f)) = D(¢(f)) by 6.2/4. Thus,
it follows

‘YD (f)) =“¢ 1 (D(f) N Proj A) N (Proj A" — Vi (¢(Ay)))
= (so(f)) (Proj A" = Vo(¢(A4))) = D(¢(f)) N Proj A’
=Dy SO(f )
since Vi (¢(A4)) is disjoint from D(¢(f)). |

Now consider a homogeneous element f € A, in the situation of the above
remark and write f* = ¢(f). Passing to localizations, ¢ induces a morphism
of graded rings ¢;: Ay —— A’ and thereby a morphism ¢s): Ay — A( ”
between homogeneous localizations. The latter in turn gives rise to a morphism
between the associated affine schemes and, using the homeomorphisms of Propo-
sition 13, to a diagram

D (f") D.(f)
{wf' \d’j
Spec Ay iG] Spec Ay

which is easily seen to be commutative. Transporting the structure of scheme
morphism from the lower to the upper row, we obtain a family of scheme mor-
phisms *@(y): Dy (f') — Dy (f), parametrized by the homogeneous elements
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f € A,. Furthermore, we claim that 7.1/2 can be applied to glue these mor-
phisms, thereby endowing the map

“p: Proj A’ — V. (¢(A,)) — Proj A

with the structure of a scheme morphism, defined on the open subscheme
Proj A" — Vi (¢(Ay)) of Proj A. For this to work well we have to check that for
two homogeneous elements f, g € A, and their images f' = p(f) and ¢’ = ¢(g)
the corresponding morphisms

“Op): D (f') —= D4(f), ‘G Di(g) — Di(9)

coincide on D (f'¢"). However, that this is the case is deduced with the help of
Lemma 14 from the canonical commutative diagram

Af — A‘/f/

]

!
Apg — Apy
and its version for homogeneous localizations. Thus, summing up we can state:

Proposition 20. Let p: A —— A’ be a morphism of graded rings. Then there
is an associated scheme morphism

“@: Proj A’ — Vi (p(Ay)) — Proj A

such that for every homogeneous element f € Ay and its image ' = o(f)
the equation @1 (D, (f)) = D, (f") holds and the restriction of @ to D, (f)
coincides with the canonical morphism “p(p): Spec A/(f,) — Srpec Ay in the
manner indicated above. In particular, the morphism “¢ is affine, using the
terminology introduced in the context of 7.4/8 or 9.5/1.

Corollary 21. In the situation of Proposition 20, assume that p: A — A’ is
a surjective morphism of graded rings with kernel a; the latter is a graded ideal.
Then Vi (p(Ay)) =0 and, hence, ¢ gives rise to a morphism

*%: ProjA’ — Proj A.
Furthermore, “$ is a closed immersion with image V. (a).

Proof. Since ¢: A —— A’ is surjective, we have p(A;) = A’, and, hence,
Vi(p(Ay)) = 0. Furthermore, all localized maps Ay Ay are surjective
and the same remains true for the corresponding homogeneous localizations.
Therefore “$ is a closed immersion by 7.3/9. Since, pointwise, ¢ is induced
from the map *p: Spec A — Spec A, which has image V' (a), we see that *@
must have image V, (a). O
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Let us add that, unlike the affine case, a morphism @: Proj A’ —— Proj A
between Proj schemes of graded rings A, A’ is not necessarily induced from
a morphism of graded rings A A’, as there are examples of morphisms
@ that are not affine. To construct such a morphism, let R be a ring and
view the polynomial rings A = R[tg] and A" = R[tg,...,tq] as graded rings
with respect to the total degree of polynomials. Then Proj A = Spec R, as is
to be shown in Exercise 4. Therefore, viewing A’ as a graded R-algebra, the
structural morphism Proj A” —— Spec R may be interpreted as a morphism
@: P4 = Proj A’ — Proj A. The latter is not affine in general, since P% is not
necessarily affine, for example if d > 0 and R is a field; see 7.1.

Exercises

1. Graded rings as polynomial rings. Consider the polynomial ring A = Z[t;; i € I]
in a system of variables (;);e7. Show for a family of integers d; € Z, i € I, that
there is a unique grading @,,c5, A on A such that t; € Ay, for all 7 € I. Conclude
that every graded ring is of type Z[t;; ¢ € I]/a where Z[t;; ¢ € I] is a graded
ring as before and a is a graded ideal.

2. Alternative characterization of homogeneous localizations. Let A = @, .y An be

a graded ring. Fixing an integer d > 0, construct a graded ring A(® = P en A;d)
as a subring of A by setting AS{” = Ay, and show for any homogeneous element
[ € Ag that the map + —— = mod (f — 1)A@) defines a ring isomorphism
Ay === ADJ(f = 1AW,

3. Let A =P, cy An be a graded ring and f € A, a homogeneous element. Show
that Dy (f) = 0 if and only if f is nilpotent. Conclude that Proj A = @ is equiv-

alent to the fact that every element f € A, is nilpotent.

4. Let R be a ring and t a variable. View the polynomial ring R[t] as a graded
R-algebra with the grading being induced from the degree of polynomials. Show
that there is a canonical isomorphism of schemes Proj R[¢] ~ Spec R.

(@23

Consider the projective n-space P} over a ring R and assume n > 1. Show that
the scheme P is not affine, unless R is the zero ring.

6. Show for any graded ring A = @,y An that the scheme Proj A is Noetherian if
A is Noetherian. Hint: Use Exercise 2.

7. Let R be aring and A = @,y An a graded R-algebra. Show that Projp A is an
R-scheme of finite type if A is an R-algebra of finite type. Hint: Use Exercise 2.

8. Consider the graded ring A as in Exercise 2 for a graded ring A = B, cn An
and an integer d > 0. Show that the inclusion map A(Y) —— A gives rise to an
isomorphism of schemes Proj A —~~» Proj A(@).

9. For a graded ring A = @, An, construct in a canonical way a graded ring
A" = P,y Ay, by setting Ay = Z and A}, = A, for n > 0. Show that the natural
map A’ —— A gives rise to an isomorphism of schemes Proj A —~~ ProjA’.

10. Let ¢: A —— A’ be a morphism of graded rings with gradings (A4;)nen and
(Al )nen, and assume that ¢ restricts to isomorphisms A4, — A/ for suffi-
ciently large n. Show that ¢ gives rise to an isomorphism Proj A’ —~~ Proj A.
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11. Let S be a scheme. Generalize the notion of graded algebras over rings to the
case of sheaves of Og-algebras. Let A = @, An be such a graded Og-algebra
and assume that it is quasi-coherent. Show that all homogeneous components
A, are quasi-coherent Og-modules, and construct the Proj scheme Projg.A as a
generalization of Proj schemes for graded algebras.

9.2 Invertible Sheaves and Serre Twists

Let A be a graded ring of general type. A graded A-module is an A-module
M together with a direct sum decomposition M = @D, ., M, into abelian sub-
groups M,, of M, where A,,M,, C My, for all m,n € Z. Typically, in our
applications the grading on A will be of type N, whereas on M we will have to
consider a grading of type Z. In particular, we will continue with our habit to
assume gradings on rings to be of type N, unless stated otherwise.

For any graded A-module M and an integer d € Z, we define the graded
A-module M(d) by

M(d), = M4, n € 7.

Thus, without changing the underlying A-module, M(d) is obtained from M
by shifting the indices of the sequence ..., M, 1, M,,, M,,11,... by d steps to
the right. In particular, A can be viewed as a graded module over itself and it
therefore makes sense to view A(d) for any d € Z as a graded A-module.

Similarly as for graded rings, one can construct homogeneous localizations
of graded modules. Namely, let A be a graded ring, M a graded A-module
and f € A an element that is homogeneous of some degree d > 1. Then the
localization M; may be viewed as a graded Aj-module and its homogeneous
part of degree 0, namely

X
i

is an A(y-module. The latter is called the homogeneous localization of M by

Mgy = Myo = { €Mpsze Mkd}7

f. Also note that My gives rise to a quasi-coherent Op, (5)-module ]\7&) on
D, (f) ~ Spec A(yy C Proj A. Letting f vary over the homogeneous elements

in Ay, we want to show that the resulting modules M) extend to a global
quasi-coherent Opyoj 4-module M on Proj A.

Proposition 1. Let A be a graded ring (of type N) and M a graded A-module.
Let X = Proj A. Then the Op_ p-modules My where f varies over all homo-
geneous elements in A,, can be glued via canonical isomorphisms of type

M) |py(rg) === Msg) ==+ Mg)|D,(s9)

to yield a quasi-coherent Ox-module M. The latter is called the module (or
module sheaf) associated to M on Proj A.
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If ¢o: M —— N is a morphism of graded A-modules, i.e. a morphism of
A-modules respecting gradings on M and N, then ¢ induces for each homoge-
neous element f € A an Acp-module homomorphism My —— Npy. Further-

more, the corresponding OX|D+(f)—m0dule homomorphisms My — Ny can
be glued to yield an Ox-module homomorphism M —— N.

Proof. Given homogeneous elements f,g € A, say of degrees d and e, there
exist canonical Ayg)-isomorphisms

(M(f)) f-eqa ~== Mgy —= (Mg))g-aye

just as we have seen in 9.1/7; the proof carries over without changes. On the level
of associated modules, these isomorphisms define gluing morphisms, as stated
in the assertion. To see that the gluing works well, one has to check the cocycle
condition of 7.1/1. This is done in the same way as indicated in the discussion
leading to the proof of 9.1/17. One shows that the gluing morphisms restrict on
triple overlaps of type D, (f) N Dy (g9) N D4 (h) = Di(fgh) to the identity map

on Msgr). Alternatively, one can prove a module analogue of 9.1/16 and employ
the second method proposed for the proof of 9.1/17. Finally, the construction
of associated morphisms is done along the lines of the proof of 7.1/2. [

We want to show that the formation of associated modules on Proj schemes
respects tensor products. Recall that the tensor product F ®¢, G of two
Ox-modules F, G on a scheme X is defined as the Ox-module sheaf associ-
ated to the presheaf

Ur— F(U) @oxw) G(U), for U C X open.

If X is affine, say X = Spec A, and F, G are associated to A-modules M, N,
then the compatibility of tensor products with localizations (use 4.3/2) shows
that F ®o, G is associated to the tensor product of A-modules M ®4 M.

On the other hand, for a graded ring A and graded A-modules M, N, the
tensor product M ®4 N is a graded A-module again if, for n € Z, we call any
finite sum of type

er(g)yseM@ANa ITEM’I‘7 ysgNsv
r+s=n

homogeneous of degree n. To check that we get a well-defined grading this way,
observe the direct sum decomposition

MezN =@ M ezN =@ (P M ez N,)
r,sEL n€Z r+s=n

in terms of Z-modules. In particular, working over Z as a graded ring concen-
trated at degree 0, we see that M ®z N is a graded Z-module, indeed. Since the
kernel of the canonical map
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o: M®;z N — M®4 N

is generated by all elements of type (az) ® y — x ® (ay) where a € A, v € M,
y € N, the latter can be generated by homogeneous elements of M ®z N. From
this it easily follows that the quotient M ®7 N/kero ~ M ®4 N is canonically
a graded A-module.

Proposition 2. Let A be a graded ring whose irrelevant ideal A, C A is
generated by Ay and let M, N be gmded A-modules. Then there is a canonical

isomorphism of Ox-modules M Roy N = M@4Mon X = Proj A.

Proof. For any f € Ay, d > 1, look at the composition
Mgy @y Nipy — My @a; Ny ==~ (M @4 N)y

induced from the inclusions of homogeneous into full localizations on the left-
hand side and from the compatibility of tensor products with localizations on
the right-hand side; use 4.3/2. Since the isomorphism on the right conserves
homogeneous degrees, we end up with a homomorphism of A(s-modules

Ayt M) ®@a gy Nipy — (M @4 N)p),

given by
T Y TRY

FEETT
forr,s € Zand x € My,, y € Nys. Furthermore, it is clear that, for homogeneous
elements f,g € A, there is a commutative diagram

Mgy ®@a) Ny

(M ®4 N) )

Mgy ®as4 Nisg) (M ®4 N)(sq)

so that, by a gluing argument, the morphisms Ay give rise to a morphism of
Ox-modules

)\IM@OXN—>M®AN.

Using the fact that A, is generated by A;, we claim that A is an isomor-
phism. For this it is enough to show that the above mentioned maps Ay are
isomorphisms for elements f € A;. In order to construct an inverse of A¢y) in
this case, we start with the Z-linear map

' M ®; N — M(f) ®A(f) N(f)
that is given for homogeneous elements x € M, and y € N, by

x®yl—>—®—

AN
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Then we see for a € A homogeneous, or even a € A arbitrary, that
(az) @y —z ® (ay) € ker 7’
so that 7/ factors through a map
T M@AN — M) ®ayy Ny,
which so to speak is linear over the ring morphism

A‘*A(f), ATSGH%EAU).

Since the latter map sends f to 1 and, thus, factors through the localization
Ay, it follows that 7 induces a morphism

T (M @4 N)y — M) ®a, Nipy,

given by

TRY x Y

N AT
for r,s,t € Z and v € M,, y € N,. Then, restricting 74 to the homogeneous
localization (M ®4 N) (), we get the desired inverse of A¢p. O

In the following, we want to look a bit closer at some examples of associated
modules on Proj schemes, among them Serre’s twisted sheaves:

Definition 3. Let A be a graded ring and X = Proj A its associated scheme.
The nth twisted Serre sheaf of the structure sheaf Ox of X, for n € Z, is the

Ox-module Ox(n) = //1(\7_7/) associated to A(n) as graded A-module.

First, let us recall some properties applicable to module sheaves, which we
will need; see also Section 6.8 for a discussion of some of these within the setting
of quasi-coherent modules.

Definition 4. Let X be a scheme and F an Ox-module sheaf.

(i) F is called free if there exists an isomorphism 03? —= F for some in-
dex set I. It is called free of rank n € N if there is an isomorphism O% — F;
see Section 6.8 for the definition of the Ox-modules ng and O%.

(ii) F is called locally free (resp. locally free of rank n) if every © € X
admits an open neighborhood U C X such that the restriction F|y is free (resp.
free of rank n).

(iii) A family of global sections (f;)ier in I'(X,F) = F(X) is called a system
of generators of F if the Ox-module morphism Og) —— F given by these
sections is an epimorphism. Furthermore, F is called finitely generated if F
has a finite system of generators.

(iv) F is called locally of finite type if every x € X admits an open neigh-
borhood U C X such that F|y is finitely generated.
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(v) F is called locally of finite presentation if every x € X admits an open
neighborhood U C X, on which F has a finite presentation, i.e. an eract se-
quence of type

Oy Oy Flu 0

for suitable integers m,n € N.

In particular, every free Ox-module is locally free and every finitely gen-
erated Ox-module is locally of finite type. Also it is clear that every free or
locally free Ox-module is quasi-coherent. Moreover, every Ox-module that is
locally of finite presentation is locally of finite type and quasi-coherent.

Now let us look at the projective d-space X = P4 over some base ring R and
study Serre’s sheaves Ox(n) as introduced in Definition 3. To do this consider
the polynomial ring A = R[tg,...,tq] over R with variables to,...,ts. The
total degree of polynomials defines a grading on A such that X = Projy A; see
Section 9.1. Since the variables #, ..., ty generate the irrelevant ideal A, C A,
we get V. (to,...,tqs) = 0 and therefore

X =D, (ty)U...UD.(ty)

so that the schemes Dy (t;) = Spec A,y =~ A% with Ay, = R[{,..., #] form
an affine open covering of X.

By the definition of Serre’s sheaf Ox(n), its restriction to the open sub-
set Dy (t;) C X is associated to the Ag,)-module A(n)q,). Here Ay, is the
homogeneous localization of A by ¢;; it consists of all elements of the ordinary
localization Ay, that are homogeneous of degree 0. Likewise, we can interpret the
homogeneous localization A(n)q,) of A(n) at t; as the subgroup of all elements
in A;, that are homogeneous of degree n. Then we get

to ta]

A(n)(ti> = R[ti,..., ti:| -t

since multiplication and division by #}' sets up an isomorphism of A;,)-modules

Awy —= A(n)g,. In particular, A(n)q, is a free Ay,)-module of rank 1,

generated by 7', and it follows that Ox (n)|p, () is free of rank 1. Consequently,
Ox(n) is locally free of rank 1.

In order to determine the group I'(X,Ox(n)) = Ox(n)(X) of global sec-
tions of the sheaf Ox(n), observe that all localizations of A by monomials in
to, ..., tqg may be viewed as subrings of R[to,ty", ..., ta,t;'], the ring of Laurent
polynomials in ¢, ..., tq over R. Furthermore, canonical restriction morphisms
between such localizations are given by inclusions then. Therefore we get

r(X,0x(n ﬂR[tO } t"CﬂR[to,.. ot = A

and, hence, I'(X, Ox(n)) C A,. The reverse inclusion A,, C I'(X, Ox(n)) holds

as well, since we can write
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t t
f(to,...,td):f(t—‘ﬂ...%—fl) 7

for i =0,...,d and any homogeneous polynomial f € A,. Thus, we obtain

D no,ngeny R0 .. ty* forn >0,

no+...+ng=n

F(X,OX(”)):AnI R for n =0,
0 for n < 0.

In particular, it follows that an Ox-module Ox(n) where n # 0 (and R # 0,
d > 0) cannot be free, since otherwise, being locally free of rank 1, it would be
isomorphic to Ox and, thus, impose R as its R-module of global sections. On
the other hand, we see for n > 0 that ¢ generates Ox(n) on D (¢;) and, hence,
that the powers 7, i = 0,...,d, yield a system of global generators for Ox(n)
on X. Hence, Ox(n) is finitely generated. Furthermore, the equation

t:\"
th = (i> 7,
tj /

valid on D (¢;), allows to conclude more specifically that ¢ generates Ox (n) for
n > 0 precisely on D, (t;). The reason is that ¢ is a free generator of Ox(n) on
D, (t;). Hence, t" can be a second free generator only at points of D (¢;), where
f—: does not vanish. However, the latter is the case precisely on D (t;) N D4 (t;);

use 9.1/7 in conjunction with 9.1/14.

Definition 5. Let X be a scheme. An Ox-module sheaf L is called an invertible
sheaf (or a line bundle) on X if it is locally free of rank 1; in other words,
there must exist an open covering (Us)ie; of X together with isomorphisms
Llu, ~ Ox|u,, i € I. In particular, L is quasi-coherent in this case.

We have shown above that Serre’s twisted sheaves Ox(n) are locally free of
rank 1 on the projective d-space X = P%. Thus, they are examples of invertible
sheaves and we will generalize this assertion in Proposition 7 below.

Proposition 6. The isomorphism classes of invertible sheaves on a scheme
X form a commutative group under the group law (L,L') —— L ®o, L, the
tensor product of Ox-modules. It is denoted by Pic(X), referred to as the Picard
group of X. Furthermore, Pic(X) is isomorphic to the first cohomology group
HY(X,0%), as we will see below in Corollary 9.

The unit element in Pic(X) is given by the trivial invertible sheaf Ox and,
Jor any L € Pic(X), its inverse is L' = Homy (£, Ox) where Hom is the
so-called sheaf Hom; see below.

The group Pic(X) is functorial in X. Namely, for any morphism of schemes
[ Y —— X the pull-back of invertible sheaves L +—— f*(L) gives rise to a
group homomorphism Pic(X) — Pic(Y).



424 9. Projective Schemes and Proper Morphisms

Proof. If L and L’ are invertible, they are locally on X isomorphic to the trivial
sheaf. Using the canonical isomorphisms of type Oy ®p, Oy ~ Oy on open
subsets U C X, we see that £ ®p, L is invertible again. Therefore the ten-
sor product defines, indeed, a law of composition on Pic(X), the collection of
invertible sheaves on X. Clearly, this law is associative and commutative with
Ox serving as identity element.

To describe inverses in Pic(X), note that Hom(L£, £') for Ox-module sheaves
L, L' on X consists of the functor

U +—— Homo, |, (L|v, L'v), for U C X open,
which is a sheaf of Ox-modules. There is a canonical morphism of Ox-modules
Hom, (£,0x) ®oyx L — Ox,

which is given on the level of sections by ¢ ® a —— ¢(a). It is easily checked
that this is an isomorphism for £ = Ox. The same remains true if £ is locally
on X isomorphic to Oy and, hence, invertible.

Hence, we can conclude that Pic(X) is a group, provided we know that the
isomorphism classes of invertible sheaves on X can be viewed as a set. The latter
is not clear right away, but follows most conveniently from the description of
invertible sheaves by means of Cech 1-cocycles in the style of Proposition 8 and
Corollary 9 below.

To explain the functoriality of Pic(X), consider a morphism of schemes
Y X. Then we see from 6.9/4 that the inverse image f*(L) of
any invertible sheaf £ on X is invertible on Y. Therefore f induces a map
Pic(X) — Pic(Y). The latter is a group homomorphism, as follows from the
arguments of 4.3/2 in conjunction with 6.9/4. O

Proposition 7. Let A be a graded ring such that the irrelevant ideal A, C A
is generated by Ay and let X = Proj A. Then:
(i) Ox(n) is an invertible Ox-module for all n € Z.
(i) Ox(m) ®oy Ox(n) ~ Ox(m +n) for all m,n € Z.
(iii) Ox(—n) ~ Homy (Ox(n),Ox) for all n € Z.

Proof. To obtain (i), we proceed similarly as in the case of the projective d-space
P4. Since A; generates Ay, we see that V. (A;) = V,(A;) = 0. Hence, the
system (D4 (f)) fea, yields an affine open covering of Proj A and it is enough to
show that A(n)(s) for n € Z and elements f € A, is a free A(py-module of rank
1. However, the latter is clear, since we may interpret A(n)s as the subgroup
of homogeneous elements of degree n in the localization A, and since

Ay —= Ay, ar—=af",
is an isomorphism of A(s-modules.

For assertion (ii) we interpret the trivial isomorphism A ®4 A —~~ A as
an isomorphism of graded A-modules
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A(m) ®4 A(n) —= A(m +n)
that maintains homogeneous degrees. Then, using Proposition 2, we get the

desired isomorphism

—_—~— e~~~

A(m) ®o, A(n) =~ A(m) @4 A(n) ~ A(m +n).

Finally, (iii) follows from Proposition 6 in conjunction with (ii). O

In particular, we see from Proposition 7 that the map
Z — Pic(X), n+— Ox(n),

is a group morphism where for the projective d-space X = P4 over a field K one
can show that it is, in fact, an isomorphism; see 9.3/17. Thus, Serre’s twisted
sheaves are the only invertible sheaves on X in this case.

Next we want to describe invertible sheaves on a scheme X in terms of Cech
cocycles with values in O%, the sheaf of invertible functions on X. To do this, let
L be an invertible sheaf on X and let ${ = (U;);c; be an open covering of X such

of Oy, modules OU —+ L|y,, carrying the unit section 1 € Ox(U;) to a
generator f; € L(U;) Oyp,-module. We say that L trivializes with
respect to U, or that L is U-trivial. Then for two indices i,j € I both, f; and
fj, generate £ on the intersection U; N U; and there exists an equation of type
fi o= nijfj i € Ox(U; N U;)*. Furthermore, on triple
overlaps U; N U; NUj, for 4, j, k € I we have

fi = M fr fi = nijf5 fi = Mk trs

and, thus,
ik =ik TeSD.  Mykny mi = 1.
The equation njknfklmj =1 is referred to as the cocycle condition.

If there is an isomorphism Oy — L, the unit section 1 € Ox(X) gives
rise to a global generator f € £(X) and there exist elements 7; € Ox(U;)* such
that f|y, = m:f; for all i € I. Thereby we obtain on intersections U; N U; for
1,J € I the relation

g = nm; "

The equations we have just discussed fit nicely into the formalism of Cech
cohomology with values in an abelian sheaf F, as discussed in Section 7.6. For
the convenience of the reader we repeat here the relevant facts, replacing F by
the sheaf O% of invertible functions on X and writing the group law multiplica-
tively. Thus, we look at the Cech compler C*(8, O%) consisting of the groups
of g-cochains on U with values in O%, namely

O LLOX H OX Q.. 1(1 ) q€N7

90, 1(]61
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where Uy, ..i, = Ui, N ... NU;,, and of the coboundary maps
5% CU(U, O%) — O (L, O%),
given for a g-cochain n = (9i,...i, )io,...i;cr € C1(U, O%) by

g+1

(-1)7
5q(7])i0,~-,iq+1 = H (nig,...,%j,...,iqﬂ ‘Uio,...,iq+1 ) )

J=0

as usual, the notation 7; means that the index 7; has to be omitted. In particular,
we get for n € CO(U, O%)

50(77)1‘3‘ =T

Uij ° (771 Uij)ilﬂ

and for n € C' (44, O%)

5! (Tl)ijk = Nk |Us (Th‘k Uzjk)_l *Mij Ui

Furthermore, recall that 697! 0 §9 = 1 for all ¢ where 1 has to be interpreted as
the unit element of the multiplicative group C12(4, O%).
Then
ZUU, O%) = kerd? C CUYU, O%)

is called the group of ¢-cocycles and
B, O%) = im st C CYYU, O%)

the group of ¢-coboundaries in C?(, O%) where we put B (U, O%) = 1 for
q = 0. Since 671! 0 §7 = 1, we have BI(8, O%) C Z(4, O%) and one calls

H(U, O%) = 2°4(U, O%)/ B (U, O%)

the gth Cech cohomology group on the covering i with values in O0x%.

Starting out from an invertible sheaf £ on X that trivializes with respect
to the open covering 4 = (U;);er of X and from isomorphisms Oy, —~~ Ly,
for i € I we have constructed above a l-cochain n = (1;;);jer that satisfies
the cocycle condition and, thus, as we can read from the definition of !, is a
1-cocycle. If we change the isomorphisms Oy, L|y, under consideration by
units 7; € Ox(U;)*, we find out that 7 changes by the 1-coboundary (n;7; |u,,)-
Therefore we can associate to each i-trivial invertible sheaf £ on X a well-
defined cohomology class 77 € H! (4, O%).

Conversely, starting with a cohomology class 7 € H' (U, O%), we can choose
a representative n = (1;;)ijer € Z'(U,Ox) and glue the sheaves Oy, with
respect to the isomorphisms

Pij - OU-; U;NU; — OUJ- UinU; 5 a — 1;;a,

along the intersections U; N U; to obtain an invertible sheaf £ on X. The condi-
tion of 7 to be a 1-cocycle assures that the necessary cocycle condition on triple
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overlaps is satisfied. Moreover, if we change n by a 1-coboundary and write £’
for the resulting invertible sheaf on X, then such a 1-coboundary yields local
isomorphisms L|y, — L'|y, that coincide on the intersections U; N U; and
therefore define an isomorphism £ —2» £’. Thus, we can state:

Proposition 8. Let X be a scheme, i an open covering of X, and Picy(X)
the group of invertible sheaves on X that trivialize with respect to 3. Then the
above construction yields an isomorphism of abelian groups

Picy(X) 2 HY(YU, O%).

Proof. It remains only to show that the described map respects group structures.
This is easily seen. Just observe that if £, £’ are two U-trivial invertible sheaves
on X and if f; € L(U;), resp. f| € L'(U;) are sections generating £ resp. L’
on U;, then the section f; ® f/ € (L ®o, L")(U;) generates the invertible sheaf
L ®e, L on Uj. O

As an example, consider Serre’s nth twisted sheaf Ox(n) on the scheme
X = Proj A of a graded ring A and assume that the irrelevant ideal A, C A is
generated by A;. Then Ox(n) is invertible by Proposition 7 (i) and the proof
of the latter result shows for any f € A; that there is an isomorphism

Ox|p.is) === Ox(n)lpyip), 1 f"

Thus, choosing elements f; € Ay, i € I, that generate the irrelevant ideal A,
the basic open sets U; = D, (f;) will cover X and we see that the elements

n

fi . . .
i = € (A =O0x(U Ny, i,jel,
J

define a 1-cocycle, whose associated invertible sheaf is isomorphic to Ox(n).
Also note that this way we can give an alternative proof of Proposition 7 (ii).
Namely, translated to the level of 1-cocycles, the isomorphism

Ox(m) ®o, Ox(n) ~ Ox(m+n)
amounts to the trivial equations

o

JTE T e

The assertion of Proposition 8 is easily extended to the full Picard group
Pic(X). Indeed, look at the collection Cov(X) of open coverings of X and
use the refinement relation as a preorder. Then Cov(X) is directed, since for
two open coverings 4 = (U;);e; and U = (V}),es of X the product covering
U XY = (U; NVj)ierjes is a common refinement. If U is a refinement of &,
there is a canonical inclusion map Picy(X) —— Picy(X), and we obtain the

ijel
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group Pic(X) of all invertible sheaves on X as the inductive limit of the groups
Picy(X) where 4 varies over the open coverings of X.

A similar inductive limit can be considered on the level of Cech cohomology
groups H' (4, O%), as we have seen in Section 7.6. If U = (V}),c is a refinement
of 4 = (Ui)ier, there is a map 7: J —— I such that V; C U, for all j € J.
Then

Cq(uv O;() - Cq(mv O;()7 nH— (nT(jo),..-,T(jq) ‘Vjo,“,,]q )jO»--<7jq€J7
gives rise to a well-defined homomorphism
P, W) HY(M, O%) — HIU(U, 0%),

which is independent of the choice of the refinement map 7: J —— I; see Sec-
tion 7.6. The maps p?(4, W) constitute an inductive system, and the associated
inductive limit
HY(X,0%) = lim  H(LO%)
leCov(X)
exists; it is the gth Cech cohomology group of X with values in O%. Furthermore,
it is easy to see that for a refinement U of 4 the canonical diagram

Picy(X) —— H' (4, 0%)

Picy(X) —— H'(T, 0%)

is commutative. Therefore we conclude from Proposition 8:

Corollary 9. Let X be a scheme. Then the isomorphisms of Proposition 8
induce an isomorphism

Pic(X) 2~ H'(X,0%)

between the Picard group of invertible sheaves on X and the first Cech cohomol-
ogy group of X with values in O%.

Also note that in place of H'(X,0%) we may use the first Grothendieck
cohomology group H'(X, O%) as considered in the setting of Section 7.7, since
it is known that Cech and Grothendieck cohomology coincide in degree 1.

Finally, we want to discuss the connection between invertible sheaves and
line bundles (in the literal sense of the word). Looking at A}, = Al xz U, the
affine line over some base scheme U, call a U-morphism ¢: A}, —— A}, linear
if it is of type

(t,x) — (n(z)-t, x)

for a section n € Oy (U), i.e. if on affine open parts Spec R C U it corresponds
to the morphism of R-algebras
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R[(] — R[¢], ¢ (nlspeca) - C -

Also note that such a linear U-morphism is an isomorphism if and only if 7 is
a unit in Oy (U)*.

Now fix a scheme X. Given any X-scheme ¢: L —— X, we will use the
notation Ly = ¢~ 1(U) for open subsets U C X, considering Ly as a U-scheme.
A line bundle on X is an X-scheme ¢: L —— X with a so-called trivialization
as additional data. Thereby we mean an open covering (U;);er of X together
with U;-isomorphisms

wi:LUl s Alz:AEXZUh iE[,
such that on each intersection U; N Uj, 7,7 € I, the resulting isomorphism
ijowi_ll A% X7 (UlﬂU]) s A% X7 (UZQUJ)

is linear, say of type (t,z) —— (m;;(2)t, z) for a unit n;; € Ox(U; N U;). Fur-
thermore, a morphism L —— L’ between line bundles on X is meant as an
X-morphism that, locally on X, is linear with respect to the given trivializa-
tions on L and L'.

The fiber of a line bundle L. —— X over any point x € X consists, indeed,
of the affine line A}C(m) = A} xz Spec k(x). Moreover, the parametrization of all
these lines over the base X is locally trivial in the sense that it corresponds
locally on X to the situation encountered at the affine 1-space Aj, = AL xz U.
This is why the term line bundle is applied. However, globally, L can be far
from being isomorphic to the affine line Ak, as the affine lines Aj, are glued
via linear transformations on the intersections U; NUj, the latter being given as
multiplication by the units n;; € Ox(U; N U;)*.

It is easily checked that the family of elements 7;;, ¢, j € I, forms a 1-cocycle
with values in O%, relative to the covering 4 = (U;);ecs, and that the isomor-
phism classes of line bundles on X correspond bijectively to the cohomology
classes in H' (4, O%). Therefore we get a bijective correspondence between iso-
morphism classes of invertible sheaves and of line bundles on X. Quite often one
does not make a strict difference between these two types of objects, by talk-
ing about line bundles in situations where the terminology of invertible sheaves
should be applied. In such cases the line bundle L (in the strict sense) associated
to an invertible sheaf £ is referred to as the total space of L.

The correspondence between invertible sheaves and line bundles, as just
described, is not restricted to locally free modules of rank 1. For locally free
modules of higher rank n, one considers on the level of total spaces so-called
vector bundles, which locally look like affine n-spaces A},. The role of the units
7;; is then taken over by invertible matrices with entries in Ox (U; N U;).

Exercises

1. Let A= EBneN A, be a graded ring. Show that the assumption of Propositions 2
and 7, namely, that the irrelevant ideal Ay C A is generated by A, is fulfilled if
and only if A is generated by A; when viewed as an Ag-algebra.
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. Give an example of a quasi-coherent module sheaf F on a scheme Proj A for a

graded ring A where F is associated to a graded A-module M, but where M is
not uniquely determined by F.

. Let A be a graded algebra over some ring R and X = Projz A the associated

scheme. Show for any ring morphism R — R’

(a) A’ = A®pg R is canonically a graded R'-algebra; set X’ = Proj A’.

(b) Proceeding as in the setting of 9.1/20, the canonical morphism A — AQrR’
gives rise to a morphism of schemes f: X’ — X, which may be identified with
the projection X Xgpec g Spec R — X.

(¢) f*(Ox(n)) ~ Ox:(n) for all n € Z.

. Consider the projective line X = P}% over a ring R. Describe Serre’s twisted

sheaves Ox(n), n € Z, via Cech cocycles and show that there cannot exist any
further invertible sheaves on X, up to isomorphism. See 9.3/17 for a higher-
dimensional version of this fact.

. Consider the projective line X = P]1F2 = Projp, Fa[to, t1] over the field Fy = Z/27Z.

2 9
Show that n = t(]tTotl + m gives rise to a Cech cocycle with respect to the
open covering of X consisting of the subsets D (t9) and Dy (tg + t1). Relate the

resulting invertible sheaf to Serre’s twisted sheaves Ox(n), n € Z.

. Let X be a scheme and F an Ox-module that is locally of finite presentation.

Show that F is invertible if and only if the stalk F; is a free Ox ,-module of rank
1 at every point x € X. Hint: Use 4.4/3.

. Let A be a graded ring and X = Proj A the associated scheme. Given a sheaf of

Ox-modules F, call F(n) = F ®o, Ox(n) for n € Z the nth twisted sheaf
‘iﬁ Show for a graded A-module M that there are canonical morphisms
M(n) — M(n), n € Z, and that the latter are isomorphisms if the ideal
AL C Ais generated by Aj.

. Let A be a graded ring and X = Proj A as before. For a sheaf of Ox-modules

F define the associated graded A-module by I'v(F) = @, I'(X, F(n)). Inter-
preting the latter as an abelian group, use the canonical isomorphisms of Propo-
sition 7 (ii) to show that I'.(F) is a graded A-module, indeed. Compute I'(F)
in the case where F = Ox(n), n € Z, and X is the projective d-space ]P"Ii,2 over a
ring R.

. Let A be a graded ring and X = Proj A as before. Show for graded A-modules M,

N that the set Hom (M, N) of A-module morphisms M — N is canonically
a graded A-module if M is finitely generated. A/sgr/ning the latter, show that
there is a canonical morphism of O x-modules Hom4 (M, N) — Homg (]\7, N).
Furthermore, show that this morphism is an isomorphism if the ideal Ay C A
is generated by A; and M is an A-module of finite presentation. Hint: Consult
EGA [12], II, 2.5.13, if necessary.

Blowing up: Let X be a scheme and Z C Ox a quasi-coherent ideal on X.
Using the context of Exercise 9.1/11, write Z° = Ox and view the direct
sum €, .y Z" as a sheaf of graded Ox-algebras. Then the canonical morphism
0: X' =ProjP, cyI" — X is called the blow-up of T on X, or of the closed
subscheme given by Z on X. Show:
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(a) The blow-up o: X’ —— X is an isomorphism if Z is invertible in the sense
of being an invertible Ox-module.

(b) Let Z be the closed subscheme of X given by the ideal Z C Ox. Then o
restricts to an isomorphism X’ —o71(Z) > X — Z.

(c) The ideal ZOx: that is generated by the inverse image o~(Z) in Ox: is
invertible, i.e. an invertible O x/-module.

(d) Universal property of blowing up: If Y —— X is a morphism of schemes
such that the ideal ZOy is invertible on Y, there is a unique factorization of
Y —— X through the blow-up ¢: X’ —— X. Hint: Consider the case where
X is affine, say X = Spec A, and, to simplify things, where Z corresponds to an
ideal I C A of finite type, say generated by fo, ..., fr. Then use the surjection of
graded A-algebras A[to, ..., t,] — @, cnI" given by t; —— f; and determine
its kernel.

9.3 Divisors

So far we have characterized invertible sheaves in terms of Cech cohomology
and of line bundles. However, in order to actually construct such sheaves, divi-
sors come into play, at least in certain situations. The purpose of the present
section is to develop the basics on divisors and their relationship to invertible
sheaves. As an application, we will show in Section 9.6 how to construct ample
invertible sheaves on abelian varieties, thereby proving that abelian varieties
are projective.

Some local properties of schemes. — In order to be able to really work
with divisors, the schemes under consideration should have certain nice prop-
erties, which we introduce next.

Definition 1. Let X be a scheme. Then X is called
(i) integral if it is irreducible and all its stalks Ox, are integral domains,
(ii) reduced if all its stalks Ox ., are reduced in the sense that the nilradical
rad(Ox ) is trivial,
(iii) normal if all its stalks Ox ., are normal integral domains (3.1/9),
(iv) factorial if all its stalks Ox ., are factorial rings,
(v) regular if all its stalks Ox . are regular Noetherian local rings (2.4/18).

It is clear that the above conditions can be checked locally on X, except
for condition (i), due to the irreducibility requirement. Furthermore, X being
factorial implies normal by 3.1/10 and normal, respectively integral, implies
reduced. Also let us refer to the Theorem of Auslander-Buchsbaum [24], Cor. 4
of Thm. IV.9, stating that regular implies factorial. Moreover, it is of interest
to know how certain of these properties can be characterized globally on affine
schemes.
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Remark 2. Let A be a ring and X = Spec A the associated affine scheme.
Then:
(1) X is integral if and only if A is an integral domain.
(i) X is reduced if and only if A is reduced in the sense that rad(A) = 0.
(i) If X is irreducible, it is normal if and only if A is a normal integral
domain.

Proof. Assertion (ii) follows from 7.3/6 and from the injection

Ox(X) = [ Oxar  fr— (fo)rex,

zeX

of 6.4/7 where, as usual, f, denotes the stalk of f at z. Furthermore, using (i),
we see that (iii) is a consequence of 3.1/11.

Thus, it remains to verify assertion (i). To do this, assume that X is integral
and consider elements f, g € A such that fg = 0. Then we get X =V (f)UV (g)
from 6.1/1 (iv), and we may assume X = V/(f) since X is irreducible. But this
implies rad(f) = rad(A) by 6.1/5 (i) and, furthermore, rad(A4) = 0 as we can see
from assertion (ii). Hence, we get f = 0, showing that A is an integral domain.

Conversely, if A is an integral domain, then any localization of A can be
viewed as a subring of its field of fractions. Thus, all local rings Oy, are integral
domains by 6.6/9. Furthermore, X is irreducible by 6.1/15. (]

If we want to associate Weil divisors to functions living on a scheme, we
need the concept of so-called discrete valuation rings:

Definition 3. A ring A is called a discrete valuation ring if it is a local principal
ideal domain that is not a field and, hence, is of Krull dimension 1.

If A is a discrete valuation ring, its maximal ideal is generated by a prime
element p and factorizations of elements in A are reduced to powers of p, up
to units in A. In particular, any element a of the field of fractions K of A can
uniquely be written as a = ep”(® with a unit ¢ € A* and an exponent v(a) € Z.
Thus, any x € K either satisfies © € A or, if the latter is not the case, z7! € A.
Therefore a discrete valuation ring is, indeed, a valuation ring in the sense to
be defined later in 9.5/13. Furthermore, the map

vi: K¥ — 7, a+— v(a),

is called a valuation of K. Namely, setting v(0) = oo, the following conditions
are satisfied for elements a,b € K:

(i) v(a) =00 <= a=0,
(i) v(ab) =v(a)+ v(b),
(iii) v(a+b) > min(v(a),v(b)).

Also note that for any @ € R, 0 < a < 1, the valuation v leads to a
non-Archimedean absolute value
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|~|ZK—>R20, a»—»a”(a),

which satisfies |a + b| < max(]al, |b]), the so-called non-Archimedean triangle
inequality, as derived from condition (iii) above.

In order to relate Noetherian normal rings to discrete valuation rings, we
will apply the theory of primary decompositions for ideals, as dealt with in
Section 2.1. In particular, see 2.1/9 for the definition of Ass(a), the set of prime
ideals associated to an ideal a in a ring A.

Lemma 4. For a Noetherian local integral domain A with mazimal ideal m the
following conditions are equivalent:

(i) A is normal and of dimension 1.
(ii) A is normal and there exists a non-zero element a € m such that m is
associated to the ideal aA, i.e. such that m € Ass(aA).
(iil) m is a non-zero principal ideal.
(iv) A is a principal ideal domain of dimension 1 and, thus, a discrete valu-
ation ring.
(v) A is regular (2.4/18) and of dimension 1.

Proof. Starting with the implication (i) = (ii), assume that A is a normal and
of dimension 1. Then there are precisely two prime ideals in A, namely 0 and m.
Choosing any non-zero element ¢ € m, we know from 1.3/4 that rad(aA) is the
intersection of all prime ideals of A containing a. Since m is the only prime ideal
containing aA, its radical rad(aA) must coincide with m. Then m € Ass(Aa) by
2.1/12.

Next let us assume (ii) and derive (iii). If @ € m is non-zero and m € Ass(aA),
there is an element x € A such that (aA : ) = m; see 2.1/9. In particular, we
get zm C aA and, thus, e~ tzm C A so that we can view ¢ lzm as an ideal in
A. We claim that e~ 'xm C m cannot be the case. Indeed, if the latter were true,
we would see from 3.1/4 (iv) that a~'z would be integral over A. However, if
A is normal, this would imply a= 'z € A and, thus, (aA : z) = A, contradicting
our choice of x. Therefore we conclude a 'zm ¢ m and, thus, e 'am = A. But
then m = 7 'aA, which necessarily shows z7a € m and that m is principal.

Now assume (iii) and observe that ()~ ,m™ = 0. Indeed, if y € A is a gener-
ator of m, we have m- (" m" = (", y"A =", m" and, thus, (),_,m" =0
by Nakayama’s Lemma 1.4/10. Then look at an arbitrary non-zero ideal a C A.
To show that it is principal, fix an integer n € N such that a C m"”, but
a ¢ m™! and choose z € a — m"*!. Using the fact that m is principal, there
exists an equation z = cy™ for some element ¢ € A —m where ¢ must be a unit,
due to the fact that A is a local ring with maximal ideal m. This shows 3" € a
and, thus, m" = (y™) C a. Since a C m"™ by construction, we have a = (y") and
a is principal. Taking into account that dim A = htm = 1 by 2.4/5, the impli-
cation from (iii) to (iv) is clear. Moreover, that (iv) implies (i) is well-known;
see 3.1/10.
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Finally, it follows from the definition of regularity in 2.4/18 that (iv) implies
(v). On the other hand, if A is regular and of dimension 1, its maximal ideal m
is a non-zero principal ideal and we see that (v) implies (iii). O

We need another important result on Noetherian normal rings:

Proposition 5. Let A be a Noetherian normal integral domain of dimension
> 1 with field of fractions K. Then

N A, = A,

pCA prime, ht(p)=1

viewing the localizations A, as subrings of K.

Proof. First observe for any non-zero element a € A that all its associated
prime ideals p € Ass(aA) are of height 1. Indeed, passing to the localization A,
at such a prime ideal p, we can use 2.1/14 to show pA, € Ass(aA,). Then A,
is a discrete valuation ring by Lemma 4 (ii) and, thus, an integral domain of
dimension 1.

Next, consider an element z = ¥ € K with y,a € A such that z € A,
and, hence, y € aA, for all prime ideals p C A of height 1. Furthermore, let
Ass(aA) consist of the (pairwise distinct) prime ideals py,...,p, C A, and let
aA =(i_, q; be a primary decomposition of aA where g; is p;-primary for all
i; see 2.1/6. Since all prime ideals p € Ass(aA) are of height 1, as shown above,
we get y € aA, for all p € Ass'(aA) = Ass(aA). But then we conclude from
2.1/15 that

ye(Nad, NA=(g =aA
i=1 i=1
and, hence, that z = £ € A. This shows that ﬂp A, where p varies over all prime
ideals p C A of height 1, is contained in A. The reverse inclusion is trivial. [

Let us add a reformulation of Proposition 5 in geometric terms. Namely,
consider a rational function f € K, the field of fractions of A, and a point
x € Spec A, given by the prime ideal p, C A. We say that f is defined at
z if f € A, . Furthermore, z is called a point of codimension 1 if p, is of
height 1 in A; the latter amounts to the fact that the closure of z in Spec A
is of codimension 1 in the sense of 7.5/7. Thus, the proposition states for a
Noetherian normal integral domain A that a rational function f on Spec A is
defined everywhere, i.e. is a global section of the structure sheaf of Spec A and,
thus, belongs to A, if and only if it is defined at all points of codimension 1.

Meromorphic functions. — Let A be a ring. An element a € A is called
regular if a is not a zero divisor in A, i.e. if ab = 0 for an element b € A implies
b= 0. It is clear that the set S(A) of all regular elements in A is multiplicative.
So we can look at the localization Ag(4y, which is called the total quotient ring
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of A and has the property that the localization map A —— Agy) is injective.
Let us point out for a Noetherian ring A that the set of regular elements equals
A — Upeass(a) P Where Ass(A) denotes the set of prime ideals in A that are
associated to the zero ideal 0 C A; see 2.1/10.

Now let X be a scheme and consider the subsheaf Sy C Ox given on open
subsets U C X by

Sx(U)={g€ Ox(U); g, € S(Ox,) for all x € U};

it is called the subsheaf of regular elements in Ox. Using 6.4/7 one shows
Sx(U) C S(Ox(U)), i.e. Sx(U) is a multiplicative subset consisting of regu-
lar elements in Ox(U).

Definition 6. Let X be a scheme and Sx C Ox the subsheaf of regular ele-
ments. The sheaf Mx of meromorphic functions on X is the sheaf of rings asso-
ciated to the presheaf M’ given on open subsets U C X by U —— Ox (U)sy )
The global sections of Mx are referred to as the meromorphic functions on X.

By its construction, the sheaf of meromorphic functions My admits a
canonical morphism Ox — M x, which is induced from the localization maps
Ox(U) — Ox(U)syw) for U C X open. We want to show that this morphism
is a monomorphism. Furthermore, although we do not need this later on, we
show that M’ (U) and Mx(U) coincide for any affine open subset U C X,
when X is locally Noetherian.

Lemma 7. Let X be a scheme. Then:
(i) The sheaf Sx associates to any affine open subset U C X the multi-
plicative set of regular elements in Ox(U), i.e. Sx(U) = S(Ox(U)).

(ii) The presheaf M'y: U —— Ox(U)sy @) on open subsets U C X satisfies
the sheaf condition (i) of 6.3/2.

(i) The canonical morphism Ox — Mx is a monomorphism.

(iv) If X s locally Noetherian, M’y is a sheaf on the affine open subsets
of X, that is, it satisfies the sheaf conditions of 6.3/2 for all coverings of type
U = U,e; Ui where U and the U; are affine open subsets of X. In particular,
it follows that the canonical map M’y (U) = Ox(U)sy ) Mx(U) is an
isomorphism for every affine open subset U C X.

Proof. In the situation of (i) assume that U C X is affine and let A = Ox(U).
Then for any g € S(A) its associated stalk g, € Ox, = A, at a point x € U is
regular, since the localization A, is flat over A. Therefore we get S(A) C Sx(U).
The reverse inclusion has already been mentioned above; it follows from the
inclusion Ox (U) — [[,cp Ox, of 6.4/7.

To verify (ii), consider an open subset U C X and let 5 be a fraction
in Ox(U)sy @y where f € Ox(U) and g € Sx(U). Furthermore, assume that
8 = (Uy;)ier 1s an open covering of U such that the restriction of g to each U; is
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trivial. Writing f; = f|y, and g; = g|y, for ¢ € I, we have f’ =0in Ox(Us)sywy)
and, hence, since g; € Sx(U;) C S(Ox(U3)), in fact f; = 0 But then, using the
sheaf condition 6.3/2 (i) for Ox, we get f = 0 and, thus, 5 = 0. Therefore the
presheaf under consideration satisfies the sheaf condition 6.3/2 (i). Furthermore,
using the canonical monomorphism Ox —— My, assertion (iii) follows from
6.5/6 (iii).

Finally, to establish (iv), assume that X is locally Noetherian. In view of
6.6/4 it is enough to consider the case where X is affine and to check the sheaf
condition (ii) of 6.3/2 for an affine open covering X = U U;. To do this,
consider fractions h; € M%(U;)
Writing h; = ﬁ for suitable sections f; € (’)X(Ui) and gZ 6 SX( i), we Would
like to determine a common denominator g € Ox(X) that could be used for all
fractions h;. Therefore look at the ideals Z; = (O, : h;) C Oy,, i € I, consisting
of all sections g € Oy, such that gh; € Op,. Then I; coincides with the ideal
(9:0u,: f;) C Oy, consisting of all sections g € Ox such that ¢gf; € ¢;0p,.
Hence, Z; can be interpreted as the kernel of the morphism Oy, — O, /3: Oy,
induced from multiplication by f; on Op,, and we see from 6.8/4 that Z; is
quasi-coherent for all i € I.

Since the fractions h; coincide on all intersections of the U; and the ideals
7Z; do not depend on the particular representation of h; as a fraction ﬁ, it is
easily seen that the Z; can be glued to yield a quasi-coherent ideal Z C bx. It
is enough to show that there exists a global section g € Z(X) that is regular in
Ox(X). Indeed, then the sections gh; € Ox(U;) dctcrmmc a well-defined global
section f € OX(X ) and, if g is regular, the fraction h = g L Vields an element in
M (X) satistying h|y, = h; for all i € I. Hence, we see that the sheaf condition
6.3/2 (ii) holds for affine coverings if Z(X') contains a regular element.

Proceeding indirectly, let us assume that Z(X) does not contain any regular
element of Ox(X). Using the fact that Ox(X) is Noetherian by 7.5/4, we know
from 2.1/6 that the zero ideal 0 C Ox(X) is decomposable in the sense that it
admits a primary decomposition. In particular, it follows from 2.1/10 that Z(X)
is contained in the union of all prime ideals belonging to Ass(Ox (X)), the set
of prime ideals of Ox(X) that are associated to the zero ideal. Hence, by 1.3/7,
there is a prime ideal p € Ass(Ox (X)) such that Z(X) C p. Then p is of type
(0: z) for some = € Ox(X); see 2.1/9. In particular, Z(X) is annihilated by z,
and it follows that Z;(U;) is annihilated by x|y, for every i € I. Since Z;(U;)
contains g; as a regular element of Ox (U;), we must have x|y, = 0 and, hence,
x = 0. However, then we would have p = (0: ) = Ox(X), which is impossible.
Thus, Z(X) will contain a regular element and we are done. O

i€l

Let us discuss the sheaf M x of meromorphic functions in some easy situ-
ations. To begin with, consider an affine scheme X = Spec A that is integral.
Then A is an integral domain by Remark 2 and the total quotient ring Aga
is just the field of fractions K of A. Now consider the constant sheaf Ky on X
that associates to any non-empty open subset of X the field K. Using Lemma 7,
the presheaf M’y coincides with Kx on all basic affine open subsets in X since
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Ag( an = K for any non-zero localization A’ of A. This shows that Kx coincides
with the sheaf M x of meromorphic functions on X.

Proposition 8. Let X be a reduced scheme consisting of finitely many irre-
ducible components Xy, ..., X, with generic points x1,...,x,. For example, the
latter is the case if X is Noetherian; see Proposition 7.5/5.

Let K; = k(z;) be the residue field of x;. Then the sheaf Mx of mero-
morphic functions on X consists of the functor given on open subsets U C X
by

Zl:[le() where g:(U) {0 o 2U

In particular, if X is integral, Mx is the constant sheaf Kx obtained from the
residue field at the generic point of X.

Proof. Let U = Spec A be an affine open part of X. Then A is reduced by
Remark 2. Since X consists of finitely many irreducible components, the same
is true for U and we thereby see that there are only finitely many minimal
prime ideals py,...,p, in A, say corresponding to the generic points z; € X;
for i =1,...,r. Since (;_, p; = rad(A) = 0 by 1.3/4 and since any shorter
intersection of some of the p; will not yield 0 by 1.3/8, we see that py, ..., p, are
just the prime ideals associated to the zero ideal 0 C A. It follows from 2.1/10
that the set S(A) of regular elements in A is given by A—(J;_, p;. In particular,
the prime ideals of the total quotient ring Ag(4) are induced by py,...,p, and
therefore are minimal and maximal at the same time. But then the Chinese
Remainder Theorem yields an isomorphism

AS(A) ~ H k‘(l’z)
=1

This consideration shows that the functor U —— []'_, &/(U) - K; is a sheaf
coinciding on affine open parts of X with the sheaf My of meromorphic func-
tions. But then both sheaves must be the same. O

Weil and Cartier divisors. — Recall from 7.5/3 the notion of a locally
Noetherian scheme and from 7.5/7 the notion of codimension for closed subsets
of schemes.

Definition 9. Let X be a locally Noetherian scheme. A prime divisor on X is
an irreducible closed subset D C X of codimension 1. The set of prime divisors
on X is denoted by PD(X).

A Weil divisor (or just referred to as a divisor) on X is a formal linear

combination
> wpen
DePD(X)
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with coefficients np € Z where the sum is required to be locally finite in the
following sense: each x € X admits an open neighborhood U C X such that
np = 0 for almost all D € PD(X) satisfying D NU # 0. Then

> nD~D.:— U D

DEePD(X) DEPD(X), np#0

is a closed subset in X, called the support of the divisor.

The Weil divisors on X form an abelian group, which is denoted by Div(X).
Furthermore, a divisor 3 pcpp(xynp - D € Div(X) is called effective if np >0
for all D € PD(X).

We may view Div(X) as a subgroup of Z'P) the group of all families
(np)pepp(x) of integers np € Z. Also note that this way Div(X) contains
ZFPX) the group of all families (np)pepp(x), where np = 0 for almost all
D € PD(X), and that Div(X) = ZFPE) if X is quasi-compact. By convention
we get Div(X) = 0 for PD(X) = 0.

Now assume X to be a Noetherian scheme that is integral and normal.
We want to associate a Weil divisor to any invertible meromorphic function
f € Mx(X)* = K* where K is the residue field at the generic point of X. Let
D be a prime divisor on X and = € D its generic point. Then, using 7.5/1,
one shows for any affine open part U C X containing x that the restriction
D NU is a prime divisor on U. Therefore the local ring Ox , is a Noetherian
normal integral domain of dimension 1 with field of fractions K and, hence,
by Lemma 4, a discrete valuation ring. Let vp: K* —— 7Z be the associated
valuation and set np = vp(f). We claim that np = 0 for almost all prime
divisors D on X. Indeed, choose a non-empty affine open subset U C X, say
U = Spec A. If f|y = g~ 1h for elements g, h € A, we see that f restricts to a unit
in O% on the complement of the closed subset Z = (X —U)UV(g)UV(h) in X.
Since Z counsists of finitely many irreducible components by Proposition 7.5/5,
all of them of codimension > 1 due to the fact that X is irreducible, there are
only finitely many prime divisors of X contained in Z. Therefore the sum

()= > np-D

DePD(X)

where PD(X) denotes the set of prime divisors in X, has at most finitely many
non-trivial coefficients np and, hence, is a divisor on X. The latter is called
the principal divisor attached to f. It is clear that the principal divisors form a
subgroup in the group of Weil divisors Div(X).

Definition 10. Let X be a Noetherian scheme that is integral and normal. Let
K = Mx(X) be its field of meromorphic functions; see Proposition 8.

(i) Consider a meromorphic function f € K*. Then the above defined divi-
sor (f) =2 pepp(x)np + D is called the principal divisor associated to f. The
principal divisors form a subgroup of the group Div(X) of all divisors on X.
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(ii) Two divisors D1, Dy € Div(X) are called linearly equivalent if Dy — Dy
is a principal divisor.

(iii) The quotient of Div(X) by the subgroup of principal divisors is called
the divisor class group of X; it is denoted by C1(X).

Let us look at the special case where X = P} = Proj, L[to,...,t,] and L
is a field. Then X is integral and normal, the latter due to the fact that poly-
nomial rings over fields are factorial and, hence, normal. Furthermore, we will
use the basic fact that any prime factorization f = p;...p, of a homogeneous
polynomial f € Ltg,...,t,] is homogeneous in the sense that all prime factors
p; are homogeneous. Indeed, the product of the leading homogeneous parts of
the p; yields the leading homogeneous part of f and if f is homogeneous, the
same must be true for the p;.

Lemma 11. Let X = P} = Proj, L[to,...,t,] where n > 0 and L is a field.
Then the set PD(X) of prime divisors on X corresponds bijectively to the set
of principal ideals in L[to,...,t,] that are generated by homogeneous prime
polynomials.

Proof. We can conclude from 9.1/15 that the maps
Y L.(Y), ar— Vi(a),

define mutually inverse bijections between closed subsets in X and graded ideals
a C L[to,...,t,]+ satisfying a = rad(a). Furthermore, note that any graded
ideal a C L[tg,...,t,] is automatically contained in the irrelevant ideal, un-
less it is the unit ideal. Combining this fact with the argument given in the
proof of 6.1/15, one shows that a closed subset Y C X is irreducible if and
only if its associated ideal I, (Y) is a graded prime ideal in L[tg,..., ]
In particular, the prime divisors on X correspond bijectively to the graded
prime ideals p C L{to,...,t,] of height ht(p) = 1; note that then automatically
(to,...,tn) ¢ p, since n > 0 implies ht(ty,...,t,) > 2. We claim that these
prime ideals are precisely the ones that are generated by a homogeneous prime
element p € L{to,...,t,].

Indeed, if p is any non-zero graded prime ideal in L[¢,...,%,], consider a
homogeneous element f # 0 in p. Using the homogeneous prime factorization
of f, we see that p must contain a homogeneous prime factor p of f and,
hence, that p contains the graded prime ideal (p). From this we conclude that
p coincides with (p) if its height is 1 and, furthermore, that any ideal generated
by a homogeneous prime element in Lty,...,t,] must be of height 1. Thus, we
are done. [

In particular, the preceding result enables us to define the degree of a prime
divisor D on X =P} by deg D = degp if D = V, (p) for a homogeneous prime
element p € L{to,...,t,].
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Proposition 12. For a field L and X =P}, n > 0, the degree morphism

deg: Div(X) — Z, Z np - D +—— Z np - deg D,

DePD(X) DePD(X)

~

is trivial on principal divisors and induces an isomorphism Cl(X) —~~ Z.

Proof. We will freely use the bijective correspondence of Lemma 11 between
prime divisors on X and principal ideals in L[to,...,t,] that are generated by
homogeneous prime polynomials. Looking at a hyperplane like V., (ty) C X, we
see that deg is surjective. Next observe that the field M x(X) of meromorphic
functions on X coincides with the field of all fractions in L(to,...,t,) that are
homogeneous of degree 0; see Proposition 8. Therefore, if f = g~th € Mx(X)
for homogeneous polynomials g,h € L[tg,...,t,], then the homogeneous
prime factorization applied to g and h yields a prime factorization of type
f=epi*...plr with a unit € € L*, pairwise non-equivalent homogeneous prime
elements p; € L[to,...,t,], and exponents v; € Z such that ', v; degp; = 0.

For i = 1,...,r let D; be the prime divisor associated to the polynomial
pi. We claim that the principal divisor (f) equals Y ;_, v;D; and, hence, has
degree 0. To verify this, let D be any prime divisor on X, say obtained from a
homogeneous prime polynomial p € L[to,...,t,] of degree d, and let = be the
generic point of D. Then there is an index j € {0,...,n} such that x € D, (¢;),
and we see from 9.1/13 that the corresponding prime ideal p, C L[to, ..., tn] ()
is generated by tj_dp. Thus, using Lemma 4, the local ring Ox, is a discrete
valuation ring with maximal ideal generated by t;dp. Now observe that ¢ degpiy,
for any 7 may be viewed as an element of L[tg,...,t,] ;) C Ox , and that this
element generates the maximal ideal in Ox , if the prime elements p and p; differ
at most by a unit. On the other hand, if the latter is not the case, ¢; despiy) will
be invertible in Oy ,. This shows that, indeed, (f) = >i_, »;D; as claimed and
that the degree morphism deg: Div(X) —— Z is trivial on principal divisors.

It remains to show that any divisor ) = ZDGPD(X) np - D of degree 0
is principal. To do this, choose for each prime divisor D € PD(X) a homo-
geneous prime polynomial fp € L[to,...,t,] such that D = Vi (fp). Then
f = HDepD(X> foP is of degree 0 and, hence, a meromorphic function in
Mx(X)*. Since (f) = @ by a reasoning as exercised above, we are done.  [J

The concept of associating to a meromorphic function a Weil divisor is
generalized by the concept of Cartier divisors. To define these on a scheme X
we denote by M¥% C My the subsheaf of invertible meromorphic functions
on X and, likewise, by O% C Ox the subsheaf of invertible functions of the
structure sheaf of X.

Definition 13. Let X be a scheme. Then CaDiv(X) = I'(X, M%/O%) is called
the group of Cartier divisors on X. Thus, using 6.5/8, a Cartier divisor f on
X s represented by a family of sections f; € M’ (Us) where (Uy);er is an open
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covering of X such that (fj-’lfi) vinv; € Ox(Us NUj) for all i,j € 1. If, in
addition, f; € Ox(U;) N M%(U;), the divisor f is called effective.

In analogy with Weil divisors, the group law on I'(X, M% /O%) is written
additively.

A Cartier divisor is called principal if it belongs to the image of the canonical
map I'(X, M%) —— I'(X, M%/O%). Two Cartier divisors in CaDiv(X) are
called linearly equivalent if their difference is principal.

The quotient of CaDiv(X) by the subgroup of principal divisors is denoted
by CaCl(X) and is called the group of classes of Cartier divisors.

For a Noetherian scheme X that is integral and normal, one can produce
Weil divisors from Cartier divisors. Indeed, consider a Cartier divisor f in
CaDiv(X), say represented by sections f; € I'(X, M%(U;)) where (U;)ier is
an open covering of X and f]-’lfi € Ox(U;nU;) for all ¢, j € I. Now let D be a
prime divisor on X and let x be its generic point. Then we know from Lemma 4
that Oy, is a discrete valuation ring. Let vp be the associated valuation on its
field of fractions and set np(f) = vp(f;) for any ¢ € I such that U; # 0. Then
np(f) is well-defined since Mx is a constant sheaf by Proposition 8 and since
the “difference” fj’1 fi is invertible in Ox (U;NU;). Furthermore, as discussed for
principal Weil divisors, we have np = 0 for almost all D € PD(X). Thus, associ-
ating to any f € CaDiv(X) the corresponding Weil divisor ZDePD(X) np(f)-D
yields a canonical group homomorphism ¢: CaDiv(X) —— Div(X), mapping
principal to principal and effective to effective divisors.

Proposition 14. Let X be a Noetherian scheme that is integral and normal.
Then the canonical homomorphism ¢: CaDiv(X) — Div(X) satisfies the fol-
lowing assertions:

(i) The image t(f) € Div(X) of a divisor f € CaDiv(X) is effective if and
only if f is effective.

(ii) ¢ is injective, maps principal divisors bijectively to principal divisors, and
induces an injective homomorphism

CaCl(X) — CI(X).

(iil) If, in addition, X is factorial, the map CaCl(X) — CU(X) of (ii) is
surjective and, hence, an isomorphism.

Proof. First, observe that the sheaf of meromorphic functions My equals the
constant sheaf Kx for K the residue field at the generic point of X. More
precisely, K coincides with the field of fractions of Ox(U) for any non-empty
affine open subset U C X or even of any stalk Ox, at a point x € X; see
Proposition 8. To verify our assertions, consider a Cartier divisor f € CaDiv(X),
given by sections f; € M*% (U;) for some open covering (U;);er of X. Refining it
if necessary, we may assume that the covering (U;)e; is affine, say U; = Spec A;
for 4 € I. Since X is integral, all A; are integral domains by Remark 2 and
7.5/1. In addition, they are Noetherian by 7.5/4 and normal by Remark 2
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again. Now assume that the Weil divisor ¢(f) = >_pcpp(x) no(f) - D associated
to f is effective. Then all values np(f) for D varying over the prime divisors
of X are non-negative, and we conclude from Proposition 5 that f; € A; for all
i € I. Therefore f is effective. In the same way we get f, ' € A; and, hence,
fi € Af = O%(U;) if both f and —f are effective. In particular, f is trivial
if o(f) is trivial and, hence, CaDiv(X) —— Div(X) is injective. Furthermore,
combining the latter with the definition of principal divisors, we can conclude
that principal Cartier divisors are mapped bijectively to principal Weil divisors.

Now assume that, in addition, X is factorial. It remains to show that the
homomorphism CaCl(X) —— CI(X) is surjective. For this it is enough to
show that any prime divisor D on X belongs to the image of this map. Indeed,
let Z C Ox be the vanishing ideal of D; the latter is quasi-coherent by 7.3/5.
Then, for any € D, the ideal Z, C Ox, is a prime ideal of height 1 and, hence,
generated by a single prime element since Ox , is factorial. On the other hand,
we have Z, = Ox, for © € X — D. Furthermore, for any affine open subset
U C X, the ideal Z|y is associated to a finitely generated ideal in Ox(U),
since this ring is Noetherian by Proposition 7.5/4. Therefore, choosing for each
z € X a generator of the ideal Z, C Ox, and extending it to a section f, on
a suitably small affine open neighborhood U, C X, we can use the implication
(ii) = (i) of 8.4/2 and thereby assume that Z|y, is generated by the section
fz € Ox(U,). But then the family f = (f,).ex defines a Cartier divisor on X,
whose associated Weil divisor is D. Thus, we are done. O

Finally we want to discuss the relationship between Cartier divisors and
invertible sheaves. Let us consider a Cartier divisor D represented by a family
of sections f; € M% (U;) where (U;);es is an open covering of X. Then we can
define a subsheaf Ox (D) C My by the condition that Ox(D)|y, = f; - Ox|v,.
Indeed, since f; and f;, for any indices 7,5 € I, differ on U; N U; by a unit
in O%(U; N U;), the subsheaves f; ! - Ox|y, € Mx|y, coincide on overlaps of
the U; and therefore can be glued to produce a well-defined subsheaf Ox (D)
of Mx. If D is effective and f; € Ox(U;) for all i € I, the sheaf Ox (D) may
be interpreted as the sheaf of meromorphic functions having “poles” of a type
not worse than indicated by the divisor D. In particular, the unit section of Ox
then gives rise to a global section in Ox (D) and, hence, to a monomorphism
Ox — Ox(D).

It is easily seen for general D that Ox (D) is independent of the meromorphic
functions f; representing D and, furthermore, since the f; are units in M x, that
Ox (D) is an invertible sheaf. Thereby we get a canonical map

CaDiv(X) — Pic(X), D +—— Ox(D),

which is easily seen to be a group homomorphism. Indeed, the tensor product of
two invertible subsheaves £, £’ C M, say with free generators f;, f/ € M% (U;)
on an open covering (U;);er of X, is given by the subsheaf £ - £’ C Mx that
on each Uj; is generated by f; - f/.
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Proposition 15. Let X be a scheme. Then the above defined homomorphism
CaDiv(X) — Pic(X) induces a monomorphism

CaCl(X) — Pic(X).

Its image consists of all invertible subsheaves of Mx.

Furthermore, if X is Noetherian and reduced, any invertible Ox-module
can be viewed as a subsheaf of Mx and, hence, CaCl(X) —— Pic(X) is an
isomorphism in this case.

Proof. The first part is easy to see. Let D be a Cartier divisor on X, represented
by a family of sections f; € M%(U;) where (U;);cs is an open covering of X.
Then the associated invertible sheaf Ox (D) is a subsheaf of M x and is trivial if
and only if it admits a global generator f € M*% (X). If the latter is the case, f
differs on U; from f; ! by a unit in O%(U;), and D is the principal Cartier divisor
given by f~!. In particular, Ox (D) is trivial if and only if D is principal so
that CaDiv(X) — Pic(X) induces a monomorphism CaCl(X) — Pic(X).
Furthermore, if £ is an invertible subsheaf of Mx, choose a trivializing open
covering (U;)ser of X and let f; generate £ on U;. We may assume that all U;
are affine and, furthermore, using Lemma 7, that f; € M’x(U;) = (A;)s(a,) for
A; = Ox(U;). Then we can write f; = s; 'a; for some regular element s; € S(A;)
and some a; € A;. Since f; has the property that cf; = 0 for ¢ € A; implies
¢ = 0, we see that the same is true for a;. Therefore a; € S(4;) and, hence, f;
is invertible in (A;)s(a,). Thereby we conclude f; € M%(U;), and it follows that
the fi_1 give rise to a Cartier divisor on X, whose associated invertible sheaf
coincides with L.

Now assume that X is Noetherian and reduced and let £ be an invertible
sheaf on X. We have to show that £ may be viewed as a subsheaf of the sheaf
My of meromorphic functions on X. Let x4, ..., z, be the generic points of X
and let U; be an affine open neighborhood of z; such that U; is disjoint from
all irreducible components {z;} for ¢ # j. Choosing U; small enough, we may
assume that £ is trivial on each U;. Then U; C {z;} for all i, and we see that
U = J, U; is a disjoint union of affine open subsets of X, containing all generic
points of X. Furthermore, £L|y is trivial.

Let .: U — X be the inclusion map and consider the direct image ¢.(L|v)
of the restriction of £ to U. It is an Ox-module and consists of the functor

Ur——UnU), for U’ C X open.

Furthermore, the restriction morphisms £(U") — L(UNU’) define a morphism
of Ox-modules £ — ¢.(L|y), which we claim is injective. Indeed, this can be
checked locally on X and, since L is locally trivial, we may replace £ by Ox.
Then it is enough to show that all restriction maps Ox(U') — Ox (U NU")
for U’ C X affine open are injective. However, the latter is easily seen to be
true, since a function on a reduced affine scheme U’ vanishes if and only if it
vanishes at the generic points of U’; this follows from 1.3/4. Now look at the
chain of inclusions
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L — 1.(L|v) = t.(Ox|v) = t(Mx]v)

and observe that the canonical morphism My —— 1.(Mx/|y) is an isomor-
phism by Proposition 8. Therefore £ can be viewed as a subsheaf of Mx and
we are done. |

Corollary 16. Let X be a Noetherian scheme that is integral and factorial.
Then the groups

ClU(X) of classes of Weil divisors on X,

CaCl(X) of classes of Cartier divisors on X, and

Pic(X) of isomorphism classes of invertible sheaves on X
are isomorphic in a canonical way.

Proof. Use Propositions 14 and 15. 0

Corollary 17. Let L be a field, and consider the projective n-space X =P} for
n > 0. Then the degree morphism deg: Div(X) —— Z gives rise to canonical
isomorphisms

Pic(X) ~ CaCl(X) ~ Cl(X) ~ Z,

such that Serre’s twisted sheaf Ox(n) € Pic(X) corresponds to n € Z for all
integers n. In particular, up to isomorphism, Serre’s twisted sheaves are the only
invertible sheaves on X =P7}.

Proof. Using 9.2/7, as well as Corollary 16 in conjunction with Proposition 12,
it remains to show that Serre’s twisted sheaf Ox (1) corresponds to a divisor
D € Div(X) of degree 1. To do this, write X = Proj; L[t,...,t,] and look
at the prime divisor D =V (to), which is a divisor of degree 1 and, hence,
corresponds to 1 € Z under the isomorphism of Proposition 12. The Cartier
divisor corresponding to D in the setting of Proposition 14 is given by the
meromorphic functions f; € Mx(D(t;)), where f; = t; 'ty for i = 0,...,n.
Then Ox (D) is generated by f; ' = t;t;* on D (t;), and multiplication by , in
the field of fractions of L[to,...,t,] shows that Ox (D) is isomorphic to Ox(1).

a

Exercises

1. Let X be a Noetherian normal scheme or, more generally, a Noetherian scheme
such that all stalks Ox , at points € X are integral domains. Show that X is
the disjoint union of its irreducible components, the latter being open in X.

2. Show CI(A%) = 0 for the affine n-space A%, over a field K. Hint: Use the fact
that the polynomial ring K [t1,...,t,] is factorial and, hence, that every prime
ideal of height 1 is principal.

3. Let A be a Noetherian integral domain. As a generalization of Exercise 2 show
that A is factorial if and only if the scheme X = Spec A is normal and satisfies
Cl(X) = 0. Hint: For the only-if part proceed as in Exercise 2. For the if part
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show that every prime ideal p C A of height 1 is principal and that all principal
ideals generated by irreducible elements are prime.

. Let X be a Noetherian scheme that is integral and normal. Furthermore, consider
a non-trivial open subscheme U C X and set Z = X — U. Show:

(a) The map D +—— DNU on prime divisors D € PD(X) gives rise to a surjective
homomorphism Cl(X) — Cl(U), which is an isomorphism if codimy Z’ > 2
for every irreducible component Z’ of Z.

(b) If Z is irreducible and of codimension 1 in X, there is a canonical exact
sequence Z — Cl(X) — Cl(U) — 0.

(c) Discuss the case where X is the projective n-space P} = Projg [to,...,tn]
over a field K and where U = D (tg) = Al.

. Rational maps: Let X, Y be schemes. Two morphisms f: U —— Y and
g: V —— Y given on dense open subschemes U,V C X are called equivalent
if there exists an open dense subscheme W C U NV such that f|w = g|w. The
associated equivalence classes are called rational maps from X to Y and are de-
noted by dashed arrows X ----Y. A rational map h: X ----Y is said to be
defined at a point = € X if there exists a representative f: U — Y of h where
z € U. Show:

(a) The intersection of two dense open subsets in X is dense open in X again.
Hence, the above defined relation is an equivalence relation, indeed.

(b) Let h: X ----Y be a rational map and assume that X is Noetherian and
normal and Y affine. Then, if h is defined at all points of codimension 1, it is
represented by a unique scheme morphism X — Y.

. Compute the group of Cartier divisor classes CaCl(X) for Neile’s parabola
X = Spec K [t1,t2]/(t3 — t3) over a field K. Show that it is isomorphic to the
additive group of K. Can we talk about C1(X)? What about Pic(X)? Hint: Con-
sider the canonical morphism o: A}( —— X as in Exercise 6.7/3, the so-called
normalization morphism of X, and use the exact sequence of sheaves of abelian
groups 0 — J*OX}(/O;( — M% /0% — M}/U*Ol’;}( — 0.

. Show Pic(K}() = Z for the affine line with double origin over a field K.

. Canonical sheaves on projective spaces: Consider the projective n-space P over
some ring R and let Q" = Qf, /R be the sheaf of relative differential forms of
degree n; it is called the canonical sheaf on P and is defined as the nth exterior
power of the sheaf of relative differential forms of degree 1 (see Section 8.2). Show
that Q" is an invertible sheaf on P% and describe 2" in terms of Serre’s twisted
sheaves. Furthermore, in the case of a field R, specify a Weil divisor D inducing
Q™" via the correspondence of Corollary 16.

. Algebraic varieties over fields via schemes: An algebraic variety over a field K
is defined as a separated integral K-scheme of finite type that remains integral
when extending the base K to an algebraic closure K. This way the algebraic
varieties over K may be viewed as a full subcategory of the category of K-schemes.
Show that the fiber product X xg Y of two algebraic varieties over K is an
algebraic variety again and, thus, that the fiber product of K-schemes gives rise
to a cartesian product in the category of algebraic varieties over K.



446 9. Projective Schemes and Proper Morphisms
9.4 Global Sections of Invertible Sheaves

Let X be a scheme and £ an invertible sheaf on X. The aim of the present
section is to study morphisms from X or parts of it into a projective n-space
PP, Let us start by some preparations. For any global section | € I'(X, L) we
set

V() :=suppL/Oxl={x € X; Ox,l C L,}

and call this the zero set of I.! Thus, its complement
X ={zeX,; Ox,l=L,}

consists of all points x € X where [ can be viewed as a generator of the stalk
L. Recall from 9.2/4 that a family of global sections I; € I'(X, L), i € I, is
a set of generators of £ if the morphism of Ox-modules ng —— L given by
these sections is an epimorphism. Using 6.5/9, the latter is equivalent to the
fact that the [; generate £, at every point 2 € X, or even to X = (J,.; Xj,.

Remark 1. Let | be a global section of an invertible sheaf L on a scheme X.
(1) The zero set V(1) is closed in X and, hence, its complement X, is open
n X.
(i) The canonical morphism Ox — L given by multiplication with the
section | is an isomorphism when restricted to X;. Thus, indeed, we can say
that | generates L on X.

Proof. The first assertion can be tested locally on X. So we may assume that
X is affine, say X = Spec A, and £ = Ox. Then we can write

V(l) = {x € Spec A; [ is not a unit in Ox, = A, }.

It follows from 1.2/7 in conjunction with 1.2/5 (iii) that [ induces a non-unit in
A, if and only if [ is contained in the prime ideal p, C A given by . Therefore
V(1) coincides with the ordinary zero set

VI)={ze X;lep.},

and we see that V(1) is closed in X. Hence, its complement X; is open in X.
The second assertion is a consequence of 6.5/3. |

Remark 2. For an invertible sheaf L on a scheme X consider the open sub-
scheme X; C X associated to a global section | € I'(X, L). Furthermore, let F
be a quasi-coherent O x-module.

(i) If X is quasi-compact, then for any global section r € I'(X, F) satisfying
rlx, = 0, there exists an exponent i € N such that r @ I' = 0 in I'(X, F @ L)

L Note that for £ = Ox this notion of zero set coincides with the one introduced in
Sections. 6.1 and 7.3; see the proof of Remark 1.
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where L2 is the ith tensor power of L and, accordingly, I' is to be interpreted
as the ith tensor power of .

(i) If X is quasi-compact and quasi-separated, then for any local section
s € I'(X,, F), there exists an exponent i € N such that s ® l'|x, extends to a
global section r € I'(X, F @ LZ).

Proof. The argument is similar to the one used in the proof of 6.8/6. To begin
with, assume that X is affine, say X = Spec A, and that £ is trivial. Then
L ~ Ox and tensoring with sections of £ amounts to multiplying with the
corresponding sections in Oyx. In particular, we may view [ as an element of
A. Since F is a quasi-coherent Ox-module on the affine scheme Spec A, we
know from 6.8/10 that it is associated to the A-module F' = F(X). Hence,
the restriction map F(X) —— F(X;) can be identified with the canonical
localization map F' —— F'®4A;. The kernel of the latter consists of all elements
in F that are annihilated by a certain power of [ and, furthermore, every element
of F®4 A; admits an extension to F' if we multiply by a certain power of [; see
also 6.8/6. This settles assertions (i) and (ii) if X is affine.

In the general case, we choose an affine open covering (U;);es of X trivial-
izing L. Taking X to be quasi-compact, we may assume that J is finite. Now
let r € I'(X, F) such that r|x, = 0. Then 7|x,ny;, = 0 for each j € J and, by
the affine special case, we can find an exponent ¢ > 0 such that r ® li|U] = 0.
Since J is finite, we may assume that ¢ is independent of j so that r ®{* = 0 on
all of X. Thus, assertion (i) is clear.

On the other hand, given s € I'(Xj, F), the affine special case shows that
each restriction s|x,ny, can be extended to a section r; € I'(U;, F ® L¥') by
tensoring with a certain power [* where we can choose i independent of j. Then
r; and 7 will coincide on X; NU;NUj for any indices 7, j' € J. Since U; NU; is
quasi-compact in the situation of (ii), we may apply (i) to the scheme U;NUy in
place of X. Thus, enlarging 7, we can assume that r; and r; coincide on U;NUj.
But then the r; define a section r € I'(X, F @ L) such that 7|x, = s ® l'|x,.
This settles assertion (ii). a

Remark 3. Let f: X —— Y be a morphism of schemes. For an invertible
sheaf G on'Y consider the canonical morphism

f#:G — £(1(9)),

also referred to as pull-back of sections with respect to f. Then:
(i) For any global section t € I'(Y,G) its pull-back s = f#(Y)(t) is a global
section in f*(G).
(ii) In the situation of (i) we have f~1(V(t)) = V(s) for the zero sets of the
global sections t and s = f#(Y)(t), as well as f~1(V;) = X,.
(il) If to,...,tn € I'(Y,G) are global generators of G, then the pull-backs
s; = f*(Y)(t;),i=0,...,n, form a system of global generators for f*(G).
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Proof. Assertion (i) is clear by the definition of direct image sheaves. To check
(ii), we may work locally on Y and X and thereby assume that X and Y are
affine. Moreover, we may assume G = Oy. Then f# coincides with the canonical
map f#: Oy — f.Ox and the assertion follows from 6.2/4. In the same way
we assume for assertion (iii) that X and Y are affine, and that G = Oy. If
to, -, tn € Oy(Y) generate Oy as Oy-module, the ¢; generate the unit ideal
in Oy (Y). This implies that the pull-backs sq, ..., s, generate the unit ideal in
Ox(X) and, hence, that the s; form a set of generators for f*(Oy) =Ox. O

Now fixing a base ring R (or, more generally, a base scheme S), we start
looking at R-scheme morphisms of type

f: X — P} = Projg R[to, - ., tn].

To simplify our notation, we will sometimes write P in place of P for the
projective n-space. As usual, let Op(1) be Serre’s twist of the structure sheaf
Op. Then we know from 9.2/7 that Op(1) is an invertible sheaf on P}, and the
same is true for £ = f*(Op(1)) on X by 6.9/6. In particular, we can look at the
pull-back morphism

f7: 0p(1) — £(f*(Op(1)) = fu(£)

and apply Remark 3. Thus, the global generators to, ..., t, € I'(P%, Op(1)) give
rise via f# to global generators s, ..., s, of £ such that

fﬁl( %,ti):Xs” 1=0,...,n,

where P}, = D, (t;) ~ A%, as we have seen in Section 9.2. It follows that X
is covered by the open subsets X,, just as P} is covered by the open subsets
P% .- Thus, the morphism f: X —— P} can be interpreted as being obtained
by gluing the induced morphisms

. n __ mpn —
.fi')(s1 - AL = Rit;» Z—O,...,TL.

Using 7.1/3, the latter correspond to R-algebra morphisms

t tn .
fl#:R{t—(_),...,?}—»F(XSZ.,OX), 1=0,...,m,

and we claim that, suggestively, fi# can be characterized by

t

t; s;

7=0,...,n.

Indeed, t; generates Op(1) on P}, , and we can write

t:
tj:t_J_'tiy jIO,...,TL,
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interpreting the fractlons as sections in Op(Py,, ). Furthermore, applying the
pull-back

f#: 0p(1) — £.(£)

and using the compatibility with the pull-back on the level of structure sheaves
f#5 Op — f.(Ox)

yields the equations
t.
:fz#(t_?)sh ]:O7an

Since s; is a free generator of the restriction of £ to Xj,, there are unique sections
c; € Ox(X,,), 7=0,...,n, satistying s; = ¢;; - s; on X, namely ¢;; = fl#(tj)
and it makes sense to write ’ in place of ¢;;. Thus, summing up, we can assert
that any R-morphism f: X —— P provides global generators sy, .. ., s, of the
invertible sheaf £ = f*(Op(1)), from which f can be recovered. In the following
we want to show that, more generally, one can actually construct morphisms

into the projective n-space P} from global generators of invertible sheaves.

Theorem 4. Let X be an R-scheme and L an invertible sheaf on X with global
sections Sq, . .., s, € I'(X, L) that generate L. Then there is a unique morphism
of R-schemes

f: X — P} = Projg R[to, ..., tu],

together with an isomorphism of Ox-modules f*(Op(l)) — L, such that
f#(t;) = s; for i =0,...,n under the resulting pull-back morphism

FF20p(1) — L(f1(Op(1))) = fulL).

It follows that f~'(P},.) = X, for i =0,...,n, and that f is obtained by
gluing the R-morphisms
fz Xel - ]P)R St

given by the R-algebra morphisms

b S0 Sn
)t

t t
#:R{—O...—"}—>FX.O tn . .
fz ti7 7t1‘ ( Si X)> tz tz s; s;

Proof. If there is an R-morphism f: X —— P} enjoying the stated properties,
then, as we have seen above, it is obtained by gluing the R-morphisms

fi:XSi—b]ID%,ti’ i:O,...,n,
given by

t t t S S
#:R{—O..A—}—>FX.O LU .
fz tiv ) ( 8i» X)> ti7 ) t; Si: 3 5
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This implies the uniqueness assertion. On the other hand, in order to actually
construct f from the given data, we look at the morphisms f;: X, — P%, as
defined above and show with the help of 7.1/2 that these can be glued to yield
a morphism f: X —— P} as required. First, the open subsets X, cover X,
since the sections s, ..., s, form a set of global generators of £. Next, observe
that P%, NPy, , for any indices ¢ and j, coincides with the basic open part
Dy (tit;) C PR ., where i—f is invertible and, hence, that f;' (P, N Pf,,) is the
open part in X, where ZJ is invertible. However, the latter is just X, N X, so
that we get f;” (P’]s“ NPL,,) = X5, NX,,. Furthermore, it is easy to see that the
restrictions of f; and f; to Xsl N X, coincide, due to the canonical commutative

diagram
t tn H
R {—0, L —}
t tj

In particular, the global sections sy, ..., s, € I'(X, L) give rise to a well-defined
R-morphism f: X — P} satisfying f*I(P%ti) = X, for all 4.

Now consider the inverse image L' = f *(Op( )). The global sections
to, ..., t, of Op(1) give rise to global sections s, ..., s, € I'(X, £’), which form a
set of generators of L. Furthermore, £’ trivializes with respect to the open cov-
ering 4 = (X, )io,...n of X, and we see that the cocycles (%), (j—;) € CY(U,0%)

coincide. Hence, using 9.2/8, we obtain an isomorphism £’ ~ L of invertible
sheaves on X, as desired. O

178 Sk
— =

859 )

ti Si

178 Sk
— =

84
sj TRl

i1

i tj 8j

Corollary 5. For any R-scheme X, the R-morphisms X —— P} correspond
bijectively to the equivalence classes of data (L, o, ..., 8n), where L is an in-
vertible sheaf on X with global sections sg,...,s, € I'(X,L). Two such data
(L,80,---,8n) and (L', sg,...,8,) are called equivalent if there is an isomor-

phism of Ox-modules L — L' mapping s; to s, for all i.
Corollary 6. Let X be an R-scheme and L an invertible sheaf on X with global
sections Sq, ..., s, € I'(X, L). Then there is a well-defined R-morphism
f: U ——P% =Projg R[to, ..., tn],
for U =i, Xs, the open part of X, where the sections s; generate L.
Next we want to study so-called ample and very ample invertible sheaves,

which are convenient for constructing immersions into projective n-spaces. As
a technical tool, we need to introduce quasi-affine schemes.

Proposition and Definition 7. For a quasi-compact scheme U the following
conditions are equivalent:
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(i) There ezists an open immersion U —— X into an affine scheme X.
(i) The canonical morphism U —— Spec I'(U, Oy) derived from the iden-
tity map on I'(U, Oy) in the manner of 7.1/3 is an open immersion.
(i) There exists a locally closed immersion U —— X into an affine
scheme X.
A quasi-compact scheme U verifying the equivalent conditions (i), (ii), and
(iii) is called quasi-affine.

Proof. Starting with the implication (i) = (ii), let U be a quasi-compact
scheme, X = Spec A an affine scheme, and ¢ : U —— X an open immersion. We
write B = I'(U, Oy) for the ring of global sections of the structure sheaf of U.
Then we see from 7.1/3 that ¢ is characterized by a ring morphism A — B.
Now, considering the morphism Spec B —— Spec A associated to A —— B
in the sense of 6.6/9, as well as the canonical morphism U —— Spec B associ-
ated to the identity map id: B —— I'(U, Op) in the sense of 7.1/3, we get the
factorization
t: U — Spec B—— Spec A

of + and it remains to show that U —— Spec B is an open immersion.
To do this, fix elements fi,..., f, € A such that U = |J_, D(f;). Then the
sheaf property of Oy or Ox gives rise to the exact diagram

IU,0y) — HAfi — H Afifj’

i=1 ij=1

and the latter remains exact if we tensor it over A with any localization A, of
A by an element g € A; use that A is flat over A by 4.3/3. As we are dealing
with finite cartesian products, these can be interpreted as direct sums, which
commute with tensor products. Thus, for any g € A, we arrive at the exact
diagram

I'U,0p) ®a Ag — HAS]fi — H Agfzfj’
i=1 ij=1
showing that the canonical map I'(U, Oy) ®4 Ay — I'(U N D(g), Oy) is an
isomorphism. Therefore, if we look at the decomposition

UnND(g) — Spec B, — Spec 4,

of ¢ over the open set D(g) C Spec A, we see that U N D(g) — Spec By
corresponds to an isomorphism B, —~~ I'(U N D(g),Op) on the level of
global sections. This implies that U N D(g) —— Spec B, is an isomorphism,
too, if UN D(g) is affine. For example, the latter is the case for D(g) C U, since
then U N D(g) = D(g).

Using this for g = fi,..., f., we see that U is locally an open subscheme
of Spec B, and we can conclude that U —— Spec B is an open immersion, as
stated in (ii).
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The implication (ii) = (iii) being trivial, it remains to derive (i) from
(iii). To do so let ¢: U = X be a locally closed immersion where U is quasi-
compact and X is affine, say X = Spec A. Then we can replace X by the so-
called schematic closure of U in X and thereby assume that the ring morphism
A —— I'(U,Oy) corresponding to ¢ is injective. Being a bit more precise,
let a C A be the kernel of A —— I'(U,Oy). Then ¢ admits a factorization
Ul Spec A/a = Spec A by 7.1/3 and we can interpret ¢’ as being obtained
from ¢ by means of the base change Spec A/a — Spec A. Thus, ¢/ is a locally
closed immersion again, since immersions are stable under base change (7.3/13).
Consequently, we can replace ¢ by ¢ and thereby assume that the corresponding
ring morphism A — I'(U, Op) is injective.

Now let U’ C X be an open subscheme such that ¢ decomposes into a closed
immersion U U’ and the open immersion U’ —— X. Since U is quasi-
compact, we may assume that U’ is quasi-compact as well, say U" = |J,_, D(f:)
for elements f; € A. Then consider the morphisms

LZUﬁD(fJ—»U’ﬂD(f,):D(fZ), izl,...,T,
induced from ¢ and write B = I'(U, Oy). By the same argument as applied
above, there is a canonical bijection B ®4 Ay, =~ I'(U N D(f;), Ov), which
we will use as an identification. The morphisms ¢; are closed immersions of
affine schemes, since U —— U’ is a closed immersion and the D(f;) are affine.
Therefore ¢; corresponds to a surjection L?&I Ay, — B®a Ay, Since A — B

was assumed to be injective and Ay, is flat over A, it follows that ./ is injective
as well and therefore bijective. Consequently, all ¢; are isomorphisms and it
follows that U —— U’ is an isomorphism. But then ¢: U — X is an open
immersion and we are done. [

Let R be a ring and X an R-scheme. Recall from 8.3/4 that X is called
locally of finite type over R if each x € X admits an affine open neighborhood
U = Spec A C X such that the corresponding ring homomorphism R —— A
is of finite type in the sense of 8.3/1, namely, that it extends to a surjection
R[ty,...,t,] — A for some polynomial variables ti, ..., ¢,.2 Moreover, X is
called of finite type over R if, in addition, it is quasi-compact. Also note that a
morphism of affine schemes Spec A —— Spec R is (locally) of finite type if and
only if the associated ring morphism R —— A is of finite type; see 8.3/5.

Definition 8. Let X be an R-scheme that is quasi-compact and quasi-separated.
An invertible O x-module L is called ample if there is an integer m > 0 together
with finitely many global sections sg,...,S, of LZ™ the m-fold tensor product
of L, such that:

(1) s, ..., 8, generate L2 on X.

(2) X, is quasi-affine for i =0,...,n.

2 Actually, we would have to consider U over some affine open part of Spec R, for instance
over a basic open part D(f) = Spec Ry for some f € R. However, since Ry = R[t]/(1 —tf)
for a variable ¢, the morphism Ry —— A is of finite type if and only if the composition
R — R; — A is of finite type.
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Definition 9. Let X be an R-scheme. An invertible Ox-module L is called
very ample if, for some n € N, there is an immersion f: X — P} satisfying

[ (Op(1)) = L.

See Remark 16 below for some simple examples of ample and very ample
invertible sheaves.

Theorem 10. Let X be an R-scheme that is quasi-compact and quasi-separated
and L an invertible Ox-module. If L is very ample, then L is ample as well.
If, more specifically, X is of finite type and quasi-separated over R, the
following conditions are equivalent:
(i) L is ample.
(i) There is an integer m > 0 such that L®™ is very ample.
(iil) There is an integer mg > 0 such that L™ is very ample for all m > my.

Proof. To start with, assume that £ is very ample and let f: X —— P}, be
an immersion satisfying f*(Op(1)) ~ L. If we write P} = Projg R[to, - .-, tn)
as usual, then tg,...,¢, are global generators of Op(1) and their pull-backs
s; = f#(t;), i =0,...,n are global generators of f*(Op(1)) ~ L. Moreover, we
can look at the immersions f;: X, P, @ = 0,...,n, induced from f,
and we claim that the open subschemes X, C X are quasi-compact. Since X is
quasi-compact by assumption, there exists a finite affine open covering (U;);e
of X such that each restriction L[y, is trivial. Then, using an isomorphism
Lly, =+ Oy,, we see that X,, NUj is a basic open subset in U; and, hence, is
affine. Thus, as a finite union of affine open sets, X, is quasi-compact. Applying
Proposition 7, it follows that X, = f’l(IP”}m) is quasi-affine, and we see that
L is ample. In the same way we can conclude that £ is ample if a power L™
for some exponent m > 0 is very ample.

To establish the remaining implications (i) = (ii) = (iii), we need a
crucial auxiliary construction, which we will explain independently of the spe-
cial situation considered in Theorem 10. Let f: X —— S = SpecR be a
quasi-compact and quasi-separated morphism of schemes and £ an invertible
Ox-module. For m € N we denote by X,,, C X the open subscheme consisting
of all points x € X where global sections from I'(X, £L®™) generate the module
L™ Then X,, = UleF(X,£®m) X; and we set Xoo = (J,,50 X Furthermore, we
view the direct sum @0, (X, L£%™) as a (commutative) graded R-algebra,
taking the tensor product of global sections in the sheaves £®™ as multipli-
cation. This multiplication is commutative, indeed, as is easily traced back to
the case where L is the trivial sheaf Ox and where the tensor product of sec-
tions is given by the multiplication of Ox as a sheaf of rings. In particular, the
homogeneous prime spectrum

P= ProjR(@ I(X, £®m))

m>0
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is defined as an R-scheme and, for any m/ > 0 and [ € I'(X,£L®™), we can
consider the affine open subscheme

P=5 ec( FX,,C®m) cP
l p g?o ( ) 0
which is the basic open subscheme D, (I) C P given by .
Lemma 11. There exists a canonical R-morphism p: Xo — P, satisfying

o Y(P) = X for all | € T(X,L£%™), m > 0. It is constructed by gluing the
R-morphisms

wr: X — B, lEF(X,L‘,@m), m > 0,
induced from the R-algebra morphisms

o I(P,0p) -+ I'(X;,0x),

r r

CARI

)

where the latter are isomorphisms. Here r varies over I'(X, L%™), and %|x, on
the right-hand side is to be interpreted as the quotient of r|x, by l'|x,, i.e. it is
the section in Ox (X)) that multiplied with the generator I of L2™ on X; = Xy
yields the section r|x, € I'(X;, L2™).

Proof. First, one checks that there are well-defined morphisms of R-algebras
gol#, as stated. Next, for any global sections 1,1’ in powers L™, L& there is a
canonical commutative diagram

o
F(B,OP) : F(XhOX)

#
(P, Op) = I'(Xu, Ox) .
and it is easily seen from this that the morphisms ¢; can be glued to yield
a well-defined R-morphism ¢: X,, —— P. Furthermore, one concludes from
997#(%—:7) = %|X1 in conjunction with 9.1/7 that ¢; '(Py) = X;N Xy = X and
then, by a covering argument that ¢! (P) = X.

It remains to show that the morphisms ;" are isomorphisms. Starting with
the injectivity, consider an element r € I'(X, L&™) such that npl#(l%) = flx, = 0.
Then r|y, = 0 and by Remark 2 (i) there is an exponent j € N such that rl/ = 0.
Hence, we get _

r ri?

i i

as an equation in I'(P,, Op).
To show the surjectivity of the gol#, consider a section t € I'(X;, Ox). Using
Remark 2 (ii), there is an exponent ¢ € N such that t®1'|y, € I'(X;, Ox ® L2™)
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extends to a global section r € I'(X, £L#™). However, then #lx, = t, and we are
done. U

As a corollary, we conclude from Lemma 11:

Lemma 12. Let X be an R-scheme that is quasi-compact and quasi-separated
and L an invertible Ox-module. Then L is ample if and only if the morphism
¢: Xoo — P considered above satisfies the following conditions:

(i) X = Xeo.

(i) ¢ is an open immersion.

Proof. First assume that £ is ample. Then there exist global generators
S0y .-y 8n € T'(X,L%™) of LZ™ for some integer m > 0 such that all X, are
quasi-affine. This implies X,, = X and, in particular, X,, = X. Moreover, we
conclude from Lemma 11 in conjunction with Proposition 7 that the morphisms
s, 1 Xy, — P, are open immersions. Using ¢ 1(P,.) = X,,, it follows that ¢
is an open immersion so that conditions (i) and (ii) are satisfied.

Conversely, if X = X, as required in (i), we can use the quasi-compactness
of X to obtain global sections Iy,...,[, in certain powers L™ . .. L& of L
such that X = X, U...U X;.. Taking suitable powers of the [;, we end up
with global sections in £®™1+™r shich generate this sheaf. Therefore £L#™ for
some exponent m > 0 admits a set of global generators sy, ..., s,. Moreover,
if ¢: Xoo — P is an open immersion, as required in (ii), all restrictions
ws;: o H(Ps,) = X,, — P,, are open immersions. Thus, all X,, are quasi-
affine by Proposition 7 and Lemma 11, provided we can show that X, is quasi-
compact. However, the latter is easy to achieve; the argument is the same as
the one used in the beginning of the proof of Theorem 10. Choose an affine
open subscheme U C X where L is trivial and identify £|y with Ox|y. Then
X, NU coincides with the basic open subset D(s;|y) of U, showing that this
is an affine open subscheme in X. If we consider a finite affine open covering
of X trivializing £, we see that X, is a finite union of affine open subschemes
of X and therefore quasi-compact. Thus, conditions (i) and (ii) imply that £ is
ample. 0

Now we come back to the proof of Theorem 10, turning to the implication
(i) = (ii). We assume that £ is ample and, to simplify things a bit, we first
consider the special case where €@, -, 1'(X,L%™), as a graded R-algebra, is
generated by certain global sections so, ..., s, € ['(X, L). Then these sections
must generate £ as an Ox-module as well. Indeed, otherwise the s; would have
a common zero in X, and the same would be true for all monomials in the
si, viewing these as global sections in appropriate powers £&™ of L. Since, by
our assumption, I'(X, £L%™) is generated as an R-module by monomials of total
degree m in the s;, we see that £®™, for any exponent m > 0, could not have
a set of global generators. However, this contradicts our assumption of £ being
ample. Therefore the sections sg, ..., s, must generate L.
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Now look at the R-morphism ¢: X,, —— P of Lemma 11. Since L is
ample, we have X = X, according to Lemma 12, and ¢ is an open immersion.
Composing ¢ with the closed immersion P —— P% given by the surjection of
graded R-algebras

R[to,... n] —_— @F £®m t; — Si,

meN

as in 9.1/21, we arrive at an immersion f: X — P%. Apparently, f is defined
in the manner of Theorem 4 by the generators sy, ..., s, of L. Thus, we have
f*(Op(1)) >~ £ and L is very ample.

Also in the general case we can basically proceed like this, with some es-
sential modifications though. We replace €P,,. I'(X, L®) by a suitable subal-
gebra A that is generated over R by finitely many homogeneous elements of a
certain degree > 0. Then X, has to be defined relative to A, and the resulting
morphism

Xo — Projo, A="P

is to be studied. For this to work well, A has to be big enough such that we
obtain X,, = X and, in addition, have isomorphisms

I'(P/,0p) ==~ I'(X;, Ox)

as in Lemma 11. To put all this into effect, we have to rely in a crucial way on
the fact that X is of finite type over R.

Explaining this in more detail, assume that £ is ample and choose an expo-
nent mg > 0 such that £®™ is generated by global sections, say by the elements
of a finite subset L C I'(X, £#™0). Then we have

X:U&

leL

and we may assume that the open subschemes X; C X are quasi-affine for [ € L.
Thus, applying Proposition 7 in conjunction with Lemma 11, the canonical
morphism X; —— Spec Ox(X;) ~ P, is an open immersion for every | € L.
Moreover, we claim that all X; may be assumed to be affine. Indeed, this is seen
by writing X; as a finite union of basic open sets of type D(g) C Spec Ox (X)),
for suitable functions ¢ € Ox (X)), and by trying to extend the elements g
to global sections of X. As shown in Remark 2 (ii), this is, as a rule, only
possible after multiplication by a certain power of [ so that one obtains a global
extension Ij € I'(X, L&) of g-I' for some i > 0. If we set I, = I-1}, , we see that
Xi, = Xy D(g) = D(g) is affine. Therefore, choosing i big enough such that
the powers [* are sufficient for treating the finitely many quasi-affine schemes
Xy, 1 € L, as well as the finitely many affine open subschemes D(g) C X, needed
to cover the X;, we can find a finite subset L C I'(X, £%™) for my > 0 big
enough such that the elements [ € L generate £&™° and such that X; is affine
for each [ € L.
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Now we use that X and, in particular, the open subschemes X; C X, [ € L,
are of finite type over R. We have already pointed out in 8.3/5 that an affine
R-scheme Spec A is of (locally) finite type if and only of if the corresponding
ring morphism R —— A is of finite type. In our case, we know that X is
affine for all [ € L and, hence, that each ring Ox (X)) is of finite type over R,
in other words, a finitely generated R-algebra. For [ € L let T} C Ox (X)) be
a finite subset generating Ox(X;) as an R-algebra. Choosing a sufficiently big
exponent ¢ > 0, we can extend all products of type ¢, where | € L and t € T},
to global sections h;; € I'(X, L20); see Remark 2 (ii). Then we can replace L
by the subset {I*; I € L} C I'(X, £L2"™°), observing that X;; = X;. Writing my
in place of img, we obtain finite subsets L C I'(X, £L%™) and T; C Ox(X;) for
each [ € L such that:

(a) X = Uer Xy where Xy is affine for all | € L.

(b) Ox (X)), for each | € L, is generated as an R-algebra by the elements
t € T;, and we have t = %‘Xz for global sections hyy € I'(X, L&),

Now consider the graded R-subalgebra in @, .y I'(X, £™) that is generated by
all elements [, hy; € I'(X, L&) where [ varies in L and ¢ in T}, namely

A=R[lh,;leL, teT)c@Prx,cem).

meN

Let P" = Projz A and consider the affine open subschemes P/ = Spec A for
l € L. We try to compose the morphism ¢ from Lemmata 11 and 12 with
the morphism P — V, (A;) — P’ constructed via 9.1/20 from the inclusion
morphism of graded R-algebras A —— @, I'(X,L®™). Since we obtain
o(X) C U B € P—=V,(Ay) from (i), such a composition is possible, indeed,
and we thereby arrive at a morphism

¢o: X2~ P-V. (A)—> P.

We want to show that ¢ is an open immersion, similarly as in Lemmata 11 and
12 above.

Lemma 13. The morphism ¢': X —— P’ is characterized by the R-algebra
morphisms
r r

80;#: [‘(F)ll,(,)p/) - F(XlaoX)7 l_l — l_l ) le La
Xi

and the latter are isomorphisms. Thus, ¢’ restricts for | € L to an isomorphism
o Xp = ¢ YP)) —= P/ and we can conclude that ¢’ is an open immersion
with image | J,c, /-

Proof. Since X; is affine for all [ € L and since these schemes cover X, it is
enough to show that @2# is an isomorphism for all [ € L. The injectivity of



458 9. Projective Schemes and Proper Morphisms

gog# is obtained as in the proof of Lemma 11. To verify the surjectivity fix an

element in I'(X;, Ox). It is a polynomial in the elements ¢ € 7} with coefficients

in R. Therefore it is enough to show that each ¢t € T; admits a preimage in

I'(P], Op). However, this is clear from our construction, since

b hu
—

5

=t
l l

X

forle Land t €T O

It is now easy to see that, for an ample invertible sheaf £ in the situation
of Theorem 10, a certain power £&™ where my > 0 becomes very ample. The
graded R-subalgebra A C @D,,c I'(X,L®™) is generated by certain homoge-
neous elements of degree mg, namely the elements [, i ; considered above, which
we will denote by ag, ..., ay in the following. Non-trivial homogeneous elements
can only exist in degrees divisible by mg. Therefore we can modify the degree
by dividing out my, a process leaving P’ = Projg A untouched. Then

R[to,...,t]\]]HA:R[QO,...,CLN], tﬂ—»ai,

is a surjection of graded R-algebras and the latter gives rise to a closed
immersion P’ ——— P¥; see 9.1/21. Composition with the open immersion
¢': X —— P’ yields an immersion f: X —— P¥, which by its construction
coincides with the morphism X —— P¥ that is determined in the manner of
Theorem 4 by the global generators [, h;; € I'(X, L2™) where l € L and t € T).
Hence, f*(Op(1)) ~ L™ and we see that £L&™ is very ample. In particular,
the implication (i) = (ii) of Theorem 10 is clear.

To finish the proof of Theorem 10, it remains to show that for an invertible
sheaf £ with a very ample power £ m > 0, we can always find an exponent
mo > 0 such that £®™ is very ample for all m > myg. In a first step, we study
the corresponding question for the existence of global generating systems.

Lemma 14. Let X be an R-scheme that is quasi-compact and quasi-separated
and L an ample invertible O x-module. If F is a quasi-coherent Ox-module of
finite type, there exists an exponent mgy > 0 such that F @ LE™ for all m > myq
is generated by a finite number of global sections.

Proof. Choose some exponent my > 0 and a finite subset L C I'(X, L®™0)
such that £®™ is generated by the global sections belonging to L. Then, as
shown above for the implication (i) = (ii) of Theorem 10, we may assume
that the open subschemes X; C X are affine for all I € L. It follows that F|x,
is associated to a finite Ox(X;)-module and, using Remark 2 (ii), it is possible
to extend a finite generating system of F|x, to a system of global sections in
I'(X, F®LZkomo) for suitable ko > 0, just by multiplication with global sections
in £8™0 It follows that F @ £®%™0 and, thus, also F ® L£2¥™0 for all k > kg
are generated by finitely many global sections.
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The same argument works for F ® £, ..., F @ Lm0~ a5 quasi-coherent
Ox-modules in place of F. Choosing ko universally for all these modules, the
assertion of the lemma follows for kgmg in place of my. O

Finally we will need:

Lemma 15. Let X be an R-scheme and L a very ample invertible sheaf on X.
If L is a second invertible sheaf on X that is generated by finitely many global
sections, then L ® L' is very ample.

Proof. We choose an immersion f: X —— P% satisfying f*(Op(1)) ~ L. Fur-
thermore, let f/: X P% be a morphism satisfying f*(Op(1)) ~ £. Then
we consider the morphism

Iy

A !
(f, f): X L X xp X Pr xr P

where the latter may be interpreted as the composition of the graph morphism
I'p: X —— X xz Pp with the morphism f x id: X xg P% —— P% x5 PP.
Note that Iy is an immersion by 7.4/13 and, furthermore, that f x id is an
immersion by 7.3/13, since f has this property. Therefore, using 7.3/13 again,
(f, f') is an immersion itself. Writing p,p’ for the projections from P}, x 5 Pl
onto its factors, we get

(f, ) (p*Op(1)) = f
(f, f1) (P Op(1)) =~ f*(0s(1)) ~ L,

and, hence,
(£, 1) (pOp(1) @p"Op(1)) 2 LB L.

Now we use the so-called Segre embedding

. DN n' nn’+n+n’
o P xp P — P 7

which is defined by the (n + 1)(n’ 4 1) sections
ti@t, € NPy xp Ph,p"Op(1) @ p*Op(1)), i=0,...,n, j=0,...,7

where the ;, resp. t}, are (the pull-backs of) the canonical generators of the first
Serre twists of the structure sheaves of P, resp. IP’%/. Then, if ¢;;, 7 =0,...,n,
j=0,...,n, are the canonical generators of the first Serre twist of P’é”'+”+"/
we can describe ¢ locally by the R-algebra morphisms

Rl ) gl B ear[B,. B],

)

ti]" ' tij ti v ti t;" ’ t;
t ton' t t t t,
X el g
ti; ti; ti ot tit
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In particular, we see that the Segre embedding is a closed immersion. Therefore
oo (f, fl): X - ]P)’;LG/+n+nl

is an immersion satisfying (o o (f, f'))*(Op(1)) = £ ® £’ and it follows that
L ® L' is very ample. a

Now it is easy to derive the implication (ii) = (iii) of Theorem 10 and
thereby to finish the proof of the theorem. Assume that £%™ is very ample for
some exponent m; > 0. Since £ is necessarily ample, as we have seen already,
we can use Lemma 14 and thereby get an exponent my > 0 such that £%™ is
generated by global sections for m > my. Then Lemma 15 shows that £&™ is
very ample for m > mq + ms. O

We end this section by discussing some easy examples of ample and very
ample invertible sheaves.

Remark 16. Let R be a non-trivial ring and X an R-scheme.
(i) If X is affine, every invertible Ox-module L is ample. If, in addition, X
is of finite type over R, then every invertible O x-module L is even very ample.
(i) Let X =P%, n > 0. The dth Serre twist Ox(d), for d € Z, is ample if
and only if d > 0. Furthermore, Ox(d) is even very ample for d > 0.

Proof. (i) If X is affine, say X = Spec A, and L is an invertible Ox-module,
then L is associated to an A-module L. Choose elements fy,..., f, € A such
that X is covered by the basic open sets D(f;) and L|py,) is trivial for all
i, hence, isomorphic to Ox/|p(s,). Multiplying a generating element of L|py,
with a sufficiently high power of f;, we obtain an element s; € L = I'(X, L)
generating £ on D(f;) and such that X, = D(f;). Then so,...,s, is a set of
global generators of £ such that X, is affine for all 4. It follows that £ is ample.

If X is an affine R-scheme of finite type, it is easy to see that the structure
sheaf Ox is very ample. Indeed, choose a closed immersion X —— A%, and
compose it with the open immersion A}, —— P} = Projg R[to,...,t,] onto
the basic open subset D, (ty). Then Op(1)|p, ) is trivial and, hence, its pull-
back to X is trivial. Thus, Ox is very ample, and it follows from Lemma 15
that every invertible Ox-module L is very ample, since L ~ Ox ® L.

(i) Finally, let X = P} = Projg R[to,...,t,]. Then Ox(1) is very ample
for trivial reasons and we see from Lemma 15 that Ox(d) is very ample for
d > 0. On the other hand, Ox(d) cannot be ample for d < 0, since Ox(d) does
not admit non-zero global sections in this case, as we have seen in Section 9.2.
But also Ox(0) = Ox is not ample, due to I'(X,0x) = R. Indeed, every
R-morphism P}, —— P} defined via global sections so,..., s, € I'(X,Ox)
must factor through the structural morphism P} —— Spec R and therefore
will not be injective for n > 0. Hence, it cannot be an immersion. (|
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Exercises

1.

Alternative characterization of ample invertible sheaves: Let £ be an invertible
sheaf on an R-scheme X that is quasi-compact and quasi-separated. Furthermore,
let A =@D,,cnI(X,L5™) be the associated graded R-algebra. Show that the
following conditions are equivalent:

(a) £ is ample.

(b) The open subsets X; C X for f € Ay homogeneous constitute a basis of the
topology on X.

(¢) The affine open subschemes of X that are of type Xy for f € A} homogeneous
cover X.

This shows that the notion of ample invertible sheaves as given in Definition 8 is
compatible with the one used in EGA [12], II, 4.5.3.

. Let X be a scheme over a ring R.

(a) Show that X is separated over R as soon as there exists a very ample invertible
sheaf on it.

(b) Assume that X is of finite type and quasi-separated over R. Conclude that X
is separated over R as soon as there exists an ample invertible sheaf on it.

. Let P —— P, be a non-constant morphism of projective spaces over R. Show

that m < n.

. Consider invertible sheaves £, £ on an R-scheme X that is quasi-compact and

quasi-separated. Show:

(a) If £ is ample, there exists an exponent m > 0 such that £™ ® £’ is ample. In
fact, we may take m = 1 if £ is generated by global sections.

(b) If £ and £’ are ample, the same is true for £L ® L.

. Consider the projective n-space P% = Projy K|[to,...,t,] over a field K. Show

~

that every K-automorphism ~v: P} —~» P% is linear in the sense that it is
induced from a K-automorphism of the K-vector space Op(1l) = Ktg®...® Kty

. d-uple embedding: Consider the projective m-space P} = Projg R[to,...,tm]

over R and its invertible sheaf £ = Op(d) for some d € N. Let My,..., M, be
the (m%'d) monomials in %, ...,t, of degree d. Show that the M; give rise to
an R-morphism ¢: PP P%, the so-called d-uple or Veronese embedding.
Describe ¢ in terms of coordinates and show that it is a closed immersion for
d > 0. Conclude once more that Op(d) is very ample if d > 0.

. Let A be a graded ring (of type N), whose irrelevant ideal A, is generated by

finitely many elements in A;. For a quasi-coherent Ox-module F on X = Proj A
consider the associated graded A-module I'.(F) = @, (X, F(n) where
F(n) = F®Ox(n); see Exercise 9.2/8. Show that there is a canonical morphism

—~

of Ox-modules I',(F) — F and that the latter is an isomorphism.

. Consider the projective n-space P% = Projg R[to, - .., tn] over some ring R. Show:

(a) Given a graded ideal J C R[tp,...,t,], the residue class ring R[to,...,t,]/J
is canonically a graded R-algebra and the projection map

R[to,...,tn] — R[to,...,tn]/j
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gives rise to a closed immersion of R-schemes
Projg R[to,--.,tn]/3 — Projp R[to, ..., tn].

(b) Every closed immersion Z — Projg R[to,...,t,] of R-schemes is of the
type as described in (a). Hint: Use Exercise 7.

9. Consider the the Segre embedding o: IF”}lz XR IP’}z — IF”‘j{2 for projective spaces
over a ring R. Specify a graded ideal J C R[tp,1,t2,t3] such that the closed
subscheme Z C ]P3R defined by o is obtained in the manner of Exercise 8. The
subscheme Z is called a quadric surface in IP’%.

10. Let A, B be graded algebras (of type N) over a ring R. Then the direct sum
P,,cy An @R By is canonically a graded R-algebra, called the cartesian product
of A and B; it is denoted by A x g B. Assuming that the irrelevant ideals Ay C A
and By C B are generated by homogeneous elements of degree 1, show that there
is a canonical isomorphism Projp(A xg B) —~ (Projp A) xg (Projg B). For
example, consider the case of free polynomial rings in finitely many variables over
R, say A= R[to,...,tm] and B = R[ty,...,ty]. Then the elements ¢; ® t; where
t=20,...,m, j =0,...,n define global generators of the first Serre twist O(1)
for Projp(A X g B), and the resulting morphism

Projr R[to, ..., tm] Xg Projg R[to, ..., t,] — P40

is just the Segre embedding. Hint: Use localization arguments similar to the ones
employed in the proof of 9.2/2.

9.5 Proper Morphisms

The notation Proj A for the Proj scheme of a graded ring A might suggest the
term projective for such schemes, alluding to the definition of the projective
n-space P% = Projg [to,...,t,] over some base ring R. However, in reality,
an R-scheme X is called projective only if it is of type Projp A for a graded
R-algebra A of finite type, generated by finitely many homogeneous elements
of degree 1. The latter is equivalent to the fact that Projp A admits a closed
immersion into some projective n-space P%; see Proposition 7 below. As a gen-
eralization of projective schemes, we will study proper schemes and morphisms
in the present section.

Definition 1. Let f: X —— Y be a morphism of schemes.

(i) f is called affine (resp. quasi-affine) if there exists an affine open covering
(Vi)ier of Y such that f=2(V;) is affine (resp. quasi-affine) for all i € I.

(i) f 4s called finite if there exists an affine open covering (V;)ier of Y such
that f~Y(V;) is affine and the morphism f#(V;): Oy(V;) —— Ox(f~1(V;)) is
finite for all i € I in the sense that Ox(f~*(V;)) is a finite Oy (V;)-module.

It is clear that affine morphisms are quasi-affine and that finite morphisms
are affine. For example, every closed immersion is finite and, in particular, affine.
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Remark 2. Affine and quasi-affine morphisms are quasi-compact and separated.

Proof. Affine and quasi-affine morphisms are quasi-compact by 6.9/8, since
affine schemes are quasi-compact by 6.1/10 and quasi-affine schemes are quasi-
compact by definition; see 9.4/7. Furthermore, affine morphisms are separated
by 7.4/8. It remains to consider a quasi-affine morphism of schemes f: X — Y
and to show that it is separated. Using 7.4/7 we may assume that Y is
affine and X is quasi-affine. Then f decomposes into the canonical morphism
X ©—— SpecOx(X), which is an open immersion, and the affine morphism
Spec Ox(X) —— Spec Oy (Y) = Y derived from the f. Both are separated,
the first one by 7.4/10, and, hence, their composition is separated by 7.4/15.
|

Proposition 3. Let f: X —— Y be a morphism of schemes, where Y is affine.
Then:
(i) f is affine if and only if X is affine.
(i) f is quasi-affine if and only if X is quasi-affine.
(i) f s finite if and only if X is affine and the corresponding morphism
Oy (Y) — Ox(X) is finite.

Proof. The if parts of the different assertions are trivial. To verify the only-if
part of (i), let f be affine. Then we see from 6.9/4 or 6.9/9 that f.(Ox) is a
quasi-coherent Oy-module and, hence, by 7.1/4, a quasi-coherent Oy-algebra.
Recalling the construction of the spectrum of a quasi-coherent algebra in Sec-
tion 7.1, it follows that X as a Y-scheme is isomorphic to Spec f,(Ox). Since
1+(Ox) is associated to Ox(X) as an Oy (Y)-algebra by 7.1/6, X is affine.

In the situation of (ii) write A = Ox(X) and B = Oy (Y) and look at the
canonical decomposition

f: X —— SpecA—— SpecB =Y.

For any g € B we can consider the basic open subset D(g) = Spec B, C Spec B,
its preimage Spec A ®p B, C Spec A, and its preimage in X, which we denote
by X, so that f, restricted to preimages over Spec By, decomposes into

fq: Xy — Spec A ®p B, — Spec By.

We claim that the ring morphism of global sections A ®p B, —— Ox(X,)
associated to X, —— Spec A ®p B, is an isomorphism. Indeed, choose an
affine open covering (U;);e; of X, where we may assume that [ is finite, since
f and, hence, X are quasi-compact. Furthermore, we know from 7.4/5 that all
intersections U; N U; are affine for ¢,j € I, since f is separated by Remark 2.
Then look at the exact diagram

A=0x(X)— [Jox) == [] ox(U:n ;)

il i€l
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and observe that it remains exact when tensoring it with B, over B, since I is
finite. This shows that the morphism A®p B, — Ox(X,) is an isomorphism,
as claimed.

Now, in order to show that X is quasi-affine, we use freely the characterizing
properties of quasi-affine schemes, as mentioned in 9.4/7. It remains to show
that X —— Spec A is an open immersion. For this it is enough to see that
Xy — Spec A ®p B, is an open immersion for a set of elements g such that
the D(g) cover Y = Spec B. However, that the latter is true follows from the
fact that f is quasi-affine. Indeed, given a point y € Spec B, there is an affine
open neighborhood V' C Spec B such that f~!(V) is quasi-affine. Choosing a
basic open subset D(g) C V containing y, the preimage X, = f~*(D(g)) is still
quasi-affine. So the morphism X, — Spec A®p B, will be an open immersion,
since it induces an isomorphism on the level of global sections. Therefore we are
done.

Finally, concerning (iii), if f is finite, X is affine by (i). Furthermore, f,(Ox)
is a quasi-coherent Oy-module that is locally of finite type in the sense of 6.8/12.
But then Ox(X) = f.(Ox)(Y) is a finite module over Oy (Y) by 6.8/13. O

Let us add without proof that the properties of a morphism of schemes to
be affine, quasi-affine, or finite are stable under composition of morphisms, base
change, and fiber products.

Definition 4. Let f: X —— Y be a morphism of schemes.
(1) f is called closed if the image f(Z) of every closed subset Z C X is
closed in Y.
(ii) f 4s called universally closed if for every base change Y ——Y the
resulting morphism f xid: X Xy Y’ —— Y’ is closed.
(iil) f as well as X as a Y-scheme are called proper if f is separated, of
finite type, and universally closed.

It is immediately clear that for a scheme morphism f: X —— Y the above
conditions (i), (ii), and (iii) can be tested locally over Y. Furthermore, using
7.4/15 it is easily seen that the properties for a morphism to be universally
closed or proper are stable under composition of morphisms, base change, and
fiber products.

Remark 5. Fvery finite morphism of schemes is proper.

Proof. Let f: X —— Y be a finite morphism of schemes. Since the properness
of f can be tested locally on Y, we may assume that X and Y are affine,
say X = SpecA and Y = Spec B. Then, of course, f is of finite type and
separated. Furthermore, since finite morphisms are preserved under base change,
it is enough to show that f is closed.

To check the latter, observe that the ring morphism f#: B —— A attached
to f is finite and, hence, integral. Now let Z C X be a closed subset, say
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Z = V(a) for some ideal a C A, and consider the ideal b = (f#)7!(a) in B.
Then we get f(Z) C V(b) and we claim that f(Z) = V(b). Indeed, look at the
commutative diagram

#
B—1 A

|,

B/b " AJa,

induced from f#, where f#, just as f#, is finite and, hence, integral. Therefore
we conclude from the Lying-over Theorem 3.3/2 that for every prime ideal
q C B/b there is a prime ideal p C A/a such that (f#)~'(p) = q. Consequently,
there exists for every y € V(b) a preimage « € Z. This shows f(Z) = V(b) so
that f is closed. |

Proposition 6. Let X N Y —2+ Z be morphisms of schemes such that the
composition g o f is proper. Then:

(i) If g is separated, f is proper.

(i) If g is separated and of finite type and if f is surjective, then g is proper.

Proof. Starting with assertion (i), we see from 7.4/15 (iv) that f is separated,
since g o f is separated. Furthermore, write f as a composition

FX=XxyY Lo xx,v L 25,y =Y

where f’ is the canonical morphism and f” is the morphism obtained from
go f: X —— Z via base change with g: Y —— Z. Since g is separated, we see
from 7.4/12 that f’ is a closed immersion. Moreover, f” is closed, since g o f is
universally closed. Therefore f is closed and the same argument in conjunction
with the fact that separated and proper morphisms are stable under base change
shows that f is, in fact, universally closed.

In addition, these considerations show that f is quasi-compact. Indeed,
being a closed immersion, f’ is quasi-compact and f” is obtained from the
quasi-compact morphism g o f: X —— Z via base change. Thereby it only
remains to check that f is locally of finite type, which, however, is clear, since
a morphism of rings B —— A is of finite type as soon as there is a morphism
of rings C —— B such that the composition C' —— B —— A is of finite type.

In the situation of (ii) it is only to show that ¢ is universally closed. To do
this, look at a closed subset F' C Y. Then we get g(F) = (go f)(f*(F)) from
the surjectivity of f and it follows that, if f~!(F) is closed in X, its image under
go f is closed in Z. In particular, g is closed. Now observe that the assumptions
in (ii) are preserved under base change. Indeed, concerning the surjectivity of
f we may look at fibers over some point y € Y and thereby assume that Y
consists of a field, say Y = Spec K. Furthermore, it is enough to consider a base
change on Y that is given by an extension of fields K’/K. But then, due to the
fact that the extension K'/K is faithfully flat, f ®x K’ will be surjective if f
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is. Thus, the assumptions in (ii) are preserved under base change and we can
show as before that ¢ is universally closed. |

Next we want to introduce projective morphisms and to discuss their rela-
tionship to proper morphisms.

Proposition and Definition 7. For a scheme X over some base ring R the
following conditions are equivalent:
(i) There exists an R-morphism X — P that is a closed immersion.
(ii) There exists an R-isomorphism X —2 Projp A where A is a graded
R-algebra, say A = @;-, A;, that is generated by finitely many elements in A;.
If the above conditions are met, the R-scheme X and its structural morphism
X —— Spec R are called projective.

Proof. Assume first that condition (ii) is given and let fo, ..., fi € A; generate
A as an R-algebra. Then

Rlto,....ta) — A, ti— fi,

is a surjection of graded R-algebras inducing a closed immersion X —— P7};
see 9.1/21.

Conversely, if there exists a closed immersion X — P}, over R, then X may
be viewed as a closed subscheme of P, and, thus, by 7.3/4, is given by a quasi-
coherent ideal Z C Opy,. We will prove below in Lemma 8 that 7 is associated to
a graded ideal I C R[t,...,t,]. Then the construction of associated modules
in 9.2/1 in conjunction with 7.3/4 shows that we get X ~ Projg R[to,...,t.]/1,
where A = R[to,...,t,]/I is a graded R-algebra as required in (ii). O

Lemma 8. Let R be a ring, A = @;-, A a graded R-algebra, and T a quasi-
coherent ideal of the structure sheaf Ox where X = Projy A.

Assume that A is generated by finitely many elements fo, ..., fn € Ay. Then
there exists a graded ideal I C A, whose associated ideal I C Ox, as defined in
9.2/1, coincides with T.

Proof. Let I|p, (s, be associated to the ideal a; C Ay, and let I C A be the
ideal generated by all homogeneous elements g € A such that g € A, implies

iEai for all 1=0,...,n.

I
We claim that [ is as required. First observe that the ideal I,y C Ay, induced
from I is contained in a; for all <. On the other hand, if h belongs to a; for
some index j, it is of type h = jg—, for some g € A,, and we would like to get

% € q; for alli =0,...,n. Since the ideals a; and a;, for any 1, j, restrict to the

same ideal on D (f;) N D+ (f;), we see that % € a; holds after restricting both
quantities to Dy (f;) N D.(f;). Since
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Ox (D4 (f) N Dy(f;) = Ay = (A 5,

i

by 9.1/7, it follows that sections on D (f;) N D4(f;) can be extended to D (f;)
by multiplying with a certain power of fc—J Thus, enlarging 7, we may assume
f% € a; for all ¢ = 0,...,n. From this we conclude g € I and, hence, Iy, = a;
for all 3. 0

Theorem 9. Every projective scheme X over a ring R is proper.

Proof. Using Proposition 7, we know X =~ Projp A for a graded R-algebra
A = @;°,A; that is generated by finitely many elements fi,...,f, € Aj.
In particular, Projy A is separated over R by 9.1/18 and quasi-compact, as it
is covered by the affine open subschemes Spec Ay, i = 0,...,n. Since each
homogeneous localization A, viewed as an R-algebra, is generated by the
fractions £, ..., I it follows that Projp A is locally of finite type over R and,
thus, all in all, of finite type over R.

It remains to show that the structural morphism p: Proj, A —— Spec R
is universally closed. Since projective morphisms are stable under affine base
change (note that we have considered projective n-spaces over an affine base
only) and since the closedness of a subset of a scheme Y can be checked relative
to an open covering of Y, it is enough to show that p is closed. Furthermore,
if Z C Projg A is a closed subset, we may apply 7.3/5 and view Z as a closed
subscheme of Projp A. Then Z is projective over R again and we thereby see
that it is enough to show that the image of p: Projp A Spec R is closed
in Spec R.

To check the latter, consider a point y € Spec R with residue field k(y).
Then y ¢ im p is equivalent to

p '(y) = (Projp A) ®r k(y) = Projy (A®rk(y)) =0
and we claim that this is equivalent to the existence of an index ig € N satisfying
A; @rk(y) =0 for all 7 > ig.

Indeed, from 9.1/15 (i) we conclude that Projy,, (A ®g k(y)) = 0 if and only
if rad, (0) = Ay ®g k(y) for the zero ideal 0 C A ®g k(y) and, hence, if and
only if all elements of A, ®g k(y) are nilpotent. Since A is a finitely generated
ideal in A, the latter amounts to the existence of an index iy € N such that
Ai Rr k‘(y) =0 for i > io.

Now use the fact that A is generated by finitely many elements in A
and, hence, that each A; is a finitely generated R-module. Then Nakayama’s
Lemma 1.4/10 implies that A; @ k(y) = 0 is equivalent to A; ®z R, = 0 and,
thus, to y & suppp A; where

suppg A; = {z € Spec R; A; ®r R, # 0}
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is the support of A; as an R-module. Since A, is generated by A; as an
R-algebra, we have
suppp A1 D suppr A2 D ...

and thereby obtain

y & imp <=y & |suppy A;.
i=1
Since the support of an R-module of finite type is closed in Spec R and the
intersection of closed subsets is closed again, we deduce that imp is closed in
Spec R.

For completeness, let us show that the support suppyp M of an R-module of
finite type is closed in Spec R. Namely, we claim for the so-called annihilator
ideal

a={a€R;aM=0}CR

of M that suppyp M = V(a). Indeed, by definition we have x ¢ suppp M if and
only if M, = M ®r R, = 0. Fixing generators my,...,m, € M, we see that
M, = 0 if and only if, for every ¢ = 1, ..., 7 there is some s; € R — p, such that
sym; = 0. Thus, replacing s; by the product s = s1 ... s,, it follows that M, =0
if and only if there exists some s € R — p, such that sM = 0 and, hence, s € a.
Therefore o & suppp M is equivalent to a ¢ p,, and, thus, to x € V(a). (]

Next we want to give some outline on how to define projective schemes
over base schemes S that are not necessarily affine; for further details see EGA
[12], in particular IT, 4 and 5.5. Up to now we have dealt with the property of
a morphism of schemes X —— S to be “projective” only in the case where
S is affine. To remove this special assumption, the notion of Proj schemes is
generalized from Proj A for a graded ring A = @,_, A, to Projg A for a quasi-
coherent graded Og-algebra A = @,-_, A, over arbitrary base schemes S; see
also Exercise 9.1/11. This is done similarly as for the construction of the scheme
Specg A, the spectrum of a quasi-coherent Og-algebra A, by choosing an affine
open covering (.5;);c; of S and gluing the Proj schemes

Projs, A(Si) = Projs, @ Am(S:), i€,

m=0

in a canonical way. Applying this concept to the construction of projective
spaces, we need to define for a module M over some ring R its associated
symmetric R-algebra Symp(M). To do this, look at the tensor algebra generated
by M over R,

Tp(M) = P Mo,
m=0
where we write M®™ for the m-fold tensor product M ®p ... ®r M. The mul-
tiplication on Tg(M) is given by the tensor product where the latter is not
commutative, except for some special cases. However, we enforce commuta-
tivity by defining Symg(M) as the quotient of Tr(M) by the two-sided ideal
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generated by all elements of type x ® y —y ® x where z,y € M. Then Symy (M)
is a graded R-Algebra, now with commutative multiplication. For m € N we
call the R-module Sym7, (M) of all elements in Symz(M) that are homogeneous
of degree m the mth symmetric power of M over R. For example, Symp(R") is
just the polynomial ring R[ty,...,t,] in n variables ¢y,...,t, over R.

Since the construction of Sympg (M) is compatible with localization by el-
ements in R, symmetric algebras can more generally be considered for quasi-
coherent modules on a base scheme S. This way one obtains from any quasi-
coherent Og-module £ the corresponding symmetric algebra Symg, (€), which
is a quasi-coherent graded Og-algebra, and from the latter the attached Proj
scheme Pg(€) = Projs(Symg, (£)) over S. For example, taking £ = Ot we
see that Pg(€) is just the projective n-space P%. The construction of Pg(&)
is of particular interest for locally free Og-modules £. Then we talk about a
projective space bundle on S. It is easily seen that the definition of projective
morphisms via Proposition 7 can be generalized if we

(i) replace the projective n-space P by the scheme Pg(E) attached to a
quasi-coherent Og-module of locally finite type £ and

(i) pass to graded quasi-coherent Og-algebras A that, locally on S, are
generated by finitely many sections in Aj.

Every Proj scheme Pg(€) constructed from a quasi-coherent Og-module £
carries an invertible sheaf Op(1), the first Serre twist, which is defined similarly
as in Section 9.4. In particular, the definition of very ample invertible sheaves
from 9.4/9 can be carried over to the case of schemes over a not necessarily affine
base. If p: X —— S'is a morphism of schemes equipping X with the structure of
an S-scheme, an invertible sheaf £ on X is called very ample relative to S if there
is a quasi-coherent Og-module £ together with an S-morphism f: X — Pg(&)
that is an S-immersion satisfying f*(Op(1)) ~ L. For an affine base S and a
morphism of finite type p: X —— S one can show that this definition coincides
with the one given in 9.4/9; see EGA [12], IT, 4.4.7.

Also the property of being ample can be defined relative to a not necessarily
affine base S. Namely, an invertible sheaf £ on an S-scheme X, given by a
morphism p: X —— § that is quasi-compact and quasi-separated, is called
ample relative to S if there exists an affine open covering (.5;);er of S such
that L]|g, is ample on p~!(S;) for all 4. Also this definition is for an affine base
S equivalent to the one given in 9.4/8 (see EGA [12], II, 4.6.6), and one can
show for a quasi-compact base S and a quasi-separated morphism of finite type
p: X — S that the correspondence between ample and very ample invertible
sheaves from 9.4/10 generalizes to the relative case; see EGA [12], II, 4.6.11.

We end this survey by mentioning without proof some important results on
proper morphisms.

Theorem 10 (Chow’s Lemma, EGA [12], II, 5.6.1, 5.6.2). Let f: X Y
be a proper morphism of schemes where Y is Noetherian. Then there exists a
morphism g: X' —— X such that:

(i) fog: X' —Y is projective,
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(ii) g: X' — X is surjective and there is a dense open subscheme U C X
such that g~ (U) is dense in X' and g induces an isomorphism g~1(U) —~ U.

Theorem 11 (Proper Mapping Theorem, EGA [13], III, 3.2.1). Consider a
proper morphism of schemes f: X —— Y where Y is locally Noetherian. Then
for any coherent Ox-module F (see the end of 6.8), the higher direct images
Rif.(F), q >0, as defined in 7.7, are coherent as well.

Theorem 12 (Stein Factorization, EGA [13], 111, 4.3.1). Let f: X — Y be
a proper morphism of schemes where Y is locally Noetherian. Then there exists
a factorization

where g is proper, surjective, and has connected fibers, and where h is finite.
Moreover, f,Ox is a quasi-coherent Oy-algebra such that Y' = Spec f,Ox.

Finally we want to show that the properness (and separatedness) of scheme
morphisms can be characterized using techniques of valuation rings. In other
words we want to prove the so-called valuative criteria for separated and proper
morphisms. Note that discrete valuation rings have already been defined in
9.3/3. However, we will need a more general version of valuation rings here.

Definition 13. Let R be an integral domain with field of fractions K. Then R
is called a valuation ring if for x € K we have x € R or, otherwise, z7! € R.

Since discrete valuation rings are unique factorization domains, it is easily
seen that discrete valuation rings are valuation rings, indeed. Every valuation
ring R is a local ring, because any two elements x,y € R will satisfy (z) C (y) or
(y) C (z). As usual, the unique maximal ideal m C R consists of all non-units in
R, hence, of 0 and of all elements z € R— {0} such that 27! ¢ R. In particular,
the spectrum Spec R contains a unique generic point 7, which corresponds to
the zero ideal 0 C R, and a unique closed point s, which corresponds to the
maximal ideal m C R. Furthermore, the inclusion R C K into the field of
fractions of R yields a canonical morphism i: Spec K —— Spec R. We will
use it to define for morphisms of schemes X —— Y and Spec R —— Y the
restriction map

¢: Homy (Spec R, X) —— Homy (Spec K, X)

given by composition with i: Spec K —— Spec R. For h € Homy (Spec R, X)
its associated image h = ®(h) is characterized by the commutative diagram
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Spec K rx

i h f

SpecR —— Y .

Proposition 14. Let f: X — Y and Spec R — Y be morphisms of schemes
where R is a valuation ring with field of fractions K. Furthermore, let

&: Homy (Spec R, X) — Homy (Spec K, X)

be the composition with the canonical morphism i: Spec K —— Spec R. Then
(1) If f is separated, ¢ is injective.
(i) If f is proper, @ is bijective.

Proof. As usual, let i be the generic point and s the closed point of Spec R.
Starting with assertion (i), let h, h’: Spec R —— X be two Y-morphisms with
same image h = @(h) = (k') in Homy (Spec K, X') and consider the morphism

(h,h'): Spec R — X xy X

given by h and h/. By our assumption, its restriction to Spec K factors via h
through the diagonal morphism Ax/y: X —— X xy X. Therefore (h, ') maps
n into the diagonal A = Ay/y(X). Now if f is separated, A is closed in X xy X
and we can conclude from the continuity of (h, k') that the image of s belongs
to A so that h(s) = I'(s). Choosing an affine open neighborhood Spec A C X
of h(s) = K (s), it follows that both, h and &', map Spec R into Spec A, thereby
giving rise to the commutative diagram

h#

K A
hi
R

The latter shows that h coincides with A/, Sincej# is injective.
To verify assertion (ii), consider a morphism h € Homy (Spec K, X). Writing
X' = X Xy Spec R, we get a commutative diagram

h: Spec K —— X' ——— X
f !
SpecR ——Y

and it is enough to show that f': X’ —— Spec R admits a section extending the
morphism Spec K —— X'. To obtain such a section, let Z C X’ be the closure
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of (the image of) Spec K in X’ and view Z as a subscheme of X', equipping
it with its reduced structure; see 7.3/5. Then Z is irreducible by 7.5/2 and,
in fact, integral. Indeed, all its non-empty affine open parts are irreducible by
7.5/1 and, thus, by the reducedness in conjunction with 6.1/15 and 9.3/2, are of
type Spec A for an integral domain A. Furthermore, f is assumed to be proper
and, hence, universally closed. Therefore f’ is closed and it follows that f'(Z) is
closed in Spec R. But then we must have f'(Z) = Spec R, since f'(Z) contains
the generic point n € Spec R. Now if 7’ is the generic point of Z and s’ € Z a
point over s € Spec R, there is a canonical commutative diagram

OZ,T]’ OZ,S’

1

1

s/

K+~——R

of injective homomorphisms, which we view as inclusions. Furthermore, f7* is
local and we claim that, actually, f;# is an isomorphism. Indeed, otherwise there
would be an element a € Oy ¢ that is not contained in R. By the valuation ring
property of R the inverse a~! would belong to the maximal ideal m C R and a
would be a unit in Oy y. However, this is impossible if f;# is local. Consequently,
fjb is an isomorphism. Using this fact, we see for any affine open neighborhood
Spec A C Z of s’ that the localization map A Oz defines a section of
7 — Spec R and it follows that X’ —— Spec R admits a section as well. [

The valuative criteria for separatedness and properness say that, under cer-
tain finiteness conditions, separated and proper morphisms can be characterized
by the conditions given in Proposition 14 (i) and (ii). To prepare the proof of
this fact, we start by some auxiliary results.

Lemma 15. Let f: X —— Y be a quasi-compact morphism of schemes. Then
the following conditions are equivalent:

(i) f(X) is closed in Y.

(ii) f(X) is stable under specialization, i.e. given any point ¢ € f(X) and a
specialization y € {C}, then y € f(X).

Proof. Clearly, if f(X) is closed in Y, it is stable under specialization. Conversely,
assume that f(X) is stable under specialization. Since the closedness of f(X)
can be tested locally on Y, we may assume Y to be affine, say Y = Spec B.
Furthermore, we may equip X with its reduced structure as constructed in 7.3/5
and then assume that Y is reduced and satisfies f(X) = Y. Indeed, consider
the ring morphism f#: B —— Ox(X) corresponding to f and replace B by
B/ ker f#.

Since X is quasi-compact by assumption, it admits a finite affine open cov-
ering (X;);er. Writing Y; = f(X;) we obtain
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Uy =Urx) =Jrx) = f(x) =v,

icl el el

and we may view the closed subsets Y; as closed subschemes of Y, namely of
type Y; = Spec B; where B; = B/I(Y;).

Now, in order to show f(X) =Y and, thus, the closedness of f(X), consider
a point y € Y, say y € Y; for some index ¢ € I. Then there exists a generic
point ¢ € Y; such that y € {¢}, and it is enough to show ¢ € f(X;), since then
¢ € f(X) implies y € f(X) by our assumption. Therefore consider the ring
morphism B; —— A; corresponding to X; —— Y; and localize it at (. Since
B, ¢ is flat over B; we arrive at a monomorphism B; . — A; ®p, B; .. Moreover,
B; is reduced and the same is true for B; . Thus, it follows that B; is a field,
as it is a reduced ring with a unique prime ideal, namely the one corresponding
to ¢. In particular, A; ®p, B; cannot be zero and, thus, there exists a prime
ideal p C A; ®p, Bi. Looking at the commutative diagram

B —— A,

]

B —— A; ®p, Bi¢ ,

we get p N B; = 0. But then the preimage of p in A; is a prime ideal pes
corresponding to a point ¢’ € X; that satisfies f({’) = (. In particular, it
follows ¢ € f(X;), as claimed. O

We need an auxiliary result showing how valuation rings come into play
when dealing with local rings.

Lemma 16. Let K be a field and R C K a local ring with mazimal ideal m C R.
Then there exists a valuation ring R with field of fractions K dominating R,
i.e. such that R C R and m' N R = m for the mazimal ideal m’' of R'.

Proof. Let k = R/m be the residue field of R. Furthermore, choose an algebraic
closure k of k and consider the canonical map ¢: R — R/m — k. Let ¥
be the set of all pairs (R',0’) where R is a subring of K containing R and
o' R — k a homomorphism extending o. Then X is a non-empty partially
ordered set, writing (R',0’) < (R”,¢"”) whenever R C R" and ¢”|p = ¢'. By
Zorn’s Lemma, there is a maximal element (R, o) € X and we claim that R
is a valuation ring with field of fractions K dominating R.

It is easy to see that R' is a local ring with maximal ideal m' = ker o',
Indeed, k is an integral domain and, hence, m’ = ker o' a prime ideal. Then,
extending of: Rf —— & to the localization Rjﬂ, we get Rl = RLT from the
maximality of (R, o). In particular, we have m' N R = ker 0 = m and it follows
that R' is a local ring dominating R.

Thus, it remains to show that R is a valuation ring with field of fractions
K. To achieve this, consider an element x € K and assume first that z is
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integral over R'. Then the inclusion Rf —— Rf[z] is finite by 3.1/4, and
there is a prime ideal p C R[2] such that p N Rf = mf; see the Lying-over
Theorem 3.3/2. The resulting inclusion Rf/m! —— Rf[z]/p is finite as well
and even a finite extension of fields, since Rf/m is a field; see 3.1/2. Therefore
the embedding Rf/m! —— k induced from of: R k admits an extension
Rf[x]/p = k, and the resulting homomorphism Rf[z] — Rf[z]/p — k
extends of: Rt —— k. But then the maximality of (Rf, o) yields Rf[z] = Rf
and, thus, z € RI.

It remains to show for an arbitrary element 2 € K that € R' or, otherwise,
27! € R'. Proceeding indirectly, we may assume by the above consideration that
neither z nor 27! are integral over R. In particular, z # 0 and we must have
71 ¢ R[z]. Otherwise there would be an equation of type

i =ag+az+...+ax"

with coefficients a; € R' and this would lead to an integral equation for 2~ over

R' if we multiply with 2. Therefore 2 cannot be a unit in Rf[z] and there
exists a maximal ideal m’ C Rf[z] containing 2. Now look at the composition

7: R —— R'[2] — R'[z]/w’.

Since z € m’, we see that 7 is surjective, mapping R onto the field R [z]/m’.
Therefore the kernel of 7 is a maximal ideal in R and, hence, must coincide with
m', because R is a local ring with maximal ideal m. But then 7 induces an iso-
morphism of fields 7: Rf/mf —~~ Rf[z]/m’ and it follows that o': Rt — &
admits an extension to R'[z]. However, since (R', o") is maximal in X, we get
R'[x] = R' and therefore x € RI, contradicting our choice of z. Thus, R' is a
valuation ring with field of fractions K. O

Proposition 17 (Valuative criterion of separatedness). Let f: X —— Y be a
quasi-separated morphism of schemes. Then the following conditions are equiv-
alent:

(i) f is separated.

(ii) For every morphism of schemes Spec R —— Y where R is a valuation
ring with field of fractions K, the map

&: Homy (Spec R, X) —— Homy (Spec K, X)
induced from i: Spec K —— Spec R is injective.

Proof. According to Proposition 14 we have only to show that condition (ii)
implies the separatedness of f. So assume that (ii) is given. Since f is quasi-
separated, the diagonal embedding Ax,y: X X xy X is quasi-compact.
Hence, using Lemma 15, it is enough to show that the diagonal A = Ay ,y (X)
in X xy X is stable under specialization. To achieve this, fix a point z € A
specializing into some point zyp € X Xy X so that zo € Z = m Applying
7.3/5, we consider Z as a subscheme in X xy X, providing it with its reduced
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structure. Then, similarly as shown in the proof of Proposition 14, the scheme Z
is integral. Thus, the local ring O, is a subring of the field K = Oz, = k(x)
and there is a valuation ring R with field of fractions K dominating Oy, ; see
Lemma 16. Let 1 be the generic and s the closed point of Spec R. Then the
inclusion map Oz,, —— R together with the localization map A Oz,
corresponding to any affine open neighborhood Spec A C Z of z( induce a
Y-morphism

o: SpecR — 7 — X xy X,
n——=uox, S —> Xy,

such that the restriction of o to Spec K factors through the diagonal embedding
Axyy: X —— X xy X. Composing o with the projections X xy X —=% X
we get two morphisms h, h': Spec R X restricting to one and the same
morphism h: Spec K —— X and, furthermore, making the diagram

Spec K rx

SpecR —— Y

commutative. Then we conclude h = &’ from (ii) and see that the above mor-
phism ¢, which can also be written in the form

(h,h'): Spec R — Z — X xy X,

factors through the diagonal embedding Ax/y. In particular, o = (h, h')(s) € A
and A is stable under specialization. O

Proposition 18 (Valuative criterion of properness). Let f: X —— Y be a
quasi-separated scheme morphism of finite type. Then the following conditions
are equivalent:

(i) f is proper.

(ii) For every morphism of schemes Spec R —— Y where R is a valuation
ring with field of fractions K, the map

&: Homy (Spec R, X) — Homy (Spec K, X)

induced from i: Spec K —— Spec R is bijective.

Proof. According to Proposition 14 we have only to show that condition (ii)
implies the properness of f. So assume that (ii) is given. Then f is separated
by Proposition 17 and it remains to show that f is universally closed. Since
our assumptions on f, as well as condition (ii), are stable under base change
Y’ —— Y, it is enough to show that f is closed. So let V' C X be a closed
subset. Then we may view V as a closed subscheme of X, equipping it with its
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reduced structure as obtained in 7.3/5. The composition V &—— X —— Y is
quasi-separated and of finite type again, and a reasoning on affine open parts
of X shows that also condition (ii) carries over to this morphism. Thus, writing
X in place of V' again, it is enough to show that f(X) is closed in Y.

Since f: X —— Y is quasi-compact, Lemma 15 becomes applicable and it
is only to show that f(X) is stable under specialization. To do this we proceed
similarly as in the proof of Proposition 17. For a point x € X and its image
y = f(z) € f(X), look at a specialization yo € {y} and view Z = {y} as
a closed subscheme in Y, providing it with its reduced structure, as in 7.3/5.
Then the local ring Oy, is a subring of the field Oz, = k(y), the latter being
a subfield of the field K = k(z). By Lemma 16 we can find a valuation ring R
with field of fractions K dominating Oy, . If n is the generic and s the closed
point of Spec R, the inclusion Oz,, —— R induces a morphism

SpecR — Z — Y,
n——-—y, S Yo,

such that the composition with i: Spec K —— Spec R lifts to a Y-morphism
h: Spec K —— X. Then, by condition (ii), the latter extends to a ¥Y-morphism
h: Spec R —— X so that necessarily yo = (f o h)(s) € f(X). Hence, f(X) is
stable under specialization and therefore closed in Y. O

Let us point out that it is enough for the valuative criteria in Propositions 17
and 18 to require condition (ii) just for discrete valuation rings in place of
general valuation rings if we require some additional finiteness conditions for
f: X —— Y. Namely, we need that Y is locally Noetherian and, especially for
the separatedness in Proposition 17, that f is, in addition, locally of finite type;
see EGA [12], 1T, 7.2.3 and 7.3.8.

Exercises

1. Show that the structural morphism of the affine n-space A% over a ring R is not
universally closed, unless n = 0 or R = 0. Excluding these trivial cases, deduce
that A% cannot be proper over R.

2. Let f: X —— Y be a proper morphism between affine schemes. Show that f
is finite. Hint: Since X is of finite type over Y, there exists a closed immersion
X —— A} into some affine n-space over Y. Reduce by induction to the case
where n = 1. Then interpret A%/ as the open part D, (t1) of the projective line
Pl = Projg R[to,t1] where R = Oy (Y) and show that the resulting morphism
X — IF’%, is proper. Conclude that the image of X is closed in ]P’%/ and that the
associated graded ideal J C R[to,t1] satisfies (to,¢1) C rad(3J,¢;). Finally, derive
an integral equation for 1—‘1’ over R modulo the ideal induced from J in R[%]

3. Let K be a field and X a proper K-scheme that is irreducible. Show that every
K-morphism X —— Y into an affine K-scheme Y of finite type is constant in
the sense that the image of f consists of precisely one point. Hint: Use Exercise 2.
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4. Let S be an affine base scheme and X a proper S-scheme, as well as Y a separated
S-scheme. Show that an open S-immersion X —— Y is an isomorphism as soon
as Y is connected.

5. Let S be an affine base scheme and X a proper S-scheme. Show that X is pro-
jective if and only if there exists an ample invertible sheaf on X.

6. Let R be a discrete valuation ring with field of fractions K. Show:
(a) The canonical map Homp(Spec R, IP’}%) —— Hompg(Spec K, P}) is bijective.
(b) The canonical map Hompg(Spec R, Ak) —— Hompg(Spec K, AL) is injective,
but not bijective.
(c) There exists a separated R-scheme X such that X xp K ~ A}, and the map
Hompg(Spec R, X) — Hompg(Spec K, X) is bijective.
(d) Any R-scheme X as in (c) cannot be of finite type.

7. Use the valuative criterion of properness to show once more that the projective
n-space P over a ring R is proper.

8. Give an example of a morphism of schemes X —— S with a point s € S such
that the fiber X of X over s is proper, but where for each open neighborhood
S’ C S of s the induced morphism X xg S’ — S’ will not be proper.

9. Let f: X —— S be a proper morphism of schemes and let £ be an invertible
sheaf on X that is ample relative to f. Show for any global section | € I'(X, £)
that f restricts to an affine morphism X; —— S. In particular, X; is affine if S
is affine.

10. Let X be a scheme of finite type over the field of complex numbers C. Then
X (C), the set of C-valued points of X, carries a natural topology inherited from
the topology of C, the so-called complex topology. Indeed, if U is an affine open
piece in X, choose a closed immersion U —— Af into some affine n-space and
provide U(C) with the restriction of the complex topology on AZ(C) = C™.
Granting the assertion of Chow’s Lemma, show:

(a) The complex topology on X(C) is well-defined. Any morphism X —— Y
between C-schemes of finite type yields a continuous map X (C) —— Y (C).
Furthermore, the complex topology respects cartesian products.

(b) X is separated over C if and only X (C) is Hausdorff.

(c) If X is proper over C if and only if X (C) is compact.

Hint: Consult Mumford [20], 1, §10, but pay attention to the fact that our defi-
nition of properness leaves the context of schemes of finite type over C.

9.6 Abelian Varieties are Projective

As an application of the theory of ample and very ample invertible sheaves from
Section 9.4 we want to prove that any abelian variety A over a field K admits a
closed immersion A — P into some projective n-space, in other words, that
abelian varieties are projective in the sense of 9.5/7. Indeed, we will show that
certain general properties of abelian varieties guarantee the existence of ample
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and, hence, very ample invertible sheaves. Of course, we cannot supply a full
treatment of abelian varieties at this place. We will restrict ourselves to a few
basic facts and refer to the excellent book of Mumford [21] for more details. In
the following let K be a field with algebraic closure K.

Definition 1. An abelian variety over K is a proper smooth K-group scheme
that is irreducible.

Let us explain the terminology applied in the definition. A K-group scheme
is a scheme A together with K-morphisms

v AXg A— A
g: SpecK — A
it A— A

(group law),
(unit section),

(inverse)

such that the “standard group axioms” are satisfied. Using the structural mor-
phism p: A —— Spec K, we thereby mean that the following diagrams are
commutative:

AxeAxeA—"9 L Axp A
\m Xy 5 (associativity)
Axg A i A
(p,id)
A—————+ Spec K xg A
\id exid (unit section)
A 1 Axg A
A (i) Axg A
l » - (inverse)
Spec K ‘ A

Since the occurring products are fiber products in the category of schemes and
not just ordinary cartesian products of sets, we cannot claim that the group
law v of a K-group scheme A defines a group structure on its underlying set.
However, v induces for every K-scheme Z a true group structure on the set of
Z-valued points A(Z) = Homg(Z, A), namely by associating to a pair (x,y) of
points in A(Z) the composition

780 Axg A A
Furthermore, the formation of the group A(Z) is functorial in Z in the sense that

any K-morphism Z' —— Z gives rise to a group morphism A(Z) — A(Z').
On the other hand, it is easily checked that a functorial group law on the point
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functor A(-) equips A with the structure of a K-group scheme. Of course, we
may replace K by an arbitrary base scheme S, thereby arriving at the notion
of S-group schemes.

The notion of properness has been introduced in 9.5/4. It means that the
structural morphism p: A —— Spec K is of finite type, separated, and univer-
sally closed. For the property of smoothness see 8.5/1. It follows from 8.5/15
in conjunction with 2.4/19 that all stalks O4, of a smooth K-group scheme A
are integral domains. Since abelian varieties are required to be irreducible, they
give rise to integral schemes. Also let us mention that for K-group schemes of
finite type smooth is equivalent to geometrically reduced, which means that all
stalks of the structure sheaf of A x ¢ K are reduced. In addition, let us point out
that for K-group schemes of finite type the property irreducible can be checked
after base change with K /K so that we may replace irreducible by geometrically
1rreducible.

As one of the first results on abelian varieties one shows:

Proposition 2 ([21], I1.4, Question 4 (ii)). The group law on an abelian variety
A is commutative, i.e. the diagram

Axg A—2v Axp A
\y
/ —)

where o is the morphism interchanging factors, is commutative.

5

Relying on this fact, the group law on an abelian variety is usually written
additively. For any K-valued point x € A(K) one can consider its associated
translation T, on A, given by z —— x + z. More precisely, we thereby mean the
K-morphism

i AP Shee Koxpg A2 A A —T AL

In a similar way it is possible to translate with a K-valued point, although before
doing so we must apply the base change K /K, replacing A by the K-group
scheme A @ K. We will derive the projectivity of abelian varieties from the
following basic result:

Theorem 3 (Theorem of the Square, [21], I1.6, Cor. 4). Let A be an abelian
variety over K and L an invertible sheaf on A. Then
T;+y(£) QL~THL)® T;(,C)
for K-valued points x,y € A(K).
To construct an ample invertible sheaf on an abelian variety A, we use the

equivalence between classes of Weil divisors, classes of Cartier divisors, and iso-
morphism classes of invertible sheaves on A, as discussed in 9.3/16. For the
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necessary premises, observe first that A is of finite type over K and, thus,
Noetherian, by Hilbert’s Basis Theorem 1.5/14. Furthermore, the smoothness
of A implies that all local rings of A are regular (8.5/15) and therefore factorial
as well; see the Theorem of Auslander-Buchsbaum in [24], Cor. 4 of Thm. IV.9.
Also note that the above equivalence between classes of Weil or Cartier divisors
and invertible sheaves is compatible with translations. Indeed, for a prime divi-
sor D € PD(A) and a point z € A(K) the pull-back 7, *(D) = 7_,(D) under the
translation 7, is a prime divisor again, and we can define the pull-back under
7, of divisors in Div(A) by

ﬁx 3 myD): > -7 (D).

DePD(X) DePD(X)

Extending this construction to Cartier divisors via the equivalence of 9.3/16,
one easily shows that there is a canonical isomorphism

Ox(7;(D)) = 7;(0x(D))

on the level of associated invertible sheaves.

Proposition 4. Let A be an abelian variety over K. Then there exists a closed
immersion A —— P into some projective n-space over K.

Proof. As we will see, it is enough to construct an ample invertible sheaf on A. To
do so, choose a non-empty affine open subset U C A. Since A is Noetherian, its
complement® A — U is a finite union of irreducible closed subsets 71, ..., Z, C A.
In fact, the Z; are prime divisors on A, as one can conclude from EGA [14], IV,
21.12.7. However, it is not really necessary to use this result. One can enlarge
each Z; to a 1-codimensional irreducible closed subset D; C A; just apply the
finiteness result on Krull dimensions for local Noetherian rings 2.4/8 to suitable
affine open parts of A. Thereby we arrive at an effective Weil divisor

D=Di+...+D,

on A with support |D| = |J;_; D;, whose complement A — |D] is contained in
U and, thus, is at least quasi-affine.

In order to apply the Theorem of the Square to the invertible sheaf associ-
ated to D, we need to translate D under the group law of A. Doing so, we will
identify K-valued points of A with their corresponding closed points in A. Also
we will use for an algebraically closed field K = K that the K-valued points of
A are dense in any open or closed subset of A. This is a consequence of Hilbert’s
Nullstellensatz 3.2/6.

Lemma 5. If K is algebraically closed, there exists for every z € A(K) a point
x € A(K) such that
z & T(ID) UT—o(|D]).

3 Observe that in this section we use a bold version for the set theoretic minus sign; this
is to avoid the interference with minus signs attached to the group law on A.
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Proof. First, z & (|D| + z) U (|D| — x) is equivalent to
v (— D) U (D] - 2).

Next observe that Z = (z — |D|)U (| D| — 2) is a finite union of prime divisors in
A and, hence, must be strictly contained in A, since A is irreducible. Therefore
the complement of Z in A is open and non-empty. In particular, it contains a
K-valued point by Hilbert’s Nullstellensatz 3.2/6. (]

Now let Z(D) C O, be the sheaf of ideals consisting of all functions in Oy
vanishing on |D|. Then, as in the proof of 9.3/14 (iii), one shows that Z(D)
is an invertible O 4-module. Picking local generators of Z(D), we pass to the
associated Cartier divisor, and further to the attached invertible sheaf on A;
the latter is the “inverse” O4(D) of Z(D). Then observe that the injection
Z(D) —— O4 may be tensored with O4(D) and thereby yields an injection of
O 4-modules

Oy — OA(D)

In particular, the image of the unit section in Q4 gives rise to a global section
s € I'(A,04(D)). The latter generates the sheaf O 4(D) precisely at those points
where Z(D) coincides with Oy4, namely, on the complement A — |D|. The same
considerations are valid for the pull-backs of D with respect to translations 7,
given by K-valued points z € A(K).

We claim that the invertible sheaf £ = O4(D) is ample on A. By a descent
argument for ample invertible sheaves, such as the one mentioned in [5], 6.1/7,
we may reduce the assertion to the case of an algebraically closed field K.
Therefore we assume K to be algebraically closed in the following. Applying
Theorem 3 for y = —z, we obtain isomorphisms

L ~75L) @7, (L) ~ Oa((D)) ® Oa(r*,(D))

for arbitrary © € A(K). From what we have seen above, we know that
OA(7(D)) admits a global section s generating this sheaf precisely on the com-
plement

U= A= [72(D)| = A= 1_.(ID]).
Likewise, O4(7*,(D)) admits a global section s’ generating this sheaf precisely
on the complement

U, = A=1|72,(D)] = A= 7(|D))-
Then s® s’ generates the tensor product O4(75(D)) ® Oa(7*,(D)) precisely on
Uz N Ualc =A- (7-70(|D|) U Tfac(|D|))

and this open subset of A is quasi-affine, since U, and U, enjoy this property
as translates of A — |D| C U. Indeed, U, N U, is contained in the intersection
T_(U) N 7,(U) and the latter is affine by 7.4/6, since U is affine and A is
separated over K.
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Now we read from Lemma 5 that for every K-valued point z € A(K)
there is some z € A(K) such that z does not belong to the support of the
divisor (D) + 7*,(D). Thus, there exists for every z € A(K) a global section
s, € T'(A, £L%%) such that A, is quasi-affine and £%? is generated in z by s.,
thus showing z € A;,. Since A is quasi-compact, it follows that A is covered by
finitely many open subsets of type A, and we see that £ is ample.

Then it follows from 9.4/10 that a certain power £®™ is very ample (where
it can be shown that m = 3 is sufficient). Thus, there exists an immersion
f: A—— P} into a certain projective n-space satisfying f*(Op(1)) ~ L&™. As

" is separated over K and the composition A — P% —— Spec K is proper,
f is proper as well; see 9.5/6. In particular, f(A) is closed in P% and, hence, f
is a closed immersion by 7.3/11. Thus, A is projective and we are done. [

Exercises

1. Let G be an S-group scheme over some base scheme S, given by the group law
v: G xg G —— G, a left unit €: S —— G, and a left inverse i: G —— G, as
specified above. Show that just as in the case of abstract groups, € and ¢ enjoy
the properties of a right unit and of a right inverse as well.

2. Let G be a K-group scheme over a field K. Show that G is a separated K-scheme.
Hint: The unit section e: Spec K —— G corresponds to a closed point e € G, and
the diagonal A C G x i G equals the preimage of e with respect to the morphism
G xx G — G that is symbolically characterized by (z,y) — =~ 1y.

3. For an integer n € N consider the functor Gl,,: Sch —— Set that associates to a
scheme T the set of Op(T)-linear automorphisms of (Or(T'))". Show that there
is a natural law of composition v: Gl, x Gl,, — Gl,, equipping Gl,, with the
structure of a functor from Sch to the category of groups Grp. Show that Gl is
representable by an affine Z-group scheme, i.e. that there exists an affine Z-group
scheme GG whose associated functor of points Sch —— Grp is isomorphic to Gl,,.
The resulting group scheme G is denoted by Gl,, again and is called the general
linear group of index n.

4. Show that abelian varieties are commutative group schemes. Hint: Fix an abelian
variety A over a field K and write Ar for the T-group scheme derived from A via
a base change T' —— Spec K. Then, for a T-valued point g: T' — A, consider
the T-morphism o4: A7 —— Ar that is the composition of the left translation
with ¢ and the right translation with ¢g=' on Ar. So 04 can symbolically be
described by & —— gxg~!. Observe that the unit section ep: T —— Ar is a
closed immersion; let Zy C Oy, be the associated quasi-coherent ideal. Show
that the quotients Z7' /I;f“'l are free Or-modules for all m € N. Observing that
04 leaves the unit section e7 invariant, deduce for every m that o, gives rise
to an Op-linear automorphism of 77 /I}”'H. Based on such automorphisms, use
Exercise 3 to construct morphisms of K-group schemes A — Gl,, i for suitable
integers n € N. Conclude from Exercise 9.5/3 that the latter are constant and,
finally, that o4 will be the identical morphism on Arp.

5. Elliptic curves via the Theorem of Riemann—Roch: Let C' be a smooth projective
curve over a field K which, for simplicity, is supposed to be algebraically closed.
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In this context the term “curve” means an integral K-scheme of dimension 1, au-
tomatically of finite type in our situation. Then the equivalence between classes
of Weil divisors, Cartier divisors, and invertible sheaves of 9.3/16 is valid on C
and we can consider a so-called canonical divisor K, namely, a Weil divisor cor-
responding to the invertible sheaf of differential forms Qlc ;. on C. Furthermore,
the famous Theorem of Riemann—Roch applies to C; see for example Hartshorne
[15], IV.1.3. It states that there exists an integer g > 0, the so-called genus of C,
such that for every Weil divisor D on C' the following equation holds:

dimg I'(C, O¢(D)) — dimg I'(C,Oc(K — D)) =degD — g + 1

Here O¢(D) is the invertible sheaf corresponding to D, likewise for O¢ (K — D),
and the degree of D is given by degD = Y ;_ n; it D = > | n;D; for prime
divisors D; on C. Smooth projective curves of genus 1 are called elliptic curves.
Show:

(a) The projective line IF’}( is a smooth projective curve of genus 0.

(b) Let C be the closed subscheme of the projective plane IF’%( = Projyx K[z,y, 7]
that is given by an equation of type y%z = x3 + Bxz? + 723 where 8,7 € K and
433 + 274% # 0. Assume char K # 2,3. Then C is an elliptic curve.

(c) Consider an elliptic curve C and fix a closed point O € C, for example, the
point with homogeneous coordinates (0 : 1 : 0) in the situation of (b). Then the
map C(K) — Div(C), P —— (P) — (O), where (P) and (O) stand for the
prime divisors represented by P and O, gives rise to a bijection between the set
of K-valued points of C' and the group of Weil divisors on C' of degree 0. In
particular, C(K) can be equipped with a group structure such that O becomes
the unit element.

In the situation of (¢) one can show that the group structure on C'(K) is induced
from a structure on C' as a K-group scheme. In particular, elliptic curves are
examples of abelian varieties; in fact, the only examples of abelian varieties in
dimension 1. Consult the book of Silverman [25] for further details on elliptic
curves.



Literature

1. M. Artin: Grothendieck Topologies, Notes on a seminar by M. Artin, Harvard
University (1962)

2. M. F. Atiyah, I. G. Macdonald: Introduction to Commutative Algebra,
Addison-Wesley (1969)

3. S. Bosch: Algebra, Springer, 7. Auflage (2009)

4. S. Bosch, W. Liitkebohmert: Formal and rigid geometry 1. Rigid spaces. Math.
Ann. 295, 291-317 (1993)

5. S. Bosch, W. Liitkebohmert, M. Raynaud: Néron Models, Springer (1990)

6. N. Bourbaki: Algebre Commutative, Chap. I-IV, Masson (1985)

7. R. Godement: Théorie des Faisceaux, Hermann Paris (1964)

8. U. Gortz, T. Wedhorn: Algebraic Geometry I. Schemes with Examples and
Exercises. Vieweg + Teubner (2010)

9. A. Grothendieck: Sur quelques points d’algebre homologique, Téhoku Math. J.
9, 119-221 (1957)

10. A. Grothendieck: Fondements de la Géométrie Algébrique. Sém. Bourbaki, exp.
149 (1956/57), 182 (1958/59), 190 (159/60), 195 (159/60), 212 (1960/61), 221
(1960/61), 232 (1961/62), 236 (1961/62), Benjamin, New York (1966)

11. A. Grothendieck and J. A. Dieudonné: Eléments de Géométrie Algébrique I,
Springer (1971)

12.  A. Grothendieck and J. A. Dieudonné: Eléments de Géométrie Algébrique II,
Publ. Math. 8 (1961)

13. A. Grothendieck and J. A. Dieudonné: Eléments de Géométrie Algébrique III,
Publ. Math. 11, 17 (1961, 1963)

14. A. Grothendieck and J. A. Dieudonné: Eléments de Géométrie Algébrique IV,
Publ. Math. 20, 24, 28, 32 (1964, 1965, 1966, 1967)

15. R. Hartshorne: Algebraic Geometry, Springer (1977)

16. P. J. Hilton and U. Stammbach: A Course in Homological Algebra, Springer
(1971)

17. S. Lang: Algebra, 3rd ed., Addison-Wesley (1993)

18. Q. Liu: Algebraic Geometry and Arithmetic Curves, Oxford University Press
(2002)

19. J. S. Milne: Etale Cohomology, Princeton University Press (1980)

20. D. Mumford: The Red Book of Varieties and Schemes, Lecture Notes in Math-
ematics 1358, Springer (1999), preliminary version Harvard (1967)

21. D. Mumford: Abelian Varieties, Oxford University Press (1970)

22. M. Nagata: Local Rings, Interscience Publishers (1962)

23. M. Raynaud: Anneaux Locaux Henséliens, Lect. Notes in Math. 169 (1970)

S. Bosch, Algebraic Geometry and Commutative Algebra, Universitext, 485

DOI 10.1007/978-1-4471-4829-6, © Springer-Verlag London 2013



486

24.
25.
26.

Literature

J.-P. Serre: Algebre Locale - Multiplicités, Lect. Notes in Math. 11 (1965)

J. H. Silverman: The Arithmetic of Elliptic Curves, Springer (1986)

A. Weil: Foundations of Algebraic Geometry, Amer. Math. Soc. Colloquium
Publ. 29 (1946) (revised and enlarged edition 1962)



Glossary of Notations

Nox aAaFeNZS
><

empty set

natural numbers, including zero
ring of integers

field of rational numbers

field of real numbers

field of complex numbers

polynomial ring 10

zero ring 10

group of units of a ring 10

ideal generated by a family of elements 11
principal ideal 11

sum of ideals 12

intersection of ideals 12

product of ideals 12

(a:Db) ideal quotient 12

Ann(b) annihilator of an ideal 12

ker ¢ kernel of a ring morphism 12

ime image of a ring morphism 12

R/a residue class ring 12

Spec R prime spectrum of a ring 16

Spm R maximal spectrum of a ring 16

P prime ideal given by a point of a spectrum 16
V(a) zero set of an ideal 16

D(f) basic open set of a spectrum 16

% map on spectra induced from a ring morphism 17
L) localization of the ring of integers at a prime 18
Rgs localization of a ring 20

S7IR localization of a ring 20

Q(R) field of fractions of an integral domain 21

K(X) rational function field in one variable 21

Ry localization of a ring at a prime ideal 21

Ry localization of a ring by some element 21

R[fY localization of a ring by some element 21

aRg extension of an ideal to a localization of a ring 21
bNR restriction of an ideal 21

j(R) Jacobson radical of a ring 26

m, maximal ideal attached to a point 26
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rad(R)
J(a)

Homp (M, N)
aM

ﬂz‘e[ M;
coker f
R[X]
a={i_ 4
Ass(a)

Z(a)

Ass'(a)

Re = @jena’
M, = @jen Mi
dim R

htp

hta

coht a

[

RF

‘/max(u)
Vig(a)

PBNR

S~ 1p
AutK(K’)

transgrad - (Q(A))

M®r N
TRy

My ®R~-~®R]V-[n

E;R

he

Bilp(M x N, E)
Mg

My

My

Ob(¢)

Glossary of Notations

nilradical of a ring 27

Jacobson radical of an ideal
nilradical of an ideal

28

28

ideal of functions vanishing on a set 29

kernel of a module morphism 32
image of a module morphism 33
residue class module

sum of submodules

34

33
submodule generated by a family of elements

direct sum of submodules

34

element of a direct sum of modules

direct product of a family of modules

direct sum of modules

direct sum of copies of a ring 35

35

set of module morphisms

submodule induced from an ideal

intersection of submodules
cokernel of a module morphism 40
ring of formal power series
primary decomposition of an ideal
set of prime ideals associated to an ideal
set of zero divisors modulo an ideal

35

36

54

34

36

59

62

34

61

34

set of isolated prime ideals associated to an ideal
symbolic power of a prime ideal
graded ring constructed from an ideal

graded module

72

Krull dimension of a ring 74
height of a prime ideal
height of an ideal

coheight of an ideal

74
74

Kronecker’s delta 87

fixed ring 90

zero set of an ideal
zero set of an ideal

restricted ideal

96

94
95

74

65

extended ideal in a localization 96
98

group of automorphisms
transcendence degree of a field of fractions

tensor product of modules
tensor product of two elements
tensor product of modules
restriction of a module

Hom functor

115

module of bilinear maps
localization of a module 125
localization of a module at a prime ideal

11

108

112
3

115

objects of a category 138

108

72

101

125
localization of a module by some ring element

63

125



Hom(X,Y)
idx
Home(X,Y)
Set

Grp

Ring
R-Mod

Q:O

¢op

Cs
Homg(X,Y)
QR

R-Alg

X Xg Y
XRY
Spec R

F(g)

X

p*M

b
R'-Mod-DD

H™(M*)
Ha(f)
Tor®(M, E)
M* ®R E*
Homp(M, -)
Homp(-, N)
Z(p*)
Ext’:(M, N)
Ext' (M, N)

Homp(M,, N*)

Ext(M, N)
Az

k(x)
rad(F)
V(E)

V(f)

D(f), Dx(f)
1Y)
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morphisms between objects of a category 138
identity morphism 138

morphisms between objects of a category 138
category of sets 138

category of groups 138

category of rings 138

category of modules over a ring 138

dual category 138

opposite category 139

category of relative objects 139

set of relative morphisms 139

category of relative objects 139

category of algebras under a fixed ring 139

fiber product in a category 139

amalgamated sum in a category 141

affine scheme associated to a ring 141

image of a morphism under a functor 141
morphisms making up a functorial morphism 142
pull-back of a module under a morphism 143
pull-back of a morphism under a morphism 143
category of modules with descent data 148
boundary map of a chain complex 159

submodule of cycles 159

submodule of boundaries 159

homology module 160

chain complex 160

homology of a chain complex 160

cochain complex 160

submodule of cocycles 160

submodule of coboundaries 160

cohomology of a cochain complex 160

homology morphism attached to a complex morphism 163
Tor module 172

single complex associated to a tensor product of complexes 173
Hom functor on a category of modules 181

Hom functor on a category of modules 181
p-quasi-cyclic group 187

Ext module, via resolutions in the first variable 187
Ext module, via resolutions in the second variable 188
single complex associated to the Hom of complexes 188
extensions of modules 191

localization of a ring at a point 203

residue field at a point 203

nilradical of the ideal generated by a set 204

zero set 204

zero set of an element 204

domain of an element 204

vanishing ideal 206
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% map between spectra induced from a ring morphism 213
Opn(X) category of open subsets of a topological space 216
pg restriction morphism on a sheaf or presheaf 217
Flx restriction of a sheaf or presheaf 217

flu restriction of an element of a sheaf or presheaf 217
OxF cartesian product of functors 217

ker(¢1, 2) kernel of a pair of maps 218

D(X) category of basic open subsets of a spectrum 219
Du(X) variant of the category of basic open subsets 219
Og( variant of the structural presheaf on a spectrum 219
Ox structural presheaf on a spectrum 220

S(f) multiplicative system generated by a basic open set 220
As(p localization attached to a basic open set 220

(G, fij)ijer inductive system 222

lim G; inductive limit 223

BU) power set 223

(Gi, fij)ijer projective system 226

@Gi projective limit 227

Setg category of relative sets 228

Fa stalk of a sheaf at a point 228

fz germ of a function 228

Homep (F,G) set of morphisms between module sheaves 232

(ker ¢)pre kernel of a morphism of presheaves 234

(im ) pre image of a morphism of presheaves 234

(coker ¢)pre cokernel of a morphism of presheaves 234

HOU, F) Cech cohomology group 235

Fr partial sheafification of a presheaf 236

Ft sheafification of a presheaf 236

ker kernel of a morphism of sheaves 238

im image of a morphism of sheaves 238

coker ¢ cokernel of a morphism of sheaves 238

D¢(g) domain of an element on a basic open set 241

Ox structure sheaf 246

M module sheaf associated to a module over a ring 247
(X,0x) ringed space 247

(f, %) morphism of ringed spaces 247

f«(Ox) direct image of structure sheaf 247

i morphism on the level of stalks 248

I'(U,0x) ring of sections 252

Sch category of schemes 252

Hom(X,Y) set of morphisms between schemes 252

Sch/S category of relative schemes 252

Homg(X,Y) set of morphisms between relative schemes 252

A% AY affine n-space 255

AY(R) set of points of the affine n-space with values in a ring 255
f«(F) direct image sheaf 266

() inverse image sheaf 266

! inverse image functor 266
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direct image functor 266

tensor product of module sheaves 269

inverse image of a module sheaf 269

extension of a sheaf by zero 276

sheaf associated to an algebra 287

sheaf of polynomials 287

set of morphisms between sheaves of algebras 288
spectrum of a quasi-coherent algebra 288

affine n-space over a general base 289

points of the projective n-space 289

point of a projective n-space 290

projective n-space over a base scheme 291

points of the projective n-space with values in a field 291
point functor on the category of schemes 292

additive group as a functor 292

multiplicative group as a functor 292

point functor on the category of affine schemes 292
multiplicative group over an affine base 292

quotient of a scheme by a finite group 293

zero set of an ideal sheaf 305

support of a module sheaf 306

vanishing ideal sheaf of a set 307

dimension of a topological space 320

local dimension of a topological space at a point 321
codimension of an irreducible subset in a topological space 321
intersection of open sets 322

group of Cech cochains 322

symmetric group 322

group of alternating Cech cochains 322

Cech coboundary map 322

Cech complex 323

alternating Cech complex 323

Cech cohomology group 323

alternating Cech cohomology group 323

morphism between Cech complexes induced by refinement 326
collection of open coverings of a topological space 327
refinement relation for coverings 327

open subset of a scheme where a given function is non-zero 336
module of derivations 344

module of relative differential forms of degree 1 346
exterior differential 346

module of relative differential forms of higher degree 346
sheaf of relative differential forms on a scheme 356
exterior differential 356

sheaf of relative differential forms of higher degree 356
pull-back of a differential form 358

left translation on a group scheme 360

relative dimension of a scheme morphism at a point 375



492 Glossary of Notations

P,z An graded ring 404

) homogeneous localization of a graded ring 406

Ay irrelevant ideal of a graded ring 407

Proj A homogeneous prime spectrum of a graded ring 407
Vi(E) zero set on a homogeneous prime spectrum 407

rad; (a) restricted radical in a graded ring 408

Di(f) basic open subset of a homogeneous prime spectrum 408
I.(Y) restricted vanishing ideal 411

D (Y) category of basic open subsets of a homogeneous spectrum 413
Proj A Proj scheme associated to a graded ring 414

Projp A relative Proj scheme associated to a graded ring 414
Projg A Proj scheme of a quasi-coherent sheaf of algebras 418
M(d) graded module obtained by shifting degrees 418

My homogeneous localization of a graded module 418

M module sheaf associated to a graded module 418

Ox(n) Serre twist of the structure sheaf 421

Pic(X) Picard group of a scheme 423

Homy (£, Ox) Hom sheaf of morphisms between module sheaves 423
Picy(X) Picard group relative to an open covering 427

U xY product covering 427

S(A) set of regular elements of a ring 434

Sx C Ox subsheaf of regular elements 435

Mx sheaf of meromorphic functions on a scheme 435

My presheaf inducing the sheaf of meromorphic functions 435
Kx constant sheaf 436

PD(X) set of prime divisors on a scheme 437

ZDePD(X) np-D  Weil divisor on a scheme 437

Div(X) group of Weil divisors on a scheme 438

(f) principal divisor attached to a meromorphic function 438
ClI(X) Weil divisor class group on a scheme 439

deg D degree of a Weil divisor on a projective space 439

M5 sheaf of invertible meromorphic functions 440

0% sheaf of invertible functions of a structure sheaf 440
CaDiv(X) group of Cartier divisors on a scheme 440

CaCl(X) Cartier divisor class group on a scheme 441

Ox(D) subsheaf of meromorphic functions associated to a divisor 442
X --»Y rational map of schemes 445

40! zero set of a global section of an invertible sheaf 446

X set where a global section generates an invertible sheaf 446
Lo tensor power of an invertible sheaf 447

X set where global sections generate powers of a sheaf 453
P, basic open subscheme of a particular Proj scheme 454
AxgpB cartesian product of graded R-algebras 462

suppr M support of a module 467

A=@;_Am quasi-coherent sheaf of graded algebras 468

Symp(M) symmetric algebra of a module 468

Tr(M) tensor algebra of a module 468

ME™ tensor power of a module 468



Symip; (M)
Syme, (€)
Ps(E)

Gl,

deg D
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homogeneous part of a symmetric power of a module 469
symmetric algebra of a module sheaf 469

Proj scheme of the symmetric algebra of a module sheaf 469
general linear group as group scheme 482

degree of a Weil divisor on a curve 483



Index

abelian variety, 402ff., 478ff. annihilator, 12, 311, 468
— of dimension 1, 483 anticommutative diagram, 173
acyclic arrow.
— module, 171 See morphism
— resolution, 171, 339 Artinian
additive — module, 66ff.
— functor, 158, 164, 166 — ring, 56, 66ff.
— group, as functor, 292 associated
adic — graded module, 430
— completion, 231 — module sheaf, 247, 418ff.
— topology, 71, 231 — prime ideal, 56, 61
adjoint functor, 240, 266fF. — embedded, 63
adjunction, 266ff. — isolated, 63, 75
affine — sheaf of algebras, 287
— line, 216 sheaf to a presheaf, 230, 234ff.
— with double origin, 277 augmentation, 323
— morphism of schemes, 314, 462ff. augmented Cech complex, 323
— open set, 252 automorphism
— scheme, 141, 202, 251, 254, 336 — of modules, 31
— n-space, 255fF., 286, 289, 399 — of rings, 10
algebra, 32, 128
— of finite presentation, 361ff. base
. — change, 302
~of ﬁm.te type, 55, 84, 91, 3614% — for differential modules, 350
algebraic — scheme, 252
- curve, 483 basic open set, 16, 202, 205, 400, 408
~ equation, 83 bifunctor, 173

— extension, 83, 85 bilinear map, 107

- variety, 445. blowing up, 401ff., 430
algcbral.callyv independent, 91 boundary
alternating Cech ~ clement, 160
— cochain, 322 ~ map, 160
— cohomology group, 323, 327
— complex, 323 canonical
amalgamated sum, 140, 192 — divisor, 483
ample invertible sheaf, 399, 402, 452, — sheaf, 445
469, 477, ATTHE. Cartan’s Theorem, 335
alternative characterization, 461 cartesian
S. Bosch, Algebraic Geometry and Commutative Algebra, Universitext, 495
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496 Index

— diagram, 295 Cohen—Seidenberg Theorems, 96ff.

— product, 140, 294 coherent
— of graded algebras, 462 — module, 9, 47, 50ff.
Cartier divisor, 440ff. — sheaf, 265
— class group, 441 — ring, 47, 53
categorical cohomological resolution, 159, 182
— epimorphism, 350 cohomology.

See also Cech cohomology
— modules, 160
— of affine schemes, 335

— monomorphism, 311

category, 131, 138ff.

— of affine schemes, 141

— of relative objects, 139 — of schemes, 280, 332

Cauchy sequence, 231 — via derived functors, 330ff.

Cech coincidence scheme, 318, 373

— cochain, 322 cokernel

— cohomology, 263, 322ff., 425 — of a module morphism, 40
— of affine schemes, 335 — of a presheaf morphism, 234

— cohomology group, 323, 327 — of a sheaf morphism, 238

— complex, 323 collection, 138

— resolution, 329 compactification, 399

chain complex
— complex, 159 — morphism.
— condition See morphism of complexes

— ascending, 48, 67 — of modules, 38
— descending, 66 complex topology on a scheme, 477
Chinese Remainder Theorem, 17 connected, 210

Chow’s Lemma, 399, 469
closed
— immersion, 215, 279, 307ff.
— morphism of schemes, 464
— point, 201
— set, 205, 472
— subscheme, 279, 304, 306
coboundary
— element, 160
— map, 160, 322
cocartesian diagram, 151
cochain complex, 160
cocycle, 160
— condition
— for Cech cocycles, 425
— for descent data, 107, 147
— for gluing, 156, 277, 282
codimension of a set, 321, 434
coefficient
— extension for modules, 103
—ring, 7
cofinal system, 223
coheight, 74

constant sheaf, 266, 436
continuous map, 214
contravariant functor, 141
convergent power series, 231
coset

— of an ideal, 12

— of a submodule, 33
covariant functor, 104, 141
Cramer’s rule, 83, 87

cup product, 329

curve, 483

cycle, 159

decomposable ideal, 59
Dedekind, R., 7

Dedekind domain, 136

degree

— of a complex morphism, 160
— of a divisor, 439ff., 483
derivation, 344

derived functor, 332ff.
descent, 143ff., 397

— datum, 107, 146ff.



— trivial, 147
— of module properties, 131ff.
— of modules, 103, 146ff.
— of morphisms, 143

— Theorem of Grothendieck, 148

diagonal
— embedding.

See diagonal morphism
— morphism, 279, 312
differential form,

See module, resp. sheaf of differential

forms
dimension

- of a ring, 55, 69, 74, 84, 100, 321

— of a topological space, 320
— of polynomial rings, 78ff.

— of the empty topological space, 321

— of the zero ring, 321
direct
— image
— functor, 330
— sheaf, 247, 266
— limit, 222ff.
— product
— of modules, 34
— sum
— of modules, 35
— of sheaves, 239
— of submodules, 34
directed set, 222
discrete
— topology, 219
— valuation ring.

See valuation ring, discrete
disjoint union of schemes, 254
divisor, 402, 431, 437ff.

— class group, 439

dominating ring, 473

double

— complex, 173, 188
origin, on affine line, 277

dual category, 138

effective

— Cartier divisor, 441
— WEeil divisor, 438
eigenvalue, 103
eigenvector, 103

Index

elliptic curve, 341, 403, 483
— function field, 342
embedded prime ideal.
See associated prime ideal
endomorphism
— of modules, 31
— of rings, 10
epimorphism
—in a category, 350
— of modules, 31
— of rings, 10
— of sheaves, 238
equivalence
— of categories, 142
— of functors, 142
essentially
— étale algebra, 397
— surjective functor, 148
étale
— morphism, 343
— morphism of schemes, 374ff.
— quasi-sections, 390
— scheme, 374ff.
— topology, 389
étalé
— sheaf, 232
— space, 229, 275
Euclidean domain, 11
exact
— diagram, 144, 218
— functor, 182
— sequence
— of complexes, 160
— of modules, 38
— of sheaves, 238
Ext
— functor, 159, 187ff.
— module, 187
— sequence, 189
extension
— by zero, 276
— of coefficients, 124
— of modules, 191
exterior differential, 346, 356

factorial
— ring, 57, 80, 84, 89, 444
— scheme, 431

497
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faithful functor, 148
faithfully flat
— module, 105, 121
— morphism

— of rings, 121

— of schemes, 397
fiber of a relative scheme, 300
fiber product, 139ff.
— categorical facts, 300ff.
— of schemes, 278, 295ff.
— points, 298

Fibre Criterion for smoothness, 343, 393

field of fractions, 21
filtration, 72
— stable, 72
finite
— morphism

— of rings, 83, 85

— of schemes, 462ff.
— presentation,

See also module, resp. algebra, resp.

morphism, resp. scheme
— of a module, 43
— of a module sheaf, 422

- type,

See module, resp. algebra, resp. mor-

phism, resp. scheme
finitely generated
—ideal, 11
— module.
See module of finite type

— module sheaf, 421
Five Lemma, 53
fixed
— field, 98
~ ring, 90, 102, 293
flabby sheaf, 329
flasque sheaf, 329
flat
— module, 105, 117
— morphism

— of rings, 117

— of schemes, 393
flatness
— Bourbaki Criterion, 181
— local characterization, 127
— via Tor modules, 177ff.
formally

— étale, 396
— smooth, 396
— unramified, 396
formal power series, 231
free
— element, 36
— module, 36
— sheaf, 261, 421
— resolution, 165
full subcategory, 252
fully faithful functor, 148
functor, 131, 138
— of base change, 302
— of points on a scheme, 292
functorial
— group law, 292, 478, 482
— isomorphism, 142
— morphism, 142
— properties
— of differential modules, 350ff.
— of immersions, 310
— of separated morphisms, 317

general linear group, 482
generators
— of a module, 34
— of a module sheaf, 421
— of an ideal, 11
generic point, 201, 211, 319
genus of a curve, 483
geometrically

reduced scheme, 392
— regular scheme, 392
germ, 228
gluing
— morphisms, 284
— schemes, 277ff., 282
gluing data
— for modules, 156
— for morphisms, 284
— for schemes, 277, 282
Going-down Theorem, 84, 98
Going-up Theorem, 84, 97
graded
— algebra, 400
— ideal, 404
— module, 418ff.
— prime ideal, 400



— ring, 73, 399, 404ff.
of type N, 404
— of type Z, 404
grading, 404
graph morphism, 316
Grothendieck cohomology, 330ff..
See also cohomology
group
—ring, 180
— scheme, 360, 397, 403, 478, 482

Hausdorff separation axiom, 71, 201, 313
— analogue for schemes, 278
height, 74, 321
henselization of a local ring, 397
Hilbert’s
— Basis Theorem, 9, 50
— Nullstellensatz, 84, 94, 95
Hilbert polynomial, 80
Hom functor, 115, 187, 331
left exactness, 115, 181
homogeneous
— component, 404
— degree, 404
— element, 404
— ideal, 404
— localization, 400, 406ff., 417
— of a module, 418
— prime
— ideal, 405
— spectrum, 400ff., 407
homological resolution, 158, 163
homology
— group, 180
— module, 160
homomorphism.
See morphism
homotopy
— between complex morphisms, 163
equivalence, 166
Hom sheaf, 423

ideal, 7, 11

— quotient, 12

ideally separated module, 181
idempotent element, 7
identity morphism, 138
image

— of a module morphism, 33

Index 499

— of a presheaf morphism, 234
— of a ring morphism, 12
— of a sheaf morphism, 238
immersion, 312, 316
Implicit Function Theorem, 341ff., 389
inductive
— limit, 222ff.; 240
— of tensor products, 120
— system, 222
injective
— module, 159, 182
— sheaf, 330
— resolution, 183ff., 332
integral
— algebraic number, 88
— closure, 84, 88
— domain, 10
— element, 85
— equation, 83, 85
— extension, 83, 85
— morphism, 83, 85
— scheme, 431
integrally closed ring, 88
intersection
— of ideals, 12
— of modules, 36
— of quasi-coherent modules, 338
invariant differential form, 360
inverse
— image
— module sheaf, 269
— of a subscheme, 311
— sheaf, 266ff.
— limit, 226
Inverse Function Theorem, 341ff., 389
invertible
— element, 10
— sheaf, 261, 401, 423ff., 442ff.
— as Cech cocycle, 425
irreducible
— component, 56, 319
— ideal, 59
— set, 30, 210, 318ff.
— topological space, 210
irrelevant ideal, 400, 407
isolated prime ideal.
See associated prime ideal
isomorphism
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—in a category, 138
— of functors, 142

— of modules, 31

— of presheaves, 232
— of rings, 10

— of sheaves, 232

Jacobian

— Condition, 342, 374

— Criterion, 343, 375, 384ff.
— matrix, 342

Jacobson

— radical, 9, 26ff.

- ring, 84, 93, 102
Jordan-Holder sequence, 70

Kahler differential, 342
kernel
— of a module morphism, 33
— of a pair of maps, 218
— of a presheaf morphism, 234
— of a ring morphism, 12
— of a sheaf morphism, 238
Kolmogorov space, 201, 208, 253
Krull dimension.

See dimension
Krull’s
— Dimension Theorem, 56, 57, 76
— Intersection Theorem, 57, 71, 73, 75
— Principal Ideal Theorem, 75, 77
Kummer, E.; 7

left
— derived functor, 158, 164, 167
— exact functor, 181
Lemma
— of Artin—Rees, 57, 71
— of Nakayama, 9, 37, 38
length of a chain, 74
Leray’s Theorem, 335
Lifting Property, 343, 375, 380
linear
— equivalence
— of Cartier divisors, 441
— of Weil divisors, 439
— map, 107
— U-morphism, 428
line bundle, 423, 428, 429
local

— algebra, 397
— dimension, 321
— generators of a module sheaf, 366
— morphism of local rings, 248
- ring, 9, 18, 22, 248
localization, 9
— at a point, 203
— of a graded ring, 405
— of a module, 125ff.
— of a ring, 19ff.
localization morphism, 26
locally
— closed
— immersion, 279, 309
— point, 201, 364
— subscheme, 304, 309
— free
module, 106, 133
— module sheaf, 261, 421
— Noetherian scheme, 281, 319
— of finite presentation,
See module sheaf, resp. scheme, resp.
morphism
— of finite type,
See module sheaf, resp. scheme, resp.
morphism
— ringed space, 248
long exact
homology sequence, 161, 168
— Tor sequence, 157, 162, 172, 174
Lying-over Theorem, 84, 97

manifold, 341
maximal
—ideal, 13
— spectrum.
See spectrum
meromorphic function, 435ff.
module, 7, 31
— of differential forms, 342, 346ff.
— for field extensions, 355
— of finite presentation, 9, 43
— of finite type, 9, 34, 43
module sheaf, 217, 257ff.
— locally of finite presentation, 264, 422
— locally of finite type, 264, 421
monomorphism
—in a category, 311



— of modules, 31
— of rings, 10
— of sheaves, 238
morphism
— between projective spaces, 293
between Proj schemes, 416
— compatible with descent data, 147
—in a category, 138
— of algebras, 32, 128
— of complexes, 160
— of graded rings, 415
— of locally ringed spaces, 248
— of modules, 31
— of presheaves, 232ff.
of ringed spaces, 247
— of rings, 10
— of finite presentation, 361ff.
— of finite type, 361ff.
— of schemes, 203, 251
— locally of finite presentation, 362ff.
— locally of finite type, 362ff., 452
— of finite presentation, 362
— of finite type, 362, 452ff.
— of sheaves, 232ff.
multiplicative
— group, 292
— as functor, 292
— system, 19

Nakayama’s Lemma.
See Lemma of Nakayama

natural transformation, 142

Neile’s parabola, 216, 256, 304, 354, 373,
396, 401, 445

Néron model, 292

nilpotent element, 7, 27

nilradical, 27ff., 204

Noether’s Normalization Lemma, 84, 91,
96

Noetherian

— module, 9, 47ff.

—ring, 9, 47, 50, 55

— scheme, 319

— topological space, 321

non-Archimedean

— absolute value, 432

— triangle inequality, 433

non-singular scheme, 390

Index

normal

— extension, 98

— integral domain, 84, 89
— scheme, 431

object of a category, 138
open
— immersion, 307
— of ringed spaces, 247
— of spectra, 215
— set, 205
— subscheme, 252
opposite category, 139

parameters, 57, 74, 78
Picard group, 137, 423
point
— of codimension 1, 434
— with value, 255, 291, 292, 298
polynomial ring, 7
preorder, 222
prescheme, 251
presentation of a module sheaf, 261
presheaf, 217ff.
— of constant functions, 219
— of modules, 217
primary
— decomposition

— of ideals, 55, 59ff.

— of modules, 66
— ideal, 22, 55, 58ff.
— module, 66
— part of an ideal, 65
prime
— divisor, 75, 437
— ideal, 13.

See also associated prime ideal
— spectrum.
See spectrum

principal
— Cartier divisor, 441
—ideal, 11

— domain, 11, 17, 18
— WEeil divisor, 438
product
— covering, 427
— of functors, 217
— of ideals, 12
— rule for derivations, 344
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projection, 139
projective
— dimension, 171
— embedding, 402
— limit, 226ff.
— line, 278
— module, 123, 159, 164, 181
— morphism of schemes, 466ff.
— resolution, 164
— scheme, 399, 414, 4661f., 477, 480
— m-space, 278, 289ff., 399ff., 414, 439,
460
— homogeneous coordinates, 290
— space bundle, 469
— system, 226
Proj scheme, 399, 414ff.
proper
— morphism of schemes, 464ff.
— scheme, 399, 464ff.
Proper Mapping Theorem, 470
pseudo-coherent module, 52
pull-back, 143
— of a differential form, 358
— of sections, 447
push-out, 192

quadric surface, 462
quasi-affine

morphism of schemes, 462ff.
— scheme, 402, 451
quasi-coherent
— ideal sheaf, 305
— module sheaf, 261ff.
— sheaf

— of algebras, 287

— of graded algebras, 468
quasi-compact
— morphism of schemes, 272
— set, 208
quasi-cyclic group, 187
quasi-separated
— morphism of schemes, 272
quasi Galois extension, 98
quotient
— of a scheme by a group, 293
— of modules, 33
— of sheaves, 238
- ring, 12

rational
— function field, 21
— map, 445
reduced
— ideal, 28
- ring, 27
— scheme, 311, 431
— structure on a subscheme, 307
refinement of a covering, 235, 326
regular
— element, 434
— local ring, 57, 75, 80
— scheme, 390, 431
relative
dimension, 374-376
— object, 139
— scheme, 252
residue class
— field, 18, 203
— module, 33
- ring, 12
resolution, 163
resolution of singularities, 402
restricted ideal, 96
restriction
— morphism, 217
of a morphism, 252
— of a ringed space, 247
— of coefficients, 123
retraction, 39, 137, 145
right
— derived functor, 159
— exact functor, 164
— exactness of tensor products, 105, 113
ring, 7ff.
— commutative with unit element, 11
— of algebraic numbers, 55
— of formal power series, 54
— of fractions, 9
— of Laurent polynomials, 26
ringed space, 141, 201, 247

saturation
— of a multiplicative system, 221
schematic closure, 452
scheme, 201ff., 251ff..

See also morphism of schemes
— locally of finite presentation, 342



— of finite presentation, 362
— of finite type, 362
section, 39
— functor, 330
— of a sheaf, 230, 252
Segre embedding, 459, 462
separated
— morphism, 313ff.
— scheme, 279, 313ff.
sequence of modules, 38
Serre’s
criterion, 336
— twisted sheaves, 359, 401, 421, 427,
430, 469
sheaf, 2171f.
— of algebras, 286
— of continuous functions, 218, 228
— of differentiable functions, 218
— of differential forms, 356ff.
— of holomorphic functions, 231
— of ideals, 276, 304
— of locally constant functions, 219
of modules.
See module sheaf
— of polynomials, 287
sheaf Hom, 240
sheafification, 235
short exact sequence of modules, 39
simple module, 70
simplicial homomorphism, 324
single complex associated to a double
complex, 173, 188
skyscraper sheaf, 240, 276
smooth
— algebra, 396
— locus, 375, 392
— morphism of schemes, 374ff.
— scheme, 342, 374ff.
smoothness and regularity, 390ff.
Snake Lemma, 9, 40, 162
snake morphism, 41
specialization, 211, 319
special point, 201
spectral sequence, 176
spectrum
of a quasi-coherent algebra, 278, 288
—of a ring, 8, 9, 16, 201, 203ff.
split exact sequence of modules, 39

Index 503

stalk, 228ff.
Stein Factorization, 470
structural
— morphism, 32
— presheaf on a spectrum, 219ff.
structure sheaf, 202, 246, 247, 251
submodule, 32
subring, 11
subscheme, 304ff.
subsheaf, 238
— of regular elements, 435
subspace topology, 214
sum
— of ideals, 12
— of submodules, 34
support
— of a divisor, 438
— of a module, 468

— sheaf, 266
— of a sheaf, 305
symbolic power, 65, 75
symmetric
— algebra, 468
— group, 322
— power of a module, 469

tensor
— algebra, 468
tensor product, 103, 104
— as amalgamated sum, 141
— of algebras, 128ff.
— of graded modules, 419
— of modules, 107ff.
— of module sheaves, 269, 419
— of morphisms, 113
Theorem
— of Auslander—Buchsbaum, 431
— of Riemann—Roch, 483
— of the Square, 479
— on Homomorphisms, 8, 13, 33
— on Isomorphisms, 33
topological space, 205
— connected, 210
Tor
— functor, 164
— module, 172ff.
— and coefficient extension, 180
torsion-free module, 119
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torsion module, 157, 187
total
— quotient ring, 21, 434
— space of an invertible sheaf, 429
transcendence degree, 101
translation on a group scheme, 360, 479
trivialization, 429
trivial sheaf, 218
$-trivial invertible sheaf, 427
twisted sheaf.

See Serre’s twisted sheaf

unit, 10
— ideal, 11
universal
— point, 360
property
— of amalgamated sums, 140
— of blowing up, 431
— of coefficient extension, 130
— of direct products, 37
— of direct sums, 35, 37
— of fiber products, 139
— of localizations, 23ff.
— of polynomial rings, 8
— of residue class modules, 33
— of residue class rings, 13
— of tensor products, 107
universally closed morphism, 464
unramified
— locus, 366

— morphism of schemes, 365ff.
— scheme, 343, 365ff.
d-uple embedding, 293, 461

valuation, 432
- ring, 90, 470ff.

— discrete, 18, 84, 201, 432
valuative criterion
— of properness, 475
— of separatedness, 474
vanishing ideal, 29, 206, 307
variable, 8
variety, 445
vector bundle, 429
Veronese embedding, 461
very ample invertible sheaf, 453, 469,

477

Weil divisor, 4371f.
Yoneda Lemma, 267

Zariski’s Main Theorem, 396
Zariski topology, 16, 201, 204, 408
Z€ro
— divisor, 7, 10, 62
—ideal, 11
— sequence, 231
— set, 16, 29, 30, 204, 305
— of a section, 446
— sheaf, 218
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