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Algebraic geometry is an important subject in many fields of mathematics. Its modern
foundations are over 50 years old, formulated by Grothendieck and his co-authors, and
recorded in the iconic EGA and SGA volumes. It should therefore now be a classical
subject. Yet, algebraic geometry is still not easily accessible to the beginning student. No
single book seems to allow the student to learn all the basic concepts together with their
motivations and foundations. We hope, in the present text, to give an introductory approach
following such a philosophy, without unnecessarily limiting our attention to elementary
concepts only.

An amazing feature of algebraic geometry is how little it, at least initially, requires
in the way of prerequisites. Basic concepts of algebra, for example, a commutative ring,
suggest a geometric view: we want to think of a ring as a ring of functions, of the prime
ideals as the functions’ vanishing points. To make these visualizations, we do not need
analysis.

The role of analysis, however, is replaced by the theory of commutative rings, known
as commutative algebra, a deep subject in its own right. In addition, analysis and topology
eventually must reappear. Many concepts of algebraic geometry imitate the notions of
analysis and topology. We make an effort to introduce all the motivating concepts as they
arise, together with other basic notions of higher mathematics.

Perhaps the greatest excursion into another field occurs in the subject of cohomology.
This concept originated in algebraic topology, and to understand it properly, one must
include the topological, categorical, and analytical points of view. We dedicate an entire
chapter to the foundations of cohomology, and then another chapter to the various
manifestations of the idea of cohomology within the subject of algebraic geometry. Some
of these discussions touch on more advanced topics and suggest possible directions of
further reading.

Algebraic geometry is an involved subject, and we hope to help the reader get a good
start on it.

Ann Arbor, MI, USA Igor Kriz
Ann Arbor, MI, USA Sophie Kriz
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Algebraic geometry introduces an appealing way of thinking about geometry solely based
on algebra, and its basic concepts can be introduced in an “elementary” fashion, without
assuming, for example, any familiarity with advanced calculus. Saying this, of course,
hides the fact that one must use a lot of abstraction early on. In addition, the algebra
involved, when treated in detail, is not always easy or elementary, and the development
of the theory often imitates concepts of topology and analysis. Without having seen those
concepts, the right intuition may be hard to form.

What is the right set of prerequisites, then, for studying this book? Roughly speaking,
we assume that the typical reader will have seen undergraduate analysis, algebra, and point
set topology. However, we try to review those subjects as they arise. We think that for many
concepts, their use in algebraic geometry serves as additional motivation, and vice versa.
This is why we hope to make this text as self-contained as possible. Somewhat special is
the role of category theory, an abstract language central to a modern treatment of algebraic
geometry, which is typically not a part of undergraduate curricula. For this reason, we
introduce the concepts of category theory in more detail.

The book is divided into six chapters. In Chap. 1, we focus on algebraic varieties over
the field of complex numbers C. In the first section, we introduce very quickly affine
and projective varieties and regular functions. Even at this early stage, we will get a first
glimpse of the concept of a sheaf. The notion of a category naturally arises from looking
at these structures, so we describe it next, along with basic strategies of how categories
are used in mathematics, and, in particular, how a category of the algebraic varieties we
introduced is formed. We then go on to describe a few other geometric notions, such as
rational maps of varieties (i.e., maps defined “generically”), as well as smooth maps and
dimension.

At this point, it becomes clear that for a deeper understanding of the concepts
introduced, and to be able to calculate with them, we need to revisit algebra. The type
of algebra needed is called commutative algebra. The aim of this book is to be completely
self-contained in commutative algebra; this means that essentially all necessary concepts
of commutative algebra are treated. This will not be possible without some forward
references (the structure of Chap. 1 being the first example) and without confining some
material to the Exercises (this does not occur in Chap. 1, however).
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The commutative algebra foundations of Chap.1 are divided into two sections. In
Sect.4, we deal with polynomials. We cover the basic properties of polynomial rings,
the basic algorithms (including finding a Grobner basis), and the Nullstellensatz, which
we have used without proof in the very beginning. In Sect.5, we begin our treatment
of commutative algebra more systematically, essentially with the goal of proving the
elementary facts about dimension and regular local rings. Much of this material will be
useful in subsequent chapters.

By the end of Chap. 1, the level of abstraction achieved in algebra has exceeded the
abstraction introduced in geometry. It becomes clear that the “patchwork” notion of
variety, as introduced, neither is satisfactory nor exhausts fully the possibilities of the
methods commutative algebra has to offer. Thus, it is time to introduce Grothendieck’s
concept of a scheme. This is done in Chap.2. On this occasion, we need to strengthen
our foundations in category theory also. We need to discuss sheaves in more detail and
explore the methods of category theory in their full strength, introducing, for example,
limits, colimits, and adjoint functors. Abelian categories, axiomatizing the basic properties
of the category of abelian groups, also become a necessary notion. This is because abelian
sheaves are so intrinsically embedded in the foundations of schemes, and many of their
formal properties are contained in the fact that abelian sheaves form an abelian category.

In Chap. 2, we discuss the basic properties of the category of schemes, explore which
limits and colimits exist, and detail the basic construction methods of schemes. This
includes affine schemes (which form the opposite category of commutative rings), pro-
jective schemes, and gluing. Basic finiteness properties of schemes, such as quasicompact
and Noetherian schemes, and morphisms of finite type, as well as finite morphisms, are
also formulated.

Chapter 3 discusses more advanced, as well as more geometrical, properties of schemes.
We encounter some more striking examples of algebraic geometry modeling the concepts
of point set topology. In particular, we introduce separated morphisms of schemes, which
are an analogue of the concept of a Hausdorff space, and universally closed morphisms of
schemes, which are an analogue of the concept of a compact space. Schemes that are both
separated and universally closed are called proper.

We also introduce the concept of regular schemes and smooth morphisms of schemes,
thus generalizing the corresponding concepts introduced in Chap. 1 for varieties. And on
that occasion, it is now time to introduce a more abstract concept of varieties. Using these
concepts, we prove the classification theorem of curves over algebraically closed fields
with respect to birational equivalence. In the process, new commutative algebra is needed
as well. For example, we introduce the techniques of valuation rings and also give another
proof (more abstract and general) of the Nullstellensatz.

It also becomes apparent at this point that working over an algebraically closed field
when discussing varieties restricts the point of view unduly. We therefore discuss the
Galois group (a review of Galois theory is presented in the Exercises) and explain how
varieties over a perfect field can be viewed as varieties over the algebraic closure, with
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Galois group action. To be able to make these statements, we cover the basics of group
actions, and also profinite groups.

At this point, for the sake of an analogy, we make our first excursion into algebraic
topology, describing the fundamental group of a space, and also showing how, at the cost
of working profinitely, it can be unified with the Galois group in the concept of the étale
fundamental group of a scheme.

Finally, we briefly state the famous Weil conjectures on zeta functions of varieties over
finite fields (solved by Deligne, based on earlier work of Grothendieck and others) to
provide an illustration of the deep arithmetic information we encounter when leaving the
world of algebraically closed fields.

In Chap. 4, our pursuit of geometric concepts continues. We begin with the notion of
algebraic vector bundles and then move on to quasicoherent and coherent sheaves. Once
again, we need to revisit our foundations of sheaves, covering in more detail such topics as
sheaves of universal algebras, and abstract sheafification, as well as functors on categories
of sheaves associated with maps of the underlying spaces. We also discuss the zeroth
algebraic K-group.

Perhaps the largest part of the chapter is dedicated to divisors. We start with line
bundles and the Picard group, and then discuss Cartier divisors and finally Weil divisors
and divisibility. We also illustrate these concepts with many examples. In the process,
we discuss the first cohomology group of an abelian sheaf. Chapter 4 is concluded by a
treatment of very ample divisors, and blow-ups.

An important point needs to be made here. Many concrete computations are done using
Weil divisors on regular schemes. However, this requires yet another layer of foundations
from commutative algebra, for example, the Auslander-Buchsbaum theorem asserting that
a regular local ring is a unique factorization domain, or the theorem that a localization
of a regular ring is regular, or that a polynomial ring in one generator over a regular ring
is regular. This already came up in Chap.3 and arises even much more strongly in the
context of divisors. Many texts hide the fact that none of this is rigorously proved without
the cohomological characterization of regular local rings, which does not fit neatly the
narrative of algebraic geometry in the most narrow sense. Because of the way the present
book is structured, we have a unique opportunity to prove all the necessary foundational
facts, but we postpone them to Chap.5, where a general introduction to cohomology is
given.

The purpose of Chap. 5 then is to give an adequately broad introduction to cohomology.
This cannot be just cohomology of sheaves, which is perhaps the most native part in
algebraic geometry. As we already saw, we also need to discuss Ext groups of modules, to
fill a gap in our foundations. The fact is that cohomology and homology are really concepts
of algebraic topology, and it is impossible to give a good introduction without venturing
into that subject in some depth.

To motivate things, we start Chap. 5 with de Rham cohomology of manifolds, which
was not historically the first approach but is geometrically self-motivating, at the cost
of making a brief excursion into analytic geometry. We introduce manifolds using
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Grothendieck’s general approach to geometry using ringed spaces, thereby demonstrating
the fact that the scope of the method extends beyond schemes. Covering this concept has
the added benefit of distinguishing it from a purely algebraic de Rham cohomology, which
is covered (and then compared) in Chap. 6.

The real reason why analytical de Rham cohomology works is that it is an example of
sheaf cohomology. Sheaf cohomology and Ex¢ are both derived functors. To understand
them properly, we give an introduction to derived categories in general and derived
categories of abelian categories in particular. After introducing these methods, we are in
position to prove the cohomological characterization of regular local rings.

As already mentioned, the origin of homology and cohomology is in algebraic topology.
To have a full picture (and computational tools), we briefly cover singular homology
and cohomology of topological spaces as well as CW-homology. We also introduce
spectral sequences and give some useful examples, in particular the Grothendieck and
Leray spectral sequences. We prove the coincidence between singular cohomology with
coefficients R and de Rham cohomology, thus proving the topological version of the de
Rham theorem.

The aim of Chap. 6 is to bring the discussion of cohomology closer to its applications
in algebraic geometry and to introduce some more advanced cohomological methods. We
begin by discussing the rich additional structure present on the de Rham cohomology of a
smooth projective variety over C (in its analytic topology). This is known as Hodge theory.
Then, we move on to constructing a purely algebraic analog of de Rham cohomology of a
variety over any field. In the process, we explore cohomology of schemes with coefficients
in quasicoherent sheaves. Using these methods, we then prove the results of Serre and
Grothendieck, comparing the algebraic and geometric versions of de Rham cohomology,
and prove the algebraic version of the de Rham theorem over C. We also explain why we
do not have a natural algebraic de Rham theorem over R.

While de Rham cohomology can be discussed over any field (or even ring), its good
properties deteriorate in positive characteristic. To begin with, we only get cohomology
groups that are modules over a finite field. We show how this can be remedied using the
tool of crystalline cohomology, which gives p-adic information for varieties over fields of
characteristic p. We also show how using étale cohomology, a technique based on étale
morphisms enabled by Grothendieck’s generalization of the concept of topology, lets us
obtain £-adic information for varieties over a field of characteristic p with £ # p. Finally,
we briefly introduce Voevodsky’s motivic cohomology that gives integral (i.e., Z-valued)
cohomological information for smooth schemes over any field.

In conclusion, we would like to say a few words about the exercises. In this book,
there are usually about 30-40 exercises per chapter. We found it more convenient to
group the exercises by chapter: they seemed easier to find and cross-reference than if
divided between the individual sections. The exercises are of several main types: There
are routine computational exercises, and exercises asking to fill in details of proofs. There
are also deeper larger-scale exercises on foundational topics that do not naturally fit into
the narrative of the text. This includes review topics (such as Galois theory), as well as new
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topics (such as the Auslander-Buchsbaum theorem or the Zariski Main Theorem). These
exercises contain detailed hints, basically describing the main stages of the proof of what is
claimed. The student is expected to follow the proof along and write it up, justifying every
step. Finally, there are exercises describing applications of the material covered. Again,
there are more or less routine applications (such as, say, the Riemann-Roch theorem for
curves or the cohomology of smooth hypersurfaces), as well as deeper applications, some
of which may not be ordinarily mentioned in this context (such as the lack of finite étale
morphisms over Spec(Z), the Quillen-Suslin theorem, or the Artin-Mumford birational
invariant for smooth projective varieties over C). This diversity of exercises is intentional.
Algebraic geometry is an indispensable and central part of many fields of mathematics.
This is the main reason mathematicians interested in many fields should study it.
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The purpose of this chapter is to give a quick introduction to algebraic varieties, which
will give us an idea of what algebraic geometry studies. In contrast with, say, differential
geometry, almost no prerequisites are needed to start with. In particular, no analysis is
required: All the foundations come from algebra. We begin this chapter by assuming the
key results from algebra as given, and define the first concepts of algebraic geometry in
Sect. 1. After that, some concepts from category theory and universal algebra will become
necessary, which are introduced in Sect. 2. In Sect. 3, some additional geometrical concepts
are introduced.

By that time, it will become clear that we should really explore the underlying algebraic
concepts in more detail. In Sect.4, we introduce the main facts about polynomials of
several variables over a field, and treat some of the basic methods of computing with
polynomials. The reader should consult this section before attempting the calculational
exercises at the end of the chapter.

Section 5 delves deeper into abstract commutative algebra, which contains the algebraic
foundations of algebraic geometry. One of the goals of this section is to prove the main
theorems about dimension, which are very useful in working with algebraic varieties and
with the concepts introduced in subsequent chapters.

1 The Definition of Algebraic Varieties

1.1 Affine Algebraic Sets

The starting point of algebraic geometry is studying solutions of systems of polynomial
equations in several variables over a field. (A field is an algebraic structure with operations
of addition and multiplication which satisfy all the formal properties of the real numbers,
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2 1 Beginning Concepts

i.e. commutativity and associativity of both operations, the existence of 0 # 1 with their
usual properties, distributivity, and the existence of an additive inverse—or minus sign—
as well as multiplicative inverses of non-zero elements). Systems of polynomial equations
in variables x1, . . ., x, can always be written in the form

p1(x1,...,x,) =0,
(1.1.1)

pm(xl, ...,x,,) = 0.

where pi, ..., pm are polynomials. Solutions of the Egs. (1.1.1) are n-tuples of elements
(x1, ..., x,) of the given field which satisfy the equations. Such n-tuples are also called
zeros of the polynomials py, ..., p,. Sets of zeros of sets of polynomials are called affine
algebraic sets.

The set of all polynomials in n variables over a field forms a commutative ring,
which means that it has operations of addition and multiplication satisfying all the
formal properties of integers, i.e. commutativity and associativity of both operations, the
existence of 0 and 1, distributivity, and the existence of an additive inverse. One defines
not necessarily commutative rings by dropping the assumption that multiplication be
commutative (we then must require that 1 be a left and right unit and that left and right
distributivities hold). In this book, by a ring, we shall mean a commutative ring, unless
specified otherwise.

Solutions of (1.1.1), or zeros of the polynomials py, ..., pn, are also zeros of all linear
combinations
a1p1+...+ampm (112)
where ay, . .., a, are arbitrary polynomials.

The elements (1.1.2) form the ideal generated by p1, ..., py, which is denoted by

(P1s---s Pm)-

An ideal in a commutative ring is a subset which contains 0, is closed under +, and
multiples by elements of the ring. By the Hilbert basis theorem, which we prove in Sect. 4
(Theorem 4.2.1), the ring of polynomials in n variables over a field is Noetherian, which
means that every ideal is finitely generated (i.e. generated by finitely many elements).
Because of this, it is sufficient to consider systems of finitely many polynomial equations
(1.1.1).

Note that a commutative ring R is Noetherian if and only if it satisfies the ascending
chain condition (ACC) with respect to ideals. To satisfy the ACC with respect to subsets
of a certain kind means that there does not exist an infinite chain

hch<o---CL,C... (1.1.3)
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of such sets. Thus, we claim that aring R is Noetherian if and only if (1.1.3) does not occur
in R where [, are ideals. To see this, if R is not Noetherian, it has an ideal / which is not
finitely generated, so having picked, by induction, elements r; ..., r, € I, they cannot
generate I, so we can pick r,41 € I \ (r1, ..., 1r,). Thus, R fails the ACC for ideals. On
the other hand, if R fails the ACC for ideals, then we have ideals (1.1.3) in R. Assume, for
contradiction, that R is Noetherian. Let

1=U1n.
n

Then the ideal is finitely generated, say, by elements rq, ..., ry. Thus, there exists an n
such thatry, ..., ry € I,, which implies I, = I, which is a contradiction.

1.1.1 Complex Numbers
Zeros of polynomials behave better when we work in the field C of complex numbers than
in the field R of real numbers. The field C contains the number i which has the property

and more generally, a complex number can be uniquely written as a + bi where a, b are
real numbers. Addition and multiplication are then determined by the properties of a field.
Division is possible because (a + bi)(a — bi) = a®? + b2, and we can thus make the
denominator real.

Thus, the polynomial equation

x4+1=0

has solutions in C, namely i and —i, while it has no solution over the field of real numbers
R.

It turns out that more generally, every non-constant polynomial in one variable with
coefficients in C has at least one zero (we also say root). A field which satisfies this
property is called algebraically closed. The fact that C is algebraically closed is known
as the fundamental theorem of algebra. In the first three sections of this chapter, we will
assume from now on that we are working over the field C. More generally, in much of
what we say (excluding connections with analysis), we could work over any algebraically
closed field.

1.1.2 Nulistellensatz

The fact that a non-constant polynomial over C always has a root can be generalized to
several variables as follows: Let I be an ideal in the ring C[xy, ..., x,] of polynomials in
n variables over C. Let X = Z([/) be the affine algebraic set which is the set of zeros of
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theideal 1. If I = (f1, ..., fm), we also write

Z(f1, .-y Jm) = Z().

Let, on the other hand, 7(X) be the ideal of all polynomials which are zero on X (i.e.
p(x1,...,x,) =0 forevery (xq,...,x,) € X). Then

1(X) =1 (1.1.4)

where the right hand side of (1.1.4) is called the radical of I and consists of all polynomials
p for which p* € I for some non-negative integer k. Equation (1.1.4) is called the
Nullstellensatz, and is due to Hilbert. In German, Nullstelle means zero, literally “zero
place,” a point at which a polynomial is zero. In English, as we already remarked, such a
point is called just a “zero,” which can be confusing.

As many facts in algebraic geometry, a proof of the Nullstellensatz requires certain
methods from algebra. The kind of algebra relevant to the foundations of algebraic
geometry is known as commutative algebra, to which we will keep returning throughout
this book. The Nullstellensatz will be restated and proved in Sect. 4.3 below.

1.2 Zariski Topology

1.2.1 Topology

Algebraic geometry builds fundamental concepts of geometry out of pure algebra (rings
and polynomials). A very basic concept of geometry is topology. A topology on a set X is
specified by open (and/or closed) sets. An open set containing a point x € X is also called
an open neighborhood of x. A set X with a topology is called a fopological space. An
open set is the same thing as a complement of a closed set, and vice versa, so it suffices to
specify either open sets or closed sets. Open sets in a topology are required to satisfy the
following properties (or axioms):

1. @, X are open.
2. A union of arbitrarily (possibly infinitely) many open sets is open.
3. An intersection of two (hence finitely many) open sets is open.

One can equivalently formulate the axioms for closed sets by swapping union and
intersection.

For any set S C X, we then have a smallest closed set (with respect to inclusion)
S containing S (namely, the intersection of all closed sets containing §). It is called the
closure of S. Symmetrically, the interior S° is the largest open set (i.e. the union of all
open sets) contained in S.



1 The Definition of Algebraic Varieties 5

1.2.2 Zariski and Analytic Topology

In algebraic geometry, the set of all n-tuples of complex numbers is called the affine
space Ag.. For the purposes of algebraic geometry, we consider the Zariski topology on
Ag, in which closed sets are affine algebraic sets (see Sect. 1.1). Similarly, in the Zariski
topology on any affine algebraic set X, the closed sets are affine algebraic sets in A, which
are subsets of X. To verify the axioms of topology, one notes that for sets of n-variable
polynomials S;, we have

zdJsn =z
i i
and for sets of n-variable polynomials S, 7', we have

ZU{p-qlpeS, qeT})) =2Z(S)UZT).

The Zariski topology is not the most typical kind of topology one considers outside of
algebraic geometry. In analysis, the key example of a topology is the analytic topology. In
the analytic topology on A7, = C" (or on R"), a set U is open when with any point x € U,
the set U also contains all points of distance < € for some € > 0 (where € can depend on
x). As the name suggests, the analytic topology is very important in mathematical analysis.

The Zariski topology has “far fewer” closed (and open) sets than the analytic topology.
For example, in R" (or C"), any open ball is open and any closed ball is closed in the
analytic topology. On the other hand, the only Zariski closed sets in Aé: are itself and finite
subsets.

Still, we can use the analytic topology for intuition about the Zariski topology on
algebraic sets. For example, a single point is closed (in both analytic and Zariski topology),
and is not open, unless we are in A?C.

1.3 Affine and Projective Varieties

1.3.1 Affine and Quasi-Affine Varieties

In a topological space X, a non-empty closed set Z is called irreducible if there do not
exist closed subsets Z1 # Z, Zp # Z of Z suchthat Z = Z; U Z; (i.e. Z is not a union
of two closed subsets other than itself). Z is called connected if it is not a union of two
disjoint closed subsets other than itself.

An dffine variety is an affine algebraic set which is irreducible in the Zariski topology. A
quasi-affine variety is a Zariski open subset U of an affine variety X. (Caution: U is open
in X, not necessarily in Af..) For any topological space X and any subset § € X, we have
a topology on S where, by definition, open (resp. closed) sets in S are of the form V N S
where V is an open (resp. closed) set in X. This topology is called the induced topology.
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The Zariski topology on an affine algebraic set is induced from the Zariski topology on
AG.
Recall that an ideal / € R in a ring R is called prime if I # R and for x,y € R,
xy € I impliesx € I or y € I. The ideal [ is called maximal if I # R and for every ideal
J S Rwith]l € J,wehave J = [ or J = R. Anideal I/ C R is maximal if and only if
the quotient ring R/I (consisting of all cosets x 4+ I, x € R) is a field. Similarly, / C R is
prime if and only if R/I is an integral domain which means that it satisfies 0 # 1 and has
no zero divisors (i.e. non-zero elements x, y such that xy = 0).

Any ideal I # R is contained in a maximal ideal by a principle called Zorn’s lemma,
which states that any partially ordered set P (such as the set of ideals in a ring R ordered
with respect to inclusion) contains a maximal element (i.e. an element m € P such that
a € P and m < a implies m = a), provided that for any subset L which is fotally ordered
(i.e.a,b € L implies a < b or b < a) there exists an element £ € P greater or equal than
all elements of L.

Now it is easy to see that an affine algebraic set X is irreducible (i.e. is an affine variety)
if and only if the ideal /(X) is prime. Indeed, if 7(X) is not prime, then there exists
f,g ¢ I1(X) suchthat fg € 1(X), so X is a union of the two closed subsets Z(f) N X,
Z(g)N X neither of which is equal to X. On the other hand, if X = X;UX», where X; # X
are closed, then by definition, there are f; € I(X;) \ I(X), while f] f> € I(X).

In particular, since polynomials over a field obviously form an integral domain, the 0
ideal is prime, and thus, the affine space A, is irreducible (and hence, an affine variety).

1.3.2 Projective and Quasi-Projective Varieties
The n-dimensional projective space P(. is the set of ratios

[x0: -1 x,]

of complex numbers. In a ratio, the numbers xo, ..., x, are not allowed to all be 0
(although some may be 0), and a ratio is considered the same if we multiply all the numbers
by the same non-zero number:

[x0:---:xp] =laxg:---:axy]

witha # 0 € C.

A projective algebraic set is a set of zeros in Pf. of a set of homogeneous polynomials.
(A polynomial is homogeneous if all its monomials have the same degree, which is defined
as the sum of exponents of all its variables.) Projective algebraic sets are, by definition, the
closed sets in the Zariski topology on P{.. Irreducible projective algebraic sets are called
projective varieties. A Zariski open subset (i.e. complement of a Zariski closed subset) in
a projective variety is called a quasi-projective variety.
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One can, for many practical purposes, define an algebraic variety as a quasi-affine or
quasi-projective variety. The necessity to always refer to an ambient affine or projective
space in such a definition, however, is unsatisfactory, and it is a part of what motivates
schemes. However, we must learn about varieties, and some other mathematics, first,
before discussing schemes.

1.4 Regular Functions on Different Types of Varieties

Regular functions is a common name for the type of functions on a variety which we study
in algebraic geometry. By a function, we mean a mapping into C.

1.4.1 Regular Functions on a Quasiaffine and Quasiprojective Variety
Let V be a quasiaffine variety (or, more generally, a Zariski open set in an affine algebraic
set). A regular function on V at a point p is a function

f:U—->C
where U is a Zariski open set in V with p € U such that

8(x)
= 1.4.1
fx) hx) (1.4.1)
where g(x), h(x) are polynomials, and h(x) # O for all x € U (here we write x for an
n-tuple: x = (x1, ..., x,)).
A regular function on V is a function

f:Vv—>=C

which is regular at every point p € V, i.e. for every p € V, there exists a Zariski open
neighborhood U of p such that on U, f is of the form (1.4.1).

A regular function on a quasiprojective variety (or at a point of a quasiprojective
variety) is defined the same way as a regular function on a quasiaffine variety with the
exception that g(x), i(x) are homogeneous polynomials of equal degree (so that f(x) is
well defined on ratios). The definition also applies to Zariski open subsets of projective
algebraic sets.

Regular functions on an algebraic variety X form a commutative ring (i.e. we can add
and multiply them). This ring is denoted by C[X]. We will now compute the ring of regular
functions for varieties of certain kinds.
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1.4.2  Regular Functions on Af,
The ring of regular functions on the affine space is simply the ring of polynomials in n
variables:

CIAG] = Clx1, ..., xa]. (1.4.2)

To see this, first note that since A is irreducible, two polynomials f, ¢ which coincide on
anon-empty Zariski open set U C A7 coincide (since Ap, = (AL N\ U)U Z(f — g)). Now
since C[xy, ..., x,] has unique factorization (see Theorem 4.1.3 below), the same is true
for rational functions: Suppose on a non-empty Zariski open set U € A7,

g _ &
hi — hy

where g;, h; have greatest common divisor 1 fori = 1, 2, and &; are non-zero on U. Then

g1hy = gohy,

and hence there exists a u € C* such that g1 = ugy, hy = uhy.

Now let f be a regular function on A.. But by what we just observed, in Zariski open
neighborhoods of all points, we can write f = g/h with the same polynomials g, # which,
moreover, have greatest common divisor 1. However, if 2 ¢ C*, by the Nullstellensatz,
then, the set of zeros Z(h) of 1 would be non-empty, so at a point x € Z(h), we would
have a contradiction. Thus, 2 € C*, and f is a polynomial.

1.4.3 Regular Functions on an Affine Variety

Regular functions on an affine variety (or, more generally, an affine algebraic set) X C A
are also polynomials in the sense that they do not have a denominator. More precisely, we
have

CIX]1=Clx1, ..., x,1/1(X) (1.4.3)

where 7 (X) is the ideal of all polynomials which are O at every point of X. Recall that the
division symbol in (1.4.3) denotes cosets, i.e. the elements of the ring (1.4.3) are cosets,
which are sets of the form

p+IX)={p+qlqel(X)}

Recall that cosets are the algebraic device for setting the elements of 7 (X) equal to O in

the ring (1.4.3), which is what we want, since they are constantly zero as functions on X.
To see that (1.4.3) is the correct formula for the ring of regular functions on X, first note

that the right hand side of (1.4.3) maps injectively into the left hand side by the definition
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of the ideal 7 (X). To show that the map is onto, we need to show that if we cover X with
Zariski open sets U; in A% and exhibit rational functions g; / h; where h; % Oon U;,i € S,
which such that g; /h; = gj/hj on U; NU; N X, then there exists a polynomial ¢ which
restricts to each g; /h; on U; N X. To this end, first note that we can assume that the set S
is finite. This is because by the Nullstellensatz,

Le I(X)+ ) IALNU).

ieS

and so the indexing set S can be made finite, since only finite sums of elements are allowed.
Suppose, then,

S=1{l,...,n}.

Now also by the Nullstellensatz, there exist polynomials ay, . .., a,, g such that g € 1(X)
and

ath1 +---+ayh, +q = 1.
Then one verifies that the polynomial

¢ =aig+ - +angn (1.4.4)
restricts to g; / h; on each of the Zariski open sets U; N X (See Exercise 4.)

1.4.4 Regular Functions on the Complement of a Set of Zeros Z( f)

Let X be an affine variety and let f € C[X]. Then the complement X \. Z(f) is a special
kind of quasiaffine variety. (We will see later that, in some sense, “it is still affine,” although
not according to our current definition.) We have

1
CIX \ Z(NH =CIXIf = C[X][f]- (1.4.5)

Note that it is alright to take the reciprocal of f, because X . Z(f) does not contain any
zeros of f. This construction is a special case of localization S™'R = R[S™'] of a ring R
with respect to a subset 1 € S C R closed under multiplication. On the set of “fractions”
r/s (i.e., formally, pairs (r, s)) withr € R and s € §, define an equivalence relation where
r1/s1 ~ ra/s» when there exists some ¢ € S such that r1sp¢ = ras1¢. The set of equivalence
classes is R[S™!]. In our case, we let S be the set of all f*, n € Np. We can alternately
describe

RLf™ = RI)/(fr = 1).
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The proof of (1.4.5) is actually essentially the same as in Sect. 1.4.3, with the exception
that we have

arhi + - +ayh, = f

for some natural number N (which is true by the Nullstellensatz). We then put

¢ = algl/fN + "'+angn/fN~

1.4.5 Regular Functions on a Quasiaffine Variety
LetO # f1, ..., fm € C[X] where X is an affine variety. Then

CIX ~ Z(fi, - f)] = CIXILf;7 1N --- N CIXILL (1.4.6)

Note that the intersection on the right hand side of (1.4.6) is formed in the field of rational
functions K (X), which is the field of fractions of the ring C[X]. The field of fractions
QR of an integral domain R is the localization with respect to the set of all non-zero
elements, which is closed under multiplication because R is an integral domain. Also,
the canonical map R — QR is injective, by cancellation. Conversely, a subring of a
field (more generally an integral domain) is obviously an integral domain. Thus, integral
domains are precisely those rings which are subrings of fields.
The reason C[X] is an integral domain is that X is irreducible. Now we have

XNZUfisn f) =X N 2.

i=1

Thus, we can characterize a regular function on X ~\ Z(fi, ..., fm) by a collection of
regular functions on X ~\ Z(f;) which coincide on intersections, but that is equivalent to
coinciding in K (X) since C[X], and hence also C[X ][fi_l], are integral domains. Thus,
(1.4.6) follows.

1.4.6 Regular Functions on a Projective Variety

Essentially, the above discussion of rings of regular functions has an exact analogue on
quasiprojective varieties (or Zariski open subsets of projective algebraic sets), if we restrict
attention to homogeneous rational functions of degree 0. In particular, if X is a projective
variety (or, more generally, projective algebraic set), then C[X] consists of homogeneous
polynomials of degree 0, but those are always constant! Thus,

Clx]1=C,

i.e. all regular functions on a projective variety are constant.
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1.5 Sheaves

The fact that there are “not enough” regular functions on some varieties X (such as
projective varieties) forces us to study regular functions on open subsets U of X, instead
of just on X. Let us state two basic properties of C[U] as U varies over open subsets of X
which follow immediately from the definition:

1. Restriction: For V C U, we have a restriction map
ClU] — CJV]

(given by restriction of the domain of a regular function). The restriction is transitive
(i.e. for W C V C U, restriction from C[U] to C[V] and then to C[W] is the same
thing as restricting to C[W] directly). Also, the restriction from C[U] to itself is just
the identity.

2. Gluing: If we have regular functions f; € C[U;] where U; are open sets, such that f;
and f; restrict to the same regular function in C[U; N U], then there exists a unique
regular function f € C[| U;] which restricts to all the functions f;.

It is convenient to formalize this property. Suppose that for every open set U of
a topological space X, we are given a set F(U) which has the restriction and gluing
properties described above with C[U] replaced by F(U). This data is then called a sheaf
(of sets) F, and the sets F(U) are called sets of sections. We will use sheaves heavily in
the next chapter when defining schemes. The sheaf

U~ C[U]

on an algebraic variety X (with the Zariski topology) is denoted by Oy, and called the
structure sheaf of X.

2 Categories, and the Category of Algebraic Varieties

It is, however, important to note that the sets of sections of the structure sheaf are not just
sets: they are rings. To introduce the concept of a sheaf in proper generality, we need to
talk about categories.

2.1 Categories, Functors and Algebraic Structures
2.1.1 The Definition of a Category, and an Example: The Category of Sets

In a category C, we have a class of objects Obj(C) and a class of morphisms Mor (C),
satisfying certain axioms.
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Explaining the need to distinguish between sets and classes takes us on a brief detour
into set theory. It comes from the fact that the naive interpretation of the notation

{X|...} 2.1.1)
as “the set of all sets X such that . ..” leads to a contradiction in
(XX ¢X} (2.1.2)

where neither X € X nor X ¢ X are possible; because of that, we distinguish between
sets and classes and interpret (2.1.1) as “the class of all sets X such that ...,” and define a
set as a class which is an element of another class. Otherwise, it is called a proper class.
Note that then (2.1.2) is just an example of a proper class; in fact, it is the class of all sets.

The axioms of a category say that Obj (C) and Mor (C) satisfy all the formal properties
of the most basic example: the category Sets whose objects are sets and morphisms are
mappings of sets. Thus, we have two mappings

S, T : Mor(C) — 0Obj(C)
(called source and target, which in the category of sets are the domain and codomain
of a mapping). A morphism f € Mor(C) with S(f) = X, T(f) = Y (where X, Y are
objects) is called a morphism from X to Y, and denoted by

f:X—>Y

or

X > Y,

same as for mappings of sets. We have a mapping Obj(C) — Mor(C) called the identity
morphism

ldy : X - X
Also like for mappings, the structure of a category specifies, for two morphisms
f:X—=>Y, g:Y—>Z,
the composition

gof:X—>Z
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(note the reversal of order of f and g, motivated by mappings: when we apply mappings
to an element, we write g o f(x) = g(f(x)), even though we apply f first).

Morphisms, however, may not always be mappings, (although in the category Sets, and
many other examples, they are), and so they cannot be, in the context of pure category
theory, applied to elements. So instead, we must define a category by axioms. These
axioms are simple: they say that the source and target of /dx are equal to X, and that
the composition of morphisms is associative

(hog)of=ho(gof)
(when applicable) and unital, i.e. for f : X — Y,
Idyo f=foldx =f.

Lastly, we require that the class C(X, Y) of all morphisms f : X — Y be a set. We call
the category C small if the class Obj(C) is a set. (Then necessarily also Mor(C) is a set.)

To see that morphisms do not always have to be mappings, note that to every category
C, there is the opposite (sometimes also called dual) category C %P which “turns around
the arrows”: Obj (CPP) = Obj(C), Mor(C°P) = Mor(C) and Id is C and C 9P are the
same, but S in C9P is T in C and vice versa, and composition of morphisms & o 8 in C P
isBoainC.

2.1.2 Categories of Algebraic Structures

One purpose of categories is to be able to discuss, and relate, mathematical structures of
the same kind. For example, all sets, all groups, all abelian groups, all rings, all topological
spaces, all algebraic varieties. (Recall that a group has one operation which is associative,
unital and has an inverse; an abelian group is a group which is also commutative.) So we
want a category whose objects are the given structures, i.e. the category of groups, rings,
etc. But what should the morphisms be?

Of course, we may be able to define the morphisms in a fairly arbitrary way, as long
as they satisfy the axioms of a category, which we learned in Sect. 2.1.1. For example, we
could define the only morphisms to be identities, but that would not be very useful for
understanding the given mathematical structure. This is why, usually, there is a standard
choice of morphisms of mathematical structures of a given kind, which are, vaguely
speaking, mappings which preserve the given structure. Making this precise requires
different techniques in different cases.

The case which is the easiest to handle are categories of algebraic structures. An
algebraic structure comes with operations (example: addition or multiplication). In
this case, the default choice of morphisms are homomorphisms of the given algebraic
structures, which means mappings which preserve the operations.
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For example, a homomorphism of groups f : G — H, written multiplicatively, is
required to satisfy

f-y)=fx) - fQ).

(Philosophically, the unit and inverse are also operations, so we should include f(1) =1
and f(x~1) = (f(x))~!, but in the case of groups, it follows from the axioms.) The
category of groups and homomorphisms is denoted by Grp, the category of abelian groups
and homomorphisms is denoted by Ab.

Analogously, a homomorphism of rings satisfies

fx+y)=fx)+ f(),

and

fxy)=f@)f).

A non-zero ring is not a group with respect to multiplication (because one cannot divide
by 0), so we must also require

f)=1,

since it does not follow automatically.

One must be careful not to confuse a homomorphism of rings with a homomorphism
of R-modules over a fixed ring R. (Recall that a module over a commutative ring R is an
abelian group M with an operation of taking multiples by elements r € R which satisfies
distributivity from both sides, unitality and associativity; an example of an R-module is
R itself or more generally an ideal of R, which is the same thing as a submodule of the
R-module R.)

Thus, a homomorphism f : M — N of R-modules satisfies

fx+y) =)+ ),
f@rx)=rf(x)forr € R.

Sometimes, the same algebraic object may be used for two different purposes. For
example, as already remarked, a ring R is a module over itself. In such cases, we must
be careful to specify which category we are working in.

2.1.3 Isomorphisms
The most important morphisms are isomorphisms. An isomorphism f : X — Y in a
category C is a morphism for which there exists an inverse with respect to composition,
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i.e. amorphism g : ¥ — X suchthat f o g = Idy, g o f = Idx. As expected, we then
write f~! = g. If there exists an isomorphism between two objects of a category, they are
called isomorphic. To complicate things, there can exist isomorphisms between an object
and itself which may not be the identity. Such isomorphisms are called automorphisms. For
example, in the category of abelian groups, (nof rings), there is a non-trivial automorphism
f :Z — Zgivenby f(n) = —n. The automorphisms of a given object of a given category
form a group, called the automorphism group.

2.1.4 Functors and Natural Transformations

Let C, D be categories. A functor F : C — D consists of maps FF = Obj(F) :
0Obj(C) - 0Obj(D), F = Mor(F) : Mor(C) — Mor(D) which preserves identity,
source, target and composition: For X € Obj(C), f, g € Mor(C),

F(ldx) = Idr(x),
F(S() = S(F(f),
F(T(f) =TF),

F(go f)=F(g)o F(f).

when applicable.
A natural transformation n : F — G is a collection of morphisms

nx 1 F(X) - G(X), X € 0bj(C),
such that for every morphism f : X — Y in C, we have a commutative diagram:

F(X) " G(X)

F(f) G(f)

\ ny \

F(Y) > G(Y).

Commutativity means that the two compositions of arrows (i.e. morphisms) indicated in
the diagram are equal.

An equivalence of categories C, D is a pair of functors F : C — Dand G : D — C
and natural isomorphisms (i.e. natural transformations which have inverses)

FoG=Z=ldp,

GoF=1Idc.
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2.2 Categories: Topological Spaces and Algebraic Varieties

Not all mathematical objects are algebraic structures. In greater generality, we may need
to consider on a case by case basis what it means to “preserve the structure.” In this
subsection, we will discuss two examples, topological spaces and algebraic varieties.

2.2.1 The Category of Topological Spaces

Topological spaces are not really algebraic structures. Still, we have distinguished maps
f : X — Y which “preserve topology.” They are called continuous maps, defined by the
property that for each open set U C Y, the set f~!(U) C X is open. Here

) =xeX| fx)eU}

is the inverse image of U. The category of topological spaces and continuous maps will
be denoted by Top.

Note that we now have learned three different meanings of the symbol f~! which occur
in three different contexts: the reciprocal of f (inverse under multiplication), the inverse
under composition, and the inverse image. This is a classic example of an imperfection
of mathematical notation. Such inconsistencies occur for historical reasons, and cannot be
completely avoided.

Also for historical reasons, an isomorphism in the category of topological spaces and
continuous maps is called a homeomorphism (not to be confused with “homomorphism.”).

2.2.2 The Category of Algebraic Varieties

Recall that at this moment, our definition of an algebraic variety includes affine, quasi-
affine, projective and quasiprojective varieties, defined in Sects. 1.3.1 and 1.3.2. These are
the objects of the category of algebraic varieties. Following our general guiding principle,
morphisms of algebraic varieties f : X — Y are the mappings which preserve the
structure.

The structure consists of the Zariski topology, and regular functions. It is correct to
say that morphisms of varieties are those mappings which preserve topology and regular
functions.

In more detail, then, morphisms of algebraic varieties

f:X—>Y
are maps which

1. are continuous with respect to the Zariski topology
2. have the property that if g : U — C is a regular function, then the composition

gof:fNU)—C,
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or, more precisely,

go flpiwy: fT'WU) = C,

is a regular function. Note the inverse image in both formulas. The extra notation in the
second formula means the restriction of a function.

Note that in particular, by the second property, a morphism of varieties f : X — Y
specifies (we sometimes say: induces) a homomorphism of rings

Clf1: ClY] — CIX].

In fact, both rings contain C (thought of as constant functions), and the homomorphism
C[f] fixes C, i.e. satisfies

C[fl(») = A for A € C.
Commutative rings R with a homomorphism of rings
A— R
for some other commutative ring A are called (commutative) A-algebras. Therefore, C[ ]
is @ homomorphism of C-algebras. In general, a homomorphism of A-algebras R — R’
is defined as a homomorphism of rings which commutes with the homomorphisms from
AtoR, R
23 The Morphisms into an Affine Variety
An easy but powerful theorem states that a morphism in the category of varieties
f:X—>Y (2.3.1)

where Y is affine is characterized by the induced homomorphism of C-algebras

C[X] < C[Y] (2.3.2)

(note the reversal of the arrow, called contravariance).
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This means, in more detail, that for every homomorphism of rings (2.3.2), there exists
a unique morphism of varieties (2.3.1) which induces it, provided that Y is affine. In
particular:

The category of affine varieties over C and morphisms of varieties is equivalent to the
opposite category of the category of finitely generated C-algebras and homomorphisms of
C-algebras.

To see why (2.3.1) and (2.3.2) are equivalent for Y affine, note that the passage
from (2.3.1) to (2.3.2) is immediate from the definition. On the other hand, given a
homomorphism

Clx1, ..., x,1/1(Y) — C[X],

we can take the images of the generators x1, . .., x, as coordinates of a mapping from X
to A%, which lands in Y. It is readily checked that this is a morphism of varieties, and that
both passages between (2.3.1) and (2.3.2) are inverse to each other (although note that in
our current setting, there are several cases for X to consider!).

Roughly speaking, we think of affine varieties as those which have “enough regular
functions.” From this point of view, they are the opposite of projective varieties: The
only algebraic variety which is both affine and projective is a single point (and in some
definitions, the empty set, but our definition of irreducibility excludes the empty set, so we
do not count it).

2.3.1 Quasiaffine Varieties which are not Isomorphic to Affine Varieties
The theorem described at the beginning of Sect.2.3 can be useful in deciding which
varieties are isomorphic to affine varieties. For example, note that in A7,

{,...,0)} =Z(x1,...,xn)
(Z denotes the set of zeros, see Sect. 1.1.2). By (1.4.6), (1.4.2), for n > 2, we have

CIAL ~ {(0, ..., 0)}] =
=Clxps ..l 0 N Clx, L x]lxg =
= C[Xl, ey Xn] == C[AE]

Since we know that Afé is affine, this means that
c {0, ...0)}

is not affine for n > 2: its inclusion into Af, induces an isomorphism of rings of regular
function, but is not an isomorphism of varieties (it is not onto on points), so if both varieties
were isomorphic to affine varieties, it would contradict the theorem at the beginning of
Sect.2.3).
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We will be able to generalize this observation later using the concept of dimension (see
Comment 4 at the end of Sect. 5.5).

2.3.2 Quasiaffine Varieties which are Isomorphic to Affine Varieties
Notice that Sect. 2.3.1 excludes the case n = 1, and in fact, Aé: ~ {0} is isomorphic to an
affine variety. In fact, a more general statement is true.

Let X be an affine variety, and let 0 # f € C[X]. Then we claim that X \ Z(f) is
always isomorphic to an affine variety. To see this, write

CIAET = Clxt, ., 2, ¥,
and in these variables, consider the affine variety
Y =ZUIX)U{f(x1,....,x2) -y =D}

(see Sect.1.1.2 for I(X)). We claim that Y is isomorphic to X ~ Z(f). Indeed, the
morphism of varieties

XNZ(f)—>7Y

given by
1
X1, oy Xxp) = (X1, ..., Xn, f(xl,---,xn))

is inverse to the morphism

Y > X Z(f)
given by

X1y e X, y) > (X1, . vey X))

This construction in particular implies for any Zariski open set U € X in any variety X
and a point P € U, there exists a Zariski open subset V € U which is affine in the broader
sense (i.e. isomorphic to an affine variety), such that P € V. We say that any Zariski open
neighborhood of a point P contains an affine Zariski open neighborhood.

To see this, it suffices to consider the case of X quasiaffine, U = X (see Exercise 13).
Then X is the complement of a Zariski closed set in an affine variety Y, i.e.

X=Y~NZUS1,---, fm)-



20 1 Beginning Concepts

For a point P € X, not all of the functions f, ..., fi, can be zero on P. Let f;(P) # 0.
Then P € Y ~ Z((f;)), which is affine in the broader sense by the above argument.

3 Rational Maps, Smooth Maps and Dimension

In this section, we will introduce more geometric concepts which are central in algebraic
geometry, and also motivate some of the algebra covered in the remaining section of this
chapter. Rational maps are an important alternative choice of morphisms in the category
of varieties, which are more general than the morphisms of varieties we introduced so far.
Smooth maps, on the other hand, are a more special kind of morphisms of varieties, which
capture algebraically the concept of non-singularity. We already hinted at the importance
of the algebraic concept of dimension, which we will introduce in this section as well.

3.1 Definition of a Rational Map
For two algebraic varieties X, Y, a rational map from X to Y is morphism of varieties

f:U—=>Y

where U is a non-empty Zariski open subset of X. The rational map f is considered equal
to a rational map

g:V->Y
if
f(x)=gx)forallx eUNYV.

Recall that (by irreducibility), a non-empty Zariski open set in a variety X is dense which
means that its complement does not contain any non-empty open set. This implies that for
non-empty Zariski open sets U, V C X, U N V is non-empty and Zariski open.

A rational map f : X — Y is called dominant if for W C Y non-empty Zariski open,
the inverse image f~!(W) is non-empty (note that it is by definition open).

3.2 The Field of Rational Functions

For an affine variety X, the field K (X) of rational functions on X can be defined as the
field of fractions of the ring of regular functions C[X].
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Note that for a general variety X this definition does not work, since there may not
be enough regular functions on X. However, X always contains a non-empty open set U
which is affine in the broader sense (see Exercise 13). We may define K (X) as the field of
fractions of C[U]. One easily proves that this is (functorially) independent of the choice
of the non-empty affine open subset U C X.

3.2.1 The Category of Varieties and Dominant Rational Maps

One can consider the category whose objects are varieties, and morphisms are dominant
rational maps. An isomorphism in this category is called a birational equivalence. A
variety is called rational if it is birationally equivalent to an affine (equivalently, projective)
space. Note also that any rational map of varieties that has an inverse as a rational map is
necessarily dominant. This means that if we consider the larger category of varieties and
all rational maps (not necessarily dominant), it has the same isomorphisms as the category
of varieties and rational dominant maps.

Additionally, one sees that mapping

X — K(X)

where X is a variety and K (X) is its field of rational functions gives rise to an equivalence
of categories between the category of varieties and rational dominant maps, and the
opposite of the category of fields containing C which are finitely generated (as fields) over
C, and homomorphisms of C-algebras (or, equivalently, homomorphisms of fields which
fix C). Such fields are sometimes known as function fields over C. Functoriality follows
from functoriality of the field of fractions with respect to injective homomorphisms of
integral domains.

To go the other way, select, for a function field K over C, elements x, . ..x, which
generate K as a field containing C. This defines a map

h:Clxy,...,x,] —> K.

Then send K to Z(I) where I is the kernel of 4, i.e. the ideal of all polynomials p such
that p(h) = 0. This is an affine variety since the ideal / is prime (because the quotient by
I, which is the image of %, is an integral domain). By definition, homomorphisms of fields
give rise to rational maps, and the two constructions are inverse to each other.

In particular, a variety X is rational if and only if

KX)=Cxy,...,xp)
as C-agebras for some n. (Note: the right hand side means the field of rational functions

on A", i.e. the field of fractions of the ring of polynomials C[x1, ..., x,].) We also say that
the field K (X) is rational.
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It is generally a hard problem to decide if a variety (or equivalently a field) is rational.
For example, if D is the discriminant of the polynomial

1++a0’

X" +a,_1x"
then it is not known in general whether the field

Clai, ..., an, VD)

is rational. It is known to be true for n < 5.

3.3 Standard Smooth Homomorphisms of Commutative Rings
A homomorphism of commutative rings
f:A—>B
is called standard smooth of dimension k > 0 if f can be expressed as
A— Alxt, ..., x0l/(f1yo oo ) EB

where n = m + k, the first homomorphism sends a € A to a, and f; are polynomials such
that the ideal in

A[-xlv-'-sxn]/(flv"'vfm)

generated by the determinants of the m x m submatrices of the Jacobi matrix

afi af1

axy " 0xp

o O

oxp " 0xp
is Alx1,...,x,]/(f1, ..., fm) (or, equivalently, contains 1). This is equivalent to saying
that the ideal in A[x1, ..., x,] generated by the determinants and fi, ..., f;; contains 1.

If A is a field, this can be tested using Grobner basis algorithm, which we will learn in the
next Section.
34 Smooth Morphisms of Varieties

A morphism of varieties f : X — Y is called smooth if for every point P € X there exists
an affine open set U € X with P € U and an affine open set V C Y such that f(U) C V
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(and hence, necessarily, f(P) € V) and the induced homomorphism of rings
C[f]: C[V] - C[U]
is standard smooth.

3.4.1 Smooth Varieties
A variety X is called smooth if the unique morphism of varieties

0
X — A¢

which sends every point of X to the single point of A?C is smooth.

3.5 Regular Rings and Dimension

In commutative algebra, the Krull dimension dim(R) of a commutative ring R is the
maximal number d such that there exist prime ideals

PoS PSS pa (3.5.1)

in R. If no such maximum exists, we say that the dimension is infinite: dim (R) = oo. This
can actually occur even when R is Noetherian (see Exercise 38). For a given prime ideal
p in a Noetherian ring, the maximal d for which p = p; in a chain of the form (3.5.1) is
called the height of the prime ideal p.

A commutative ring R is called local if it has a unique maximal ideal m (recall that
being a maximal ideal means that m # R and every ideal which contains m is either m or
R; equivalently, this means that R/m is a field). We will see in Sect. 5.3 that R being local
Noetherian guarantees that d exists (i.e. is finite).

Consider a commutative ring R and a prime ideal p C R. Then we may consider R,
the ring R localized at p, which means S~! R with § = R ~. p. Note that R is alocal ring
whose maximal ideal is generated by p.

For a Noetherian local ring R with maximal ideal m, k = R/m is a field called the
residue field. Then m/m? is a vector space over k of finite dimension (m? is the ideal
generated by x - y with x, y € m). We will show in Sect.5.3 (Theorem 5.3.5) that we
always have

dim(R) < dimg(m/m>).
We say that R is regular if equality arises, i.e. if

dim(R) = dimpgm(m/m?).
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For an arbitrary commutative ring R, we say that R is regular if it is Noetherian and if
R, is regular for every prime ideal p. We will see later (Exercise 19 of Chap.5) that it
suffices to verify this condition for maximal ideals (since the localization of a regular ring
is regular).

3.5.1 Smooth Varieties and Regular Rings
For a variety X, and a point P € X, we consider the ring C[X]p of all regular functions
at the point P (i.e. defined on some open subset containing P). If X is affine, then C[X]p
can be thought of as the ring C[X] localized at the ideal of all functions which are O at P.
(In more advanced algebraic geometry, as we shall see in the next chapter, this prime ideal
is considered to be the same thing as the point P.) If X is not affine, replace it by an open
affine neighborhood of P. In any event, C[X]p are local rings.

It is worth noting that for every point P in a variety as defined in this chapter,
dim(C[X]p) is equal to dim(X), which is defined as the maximum d such that there
exist closed subvarieties

XoCX1C---C Xy (3.5.2)

(We say that every variety is equidimensional; see Exercise 36.)

The main theorem of smooth varieties is that a variety X over C is smooth if and only
if all the rings C[X]p are regular. We shall postpone the proof of this theorem to Chap. 3,
Sect. 3.

4 Computing with Polynomials

By now, it is clear that we need more algebra to understand fully the geometric concepts
introduced so far. In this section, we will learn how to work with rings of polynomials in
several variables over a field. We will show that they have unique factorization, and that
they are Noetherian. We will also prove the Nullstellensatz. On the computational side,
we will discuss Grobner bases. As applications, we will discuss algorithms for deciding
whether one ideal is contained in another ideal (or its radical). We will also give a criterion
for deciding whether a multivariable polynomial ideal is prime.

4.1 Divisibility of Polynomials
We begin with some very basic facts about divisibility.
4.1.1 Proposition (Chinese Remainder Theorem) Let Iy, ..., I, be ideals in a commu-

tative ring R such that 1 € I; + 1; foralli # j. Then Iy N---N 1, = Iy ---- - I, (the
product of ideals is the ideal generated by x1 - --- - x, with x; € I;) and the product of
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projections

R/Uiﬂ-~r\h)—>[IR/b 4.1.1)

i=1

is an isomorphism.

Proof 1t suffices to consider the case n = 2 (then we can use induction). For n = 2, we
always have I1 I, € I1NI,. To show the opposite inequality, let | = aj+ap wherea; € I;.
Then for x € I) N I, x = xa1 + xap € I11>. Now (4.1.1) is always injective since an
element goes to 0 on the right hand side if and only if it is in every I;. To show surjectivity
for n = 2, choosing x1, x2 € R, the element xjas + xpa; is congruent to x; modulo /; for
i = 1,2, which proves surjectivity. O

Anelement u € R of a commutative ring is called a unit if there exists another element
u~! € R such that uu~! = 1. Let R be an integral domain. An irreducible element is
an element x € R which is not zero or a unit such that yz = x implies that one of the
elements y, z is a unit. An integral domain R is called a unique factorization domain (or
UFD) if every element x € R which is not O or a unit factors uniquely into irreducible
elements up to order and multiplication by units, i.e.

X =X|...Xp
where x; are irreducible, and whenever

X =1 Vm

where y; are irreducible, we have m = n and there exists a permutation o and units u;
such that

Xi = Ui Yo (i)-

In a UFD, any set of elements S has a greatest common divisor (GCD) which is an element
x dividing all elements of S such that every other elements dividing all elements of S
divides x. The GCD is, of course, uniquely determined up to multiplication by a unit.

A particular type of example of a UFD is a principal ideal domain (or PID) which
means an integral domain whose every ideal is principal (i.e. generated by a single
element). In particular, then R is Noetherian, which guarantees that a decomposition into
irreducible elements exists. Then the principal ideal property guarantees that an irreducible
element a generates a prime ideal: if xy € (a) and x ¢ (a), then (x,a) = (b) for some
element b, but b has to be a unit by irreducibility. Thus, y € (yx, ya) C (a).
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A particular type of example of a PID is a Euclidean domain which means an integral
domain R on which there exists a function f : R ~\ {0} — Np such that for any a,b €
R ~ {0} there are elements ¢, ¥ € R suchthata = bc+r andr =0or f(r) < f(b). The
element r is called the remainder. In any ideal I € R, then, we can produce a sequence
of elements xi, xp,... where x;41 is a non-zero remainder (if one exists) of dividing
some element y € I by x;. Since f(x1) > f(x2) > ..., the sequence must terminate
eventually, yielding a generator of /. Examples of Euclidean domains include Z and the
ring of polynomials in one variable k[x] where k is a field, where f is the absolute value
and degree of a polynomial, respectively.

Let R be a UFD. A non-zero polynomial f(x) € R[x] is called primitive if the GCD of
its coefficients is 1.

4.1.2 Proposition (Gauss Lemma)

(1) Let R be a UFD and let f(x), g(x) € R[x] be primitive polynomials. Then f(x)g(x)
is primitive.

(2) Let K be the field of fractions of R, and let g(x)h(x) € R[x] where g(x), h(x) € K[x].
Then there exists a u € K ~ {0} such that ug(x), u"'h(x) € R[x]. (In particular, an
irreducible polynomial in R[x] of degree > 1 is also irreducible in K[x].)

Proof

(1) Let f(x) amx™ + -+ ag, gx) = bpx" + --- + by with a,,, b, # 0, and let
F(xX)g(x) = Canx™™™ 4+ ... 4 co. Let the coefficients co, . . ., ¢;1n all be divisible
by an irreducible element c. Consider the smallest i such that a; is not divisible by c,
and the smallest j such that b; is not divisible by c. Now the coefficient ¢; ; is a sum
of a;b;, which is not divisible by ¢ by unique factorization, and terms divisible by c.
Thus, ¢; 1 ; is not divisible by ¢, which is a contradiction.

(2) Without loss of generality, g(x)h(x) is a primitive polynomial. Using common
denominators, we can find u, v € K \ {0} such that ug(x), vh(x) € R[x] are primitive
polynomials. Then uvg(x)h(x) is a primitive polynomial, which implies that uv is a
unit in R. O

4.1.3 Theorem If R is a UFD, then R[x] is a UFD. In particular, rings of the form
Zlx1, ..., xp]l and k[x1, ..., x,] where k is a field are UFD'’s.

Proof Let R be a UFD. Clearly, units in R[x] are precisely units in R. Suppose f(x) €
R[x] is non-zero, and not a unit, and suppose

S =g1(x)...gm(x) =hi1(x)...hn(x)
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where g;, h; are irreducible polynomials in R(x). Without loss of generality, there are
numbers | < m < m, 1 < n < n such that g; (resp. k;) is of degree > 1 if and only if
i <m(resp.i <n).Now g;,i <m,andh;, j < n are primitive and, by Proposition 4.1.2,
also irreducible in K [x]. Thus, since K[x]is a UFD, m = n, and for some permutation o
on{l,...,m}, gi(x) = hs@)(x)u; for aunit u; in R. (The last statement follows from the
fact that the polynomials are primitive.) Thus, we can divide f by

[ao,

i<m

and therefore without loss of generality assume m = n = 0. But then all the polynomials
gi, h; are of degree 0, and hence our statement follows from the fact that R is a UFD.
0

4.2 Grobner Basis

We shall now prove that rings of polynomials over a Noetherian ring are Noetherian. In
the special case of multivariable polynomials over a field, we can be a lot more explicit,
with computational applications.

4.2.1 Theorem (Hilbert Basis Theorem) [fa ring R is a Noetherian, then so is the ring
of polynomials R[x].

COMMENT In this context, the term “basis” refers to a set of generators of an ideal, no
linear independence is implied.

Proof Assume R is Noetherian. Let / € R[x] be an ideal. Then the top coefficients (i.e.
coefficients of the highest power of x) of all the polynomials f € I form an ideal / € R
(since two nonzero polynomials of unequal degrees can be brought to the same degree by
multiplying the polynomial of lesser degree by a power of x). By assumption, then, the
ideal J is generated by the top coefficients of some polynomials f1, ..., f, € I.

Let d be the maximum of the degrees of the polynomials fi,..., fy. Then by
construction, for any polynomial g € [ of degree > d, there exist aj,...a, € R,
mi...,m, € Ny such the top coefficients of g(x) and aj f1(x)x™' + ...a, fu(x)x™"
coincide. By induction, then, there exists an R[x]-linear combination g¢ of the polynomials
f1, ..., fu such that g(x) — go(x) is either O or is of degree < d.

Now consider for each fixed i € Ny the ideal J; € R of all the top coefficients of
all polynomials in / of degree i. Then each of these ideals J; is finitely generated, so by
taking finitely many polynomials A1, ..., hy in [ of degreesi = 0, ...,d — 1 whose top
coefficients are the generators of all the J;’s, 0 < i < d, we see that every polynomial in
I of degree < d is an R-linear combination of &1, ..., hy. Thus, we are done. O
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Next, we shall discuss the ring k[x1, ..., x,] of polynomials in n variables over a field
k. Even though this ring is not a Euclidean domain for n > 1 (because it is not a PID—
think, for example, of the ideal (x1, ..., x;)) there is a certain analog of the long division
algorithm which allows us decide, for example, whether a polynomial is an element of a
given ideal, or whether two ideals are the same.

By a monomial, we shall mean an expression of the form xi"' ... X,", i.e. equivalently,
the n-tuple a = (my, ..., my) € Ng, which are sometimes referred to as multidegrees. For
what follows, we need to fix a monomial order. This means a total ordering > on n-tuples
of non-negative integers (i.e. for any two n-tuples a, b we have a > b or b > a) which
satisfies the descending chain condition (or DCC), i.e. any sequence a; > az > ... is
eventually constant. A totally ordered set satisfying the DCC is also sometimes called well-
ordered. In addition, we require that for multidegrees a, b, c,ifa > b, thena+c > b+c.

Note that this implies that the multidegree (0, ..., 0) is the smallest (since otherwise,
the DCC would be violated). This implies that when m; < p; foralli = 1,...n, then
(my,...,my) <(p1,..., Pn)-

An example is the lexicographical order where

(mlv-'-smn)z(plf“'?pn)

when either the two n-tuples are equal, or there exists an i such thatm; = p; for j < i and
m; > p;. We indicate this lexicographical order by the symbol x; > --- > x,. Obviously,
we may order lexicographically by using the variables in a different order. Another
example of a monomial ordering orders, say, by total degree and uses a lexicographic
order to break ties.

Given a fixed monomial order and a non-zero polynomial f € k[xi,...,x,], the
leading term L(f) is the monomial of f which is the greatest in the given monomial order.
Its multidegree is called the multidegree of the polynomial f, and its coefficient is called
the leading coefficient. For convenience, put also L(0) = 0. Now if I C k[x1, ..., x,]
is an ideal, the leading term ideal L(I) is the ideal generated by the leading terms of the
elements of /.

4.2.2 Definition A system of generators {f1, ..., fi,} of anideal I C k[xy, ..., x,] is
called a Grobner basis if L(f1), ..., L(fy) generate the ideal L(I).

If {f1,..., f} is a Grobner basis of I, then for any polynomial
g € klxy, ..., xul,
we can find polynomials Ay, ... hy,, r € k[x1, ..., x,] such that

g=hifi+ .. hmfn+r 4.2.1)
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and no monomial summand of r is in L(I). Moreover, the polynomial r is uniquely deter-
mined (and is called the remainder of g with respect to the Grobner basis { f1, ..., f})
To see this, let g be any polynomial. If no monomial summand of g is in L(/), then we
can put r := g. Otherwise, let d(g) be the highest multidegree of a monomial summand
of g which is in L([). Then subtracting a certain linear combination of the f;’s (with
polynomial coefficients) from g creates a polynomial g where d(g) < d(g). (In fact,
we just need to subtract a multiple of one of the f;’s by a monomial and a coefficient.)
Because of the well-ordering property, this process must eventually terminate, yielding
the remainder. To prove uniqueness of the remainder, if there were two different possible
remainders 7, s, then r —s € I. However, by the definition of a remainder, L (r —s) ¢ L(I),
which is a contradiction.

Note that the definition of the remainder makes sense for any set of generators f; of
an ideal 7, not necessarily a Grobner basis, if we weaken the condition on the remainder
to say that none of its monomial terms is divisible by any of the L(f;)’s. The proof of
existence is the same, but uniqueness fails.

Our proof of the existence of a remainder with respect to a Grobner basis is constructive.
In other words, it also gives a way of finding the remainder, and therefore, if we have a
Grobner basis of an ideal I in k[x1, ..., x,], we can determine for a given polynomial g
whether g € I (since this happens if and only if its remainder is 0).

Therefore, the question becomes whether Grobner bases exists, and if so, how to find
one. Suppose f,g € k[xi,...,x,]. Let the multidegrees of f resp. g be (m1, ..., my)
resp. (p1, ..., pp) and let the leading coefficients of f, g be a, b, respectively. Denoting

qi = max(m;, p;),

frg=0bx{""

q1—Pp1 N .xZn_Pn

g* [ =ax| g,

put

S(f,g)=fxg—gx* [

(Basically, we multiply by constants and the smallest monomials to make the leading
terms cancel out—the multidegrees of the multiplier monomials are the smallest in the
coordinate-wise partial ordering, and hence also in our chosen monomial ordering.)

The Buchberger algorithm produces, for an ideal I C k[xy, ..., x,] with a given finite
set of generators Sp, an increasing (with respect to inclusion) sequence of finite sets

SOaSIa'-'vsm
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of generators of I where S, is a Grobner basis. Given §;, we take a pair of polynomials
f, & € S;, and find any remainder of S(f, g) by S;. If we find a O remainder for all pairs
f, g € S;, we are done. Otherwise, if we find a non-zero remainder r;, we let S;4; =
S; U {ri}.

The reason this works can be explained as follows: First, let us show that the algorithm
terminates. Suppose it does not, i.e. we produce an infinite sequence of remainders r;.
Then for any i < j € N, L(r;) cannot divide L(r;). But we can easily see that this
is impossible: In any infinite sequence of natural numbers, we can pick an infinite non-
decreasing subsequence. By iterating this selection, we can prove by induction on m <
n that there is an infinite subsequence of the multidegrees of the L(r;)’s whose first m
coordinates form non-decreasing sequences. For m = n, this is a contradiction with our
definition of a remainder.

Next, we need to prove that last term S, of our sequence forms a Grobner basis. Thus,
assume that some linear combination

f=h1r1+"‘+hmrm

has a leading term which is not in (L(r1), ..., L(r;)). Let o denote the highest of the
leading monomials L(h1r1), ..., L(hur,). We will proceed by induction on «. Certainly
a > L(f), but equality is ruled out by the assumption L(f) ¢ (L(r1), ..., L(r)). Now
let, without loss of generality, i = 1, ..., p be precisely the numbers for which L(h;r;) =
o. We will now proceed by induction on p. Note that p = 1 is actually impossible (since
then L (h1r1) would have nothing to cancel against). If p > 2, then, there exists ani < p
such that L(hprp) = L(h;r;). This implies that L (k1)) is divisible by L(r), * r;). Thus,
adding an appropriate multiple of S(r;,7,) decreases p (or else o). But we assumed that
S(ri, rp) is a linear combination of r1, ..., r, (i.e., a 0 remainder can be achieved). Thus,
we are done by the induction hypothesis.

4.2.3 Definition A Grobner basis {f1, ..., fin} of an ideal I < k[x1, ..., x,] is called
reduced if the leading coefficient of each f; is 1, and no monomial summand of any f; is
divisible by L(f;) for any j #i.

Clearly, a reduced Grobner basis of any ideal [ exists, since we can just multiply by
constants to make the leading coefficients 1, and then make the basis reduced by taking
remainders. However, it is useful to note that up to order, the reduced Grobner basis is
also unique. To see this, first note that clearly, the leading monomials of the elements of a
reduced Grobner basis of an ideal I must be exactly the minimal monomials in L(I) with
respect to the partial order given by comparing each coordinate of the multi-degree (i.e.
a = (my,...,my)isless or equal than B = (py, ..., py) if and only if m; < p; for each
i). Now suppose we have two reduced Grobner bases S, T and let f € S, g € T have the
same leading monomial. If f # g, then L(f — g) is a monomial of f or g. Suppose it is a
monomial of f. But then, of course, f — g € I, so there must be some element 2 € S such
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that L(h) divides L(f — g) which is a monomial of f. This contradicts the assumption
that the Grobner basis S is reduced.

Thus, reduced Grobner bases can be used directly to check whether two ideals in
k[x1, ..., x,] are the same, although note that given Grobner bases of both ideals (not
necessarily reduced), we can also check both inclusions of the ideals by repeatedly finding
remainders of one basis with respect to the other.

Given an ideal I < k[xi,..., x,], consider its reduced Grobner basis f1,..., fm
with respect to the lexicographic order x; > --- > X, arranged in decreasing order
of multidegrees. Let m; be the smallest number p such that f), contains no variables
X1,...,x;—1. Then, using the division algorithm, we see that f,,, fu;+1,..., f form
a reduced Grobner basis of the ideal I N k[x;, ..., x,] with respect to the lexicographical
order x; > --- > x,. This ideal is called the elimination ideal of the ideal I with
respect to the variables x;, ..., x,. Elimination ideals are useful in solving systems of
algebraic equations, although we must be more careful than in the case of systems of linear
equations. This is because a projection of an algebraic set in A} is not necessarily Zariski
closed. An elimination ideal only defines a closure of the projection. Thus, for example,
if the elimination ideal corresponding to the variable x, is (0), it means that there is no
constraint on the last variable in a solution of the system of equations f; = 0, but it does
not mean that any value of x,, can be plugged in to get a solution (see Exercise 9).

Using elimination ideals, one can test if an ideal I < k[xy, ..., x,] is prime. This is
based on the following

4.2.4 Proposition Let R be an integral domain and let I C R be an ideal. Suppose
a € R~ I, and suppose I = (a~'R) - I C a~'R is a prime ideal. Then I is prime if
andonlyif INR = 1.

Proof Since I is assumed to be prime, / N R is prime. To prove the converse, let p, ¢ C R
be prime ideals not containing a such that p = ¢ (using the same notation as above). Then
for x € p, by definition, a™x € g for some m, but then x € g because ¢ is prime and
a ¢ q. Thus, p C g, and by symmetry, p = g. Applying thisto p = I, ¢ = I N R proves
the claim. m|

Now let R be an integral domain and let / C R[x] be an ideal, and assume that the
elimination ideal J = I N R is prime (for otherwise we know that / is not prime). Then
S = R/J is an integral domain. Let F be its field of fractions. Let T be the ideal generated
in F[x] by I. Then Tis principal since F[x] is a PID, and by multiplying by a common
denominator in S, we can represent the generator of T by an element 4 € I. Note that
T # (1), and thus, the degree of & is > 0. Further, if 7 € F[x] is not irreducible, then
I is not prime. (Since then a non-zero R-multiple of £ is a product of two polynomials
g1, &2 € R[x] of lower degree, which are therefore not in 7, while their product is.)

Thus, assume h € F[x] is irreducible. Let a be the coefficient of 4 at the highest
power of x. Then in a~'R[x],a™'R - I = I is prime, since it is the pullback of the ideal
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(h) € a~'S[x], which is prime, since h € a~'R[x] is irreducible. Thus, I is irreducible if
andonly if I N R[x] = 1.

If R = k[xy1,...,x,—1], then we can check inductively whether the elimination ideal
I N R is prime and if it is, we can apply the above method by obtaining the reduced
Grobner basis of the ideal J generated by I and at — 1 in k[x1, ..., x,, t] with respect
to the lexicographical order ¢ > x;,, > --- > x1 and check whether the elimination ideal
J Nklx1,...,x,]is equal to I. (For an example, see Exercise 20.)

4.3 Nullstellensatz
The Nullstellensatz used in Sect. 1 can be rephrased (and generalized) as follows:

4.3.1 Theorem A finitely generated algebra R over a field k satisfies a Nullstellensatz,
which means that for every ideal 1, its radical VI={xeR|3IneNx"el}isan
intersection of maximal ideals.

This is brought to the familiar context by the following

4.3.2 Proposition Suppose k is an algebraically closed field. Then every maximal ideal
I C kl[x1, ..., x,]is of the form

(x1—ai,...,xp, —ay) 4.3.1)
for some ay, ...,a, € k.

Proof We will show that any ideal I C k[xy, ..., x,] is contained in an ideal of the
form (4.3.1). This is proved by induction on n. Suppose the statement is true with n > 1
replaced by any lower number. (For n = 1, the assumption is vacuous.) Then there are two
possibilities:

Case 1: The ideal J = I N k[x,] in k[x,] is non-zero. Then, since k[x,] is a PID, J =
(f) is a principal ideal, and since k is algebraically closed, f factors into powers of linear
factors (x, — b,')zi, i =1,..., m. By the Chinese Remainder Theorem, k[x1, ..., x,]/I is
isomorphic to the product of the rings k[x1, ..., x,1/({ + (x5 — b,')zi). Then, for some i,
T+ (x,—b;)ki # (1), but this implies I+ (x, —b,) # (1) (since an ideal whose radical is (1)
is itself (1)). Therefore, we can pass to the ring k[x1, ..., x,1/(x, —b;) = k[x1, ..., xp—1]
and use the induction hypothesis.

Case 2: I N k[x,] = (0). Therefore, if we set R = k(x;)[x1,...,x,—1] (recall that
k(x) denotes the field of rational functions in k in one variable), then I - R # R. Now we
can apply the induction hypothesis to the ring of polynomials R = k(x,)[x1, ..., X,—1]
where k(x;,) denotes the algebraic closure of k(x,). Thus, the ideal I - R is contained in
an ideal of the form (x; — b1, ..., xp,—1 — by—1) for b; € k(x,). Thus, each b; is the root
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of a polynomial with coefficients in k(x,). Now since k is algebraically closed, all of the
coefficient polynomials factor into linear factors, and there are only finitely many values of
Xn € k for which either the denominator or numerator of any of the coefficient polynomials
is 0. Since k is algebraically closed, it is infinite, and we can choose an element a, € k
which is different from any of those values. Plugging in x,, = a,, all the expressions for
b; give meaningful formulas for elements a; € k. Then, the ideal / is contained in (4.3.1).

O

It follows from Theorem 4.3.1 and Proposition 4.3.2 that two affine algebraic sets over

an algebraically closed field k defined by ideals 7, J coincide if and only if /I = +/J. To
see this, first note that the set of polynomials p satisfying

px1, ..., xy) — plar,...,ap) € (X1 —ai, ..., Xy — ay)

is a subalgebra of k[x1, ..., x,] since

px1, ... x0)q (X1, ..., x0) — p(ay,...an)q(ay,...,ay) =
p(-xla '--xn)(q(-xlv ---a-xn) _Q(al’ "'7an))+
(p(x1,...x0) — plar, ..., an))q(ar, . .., an),

and thus is equal to k[x1, ..., x,], since it contains x1, ..., x,. This implies that
I g (-xl_alv-'-a-x}’l_a}’l)
if and only if (ay, ..., a,) € Z(I), which in turn implies our statement by Theorem 4.3.1

and Proposition 4.3.2.

Note that using Grobner bases, for any field k£ (not necessarily algebraically closed),
this can be checked as follows: First, for an ideal I C k[x1,...,x,], f € VI occurs if and
only if

k[x1, ..., xal/DIf'1=0 4.3.2)

(since both conditions are equivalent to f U = klx1, ..., xll f —11 for every maximal
ideal I € m). Now (4.3.2) can be checked by considering the ideal generated by I and
ft—1link[xy, ..., x,], and checking whether its reduced Grobner basis is {1}.

For two ideals I = (f1,..., fm), J = (g1,--., &n), We have VI = /7 if and only if
all f; € /J and gj € /I, which can be checked using the above method. For an example,
see Exercise 3.

The reader may have noticed that we have not proved Theorem 4.3.1 yet. In fact, our
approach is to introduce some related facts first, which will be useful later. Theorem 4.3.1
will be proved at the end of this subsection.
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In a commutative ring R, the intersection Jac(R) of all maximal ideals is called the
Jacobson radical and the intersection Nil(R) of all prime ideals is called the nilradical.
Therefore, by definition, the Jacobson radical contains the nilradical.

4.3.3 Lemma The nilradical consists of all elements x € R which are nilpotent (i.e.
satisfy x™ = 0 for some n € N). The Jacobson radical consists precisely of those elements
X € Rsuch that forall y € R, 1 + xy is a unit.

Proof Clearly, a prime ideal contains all nilpotent elements. Thus, to prove the statement
about the nilradical, we need to show that if x € R is not nilpotent, then there exists a
prime ideal p C R not containing x. Clearly, a union of a set of ideals linearly ordered by
inclusion and not containing a power of x is an ideal not containing a power of x. Thus, by
Zorn’s lemma, the set of all ideals not containing x has a maximal element / with respect
to inclusion. We claim that / is prime. If / is not prime, then we have some y, z € R with
vz € I and y, z ¢ I. But then either the ideal generated by I and y, or the ideal generated
by I and z, contains no power of x. For otherwise, x™ € ay + I, x" € bz + I, and thus
x™*" ¢ (ay + I)(bz + I) = I, which is a contradiction. Thus, we have a larger ideal than
I not containing a power of x, which is also a contradiction.

To prove the statement about the Jacobson radical, suppose x € R is contained in every
maximal ideal, but for some y € R, 1 4+ xy is not a unit. Then by Zorn’s lemma, 1 + xy
is contained in some maximal ideal, which then cannot contain x (for otherwise it would
contain 1)—a contradiction. If x ¢ m for a maximal ideal m, then since R/m is a field,
there exists a y € R such that 1 4 xy € m, and hence is not a unit. O

Let R € S be an inclusion of commutative rings. An element x € S is said to be
integral over R if it is a root of a monic polynomial with coefficients in R, i.e. if

X ax e 4a, =0

with a; € R. Clearly, then the subring R’ of S generated by R and x is a finitely generated
R-module (with generators 1, x, ..., x"~1). The converse is also true: suppose some linear
combinations ry, ..., r, of powers of x generate R’ as an R-module. Let n € N be a
number greater than all the powers of x involved in any of the r;’s. Then x" must be an
R-linear combination of rq, . . ., r,, which gives a monic polynomial with root x.

Now if y € S is another element integral over R, then the subring R” C S is a finitely
generated R’-module, and hence a finitely generated R-module. If R is Noetherian, then
every submodule of R” is also finitely generated, and hence, in particular, x + y and xy
are integral elements over R. If R is not Noetherian, the same conclusion still holds, since
an element integral over a ring is also integral over some finitely generated subring.

Thus, the subset of S of elements integral over R is a subring of S, called the integral
closure of R in S. When the integral closure is equal to S, we say that S is an integral
extension of R.
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434 Lemma Let R C S be an integral extension where S is an integral domain. Then R
is a field if and only if S is a field.

Proof 1f R is a field and x € S is integral, then the subring Rx of S generated by R and x
is an integral domain, and a quotient of R[x]. But R[x] is a PID, so every non-zero prime
ideal is maximal (see Exercise 24). But the ideal of polynomials with coefficients in R
which are 0 on x is prime since Rx is an integral domain, and is not 0, since x is integral.
Thus Rx is a field. Since a union of an increasing sequence of fields is a field, we are done
by Zorn’s lemma.

Suppose conversely S is a field. Suppose that 0 # x € R. Then x~! € S is integral over
R,i.e.

x M hax " 44, =0
fora; € R.Thus,x ' = —(a; + - - - —i—anx"’l) € R. |
4.3.5 Theorem (Noether’s Normalization Lemma) Ler R be a finitely generated k-
algebra where k is a field. Then R is isomorphic to an integral extension of a polynomial
algebra k[xi, ..., Xm].
Proof Induction on the number of generators yi, ..., y, of R. If n = 0, there is nothing

to prove. Otherwise, we may assume that there exists a non-zero polynomial f with
coefficients in k such that

SO yn) =0
(since otherwise we would also be done). Now let
zZi=yi—yl,i=1..,n—-1
for some ry, ..., r,—1 € N. Then we have

F@i+y ozt + ) ) = 0.

Thus, if d is the degree of the polynomial f, and r; > dri_y fori = 1,...,n — 1
(where we set ro = 1), then the highest powers of y, occurring when expanding the
Y1, ..., yp-monomials of f into sums of monomials in z1, ..., z,—1, Y, are all different.
Thus, the highest of those powers survives, and hence, y, is integral over the subalgebra
of R generated by z1, ..., z,—1. Since R is generated by z1, ..., Z,—1, Y, We can use the
induction hypothesis. O
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COMMENT Note that our argument actually proves a little bit more, namely that the
number m can be chosen to be equal to the cardinality of any maximal finite set of
algebraically independent elements of R.

4.3.6 Corollary Let k be a field. If R is a finitely generated k-algebra which is an integral
domain but not a field, and 0 # f € R, then f~'R is not a field.

Proof By Noether’s normalization lemma, R is an integral extension of a polynomial ring
klx1,...,x,]. Since R is not a field, n > 1 by Lemma 4.3.4. Now suppose fflR is a
field. Then f is integral over k[xy, ..., x,], so it is a root of a monic polynomial over
klx1, ..., x,]. Thus, f divides the constant term a € k[xq, ..., x,] of that polynomial,
and hence a~ 'R is a localization of the field f ~IR, and thus is equal to it. But now
also ¢~ 'R is an integral extension of a’lk[xl, ..., Xp], which, by Lemma 4.3.4, is then
also a field. This, however, is clearly absurd, since there exists a non-zero polynomial
b € k[xi,...,x,] which is not a factor of a power of a, and hence is not inverted in
a_lk[xl, ..., Xn]. (Let k be the algebraic closure of k. All algebraically closed fields are
infinite. Therefore, there exists an & € k such that x; — « is not an irreducible factor of
a € k[xy, ..., x,]. Let, for example, b € k[x1] be the minimal polynomial of «.) O

Proof of Theorem 4.3.1 Consider a finitely generated k-algebra. By taking the quotient
by I, we may assume without loss of generality that / = 0. Thus, it suffices to prove that
in a finitely generated k-algebra R, we have

Jac(R) = Nil(R). (4.3.3)

Since O is automatic, all we need to prove is that if an element f € R is not nilpotent,
then there is a maximal ideal in R which does not contain it. Thus, let m C f~'R be a
maximal ideal (it can be 0). Now consider the ideal m N R. We claim that this ideal in R
is maximal (and obviously, it does not contain f). We know that the ideal R N'm in R is
prime. Suppose it is not maximal. Then R/(R Nm) is a finitely generated k-algebra which
is an integral domain but not a field, and f_l (R/(RNm)) = (f_lR)/m is a field, which
contradicts Corollary 4.3.6. O

5 Introduction to Commutative Algebra

Commutative algebra is the study of properties of commutative rings. As we already saw,
many of those properties have a geometric meaning. The kinds of rings we encountered
so far are mostly finitely generated algebras over a field (and their localizations), which is
a rather special type of a ring. We discussed many special properties of those rings in the
previous section.
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In this section, we will turn to methods valid for more general Noetherian rings,
including primary decomposition of ideals. We will use these methods to develop the
concept of dimension, and exhibit applications to varieties over fields. The greater
generality of the methods of commutative algebra, however, also motivates the idea of
developing algebraic geometry in the context of general rings. This leads to Grothendieck’s
concept of a scheme, which we will discuss in the next chapter.

5.1 Primary Decomposition

An ideal g in a ring R is called primary if ¢ # R, and whenever xy € ¢, we have either
x € g or y" € g for some n € N. This definition may seem unnatural at first, because
of its asymmetry. In particular, it is not the same thing as a power of a prime ideal (see
Exercises 27 and 28). It is, however, obviously true that for a primary ideal ¢, the radical
P = 4/q is prime. We often call g a p-primary ideal.

It turns out that the concept of a primary ideal behaves better than many similar notions.
Perhaps it could be motivated by noting that an ideal ¢ is primary if and only if in the ring
R/q, every zero divisor x (which, recall, means a non-zero element x for which there is a
nonzero element y with xy = 0) is nilpotent (i.e. satisfies x" = 0 for some n € N).

Note that this implies the following

5.1.1 Lemma Ifq is an ideal in a ring R such that m = ./q is a maximal ideal, then q is
m-primary.

Proof Every element of the image m of m in R/q is, by assumption, nilpotent. Therefore
m = Nil(R/q) = Jac(R/q). Therefore, the ring R /q is local, and every element not in m
is a unit, and hence cannot be a zero divisor. Thus, every zero divisor in R/q is nilpotent,
as we needed to prove. O

To further demonstrate the utility of primary ideals, consider the concept of decompo-
sition of ideals: A decomposition of an ideal I # R in a ring R is an expression of the
form

I=JiNn---NJ, (5.1.1)

where Ji, ..., J, # R are ideals. An ideal I # R is called indecomposable if it cannot be
expressed as I = J N K forideals J, K D I. Recall that since a Noetherian ring satisfies
the ascending chain condition (ACC) with respect to ideals, there cannot be an infinite
sequence of ideals

LhChChh...... .
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Thus, in a Noetherian ring, an ideal always has a decomposition into indecomposable
ideals. Now we have the following

5.1.2 Lemma [n a Noetherian ring R, an indecomposable ideal I is primary.

Proof Suppose xy € I.Let,forn € N, I, = {z € R | zy" € I}. By the ACC, we must
have I, = I,y for some n. Now let J be the ideal generated by I and x, and K be the
ideal generated by 7 and y". We claim that

JNK =1, (5.1.2)

which proves our assertion, since / is indecomposable. To prove (5.1.2), note that D is
obvious. To prove C, leta € J N K. Then we have a + by" € I, a + cx € I for some
b, c € R. Thus, by" — cx € I, and hence by”‘H € I, which, however, by our choice of #n,
implies by" € I, and hencea € I. m|

Thus, in particular, in a Noetherian ring R, any ideal / # R has a decomposition into
primary ideals. Uniqueness is more delicate. For example, even when 7 is a prime ideal,
nothing prevents us from throwing in a larger prime ideal into its primary decomposition.
On the other hand, Exercise 28 shows that the radicals of a decomposition of a given ideal
into primary ideals may in some cases necessarily contain two prime ideals one of which
is contained in another. (In fact, this always happens when the ideal is not primary, but has
a prime radical.)

Nevertheless, uniqueness statements can be made. For example, we have the following

5.1.3 Proposition The set of radicals {</J1, ..., ~/Ju} of a primary decomposition of I
which is minimal with respect to inclusion does not depend on the decomposition, and is
equal to the set of all prime ideals of the form /I, where I, = {y € R | xy € I}, for
x € R

Proof Consider any primary decomposition (5.1.1), and suppose that /1 is a prime ideal
for some x € R. Then +/I is the intersection of the radicals of all the ideals {y | yx €
Ji}. Those radicals are either R (when x € J;) or else, by definition, are equal to VA
Therefore, the (by assumption prime) ideal J = /I, is equal to an intersection of finitely
many prime ideals, which means that it is equal to one of them (since otherwise each of
the primes would contain an element not contained in J, which therefore cannot contain
their product—a contradiction).

On the other hand, since the decomposition is minimal, there exists an x ¢ J; which is
in the intersection of J; with j # i. Then I, = {y € R | xy € Ji}, s0 /I, = /J;. o
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5.2 Artinian Rings

A commutative ring R is called Artinian if its ideals satisfy the descending chain condition
(or DCC), i.e. if every sequence of ideals

LODhLO...

in R is eventually constant. We will see that this is actually a very restrictive condition
(more so than the ACC for ideals).

5.2.1 Lemma An integral domain R which is Artinian is a field.

Proof Let 0 # x € R. Then by the DCC, (x*) = (x"*!) for some n € N. Therefore, x"
is a multiple of x"*! and since R is an integral domain, x is a unit. m]

Since a quotient of an Artinian ring is obviously Artinian, every prime ideal in an
Artinian ring R is maximal, and hence dim(R) = 0. Also, obviously, R satisfies (4.3.3).

5.2.2 Lemma The nilradical of an Artinian ring R is nilpotent, i.e. there exists a k € N
such that Nil(R)* = 0.

Proof By the DCC, there is some k € N such that a = Nil(R)* = Nil(R)**!. We
will show that @ = 0. Assume this is false. Note that then a - a # 0, i.e. there exists an
element x € a with x - a # 0. By the DCC, we may further assume that if this is also
true with x replaced by xy for some y € R, then (x) = (xy). But now if x - @ # 0, then
x-a-a=x-a#0,soindeed, there exists a y € a such that xy -a # 0. Thus, (x) = (xy),
and inductively, (x) = (xy") for every n € N. However, y is by assumption nilpotent, and
hence x = 0, which is a contradiction. O

5.2.3 Proposition An Artinian ring R is a product of finitely many local Artinian rings.

(Note that since a product of finitely many Artinian rings is obviously Artinian, this is
an if and only if condition.)

Proof By Lemma 5.2.1, every prime ideal of R is maximal. Thus, Nil(R) is an
intersection of maximal ideals. By the DCC, it is an intersection of finitely many maximal

ideals:

Nil(R) =m1N---Nmy.
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By the Chinese Remainder Theorem, Nil(R) =my----- my. Hence, by Lemma 5.2.2, for
some k € N, mlf ----- mﬁ = 0, and hence, by the Chinese Remainder Theorem again,

and
n
R=[]R/mf.
i=1

However, a ring of the form R/m* where m is a maximal ideal is always local, since the
image m of m is nilpotent in R/m* and hence, m = Nil(R/m*) = Jac(R/m"). O

A module M # 0 over a commutative ring R is called simple if every submodule
N C M is either equal to M or 0. A composition series of a module M is a sequence

M=MyODM; D---DM;=0 (5.2.1)

where each M;_;/M; is simple. The number ¢ is called the length of the composition
series. If a module M has a composition series of length £ and N € M is a simple module,
then by considering the smallest i such that N € M; in (5.2.1) and taking quotients M ; /N
for j > i, we see that M /N has a composition series of length < £. Thus, we can find a
composition series of M starting with any chosen simple module N of length < ¢. Thus,
by induction, we see that if a module has a composition series, then all composition series
have equal length, which is called the length of the module M and denoted by ¢(M). We
then also call M a module of finite length. Also, by the same argument, length is additive,
meaning that for any R-modules N € M of finite length,

(M) = £(N) + £(M/N) (5.2.2)

By (5.2.2), a module of finite length satisfies both the ACC and the DCC with respect to
submodules. In fact, the converse is also true (see Exercise 31 below).

If R is a local Artinian ring with maximal ideal m, then we already saw that m* = 0
for some k. Now R/m is a field, and m’ /m'*! is an R/m-vector space, which has to be
finite-dimensional by the DCC. Thus, R is of finite length, and hence is also Noetherian.
By Proposition 5.2.3, every Artinian ring is Noetherian.

5.2.4 Theorem A (commutative) ring is Artinian if and only if it is Noetherian of
dimension 0.
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Proof We have already seen that Artinian rings are Noetherian and have dimension O.
Conversely, let R be a Noetherian ring of dimension 0. Let

0=gq1N---Ngy

where g; are primary. Let m; = ,/q;. Since dim(R) = 0, m; are maximal ideals. Since R
is Noetherian, there exists a k € N such that for all 7, mﬁ‘ C g;. By the Chinese Remainder
Theorem, then, R is isomorphic to the product of the rings R; = R/ mf‘ . Now mlJ / m‘l.i i
is an R/m;-vector space, which is finite-dimensional by the ACC. Thus, each of the rings
R; is an R;-module of finite length, and hence R; is Artinian. Hence, R is Artinian. O

53 Dimension

Let A be a Noetherian local ring with maximal ideal m and an m-primary ideal g with s
generators. We are interested in studying powers of the ideal g, but for inductive purposes,
a more general concept must be introduced. Let M be a finitely generated A-module. A
q-stable filtration on M is a sequence M of submodules

M=My>M DM, 2M32...
such that
gM; € M+ (5.3.1)

for all i € N, and there exists a k such that equality arises for all i > k. The key point
about g-stable filtrations is the following

5.3.1 Lemma (Artin-Rees Lemma) Let M be a finitely generated A-module with a q-
stable filtration M, and let N C M be a submodule. Then the submodules N; = M; N N
form a g-stable filtration on N (denoted by M N\ N).

Proof Consider the ring

A*:@qi

ieNp

(where we set ¢ = A). The ring structure is by the product from ¢’ and ¢/ to ¢**/. Then
the ring A* is a finitely generated A-algebra, and hence is Noetherian by the Hilbert basis
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theorem, and
M* =P M
ieNp
is a finitely generated module (since the filtration on M is g-stable). Now consider the

submodules

Ny =N M) & Pa’ (NN M.
i<k jeN

We have Ni C Ny |, so by the ACC, equality arises for large enough k, which is what we

were trying to prove. O

We are interested in measuring the growth of the A-modules M /M. Since the ring A /q
is Artinian, the finitely generated A /g-modules M; /M, have finite length, and hence the
A-modules M /M, have finite length. We put

X (k) = (M My).

5.3.2 Proposition There exists a ko € N and a polynomial p(k) of degree < s such that
X;M (k) = p(k) for all k > ko. (It is called the characteristic polynomial.)

Proof We form the Poincaré series

Ppg(t) =Y €(M; /M)t
i=0

Now by induction on the number s of generators of ¢, one can show that there exists a
polynomial g(¢) such that

Pp(t) = 8() . (5.3.2)

(1 —=10)S
Indeed, if ¢ = 0, the statement is obvious. Let x be one of the generators of ¢, and consider

the map

v e (53.3)

Then the kernel K and the cokernel C of (5.3.3) are A-modules, but also A/(x)-modules.
If we let g, m be the images of the ideals ¢, m in R/(x), then m is maximal, g is m-primary,
and has a set of s — 1 generators. Additionally, X = K N M is a g-stable filtration (by
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Lemma 5.3.1). Also, we have a filtration C given by the images of the modules M, /(x) in
M /(x). By the additivity of length, we have

P (1) — Pe(t) = 1(Ppq(t) — Pic(1)),

both being equal to the Poincaré series of the g-stable filtration by x My_; on x M. Now
the induction hypothesis can be applied to P¢(¢) and P (¢), thus proving the existence of
the expression (5.3.2).

Now using the expansion

1 —s 0 n+s—1) ,
(1_t)s=Z<n)<—f> _Z< s—1 )t’

n>=0 n>0

we see that there exists a polynomial 4 () of degree < s — 1 such that the coefficient of
Ppq(t) at 1" is equal to h(n) for n large enough. The polynomial A (n) is known as the
Hilbert polynomial. The statement of the Proposition follows. O

5.3.3Lemma Suppose M, M’ are q-stable filtrations on a finitely generated A-modules
M, and suppose that Q is an m-stable filtration on M (recall that q is an m-primary ideal).
Then

Mk
im ,( ) =1, (5.3.4)
k=00 x M (k)
Mk
0< lim ® < 0. (5.3.5)
k=00 2 (k)

Proof Let ky € N be such that for k > ko, we have My1; = gM} and M,’CJrl = gM;
where M ,’C are the modules of the filtration M’. Then by definition, for every k € N,

My 2 Mlé+k0v
M}, 2 M-
Thus,
1) < Mk + ko),
x M k) < Mk + ko).

Thus, (5.3.4) follows from the fact that Xéw and thw are polynomials (by Proposi-
tion 5.3.2).
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Similarly, we have m" C g C m for some r € N, so if we let simply My = ¢*M,
Or = mkM, we have

X (k) = x Mk = x k)
so again (5.3.5) follows from Proposition 5.3.2. O

Now let R again be a local Noetherian ring with maximal ideal m. Denote by §(R)
the minimum number d for which there exists an m-primary ideal g with d generators.
Denote by d(R) the degree of the polynomial X‘;VI (k) for an m-primary ideal ¢ and a
stable g-filtration M (which is independent of the choice of ¢ and M by Lemma 5.3.3).

5.3.4Lemma Let R be a Noetherian local ring with maximal ideal m. Then for any ideal
I C m, we have

d(R/I) <d(R).
Let x € m be a regular element (i.e. not a divisor of 0). Then
d(R/(x)) =d(R) — L.

Proof The first statement is clear. For the second statement, let M = (My); be an m-
stable filtration on the R-module R, and let M = (My/(x)); be the induced m-stable
filtration on R/(x) (which is also an m-stable filtration where m = m/(x) is the maximal
ideal in R/(x)). Then by additivity of length, we have

) — MR (k) = x M k).

By Lemma 5.3.3, the two functions on the left hand side are polynomials in k of degree
d(R) with the same coefficient at k¢. Thus, their difference is a polynomial of degree
< d — 1. But this degree is, by definition, d(R/(x)). |

5.3.5 Theorem We have §(R) = d(R) = dim(R).

Proof By Proposition 5.3.2, §(R) > d(R). Next, we will prove that dim(R) < d(R)
(and hence, in particular, dim(R) is finite). For this purpose, we use induction on d(R).
Consider a chain of prime ideals pg C --- C pg in R. Now if we replace R by R/ po,
clearly, it will not increase d(R), and the projections of p; still form a chain of length
d. Thus, without loss of generality, po = 0, and in particular, R is an integral domain.
Now if d = 0, there is nothing to prove. Otherwise, let 0 # x € p;. By Lemma 5.3.4,
d(R/(x)) < d(R) — 1, while the projections of p1, ... py form a chain of prime ideals of
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length d — 1 in R/(x). Thus, by the induction hypothesis,d — 1 < d(R) — 1, and hence
d <d(R).

Thus, it remains to prove that §(R) < dim(R) or in other words to construct an m-
primary ideal g with dim(R) generators. To this end, we will construct, by induction,

for i < dim(R), an ideal (xi,...,x;) whose every prime (from its minimal primary
decomposition) has height > i. Suppose this is done with i replaced by i — 1. Then let U
be the union of all primes of (x1, ..., x;—1) of heighti — 1. We claim that

U #m. (5.3.6)

In fact, in general, when an ideal a is contained in a union of finitely many primes
D1, - .., Pk, it is contained in one of them. To see this, consider a counterexample with
smallest k. Then there exist elements x1, ..., x; € a where x; is not contained in x,, for
m # j.But then

k
le...xjflxjﬂ ooxp€a~(prU---Upp),
j=1

which is a contradiction.

Thus, (5.3.6) is proved. Now let x; € m \. U. Then every prime in a minimal primary
decomposition of (x, ..., x;) contains a prime of (x1, ..., x;j_1), and hence cannot have
heighti — 1 since x; ¢ U.

Thus, the induction is complete. For i = dim(R), the ideal m must be a prime of
(x1, ..., x;), for otherwise it would have height > i. m]

COMMENTS

1. When proving he inequality d(R) > dim(R), we used induction, reducing, in each
step, to the case when R is an integral domain by factoring out the smallest prime ideal
in a chain. Because of this, the proof fails to produce an actual regular sequence of
length d = dim(R) (meaning a sequence (x, ..., Xg) where x; is a non-zero divisor in
R/(x1,...,xi—1)). A Noetherian local ring R for which there exists a regular sequence
of elements of the maximal ideal of length dim(R) is called a Cohen-Macaulay ring.
See Exercise 32.

2. For R a Noetherian local ring with maximal ideal m, dim(R) = d, the generators
X1, ..., Xxq of an m-primary ideal are called parameters.

3. By definition, for a field k, we have

dklx1, ..., Xpl(xy,x) = 1. (5.3.7)
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5.3.6 Corollary Let R be a Noetherian local ring and let x € R be a regular element.
Then

dim(R/(x)) =dim(R) — 1.

Proof The inequality < follows from Lemma 5.3.4. For the opposite inequality, let m be

the maximal ideal of R, letd = dim(R/(x)), and let x1, ..., x4 € R modulo (x) generate
an m/(x)-primary ideal in R/(x). Then the ideal (x, x1, ..., x4y) C R is m-primary, thus
showing >. O

5.3.7 Theorem Let R be a Noetherian ring. Let p be a prime ideal minimal (with respect
to inclusion) among those containing an ideal (x1, . .., x;). Then p has height <.

Proof In Rj, by minimality, R, p must be the only radical of an ideal occurring in any
primary decomposition of (xi, ..., x,), and thus must be its radical. Thus, (x1, ..., x,) is
R p-primary, and hence has height < r by Theorem 5.3.5. O

COMMENT Theorem 5.3.7 is known as Krull’s Height Theorem. Note that if
(x1,...,x) # R, a minimal prime containing it exists by Zorn’s lemma. If » = 1,
this is equivalent to x = x] not being a unit. For » = 1, if, additionally, x is not a zero
divisor, then we know that the height of p is exactly 1, since a prime of height 0 cannot
contain a non-zero divisor by Corollary 5.3.6 (in fact, only the inequality of Lemma 5.3.4
is needed). With these assumptions on x for r = 1, the theorem is known as Krull’s
Hauptidealsatz, which in German means “principal ideal theorem.”

5.3.8 Proposition Let k be a field and let R be a finitely generated k-algebra with a
maximal ideal m. Let x1, ..., xq be parameters of the localization Ry,. Then x1, ..., X4
are algebraically independent over k (i.e. we do not have f(x1,...,xq) = 0 for any
non-zero polynomial with coefficients in k).

Proof Letn = (xy, ..., xg). By assumption, n is m-primary. Thus, R/n is a local Artinian
ring. Let its length (as an R/n-module, or, equivalently, R,,-module), be £. Now let A be
the image of the polynomial ring k[x1, . . ., x4] in R, under the inclusion of the generators.
Denote by N the filtration of R, by powers of n. Further, denote by ¢ the maximal ideal of
A(x,,..xs)» and by Q the filtration of Ay, . r,) by powers of g. Then since homogeneous
polynomials in the x;’s of degree r generate n” /n’*! as an R/n-module, we have

aV (k) < € x2w).
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However, if f(x1, ..., x4) = 0 for a non-zero polynomial f over k, then the degree of the
right hand polynomial is less or equal to the dimension of

klxt, ..o xalay, ) /().

which is < d — 1 by Lemma 5.3.4. m]

5.4 Regular Local Rings
We will be using the following fact:

5.4.1 Lemma (Nakayama Lemma) Let [ be an ideal in a commutative ring R, and let
M be a finitely generated R-module such that IM = M. Then there exists an element
r € R such that r projectsto 1 in R/I andrM = 0.

Proof Let xi, ..., x, be a set of generators of M as an R-module. By assumption, there
exists an n x n matrix A with entries in / which acts by the identity on the column vector

X1

Xn
Then r = det (Id — A) works (by the Cramer rule). |
It implies the following

5.4.2 Proposition (Krull) Let R be a local Noetherian ring with maximal ideal m. Then
(m' =o. (5.4.1)
ieN

Proof Denote the ideal (5.4.1) by I. It s finitely generated since R is Noetherian. We have
ml = I (C is trivial, and D follows from the Artin-Rees Lemma applied to I C R), so
there exists a unit modulo m (hence a unit) annihilating /. Thus, I = 0. |

Let R be a local ring with maximal ideal m and residue field k. Then we can form a
k-algebra

ieNp
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where forx € m'/m'=',y € m/ /m/*1, xy € m'+J /m'*i*1 is given by the multiplication
in R.

5.4.3 Theorem Let R be a Noetherian local ring with maximal ideal m and residue field
k. Let x1, ..., xq be a basis of the k-vector space m/m?. Then R is regular if and only if
the canonical mapping

¢ k[x1,...,xq] > EoR
(sending x; — x;) is an isomorphism.

Proof 1f ¢ is an isomorphism, then, by definition, the number d(R) = d(EoR) defined in
the last section is equal to d, and thus, R is regular. Since, also by definition, ¢ is onto, if
R is regular, all we need to prove is that ¢ is injective. Butif 0 # f € Ker(¢), then, since
k[x1, ..., xq] is an integral domain,

d(R) =d(EoR) = d(k[x1,...,xql/(f)) =d —1
by Corollary 5.3.6 and Theorem 5.3.5. Thus, R cannot be regular. O
5.4.4 Corollary A regularlocal ring R is an integral domain.

Proof Let R be a regular local ring with maximal ideal m and residue field k. Let 0 #
X,y € R suchthat xy = 0. Let s, € Ny be the smallest numbers such that x € m®,
y € m'. (Such numbers exist by Proposition 5.4.2.) Then by Theorem 5.4.3, xy has a non-
zero image in m* ' /m*+*+1 which is a contradiction. ]

5.5 Dimension of Affine Varieties

For an inclusion k € K of fields, the transcendence degree td(K /k) is the maximal
possible cardinality of a set of algebraically independent elements of K over k.

5.5.1 Theorem Let k be a field and let R be a finitely generated k-algebra which is
an integral domain. Then for any maximal ideal m of R, dim(Ry,) is equal to the
transcendence degree d of the field of fractions K = QR over k.

Proof By Proposition 5.3.8, d = td(K/k) > dim(R,), since parameters are alge-
braically independent over k. To prove the converse, by clearing denominators, we can
assume that the elements xi, ..., xy algebraically independent over k are in R. By
Noether’s normalization lemma, we may then assume that R is an integral extension of
A =kl[xi,...,xq].
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Letn = m N A. We claim that n is a maximal ideal of A. To this end, note that the field
R/m is an integral extension of A/n. Since R/m is a field, A/n is a field by Lemma 4.3.4
and hence n is a maximal ideal in A. We will show that

dim(Ay) = dim(Ry). (5.5.1)

Suppose (5.5.1) is proved. Then if n = (x1 —ay, ...xq — aq) for some ay, ...aq € k, we
are done by Comment 3 after Theorem 5.3.5. In general,

nCm= x| —ay,...,xqg—aqg) C E[x1,...,x4]

for some finite extension E of k. Then we are done by using (5.5.1) again with R replaced
by E[x1, ..., x4].

To prove (5.5.1), note that the ring R/n* R is integral over A/n*, and hence is Artinian.
Since an Artinian ring is a product of its localizations at maximal ideals, the map

R/n*R = Ry /n*R,, (5.5.2)

is onto, and n*R,, is mR,,-primary. Also, the ring R, = (A ~ n)~'R is integral over
A, but it is also finitely generated as an A,-algebra, and hence is finitely generated as an
Aj,-module (say, on g generators).

Let M be the image of the finitely generated A,-module R, in R;,, and consider the
nA,-stable filtration M = (n*M ) on M. Also consider the nR,,-stable filtration P =
(n*R,) = ((nR)F) on R,y,. Since (5.5.2) is onto, we have

Xk, () = x4 (). (55.3)

Now since A, € M is injective (since localization is injective in an integral domain), we
have

An
xin k) < )M b,

which, together with (5.5.2), implies dim(A,) < dim(R,).

On the other hand,
ik (k) < gx 0 )y
and thus dim(R,) < dim(Ay). O
COMMENT

1. In (5.5.1), R,, is often not an integral extension of A,. See Exercises 33 and 34.
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2. A Noetherian integral extension does not have to be finitely generated (for example,

6

the algebraic closure is an integral extension of a field). Also, an integral extension of
a Noetherian ring does not have to be Noetherian (consider, for example, the integral
closure of Z in C). Nevertheless, more general results on dimension of Noetherian
integral extensions of Noetherian rings, without assuming finiteness, hold (see the last
chapter of [2]).

. Note that, in particular, we have shown that the number d does not depend on

the maximal set of algebraically independent elements chosen, i.e. that in a finitely
generated k-algebra R = k[x1, ..., x,]/I which is an integral domain, all maximal
sets of elements algebraically independent over k have the same cardinality, equal to
the dimension. Thus, we can use elimination ideals to compute dimension: Suppose /;
is the elimination ideal of I with respect to the variables x;, ..., x,,. Put [,;1 = 0. Then
d is the cardinality of the set S of alli = 1, ..., n such that I; = [;11. This is because
by definition, no non-zero polynomial in the variables x;, i € S with coefficients in k
isin I, so they are algebraically independent over k in R, while our proof of Noether’s
normalization lemma lets us construct a set of | S| variables over which all the other
generators (and hence all elements) of R are integral.

. If X is an affine algebraic variety, then every affine subvariety not equal to X has

dimension < dim(X) — 1. Additionally, if f is a regular function on X, then every
irreducible component (see Exercise 2) of the zero set of f has, by Corollary 5.3.6,
dimension dim(X) — 1. (Localize at a closed point contained in one irreducible
component, but not the others.) For a quasiaffine variety of the form X ~ S where
S is a Zariski closed subset, let S be the union of all irreducible components of S of
dimension dim(X) — 1 (see Exercise 2). Then we have C[X \ S] = C[X \ §']. In
particular, if S’ # S, X \. S cannot be affine.

Exercises

1. The connected components of a topological space are maximal subsets which are
connected with respect to the induced topology. Prove that every topological space
is, as a set, a disjoint union of its connected components.

2. Prove that an affine algebraic set S can be uniquely expressed as a union of a finite set

of irreducible affine algebraic sets none of which is included in another. The elements
of this set are called irreducible components of S. [The key point is that there is no
infinite sequence of Zariski closed subsets of S strictly decreasing with respect to
inclusion.] How about projective algebraic sets?

3. Are the ideals

(xz - y37 Zz - t3a-Xt)7 (-xz - y37 Zz - t37 yZ) g C[-xa y; Z, t]

equal? Do they define the same affine algebraic set?
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10.

11.

12.

13.

14.

15.

16.

. Prove formula (1.4.4) in Sect. 1.4.3. [Multiply by #;.]
. Let S be a projective algebraic set in P% and let I < C[xo, ..., x,] be the ideal

generated by all homogeneous polynomials which are 0 on S. The affine algebraic set
of zeros in A?é“ defined by the same set of polynomials is called the affine cone CS
on S. Prove that § is irreducible if and only if CS is irreducible (with respect to the
Zariski topology).

. The Veronese embedding of degree d is a morphism of projective varieties ¢ : Pt —

Pg where the projective coordinates in the target are all the different monomials of

degree d in the projective coordinates of (..

(a) Calculate the number N.

(b) Prove that the image of the Veronese embedding is a projective variety, and that ¢
is an isomorphism of projective varieties.

. Consider the algebraic set X in A% which is the set of zeros of the polynomial x* —

(% + z%). Prove that X is an affine variety. Now consider the quasiaffine variety
Y = X < {(0, 0, 0)}. Compute the ring of regular functions C[Y]. Is Y affine?

. Prove that Aéj and its open affine subvariety A(}: ~ {0} are birationally equivalent, but

not isomorphic as algebraic varieties.

. Give an example of an ideal (fi, ..., fi) in C[x, y] whose elimination ideal with

respect to the variable y is 0, but there exists a value b € C such that there is no
solution to the system of equations f; = 0 with y = b.

Consider the affine algebraic sets S, T in 2-dimensional affine space over C given by
the polynomials x% — y3, x2 — y3 — y2, respectively. Prove that they are affine algebraic
varieties. Prove that they are both rational, but not isomorphic to an affine space.

Let X be the projective algebraic set in P{, defined by the homogeneous polynomial
xg + xf 4+ x,”,l , where d > 1. Prove that X is a smooth algebraic variety. What is
its dimension?

Let P be any point of the projective variety E discussed in Exercise 11, and let Y be
the quasi-projective variety given as the complement of P in E. Prove that Y is affine
(i.e. isomorphic to an affine variety).

Prove that the map ¢ : Afé — P{é which sends an n-tuple (x1, ..., x,) to the ratio
[1:xy:---:x,]is a morphism of algebraic varieties whose image is open. Conclude
that every quasiaffine variety is isomorphic to a quasiprojective variety, and that in
every quasiprojective variety, every point has an affine open neighborhood.

Prove that if Z C P{, is a projective variety and ¢ is the map of Exercise 13, then
¢~ 1(2Z) is an affine variety and the restriction oY Z) > Zofgisa morphism of
algebraic varieties.

Prove that if Z C A{. is an affine variety, then its Zariski closure in P, is a projective
variety.

Prove that there exists a morphism of algebraic varieties

AL~ {(0,0)) — PL
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17.

18.

19.
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which does not extend to a morphism of algebraic varieties
2 1
Az — Pg.

In particular, there exists a rational function on Aé which is not equal to an affine

coordinate on ]P’(%: composed with a morphism of algebraic varieties Aé — ]P’%:.

Prove that a morphism of algebraic varieties over C is continuous in the analytic

topology.

An affine quadric is the set of zeros of an irreducible degree 2 polynomial f

in A A projective quadric is the set of zeros of an irreducible homogeneous

degree 2 polynomial f in Pf. A projective quadric is called non-degenerate when
the symmetric matrix formed by the coefficients of f (dividing mixed coefficients
by 2) is non-degenerate. (Note that the 2-multiple of this matrix is the matrix of
second partial derivatives of f at 0). For an affine quadric, introduce a new variable

z and make all monomials of f quadratic by multiplying them by the appropriate

powers of z. The affine quadric is called non-degenerate if the resulting matrix of

coefficients, including the new variable z, (with mixed coefficients again divided by 2)

is non-degenerate. For non-degenerate quadrics, applying linear changes of variables

in the projective case we can assume f = xg + -+ x,%, and applying an affine
change of variables (linear transformations and shifts) in the affine case we can assume

f= x%—l— S —{—x,%—l—xk“ +---+x,+1,n—1 < k < n. This is proved by forming a

symmetric matrix of coefficients of the quadratic part (dividing mixed coefficients by

2), and then performing symmetric row and column operations; in the affine case, we

also form perfect squares, shift, and scale as needed.

(a) Prove that all non-degenerate affine and projective quadrics are smooth varieties.
Is this true for all affine and projective quadrics?

(b) Prove that an intersection of a projective quadric in Pf. with Af is an affine
quadric. Similarly for non-degenerate quadrics.

(c) Prove that the closure in P¢. of an affine quadric in Af. is a projective quadric.
Similarly for non-degenerate quadrics.

(d) Prove that all (affine or projective) quadrics (over C) are rational.

(e) Prove that the non-degenerate affine quadric for k = n — 1 is isomorphic to the
affine space.

(f) Prove that the non-degenerate affine quadric for k = n is homeomorphic to an
affine space with the origin removed in the analytic topology, and conclude that it
is not isomorphic to the affine space as an algebraic variety.

(a) Let R be an integral domain and let p C R be a prime ideal. A monic polynomial

p(x) =x" 4 a,_1x" '+ +ag € R[x]

is called Eisenstein if a; € p forall i < n, and ap ¢ p>. Prove that an Eisenstein
polynomial is irreducible in R[x].
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20.

21.
22.

23.

24.
25.

26.
27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

(b) Prove that if R is a UFD and Q is its field of fractions, then an Eisenstein
polynomial is irreducible in Q[x].

Is the polynomial x?y® + yx? + xz € Cl[x, y, z] irreducible? [Use the Grébner basis

criterion. ]

Prove that if R is a UFD, sois a ! R for any non-zero elementa € R.

Prove that any quotient R/ and localization S™'R of a Noetherian ring R is

Noetherian.

Prove that a finitely generated module over a Noetherian ring satisfies ACC with

respect to submodules. Conclude that a submodule of a finitely generated module

over a Noetherian ring is finitely generated.

Prove that in a PID, every nonzero prime ideal is maximal.

Is x +y + z € /I where

2, x>+ z3, xy+xz+4+yz+ y2 + z2, yzz2)?

I = (x2 — y2 -z

Give an example of a Noetherian ring R with Jac(R) # Nil(R).
Show that in the ring R = C[x, y], forn > 1, the ideal (x, y") is primary, but is not a
prime power.
Show that in the ring R = Cl[x, y]/(xy — zz), the ideal (xz, 72, Xxz) is a prime power,
but is not primary.
Prove that an intersection of finitely many p-primary ideals is p-primary.
Prove that in C[x, y], the ideal (x2, xy) has at least two different minimal primary
decompositions.
Prove that a module which satisfies both the ACC and DCC with respect to
submodules is of finite length.
Consider the Noetherian local ring R = (C[x, y]/ (x2, X¥))(x,y) With maximal ideal
m=(x,y).

(i) Calculate dim(R).
(i) Prove that R is not Cohen-Macaulay.
Consider the integral extension Z C Z[i] = Z[x]/ ()c2 +1).

(i) Wehave5 = (2+41i)(2—1i) € Z[i]. Prove that (2+1i) and (2 — i) are prime ideals

in Z[i].

(ii) Prove that 2 +i) NZ = (5).
(iii) Prove that Z[i]2+) is not an integral extension of Zs).
Consider the rings R = C[x] C § = C[x, y]/(y*>+ y+x). Show thatif m = (y) C S,
n = (x) C R then m is a maximal ideal, and m N R = n. Prove that S, is not an
integral extension of R,,.

(i) Prove that the ideal I = (xz — y2, yt — 22, xt — yz) C C[x, y, z, t]is prime.
(i) Find the dimension of the affine variety of zeros of the ideal 1.
Prove that the dimension of a local ring C[X]p at any point P of a variety over C
(in the sense of this chapter) is equal to its dimension in the sense of the maximum
number d for which closed subvarieties (3.5.2) exist. [To prove >, consider a point in
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37.

38.

39.

40.

41.

1 Beginning Concepts

Xo. To prove <, consider a point P € X, and its open affine neighborhood U . Intersect

the prime ideals guaranteed by the Krull dimension of C[X]p with C[U], and take the

closures of their zero sets in X.]

Let R be a regular local ring with maximal ideal m, and let I/ C R be an ideal such

that R/1 is a regular (local) ring. Prove that there exists a minimal (with respect to

inclusion) set of generators xi, ..., xqy of m such that for some 0 < ¢ < d, [ =

(x1,...,xc). [Firstofall, I € m.Next,letdim(R/I) = e.Thene = dimpg/(m/(I+

mz)). Thus, we can choose generators x1, . .., x. of I, ¢ = d — e, which form a subset

of a basis of m/m?* over R/m. We obtain an onto homomorphism of regular local

rings R/(x1, ..., xc.) = R/I of the same dimension. This has to be an isomorphism,

since a regular local ring is an integral domain.]

(The Nagata Example) Consider the ring R = k[x1,x2,...] of polynomials in

countably many variables with coefficients in a field k. Let 1 = ng < n; < ...

be natural numbers. Consider the prime ideals p; = (xy;, ..., Xs;,,—1). Let S be the

multiplicative set which is the complement of the union of the p;’s,i > 0.

(a) Prove that an ideal in R contained in the union of the p;’s is contained in one fixed
Di-

(b) Prove that the ring S~! R is Noetherian.

(c) Prove that if

lim (n; —n;—1) = o0,
1—> 00

then for every n € N, there exists a prime ideal in S~! R of height > n.
Let R be a commutative ring. The total ring of fraction QR is the ring ™! R where
S is the set of all non-zero divisors of R. Observe that the localization R — S™!R is
injective. Prove that if R is Noetherian and reduced (meaning that it has no non-zero
nilpotent elements), then the canonical homomorphism

OR — [ [ Q(R/pi)

is an isomorphism where p; are the minimal prime ideals of R. (Note that on the right
hand side, we have ordinary fields of fractions.) [Show that in any commutative ring,
every prime ideal contains a minimal prime ideal by Zorn’s lemma. Prove that for a
reduced Noetherian ring, the minimal primes form a primary decomposition of 0. In
particular, S is the complement of the union of minimal primes. Then observe that QR
is an Artinian ring.]

Prove that if R is an integral domain, then R is equal to the intersection of all the
subrings R, of the field of fractions Q R, where m are maximal ideals in R. [Let a be
an element of the intersection. Consider the ideal {x € R | ax € R}.]

A normal ring is a commutative ring R which is reduced and integrally closed in its
total ring of fractions. Prove that a reduced Noetherian ring is normal if and only if
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42.
43.

the canonical homomorphism
R— []R/pi
i

is an isomorphism and each of the integral domains R/p; is normal (where
again p; are the minimal primes). [For necessity, note that each of the elements
©,...,0,1,0,...,0) € QR are idempotent, i.e. are roots of the monic polynomial
e —el]

Prove that a reduced Noetherian normal local ring is an integral domain.

Let R be a reduced Noetherian ring. Prove that R is normal if and only if for every

maximal ideal m in R, the localization R,, is normal. [Use Exercises 40 and 41.]
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Check for
updates

We have now seen the basic idea of what algebraic geometry aims to investigate, and also
some of the commutative algebra needed to prove its basic facts. However, it is clear that
the concept of a variety, as we introduced it in Chap. 1, is not satisfactory: It is based on
two examples, the affine and projective space, and their subobjects. This would be like
defining a topological space as a subset of R”. For proper foundations, a general concept,
based on abstract axioms, is needed.

In algebraic geometry, this is why Grothendieck introduced the concept of a scheme.
The main purpose of this chapter is to introduce the definition of a scheme, and its
basic categorical properties. This will also give us some very basic tools for constructing
examples of schemes. We will conclude the chapter with by describing “finiteness”
properties of schemes and their morphisms, which will be necessary pieces of the language
we will use later.

1 Sheaves and Schemes

1.1 Sheaves Revisited

Recall that a sheaf of sets F can be defined on a topological space X. It assigns to every
openset U C X the set of sections F(U). The following properties are required:

1. Restriction: For V C U, we have a restriction map

FU) - F(V).
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The restriction is required to be transitive (i.e. for W C V C U, restriction from F(U)
to (V) and then to F (W) is the same thing as restricting to F (W) directly). Also, the
restriction from F (U) to itself is just the identity.

2. Gluing: If we have sections s; € JF(U;) where U; are open sets, such that s; and
s restrict to the same section in F(U; N Uj), then there exists a unique section s €
F(J U;) which restricts to all the functions s;.

The stalk F of a sheaf F at a point x € X is the set of equivalence classes of sections
in F(U) with x € U where U is any open set containing x, where two sections s € F(U),
t € F(V), are equivalent if they restrict to the same section in F(U N V).

We can also have sheaves of algebraic structures such as groups, abelian groups or rings
defined analogously except that F(U) are groups, abelian groups or rings, and restrictions
are homomorphisms.

A morphism of sheaves ¢ : F — G gives for an open set U a map (resp.
homomorphism of whatever algebraic structures we are considering)

¢WU) : F(U) - GU)

such that ¢ of a restriction of a section s is the restriction of ¢ (s).

A morphism of sheaves ¢ : F — G induces, for every x € X, a map (or
homomorphism of whatever algebraic structures we have) ¢, : Fx — Gy.

If f: X — Y is a continuous map and F is a sheaf on X, we have a sheaf f.F
(sometimes called the pushforward) on Y where

fFU) = F(f~ 1))

for every openset U C Y.

1.2 Ringed Spaces and Locally Ringed Spaces

Recall that, unless otherwise specified, by a ring, we mean a commutative ring. A ringed
space is a topological space X with a sheaf of rings Oy (called the structure sheaf). A
morphism of ringed spaces f : X — Y is a continuous map together with a morphism of
sheaves of rings

¢: Oy — f.Ox. (1.2.1)

A locally ringed space is a ringed space where every stalk Ox , = (Ox), is a local ring.
(Recall that a local ring is a ring which has a unique maximal ideal; a maximal ideal of a
ring R is an ideal m # R such that there exists no ideal / with m C I C R. Equivalently,
an ideal m is maximal if and only if R/m is a field.)
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A morphism of locally ringed spaces f : X — Y is a morphism of ringed spaces such
that for every pointx € X,

¢f'(x)
Oy, rx) > (f+O0x) r0) > Ox x

is a morphism of local rings (where the second map is defined in the obvious way). Here
by a morphism of local rings ¢ : R — S where the maximal ideal of R is m and the
maximal ideal of § is 7, we mean a homomorphism of rings such that ¢~ (n) = m or,
equivalently, ¢ (m) < n (see Exercise 2); an example of a homomorphism between local
rings which is not a morphism of local rings is the inclusion Z,, C Q, where Z) is Z
localized at the prime ideal (p) for p prime, or, in other words, the set of rational numbers
whose denominators are not divisible by p.)

Note that if X is a locally ringed space and U C X is an open set, then U with Oy
equal to the restriction Ox|y of the sheaf Oy to U (given by Ox|y (V) = Ox (V) for
V C U open) is a locally ringed space. Let us call it the restriction of the locally ringed
space X to U.

13 Schemes
An affine scheme is a locally ringed space of the form
Spec(R) = {p | pis aprime ideal in R}.
The topology is the Zariski topology where closed sets are of the form
Zp ={p € Spec(R) | I < p}

for an ideal 1.
Asin Chap. 1, we have Z;.; = Z; U Z; and

Zy = ﬂZ’i’
i

thus showing that we have indeed defined a topology. Denote by
Ur = Spec(R) \ Z;
the complementary open set.

A distinguished open set is a set of the form U, forr € R (i.e. Uy where [ is a principal
ideal). Every open set is a union of distinguished open sets. The structure sheaf Ogpec(r)
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is uniquely determined by its sections on distinguished open sets by gluing. We have
OSpec(R)(U(r)) = r_lR (1.3.1)

(recall that r~'R is the set of equivalence classes of fractions s/r", s € R by the
equivalence relation s/r" ~ t/r™ when "% = "X for some k = 0,1,2,...). It
is possible to use (1.3.1) as a definition. Some consistency checks are needed. We prefer,
however, a definition using actual functions; using our definition, we will prove (1.3.1) in
Sect. 2.2 below (see Lemma 2.2.2).

More concretely, recall that for a commutative ring R and a prime ideal p, the
localization R), of R at p is the set of equivalence classes

{r/s|r,s € R,s ¢ p}/~

where

n rn

S1 52

when
risou = rasiu for some u ¢ p.

Then for any Zariski open set U C Spec(R), Ospec(ry(U) is defined to be to the ring
of all functions

f:U—> [l R, (1.3.2)

peSpec(R)

such for every p € U, f(p) € R, there exists an open subset V C U such that p € V,
and there exist g, h € R where for every g € V, we have i ¢ g and

ﬂm=ie&. (1.3.3)

(Note: in this notation, we use the same symbol for an element of R and its image in R;.)
Using this definition, it is obvious that Ogpec(r) is a sheaf.

A scheme is a locally ringed space X where for every x € X, there exists an open
set U > x such that the restriction of the locally ringed space X to U is isomorphic
to an affine scheme as a locally ringed space. Morphisms of schemes are defined to be
morphisms of locally ringed spaces f : X — Y where X and Y are schemes. If we
have any category C and a class of objects S € C, the category with objects S and all
C-morphisms between them is called the full subcategory of C on S. The category of
schemes is a full subcategory of the category of locally ringed spaces. The category of
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affine schemes is, in turn, a full subcategory of the category of schemes on affine schemes.
It turns out (Theorem 2.2.3 below) that the category of affine schemes is equivalent to
the opposite category of the category of commutative rings and homomorphisms. The
equivalence is given by the functors Spec(R) and Ox(X). (Note: for a sheaf F on X,
elements of F(X) are also referred to as global sections.)

Recall from Chap. 1 the general concept of localization. In the above discussion, we
encountered two cases of localization of a commutative ring R: 7 ~'R and R p for a prime
ideal p. The most general localization of a ring R is at a multiplicative set, which means
a subset S C R which is closed under multiplication (x,y € § = x -y € ), contains
1 and does not contain 0. The localization S™'R of the ring R at the set S is the set of
equivalence classes of the set

{"1reRr, ses8)
S

with respect to the equivalence relation ~ where

r r

~

S1 $2

when
r1SoU = roSiu

for some u € S.

Localization has the following universal property: We have a canonical homomorphism
of rings i : R — S~!R which sends every element of S to a unit. For a homomorphism of
rings i : R — R’, there exists a homomorphism of rings & : S™'R — R’ withh = hoi
if and only if & sends every element of S to a unit. Moreover, if 4 exists, it is unique.

Note that r~'R is the localization of R at the multiplicative set § = {#" | n =
0,1,2,...}, and, for a prime ideal p, R, is localization at the multiplicative set § = R\ p
(which is multiplicative because the ideal p is prime). More generally, for any set 7 of
prime ideals in a ring R, the complement

R\Up

peT

is a multiplicative set.

1.4 Category Theory Revisited: Adjoints, Limits and Colimits,
Universality

First note that for every category C, we have a functor

C(2,7:C% x C — Sets. (1.4.1)
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Recall that Sets is the category of sets and mappings. In (1.4.1), ?, as often, denotes
a variable which we do not want to name. For x,y € Obj(C), C(x,y) is the set of
morphisms « : x — y in C. On morphisms, for f : x’ — xandg : y — y' in C,
considering f as a morphism from x to x” in C97, we let

C(f.g)a) =goao f.

Notice the contravariance in the first variable. We encounter this first in high school
algebra: to transform a graph of a function by transforming the x coordinate, we need
to apply the inverse transformation to the independent variable x. A functor C%? — D to
another category D is called a contravariant functor from C to D. A functor C — D is
then sometimes called a covariant functor from C to D.

The functor (1.4.1), sometimes also referred to as the Hom-functor, is important
because it is used in the definition of adjoint functors. Let ¥ : C — D, G : D — C
be functors. We say that F is left adjoint to G (equivalently, G is right adjoint to F) if
there exists a natural bijection (i.e. isomorphism in Sets)

D(Fx,y) = C(x, Gy). (1.4.2)

Any two left adjoint functors to the same functor are naturally isomorphic. Similarly for
right adjoints. Adjoints can be characterized by a universal property: A functor G : C —
D has a left adjoint if and only if for every object x of C, there exists an object y, €
Obj (D) and a morphism

ay 1 x = G(yx) (1.4.3)

(called the unit of adjunction) such that for every other morphism 8 : x — G(z), there
exists a unique morphism B : yx — z in D such that the following diagram commutes:

Qx
x > G(yx)
\ 6B (1.4.4)
B v

G(2)

It is easy to see that we can then define F : C — D by putting F(x) = yy, and the
universal property lets us uniquely define F' on morphisms. The unit of adjunction then
becomes a natural transformation. (And, of course, turning around the arrows, we can
characterize a functor which has a right adjoint by a co-unit of adjunction.)

From this point of view, for example, the free group F(S) on a set S is the left adjoint
to the forgetful functor U from the category Grp of groups and homomorphisms to Sets:
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the unit of adjunction is the inclusion of S as the set of free generators of F(S), and (1.4.4)
is the familiar universal property in this setting. Similarly, the free abelian group is the left
adjoint to the forgetful functor from the category Ab of abelian groups to Sets.

Similarly as for groups or abelian groups, this actually works in any category of
universal algebras and homomorphisms. A universal algebra has certain prescribed
operations (such as +, -, (?)’1, 1, etc.) and relations among those operations which are
expressed as equations valid for all choices of input elements.

Examples of universal algebras include rings and abelian groups, but not fields, local
rings or integral domains: those structures include axioms which cannot be expressed
purely as equations on elements. For example, a field is a non-zero commutative ring
where every non-zero element has a multiplicative inverse: the condition of being non-
zero cannot be expressed by an equation.

For any category .4 of universal algebras and homomorphisms (i.e. mappings preserv-
ing the operations), the forgetful functor

U:A— Sets

always has a left adjoint, the free A-algebra on a set. However, again, this does not apply
to fields, since they are not universal algebras: there is no such thing as a free field on a
set.

There are many other interesting examples of adjoint functors. For example, the
inclusion of the category of affine schemes into the category of schemes is right adjoint
to the functor Spec(Ox (X)) (where X runs through all schemes). We will prove this in
Theorem 2.2.3 below.

One important case of adjoint functors is the definition of limits and colimits. It is good
to formalize diagrams in a category C as functors F' : I — C where [ is a small category
(this means that Obj(I) and Mor(I) are sets, not just classes; recall that sets are those
classes which are elements of other classes). For example, a diagram in a category C in
the shape

v (1.4.5)

is formally a functor F : I — C where [ is the category

>
GO

(1.4.6)



64 2 Schemes

and F takes the dots to x, y, z and the arrows to the arrows of (1.4.5). The loops in (1.4.6)
are identities, and go to identities in C by F (every category has an identity morphism on
every object). The diagram category C' has objects which are diagrams F : I — C; the
morphisms are natural transformations.
Now for an object x € Obj(C), there is a constant diagram
Consty : I - C
which sends every object of / to x and every morphism of / to Id,. Obviously,
Const : C — C! (1.4.7)
is a functor where a morphism f : x — y in C is sent to the natural transformation
Consty : Const, — Consty
which is f on every object of /.
The right adjoint of (1.4.7), if one exists, is called the (categorical) limit, (also called
the inverse limit or projective limit) and denoted by either one of the symbols
lim, lim.
The unit of adjunction is sometimes called the diagonal. The left adjoint of (1.4.7), if one
exists, is called the (categorical) colimit, (also called direct limit or inductive limit) and
denoted by either one of the symbols

colim, lim.
—

The counit of this adjunction is sometimes called the codiagonal.
So for example the limit # of the diagram (1.4.5) is commutative diagram

u > X
(1.4.8)

\% Y

> Z

which is universal in the sense that for any commutative diagram
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v \
\ x (1.4.9)
v
y > Z
a unique dotted arrow combines (1.4.8) and (1.4.9) into a commutative diagram:

v
\
u > X
\ \
y = Z

This particular limit is called a pullback. A limit of a diagram with no arrows (except the
identities) is called the product and denoted by []. A limit of a diagram of the form

X3y (1.4.10)

is called an equalizer.

Dually, the colimit of a diagram with no arrows except the identities is called a
coproduct, denoted by | ]. A colimit of the diagram (1.4.10) is called the coequalizer.
The colimit of the diagram (1.4.5) is actually just z, but the colimit of the dual diagram
(with arrows turned around) is called the pushout.

On a related note, a monomorphism in a category is a morphism f : X — Y such that
for any two morphisms g, h : Z — X, f o g = f o h implies g = h. Symmetrically, f is
an epimorphism if forany g, h : Y — Z, go f = h o f implies g = h. Monomorphisms
and epimorphisms are designed to model injective and surjective maps in a category, but
the analogy is not always perfect (for example Z C Q is an epimorphism of commutative
rings—see Exercise 3).

It is possible to characterize monomorphisms by means of equalizers (when equalizers
exist): it is easy to see that f : x — y is a monomorphism if and only if for any two
morphisms g, 4 : z — x, the equalizer of g and  is the same as the equalizer of f o g and
f o h. There is a symmetrical characterization of epimorphisms in terms of coequalizers.
Thus, functors which preserve equalizers preserve monomorphisms and functors which
preserve coequalizers preserve epimorphisms.



66 2 Schemes

We should mention that a colimit or limit of an individual diagram can be defined even
if the category in question does not have all colimits (resp. limits), using the universal
property (1.4.3) or its dual. For example, the category of schemes does not have all limits
(or all colimits), but there are some important cases of limits and colimits of schemes.
Categories of universal algebras and homomorphisms always have limits and colimits.
The product in Sets is the Cartesian product (i.e., say, the product of a set X and a set Y
is the set of all pairs (x, y) where x € X and y € Y), the coproduct in Sets is the disjoint
union.

There is an important connection between limits, colimits and adjoints: Left adjoints
preserve colimits and right adjoints preserve limits. This means that, for example, if G :
C — D is aright adjoint and in the diagram (1.4.8), u is the limit (pullback) of (1.4.5),
then G () is the limit of G applied to (1.4.5), i.e. of

G(x)

(1.4.11)
Y

G®») > G(2)

(One can easily see this using the adjunction property and the universal property of the
limit.)
As previously mentioned, the forgetful functor

U:A— Sets

where A is a category of universal algebras and homomorphisms always is a right adjoint,
and hence preserves limits, in particular products. This is why products of any kind of
universal algebras (such as groups, abelian groups or rings) are just Cartesian products on
the underlying sets. This is not true for coproducts (as, for example, a disjoint union of
groups would not be a group in an obvious way).

Since the category of affine schemes is equivalent to the category opposite to the
category of commutative rings (as we will show in Theorem 2.2.3), which is a category of
universal algebras, it has all limits and colimits. Since, further, the inclusion functor from
the category of affine schemes to the category of schemes is a right adjoint, it preserves
limits. This means that a limit of any diagram of affine schemes always exists in the
category of schemes, and is an affine scheme.

It is also worth considering the limit (if one exists) of the empty diagram (i.e. the
product of an empty set of factors). This is called the terminal object. Explicitly, there
is a unique morphism from any object to the terminal object. Dually, the initial object, if
one exists, is the colimit of the empty diagram, or the coproduct over an empty set. There
is a unique morphism from the initial object to any given object.

Universality is even more general than adjunction. For a category C and a functor

F:C — Sets,
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a universal element of F consists of an object u € Obj(C) and an element a € F(u)
such that for every object v € Obj(C) and every element x € F(v), there exists a unique
morphism f : 4 — v in C such that

F(f)(@) = x.

This can be used, for example, to characterize the tensor product. Let R be a commutative
ring, let M, N be R-modules. Let, for an R-module P, F(P) consist of all bilinear maps

f:MxN— P, (1.4.12)
which means that for every m € M,
fm:N—> P
given by fi,(n) = f(m, n) is a homomorphism of R-modules, and for everyn € N,
nf:M— P
given by
nf(m) = f(m,n)
is a homomorphism of R-modules. Then F' becomes a functor from R-modules to Sets
by noticing that composing a homomorphism of modules with a bilinear map produces a
bilinear map. The universal element of this functor F consist of the tensor product M @ g N
and the universal bilinear map
MxN—-> MQ®rN

which, by definition, sends

(m,n) —» mQn.

1.5 Abelian Categories: Abelian Sheaves

As we already observed, there is a unique morphism from the initial to the terminal object
(if they exist). A category is called based, or alternately a category with zero, if the initial
and terminal object exist, and the unique morphism o from the initial to the terminal object
is an isomorphism. The initial object (which is then also the terminal object) is then often
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denoted by 0. In a based category, a morphism f : X — Y is called zero if it factors
through O:

!
X > Y
0
It is easy to see that there is precisely one zero morphism between any two objects of a
based category. In a based category, the equalizer of a morphism f with the zero morphism
is called the kernel of f and denoted by Ker(f), and the coequalizer of a morphism f
with the zero morphism is called the cokernel of f and denoted by Coker(f).

For example, in the category of abelian groups (or more generally R-modules over, say,
a commutative ring R), we have for f : A — B,

Ker(f)={xeA| f(x) =0},
Coker(f) = B/Im(f)

where

Im(f) ={f(x)[x e A}

is the image of f.

In fact, more generally, a category is called abelian if it is a based category, has finite
limits and colimits (i.e. limits and colimits of diagrams on finitely many objects and
morphisms) and if every monomorphism is a kernel and every epimorphism is a cokernel.
The last condition is equivalent to requiring that if a morphism f : x — 1y satisfies
Ker(f) = 0, then f is the kernel of the cokernel morphism g : y — Coker(f), and
dually, if a morphism g : y — z satisfies Coker(g) = 0, then g is the cokernel of the
kernel morphism f : Ker(g) — y. (The advantage of rephrasing the condition this way
is that it refers only to finite limits and colimits.)

A category C is called preadditive if the set of C-morphisms X — Y is given the
structure of an abelian group, and composition is bilinear (i.e. becomes a homomorphism
of abelian groups upon fixing either coordinate). For a pre-additive category C, we denote
the abelian group of morphisms X — Y by Hom¢ (X, Y) (to distinguish it from the set
C(X,Y)). For pre-additive categories A, B, an additive functor F : A — B is a functor
which on morphisms gives a homomorphism of abelian groups

Hom4(X,Y) > Homp(F(X), F(Y)).
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A pre-additive category is called additive if it has finite products and coproducts and
the canonical morphism from the coproduct to the product

ALIB — AIlIB

is an isomorphism. For this reason, the product (or coproduct) of two objects is sometimes
called the biproduct and denoted by @. The biproduct is characterized up to canonical
isomorphism as an object C together with morphisms

such that p oi = Idsa, qo j = Idp,i o p+ jogq = Idc. This is also true in
a pre-additive category provided that the object C exists (i.e. when C exists, it is then
automatically a biproduct—see Exercise 4). For this reason, an additive functor between
additive categories automatically preserves biproducts.

An abelian category is automatically additive. The proof of this fact is a part of
homological algebra. We will discuss it in the context of cohomology in Sect. 2.2 of
Chap. 5. However, we use additivity sooner, as abelian categories are an important tool
in the theory of schemes. For the time being, the reader can treat it as an additional axiom.

An abelian subcategory of an abelian category is a full subcategory with finite limits
and colimits whose inclusion preserves finite limits and colimits. (It is then automatically
an abelian category.) Note: a functor which preserves finite limits and colimits is also
called exact. A functor which preserves finite limits is called left exact and a functor which
preserves finite colimits is called right exact.

The category Ab of abelian groups (or, more generally, the category R-Mod of R-
modules for a fixed ring R), is an abelian category. Thus, again, a product and coproduct
of finitely many objects A1, ..., A, are both the Cartesian product, and n-tuples are added
one coordinate at a time:

(a17-~-san)+(bls'-~sbn):(a1+b11'-'7an+bn)'

Because of this, the product/coproduct of finitely many abelian groups (or R-modules) is
denoted by

A1® - DA,

and is again called the biproduct.
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While the product of infinitely many abelian groups (or R-modules) A;, i € 1, is still
the Cartesian product, the coproduct, however, is given by the subset of systems (a;);cr
where for all but at most finitely many i’s, a; = 0. Because of that, the general product is
denoted by

4

iel

and called the direct product while the general coproduct is denoted by

EE:‘Ai or E{)‘Ai'

iel iel

and called the direct sum.
Abelian sheaves (i.e. sheaves of abelian groups) on a topological space X also form an
abelian category. In fact, the stalk

F = Fy
at a point x is left adjoint to pushforward via the inclusion
{x} - X.

The stalk is also an exact functor. A monomorphism of abelian sheaves is a morphism
which is a monomorphism on sections, which is equivalent to inducing monomorphisms
on stalks. An epimorphism of sheaves is a morphism which induces an epimorphism on
stalks (see Exercise 1).

We shall further elaborate on these points in Sect. 1 of Chap. 4 below.

2 Beginning Properties and Examples of Schemes
2.1 Connected, Irreducible, Reduced and Integral Schemes

Recall that a topological space is connected if it is not a union of two non-empty disjoint
open subsets. A scheme is connected if it is connected as a topological space.

Recall also that a topological space is irreducible if it is not a union of finitely many
closed subsets other than itself. A scheme is irreducible if it is irreducible as a topological
space.

A scheme X (or more generally a ringed space) is reduced if all the rings Ox (U) for
U C X open are reduced: A ring is reduced if it has no nilpotent element. An element x
of aring is nilpotent if x # 0 and x" = 0 forsomen € {2,3,...}.

A scheme is called integral if it is reduced and irreducible.
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2.2 Properties of Affine Schemes

It is now time to prove (1.3.1). Note that this statement is, in a way, analogous to the
statements of Sect. 1.3.2 of Chap. 1. There, the main tool was the Nullstellensatz. But we
do not have a Nullstellensatz for general rings. This is, in fact, the main reason why in
schemes, points are defined as prime ideals and not just maximal ideals! This is explained
by the following result:

2.2.1 Lemma Let I be an ideal in a commutative ring R. Then the radical /I is equal to
the intersection of all prime ideals containing I.

Proof Apply Lemma 4.3.3 of Chap. 1 to the ring R/I. O
2.2.2 Lemma [n an affine scheme Spec(R), the equality (1.3.1) holds.

Proof By definition of the structure sheaf of Spec(R) (i.e. the sheaf of regular functions),
we have a homomorphism of rings

r7'R = Ospectry(Ugr)- (2.2.1)

We first prove that (2.2.1) is injective. This says that for 0 % f € r~!R, there exists a
prime ideal p € U such that f # 0 € R),. To see this, let A be the annihilator of f
in 7~'R, i.e. the ideal of all s € R such that sf = 0. Then A # r~'R, and hence there
exists a maximal ideal m in r ~! R with f ¢ m. However, then m N R is a prime ideal in R,
proving what we need.

Now we prove that (2.2.1) is onto. To this end, note that without loss of generality,
r = 1 (since we may replace R by r~! R). Therefore, we must show that if open sets U;,
i € I, cover Spec(R), and there are elements g;, h; € R with i; # 0 on U; (meaning in
R, for all p € U;) such that

gi/hi=gj/hjonU;NU; (2.2.2)

then there is an f € R such that f is equal to g;/h; on every U;. First note that the
sets U; may as well be distinguished, and U; = Spec(R) ~ Z(h;). Next, we note that by
Lemma 2.2.1, there are some elements y; € R whose powers are divisible by #; and whose
sumis 1 € R. Thus, 1 is in fact a sum of finitely many such elements, and we may assume
I is finite, i.e., say, I = {1, ..., n}.

Next, we note that g;h; — g;h; is annihilated by some power of h;h; by the injectivity
part of our statement, and hence, by replacing each h; by its power, we may assume

gihj = gjhi foralli, j=1,...,n. (2.2.3)
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Next, by taking powers, we may assume y; = h;, i.e. there exist a; € R such that
arthy +---+ayh, =1.

Then we claim that the function
f=aigr+ - +angn

restricts to g;/h; on U;. In effect, without loss of generality, i = 1. Then compute by
(2.2.3),

fhi =aigihi +axgohi + -+ + angnh1 = a1g1hy + asgiha + - - + angihn = g1.

2.2.3 Theorem The mapping
R+ Spec(R) (2.2.4)

gives rise to a functor which defines an equivalence between the opposite of the category
of commutative rings and the category of affine schemes. Moreover, for a scheme X, the
functor

X > Spec(Ox(X)) (2.2.5)

is a left adjoint to the inclusion functor from the category of affine schemes to the category
of schemes.

Proof By Lemma 2.2.2, an inverse functor to (2.2.4) is defined by

X > Ox(X) (2.2.6)
for an affine scheme X. The two compositions of the functors thus defined are isomorphic
to the identity in an obvious way. However, we must prove that the isomorphisms are
natural. This follows on the side of commutative rings, but on the side of schemes, we

must prove that every morphism of schemes

f : Spec(R) — Spec(S)
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is induced by the homomorphism of rings 4 : S — R it specifies. The key point is to show
that for p € Spec(R),

f(p)=h""(p). (2.2.7)
To this end, we must remember that schemes form a full subcategory of locally ringed

spaces. Therefore, from the sheaf data, we obtain a diagram of the form

S > R

v v
St = Rp

where the vertical arrows are localizations. By universality of localization, the existence
of such a diagram implies f(p) 2 h~'(p). The requirement that the dotted arrow be a
morphism of local rings requires that this be an equality, thus proving (2.2.7). After this,
the fact that f coincides with the morphism induced by % on sheaf data follows from
Lemma 2.2.2.

To prove the adjunction, we must prove that for a general scheme X, specifying a
morphism of schemes

X + Spec(R) (2.2.8)
is naturally the same thing as specifying a homomorphism of rings

R — Ox(X). (2.2.9)
It is obvious by definition that (2.2.8) specifies (2.2.9). In the other direction, suppose
we are given (2.2.9) and an affine open set U < X. Then we obtain by composition a
homomorphism of rings

R — Ox(U),
and hence, by what we already proved, a morphism of schemes

Spec(U) — Spec(R).

It is easy to see that these morphisms glue to give a morphism (2.2.8), and that these

constructions are inverse to each other. (In fact, we shall study this principle in more detail
in Sect. 2.5.) |
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2.3 Open and Closed Subschemes

If F is a sheaf on a topological space X and j : U C X is the inclusion of an open set, then
the restriction F|y of the sheaf F to U is the sheaf on U defined by taking only the values
of F on open subsets of U. It is worth noting that j, is the right adjoint to restriction to an
open subset, but the restriction also has a left adjoint ji. If S is a sheaf of rings (or abelian
groups) on U, and V C X is an open subset, then

. S(WVyifvcu
MEW) = :0 otherwise.
The functor ji is called the extension by 0.

If X is a scheme and j : U C X is open, then U with the restriction of the structure
sheaf is called an open subscheme of X.

A closed immersion is a morphism of schemes f : Z — X which gives a
homeomorphism (see Sect. 2.2.1 of Chap. 1) from Z onto a closed subset of X with the
induced topology (this means that the open sets in Z are of the form U N Z where U is an
open set in X), such that the map of sheafs

¢:0x — f,Oz
is a onto (which means it is onto on stalks).

Two closed immersions f : Z — X, f' : Z' — X are called equivalent if there exists
an isomorphism of schemes which makes the following diagram commute:

w

~ X

v /J:

VA

V4

An equivalence class of closed immersions [ : Z — X is called a closed subscheme of
X.

2.3.1 Theorem A closed subscheme Z of an affine scheme Spec(R) is always of the form
Spec(R/I) for some ideal I in R.

Before proving the Theorem, let us state the following
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2.3.2 Lemma Suppose an affine scheme Spec(S) is a closed subscheme of an affine
scheme Spec(R). Then the corresponding homomorphism of rings R — S is onto.

Proof A morphism ¢ of sheaves of abelian groups (i.e. abelian sheaves) is by definition
onto if and only if it is onto on stalks (see Exercise 1). But this implies that for every section
s there is an open cover U; such that the restriction of s to each U is in the image of ¢. This
implies that under our assumptions, for every s € S, there are finitely many f1, ... f, € R
such that the ideal in R generated by f1, ..., f, is R, i.e. there exist elements ¢; € R with

ajfi+---+anfn =1,

and if we denote by ¥ : R — S the homomorphism of rings realizing the closed
immersion Spec(S) € Spec(R), then s € ffls = Y (r;) for some r; € fflR. By
replacing f; by its power, if necessary, we may assume without loss of generality that then

fis =¥ (ri)
for some r; € R. Then
s=Y(airy + -+ apry).
]

Proof of Theorem 2.3.1. Z is covered by open affine subschemes V; = Spec(S;). This
means that V; = U; N Z where V; are open subsets of Spec(R). Every V; is covered by
distinguished open subsets U; = Spec(f jfl R), of which we may choose finitely many to
cover V;, as in the proof of Lemma 2.2.2. Take all the U;’s together with an open cover
of Spec(R) \ Z by distinguished open sets. Again, we can choose finitely many, as in
the proof of Lemma 2.2.2. Therefore, without loss of generality, we have a finite cover
Ui, ..., Uy of Spec(R) such that every intersection U; N Z is an affine open set in Z.
(Note that if U; N Z C V;, then U; N Z = Spec(fjfls,-).)

Now this means that there exist finitely many elements f; € Oz(Z) such that the
sets Uj N Z = Z ~ Z(f;) are affine and the ideal generated by the f;’s in Oz(Z) is
Oz(Z). This implies that Z is affine (one shows that the unit of the adjunction morphism
Z — Spec(Oz(Z)) is an isomorphism). By Lemma 2.3.2, then, Oz (Z) is a factor ring of
R. ]
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2.4 Limits of Schemes

2.4.1 Theorem A diagram of schemes

f (2.4.1)

has a limit denoted by X xz Y. (Recall that this limit is called a pullback.)
We will return to this statement at the end of the next subsection, after discussing some

preliminary facts.
Recall that the limit of a diagram

X Y

with no morphisms is called the product. In the category of sets, the product is the
Cartesian product

XxY={x,y)|xeX,yeY}.
The pullback of sets, i.e. the limit of a diagram of the form (2.4.1), is
XxzY={x,y)|xeX,ye?, f(x) =g}
We have a “forgetful” functor
U : Schemes — Sets

But the forgetful functor from schemes to sets does not preserve the pullback (or even the
product)!

Recall that the category of affine schemes is equivalent to the opposite category of the
category of commutative rings. Furthermore, the inclusion functor from affine schemes to
schemes is right adjoint to the functor

X = Spec(Ox(X)).

So the inclusion functor from affine schemes to schemes preserves limits, and limits of
affine schemes are Spec of colimits of the corresponding commutative rings.
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The coproduct of commutative rings R, S is R® § = R ®z S. (To see this, recall
that the operations in a ring R can be characterized as homomorphisms of abelian groups
prod : R ®z R — R, unit : Z — R and that the associativity, commutativity and unit
axioms can be characterized as commutative diagrams: Associativity is

prod®Ild
R®RQ®R > R®R
Id®prod prod
\ v
R®R > R,
prod
commutativity is
T
R®R > R®R
pk Ad
Rv

where T switches the factors of the tensor product, the left unit is

R ~7Q®R

\ n®ld
prod \

R®R

and the right unit is analogous. The uniton R ® S is 1 ® 1, or, in the above notation, n ® 1,
and the product is

(RS ®RQS)

1d®T®I1d
\

R®R®®S®S

prod®prod
\

R®S.
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So for homomorphisms of commutative rings R — Q, S — Q, the bilinearity test gives
a unique homomorphism of abelian groups R ® S — Q, and one checks that it is a
homomorphism of commutative rings.)

So in the category of affine schemes (and hence schemes)

Spec(R) x Spec(S) = Spec(R® S). 24.2)

More generally, the pushout of a diagram of commutative rings of the form

S > R

v
R,

is R1 ®g Ry. Therefore, in the category of schemes,
Spec(R1) Xspec(s) Spec(Ry) = Spec(R1 ®s Ra).

Now contemplate the fact that this is completely different from the underlying sets.

For example, in (2.4.2), let R = Z[x], S = Z[y], so R ® S = Z[x, y]. A prime ideal
in Z[x, y] can be for example a principal ideal generated by an irreducible polynomial
(because Z[x, y] is a unique factorization domain), for example, (x 4 y). This has nothing
to do with a pair of prime ideals in Z[x] and Z[y].

More strangely still, recall that the characteristic of a field is the smallest positive
number p such that

T4 1=0;

p times

it is always a prime number. If such a p does not exist, we say the characteristic is 0. If
E, F are two fields of different positive characteristics, then E ® F = (0 because we are
forcing p - 1 = g - 1 = 0 for two different primes p, g. This means that in the category of
schemes,

Spec(E) x Spec(F) = 0.

(This is also true when the two fields have different characteristics, one of which is 0.)

In schemes, the terminal object is Spec(Z). This is because this is true in affine
schemes, since in commutative rings, the initial object is Z; the unique morphisms of
the open affine subschemes of a scheme into Spec(Z) are compatible. Recall that as a set,
Spec(Z) ={(0), (2), (3), (5, (D, (A1), ... }.
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2.5 Gluing of Schemes: Colimits

Let X be a scheme. Recall that an open subscheme of X is just an open subset U C
X where the structure sheaf on U is the restriction of the structure sheaf on X (i.e. the
structure sheaf of X only applied to open subsets of U). This is always a scheme because
an open subset of an affine scheme Spec(R) is always a union of affine open subsets of
the form Spec(f~'R) for some choices of f € R.

When U and V are schemes and W is an open subscheme of U and W’ is an open
subscheme of V and we have an isomorphism of schemes ¢ : W = W’ then we have a
pushout X of the diagram

where the horizontal arrow is the inclusion and the vertical arrow is the inclusion composed
with ¢. As a set, X is the pushout of the sets U and V (disjoint union with the subsets
W, W’ identified). A subset of X is open if its intersection with U is open in U and its
intersection with V is open in V. The ring of sections of the structure sheaf of X on subsets
of U or V are the rings of sections of the corresponding structure sheaves, and we can use
gluing property of the sheaf to figure out the ring of sections on any open set of X by
intersecting it with U, V, U N V.

More generally, if U; are schemes which have open subschemes U;;, i € I, and we
have isomorphisms of schemes ¢;; : U;; — Uj; such that ¢;; = Idy, and ¢;; = ¢j7.1 and
furthermore there is an isomorphism of schemes

Giji - Uij N Uik = Uji N Uji
which is a restriction of ¢;; such that the diagrams

bijk
Uij N Uik > Uji NUjx

Pk /
4 O jki

Uri N Uy
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then there is a colimit X of the diagram of schemes

whose underlying topological space is the corresponding colimit of topological spaces etc.
We say that X is glued from U;, i € I.

In particular, we have a disjoint union | [ X; of any set of schemes X; whose underlying
topological space is the disjoint union of the topological spaces X;.

One uses this construction to prove Theorem 2.4.1. One glues X xz Y from
Spec(R1) X spec(s) Spec(Rz) where Spec(R1), Spec(R3), Spec(S) are open affine subsets
of X, Y, Z where Spec(R;) map to Spec(S) under the given maps. (See Exercise 21.)

One can show similarly that any finite diagram of schemes has a limit. (Actually, this
is formal. Any category which has pullbacks and a terminal object has finite limits—see
Exercise 22.) However, infinite diagrams of schemes may not have limits!

2.6 A Diagram of Schemes Which Does Not Have a Limit

Recall the one-dimensional projective space IP’}C. We will soon describe how to define
projective schemes in general. For now, we can describe P}C as a scheme as the colimit
(pushout) of the diagram

f
Spec((C[x,x_l]) > Spec(C[x])

. (2.6.1)

v
Spec(Clyl)
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where f is given by x — x, and g is given by y > x~!. (Think of ]P’(%: as a complex line
with a point at 0o.)

2.6.1 Theorem Consider the diagram D:

1
P(C

P<1C > Spec(C)

with countably many copies of P(lc. Then there does not exist

lim D (2.6.2)

in the category of schemes.
Proof Let A = Spec(C[x]), B = Spec(C[y]). Let D; be the diagram

A

A > Spec(C)
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and let D, be the diagram

B > Spec(C).

Then D; and D; are diagrams of affine schemes, so

lim Dy = Spec(Cl[xy, x2,...]), lim Dy = Spec(Cly1, y2,...]). (2.6.3)

But recall that any non-empty Zariski open subset of Spec(R) contains Spec(f~'R) for
some f € R (not nilpotent), and any polynomial f can only contain finitely many of the
variables x; or y;. This means that open subsets of the limits (2.6.3) contain open sets of
the form

U=U X Spec(C) A X Spec(C) x A X Spec(C) - -+ >

<

=V X Spec(C) B X Spec(C) xB X Spec(C) -+ -+

Now there are natural transformations from the diagrams D;, i = 1,2 to D given by the
inclusions A C PL, B c PL, which induce morphisms

¢ :lim D; — lim D,
Y :lim Dy — lim D.

This implies that ¢~ (W) contains a set of the form U and ¥~ (W) contains a set of the
form V as above. This implies that W must contain a set of the form

[P} X - X {Pyet} X Ph X {Pry1} x ...



2 Beginning Properties and Examples of Schemes 83

for some closed points P; € IP’(}:. But this is impossible because there is no non-trivial
morphism of schemes from IP’(}: to an affine scheme over Spec(C). (See, for example,
Exercise 27.) |

2.7 Proj Schemes

In the beginning of the last example, we noted that we should define a scheme analogue of
projective varieties. This can be done very generally. In algebraic geometry, a graded ring
is a commutative ring R where, as abelian groups,

R = @ R,.
)

nef0,1,2,...

(Here recall that € is the coproduct of abelian groups, i.e. the colimit of a diagram with
no arrows. It is like the Cartesian product [ [, except we only allow elements which have
at most finitely many non-zero coordinates.) The elements of the abelian groups R, are
called homogeneous elements of R of degree n. It is required thatif z € R,,, t € R,, then
7t € Ryqn.

A typical example of a graded ring is the ring of polynomials

ZIx1, ..., Xk].

Then homogeneous elements of degree n are simply homogeneous polynomials in the
variables xi, ..., xx of degree n. A homogeneous ideal I of a graded ring is an ideal
generated by homogeneous elements. Then R/ is also a graded ring where a coset x + [
for a homogeneous element x € R, is homogeneous of degree n.

A graded ring always has the ideal

Ry =R

n>0

This is called the augmentation ideal. Now for a graded ring R, we define the scheme
Proj(R). As aset, Proj(R) is the set of all homogeneous prime ideals in R which do not
contain Ry . The Zariski topology on Proj(R) has closed sets

Z(I) ={p € Proj(R) | I < p}

for homogeneous ideals 1. Let Uy = Proj(R) \ Z(I).
We have distinguished open sets

Uiy = Proj(R) N Z(f)
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for a homogeneous element f € R (i.e. Proj(R) . Z(I) where [ is a principal ideal).
Now one can define a structure sheaf on Proj (R) by requiring that

Uiy = Spec((R(f))o)- (2.7.1)

where the subscript 0 on the right hand side means the subring of elements of degree 0.
Since the sets U sy form a basis of topology, one can define sections on any other open set
by gluing. (See Exercise 24.)

More concretely, for any Zariski open set U € Proj(R), Ospec(r)(U) is canonically
isomorphic to the ring of all functions

0= ][ R (2.7.2)

peProj(R)

such that f(p) € (Rp)o and every point p € U is contained in an open subset V C U and
there exists an n and elements g, h € R, where for every g € V, we have i ¢ g and

Jfq= i € (Ry)o. (2.7.3)

(Note: Again, in this notation, we use the same symbol for an element of R and its image
in R;. In (2.7.3), f; means the g’th coordinate of f in the product (2.7.2).)

Note that (2.7.1) also implies that this is a locally ringed space and that every point is
contained in an open subset isomorphic to an affine scheme. Thus, Proj(R) is a scheme.
In particular, for f € R homogeneous, note that Ucsy € Proj(R) is isomorphic to an
affine scheme.

2.8 The Affine and Projective Space Over a Scheme: Projective
Schemes

When discussing varieties in Chap. 1, we used the affine space over C. It can be realized
in schemes as

AL = Spec(Clxy, ..., x4)).
(Of course, considered as a scheme, A% has more points; in Chap. 1 we only considered
closed points.)

However, in schemes, the most universal affine space is over Z:

Ay = Spec(Z[xy, ..., x4)).
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We have

so we have
¢ = Ay x Spec(C).
For a general scheme S, we then put
s =A7 xS.
This is important because the product comes with a projection
T=A7 xS —>S.

(Of course, this is true of the categorical product in any category.) More generally, a
scheme X with a morphism

X—S

is called a scheme over S. So, A’ is an example of a scheme over S. Later, many concepts
for schemes will actually be defined for morphisms of schemes, i.e. for schemes over
another scheme. This is called the relative approach to concepts in algebraic geometry.

Another example of a scheme over § is the projective space over S. Again, we start
with the projective space over Z:

7 = Proj(Zlxo, ..., xp))
where Z[xo, ..., x,] is considered to be a graded ring where x, ..., x, have degree 1.
Recall that the extra variable also came up when we treated the projective space over C as
a variety. In fact, if we see that
Ut = (5 Zlxo, -+ xa 1o
(the subscript means elements of degree 0). But note that
(xO_IZ[xo, e XnDo E Zxy, ... xp)

where the isomorphism is

xo—> 1, x; > x;fori=1,...,n.
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Thus, we see that in ]P’%,
~ n
Utro) = Az
Now we can define the n-dimensional projective space over a scheme S by
'« =Py x S.

It is customary to use the term projective scheme over S for a closed subscheme of .
Note that from this point of view, the construction in Sect. 2.7 is simultaneously more,
and also less, general: For an arbitrary scheme S, P’ certainly may not be isomorphic
to Proj(R) for a graded ring R. On the other hand, Proj(R) may not, in general, be
isomorphic to a closed subset of ]P’@p ec(Ro)"

It is true however that if a graded ring R is generated, as a ring, by finitely many
elements rg, ..., r, € Ry, then Proj(R) is a closed subscheme of

Pg'pec(RO) = Proj(Rolxo, - .., xn]),
by sending
xit—>ri, i=0,...,n.

Thus, in this case, Proj(R) is a projective scheme over Spec(Ryp).

It is not difficult to see that all the theory of varieties as discussed in Chap. 1 can be
completely described within the theory of schemes. It follows directly from Theorem 2.2.3
that the category of affine varieties as described in Chap. 1 is equivalent to the full
subcategory of the category of schemes over Spec(C) on closed integral subschemes of
the affine spaces A’;p ec(C)* As already noted, the affine scheme actually has more points
than the variety as considered in Chap. 1, because the points correspond to prime and not
just maximal ideals. In fact, maximal ideals correspond exactly to closed points. However,
in this case, all the information about the prime ideals can be recovered from the maximal
ideals by the Nullstellensatz. Similar observations also extend to the projective, quasi-
affine and quasi-projective varieties considered in Chap. 1. (See Exercise 27.)

3 Finiteness Properties of Schemes and Morphisms of Schemes
3.1 Quasicompactness
At this point, we must remind ourselves of the fact that in analysis, we usually do not study

the Zariski topology. A typical example of the topology we study in analysis is the analytic
topology on R”" (here by R", we mean simply the set of all n-tuples of real numbers). On
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R", we have a notion of distance

KL s ), O o) = 61— 902 - (o — 32,

A set U is open in the analytic topology when for every z € U, there exists a § > 0 where
for every t € R" with p(z,t) < §, we have r € U. (This means, with every point z, the set
U also contains all points near z.)

There is a notion of compactness of topological spaces, which is very important in the
analytic topology:

3.1.1 Definition A topological space X is compact if whenever

X:UU,'

iel

where U; are open subsets of X, there exists a finite subset /' € [ such that

X:UUi.

ieF

In other words, we say that a topological space X is compact if every open cover of X
has a finite sub-cover.

Compactness captures a very specific and important property of certain spaces. For
example, in the analytic topology on R, one can show that a closed interval [a, b] is
compact, but an open interval (a, b) or a half-open interval [a, b) is not for a < b. Note
that in the analytic topology, R itself is homeomorphic to (0, 1), and hence is not compact,
even though it is, of course, embedded as a closed subset of, say, R2 with the induced
topology.

But now let us remember that the topology of schemes is different in that the Zariski
topology has “far fewer open sets” (the quotation marks signify that this statement is
imprecise, since even the sets of points are different in schemes from the points considered
in classical analysis). The notion of compactness behaves differently in spaces with “very
few open sets.” Because of this, some literature sources call the property of Definition 3.1.1
quasi-compactness, reserving the term compact for spaces which have “enough open sets”
in the sense that any two distinct points are separated by disjoint open sets. (This is called
the Hausdorff property; it will be studied in more detail in Sect. 1.1 of Chap. 3.) The term
quasi-compactness for the property of Definition 3.1.1 became established in algebraic
geometry, where the topology of most schemes is not Hausdorff.

Another point is that the category of schemes also has “far fewer morphisms” than
the category of spaces, so quasi-compactness of schemes is, in a sense, an even weaker
property than quasi-compactness in the category of all (not necessarily Hausdorff) spaces.
In schemes, the appropriate analog of quasi-compactness in the category of spaces
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is the concept of being universally closed, and the appropriate analog of compact
Hausdorff spaces are proper schemes. For a discussion of these concepts, see Sect. 2 of
Chap. 3. Quasi-compactness in the category of schemes is important, but has a different
significance, as illustrated by the following fact.

3.1.2 Theorem Every affine scheme X is quasi-compact.

Proof Roughly, this is due to the fact that a linear combination of a set of generators
is always a linear combination of a finite subset, which we already used in our proof of
Lemma 2.2.2 and also Theorem 2.3.1. Let us recast the argument in terms of the quasi-
compactness property we now introduced:

We have X = Spec(R) for some commutative ring R. Suppose

Spec(R) = | J Ui (3.1.1)

iel

where U; are Zariski open. But recall that every Zariski open set is a union of distinguished
open sets, which are sets of the form

Uiy = Spec(R) ~ Z(f)
where
Z(f) ={p € Spec(R) | f € p}.
Thus, we may assume that the sets U; are distinguished,
Ui =Ugy, fi €R.
Then (3.1.1) is equivalent to

W=(\Z(fd=2ZfilieD.

iel

This means that the ideal (f; | i € I) is not contained in any prime ideal. But every ideal,
other than R itself, is contained in a maximal ideal, which is prime. This means that

(filiel) =R,

which is equivalent to saying that 1 is a linear combination of the f;’s. But only finitely
many f;’s, say, fori € F C [ finite, are involved in this linear combination. This
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means that
W= ()2(f)=Z(filieF)
ieF
and hence
Spec(R) = | J Ui,
ieF
which is what we were trying to prove. O

An example of a scheme which is not quasi-compact is

]_[ Spec(Z)

iel

for any [/ infinite.

3.2 Noetherian Schemes

Let us recall that a (commutative) ring R is called Noetherian if every ideal I C R is
finitely generated. This means that there exist elements rq, ..., rx € R such that

I=(@r1,...,11).

(Recall that the right hand side consists of all linear combinations of the elements
ri, ..., rr with coefficients in R.) Hilbert’s basis theorem tells us that if R is Noetherian,
then the ring R[x] of polynomials in one variable with coefficients in R is Noetherian
(Theorem 4.2.1 of Chap. 1). Therefore, the polynomial rings

Z[-xlv MR xm]
or

Flxi,...,xn]
where F is a field are Noetherian. A polynomial ring over Z with infinitely many variables

Zlxy, x2, %3, ... ]

is not Noetherian.



90 2 Schemes

The point of the notion of Noetherian rings is that it is a finiteness property which
is weaker than being finitely generated as a ring. Recall that a ring R is generated by

elements ry, ..., r; if R is equal to the set of all polynomials with coefficients in Z in
the generators rq, ...r,. This does not mean that R = Z[ry, ..., r¢], but it means that
R =7Z[ry, ..., r]/I for some ideal /. Since the property of being Noetherian passes from

a ring to its factor rings, a finitely generated ring is always Noetherian, but not vice versa:
an example of a Noetherian ring which is not finitely generated is Q, or Z,) (the set of all
rational numbers whose denominators are not divisible by p).

3.2.1 Definition A scheme X is Noetherian if X is a union of finitely many affine open
sets Vi, ..., Vi, Vi = Spec(R;), where all the rings Ry, ..., R, are Noetherian.

3.2.2 Lemma Every Noetherian scheme X is quasi-compact.

Proof Every affine scheme is quasicompact by Theorem 3.1.2. Let X = VU --- UV,
where Vi, ..., V), are affine. Now let

X:UU,'

iel

for U; open. Then U; N V; is openin V; and

Vi= U,‘e[(Ui nvy,

Vi = Ui, (Ui N V).

Since V; is quasicompact, there exists a finite subset F; C I such that

vi=Jwinvy.

i€F;

Then, since U; 2 U; NV,

X = U U;.

ieFiU---UF,

In fact, in the same way, one can prove the following

3.2.3 Corollary A scheme X is quasi-compact if and only if it is a union of finitely many
open affine subsets.
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Proof Exercise 28. O
Maybe surprisingly, the following is harder:

3.24 Lemma An affine scheme X = Spec(R) is Noetherian if and only if the ring R is
Noetherian.

Proof 1f the ring R is Noetherian, then, by definition, the scheme X is Noetherian. Assume
conversely that X is a Noetherian scheme. Then X = V; U --- U V,, where V; are open
subsets which are isomorphic to affine schemes. We are not a priori guaranteed that V; are
distinguished open subset, i.e. that

Vi = Spec(f,'R), for some f; € R. (3.2.1)
However, every open set is a union of distinguished open sets, and the open subsets V; are
affine therefore quasi-compact, so we can make each of those unions finite. Note that if
Vi = Spec(R;) then

Spec(f~'R) N V; = Spec(f~'Ry)

is also distinguished in V; and hence f ’IR,- is Noetherian. Therefore, (3.2.1) can be
assumed without loss of generality, after all. Now the fact that

n
Spec(R) =) Vi
i=1

means, on the level of rings, that the ideal (f1, ..., f») in R is R itself, which means that
l=aifi+---+a,f, forsomea; € R. (3.2.2)

Now let I be an ideal in R. Since fi_lR is Noetherian, the ideal fl._ll in fi_lR is finitely
generated, say, by elementsr; 1, ..., ri ;. Since f; is invertible (has a reciprocal) in fi_1 R,
we may assume without loss of generality that r; ; € R.

We claim that the ideal / is generated by the finitely many elements r; ;. Indeed, let

x € I. Then, in fflR, x is a linear combination of the elements 7; 1, ..., rj ;. Note that
the coefficients may have denominators which are powers of f;. Therefore, after clearing
denominators, this is telling us that fl.N"x is a linear combination of r; 1, ..., 7k in R.

But (fiN")_1 R = fl._lR, so we may replace f; by fiN". Thus, without loss of generality,
N; = 1,1.e.in R we have

fix =biaria+ -+ bigrik, bij€R.
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Then using (3.2.2),

n
Xx=arfix+-+anfox =Y aibirrii+ -+ bikrix),

i=1

which is a linear combination of the r; ;’s with coefficients in R, as claimed. O

Recall that a commutative ring R is Noetherian if and only if it satisfies the ascending
chain condition (ACC) with respect to ideals. Now by contravariance, an affine scheme X
is Noetherian if and only if it satisfies the descending chain condition (DCC) for closed
subschemes. By this we mean that there do not exist closed immersions

Zl(—Zz<—---<—Zn<—... (323)
of closed subschemes of X none of which are isomorphisms.

3.2.5 Lemma If a scheme X is Noetherian, then it satisfies the DCC for closed sub-
schemes.

Proof Suppose X is Noetherian. Then it is covered by finitely many open affine Uy, ... Ui
which are Noetherian, and hence satisfy the DCC with respect to closed subschemes. If
we had a chain of closed subschemes (3.2.3) in X, then at least for one U;, Z, N U;
(interpreted as a pullback) would form an infinite chain of decreasing closed subschemes in
U;, which is a contradiction. (Note carefully that some of the closed immersions Z, \U; <«
Zn+1 N U; can be isomorphisms, but for some i = 1, ..., k, there will be infinitely many
non-isomorphisms among them.)

0

3.2.6 Lemma [f X is a Noetherian scheme, then every open subscheme U C X and every
closed subscheme Z C X are Noetherian.

Proof Let X be covered by finitely many affine open Noetherian subschemes U;. For a
closed subscheme Z, we can just cover Z by U; N Z (interpreted as a pullback), and use
Theorem 2.3.1.

For an open subscheme U C X, the subschemes U N U; are then covered by
distinguished open subsets U;; of U;, which are Noetherian. However, U; must then be
covered by finitely many Uj;’s, since otherwise ACC on open subsets of X would be
violated. This would imply a violation of DCC on closed subsets of X, and hence closed
subschemes of X (since with every closed subset we can associate a unique reduced
closed subscheme—Exercise 15). This would contradict Lemma 3.2.5. Thus, U N U; are
Noetherian, and hence so is U.

O
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33 Morphisms Locally of Finite Type and Morphisms of Finite Type

A morphism of schemes f : X — Y is called locally of finite type if Y is covered by open
affine subsets U; = Spec(A;), i € I, such that for every i € I, f_l(U,-) is covered by
open affine subsets V; ; = Spec(B, ), j € J; where the corresponding homomorphism of
rings A; — B, j makes B ; afinitely generated A;-algebra (this means that every element
of B; j can be expressed as a polynomial, with coefficients in A;, of finitely many given
elements in B;;). The morphism f is called offinite type if the sets J;,i € I, can be chosen
to be finite.

As already mentioned, when we have a morphism of schemes f : X — Y, we also
sometimes refer to X as a scheme over Y. If the morphism f is of finite type, we say that
the scheme X is of finite type over Y. A scheme is of finite type if it is of finite type over
Spec(Z). Similarly for locally finite type.

For example, the projection Ay — S for any scheme S is of finite type: without loss
of generality, S is affine, say, S = Spec(R). Then A% = Spec(R[x1, ..., x,]) which is
generated by the finitely many elements xq, ..., x;.

Similarly, the projective space s — S is of finite type over S. Again, without loss
of generality, S = Spec(R) is affine. Then Py is covered by the finitely many sets
Spec((x; IR[xo, ..»Xn]o). (Recall from Sect. 2.8 that the subscript 0 means the subring
of elements of degree 0.)

A closed subscheme of a scheme S (see Sect. 2.3) is always of finite type over S. Again,
without loss of generality, S = Spec(R) is affine. Then closed subschemes are of the form
Spec(R/I) for anideal I. R/I is generated by the empty set as an algebra over R.

An open subscheme of a scheme § is always locally of finite type over S. Again,
without loss of generality, S = Spec(R) is affine. Then every open subset is a union
of distinguished open subsets Spec( fflR). The ring fflR is generated by the single
element

as an R-algebra.

An open affine subscheme U of an affine scheme S is of finite type over S. This is
because an affine scheme is quasi-compact, so when U is affine, we can find a finite
subcover of the cover of U by distinguished open sets in S.

The morphism from a disjoint union of infinitely many copies of a scheme Spec(Z) to
Spec(Z) is locally of finite type but not of finite type.

A composition of two morphisms locally of finite type is locally of finite type, and a
composition of two morphisms of finite type is of finite type. Therefore, for example, a
closed subscheme of an affine space over S is always of finite type over S.

The morphism of schemes

Spec(Q) — Spec(Z)
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(given by the inclusion Z C Q) is not locally of finite type. This is because Z is a principal
ideal domain, which means that every ideal is principal, so every open set in Spec(Z) is
distinguished, of the form Spec(n~!Z). But Q is not generated by finitely many elements
as an algebra over n~!Z. This is because Q can have any nonzero integer as a denominator,
and there are infinitely many primes.

34 Finite Morphisms

A morphism of schemes f : X — Y is called finite if for every Spec(R) = U C Y
affine open, Spec(S) = f~1(U) is affine (it is automatically open) and the corresponding
homomorphism of rings R — S makes S into a finitely generated R- module.

One can show that if X = Spec(S), Y = Spec(R), this is equivalent to the homomor-
phism of rings R — S making S a finitely generated R-module. (See Exercise 37.)

Note: this is a much stronger property than finite type. Essentially, we should think of
X “covering Y with finitely many sheets,” but that is a bit oversimplified. Let us give some
examples:

Consider the morphism

f: X = Spec(C[x]) — Spec(Cly]) =Y 341

given by y = x2. Note that both X and Y are isomorphic to A(lc. This is a morphism of
affine schemes. The corresponding homomorphism of rings is C[y] — C[x] which sends
yto x2. This makes C[x] a finitely generated module over C[y] where the generators are 1
and x: any polynomial over x can be grouped into a sum of monomials with even powers
of x, which is in C[x?2], and odd powers of x, which is in x - C[x2]. So (3.4.1) is a finite
morphism of schemes.

Note that if we imagine A(}: as a complex number line, then every element has two
square roots except 0. This means that the morphism f has “two sheets,” but they merge
to one sheet at 0. So this singularity does not spoil finiteness.

Now consider in Aé: the distinguished set

AL {0} = Spec(Clx]) \ Z(x).
The inclusion
Spec(x_l(C[x]) — Spec(C[x]) (3.4.2)
can be written as Spec of the inclusion of rings

Clx] c x~'CLx].
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Note that the ring x ~!C[x] is the ring of “finite Laurent series,” which means they are
linear combinations, with coefficients in C, of powers x” where n € Z (i.e. negative powers
of x are allowed). Since there are infinitely many negative powers, this is not finitely
generated as a C[x]-module. So the morphism of schemes (3.4.2) is not finite.

Now consider the projection

AZ — AL (3.4.3)
to the first coordinate. This can be written as Spec of the inclusion of rings
C[x] — Clx, y].

If we put R = C[x], we can write C[x, y] = R[y], i.e. polynomials in the variable y with
coefficients in C[x]. Again, there are infinitely many powers of y, so this is not finitely
generated as a C[x]-module.

Finally, consider the morphism

PL — Spec(C). (3.4.4)

This is not finite either, since Spec(C) only has one non-empty affine subset (itself), and
its inverse image is not finite!

Note that all the examples of morphisms of schemes given in this subsection, including
the ones which were not finite, are of finite type.

4 Exercises

1. (a) Prove that for two morphisms ¢, ¢ : F — G of sheaves of sets on a topological
space X, ¢ = v if and only if ¢ and i induce the same maps on stalks.
(b) Deduce that a morphism of sheaves of sets or abelian sheaves on X is an
epimorphism if and only if it is onto on stalks.

2. Let R be a local ring with maximal ideal m, and S be a local ring with maximal ideal
n.Let f : R — S be a homomorphism of rings. Prove that f~!(n) = m if and only if
f(m) € n. (Then we say that f is a morphism of local rings.)

3. Prove that a localization of commutative rings R — S~ R where S is a multiplicative
set is an epimorphism of rings.

4. Prove that in a pre-additive category, for objects A, B, C and morphisms
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suchthat poi = Ids,qo j = 1dp,iop+ joqg = Idc, the object C is a biproduct
of the objects A and B.

. Let R be the ring of all complex polynomials f in one variable such that f(0) = f(1).

Prove that R is a finitely generated C-algebra, and thus, Spec(R) is a scheme of finite
type over Spec(C). Give a presentation of the C-algebra R in terms of (finitely many)
generators and defining relations. Describe Spec(R) explicitly as a topological space.
[Look for an infinite, but good, basis of R as a C-vector space first.]

. In the setup of Exercise 5, consider the morphism 4 : A}S‘pec(({:) — Spec(R) given by

the embedding of C-algebras R C Cl[x]. Prove that this morphism is a coequalizer of
the embeddings Spec(C) — A.lgpec((c) given by the maps of rings x > 0 and x > 1
in the category of affine schemes.

. Is the morphism / considered in Exercise 6 of finite type? Is it finite?
. Let P € Spec(R) be the image of the point Q1 = (x) (or, equivalently, Q7 = (x — 1))

in A}? pec(C)* Prove that the homomorphism % restricts to an isomorphism of open affine
subschemes

B A}spec((:) ~{Q1, Q2} — Spec(R) ~ {P}.

. Let S be the ring of rational functions of the form f(x) = p(x)/(x — 2)" where p

is a polynomial, such that f(0) = f(1). Consider the morphism g : Spec(S) —
Spec(R) given by the inclusion of rings R C S. Prove that the image U of g is an
open subscheme of Spec(R), but that g : Spec(S) — U is not an isomorphism of
schemes. Is U affine?

Let Q3 = (x —2) € C[x] and let

k: A.lgpec((f:) ~ {03} = Spec(S)

be the morphism of affine schemes given by inclusion of rings. Let P € Spec(S) =
k(P1) = k(P>) (see Exercise 8). Prove that k restricts to an isomorphism of schemes

k: A.lS‘pec((C) N {Q1, 02, O3} — Spec(S) \ {P}.

Now let X be the pushout of the diagram

C
Afpeey N 101,02, 031 = Ay o) N (01, 02}

COE
\
Spec(S)
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11.

12.

13.

14.

15.

16.

17.

in the category of schemes (see Sect. 2.5). Then we have a pushout morphism ¢ :
X — Spec(R).1s ¢ an isomorphism of schemes? Is X affine?

Let R be the ring of pairs of polynomials (f, g) in one variable with coefficients in C
satisfying f(0) = g(0). Prove that R = C[x, y]/(xy). Is Spec(R) a pushout of two
copies of the inclusion Spec(C) — A.lgpec((c) given by x +— 0?

Consider the setup of Exercise 11. Consider the morphism

h: Ag,,ec(c) — Spec(R)

given by the embedding of C-algebras R C C[x]. Is this morphism a coequalizer of
the embeddings Spec(C) — A.lS'pec(C) given by the maps of rings x > Oand x — 1
in the category of

(i) affine schemes
(ii) schemes?

[Investigate, again, what happens to the construction when you remove finitely

many closed points from the affine lines to be glued.]
Prove that for a non-empty scheme X, the following are equivalent:

(i) X is integral

(i) Ox(U) is an integral domain for all U € X non-empty open affine
(iii) Ox(U) is an integral domain for all U € X open.
Let Y be a scheme. The category of schemes over Y has morphisms of schemes X —
Y as objects, and commutative diagrams

X1 > X7

NS

Y

as morphisms. Prove that the category of schemes over Y has finite limits.

Give an example of two non-isomorphic closed subschemes of the same scheme X

which have the same points. Prove that for a given closed subset S of a scheme X,

there exists a unique reduced closed subscheme of X whose set of points is S.

Consider a countable infinite coproduct X of copies of Spec(Z) in the category of

schemes.

(a) Is X (isomorphic to) an affine scheme?

(b) Is X of finite type over Spec(Z)?

(a) Prove that a scheme X is reduced if and only if the ring Ox (U) is reduced for
every U open affine.

(b) Prove that a scheme X is reduced if and only if the stalks of the structure sheaf
Oy are reduced rings.
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18.

19.

20.

21.
22.
23.

24,

25.

26.

27.

28.
29.
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Is every reduced scheme which has only one point isomorphic to Spec(k) for some
field k?

Is the forgetful functor from the category of schemes to the category of topological
spaces (a) a right adjoint? (b) a left adjoint?

Do there exist non-empty schemes X, Y such that there is no morphism of schemes
X — Y or Y — X and the underlying space of the product of X and Y is the product
of the underlying spaces of X and Y'?

Using gluing, finish the proof that the category of schemes has pullbacks.

Prove that any category which has pullbacks and a terminal object has finite limits.
Prove that if f : X — Y is a closed immersion of schemes and g : Z — Y is any
morphism of schemes, then f xy Z : X xy Z — Z is a closed immersion.

Prove that for a graded ring R and homogeneous elements f € R, g € R,,

(f9) "R = &/ (f " R)o)o.

Use this to fill in the details in the definition of Proj(R).
Let R be a commutative ring. The scheme

Pg(ao, ..., an)
defined as Proj(R[xo, ..., x,]) where x; is homogeneous of degree a; € N is called
a weighted projective space.
(a) Prove that the scheme Pg(dag,dai,...,da,) is isomorphic to the scheme
Pg(ao, a1, . .., ay) for any natural number d.

(b) Prove that Pc (2, 3, 5) is not isomorphic to a projective space over C.

Prove that an integral closed subscheme of Alz is either an integral closed subscheme
of the closed subscheme Aépec(Fp) C AIZ (where IF, is the finite field with p elements)
or the closure of an integral closed subscheme of the subscheme A}?p ec@ C Alz.
[Recall Sect. 4.2 of Chap. 1.] Is an analogous statement true with A! replaced by P1?
Prove that the category of quasiprojective varieties over C considered in Chap. 1 is
equivalent to the full subcategory of the category of schemes X — Spec(C) over
Spec(C) where X is an open subscheme of an integral closed subscheme of ]P)gpec((f:)
for some n € Ny.

Prove Corollary 3.2.3.

(The Segre embedding) Let o : P77 x Py, — Pg, N =m+ 1)(n+ 1) — 1, be the
morphism of schemes where the projective coordinates of the target are x;y; where
X0, ..., Xm are the projective coordinates of ]P”% and yo, ..., y, are the projective
coordinates of ;. Prove that the image is a closed subscheme Z C ]P’% and that o
restricts to an isomorphism of the source to Z. Conclude that a product over a scheme
S of two projective schemes over S is projective over S.
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30.

31.

32.

33.
34.

35.

36.
37.

38.

Let f : Y — X be a morphism of schemes of finite type and let U € X be open.
Prove that the restriction f~'(U) — U is of finite type.

Let f : Y — X be a morphism of schemes of finite type and let Spec(R) = U C X
be open affine. Prove that there exists a cover of f~!U by finitely many open affine
subsets V; = Spec(R;) such that R; is a finitely generated R-algebra.

Find an example of a scheme X and an affine open subscheme U C X such that U
is not of finite type over X. [First, find an example of a closed subset Z of an affine
scheme Y such that ¢ : ¥ . Z C Y is not of finite type. Then, consider a pushout of
two copies of the morphism ¢.]

Is a scheme of finite type over a Noetherian scheme always Noetherian?

Give an example of an affine scheme which satisfies the DCC with respect to closed
subsets but is not Noetherian.

Prove that if f : ¥ — X is a morphism of schemes and X has a cover by open
subschemes U; such that each restriction f _1(U,-) — Ui is finite, then f is finite. [Let
R be a commutative ring, and let the unitideal be (f1, ..., f,). Let M be an R-module
such that fflM is a finitely generated fflR—module. Prove that then M is a finitely
generated R-module.]

Prove that every closed immersion is finite.

Prove that for a homomorphism of rings f : R — S, Spec(f) : Spec(S) — Spec(R)
is finite if and only if f makes S a finitely generated R-module.

The dimension dim(X) of a scheme X is defined as the (possibly infinite) supremum
of n such that there exist irreducible closed subschemes

XoCX1C---CX,CX

(where C means a closed subscheme where the sets of points are not equal). If
dim(X) < oo and Z C X is a closed irreducible subscheme, then codimension
codx(Z) of Z in X is defined as the supremum of numbers n such that there exist

irreducible closed subschemes

Z=20C721C - CZn X
(using the same interpretation of C as above). Let R = Zp)[x] where p € Nis a
prime number.

(a) Prove dim(Spec(R)) = 2.
(b) Find f € R such that (f) C R is a maximal ideal and

dim(Spec(R/(f))) = 0.
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(c) Prove that for any scheme X and an irreducible closed subscheme Z,
dim(Z) + codx(Z) < dim(X).

(d) Does equality always arise in (c)?
(Compare with the comments at the end of Sect. 5.5 of Chap. 1.)
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Check for
updates

It is immediately apparent from the definition, and the basic examples we studied, that
the concept of a scheme is far more general than the concept of a variety as introduced in
Chap. 1, just as a topological space is much more general than a subset of R". What are
the properties of schemes we should study?

As it turns out, topology, and analysis, provide good starting points for answering
this question, and many of the scheme-theoretical properties we study are analogues of
concepts from topology. For example, in general topology, important kinds of spaces
include spaces which are Hausdorff and compact. We will review these properties here,
and introduce analogous concepts for schemes, i.e. separated, universally closed, and
proper schemes. In analysis, we have a concept of smoothness. We will also study
analogous concepts in algebraic geometry.

Developing scheme-theoretical analogues of topological concepts is not always techni-
cally straightforward. This is due to the fact that topologies on schemes have “far fewer”
open and closed sets than we are used to in analysis, and in addition, the category of
schemes has “far fewer” morphisms than the category of topological spaces. Because of
that, the definitions of concepts expressing the same geometrical idea, and the proofs, are
often quite different, and additional commutative algebra will be needed.

We will also revisit varieties, developing an abstract definition of a variety not relying
on having a familiar ambient space. We will give a better (more general) proof of
the Nullstellensatz, and a classification of 1-dimensional varieties (i.e. curves) over an
algebraically closed field up to birational equivalence.

Finally, we will begin exploring some basic features of doing algebraic geometry over
non-algebraically closed fields, and the role of group actions, specifically the action of
the Galois group. (A review of Galois theory is contained in our narrative and exercises.)
Continuing with the topological analogues, we will also mention the topological concept
of a fundamental group, and its algebraic analogue, the étale fundamental group. One of
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the most striking examples of the use of Galois actions are the Weil conjectures proved
by P. Deligne based on the work of A. Grothendieck and others, which will be briefly
mentioned at the end of the chapter.

1 Separated Schemes and Morphisms

The concept of a separated scheme models in schemes a certain concept in topology.
The reader may wonder what this means: a scheme is, after all, a topological space. But
in mathematics (not just applied), concepts are defined to model phenomena we see. A
topologist will typically look at examples close to the analytic topology, i.e. R where the
basis of topology are open balls Bc (x), the set of all points y of distance < € from x. (A
basis of topology is a set S of open sets such that every open set is a union of elements
of S—for example, the set of distinguished open set in an affine scheme is a basis of
the Zariski topology.) A topologist may also typically think of a subset X of R" with the
induced topology which means that the sets considered open in X are precisely sets of the
form U NX where U is openin R”. (Note that we have also already considered the induced
topology when looking at open and closed subschemes, and even subvarieties.)

The point is, however, that a topologist will typically not (at least not primarily) think
about the Zariski topology, or the topology of a scheme. We have already noticed that the
notion of a compact space, while it makes sense in schemes (giving rise to the meaningful
notion of a quasicompact scheme), does not carry the same geometrical meaning as
topologists would expect from their examples. (We are yet to define the scheme-theoretical
concept which correctly models the topologist’s intuition of compactness.)

In this section, we will introduce another concept from topology which needs to be
modeled differently in schemes, and we will show how it is done. Let us define the
topological concept first.

1.1 Hausdorff and 7; Topological Spaces

A topological space X is called Hausdorff when for every two points x # y € X, there
exists an open set x € U and an open set y € V such that U NV = {J. The Hausdorff
property is also sometimes called 7>. The space R” with the analytic topology, and all its
subsets with the induced topology, are clearly Hausdorff: For two points x, y of distance
d > 0,let U = Bys2(x), V = Bgj2(y). More generally, in a Hausdorff space, a subset
with the induced topology is Hausdorff.

It is also useful to say that a topological space X is T} if every point x € X is closed.
(This means, more precisely, that the one element set {x} is closed.) It is easy to see that
every Hausdorff space is 71: Let x € X, and let for every y € X with x # y, U, > y be
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an open set disjoint with some open set containing x, hence, in particular, not containing
x. Then

Uuy=x~ix)
y#x

is an open set, since it is a union of open sets.

Example Consider the pushout R of the diagram

R~ {0} > R

(1.1.1)
Y

R

where both of the arrows are inclusions. The space R can be thought of as a real line
where 0 is replaced by two of its copies 01 and 0. A subset U C R is open if and only if
U is open in both copies of R sitting in R: this means that the set U; obtained from U by
omitting 0> (if present) and replacing 0; with 0, and also the set U; obtained from U by
omitting 0; (if present) and replacing 0, with 0, are both open in R. We see than that the
space R is Ty, but is not Hausdorff: there are no disjoint open sets containing the points
01, 07, respectively.

The following example may seem more troubling:

1.1.1 Lemma The topology of a Noetherian scheme X is never Ty unless it is discrete, i.e.
such that every subset is open.

Proof Without loss of generality, we may assume that X = Spec(R) is affine. Addition-
ally, we may assume that R is reduced, which means it has no nonzero nilpotent elements,
since otherwise we may factor it by the nilradical (i.e. ideal generated by all the nilpotent
elements) without altering Spec. (Recall that the nilradical is the intersection of all prime
ideals.)

Now if all points of Spec(R) are closed, it means that all prime ideals of R are maximal,
and thus R is an Artinian ring. Now an Artinian ring is a product of finitely many local
Artinian rings by Proposition 5.2.3 of Chap. 1, and a reduced local Artinian ring is by
definition a field. Thus, Spec(R) is a finite discrete set. |
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1.2 The Product of Topological Spaces: Reformulating the Hausdorff
Property

As often, to find an appropriate analogue of our concept in another context, we want to
phrase it as much as possible in the language of category theory. For this purpose, let
us examine a little more closely the categorical product of topological spaces. If X, ¥
are topological spaces, recall that their categorical product is the limit of the diagram
consisting of X and Y and no arrows. One easily sees that as a set, this is the Cartesian
product X x ¥ = {(x,y) | x € X, y € Y} and that a basis of its topology is the set of sets
{UxV |U C X open, V C Y open}.
1.2.1 Lemma A topological space is Hausdor{f if and only if the diagonal
Ax ={(x,x) |xe X} S X x X

is a closed set.
Proof The diagonal being a closed set is equivalent to its complement

X x X\ Ax (1.2.1)
being open. This is equivalent to any (x, y) in (1.2.1) being contained in an open subset of
(1.2.1) which belongs to a basis of topology, i.e. to aset U x V where U is open in X and
V is openin Y and

UxV CXxX\Ayx. (1.2.2)

But (1.2.2) is equivalentto U NV = (. |

1.3 Separated Schemes and Morphisms

Now we are ready for the scheme-theoretical concept. Note that in any category with
products there is a diagonal morphism

A:X—>XxX (1.3.1)
where the right hand side is the categorical product. This is because the product is, after all,

a limit of a diagram with no arrows, so (1.3.1) is gotten from the two maps Id : X — X,
Id : X — X. Similarly, for a morphism f : X — Y in any category with pullbacks, we
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have a diagonal
Ay : X > X xy X (1.3.2)

1.3.1 Definition A scheme X is called separated if the image of the diagonal morphism
(1.3.1) in the category of schemes is a closed set. More generally, a morphism of schemes
f : X — Y is called separated if the image of the diagonal (1.3.2) is a closed set.

Of course, a scheme X is separated if and only if the unique morphism f : X —
Spec(Z) is separated. Note that this definition makes sense in spite of Lemma 1.1.1
because the topological space underlying a product of schemes is typically not the
categorical product of the underlying spaces. In fact, recall that it is not even true for
the underlying sets. For example, if E, F are fields of different characteristic, then
Spec(E) x Spec(F) = (. But perhaps more to the point, while, say, in Aéj (considered as
a scheme), all Zariski open sets consist precisely of complements of finite sets of closed
points together with the point (0), in Aé = A<1C X Aé:, we have a lot more Zariski open

sets (e.g., complements of curves).
1.3.2 Lemma Every affine scheme is separated.

Proof For an affine scheme Spec(R), the diagonal is Spec of the codiagonal in commu-
tative rings, which is the multiplication homomorphism

R® R — R.
Since this homomorphism is always onto, the diagonal is a closed subscheme. O

We see from this proof that when a scheme or more generally a morphism of schemes
is separated, the inclusion (1.3.1) (resp. (1.3.2)) is in fact a closed immersion.

1.3.3 Lemma An open or closed subscheme of a separated scheme is separated.

Proof Let f : Y — X be a closed immersion. If X is separated, then the composition

f A
Y > X > X x X

is a closed immersion. If we can prove that

fXf:YxY—>XxX
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is injective on points, then the image of A : ¥ — Y x Y is the inverse image of (f x
f)~'Im(A o f), which is a closed set in ¥ by continuity. To show injectivity on points,
it suffices to consider the case where X = Spec(R) is affine. Then, by Theorem 2.3.1 of
Chap. 2, Y = Spec(R/I) for some ideal I, so

Y xY =S8pec(R/I ® R/I) = Spec(RQ R)/(I ® 1)),
which injects into X x X = Spec(R ® R). Thus, we are done.
For an open subscheme Y C X, one first observes that by construction, ¥ x Y is
an open subscheme of X x X. Thus, it suffices to prove that the image of the diagonal
A : X — X x X, intersected with ¥ x Y, is contained in the image of the diagonal

A Y — Y x Y (since it is then automatically equal). For this purpose, it suffices to
consider the case when X = Spec(R) is affine. Then we have

FIRsTIR=ROR[r 1), 1®s)7 1,

so if the image of a point p € Spec(R) in Spec(R ® R), which is the prime ideal p ® R +
R® p,isin

Spec(r_lR ® s_lR) = Spec(r_lR) X Spec(s_lR)
where Spec(r_lR), Spec(s_lR) C Y,thenr,s ¢ p, and thus
p € Spec(RIr ', s7'D Cy,
which is what we are trying to prove. O

1.3.4 Proposition [f a scheme X is separated then an intersection of two affine open sets
in X is affine. (Recall that an intersection of two open sets is always open.)

Proof Let U, V C X be affine open. Then
UNVZEZ2UxV)NAx CTXxX

where Ay is the diagonal. The open subscheme U x V C X x X is affine, and if X is
separated, by definition the set (U x V) N Ay is closed in it. Now a closed subset Z (/)
in an affine scheme Spec(R) is affine: it is of the form Spec(R/I). (Although we don’t
need its full strength here, it may be worthwhile recalling Theorem 2.3.1 of Sect. 2.3 of
Chap. 2.) O
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From the Proposition, we see that the pushout of the diagram of schemes

A%\Z(x,y) >A%:ZV

(1.3.3)
\

— A2
U=AZ

where the arrows are inclusions is not separated. Obviously, Z(x, y) is the one point set
containing the point (0, 0) in Aé. The sets U, V are affine open, but their intersection,
A% ~ Z(x,y) is not affine. We saw this in the language of varieties in Sect. 2.3.1 of
Chap. 1, but this is sufficient by Exercise 27 of Chap. 2. (In fact, we will discuss varieties
in a greater generality in Sect. 4 below; see also Exercise 23.)

Of course, the example (1.3.3) produces a non-separated scheme when generalized to
any n: The pushout X, of

A%\Z(xl,...,xn) >A%=V

\
U=A"

is not separated for the same reason, even though for n = 1, the set Al \ Z(x) is
distinguished open, and therefore affine.

One can see that X, is not separated directly as follows: X, looks like Ar, with the
origin (0, .. ., 0) removed and replaced with two copies of itself. The product X, x X,, then
has “two times two, i.e. four, copies of the origin,” but only two will be on the diagonal.
The remaining two “copies of the origin” will not be contained in a Zariski open set disjoint
with the diagonal, and therefore the diagonal is not closed.

We see that the concept of a separated scheme mimics the Hausdorff property well in
the context of schemes, even though it had to be defined differently because, again, the
examples we are interested in are so different from the usual examples in topology and
morphisms of schemes are not the same as morphisms of spaces.

2 Universally Closed Schemes and Morphisms

We already learned about compact topological spaces and Hausdorff topological spaces.
So far we have a scheme-theoretical analog of Hausdorff (which is separated), but not of
compact. The notion of a universally closed scheme, which we will study in this section,
is the scheme-theoretical analog of a compact space.
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2.1 More Facts About Compact and Hausdorff Spaces
To motivate what the definition of a universally closed scheme says, let us learn a few more
properties of compact and Hausdorff spaces. Recall that the induced topology on a subset

Z of a topological space X has open sets of the form U N Z where U is an open set in X.

2.1.1 Theorem A subset Z of a Hausdorff space X which is compact with the induced
topology is closed.

Proof Let Z € X be compact (with the induced topology). Let x € X ~ Z. It suffices to
show that there exists U, > x open with U, N Z = @, for then

UszX\Z.
xX¢Z

To this end, let z € Z. Then, since X is Hausdorff, there exists Uy ; > x openand V, ; > z
open such that

U N Vi, =0

The sets V, ;, z € Z form an open cover of Z. (Note: we should, technically, say that the
sets V. ;N Z form an open cover of Z, but this slight inaccuracy is common in topological
proofs.)

In any case, since Z is compact, this cover has a finite subcover,

Vg U--- UV, DZ.
But then
x €Uy :=Uxz N -NUyxy,
is open, and we have
UrNZCUNVyyU---UVy . )=0,

so we are done. O

Let us list one important consequence. A map of topological spaces f : X — Y (not

necessarily continuous) is called closed if for every closed set Z C X, the direct image
f(Z) C Y isclosed.
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2.1.2 Theorem Every continuous map of spaces f : X — Y where X is compact and Y
is Hausdorff is closed.

Proof First let us realize that every closed subset Z of a compact space X is compact
(with the induced topology). Indeed, if U;, i € I is a cover of Z by open sets in X, then
U;, i € I together with the set X \. Z form a cover of X. Since X is compact, that cover
has a finite subcover. If this subcover contains the set X ~ Z, which is disjoint from Z,
delete it, and you have a finite subcover of the original cover U;, i € I of Z.

The next step is to realize thatif f : X — Y is a continuous map, and Z C X is compact
(with the induced topology), then the direct image f(Z) is compact. Indeed, let U;, i € I
be an open cover of f(Z). This is equivalent to f~'(U;), i € I being an open cover of
Z. But since Z is compact, the latter cover has a finite subcover: f Ty, ... ~Lw,.
For the same reason, then, Uy, ... U, is a cover of f(Z).

Finally, let us prove that if f : X — Y is continuous where X is compact and Y is
Hausdorff, then f is closed: Let Z C X be closed. Then, as we saw, Z is compact with the
induced topology. Therefore, f(Z) C Y is compact. By Theorem 2.1.1, then, it is closed
since Y is Hausdorff. |

2.1.3 Theorem A topological space X (not necessarily Hausdorff) is compact if and only
if for every topological space Y, the projection p : X x Y — Y is closed.

Proof Suppose X is compact, andlet Z € X x Y be closed. Let y € Y ~\ p(Z). Then for
every x € X, there existopensets x € Uy C X,y € V, C Y such that

Uy xVo)NZ=49.

Since X is compact, there exists a finite subcover Uy, ..., Uy, of the open cover Uy, x €
X. Then

(Xxﬂvx,.)nzzﬂ,
i=1

SO

(n] Ve, N p(Z) = 0.
i=1

To prove the converse, it is useful to recall the notion of an ordinal, which is a set « totally
ordered with respect to the relation €. This definition is due to von Neumann. Note that
transitivity of € can be rephrased to say that every B € « also satisfies B C «. Ordinals
are well-ordered by axioms of set theory, which also imply that every well-ordered set is
isomorphic, as a totally ordered set, to an ordinal. Zorn’s lemma can be used to prove that



110 3 Properties of Schemes

every set is bijective to an ordinal. The first ordinals are 0 = ¢, 1 = {0},2 = {0, 1}, ....
For every ordinal v, we have the ordinal 8 = « + 1, which is the set of all ordinals < «.
We also write « = 8 — 1. Ordinals which cannot be expressed as « + 1 for another ordinal
« are called limit ordinals.

Now if X is not compact, then there exists a limit ordinal o and open sets Ug C X,
B < asuchthat Ug C U, for B < y < a, and

UUﬂ:X.

B<a

(To see this, let Us, 5 < y be an open cover which does not have a finite subcover. We
shall produce a decreasing sequence of ordinals y = g > o1 > ... where Us, § < « is
a cover of X, = X \ |J7_, Uy, . Suppose this is done for a given n > 0. Let y < o, be
the smallest ordinal such that Us, § < y cover X,,. If y = 0, we have a contradiction, if
y > 0is a limit ordinal, we are done. Otherwise, put y,4+1 =y — 1.)

Now on a totally ordered set T', we have the order topology where open sets are unions
of open intervals (a,b) = {c € T | a < ¢ < b} witha,b € T U {—o00, 0o}, where
—oo (resp. 00) is a formally defined element smaller (resp. greater) than all elements of 7'.
(Note: these elements are introduced to avoid special cases in the definition when 7T has a
smallest resp. greatest element.)

ThenletY =« + 1,and let Z C X x Y be the complement of the open set

J Us x (B.l.

B<a

We then see that p(Z) = « (considered as a set) which is not closed in o + 1. |

2.2 Universally Closed Schemes and Morphisms

The concept of a universally closed scheme is analogous, in the category of schemes, to
the concept of a compact space. Theorem 2.1.3 then motivates the following

2.2.1 Definition A morphism of schemes f : X — Y of schemes is called universally

closed if for every morphism of schemes g : Y/ — Y, the morphism f’ in the pullback
diagram of schemes

g (2.2.1)
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is closed (as a map of topological spaces). A scheme X is called universally closed if the
unique morphism of schemes X — Spec(Z) is universally closed. A scheme or morphism
of schemes is called proper if it is of finite type and both separated and universally closed.

Example The morphism f : Aé: — Spec(C) is not universally closed, since if we pull
itbackviag = f, f’ : Aé — A(}: is the projection to one of the coordinates (i.e. Spec
of the inclusion of rings C[x] C C[x, y]). But in this projection, say, the image of the
“hyperbola” Z(xy — 1) is Al \ {0}, which is not Zariski closed in A}.

23 Specialization

We saw that it is easy to prove that a morphism of schemes is not universally closed (if
that is the case), since all we need is to find one example. But it is not so easy to prove
directly that a morphism of schemes is universally closed, since that involves checking all
morphisms of schemes g : Y/ — Y. To make the concept useful, we therefore have to
develop other tools for checking that a morphism is universally closed.

An important tool is specialization. For an affine scheme Spec(R), we say that a point
q € Spec(R) is a specialization of a point p € Spec(R) (we write p ~ g) when these
prime ideals satisfy p € ¢g. Note that this, of course, is equivalent to g belonging to the
Zariski closure of p, which is Z(p). Thus, we can define specialization in any scheme X
by writing p ~ ¢q for p, g € X when ¢ is in the closure of p. Points in an affine scheme
are, of course, closed if and only if they are maximal ideals.

Generic Points As already noted, when considering affine varieties as schemes, we
include more points in the Zariski topology than just the closed points. We remarked in
Sect. 2.2 that the additional points are necessary in general schemes to have a usable analog
of the Nullstellensatz for arbitrary rings. But these non-closed points are also interesting
geometrically. For example, the affine space AZ, considered as a scheme, contains the
point (x + y) (this is a prime ideal, since in a unique factorization domain, the principal
ideal generated by an irreducible element is prime). Of course (x + y) is not a closed point,
since it is contained, for example, in the maximal ideal (x, y) (which, in the language of
affine varieties, represents the origin), as well as, of course, in all the points (x + a, x — a)
for a € C (which, in the language of affine varieties, represents the point (—a, a)). The
way we think of the Zariski point (x + y) then is as a generic point of the affine variety
Z(x + y). More generally in an affine scheme Spec(R), a prime ideal p € Spec(R)
is called the generic point of the closed set Z(p). The concepts of generic points and
specialization have no analog in the analytic topology.
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231 Lemma Let f : Spec(A) — Spec(B) be a morphism of affine schemes and let a
point p € Spec(B) be in the Zariski closure of f(Spec(A)). Then there exists a point
p' € f(Spec(A)) which specializes to p.

Proof Without loss of generality, f(Spec(A)) is dense in Spec(B) (recall that a subset
S C X of a topological space X is dense when for all U C X nonempty, U N § is
nonempty). This is because we may, if necessary, replace Spec(B) with the Zariski closure
of f(Spec(A)) in Spec(B), which is also affine. Without loss of generality, also, A and B
are reduced, since factoring out the nilradical does not change Spec.

Now recall that the category of affine schemes is equivalent to the opposite category of
the category of commutative rings, so f = Spec(h) for some homomorphism of rings

h:B— A,

which is injective because f(Spec(A)) is dense in Spec(B) (otherwise, f(Spec(A))
would be contained in Z(Ker(h))).

Now assume f (Spec(A)) is closed under specialization. Let p € Spec(B).Let p’ € p
be any minimal prime ideal. To see that minimal prime ideals exist, for a totally ordered
set I, (i # j € I impliesi < j or j < i), we have inclusions of prime ideals p; C p;
foralli < j € I, then (");; pi is also prime. By Zorn’s lemma, this lets us conclude that
there is a minimal prime ideal (i.e. one that no other prime ideal is contained in it).

Now review localization of rings at ideals (Sect. 1.3 of Chap. 2). The localization B, of
areduced ring B at the minimal prime ideal p’ is a field. Actually, in general, for a prime
ideal g in aring R, the prime ideals in R, correspond bijectively to those prime ideals in R
which are contained in g. Thus, the ring B, has only one prime ideal, which is therefore
the nilradical. Since the ring B, is reduced, the nilradical is (0), and hence B,y is a field.

Now localization of rings preserves injective morphisms. Thus,

h®B Bp/ . Bp/ —> A®B Bp/

is injective. Let g, be any prime ideal in A ® p B,y (which exists, since it is not the 0 ring).
We have

99N By = (0)
since B, is a field (and ¢, does not contain 1). Now let

¢:A— A®p By
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be the localization morphism, and let ¢’ = ¢! (9()- Then taking Spec of the diagram of
rings

B > Bp/

\ \

A > A®yB,.
¢

pr=< 10
A A
q =< | g
Thus, p’ € f(Spec(A)), as required. |

Example 1t is not true in general that every subset of Spec(B) which is closed under
specialization is closed, even though note that every subset is an image of a morphism
of schemes X — Spec(B) (as we may take X to be the disjoint union of all points of
Spec(B)). X may not, however, be an affine scheme. To give an example, consider

B = 1_[ s,

n=1,2,...

(where IF; is the field with two elements) and let

e ]_[ Spec(F2) — Spec(B) (2.3.1)
n=1,2,...

be the morphism of schemes which sends the »’th point Spec(IF2) to the maximal ideal
pi of B consisting of all sequences (aj, az,...), a; € Z/2, such that a, = 0. (That
morphism of schemes is Spec of the n’th projection from the product.) Then the image of
the morphism of schemes (2.3.1) is certainly closed under specialization, as every point of
its image is closed. The image of ¢ is also dense, since its closure is

Z( () p) = Z(0) = Spec(B).
i=12,..
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However, there are closed points in Spec(B) which are not in the image of ¢: For example,
let I be the ideal in B consisting of all sequences (ay, az, ...) where for all but finitely
many n, a, = 0. Let p be any maximal ideal containing / (which exists by Zorn’s lemma).
Then, clearly, for any given n, p contains elements which are not in p,, and hence is not
in the image of ¢.

24 Valuation Rings
Let us now model the situation
p~q € Spec(B) 24.1)

by morphisms of schemes. We know that p C ¢ are prime ideals of B. Then B/p is an
integral domain (i.e. has no zero divisors), so it has a field of fractions

OB/p)=(Q/pP)o

(i.e. its localization at the O ideal, which is prime). On the other hand, by Noether’s
theorem, ideals of B/p correspond bijectively to ideals of B which contain p, so we can
(using g also to denote the corresponding ideal in B/ p) also consider the local ring

(B/p)g>

and clearly, its fraction field is (B/p)©) = Q(B/p). Thus, the situation (2.4.1) can be
modeled by a diagram of morphisms of affine schemes

Spec(K) > Spec(B)

c / (2.4.2)
\%

Spec(R)

where

K is afield of fractions of an integral domain R, which

is a local ring not equal to K. (2.4.3)

But it turns out that the situation (2.4.3) is still too general, since there are too many local
rings which are integral domains (for example, all stalks of structure sheaves of integral
schemes). However, for the purposes of (2.4.1), we may make the situation (2.4.3) much
more manageable by the following trick.
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For a fixed field K, and rings R, R’ € K local subrings, we say that R’ dominates R
if R € R’, and the inclusion is a morphism of local rings (in other words, denoting the
maximal ideals of R, R' by mg, mpg:, if mgr N R = mp). We will see that maximal local
rings with respect to the relation of domination can be characterized nicely.

2.4.1 Definition A partially ordered abelian group is an abelian group I" together with a
partial ordering < such that forall x, y,z € T,

X<y=>x+z=<y+2z

We say that I is a fotally ordered abelian group if the ordering < is a total ordering (i.e.
x < yory < x for any two elements x, y). We say that aring R as in (2.4.3) is a valuation
ring if there exists a totally ordered abelian group I', and a valuation

v: K=K\ {0} >T,
which means a function satisfying the following properties for all x, y, z € K*:

1. v(x) > Oif and only if x € R.
2. v(x - y) =vx) +v(y).
3. v(x + y) = min(v(x), v(y)) (assuming x + y # 0).

Example We say that a ring in the situation (2.4.3) is a discrete valuation ring if it satisfies
Definition 2.4.1 for ' = Z. A typical example of a discrete valuation ring in Zp). The
valuation

v: Q> 7Z
is defined as follows: assuming a, b € Z, gcd(a,b) = 1,b # 0,

4 Oif ptaand p1b
v(b)= nif p"|a, p"t' fa,n>0
—nif p" | b, p"* b, n > 0.

In fact, more generally, a Noetherian ring R is called a Dedekind domain if it is an integral
domain, has Krull dimension 1, and is normal. (This means that R is integrally closed in
its field of fractions, i.e. that every root x € QR of a monic polynomial with coefficients
in R satisfies x € R.) Every unique factorization domain is normal (see Exercise 6),
although it, of course, does not have to be of dimension < 1 (think about C[x, y]). On the
other hand, Dedekind domains do not have to be unique factorization domains. They have,
however, unique factorization of ideals (with respect to product), which is a basic starting
point of algebraic number theory. Unique factorization of ideals in Dedekind domains is
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fairly easy to prove directly. We will give a geometric proof in Sect. 2.3 of Chap. 4 below
using coherent sheaves of ideals. However, it is also possible to give a direct proof using
commutative algebra. (See Exercises 7, 8.) As a key step in proving unique factorization
of ideals for Dedekind domains, one proves the following result. For any ideal / in an
integral domain R with field of fractions K, define / -lcg by

I"'={aeK|al CR). (2.4.4)

2.4.2 Lemma

1

1. If p is the maximal ideal of a local integral domain A and p - p~' = A, then p is

principal (and hence A is a discrete valuation ring).
2. Foraprime ideal p in a Dedekind domain R, the localization R is a discrete valuation
ring.

Proof To prove 1, we use here Krull’s theorem which asserts that in a Noetherian integral
domain A, and I C A an ideal not equal to A,

1" = o)

n=1

(Proposition 5.4.2 of Chap. 1). Applying this to p, we see that p> # p. Leta € p ~ p°.
Then ap~' C A. We shall see that equality arises. If not, then ap~! C p, which would

imply
aA=ap~'pC p

which is a contradiction with the choice of a. Thus, ap_l = A, so
aA=ap~'p=p,

and so p = (a).

To prove 2, without loss of generality, p # 0. Let A = R,. By 1, it suffices to show
that

pp ! = A. (2.4.5)

Of course, again, by definition we have pp~! C A, so if (2.4.5) is false, then pp~! = p,

which implies

p(pHY'=p (2.4.6)
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for all n € N. Since A is Noetherian, p is finitely generated as an ideal, so using these
generators, (2.4.6) can be used to write polynomial equations for all elements of p~!
with highest coefficient 1, and hence all elements of p~! are integral over A, and hence
A = p~! since A is normal. This is a contradiction, since a~! € p~! . A. O

At the moment, however, our interest in valuation rings comes from the following result.
Note that by Zorn’s lemma, every ring R in the situation (2.4.3) is dominated by a maximal

one.

2.4.3 Theorem Maximal elements of the set of local subrings of a field K with respect to
domination are precisely valuation rings.

Proof First, note that a subring R C K is a valuation ring if
forallx € K,x € Rorx~! € R. (2.4.7)
The reason is that we then may let
=K*/R
for aring R, R* denotes the group of units, i.e. invertible elements, of R, and let
v:K*X—>T

be the projection (although to conform with Definition 2.4.1, we would need to write I"
additively). The ordering on I is

a < b if there exist ¢ € R such that ac = b.
Now let R C K be a local ring with maximal ideal m, and let x € K>, x ¢ R. Denote by
R[x] C K the subring of K generated by R and x. Also denote by m[x] the ideal in R[x]
generated by m. We claim that

m[x] # R[x]orm[x~'] # R[x~']. (2.4.8)

Suppose the contrary,i.e. m[x] = R[x] and m[x~'] = R[x~!]. Then there exist u;, vj €Em
such that in K we have

uo+urx + - Fupx™ =1, (2.4.9)

vo+uix T 4 =1, (2.4.10)
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Now assume m + n to be as small as possible. Without loss of generality, m > n. Then
from (2.4.10),

1

(vo — Dx" +vix" 1 4. 4 v, =0. (2.4.11)

Further, since R is a local ring, vgp — 1 is a unit in R. So multiplying (2.4.11) by
umxm—n

vo— 1

and subtracting from (2.4.9), we can decrease m, which contradicts our assumption that
m + n was as small as possible.

Now suppose a local ring R € K is maximal with respect to domination. We claim
that (2.4.7) occurs. Otherwise, let x € K be such that x, x! ¢ R. Then we have
(2.4.8). Assume, without loss of generality, m[x] # R[x]. But then R[x] dominates R,
contradicting maximality. Thus, f satisfies (2.4.7), and hence is a valuation ring. O

25 Valuation Criteria for Universally Closed and Separated
Morphisms

Our main interest in valuation rings is a general principle where to test a property for
(2.4.1), we only need to test, in terms of morphisms of affine schemes, (2.4.2) in the case
when R is a valuation ring with field of fractions K. We are specifically interested in the
following

2.5.1 Theorem Let X be a scheme of finite type. Then X is universally closed if and only
if every diagram

Spec(K) > X
7

c (2.5.1)
\%

Spec(R)

where R is a valuation ring with field of fractions K can be completed with the dotted
arrow (existence). On the other hand, X is separated if every diagram (2.5.1) where R is a
valuation ring with field of fractions K can be completed with the dotted arrow in at most
one way (uniqueness).
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Remark An analogous statement holds for morphisms of schemes f : X — Y. The testing
diagram (2.5.1) then becomes

Spec(K) > X
7

c f (2.5.2)
\ \

Spec(R) > Y

(when Y is the terminal object Spec(Z), we do not have to write it). When X is Noetherian,
uniqueness of the dotted arrow for every testing diagram is equivalent to the morphism f
being separated, and when f is of finite type and X is quasicompact, the existence for every
testing diagram is equivalent to f being universally closed. While the exact assumptions
needed are subtle, for our purposes, they matter less than one may think. This is because
the main application we need is to prove that projective schemes are proper, and it suffices
to verify that for P7,.

Proof of the First Part of Theorem 2.5.1 We will prove that X satisfies the criterion of
being able to complete every diagram (2.5.1) if and only if it is universally closed.

For necessity, suppose we have a diagram (2.5.1) for a valuation ring R with field of
fractions K. Consider the product map

f 1 Spec(K) — X x Spec(R).
Let Z be the closure of the image ¢’ of (0) C K under f. Consider the projection
7w : X x Spec(R) — Spec(R).

Since X is universally closed, we must have p € w(Z) where p € Spec(R) is the maximal
ideal in R. Thus, there must exist a point p’ € Z such that 7(p") = p. Now we must have
p' € Spec(B ® R) where Spec(B) € X is an open affine subscheme. In particular, we
must also have ¢’ € Spec(B) (since Spec(B) is an open subset and p’ is in the closure of
q"). Thus, we obtain a homomorphism

h:B®R—~> K

and a prime ideal p’ C B ® R such that the pullback of p’ to R is p. We claim that the
composition

h:B— B®R—>K



120 3 Properties of Schemes

where the first homomorphism is the coproduct injection and the second is / lands in R.
Then we are done, since Spec(h) is a restriction of the testing map. Otherwise, there would
be an element x € B with v(h(x)) < O (where v is the valuation on K corresponding to
R). Then
h((x ® (h(x) ™) = 1) =0,
and thus,
(x® ) —1ep.
On the other hand, by assumption, 1 ® (h x)N~'e p’ and thus

x®hx)ep.

Thus, 1 € p/, which is a contradiction.
To prove sufficiency, we need to prove that for all schemes Y, the projection

T:XxY—=Y
is closed. Without loss of generality, Y = Spec(B) is affine. As spaces, we have
X = Spec(A1) U...Spec(Ay)

because X is quasicompact, so the image of 7 is the image of the corresponding morphism
of schemes

Spec(A1 x -+ x Ay) = Spec(A1) U --- U Spec(A,)) — Spec(B).
The source is an affine scheme, so by Lemma 2.3.1, it suffices to show that the image of &
is closed under specialization. Let, then, p € (X x Spec(B)), p ~ q. This means that p

is in the image of Spec(A;) x Spec(B) = Spec(A; ® B) under r, and ¢ 2 p. This means
that there exists a prime ideal

pPPCA®B
where (= !(p’) = p where

t:B—> A, ®B
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is 1®?. Now denote by K the field of fractions of B/ p, and by K’ the field of fractions of
(Ai® B)/p'. Let

R = B,.
Then we have a diagram

K/

Ia}

<

R > K.

Let R’ be a maximal local subring of K’ dominating R. By the criterion of the diagram
(2.5.1), we can complete the diagram

Spec(K') >~ X

-
S
\ ¢
Spec(R).
where the top row has
)~ p'.

On the other hand, the homomorphism ¢ induces a morphism of schemes
Spec(R") — Spec(R).
Denote by v its composition with the canonical morphism
Spec(R) = Spec(By) — Spec(B).
Then we have a product morphism
(¢, V) : Spec(R)) — X x Y.
By definition, if ¢’ is the maximal ideal in R’, then

@, ¥4 =gq,
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so ¢ is in the image of 7, which we were trying to prove. O

Example We will prove that the projective space IP7, is proper. (It then follows that the
projection PG — S is proper for any scheme §.) We will use Theorem 2.5.1. Let us recall
some of the concepts. We have

P75, = Proj(Zlxo, ..., xx]).

Recall that Z[xo, ..., x,] is a graded ring (which is why we may apply Proj), where a
homogeneous element of degree k is a homogeneous polynomial of degree k. For example,
for n = 2, a homogeneous polynomial of degree 2 is

3x3 + Sxox1. (2.5.3)
The distinguished affine open sets of IP7;, are then
Spec((z™'Zlxo, - ... xu]o)
where z is a homogeneous polynomial. For example,
Spec((x; Zlxo, ..., xa1)0), i =0,...,n,

are distinguished open affine sets. Recall that the subscript means homogeneous elements
of degree 0. For example,

3x+5 2
Spec((x7 " Zlxo, x1, x>~ 0 T =3 <x°> +5 <x°>. (2.5.4)

X7 x1 x1

Now we will prove that 7, is proper. Let us first prove that [P, is universally closed.
This means that for every scheme Y’, the projection

p:PyxY —>Y (2.5.5)

is closed, which in turn means that for every Z C IP’% x Y’ closed, p(Z) is closed.

This is a powerful statement. For example, recall that a closed subset of a scheme again
has the structure of a scheme, so we know that every p(Z) as above has the structure of a
scheme!

Now our strategy is not to prove that (2.5.5) is closed directly. Instead, we shall use
Theorem 2.5.1. This means that we need to prove that for a valuation ring R € K where
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K is the field of fractions of R, every diagram of the form

f
Spec(K) >~ Py
7
c (2.5.6)

\
Spec(R)

can be completed. Denote the valuation of R by
v:K*—>T
where I' is a totally ordered abelian group. Note that Spec(K) has only one point. Assume
by induction that we have already proved that ]P’?{1 is universally closed. (P) = Spec(Z)
is obviously universally closed, since for n = 0 the projection (2.5.5) is the identity). We
may then assume that f(Spec(K)) is not contained in the image of any of the maps
In :]P’%_1 - Py, i=0,...,n
where (; = Proj(h;) where
h; : Zlxo, ..., xn] = Z[x0, ..., X1y ..., Xn]
is the homomorphism of graded rings which sends x; > 0 (recall that the notation on the
right hand side means that the variable x; is omitted).

The complement of the images of all the ¢;’s is a distinguished affine open set in 7, of
the form

Spec((x0.-..xn) ™' Zlxo, ..., xa]o),
so we have a morphism of schemes
Spec(K) — Spec(((xp .. X)) "V ZIxo, ., xa Do),
which is the Spec of a homomorphism of rings
é: ((x0...x0) " ZIxo, ..., xaDo — K. (2.5.7)

Now the domain of (2.5.7) is generated as a ring by elements of the form

Xi

Xj
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(recall (2.5.4) as an example). Now choose i in such a way that the valuation
Xi
v(e( )
X0
is the smallest among

X0 Xn
v(@( ")), u(e( ).
X0 X0

This means that for all j € {0, ..., n},
Xj ié Xj Xj
v(@( ")) =v(@(y ) =v(@( ")) —v(@( ")) =0,
X 0 X0 X0

which means
Xj
¢( ")eERCK,
Xi
)
¢((x; ' ZIxo, .., xa0) S R S K.

Taking Spec, we managed to complete the diagram

Spec(K) f> Spec((x; " Zlxo, ..., xa1)0)
7
<
\4
Spec(R)

which means we completed Diagram (2.5.6) also. Thus, we verified the assumptions of
Theorem 2.5.1, and hence we know that 7, is universally closed.

We shall now prove that 7, is separated. It then follows that for any scheme §, P is
separated over S, by Exercise 23 of Chap. 2. Thus, IP’; is proper over S.

To see that P7, is separated, we need to show that the diagonal in P7, x P7 is closed.
Cover P’i = Proj[xo, ..., x,] by the affine open subsets

U = SpeC((xi_IZ[xo, <o X1 Do)

= Spec(I™. ... . "], i=0,....n.

* X
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This notation is slightly imprecise, but it is true that
Ui = Ay = Spec(Z[yo,is - Yisis---» Ynil)

where y; ; corresponds to X Similarly, we may then identify

U xU; =
Spec(ZIYo,is -« Yisis s Ynis Z0,js 224, j> - 2n, 1)
We also know that the intersection of U; x U; with the diagonal is
U; NU;j = Spec(((xix;) " Zlxo, . . ., xa1)0).
In particular, this is also an affine scheme, and the inclusion
UinU; — U; x Uj

is the Spec of the homomorphism of rings which sends

Xk X
Yeit> 5 Zej >
Xi Xj

The images generate the ring
((xix) "' Zlxo, . .., xaDo,
which is why U; N Uj is closed in U; x Uj, and IP7 is separated.

2.5.2Lemma A closed subscheme Z of a universally closed scheme X is universally
closed. (Similarly for schemes over a fixed scheme S.)

Proof Consider the diagram

ZxY > Y’

Id
\l \l

X xY =Y.

Clearly, all we need to prove is that the left vertical arrow is closed. To this end, it suffices
to consider the case when X and Y’ are affine (although note that this may break the
assumption of X being universally closed, but we no longer need that assumption for what
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we are proving now). Thus, let X = Spec(R), Y’ = Spec(R’). We have Z = Spec(R/I)
(by Theorem 2.3.1 of Chap. 2),30 X x Y’ = Spec(R® R'), Z x Y' = Spec(R/I ® R').
Now

(RID®R = (RQR)/),

s0 Z x Y’ is a closed subset of X x Y’, as claimed. The case over a scheme S is analogous.
O

We see therefore that a projective scheme over a scheme S is proper over S.

We saw that the part of Theorem 2.5.1 about separatedness is less important, since it is
easier to prove directly that a scheme is separated, but for completeness, we should include
an argument. For the necessity, see Exercise 13.

Proof of Sufficiency of the Separatedness Criterion of Theorem 2.5.1. Suppose X is a
Noetherian scheme and for every valuation ring R with field of fractions K and a morphism
of schemes f : Spec(K) — X, the diagram

Spec(K) ! > X
7
<
\
Spec(R)

can be completed at most in one way.

Since X is Noetherian, so it is covered by finitely many Noetherian open affine
subschemes Uy, ..., Ux. By Lemma 3.2.6 of Chap. 2, the open subschemes U; N U; are
also Noetherian and hence quasicompact. Now the diagonal morphism A : X — X x X
satisfies A_I(Ui x Uj) = U NUj where U; x Uj cover X x X.Let p € U; x Uj be
in the closure of A(X). Then p is in the closure of A(U; N U;). However, since U; N U
is quasicompact, it is a union of finitely many affine open subsets, and thus there exists
an affine open subset V. C U; N U; such that p is in the closure of f (V). Therefore, by
Lemma 2.3.1, p is a specialization of a pointin f (V).

Therefore, it suffices to show that the diagonal is closed under specialization. We may
test specialization by a diagram of the form

f
Spec(K) > X
(2.5.8)

8
Spec(R) > X x X
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for a valuation ring R with field of fractions K. In a general category, the morphism g is
always given as g = (g1, g2) where g; : Spec(R) — X. By the uniqueness, however,

81 =8
and therefore Diagram (2.5.8) completes to

f
Spec(K) > X
7

8i
A

\ g \
Spec(R) > X x X,

thus showing that the diagonal is closed under specialization. O

2.6 More Observations on Universally Closed and Separated
Morphisms

Note that in the case of the projective space, we in fact applied another criterion of being
separated, which is:

2.6.1 Proposition Let X be a scheme which is a union of open affine sets U; = Spec(R;),
i € 1. Then X is separated if and only if for all i, j € I, Ui N U; = Spec(R; ;) is affine,
and the homomorphism of rings

Ri® Rj — R;j

corresponding to the diagonal inclusion U;NU; C U; x U; is onto. (Similarly for schemes
over a scheme S, if we replace x by xg.)

Proof See Exercise 14. O
The following theorem is a scheme-theoretic analog of Theorem 2.1.2:

2.6.2 Theorem If f : X — Y is a morphism of schemes where X is universally closed
and Y is separated, then f is closed. (Similarly for schemes over a scheme S.)
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Proof Consider the pullback diagram

r > Y

i R (2.6.1)

v fxId v
X xY > Y xY.

The scheme I' is called the graph of the morphism f. (It is tempting to imagine that it
consists of pairs (x, y) € X x Y where f(x) = y, but note that this is of course incorrect
in the category of schemes.) The morphism # is closed since we are assuming that A is
closed (note that Y is separated). Thus, the composition of / with the projection

P XxXY—>Y (2.6.2)

to the second factor is closed, since (2.6.2) is closed since X is universally closed. Now
we claim that we actually have a diagram

- / (2.6.3)
Y 8

To see (2.6.3), consider also the pullback diagram

fxIld
XxY > Y xY

P P (2.6.4)
\ \

X > Y

Composition of pullback diagrams is a pullback diagram, and composing (2.6.1) with
(2.6.4) is therefore a pullback. Note, however, that this is the diagram

8
r > Y
pioh Id
\ \
X > Y
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which implies (2.6.3) by the categorical uniqueness of pullback. It also shows that

prohoj=f,

since (2.6.1) commutes, which implies g = p» o h. However, we just showed that the left
hand side is closed, so f is closed, as claimed. m]

2.6.3 Proposition A finite morphism of schemes f : X — Y is proper.

Proof We see right away that f is separated (since it is affine, i.e. the inverse image of
every affine open subset is affine).

We want to use the valuation criterion (Theorem 2.5.1) to see that f is universally
closed. However, a subtlety is that we cannot apply the result directly, since we did not
assume that X is quasicompact. This can be remedied as follows: first, one proves that a
pullback of a finite morphism is finite (Exercise 35 of Chap. 2). Therefore, it suffices to
show that a finite morphism is always closed. For this purpose, without loss of generality,
Y = Spec(A), and thus also X = Spec(B) are affine, and f is Spec of a homomorphism
of rings & : A — B which makes B into a finitely generated A-module. Now we can use
the valuation criterion.

Let R be a valuation ring with field of fractions K and valuation v. The testing diagram
is the Spec of

A > R

h c (2.6.5)
Y ¢ Y
B > K

Since the ring B is finitely generated as an A-module, all its elements are integral over A
and hence their images in K are integral over R. However, a valuation ring is integrally
closed in its field of fractions by maximality with respect to domination (see Exercise 10).
Thus, g(B) € R. |

3 Regular Schemes and Smooth Morphisms

Algebraic geometry knows two basic concepts of ‘non-singularity’: regularity and smooth-
ness. There are some relationships between them, but they are not equivalent.

3.1 Regular Schemes

A scheme X is regular when for every point x € X, the stalk Ox , is a regular local ring
and x has an open affine neighborhood U such that Oy (U) is Noetherian. (We express this
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last condition by saying that X is locally Noetherian. Compare with Sect. 3.5 of Chap. 1.) It
is sufficient to verify the regularity condition for closed points x € X, since if x is a closed
point which is a specialization of a point y (i.e. x is in the closure of y), then the ring
Ox,y is a localization of the ring Oy, at the ideal corresponding to y, and a localization
of a regular local ring is regular. (This follows from the cohomological characterization of
regularity which we will prove in Sect. 2.6 of Chap. 5. See also Exercise 19 of Chap. 5.)

3.2 Smooth Morphisms

A separated morphism of schemes f : X — Y is called smooth when for every y € Y there
exists an affine openset U C Y, y € U = Spec(A), such that f~!(U) is a union of open
affine subsets V; = Spec(B;) where the homomorphism of rings A — B; associated with
f is standard smooth. (See Sect. 3.3 of Chap. 1.) If all of the homomorphisms A — B;
are standard smooth of a constant dimension k, we say that that the morphism f is smooth
of dimension k. A smooth morphism of dimension O is also called an étale morphism.

Example

1. For any scheme X, the projection Ay, — X is obviously smooth of dimension n, and
hence so is the projection Py — X.
2. Now consider the scheme

X = Spec(R), R=Clx, yl/x*—y>—y). (3.2.1)

We will show that the projection X — Spec(C) associated with the inclusion
homomorphism of rings C — R is smooth. Indeed, the partial derivatives of x> —y3 —y
by x and y are

2x, 3y? — 1. (3.2.2)

Thus, we need to show that the ideal in R generated by (3.2.2) contains 1. This is
equivalent to showing that the ideal / in C[x, y] generated by

2x,3y2—1,x2—y3—y

contains 1. For this, we have an algorithm (Grobner basis). Specifically, since 2 is a
unit, / contains y> + y, but it also contains 3y> — 3y, so it contains 6y, and hence y,
and hence 1.

On this example, we see why smoothness is intrinsically a property of morphisms:
smooth schemes over Spec(Z) are, in fact, quite rare (although there are some, such as
the affine and projective space). See also Exercise 22.
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3. Let us consider the embedding of the scheme X from the last example into Aé =
Spec(C[x, y]). Let us compose this with the embedding A% — IP%, and let us consider
the closure E of the image of X in ]P’% = Proj(Clx, y, z]). We will show that the
projection p : E — Spec(C) is also smooth. Since smoothness is a local property,

it suffices to consider the restriction of p to the affine sets Uy, = Spec((C[’ZC , z D,
Uy, = Spec((C[;, ;]) and Uy; = Spec((C[)yC, °] of P%. We already dealt with the set

U,y by identifying it with Aé via z = 1. Thus, the ideal generator (3.2.1) becomes

2 3
Xty Yy
2 7
which over U,y N Uy, can be written as
2 z
2 z y :

We see that the intersection of the ideal generated by this element in (C[’yC , ;, z ] with
(C[’y‘, ;] is generated by

which, using the isomorphism with C[x, z] by setting y = 1, becomes
xz—722 - 1.
The partial derivatives are
2_ 2

2xz,x° —z°.

These three elements generate the unit ideal in C[x, z], since they generate z> + 1, and
also 23 — 722 — 1. Similarly, over C[y, z] = (C[)yc, f{], we obtain the ideal generated by

with partial derivatives

which again generate 1, since they generate 2y> — z, z — 4y, and hence z.
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The projective scheme E is an example of an elliptic curve. An elliptic curve over
a field k is a closed subscheme of E C P%pec(k) which is smooth over Spec(k), has a

point with residue field £ and such that £ N A%p ec(k) is isomorphic, over Spec(k), to
Spec(kl[x, y]/(p(x,y))) where p(x, y) is a cubic polynomial.

33 Smooth Morphisms Over Regular Schemes

3.3.1 Theorem Let f : X — Y be a smooth morphism of schemes where Y is a regular
scheme. Then X is a regular scheme.

Proof Clearly, it suffices to consider the case when both X and Y are affine, i.e. a smooth
homomorphism of rings

h:A— B

where A is regular. Let us assume that

B = A[)Cl, '-'7-xm+n]/(p17 7pm)

where the determinants of the m x m submatrices of the Jacobi matrix

()
0x; i

generate the ideal B in B. We will proceed by induction on m. Assume the statement is
true with m replaced by m — 1 > 0.

First, note that the tuples py, ..., pg for 1 < £ < m satisfy the same condition, since the
mxm determinants obviously are in the ideal generated by the £ x £ determinants in the first

£ rows. Next, we claim that p1, ..., p,, is a regular sequence in A[x1, ..., Xn+n]. (Recall
that a sequence of elements ry, . . ., 1, in a commutative ring R is a regular sequence when
re is a non-zero divisor in R/(r1, ..., ¢—1).)

To show that p1, ..., p, form a regular sequence, we may assume by the induction

hypothesis that it is true with m replaced by m — 1. Assume, therefore, that
Pm-r=aip1+ -+ am—1pm—1 € AlX1, ..., Xm+nl, (3.3.1)
r ¢ (Ply---s Pm=1),ai € AlX1, ..., Xm+n].
Since we know by the induction hypothesis that the ring

A[-xlv e a-xm-l-}’l]/(pla D) pm—l)
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is regular, it cannot have nilpotent elements, so the image of r in that ring is not nilpotent,
and hence there exists a prime ideal

q2 (pla'-'apm—l)

in A[x1, ..., Xm4n] such that r ¢ g. Computing from (3.3.1), we get
Opm api OPm—1
0x; r=a ox; + + Om-1 ox;

S A[-xla '-'7-xm+n]/(p17 -'-7pm)7

so localizing at g (so r becomes a unit), we see that the determinants of the m x m
submatrices of the Jacobi matrix are 0, and hence the ideal generated by them does
not contain 1, which is a contradiction. Thus, pi,..., p, are a regular sequence in
Alx1, ..., X;m+n]- Assume also without generality that 1 ¢ (p1, ..., pm).

Next, since A is regular and hence Noetherian, the ring

A[-xla ) xm—i—n]
is regular. (This is actually a non-trivial statement. We will prove it using cohomological
methods in Chap. 5, Corollary 2.6.8.) Let g be its maximal ideal containing (p1, ..., pm)-
Let
K = A[-xla RN xm+n]/q

be the residue field. Consider the homomorphism of K-modules

¢:q/q2_>Km+n

given by
af af
.f = ( LIRS ] )
0x1 0Xm+n
Then the Jacobi matrix condition implies that the images of pi, ..., p,, under ¢ are K-
linearly independent, and hence p1, ..., pm € q/q° are K-linearly independent. This
means that if we denote by ¢ the ideal ¢ /(p1, ..., pm) in

A[-xlv -'-7-xm+n]/(p17 L) pm)a
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we have
dimk(q/q%) = dimg(q/(q* + (p1. ... Pm))
< dimK(q/qz) —m = (dimAlxy, ... ,xm-'rn]q) —m=
dim(Alxt, ..., Xminl/(P1, -\ Pm)g-
The last equality is because pi, ..., p, is a regular sequence which, by assumption,

generates an ideal not containing 1.
O

Example Consider the morphism
AL — AL
given by the homomorphism of rings
h:Cx]— Cly], x — yz.
We will show that this morphism is not smooth. Indeed, smooth morphisms are obviously
preserved by pullback of schemes, but pulling back to the closed subscheme {0} =

Spec(C), we get the morphism of affine schemes which is Spec of

C — Clyl/ ™.
which cannot be smooth, since the target is not a regular ring, while the source is.
On the other hand, if we restrict f to the distinguished open subset Aéj ~ {0}, it becomes,
in fact, étale: It is then Spec of the homomorphism of rings
k:Clx] = Cly, y~'l, x > y2.

We can represent the target as

Clx, y,z1/(x — y*, yz = 1).

)

so its determinant is —2y2, which is a unit.

The Jacobi matrix is
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3.3.2 Theorem A regular scheme X of finite type and separated over Spec(k) for an
algebraically closed field k is smooth over Spec (k).

Proof Without loss of generality, X = Spec(R) is affine of dimension n, R =
klx1, ..., Xp4m]/I. (Note: by Theorem 5.5.1 of Chap. 1, we have dim(R) = dim(Rp)
for all maximal ideals p € R.) Let

p=x—at,....,x —am+n)

be a closed point of AZH’" which is in X. (It is of this form because k is algebraically
closed.) Again, consider the homomorphism of k-modules

6 :p/p> — k"t

given by

9 0
e(f)=(f,..., / ) :
3)61 axm—i-n (at,....am4n)

,,,,,

Then the rank of the Jacobi matrix modulo p is just dimi(Im(0)). However, 6 is an
isomorphism since the vectors 6 (x; — a;) clearly form the standard basis of k™*". Since
X is regular, we have

n=dimy(p/(I + p*)),

so the rank of the Jacobi matrix modulo p must be m. This implies that if we denote by
q the projection of the ideal p in R, then the determinants of the m x m submatrices of
the Jacobi matrix generate an ideal in R, containing 1 € R, (since this can be detected
modulo ¢). However, this will then hold in some open neighborhood of ¢. O

3.4 Etale Schemes Over a Field

Let k be a field. An algebraic extension of k is a field K D k such that every element of & is
a root of a non-zero polynomial with coefficients in k. The greatest common divisor of all
such polynomials for a given x is called the minimal polynomial of x over k. Clearly, the
minimal polynomial is irreducible in k[x]. If a field K D k is finite-dimensional as a vector
space over k, it is called a finite extension. A finite extension K D k is always algebraic. To
see this, note that for x € K, the powers 1, x, x2, ... cannot be linearly independent over
k. An extension K O k is called separable if the minimal polynomial of every x € K over
k has only simple roots, i.e. roots of multiplicity 1 (i.e. no roots of multiplicity > 1). Recall
that this is equivalent to requiring that the greatest common divisor of the polynomial with
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its derivative is 1. A field k is called perfect if all its algebraic extensions are separable.
A separable (resp. algebraic) closure of a field k is a maximal separable (resp. algebraic)
extension of k. It is tempting to say that algebraic (hence separable) closures exist by
Zorn’s lemma, but this is a little delicate, since algebraic extensions of a given field form
a proper class. This can be circumvented by observing that elements algebraic over an
algebraic extension of a field k are algebraic over k. (Actually, we already observed this in
the greater generality of integral extensions in Chap. 1.) Thus, using the axiom of choice,
one may create a transfinite sequence of algebraic extensions of k, attaching, at each step,
a root of a polynomial over k which is not already in the extension (and taking unions at
limit ordinals). This procedure eventually terminates due to the fact that there is only a set
of polynomials with coefficients in k.

3.4.1 Theorem All fields of characteristic O and all finite fields are perfect.

In characteristic 0, this follows from the fact that the derivative of a non-constant
polynomial cannot be 0, so if the polynomial had multiple roots, then the gcd with its
derivative (which has lower degree) could not be a unit, which contradicts irreducibility.
For finite fields, one can see this pretty much because one knows all their algebraic
extensions; we will return to this topic in Sect. 5.7 below.

Let us list one more fact about separable extensions:

3.4.2 Theorem (The Primitive Element Theorem) Let F C E be a finite separable
field extension. Then E is generated, as a field extension of F or equivalently as an F-
algebra, by a single element (called a primitive element).

Proof If F is a finite field, then so is E, and hence its group of units E* = E ~ {0} is
cyclic, since otherwise, it would have zero divisors, which would be a contradiction. Thus,
we can just take the generator of E* as the primitive element.

Thus, assume F has infinitely many elements. By induction, it suffices to treat the case
when E is generated by two elements «, 8. We claim that for all but finitely many elements
A, the element y = o + A is a primitive element. Let f be a minimal polynomial of «
over F, let h(x) = f(y — Ax), and let g be the minimal polynomial of 8 over F. The
polynomials g and & have the common root §. Suppose they have no other common root.
Then, since E is a separable extension of F', their gcd is of degree 1, and thus 8 (and hence
also @) is in the subfield of E generated by y and hence, y is a primitive element.

So suppose g, h have another common root 8’ in an algebraic closure F D E of F. But
this means that for some root o’ of f, we have

y=M+d =28+a
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and thus,
o —a
A= .
B —pB
But this can only happen for finitely many values A € F. O

To give an example of a field which is not perfect, let k = IF, (¢) be the field of rational
functions in one variable ¢ over the field F, = Z/(p) with p elements. Now the ring IF,[¢]
is a unique factorization domain, ¢ is irreducible, and the polynomial x? — ¢ is Eisenstein
(it is monic, and all coefficients except the top one are in the prime ideal (¢), while the x°
coefficient is not in (t2)—see Exercise 19 of Chap. 1), so it is irreducible in IF , [#, x], and
hence it is irreducible over k[x] by the Gauss lemma. Therefore,

K =k[0]/(67 —1)
is a field. But then in K[x], we have
xP —t=(x—-0)?P 3.4.1)

by the binomial theorem (since coefficients which are multiples of p are 0). We see that K
is not a separable extension of k and hence k is not perfect.

One can show that a separated morphism f : X — Spec(k) where k is a perfect field
is smooth if and only if X is regular and f is of locally finite type. We prove the following
related statement:

3.4.3 Proposition A morphism f : X — Spec(k) where k is a field is étale if and only
if X is a disjoint union of schemes of the form Spec(E) where E is a finite separable
extension of k.

Proof By the Primitive Element Theorem, a finite separable extension of a field k can
always be written in the form

E = k[x]/(p(x))
where p(x) is an irreducible polynomial such that
ged(p(x), p'(x)) = 1.

Thus, by definition, Spec(FE) is étale over Spec(k), an a disjoint union of such schemes is
étale over Spec(k), since being étale is a local property.
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Conversely, it suffices to consider the case of X affine (since then we will show that the
topology of X is discrete), and to characterize étale k-algebras

B =kl[x1,...,x41/(p1,--., Pn) 3.4.2)

where the determinant of the Jacobi matrix is a unit. First, note that

dim(B) =0,
since
dim(k[xy,...,xy]) =n
and p1, ..., py is a regular sequence (as already remarked). However, every Noetherian

ring of dimension 0 is Artinian, and has no nilpotent elements. By Proposition 5.2.3 of
Chap. 1, it is a product of finitely many fields.

Thus, it suffices to prove that a field extension E which is étale over k is finite and
separable. Finiteness is obvious, since a field extension which is not finite is not finitely
generated as a k-algebra, so by definition it cannot be smooth. Suppose E is not separable
over k. This means that there exists an element of E whose minimal polynomial p over k
has at least one multiple root o € E. If E were smooth, then, denotingby ¢ : K — E the
inclusion,

tQrE . E— EQ® E

would have to be smooth and hence, by Theorem 3.3.1, E ®, E would have to be regular.
But we see that this ring has nilpotent elements, since there exists a polynomial f € E[x]
and a natural number n > 1 where f is not divisible by p, but f” is divisible by p (since
p has a root of multiplicity > 1 in E). O

By comparison, it turns out that there are no non-trivial finite étale schemes over
Spec(Z). While this is a topic of number theory more than algebraic geometry, it is too
good to pass up. Additionally a minor variation of the method also gives a fact relevant in
the next chapter (finiteness of class groups of number fields). Because of this, a proof is
given in Exercises 17—22 below.

4 Abstract Varieties
4.1 The Definition of an Algebraic Variety

It is a good time now to give a general definition of an algebraic variety.
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4.1.1 Definition An abstract variety over a field k is an integral separated scheme of
finite type over Spec(k). An abstract variety is called complete if it is also proper over
Spec(k). An abstract variety is called affine, resp. projective if it is isomorphic to a closed
subscheme of A’;pec(k), ngec(k) for some n. An abstract variety is called quasiaffine, resp.
quasiprojective if it is isomorphic to an open subscheme of an affine resp. projective
variety over k.

From this point on, we will just say “variety,” or “algebraic variety,” instead of “abstract
variety.” Morphisms of varieties over k are morphisms of the underlying schemes over
Spec(k). We can define rational maps again as morphisms of varieties defined on a non-
empty open subset (again, two morphisms which coincide on the intersection of their
domains are considered to be the same rational map). A birational map is an isomorphism
in the category of varieties over k and rational maps. Two varieties between which there
exists a birational map are called birationally equivalent. Again, this is easily seen to
be equivalent to their fields of rational functions (i.e. fields of fractions of the rings of
sections of the structure sheaves over non-empty open affine subsets) being isomorphic as
k-algebras.

The dimension of a variety can be defined as the dimension of any open affine
subscheme. Therefore, the facts about dimension proved in Sect. 5.5 of Chap. 1 remain
valid in the present context. Varieties of dimensions 1, 2, 3 are called curves, surfaces and
threefolds.

An analog of the statement of Exercise 27 of Chap. 2 about recovering all information
from closed points only also holds for abstract varieties (see Exercise 23). For a variety X
over a field k, the subset of X consisting of all maximal ideals with the induced topology is
sometimes denoted by X,,, and the pullback of the structure sheaf Oy is denoted by Oy, .

When speaking of varieties over C, we also have an analytic topology on X, obtained
as a pushout of the analytic topologies on affine open subsets. The set X,, with its analytic
topology is sometimes denoted by X,,. To make a distinction, the scheme-theoretical
topology on X or X,, is sometime referred to as the Zariski topology, even though strictly
speaking, the term “Zariski topology” should only apply to affine schemes.

4.2 A Classification of Smooth Curves

In this subsection, let k be an algebraically closed field. We will classify smooth curves
over the field k. Let K be a field extension of k of transcendence degree 1 finitely generated
as a field containing k (recall that the transcendence degree of K over k is the largest
number n—possibly infinity—such that there is an embedding k(x1, ..., x,;) € K). We
shall construct a canonical smooth projective curve Cg over k with function field K. We
start with
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4.2.1Lemma Let 0 # h € K. Then there are at most finitely many discrete valuation
rings R C K with field of fractions K such thatk C R and h ¢ R.

Proof Since k is algebraically closed, i ¢ k. Since k is algebraically closed, & is
transcendental (which means not algebraic) over k, so k[h~'] c K. Let B be the integral
closure of k[A~'] in K. Then B is a Dedekind domain, since K is a finite field extension
of k(h) and the integral closure of a Dedekind domain in a finite extension of its field of
fractions is again a Dedekind domain. (It is normal by the comments on integral extensions
in Sect. 4.3 of Chap. 1, and its dimension is 1 by Theorem 5.5.1 of Chap. 1.) Moreover, K
is the field of fractions of B. Now let R be a discrete valuation ring with field of fractions
K suchthat & ¢ R. Let m be the maximal ideal of R. Then n = m N B is a maximal ideal
of Bandh~! € n. Additionally, R dominates B, in the sense of Sect. 2.4. But B, is also
a discrete valuation ring, so B, = R by Theorem 2.4.3, so in particular R is determined
by n. On the other hand, since h! # 0, Z(h™H c Spec(B) is of dimension 0, and hence
can contain only finitely many points . O

Now construct the scheme Cg as follows: The closed points are all the discrete
valuation rings with field of fractions K. There is one additional point, namely the generic
point. Non-empty open sets are defined to be complements of finite sets of closed points.
The structure sheaf O¢,, is defined by

OcyU) = [ R.

ReU

If B is a Dedekind domain with field of fractions K then

B= () B 4.2.1)

pESpecB

On the other hand, if R € Ck, and we choose an element x € R of valuation 1, then again
the integral closure B of k[x] in K is a Dedekind domain, and the subset U € Cg of all
R with B C R is open and by (4.2.1), isomorphic to Spec(B), so we see that Cg is a
scheme. In fact, Cg is clearly integral and is locally a smooth curve of dimension 1 over
k.

To show that Ck is in fact a smooth curve, it remains to prove that Ck is separated. To
prove this, we use the valuation criterion (Theorem 2.5.1). If k C R C L is a valuation
ring, then a morphism f : Spec(L) — Cg over k can extend to Spec(R) for a valuation
ring with field of fractions L in at most one way: first of all, f factors through Spec(K),
thus giving an inclusion K € L, and if f extends to Spec(R), then the closed point
maps to a closed point p € Cg, which means that R N K is the discrete valuation ring
corresponding to the point p. By definition, the point p is unique.
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It is also worth noting that all valuation rings R contained in K and containing k are, in
fact, discrete valuation rings. To this end, (assuming R # k), we choose, again, a non-zero
element b € R \ k. Then let B be the integral closure of k[b] in K. We have B C R, and
also B is a Dedekind domain, since it is the integral closure of the Dedekind domain k[b]
in a finite extension of its field of fractions. So (assuming R # K), we have a maximal
ideal m C B such that the maximal ideal n of R satisfies n N\ B = m. But then R dominates
the ring B,,, which itself is a discrete valuation ring, and hence R = By,.

To show that Cg is projective, we first prove

4.2.2 Lemma Let C be a smooth curve over k and let U € C be a non-empty open set.
Then any morphism

f:U—>X
to a projective scheme X over Spec(k) extends uniquely to C.

Proof The set C \. U consists of finitely many points. Pick one such point p. Let K be
the field of rational functions on C. Then

Spec(K) > X

\ \
Spec(Oc,p) > Spec(k)

is a testing diagram for the valuation criterion of X being proper. Now the maximal ideal
of Oc,, maps to some open affine subset V' C X, and we have V = Spec(B) where
B is a finitely generated k-algebra. Therefore, g is Spec(h) for some homomorphism of
k-algebras

h:B— Oc,p.
Thus, all ~-images of generators of B are in some O¢c (W), p € W C Ck, and g extends
to W. Also, the extension is unique because Oc (W) — K is an inclusion. Patching the

extensions for all points p € C \ U gives the desired extension to C. O

4.2.3 Proposition For every field extension K of k of transcendental degree 1 finitely
generated as a field containing k, Ck is a smooth projective curve.

Proof By definition, Ck is quasicompact, so it is covered by finitely many open affine sets
Ui, ..., Up,. Since U; are affine of finite type over Spec(k), we have morphisms from U;
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to an affine space over k, and hence to a projective space over k. By Lemma 4.2.2, these
maps extend to morphisms of schemes

f,' :Cx — ]P)Zi .
Take the product

f=11#:cx =[] (4.2.2)

Since a product of finitely many projective spaces is a projective variety by the Segre
embedding of a product of projective spaces into a projective space (given by all possible
products of projective coordinates, one of each of the projective spaces, see Exercise 29
of Chap. 2), it suffices to show that (4.2.2) is a closed immersion. The fact that the
homomorphisms on stalks are onto follows from the fact that it is true at each point p
after projecting to the factor corresponding to an open affine neighborhood of p.

Let Y be the closure of the image of f. Since the isomorphic f-image of U; is dense in
Y, Y is a curve (although a priori, it may not be regular). However, every local ring Oy,
is dominated by a discrete valuation ring R with field of fractions K (take a localization of
its integral closure in K at a maximal ideal), so

R =0Ocy,r = Oy fr)

and hence ¢ = f(R) (this is because any two points of a projective variety are elements of
the same open affine set Spec(A)). If one of the local rings is contained in the other, one
maximal ideal must be contained in another, so they must be equal. Thus, f is onto.

But then it is also injective because different points of Cg have different local rings. O

4.2.4 Theorem Let k be an algebraically closed field. Then there are canonical equiva-
lences between the following categories:

1. Smooth projective curves over k and dominant morphisms (inverse image of a non-
empty open set is non-empty).

2. Smooth curves over k and dominant rational maps.

3. The opposite of the category of field extensions of transcendence degree 1 of k finitely
generated as fields containing k and homomorphisms of k-algebras.

Proof The functor from 1 to 2 is forgetful, from 2 to 3 is by taking the function field, and
from 3 to 1 by sending K to Cg. The above discussion implies that compositions of these
functors are naturally isomorphic to identities where applicable. O

4.2.5 Proposition Every dominant morphism f : X — Y of complete smooth curves
over an algebraically closed field k is finite.
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Proof By Theorem 4.2.4, we have an inclusion # : K C L of finitely generated fields of
transcendence degree 1 over k such that X = Cr, Y = Cg, and Spec(h) is the restriction
of f to the generic point. Let U C Y be an affine open set, U = Spec(A), A C K. Then
f~'U = Spec(B) where B is the integral closure of A in L. By Proposition 4.2.3, f is
proper, and hence is of finite type. Hence, B is a finitely generated A-algebra. But every
finitely generated A-algebra which is integral over A is a finitely generated A-module. 0O

COMMENTS

1. The statement of Proposition 4.2.5 is also true for complete curves which are not
smooth, but the proof is harder. See Chap. 6, Sect. 4.2.3 and Exercise 19 of Chap. 6.

2. Regarding the last step of our proof, it is true more generally that for any normal integral
domain A with field of fractions K and a finite field extension L of K, the integral
closure of A in L is a finitely generated A-module. However, it is surprisingly tricky to
prove: the standard proof treats the case of L separable over K first and then reduces to
that case.

Now let again f : X — Y be a dominant morphism of complete smooth curves over
k algebraically closed. By Theorem 4.2.4 again, we can assume that X = Cg, Y = Cp,
K C L is afinite field extension. The degree of the morphism f is defined to be the degree
of the field extension:

deg(f) =I[L: K]

4.2.6 Theorem Let f : X — Y be a dominant morphism of complete smooth curves over
an algebraically closed field k, and let p be a closed point of Y. Then

deg(f)= Y vy (4.2.3)

qef~'(p)

wheret € Oy, is an element of valuation 1. (Note: the choice of an element of valuation 1
does not matter, since any two choices differ by multiplying by a unit. Since the morphism
f is finite by Proposition 4.2.5, its pullback to Z(p) is finite, and hence the sum has finitely
many terms.)

Proof Use the same notation as in the proof of Proposition 4.2.5, and assume p € U.
Consider the multiplicative set S = A ~. p. Then B’ = S™!'B is a torsion free finite
extension of A, of rank [L : K] = deg(f). The elements g € £~ (p) are in bijective
correspondence with the maximal ideals m, of B’. By the Chinese remainder theorem
(Proposition 4.1.1 of Chap. 1),

B'/tB = ]_[ B'/(tB,N B
qef~(p)
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(since (), p-1() (t By N B') =t B’) so we have
deg(f) =dimy(B'/tB') =

Y dimi(B'/4B,NB) = > w0

gef~(p) qef~1(p)

(Note that B/t B’ is a k-vector space because k C A.) i

Example Let k be an algebraically closed field of characteristic 0. In Sect. 3.2 we proved
that the closure E in ]P’,% of

Spec(R), R =kl[x, yl/(x* = y* =) (4.2.4)
is smooth over k. All of our arguments would work if we replace R with

klx, y1/(6* = (y —a)(y = b)(y — ©)) (4.2.5)

where a, b, ¢ are different elements of k. Such curves E are called elliptic curves over
k. (Over a field which is not algebraically closed, the same definition of elliptic curve
holds if we allow, in place of (y — a)(y — b)(y — ¢), any cubic polynomial with different
roots in the algebraic closure. The definition actually works over fields of characteristic
# 2, 3. The study of elliptic curves is a very important subject of mathematics. For more
information, we refer the reader to [23].) We will show that E is not a rational curve (i.e.
is not isomorphic to ]P’,i in the category of curves and rational maps). In fact, if E were
rational, by Theorem 4.2.4, it would be actually isomorphic to ]P’,i as a scheme. Since
Spec(R) = E ~ Z(p) where p is the point [0 : 0 : 1], Spec(R) would have to be
isomorphic to Al so R would have to be isomorphic to k[¢]. But we will show that in fact,
R is not a unique factorization domain. To this end, note that R is integral over k[ y]. In fact,
as a k[y]-module, it is free with basis 1 and x. Further, there is obviously an automorphism
ofringso : R — R whichsends 1to 1 and x to —x.Put N(t) = t-0(¢). Then N preserves
multiplication. If u € R*, then N(u) € k[y]*,so N(u) € k*. Butifu = p(y) + xq(y)
for polynomials p, g € k[y], then

N@w) = p(»)?* —x*q(»)? = p(»)? — & + y)g(M*. (4.2.6)

We see that unless p(y) € k, g(y) = 0, the top terms of the two summands on the right
hand side are in even resp. odd degrees, so they cannot match. Thus, R* = k*. Next, we
will show that y is irreducible. Note that N(y) = y?, so since N (u) € k* only foru € k*,
if y = uv € R, we would have to have N(u) = ay, N(v) = y/a for some a € k*. But
by (4.2.6) again, this is only possible when u € k*. Similarly, we will show that x € R is
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irreducible: We have N (x) = x? = y3 +y,soif x = uv then N(x) = N (u)N (v) so either
u or v must be in k[y], (otherwise the second terms of (4.2.6) would combine to too high
a degree). Say, u € k[y]. Thenv € x - k[y],andsou € k*, v € x - k*.

Thus, x, y € R are both different irreducible elements of R, and hence x% = y3 +y
contradicts uniqueness of factorization. Thus, E is not rational. Again, this proof applies
to any elliptic curve over a field of characteristic # 2, 3 (Exercise 26).

4.3 The Role of Closed Points

As already remarked, one feature of algebraic varieties is that all their scheme-theoretical
information can actually be derived from maximal ideals. This follows from the Null-
stellensatz (Corollary 4.3.1 of Chap. 4, see Exercise 23). One corollary is worth stating
explicitly.

By an open subvariety of an (abstract) variety X over a field k, we mean any open
subscheme. By a closed subvariety of a variety K over a field k, we mean a closed integral
subscheme (it is then automatically a variety).

4.3.1 Corollary Two subvarieties Y, Z, closed or open, of a variety X over a field k are
equal if and only if they contain the same closed points of X.

Proof First, we shall prove that Y, Z contain the same points as schemes. To this end,
without loss of generality, X = Spec(R), where R is a finitely generated algebra over k.
But then by the Nullstellensatz, a prime ideal (which is always a radical) is an intersection
of maximal ideals, so the points of ¥ and Z, considered as schemes, are equal. Now
by the definition of topology, this means that they are both open or closed subsets, and
hence, by our assumptions, open or closed subvarieties. If they are both open, then they
are determined by their set of points, so we are done. If they are both closed, we will
prove that for every affine open set U € X, U = Spec(R) where R is a finitely generated
algebra over k, there is a unique isomorphism of schemes over X

ov:YNU — ZNU. (4.3.1)
By uniqueness, the isomorphisms (4.3.1) are then compatible with restriction, and thus,
their colimit in the category of schemes defines an isomorphism of schemes ¥ = Z.
To see (4.3.1), recall from Theorem 2.3.1 of Chap. 2 that

Y NU = Spec(R/I), ZNU = Spec(R/J)

for some ideals I, / € R, which have to be radical, since Y, Z are reduced. Then, however,
I, J are intersections of maximal ideals, so by our assumption, they are equal. O
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We see that the same argument also implies that for a variety X, two closed reduced
subschemes of X which contain the same closed points are equal. We shall see that if k is
not algebraically closed, closed points are not necessarily what we may think, however.

In the remainder of this section, we present a proof of a generalization of the
Nullstellensatz, which includes, for example, schemes of finite type. A ring R is called
a Jacobson ring if every prime ideal of R is an intersection of maximal ideals. Note that
this, in particular, implies that

Nil(R) = Jac(R). (4.3.2)

An integral domain R is called a Goldman ring if there existsau € R suchthat K = u~'R
is the field of fractions of R. Every field is obviously a Goldman ring. A discrete valuation
ring is also a Goldman ring (we can take u to be any element of valuation 1). Note that a
local ring which is an integral domain is Jacobson if and only if it is a field. In fact, we
have the following

4.3.2 Lemma A Goldman ring R is Jacobson if and only if R is a field.

Proof 1If R is a field, it is obviously Jacobson. Assume that R is not a field and it is
Goldman, i.e. u~'R = K where K is its field of fractions. Then every maximal ideal of R
contains u (thus showing that R is not Jacobson, since it is an integral domain, so (0) is a
prime ideal, and u # 0). Indeed, suppose that m C R is a maximal ideal, and u ¢ m. Then
u is a unit in the localization Ry, so Ry, = u 'R, = K, contradicting our assumption
that R is not a field. O

433 Lemma Let R be a commutative ring, u € R, u ¢ Nil(R). Then there exists a
prime ideal p C R, u ¢ p, such that R/ p is Goldman.

Proof Let m be a maximal ideal of u ™' R. Put p = m N R. Then p is prime. We claim that
R/ p is Goldman. Indeed,

u " (R/p) = "R)/m,

which is, by assumption, a field. (Note that for every x € m, there exists n € N such that
ux € p.) O

4.3.4 Corollary The following are equivalent for a commutative ring R:
1. R is Jacobson.

2. All quotient Goldman rings of R are fields.
3. Foreveryideal I C R, the ring R/I is Jacobson.
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4. Foreveryideal I C R, the radical v/1 is equal to the intersection of all maximal ideals
containing 1.

Proof By Lemma 4.3.3 applied to R/p for p C R prime, if x ¢ p then (since the
reduction x of x modulo p is not nilpotent), there exists a prime ideal ¢ 2 p such that
x ¢ q and R/q is Goldman. Thus, (2) implies (1). On the other hand, if R/p is Goldman
but not a field, then by Lemma 4.3.2, p is not an intersection of maximal ideals. Thus,
(1) and (2) are equivalent. Now since (2) obviously passes on to quotient rings, it is also
equivalent to (3). Since we already observed that for a Jacobson ring R, we have (4.3.2),
(3) implies (4). If (4) holds, then, in particular, a prime ideal (which is its own radical) is
an intersection of maximal ideals, so we have (1). O

4.3.5 Lemma [f a finitely generated (commutative) algebra S over a commutative ring R
is a Goldman ring and the homomorphism

R—>S
is injective, then R is a Goldman ring.
Proof Suppose S is Goldman generated by up, ..., u, as aring over R, and L = u~'S is
its field of fractions. Note that by assumption, R is an integral domain. Let K € L be the
field of fractions of R. Then L is finitely generated as a ring over K (by uy, ..., u,, u_l),

so it is a finite extension of K, which means that every element of L is algebraic (i.e. roots
of nonzero polynomials) over K. Without loss of generality (by clearing denominators),
these polynomials have coefficients in R. Let ay, ..., a,,a be the top coefficients of
these polynomials. Consider the subring Ry < L generated by R and the elements

al_l,... a- ! a—'. Note that

»“n
Ri=(p- - ana)"'R. (4.3.3)

Then the field L is an integral extension of the ring R; (which means that every element
of L is integral, i.e. the root of a monic polynomial, i.e. polynomial with top coefficient 1),
over Rj. Butaring Ry whose integral extension is a field L is itself a field by Lemma 4.3.4
of Chap. 1. Here is another proof: Let m be a maximal ideal of R1; then (R]),, is dominated
by a valuation ring V, but valuation rings are integrally closed (meaning normal, or
integrally closed in their fields of fraction, i.e. that any element of the field of fractions
integral over the ring is in the ring—see Exercise 10).

Thus, V = L, which implies m = 0, so R is a field. (Note: not necessarily L.) In any
case, (4.3.3) now shows that R is Goldman. m]

4.3.6 Theorem If R is a Jacobson ring, then R[x] is a Jacobson ring.
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Proof Let p C R[x] be a prime ideal such that R[x]/p is Goldman. Let
q=RnNp.
Then R[x]/p is finitely generated over R/q (by x) as an algebra, and the homomorphism

R/q — R[x]/p

is injective by the homomorphism theorem for commutative rings. By Lemma 4.3.5, R /g
is Goldman. Since R is a Jacobson ring, R/q is a field. Now the integral domain R[x]/p
is a quotient of the principal ideal domain R/g[x] by a prime ideal. Since R/q[x] itself is
certainly not Goldman, R[x]/p is its quotient by a nonzero prime ideal, but such an ideal
is maximal. Thus, R[x]/p is a field. O

Proof of Theorem 4.3.1. Use Theorem 4.3.6 and Corollary 4.3.4. O

5 The Galois Group and the Fundamental Group

In this section, we will explore an important role of group actions in algebraic geometry.
We will see how closed points of varieties over perfect fields can be understood as orbits
of the Galois group, which is another important philosophical point of algebraic geometry.
We will also discuss the analogy between the absolute Galois group of a perfect field
and the fundamental group of a topological space, and discuss a combination of both
concepts, namely the étale fundamental group. We will conclude the section by mentioning
a remarkable result of P. Deligne, A. Grothendieck and others on counting points of
varieties over finite fields.

5.1 Varieties Over Perfect Fields and G-Sets

Assume that & is a perfect but not necessarily algebraically closed field. Consider a closed
point m of the affine space A}. Then m is a maximal ideal of k[x1, ..., x,], so

K =k[x1,...,x]/m (5.1.1)

is a field. It is called the residue field of m. Further, this field is a finite extension of k:
this is because it is contained in the splitting field E of the product p(x) of the minimal
polynomials of all its coordinates over the algebraic closure of k (see Proposition 4.3.2 of
Chap. 1). Thus, over the field E, the polynomial p(x) is a product of linear factors. Recall
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that a splitting field of a polynomial over k is the same thing as a Galois extension. So we
have

K CE,

and E is a Galois field over &, since we assumed that k is perfect and hence E is a separable
extension. Now consider the projection

7 A — A} (5.1.2)
We can say that 7 is Spec of the inclusion
klx1,...,xn] € E[x1, ..., Xxn].
But now note that the Galois group Gal(E/k) (the group of automorphisms of E which

leave every element of k fixed) permutes the closed points of A’ (it permutes all the points,
but let us restrict attention to closed points for now).

5.2 Some Details on G-Sets

Instead of permutes, we will say acts on. We say in general that a group G acts on a
set S (or that there is a G-action on S) when for every element g € G, we are given a
permutation (i.e. a bijection) o, : § — S such that forall g, 7 € G,

Ogh = Og O Op. (5.2.1)

There are several other notations we can use to express this. We may say that there is a
homomorphism of groups

o:G — Perm(S)

where Perm(S) is the group of permutations on S (i.e. automorphisms of S in the category
of sets and mappings). Alternately, we may also write

g x = 0og(x),
and then require that for all g, h € G,

g-(h-x)=1(g-h)-x. (5.2.2)
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From this point of view, the set S is a universal algebra with an operation g-? for every
g € G. Thus, sets with a G-action are also called G-sets. The category G-Sets of all
G-sets is then defined by letting morphisms of G-sets be maps

f:8S—>T
which satisfy forall g € G, x € S,

flg-x)=g- f(x).

The study of G-sets is called G-equivariant mathematics.

Thus, the study of varieties over perfect fields k involves Gal(E/k)-equivariant
mathematics for every Galois extension E D k. Let us return to that context, and see what
else we need to learn about G-sets. By definition, the map (5.1.2) is Gal(E / k)-equivariant
on closed points, but of course, Gal(E / k) acts trivially on the target (i.e. leaves everything
fixed). This means that if two maximal points x, y € A7 satisfy

§-Xx=Yy
for some g € Gal(E/k), then we must have
m(x) = m(y).

This calls for a definition. For a G-set S and x € S, the G-orbit (or simply orbit) of x is
the subset

Orbg(x)={g-x|g e G}.
The orbit is also a G-set, and the inclusion Orbg(S) < S is a morphism of G-sets. Thus,
we can get closed points of A} as Gal(E /k)-orbits of A’ where E is any Galois extension
of k. We will still need to refine this somewhat, but for now, let us classify orbits up to
isomorphisms in the category of G-sets.

The key concept here is the concept of an isotropy group (also known as stabilizer) of
an element x € S of a G-set S, defined as

Isog(x) ={geG|g -x=x}
It is also convenient to denote, for a subgroup H C G,

St ={x eS| HC Isog(x)}.
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Thus, S¥ is the set of all elements x € S such that forall s € H, h - x = x. We call $¥
the set of fixed points of S with respect to the subgroup H.
Recall that for a subgroup H C G, we may define left cosets
gH ={g-h|heH}
and right cosets
Hg=1{h-g|helJ}
When the left cosets are the same as the right cosets, i.e. forall g € G, Hg = gH, then

the subgroup H is called normal, we write H <« G, and we can form the factor group G/H
which consists of all the cosets. We then define multiplication of cosets by

g1H -goH =(g1-g)H

(in proving consistency of this definition, we use the fact that Hgy, = g2 H).
If H is not a normal subgroup of G, we still use the symbol

G/H ={gH | g € G}
to denote the set of left cosets, which still form a G-set, using the formula
g1-&H = (g1 8)H
for g1, 82 € G.
The isotropy group of an element of a G-set does not have to be a normal subgroup of

G.

5.2.1 Proposition For every element x of a G-set S, the orbit Orbg(x) is isomorphic to
G/Isog(x) in the category of G-sets.

Proof Define a morphism of G-sets
¢ :G/lsog(x) = Orbg(x)
by

g -Isog(x)—~> g-xforgegG. (5.2.3)
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To see that this is well defined, we need to prove that if

g1 -Isog(x) = g2 - IsoGg(x) (5.2.4)
then
81X =8 - X. (5.2.5)

We will prove that (5.2.4) is, in fact, equivalent to (5.2.5).
In general, for a subgroup H € G, g1 - H = g2 - H occurs if and only if gl_1 -8 € H.
Thus, (5.2.4) occurs if and only if

gr' - g2 € Isog(x),

which means

—1
g & -x=ux,

which is equivalent to (5.2.5). Thus, ¢ is well defined by (5.2.3) as a map of sets, but then
it clearly preserves the G-action, so ¢ is a morphism of G-sets. It is also clearly onto by
the definition of an orbit. The fact that (5.2.5) implies (5.2.4) proves that ¢ is injective.
Thus, it is an isomorphism of G-sets. m]

We say that the action of G on a set S is transitive or homogeneous when S is
isomorphic to a G-set of the form G/H. Clearly, this is the same thing as requiring that
forall x, y € S thereexistsag € G suchthatg - x = y.

As any category of universal algebras, the category of G-sets has all limits and colimits.
The coproduct in the category of G-sets is the disjoint union (just as in the category of
sets), and we immediately see that every G-set is a disjoint union of orbits. In some sense,
then, we completely understand the category of G-sets if we know the morphisms between
orbits.

5.2.2 Theorem Let H, K be subgroups of G. Then the set
G-Sets(G/H,G/K)

of morphisms from G /H to G/K in the category of G-sets is bijective with the set G/ KH
of fixed points of G/K with respect to the subgroup H, which is equal to the set of all
cosets gK such that

¢ 'Hg C K. (5.2.6)

(Here g 'Hg = {g"'xg | x € H}.)
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COMMENTS Because of (5.2.6), G-set morphisms from G/H to G/K are sometimes
called subconjugacies from H to K. The full subcategory of the category of G-sets on
orbits is called the orbit category, and denoted by Orbg. At this point we are most
interested in observing that the isotropy groups of different elements of G/H may be
different. In fact, more precisely, the isotropy group of gH € G/H is the subgroup
gHg™ ! C G, which is known as a subgroup of G conjugate to H. The isotropy groups of
all elements of the orbit are the same if and only if all conjugate subgroups of H are equal
to H, which happens if and only if H < G is a normal subgroup.

Proof First notice that the condition (5.2.6) does not depend on the representative g of a
coset gK (since replacing g by kg turns (5.2.6) into an equivalent condition). Next, for all
heH,

gilhg ek
is equivalent to
hg € gk, 5.2.7)
and thus to
hgK = gk, (5.2.8)

which is the same as gK € G/K ™. Now let us study morphisms of G-sets
¢:G/H — G/K. (5.2.9)
Since G/H is an orbit, the morphism ¢ is clearly determined by
g=¢(). (5.2.10)

Which choices of g are allowed in (5.2.10)? The requirement is that the isotropy group of
1 (which is H) must be contained in the isotropy group of ¢ (1). This is precisely (5.2.8),
which we already proved is equivalent to (5.2.6).

Finally, note that replacing g by gk for k € K in (5.2.10) produces the same morphism
¢ and vice versa, thus defining the required bijection. O

5.3 Closed Points as Galois Group Orbits

Now let us return to our closed point m of Aﬁ with (5.1.1), and let us look at the set
7~ (m) of all points of A';, which map to m by (5.1.2). As already observed, 77 (m) is
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a Gal(E/k)-set. To be more specific, note that by definition, 7~ 1(m) is the set of closed
points of the pullback

Spec(K)
\
AL > A},

which is
SpeC(K ®k[x1,...,xn] E[-xla M} xn])a
which, in turn, is isomorphic to Spec of the ring
K @ E. (5.3.1)
Now since K is a separable extension of k, it is, generated, as a k-algebra, by a single
element a.
Thus, by definition,

K = k[x]/p(x)

where p is the minimal polynomial of a over k. Now over E, by assumption, p splits into
linear factors

p(x) = —ap)...(x —am)

where ay, ..., a, € E are all different. Then
K®r EZE[x]/((x —ay)...(x —ap)). (5.3.2)
But recall the Chinese remainder theorem which states that if any ideals I, ..., I, of a

ring have the property that [; +1; = Rforanyi # j,then 1 N---NLy =11 ----- I, and
R/(IiNn---NIp)=R/I1 X+ X R/I.

Thus, the right hand side of (5.3.2) is isomorphic to

Elx]/x—a) =] ]E.

1 i=1

—

1
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The spectrum of this ring (which, recall, is 7~ m)), is

ﬁSpec(E),

i=1

which consists of m points. But how does Gal(E/k) act on those points? We know that
Gal(E/k) acts transitively on {ay, ..., an}, so it is isomorphic, as a Gal(E/ k)-set, to an
orbit by Proposition 5.2.1.

What is the isotropy group? By definition, the embedding K € E sends the generator
a € K to one of the elements ay, ..., a,. Assume, without loss of generality, that it is
a1. Then the isotropy group is the subgroup of all elements g € Gal(E/k) which satisfy
g(a1) = ap, which, by Galois theory (see Exercise 34), is Gal(E/K). Thus, we have
proved the following

5.3.1 Proposition If X is a variety over a perfect field k, then there is a canonical bijection
from the set of all closed points m of X whose residue field is contained in a given Galois
extension E of k to the set of orbits of Gal(E / k) acting on the set of closed points of

X X Spec(k) Spec(E) (5.3.3)

with residue field E. Furthermore, if the residue field of m is K C E, then its isotropy
group in (5.3.3) with respect to the Gal(E | k)-action is Gal(E/K).

O

The word canonical is a philosophical, not a precise mathematical term. A mathemat-
ical object (not in the categorical sense) is called canonical if there is an obvious choice
for it. If a mapping is canonical, it is usually a natural transformation between functors,
but not conversely: there are important examples of natural transformations which are not
canonical in any reasonable sense (see, for example, the proof of Lemma 3.3.5 of Chap. 5).
On the other hand, a unique object of a given kind is always canonical, but a canonical
object does not have to be unique, as there may be more than one obvious choice (differing,
for example, by a sign). While not strictly speaking rigorous, the term canonical is often
useful in suggesting that a construction exists from a general principle, without having
to make unnatural choices on a case by case basis. There may be no reasonable way of
expressing this without presenting the explicit construction as a part of the statement of
the theorem, which may be awkward or even impossible for space reasons. The word
canonical often simply suggests that a reasonable uniform construction exists.

The statement of the proposition is awkward, and it would be good to simplify it. One
observation is that it is actually possible to omit the assumptions on the residue field. This
gives a more elegant but somewhat less precise statement (note that the hypothesis of k
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being perfect is omitted):

5.3.2 Proposition If X is a variety over a field k and E is a Galois extension of k, then
there is a canonical bijection from the set of closed points of X to the set of orbits of the
set of closed points of the scheme (5.3.3) with respect to the Gal(E / k)-action.

Proof Let E be the splitting field of a polynomial p(x) € k[x]. Let K be a finite extension
of k. Then a closed point P of X with residue field K is represented by a morphism of
schemes

Spec(K) - X

which induces an isomorphism of the residue field of X at P to K. Thus, it suffices to
study the closed points of

Spec(K) Xspeck) Spec(E).
Denote by L the splitting field of p(x) € K[x]. Then
Gal(L/K) € Gal(E/k).

Then the definition of a splitting field gives a diagram of K -algebras

L > K Qi E

\ (5.3.4)
1d \%

L

(by sending the roots of p(x) to the same roots). The groups Gal(E/k) acts on the upper
right corner, the subgroup Gal(L/K) acts on L. If we denote

M = ]_[ L, (5.3.5)

Gal(E/k)/Gal(L/K)

M is a commutative L-algebra (a product in the category of L-algebras), but as an L-
module, M is of course isomorphic to

M= P L. (5.3.6)

Gal(E/k)/Gal(L/K)

The L-algebra (5.3.5) and the L-module (5.3.6) have a canonical Gal(E /k)-action which
extends the Gal(L/K)-action on L. Using this action, we obtain a diagram of L-modules
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with Gal(E /k)-action

]\7 > K Qr E

\ (5.3.7)
¢ v

M

where the vertical map is a homomorphism of L-algebras. In fact, note that by Galois
theory (Exercise 34), as k-modules, both (5.3.5) and (5.3.6) become canonically identified
with

D «

Gal(E/k)

(by considering the images of 1), and the homomorphism of k-modules ¢ becomes
identified with Id again.

Thus, the vertical morphism (5.3.7) is onto. On the other hand, note that the dimensions
of its source and target as vector spaces over k are both

E:k
[K:k]~[E:k]=[ ][L:k]
[L:K]

(where [K : k] denotes the degree of a finite field extension, i.e. the dimension of K as a
vector space over k). Thus, the vertical morphism (5.3.4) is an isomorphism of rings

E® K = I1 L. (5.3.8)
Gal(E/k)/Gal(L/K)

Note that the map (5.3.8) is not equivariant, as the Galois action twists by the Gal(L/K)-
action on L. Nevertheless, we see that on the points of

Spec(E ®i K) = Spec( I1 L) =
Gal(E/k)/Gal(L/K)

[I  Spec).

Gal(E/k)/Gal(L/K)

Gal(E/k) acts transitively, its orbit representing the point of Spec(K). O
COMMENT The constructions M and M are examples of a more general construction. In
any category C, for a group G, we have the category G-C of G-equivariant objects in C.

The objects consists of an object x of C and a homomorphism of groups

¢ : G — Aut(x)
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where Aut(x) denotes the group of automorphisms of x (i.e. isomorphisms x — x).
Morphisms in G-C are morphisms f : x — y in C which respect the G-action, which
means for every g € G, there is a commutative diagram

é(g)
X > X
f f
Y Y
>y
é(g)

Then for an inclusion of groupsi : H € G, we have a “forgetful” functor
i*:G-C - H-C. (5.3.9)

Not always, but for many categories C, the functor i * has a left adjoint i; and a right adjoint
i called the left and right Kan extension. If C is a category of universal algebras, the left
Kan extension iz X of an H-equivariant C-object X is the colimit (coequalizer) in C of the
diagram

[ x=1]x

GxH G

where | | denotes the categorical coproduct, and the two arrows send x in the (g, h)’th
copy of X to h(x) in the g’th copy of X, and to x in the gh’th copy of X, respectively. The
G-action is defined by letting g € G send x in the k’th copy of X (k € G) into x in the
gk’th copy of X. (Note however that while expressing things in this way, the coproduct is
generally not the disjoint union.)

Dually, in a category C of universal algebras, the right Kan extension of an H-
equivariant C-object X is the limit (equalizer) of the diagram

[Tx= I1x
G GxH

where the two arrows send a |G|-tuple
[T
G

to

[ ven

GxH
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where y(g ) = xgn and y(g )y = h(x)g, respectively.
In the proof of Proposition 5.3.2, M was the left Kan extension with respect to the
inclusion

i : Gal(L/K) € Gal(E/k)

in the category of K -algebras, while M was the left Kan extension in the category of K-
modules. As already remarked, writing L for the copies on the right hand side of (5.3.8)
is somewhat imprecise if we want to think Gal(E /k)-equivariantly: for the g’th copy, we
should write the subfield gL which is the image of L in E ®; K under g instead. Of
course, this field is by definition isomorphic to L, but not canonically, unless we know the
representative g of the corresponding left coset in Gal(E/k)/Gal(L/K).

54 The Absolute Galois Group: Profinite Groups

Finally, it seems natural to find a statement where E would be replaced by k, the algebraic
closure of k, (k is perfect), which is a minimal algebraically closed field containing k.
(An algebraic closure is unique up to noncanonical isomorphism.) If k is a finite extension
of k, we may use it as E, and the previous propositions apply. This arises for example
when k = R, E = R = C (which is algebraically closed by the fundamental theorem
of algebra). Thus, for a variety X over R, the closed points are orbits of the set of closed
points of X X gpecr) Spec(C) with respect to complex conjugation

a+ib—a—ib, a,beR,
which is the generator of Gal(C/R). The orbits are of the form Z/2 = (Z/2)/{e} (an
orbit G /{e} of any group is called the torsor), and (Z/2)/(Z/2). Obviously, the torsor of
Gal(C/R) has two elements, corresponding to two complex-conjugate points, while the
other type of orbit has a single element, corresponding to a point with residue field R.
Studying such points in detail is the subject of real algebraic geometry.
Example Consider the affine variety

Spec(R[x, y1/(x* + y* — 1) (5.4.1)

over R (the unit circle). We have, of course, the usual real points, for example
(v2/2, —+/2/2). Written as a maximal ideal, this is the ideal of

Rix, y]/(x>+y> = 1) (5.4.2)
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generated by x — V2/2and y — /2/2, ie.
(x = v2/2,y ++2/2) C Rlx, yl/ (x> + y* = 1).

This is a maximal ideal (a closed point). Of course, there is a maximal ideal with the same
generators in

Clx, y1/ x>+ y*> = 1). (5.4.3)

It is a fixed point under the action of Gal(C/R) (i.e. a 1 element orbit).
On the other hand, there are of course closed points of

Spec(Clx, y1/(x>+ y*> = 1) (5.4.4)

which are not real: for example the point written in affine variety notation as (i, v/2), i.e.
the maximal ideal

(x —i,y = v/2) € Clx, yl/(x* + y* = 1).
The orbit of this ideal under the action of Gal(C/R) is
{(x =i,y =vV2), (x +i,y —V2)). (5.4.5)

By Proposition 5.3.2, this corresponds to a closed point of (5.4.1). Indeed, this closed point
is, in maximal ideal notation,

241,y —+2). (5.4.6)

(We find the ideal by taking any element of the orbit (5.4.5) and intersecting it with
R[x, y]/(x2 + y2 — 1).) Note that the point (5.4.6) does not have a “naive” notation as
a pair of elements of R. We can, however, still write it as a pair of points in Aﬁg.

Even that is not possible in general, however. Consider the point of (5.4.4) which is
given, in the affine variety notation, as the pair (3/4 + i/4,3/4 — i/4). (Check that this
works.) This corresponds to the maximal ideal

(4x =3 —i,4y —3+1i) C Clx, y]/ (x> + y> = 1). (5.4.7)

In general, we observe that finding the intersection of an ideal with (5.4.2) is not trivial (it
can be done by finding the Grobner basis of the ideal

(4x =3 —i4x =3 +i, x> +y>—1,i>+1) CR[x, y, i]
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with respect to the order i > x > y). In the case of the ideal (5.4.7), however, it is still
elementary, since we can change the generators of R[x, y] to x — y, x + y, so the ideal is

2x +2y —3,2x — 2y —i).
Thus, we see that the corresponding point in (5.4.1) is
(2x + 2y — 3,4(x — y)? + 1).

Not a pair of points in Aﬁ! This shows that for varieties over k which is not algebraically
closed, ?7x gpec(k)? does not in general give the Cartesian product on sets of closed points.
(It is true however when k is algebraically closed, by considering the affine case and the
Nullstellensatz; see Exercise 36.)

Speaking of the Nullstellensatz, let us give an even more direct example of why “non-
naive” closed points come up. Consider the following affine variety over R:

Spec(R[x, y1/(x*>+ y> + 1)). (5.4.8)

Then there are no points with residue field R, since x4 y> 4 1 % 0 for real numbers x, y.
By the Nullstellensatz, if there were no other closed points, (5.4.8) would be Spec(0),
which is clearly not the case, since the ideal (x> 4+ y? + 1) does not contain 1. Following
the above method, we can produce, for example, the closed point

24+ 1,y)

with residue field C.

Note: in our definitions, Spec(0) is not a variety, since an irreducible space is required
to be non-empty. In any case, it brings up the necessity to show that the polynomials x2 +
y2 & 1 are irreducible in R[x, y]. Note that they are irreducible in R(y)[x], (or C(y)[x]),
since they have no root in R(y). Note also that of course an irreducible polynomial can
become reducible when extending scalars from k to E, thus showing that (5.3.3) may not
always be a variety over E, although it is one in our case.

However, fields k for which the algebraic closure k is a finite extension of k are,
unfortunately, an exception to the rule, and are, in some sense, all analogous to the case
k = R (for example, in all such cases, Gal(k/k) = Z/2). We must, therefore, develop
some technique for generalizing Galois theory to infinite (separable) algebraic extensions.
Note that by contravariance in Galois theory, if

kCKCL
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are Galois extensions, we have an onto homomorphism
Gal(L/k) >> Gal(K/k).

Thus, the groups Gal(?/k) form an inverse system of groups, which means a functor
Gal(?/k) : 1°? = Groups (5.4.9)

where [ is a directed partially ordered set, which means that for any a, b € I there exists
an element ¢ € I witha < c and b < c. (Recall that a partially ordered set I can be
considered as a category where the morphism set I (a, b) is a one element set whena < b
and is empty otherwise.) In the present case, the set [ is the set of all finite extensions of
the field k ordered by inclusion.

We could define Gal(k/k) as the limit (meaning inverse limit) of the diagram (5.4.9),
but if we do this in the category of groups, it turns out to lose too much information. For
example, there can be finite orbits which do not factor through orbits of any Gal(L/k) for
a finite Galois extension L of k.

There are several solutions of this problem. For example, we could take a limit of
the diagram (5.4.9) in the category of topological groups which means a group object
in the category of topological spaces, or equivalently, a group with a topology where the
operations of multiplication and inverse are continuous, and we could restrict attention to
continuous group action (a set on which a topology is not specified is considered to have
the discrete topology which means that every subset is open).

This would actually produce the right answer in our present situation, but it is useful
to learn another formalism. A pro-finite group is defined to be an inverse system, i.e. a
functor

G :1°? > sfGroups (5.4.10)
where [ is a directed set (which may vary) and sf Groups is the category of finite groups
and surjective homomorphisms. In particular, then, a finite group is a pro-finite group (we
can take, for example, / to be a one element set). Two pro-finite groups from (5.4.10) and

H:J% — sfGroups
specify a functor

Hom(G,H): I x J°P — Sets. (5.4.11)

The set of morphisms ¢ : G — H is defined to be the colimit of (5.4.11) in the [
coordinate, followed by the limit in the J Or_coordinate.
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This means that for every j € J there exists an i (j) € [ such that forall i > i(j), we
are given a homomorphism of groups

ij : Gi — Hj
such that the diagram
¢"/,j/
Gl’ > Hj/
M \
\ v
G > Hj
bi,j

commutes whenever it is defined. (Note: there are several variants of the definition of
profinite groups, but they give equivalent categories.)

Now by an action of a pro-finite group (5.4.10) on a finite set S (i.e. a finite G-set), we
simply mean an action of some G;,i € I,on S. Fori < j, such an action is considered
equivalent to an action of G on S, j < i, which factors through the surjection

G; >> Gj.

The concept of an orbit does not depend on the choice of i € I, and there is an obvious
concept of an isotropy group, which is a pro-finite subgroup of G. We may also speak of
a finite G-set for the pro-finite group G. Any finite G-set is obviously a disjoint union of
orbits. We may also consider general (possibly infinite) G-sets for a profinite group G,
by which we mean possibly infinite disjoint unions of (finite) orbits. Note that an infinite
G-set may not be a G;-set for a fixed i € I, since i may vary over different orbits.

In this language, for any perfect field k, Gal(k/k) is a profinite group, defined as the
inverse system (5.4.9). It is sometimes denoted by Gal(k) and called the absolute Galois
group of the perfect field k. Then our previous discussion implies the following

5.4.1 Theorem Let X be a variety over a perfect field k. Then there is a canonical
bijective map from the set of closed points of X to the set of orbits of the set of closed
points of X X spec(k) Spec(k) with respect to the action of the pro-finite group Gal(k/k).

O
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5.5 The Fundamental Group of a Topological Space

There is a situation in topology which to some degree is analogous to Galois theory, namely
the fundamental group. Giving all the details here would take us too far afield, so the reader
is referred to [13] for further reading. However, the main point is important, as it is another
example of our continuing story of connections between topology and algebraic geometry.

Let X be a topological space and let x € X be a point. A path is a continuous map
o : [0,1] — X where on the interval [0, 1], we consider the analytic topology. The
points w(0) resp. w(1) are called the beginning point resp. the end point of the path
w. We also say that w is a path from w(0) to w(1). A based homotopy between two
paths w1, @y is a continuous map & : [0, 1]2 — X (where the domain has the analytic
topology) such that for all s € [0, 1], h(s,0) = wi(s), h(s,1) = wa(s), and for all
t € [0, 1], h(0,¢) = h(0,0) and h(1, 1) = h(1, 0). Two paths are called based-homotopic
if there exists a based homotopy between them. This is an equivalence relation. (Thus,
in particular, based-homotopic paths have the same beginning points and the same end
points.) The equivalence class of a path w with respect to based homotopy is often denoted
by [w] (which is a generic notation for the equivalence classes of any equivalence relation).

Now for a topological space X, there is a groupoid (i.e. category whose every morphism
is an isomorphism) 1 (X) called the fundamental groupoid whose objects are the points
of X, and morphisms x — y are based homotopy classes of paths with beginning point
x and end point y. For a path @ from x to y and a path n from y to z, we define the
71 (X)-composition w * 1 (we use * here to avoid confusion with composition of maps) by

:a)(Zs) ifo<s<1/2
wx1(s) = .
n2s —1)if1/2<s <1.
Clearly, the number 1/2 can be replaced by any number between 0 and 1 without altering
the definition of composition on based homotopy classes, which is the reason composition
in 711 (X) is associative. The identity is the constant path from x to x and the inverse to a
class [w] is the class [w] where w(s) = w(1 — ). (See Exercise 37.)

More generally, a homotopy between continuous maps of topological spaces f, g :
X — Yisaisamaph : X x [0,1] = Y where for all x € X, h(x,0) = f(x) and
h(x,1) = g(x). We write h : f >~ g, and also call f and g homotopic, and write f >~ g.
Homotopy of maps is then also an equivalence relation. A homotopy equivalence between
topological spaces X, Y is a pair of continuous maps f : X — Y, g : ¥ — X such that
go f ~Idy, f og =~ Idy. We sometimes also say that f or g is a homotopy equivalence,
without mentioning the other map, which is called its homotopy inverse. Of course, there is
also a category whose objects are topological spaces and morphisms are homotopy classes
of maps. Itis called the homotopy category. For the effect of continuous maps, homotopies
and homotopy equivalences on the fundamental groupoid, see Exercise 38.
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We may be more comfortable with groups than groupoids, so for x € X, we consider
the group 71 (X, x) of automorphisms of x in 71 (X), and call it the fundamental group of
the space X at x € X. In other words, 71 (X, x) is the group of based homotopy classes of
paths with beginning point and end point x (which are also called loops at x). However,
the fundamental group has a somewhat weaker functoriality due to the role of the base
point: For x € X and a continuous map f : X — Y, we get a canonical map m1(f) :
(X, x) = mi (¥, f(x)).

Our main interest in the fundamental group is its close connection with covering
spaces. Amap f : Y — X is called a covering if for every x € X, there exists an
open neighborhood U of x (called the fundamental neighborhood) such that we have a
commutative diagram

~

(%) ~UxS

(5.5.1)
f P

U

where S is a set with the discrete topology and p is the projection (thus, U x S is
homeomorphic to a disjoint union of copies of U). We also sometimes say (somewhat
imprecisely) that Y is a covering space of X. We have

551 Lemma Let f : Y — X be a covering and let f(y) = x. Then for every path w
in X with beginning point x (or based homotopy h between paths with beginning point
Xx), there exists a unique path @ with beginning point y (resp. based homotopy h between
paths with beginning points y) such that f o @ = w (resp. f o h= h).

Proof Because [0, 1] is compact, we can break it up into intervals (resp. break [0, 1] x
[0, 1] into squares) which are sent by w (resp. /) to fundamental neighborhoods. Then
existence and uniqueness both follow from Diagram (5.5.1), using the connectedness of
the unit interval. O

Note that Lemma 5.5.1 immediately implies that if f is a covering and f(y) = x,
then the map f : m(Y,y) — m1(X, x) is injective. We can thus ask which subgroups
of the fundamental group have covering spaces corresponding to them. To this end, let us
assume that X is path-connected, which means that for any x, y € X, there is a path from
x to y (for otherwise, the fundamental group cannot be expected to recover information
about all of X). To formulate our question more precisely, consider the category Covy (X)
whose objects are pairs (f, y) where f : ¥ — X is a covering with Y connected, and
f(y) = x, and morphisms (f : ¥ — X,y) —> (g:Y — X,y)aremaps ¢ : ¥ — Y’
such that g o ¢ = f and ¢(y) = y’. (Note: morphisms of coverings of X are necessarily
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also coverings.) It turns out that our question has a good answer when X satisfies two
additional hypotheses: X is called locally path-connected if every point of X has an open
neighborhood which is path-connected; X is called semilocally simply connected (SLSC)
if every x € X has an open neighborhood U such that the inclusion induces a 0 map
m1(U, x) = m1(X, x). The fundamental result is the following

5.5.2 Theorem Let a topological space X be path-connected, locally path-connected and
SLSC, and let x € X. Then the correspondence

(f:Y = X, y) > m(Y,y)

defines an equivalence of categories between Covy(X) and the category of subgroups of
w1 (X, x) and inclusions.

Proof Essentially, the covering spaces and their maps are constructed by lifting paths in
X with beginning point x, using Lemma 5.5.1. However, details are subtle (see [13]). O

There is also a version of this theorem without assuming Y is connected, and without
referring to y € Y. Let Cov(X) denote the category of all coverings f : ¥ — X and
morphisms over X.

5.5.3 Theorem Let a topological space X be path-connected, locally path-connected and
SLSC, and let x € X. Then the correspondence

(f:Y =X )

is an equivalence of categories from Cov(X) to m(X, x)-Sets (i.e. sets with m1(X, x)-
action).

The proof is a formal consequence of Theorems 5.5.2 and 5.2.2. One is led to define
[w]y, for [w] € m(X,x) and y € f_l(x), as the endpoint of the lift of the path w to
Y with beginning point y, but because of the way we defined composition of paths, this
defines a right action. We can get a left action by replacing w with w.

5.6 From Coverings to the Fundamental Group: The Etale
Fundamental Group

For a path-connected locally path-connected topological space X, we may now ask how

much of the fundamental group 71 (X, x) can be recovered from the category Cov(X). If

X is SLSC, by Theorem 5.5.2, there is a connected covering

X=X, fO)=x (5.6.1)



5 The Galois Group and the Fundamental Group 167

where 1 (f ,¥) = 0, and we may simply identify w1 (X, x) as the automorphism group of
X in the category Cov(X). The covering (5.6.1) is called a universal covering of X.

5.6.1 Regular Coverings
If X is path-connected and locally path-connected but not SLSC, the universal covering
does not exist (the condition is if and only if), but we may still have some non-trivial
coverings. A covering f : Y — X is called regular if the automorphism group of f in
Cov(X) acts transitively on f ~1(x). When the universal covering exists, we know from
Theorems 5.5.2 and 5.5.3 that a connected covering f is regular if and only if for any
(equivalently, all) y € ]“1 (x), m1 (Y, y) is a normal subgroup of 1 (X, x).

In general, however, for a connected covering f : Y — X, of finite degree (meaning
that f~!(x) is finite), it is possible to construct a diagram

Y > Y

\ 7 (5.6.2)
7Ny

X

where Y is a regular covering of finite degree. The construction goes as follows: The
category of coverings of X obviously has finite limits (which are the same as in the
category of topological spaces over X). Take the product F : ¥ xx ¥ xx --- xx ¥ —> X
of n copies of f : ¥ — X, where n = |f~!(x)| is the degree. Then the covering F
has an action of the symmetric group X, by switching factors. Now clearly the restriction
d:Z > Xof Fwhere Z C Y xxY xx---xxY is the subspace of n-tuples (y1, ..., yn)
where the y; are all different is also a covering (since its complement, consisting of all n-
tuples in which at least two coordinates coincide, is a covering, while both complements
are closed and open). Furthermore, by construction, @ is regular (since the required action
is just the action of the symmetric group by switching factors), although it may not be
connected. Let, then, f be the restriction of ® to one connected component.

Next, we may observe that a morphism 4 from (g : Z — X, z)to (f : ¥ — X, y) in
Cov, (X) for regular coverings specifies, functorially, a homomorphism of groups

Autcoux)(8) = Autcovx)(f)- (5.6.3)

In effect, suppose that 2 (c(z)) = h(z) for some o € Autcyy(x)(g). Then h o = h (since
the set of all points ¢ for which h(x(¢)) = h(¢) is an open and closed set in Z). Thus,
W ={a € Autcoux)(g) | h(a(z)) = h(z)} is a subgroup of Autc,y(x)(g), and

FH) = Autcoux () W. (5.6.4)
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To prove that the subgroup W is normal and that (5.6.3) is an onto homomorphism of
groups, consider an automorphism « of g and an automorphism 8 of f such that

hoa(z) =B oh(z).

Then the set of all ¢ such that 2 o «(t) = B o h(¢) is open and closed in Z, and thus is
equal to Z. This proves in particular that all automorphisms of Y lift to automorphisms
of Z. Since Y is regular, this is equivalent to W being a normal subgroup and (5.6.3) is
an onto homomorphism of finite groups, where Auz(f) = f~!(x) via the identification
which sends an automorphism 8 to S(y).

Indexing over the full subcategory Regy(X) of Cov,(X) on based regular coverings
of (X, x) of finite degree, we thereby obtain a pro-finite group which we denote by
nlc"”(X, x). We have a “homomorphism”

(X, x) = 70X, x) (5.6.5)
by which we mean a compatible system of homomorphisms
m1(X, x) = Autcopx)(Y) (5.6.6)

over based regular coverings of (X, x) of finite degree. Now (5.6.5) is a pro-finite
completion (i.e. isomorphism on the pro-finite group given by all finite group quotients)
when X is SLSC, but not in general. However, by the construction (5.6.4), for a covering
f 1Y — X of finite index, we have

F'x) = colim Cov(X)(Z,Y), (5.6.7)
ZeRegy(X)

(where the map from the right to the left hand side is given by the image of the base point).
From this, we can deduce that the category of finite degree coverings of X is equivalent to
the category of finite nlc"”(X , X)-sets.

5.6.2 TheEtale Case

Now the method of Sect. 5.6.1 can be used to define the étale fundamental group of a
Noetherian scheme X. Just as earlier in this chapter, however, the analogy with topology
is not the most straightforward. We do not have any reasonable definition of a path in the
algebraic context. The role of finite coverings is played by finite étale morphisms, but it is
important to note that such maps are not actually coverings in the topological sense when
we use the Zariski topology (see Exercise 43). They play, nevertheless, the same role, and
also, over C, define coverings in the analytic topology (see Exercise 44). Note here that the
reason we must insist on assuming finiteness is that otherwise, even this analogy would be
broken, as the inclusion of an open subscheme is étale, but the inclusion of an open set in
a topological space is not in general a covering.
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The appropriate analog of the concept of a point is a geometric point of X, which
consists of a point x € X together with a choice of a separable closure k(x) of the residue
field k(x) of x, i.e. a morphism

Spec(ky) — Spec(ky). (5.6.8)

The reason for this definition is to incorporate the Galois group of a field (Exercise 51).
Now for a Noetherian connected scheme X with a geometric point P, we can define the
category C ovf,’ (X) of based étale covers of X to have objects

Y

/ s (5.6.9)
p \%

Spec(K) > X

where f is a finite étale morphism, Y is connected and morphisms given by morphisms of
schemes g : ¥ — Z which commute with all the arrows in sight. (The morphism g is then
automatically finite étale (see Exercise 47).)

Two variants of this construction are the category Cov®’ (X) of finite étale schemes over
X, and the full subcategory Reg$ (X) on Galois coverings, which means based connected
finite €tale morphisms f : Y — X where Autc,yer(x)(f) acts transitively on the set of
lifts (5.6.9) of the geometric point P.

Completely analogously as in Sect. 5.6.1, one proves that the finite groups
Autcoperx)(f) where f is in Reg% (X) form a pro-finite group, which is called the
étale fundamental group of X at P and denoted by nf’ (X, P). Also analogously to
(5.6.7), the functor from Cov® (X) to finite sets given by the set of lifts of P to the given
étale cover is naturally isomorphic to

colim Cov* (X)(Z,Y)
ZeRegf (X)

and consequently the category Cov®’ (X) is equivalent to the category of finite nf’ (X, P)-
sets.

The foundational details on étale morphisms needed to carry out this analogy rigorously
are given in Exercises 45—48.

5.7 Finite Fields and the Weil Conjectures

Let us recall some facts about finite fields. A finite field has characteristic p > 0 where p
is a prime number, so it contains F;, = Z/p. This means that it is in particular a vector
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space over IF,, and as such is isomorphic to (F,)", which means that it has p" elements.
But any two finite fields with ¢ = p" elements are isomorphic, since any such field F,
is the splitting field of the polynomial x? — x, the roots being just all the elements of IF,.
Note that in characteristic p, the derivative of this polynomial is 1, so it has no multiple
roots. Thus, I, is a Galois extension of IF,, and furthermore, we have

Gal(Fy/Fp) =Z/n
where the generator is the Frobenius

x> xP.

(Note that by the binomial theorem,

(x—i—y)p = x? 4+ (i’)xply+...+ <pli 1)xyp1 _i_yp’

which is x? 4 y? in characteristic p, since all the other terms are divisible by p.) Thus, we
can conclude that the profinite group

Gal(Fy) = Gal(Fy/Fy)
is isomorphic to the profinite group

G :1°? > sfGroups
where [ is the set of natural numbers with ordering < given by

m < n when n is divisible by m,
and we have
G,=2Z/n
where when m < n, the homomorphism G, — G, is the sfl\lrjective homomorphism
sending k + nZ + k + mZ. This profinite group is denoted by Z.
It is worth also making a brief note about the actual limit of Z/n over 9P (which is

also sometimes denoted by Z). The ring

Z, = limZ/p"
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(with respect to the unique surjective homomorphisms) is called the ring of p-adic
numbers. It is a discrete valuation ring, and its field of fractions @, has many properties
analogous to the real numbers (although it is not an ordered field). Analysis can be done
over the field Q,, and this field is known as p-adic analysis. It is not difficult to compute
that in the category of groups (or abelian groups),

Z=1i = :
11(1)1]}Z/n l_[ Zp
p prime

This is a somewhat complicated abelian group, which further makes the case that 7 should
be considered in the category of pro-finite (abelian) groups.

Let us now mention the famous Weil conjectures, settled by P. Deligne in 1974 [5, 6],
based on previous work by Grothendieck and others. Let X be an n-dimensional smooth
projective variety over a finite field F, (g = ). Let

~ N
Np=""
m

where Ny, is the number of “naive” points over Fym, i.e. ratios in a projective space over
[F4m solving the equations defining X. Now there are deep relations between the numbers
N,,. Most concisely, they can be expressed by forming the zeta function of X

£(X.5) =exp(y_ NaT™), T=q"" (5.7.1)

n=1

where exp(x) = e*. The function (5.7.1) is defined for a complex number s whose real part
is sufficiently large (since then the numbers 7" will go to 0 much faster than the numbers
N go to co. Then the main part of the Weil conjectures states that in fact, {(X, s) is a
rational function of s (this was first proved by Dwork), and more specifically,

Pi(THP3(T)... Py (T
((X.5) = (T)P3(T) 2n—1(T)
Po(T)Po(T) ... Py (T)

where Py(T), ..., P»,(T) are polynomials in 7 with integer coefficients such that for
some natural numbers 8; and complex numbers «;;, we have

Po(T)=1-T,

Pu(T)=1-4"T,

Bi
P(T) =] =T, leujl =gl
j=1
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Giving a proof of the Weil conjectures is beyond the scope of this book. However, the
starting point of the proof (which was Grothendieck’s program, recorded in the SGA
volumes) is to push further the analogy between the étale and analytic topology, extending
it to cohomology (thus defining étale cohomology). We shall mention the construction and
some basic facts about étale cohomology in Sect. 4 of Chap. 6.

Much of modern algebraic number theory (including some of the most important
unsolved problems of mathematics) are phrased in terms of various variants of zeta
functions (also known as L-functions). Smooth projective varieties over finite fields are
more manageable than, say, over Q because the Galois group of finite fields is just 2,
which is relatively easy. The Galois group of Q is unknown.

We saw that much additional discussion arises when we do algebraic geometry over
fields which are not algebraically closed, and that much of it is related to number theory.
Because of this, algebraic geometry over non-algebraically closed fields is also referred to
as arithmetic geometry.

6 Exercises

1. Is a finite limit of separated (resp. universally closed) schemes always separated (resp.
universally closed)?

2. Is the pushout of two copies of the standard inclusion A, — P{, in the category of
schemes universally closed?

3. A morphism of schemes f : X — Y is called quasi-compact if if Y is covered by
open affine subschemes U; such that each f~!(U;) is quasi-compact. Prove that if f
is a quasi-compact morphism, then f(X) is closed in Y if and only if it is closed under
specialization.

4. Is Spec(k) for a field k always proper?

S5.Let f : X — Y, g : Y — Z be morphisms of schemes. Prove that if g o f is
universally closed (resp. proper) then f is universally closed (resp. proper).

6. Prove that every unique factorization domain is normal. [Suppose r/s is the root of
a monic polynomial where ged(r, s) = 1. Clearing denominators, we get that s is a
factor of r"* for some n.]

7. Prove that in a Dedekind domain, any non-zero primary ideal [ is a (finite) power
of a maximal ideal. [First note that primary ideals in a localization S~! R correspond
bijectively with primary ideals in R disjoint from S via the inverse maps given by
pushforward and intersection. Then localize at /I and use Lemma 2.4.2,2.]

8. Prove that in a Dedekind domain, any non-zero ideal factors, uniquely up to order
of factors, as a product of maximal ideals. [Use primary ideal decomposition, and
Exercise 7. To replace intersection by product, use the Chinese Remainder Theorem.]

9. Prove that a valuation ring is Noetherian if and only if it is a discrete valuation ring.

10. Prove that every valuation ring is integrally closed (meaning normal, i.e. integrally
closed in its field of fractions).
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Prove that a discrete valuation ring is the same thing as a local Dedekind domain.
Let f : X — Y be a morphism of Noetherian schemes and suppose Y is covered by
open subsets U; such that the restriction of f to f~!(U;) — U is universally closed.
Prove that then f is universally closed.
Prove that if X is a separated scheme and R is a valuation ring with field of fractions K,
then a diagram of the form (2.5.1) can be completed in at most one way. [Completing
the diagram in two different ways would give a morphism into X x X which is in the
closure of the image of the diagonal.]
Prove Proposition 2.6.1. [Use the distributivity of finite products of schemes under
gluing of open affine subschemes.]
Prove that if X is a regular scheme and U C X is an open affine set, then Ox (U) is a
Noetherian (and hence regular) ring.
(a) Prove that Spec(Clx, y, z]/(x*>+ y>+2z>—1, xyz — 1)) is a smooth affine scheme
over Spec(C).
(b) What happens if we replace C with [F, (the field with 2 elements)?
[You may want to substitute x = 1/yz, but then justify it rigorously.]
Prove Minkowski’s Theorem from the geometry of numbers: Let U C R" be a convex
set of volume > 2" (using the standard volume, i.e. the unit cube has volume 1).
Assume further that for x € U, we also have —x € U. Then U N (Z" \ {0}) # 0.
[Prove first that there exist points x,y € U such that x — y € (2Z)"; otherwise,
consider U + z for different z € (2Z)" are disjoint, which contradicts our assumption
on volume.]
Let K O Q be a finite extension of degree n (i.e. K is n-dimensional as a vector
space over Q). Then K is called a number field. Prove that the ring Kp = K ®q R
is isomorphic to a product of r copies of R and s copies of C for some numbers r, s
such that r 4+ 2s = n. [r is the number of different embeddings of K into R, and s
is the number of different embeddings of K into C whose image is not in R. Observe
that every one of the s embeddings of the second kind can be composed with complex
conjugation, resulting in a different embedding.]
Recalling from Exercise 18 the decomposition of KR into a product of » copies of R
and s copies of C, let S; be the set of all points x € Ky such that the absolute values of
the r 4 s coordinates of x add up to < ¢. Using the inequality between the geometric
and arithmetic average, observe that the product of the absolute values of coordinates
of an element x € S; (called the norm of x and denoted by N (x)) is

t n
< .
Prove that the volume of S; (considering the standard volume in R” x C* Z R") is

"
"7t .
n!
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21.

22.

23.

24.

25.

26.

27.
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[It is possible to consider the volume of the unit ball in the postman’s metric in R”,
and then “replace a product of s squares with a product of disks of an equal diameter.”]
Using the result of Exercise 17 and referring to the terminology of Exercise 18, prove
that if K is a number field (i.e. a finite extension of Q) and Og C K is the set of
elements integral over Z, then

n

vol(Kz/Ox) = (Z)

[By Exercise 17, if the volume of S; is greater than 2"vol(Kr/Ok), S; contains a
non-zero point of Ok . However, by Exercise 19, we must then have (t/n)" > 1 (since
a non-zero integral point certainly cannot have a coordinate of absolute value < 1).
Putting these observations together gives the estimate. ]

Noting that s < n/2, observe that vol(Kr/Ok) > 1if [K : Q] > 1. Additionally,
if p divides the integer vol(Kr/Ok), observe that Ok /(p) has nilpotent elements.
Conclude that there is no finite étale morphism of schemes X — Spec(Z) where X is
not a finite disjoint union of copies of Spec(Z).

State and prove an appropriate analog of the statement of Exercise 27 of Chap. 2 for
abstract varieties as defined in this chapter.

Prove that every algebraic variety over a field k is birationally equivalent to a
hypersurface, i.e. a variety of the form

Spec(k[x1, ..., xn]/f)

where f is an irreducible polynomial. [Use Noether’s normalization lemma and the
Primitive Element Theorem.]

Let X be a smooth variety over an algebraically closed field k, and let Y € X be
a closed subscheme which is also a smooth variety over k. Prove that every closed
point P € Y, has an open neighborhood U in X together with a smooth morphism
f U — A forsome c € Nosuchthat UNY = £~10). [Use Exercise 37 of
Chap. 1.]

Prove that no elliptic curve over a field k of characteristics # 2, 3 is rational. [Without
loss of generality, k is algebraically closed.]

Prove that if C is a smooth curve over an algebraically closed field k, then every
rational function on C is equal to a composition of an affine coordinate on ]P’,i with a
morphism of schemes C — P,l. Is this true when C is not smooth? (Compare with
Exercise 16 of Chap. 1.) [In an affine open neighborhood of a closed point P on C,
a rational function is given as a ratio f/g where f, g are regular functions. Now we
can assume that f, g are non-zero on P, since Oc, p is a unique factorization domain
(why?), and factoring out a greatest common factor is valid in an open neighborhood
of P.]
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28.

29.

30.

31

33.

34.

Let f : K € E be an inclusion of function fields of curves over an algebraically
closed field k. Prove that there exists a finite subset Z C Cg such that f restricted to
Ce ~ f~U(2) is étale.

Prove the Liiroth Theorem for algebraically closed fields: Let k be an algebraically
closed field and let E be a field with k C E C k(x). (Recall that k(x) is the field of
rational functions over k in one variable.) Then E is isomorphic to k(x) as a k-algebra.
[First prove that E is finitely generated as a field over k (and thus a function field of a
curve). To this end, note that it contains k(¢) for some rational function ¢, and consider
a minimal polynomial of x over k(¢). Next, consider the corresponding morphism of
varieties f : Pi — Cg. Now select a non-empty open subset U C Cg on which f is
étale, and select two closed points P, Q € f ~1(U) such that f(P) # f(Q). Without
loss of generality, P = 0, Q = oo. Let x be the corresponding affine coordinate on
P! and let a be the constant term of the monic minimal polynomial of x over E. Prove
that E = k(a) by showing that the morphism Cr — ]P’,i corresponding to a has degree
1.]

Describe the orbit category of the symmetric group X3 on 3 elements.

. Describe the points of the affine scheme Spec(R[x, y]/(x% + y?)).
32.

Let R = S~!C[xy, ..., x,] where S consists of all non-zero symmetric polynomials
in xq, ..., x,. Describe the points of the scheme Spec(R).

Prove that any affine conic over R, i.e. scheme of the form Spec(R[x, y]/(f)) where
f is an irreducible polynomial of degree 2 with coefficients in R, is isomorphic to AL,
A]ﬁ ~ {0} or Pﬁg ~ {P} where P is any point with residue field C. Is there a morphism
of schemes A]ﬁ — Spec(R[x, y]/(x* + y> — 1) given by the formula

2% 2—1

t ’
H(t2+1 241

)?

(Galois Theory) Let E be a finite separable extension of a field F. The extension E
is called Galois if there exists a finite subgroup G of the group of automorphisms of
the field E such that F = EC (the superscript means fixed points). Recall that the
degree [E : F] of the extension is the dimension of E as a vector space over F. By
the Primitive Element Theorem, E is generated as an F-algebra by a single element
«. Let f be its monic minimal polynomial. Then the degree of f is [E : F]. Whether
E is a Galois extension of F or not, the Galois group Gal(E/F) of E over F is the
group of automorphisms of E which leave every element of F' fixed.

(a) Prove that for any finite separable extension,

|Gal(E/F)| < [E : F].

[The group Gal(E/F) permutes the roots of f in the separable closure of F, and
no element other than the unit can leave any root fixed.]
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35.

3 Properties of Schemes

(b) Prove that the extension is Galois if and only if f is a product of linear factors in
E[x]. (Then we call E the splitting field of f.)

(c) Prove that for any finite subgroup H of the group of automorphisms of E, [E :
E"] < |H|. Thus, by (a), equality always arises, and a finite separable extension
is Galois if and only if |Gal(E/F)| = [E : F]. [Let vy, ..., v, be the basis of £

as a vector space over K = E H 1ethy,...,h, be the different elements of H.
Assume for contradiction that m > n. Consider the system of linear equations in
unknowns xi, ..., X, € E:

xthi(y) + -+ xphi(vy) =0

xthy (1) + -+ + xphy (V) = 0.

Then there is a non-zero solution (xp, ..., x,;). Since one of the elements #; is
the identity, not all the elements x; can be in K. Consider a solution with the
fewest non-zero elements, i.e. with the largest k such that x; = --- = x; = 0,
and the remaining elements x;’s are non-zero. Dividing by x;41, we may assume
xi+1 = 1. Now let x;, € E \ K. (Thus, necessarily, g > k + 1.) Then there is an
h € H such that (x;) # x4. Further, (h(x1), ..., h(x;)) is also a solution. Of
course, h(x1) = --- = h(xx) = 0, h(xg+1) = 1. Subtracting both solutions, we
obtain a solution with fewer non-zero terms, which is a contradiction.]

(d) Prove thatif E is a Galois extension of F, then H +— E isan isomorphism of the
partially ordered set of fields L with F € L C E and the opposite of the partially
ordered set of subgroups of Gal(E/F) (with both orderings by inclusion).

Prove the following version of Hilbert’s Theorem 90: Let a finite group G act on a ring

L[xi, ..., x,] where L is a field so that the action restricts to a faithful action of G on
L (i.e. no element of G acts by the identity) and the action of any g € G on the vector
(x1, ..., x,)T is given by left multiplication by a matrix A with entries in L. Then

Spec(L[x1, ..., %) = A'L'G

where the G-superscript means the ring of fixed points. [Let Ay, ..., A,, be a basis of
L over LG. By Galois theory (Exercise 34), G = {01, ..., o} has the same number
of elements and the matrix (0;(A;));; € GL;(L) . Let V be the free E-vector space
on xi, ..., x,. Then by what we just observed, any v € V is an E-linear combination
of the fixed vectors

m
vj = ZO‘,’()\jv).
i=1

Pick an E-basis of V among the vectors in V9]
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36.

37.
38.

39.

40.

Prove that for algebraic varieties X,Y over an algebraically closed field k, the
canonical projection

(X X Spec(k) ) — Xy X Yy

is a bijection. Is it a homeomorphism with respect to the induced topology of the

scheme topology? How about if we replace X,,, Y;,, with X,,, Y,, (i.e. the analytic

topology) in the case k = C?

Prove in detail the unit and inverse property in 71 (X) for a topological space X.

Describe how a continuous map of spaces f : X — Y defines a functor w1 (f) :

m1(X) — m(Y) and how a homotopy 2 : X x [0, 1] — Y between maps f, g :

X — Y defines a natural transformation (hence natural isomorphism) 1 (f) = m1(g).

Conclude that a homotopy equivalence of spaces X, Y induces an equivalence of

categories between m1(X) and 71 (Y). In particular, if a space X is contractible, i.e.

homotopy equivalent to a point, then for every x € X, (X, x) = 0.

Let S! be the unit circle in C (with the topology induced by the analytic topology on

Aé:). Prove that 771 (S') = Z. [Prove that the universal cover of S! is the map R — S!

given by 7 > €71 ]

Let X be a smooth proper variety over C.

(a) Prove that a morphism % : Spec(K(A{)) — X over Spec(C) extends to a
morphism U — X where U C A{, is an open subvariety whose complement has
codimension > 1 (meaning that all its irreducible components have codimension
> 1). [Follow the method of Lemma 4.2.2. Consider the set of all non-empty
open subvarieties of Af, to which & extends. First show that it is non-empty.
Let U be its maximal element with respect to inclusion. Suppose an irreducible
component Z of its complement has codimension 1. Let P be its generic point.
Apply the valuation criterion of properness for X to the discrete valuation ring
OA?& p and use it to extend 4 to a larger open subvariety than U, thereby deriving
a contradiction. ]

(b) Prove that for a rational smooth proper variety X over C, we have 71 (X4,) = 0. [If
X is rational, it contains an open subvariety V isomorphic to an open subvariety of
A%. Now assume a closed path « represents a non-zero element of 71 (X, ). Then
« is homotopic to a closed path in V. However, by (a), the embedding f : V — X
extends to an open subvariety U C Af, whose complement has codimension > 1.
But then 711 (Ug,) = 0.

(The reader can treat these statements about the fundamental group as a black box.
For a deeper understanding, one needs the concept of a manifold from Sect. 1 of
Chap. 5. For a smooth variety X over C, X, is a complex (and in particular real
smooth) manifold. Now the complement Z of an open subvariety is a union of finitely
many smooth submanifolds of codimension > 2 (> 4 if Z is of codimension > 1).
Note that the irreducible components of Z many not be non-singular, but the subset
of points where a variety is singular, called the singular locus, is a proper Zariski
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41.

42.
43.

44,

45.
46.

47.

48.

49.

3 Properties of Schemes

closed subset, and thus, our statement can be proved by induction. Now a closed path
in a manifold can be made smooth by a homotopy, and using the technique of regular
value, a smooth path can be deformed by a smooth homotopy to a path which avoids
a finite union of submanifolds of (real) codimension > 1. Similar comments apply to
path homotopies and submanifolds of (real) codimension > 2. We briefly touch on
regular values in Sect. 3.6 of Chap. 5. For details, see [20].)]

Consider the variety X = Proj(C[x, y, z]/(x?*z — y° — y?z)) over C (prove that the
polynomial is irreducible). Prove that X is rational, while 1(X,,) # 0. How is it
possible in view of Exercise 40 (b)? [Construct a morphism of varieties ]P’(}: - X
which is bijective with the exception of identifying two points. Then find a copy of
S' ¢ X,, which is a retract (i.e. the inclusion has a left inverse).]

Calculate nf’ (Spec(Z), P) for any geometrical point P.

Consider the étale morphism Spec(x?) : A<1C ~ {0} —> Aé: . {0}. Prove that this is not
a covering in the Zariski topology.

Prove that for varieties over C, a finite étale morphism f : X — Y defines a finite
degree covering fu, : Xun — Yan.

Prove that the category of finite étale morphisms over a scheme X has finite limits.
Prove that an étale morphism of Noetherian schemes is open (i.e. an image of an open
set is open). [First prove that locally, an étale morphism of Noetherian schemes is
given as Spec of a homomorphism of rings R — § where R, S are Noetherian rings,
and S is a finitely generated projective R-module; you may borrow Lemma 2.2.4 of
Chap. 4. Next, prove that if 7 : R — § is a homomorphism of rings which makes
S a finitely generated projective R-module, then Spec(h) sends a distinguished open
set to an open set; use the fact that for R-modules M @ N = F and an ideal / C R,
IFNM=1IM.]

Prove thatif ¢ : X — Y and ¥ : ¥ — Z are morphisms of schemes such that ¥ o ¢
and i are étale, then ¢ is étale. [Reduce to the case of standard smooth of dimension
0, so writing schematically, ¢ is Spec of a map of R-algebras R[Y]/G(Y) —
R[X]/F(X) and Y = H(X) (where X, Y are tuples of variables and F, G, H are
tuples of functions). Then we have F o H = G. Take total differentials and use the
chain rule to show that ¢ is standard smooth of dimension 0 over a point in Z, hence,
by Nakayama’s lemma, on local rings, and hence on open neighborhoods of any point.]
Using Exercises 4547, complete the construction of the étale fundamental group as
outlined in Sect. 5.6.2 by mimicking the construction of Sect. 5.6.1.

Let p € Z be a prime number. A number field K € Q is called unramified at p if
Ok - pis aprime ideal in Ok (recall that Ok denotes the integral closure of Z in K).
Let S be a set of primes in Z. Prove that nf’(Spec(S_lz), Spec(Q)) is the profinite
group formed by the groups Gal(K /Q) over all fields K unramified at all primes

pé¢s.
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50. Let k be a field. Construct a monomorphism of profinite groups
7 — nf’(Spec(k[x, x_l]), Spec(k(x)))

where Z is the profinite group given by all the finite quotients of Z.

51. Prove that the étale fundamental group 711"’ (Spec(k), Spec(k)) where k is a separable
closure of a field k is isomorphic to the pro-finite group Gal(k/k).

52. Calculate {(IP’"p, s).



®

Check for
updates

An important concept in topology is a vector bundle, which is, roughly, a locally trivial
parametric family of vector spaces indexed by a topological space. It is possible to think
of a vector bundle as its total space with extra structure, or the sheaf of its sections.
Both points of view still exist in schemes, but the sheaf-theoretical point of view is
more fundamental, and reveals some additional features. In particular, taking kernels a
cokernels, one gets the abelian category of coherent sheaves. Coherent sheaves are more
general than algebraic vector bundles, including, for example, sheaves of ideals, which
correspond, for Noetherian schemes, to closed subschemes. A particularly important
application of sheaves of ideals is the theory of blow-ups, a construction which allows us,
for example, to replace a point with a subscheme of codimension 1, while not disturbing
(and, in fact, often even improving) smoothness.

Before getting to blow-ups, however, we will study line bundles, and the geometric
concepts of divisors, to which they correspond in good cases. As the name suggests,
divisors are important in the study of divisibility, allowing, for example, a very general
characterization of unique factorization domains. From another point of view, certain
divisors called very ample allow us to construct embeddings of varieties into projective
spaces, thus giving tools for showing that a given smooth complete variety is projective.
(It is, however, not true in general, as we will see in Exercise 34.)

Some new technical points will also arise. First, we will need to improve our
foundations of sheaf theory. While studying line bundles, we will also encounter first
cohomology groups, thus motivating the systematic study of cohomology in Chap.5. We
will also need still more commutative algebra, in particular more theory of regular rings,
which, as it happens, will need to use the cohomological techniques of Chap.5 for its
fundamental proofs.
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182 4 Sheaves of Modules

1 Sheaves of Modules
1.1 Presheaves and Sheaves Valued in a Category

Generally, for any category C, we can define presheaves valued in C (or briefly just
presheaves in C) on a topological space X as functors

F : (Open sets in X, €)% — C. (1.1.1)

(A partially ordered set is a category where there is one morphism x — y whenx <y
and no morphism otherwise.) The functoriality incorporates the restriction axiom. Section
objects are the values of the functor F on objects, and restrictions are its values on
morphisms.

To define a sheaf F in C (or sheaf valued in C) on a topological space X, the category
C needs to have limits. The gluing axiom cannot be phrased by referring to individual
sections. The axiom says instead that given

v=Ju (1.1.2)

iel

open in X, then F(U) is the limit (equalizer) of the diagram

[1Fwn= ] Fw;nuw (1.1.3)
iel j.kel

where the two arrows are products of restrictions by setting i = j resp. i = k.
Morphisms of presheaves and sheaves on X are defined as natural transformations.
Explicitly, a morphism of sheaves

f:F—>S
consists of morphisms in C
f): FU) - SWU)
and commutative diagrams in C

f)
FW) > SU)

\ \
F(V) > S(V)
F

where the vertical arrows are restrictions.
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Assuming the category C has also directed colimits (meaning colimits over directed
partially ordered sets), we may define the stalk Py of a presheaf P at a point x € X as the
colimit of P(U) over all open sets U > x (with respect to restriction).

Denote the category of presheaves in a category C on a topological space X by
pre-C-Shy, and the category of sheaves in a category C on X by C-Shx. Then by
definition, there is a forgetful functor

U:C-Shxy — pre-C-Shx
given by taking a sheaf and considering it as a presheaf. (Because this is just an inclusion
functor, it is often omitted from the notation.) Given a certain assumption on the category
C, this functor has a left adjoint called sheafification and denoted by sh. For a presheaf P
and a sheaf F on X, we have a natural bijection
C-Shx(sh(P), F) = pre-C-Shx (P, UF). (1.1.4)

The assumption on the category C which we will use is:

ASSUMPTION Directed colimits in the category C exist and commute with products and
equalizers.

Explicitly, this means that for any functor
Fs: Iy, > C, seb,
where I are directed partially ordered sets, and S is any set, the canonical map

colim Fs(iy) — colim F; (i)
(is>e1‘lsls££ o Q iel,

is an isomorphism, and for a directed partially ordered set /, two functors F, G : I — C
and two natural transformations 4, k : F — G, the canonical map from the colimit over /
of the equalizers of the diagrams

FO)=Z GO
into the equalizer of
colim F (i) X colim G (i)
iel iel

is an isomorphism.
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This assumption is true for example for any category of universal algebras.
The functor sh is obtained as follows: One first constructs an auxiliary functor L. For a
presheaf P in a category C on X and an open cover (U;) of U, let

P(U) =lim | [[Pwn = T][Pw,; nuw
i J.k

Then
LPU)

is the colimit of P(U;) over all open covers, where arrows are given by refinement. (A
refinement of an open cover (U;); e is an open cover (V) jey, where for each j € J, there
existsani € [ with V; C U;.)

A presheaf P on a topological space X is called separated if the canonical morphism

PU) = PWU))

is a monomorphism (which means injective in the case of a category of universal algebras)
for every open cover (U;) of every open set U C X.

1.1.1 Proposition

1. For every presheaf P on X, L'P is a separated presheaf.
2. For every separated presheaf P on X, L'P is a sheaf.
3. Consequently, one can put

sh=LolL.

Proof 3 is clearly a consequence of 1 and 2. To prove 1, we note that given our
Assumption, a colimit of monomorphisms in C over a directed partially ordered set is
a monomorphism. Additionally, a colimit over a directed poset P (also called directed
colimit) is the same as the colimit over a cofinal subset Q, which means that for every
element x € P there exists an element y € Q with y < x.

Now by taking intersections, refinements of a given open covering (U;) of an open set
U C X are cofinal in the directed poset of coverings, which implies that the canonical
morphism

LPL(U) — HLPL(Ui) (1.1.5)

1
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is a monomorphism. Thus,
LPWU) — LP((Uy))
through which (1.1.5) factors, is a monomorphism, as claimed.
To prove 2, let P be a separated presheaf and let (U;) be an open cover of an open set
U. By 1, we need to prove that
LP(X) — LP((U;)) (1.1.6)
is an isomorphism. By the Assumption, for an object Z € C, a morphism
Z — LP(U))) (1.1.7)
for an open cover (U;) of an open set U factors through a morphism

Z — P((Vij))

for some open cover (V;;) of (U;). These morphisms further are compatible on intersec-
tions, so they give a morphism

Z — P((Vij)i,j) = LPU).

The fact that this morphism indeed factors through the chosen morphism (1.1.7) follows
from the assumption that P is separated. O

Example (The Constant Sheaf) Let us work, say, in the category of abelian sheaves (i.e.
sheaves of abelian groups). (We could also work in sets, but we will need the case of
abelian groups later.) The constant sheaf A for an abelian group A is the sheafification
of the presheaf P where P(U) = A for every U C X open. Consider the space X =
{1, 2} with the discrete topology (i.e. where every subset is open), and let us construct the
constant sheaf Z. We start with the presheaf P where

P@) = P(1}) = P(2}) = P({1.2}) = Z.
Then

(LP)@) =0
(using the empty cover of #), and

(LPY{ID) = (LP){2) = (LP)({1.2}) = Z.
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We see that this is not a sheaf (by considering the cover {1}, {2} of {1, 2}). Note that the
presheaf P violates the condition of being separated precisely on the empty cover of the
empty set. On the other hand,

(LLP)®) =0,
(LLP){1D) = (LLP){2}) = Z,
(LLP){1,2}) =Z D Z,

and we see that this is indeed a sheaf. Thus, we really need two steps. For a general
description of the constant sheaf, see Exercise 2.

1.1.2 An alternate characterization of sheafification
For sheaves of sets (or universal algebras), there is also an alternate characterization of
sh(P): sh’P(U) is the subset of

[]7:

xeU

consisting of all those systems (sy)rey wWhere for all x € U, there exists an open set
V C U such that x € V and there is an sy € P(V) which maps to s, € Py for every
x € V by the canonical map (See Exercise 3.)

1.2 The Effect of Continuous Maps on Sheaves
Let

f:X—>Y
be a continuous map and let C be a category. Then as before, there is a functor

fi:C-Shxy — C-Shy
where for a C-sheaf 7 on U C Y open, we put
(LF)W) = F(f~HU).

This functor has a left adjoint, which is denoted by

f~':C-Shy — C-Shx
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and is defined as the sheafification si (P) where
P(V) = colim S(U).
rwveu

These functors are sometimes referred to as the pushforward and pullback. To prove the
adjunction, since we used sheafification, which itself is a left adjoint, it suffices to prove
that with P as above,

pre-C-Shx (P, F) = C-Shy (S, fiF).

By the universality of the colimit, this is the same thing as producing a morphism, natural
with respect to inclusions in the U and V variables,

S(U) — F(V) (1.2.1)

for all U C Y open with f(V) C U, which is the same thing as V C f’l(U). Thus,
in (1.2.1), we may as well restrict to the case V = f’l(U), which is the same thing as
producing a morphism of sheaves S — f,.F.

It is worth pointing out that the functor f~! preserves stalks in the sense that (by
definition), we have for x € X,

fHF)e = Fron- (12.2)

This is because a stalk is the same thing as pullback of the sheaf to a point. Because of that,
the functor £~ is exact (see Exercises 1 and 4). However, it does not in general preserve
products (and hence, does not in general have a left adjoint). For example, let Y = R, let

Jjn Uy =(=1/n,1/n) CR
and let

F= H(jn)!ZUn (1.2.3)
neN

(where Z;; denotes the constant Z sheaf on U and ji denotes extension by 0 along an open
inclusion i; see Sect. 2.3 of Chap.2). Let f : {0} — R be the inclusion. Then, identifying
abelian sheaves over a point with abelian groups, we have

P =r=0

neN
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while

[1r7'Gzy) =]2

neN neN

Recall on the other hand that if j : U — Y is an inclusion of an open subset, then ji is a
left adjoint to j .

Note that the functor f;, which is right adjoint to f —1 is therefore left exact, but is not
exact in general (for f : X — = the projection to a one point set, f; can be identified with
the global sections functor—see Exercise 5). For f =i : Z — X an inclusion of a closed
subset, however, we have (i,(F))x = Fy forx € Z, and (ix(F))x = 0 forx ¢ Z, and thus

i 1s exact (see Exercise 6).

1.3 Sheaves of Modules

Let us define a category C whose objects are pairs (R, M) where R is a commutative ring
and M is an R-module. Morphisms (f, g) : (R, M) — (S, N) consist of a homomorphism
ofrings f : R — Sandamap g: M — N such that forall x,y € M,

gx+y)=gkx) +g®»)

(g is a homomorphism of abelian groups) and forall x € M, r € R,

glrx) = f(r)g(x).

We see that the objects of C still behave the same way as universal algebras, with the
difference that instead of a set, we have a pair of sets, and each operation specifies whether
each input variable is in the first or the second set, and also which of the two sets the
output is in. Instead of two sets, we can have a system of sets S; indexed by i € I for some
indexing set I, and again, each operation with n input variables specifies from what sets
Siy» ... S;, the inputs variables are, and in which set §; the output is in. Equations between
operations can be imposed when they make sense. A structure of this type is called a
multisorted universal algebra; in general, a homomorphism of multisorted algebras of the
same type (S;)ier = (Ti)ier consists of systems of maps

fi:Si—>T,iel

which preserve the operations. Categories of multisorted universal algebras also satisfy the
Assumption of Sect. 1.1.

In summary, the category C of pairs (R, M) where R is a commutative ring and
M is an R-module is an example of a category of multisorted universal algebras and
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homomorphisms. A sheaf of modules on a topological space X is a sheaf in this category
C.

To be explicit, a sheaf of modules on X specifies for every open set U C X a
commutative ring R(U) and a R(U)-module M (U) where R is a sheaf of commutative
rings and M is a sheaf of abelian groups where, for an open subset V € U and sections
r € RWU),m € M(U), we have

rmly =rly -mly.

We may then also say that M is a sheaf of modules over the sheaf of rings R.

1.4 The Effect of Continuous Maps on Sheaves of Modules
By Sect. 1.2, for a continuous map
f:X—>Y (1.4.1)

and a sheaf of modules M over a sheaf of commutative rings R on X, we have a sheaf of
modules f, M over the sheaf of rings f, R and similarly, for a sheaf of commutative rings
S on Y and a sheaf of S-modules NV, we have a sheaf of f ~1S-modules f ~IA, and the
functor f~! is left adjoint to the functor f,.

Typically, however, our point of view is different,i.e. X and Y are ringed spaces and the
map f is a morphism of ringed spaces. (The case of a morphism of schemes is a special
case.) In the case of ringed spaces, the sheaves of commutative rings on X and Y are given,
and are denoted by Oy, Oy. A morphism of ringed spaces then comes with a morphism
of sheaves of rings

¢: Oy — f.0x. (1.4.2)

This means that for a sheaf of Ox-modules M, f, M is automatically a sheaf of Oy-
modules, using its automatic structure of a sheaf of f,Ox-modules, and the morphism of
sheaves of rings (1.4.2).

The same does not hold for f —1 however: for a sheaf of @y-modules N, f “INisa
sheaf of modules over f~'Oy. From (1.4.2), using the adjunction, we get a morphism of
sheaves of rings

v 0y — Oy (1.4.3)

which goes “in the wrong direction.” However, we can “push forward” the sheaf f~!A
from f 'Oy to Oy using the morphism (1.4.3):
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Let
[N =0x @10, f7'N (1.4.4)

be the sheafification of the presheaf whose set of sections on an open set V C X is the
Ox (V)-module

Ox(V) & r-10p) vy (f ' NY(V).

If we denote by Ox-Mod the category of sheaves of Ox-modules, then from this point of
view, the functor

f« : Ox-Mod — Oy-Mod
is right adjoint to

f*:Oy-Mod — Ox-Mod.
In fact, reserving the symbol f* for this situation is the historical reason why the left
adjoint of f; for sheaves of sets (or rings) is denoted by f~!.

Note that the sheafification of a sheaf of modules (R, M) where R is already a sheaf
of rings does not change R. We can phrase this to say that there is a sheafification functor
(left adjoint to the forgetful functor) from presheaves of modules to sheaves of modules
over a fixed sheaf of rings .

1.5 Biproduct, Tensor Product and H om of Sheaves of Modules

Let X be aringed space with structure sheaf Oy and consider again the category Ox-Mod
of Ox-modules. Then we have functors

2®?: Ox-Mod x Ox-Mod — Ox-Mod,
M®0,?: Ox-Mod x Ox-Mod — Ox-Mod,
Homp,(2,?) : (Ox-Mod)°P x Ox-Mod — Ox-Mod

called the biproduct, tensor product and Hom-functor of sheaves. The biproduct of
sheaves of Ox-modules M, N is defined by

MON)U) =MU)&NU)

for an open set U C X.
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Note that there is also a biproduct of sheaves of abelian groups (also sometimes called
abelian sheaves). In fact, it is easily seen that both sheaves of abelian groups on a given
topological space, and sheaves of modules on a given ringed space, form abelian categories
(see Sect. 1.4 of Chap. 2, and also Exercise 7). Also, both categories have all limits and all
colimits.

The Hom-functor of sheaves of modules is defined by setting, for an open set U C X,

(Homo, (M, N))(U) = Homp,(M|y, Nlv), (L.5.1)

(recall that M|y denotes the restriction of the sheaf M to the open set U—see Exercise 8).
The tensor product is defined by letting M ®o, N be the sheafification of the presheaf of
Ox-module P where for an open set U C X,

PU) = MU) Qo w) N U).

These functors satisfy all the usual properties of the biproduct, tensor product and Hom.
For example, the biproduct and tensor product are commutative, associative and unital
and the tensor product is distributive under the biproduct. Also, we have for sheaves of
Ox-modules £, M, N,

Homo, (L ®0y M, N) = Homp, (L, Homp, (M, N)) (1.5.2)

(Exercise 9).

2 Quasicoherent and Coherent Sheaves

2.1 Invertible Sheaves, Picard Group, Locally Free Sheaves, Algebraic
Vector Bundles, Algebraic K-Theory

The sheaf Oy is, of course, a sheaf of modules over itself, and it is the unit (neutral
element) with respect to @, . We say that a sheaf of Ox-modules L is invertible if there
exists a sheaf of Ox-modules £~! such that

L®o, L7 = Oy.

The set of isomorphism classes of invertible sheaves of Ox-modules forms an abelian
group with respect to the operation ® v, , which is called the Picard group and denoted by
Pic(X). When X = Spec(R), we shall also write Pic(R) for the Picard group.



192 4 Sheaves of Modules

A sheaf M of Ox-modules is called locally free if for every point x € X, there exists
an n and an open set U > x such that

M|U§£9U@-~-€B(9LL.
n

(n can be infinite, in which case we mean the direct sum.) If # is always finite, we say
that M is a finite-dimensional locally free sheaf. If n is independent of U, we say that
M is a locally free sheaf of dimension n. (Dimension of a free module over a non-zero
commutative ring is well-defined, see Exercises 10, 11.)

An invertible sheaf is easily seen to be the same thing as a locally free sheaf of Ox-
modules of dimension 1 (Exercise 12).

When X is a scheme, we also call a finite-dimensional locally free sheaf M on X an
algebraic vector bundle. This terminology is motivated as follows: Suppose X = Spec(R)
is an affine scheme. Then we can also think of the ring R as the sections (in the sense of
right inverses), in the category of schemes, of the projection

AL > X, (2.1.1)

Indeed, since we are in the category of affine schemes, the projection (2.1.1) is the Spec
of the inclusion of constant polynomials

R — R[x]. (2.1.2)

The right inverses of (2.1.1) are then Spec of left inverses of (2.1.2), which are in bijective
correspondence with elements of R (by where we send x). Similarly, elements of the free
module R" can be thought of as sections of the projection

AN — X

in the category of schemes. From this point of view, we can think of an n-dimensional
algebraic vector bundle on a scheme X as a “twisted n-dimensional affine space over X.”
This can be made more precise as follows: On an affine open subset X 2 V; = Spec(R;)
on which M is free of dimension n, (we may speak of a coordinate neighborhood), let

Ui = Ay, (2.1.3)
subject to choosing an isomorphism

¢ Mly, =0y, ®---d Oy, . (2.1.4)

~
n
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Then, letting p; : U; — V; be the projection, let U;; = p,” tvin V;). Then composing
(@)|vinv; with (@)~ v;nv;, and letting

Uyj = p; (Vi V) =AYy,
we obtain an isomorphism of schemes
¢ij  Uij = Uji

and the assumptions of Sect. 2.5 are satisfied. Therefore, we can define a scheme U as a
colimit of the schemes U;. We have a projection

pm i Upm — X (2.1.5)

Then pf_vll (Vi) is (2.1.3), and the sheaf M is the sheaf of sections (right inverses) of
restrictions of the projection p to open subsets. It is possible to be more precise about the
conditions on the isomorphisms ¢;; and also about equivalence of such data, and define
algebraic vector bundles in this way (see the Comment at the end of Sect. 3.1).

Since, as we already remarked, it is not difficult to show that invertible sheaves are the
same thing as locally free sheaves of modules of dimension 1, they are also referred to as
(algebraic) line bundles.

Example Perhaps the most well known example of a non-trivial line bundle is the Mobius
strip. Its algebraic version is a line bundle over the variety

X = Spec(R)
where
R =R[x,y)/* +y* = D).
Then consider the open sets
U =X~{(x,y—D}
Uy=X~{(x,y+ D}

Note: one can of course think naively of the closed point (x,y — 1) resp. (x,y + 1) as
the points (0, 1) resp. (0, —1) in 2-dimensional affine space. It turns out that those are not
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principal ideals. Nevertheless, U; and U, are distinguished open sets, since one has
G-D=@y-D% 0+ D=@y+D%
o)
U =Uy-1), Uy =Uxtn. (2.1.6)
Let, for V € X open,

LV)={(s1,52) € Ox (U1 NV) x Ox(U2NV) |

2.1.7)
stluinusny = x82|lunuanv )

This is obviously a sheaf of Ox-modules. It is invertible, and in fact is inverse to itself: we
have

Loy LIV) ={(s1,52) € Ox (U1 NV) x Ox(U2NV) |

stlunuany = X2s2lunuanv )

but this is isomorphic to Oy, by noting that
22 =1 =y +y)

and 1 — y # 0 on Uy, while 1 + y # 0 on U,. Therefore, we can define an isomorphism

Loy L(U) "> Ox(U)
by sending a pair of sections
(51 € Ox(U1NV), 50 € Ox(UaNV))
where
stlonuny = x*s21unusny

to the section in s € Ox (V) where

s1

sluynv = ,
I—y

Sluyny =s2- (1 +y)

(which exists by the sheaf property).
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On the other hand, we can see in the usual way that the Mdbius strip is non-trivial, i.e.
not isomorphic to Oy. Indeed, let s = (s1, s2) € L(X) be a global section, and consider
s1, $2 as “naive” functions from the unit circle to R. These functions are continuous in the
analytic topology, and additionally have same signs on the x > 0 semicircle, and opposite
signs on the x < 0 semicircle. Thus, it is not possible for both s; and s, to be non-zero on
all of their respective semicircles (because then they would not change signs). However,
if £ were isomorphic to Oy, then the image s € L(X) of 1 € Ox(X) cannot be 0 at any
point of the circle. This is because if s(xg, yo) = 0, then in a Zariski open neighborhood
V of (xo, y0), s = g -t for some section ¢, and some linear function g (we can choose
g=x—xpif yo #0or g =y — yp if xo # 0). However, this contradicts the isomorphism
since g € Ox (V) is not invertible.

Note that £ does possess nonzero global sections, for example the pair

(x,1) € Ox(Uy) x Ox(U2).

We therefore constructed a subgroup of Pic(X) isomorphic to Z/2. It turns out that in this
case, this is all of Pic(X), as we shall prove later in Sect. 3.4.

The set Qx of isomorphism classes of locally free sheaves of modules of finite
dimension form a commutative monoid with respect to @ (which means that the operation
is commutative and associative and has a neutral element, but not necessarily an inverse).
In fact, with respect to the operations ®, ®,, it forms a commutative semiring, which
means an algebraic structure with two operations + and - which both are commutative
monoids, and - is distributive under +.

Now the forgetful functor from abelian groups to commutative monoids (or from
commutative rings to commutative semirings) has a left adjoint which is denoted by K. Its
construction resembles localization, but with respect to +: For a monoid M with respect
to an operation +, the Grothendieck group of M is

KM)={(m,n) | m,ne M}/ ~
where ~ is the equivalence relation given by
(k, ) ~ (m,n)
if

k+n+u=4£€+m+u forsomeu € M.
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Returning to the commutative semiring Qx of isomorphism classes of finite-dimensional
locally free sheaves on a ringed space X, if X is an affine Noetherian scheme (ie. X =
Spec(R) where R is a Noetherian ring), we denote

K(X) = K(Qx).

This commutative ring is called the algebraic K-theory of X. For a general Noetherian
scheme X, a more technical definition of K (X) is needed. One possibility is to take the
free abelian group on all isomorphism classes of finite-dimensional locally free sheaves F
on X, and factor out by the subgroup generated by G — F —H whenever for some inclusion
FCGH=G/F.

More specifically, the group defined here is denoted by K. Groups K; fori > 0 (and
in some definitions also i < 0) can also be defined, but we shall not discuss them here. For
more information, see [24].

Example Tt turns out that in the above example, the Mdbius strip is also a non-trivial
element of K(X) (Here X is an affine scheme, so we can use the simpler definiton of
K(X).). In fact, we will see later that one has K(X) = Z/2 & Z where the second
summand is given by dimension (Comment 2 in Sect.2.2 below and Exercise 21). Let
us show explicitly that, in the notation of the above example,

L L=20yx. (2.1.8)
To this end, we note that, by (2.1.6),
Ox(Un) =1 -y)"'R, Ox(U2) =1+ 'R.

Thus, to show (2.1.8), it suffices to exhibit an invertible 2 x 2 matrix A in Ox (U1) and an
invertible 2 x 2 matrix B in Oy (U>) such that

x 0
A= (Ox) - B. 2.1.9)

A:( * 1_y), (2.1.10)
1—y —x

B:(l )
|
1+y

(Note that det(A) = 2(y — 1), det(B) = —2/(y + 1), so we can find inverses by the
Cramer rule.)

We can put
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2.2 Quasicoherent and Coherent Sheaves of Modules
The geometric interpretation of algebraic vector bundles introduced in the last subsection
also works for morphisms. In other words, recalling (2.1.5), it is possible to interpret a
morphism

o M—->N
of locally free sheaves of modules on a scheme X as a morphism of schemes

U(p:UM—)U/\/’

which makes a commutative diagram

Uy
Unm > Upns
DN
X

and which is “linear on fibers.” By this last condition, we mean that for a coordinate
neighborhood for both bundles

V = Spec(R),
P(V) = Spec(RIx1. ... xu)).
Pt (V) = Spec(RIyi, ... yal),

the restriction of Uy to pX/ll (V) is Spec of a homomorphism of rings
R RV .oy ¥n] = RIXL o X
where h(y;) is a linear combination of the x;’s with coefficients in R.
Now, however, the sheaf-theoretical point of view reveals a side of the story which may
not immediately obvious from the geometrical picture, and which is particular to algebraic

geometry. Namely, what can happen when ¢ is not an isomorphism?

Example Consider the free sheaf of dimension 1 on X = Aé: = Spec(C[t]), i.e. M =
O AL- Then all of X is a coordinate neighborhood, and from the above discussion,

X = Ix
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defines a morphism
¢: M- M.
From the point of view of sheaves, on a Zariski open set U C X,
o) : MWU) - MU)

is defined as the multiplication by the restriction of t € Ox (X) = C[¢]. What is the kernel
and cokernel of ¢?

Geometrically, the morphism ¢ appears to be an “isomorphism on fibers except for the
fiber at 0, where it is trivial.”

Sheaf-theoretically, the kernel is a limit, so it can be calculated directly on sections
over open sets. We see however immediately that for a distinguished open set Uy =
Spec(f ’I(C[t]) for some polynomial /' € C[t], ¢ (Uy) is the localization of an injective
map, and hence is injective. Since limits obviously preserve injective maps of abelian
groups (which, after all, are the same as monomorphisms), ¢ (U) is injective for any
Zariski open set U C X. Therefore, we have

Ker(¢) =0.
On the other hand, Coker (¢) is the sheafification of the presheaf P where
PU) = Coker(¢(U)).
For a distinguished open set Uy, f e C[t], we then see that
PWy) = f'Clel/ (@)
which is C when f is not divisible by #, and 0 otherwise. This, as it turns out, is already

a sheaf, since obviously its stalk at 0 € X is C, while its stalk at any other point is 0. We
therefore see that

Coker(¢) = i*OSpec(C)

where i is the inclusion of the closed point O (in other words, i is Spec of the projection
C[t] — C, t > 0). More generally, i, of a constant sheaf, where i is the inclusion of the
closure of a point, (i.e. in particular i, of any sheaf where i is the inclusion of a closed
point) is called a skyscraper sheaf.

This example motivates looking for the smallest (in a suitable sense) abelian subcat-
egory of the category of sheaves of modules on a ringed space X which contains all
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locally free sheaves. There is such a suitable category, called the category of quasicoherent
sheaves.

2.2.1 Lemma Let X = Spec(R) be an affine scheme and let M be an R-module. Then
the sheaf of Ox-modules M Q@ g Ox which is the sheafification of the presheaf P given by

PWU) =M ®r (Ox(U)) (2.2.1)
satisfies
(M ®r Ox)x =M ® Ox x (2.2.2)
for every point x € X, and
(M ®r Ox)(Uy) = M ®g (Ox(U,)) = M ®g (r'R) (2.2.3)

foreveryr € R. (The equalities in (2.2.2), (2.2.3) mean canonical isomorphisms.)
The functor

?®r Ox : R-Mod — Ox-Mod 2.2.4)
is left adjoint to the functor
2(X) : Ox-Mod — R-Mod. (2.2.5)
COMMENT
1. It is not true that the adjunction (2.2.4), (2.2.5) would in general be an equivalence of
categories. For example, for r € R which is not a unit and not a zero divisor, considering
the inclusion
j:Spec(r™'R) = U, C X = Spec(R),
the sheaf
7Ou,

is obviously a non-zero sheaf of Ox-modules, whose R-module of sections on X is 0.
Therefore, it cannot be in the image of (2.2.4).
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2. Itis not in general true that the presheaf (2.2.1) is a sheaf. Let, for example,

R:ITZ

nENo

and consider
ri = (0,...,07 1s07)

where the 1 is in the i ’th place. Then

r'R=1Z,
(rirp~'R =0,
SO
U, NU,; =9

for i # j. Thus, putting

U= |J U,

ieNy
and letting, for an abelian group A,
M=AQR,
the map
PU) - (M ®r Ox)(U)
is the canonical inclusion

A®RC [] A.

nENo

which is not the equality for a general abelian group A.
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Proof of Lemma 2.2.1 First, (2.2.2) is formal by exactness of directed colimits. Thus, by
the characterization of sheafification, (M ®g Ox)(U) is the subset of

l_[ M®OX,X

xeU

which are locally of the form
M@k (r~'R)

for suitable choices of r. Then the first isomorphism (2.2.3) is proved analogously as for
the structure sheaf (Exercise 14).
The last statement is essentially by definition. O

2.2.2 Definition A quasicoherent sheaf on a scheme X is a sheaf M of Ox-modules with
the property that X is covered by affine open sets U; = Spec(R;) such that for all 7,

My, = M; ®, Oy, 2.2.6)

for some R;-module M;. A coherent sheaf on a Noetherian scheme X is a quasicoherent
sheaf M where the R;-modules M; of (2.2.6) can be chosen to be finitely generated.

Note that because of Comment 1 after Lemma 2.2.1, we know that not every sheaf of
modules on a scheme is quasicoherent. Definition 2.2.2 of quasicoherent sheaves can be
also applied to locally ringed spaces.

2.2.3 Lemma

1. A sheaf M of Ox-modules over a scheme X is quasicoherent if and only if for every
affine open set U = Spec(R) in X,

Mly=M®g Oy (2.2.7)

for a suitable R-module M. If X is Noetherian, then M is coherent if and only if
the modules M of (2.2.7) are finitely generated R-modules. In particular, the category
of quasicoherent sheaves on Spec(R) (resp. coherent sheaves on Spec(R) with R
Noetherian) is equivalent to the category of R-modules (resp. finitely generated R-
modules).

2. Quasicoherent sheaves on a scheme and coherent sheaves on a Noetherian scheme X
form abelian subcategories of the category of Ox-modules.

3. The adjunction of Lemma 2.2.1 gives an equivalence of categories between the category
of quasicoherent sheaves on Spec(R) (resp. coherent sheaves on Spec(R) when R is
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Noetherian) and the category of R-modules (resp. finitely generated R-modules when
R is Noetherian).

4. If f + X — Y is a morphism of schemes, then f* of a quasicoherent sheaf is
quasicoherent. If X is Noetherian, then f, of a quasicoherent sheaf is quasicoherent. If
both X and Y are Noetherian, then f* of a coherent sheaf is coherent.

COMMENTS

1. It is obviously not true in general that f, of a coherent sheaf with X, ¥ Noetherian
would be coherent. For example, f could be the inclusion of a non-closed point.
However, it can be shown to be true when f is proper.

2. The definition of a coherent sheaf given in Definition 2.2.2 could be given for a scheme
X which is not Noetherian, but then coherent sheaves may not form an abelian category.
There are ways to fix that by changing the definition in the general case.

Proof of Lemma 2.2.3 1. Clearly, it suffices to consider the case of X = Spec(R) affine.

By (2.2.3) of Lemma 2.2.1, we may assume that Spec(R) is covered by finitely many
distinguished open sets Uy;, and there are fi_lR-modules M; such that

M|Ufi =M; ®f.’1R OUfi‘
Let
M = M(Spec(R)).

Then the counit of adjunction gives a morphism of sheaves of Ogp.¢(r)-modules

M Qg OSpec(R) —- M. (2.2.8)
We shall prove that (2.2.8) is an isomorphism. First, let

s €87 M =M ®r Ospec(r)(Uy).

By definition, then, there is an element # € M such that the image of ¢ in g’lM is g"s.
Now assume that the restriction of s to each U, maps to 0 in M(Uy,¢) = g~ ' M;. Thus,
by definition, for some m, the image of gt is 0 in each M; (and hence its restriction to
each Uy, is 0). Therefore, by the sheaf property of M,

g"t=0e M = M(Spec(R)),

and hence s = 0.
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To show that (2.2.8) is onto, fix i and let s; € M;. We need to show that for some
N >> 0, fl.Ns is a restriction of a section in M (Spec(R)) = M. To this end, note that
first of all, by the sheaf property, there exist sections s; € M such that

— m
Sj|Ufifj - fl §

for some m, which can be assumed constant by taking the maximum over finitely many.
By the injectivity applied to fi_lM, however, we also know that

n __fn
fi Sj|Ufjfk = f, sk|Ufjfk’

and again we may assume that n is constant by taking the maximum. Then let s be the
section on Spec(R) obtained by gluing the sections f/"s;.

For 2, the main point is to check that quasicoherent sheaves have finite limits and
colimits, and that the inclusion functor of quasicoherent sheaves to sheaves of modules
is exact. To this end, it suffices to consider the case of X affine, and note that localization
is exact.

3 follows immediately from 1 and Lemma 2.2.1, as does the statement of 4 about f*
(since there we may assume without loss of generality that both X and Y are affine) and
the statement of 4 in case X and Y are affine. In the general case, we may assume that ¥
is affine, and since X is Noetherian, that it is covered by finitely many affine open sets U;
such that U; N U is covered by finitely many affine open sets U;jx. Then f.(F) can be
written as the kernel of a morphism of the form

P £ Flu) = P £ Flu)-

ij.k
|

2.24 Lemma Over a commutative Noetherian ring R, finitely generated locally free
modules (i.e. algebraic vector bundles over Spec(R)) are the same thing as finitely
generated projective modules.

Proof Over alocal ring, a finitely generated projective module is free. This is because over
alocal ring, an m x n matrix which has a right inverse has a right inverse over the residue
field, and hence has an m x m submatrix with unit determinant. Thus, finitely generated
projective modules are locally free. (In fact, the assumption of being finitely generated is
not needed—see Lemma 2.6.3 of Chap. 5.)

On the other hand, if M is a finitely generated locally free module, we can think about
it as a coherent sheaf. In particular, there exists an epimorphism F — M where F is a free
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R-module. Now the induced homomorphism
Homgp(M,F) — Homgr(M, M) (2.2.9)

can be thought of as a morphism of coherent sheaves, which is an epimorphism on stalks
since M is locally free. On the other hand, epimorphisms of coherent sheaves are the same
as epimorphisms of sheaves, i.e. can be detected on stalks (by considering skyscraper
sheaves). Thus, (2.2.9) is an epimorphism of coherent sheaves and hence of R-modules,
and hence is onto. An element in the inverse image of Id : M — M shows that M is a
direct summand of F.

]

When the stalks of an algebraic vector bundle F all have the same dimension as free
modules over the stalk of the structure sheaf, we call this the rank of the vector bundle F.

2.2.5 Corollary For X = Spec(R), Pic(X) is canonically isomorphic to Pic(R),
which is the group of isomorphism classes of R-modules invertible with respect to ®g.
Additionally, if R is Noetherian, then K (X) is canonically isomorphic to K (R), which is
defined as the Grothendieck group of the commutative monoid of isomorphism classes of
finitely generated projective R-modules with respect to ®.

Proof The statement about the Picard group is an immediate consequence of 1 of
Lemma 2.2.3. For the statement about K-theory, one uses Lemma 2.2.4. m]

COMMENT

1. For a Noetherian scheme X, we define G(X) to be the free abelian group on coherent
sheaves modulo the subgroup generated by G — F — H whenever we have an inclusion
F C G such that H = G/F. We have an obvious map

K(X) = G(X), (2.2.10)

and a theorem called dévissage states that for regular separated Noetherian schemes,
(2.2.10) is an isomorphism. (Recall that a scheme X is regular if it is locally Noetherian
and the stalks Oy , are regular local rings for all points x € X; it suffices to show for
closed points, since localization of a regular local ring is regular.) We see analogously
to Corollary 2.2.5 that for X = Spec(R) with R Noetherian, G(X) is the factor of
the free abelian group on all isomorphism classes of finitely generated R-modules by
the subgroup generated by M — L — N whenever we have an inclusion L € M with
N = M/L. For a proof of the dévissage theorem, see Exercises 21, 22 of Chap. 5.

2. We can now understand a little better the example in Sect. 2.1. The coordinate ring R of
the unit circle over R is a Dedekind domain. Recall that this means that it is Noetherian,
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normal and of dimension < 1. It is normal because it is regular. It is regular because it is
smooth over R. For a Dedekind domain R, invertible modules are (up to isomorphism)
precisely non-zero ideals. Ideals isomorphic to R as modules are precisely principal
ideals. Thus, Pic(R) for R a Dedekind domain is the ideal class group, which is the
factor of the commutative monoid of ideals by the submonoid of principal ideals (with
respect to -). We will return to this point in Sect. 3.3.

In the Example of Sect. 2.1 (the M&bius band), consider the mapping
¢:L—> Ox (2.2.11)
where in the notation of (2.1.7), £L(V) is mapped to Ox (V) by
¢ 2 (s1,52) > (s1,x52)

(where we note that by the sheaf property, the pair of sections on the right hand side
specifies a section in Oy (V). We see then that the image of

#(X): LX) — R = Ox(X) (2.2.12)

contains the element x (which comes from the pair (x, 1)) and the element (1 — y), which
comes from the pair (1 — y, , j‘ry)). Therefore, the image of (2.2.12) contains the ideal
I = (x,1 — y) which is obviously maximal (since the quotient R/I is a field). Also,
(2.2.12) is obviously injective, since R is an integral domain. It is impossible, however, for
the image of (2.2.12) to be all of R, since we already proved that the line bundle L is not
isomorphic to Oy . Therefore, we have proved that

LX) = (x,1—y). (2.2.13)

We can then also see where the matrices A, B or (2.1.9) come from: in the language of
modules, we need to construct an isomorphism

2R =2(x,1 —y).

The isomorphism is given by the matrix A of (2.1.10) (identifying the image with I C R).
In terms of sections of the Mobius band on the unit circle, we see that x is O only on the
point (0, —1) while I —y =, jﬁy is 0 only on the point (0, 1). Thus, it makes sense to
choose the first basis element of the module of sections of the sum of two copies of the
Mobius band to have these two sections as its coordinates (since then the resulting section
of the sum is not zero anywhere). To get the second basis element, we then “rotate the first

basis element section by 90°,” thus obtaining the matrix A of (2.1.10).
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It is also true that for a Dedekind domain R, we have in general an isomorphism
K(R) = Pic(R) @ Z. (2.2.14)

where the second factor is dimension of the associated vector bundle (See Exercise 21.)
The isomorphism from the right side of (2.2.14) to the left is given by

(L,n) > (L +n—1).

The main point is that one checks that in K (R), which is a ring with respect to the tensor
product over R, for ideals L1, L»,

Li—1-(Ly—1)=0. (2.2.15)
The easiest way to see (2.2.15) intuitively may be to work in G(R). If L is an ideal, one
can represent | — L € G(R) as the module R/L. In a Dedekind domain, an ideal can be

uniquely written as a product of powers of prime ideals (we will prove that in the next
Subsection), and by the Chinese remainder theorem, if

then
R/I=R/p'®...R/ph. (2.2.16)
Consequently, for a non-zero ideal J C R,
JIT=J/p ... J/ph. (2.2.17)
But
R/p! =Ry, /p] =T @R,/ =1/p],

(the second isomorphism is because R), is a discrete valuation ring, hence a principal ideal
domain), so (2.2.16) is isomorphic to (2.2.17), which therefore implies (2.2.15).

2.3 Sheaves of Ideals

A sheaf of ideals on a scheme X is a sub-sheaf of Ox-modules of Ox (just as for a
commutative ring R, an ideal is a sub-R-module of R). Let X be a schemeand Y C X a
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closed subscheme. Then, as a part of the structure, we get a homomorphism of sheaves of
rings

¢: Ox — i,Oy.
This makes i, Oy a sheaf of Ox-modules. We call the sheaf of Ox-ideals

Ker(¢)
the sheaf of ideals associated with the closed subscheme Y C X.
2.3.1 Proposition

1. The sheaf of ideals on X associated with a closed subscheme Y C X is quasicoherent,
and coherent if X is Noetherian.

2. Conversely, for any sheaf of ideals I on X which is quasicoherent, there exists a closed
subscheme Y C X such that T is isomorphic to the sheaf of ideals associated with Y.

Proof To prove 1, clearly it suffices to assume that X = Spec(R) is affine. Then a closed
subscheme is of the form ¥ = Spec(R/I) for some ideal I, and the corresponding sheaf
of ideals is

I ®p Oy,

which is quasicoherent, and coherent if X is Noetherian.

2. By definition, for X = Spec(R) affine, a quasicoherent sheaf of ideals is of the
form I ®r Ox where I is an ideal of R, so it is associated with the closed subscheme
Y = Spec(R/I).

Further, a closed subscheme is determined by its intersection with distinguished open
sets. Therefore, for a general scheme X, if U;, U; are two open affine subschemes of X,
and Y;, Y; are the closed subschemes associated with Z|y;, Z|y i, we have an isomorphism
Y nU; =Y; NU;. Thus, the closed subschemes Y; satisfy the gluing condition Sect. 2.5
of Chap.2. Let Y be the scheme obtained by gluing the Y;’s. By the colimit property of
gluing, then, we automatically obtain a morphism of schemes

Y CX. (2.3.1)
Further, Y N U; = Y;, so (2.3.1) is a closed immersion (since this can be verified locally).

For the same reason, the sheaf of ideals associated with the closed immersion (2.3.1) is
T. O
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COMMENT Note that the statement of the Proposition logically implies that a quasicoher-
ent sheaf of ideals on a Noetherian scheme is coherent. Of course, we know more generally
that if X is a Noetherian scheme, then a quasicoherent sub-sheaf of modules of a coherent
sheaf is coherent. (Just as for a Noetherian commutative ring R, a submodule of a finitely
generated module is finitely generated.)

As an application of Proposition 2.3.1, we can give an easy proof of the following

2.3.2 Theorem Let R be a Dedekind domain. Then every non-zero ideal I C R factors,
uniquely up to order of terms, as

where p; are prime ideals.

Proof Let p be a maximal ideal of R. In R, the ideal generated by /I is principal by
Lemma 2.4.2 of Chap.2. Consider the generator x. Since R is Noetherian, / is finitely
generated, so x generates the ideal generated by I in »~!R for some r ¢ p. Thinking
geometrically, the closed subscheme Z () of Spec(R) is discrete as a topological space,
and hence finite. Finite subschemes of Spec(R) are of the form

Z(plll e pilrl)

where p; are prime ideals (it suffices to consider subschemes with a single point p, which
are also subschemes of Spec(R); however, the only ideals in a discrete valuation ring are
powers of the maximal ideal.)

Uniqueness follows from the bijective correspondence between ideals in R and closed
subschemes of Spec(R). |

Example

1. Let us consider the example of Sect.2.2. There, we had the closed subscheme
Spec(C) — A(}: given by the homomorphism of rings

Clx]—= C, x =0,

and we saw that the associated sheaf of ideals is the coherent sheaf of ideals
corresponding to the ideal

(x) C Clx].
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2. In Comment 2 at the end of Sect.2.2, we constructed an embedding (as sheaves, see
(2.2.11)) of the Mobius band £ into Ox where

X = Spec(R), R = R[x]/(x> + y> — 1).

Thus, we can view L as a sheaf of ideals on X, and in fact, we saw that this is a coherent
sheaf of ideals corresponding to the ideal

(x,1—y) CR.
This is associated to the closed subscheme
Spec(R) = Spec(R/(x,1—y)) C X, 2.3.2)

which we can think of as the “inclusion of the point (0, 1).” What would happen if
we took the ideal (1 — y) instead of (x, 1 — y)? In this case, we would get the closed
subscheme

Spec(R[x]/(x?)) = Spec(R/(1 — y)) C X. (2.3.3)

We see that the closed subschemes (2.3.2) and (2.3.3) of X have the same points, but
(2.3.3) is not reduced.
What would happen if we use (x)? In that case, we get

Spec®Iyl/(1 = y?))
= Spec(R[y]/(1 —y)) U Spec(R[yl/(1 +y)) C X
by the Chinese remainder theorem. This can be interpreted as the inclusion of the
disjoint union of the points (0, 1) and (0, —1) into X.
3. Looking at part 2 of this example, it is worth noting that we can get a different

subscheme of X if we pick a different embedding (2.2.11). In fact, choose any two
real numbers a, b such that

a’+b? = 1,
and assume for simplicity that
a,b#0.
It is easy to check that the only zeros of

ay+ ({1 —->b)x —a
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on the unit circle are (x, y) = (a, b) and (x, y) = (0, 1). Similarly, the only zeros of
ay— (1 +bx+a

on the unit circle are (x, y) = (a, b) and (x, y) = (0, —1). One in fact checks that in
R»

a-(ay+(1—b)x—a)=x.(1_b)_ay—(iil;)x+a’

(one only needs to match the coefficients), so

—(1+>
(s1.52) = (@~ (ay + (1= bx —a). A1 =b)- (J;Ha)

gives a global section of £ which only vanishes at the point (x, y) = (a, b) of the unit
circle. Furthermore, we see that

—(1+b
(1_b)_ay (I1+b)x+a
I+y
must divide both x — a and y — b in (1 + y)~! R. More explicitly, realizing that
b+ Dx+ay—+a

vanishes precisely on the points (x,y) = (—a,b) and (x,y) = (0, —1) of the unit
circle, we see that

(b+Dx+ay+a)-(ay—A+b)x+a)=Q—-b)-(1+y)-(2+2b)
(again, only the coefficient need to be checked). Similarly,
ay— (1 —=bx+a
is only 0 on the points (x, y) = (a, —b) and (x, y) = (0, —1), so we get
(ay—(=bx+a)ay—(I+bx+a)=-2a-(1+y) (x —a)
(again, only the coefficient need to be checked).
In any case, defining (2.2.11) by

(s1,52) = s2(ay — (1 + b)x + a),
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(which is correct, since when proving that the square of £ is isomorphic to Ox, we proved
that for two global sections (s1, s2) and (¢, t2) of L, sat2(1+y) € R), the image of (2.2.12)
will be the ideal

(-x —a, y - b)v
which corresponds to the closed subscheme

Spec(R) — X
into the point (a, b).

Thus, the closed subscheme corresponding to a sheaf of ideals is not preserved by
isomorphisms of sheaves of ideals in the category of sheaves of modules. We shall learn
more about this phenomenon in the next Section.

24 Quasicoherent Sheaves on Proj Schemes
Let a scheme X be of the form X = Proj(R) where R is a graded ring (see Sect.2.7 of

Chap. 2). Let M be a graded module of R, which means that M is a graded abelian group,
ie.

M:@M,,

nez

and multiplication by elements of Rj raises degree by k:
Rk ® Mn — Mn+k-

(We say that an element of Ry defines a graded homomorphism of modules of degree k.)
Then M gives rise to a quasicoherent sheaf of modules

M=MQ®r Ox 2.4.1)

on X: for f € Ry, on the open neighborhood Spec((f~!R)o), the module of sections of
M is

(f~"M)o = (M @& f~'R)o.

(Recall that the subscript O means taking the subgroup of elements of degree 0.) This
construction glues to give a sheaf of Ox-modules.
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Of course, we have, by definition,
R = Ox.

But now for a graded R-module M and ¢ € Z, we have another R-module M obtained by
shifting the degrees of M by ¢£:

MO = Myik.
We define
Ox(n) = R(n) ®r Ox.
For any sheaf of Ox-modules F, we denote
F) = F @0y Ox(0).
The quasicoherent sheaf Ox (1) is called the twisting sheaf of Serre.

2.4.1 Proposition If R is generated by R as an Ro-algebra, then Ox (1) is an invertible
sheaf, and

Ox(k + &) = Ox (k) ®0, Ox(€) (2.4.2)
forallk,l € Z.
Proof We have an obvious morphism from the right hand side of (2.4.2) to the left
hand side. Let elements r; € Ry, i € I, generate R. This is actually equivalent to the
augmentation ideal being
(ri,i €1),
which is in turn equivalent to the distinguished open sets U,, being a cover of X. Now at

the affine open set U,,, we obtain the sections of M by inverting r; and taking elements of
degree 0. In particular,

(Ox (k)W)
is identified with

7 R,
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which in turn can be thought of as the degree k elements of the direct limit of the diagram

i ri i

R > R > R > ...,

which clearly does not depend on k (in a way compatible with the morphism of (2.4.2)),
since r; has degree 1. Thus, (2.4.2) follows. This obviously implies invertibility. O

Now assume that R is a graded ring generated by R; as an Rp-algebra. Then for a sheaf
M of Ox-modules, we can define a graded R-module M., (X) by

M (X)) = Mn)(X). (2.4.3)
242Lemma If R is a graded ring generated by R{ as an Ro-algebra,
X = Proj(R), then the functor (2.4.3) from sheaves of Ox-modules to graded R-modules

is right adjoint to the functor (2.4.1) from graded R-modules to sheaves of Ox-modules.

Proof Let M be a graded R-module, and let F be a sheaf of Ox-modules. Suppose we
are given a homomorphism of graded R-modules

M — F.(X). (2.4.4)
So for every n € No, we are given a homomorphism of Ryp-modules
My — F(n)(X)

compatibly with multiplication by R;. Then for every f € R;, we obtain, by taking
colimits under multiplication by f, a homomorphism of Rp-modules

(f 7 Mo — (fT'F (X))o = Fm)(Uy).
Clearly, these are compatible to give a morphism of sheaves of Ox-modules
M ®gr Ox — F. (2.4.5)
Conversely, given (2.4.5), we have
My — (M Qg Ox)(n)(X) — F(n)(X) (2.4.6)
where the first morphism is obtained by taking, on U 7, the colimit homomorphism

M, — (filM)na
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which obviously are compatible to give the first homomorphism (2.4.6). The second
morphism is obtained by taking (2.4.5), twisting by n and taking global sections. It is
easily verified that the two correspondences between (2.4.4) and (2.4.5) and vice versa are
inverse to each other. |

The functor (2.4.1), by definition, always produces a quasicoherent sheaf on X. It is
important to note however that unlike the affine case, we cannot expect the unit of the
adjunction of Lemma 2.4.2 to be an isomorphism in general, i.e. for an arbitrary graded R-
module M, the graded R-module of twisted global sections of the associated quasicoherent
sheaf M ® g Ox of Ox-modules to be isomorphic to M. To see this, it suffices to note that
M ®r Ox only depends on M=y for any chosen N € Z, so we could replace M by a
graded R-module which is the same in degrees > N but O in degrees < N, and obtain the
same associated quasicoherent sheaf.

On the other hand, we have the following

2.4.3 Lemma Suppose R is a graded ring generated by R| as an Ry-algebra, and suppose
Ry is a finitely generated Ry-module. Let X = Proj(R). Then the counit of the adjunction
of Lemma 2.4.2 is always an isomorphism, i.e. any quasicoherent sheaf of Ox-modules is
isomorphic to the sheaf of Ox-modules associated with its graded R-module of twisted
global sections.

Proof The role of assuming that R is finitely generated as an Ro-module, say, by elements
S1. ... fu,is that f1, ..., f, generate the augmentation ideal, i.e. Uy, cover X, which is
a substitute for the fact in the affine case that an affine scheme is quasicompact. At this
point, we have, for every homogeneous element 2 € R,

h=aifi+--+anfn,

a; € R, and for a given h, we can replace the f;’s by an arbitrary power, assuming we
are willing to replace & by a sufficiently high power. With this in mind, letting F be a
quasicoherent sheaf on X, we can show that the counit of adjunction of Lemma 2.4.2 is
onto on sections on Uy: for s € F(Uy), multiplying by sufficiently high powers of i, we
can find sections of F(?)®g Ox on U, which coincide with s on U, NU 7. Multiplying by
sufficiently high powers of 7 and f;, those sections are compatible, and glue to produce an
element of F(N)(X) for some N >> 0, which maps onto s on Uj,. One proves similarly
that the homomorphism is injective. O

The following is essentially just a restatement:

2.4.4 Proposition Suppose R is a graded ring generated by R\ as an Ro-algebra, and
suppose Ry is a finitely generated Ro-module. Let F be a quasicoherent sheaf over
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X = Proj(R). Then there exists an onto map

P oxm) — F.

iel
If F is coherent and X is Noetherian, the set I can be taken to be finite.

m}

Using Lemma 2.4.3, if R is finitely generated by R; over Rp, we can identify the
category of quasicoherent sheaves on Proj (R) with a full subcategory of the category of
graded R-modules and morphisms preserving the degree of homogeneous elements (since,
by passing to twisted sections, a morphism of quasicoherent sheaves is always induced by
a homomorphism of graded modules). Additionally, the inclusion of the subcategory has a
left adjoint (i.e. is a right adjoint). Such a full subcategory is called a reflexive subcategory.
The left adjoint to the inclusion of a reflexive subcategory is called a reflection.

We have already encountered other examples of reflexive subcategories. For example,
the category of abelian groups is a reflexive subcategory of the category of groups,
the category of abelian sheaves on a topological space X is a reflexive subcategory of
the category of abelian presheaves on X, the category of affine schemes is a reflexive
subcategory of the category of schemes.

Example Let R = Ry[x], so Proj(R) = ]P)gpec(Ro) = Spec(Rp). Then the category of
quasicoherent sheaves on Proj(R) is identified, by Lemma 2.4.2, with the subcategory of
Rp[x]-modules which have the structure of Ro[x, x~1]-modules.

If R = Rolx, yl,i.e. Proj(R) = ngec( Ro)’ then the category of quasicoherent sheaves
on Proj(R) is identified with the full subcategory of graded Ry[x, y]-modules M such
that the canonical morphism from M to the pullback

x M

lim (2.4.7)
Y

y M = (xy)~'M

is an isomorphism. For a general graded Ro[x, y]-module M, the reflection of M into the
full subcategory identified with quasicoherent sheaves on Proj(R) is given by (2.4.7).
For n > 1, a similar characterization of quasicoherent sheaves on ]P’@p ec(Ro)
Proj(Rolxo, ..., x,]) also holds when we replace (2.4.7) by the diagram which contains
all the canonical arrows from all the modules x;” 'M to all the modules (xix j)’lM NENE

COoMMENT We will see in Sect.4.4.2 of Chap. 6 (proof of Theorem 4.4.3 and Exercise
25 of Chap.6) that in general when R is generated over Ry by R; which is a finitely
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generated Rp-module, the reflexive subcategory of the category of graded R-modules
which correspond to quasicoherent sheaves is the full subcategory on those graded
modules M for which the local cohomology groups H?(M ) and H 11 (M) vanish where
I is the augmentation ideal of R.

The following corollary of Lemma 2.4.3 is quite important:
2.4.5 Proposition

1. If Y is a closed subscheme of ngec(A) = Proj(Alxo, ..., xn]), then there exists a
homogeneous ideal

IEA[an'-'ax}’l]

suchthatY = Z(I).

2. A scheme over Spec(A) is projective if and only if it is isomorphic to Proj(R) where
R is a graded ring with Ry = A generated by Ry where Ry is a finitely generated
Ro-module.

Proof To prove 1, consider the quasicoherent sheaf of ideals Z associated with the closed
subscheme Y. Then Z C Oy, so Z(m) C Ox(m) since Ox (m) is invertible, so we can
define the homogeneous ideal / in R by

Ly = ZT(m)(X).
By Lemma2.4.3,Y = Z(1).

Recall that a scheme X is projective over Spec(A) if it is isomorphic to a closed
subscheme of ng ec(A): By part 1 of this proposition, this happens if and only if X is

isomorphic to Proj(Alxo, ..., x,]/I) for some homogeneous ideal /. On the other hand,
Alxo, ..., x,]/1 is the general ring R described in our condition for 2.

O
3 Divisors

We saw from the examples in the last Section that an isomorphism of line bundles on
a scheme X can be tricky to construct from first principles. Divisors can be thought of
as geometric models of line bundles, (often with additional assumptions on X), where
isomorphism of bundles corresponds to more manifest concepts. We will give three
approaches each increasingly more concrete (and also more restrictive).
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3.1 First Cohomology

This approach works in general, for all schemes X, and continues the discussion of the
beginning of Sect.2.1. A line bundle (i.e., an invertible sheaf of Ox-modules) £ on a
scheme X admits an open cover U;, i € I of X for which we have isomorphisms

¢i : Lly; E> Oxlu; = Oy;. G.1.D)
We have elements
hij € Ox(U;N U™ (3.1.2)
(recall that R is the group of units of a ring R) given by
hij = ¢i(U; mUj)oqu?l(U,- nU;). (3.1.3)

The elements /;; may be referred to as transition functions. Of course, (3.1.3) implies that
foralli, j,kel,

hijlu,nu;nu - hjiklvinunue = hiklvinu;nug (3.1.4)

but the real point is that to specify £ up to isomorphism, it suffices to specify the open cover
U; and the elements (3.1.3), together with the condition (3.1.4) (which may be referred to
as the cocycle condition).

It is useful here to note that since the group of units functor from commutative rings to
abelian groups preserves limits (it is in fact right adjoint to a functor called the group ring,
which is the free abelian group ZG with multiplication given by the multiplication in G),
the abelian presheaf (9; whose abelian group of sections on U is (Ox (U))* is in fact a
sheaf. We will denote it by O .

The open cover (U;);e; together with the elements (3.1.2) which satisfy the cocycle
condition (3.1.4) is called a (Cech) 1-cocycle with coefficients in Oy Note that abstractly,
the definition would work for any abelian sheaf F (or even just a sheaf of groups) on an
arbitrary topological space X in place of O ; on a scheme X, so we can analogously speak
of Cech 1-cocycles with coefficients in . Note that we think of O; multiplicatively, while
an abelian sheaf will often be written additively, in which case - will become +-, and 1 will
become 0.

Note that the cocycle condition (3.1.4) implies

hii =1, hjj = h;l
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On the Mobius band example, I was a two-element set, so there was only one transition
function between them, which is why the cocycle condition was not needed.
A line bundle £ can be constructed from a Cech 1-cocycle

((Udier, hij, i, jel) (3.1.5)

with coefficients in OF in the same way as in the case of the Mobius band: For an open
set V C X, put

LV)={(si € Ox(VNU))ier |

o (3.1.6)
Vi, j € Dsiluinu;nv = hijlu,nu;nv - sjluinu;nv

But when is the line bundle £ given by (3.1.5) isomorphic to another line bundle M,
given by another Cech 1-cocycle

((V)jes,kij,i,j€J)?

We see right away one awkward point: the open covers can be different. This can be dealt
with by observing that if the open cover (V) jey is a refinement of the open cover (U;);es
in the sense that for each j € J, there exists an i € [ such that V; C U;, then a Cech 1-
cocycle defined using the covering (U;) also specifies a Cech I-cocycle defined using the
covering (V;). (Recall that this notion of refinement was also consider in Sect. 1.1 when
we constructed the sheafification—this is related.)

For two cocycles defined on open covers (U;)ier, (V) jes, we can then replace both by
a cocycle defined on the common refinement

(Ui N V))ier,jes-

Thus, it suffices to find conditions when a line bundle £ defined by the 1-cocycle (3.1.5) is
isomorphic to a line bundle M defined by another 1-cocycle using the same open cover:

((Uiier, kij, i, j €1).
In this case, we see that £ and M will be isomorphic if and only if there exist
fieOxWp,iel (3.1.7)
such that for all i, j € I,

filuinw; - hij = kij - filvinu;- (3.1.8)
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For then, we can, starting from a section (3.1.6), produce a section in M (V') simply by
replacing each s; by f; - s; and vice versa. If, on the other hand, £ and M are isomorphic,
then the functions f; must exist by looking at sections of each on U;, and using the fact that
for any commutative ring R, any isomorphism of R-modules R — R is given precisely
by multiplication by an element of R*.

For an arbitrary abelian sheaf (or more generally sheaf of groups) F, this works
basically the same way except for the last part we need to argue that if the f;’s exist
on a refinement (V;), then setting U; jy = U; N V;, and denoting by f; ;) the restrictions
of fjto Ug,jy and by hg; j) i, j») the restrictions of ki to U, jy N Uy, jry, we have

hi, .0 = ka,j.an =1,

SO
Janlveynug = fa.nlvennug s

and the elements f{; ;) can therefore be glued by the sheaf property to give f;.

In any case, if (3.1.8) holds, the Cech 1-cocycles h;j, k;j are called cohomologous, and
the set of equivalence classes of cocycles with respect to the relation of cohomology is
denoted by

HY(X,F) (3.1.9)

and called first Cech cohomology of X with coefficients in F.If F is an abelian sheaf, then
of course 1-cocycles with coefficients in F form an abelian group, and two 1-cocycles
(hij)i,jer, (kij)i jer defined on the same open cover are cohomologous if and only if
(writing multiplicatively), (h l.;lkij),-, jer is cohomologous to 1. Itis worth writing explicitly
what it means that a 1-cocycle (k;;);, jes is cohomologous to 1: it means that there exists
fi € F(U;) such that

kij = filuinw; £ uinw; - (3.1.10)

In this case, we say that that the 1-cocycle (k;;); jes is a coboundary of (fi)ies, and write
(kij)ijer = 6(fi)iel-

When F is an abelian sheaf, the set of all coboundaries forms an abelian subgroup of the

set of all cocycles, thus giving (3.1.9) the structure of an abelian group. We speak of the

first Cech cohomology group with coefficients in the abelian sheaf F.
Thus, we proved in particular the following
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3.1.1 Theorem For any scheme X, we have a canonical isomorphism
Pic(X) = H'(X, 0%). (3.1.11)

O

COMMENT It is customary to write H'! instead of H! in (3.1.11). This is because there
is another definition of cohomology with coefficients in an abelian sheaf which coincides
with Cech cohomology in dimension 1. We shall study cohomology in more detail in
Chap. 5. In fact, in any abelian category A, recall that an exact sequence is a sequence of
morphisms (finite or infinite)

Ji Ji—1
L Ag > A1 > Ar_2 > ...

such that

Ker(fi-1) = Im(fi)

whenever applicable. In particular, a short exact sequence is an exact sequence of the form

f g
0 - A - - C -0 (3.1.12)

This then just means that f is a monomorphism, g is an epimorphism and

Ker(g) = Im(f).

If A is, say, the category of abelian groups or R-modules, this means that up to
isomorphism C = B/A where f is the inclusion of A into B and g is the projection
from B to B/A.

Now for fixed objects A, C € Obj(A), a short exact sequence (3.1.12) is called an
extension of C by A. We denote by

Exty(C, A) (3.1.13)
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the set of isomorphism classes of all extensions (3.1.12). By an isomorphism of extensions,
we mean a diagram of the form

0 > A > B > C > 0
1d = 1d

\ 4 \
0 > A > B’ > C > 0.

One notes that (3.1.13) is actually an abelian group: Addition of two extensions is obtained
by adding them using @, and then pushing forward via the codiagonal morphism

VIAGA— A,

i.e. making the following diagram so the left hand square is a pushout

0 >~ AQA >~ B® B’ ~Co®C > 0
v Id

\4 \4 \
0 > A > By > CoC >0

and then puling back via the diagonal
A:C—>CohC,

i.e. making the following diagram so the right hand square is a pullback

0 > A > B > C >0

Id A
\ \ \

0 > A > By -~ CopC > 0.

(Recall that & in an abelian category is both the product and the coproduct; the codiagonal
of a coproduct is the morphism from the coproduct obtained by sending each copy of A to
A via the identity, and the diagonal of a product is again obtained by sending C by Id to
both copies of C.)
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The inverse of an extension (3.1.12) is obtained by reversing the sign of f or g. The
neutral element is the extension

f g
0 =A =A®C >=C =0 (.1.14)

where f is a coproduct injection and g is a product projection. (3.1.14) is also called a
split short exact sequence.

(Note: one problem with this definition in an arbitrary abelian category is that we
haven’t shown that Ext!(C, A) is actually a set—it could be a proper class; but this will
not come up in the examples we are interested in.)

Now if X is a topological space, and F is an abelian sheaf on X, one defines

H'(X, F) = Exty, ,x)(Z. F)
where Ab-sh(X) is the category of abelian sheaves on X and Z is the constant sheaf with
values in Z, i.e. f~1(Z) where f : X — x is the unique continuous map to a point and
the sheaf Z on a point takes the value Z on the set containing the point, and the value 0 on

the empty set.

3.1.2 Theorem For any space X and any abelian sheaf F, we have a canonical
isomorphism

H' (X, F)= H'(X, F). (3.1.15)

Proof Consider an extension

0 - F - F - 7 -0 (3.1.16)

of abelian sheaves on X. The stalk of Z at every point is Z, so we have a short exact
sequence

0—> Fx > Fr > Z — 0.

This means that there exists an open set V > x and an element s € F (V) such that
(g(V))(s) represents

1eZ, ="7.

Note carefully that then (g(V))(s) — 1 represents O in Z, = Z, so by definition there
exists an open set U, x € U € V such that the restriction of (g(V))(s) — 1 to U, which
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is (g(U))s|ly — 1,1is 0, so on U, there is a section in ]?(U) (namely s|y7) which maps to
1 € Z(U) by g(U). (Note: All this is needed because Z(U) is actually not Z if U is not
connected.)

Thus, we have an open cover (U;) of X together with sections s; € F (U;) where
(g(Ui))(si) = 1. Then for any i, j, the image of

siluinu; = sjluinu; 3.1.17)
under g(U; NUj)is 1 —1 =0, s0(3.1.17) is the image, under f(U; N U;), of an element
hij € F(U;NU;j),

which is a Cech 1-cocycle. This procedure can obviously be reversed to construct, from a
Cech 1-cocycle valued in F, an extension of abelian sheaves (3.1.16). This gives inverse
isomorphisms between the two sides of (3.1.15). (Note that this classification of extensions
of Z up to isomorphism is in fact analogous with our discussion on classification of line
bundles up to isomorphism.) O

COMMENT An analogue of Theorem 3.1.1, along with its proof, also works essentially
unchanged for bundles of dimension n. In this case, we consider the sheaf M, (Ox) of
n x n matrices in Oy. This is, of course, a sheaf of Ox-modules (a sum of n? copies of
Ox), but matrices can be multiplied, and so M,(Ox) can also be considered as a sheaf
of (non-commutative) rings. Furthermore, the sheaf M, (Ox)* is denoted by GL, (Ox).
(Recall that the group of units of the ring M, (R) of n x n matrices over a commutative
ring R is denoted by GL, (R) and called a general linear group of R.)

In any case, essentially the same discussion as the proof of Theorem 3.1.1 leads to a
proof of the fact that the set of isomorphism classes of n-bundles on a scheme X is bijective
to the first Cech cohomology

H'(X,GL,(Ox)).

Note that in general this is not (i.e. does not have a canonical structure of) a group, since
G L, (Ox) is a sheaf of groups, not of abelian groups.

3.2 Cartier Divisors

If X is an integral scheme, then it has a well-defined field of rational functions K (X)
(unrelated, despite the notation, to algebraic K-theory), which is the field of fractions
of Ox(U) for every non-empty affine open set U € X. We have therefore a canonical
embedding

Ox(U) € K(X),
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which passes to an embedding on units:
w:O0xWU) S K(X)~. (3.2.1)
For a line bundle £ on X given by a cocycle
((Udier, hij, i, j, € 1),
therefore, if we choose a particular jy € I, we can define a section of the sheaf
K(X)* /0% (3.2.2)
(recall that the underline means a constant sheaf) by gluing the sections
twnuy, hijo) € (K(X)™/O)(U)). (3.2.3)

The cocycle condition assures that these sections glue to a global section. A global section
of the sheaf (3.2.2) is called a Cartier divisor on X.

Conversely, every Cartier divisor s gives rise to a line bundle: On some open cover
(Up)ier, each s|y, comes from a section of K (X)* (U;), i.e. an element of 5; € K(X)*.
We can then simply put

-1
hij = silv;nu; - 85 luinu; -

This correspondence between line bundles and Cartier divisors is obviously not bijective
(for example, when associating a Cartier divisor with a line bundle, we made a choice of
Jjo € I). In fact, even more generally, we could have multiplied the Cartier divisor (3.2.3)
by any element of f € K(X)*,i.e. a global section of

K(X)*. (3.2.4)

Such a Cartier divisor, i.e. one which is the projection of a section of (3.2.4), is denoted by
(f), and called a principal Cartier divisor. We see by definition that two Cartier divisors
whose fraction is a principal Cartier divisor give rise to isomorphic line bundles. Such
Cartier divisors are called linearly equivalent.

Conversely, if two Cartier divisors s, ¢ (i.e. global sections of (3.2.2)) give rise to
isomorphic line bundles, and on an open cover U;, the isomorphism is given by

¢i € Ox(Uy),

then the image of ¢, in K (X)* defines a principal Cartier divisor which is the ratio of the
associated Cartier divisors. Thus, we proved



3 Divisors 225

3.2.1 Theorem For every integral scheme X, the factor group of the (abelian) group of
Cartier divisors by the subgroup of principal Cartier divisors is canonically isomorphic to
Pic(X).

Example Considering again the unit circle
X = Spec(R), R =R[x, yl/(x* +y> — 1),
and the Mobius band whose global sections are pairs of sections
s1ed=y"Rs2ed+y'R

such that s; = xsp, we find a corresponding Cartier divisor by gluing, say, the section
1 € K(X)*/O% (U(14y)) with the section x € K (X)*/O% (Ui—y)). So this basically does
not give anything new, although from this point of view we see that there is nothing special
about the fact that x has a zero at the point (0, —1): Considering the rational function
—(1+b
p= T UEINEC
I+y
(noting that the numerator has zeros at (0, —1) and (a, b)), we may take the linearly
equivalent Cartier divisor obtained by gluing

f e KX)* /O3 Uy
and
fx e K(X)*/Ox Uy,

which has “a zero at the point (a, b).” We will see this point more clearly in the next
section from the point of view of Weil divisors.

The concept of a Cartier divisor can be extended to an arbitrary scheme X by replacing
the sheaf K (X) by the sheaf /IC which is the sheafification of the presheaf P where P(U)
is the localization of Ox (U) obtained by inverting the multiplicative set consisting of
all sections which are non-zero divisors in every local ring Ox , for x € U. Since
sheafification preserves stalks, note that the natural morphism of sheaves

Ox—>lc
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is injective. A Cartier divisor in this more general context is a section of KX*/O%, and a
principal Cartier divisor is one which is the projection of a section of IC*. The (abelian)
group which is the factor of the group of Cartier divisors by the subgroup of principal
Cartier divisors is called the Cartier divisor class group and denoted by Ca-CI(X). In this
case, an analogue of the above construction still gives an injective map

C

Ca-ClI(X) > Pic(X) (3.2.5)

The map (3.2.5) is constructed the same way as in the case of integral schemes: lift
generators s; of sections of a Cartier divisor to K> locally, and then record the Cech
1-cocycle of their differences in Oy, thus giving a cocycle for a line bundle. Moreover,
note that the inverses s; ! represent this line bundle as a subsheaf of /IC. The map (3.2.5) is
also injective for the same reason: if two invertible subsheaves of K are isomorphic via an
abstract isomorphism of Oy-modules, then this isomorphism, considered as a section of
KX, gives a principal Cartier divisor which is the ratio of the Cartier divisors corresponding
to the subsheaves.

We saw however that by construction, the image of (3.2.5) lands in the subgroup of
Pic(X) of line bundles generated by invertible subsheaves of K, which, as it turns out,
does not have to include all line bundles. Thus, the map (3.2.5) is not onto in general.

COMMENT For any topological space X, and any abelian sheaf F, one can write
H(X, F) = F(X) = Hom(Z, F) = H(X, F).

(Here Hom denotes the abelian group of homomorphisms in the category of abelian
sheaves.) Then for any short exact sequence of abelian sheaves

0-E—->F—>G—0 (3.2.6)

on X, we obtain an exact sequence

0 > HY(X, &) - HY(X,F) - H%X, Q)
(3.2.7)

Y
H'(X,G) < HY(X,F) < HU(X,E).

The vertical homomorphism (also referred to as the connecting map) can be constructed
by taking a morphism of sheaves

f:Z—gG
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to the extension which is the top row of the diagram

where the right square is a pullback in the category of abelian sheaves. The other mor-
phisms (3.2.7) all come by functoriality from the morphisms (3.2.6). It is a little tedious
but easy to show that the sequence (3.2.7) is indeed exact. In fact, higher cohomology
can be defined (analogously to our present definitions), and the exact sequence (3.2.7)
then continues analogously through the higher cohomology groups. This exact sequence
is then referred to as the long exact sequence in cohomology. We shall study it in detail in
Chap. 5 (Theorem 2.3.7).

The inclusion (3.2.5) then can be interpreted as the homomorphism in (3.2.7) from the
cokernel of the last arrow of the top row to the last term of the bottom row, where (3.2.6)
is the short exact sequence

0— O} - KX - KX/O} = 0. (3.2.8)

In the case when X is an integral scheme, we have K = K(X) so £* = K(X)*, and
furthermore, since X is irreducible,

K(x)* () = KT ITU 2D
0 ifU =49.

This means that the restriction maps of K(X)* are onto. A sheaf F whose restriction

maps are onto is called flasque. We will see in Chap. 5 that all higher cohomology (i.e. all

cohomology except possibly H) of a flasque sheaf is 0. It is easy to check directly that

for a flasque sheaf F,

H'(X,F)=0. (3.2.9)
Consider a Cech 1-cocycle ((U;)ier, hij) in F. Without loss of generality, / is an ordinal
number. We will construct, by transfinite induction on i € I, an s; € F(U;) such that

(writing additively),

silujnuy — sklu;nu, = hji for j,k <.
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Assume that s; has been constructed for all j < i. Then the sections
hij + sjluinu;s J <i
glue (by the cocycle condition) to a section

serwindJu.
j<i
By F being flasque, this section is the restriction of a section

si € F(Uy),

completing the induction hypothesis, and thus proving (3.2.9).
Returning to the case of 7 = K (X)* for an integral scheme X, considering the long
exact sequence (3.2.7) associated with the short exact sequence of sheaves (3.2.8), we have

H'(X,K(X)*) =0,

SO we get an exact sequence

0 > Ox(X)* > K(X)* > (K(X)*/O)(X)

0 < Pic(X),

which is another way to express Theorem 3.2.1.

3.3 Weil Divisors

In the example of the Mobius band £, we were able to construct an isomorphism of £
with a coherent sheaf of ideals, thereby establishing a connection between £ and a closed
subscheme. This is attractive, since closed subschemes are very geometric. We may ask
two questions: (1) Which closed subschemes do we encounter? (2) Does this work for
every line bundle?

Even before making precise definitions, note that the answer to 1 appears to be that
we encounter closed subschemes of codimension 1, since the closed subscheme, at least
locally, arises as the O locus of a regular function. Recall that in view of the example in
Exercise 38 of Chap. 2, “codimension 1” may not be the same thing as “dimension 1 lower
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than dim(X),” and we must therefore use the precise definition of codimension introduced
there.
To help answer question 2, let us consider another basic example:

Example Consider the scheme
X = ]P)zpec(k) = PrOj (k[x01 N -xn])

for a field k. Then by Proposition 2.4.1, Ox (1) is a line bundle. In fact, we have an injective
morphism of line bundles

X . OX —> Ox(l)

forany i = 0, ..., n, in fact, generating the vector space of global sections of Ox(1),
which is

k[xo0, ..., xul1 = K"TL.
On the other hand, the vector space of morphisms of line bundles
Ox(1) - Ox
is isomorphic to the vector space of global sections of Ox(—1), which is
k[xo, ..., xn]=1 = 0.

In particular, Ox (1) is not isomorphic, as a line bundle, to any sheaf of ideals, and therefore
cannot correspond to a closed subscheme of X (which would be the zero locus of the ideal).
On the other hand, Ox (—1) is isomorphic to the sheaf of ideals (x;) foranyi =0, ..., n,
and thus, there is an associated closed subscheme, namely any of the hyperplanes Z(x;).
Denoting the inclusion of the hyperplane by

i ]P’Z_1 — Py,
we get, in fact, a short exact sequence of coherent sheaves
0— Opr(—1) > Opr — i*OJP’;*' -0 3.3.1)
This example suggests that to get Ox (1), we should take “the hyperplane Z(x;) with
coefficient —1” (to correspond to the inverse of Oy (—1)).

Actually, the choice of sign is a matter of convention (although must remain consistent
throughout geometry), and as it turns out, the usual choice of signs is the opposite,
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assigning the + sign to the zero locus of a global section of a line bundle, and the sign
— to the subscheme corresponding to an isomorphic sheaf of ideals. So Ox (1) will be
assigned the hyperplane Z (x;), and Ox (—1) will be assigned its negative. In any case, this
discussion motivates the following definition.

3.3.1 Definition Suppose that X is a Noetherian integral separated scheme such that all of
the local rings Oy  (i.e. stalks of the structure sheaf) which are of dimension 1 are regular.
Then a prime Weil divisor on X is an integral closed subscheme Y of codimension 1 (i.e.
such that the local ring Oy at the generic point y of Y has dimension 1, see Exercise 15).
A Weil divisor on X is an element of the free abelian group whose free generators are prime
Weil divisors. Thus, a Weil divisor can be viewed as a formal Z-valued linear combination
of prime Weil divisors. A divisor is called effective if all the coefficients of the linear
combination are non-negative.

COMMENT Note that the condition of Definition 3.3.1 is always satisfied when X is
an integral Noetherian separated scheme that is also normal, which implies that all its
local rings are normal integral domains. (Recall that a Noetherian normal local ring of
dimension 1 is always regular by Lemma 2.4.2, 2 of Chap.3; see also Exercise 42 of
Chap. 1).

3.3.2Lemma Let X be a scheme which satisfies the assumptions of Definition 3.3.1, and
let f € K(X)* (where K(X) is the field of rational functions on X). Then there exists
only finitely many integral closed subschemes Y C X of codimension 1 such that

féox, (3.3.2)
where Yy is the generic point of Y.

Proof Since X is Noetherian and therefore quasicompact, it suffices to assume that X =
Spec(R) is affine. Then

8

F=4

where g and & are non-zero regular functions. A point y where we have (3.3.2) must be in
Z(g) U Z(h). (3.3.3)
Since X is Noetherian, (3.3.3) is a union of finitely many irreducible closed sets

Yi,...,Ym, Yi = Spec(R/y;) where y; is a prime ideal. Now suppose y € Y;. Then
yi € y, which, since dim(Ry) = 1, means y; = y or y; = (0). The latter is impossible
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since g, h # 0. Thus, there are only finitely many choices of y. Note that Y is the closure
of y, and hence is determined by y. O

3.3.3 Definition Let f € K(X)*, and let (3.3.2) where y is a generic point of a closed
subscheme of codimension 1. Then Oy, is a regular local ring of dimension 1, hence a
discrete valuation ring with valuation v,. Define

()= v(f)-¥ (3.3.4)
y

which, by Lemma 3.3.2, is a finite sum. We call (f) the principal Weil divisor associated
with f. Again, two Weil divisors whose difference is a principal Weil divisor are called
linearly equivalent. Clearly, principal Weil divisors form a subgroup of the (abelian) group
of all Weil divisors on X. The factor group is denoted by CI(X) and called the (Weil)
divisor class group of X.

COoMMENT The theory of Weil divisors can, in fact, be extended beyond assuming that
the scheme X is regular in codimension 1, by using concepts of intersection theory,
namely the intersection of a Weil and a Cartier divisor. However, we shall not develop
this generalization here. (For information on intersection theory, see [7].)

The term “divisor” is motivated by the following fact.

3.3.4 Theorem A Noetherian integral domain R is a unique factorization domain if and
only if it is normal and satisfies

Cl(Spec(R)) = 0.

The proof of this theorem relies on some commutative algebra which we developed in
Chap. 1. Prime Weil divisors in Spec(R) are closed subschemes of the form R/p where p
is a prime ideal of height 1.

3.3.5 Lemma A Noetherian integral domain R is a unique factorization domain if and
only if every height 1 prime ideal in R is principal.

Proof Suppose R is a unique factorization domain and suppose p is a prime ideal of height
1.Let0 # x € p,andletx = a; - - - - - a, be a factorization into irreducibles. Then there
exists an i such that a; € p, so (a;) € p. However, (a;) must be prime by uniqueness of
factorization, and since p is height 1, (a;) = p.

Suppose, on the other hand, that every prime ideal p of R of height 1 is principal.
In a Noetherian ring, every element has a factorization into irreducibles. For uniqueness
of factorization, we need to prove that if x is irreducible, then (x) is prime. Let x
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be irreducible, and let p be a minimal prime containing x. Krull’s Hauptidealsatz (see
Theorem 5.3.7 of Chap. 1 and the subsequent Comment) says that in any Noetherian ring, a
minimal prime ideal containing an element which is neither a 0 divisor nor a unit has height
1. Thus, p has height 1. By assumption, then, p = (y) for some element y € R. Therefore,
x € (y), which means that y is a factor of x, and since x is irreducible, p = (y) = (x). O

3.3.6 Lemma Let R be a normal Noetherian integral domain, and let K be its field of

fractions. Then R is equal to the intersection A C K of all localizations R, over prime
ideals p of height 1.

Proof Obviously, R C A. Suppose then that x, a € R and x is not divisible by a. Our job
is to show that

Y ea. (3.3.5)
a
Consider the ideal
I = {z € R | xz is amultiple of a}.

By assumption, I # R. On the other hand, note that without loss of generality, we may
assume that 7 is prime. If not, we would have a multiple xz¢ of @ where xz and xt are not
multiples of a. Thus, we could replace x by xz or x¢ and repeat this procedure until we get
a prime ideal. (The procedure would have to terminate after finitely many steps because R
is Noetherian.) Thus, assume [ is prime. We will prove that in fact [ is of height 1, which
proves (3.3.5), since

X
¢ Ry.

a
(Note that if x/a = u/b, then xb = au, so b € 1.) In fact, without loss of generality,
we may as well now assume that R is local with maximal ideal /, since we can replace R
by the localization R;. Recall now the definition (2.4.4) of Chap. 3. To prove that [ is of
height 1, by part 1 of Lemma 2.4.2 of Chap. 3, it suffices to prove that

117" =R. (3.3.6)

Of course, again, II7!' C R, soif (3.3.6) fails, we must have

I~' =1

As in the proof of part 2 of Lemma 2.4.2 of Chap. 3, this implies that /(I~!)" = I and
hence all elements of 1~} are integral over R, which, since R is normal, implies / -1 —R.
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This is, however, a contradiction with (3.3.5), since
X
el !l
a
O

Proof of Theorem 3.3.4 By Lemma 3.3.5, all we need to prove is that for a normal
Noetherian integral domain R,

Cl(Spec(R)) =0 (3.3.7)
if and only if every height 1 prime ideal in R is principal. Of course, height 1 prime ideals
in R correspond bijectively to prime Weil divisors in Spec(R), so we see right away that
if every height 1 prime ideal in R is principal, then (3.3.7) holds.

Suppose, conversely, that (3.3.7) holds. Then for every prime ideal p C R of height 1,
there exists an element f of the field of fractions K 2 R such that

vp(f) =1, vy(f) = 0 for other height 1 prime ideals R.

By Lemma 3.3.6, however, we know that f € R, since otherwise we would have v, (f) <
0 for some height 1 prime ideal g. But on the other hand, if g € p is any element, then

w ()20
for all height 1 prime ideals ¢, so again by Lemma 3.3.6,
8 € R,
so p = (f) and p is principal, thus proving (3.3.7). O
Example Consider, say, on A% = Spec(Clx, y, z]), the Weil divisor
D:SZ(x2+y2—1)—3Z(x—y—z).

Since C[x, y, z] is a unique factorization domain, we know that any divisor on A% must
be principal. It is, of course, easy to see directly that

D =(f)
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where

oGy
' (x—y—23"

Now assume a scheme X satisfies the assumptions of Definition 3.3.1. Then in
particular X is an integral scheme, so

Pic(X) = Ca-Cl(X).

On the other hand, every Cartier divisor on X determines a Weil divisor: send a global
section f € K(X)*/O%(X) to

> u(HY (3.3.8)
Y

where the sum is over all codimension 1 integral closed subschemes ¥ C X and y is
the generic point of Y. Note that the sum (3.3.8) is well-defined since multiplication
by a section of O on an open set containing the given generic point does not affect
the valuation. Note also that the sum (3.3.8) is finite because X is Noetherian (see
Lemma 3.3.2). Under this correspondence, principal Cartier divisors clearly go to principal
Weil divisors, so we obtain an inclusion

Ca-Cl(X) € CI(X). (3.3.9)

On the other hand, by definition, any Weil divisor Z which comes from a Cartier divisor
clearly has the property that every point of X has an open neighborhood U such that the
restriction Z|y (defined by intersecting all codimension 1 integral subschemes Y with
U) is principal. A Weil divisor with this property is called locally principal. Note that
principal Weil divisors are locally principal, so being locally principal is really a property
of an element of CI/(X). We can summarize this discussion in the following

3.3.7 Proposition There is a canonical embedding (3.3.9) whose image coincides with
the classes of locally principal Weil divisors.

Example Let X = Spec(R), R = k[x, v, z]/(z> — xy) where k is a field of characteristic
not equal to 2 (a quadratic cone). Then X is normal. To show this, we need to show that R
is integrally closed in its field of fractions K . Because of the equation for z2, as an k[x, y]-
module, R is free with basis 1, z and similarly K is a free k(x, y)-module with basis 1, z.
Therefore, every element of R is integral over k[x, y]. Now if an element t = u + zv,
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u,v € k(x,y), is integral over R, it is therefore also integral over k[x, y]. If t € k(x, y),
we are done, since k[x, y] is normal. Otherwise, over k(x, y), t is a zero of the polynomial

(t—u)?> — xyv2 =1> —2tu+ (u®> — xyvz), (3.3.10)

and hence this must be the minimal polynomial of # over k(x, y). Hence, since ¢ is integral
over k[x, y], (3.3.10) must be a factor of a polynomial in ¢ with coefficients in k[x, y], and
hence by the Gauss lemma, its coefficients must be in k[x, y]. Thus, u € k[x, y], and also

u® — )cyv2 € klx, yl,

which implies xyv? € k[x, y]. Since x, y are relatively prime irreducibles in the unique
factorization domain k[x, y], we also have v € k[x, y] and hence ¢ € R.

Then Z(y,z) = Spec(k[x]) is the line y = z = 0 on the cone, hence an integral
subscheme of codimension 1. (Note that in the local ring Ry, ;), x is invertible, so the
maximal ideal (y, z) C Ry, is principal, generated by z, and hence of height 1.) Thus,
Z(y, z) defines a Weil divisor on X. However, note that (y, z) is not a principal ideal
at R(x y ), since x, y, z are K-linearly independent in maximal ideal m/ m? (since the
polynomial z2 — xy is homogeneous of degree 2). Therefore, (y, z)/m? has dimension 2
over k, and hence (y, z) is not a principal ideal in R(y y ), and hence cannot be locally
principal. This is an example of a Weil divisor which is not a Cartier divisor.

We see immediately that this is essentially the only difficulty that can happen: if X is
locally factorial, which means that X is integral, Noetherian, separated and all the local
rings Oy x are unique factorization domains (note that then automatically X is normal),
then every Weil divisor is principal in every local ring Oy x, and hence in some open
neighborhood of x, and hence it is locally principal. Thus, we have the following

3.3.8 Proposition For a locally factorial scheme, the inclusion (3.3.9) is an isomorphism.
This happens in particular if X is Noetherian regular separated, since all regular local
rings are unique factorization domains (See Exercise 18.)

O
Thus, for Noetherian regular integral separated schemes, the divisor class group and the

Picard group are isomorphic (Exercise 20).

3.3.9 Example: Divisors on Dedekind Domains
Suppose R is a Dedekind domain. Denote by I'(R) the set of nonzero ideals on R. This is
a commutative monoid with respect to the product of ideals. We have a homomorphism of
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commutative monoids

I'(R) — CI(Spec(R)) (3.3.11)
by sending
Py e 1 Z(p1) 4+ i Z (o).

(Recall Theorem 2.3.2. Note that the operation is written multiplicatively in the source and
additively in the target.) We will show that (3.3.11) is, in fact, onto. This is the same as
showing that every Weil divisor on Spec(R) is linearly equivalent to an effective divisor.
It follows from the fact that the Weil divisor —Z(p) for a maximal ideal p C R is linearly
equivalent to (r) — Z(p) for any element r € p, which is effective.

Thus, (3.3.11) is onto. Additionally, (3.3.11) clearly sends principal ideals to 0 (since
they are sent to the corresponding principal divisor). In fact, we see that if two ideals 7, J
are sent to the same divisor class, there exist elements r, s € R ~. {#}} such that

1-(s)=J- (). (3.3.12)

Thus, if we denote the equivalence relation (3.3.12) by ~ and call it equivalence of ideals,
then the set CI(R) of equivalence classes I'(R)/ ~ is, by (3.3.11) bijective to

Cl(Spec(R)) = Pic(R).

The bijection with CI(Spec(R)) gives CI(R) a structure of an abelian group, which is
called the ideal class group of R. The operation is, of course, still given by multiplication
of ideals. By Theorem 3.3.4, a Dedekind domain R is a unique factorization domain if
and only if CI(R) = 0, which happens if and only if R is a principal ideal domain (which
means an integral domain in which every ideal is principal).

In number theory, a number field is a finite extension K of Q. The integral closure of
Z in K is then a Dedekind domain, which is denoted (somewhat conflictingly) by Og.
The ideal class groups CI(Ok) is not known in general, and is of major interest in number
theory. A major known result is that CI(Ok) is always finite (using the techniques built
up in the Exercises of Chap. 3, we are able to prove this, see Exercise 25). However, the
ideal class group of a general Dedekind domain can be any abelian group. (We will see
examples in Sect. 3.4 below where it is not finitely generated.)

Example Take for example quadratic fields which are of the form Q(+/D) where D is a
square free integer, which means that it is not divisible by any n? for an integer n > 1.

One has

QWD) ={a+bvD|a,becQ).
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(We have

a+bvd _ (a+bvD)(c—dvD)
c+dvD c? — Dd?

where the denominator is non-zero because D is not a square.) To calculate OQ( D)’ note
that for b # 0, the minimal polynomial of u = a + b\/D, a,beQ,is

(u— a)2 —b’D =u’* —2au+ (a* - sz),
so if u is integral over Z, then by Gauss’ lemma,
2a €Z, a®> —b*D € L. (3.3.13)

If D is not congruent to 1 modulo 4, then we have to have a € Z, and it then follows that
b € Z because D is square free. If D = 1 mod 4, then we can have either a, b € Z or
a,b e )+ 7. Thus,

Z[H'z“/D] if D=1 mod 4

Oawn) =
Z[v D] otherwise.

Even for quadratic fields Q(«/ D), the ideal class group C! (OQ( «/D)) (or even its order)
is not known in general. For D < 0 square free, it is known that Cl((’)@( J D)) = 0 (i.e.
OQ( D) is a unique factorization domain, or equivalently prime ideal domain) for precisely
9 different values of D: —1, -2, -3, -7, —11, —19, —43, —67, —163. It is not known if
there are infinitely many D > 0 square free for which

Cl(OQ(JD)) =0,
although there appears to be a positive proportion of them.
Example Consider again the Dedekind domain

R =Rlx, yl/(x*+y* = 1).

We know that the Weil divisor on Spec(R) corresponding to the M&bius band cannot be
principal (and hence, R cannot be a unique factorization domain). From the point of view
of the ideal class group, we already saw that the Mdbius band, as an invertible sheaf, is
isomorphic to the non-principal ideal (x, 1 + y). Let us see it in another way using the
passage from Cartier to Weil divisors. We know that the Cartier divisor is x on U(1_y) and
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1 on U(14.y). Therefore, the Weil divisor will be some coefficient times Z(x, 1 + y). (We
also know that any other point of the circle with residue field R could be chosen instead.)
To calculate the coefficient from the point of view of valuations, we must work in the local
ring

Rix.14y)- (3.3.14)

The key observation is that in (3.3.14), 1 — y is invertible, so the maximal ideal is generated
by x (since, again, (1 + y) = xz/(l — ¥)). Thus, x has valuation 1 and therefore the Weil
divisor of the Mébius band is 1 - Z(x, 1 + y).

34 Examples and Calculations

In this section, we will use our techniques to give examples of calculations of divisor class
groups and Picard groups.

Example Let k be a field, n > 0. Consider X = P} = Proj(R), R = k[xo, ..., x,],
which is a regular scheme. The Weil divisor associated with Ox (1) is any hyperplane,
say, H = Z(xp), since Ox (1) can be represented as a Cartier divisor by its global section
s = xo, which has vy (s) = 1, and vy (s) = O for any other integral subscheme Y # H of
codimension 1. Now any codimension 1 integral subscheme of X corresponds to a height
1 homogeneous prime ideal I of R (by Proposition 2.4.5 part 1), which is principal. Let
I = (g) where g is a homogeneous irreducible polynomial of degree d. We see that the
prime Weil divisor Z(g) is linearly equivalent to d(H) by multiplying by the rational
function xg /g. This defines a homomorphism of abelian groups

Z — Pic(P})
which is onto. We can show that it is also injective by noting that a Weil divisor
aZ(g) + -+ amZ(gm) 3.4.1)
where g; are irreducible homogeneous polynomials of degrees d; can only be principal if
aydy + - +apd, =0. (3.4.2)

This is because if (3.4.1) is the principal divisor associated with a rational function f on
[P} then we have f = g/h where g, h are homogeneous polynomials of equal degrees, so

if we factor g = glf‘ gk b= h‘f‘ e hf,p, where g; are irreducible of degrees d; and h;
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are irreducible of degree ¢;, we have
kidy + -+ kmdy — ey — - - —£pep =0,
which is (3.4.2). Thus, we used Weil divisors to prove that
Pic(P}) = Z.

3.4.1 Proposition Suppose X is a Noetherian integral separated scheme whose all local
rings of dimension 1 are regular. Let Z C X be a closed subset. Then intersecting with
U = X \ Z defines an onto homomorphism

¢ : Cl(X) — CLU).

Further, this is an isomorphism if Z is of codimension > 2 (i.e. if all generic points of
irreducible components of Z are of height > 2). If Z is irreducible of codimension 1, we
have an exact sequence

L ¢
Z > ClX) ~ CI(U) =0 (34.3)

where (1) = Z.

Proof The fact that ¢ is onto follows from the fact that the closure of a prime divisor in
U is a prime divisor in X. If Z is of codimension > 2, the height 1 generic points (which
correspond to prime Weil divisors) are the same in X and U. Also, rational functions on U
are the same as on X. Thus, ¢ is an isomorphism. If Z is irreducible of codimension 1, then
it contains a unique height 1 point, namely the generic point of Z. Thus, the free abelian
group on prime Weil divisors of X has the same generators as the group of prime Weil
divisors on U, plus the additional generator Z. Noting again that the rational functions on
U and X are the same, and by factoring them out, we obtain exactly (3.4.3). (Note that ¢
does not have to be injective because some multiple of Z can be a principal divisor.) O

3.4.2 Proposition Suppose X is a Noetherian integral separated scheme whose every
local ring of height 1 is regular. Then the same holds for Ak = X Xspec(z) Spec(Z[t]),
and we have a canonical isomorphism

~

¢:CI(X) = CI(Ah). (3.4.4)

Proof Clearly, the condition we are studying is local, so to verify the condition, it suffices
to assume that X = Spec(R) is affine. The fact that if R is an integral domain, so is R[],



240 4 Sheaves of Modules

is trivial. If p is a prime ideal of R[¢] of height 1, then ¢ = p N R has height < 1 in R, so
R is regular, therefore so is Ry[t]. Thus, R[t], = (Ry[t]) is regular (See Corollary 2.6.8
of Chap.5.)

Returning to the case of a general scheme X satisfying our hypotheses, the isomorphism
¢ of (3.4.4) is constructed by sending a prime Weil divisor ¥ C X to 7 ~!(Y) where
T A}( — X is the projection. Clearly, principal divisors are sent to principal divisors (for
arational function f on X, the principal divisor ( f) is sent to (f), considered as a rational
function on A&). In fact, we can show in the same way that ¢ is injective: Denote the field
of rational functions on X by K. Suppose f € K (t) such that

(f) € Im(9). (3.4.5)

If f ¢ K, then factor f = g/h where g, h € K[t] are relatively prime. Then g, & are not
both constant, so at least one of them has a zero in the subset A;pec( ) of Ak, which means
that (f) has a non-zero coefficient at a height 1 point which projects to the generic point
of X, which contradicts the assumption (3.4.5). Thus, f € K, and hence (f) = ¢ ((f)).
Thus, ¢ is injective.

To prove that ¢ is onto, consider an arbitrary divisor D on AL and consider the sum
Dy of all its terms which are divisors on A.lgpec( K)- Since K () is a principal ideal domain,
there exists a rational function f € K(¢) such that (f) = Dy in Aépec( K)- Therefore
D —(f)is intheimageofq&inA%(. O

Remark This statement (and proof) generalize to prove that the projection p o4 induces an
isomorphism

Cl(Upm) ECUX) (3.4.6)
for every locally free sheaf of modules M on X. (See (2.1.5) of Sect. 2.1 and Exercise 28.)

Example We can now finally put to rest the Mobius band example by calculating
completely Pic(X) where

X = Spec(R), R =R[x, yl/&x>+y>—1).
Since X is regular (it is smooth over Spec(R)), we can use Weil divisors. This can be done
pretty much directly, but there is a nice way using Proposition 3.4.1: Let Z = Z(x, y — 1).

Then, as remarked before,

X\ Z=Ug—y = Spec((1 - y)7'R).
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Now we have an isomorphism of rings
(1 =»T'R= 1=y R, y)/@* +y> = 1) =1+ 7RI (3.4.7)
given by the Euler parametrization of the circle:

y+1 2

t = ,(notethatt2+1= )
by 1—y
and conversely
2t 2 -1 (notc that 1 2 N
x = , Y= , (notethat 1 —y = .
2417 T 240 YT 4

We have CI (AIE) = 0 by Proposition 3.4.2, so by Proposition 3.4.1 (applied to Z =
Z(t* + 1)), we have CIl(U(1—y)) = 0. Thus, by Proposition 3.4.1 again now applied to our
X and Z = Z(x, 1 — y), We have an onto homomorphism

7 - CI(X) = Pic(X),

where 1 € Z maps to (x, 1 — y). But we already saw that this element of Pic(X) is non-
trivial, represented by the Mobius band. We also saw that the second power of the Mobius
band is 0 € Pic(X), so we have proved that

Pic(X) =7Z)2.
Example Let X = Spec(R) where
R=R[x,y.2)/(x*+y*+ 22 = D).

This ring has dimension 2, so it is not a Dedekind domain. It is, nevertheless, smooth
over R and hence regular, and it is a rational variety, i.e. its field of rational functions is
isomorphic to the field of rational functions on an affine space. The rational isomorphism is
given by the stereographic projection, i.e. projecting points on the sphere x> +y? 4272 = 1
onto the plane z = 0 using rays originating in the point (0, 0, 1). More specifically, the
stereographic projection is an isomorphism

1—2""RZ @ +v>+ 1) 'Rlu, v] (3.4.8)

given by

u= , U= , (3.4.9)



242 4 Sheaves of Modules

using the similarity between the triangle with vertices
(07 05 1)5 (07 05 _1)7 (ua v, _1)
and the triangle with vertices

(-x7 yv Z)7 (xs ys _1)7 (us v, _1)'
The inverse of the homomorphism (3.4.9) is

2u 2v wr+vr—1

_ = = 3.4.10
o uz +0v2 41 Y u? +v2 41 ¢ uz + 02 4+1 ( )

(discovered by computing u> + v? from (3.4.9), using x> + y? + z> = 1 and canceling
1 — z in the numerator and denominator, thus obtaining a fractional linear equation for z).
In any case, set U = X \. Z where

Z=Z7Z(1-2), (3.4.11)
and observe that Z is an integral closed subscheme, since it is isomorphic to
Spec(RLx. yl/(x* + %),

and x2 + y? is an irreducible polynomial over R. Now we have CI(U) = 0 by (3.4.8), and
we can use the exact sequence (3.4.3) to construct an onto homomorphism

7 — CI(X) — 0. (3.4.12)

The generator goes again to the divisor 1 - Z. This time, however, observe that this divisor
is principal by (3.4.11) (since (1 — z) is a principal ideal). Thus, the generator of Z in
(3.4.12) goes to 0, and we conclude that CI(X) = 0, and hence R is a unique factorization
domain.

COMMENT Note that the stereographic projection works in any dimension. (The Euler
parametrization is the stereographic projection in dimension 1.) One can use this to prove
that for any n > 1,

Cl(Spec(R[x1, ..., Xnl/(x] + -+ x2 — 1))) =0. (3.4.13)

(Exercise 29.)
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Example (The Hyperboloid in One Sheet) Let k be a field of characteristic # 2. Consider
the smooth affine scheme X = Spec(R) over Spec(k) given by

R=klx,y,zl/(x>+y> =22 = 1). (3.4.14)
LetZ=Z7(1—y) C X.In R, we have
-t =1- yz,
S0
(x —2) 'R = v kly, v]
where v = x — z. Thus, putting U = X \ Z, we have

Cl(U) =0.

However, Z is not irreducible. Rather, we see immediately that its irreducible components
are

Zl =Z(1+y7x_Z)» Z2=Z(1_)’7X—Z)

We cannot therefore apply Proposition 3.4.1 as stated, but the same argument gives an onto
homomorphism

Z®Z— Cl(X)—0 (3.4.15)
where
(a,b)r>a-Z1+b- Z.
Observe that we can calculate the kernel of (3.4.15) as well: If
a-Z1+b-Zr=(f)

for a rational function f, then f must be an invertible regular function on U. But we saw
that U = Spec(v’lk[y, v]), and we have

W %[y, V) = Z @ k>



244 4 Sheaves of Modules

where the k™ comes from constant functions and the generator of the Z is v = x — z, and
we have

x—2) =21+ 2>.
Therefore, we conclude that
Pic(X)=Cl(X) = Z.

Note that for & = R, the circle is isomorphic to the closed subscheme Z(z) of X, and
the generator of Pic(X) pulls back to the Mobius band. Note also that for k = C, the
hyperboloid in one sheet is isomorphic to

Spec(Clx, v, 21/ (x> + y*> 4+ 22 = 1)).

In particular, in the previous example, if we replaced the field R with the field C, the Picard
group would be Z, not 0.

Remark Note that for a Noetherian separated integral scheme X whose local rings Ox
of dimension 1 are regular, and a reduced closed subscheme Z of codimension 1, if we
denote by S the set of irreducible components of Z of codimension 1 in X, and by Z(S)
the free abelian group on S, the argument of the previous example gives an exact sequence

0— 05 — O — Z(S) — Cl(X) — CI(U) — 0, (3.4.16)

which is a generalization of Proposition 3.4.1.

It is tempting to try to compare (3.4.16) with the long exact sequence in cohomology
associated with a short exact sequence of sheaves (see the end of Sect. 3.2). But it is not
as straightforward as one may think. If we denote by j : U C X the inclusion, we have a
short exact sequence of sheaves

0— 0 — j*OZ(, - Z-0 (3.4.17)

where Z is the sheaf of locally principal Weil divisors with non-zero coefficients only on
irreducible components of Z. (We speak of divisors with support on Z.) The long exact
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sequence (3.2.7) in cohomology associated with (3.4.17) is
0 > Oy > O > Z(X) > Pic(X)

%
HY(X, j*O[X/) (3.4.18)

Y
H'(X, 2).

It maps into the long exact sequence (3.4.16) (by which we mean there are morphisms
on corresponding terms which form commutative diagrams with the morphisms in the
sequences). In effect, the terms before Z(X) coincide, Z(X) is clearly a subgroup of the
group of all Weil divisors on X with supportin Z, and Pic(X) € CI(X) similarly. There
are mappings

Pic(X) - H'(X, JxOp) = Pic(U) (3.4.19)
given by restriction of sheaves. Hence, the composition is given by restriction of line
bundles. This means that there is a canonical map of the long exact sequence (3.4.18)
to the long exact sequence (3.4.16). However, either of the maps (3.4.19) may fail to be
onto, as we shall see in the following two examples.

Example Let us revisit the cone X = Spec(R),
R =klx,y,z1/(z> = xy)
where k is a field of characteristic # 2. We saw that the Weil divisor Z(y, z) on X is not
locally principal, and hence does not come from a Cartier divisor. On the other hand, the
principal divisor (y) is equal to 2 - Z(y, z), and we have
X\ Z(y,2) = Ugy) = Spec(y™kly, 2),
so by Proposition 3.4.1,
Cl(X)=17Z)2.

On the other hand, Now consider the scheme

V=X\Z(x,y,2).
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Then V is a regular scheme, so by Proposition 3.4.1 (applied to Z(x, y, z) C X), we have
Pic(V)=Cl(V) =Cl(X) =Z/2.
In this case, however, we can show that
H'(X,2)=0. (3.4.20)

Therefore, the first map (3.4.19) is onto by the long exact sequence (3.4.18), and hence the
second map (3.4.19) is not onto (since the composition is not onto). Of course, we already
know that Pic(X) = 0 (since it is a subgroup of CI(X) and is not equal to it).

To show (3.4.20), consider the short exact sequence

0= Z = Ly = F =0 (3.4.21)

where i : Z(y,z) — X is the closed immersion (and recall that Z denotes the constant
sheaf). Then from the above discussion it follows that

F = L*Zz(x’y’z)

where ¢ : Z(x,y,z) — X is again the closed immersion. Thus, the map in 0’th
cohomology induced by the second morphism (3.4.21) is Id : Z — Z, while ixZy, ., is
flasque, so (3.4.20) is implied by the long exact sequence in cohomology associated with
the short exact sequence (3.4.21).

Example Consider X = Spec(R),

R =Clx,y,z1/(z>(1 — 2)* + x> — y?). (3.4.22)
One shows that R is normal by the same method as for the ring in the previous example
(which was treated in the previous subsection), by showing that it contains the integral
closure of C(y, z) in C(y, 2)[x]/(z>(1 — 2)> + x> — y?). Let

Z=Z(z1-2)—y,x), U=X\Z
and let j : U — X be the open immersion. It is easy to compute C/(X) by the same
method as we used in the previous example (Exercise 30), but that is not what we are after.
Instead, we will focus on the sheaf Z. Denoting againbyi : Z — X the closed immersion,

this time, one has a short exact sequence

0= Z = isZiyg = (i0)sZLz(c,y ) ® (1)sLg y ,—1) > 0 (3.4.23)
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where ip : Z(x,y,z) - X,i1 : Z(x,y,z — 1) — X again are the closed immersions.
Therefore, there is a non-zero element

a e H'(X, 2)
represented by a Cech cocycle defined on the open cover
Uy, Ue-1)
of X and the locally principal divisor
Zo1 = Z(ZNU NUi-1))
on Uy N U;—1). However,

U NU-1) = Spec(z™ (z = D7'Clx, y, 2/ (22 = D> + x> = y?)
Spec(z™! (@ = )~'u"Clz, u))

(by substituting u = x — y), so CI(U;) N U(;—1)) = 0 and hence the divisor Zg; = (f) is
principal. The function f then lifts the element @ to H 1(X , j*OZ(,), thus showing that the
first map (3.4.19) is not onto in this case.

Example Let X be a complete smooth curve over an algebraically closed field k. Define
the degree of a Weil divisor ) _n,Z(p) to be )_n,. The degree of a principal divisor is
always 0: Consider a rational function f € K(X)*.If f € k*, the divisor is 0 and there
is nothing to prove. Otherwise, we can think of f as a dominant morphism f : X — P!
Then by Theorem 4.2.6 of Chap. 3, considering the points 0, co € P1,

deg((f)) =

Doov = D vg(t) =deg(f) —deg(f) =0.

qef~1(0) gef~1(c0)

Thus, we obtain an onto homomorphism

deg
Cl(X) -7 =0 (3.4.24)

We already know that it is an isomorphism for X = ]P’,i by the first example of this
subsection. We will next see an example where it is not an isomorphism. The kernel of
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(3.4.24) is usually denoted by Pico(X). Thus, we will next give an example of a complete
smooth curve X for which Pico(X) # 0.

Example Let E be an elliptic curve, i.e. the complete smooth curve over an algebraically
closed field of characteristic O rationally equivalent to (4.2.4) in the example in Sect. 4.2
of Chap. 3. (Again, our arguments work equally well for (4.2.5).) In other words,

E = Proj(R), R=klx,y,z]/(x’z — y* — y2?).

By the previous example, degree gives an onto homomorphism (3.4.24) for X = E, but
now we will compute the kernel of deg.

We saw in the Example in Sect. 4.2 of Chap. 3 that E is not rational. This means that
for two closed points p # g € E,

Z(p) —Z(q) #0 € CI(E) = Pic(E). (3.4.25)
Indeed, if the Weil divisor Z(p) — Z(g) were principal, this would give a degree 1

morphism E — P!, which by definition would mean that E is rational. Thus, choosing a
point go (usually, one chooses go = [0 : 0 : 1]),

p = Z(p) — Z(qo0)

gives an injective map
En — Picyo(E). (3.4.26)
(Recall that E,, is the set of closed points of E.) We will see that (3.4.26) is a bijection,
thus giving E,, a structure of a group!
So all we need to show is that (3.4.26) is onto. Consider any line

ax +by+cz=0 (3.4.27)

in Pz, and the associated rational function

ax + by +cz
Z

(3.4.28)

on E. We will assume that a and b are not both 0, so we can think of (3.4.28) as a dominant
morphism £ — P,l. If the point gg is not on the line (3.4.27) then (3.4.28) is of degree 3.
In this case, (3.4.27) has three zeros on E counting multiplicities, and Theorem 4.2.6 of
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Chap. 3 tells us that the principal divisor of (3.4.28) is of the form

Z(p1) + Z(p2) + Z(p3) — 3Z(q0) (3.4.29)

where p1, p2, p3 are three (not necessarily distinct) points of E, all distinct from gg. If the
line (3.4.27) contains g¢ but is not equal to the line z = 0, then (3.4.28) is of degree 2 and
the principal divisor is of the form

Z(q1) + Z(q2) — 2Z(qo)- (3.4.30)

Note that we can choose g in (3.4.30). Thus, choosing g1 = p3 and subtracting from
(3.4.29), we get

Z(p1) + Z(p2) — Z(q2) — Z(q0)- (3.4.31)

We can add integral multiples of (3.4.29) and (3.4.30) to show that any Weil divisor on E of
degree 0 is equivalent to Z(p) — Z(go) for some point p € E, which proves our claim. To
see this, note that if a divisor D has non-zero coefficients at two different points # gg, we
can make all such coefficients positive by adding multiples of the form (3.4.30), picking
lines (3.4.27) through points with negative coefficients and go. If all of the coefficients at
points other than gq are positive, we can subtract positive multiples of (3.4.31) where p;
and p; are two of the points (note that they do not have to be distinct, if we want them to be
the same, pick a line tangent to E) to reduce the sum of coefficients. Repeat the reduction
until it is 1.

Note that thinking of the point g¢ as 0, (3.4.31) can be thought of as a formula for a
group operation on E,, itself, simply defining g3 the sum of p; and p». Similarly, (3.4.30)
makes ¢> the additive inverse of g;. It is worth noting that if E is defined over a field k
which is not necessarily algebraically closed, one can show that the formulas given by
(3.4.30) and (3.4.31) produce a group law on E itself, not just its pullback to Spec(k).
More precisely, one proves that the composition £ x E — E unit Spec(k) — E and
inverse E — E are morphisms of schemes, thus making an group scheme. A group scheme
which is also a variety is called an algebraic group. Thus, an elliptic curve is an algebraic
group projective over Spec (k).

Example The cusp curve E is the closure in ]P’% (assume still k algebraically closed) of
Spec(R), R = k[x,y1/(x* — ).
It can be also written as

Proj(klx, y. 2]/ (x%z — y%)).
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One sees easily that the O 4., = Ry, is not normal for
doo =[0:0:1].

Therefore, CI(E) is not defined, but E is an integral scheme, so we can use Cartier divisors
to work out Pic(E). One checks that U = E \ Z(g) is smooth over k, in fact isomorphic
to Ai. To see this, note that Z(g~) is the reduced closed subscheme associated with the
intersection of E with Z(x) in ]P’,%. Thus, U is simply the intersection of E with U,y C IP’%,
which is

Spec(S), S =kly,zl/(z—y?).

Clearly, this scheme is isomorphic to A,i.

Now every Cartier divisor is linearly equivalent to a Cartier divisor D which is 1 in
an open neighborhood of any chosen point g. (If in a neighborhood of ¢, the divisor is
equal to f € K(X), simply divide it by f globally.) Choosing ¢ = g, We see that
our Cartier divisor D which is invertible in an open neighborhood of g, then determines
and is determined by a Weil divisor on U. However, it does not follow that two linearly
equivalent divisors on U would necessarily come from linearly equivalent Cartier divisors
D on E. In fact, linear equivalence on U is sort of irrelevant (recall that Pi C(A]i) = 0),
and we have to work out the E-linear equivalence of Weil divisors on U (which we will
denote by ~f) from other facts.

First, let us discuss degree. Note that since E is not a smooth curve over k, degree of
Cartier divisors on E has not been defined. However, note that we have a morphism

g:P' > E

defined by extending the composition A,l = U C E to P! by Lemma 4.2.2 of Chap. 3.
Then defining the E-degree of a Weil divisor Y _n; Z(p;) on U as Y_ n;, the degree of an
E-principal divisor (f) we have

deg(fN=D v@®— Y )=

qe(fog)~1(0) qe(fog)™!(c0)

deg(f og) —deg(fog)=0.
Next, note that for points p # g € Uy,
Z(p) ~E Z(q). (3.4.32)

To prove (3.4.32), assume that Z(p) and Z(g) are linearly equivalent on E. Then there
exists a dominant morphism f : E — P! (where p — 0, g — oc) which induces
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an isomorphism on fields of fractions. Localizing at g, this gives an embedding of
the discrete valuation ring OP}C Flgeo) 10 R, which induces an isomorphism on fields
of fractions. Since discrete valuation rings are maximal, we would have to have

OP}(’JP(QOO) = Rqoo

which is impossible, since R, is not normal. This proves (3.4.32). On the other hand,
the discussion of lines (3.4.30) and corresponding rational functions (3.4.31) is precisely
the same as in the previous example, with the exception that we want to avoid any lines
containing the point g~. This happens naturally, however, noting that any line through the
point goo contains at most one other point of E, with multiplicity 1. Thus, connecting two
points of U,, (including the case of a point with itself) never creates a line which would
contain ¢oe.

It is also worth noting that the group law on U coincides with the ordinary group law
on A,i (addition). This is because the points (u, u?), (0,03, (—u—v, —(u +v)?) actually
lie on a straight line in the vector space k2.

The algebraic group A,i with respect to addition is called the additive group and denoted
by G, (although the disadvantage of this notation is that it does not display k). In any case,
we proved that

Pic(E) = Z ® (Ga)m.

Example The nodal curve E is the closure in IP’% (k algebraically closed of characteristic

# 2) of
Spec(R), R = klx, y)/(x® = y* = y?),
or
Proj(klx,y.zl/(x*z — y* = y*2)).
In this case, we factor the projective equation
?z—y =y =0

as

x4+ -z =y
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It is convenient to substitute

so then we have
duvz = (u — v)3.

We see that a line in ]P’,% which intersects E only in the point
doo =1[0:0:1]

is Z(u). In the complement of this line, then, the equation becomes
4vz = (1 —v)°.

We see that this is isomorphic to Spec(k[v, vl = A,i ~. {0}. This is a group under
multiplication. In fact, it is an algebraic group, called the multiplicative group and denoted
by G,,. Thus, we have

Pic(E)ZZ® (Gu)m,

(It is unfortunate that the two subscripts in the above formula have different meanings, the
first one indicating the multiplicative group, the second one closed points.)

To show that the group law is the same as in the multiplicative group, one checks that
the points

(1—r) (1—ys)3 (1—1/rs)?
(r, ar ), (s, ds ), (1/rs, 4/rs )

r, s # 0, lie on the same line in k2.

3.5 Very Ample Line Bundles

Let f : X — A be a morphism of schemes. One is often interested in determining if X
is a projective scheme over A. Recall that this means that X is isomorphic, over A, to a
closed subscheme of some P’). More generally, X is called quasiprojective over A if X
is isomorphic, over A, to an open subscheme V of a closed subscheme of some IP";. The
composition

open closed

X -V ~ 7 ~ P! (3.5.1)

11
N
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over A is then called an immersion
g: X —~>P. (3.5.2)

Recall, of course, that f is called a closed immersion if V is a closed subscheme of P, , i.e.
if V = Z. This always happens when X is proper over A (by Theorem 2.6.2 of Chap. 2).
Denoting the composition (3.5.1) by g, we may study the line bundle

L =g*0al). (3.5.3)

If a line bundle £ on X comes from an immersion g via (3.5.3), we say that the line bundle
L is very ample.

Note of course that £ may depend on the choice of the immersion g. For example,
on [P, itself, the line bundle O4(d) for any n > 1 is very ample, corresponding to the
embedding

-1
n
Py — Py

given by all the possible polynomials of degree d in the n + 1 projective coordinates of P"
(the Veronese embedding, see Exercise 6 of Chap. 1).

One is interested in criteria determining whether a given line bundle is very ample. We
start with a simpler question, namely when a line bundle can be expressed in the form
(3.5.3) for some (3.5.2), regardless of whether (3.5.2) is an immersion. We say that a line
bundle L is generated by global sections sy, . .., s, € L(X) if every section s € L(U) is
an Oy (U)-linear combination of sg|y, . . ., Sy|y. The same definition clearly can be made
for any sheaf of modules L. It is obviously equivalent to requiring that the morphism of
sheaves of modules from the free sheaf of modules on a set of n + 1 elements to £ given
by the sections sy, . . ., s, be onto.

3.5.1 Proposition A morphism (3.5.2) over A such that (3.5.3) holds exists if and only if
L is generated by n + 1 global sections.

Proof We already commented in the beginning of Sect.3.3 that O4(1) is generated by
n + 1 global sections (the projective coordinates), so necessity follows.
By the same token, it also implies that the morphism (3.5.2) can be given by the ratio

[so:---:sul (3.5.4)
Note that while the s; do not make good sense as coordinates, their ratios do. We have to

be careful, however, about the fact that some of the sections s; can be 0. But X is covered
by open sets on each of which one of the s;’s is non-zero (if all were zero simultaneously
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at a point, they would not generate the line bundle sections). Then dividing by this section
gives a well-defined morphism on that open set, and those morphisms are compatible. This
proves sufficiency. O

Note that the assumption of Proposition 3.5.1 does not really depend on A, but then
again, neither does the conclusion: the statement says the same thing for A = Spec(Z).

Example We can now understand better why the Picard group of the hyperboloid in one
sheet H is Z: The line bundle, say, (x — z, 1 — y) is generated by two global sections, and
hence defines a morphism g to ]P’,i. Explicitly, it is defined by the ratio

[x —z:1—y].

As in the proof above, when both coordinates are 0, we simply note that it is also equal to
the ratio

[1+y:x+z]

The essential point is however that one now sees that the morphism g defines an
isomorphism

H= UOP;i(l) 3.5.5)

(see (2.1.5)). To see (3.5.5), if we consider the morphism
f:H — A = Spec(k[u, v])
givenbyu = x —z,v=1—y, then
fxg:H— Az X ]P’,i

is a closed immersion whose image is identified with U@H»l (1) Therefore, its Picard group
k

is the same as the Picard group of ]P’,i (by the Remark under Proposition 3.4.2), which we
already saw is Z.

Now suppose we already have constructed a morphism of schemes of the form (3.5.2).
How can we tell whether it is an immersion? We will give one criterion now.

3.5.2 Proposition Let X be a projective scheme over an algebraically closed field k, let
L be a line bundle generated by global sections sy, . . ., s, and let

¢ X —> P
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be the corresponding morphism of schemes given by Proposition 3.5.1. Denote by V. C
L(X) the k-vector space spanned by so, . . ., Sp.

Then ¢ is an immersion (hence a closed immersion) if and only if the following
conditions hold:

(1) V separates points, i.e. for every two closed points x # y € X, there existsans € V
such thats € myLy, s ¢ myL, where my C Ox x denotes the maximal ideal.

(2) V separates tangent vectors, i.e. for every closed point x € X the set of all v €
V Nmy Ly generates myLy/m2L,. (Here we identify a global section with its image
in the corresponding local ring.)

(3) ¢+Ox is a coherent sheaf on IP}..

COMMENT As we already remarked, one can prove that condition (3) follows just from
X being proper over Spec(k), and hence over P}, see Exercise 5 of Chap. 3).

Proof Necessity: If ¢ is a closed immersion, then by Proposition 2.3.1, the kernel of the
onto morphism of sheaves

OIP’Z — $.0x

is a quasicoherent (hence coherent, since [P} is a Noetherian scheme) sheaf of ideals Z.
Therefore,

(b*OX = O]P’Z/I7

which is a coherent sheaf. This proves (3). For (1) and (2), it suffices to consider the
case when X = PP} and ¢ is the identity. (Note: Here we use the fact that on local rings,
morphisms of schemes by definition induce morphisms of local rings on stalks, and for a
closed immersion, those morphisms are onto.) In the case ¢ = Id, condition (1) says that
in homogeneous coordinates [xg : --- : x,], for two different closed points of P}, there
exists a linear function

apxo + -+ - + apxy (3.5.6)

which is zero on one of them and not the other, which is obvious. (Note that since k
is algebraically closed, closed points can be represented by actual choices of ratios of
coordinates in k.) For condition (2), for a closed point P € P}, m POpz (1) is precisely
generated by those linear functions (3.5.6) which vanish on P, which is what we need.
Sufficiency: Since X is proper over &, ¢ is a closed map on points. Condition (1) shows
that the morphism ¢ is injective on closed points and hence on points (since any point
is characterized by the set of closed points in its closure, as X is projective). Since ¢ is
continuous, closed and injective, it is a homeomorphism onto its image, which is a closed
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subset of ;. Therefore, it suffices to show that ¢ induces onto homomorphisms on stalks.
By localization, it suffices to consider closed points. By our assumptions, this follows from
the following result. O

353Lemma Let f : (A,m) — (B, n) be a morphism of local Noetherian rings such
that f induces an isomorphism on residue fields, f(m) maps onto n/n* and B is a finitely
generated A-module. Then f is onto.

Proof Let a be the ideal in B generated by f(m). Then by assumption, ¢ C n, and its
projection to n/n? is onto. Consider the B-module M = n/a. We have

a—+ n2 =n,
so n? projects onto M, in other words, nM = M. Since n is the maximal ideal, by
Nakayama’s lemma, M = 0 and
a=n

Now consider the finitely generated A-module Q = B/f(A). Then, since f(m) - B = n,
and n + f(A) = B by the assumption on residue fields, we conclude that mQ = Q, and
hence by Nakayama’s lemma, O = 0 since m is the maximal ideal of A. O

3.6 Blow-ups

We begin with generalizing the construction of the scheme Proj(S) over Spec(Sp) for a
graded ring S to the situation when Spec(Sp) is replaced by an arbitrary, not necessarily
affine, scheme X. Recall (Proposition 2.4.5) that Proj(S) is projective over Spec(Sp)
when S is generated, as an Sp-algebra, by S;, which in turn is a finitely generated Sp-
module. We will be interested in generalizing this case.

Suppose we have a Noetherian scheme X, and coherent sheaves S, on X, n € Ny, such
that

So = Oy,

together with a commutative associative unital system of “multiplication” morphisms of
sheaves of Ox-modules

w: Sk @0y St —> Sk
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We also assume that the iterated multiplication morphisms
S1®0y - ®oy S1 = Sy
are onto. Then we can define a scheme Proj(S) and a projection
ws: Proj(S) — X 3.6.1)
by letting, for an affine open subset U C X,

Proj(Slu) = Proj (P S,(U) (3.6.2)

nENO

and taking the colimit over U C X affine open. (In more detail, one sees that for U € X
affine open and V C U open, ng‘lu (V) is the colimit of Proj(S|w) over W C V affine
open, so we can use the technique of Sect. 2.5 of Chap. 2.)

Note that we have a line bundle

Oprojs)(1) (3.6.3)
obtained by gluing the line bundles
OProj @uexy S (D
for affine open subsets U C X.

3.6.1 Theorem Let X be a projective scheme over a Noetherian affine scheme Y, and let
S be as above. Then Proj(S) is projective over Y .

Proof Denote by f : X — Py the closed immersion over Y. Let

Ui =~ WU
Then U; € X form an open cover of X. Let x; be a choice of homogeneous coordinates
for P*, and let Z; be the sheaf of ideals defining the reduced closed subscheme Z; =

Proj(S) \ mg' (U;). Then the sheaf

F:78:(OProj($)(1) ®0p,0;s) Li) (3.6.4)

is quasicoherent by Lemma 2.2.3.
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The sheaf
Oproj)Dlz1w;) = OProj$)(D) 0,055 Li)lr 51wy
is very ample by Proposition 2.4.5, in particular, it is generated by finitely many sections
Tily -« Tin;- 3.6.5)

By adjunction, we can think of (3.6.5) as sections of (3.6.4) on U, and hence by
Lemma 2.4.3, there exists an N € Ny such that all

xiN rij
extend to global sections #;; on Proj(S) (See also Exercise 26.) Since
Oprroj(s)(1) ®Op,0i(s) 1;

is a subsheaf of Op,,j(s)(1), this means that the global sections #;; generate

OPrOJ(S)(l) ®0Proj(8) T[:,S(‘(OX(N)) (366)
We claim in fact that (3.6.6) is very ample. Let

¢ : Proj(S) — PY

be the morphism defined by the global sections #;; and let x;; be the corresponding

homogeneous coordinates on IP’Q’ . Since we tensored with the sheaves of ideals Z;, we
know that for a fixed i,

(/R E Y (V)

On the other hand, by construction, the restriction of ¢ to ngl(U,-) is an immersion of
ngl(Ui) into U(y;y.....x;,,,)- This shows that ¢ is an immersion. m|

Now let again X be a Noetherian scheme. Suppose Z = 77 is a quasicoherent (hence
coherent) sheaf of ideals in Ox corresponding to a closed subscheme Z. Then putting

(Sz2)n =T1", (Sz)0 = Ox, (3.6.7)

we call Proj(Sz) the blow-up of the scheme X at the closed subscheme Z. It is sometimes
also denoted by Blz(X).
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To illustrate what the blow-up looks like, first note that of course, the restriction of 7 g,
defines an isomorphism

ngzl(x\Z)—>x\z.

Next, note that for any morphism of schemes f : ¥ — X and a closed subscheme Z C X,
the quasicoherent sheaf of ideals Z -1,y on Y defining the closed subscheme f “4(2)
(defined as a pullback) is, by construction of the pullback of schemes, the image of f*(Zz)
in Oy.

3.6.2 Proposition The sheaf of ideals T - (z) on Proj (Sz) is invertible. (The divisor
Sz

ngzl (Z) is called the exceptional divisor of the blow-up.)

Further, Proj(Sz) is universal in the sense that for every morphism of schemes f :
Y — X such that T -1z is an invertible sheaf on Y factors uniquely through Proj (S2),
i.e. there exists a unique morphism of schemes g completing the following diagram:

g
Y > Proj(Sz)

\ 75, (3.6.8)
f v

X.

Proof For both statements, we can assume that both X = Spec(A) and Y = Spec(B)
are affine (in case of the second statement, this is because of the uniqueness). Now in the
affine case, the first statement follows from Proposition 2.4.1 since

In;;(Z) = OProj(sy)(1)
where Sz is the graded ring of global sections of Sz (i.e., its graded components are
powers of the ideal /7 defining Z).

For the second statement, let f = Spec(h) for a homomorphism of rings : A — B
and let I be the ideal in A defining the closed subscheme Z. If the ideal / = I - B in
B defining f~!(Z) is an invertible B-module, without loss of generality, we may assume
that it is isomorphic to B as a B-module (by passing, if necessary, to another open cover).
Thus, we have J = (b) for some b € B which is not a zero divisor. Further, we have a
canonical morphism over Spec(B)

Proj(@D J") — Proj(EP I") x speca) Spec(B).

nENO nENO
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so for existence in the case of X affine, we may assume without loss of generality that
A = B and h is the identity. But the open set

Uw) S Proj (P 7"

nENo

is the Spec of

b~ Proj (€D Mo = B,

nENO

and thus the identical map from Spec(B) to Uy satisfies our requirements.
For uniqueness in the affine case, to avoid confusion, for u € I" C A, denote by u(n)
its copy in the n’th summand /" of

@

nENo

By further localizing, we may then assume that g maps Spec(B) to a distinguished open
set

Uty = Spec(@()™" €D 1")0)

nENO

for some a € I. Then, by assumption, h(a) = b - ¢ for some ¢ € B. Thus, we have a
homomorphism of rings

h:@)™ @1 — B

neNy
extending /. By assumption, there exist ¢y, ...,¢, € B and x1, ..., x, € I such that
cth(x1) + -+ cph(x,) =b.
We compute

h(a) - (crh(@) " x1 (1) + - - + exh(a(1) = x, (1))
= cih(a()ax1 (1) + - - + exh(a()lax, (1))
=cih(x)+---+cph(x,) =0b.

Hence, h(a) is a factor of b, and hence is a non-zero divisor in B. But now for any x € I,

h(@h(a()~'x (1) = h(a() " ax(1)) = h(x),
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which means that E(a(l)_lx(l)) € B is uniquely determined. However, those elements
generate the ring

@™ €P 1.

nENo

O

Note that this immediately implies functoriality: if f : X — Y is a morphism of
Noetherian schemes and Z C Y a closed subscheme then we have a unique diagram

8
PVOJ.(Sffl(z)) > Proj(Sz)

(3.6.9)
Y f Y
X > Y

and moreover if f is a closed immersion, so is g. When f is a closed immersion, the
closed subscheme of Proj(Sz) associated with g is called the strict transform of X under
the blowing up morphism 7 s, .

In particular, when X is a quasiprojective variety over a field k and Z is a closed
subscheme, it follows from Theorem 3.6.1 that Proj(Sz) is a quasiprojective variety
over k and the morphism mg, is birational, projective and onto. (Note: the reason we
can generalize to X quasi-projective is the functoriality of the blow-up—we can always
pass to the closure of X.)

The main point of this discussion is that a converse also holds:

3.6.3 Theorem Ler f : T — X be a birational projective onto morphism where X is a
quasiprojective variety over a field k. Then f is isomorphic to the blow-up projection s,
for some closed subscheme Z C X.
The proof of this theorem is technical and we omit it. It may be found in [11], Theorem
7.17.
4 Exercises
1. (Godement) Let C be a category satisfying the Assumption of Sect. 1.1, and let X be a
topological space. Let X be the set X with the discrete topology, and let f : Xo — X

be the identity. For a sheaf F on X valued in C, define

MF = f.f'F.
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This is a functor C-sh(X) — C-sh(X).

(a) Construct natural transformations /d — M and M M — M which are associative
and unital with respect to composition of functors. (This makes M a monad; In
general, a monad arises from composing a right adjoint with its corresponding left
adjoint.

(b) Using the Assumption, prove that a C-valued sheaf F is the equalizer of the
sheaves

MF=MMF.

(c) Using (b), prove that under the Assumption, a morphism of C-valued sheaves
is an isomorphism if and only if it induces an isomorphism on stalks, and that

two morphisms of sheaves /' = G coincide if and only if they induce the same

morphisms on stalks.

2. Prove that for the constant sheaf A on a topological space X, for an open set U C X,
A(U) is the set of continuous functions U — A with the discrete topology on A (also
known as locally constant functions on U).

3. Prove the alternate characterization of sheafification for universal algebras as
described in Sect. 1.1.2.

4. Prove that for a continuous map f : X — Y and for a category C satisfying our
Assumption, the functor f~! : C-Shy — C-Shy preserves stalks and is left exact.
(Note that it also preserves colimits since it is a left adjoint.)

5. Give an example where the global section functor on abelian sheaves, (resp. sheaves
of sets), is not right exact.

6. Prove in detail that the pushforward functor of abelian sheaves (resp. sheaves of sets)
for a closed inclusion is right exact.

7. Prove that abelian sheaves on a space, as well as sheaves of modules over a ringed
space, form abelian categories.

8. Prove that formula (1.5.1) defines a sheaf.

9. Prove that the tensor product and Hom functor of sheaves of modules satisfy formula
(1.5.2).

10. Prove that if R is a non-zero commutative ring, then free R-modules on bases of
different cardinalities are not isomorphic. [If m is a maximal ideal of R and F is a free
R-module, then F/mF is a free R/m-module.]

11. Prove that if V is an infinite dimensional vector space over a field F, and R is the
(non-commutative) ring of endomorphisms of V (i.e. homomorphisms V. — V),
then the free left R-module on 1 generator is isomorphic to the free left R-module
on 2 generators. (Recall that a left R-module M has distributive associative unital
multiplication rm € M forr € R,m € M.)

12. Prove that an invertible sheaf over a scheme X is the same thing as a locally free sheaf
of Ox-modules of dimension 1.
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13.

14.

15.

16.

17.

18.

Suppose that we complexified the Mobius strip in the example of Sect. 2.1 by replacing
R with C in the definition of the ring R. Will the corresponding algebraic line bundle
be trivial? [Show that (x, y — 1) then is a principal ideal.]

Complete the proof of Lemma 2.2.1. [Model the proof on the proof of Lemma 2.2.2
of Chap. 2.]

Prove that the definition of codimension given in Definition 3.3.1 agrees with the
definition given in Exercise 38 of Chap. 2.

Recall that for a module M over a commutative ring R, we have the tensor algebra
(or free associative algebra) Tp M which is a graded (usually non-commutative) ring
where (TR M), is a tensor product over R of n copies of M.

The exterior algebra ArM is the quotient of the tensor algebra T M by the
relations x2 = 0 for all x € M. Thus, ARM is a graded non-commutative R-algebra,
where A’}QM = (AgrM), is generated by products x . ..x, (which is often written as
X1 A -+ A Xxp). In fact, the ring AgrM is graded-commutative which means that for
x € AgM,y € AR M, we have

xAy=(=D™yAx.

Prove that for a Noetherian ring R, there is a deferminant homomorphism of abelian
groups

Det : K(R) — Pic(R)

which maps [M] to [A’}QM] for a locally free (i.e. projective) R-module M of
dimension #.

Let R be a regular local ring and f € R a non-nilpotent element. Prove that
Pic(f~'R) = 0. [For an invertible f~'R-module L, L = f~'M where M is a
finitely generated R-module. You may borrow from Chap. 5, Sect. 2.6, and Exercise 21
of Chap. 5 the result that the homomorphism from K to G is an isomorphism for R
and f_lR. Thus, since KR = Z, [L] = n for some n € Z. Now use the determinant
homomorphism of Exercise 16 to prove that [L] =1 € Pic(f_lR).]

Prove the Auslander-Buchsbaum Theorem which says that every regular local ring is
a UFD. [It suffices to prove that every height 1 prime p is principal. Use induction on
dimension. Let R be a regular local ring of dimension »n and let p C R be a height
1 prime. Let x be one of the n generators of the maximal ideal of R. Without loss
of generality, x ¢ p. Then x~'R is regular of dimension < n. By the induction
hypothesis, the ideal x~!'p C x~'R is locally free of dimension 1, and thus is
invertible. By Exercise 17, it is principal. Let x"!p = (f/x™) for some f € R.
Now factor f = aj...as where a; € R are irreducible. Since p is prime, we have
a; € p for some i. Since a; divides the generator of x ~! p, which is prime, it generates
x’lp, and thus is prime in x~1R. We claim that a; € R is prime (and hence, (a;) = p
since p is minimal). To prove that a; is prime, let a; | bc with b, ¢ € R. Since a; is
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prime in x~ R, a; divides x"b or x"¢ in R for some n € Ny. Let, say, aju = x"b,
u € R. (Prove that x is prime by showing that the associated graded ring of R/(x) is
the symmetric algebra over R/m on m/(m? + (x)).) But since by assumption x { a;,
we have x | u, so choosing n minimal gives n = 0.]

19. Prove that every regular ring is normal. [Use Exercise 18, Exercise 43 of Chap. 1, and
Exercise 6 of Chap. 3.]

20. Prove that if X is a Noetherian regular integral separated scheme, then Pic(X) =
CI(X). [Prove that every Weil divisor is a Cartier divisor. Reduce to the affine case
and use Exercises 19, 18, and Exercise 43 of Chap. 1.]

21. Let R be a Dedekind domain.

(a) Let I, J € R be non-zero ideals which are relatively prime, meaning that their
prime factors are different. (See Exercise 8 of Chap.3.) Then I & J = R @ I J as
R-modules. [Use the short exact sequence

0O—->INJ—>1®J—>R—O0.

Provethat INJ =1J.]

(b) Let I C R be a non-zero ideal. Use the Chinese remainder theorem to prove
that there exists an element x € [ such that xR, = IR, for every prime p
containing /. Then (x) C I, so there exists an ideal J with IJ = (x). Prove that
I, J are relatively prime and that / = I~ as R-modules. Using (a), conclude that
[ ® 17! = R @ R. In particular, ideals of R are projective modules.

(c) Let p be a non-zero prime in R, and let 0 < m < n be integers. Using the
method of (b), prove that p* @ p™™ = R @ p"~™ and hence, multiplying by p™,
p" @ p" = R @ p™t". Conclude from (a) and (c) that for any non-zero ideals
L,....,I, CR,

L® - L, =Z=Em—-—DRDI...I,.

(d) Prove that every finitely generated projective R-module M is isomorphic to a
direct sum of finitely many ideals. [If M C R", proceed by induction on n, using
the short exact sequence

0> MNR" 'S M—>1-0

where I is the projection of M onto the last coordinate. Note that we have not used
the fact tat M is a direct summand, thus having proved that every submodule of
R" is projective.]

(d) Recall the exterior algebra from Exercise 16. By considering A" M, A" N, prove
that when M = Nand M = (n — )R @ I, N = (m — 1)R @& J with non-zero
ideals I, J,thenm =nand I = J.
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22.

23.

(e) Conclude that every finitely generated projective R-module M is isomorphic to
R"~!' @ I for some ideal I where n € N and the class of I in Pic(R) are uniquely
determined. Also conclude that K (R) = Z @ Pic(R).

(Grothendieck) Prove that every algebraic vector bundle over ]P’,i for a field &

isomorphic to a direct sum of bundles of the form O(¢;), £; € Z, where the numbers

£; are uniquely determined up to order. [(Proof by Hazewinkel and Martin) First note
that isomorphism classes of the bundles in question are bijective to equivalence classes
of square matrices A over k[x, x~ 1] with determinant x” for some m € Z modulo the

relation A ~ BAC whether B resp. C is an invertible matrix over k[x~1 resp. k[x].

We want to prove that each equivalence class is uniquely represented by a diagonal

matrix with diagonal entries x"!, ... x™,ry > ... > r,. To prove uniqueness, suppose

another diagonal matrix with 7| > ... > r/ is in the same class. By multiplying by

C~! from the right and considering the formula for m x m submatrices of the product

of two n X n matrices, prove thatr; + - -+ +ry;; > r{ + - +r,, for all m. Reversing

the roles of the matrices, equality arises, which implies the claim.

For existence, proceed by induction on n. Multiplying by x" with some N €
Np, we can assume that the entries of A are polynomials. By performing column
operations over k[x] to find gcd of the first row (which must be a power of x) and
using the induction hypothesis, show that each class contains a matrix of the form

o0
gr x*2 0

0 ......
qn xkn

Now if k7 is maximal possible (which exists since its degree is bounded by the degree
of det(A)), thenitis > k; for all i. Indeed, suppose k1 < k;. Without loss of generality,
gi has no terms of degree < kj. Thus, all terms of g; are divisible by xk1t1 Then
switching the first and i’th row and performing the Euclidean algorithm in the first
row using column operations again, we can increase kj—contradiction. Finish the
proof from this point.]

Generalize Exercise 21 of Chap. 3 to prove that for a number field K and a fractional
ideal I in K (i.e. a finitely generated Ok -submodule of K), there exists an element
x € I with

NG < Z' <i) vol (K /I).

[The same method works.]
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24. Prove that for a number field K, every element of the ideal class group C/(Og) is
represented by an ideal / € Ok with

4\
ox/11 =" (ﬂ) vol (K /O).

[By Exercise 23, for any fractional ideal J, there is an element x € J ~1 of norm less
or equal to

NG < Z' (i) vol(Kg/J™1).

Now take I = Jx and prove that Jx € Og. Use the fact that vol(KR/x_lJ_l) =
vol(Kr/Ok)/|0k /Jx|.]

25. Prove that CI(Ok) is finite. [By Exercise 24, we have a natural number N such that
every element of C/(Of) is represented by an ideal I € Ok with Ox € I € NOg.]

26. Let X be a quasicompact separated scheme. Let L be an invertible sheaf of Ox-
modules, and let f be a section of £ with zero set Z. Let F be a quasicoherent sheaf
on X and let s be a section of F on X . Z. Prove that there exists an n € N such that
the section s ® f" of L& ®p, F on X \ Z extends to X. [Cover X by open affine
subsets on which £ is trivial. Note that you need to tensor with another power of L to
glue the sections constructed. Pass again to an affine open cover, and use the definition
of localization.]

27. (Kleiman) Prove that if X is a regular separated scheme, and M is a coherent sheaf,
then there exists an epimorphism F — M where F is a locally free sheaf. [Without
loss of generality, X is connected. Let U; be an affine open cover of X. Then X \ U;
is the zero set of a section of an invertible sheaf £; on X. Use Exercise 26.]

28. Suppose X is a Noetherian integral separated scheme whose every local ring of height
1 is regular. Let M be a locally free sheaf on X. Prove that then the same holds for the
corresponding scheme ), and we have an isomorphism CI(X) = Cl(Uy).

29. Prove formula (3.4.13).

30. Compute CI(R) where R is the ring given by formula (3.4.22).

31. (@) Let n, N € N, 1 < n < N. Forasubset S € {1,..., N} of cardinality n,
let Us = A%(an) be identified with the space of § x {1,..., N})-matrices
with a unit § x S submatrix. Let Ug 7 be the open subscheme of such matrices
whose (S x T')-submatrix Mg r is invertible (make that precise). Define a scheme
by gluing the Ug’s along the open subschemes Ug r as in Sect.2.5 of Chap.?2,
identifying Us 7 = Ur,s by switching implicit and explicit coordinates (write
down the precise formula). This is the Grassmannian Gr,(N) = Gr,(N)z. For
any scheme X, Gr,(N)x is the pullback to X, as usual.

(b) Construct an algebraic line bundle Det on Gr,(N) by gluing the trivial line
bundles on Ug by the transition function det (Mg 7). Note that notation must be



4  Exercises 267

32.

33.

34.

fixed to distinguish Det from its inverse. Prove that with the correct choice (which
can be derived from the case n = 1), the line bundle Det is very ample, and
conclude that Gr, (N) is a projective scheme.

Define a function v : C(x, y)* — Z by letting, for a polynomial f(x, y), v(f) be

the order of vanishing of ¢ (x) = f(x,e*) at x = 0, i.e. the maximum n such that

¢0) =¢'(0)=--- = ¢ D) =0, and letting, for a rational function g/h where

g, h € Clx,yl,v(g/h) =v(g) — v(h).

(a) Prove that v is a well-defined discrete valuation on C(x,y). Let R be the
corresponding discrete valuation ring.

(b) Prove that there does not exist a prime Weil divisor on ]P’é with generic point p
such that v = v, (where we identify C(x, y) with the field of rational functions
on ]P’% by letting x, y be two affine coordinates).

(c) Letting y : Spec(C(x, y)) — ]P% be the inclusion of the generic point. Since ]P%
is proper, we know that y extends to a morphism of schemes Spec(R) — Pé.
What is the closure Y of the closed point of Spec(R)?

(d) Blow up Y and describe the extension of y to Spec(R) — Bly(]P’é). What
happens when we iterate this procedure of blowing up the closure of the image
of the closed point of Spec(R) infinitely many times, and take the limit?

Let f : Y — X be a morphism of Noetherian schemes. Let Z € X be a closed

subscheme and let g : Blz(X) — X be the projection. Is it always true that

Bl(fxg)*lz((BlZX) X Y) = Blf—l(Z)Y‘7

(Hironaka’s example) Consider the images Y, Z of ]P’(%: in IP’% with coordinates [x : O :

y : 0] and [x2 : xy : y? : 0] where x, y are the projective coordinates in P!. Then

the intersection ¥ N Z consists of two closed points A, B with projective coordinates

[1:0:0:0]and[0:0:1:0].

(a) Consider the scheme U obtained by blowing up ]P’% ~ {B} first at Y and then at
Z, and the scheme V obtained by blowing up P?C ~ {A} first at Z and then at Y.
Then W = IP’% N {A, B} is an open subscheme of both U and V. Let X be the
scheme obtained as a pushout of U and V along W. Prove that X is a smooth
proper variety over C.

(b) Prove that the inverse image of the point A (resp. B) under the map X — ]P’%
consists of a union of two subvarieties Ay, Ay (resp. By, B) isomorphic to
P}C where Aj, Bj result from the first blow-up and A>, B> fiom the second.
Additionally, observe that the inverse image of Y is a surface Y containing the
subvarieties A1, A2, B> and the inverse image of Z is the surface 4 containing the
subvarieties Bj, Ba, A».

(c) Prove that in Y , the (Weil) divisor (A1) + (A») is equivalent to the divisor (B3)
(i.e. their difference is a principal divisor). and in Z, the divisor (B1) + (By) is
equivalent to the divisor (A2).
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(d) Now suppose we have an embedding X — Pg . Denote by ay, az, by, by the
degrees of the restrictions to A1, Az, By, B2. Use (¢) to prove that a; + ax = ba,
b1 + by = ap. Derive a contradiction.

35. The Wonderful Compactification I (DeConcini, Procesi, Fulton, MacPherson) We
shall describe here a special case of an important construction using blow-ups. Its
significance will become clearer in Chap. 6 (Exercise 15). Let k be an algebraically
closed fieldandlet X = A}'. Let,for S C {1, ..., n}, Dg be the subvariety of X" given
by the equations x; = x; with i, j € S where x;,i =1, ..., n are the coordinates of a
point in X".

Perform a sequence of blow-ups to construct a variety X[n] along with projections
pn : X[n] — X" and prime divisors E@ C X[n] projecting to Dg for S € {1, ...,n},
|S] > 1. Put X[1] = X. Suppose X[n] has been constructed together with a projection
pn : X[n] — X". Construct a sequence of varieties X[n + 1, i] together with divisors
git c X[n41,ilfor S| > 1,i =n+1,n,...,1,and

Sc{l,...,n}
or
SC{l,....n+1}, n+1€ Sand|S| > i,
and closed subvarieties Es € X[n + 1, ] for |S| > 1 for
SC{l,...,n+1}, n+1eS, |S]| <i
as follows: X[n+1,n+ 1] = X[n] x X andlet, for S C {1,...,n}, |S| > 1,
Ei;—i—l,n—i—l — E’§ « X.
For S ={i,n+1},e{l,...,n}, put
gt = (pu x 1) (D).
For S € {1,...,n},|S| = 2, put
Bt = (B% x X) X pgux Dsuint1).

Given X[n + 1,i + 1], we put

X[n+1,i] = Blziy(X[n + 1,i +1])
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36.

where Z[i] is the (as it turns out, disjoint) union of E'S'H’Hl where S C {1,...,n+1}

runs over all subsets of cardinality i + 1 which contain n+ 1. Let E';HJ C X[n+1,1i]
be the exceptional divisorof Eg C X[n+1,i+1]for S C {1, ..., n+1} of cardinality
i + 1 which contain n + 1, and the strict transform of E';HJH C X[n+1,i+ 1] for
all other applicable sets S. Let E@H = E'_;“’l.

By an S-screen, where S C {1,...,n}, |S| > 1 we mean an unordered set of
at least two distinct closed points in X = A}', which are labeled by disjoint non-
empty sets whose union is S. Two S-screens are considered the same when one can
be transformed to the other by a translation followed by a multiplication by a scalar
A€ k™.

By an (n,i)-tree T, we mean an unordered collection of distinct closed points of
X decorated by non-empty disjoint subsets of {1, ..., n} whose union is {1, ..., n}
(without any identifications), together with a minimal collection of screens satisfying
the following conditions: For a subset S € {1,...,n},if |S| > landn ¢ S,orn € §
and |S| > i and T contains (in the initial configuration or any of its screens) a point
with label S, then an S-screen is present. If n € S and 2 < |S| < i and a point with
label S is present, then an (S . {n})-screen is present.

Prove, by induction on n and i, the following statements:

(a) The closed points of X[n, i] can be bijectively identified with (n, i)-trees in such a
way that a point corresponding to an (n, i)-tree T is contained in Eg’i if and only
if one of the following conditions arises:

.ScCc{l,....n—1}orn € S C {1,...,n} and |S| > i, and T contains an
S-screen.
2.neSC{l,...,n},1 <|S| <i,and T contains (possibly in one of its screens)

a point labeled by a subset S’ such that § € §’ and |§’| < i.

(b) Prove that in X[n], a collection of subvarieties p, 1(DSl-) for subsets S; of
{1,...,n} of cardinality > 1 has an empty intersection unless for all pairs i, j,
S;, §; are either disjoint or one contains the other.

Let § = C[x, y] and let R be the subring of S generated by x3, xy3, xzy, y5. Denote

by I the ideal (x5, xy3,x2y, y5) C R, let Z be the associated sheaf of ideals on

Spec(R). Let J be sheaf of ideals on Spec(S) associated to the ideal (x, y).

(a) Prove that I is a maximal ideal in R, and that the ring R; is not regular.

(b) Prove that Blz(Spec(R)) is a smooth variety over Spec(C) (and hence regular).

(c) Does there exist a morphism of schemes Bl 7(Spec(S)) — Blz(Spec(R))
over the morphism Spec(S) — Spec(R) coming from the inclusion of rings?
Reconcile your answer with universality of blow-ups.
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Check for
updates

It is now time to study the subject of cohomology in detail. In Chap.4, we already
encountered its special cases in degrees 0 and 1. This motivates understanding the general
machinery which lets us set up cohomology groups in any degree. Even more importantly,
a careful reader noticed that there are very important facts about regular rings (for example
the fact that a localization of a regular ring is regular) which we have not proved so far,
and deferred to when we can characterize regular rings cohomologically. For this, we will
certainly need cohomology in higher degrees. Without filling this gap, we would not even
be able to use Weil divisors to calculate Picard groups rigorously in general examples such
as those of Chap. 4. We will complete those proofs in the present chapter.

The two topics mentioned in the last paragraph (i.e. introducing higher sheaf cohomol-
ogy and characterizing regular rings cohomologically) already reveal sufficiently different
aspects of the idea of cohomology to necessitate a more comprehensive discussion. But
there is more. As many of the concepts we already discussed, cohomology originated in
topology, where it appears together with homology, which, from the topological point of
view, is even more fundamental. In analysis, a very direct approach to cohomology arises
from differential forms.

In this chapter, we will study all these facets of (co)homology. We will also introduce
the computational tool of spectral sequences. In Chap. 6, we will then see some powerful
applications and further methods our general treatment of cohomology leads to in algebraic
geometry.
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272 5 Introduction to Cohomology

1 De Rham Cohomology in Analysis

With all the different aspects of cohomology, where should we start? Perhaps the most
elementary and geometrically intuitive topic is de Rham cohomology in differential
geometry. The concept of a differential form is very easily geometrically motivated by
the theory of integration.

Giving a brief introduction to differentiable manifolds, we will experience
‘Grothendieck’s approach to geometry,” which we used to introduce schemes, in action in
a different field. Thus, we learn that this approach is more general. The reader may find
it fun to see differentiable manifolds treated in this light, which is not typical for analysis
textbooks. (For a more traditional approach, see [19].)

There is another benefit of describing manifolds from scratch: There is in fact an
analogue of the concept of de Rham cohomology in schemes, and in Chap. 6, Sect. 2,
we will see that sometimes they coincide. It is important to understand the subtle but
profound contextual difference of both definitions in order to appreciate the deep fact of
their agreement.

1.1 Smooth and Complex Manifolds

Smooth and complex manifolds can be defined in an analogous way as we defined
schemes in Sect. 1.3 of Chap. 2. In general, this approach is sometimes referred to as the
Grothendieck approach to geometry. On an open subset U € R" in the analytic topology,
a function f : U — R is called smooth (in the sense of real analysis) if it is continuous
and has all higher partial derivatives, and all are continuous. Similarly, on an open subset
U < C" in the analytic topology, a function f : U — C is called holomorphic if it
has the first complex partial derivatives on U. (Then it has also all higher complex partial
derivatives, and all are continuous. For an introduction to complex analysis in one variable,
we recommend [1].) Smooth functions on an open set U € R” form a sheaf CLO,O, and
holomorphic functions on an open subset U € C" form a sheaf O‘L‘,", where restriction is
given by restriction of functions.

A smooth (resp. complex) manifold of dimension n can be defined as a locally ringed
space M such that for every x € M, there exists an open neighborhood V which, with
the restriction of the structure sheaf on M, is isomorphic, as a locally ringed space, to
(U, Cf’f’) for some open set U C R”, (resp. (U, O‘L‘,") for some open set U € C"). We will
denote the structure sheaf on a smooth (resp. complex) manifold M by Cj; (resp. Of),
and similarly we denote by C}° (resp. OF") its restriction to an open subset V. The global
sections of C3; (resp. Ofy) will be denoted by C°°(M) (resp. Hol(M)). Their elements
will be called smooth (resp. holomorphic) functions on M.

We will also assume (as one usually does) that M is Hausdorff and the connected
components (i.e. maximal connected subsets) of M have countable bases of topology.
This is equivalent to M being Hausdorff and satisfying another property which will be
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also useful later, namely that M is paracompact. For an open cover (U;) of a topological
space X, a refinement is an open cover (V) such that for every j, there exists an i with
V; C U;. We say that a cover (V) is locally finite if for every point x € X, there exists an
open set U > x such that there are only finitely many j with V; N U # §. A topological
space X is paracompact if every open cover of X has a locally finite refinement.

A smooth (resp. complex) manifold M of dimension n can also be called a real (resp.
complex) n-manifold. Of course, a complex n-manifold automatically has the structure of
a smooth 2n-manifold.

A morphism of smooth (resp. complex) manifolds is a morphism of locally ringed
spaces which are smooth (resp. complex) manifolds. Often, those morphisms are referred
to simply as smooth (resp. holomorphic) maps. An isomorphism of smooth manifolds is
called a diffeomorphism. An isomorphism of complex manifolds is called a holomorphic
diffeomorphism. When there exists a diffeomorphism (resp. holomorphic diffeomorphism)
between smooth (resp. complex) manifolds, we call them diffeomorphic (resp. holomor-
phically diffeomorphic).

Two comments are in order. First, in the definition of a smooth manifold, the open set U
can be equivalently replaced with R". This is because an open ball is diffeomorphic to R".
An analogous statement is not true however about the definition of a complex manifold,
since a bounded open disk in C”" is not holomorphically diffeomorphic to C" (see [1]).
The second comment is that the words “locally” can be omitted from the definitions of
smooth and complex manifolds, because all points are closed, and therefore, morphisms
of ringed spaces between smooth or complex manifolds are automatically morphisms of
locally ringed spaces.

An atlas is an open cover (V;) of a smooth (resp. complex) manifold M by sets (V;, C 8"_’)
(resp. (V;, Oi‘,?)) together with isomorphisms of ringed spaces h; : V; — U; into open
subsets of R” (resp. C") with their respective structure sheaves. The sets V; are called
charts and the isomorphisms £; are called coordinates. It is important to realize however
that the choice of an atlas is not unique. By gluing of sheaves, an atlas (V;, h;) specifies a
smooth (resp. complex) manifold provided that A; o h;l are smooth (resp. holomorphic)
onh;(V;NVj).

1.1.1 Example The n-sphere
§" = {(x0,....xp) eR™ | Y X7 =1)
is a smooth manifold. The atlas can be chosen as the sets
Voi = {(x0,...,xn) € S" | x; > 0},

Vait1 = {(x0, ..., xn) € 8" | x; < 0}.
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One can then let hy;, ho;+1 be defined by
(-x07-'-a-x}’l) = (-x()a'-'a-aa'-'a-xn)

(the hat means omitting the coordinate). The sphere S? also has a structure of a complex
manifold because it is IP’(}: with the analytic topology (see the next example). Obviously,
odd-dimensional spheres cannot be complex manifolds, and it is also known that $* is not
diffeomorphic to a complex manifold. In general, whether S” is a complex manifold is still
an open problem. It is also interesting to note that for many higher n, there exist two or
more non-diffeomorphic smooth manifolds with the topology of S”.

1.1.2 Example A smooth abstract variety V over C gives rise to a complex manifold. The
basic point is that locally, the closed points of V can be identified with the set of solutions
of a system of equations

fizi,...,z0) =0
: (1.1.1)

fm(Zlv---vZn)ZO

where fi,..., fi; are rational functions with denominators non-zero on some Zariski
(hence analytically) open set U € C”". Additionally, n > m and we require that the ideal
of Oy (see formula (1.4.6) of Sect. 1.3.2 of Chap. 1) generated by determinants of m x m
submatrices M of the Jacobi matrix

af1 a1
dz1 """ 0zp
......... (1.1.2)
0fm 0 fin
dz; " Ozn
contains 1 € y. But this means that at no point (z(l), ey zg) can all the m x m

determinants det (M) simultaneously be 0, since then their every linear combination with
coefficients in Oy would be 0, which is not true for the constant 1 function. Suppose in a
neighborhood V of a point (z(l), R zg) € V, the determinant with columns i| < --- < iy,
is non-zero. Thus, we see from the implicit function theorem that the solutions of (1.1.1)
are the graph of a complex-differentiable function of the n —m variables z;, i # i}, which
is a complex manifold. This manifold will be denoted by V,,;,, and referred to as V with the
analytic topology. (Note that V,,, is Hausdorff because by definition V is separated and
has a countable basis of topology because V is of finite type.)
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1.2 Differential Forms

Let M be a smooth manifold and let x € M. A tangent vector of the manifold M at the
point x is defined to be a function

9:C*°(M)—>R

which satisfies the following axioms:

dc = 0 for ¢ constant (1.2.1)
o(f +g) =0of +0g (1.2.2)
9(fg) = f(x)dg + g(x)af. (1.2.3)

Clearly, tangent vectors to M at x form an R-vector space, which we will denote by T M,
and call the rangent space to M at x.

For a smooth map (i.e. morphism) of smooth manifolds ¢ : M — N, and a point
x € M, we clearly have a linear map

D¢y : TMy — TNy
given, ford € TM, and f : N — R, by
(D¢ (0))(f) = 3(f 0 9).
The linear map D¢, is called the total differential of the smooth map ¢ at the point x.

1.2.1 Lemma Suppose M is a smooth manifold, f € C*°(M), and 0 € T M. If there
exists U € M open such that x € U and f|y =0, then 0f = 0.

Proof There exists an open subset V C U with x € V and a smooth function g : M — R
such that g|ly =0, g|y~v = 1. We have f = f - g. Thus,

Af =9(f-g) = f(x)dg+ gx)df =0.
0O
So, we have a canonical isomorphism (given by restriction) T M, = T U, for any open

subset U containing x. In particular, we can choose U to be a chart, and it suffices to
understand tangent vectors at x on an open subset of R”. For a vector v = (ay, ..., a,,)T S
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R” (here the superscript ?” denotes the transposed, i.e. column, vector), clearly,

d d
dy = ay +---+ay (1.2.4)
dx1 0x,

is a tangent vector at x.
1.2.2 Lemma All tangent vectors to an open subset U C R" are of the form (1.2.4).

Proof Without loss of generality, x = 0. It suffices to show that if for a tangent vector 9,
we have

af =0 (1.2.5)

for every linear function f, then we have (1.2.5) for every f € C°°(U). Suppose then that
(1.2.5) holds for every linear function f. Let f € C*°(U). Leta = f(0). Then

(more precisely the function defined by this formula on non-zero points, and as 1 at 0) is
smooth. Thus,

df =9g - Dfo+ da = g(0)d(Dfo) + dg - Dfo(0) = 0.

O
We have seen that if M = U is an open subset of R", then a basis of T M, is
9 9 (1.2.6)
ox1’ " A, 2.

Foranopenset V C R" andamap ¢ : U — V givenby ¢ = (fi, ..., fm), the matrix of
D¢, with respect to the basis (1.2.6) of TU, and the basis

0 0
oy By
of T Vy(xy where y1, ..., y, are the coordinates of R, is the Jacobi matrix (1.1.2).

Note that for x, y € U, we have a canonical isomorphism TU, = T U,. A vector field
on U is of the form

V=g +...8n

dx1 0Xxy,
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where g; € C*(U). Thus, more precisely, the space Vect (U) of vector fields on U is the
free C°°(U)-module on the basis (1.2.6).

It is important to note that the concept of a smooth vector field on an open subset of R”
is independent of the choice of coordinates. This is the same thing as observing that for a
diffeomorphism ¢ : U — V to an open subset V € R”, and a smooth vector field v on U,
we obtain a smooth vector field ¢ (v) on V by the formula

y = Dyi(y (0@~ (1)) (1.2.7)
Since the formula (1.2.7) does not in an obvious way generalize to arbitrary smooth maps
¢, we do not have functoriality of vector fields with respect to general smooth maps.
Consider also the dual space T M} = Homg(T My, R) to the vector space T M, (called
the cotangent space). When U € R", we have a dual basis
dxi,...,dxy,
to the basis (1.2.6). Note that these basis elements can indeed be identified with the total
differentials of the coordinate functions xp, ..., x,. We also have the k-th exterior power
AKT M, which has basis
dxiy N Ndxj, 1 <ip < -+ <ig <n. (1.2.8)
We extend this notation by letting, for a permutation o,
dxia(l) VASRIRIVAN dxin(k)
be the multiple of (1.2.8) by the sign of ¢, and letting any product
del /\-~-Adek
be 0 if two of the j;’s coincide. Note that this is a special case of the exterior algebra

construction, which we saw in Exercise 16 of Chap. 4.
A differential k-form (briefly, k-form) on U is of the form

Zgils---aikdxil VANREEIVAN dx,'k

where g;,,...i, € C®(U). Thus, more precisely, the space Qk(U) of k-forms on U is the
free C°°(U)-module on (1.2.8).

Observe that for an open set V € R™, any smooth map ¢ : U — V, and a 1-form w on
V, we get a 1-form ¢*(w) on U by using, for x € U and v € T My, the formula

(9" (@) () (v) = (0(¢(x)))(Dpx (V). (1.2.9)
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Thus, 1-forms are contravariantly functorial with respect to smooth maps of open sets
of Euclidean spaces. In particular, they are functorial in either direction with respect to
diffeomorphisms of open subsets of R”, as are vector fields. A similar argument also
applies to k-forms.

Obviously, we have sheaves

Vecty, Qlf,

where Vect;(U) = Vect(U), Q][‘](U) = Qk(U). By gluing sheaves (using the
functoriality with respect to diffeomorphisms of open subsets of R"), we therefore have
sheaves Vect,, Qljw on every smooth manifold M, and we also denote their global
sections by Vect (M), Q¥ (M), respectively. The sections of those sheaves are called vector
fields (resp. k-forms) on M.

‘We have Q?w = C;,IO, which is a sheaf of commutative rings. We see that Q’,‘W are sheaves
of modules, and that

1 k kK ol
Qy = Homcl?{o(VectM, Ci)s 2y = AC;}QM'

(The definition of the exterior algebra extends to sheaves of modules in the obvious way.)
This is, in fact, a better definition of differential forms, since it is coordinate-free. We
additionally see that we have a product

. Ok 12 k4L

making P, Q’,‘W a sheaf of Cjj;-algebras.

1.3 De Rham Cohomology
We begin with the following result:

1.3.1 Lemma Let M be a smooth manifold. Then there exists a unique homomorphism of
abelian sheaves

. Ok k+1
d:Qy — Qy
which satisfies the following axioms:

1. Fora section f € C®(U), a point x € U and a tangent vector v € T M,

(dfe,v) =v(f).
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2. For sections o € QKU), n e QYU), we have
dwAn) = (dw) An+ (—DFfo Ady.
3. We have
dod=0.
COMMENT In Axiom 1, recall that a differential 1-form can be evaluated at a pointx € M
to produce an element of 7M. The notation (?, ?) means the evaluation product between

an R-vector space and its dual.

Proof We prove uniqueness first. It suffices to prove for U € R” open. Then by Axiom 1,
we have

0 0
af, V=
8)6,' 8)6,' X
which implies
n
af
dfy = ; o . ~dx;.

From Axioms 2, 3, for a smooth function # : U — R, we must have

n

oh
d(hdxy A--- ANdxj) = Z ax;
i=1

-dx; /\d)ci1 /\~-~/\dx,'k.

To prove existence, by the uniqueness, it suffices to consider the case of M = U C R”
open. To prove 1, it suffices to consider

a
V= ,
3)6,'

in which case it is by definition. Axiom 2 follows from the Leibniz rule. Axiom 3 follows
from the commutation of partial derivatives:

*h _ 0%h
3)6,'3)6]' - 8x]‘8x,-.
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A chain complex is a sequence C of abelian groups (more generally, objects of an
abelian category) (Cy)x € Z together with a homomorphism of abelian groups (called
differential) dy, : Cyx — Ci—1 such that dy_1 o d; = 0. One then defines the k-th homology
of C by

Hi(C) = Ker(dp)/Im(dy+1).

For a chain complex, one often denotes Zy = Ker(dy) (resp. By = Im(dr+1)) and when
dealing with an abelian category where the concept of elements makes sense, calls its
elements cycles (resp. boundaries). We often write simply d for dx. A cochain complex is
a sequence C of abelian groups (C M ez, together with a differential d = dk . ck — cktl
which satisfies 4! o d¥ = 0. We define the k-th cohomology of C by

H*(C) = Ker(d)/Im(d*™").

The symbols Z¥, B¥, and concepts of cocycles and coboundaries for cochain complexes
are defined symmetrically to chain complexes.

Note that, in fact, a chain complex can be made into a cochain complex (and vice versa)
by putting

ck=c_y. (1.3.1)

Chain complexes (hence also cochain complexes) form an abelian category with respect
to chain maps where for chain complexes C, D a chain map f : C — D consists of
homomorphisms f; : Cx — Dy together with a commutative diagram

S
Cy > Dy
d d
Voo Y
Cr-1 > Di—1.

Cochain maps are defined analogously using the identification (1.3.1). Often, chain
complexes are given by defining Cj only for an interval of integers k. In that case, we
set the remaining groups Ci to 0. Similarly for cochain complexes. Homology (resp.
cohomology) is a functor from chain complexes and chain maps (resp. cochain complexes
and cochain maps) to abelian groups. Similar statements hold in any abelian category.
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1.3.2 Definition Let M be a smooth manifold. The de Rham cohomology H 1]3 r(M) is
defined as the k-th cohomology of the cochain complex

QM) ‘. QM) . ‘. Q" (M),

which is called the de Rham complex and denoted by Q*(M). It also has an obvious
sheaf version, which we denote by €3, (but note that it is not a cochain complex of Cj;-
modules).

COMMENT The definition of the differential immediately implies that for a smooth map
f:M— N,

[rd =df”, (1.3.2)

and hence H i‘; r 1s a contravariant functor from the category of smooth manifolds to the
category of R-vector spaces.

1.3.3 The Difference Between Vector Fields and 1-Forms

We already noted that vector fields are functorial with respect to diffeomorphisms, while
1-forms are (contravariantly) functorial with respect to smooth maps. It turns out that the
two concepts really are quite different. In some sense, any two non-zero vector fields are
locally isomorphic, and we can use this to see that there cannot be any natural analogue of
the de Rham differential 4 which would involve vector fields.

1.3.4 Proposition Let U C R" be open, and let a € U. Consider a vector field
a a
v(x) = filx) ,,  +F fulx)
0x1 0x,

on U with v(a) # 0. Then there exits an open set V. C U, a € V, and a diffeomorphism

¢V > W
with W C R" open such that
# 0
vV =
(wWhere we write y1, ..., yn for the coordinates in the target).
Proof Without loss of generality, a = 0, v(0) = 321 . Choose constants y7, ..., y, with

O, y2, ..., yn)T € U. Consider the following differential equation for a function x =
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X (1) = v(x (@),
with initial condition
x(0) = (0, y2, ..., y)T. (1.3.3)
We then know that in an open neighborhood of 0, there is a unique solution. Put
1) =2, O

Considering now all y; as variables, we have

,,,,, w () = Xy oD =v(@r, . Lx)D).
Also,
Dx|g = Id.

Thus, by the inverse function theorem, the function defined by the formula (1.3.3) has an
inverse in an open neighborhood of 0, which can be taken as ¢. O

1.3.5 Example There does not exist any diffeomorphism ¢ : U — V of non-empty open
subsets of R? with

¢* (x2dx1) = dx;.
This is because we would have, by (1.3.2),
d¢*(w) = ¢*(dw),

and d(dxp) = 0, while d (x2dx1) = —dx1 A dx> # 0, which is a contradiction.

1.4 The de Rham Complex of a Complex Manifold

The reader may wonder why we so far ignored the case of complex manifolds in our
discussion of differential forms. In the complex case, in fact, much more can be said,
and in some sense, the discussion gets us closer to the algebraic situation (see Sect. 1 of
Chap. 6 below). Let us start with the very basic facts here. If M is a complex manifold, it
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is advantageous to consider functions into C. We can put
C/?/?,(C =Cy Qr C, Qﬁ,[’(c = Q]fv[ ®r C, Vecty, « = Vect )y, Qg C.

From the real point of view, QIMC is, of course, just a direct sum of two copies of Qk , but
it is a sheaf of C-modules (in fact, of C,owo’c—modules). Similarly for Vect; .

Now it is advantageous to introduce different Cloj‘f(c—bases of the C-vector spaces of
sections of these sheaves on open subsets of U € C". On C, letting the complex coordinate

bez =x +iy, we put
a 170 .0
= — 1 ,
az 2\ ox ay

d 1/0 4i a
= l .
dz 2 \ox ay
These vectors are chosen in such a way that they are of the same length (with respect to
the usual dot product), one has

oh(z)
9z

0

for a holomorphic function %(z), and

d
‘o
0z

Similarly, a basis of TU, ®g C for U an open subset of C" is

a a 0 9

) g ey

971 0zn 071

and the dual basis is
dzy,...,dz,,dzy, ..., dz,.
One lets Q5£(U; C) be the set of all

Z iy jroonje@Zip A - Ndzig Adzj A -2 Adzj,

1<ij<--<ix<n
I<ji<<jesn



284 5 Introduction to Cohomology

where h;, . i.: ... j, are smooth functions. Then one has

Q'U; 0= P w0,
k+€=n

and the summands are preserved by holomorphic diffeomorphisms (in fact, contravariantly
functorial with respect to holomorphic maps). Thus, one can speak of sheaves

okt
for a complex manifold M, and one has

we= €D A

k+t=n

Further, all these summands are contravariantly functorial with respect to holomorphic
maps. The global sections of these sheaves are denoted by Qk’Z(M ), Q"(M; C). The
differential on d : Q"(M;C) — Q"+ (M; C) is defined by tensoring the differential
on Q*(M) over R with C. The n’th cohomology of " (M C) is denoted by Hp,,(M; C),
and called the n’th complex de Rham cohomology of the complex manifold M, or the n’th
de Rham cohomology of the complex manifold M with coefficients in C.

Similarly as in the case of smooth manifolds, we can define differentials

PNy k+1,¢
0:Q — Q7
PNy k,e+1
0:Qy — Q)

by defining them on open sets of C" by

(hdziyy N+ Ndzjy Ndzj N+ ANdzj,)
_ oh , . , , .
—Zaz,-dzl ANdzig N+ Ndzig ANdzj Ao ANdzj,,

O(hdziyy N+ Ndzy Ndzj N+ Ndzj,)
— S g, : . 4 .
—Zaz,-dzl Ndziy N+ Ndzig Ndzj N ANdZ,.

We have
d=0+0.

Again, these operators automatically pass to global sections, and are contravariantly
functorial with respect to holomorphic maps.
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This is an example of a more general construction which is also useful elsewhere. A
double chain complex is a system of abelian groups (or, more generally, the objects of an
abelian category) (Cy ¢) together with homomorphisms

0:Cre—> Ciote, 0:Cryg—> Cre
such that we have
00+00=0, 00 =00 =0. (1.4.1)

A double chain map between double chain complexes C, D is a collection of homomor-
phisms Ci ¢ — Dy ¢ commuting with both differentials. Again, a double cochain complex
is defined as (C**) where ckt = C_k,—¢ is a double chain complex. For a double
chain complex (Cg ¢), we can obtain a chain complex |C| called its fotalization (often,
the absolute value signs are omitted) by putting

IClh= EP Cre. d=0d+3.
k+t=n

This is a functor from the category of double chain complexes and double chain maps to
the category of chain complexes and chain maps. The C-valued de Rham complex of a
complex manifolds is thereby an example of a double chain complex, both on the level
of sheaves and global sections, and both are contravariantly functorial with respect to
holomorphic maps.

Another example of a double chain complex, which will be useful later, is the tensor
product of chain complexes C, D of abelian groups, where (C @ D)y n = Cin @ Dy,

d=dc®Id,
and forx ® y € C;y ® Dy,
$(x®y) = (=1)"x @dp(y).
This construction generalizes analogously to a tensor product in chain complexes C, D of

R-modules over a commutative ring R, which is denoted by C ®g D.
Note that by property (2) of Lemma 1.3.1, on a smooth manifold M,

w@NH=> wAn
defines a cochain map
Q*(M) ®r Q*(M) — Q*(M) (1.4.2)

(and similarly over C if M is a complex manifold).
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1.4.1 The Holomorphic de Rham Complex
On a complex manifold M, one also has the holomorphic de Rham complex Q]]‘u 1ot (With
global sections Q]fqol(M )) which, in coordinates for open subsets of C", has sections

with A;, .. ;, holomorphic. It is again contravariantly functorial with respect to holomor-
phic maps both in the sheaf and global section versions. Note that one has

k
Q) o = Ker(d: Q50 — a)).

This concept brings us closer to the context of algebraic geometry in the sense that
holomorphic functions are a better approximation of regular functions on an algebraic
variety over C than smooth functions. Note however that the holomorphic de Rham
complex of a complex manifold of dimension n only goes up to degree n, while the de
Rham complex goes up to degree 2n. We will see that for example for PL, the second de
Rham cohomology is in fact non-zero. Thus, the holomorphic de Rham complex, while it
may appear to be a more natural definition, does not have the same cohomology as the full
de Rham complex. We will be able understand these concepts better in Sect. 1 of Chap. 6,
after having gone through the prerequisites covered in the rest of this chapter.

2 Derived Categories and Sheaf Cohomology

We will now introduce some concepts which will ultimately help us understand how de
Rham cohomology relates to other types of cohomology. The most immediate connection
is with sheaf cohomology, which, in turn, is a special case of the more general concept of
derived functors. Derived functors occur on derived categories, which we introduce first.

We will study derived categories in general, then specialize to the case of derived
categories of abelian categories and derived functors on them, of which sheaf cohomology
is an example. To this end, we will also treat the foundations of abelian categories in more
detail.

We will conclude the present section by studying in more detail Tor and Ext groups
over a commutative ring, and use them to obtain a cohomological criterion for regularity
of rings.

2.1 Derived Categories

Sheaf cohomology groups can be defined as groups of homomorphisms in certain derived
categories, and essentially the concept is as hard as the general case of the derived category



2 Derived Categories and Sheaf Cohomology 287

of any abelian category. This is why we begin with a general discussion of derived
categories. In the beginning, even restricting to abelian categories is not needed.

Let C be a category and let E € Mor(C) be a class of morphisms which we will refer
to as equivalences, and denote by ~. We will assume that E contains all isomorphisms,
and also the two out of three (briefly 2/3) property, which means that for morphisms
f:X —> Y, g:Y — Z if two out of the three morphisms f, g, g o f are in E, so
is the third.

A derived category, if one exists, is a category DC = DpgC together with a functor
® : C — DC which is the identity on objects, for every equivalence f € E, ®(f)
is an equivalence, and the functor ® is universal with respect to that property. More
precisely, for every functor F : C — D which is the identity on objects such that
for every equivalence f € E, F(f) is an isomorphism, there exists a unique functor
DF : DC — D such that DF o & = F, i.e. the following diagram of functors strictly
commutes:

F
C > D
o 7 @2.1.1)
\% DF
DC.

The universality implies that if a derived category exists, it is unique up to isomorphism
of categories which is the identity on objects (Exercise 6). Usually, the functors F we
consider are not actually identity on objects. This is why the following result is useful:

2.1.1Lemma IfF : C — D isany functor such that for f € E, F(f) is an isomorphism,
then there exists a functor DF : DC — D such that the diagram (2.1.1) commutes up to
natural isomorphism, i.e. there exists a natural isomorphismn : F — DF o ®. Moreover,
DF is unique in the sense that for another such n’ : F — D'F o ®, there exists a unique
natural isomorphism k : DF — D'F such that (k o ®) on =7/

Proof Up to equivalence of categories, we can always introduce new isomorphic objects.
Using that, we can assume that F is injective on objects. Now we can replace D with its
full subcategory on F(Obj(C)). |

The reader may ask why the existence of a derived category is even in doubt, since it
appears to be analogous to factoring a universal algebra by a relation. However, arguing
along those lines directly would involve considering a class of proper classes, which we
do not allow. This can be remedied by introducing certain general assumptions. However,
often, the following more concrete construction, which has some specific advantages, is
available.
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We say that an object X € Obj(C) is E-localifforall f : Y — Z, f € E,
C(f,X):C(Z,X) - C(Y,X)
is a bijection. We say that X is E-colocal if forall f : Y — Z, f € E,
CX,f):CX,Y)— C(X, 2)
is a bijection.
Let B be a class of local objects. We say that an object X has localization in B if there
exists an object X’ € B and an equivalence

(yx : X - X)eE.

If B is a class of colocal objects, we say that an object X has colocalization in B if there
exists an object X’ € B and an equivalence

(yx : X' = X) €E.

We say that a category C with the given class of equivalences E has localization in B (resp.
colocalization in B) if every object of B is local (resp. colocal) and every object of C has
localization in B (resp. colocalization in B). We say that the category C has localization
(resp. colocalization) when there exists a class of objects B such that C has localization
(resp. colocalization) in B.

2.1.2 Proposition If C has localization or colocalization in B, then a derived category
DC = DgC exists and is equivalent to the full subcategory of C on B.

Proof We will treat the case of localization (the case of colocalization then follows by
passing to opposite categories). The category D = DgC must have the same objects as C.
Choose for every object X € Obj(C) alocalization by B

vx: X - X
Define

D(X,Y) = C(X, Y.

This is automatically a category. The functor ® must be the identity on objects, and on
morphisms is defined by letting, for f : X — Y, ®(f) be the morphism g obtained by



2 Derived Categories and Sheaf Cohomology 289

completing the diagram

f
X =Y
Yx o~ ~ W (2.1.2)
\ \
X’ > Y/,
8

which can be done uniquely by the locality of Y’. The uniqueness implies that @ preserves
identity and composition.

To show that for f € E, ®(f) is an isomorphism, consider the diagram (2.1.2) with
f € E. Then g € E by the 2/3 property. By locality of X’,

Cig,Xh):cY',x)—CcXx', Xx)

is now a bijection, so when h +— Idyx/, g o h = Idy'. By the same argument, /& has a right
inverse k, and we have

g=gohok=k.

For universality, let F : C — D’ be a functor which is /d on objects, such that for all
f € E, F(f) is an isomorphism. Let f € D be represented by a morphism g : X’ — Y’.
Then we may define DF(f) € D'(X,Y) by

D(F)(f) = F(yy) "' o F(g) o F(yx).

To prove uniqueness, since F takes every yy to an isomorphism, it suffices to prove on
objects of B. But for objects X, Y of B, it follows from the fact that for f € D(X,Y)
represented by g € C(X’, Y’), there exists a unique f € C(X, Y) completing the diagram
(2.1.2), by the locality of Y. O

2.2 Properties of Abelian Categories

We shall now fill in some of the proofs of the properties of abelian categories which we
noted in Sect. 1.4 of Chap. 2. Recall that an abelian category is defined simply as a category
which has finite limits and colimits, has a zero object (i.e. the unique morphism from the
initial to the terminal object is an isomorphism), such that every epimorphism is a cokernel,
and every monomorphism is a kernel.
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2.2.1 Lemma [n an abelian category, a morphism which is both an epimorphism and a
monomorphism is an isomorphism.

Proof An epimorphism f : A — B is, by definition, the cokernel of some morphism
g : C — A. But then, by definition, f o g = f 00, so if f is a monomorphism, then
g = 0, and the cokernel of 0 is an isomorphism. m]

2.2.2 Lemma Suppose in an abelian category, f : A — C, g : C — B are morphisms.

(1) If f is a monomorphism and g is the cokernel of f, then f is the kernel of g.
(2) If g is an epimorphism and f is the kernel of g, then g is the cokernel of f.

Proof Clearly, the statements are symmetrical, so it suffices to prove (1). Leth : K — C
be the kernel of g. On the other hand, by assumption, f is a kernel of some morphism
k : C — D, and by the universality of cokernel, there exists a § : B — D such that
k = B o g. By naturality of limits, we then get a morphism o : K — A such that
foa=h.

On the other hand, by universality of kernel, we also have a y : A — K such that
h oy = f. Since both f and & are monomorphisms, & and y must be inverse to each
other. (Note that in any category, equalizers are monomorphisms.) O

2.2.3 Lemma In an abelian category, if Ker(f) = 0 then f is a monomorphism. If
Coker(f) =0, then f is an epimorphism.

Proof Clearly, the statements are symmetrical, so it suffices to prove the first one. Suppose
in an abelian category, f : A — B and Ker(f) = 0. Suppose g, h : C — A such that
fog=foh=¢:C — B.Letaw : C'" — C U C be the kernel of the codiagonal
V:CUC — C.Thenwehave fo(gllh) =¢poVandthus fo(glh)oa = 0.
Thus, (g LI #) o @ = 0 and thus, by Lemma 2.2.2, there exists a 8 : C — A such that
B oV = g1l h, which we were trying to prove. O

Note that by Lemmas 2.2.2, 2.2.3, the concept of a short exact sequence is unambigu-
ous: We can write

0 > A > B > C > 0

to mean that f is a monomorphism and g is its cokernel, or that g is an epimorphism, and
f is its kernel. Those two statements are equivalent. Also note that by Lemma 2.2.3, a
morphism whose kernel and cokernel are 0 is an isomorphism.
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2.2.4 Lemma [n an abelian category, suppose we have a diagram

Id f Id (2.2.1)

0 > A > ' > B > 0.
whose rows are exact. Then f is an isomorphism.

Proof One shows that both the kernel and cokernel of f are 0. This is left as an exercise.
(Exercise 7). |

2.2.5 Lemma [n an abelian category, the canonical morphism
AUB— AIlB
is an isomorphism. (Thus, we have a biproduct, which is denoted by ®.)
Proof One observes that we have a short exact sequence
0—-A—-AUB—-B—0 (2.2.2)
where the first morphism is the coproduct injection. To this end, the second morphism is
defined as the cokernel of the injection, and it is formal that the target is B. To show that the
injection is a monomorphism, note that it is right inverse to /d 10 : AU B — ALI0 = A.
Now symmetrically, we get a short exact sequence
00— A— AIlB — B — 0, (2.2.3)

and a morphism from (2.2.2) to (2.2.3), thus resulting in a diagram of the form (2.2.1). O

With a biproduct, we can add two morphisms f,g : A — B by forming the
composition

A fog v
A > AP A >~ B®B > B.
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It remains to show how to subtract morphisms. To this end, we consider the diagram

0 > C >CoC > C >0

Id T Id
v v v

0 > C >CepC > C >0

where the horizontal morphisms are injections to the first coordinate and projections to the
second coordinate (and hence, the rows are exact), and 7 is given by the matrix

Id 1d
01d]’

Then by Lemma 2.2.4, t is an isomorphism. We see then that its inverse matrix must be of

the form
I1d —1d
0 I1d)’
thereby providing a definition of —Id.
From this point on, it is not difficult to prove all “usual additive properties of the

category Ab of abelian groups” in any abelian category. The reader is referred to [3] for
further details.

23 The Derived Category of an Abelian Category

Let A be an abelian category. We will learn here how to construct the derived category
of the category A-Chain of chain complexes in A where the equivalences E are
quasiisomorphisms, i.e. chain maps which induce an isomorphism on homology. This is
sometimes referred to as the derived category DA of the abelian category A. We will also
consider full subcategories of D.A on chain complexes C which are bounded below or
bounded above which means that there exists a constant N such that C;,, = 0 forn < N
(resp. C,, = 0 for n > N). The notations A-Chain., A-Chain_, DA, D.A_ mean full
subcategories on bounded below (resp. bounded above) chain complexes.

We will work in chain complexes throughout this subsection. The statements proved
are, of course, automatically valid for cochain complexes, with “bounded below” and
“bounded above” interchanged.
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2.3.1 Projective and Injective Objects
An object P of an abelian category A is called projective if for every epimorphism A — B,
every morphism P — B factors through A:

An abelian category A is said to have enough projectives if, for every object A, there exists
an epimorphism

P—- A—0.

Dually, an object Q is injective if for every monomorphism A — B, every morphism
A — Q factors through B:

An abelian category A is said to have enough injectives if for every object A there exists a
monomorphism

0> A— Q
with Q injective.

2.3.2 The Homotopy Category of Chain Complexes
A chain homotopy between two chain maps f : C — D in A-Chain is a sequence of
A-homomorphisms & = hy, : C;, — Dp41, n € Z, such that

Jon—8gn=dhp + hy,_1d.

Two chain maps are called chain homotopic if there exists a chain homotopy between
them. We write  : f >~ g, or just f =~ g. Clearly, this is an equivalence relation, and the
equivalence classes are called chain homotopy classes. The concept of chain homotopy is
compatible with composition, and thus, we have a category, called the homotopy category
of chain complexes h.A-Chain whose objects are A-chain complexes, and morphisms are
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chain-homotopy classes of chain maps. An isomorphism of chain complexes C, D in h.A-
Chain is called a chain homotopy equivalence. If a chain homotopy equivalence exists, the
chain complexes C, D are called chain homotopy equivalent and one writes C =~ D.

It is immediate that chain-homotopic chain maps induce the same homomorphisms in
homology, and thus the concept of a quasiisomorphism passes to the homotopy category.
We will also consider the full subcategories h.4-Chain,, h.A-Chain_ on bounded below
(resp. bounded above) chain complexes.

2.3.3 Lemma If a derived category of an abelian category A exists, the functor ® : A-
Chain— DA factors through the canonical functor A-Chain— hA-Chain.

Proof We consider the chain complex of abelian groups I where Ip = Z & Z, I} = Z,
I, =0forn # 0,1,and d : I} — Iy is given by the matrix (1, —1)T. Considering an
object A of an abelian category as a chain complex which is A in degree 0 and O in other
degrees, we have quasiisomorphisms i1, i> : Z — I given by the matrices (1, 0T, o, DT
in degree 0 (and, of course, by 0 elsewhere), and a quasiisomorphism € : I — Z given in
degree O by the matrix (1, 1) (and, again, necessarily by 0 elsewhere).

Now we have a well defined tensor product of an object of an abelian category with
a finitely generated abelian group. For a chain complex C in an abelian category A, it
follows from more general facts, but one can also verify directly that

CRI,CRIH:C—>CRI1 (2.3.1)
are quasiisomorphisms (since cycles in C @ I are spanned by ¢ ® «; where ¢ € Cj, is a

cycle and o1, ap are the generators of the of the two Z-summands of Iy; Exercise 8.)
Now for chain maps f, g : C — D, consider the diagram

N

PN

where the vertical arrows are C ® i1, C ® iz. One verifies that a chain homotopy between
f and g is equivalent to filling the dotted arrow in the diagram. Upon applying the functor
® into the derived category, € becomes an isomorphism, so f = hoe™! = g.

~

O
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Now the main result about derived categories of abelian categories is the following

2.3.4 Theorem [. If an abelian category A has coproducts and enough projectives, then
hA-Chain has colocalization.

2. If an abelian category A has enough projectives, then h A-Chainy has colocalization
by bounded below chain complexes of projective objects.

3. If an abelian category A has products and enough injectives, then hA-Chain has
localization.

4. If an abelian category A has enough injectives, then h A-Chain_ has localization by
bounded above chain complexes of injective objects.

The derived categories of h.A-Chain, h.A-Chainy, hA-Chain_ are usually denoted by
DA, DAy, DA_ and called the derived category (resp. bounded below derived category,
resp. bounded above derived category) of the abelian category A.

2.3.5 Introduction to homological algebra
We shall now start developing the tools needed to prove Theorem 2.3.4. This will take
several sections. The proof of (1) and (2) will be finished in 2.3.11. The proof of (3) and
(4) will be done in Sect. 2.3.12, using some technical facts the proof of which will follow.

For an A-chain map f : C — D, the mapping cone is the totalization of the double
chain complex Cf where Cf, 0 = Dy, Cfy1 = C, and Cf,, = Ofor p # 0,1, 9
coincides with the differential on C, D and § : Cf,,,;1 — Cfy0is (—1)" f,. As usual, one
omits the totalization signs. Then we get canonical chain mapsi : D — Cf, j : Cf —
C[1] where for a chain complex Q, Q[n] denotes shift up by n, i.e. the chain complex
with Q[n]y = Qk—n. We see that from this point of view, the mapping cone construction
is self-dual up to a shift: we can call C[—1] the mapping co-cone. A special case of the
mapping cone is the cone CX = C(Id : X — X).

One also sees that we have a canonical chain map

Cf — D/Im(f) (2.3.2)

and a short exact sequence of chain complexes

i J
0O =D =Cf =cC[] =0 (2.3.3)

It is interesting to note that if we denote by [C, D] the abelian group of chain-homotopy
classes of chain maps from C to D (i.e. morphisms in k.A-Chain), then for any chain
complex X, we have an exact sequence

[i. X] [/, X]
[Cf. X] > [D, X] > [C, X]. (2.3.4)



296 5 Introduction to Cohomology

The map i o f is chain-homotopic to 0, which shows that the composition of the two maps
(2.3.4) is 0. On the other hand, Cf is isomorphic to the colimit of the diagram

C >0
CQ®iy

Y

CRI

A

CRir
s
C > D

and thus, a chain map D — X chain-homotopic to 0 when composed with f extends to
Cf.

It is also interesting to continue the procedure of taking mapping cones: Continuing to
denote by i : D — Cf the canonical map, using (2.3.3) and (2.3.2) applied to i instead of
f, we obtain a canonical map

Ci — CI[1]

which one can check to be a chain-homotopy equivalence (i.e. an isomorphism in /.A4-
Chain). Repeating this also for the canonical monomorphism k : Cf — Ci, one obtains a
commutative diagram of the form

/ ~ ~ (2.3.5)
! i ' Voo Y

C > D > Cf > C[1] > D[1].

Given the self-duality of the mapping cone (up to shift), one has analogous results upon
turning around arrows. Combining (2.3.4) and (2.3.5), one then gets the following

2.3.6 Theorem Forany chainmap f : C — D of A-chain complexes, we have canonical
long exact sequences

[i[n],X] [fIn],X]
= [Clr+1LX] > [Cfinl,X] = [DIaL X1 > [CIAL X > ...
(2.3.6)
[X, fln]] [X,i[n]]
= [X,Clnll > [X.Dlnll > [X,Cflnl] > [X.Cln+11l > ...
(2.3.7)
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Constructions of this type are often referred to as homological algebra. Perhaps the
best-known fact of homological algebra is the following

2.3.7 Theorem For a short exact sequence of chain complexes

i

J
0 > C’ > C > C" > 0,
there is a long exact sequence

Hyi Hyj A
> H,C’ - H,C - H,C" > H,_1C’ > ...

where A is functorial in the category of short exact complexes of chain complexes, and
double chain maps.

Proof To construct the morphism A, one observes that we also have a canonical chain
map

C'[1] — Cj (2.3.8)

using the chain map i to map C), into (Cj),,1, utilizing the fact that j o i = 0. Now one
shows that (2.3.8) induces an isomorphism in homology. (This can be checked directly.)
Thus, A can be induced just by the canonical chain map C” — Cj. The rest of the proof,
which is just a series of applications of the properties of the kernel and image in abelian
categories, is left as an exercise (Exercise 9). m]

Another standard fact of homological algebra is the following statement often used in
conjunction with Theorem 2.3.7. Again, a proof follows by examining the properties of

the image and kernel in an abelian category (Exercise 10).

2.3.8 Lemma (The 5-Lemma) Consider a diagram in an abelian category

A’ > B’ - C’ - D’ > E’

Assume that a is an epimorphism, e is monomorphism, and b, d are isomorphisms. Then ¢
is an isomorphism.
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While Theorems 2.3.6 and 2.3.7 may seem similar, it is important to note that they
are different results for an arbitrary abelian category .A. For example, (2.3.6), (2.3.7) are
long exact sequences of abelian groups, while in Theorem 2.3.7, we are dealing with exact
sequences in .A. There is, nevertheless, also an approach to Theorem 2.3.7 along the lines
of Theorem 2.3.6, interpreting, for a finitely generated abelian group H and an object A
of an abelian category A, Hom(H, A) as an object of A.

2.3.9 Cell Chain Complexes
Now a cell A-chain complex C is of the form

C = colim Cy,
where C(_1y = 0 and for all m € Ny, C(,,) is the mapping cone of a chain map
im: Py = Cun-1)

where P, is a chain complex of .4-projective objects with 0 differential.
To prove that cell chain complexes are colocal, in view of the equivalence (2.3.8),
Theorem 2.3.7, and (2.3.7), it suffices to prove the following

2.3.10 Lemma If C, X are chain complexes in A where C is cell and Hy,,(X) = 0 for all
m € Z, then

[C,X]=0.

Proof Let f : C — X be a chain map. We shall produce, by induction, chain maps
CC) — X (recall that CY denotes the cone on a chain complex Y') extending each other
as well as restrictions of the chain map f. Their colimit will then be a map CC — X
which is equivalent to the required homotopy. For n = —1, there is nothing to prove.
Assuming the homotopy has been constructed for a given n, let Q) be the pushout of the
diagram

Ciny > Cnt1)
Cn)®iy

\
CCw)

Then restriction of the map f to C,41), together with the already constructed chain map
CC) — X produce a chain map

Q(n) — X.
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On the other hand, we have a canonical colimit chain map

Q(n) - CC(n+1)
and, in fact, we have a chain map g, : P(;4+1)[1] — Q(n) and an isomorphism
CClut1) = Cgn.

By Theorem 2.3.6, it suffices to prove that for a projective object P of A and an .4-chain
complex X with 0 homology,

[P[m], X] = 0. (2.3.9)

But this is trivial: a chain map (2.3.9) is the same thing as a morphism P — Z,,, and by
assumption, we have B,, = Z,. Then apply projectivity to the epimorphism X,,+; —
B,, — 0.

0

2.3.11 Proof of (1) and (2) of Theorem 2.3.4

For (1), we just proved that cell objects are colocal. Now to prove colocalization, we need
to produce, for an arbitrary .A-chain complex X, an equivalence y : C — X where C is
cell. To this end, keeping in mind that .4 has enough projectives, and using the notation of
Sect. 2.3.9, simply select an epimorphism

Poy[1] - H X
(one uses H, X for the graded A-object (H,(X))), and then inductively an epimorphism
Py — Ker(Hy Cpn—1) — HiX),

as inductively, we also produce chain maps C,,y — X. The fact that the colimit chain map
is an equivalence follows from commutation of homology with colimits of sequences.

For (2) of Theorem 2.3.4, we note that when X is bounded below, a better construction
is available. One notes that in fact, a bounded below chain complex of projective objects
is automatically cell. To construct the colocalization in #.4-Chain.., consider first the case
when X = M is just an object. Then from the assumption that there are enough projectives,
we can produce a short exact sequence

0> M - Ph—>M—>0
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and, inductively, short exact sequences
0— My+1 - P, > M, — 0.
Using the connecting maps, we then have produced an exact sequence
cvi—>Pp—> P —> P> M—>0
or, equivalently, a chain complex
P=(-—P—> P - P

and an equivalence P — M. The chain complex P is called a projective resolution of M.

Now when X is bounded below, assume, without loss of generality, that X,, = 0 for
n < 0. one can produce, inductively on n, a cell chain complex of projective objects C)
where (C(;))m is non-zero only for 0 < m < n and chain maps

Yn:Cmy — X

which induce isomorphisms in homology in degrees 0 < i < n—1, and an epimorphism in
degree i = n. Such a chain map is sometimes called an n-equivalence. Then the mapping
cone Cy, has 0 homology in degrees < n + 1, and choosing an epimorphism P, —
H,+1Cy,, we may interpret it as a chain map P,4+1[n + 1] — Cy;,. Thus, we obtain a
chain map P, 1[n] — C(), and if we take C(,1) to be its mapping cone, we may extend
the chain map y, to an (n 4 1)-equivalence y,11 : C(,+1) — X. Observe carefully that
restricting attention to this case, we do not need to require that .4 have arbitrary coproducts,
as long as it has enough projectives.

2.3.12 Proof of (3) and (4) of Theorem 2.3.4

It is tempting to say that the proof of these cases of Theorem 2.3.4 is the precise dual
of what we just did. This is, in fact, almost correct. The case (4) is, in fact, dual in this
fashion. Notably, we have a concept of an injective resolution of an object M, which is a
chain complex of the form

0=(Q0—> Q01> 02— ...)
with O, injective, and an isomorphism
M = Ho(Q),

while H;Q = 0 for i # 0. Note that it is more natural in this case to think of Q as a
cochain complex.
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Now most of the proof of (3) is indeed a precise dual of (1). In particular, we have
a notion of a co-cell chain complex, which the reader is encouraged to write down as a
precise dual of the notion of a cell chain complex.

The one snag in this duality is that for a sequence

coo—=> Cp) = Cay — C
of chain complexes, it is in general false that the canonical map
H, lim C(;) — lim H.C ;)

would be an isomorphism. It is, however, true under certain special conditions (see
Proposition 2.3.14), which apply in the case of a localization by co-cell chain complexes
which is precisely dual to our construction of co-localization by cell chain complexes. The
relevant story is explained below.

Let--- — A, — A — Ag be a sequence of objects in an abelian category 4. We say
that the sequence satisfies the Mittag-Leffler condition if for each n € Ny, the sequence of
images of A,, in A,, m > n, is eventually constant in m.

Consider now a sequence of short exact sequences:

0 > Ay > By > Cy > 0

0 > Ay > Bj > Ci >0

Y \% Y
0 > Agp > By > Cp >0

The key point is the following fact, which is an easy consequence of the properties of the
image (Exercise 11):

2.3.13 Lemma
1. Ifthe sequence (A,) satisfies the Mittag-Leffler condition, then the induced sequence
0 — limA, - limB,, - limC, — 0

is exact. (Note: The first four terms are always exact.)
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2. If the sequences (A,), (Cp) satisfy the Mittag-Leffler condition, so does the sequence
(Bn).

This has the following important consequence:
2.3.14 Proposition Let A be an abelian category with products. Let
oo —=>2C — 1C - oC
be a sequence of A-chain complexes, and let C be its limit. If for eachn € 7Z, the sequences
o> 20 = 1Cy = 0Ch,
= Hy(oC) — Hy(1C) — Hp(0C)
satisfy the Mittag-Leffler condition, then for each n € 7Z, the canonical map

H,C — lilgn H,(C)

is an isomorphism.

Proof Recall that in a chain complex C, one sometimes denotes Z, = Ker(d : C, —
Cy—1) (resp. B, = Im(d : Cyh41 — Cp)) and these the subobjects of cycles, resp.
boundaries. (Of course, speaking of elements does not in general make sense in an abelian
category.) We have short exact sequences

0— B, > Z, - H,(C) —> 0, (2.3.10)
0—Z72,—C,— B,_1 — 0. (2.3.11)
Now applying this to ¢ C, (2.3.10) and (2.3.11) become sequences of short exact sequences
in the variable k. If the sequence (;xC,) satisfies the Mittag-Leffler condition for each n,
so does the sequence (i B,) by properties of the image. Assuming also (x H,C) satisfies
the Mittag-Leffler condition, so does (xZ,) by (2.3.10) and Lemma 2.3.13 (2). Thus, the

inverse limits of both sequences (2.3.10), (2.3.11) over C = ;C are exact and since the
canonical morphism

Ker(limd : lim;C, — lim;C,—1) — lim Z,

is an isomorphism by commutation of limits, our statement follows.
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2.3.15 Derived Functors

Let ® : C — C’ be a functor where C, C’ are small categories. Let, for a category D,
Funct(C, D) denote the category of functors from C to D and natural transformations.
Then we have a “forgetful functor”

®* : Funct(C', D) — Funct(C, D)

given by composition with ®. This functor has a left (resp. right) adjoint ®; (resp. ®,.)
called the left (resp. right) Kan extension. The construction of Kan extensions is, in fact,
a direct generalization of their construction in the case of group actions in Sect.5.2 of
Chap. 3 above.

Forafunctor F : C — D, Lo F = LF = ®,F (resp. RoF = RF = ®4F) is called
the left (resp. right) derived functor of F along ®. (Note the switch in terminology of
“left” and “right” between Kan extensions and derived functors; this is due to historical
reasons.) The unit and counit of adjunction now give canonical natural transformations

€:d*LF - F,
n:F— ®*RF,

and an object of C is called F-colocal (resp. F-local) (with respect to @) if nx (resp. €x)
is an isomorphism.

Removing the assumption of smallness on the categories C, C’, the trouble is that
Funct(C, D), Funct(C’, D) now become illegal objects of set theory. Nevertheless, the
above definitions still can be written down as conditions on the specific functors and
objects, which are not guaranteed to exist, but are unique up to natural isomorphism if
they do. A functor for which a left (resp. right) derived functor exists is called left derivable
(resp. right derivable).

Concretely, we say that LF = LgF is a left derived functor of F along ® if itis a
universal functor with a natural transformatione : LF o & — F:

C
F
[}
Y ge
C’ > D,

LF

i.e. for any functor F’' : C’ — D with a natural transformation ¢ : F' o ® — F, there
exists a unique natural transformation « : F’ — LF such that

L =¢€co(kod).
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An object X € Obj(C) is called F-colocal if €x is an isomorphism.
The concept of the right derived functor RF = Rg F is dual, i.e. we have a natural
transformation

n:F—> RFo®

such that for any functor F’ : C’ — D with a natural transformation i : F — F’ o ®,
there is a unique natural transformation A : RF — F’ such that

u=MNod)on.

An object X of C is called F-local with respect to @ if nx is an isomorphism.

Often the interesting case is when C’ = DC is the derived category and ® : C —
DC is the universal functor. In that case, essentially from the definitions, we obtain the
following

2.3.16 Proposition Let ® : C — DC be the universal functor where DC is the derived
category of C with respect to a class of equivalences E which includes all isomorphism,
and satisfies 2/3.

1. If C has localization by a class B of objects, then a right derived functor RF = Reo F
exists and is given by RF(X) = F(X') for X' € B with an equivalence yx : X — X/,
and

nx = F(yx).

In particular, a local object is F-local.

2. If C has colocalization by a class of objects B, then a left derived functor LF = Lo F
exists and is given by LF(X) = F(X') for X’ € B with an equivalence yx : X' — X,
and

ex = F(yx).

In particular, a colocal object is F-colocal.

2.3.17 Proposition Suppose C is a category with a class of equivalences E containing all
isomorphisms and satisfying 2/3, and a derived category DC exists. Then for an object
X € 0bj(C), with respect to ®, the functor C(?, X) : C — SetsOP is left derivable, and
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its left derived functor is C(®(?), ®(X)), and the functor C(X,?) : C — Sets is right
derivable, and its right derived functor is C(®(X), ®(?)).

2.3.18 Derived Functors in an Abelian Category

Let us now consider the case when A, 5 are abelian categories, and F : A — B is an
additive functor. Then F canonically extends to a functor from h.A-Chain to h3-Chain,
which is usually denoted also by F. If A has enough projectives (resp. injectives), it
follows from Proposition 2.3.16 that the functor F is automatically left- (resp. right-)
derivable with respect to the universal functor ® from A.4-Chain to its derived category.
The derived functors LF, RF are often referred to as the fotal left (resp. right) derived
functor. One also denotes L,F = H,(LF) = L(H, o F), R"F = H_,(RF) =
R(H_, o F) and calls them the n’th left (resp. right) derived functor. For X, Y € Obj(A),
one denotes by Ext’y (X, Y) the value on X of the n-th right derived functor of

Hom 4(2,Y) : A°? — Ab,
or equivalently the value on Y of the n-th right derived functor of
Hom4(X,?) : A— Ab.
2.3.19 Proposition Let A be an abelian category. let
O—-M-—->N-—>P—->0 (2.3.12)

be a short exact sequence, and let F : A — B be an additive functor where B is another
abelian category.

1. If A has enough projectives, then (2.3.12) gives rise to a long exact sequence of the
form

...LyFM — L,FN — L,FP — L, |FP — ...

where for n < 0, we have L, F = 0. If F is right exact, then L°F = F.
2. If A has enough injectives, then (2.3.12) gives rise to a long exact sequence of the form

...R"FM - R"FN - R"FP —» R""'FM — ...

where for n < 0, we have R"F = 0. If F is left exact, then R°F = F.
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Proof We shall prove (1). If C is a projective resolution of M and D is a projective
resolution of N, then we have a morphism f : C — D which on homology induces
the first morphism (2.3.12). Then the sequence

f i
C > D > Cf

induces (2.3.12) on homology, and consists of colocal objects. Applying the functor F
preserves mapping cones, so the exactness statement follows from Theorem 2.3.7. The
statement about L follows from the definition of right exactness: If

> P> Py
is a projective resolution of M, then we have an induced exact sequence

FPi— FPy— FM — 0.

The proof of (2) is symmetrical.
0O

2.3.20 Proposition Let A be an abelian category with enough injectives and let F : A —
B be an additive functor to another abelian category which is left exact. Then an object X
of Ais F-local if and only if

R'F(X) =0 foralln > 0.

An analogous result holds if we replace R with L, injectives with projectives and local
with colocal.

Proof Let Q be an injective resolution of X. Then we have the quasiisomorphism
€e: X — 0. (2.3.13)

Since F is left exact, however, R Fe is an isomorphism. Now consider the diagram

FX > RFX

FQ > RFQ.
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By what we just said, the left vertical arrow is a quasiisomorphism if and only if R' FX = 0
for i > 0. Thus, our statement follows. O

The following result is often useful in practical calculations:
2.3.21 Proposition

1. Let A be an abelian category with enough projectives, and let F : A — B be an

additive functor where B is another abelian category. Consider a double chain complex
of the form

C=((Cnn).9,6)

for some k, £ € Z, Cyy = 0ifm < k orn < {, and the chain complexes (Cy, «, )
are F-colocal for each m € 7. Then the totalization of the double chain complex C is
F-colocal. In particular, a bounded below chain complex of F-colocal objects of A is
F-colocal.

2. Let A be an abelian category with enough injectives, and let F : A — B be an additive
Jfunctor where B is another abelian category. Consider a double chain complex of the
form

C=(Cnn)d,6)

forsomek,t € Z, Cyn, =0ifm > k orn > £, and the chain complexes (Cp, «, §) are
F-local for eachm € Z. Then the totalization of the double chain complex C is F-local.
In particular, a bounded above chain complex of F-local objects of A is F-local.

Proof The two proofs are completely symmetrical. We shall prove (1). First, if we also
assume there is a constant K such that C,, , = 0 form > K, then C can be obtained from
the chain complexes C, . by repeated application of mapping cones. Thus, to prove that
case, it suffices to show that if f : C — D is a chain map and C, D are F-local, then so
is Cf. To this end, by properties of the mapping cone, we may construct a diagram

f i’
C/ - D/ - Cf/
yc ~ YD ~ g
\ f \ . \
i
C > D > Cf

commutative up to chain homotopy (i.e. commutative in 2.4-Chain) where C’, D’ are cell.
Then Cf’ is also cell. We are also assuming that F(yc), F(yp) are quasiisomorphisms.
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Since, by definition, F preserves chain homotopy and mapping cones, it suffices to prove
that g and F (g) are quasiisomorphisms. In view of Theorem 2.3.7, these statements follow
from the 5-lemma (Lemma 2.3.8).

Now to remove the assumption about the existence of K, note that we can form a double
chain complex x C where ¢ Cy,, = Cyy,p form < K, and xCy,., = 0 form > K. Then
we have a canonical double chain map xC — C which is an isomorphism in degrees
(m, n) with m < K. In particular, upon totalization, we obtain an isomorphism in degrees
< K + £. Now by the proof of (2) of Theorem 2.3.4, we may choose y¢ : C' — C,
vxc @ kC' — kC (omitting totalization signs) so that we have a chain map xC’ — C’
which is an isomorphism in degrees < K + £. Then the same will be true after applying
F, and upon applying homology, we obtain an isomorphism in degrees < K + £. Thus,
Fec is an isomorphism in degrees < K + ¢ which is arbitrarily large, thus proving our
statement.

O

24 Examples of Abelian Categories

2.4.1 Abelian Groups and Modules

For a commutative ring R, the category R-Mod of R-modules (and homomorphisms) has
enough projectives, namely free R-modules: For any R-module M, we can take the free
R-module RM on M, and from the universal property (see Sect. 1.4 of Chap. 2) obtain an
epimorphism

RM — M.

For R = Z, then, we obtain the fact that the category Ab of abelian groups has enough
projectives. We will now see that these categories also have enough injectives.

2.4.2 Lemma

1. An abelian group Q is injective if and only if it is divisible which means that for every
x € Qandn € Nthereexistsay € Q withny = x.

2. For a commutative ring R, the category R-Mod has enough injectives.

3. For a topological space X, the category Ab-Shx of abelian sheaves on X (and more
generally R-Mod-Shy of sheaves of R-modules) has enough injectives.

Proof For (1), clearly, the divisibility condition tests injectivity for the monomorphism
n:7Z-—17,

and hence is necessary for injectivity.
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To prove that it is sufficient, we will use Zorn’s lemma.
Suppose an abelian group Q is divisible. Suppose we have an inclusion of abelian
groups

ACB

and a homomorphism F : A — Q. By Zorn’s lemma, there exists a maximal subgroup
C, with respect to inclusion, of B containing A such that 4 extends to C. If C = B, we
are done. Assume there exists an element x € B \. C. Let C’ = (C, x) be the subgroup of
B generated by C and x. If foralln € N, nx ¢ C, then C' = C & Z, so clearly we can
extend f to C’ by using 0 on Z. Otherwise, let n € N be minimal such that nx € C. Then
C’ is the pushout of a diagram

so f can be extended to C’ by the divisibility condition. In either case, we obtain a
contradiction with the maximality of C.

To prove (2), first consider the category Z-Mod= Ab. Let A be an abelian group. Then
forevery x € A, the cyclic subgroup of A embeds into either Z or Q/Z, and the embedding
extends to a homomorphism on A by injectivity. The product of these homomorphisms is
then injective, and a product of injective objects is injective.

Now for a commutative ring R, the right adjoint (right Kan extension)

A+ Homz(R, A)

to the forgetful functor from R-Mod to Ab preserves injectives (since it is a right adjoint,
and its left adjoint preserves monomorphisms), so the statement follows.

The statement (3) is proved similarly. We will only consider the case of Ab-Shy (the
general case is analogous). When X is discrete then Ab-Shy is just a product of copies
of the category Ab, so it has enough injectives. Let X ;s be the set X with the discrete
topology and let f : Xyisc — X be the identity map. Then f is continuous, and for an
injective sheaf F on Xy, f«F is injective, and clearly, by adjunction, every abelian sheaf
on X injects (i.e. admits a monomorphism) into such a sheaf. O

2.4.3 Definitionof Torg(M, N)

Let R be a commutative ring. Then ® g, considered as a functor in one variable, with the
other variable fixed, is right exact. The n’th left derived functor is denoted by Tor,f @, 7.
This does not depend on which variable we take the derived functor in. Letting C, D
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be projective resolutions of R-modules M, N, this follows from the fact that we have a
diagram

(totalization understood), which in turn follows from the following
244 Lemma IfC is a cell R-module, then CQR? preserves quasiisomorphisms.

Proof By Theorem 2.3.7, it suffices to prove that for a cell chain complex of R-modules
C and any chain complex of R-modules D with H,D = 0 we have

H.(C ®r D) =0.
For C a graded free R-module with O differential, this follows from distributivity of @ g
under direct sums. A projective R-module is a direct sum of a free one, thus implying
the statement for projective chain complexes with 0 differential. Using Theorem 2.3.7 and
commutation of homology with colimits of sequences, the statement follows for a cell
chain complex C. O
An important application of this fact is the following fact:
2.4.5 Theorem (Hilbert Syzygy Theorem) Let k be a field and let M be a finitely
generated graded R = k[x1, ..., xp]-module (where each x; has degree 1). Then there
exists a free R-resolution
Fp—>---—>FN—->FK
of M where each F; is a finitely generated R-module.
Proof We shall build inductively a graded free R-resolution of M
_)E+l_)E_>_)F0
of M. Suppose we have defined a complex
FF— - > F
which has homology M in degree 0 and no homology in degrees 1, ...,i — 1, such that

all Fj, j = 1,...,i are finitely generated graded R-modules, and the differentials are
graded homomorphisms. Then K; = Ker(d : F; — F;_1) is a finitely generated graded
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R-module since R is Noetherian (Hilbert basis theorem). Let S; be a set of homogeneous
generators of K; with the smallest possible number of elements, and let C;+; = RS; be
the free R-module on §;. Letting for s € S;,

ds= > ayt (2.4.1)

teS;_

where a;; € R are homogeneous polynomials and the right hand side of (2.4.1) represents
s € Fj, then none of the polynomials a;s have degree O (since then S;_1 . {¢t} would be a
set of generators of K;_1). Thus, we have d; g k = 0 (where x; act by 0 on k). In other
words,

Fi ®r k = Torf(M k).
By Lemma 2.4.4, this is isomorphic to Torl.R(k, M). But as a free R-resolution of k, we

can take the tensor product, over k, of the complexes k[xi] i ~ k[x;] - Thus,

Torf(k, M) =0 fori > n.

O
We shall discuss more results in this direction in Sect. 2.6 below.
25 Sheaf Cohomology
We now turn to sheaves.
2.5.1 Definition For an abelian sheaf F on a topological space X, we write
H'(X,F) = EXt;l\b—ShX(Z’ F) (2.5.1)

(where Z is the constant sheaf on X, i.e. 7 ~!(Z) where 7 is the map from X to a point),
and call this the n’th cohomology group of X with coefficients in the sheaf F. By the
remarks in the last subsection, (2.5.1) is the same as the n’th derived functor of global
sections, as well as of the functor Ab-Shx (Z, 7), applied to the sheaf F.

From our point of view, this concept is then canonically extended to when F is replaced
by a chain complex C of sheaves on X, i.e. one writes

H"(X,C) = R"Hom(Z, C) (2.5.2)
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where the Hom is understood in the category of chain complexes of abelian sheaves on X
(or, equivalently in their homotopy category). All derived functors are considered with
respect to the canonical functor @ into the derived category. The construction (2.5.2)
is often referred to as hypercohomology with coefficients in C. The corresponding total
derived functor can also be referred to as the hypercohomology complex.

2.5.2 Functoriality of Sheaf Cohomology
For a morphism of abelian sheaves ¢ : F — G on a space X, we obviously have an
induced homomorphism

¢« H' (X, F) > H' (X, §). (2.5.3)
This makes cohomology with coefficients in a varying abelian sheaf into a covariant
functor in the sheaf.
For a continuous map f : X — Y between topological spaces and an abelian sheaf F
on Y, we also have a canonical homomorphism
f*:H" (Y, F) —> H'(X, f~Y(F)). (2.5.4)
The reason is that if
I() —> Il — ...
is an injective resolution of F, then the cochain complex
@) - @) — ... (2.5.5)
is exact except in degree 0 where it has cohomology f~!(F), by the fact that f~! is an
exact functor. Thus, (2.5.5) is canonically quasiisomorphic to f ~1(F) and hence has a
cochain map, unique up to chain homotopy, to an injective resolution of f~!(F) inducing
an isomorphism in 0’th cohomology.
The functor f is in general only left exact, but there is a canonical homomorphism
H"™(Y, fo(F)) - H"(X,F) (2.5.6)
given as a composition of the canonical homomorphisms
H™(Y, fu(F)) = H"(X, [~ fo(F)) = H"(X. F)

where the first arrow is (2.5.4), and the second arrow is induced by the counit of adjunction

fFAF) - F (2.5.7)
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On stalks, one sees that when f is an inclusion of a subset with the induced topology,
(2.5.7) 1s, in fact, an isomorphism.

When f = i is the inclusion of a closed subset with the induced topology, then f
is exact, and also preserves injectives (since it is a right adjoint to a functor f~! which
preserves monomorphisms). Letting Z be an injective resolution of F, then f.(Z) is an
injective resolution of f,(F), while f -1 f«(@) = T. Thus, in this case, we conclude that
(2.5.6) is an isomorphism.

Similar comments apply to hypercohomology with coefficients in bounded above chain
complexes (indexed homologically).

2.5.3 Flasque and Soft Sheaves

It is advantageous to identify certain classes of sheaves which are local with respect to the
functor of taking global sections. Recall that an abelian sheaf 7 on a space X is called
Sfasque (or flabby) if for every open set U C X, the restriction

F(X) — FWU)

is an epimorphism. A sheaf F on X is called soft if for every closed seti : Z C X, the
canonical map

F(X) = (*F)2)
is an epimorphism. It is immediate that every flasque sheaf is soft.
2.5.4 Proposition

1. Flasque sheaves are I'-local where T denotes the global section functor.
2. On paracompact Hausdorff spaces, soft sheaves are I'-local.

(Both statements are understood with respect to the canonical functor ® into the
derived category.)

The proof rests on the following two lemmas.
2.5.5 Lemma Suppose that
0>F - F—->F =0 (2.5.8)

is a short exact sequence of sheaves on a space X. If either F' is flasque or both F' is
soft and X is paracompact Hausdorff, then applying the global section functor to (2.5.8)
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produces a short exact sequence:
0— F(X)— FX)— F'(X) — 0. (2.5.9)

Proof The global sections functor is left exact, so it suffices to show that the last map
(2.5.9)is onto. Let s € F”(X). First consider the case of F’ flasque. Consider the partially
ordered set P of pairs (V, ) where V € X is open, and t € F (V) lifts the restriction of
s to V. Then by Zorn’s Lemma, P has a maximal element (V, r). We claim that V = X.
Otherwise, let x € X ~ V. Then by the exactness of (2.5.8), the restriction of s to F
lifts to F,. By definition, then, for some W > x open, the restriction s|w lifts to a section
q € F(W). Now

tvaw — qvnw

maps to 0 in 77 (V N W), and hence comes from F'(V N W), which, since F’ is flasque,
is a restriction of a global section r € F'(W). Thus,

tHlvaw = (¢ +1)lvow,

and thus 7 and ¢ 4+ r can be glued to a section of F(V U W) which lifts the restriction of
s, thus contradicting the maximality of (V, T').

To adapt this proof to the soft case, by definition, for every x € X, there exists an open
neighborhood Uy such that s|y, lifts to F(Uy). In a paracompact Hausdorff space, we
may further select an open set V, such that x € V, and the closure of V, is contained in
U,. Now since X is paracompact, the open cover (V,),ex has a locally finite refinement
(Wi)ier- Then by local finiteness, for any J C I, the union of closures

Uw;

jeJ

is closed. On the other hand, for each inclusion ¢; : W; — X, we have a lift of the
restriction of s to Ll’.‘(f " (W;) to Ll’.‘(f )(W;). Thus, we can repeat the proof in the flasque
case if we let P be the set of pairs (J, t) where J C [ and ¢ is a lift of the restriction of s
to

cF(Jw))

jel

where ¢ : UjeJ W; — X is the inclusion. a
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2.5.6 Lemma Suppose we have an exact sequence of sheaves (2.5.8) on a space X.

1. If 7', F are flasque, then F" is flasque.
2. If X is paracompact Hausdorff and F', F are soft, then F" is soft.

Proof We shall prove (1). Suppose F', F are flasque. Leti : U € X be open, and let
s € F'(U). Clearly, the sheaf i*F" is also flasque, so by (2.5.9) with X replaced by U,
s lifts to a section t € F(U). Since F is flasque, s is a restriction of a global section
of F. Projecting that global section to F”(X), we get the required global section whose
restriction to U is s.

Now (2) is completely analogous when upon replacing “open” by “closed.”

0O
2.5.7 Proof of Proposition 2.5.4
We shall prove (1). By Proposition 2.3.20, it suffices to prove that
H"(X,F)=0forn > 0. (2.5.10)

Since we have enough injectives, there is a short exact sequence
0O F—->9—F—>0

where Q is injective, and hence flasque (since the property of being flasque is a special case
of the condition for injectivity with respect to the inclusion i1Z;; — Z for an inclusion
of an open set i : U — X). Therefore, by Lemma 2.5.5, F; is also flasque. Now by
Theorem 2.3.7, we have a long exact sequence

coo > H'(X,F) > H'(X, Q) » H'"(X, F) > H""'\(X, F) —> ... (2.5.11)
Now since Q is injective, we have H" (X, Q) = 0 for n > 0. On the other hand, the map

H°X,0) — H(X, 1)

of (2.5.11) is an epimorphism by Lemma 2.5.5, and thus, by (2.5.11), Hl(X, F)=10.0n
the other hand, also by (2.5.11),

H"(X,F) = H" (X, F)

for n > 1, and thus, since F is also flasque, (2.5.10) follows by induction.
The case of (2) is now completely analogous. O

We can now prove that de Rham cohomology is a special case of sheaf cohomology.
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2.5.8 Lemma (Poincaré Lemma) We have
Hpr(®R") =R,
where the cycles are constant functions, and
Hhr@®R") =0
fori > 0.
Proof Induction on n. For n = 0, the result is obvious. Now consider the projection
TR S R (g, x) e (X X))
and the inclusion
iRV S RY (xp, . xee1) > (X0, .. Xne1, 0).

For the induction step, we define a chain homotopy # between the identity and i o  on
Q*(R") givenfor 1 <ij <--- <iy <nby

h(gdxi N+ Ndxj,) =
Xn (2.5.12)
(_1)k+1 (/ g(x1, ..., Xp—1, t)dt) dxiy N Ndxg_,
0

when iy = n and
h(gdxjy N---ANdxj,) =0
otherwise. O

2.5.9 Corollary For a smooth manifold M, the cohomology of the chain complex 3, in
the category of abelian sheaves on M is the constant sheaf R (concentrated in degree 0).

Proof Since we have amap R — 9(1{/1 given by constant functions, it suffices to prove the
statement on the level of stalks at a point x € M. To this end, without loss of generality,
M = R", x = 0. Apply the Poincaré Lemma to balls with center 0 and radius 1/m, and
pass to the colimit over m. O
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2.5.10 Theorem Let M be a smooth manifold. Then we have a canonical natural
isomorphism

HJ (M) = H" (M, R).

Proof 1t is proved in analysis (using a partition of unity) that the abelian sheaf C$7, and
thus also the abelian sheaves Ql]‘u are soft. Thus, by Corollary 2.5.9, the de Rham complex
Qj, is a resolution of R by soft sheaves, which are I'-local (where I' denotes global
sections) by Proposition 2.5.4. Thus, by Proposition 2.3.21, 7, is I'-local. The statement
follows by definition of I"-locality. O

We have, of course, an analogous statement for complex manifolds:

H}o(M; C) = H" (M, C).

2.6 A Cohomological Criterion for Regular Local Rings

In this subsection, we will prove what is known as the Auslander-Buchsbaum-Serre
criterion of regularity. For a ring R, the global dimension is defined as the maximum
possible number d such that Extj‘é(M ,N) # 0 for any R-modules M, N. If no such
maximum exists, we say that the global dimension is infinity: g/(R) = oo. The supremum
of n such that Extx(M, N) # 0 for a given module M is called the cohomological
dimension of M and denoted by cd (M) = cdr(M). (Again, the cohomological dimension
can be infinite.)

2.6.1 Theorem (Auslander-Buchsbaum-Serre) Let R be a local Noetherian ring. Then
gl(R) < oo ifand only if R is regular, in which case we have gl(R) = dim(R).

To prove Theorem 2.6.1, we will need some observations from commutative as well
as homological algebra. First of all, we note that when defining global dimension,
equivalently, we can restrict to the case when the module M is finitely generated (or, for
that matter, cyclic, which means generated by one element). This is delicate, since it is not
true that cd(M) would be in general equal to the supremum of the numbers cd(N) with
N C M finitely generated. (See Exercise 14.) However, it follows from the next lemma
(since by Zorn’s lemma, we can choose My1/M, cyclic).

2.6.2 Lemma Let B be an ordinal number and let My, C M, o < B be submodules such
that My = O, for a limit ordinal y < B,

My = | My
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and such that cd(My+41/My) <d forallo < B. Then cd(M) < d.

Proof Inductionond. Ford = 0, since all the M +1/M,’s have cohomological dimension
0, they are (by definition) projective, and thus, M is their direct sum. Therefore, M is
projective, and hence has cohomological dimension O.

To prove the statement for a given d > 0, using Zorn’s lemma, we can construct free
modules Ky, @ < B and an onto homomorphism of modules

h:@Ka%M

a<f

such that for all y < 8,

h(@ Ko) =M, .

a<y

In particular, if we let N = Ker (h),

Ny = Ker(h) N (EP Ka).

a<pf

using the long exact sequence in Ext, we have cd(Ny+1/Ny) < d — 1. Thus, cd(N) <
d — 1 by the induction hypothesis, and thus, using the long exact sequence in Ext again,
cd(M) <d. |

2.6.3 Lemma Let R be a local ring. Then every projective R-module is free.

Proof Let F = P & Q be R-modules where F' is free. Our job is to prove that P is free.
Let F be the free R-module RS on a set S.
Step 1: For any x € P, there exists a countable subset 7 C S such that x € RT and

P=(PNRT)+ (PNR(S~T)). (2.6.1)

To see this, we produce a sequence of finite subsets 7; € S: Let Ty be a set of elements of
S whose linear combination is x. Given T;, let ;4.1 € S be a set of elements containing
T;, as well as elements of S whose linear combinations are the projections of all elements
of T; to P. Then we may put T = [ J 7;.

Step 2: P is a direct sum of countably generated (automatically projective) R-modules.
To prove this, by Step 1, we can use Zorn’s lemma on the set of all pairs (7', D) where
T C S is subset for which (2.6.1) holds, and D is a decomposition of P N RT into a
direct sum of countably generated R-modules. (There is an obvious notion of “inclusion”
of decompositions.) The maximal element then has to have T = §, for otherwise we could
use Step 1 with S replaced by S \ T'.
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Step 3: Every element of P is contained in a finitely generated direct summand P’ of
P which is a free R-module. To prove this, let us assume we have selected a basis S such
that

n

X = E aje;

i=1

witha; € R,e; € S,i = 1,...n. Lete; = yi + zi, yi € P, zi € Q such that n is the
smallest possible. Then we have

ai & (aj|j#1i), (2.6.2)

for if

a; = E cjaj, Cj € R,
J#

we could eliminate the basis element e; by replacing e; with e; + cje; for j # i,
contradicting the minimality of n.

Now let y; = Zbijej + t; where t; € S \ {e1, ..., e,}. Then by projecting to P,
a; = Zbijaj. Now (2.6.2) implies that the elements 1 — b;; and b;;, i # j are not
units of R. Since R is local, b;; are units, and thus the matrix (b;;) is invertible (since its
determinant is a unit). Thus, we can construct another basis of F' by replacing ey, ...e,
with y1, ..., yn, and put P" = R{y1, ..., yu}.

Now to conclude the argument, by Step 2, without loss of generality, P is countably
generated with generators, say, xi,...,Xx;.... We will produce, by inductions, free
summands F; of P onbases S; such thatxy, ..., x; € F;,andfori < j, S; C §;. Suppose
F; is given. Then apply Step 3 to P replaced with P/F;, where x is the projection of x; 4.
Since x; are generators, | S; is a basis of P.

O

Let R be a Noetherian local ring with maximal ideal m and residue field &, and let M
be a finitely generated R-module. We saw that we have a projective resolution

d d d d
> P, > P, > ... > Py

(2.6.3)
of M. By Lemma 2.6.3, P, is a free R-module on a set S,,. The resolution (2.6.3) is called
minimal when d P, € m P,_1. Note that a minimal resolution always exists when M is a
finitely generated R-module. For this, it suffices to show that for any R-module M there is
an onto homomorphism of R-modules

FS—> M (2.6.4)



320 5 Introduction to Cohomology

whose kernel is in m S and such that S is finite. However, to show that, it suffices to choose
S so that kS maps isomorphically to the k-module M /mM (since then the cokernel C of
(2.6.4) satisfies mC = C, and thus is 0 by Nakayama’s lemma).

Now we see that g/(R) is equal to the supremum of the lengths of minimal projective
resolutions of finitely generated R-modules M (where length is defined as the supremum
of d such that P; # 0). Indeed, if M has a minimal resolution of length d, then
obviously E xt}é (M, N) =0forn > d for any R-module N. On the other hand, however,
Extl‘é (M, k) # 0, since after Hom-ing a minimal resolution to k, the differentials (by
definition) become 0. This also shows that when calculating the cohomological dimension,
it suffices to specialize to N = k.

Next, we will need the following

2.6.4 Lemma (Serre) Let R be a local Noetherian ring and let the dimension of the k =
R/m-vector space m/m? be n. Then

Extyg(k, k) # 0. (2.6.5)
Proof Consider the initial map of rings f : Z — R. We distinguish two cases.
Case 1: f(f_l(m)) C m2. Let ui,...,u, be lifts to R of generators of the k-vector
space m/m2. Thenlet A = Z[x1, ..., x,]. There is a homomorphism of rings
A— R

sending x; — u;. By universality, this induces a functor on derived categories DR — DA,
and thus we have a homomorphism of (non-commutative) rings

Ext}(k, k) — Ext%(k, k) (2.6.6)

(where multiplication is by composition), and the superscript * means sum over all i €
Np. Additionally, considering the long exact sequence on Extg(?, k) corresponding to the
short exact sequence of R-modules

O—>m/m2—> R/m2—>k—>0,
the image in Ext}e(k, k) under the connecting map of the basis of Homg(m/m? k) =
Homk(m/mz, k) dual to the k-basis x1, ..., x, of m/m2 maps under (2.6.6) to elements

o1, ..., 0, of

Ext}(k, k) (2.6.7)
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which are given by images under the connecting map of the Exr4(?, k) long exact
sequence associated with the short exact sequence of A-modules

0— k{xi,....,xs} = A/(x1, ..., x> @k > k — 0

of homomorphisms of A-modules k{x1, ..., x,} — k which is /dj tensored with the dual
basis of x1, ..., x,. But Ext4 is easy to compute. In particular,
ar...ap #0e Extli(k, k) (2.6.8)

(see Exercise 17).

Case 2: f~!(m) = (p) where p € Z is a prime number, whose image under f projects
to a non-trivial element u € m/m?>. In particular, k has characteristic p. Then choose a
k-basis uy, ..., u, ofm/m2 such that u = u,. Now let A = Z[x{, ..., x,—1] = R map
x; +— u;. Again, we have (2.6.6). Now consider the long exact sequence in Extr(?, k)
associated with the short exact sequence of R-modules

0— m/(mz,p) — R/(mz,p) —->k—>0

Consider the images, under the connecting map, of homomorphisms of R-modules
m/(mz, p) — k which form a dual basis to the basis uq, ..., u,—1. Under (2.6.6), these
map to elements o1, ..., a,—1 of (2.6.7) which are images under the connecting map of
the long exact sequence in Ext4(?, k) associated with the short exact sequence

0— k{xXt,....xn_1) = A/(x1...,x0-1)>®@k = k — 0
of homomorphisms of A-modules k{x1, ..., x,—1} — k which are /dy tensored with the
dual basis of x1, ..., x,—1. Let, additionally, «r, € Ext},‘ (k, k) be the image of the element
of Ext }e (k, k) associated with the short exact sequence of R-modules

0—>k— R/(m?, p* ui,....un_1) > k— 0
(which, note, is a sum of copies of the short exact sequence of A-modules
O—>Z/p—>Z/p2—>Z/p—>0

where x1, ..., x,—1 act trivially). Again, Ext4 is not mysterious, and we have (2.6.8).

(Exercise 17.)
O
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Now we have the following fact

2.6.5 Lemma Suppose R is a Noetherian local ring with maximal ideal m where every
element of m is a zero divisor. Then there exists a 0 # z € R such that zm = 0.

Proof Consider a minimal primary decomposition
O =Jin---NJy.

We claim that
n
m < V. (2.6.9)
i=1

In fact, otherwise, we have a y € m none of whose powers is contained in any of the J;’s.
But by assumption, there is a 0 # x € R with xy = 0. Thus, since the J;’s are primary,
we have x € J; foralli =1, ..., n, and thus, x = 0.

Now (2.6.9) implies that m = 4/J; for some i. By Proposition 5.1.3 of Chap. 1,

m=/{y €R|xy=0)

for some x € R. This means thatifm = (yi, ..., ys), then there is an N such that yiNx =0
foralli = 1,...,s. Let z be a multiple of x by a maximal monomial in the y;’s which is
non-zero. ]

2.6.6 Lemma Let R be a Noetherian local ring with maximal ideal m such that every
element of m is a zero divisor. Let M be a finitely generated R-module such that cdg (M) >
1. Then cdr(M) = oc.

Proof Suppose that n = c¢dr(M) is finite. Considering a minimal projective resolution
(2.6.3) of M, we have P; # 0. Consider the exact sequence

0 > Py > I'p—1-

Then P,, P,_ are free R-modules, and d(P,) € mP,_1. If a € P, is one of the free
generators and z is as in Lemma 2.6.5, then d(az) = 0, which contradicts injectivity. O

2.6.7 Proof of Theorem 2.6.1

Now suppose R is a Noetherian local ring with maximal ideal m and suppose x € m
is a regular element (a non-zero divisor). Let M be finitely generated R-module with
cdr(M) > 1 and with a minimal resolution (2.6.3). Then we have a short exact sequence
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of the form
O—>N—>Pyp—>M—0.
Now for any submodule of a free R-module Q € F, we have
Torf(Q. R/(x)) = 0. (2.6.10)
Indeed, the long exact sequence in T or gives
0 — Torf(F/Q, R/(x)) — Torf(Q, R/(x)) = Tor{(F, R/(x))

where the first and last term are 0. Thus, tensoring the minimal resolution (2.6.3) with the
last term omitted with R/(x) over R, we obtain a minimal R/(x)-resolution

- P/(x) > -+ — P1/(x)
of N/(x), and thus,
cdr)x)(N/(x)) = cdr(N) — 1. (2.6.11)

Proof of Theorem 2.6.1 Let m be the maximal ideal of R. Denote the residue field
k = R/m. By the argument we made in Sect.2.6.7 and by Lemma 2.6.6, if M is finitely
generated R-module with cdr(M) = d < oo, there must exist a regular sequence of
length d in m. This implies dim(R) > d. However, if R is not a regular local ring, then,
by Lemma 2.6.4, there exists a finitely generated R-module M with cdr(M) > dim(R),
and thus, cdr (M) = oo. Thus, R being regular is a necessary condition.

On the other hand, when R is regular local, then generators

X155 Xdim(R)
of m form a regular sequence, and thus, by Sect. 2.6.7 again, for any finitely generated R-
module M, we have cdr(M) < dim(R). On the other hand, using the long exact sequence

in Ext, by induction on i, Ext‘;e(R/(xl, ..., Xi),k),k)isOfors > i and k fors = i, so
cdg (k) = dim(R), which proves the last statement of the Theorem. |

One important application of Theorem 2.6.1 is the following
2.6.8 Corollary Suppose R is a regular ring. Then the ring of polynomials R|x] is regular.

Proof Suppose R is regular. Now consider a prime ideal p C R[x]. Theng = p N R is
prime in R, and thus, gl(R;) = d < oo. Thus, we have gl(R,[x]) < d + 1 (Exercise 15).
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Now putting ¢’ = ¢ - R[x], note that R[x]p is a localization of R[x],, = R,[x]. Since
localization preserves projective resolutions, gl/(R[x],) < gl(Ry[x]) < d + 1, and thus,
R[x]p is regular local. |

3 Singular Homology and Cohomology

We still have not computed any actual cohomology groups of manifolds. While it is
possible to compute directly with de Rham cohomology, the story would not be complete if
we did not mention singular homology and cohomology, which are the main computational
tools for basic examples. It also allows computations with coefficients in Z rather than just
R, thus including torsion information. Therefore, this method is a refinement of de Rham
cohomology.

3.1 The Singular Chain and Cochain Complex

When discussing singular homology and cohomology, we will restrict attention to
Hausdorff spaces. The standard n-simplex is

A" ={(tg,....t,) e R"T | 1; >0, Z” =1}, (3.1.1)

with the induced topology from R"+! The coordinates (to, ..., ty) (the symbol [1g, . .., #;]
is also used) are called barycentric coordinates. Actually, the inequalities #; > 0 serve a
purely aesthetic purpose; if we removed them, we would obtain an equivalent theory. For
a topological space X, a singular n-simplex in X is a continuous mapping

o: A" = X.

The set of all singular n-simplices in X is denoted by S, X. The abelian group C, X of
singular n-chains in X is the free abelian group on S, X:

ChX =75, X.

It is also useful to consider the category Pair of pairs of topological spaces, whose objects
are pairs of spaces (X, Y) where ¥ C X has the induced topology, and morphisms f :
(X,Y) — (X', Y’) are continuous maps f : X — X’ such that f(Y) C Y’'. We can then
also define the abelian group of relative singular n-chains on a pair (X, Y) by

Ca(X,Y) = CyX/C,Y.
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observe that this is also a free abelian group.
The point of introducing the standard simplex is that we have canonical maps

d: A" S A" i=0,...n,
given by
(to, ... th—1) = (f0, ..., ti—1,0,ti, ..., tp).
We therefore have
0;00j=0j41009; for0<i<j<n-—1. (3.1.2)
We define
d:Ch,X - Ch1 X

by setting, for a singular simplex o on X,
n
d(o) =) (1o od. (3.1.3)
i=0

The relation (3.1.2) implies
O0=dod:CphX — Cr0X,

(Exercise 26) and thus the system CX = C,X = ((C,,X), d) becomes a chain complex
called the singular chain complex of X. (As usual for chain complexes, when not defined,
i.e. here for n negative, we set C, X = 0.) Similarly on pairs, we have a chain complex
C(X,Y) =Ci(X,Y) = (Ch(X,Y),d), called the relative singular chain complex of the
pair (X, Y) and we have, in fact, a short exact sequence of chain complexes

0> CY - CX— C(X,Y) = 0. (3.1.4)

It is immediate that for a continuous map f : X — X', we get a chainmap Cf : CX —
CX’ by sending a singular n-simplex o in X to f o o. Thus, we have functors C from
the category of topological spaces (resp. the category of pairs) to the category of chain
complexes. Composing with the homology functors H,,, we obtain functors

H,:Top — Ab, H, : Pair — Ab
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which are called the n’th singular homology and the n’th relative singular homology.

It is useful to generalize this somewhat. Let A be any abelian group, sometimes referred
to as the group of coefficients. Then we have a chain complex

CX;A)=CX®A
where C(X; A), = C, X ® A and the differential is d ® Idy4, and a cochain complex
C*(X; A) = Hom(CX, A)
where Hom(CX, A)* = Hom(C,X, A) and the differential
Hom(CyX,A) > Hom(Cpy1X, A)
is
[ fod.

One defines C(X, Y; A) = C.«(X, Y; A)and C*(X, Y; A) analogously. The corresponding

(co)homology groups are referred to as singular homology and cohomology with coeffi-
cients in A:

Hy,(X; A) = H,C(X; A), H,(X,Y; A) = H,C(X,Y; A),
H'(X; A) = H"C*(X; A), H"(X,Y; A) = H'"C*(X, Y; A).

As above, H,(?; A) are functors from Top or Pair to Ab, H"(?; A) are functors from

TopOP, Pair9? to Ab. 1tis important to observe that for a pair (X, Y), we still have short
exact sequences of (co)chain complexes

0—>C{Y;A)—CX;A) —>CX,Y;A)—>0 (3.1.5)

0—- C*"X,Y;A) > C*"(X;A) - C*(Y; A) = 0, (3.1.6)

since the abelian groups CX, C(X, Y) are free.

3.2 Eilenberg-Steenrod Axioms

Singular homology and cohomology satisfy certain properties which make them calcula-
ble. For example, Theorem 2.3.6 together with the short exact sequences (3.1.5), (3.1.6)
give long exact sequences of the form

o> Hy(Y; A) > Hy(X; A) — Hy (X, Y; A) > H,_1(Y; A) — ... 3.2.1)
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and

.o > HYX,Y; A) > H"(X; A) > H"(Y; A) > H'"P\ (X, Y; A) —> ... .
(3.2.2)

This is referred to as the exactness axiom.
Another easy property is that if we denote by * the one point topological space, then
we have

Ho(x; A) = H(x; A) = A
and
H,(x; A) = H" (x; A) = 0

for n # 0. This is called the dimension axiom. It follows immediately from the definitions.

Recall from Sect.5.5 of Chap.3 that a homotopy between continuous maps of topo-
logical spaces f,g : X — Y is a continuous map 2 : X x [0, 1] — Y (where [0, 1]
has the induced topology from the analytic topology on R) such that 4(x,0) = f(x),
h(x,1) = g(x). Again, we write h : f =~ g, or just f ~ g, and say that f, g are
homotopic. Again, this is compatible with composition, so we have the homotopy category
of topological spaces hTop whose objects are topological spaces and morphisms are
homotopy classes of continuous maps. Similarly we form the homotopy category of pairs
hPair where a homotopy between two morphisms of pairs f, g : (X,Y) — (Z,T)is a
homotopy / : X x [0, 1] — Z such that foreveryt € [0, 1]andeveryy € Y, h(y,t) € T.
We then have canonical functors

Top — hTop, Pair — hPair (3.2.3)

which are the identity on objects, and send a morphism to its homotopy class. An
isomorphism of topological spaces X, Y in hTop is called a homotopy equivalence. If
a homotopy equivalence exists, the spaces X, Y are called homotopy equivalent and one
writes X =~ Y. Similarly for pairs.

The homotopy axiom states that the functors H,(?; A) and the contravariant functors
H™(?; A) factor through the functors (3.2.3), or, in other words, that homotopic maps of
spaces or pairs induce the same map on homology or cohomology. The reader may be
reminded of the same fact about chain complexes in Sect. 2.3.2 above. However, the proof
for spaces is harder, since we have to find a way to pass from homotopy of spaces to chain
homotopy. To make our treatment self-contained, we include a proof in the next section.
More details can be found in [20].

The last Eilenberg-Steenrod axiom, which is also proved in the following subsection,
states that whenever we have a pair (X, Y) and a subset Z € X whose closure is contained



328 5 Introduction to Cohomology

in the interior of Y

then, for the inclusion of pairs
it (XNZ,YNZ)— (X,Y),
H,i;A) H\(XNZ,YNZ;A) - H,(X,Y; A)
and
H"(i; A): H'(X,Y; A) > H (XN Z,Y \Z; A)

are isomorphisms. This is called the excision axiom.

In the process of the proof, one uses a lemma which is useful on its own. Let Y =
(Zi)ier be a system of subsets of X. We can then form a variant CUX of the singular
chain complex where we only consider singular simplices whose image is in Z; for some
i € I. By repeating the above construction, we then have also chain complexes CY (X; A).

3.2.1 Lemma Suppose that the interiors (Z;) form an open cover of X. Then the
canonical chain map

CY(X: A) — C(X: A)

induces an isomorphism in homology (and hence is a chain-homotopy equivalence).

33 Proof of the Homotopy and Excision Axioms

The homotopy and excision axioms form the technical core of the singular homology
method, and for this reason, we include their proofs here, even though they really belong
to the field of algebraic topology. We shall only discuss the case of homology with
coefficients in Z. Homology with coefficients in a general abelian group and cohomology
can be treated analogously, or alternately, one can use universal coefficients, which we will
discuss in Sect. 3.5.

3.3.1 Theorem Two homotopic maps of pairs induce the same map in singular homology.
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We first prove the following partial result.

3.3.2 Lemma If X is a contractible space, then X — x induces an isomorphism in
homology. (In particular, Hy(X) = Z, H,(X) = 0forn > 0.)

Proof 1f X is contractible, we have a homotopy & : X x [0, 1] — X with k(x,0) = x,
k(x, 1) = * for some * € X (independent of x). Let a chain map ¢ : CX — CX (where
CX is the singular chain complex of X) be defined on a singular simplex o : A" — X
by €e(0) = 0 forn > 0, and €(0) = * for n = 0 (identifying singular O-simplices with
points). We shall exhibit a chain homotopy

h:ldcxy ~ e,

which implies the statement (by considering what € induces on homology).
In effect, we may define, for o : A" — X,

h(o): A" > X

on barycentric coordinates by

3] tn

10, ..., 1 =k e,
oot ] KT 2

forO <) < 1,and

One sees that

dh(c) =0 — Z(—l)ih(a 0 9)
i=0
except for n = 0, where

dh(oc) =0 — %,

(identifying singular O-simplices with points). Thus, # is the required chain homotopy.
O

333 Lemma Leti; : X — X x [0, 1] be given by x — (x,t). Then there is a natural
chain homotopy h : C(19) =~ C(t1). Naturality means that for a continuous map f : X —
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Y, the following diagram commutes:

hll
Cn(X) > Crr1(X x [0, 1])

S (f x[0,1]) 3.3.1)
v i v
Ca(Y) > Cpp1 (Y x [0, 1]).

Proof We shall construct %, simultaneously for all topological spaces X by induction on
n. For n = 0, choose an affine map ¢ : Al — [0, 1] which sends (0, 1) — 0, (1,0) — 1.
Then for a singular O-simplex in X, which can be identified with a point x € X, let
h(x) = const, x t.
Now suppose %, is defined and natural in the sense of (3.3.1) (with n replaced by n — 1).
We will first define A(k,) where k, = Id : A" — A". Then for any singular n-simplex
o : A" — X for any topological space X, we have
0 = 0x(kn)-
Thus, to satisfy naturality (3.3.1), we can (and must) put
h(o) = ox(h(ky)).
Now to construct A = h(k,), we must solve the equation
d) + h(diy) = (L0)xkn — (L1)xkn,
or
dh = (10)xkn — (L1)xkn — h(dky). (3.3.2)

Let us verify that the right hand side of (3.3.2) is a cycle. We have

d((10)skn — (t1)skn — h(dKy)) =
(to)«drn — (t1)xkn — dhdky, = (3.3.3)
dhdk, — hddk, — dhdk, =0,

as required. Now for n > 0, the right hand side of (3.3.2) being a cycle, it is also a
boundary, since A" x [0, 1] is contractible, and thus,

H,(A" x[0,1) =0
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by Lemma 3.3.2. Thus, A exists, and the induction step is complete.

COMMENTS

1. The method used in this proof is known as the method of acyclic models. In [20], a
general categorical version of this method is treated.

2. The above proof demonstrates the difference between “natural” and “canonical”: The
homotopy constructed is natural in the sense of (3.3.1), but is by no means canonical,
in that we have no preferred choice for the class A in the induction step.

Now Theorem 3.3.1 follows from Lemma 3.3.3: A homotopy of pairs is a morphism
of pairs of the form k : (X x [0, 1], X2 x [0, 1]) — (Y7, Y2). The chain homotopy of
Lemma 3.3.3 gives a chain homotopy between the chain maps

(X1, X2) = (X1 x [0, 1], X2 x [0, 1])
given by
(x1, x2) = ((x1, 1), (x2, 1))
with ¢ = 0, 1. Compose this with
kit C((X1 x [0, 1], X2 x [0, 1)) = C(Y1, Y2),

and take homology.
Next, we prove the excision axiom.

3.3.4 Theorem Let Z and Y be subsets of a topological space X such that the closure of
Z in X is contained in the interior of Y in X. Then the inclusion of pairs (X~ Z,Y \Z) —
(X, Y) induces an isomorphism on singular homology.

First, we shall show how to deduce the theorem from Lemma 3.2.1.

Proof of Theorem 3.3.4 Let U = {Y, X ~ Z}. We have a diagram of chain complexes
where the rows are induced by inclusions, and exact:

0 = C(Y) = CU(X) > C(XNZ,Y~2) =~ 0

Id S S
\ \ \

0 > C(Y) > C(X) > C(X,Y) > 0.
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Apply homology, and then use Lemma 3.2.1 and the 5-lemma. O

The first step toward proving Lemma 3.2.1 is defining a natural barycentric subdivision
chain map

sd: CX - CX.
Let
o:{0,...,n} = {0,...,n} 3.3.4)
be a permutation. We will define a singular n-simplex
Ao o AT — A"
First define A4 as the affine map which has

1 1 1

Arg([1.0.....0] = ,
a(l =l e

)\‘1(1([011701"'10]:[01 ’ RO} ]1

n n n
)\‘1(1([0701“‘11]:[07“‘1071]1
Then define
e ([P0, ..., 1] = )\.]d([ta—l(o), R l‘a—l(n)])-

Finally, put, for a singular n-simplex o : A" — X,

sd(o) = Zsign(a)o oAy 3.3.5)

o

where the sum is over all permutations (3.3.4). To see that sd is a chain map, taking the
0’th face on the right hand side of (3.3.5) is sd(do’), the remaining terms cancel in pairs,
taking the (i — 1)’st resp. i ’th face for two permutations o, T o o where 7 is the 2-cycle
permutation (i — 1,17).

3.3.5 Lemma There exists a natural chain homotopy

h:sd>~lId.
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Proof We use the method of acyclic models. We have sdy = Idp, so we can put kg = 0.
Now suppose that h,_ is constructed. We shall construct

h (kn)

where k, = Id : A" — A". Then we can, again, represent any singular n-simplex
o : A" — X as oxky, and thus we can (and must) put

hn(0) = oxhy (k).
To find A = h,(k,), we have, again, the equation
d\ = sd(ky) — kn — hp—1(dky).
We find that the right hand side is a cycle in C,, X by a calculation identical to (3.3.3). Thus,
it is a boundary by Lemma 3.3.2. Thus, we can solve for A, completing the induction step.
O
Proof of Lemma 3.2.1 Consider the short exact sequence of chain complexes

0> CcUX)—> CcX)—> CcX)/CYX) — 0.

By the long exact sequence in homology, it suffices to show that the last term has homology
0. A cyclein C(X)/CM (X) is represented by a chain ¢ € C(X) such that

d(c) e CY(X). (3.3.6)

By the Lebesgue number theorem, however, there exists an n € N such that sd"(c) €
CY(X). Now by Lemma 3.3.5 (and induction), there exists a chain homotopy

k:sd" >~ 1d,
ie.
dk(c) +k(dc) = sd"(c) —c,
or

¢+ dk(c) = sd"(c) — k(dc).
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Observe that by (3.3.6), the right hand side is in CY(X). Thus,
c e Im(d) + CU(X),

or, in other words, ¢ is a boundary in C(X)/CM (X), as required. |

3.4 The Homology of Spheres
A good example of the use of the Eilenberg-Steenrod axioms is the proof of the following
3.4.1 Proposition For all k, n € Ny, we have
Hy(S™: A) = H¥(S™; A).
This group is isomorphicto A ® A ifk =n=0,t0 Aifk =n # 0, and to 0 otherwise.

The proof goes a lot easier if we introduce reduced (co)homology I-7,,(X ). For a non-
empty space X, the map € : X — x has aright inverse. One denotes

Hy(X; A) = Ker(Hy(e; A) : Hy(X; A) — A),
H"(X; A) = Coker(H"(¢; A) : A — H"(X; A)).
The existence of a right inverse to € gives isomorphisms
Ho(X; A) = Ho(X; A) @ A, HO(X; A) = H(X; A) @ 4,
and
Ho(X; A) = H,(X; A), H'(X; A) = H"(X; A) forn # 0.

There is no reduced homology or cohomology of pairs, but the exactness axiom has a
reduced analogue

v Hy (Y A) > Hy(X: A) — Hy(X,Y; A) — Hy_(Y; A) — ... (3.4.1)
and

coi—> HYX,Y: A) —> HY(X; A) — H"(Y: A) —» H""(X,Y; A) > ... .
(3.4.2)
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This can be proved directly from the Eilenberg-Steenrod axioms, but it is easier to
introduce the reduced singular chain complex

CX = Ker(Ce : CX — Cx).

This is a chain complex of free abelian groups, so we can extend this to the case of
coefficients and cochains using ?® A, Hom(?, A), and then observe that for a pair (X, Y)
of non-empty spaces, we have short exact sequences of chain complexes

0> C(Y;A)— C(X;A) > C(X,Y; A) =0
0— C*(X,Y; A) »> C*(X; A) > C*(Y; A) — 0.

Proof of Proposition 3.4.1 We prove the statement for homology with coefficients in Z.
The other cases are completely analogous. Observe that in terms of reduced homology,
the statement just says that H,SF is isomorphic to Z for k = n, and is 0 otherwise. This
will be proved by induction on n. For n = 0, it follows directly from the dimension
axiom and the observation that homology takes disjoint unions to direct sums. (By the
way, cohomology takes disjoint unions to products.) Now for n > 0, consider R" as a
subset of R"*! consisting of those points whose last coordinate is 0. Accordingly, §"~!
becomes a subset of S” of those points whose last coordinate is 0. Let also

St ={(x0,...,xy) € 8" | x, = 0}.
This space is homotopy equivalent to * (we say contractible), and thus
ﬁkS" =0

for all k. Now by the long exact sequence in reduced homology of the pair (5", S} ), we
get

Hi(S") = Hy(S", ).
Now denoting v = (0, ..., 0, 1), by excision, we have
Hi (8", 87) = Hi(8" ~ {v}, S~ {v)).

On the other hand, the pair $” ~\ {v} is contractible, so by the long exact sequence in
reduced homology of the pair (S \ {v}, § \ {v}), we have

Hi (8"~ {v), S~ (o) = Her (8™~ {v)).
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But the space S} \ {v} is homotopy equivalent to 5"=1, so our statement follows from the
induction hypothesis. O
3.5 Universal Coefficients and Kiinneth Theorem
Actually, homology or cohomology with any coefficients can be readily calculated from
the homology with coefficients in Z. More generally, let R be a principal ideal domain and
let C be a chain complex of R-modules. Then, recalling our notation Z, = Ker(d : C, —
Ci-1), B, =Im(d : Ch+1 — Cy), H, = H,C = Z,/B,, we have short exact sequences
00— B,—~7Z,— H,— 0, (3.5.1)

0—Z72,—C,— B,_1 — 0. (3.5.2)

Since R is a PID, submodules of free modules are free, so in particular B, and Z,, are free
R-modules, and the chain complex

Hp: By — Z,

(with Z,, setin degree 0 and B, in degree 1) is a projective resolution of H,,. Also, the short
exact sequence (3.5.2) splits. Denoting by s,, : B,—1 — C,, the splitting, the isomorphisms

C®sp:Z, ®By—1 — Cy
actually define an isomorphism of chain complexes

PH.n=c. (3.5.3)

nez

The isomorphism (3.5.3) then gives, for an R-module A, isomorphisms
H,(C ®g A) = (H,(C) ®r A) @ Tor{ (H,_1(C), A), (3.5.4)
H"(Homg(C, A) = Homg(H"(C), A) ® Ext}Q(Hn_l(C), A). (3.5.5)

Note that, if R is a field, the Tor; and Ext! terms, of course, vanish.
For R = 7Z and a topological space X, we get, in particular,

H,(X; A= H,X)®A) & Torlz(anl(X), A), (3.5.6)

H"(X; A) = Hom(H,(X), A) @ Ext}(H,_1(X), A). (3.5.7)
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These facts are referred to as the Universal coefficient theorem. One caveat emptor is that
the choice of the splittings was not canonical, and thus, the isomorphisms (3.5.4), (3.5.5),
(3.5.6), (3.5.7) are not canonical (and, as it turns out, not even natural). In (3.5.4), (3.5.5),
one observes carefully that there are in fact short exact sequences of the form

0 — Hy(C) ®r A — H,(C ® A) — TorR(H,—1(C), A) = 0 (3.5.8)

0— Ext}e(Hn,l(C), A) — H"(Hompg(C, A)) > Homp(H,(C), A) — 0,
(3.5.9)

which are independent of the splitting (and hence canonical and natural), and which split
(non-canonically) to give (3.5.4), (3.5.5). Let us see this for the case of (3.5.8) (the other
cases are analogous). To this end, the first map (3.5.8) follows simply from that fact that
forze Z,,ae A,z®aisacyclein C ®g A. To construct the second map, consider the
canonical map

¢:Cn®A—>Bn—l®RA

givenbyd ® A. If cisacyclein C @ A, then ¢ (c) becomes 0 when we apply the map

CQ®A:B,—1®r A — Cy—1 QR A.
But we claim that

CRA:Z,-1QrA—>C,—1QrA (3.5.10)
is injective. Thus, ¢ (c) vanishes when we apply

CQ®A:B, 1 QrA—> Z,_1®r A,
and thus defines an element in TorlR (Hy,—1(C), A), using the projective resolution H,,. To
see (3.5.10), apply (1) of Proposition 2.3.19 to the short exact sequence (3.5.2) (with n
replaced by n — 1) and the functor ? ® g A, recalling that since B;,_; is a free R-module,
we have Torf(B,_2, A) = 0.

Note that a completely similar discussion applies to (the totalization of) a tensor product

of chain complexes C ® g D assuming R is a PID and C, D are chain complexes of free
R-modules. We obtain an isomorphism

Hy(C®r D)= P Hi(C)®r H(D)® D Torf(Hi(C), Hy(D)),
k+t=n k+€=n—1
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with a canonical natural short exact sequence. This is known as the Kiinneth Theorem. For
example, for R = R (where, of course, the T or|-term goes away), (1.4.2) therefore gives
a homomorphism (sometimes called the cup product)

U: Hop(M) ®g HY g (M) — HER(M)

(and similarly with complex coefficients for complex manifolds M). Thinking of H}, 5 (M)
as a graded R-module, the properties of differential forms then easily imply that U turns
HZ; #(M) into a graded-commutative (associative unital) ring (in fact, R-algebra), which
means that for homogeneous elements x, y of degrees k, €,

xUy= (—l)kgy Ux.

(The U symbol is pretty but a bit slow, and is often omitted.)

This brings up a natural question as to whether a similar discussion also applies to
spaces, i.e. whether singular cohomology with coefficients in a commutative ring R has a
cup product, which would make it a graded-commutative R-algebra. The answer to both
questions turns out to be positive, the key observation being the Eilenberg-Zilber theorem,
which states that for spaces X, Y, we have a natural chain-homotopy equivalence

Y:C(XxY)~CX®CY,
unique in the category h Ab-Chain subject to the condition that it induces the canonical

identification in degree 0. (See Exercise 27.) A detailed discussion, again, can be found in
[20]. Letting A : X — X x X be the diagonal, i.e. A(x) = (x, x), we have a composition

cX A> C(X xX) 1//> CXQ®CX,
and various dualizations give chain maps
C"(X;7Z)® C*(X;Z) —> C*"(X; Z), (3.5.11)
C'"X;Z)®Ci(X;Z) — Ci(X; Z) (3.5.12)

(and similarly with coefficients in a commutative ring). Now for any two chain complexes
C, D, we have a canonical homomorphism

HC ® H D — Hy4+¢(C ® D)
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by taking the class represented by the tensor product of representative cycles of given
classes. Using this, (3.5.11) and (3.5.12) give homomorphisms

U: H"M:72) @ H' (M Z) — H*"'(M; 7),

N:HYM:7Z) ® H/(M;Z) — Hi_x(M; Z)
(and similarly with coefficients in any commutative ring). Then U makes H*(M; Z) into a
graded-commutative ring. Sign conventions on N vary, but it is possible to pick the signs

in such a way that H,(M; Z) becomes a left H*(M; 7Z)-module, i.e. that we have

@UB) Ny =an(@BNy). (3.5.13)

3.6 CW-Homology
Let
D" ={(x1,...,xn) € R" | Zx? <1}
Thus, $"~! ¢ D". A CW-complex is a topological space X which is a union of subspaces
=X 1CSXoCX1C...,
with the colimit topology, together with sets I, (called sets of n-cells) maps
fa i 8" X Ly > Xy

(called the attaching map) such that X, is the pushout of the diagram

sl x 1, > Xp_1

D" x I,.

A CW pair (X, Y) is defined in the same way, except that X_; =Y.

Note the similarity with the notion of cell chain complex of Sect.2.3.9. In addition to
moving from the category of chain complexes to the category of spaces, in a CW complex,
we require that “a cell be attached to cells of lower degrees only.” This requirement can
in fact be added to the notion of a cell chain complex to obtain a notion of a CW-chain
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complex. Conversely, the requirement can be dropped from the definition of a CW-complex
to obtain the notion of a cell space. These notions happen to be of lesser immediate
importance to our discussion. In a CW-complex X, the subspace X, is often referred to as
the n-skeleton.

COMMENT In fact, the analogy with chain complexes extends further. For a space X and a
pointx € X, we can define, forall n € N, , (X, x) as the set of based homotopy classes of
continuous maps S” — X which send a chosen base point to x. One proves that 7, (X, x)
are groups similarly as in the case n = 1 (see Sect. 5.5 of Chap. 3); in fact, these groups are
abelian for n > 2, and are called the homotopy groups of the space X. Unlike homology,
the calculation of homotopy groups of a given space is a difficult, and in general unsolved,
problem. They are, however, useful from a foundational point of view. To this end, it is
helpful to also introduce 7o (X), by which we mean the set of path-components of X, i.e.
equivalence classes of points x € X where x ~ y if there exists a path in X from x to y.
(This is a set without a natural group structure.) The groups 7, (X, x) and the set 7 (X)
have the expected functorialities.

Now one says that a continuous map f : X — Y is a weak equivalence when mo(f) is
a bijection and for all » € Nand all x € X,

T (f) 1 (X, x) = mu (Y, f(x))

is an isomorphism.

It turns out that analogously to the case of chain complexes, the category AT op with
respect to the subcategory E of weak equivalences has colocalization in the class B
consisting of all CW-complexes. This is sometimes referred to as the Whitehead Theorem.
The proof is not necessarily harder than in the case of chain complexes, but it involves
methods of homotopy theory of spaces. Details can be found in [13]. Thus, a derived
category DTop = DhTop in the sense of Sect.2.1 exists. It is known as the derived
category of spaces. Weak equivalences can be proved to induce isomorphisms on singular
homology and cohomology, which can therefore be considered as functors on DT op.

3.6.1 Example The space (P{)an consisting of closed points of Pf. with the analytic
topology is, in the context of topology, often denoted by CP”". It is, as remarked in
Example 1.1.2, canonically a complex manifold. We will now also give it the structure
of a CW-complex. Indeed, CP" is identified with the set of complex lines through the
origin in the vector space C"*! (which is a linear algebra name for Afé“). It is actually
useful to mention another concept here which is important in algebraic topology: We have
an obvious projection p, : C"*! < {0} — CP" by

(zo,...zn) = lzo: -t zul,

and given the induced topology on C"*! < {0} from C"*!, the topology on CP”" is the
universal topology which makes the projection p, continuous. This is called the quotient
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topology. In general, for a topological space X (not necessarily Hausdorff) and any map
f X — Y where Y is a set, the quotient topology has U C Y open if and only if
f~1(U) € X is open. The quotient topology is useful in defining colimits. For example,
the pushout of a diagram of topological spaces

can be constructed as the quotient of ¥ LI Z under the smallest equivalence relation ~
which has f(x) ~ g(x) for all x € X, with the quotient topology.
Now using the usual embedding C" c C"*+! by

(Zla-'-azn)'_) (Zla'-'vznao)a

we obtain a continuous embedding CP"~! ¢ CP". We claim that we can take C P¥ to be
the 2k-skeleton of CP" with 0 < k < n, and no odd-dimensional cells. To this end, by
induction on 1, we just need to show how CP”" is obtained from CP"~! by attaching a
single 2n-cell. To this end, consider the space

Py ={(z0,--,z) €C Y P = 1)

with the induced topology from C"*!. (Of course, P, = S$*'*!)) Then consider the
subspace

Then we have P,_; C @, and in fact the pair (Q,, P,—1) is homeomorphic to
(D, §2n—1y, Letting f;, : Po—1 — CP"! be the obvious projection

(x0, .., Xp—1,0) > [x0 -+ 1 xp—1],

we then obtain a canonical homomorphism from the pushout of the diagram of topological
spaces

P - cpr!

On
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to CP", which is bijective, and hence by Theorem 2.1.2 of Chap. 2, is a homeomorphism.

Similarly, one can show that the real projective space R P" of lines through the origin in
R"*+! with the quotient topology from R”*! < {0} is a CW-complex with one cell in each
dimension 0 < k < n, with skeleta RP¥. The pair (Q,, P,—1) is replaced by (S, S"il).
This is a good example in algebraic topology. We should note however that RP”" is, in
our discussion so far, “not an object of algebraic geometry” in the sense that it is the set
of closed points of Pp, of residue field R only; the variety P also has closed points with
residue field C, and from our point of view should therefore be regarded as CP" with
Gal(C/R)-action by complex conjugation.

3.6.2Lemma Let X be a CW-complex. Then for n > 0, the group Hp(X,, X,—1) is
canonically isomorphic to the free abelian group ZI,, when k = n, and to 0 otherwise.

Proof Let
D' =D"~ {0}, B"=D"~S""!, B"=D"~ §""1.
Let X, , be the pushout of the diagram

fa
N A = X1

C
\

D! x I,.

The pair (X, X,—1) is homotopy equivalent to the pair (X,, X, ,) whose homology is,
by excision, isomorphic to the homology of the pair

[ [B". BY.

I

But the pair (B", B") is homotopy equivalent to the pair (D", $"~!), whose homology
was calculated in our proof of Proposition 3.4.1. O

Now define, for a CW-complex X, the chain complex C¢W X where
CEVX =71,

and using the identification of Lemma 3.6.2, the differential d¢% = dnc W is the
composition

Hy (X, anl) - anl(anl) — Hy 1 (Xy—1, Xn72) (361)
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which is the composition of the maps involved in the long exact sequences in homology of
the pairs (X, X,,—1), (Xn—1, Xn—2). Note that the composition of two consecutive maps
(3.6.1) contains a composition of two consecutive maps in the long exact sequence in
homology of the pair (X,,—1, X,—2), and thus is 0. We denote

HEY (X) = H, (€ X),

and call this the CW-homology of X. CW homology with coefficients and cohomol-
ogy is defined analogously, using the chain complexes CEW (X; A) = CVX ® A,
CéW(X; A) = Hom(CW X, A) (which also satisfy a version of Lemma 3.6.2). Similarly,
we also have CW-homology and cohomology of CW pairs. Now the central fact about
CW homology and cohomology is that it is, in fact, the same as singular homology and
cohomology.

3.6.3 Theorem For a CW-complex X, we have canonical isomorphisms
Hy(X; A) = HEV(X: A), H'(X: A) = Hlyy (X5 A),
and similarly for CW-pairs.

This fact can be proved directly, but instead, we shall deduce it in the next subsection as
an easy application of the concept of a spectral sequence, which is useful more generally
in the context of (co)homology.

Meanwhile, to use Theorem 3.6.3 to compute (co)homology, we need an approach to
calculating

acl . zr, — 71,_.

This can be considered as an “I,,_1 x I,-matrix,” which can be called the incidence matrix.
Of course, these sets can be infinite, but only finitely many entries in each column can be
non-zero. To the (i, j)-entry withi € I,,_1, j € I,, we note that it is, in fact, induced in
homology by a map

¢ s > gl (3.6.2)
which is the composition
SV Xyl = Xp_1/Xp_n — D"lysm2 = gl
where the first map is the restriction of the attaching map f, to S"~! x {j}, X/Y is

obtained from X by identifying all the points of ¥ (and taking the quotient topology),
the penultimate map projects onto the i’th cell modulo its boundary, collapsing all the
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other (n — 1)-cells to the base point, and the last homeomorphism is chosen arbitrarily, but
the same for all pairs (i, j) € I,—1 x I,. Thus, we just need to compute what a map (3.6.2)
induces in (n — 1)’st homology.

Before tackling that question, let us mention a little detail: note that this method is only
correct for n > 1. For n = 1, we note that we have a canonical bijection Iy = X, and
the j’th column of the incidence matrix simply has 1 in the fi(1, j) th row, and —1 in the
f1(—1, j)’th row.

To find out what a map ¢ : S — S™ induces in m’th homology for m > 0 (this is
called the degree deg(¢) € Z of the map ¢, it is useful to identify S = R” U {oo} (thus
determining the topology on the target) via the projection from the point (0, ...0, 1) to
R™ Cc R™ e,

X0 Xm—1
(X0, -y xm) = ( LT (3.6.3)
1 —xp, 1 —xn,
which has inverse
(t1y s tm—1) >
21 2m—1 g4+l —1
Lid 42 0 g+ i 42 )

Now every map

¢ :R" U {oco} — R™ U {00} (3.6.4)

is homotopic to one which sends co +— oo and has a regular value which means a point
y € R™ such that ¢~ (y) is finite, and for all x € ¢! (y) there exists an openset U > x
such that ¢|U is smooth and det (D¢|y) # 0. Then one can show that

deg(¢) = Z sign(det(Doly)). (3.6.5)
yep~l(x)

Details can be found in [16].

3.6.4 Example 3.6.1 Continued
We see that the cell chain complex C¢" C P” with the CW-structure we described is of the
form

7Z7—-0—->%72—---—>7Z—>0—>17,

and thus, there is no possibility of differentials. Thus, we can conclude that Hy(CP") = Z
for 0 < k < 2n even, and O else.
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In contrast, for RP", the cell chain complex is of the form
7Z—>7Z— - —1—17,
and thus, we must compute the differentials using the degree formula. The attaching map
gn=1 _, Sf’[l/S"’z

sends (x1,...,x,) > (x1,...,x,) forx, > 0,and (x1,...,x,) = (—x1,..., —x;) for
xpn < 0 (note that when x, = 0, the point goes to the base point). Conjugating the map

(-xla-'-a-x}’l)}_)(_xla-'-a_xn)
by (3.6.3), we get the map
—N —th—1
(tlf"'7tn71)H(2 2 90t 2 " 2 )7
e R o S e R o S

whose Jacobi matrix is the 1/ (tl2 + -4 t,f_l)z—multiple of
4y D + 200 ) ).

Thus, it has one eigenvalue 1/(t12+- . -—i—t,f_l) and m —2 eigenvalues — 1/(t12 +-- ~+t3_1)2,
so its determinant is positive when # is even and negative when # is odd.

Choosing any point y € R*1 {0} as a regular value, we therefore see that o1y
has two elements, and that the two summands (3.6.5) have the same signs when 7 is even
and opposite signs when 7 is odd. Thus, C¢% (R P") is of the form

2 0
Z > ... >Z >Z >Za (3.66)

thereby showing that Hy(RP") is Z when k = O or k = n odd, Z/2 when 0 < k < n
odd, and 0 otherwise. It is also worth noting that for cohomology, the arrows (3.6.6) are
reversed, so H"(RP"; Z)is Z whenk = Qor k = n odd, Z/2 when 0 < k < n even, and
0 otherwise. Alternately, we can also see that by the universal coefficient theorem for the
last statement.

It can be shown that every complete algebraic variety over C with the analytic topology
has a structure of a finite CW-complex (meaning with finitely many cells), and any
algebraic variety over C is homotopy equivalent to a finite CW-complex, so at least
theoretically, CW-homology can be used to calculate singular homology and cohomology.
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3.7 Spectral Sequences

Spectral sequences are perhaps the most advanced tool of homological algebra. There is
a homological and cohomological version of the concept of a spectral sequence, which
differ by interchanging subscripts and superscripts, and reversing the signs of all gradings.
We will mostly discuss the homological spectral sequence version in this subsection, only
pointing out in a few places what the cohomological situation looks like, for the sake of
familiarity of notation.

A homological exact couple consists of Z-graded abelian groups (or more generally,
objects of an abelian category) D, E, together with graded homomorphisms which form a
long exact sequence,

\ / (3.7.1)
k j

where i, j are of degree 0, and k is of degree —1. Also, note that E then becomes a chain
complex with the differential

d=jok.

The main point of this concept is that we can define a derived exact couple

D’ > D’

\ / (3.7.2)
kK j

E/
where D' = Im(i), E' = H.(E, d) where the homomorphisms i’, k" are just induced
from the homomorphisms i, k, while j’ is “induced by j o i ~'” More precisely, for the
definition of j’, one observes that, (using exactness), one also has
E’:k_llm(i)/j(Ker(i)). (3.7.3)

Using the short exact sequence

0— Ker(i) > D — Im(i) — 0,
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the morphism j : D — E then induces a morphism D — E’ which becomes 0 when
composed with the inclusion Ker(i) C D, and thus induces a morphism j' : Im(i) — E’.
The fact that (3.7.2) is again an exact couple is readily verified by hand. (Exercise 28.)

In fact, by induction, one can show that when iterating this procedure, the m’th derived
exact couple

(m)

D™ ~ Dm
Em)

can also be described directly: One has
D™ = Im(@i™), (3.7.4)
E™ =k~ Um@™)/j(Ker(i™)), (3.7.5)

the morphisms i m) k) are induced from i, k, and the morphism j M) is “induced by
j oi7™” in precisely the same sense as for m = 1 (Exercise 29).

Terminology varies somewhat, but for our purposes, we can say that a homological
spectral sequence arises from a sequence of exact couples

i’

D’ > D"
\ / (3.7.6)
kr jr
Er

r > 1, where the exact couple (3.7.6) for r 4 1 is the derived exact couple of the exact
couple (3.7.6) for . Additionally, usually, these exact couples are in fact bigraded by pairs
of integers (p, g) whose total degree p + q is the degree mentioned in the definition of
an exact couple, p is referred to as the filtration degree and q is called the complementary
degree.In (3.7.6),i", j", k" are bigraded homomorphisms where i" has bidegree (1, —1),
j© has bidegree (1 — r,r — 1) and k has bidegree (—1, 0). (Note that if the bidegree
convention holds for a given r, it also holds for all the successively derived exact couples.)

Typically, we are using the spectral sequence to gain information about D!, while
(E', d") (and therefore, usually, £ 2y are known. A homological spectral sequence is then
a system of abelian groups (or objects of an abelian category)

E reN, pgqeZ

r
p.q’
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and differentials

r . r r r r __
d ‘Ep,q_>Ep—r,q+r—l’ d od =0

where
EtY = H(E", d").

We say that the spectral sequence converges if for every pair of integers (p, ¢g), there exists
an N such that for r > N, the differential d” is 0 on E;’ 7 Then the expression

oo : r
Epg= Collm E, 4

makes sense. This happens for example when for each given total degree, the sequence

i i i

> Dp,q > Dp+1,q,1 > ... (3.7.7)
satisfies the Mittag-Leffler condition. If this condition holds, we have
E® = (k™" (" ImG™)/(i | Ker(")). (3.7.8)
n n

As already mentioned, in a cohomological spectral sequence the indexing is reversed,
so we have abelian groups (or objects of an abelian category)

EP? reN, pgel
and differentials
dp : B — A
with
Er1 = H(E,, dy).
The definition and criterion of convergence are completely symmetrical.

3.7.1 The Spectral Sequence of a Filtered Chain Complex
An increasing filtration on a chain complex C is a sequence of inclusions

S CFCC FpCC...
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of subcomplexes of C. We shall call an increasing filtration convergent if for every n € Z,
there exists an N € Z such that FyC, = 0, and if Up F,C = C. The associated graded
chain complex of an increasing filtration is

E'C =P F.C/F, i C.

nez

A decreasing filtration is a sequence of subcomplexes (F"C) where (F,C) = (F7"C)
is an increasing filtration. Under this correspondence, the convergence condition on
decreasing and increasing filtrations are the same, and for a decreasing filtration, the
associated graded chain complex is

E«C =@ Frc/Fic.

nez

With a filtration of a chain complex, there is an associated spectral sequence, which
is usually written homologically when the filtration is understood as increasing and
cohomologically when the filtration is understood as decreasing. We shall treat the
homological case (both cases are equivalent).

The spectral sequence of an increasing filtration F,C on a chain complex C has

1
Dp,q = p+q(FpC),
Ella,q =Hp1q(FpC/Fp_10),

and the homomorphisms i!, j!, k! are the homomorphisms in the long exact sequence in
homology associated with the short exact sequence of chain complexes

0—F, 1C— Fy,C— F,C/F, 1C — 0.

From (3.7.8), we then obtain (with the understanding that all unlabeled arrows are the
canonical homomorphisms):

EX, =k 0)pq/i(Ker(HpigFyC — HpyC)) =
J(HpqFpC)/j(Ker(Hp1qFpyC — HpyC)) =
HpigFpC/(Ker(HpiqFpC — HpyqC) + Im(HpgFp—1C — Hpy1 FC))
= Im(Hp4qFpC — HpC)/Im(HpsgFp—1C — HpyyC).

In other words, if we introduce a filtration

FpHpiqC = Im(Hp4qFyC — HpiyC),
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then this filtration is convergent (by commutation of homology with colimits of a
sequence) and

0
EX, = E Hpy,C.

In general, if we have a convergent spectral sequence and a Z-graded abelian group G with
an increasing filtration (¥, G) such that

oo __ 0
Ep,q = (E Gerq)p,
we write
-
Ep,q = Gp+qs

and say that the spectral sequence E ;, g converges to G (with the understanding that the
associated graded object is “the best information we can get from a spectral sequence,” at
least without further input). Thus, in the case of the spectral sequence associated with a
convergent filtration on a chain complex C, we can write

E[IJ,q = Hpyq(FpC/Fp_1C) = Hpi4C. (3.7.9)

Again, the discussion for convergent decreasing filtrations is entirely equivalent, and in
that case one usually writes the spectral sequence cohomologically, and C as a cochain
complex, so one has

Ef’q = HPTI(FPC/FPTIC) = HPYIC. (3.7.10)

3.7.2 Proof of Theorem 3.6.3
We prove the statement for homology with coefficients in Z. For a CW complex X, let

F,CX = C(X,)

be the singular chain complex of the p-skeleton. Now apply (3.7.9). By Lemma 3.6.2, we
have

2 _ cw —
Ep’q_Hp (X) forg =0
and

2
Ey; ,=0forg #0.
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Thus, all differentials d” with » > 1 have either source or target 0, and hence are 0, and
we have

2 _ oo
EPJI - EPJI’

but also the associated graded group of the convergent filtration on H, X has only one non-
trivial term in filtration degree p = n, which is therefore canonically isomorphic to H, X.
The statement follows.

For homology with coefficients, the proof is the same. For cohomology, the decreasing
filtration on C*X is

FPC*(X; A) = Ker(C*(X; A) — C*(X,_1; A))

(where the arrow is induced by inclusion). Alternately, one can also deduce this case from
the universal coefficient theorem, but one must be careful about functoriality. O

We shall now give the example of the Grothendieck spectral sequence, which is possibly
the one most used in algebraic geometry. We will state it here for right derived functors,
because it is often used in the context of sheaves, which have enough injectives. However,
a precisely symmetrical statement holds for left derived functors.

3.7.3 Theorem (The Grothendieck Spectral Sequence) Let F: A — B, G:B — C
be additive functors between abelian categories, where A and B have enough injectives.
Suppose further that for every injective object Q € Obj(A), F(Q) is G-local. Then for
every object A € Obj(A), there exists a convergent cohomological spectral sequence

ED? = RPG o RIF(A) = RP*(G o F)(A). (3.7.11)

Proof Let Q be an injective resolution of A, and let C(”) = F(Q. Assuming we have
constructed H, C m) — 0 forn > —m, we have an embedding

H*Cm — [m) (3.7.12)

where 1 is a complex of injectives with 1,5’”) = 0 forn > 0. Now (3.7.12) extends to a
graded homomorphism

fn s C = [
which is then necessarily a chain map. Let

Cmt) = Cful-1]
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be the mapping co-cone. We have H,C"*!D = 0 forn > —m — 1 by Theorem 2.3.7.
From (2.3.5), we obtain an inverse sequence

.CP 5 cO (3.7.13)
and we let C be its limit. Note then that the canonical chain map C — C® is an
isomorphism in degrees > —n, and thus the Mittag-Leffler condition is satisfied both for
(3.7.13) and its homology, and hence

H,C = lim H,C™ = 0.

Note that by construction, we also have a short exact sequence of chain complexes

0—->1—->C— FQ—0.

This gives a quasiisomorphism

FQ > I[1]. (3.7.14)

By the assumption on F, and by Proposition 2.3.21, FQ and [ are both G-local, so
applying G to (3.7.14) induces a quasiisomorphism

~

GFQ > GI[1]. (3.7.15)
Now the short exact sequences
0> FP(I)>1—C?P >0

give a decreasing filtration on I by chain complexes which are again G-local by
Proposition 2.3.21. Then

H'"GI[1] = R"(G o F)(A)
by (3.7.15), while
H*EoI[1] = EoI[1]

with the differential given by the connecting maps is a direct sum of injective resolutions
of R1F(A), g > 0, and thus the E»-term of the spectral sequence associated with the
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decreasing filtration (G F” I[1]) of the chain complex GI[1]is R’ G o R?F (A). Thus, our
statement follows from the result of Sect. 3.7.1. O

3.7.4 Corollary (The Leray Spectral Sequence) Ler f : X — Y be a continuous map
of topological spaces and let F be a sheaf on X. Then we have a convergent spectral
sequence

H? (Y, R? f.(F)) = HPTI(X, F). (3.7.16)

Note that the homology (in the category of abelian sheaves) of a chain complex of
abelian sheaves is calculated by taking its homology on sections, and then sheafifying.
Thus, RY f,.(F) is the sheaf associated with the presheaf on Y given by

U HI(f(U).i*F)

where i : f~1(U) — X is the inclusion.
Proof Apply Theorem 3.7.3 with F = f,, G = I" (global sections). This is possible, since
[« clearly preserves flasque sheaves. O
3.8 Singular Cohomology vs. Sheaf Cohomology
A topological space X is called locally contractible if for every x € X and every open
set U > x, there exists an open subset V € U with x € V such that V is contractible.
For example, it is easy to see that all smooth manifolds, as well as all CW complexes, are

locally contractible.

3.8.1 Theorem Let X be a locally contractible Hausdorff topological space. Then for an
abelian group A, there is a canonical isomorphism

H"(X; A) = H"(X, A)

(where the left hand side denotes singular cohomology and the right hand side denotes
sheaf cohomology with constant coefficients).

Proof Suppose X is locally contractible. Consider the cochain complex C on X associated
to the cochain complex of presheaves

U C*"(U; A)
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for U C X open. Then, by construction, C is a cochain complex of flasque presheaves,
and by the assumption that X is locally contractible, the canonical morphism of cochain
complexes of abelian sheaves

A—C

is a quasiisomorphism. In other words, C is a flasque resolution of A. On the other hand,
the cohomology of the cochain complex of abelian groups I'C is the singular cohomology
H*(X; A) by Lemma 3.2.1. (We can pass from homology to cohomology using the
Universal Coefficient Theorem). Thus, our statement follows. O

Theorem 3.8.1 together with Theorem 2.5.10 imply that for a smooth manifold M, we
have

Hpyx(M) = H"(M; R) (3.8.1)
and similarly for a complex manifold M,

H}r(M; C) = H"(M; C), (3.8.2)
where the right hand sides denote singular cohomology. This is the de Rham Theorem.
There is a more direct approach to that result. Consider some n-simplex K C R” and a
linear homeomorphism

é=d¢r: K — AF
(where AX is the standard k-simplex (3.1.1)). For a smooth manifold M and a smooth
singular simplex o : A — M (i.e. one which extends to a smooth map on an open
neighborhood), let @ be a k-form on M. Then we have

(cod)*w=nhdx; A---ANdx,

for some smooth function on K. We can define a bilinear pairing

(w, o) =/ hdxy ...dx,. (3.8.3)
K

By the substitution theorem for multivariable integrals, this depends on the choice of
the linear homeomorphism ¢ only up to sign (note that the substitution theorem for k-
dimensional integrals on subsets of R involves the absolute value of the determinant of
the Jacobian matrix). Now obviously, (3.8.3) extends uniquely to an R-bilinear pairing

Qf (M) ®g C;"(M) — R (3.8.4)
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were C}™ (M) denotes the free abelian group on smooth singular k-simplices in M. The
formula (3.1.3) defines a differential

d:C{"(M) — C{™ (M),

making C*"(M) C CM a chain subcomplex, and one can prove that this inclusion of
chain complexes is a quasiisomorphism.

Additionally, the Stokes theorem states that with an appropriate choice of the maps ¢x,
the signs work out so that (3.8.4) induces a chain map

Qf(M) — Hom(C{™(M),R) (3.8.5)

(for example, ¢, can be chosen to be the projection to the last k coordinates). One can then
prove directly that (3.8.5) is a quasiisomorphism, and it is easy to check that it coincides
with the isomorphism obtained by Theorems 3.8.1 and 2.5.10.

By applying ?®p C, this entire discussion is also valid with complex coefficients, which
is relevant to the case of complex manifolds.

3.8.2 Sheaves Do Not Have Enough Projectives

We can now show that the category of abelian sheaves on a space X sometimes (perhaps
typically) does not have enough projectives. The point is that there is such a thing as a free
sheaf, which is a direct sum of sheaves of the form ;iZ where j : U — X is the inclusion
of an open subset (with possibly varying U). By definition, for every abelian sheaf S on
X, there is a surjection

F—>S8—->0 (3.8.6)

where F is a free sheaf.

Now let, for example, X = R2. If S were projective, then the morphism (3.8.6) would
have to split, i.e. have a right inverse. This means that for every x € X, Sy is a direct
summand of the free abelian group F,. Suppose

Sy #0.

Then S, has a direct summand isomorphic to Z, let it be generated by an element u. Then
u comes from a section s on an open set U > x, and thus, denoting by j : U — X the
inclusion, Z generated by s is a direct summand of j*S. However, the constant sheaf Z
on U cannot be projective, since then, by Theorem 3.8.1, every subset of U would have 0
singular cohomology in degrees > 0 (since sheaf cohomology is computed as morphisms
from Z in the derived category of abelian sheaves). We see that for X = R?, this fails to
hold for any non-empty open subset U, which is a contradiction.
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Exercises

On the smooth manifold R” . {(0, ..., 0)T}, consider the (n — 1)-form

"o S (=Dkxgdxy A Adxg—y Adxggr A Adxy
(x%+~-~+x,%)"/2 '

(a) Prove that dw = 0.
(b) Is there a differential form 7 such that dn = »? [Integrate @ over the unit sphere,
more precisely a smooth singular chain complex triangulating it.]

. A differential form w on a smooth manifold M is said to have compact support if

there exists a compact subset K € M such that |y x= 0. Using the de Rham
differential, forms with compact support make a cochain subcomplex Q¥*M C Q*M.
Its cohomology is called de Rham cohomology with compact support and denoted by
Hf)R,c(M)~ Prove that HSR’C(R”) = R form = n and O for m # n. [Integrate over
R" to geta map Hpp (R") — R which is easily seen to be onto. Use induction on n
and Fubini’s theorem to show this is the only cohomology we get.]

. Noting that Q% (U) is covariantly functorial in inclusions of open submanifolds, (while

Q*(U) is, of course, contravariantly functorial), observe that for open submanifolds
U, V of a smooth manifold M, there are short exact sequences

00— QLUNV) > QW) Q(V) > QU UV) - 0,
0— QUUV) = Q*U)® Q" (V) > QU NV)— 0.

Write down the corresponding long exact sequences in cohomology. These are the
Mayer-Vietoris sequences in de Rham cohomology. (There are some sign choices.
If, for example, we take the R-vector space homomorphisms induced by inclusions
UNYV C U,V, then we need to reverse the sign of the homomorphism induced by
one of the inclusions U, V C U UV.)

. Let M be a compact smooth (real) n-manifold. An orientation form (if one exists)

is an n-form @ on M which is not zero at any point. Two orientation forms w, n

are considered equivalent if @ = hn for a nowhere zero smooth function 4. An

equivalence class of orientation forms is called an orientation. A smooth n-manifold
which has an orientation is called orientable. When an orientation is chosen we say
that M is oriented.

(a) Prove that an orientable connected smooth manifold has precisely two orienta-
tions. Give an example of a smooth manifold which is not orientable.

(b) Prove thatif M is an oriented connected smooth n-manifold, then H}, ReM) = R.
[Use induction to prove it for a union of finitely many coordinate neighborhood,
then use a colimit argument. For the induction step, use the long exact sequence in
cohomology associated with the first short exact sequence of Exercise 3. Observe
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that on an open subset of R”, we have a canonical orientation form dx; A- - - Adx,
from which, at each point x, our given orientation form differs by a non-zero
scalar multiple which A (x). Further, the sign of #(x) cannot change signs by the
intermediate value theorem.]

(c) Observe that for an oriented smooth n-manifold M, we have a canonical chain
map

Qi(M) — R[—n],

given in degree n, on a coordinate neighborhood by integration, with coordinates
chosen so that dxj A - - - Adx,, is equivalent to the pullback of the orientation form
(and extended, say, by partition of unity).
(d) Observe that every complex smooth manifold has a canonical orientation. [If z; =
X1 +iy1,...2n = Xn + iy, is a complex basis of the dual of the tangent space,
then dx; Ady; A --- Adx, A dy, is well defined up to positive scalar multiple.]
5. Observe that for any smooth n-manifold M, the exterior product gives a homomor-
phism of cochain complexes

QY (M) ® Q*(M) — Q*(M).

When M is oriented and connected, by composing with the chain map constructed in
Exercise 4 (c), we obtain a canonical chain map

Q" (M) ® QM) — R[—n],
which can by reinterpreted by adjunction as
Q*(M) - Hompr(Q2:(M), R)[—n].

Prove that this chain map is a quasiisomorphism. [Show that this chain map is
compatible with the Mayer-Vietoris exact sequences of Exercise 3. Then prove the
quasiisomorphism on a coordinate neighborhood, use induction to extend it to a union
of finitely many coordinate neighborhoods, and finally a limit argument. Be mindful
of tricky signs throughout. Also, note that an intersection of coordinate neighborhoods
does not have to be homeomorphic to R”. Probably the easiest way to get around this
is to prove the statement for open subsets of R" first by induction for unions of k
convex open subsets, and a colimit argument.] Conclude that for a connected smooth
n-manifold M, we have an isomorphism

Hjyr(M) = Homg(H}yg' (M), R).

This is Poincaré duality for DeRham cohomology.
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6. Prove the uniqueness of a derived category.

7. Prove that the kernel and cokernel of a morphism f in Diagram (2.2.1) with rows
exact are 0.

8. Prove directly that the chain maps (2.3.1) are quasiisomorphisms.

9. Complete the proof of Theorem 2.3.7.

10. Prove the 5-lemma (Lemma 2.3.8).

11. Prove Lemma 2.3.13.

12. For a commutative ring R, an R-module M is called flat when tensoring with M over
R is an exact functor. Prove that the following are equivalent

(i) M is flat
(ii) For every R-module N, Torf(M, N) = 0fori > 0
(iii) For any fixed R-module N, if Fy denotes the functor of tensoring with N over
R, then M is Fj-colocal.

13. Prove that if M is a flat R-module, S C R a multiplicative set (i.e. a set closed under
multiplication which contains 1 and does not contain 0) then S™!M = S~!R @ M
is flat.

14. Prove that cdz(Q) = 1 (and thus, is not equal to the supremum of cd(N) with N € Q
finitely generated Z-modules).

15. Let R — S be a morphism of commutative rings and let M be an S-module. Prove
that

cdrp(M) < cds(M) + cdg(S).

16. Let R = Z[x1, ..., x,]. Consider the R-modules Z, Z/ p where x; act by 0. Compute
E)ct}'e (Z,7Z) and E)ct}'e (Z/ p, Z,/ p) together with the product given by composition in
the derived category DR.

17. Using the result of Exercise 16, prove (2.6.8) in the proof of Lemma 2.6.5.

18. Prove that the ring S™' R of Exercise 38 of Chap. 1, under the assumption of (c), has
infinite cohomological dimension of S~! R, while its localization at every prime ideal
is regular (and thus, by our definition from Sect. 3.5 of Chap. 1, S~ R is regular).

19. Prove that the localization S™'R at a multiplicative set (containing 1 and not
containing 0) of a regular local ring is regular. Then prove the analogous statement
after dropping the word “local.”

20. Let R be a regular ring and let M be a finitely generated R-module. Prove that M has
a resolution of the form

P,—>P,_1—> =P

where P; are finitely generated projective R-modules. [Letting Py be a finitely
generated free R-module mapping onto R, let Ky be the kernel. K¢ is finitely
generated since R is Noetherian. If K; is a finitely generated R-module, let P; be
a finitely generated free R-module mapping onto K;, and let K; 1 be the kernel. We
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21.

22.

23.

24.

25.

need to prove that some K, is projective for some n. To this end, by Lemma 2.2.4 of
Chap. 4, it suffices to prove that M, has a finite free resolution of uniformly bounded
length over R, for any prime p of R. This is true for each prime individually, and
if we have such a resolution for a given prime p, a resolution also exists in its open
neighborhood, i.e. over R[a~'] for some a ¢ p. Then use the quasicompactness of an
affine scheme.]

Let R be a regular ring. Recalling the concepts of Sects.2.1 and 2.2 of Chap.4,
construct a homomorphism ¢ : G(R) — K(R) by sending a finitely generated
module M to

DDA
i=0

where P; are the projective modules in the resolution constructed in Exercise 20.
Prove that this gives a well-defined homomorphism which is inverse to the canonical
homomorphism ¢ : K(R) — G(R) given by sending a finitely generated projective
module to itself. [To show that the map ¢ is well-defined, i.e. independent of the
resolution, first reduce to the case when we have a term-wise epimorphism of finite
projective resolutions of the same module. Then the kernel is a finite projective
resolution of 0, and splits as a direct sum of isomorphisms.]

Using Exercise 27 of Chap. 4, prove that every coherent sheaf on a Noetherian regular
scheme has a resolution by finitely many locally free sheaves. Using this, extend the
result of Exercise 21 to regular Noetherian schemes.

Prove that if R is a Noetherian ring and G(R) = 0 then G(R[x]) = 0. [On a finitely
generated R[x]-module M, consider the filtration M 2> xM 2 XM D ... Using
the fact that R is Noetherian, conclude that the class [M] € G(R[x]) is the sum of a
class [N ®g R[x]] for an R-module N and a class of an R[x]-module on which x acts
nilpotently, hence, without loss of generality, trivially.]

Prove that every finitely generated projective k[x1, ..., x,]-module P is stably free
which means that there exists a finitely generated free module F such that P @ F is
free. [Prove that this is true for any ring R which satisfies K(R) = 0. (In fact, both
properties are equivalent.) Then use Exercises 23, 21.]

(Quillen and Suslin) Prove that for a field k, every finitely generated projective

k[x1, ..., xy]-module is free. Therefore, every algebraic vector bundle over AZ is
trivial. The following proof is due to Vaserstein. Let R be an integral domain. A
column vector (fi, ..., fn)T € R" is called unimodular if (fi1, ..., fu) is the unit

ideal in R. We say that R has the unimodular extension property if every unimodular

vector over R is the column of an invertible matrix over R.

(a) Prove thatif R is a commutative ring which has the unimodular extension property
such that every finitely generated R-module is stably free, then every finitely
generated projective R-module is free. Thus, it suffices to prove that k[x1, ..., x,]
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has the unimodular extension property. [It suffices to prove that if P & R is free
then P is free.]

(b) (Horrocks) Let R be a local ring. Then every unimodular vector v over R[x]
whose one coordinate is a monic polynomial is a column of an invertible matrix.

[Let (f1,..., fn)T be a unimodular vector and let, say, f; be monic of degree d.
Proceed by induction on d. Use the Euclidean algorithm to reduce to the case
where f>,..., f;, have degree < d. Without loss of generality, say, f> has a

coefficient which is a unit in R. Using the method of the Buchberger algorithm,
show that some linear combination of fj, f> is a monic polynomial of degree
<d.]

(c) Let R be an integral domain and let v(x) be a unimodular vector in R[x] which
has a monic coordinate. Then v(x) is equivalent to v(0) over R[x], meaning that
there exists an invertible matrix A over R[x] with Av(x) = v(0). [Let J be the set
of all x € R such that v(x + cy) is equivalent to v(x) over R[x, y]. Prove that J is
an ideal which is not contained in any prime ideal and thus is the unit ideal. From
there, v(x + y) is equivalent to v(x), hence v(y) is equivalent to v(0). To show
that J is not contained in a prime p, we have v(x) = M (x)v(0) for an invertible
matrix M over R,. Let G(x, y) = MO)Mx+y)~!, s0oGx, y)v(x+y) = v(x).
Then G(x, 0) is the identity matrix, so G is congruent to the identity modulo y.
Thus, for some ¢ ¢ p, G(x, cy) has coefficients in R.]

(d) Let v be a unimodular vector in k[x1, ..., x,]. By (c), we can use induction on 7 if
v has a coordinate monic in x,. But this can be achieved by substituting y, = x,,
yi = x; — x,,", similarly as in the proof of the Noether normalization lemma.

From the definition (3.1.3), prove d o d = 0. [Composing the differential with itself,

we obtain a double sum. Breaking up into the cases i < j andi > j, we obtain pairs

of equal summands with opposite signs, using the relation (3.1.2).]

(Eilenberg-Zilber Theorem) Observe that for spaces X, Y, the chain group C;(X) ®

C;(Y) is canonically identified with the chain group C;1; (X x Y)ifi = Oor j =

0. Using this identification, prove that there exist natural chain maps between any

two of the chain complexes C(X) ® C(Y) and C(X x Y) which are the identity in

degree 0, and that any two such chain maps are further naturally chain homotopic. By a

natural chain homotopy we mean that each of the homomorphisms of abelian groups

constituting the chain homotopy is natural. [This is an application of the method of
acyclic models used in Sect.3.3. Proceed by induction on dimensional degree. By
naturality, it is necessary and sufficient to construct the value of each chain map on

a universal element. In C,,(X x Y), the universal element is the diagonal singular n-

simplex A" — A" x A" for X =Y = A". In C;x(X) ® C¢(Y), the universal element

is 4 ® ty where (; = Id : A’ — A’. Now the condition on the value of the desired
chain map on the universal element is that its boundary be a cycle given by induction.

The obstruction for doing so therefore lies in a homology group, which is 0 by the

homotopy axiom. In constructing chain maps (not homotopies), be mindful of degree

1, where the homology group in question is in degree 0 and therefore is not O but Z,

and thus, an additional argument is needed.]
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28. Complete the proof that (3.7.2) is an exact couple, and prove formula (3.7.3).

29. Prove formulas (3.7.4), (3.7.5).

30. Poincaré duality for singular (co)homology. The argument of Exercises 2-5 essen-
tially also works for singular homology, replacing the sheaf of de Rham forms by the
sheafification C of the complex of presheaves

U ckw,z).

It also works for a topological manifold M (i.e. a Hausdorff space in which every point

has an open neighborhood homeomorphic to R" whose every connected component

has a countable basis of topology). The reader should consult [20] for details on
singular homology. Here are the basic steps and technical points:

(a) Denoting by C.(U) the sections of C over U with compact support and HZ.‘(U ) its
cohomology, prove that Hf (R™) is Z for k = n and O for k # n. The covariant
functoriality of C. in open subsets of a manifold and the Mayer-Vietoris sequences
work the same as in the de Rham case.

(b) An orientation of a topological n-manifold M is a homomorphismw : H'(M) —
Z which is an isomorphism when composed with the map induced by the
inclusion of coordinate neighborhoods. Again, a topological manifold which has
an orientation is called orientable, and when an orientation is chosen, we call it
oriented. Prove that if M is an orientable connected topological n-manifolds, an
orientation is an isomorphism of abelian groups. Denote, for a chain complex C,
by 7<x(C) the factor complex which in degree i is Cy fori < k, in degree i + 1
is By, and is O in other degrees. Thus, if M is oriented connected, we have a chain
map

Cc(M) — TS*HCC(M)v

and the target chain complex has homology Z[—n].

(c) Prove that H'C.(M) = 0 for i > n. [Use the Mayer-Vietoris sequence and a
colimit argument.]

(d) The Eilenberg-Zilber map (see [20]) induces a chain map

C.(U)®CWU) — C.(U)

for U € M open. Composing with the chain map constructed in (b), construct a
chain map

CWU) - RHom(C.(U), t<—nCc(M))
~ RHom(C.(U), Z)[—n].
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Similarly as in the de Rham case, this chain map is compatible with Mayer-
Vietoris exact sequence with and without compact support, and thus, combining
induction on number of coordinate neighborhoods and a limit argument, one
shows that it is a quasiisomorphism. One denotes

HEM(M; Z) = HRHom(Cc(M), Z),

and calls these groups Borel-Moore homology. Thus, we have proved the following
version of Poincaré duality for oriented connected topological manifolds:

HYM; 7) = HEM (M 7).

Let M be a compact topological n-manifold.

(a) Prove that M can be covered by finitely many coordinate neighborhoods U;, i =
1,...m, so that there exist continuous maps ¢; : M — §" so that ¢|y, is a
homeomorphism onto an open subset of S”. Then ¢ = [[ ¢;’s is an embedding of
M as a closed subset of a product of spheres 7.

(b) Prove that the image N of ¢ is a retract of an open neighborhood U. [Prove,
by induction on j, that Uy U ...U; is a retract of an open neighborhood V; by
a retraction r;. This is true for j = 1. Suppose it is true for a given j. There
exists an open set W C T such that U;jy; C W is closed. Now there exists
a closed subset Z C V; whose interior contains V; ~. W, and without loss of
generality, ZNM C Uy U...U;. By making the sets smaller if necessary, we may
assume that V; N W is mapped, by r;, into a set K homeomorphic to a product
of compact intervals which contains U;1 as an open subset. Now extend the map
ZUUjy1 — K to acontinuous map ¢ : W — K. (Use the factif Q C RV is
openand P C Q is closed, then a continuous map P — [0, 1] extends to Q.) Now
glue ¢ with r;, and replace its source by the open subset o' U--- U Uj+1).
Let rj41 be the restriction.]

(c) By making U smaller if necessary, U can be assumed to be homotopy equivalent
to a finite CW-complex. Conclude that every homology group H; (M) is finitely
generated.

(Poincaré duality continued) When M is a compact topological n-manifold, prove that

HEM(M; 7) = H (M; 7).
Thus, in this case, when M is oriented, we obtain a Poincaré duality isomorphism
HY(M;7) = Hy_x (M 7).

The class in H, (M) Poincaré dual to 1 € H?(M) is sometimes called the fundamental
class. [In this case, Borel-Moore homology is the homology of the chain complex
RHomz(C*(M; Z), Z). Thus, in view of Exercise 31, it suffices to show that if C
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33.

34.

35.

36.

is a chain complex whose sum of homology groups is finitely generated, then the
canonical map

C - RHom(RHom(C; 7Z),7Z)

in the derived category of abelian groups is a quasiisomorphism.]

Let M be a smooth n-manifold. Prove that an orientation in the sense of Exercise 4
determines an orientation in the sense of Exercise 30. [Use the Mayer-Vietoris
sequence and a limit argument, with the slogan “the ambiguity is only up to sign.”]
Using Poincaré duality, prove that H*((P{)an) = Z[x]/(x"*t1) where x €
H 2(IP’%)Q,,) = Z is a generator. [Induction on n, using the fact that the inclusion
P%fl — IP{ induces an isomorphism in singular cohomology in dimensions < 2n—2.]
Due to Poincaré duality, for a continuous map between compact oriented topological
manifolds f : X — Y, we have a functorial homomorphism f; : H k(x)y - HK(Y).
(All cohomology is, say, with coefficients in Z.) Prove the projection formula

el X)) = fux) -y

where f* : HY(Y) — HYX) is ordinary cohomological functoriality. You may
assume the existence of a natural cup product map C*X ® C*X — C*X (which
follows from the Eilenberg-Zilber theorem). [Investigate the effect of f* on the map
w of Exercise 30.]

Cohomology of non-degenerate projective quadrics In this exercise, we shall calculate
the singular cohomology ring H*(X,,) where X is a projective quadric of dimension
n, i.e. a hypersurface in ]P’?é‘H defined by one non-degenerate quadratic form. Recall
that all such quadrics are isomorphic smooth projective varieties. The answer differs
depending on whether n is even or odd.

(a) If n is even, change coordinates so the equation of the quadric is

x1x2 + -+ Xpp1Xp42 =0

where x1, ...x,42 are the projective coordinates. Consider the filtration on X,
where

Xon—2 = Z(xn+2),
Xon_4 = Z(xn+2a Xn),

Xpn—2=Z(Xp42, Xn, ..., x2) = (P

)(H’l'

n/2—1
C
If n is odd, change coordinates so the equation of the quadric is

2
X7 +x2x3 4+ -+ Xpp1 X2 = 0.
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Consider the filtration on X,, where

Xon—2 = Z(xn+2),
Xon_4 = Z(-x}’l-'rZa Xn),

ey

i ~ —1)/2
Xnot = Z g, Xy -, x3) = PUTD2),,.

Prove that these are cellular filtration on X,,, and compute the singular
(co)homology of X,, by counting cells.
(b) Prove that the embedding in the analytic topology

[ Xan —> (ng—’_l)an

is not onto. Using the CW-structure on (]P’?é“)an, prove that f is homotopic to a
map fy whose image is in (IP{;)4n. Prove that on fundamental classes, the map fo
induces multiplication by 2. Use this and Poincaré duality to deduce the complete
ring structure on H*(Xgp).
37. Prove thatif f : X — Y is a birational morphism of smooth projective varieties over
C, then

f*f* =1: H*(Yan) - H*(Yan)-

Deduce that H¥ (Y) is a direct summand of H*(X) for any k. [By the projection
formula of Exercise 35, it suffices to prove this on the class 1 € H 0.]
38. (Artin-Mumford)

(a) Let X be a smooth projective variety over C, and let Y € X be a smooth projective
subvariety of codimension r + 1. Let X’ = Bly(X) let f : X' — X, be the
projection, and leti : ¥ — X be the inclusion. Prove that in the analytic topology,
Rof*Z =7Z,RI1Z = iyZforq =2i,1 <i <r,and R?7Z = 0 for other values of
q. (We omit the subscript ?,, in this exercise to make the notation shorter.)

(b) Deduce from the Leray spectral sequence that we have an exact sequence of the

form
0
v d3 d3
HO(Y) > H3(X) > H3(X) > HY\(Y) > HY%X)
Y
HY(X).

(All cohomology is with coefficients in Z.)
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()

(d)

Deduce from part (b) and Exercise 37 that the torsion part of H 3(X)is isomorphic
to the torsion part of H 3 ). [Observe from that Universal Coefficient Theorem
that H'! (Y) is torsion free.]

Suppose X and Y are smooth projective varieties over C which are birationally
equivalent. By a result of Hironaka (see [4] and Sect. 2.4 of Chap. 6 below), there
exists a smooth projective variety Z over C and birational morphisms f : Z — X,
g : Z — Y where f is a composition of projections of blow-ups of smooth
subvarieties. Deduce that the torsion part of H3(X,,) is isomorphic to a subgroup
of the torsion part of H3(Y,,) and hence, by symmetry, the torsion subgroups of
H3(Xan), H>(Yay) are isomorphic. In other words, the torsion part of the third
singular cohomology group is a birational invariant.
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updates

We shall now look more closely at how cohomology is used in algebraic geometry.
This will include exploring additional structure present on the cohomology of algebraic
varieties in the analytic topology as defined in the last chapter, as well as defining new
cohomology theories which are closer to the Zariski topology.

As in the last chapter, we will begin with de Rham cohomology. We shall study in more
detail what properties de Rham cohomology has when applied to complex manifolds, and,
eventually, to the analytic topology on smooth projective varieties over C. The additional
structure we see in this context is called Hodge theory.

Next, we will observe that there is an algebraic version of de Rham cohomology
obtained by plugging in a smooth algebraic variety instead of a manifold, and using regular
functions instead of analytically smooth functions. Thus, we encounter, once again, the
principle of imitating topological concepts algebraically. In the process, we shall study
the more general concept of cohomology with coefficients in quasicoherent sheaves.
Putting these methods together, we will be able to compare algebraic and geometric de
Rham cohomology in the smooth projective case (Serre’s GAGA Theorem), as well as
Grothendieck’s algebraic de Rham Theorem over C.

Algebraic de Rham cohomology of smooth varieties can be defined over any field, or
even a ring. For fields of characteristic 0O, its behavior is largely as we would expect. For
fields of characteristic p > 0, (in addition to its good properties generally weakening),
one restriction of de Rham cohomology is that it produces only vector spaces over the
same field. Crystalline cohomology gives a method for obtaining, among other things,
non-torsion groups, and also Hodge-theory type information. We present here an approach
to crystalline cohomology using the de Rham-Witt complex, which does allow the
computation of some basic examples.

Crystalline cohomology of a smooth projective variety over the finite field IF, produces
Zp-modules. Is there another method which would give information in characteristic
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¢ # p? As it happens, a source of such information is in a concept we already studied
in Chap. 3, namely étale morphisms. Using étale morphisms, we can obtain entirely
new topological information. (Recall the concept of étale fundamental group in Chap. 3,
Sect. 5.6.) We shall briefly explore this topic in more detail here, introducing the concept
of a Grothendieck topology. Concretely, we shall describe the étrale topology and the
cohomology theory it leads to, called éfale cohomology. We shall compute some basic
examples, such as the étale cohomology of curves. We will see that quite strikingly, étale
cohomology behaves well precisely with finite coefficients whose order is not divisible by
the characteristic of the field. A guide to the foundational cornerstone of this theory, called
Zariski’s Main Theorem, is presented in the Exercises.

Can there be a cohomology theory which would combine, for varieties over any field,
all the information from different characteristics, and produce cohomology groups with
coefficients in Z? In the case of smooth varieties, such a “universal” cohomology theory (in
a less precise sense than used for spaces in Chap. 5) was defined by Bloch and Voevodsky
using the theory of algebraic cycles. We will present the most basic definitions of this
theory, called motivic cohomology, compute some basic examples, and state Voevodsky’s
main theorem comparing motivic and étale cohomology, in the final section.

The subject of cohomology theory is involved, and all the concepts introduced here
can, and should, be studied in further detail. Our principal purpose is mapping out the
basic directions of study, and treating the very first steps.

1 Hodge Theory

The goal of this section is to explore additional structure on the cohomology of smooth
projective varieties over C in the analytic topology.

1.1 Dolbeault Cohomology

From the material of Sect. 1.4 of Chap. 5, we see that for a complex manifold M, we have
a decreasing filtration on the de Rham complex Q*(M; C) given by

FPQ*(M; C) = @ @4*(M; ©),
k=p

(and similarly on the sheaf level). Now in Sect.3.7.1 of Chap. 5, we have constructed a
spectral sequence associated with a decreasing filtration on a cochain complex, which, in
the present case, will take the form

E{w _ H;w(M) = HP(M; C). (1.1.1)
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Here by H 8” "4 (M), we mean the ¢ th cohomology of the cochain complex

QrO(m) = QP L(M) _— QP (M) (1.1.2)

where Q7-9(M) is placed in degree q. The cohomology groups H ; (M) are called
Dolbeault cohomology. The decreasing filtration on H*(M, C) associated with the spectral
sequence (1.1.1) is called the Hodge filtration.

The key fact about Dolbeault cohomology is the following result:

1.1.1 Theorem (Dolbeault Theorem) We have
H;’q(M) = HIM, QZUI). (1.1.3)

Proof We already proved that the complex of sheaves

d d 9
QP-O(M) = QP (M) - ... ~ QP"(M) (1.1.4)

consists of soft sheaves, and it is also obvious that its 0’th cohomology is Q’;I o1+ Thus, we
can precisely mimic our proof of Theorem 2.5.10 of Chap. 5, if we we can prove that the
cochain complex of sheaves (1.1.4) has 0 cohomology in degrees > 0. This follows from
the 0-Poincaré Lemma, which states that if D = {z € C | ||z|| < 1}, we have

H;”q(Px---xQ)=0forq>0. (1.1.5)

n

(By the de Rham complex of D x --- x D, we mean the direct limit of the de Rham
complexes of open neighborhoods of D x --- x D in C".) This is proved analogously to
Lemma 2.5.8 of Chap. 5. Let B, = {z € C | ||z|| < a}. We consider subcomplexes C;;,4)
of (1.1.2) with M = B, x --- X By, a > 1, spanned by differential forms

fdziy A--- Ndz;,

such thati; < --- < iy < m, and f is holomorphic in coordinates m,m + 1, ..., n. We
construct, for 0 < b < a, chain homotopies between the restriction C;,4) — Cin,p) to a
chain map C(,q) = Cin—1,b) C C(m,b)- The homotopy is given by a formula precisely
analogous to (2.5.12) of Chap. 5, where the integral is replaced by

/ i(w) dw A dw (1.1.6)
By —Z
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with g(w) = f(z1, ..., Zm—1, w). Cauchy’s integral formula in complex analysis (see for
example [1]) implies that for a smooth function g on B,, the integral (1.1.6) produces a
function /& on on Bj;, which satisfies

oh

0z - &

The result is then proved by taking direct limits over @ > 1. (Note the subtlety of having to
integrate in (1.1.6) over a disk whose closure is in the domain of definition of the smooth
function g; this technical difficulty is the reason for the limit argument.)

O

1.1.2 Corollary Let M be a complex manifold. Then we have a canonical isomorphism
HY(M; C) = Hf ,(M; C) = HY(M, Q3,,).

(Recall that the right hand side means hypercohomology of M with coefficients in the
holomorphic de Rham complex Q7 ,.)

Proof By the Dolbeault Theorem and the sheaf version of the spectral sequence (1.1.1),
the complex de Rham complex 2}, ~ is a soft resolution of the holomorphic de Rham
complex Q- O

1.2 Riemann and Hermitian Metrics

For a smooth manifold M, a Euclidean metric on a sheaf F of Ci‘f,lo-modules M is a
morphism of sheaves of Cj;-modules

g§: F®cyp F— Cy (1.2.1)

which is symmetric (i.e. for sections s, t € F(U), g(s,t) = g(t, s) and is positive definite,
which means that for a section s € F(U), g(s, s) > 0 (at every point of U), with equality
arising at a point x if and only if s = 0 at x. (By the value of a section s € G(U) of a
sheaf of C§;-modules G at a point x € U we mean the image of s in the tensor product
G ®cz ) ky where ky is the residue field of the local ring Ci‘f,lo’ . - clearly, a similar
definition can be made for a sheaf of modules over any locally ringed space.)

For a sheaf F of C,(f,loyc—modules, a Hermitian metric on F is a morphism of sheaves of

. c-modules

g:F®cx F—Cic (1.2.2)
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(where F is equal to F as a sheaf of Cjj;-modules, with multiplication by i replaced by
multiplication by —i), satisfying, for sections s, t € F(U),

g(s, 1) = g(t,s),

and g(s,s) > 0 € CS?, with equality arising at a point x > U only for s = 0 at x. (Note
that a Hermitian metric on F is equivalent to a Hermitian metric on F.) When M is a
single point, these concepts reduce to the usual notions of positive definite real symmetric
(resp. Hermitian) forms (or, in another word, inner products) on a vector space over R
(resp. C).

The real part of a Hermitian metric is a Euclidean metric on F considered as a sheaf of
Cyy-modules. The imaginary part of a Hermitian metric defines an antisymmetric form

2
AgeoF = Cit-

(Here again we mean the obvious generalization to sheaves of modules of the exterior
power construction of Exercise 16 of Chap. 4.)

Note that a Cj;-linear combination with positive real function coefficients of (finitely
many) Euclidean (resp. Hermitian) metrics is a Euclidean (resp. Hermitian) metric. For a
Euclidean (resp. Hermitian) metric g, and sections s, t € F(U), one often writes

(s, 1) = g(s,1).

A Riemann metric on a smooth manifold M is a Euclidean metric on 911\/1» and a
Hermitian metric on a complex manifold M is a Hermitian metric on QIIV’IO. (Note that

~

complex conjugation gives a canonical isomorphism Q,lv’lo = 92’41 .) Riemann (resp.
Hermitian) metrics always exist by smooth partition of unity. A Riemann (resp. Hermitian)
manifold is a smooth (resp. complex) manifold with a Riemann (resp. Hermitian) metric.

For a complex manifold M, we have a canonical isomorphism of real bundles (i.e. Cj;-
modules)

Q) =, (1.2.3)
given by

K K+K.
Thus, the real part of a Hermitian metric on M defines a Riemann metric on M considered
as a smooth manifold.

Now for a smooth manifold M, a smooth vector bundle is a finitely generated locally
free sheaf of C*°-modules F (i.e. M is covered by open sets U such that |y is isomorphic,
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as a Fp’-module, to a finite sum of copies of F°). Smooth complex vector bundles and
holomorphic vector bundles over complex manifolds are defined analogously. One notes
that given Euclidean metrics on smooth vector bundles F, G, we get canonical Euclidean
metrics on F Q®cse g, Aéﬁ (F), F* = Homcﬁ (F.Cy).If er, ..., ey is an orthonormal
basis of F(U) (i.e. (¢;,ej) = 1 wheni = j and O otherwise), and f1,..., fp is an
orthonormal basis of G(U), then (e; ® fj, ex® fe) = 1 wheni = £, j = k, and 0 otherwise.
Similarly, for iy < -+ < ig, j1 < -+ < ji, {eiy A--- Nej,ej A---ANej) = 1 when
is = jsforalls = 1,...,k, and O otherwise. In F*, the dual basis to an orthonormal basis
is orthonormal. It is a standard exercise to show that this does not depend on the choice of
orthonormal bases.

Completely analogous comments apply to Hermitian metrics (with the exception that
complex orthonormal bases are sometimes referred to as unitary).

Thus, given a Riemann metric on a smooth manifold (resp. a Hermitian metric on a
complex manifold) M, we automatically obtain canonical Euclidean metrics on Q][‘VI (resp.
Hermitian metrics on Q7-9(M)). We call such a manifold M a Riemann (resp. Hermitian)
manifold.

Note that for an n-dimensional Riemann manifold M, the smooth vector bundle Q;‘W is
1-dimensional, i.e. locally isomorphic to Cf7. Recall from Exercise 4 of Chap. 5 that an
orientation on M is given by an isomorphism of Cj;-modules

QL =C. (1.2.4)

Two orientations are considered the same if one is a positive multiple of the other. If an
orientation exists, then the smooth manifold M is called orientable. We already know from
the calculation of homology in Sect. 3.6 of Chap. 5 that, for example, R P" is not orientable
for n even.

On the other hand, (compare with Exercise 4 of Chap. 5), a complex n-manifold
M always has a canonical orientation. This is because for U < C" with coordinates
X1, ..., Xp, lettingdyy =1 - dxy,

dxy ANdyr A - ANdxy Adyy
changes by a positive factor if we change coordinates holomorphically. (Here we denote
the imaginary unit acting on the real cotangent space of M by I, to avoid confusion with
the action of i after complexification.)
An orientation together with a Riemann metric on a smooth n-manifold M specify a
unique n-form dV € Q" (M) such that
(dv,dv)=1

and dV is positive under the isomorphism (1.2.4). The form dV is called the volume form.
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Now it is a theorem of algebraic topology that if M is a compact connected oriented
manifold, then we have

H,(M:7) = 7. (1.2.5)

A proof can be found in the Exercises of Chap. 5, in particular Exercise 32. For more
information, see [13]. We then have a unique generator [M] such that

vol (M) :/ dv > 0.
[M]

This number is called the volume of M. For a compact Riemann manifold with connected
components M1, ..., M (there are necessarily finitely many), one puts

[M]=[Mi]+ -+ [Mk].

1.3 Hodge Theorem
Given real (resp. complex) smooth bundles F, G on a smooth manifold M with a Riemann

(resp. Hermitian) metric, for a morphism of bundles (i.e. morphism of sheaves of Cj;-
modules, resp. Cj; -modules)

0:F—g,
we have a unique morphism

0*:G—>F
satisfying the identity

(Os. 1) = (s, Q™)
for sections s € F(U),t € G(U). We refer to Q* as the adjoint operator to Q. (An
analogy with this terminology is what inspired the term “adjoint functor.”)
The difficulty is that we also want to talk about adjoints of certain operators
0:Qy — Qy (1.3.1)

for a Riemann manifold M or

0: Qe — Q¢ (1.3.2)
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for a Hermitian manifold M which are morphisms of sheaves of C-modules but not of
Cy-modules, such as d, 9 or 9. For such operators Q, the definition of an adjoint operator
Q* requires more care. If M is a compact oriented Riemann manifold, we certainly require
that for forms «, n on M of the applicable dimensions, we have

/[M](QK, ndV = / (k, Q*n)dV. (1.3.3)

[M]

This formula even makes sense for morphisms of sheaves of C-modules between any two
smooth vector bundles on M. However, apart from the fact that the formula (1.3.3) applies
only to global sections of bundles on a compact oriented Riemann manifold, the difficulty
is that it does not suggest how to prove existence (or uniqueness) of the operator Q*, since
we are dealing with infinite-dimensional C-vector spaces.

In the case of bundles of differential forms when Q is one of the operators d, 9, 9, this
difficulty can be circumvented by a device called the Hodge x-operator. For an oriented
Riemann n-dimensional manifold M, we have a unique morphism of smooth bundles

w1 Qh - Qnk (1.3.4)
given by
(k, mdV =Kk A xn. (1.3.5)

For a Hermitian manifold M of complex dimension n, the same formula defines a
morphism of smooth complex bundles

x: Q1 — Q) P = Q) 1 (1.3.6)
One has
wk = (—DFR Qb Q) (1.3.7)
in the oriented Riemann case, and
¥ % = (—1)Pr—PIta—q) . Qi/[’q - Qg/l"f (1.3.8)
in the Hermitian case. (Note: For (1.3.8), we consider * as a C-linear operator landing

in Q"79"~P_If we considered it as an antilinear operator landing in Q"~7"*~9, the sign
would be (—1)(PTOC1=P=0) = (_1)P+4))
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Now we define
d* = — xdx, (1.3.9)
= —x0%, 0 = —%0x*. (1.3.10)
In (1.3.10), we use, again, the convention of treating * as a C-linear operator. It is useful
to note that in the Riemann case, while we assumed that M is oriented in the definition of
the x-operator, the definition of d* in fact is local and does not depend on the sign of dV,
and thus makes sense for any Riemann manifold without assuming orientability.

Let us verify that for an oriented compact Riemann manifold, the definition (1.3.9)
satisfies (1.3.3): We have, using Stokes’ theorem,

/(K,d*n)dV:

(M]

—/ (K,*d*n)dV:—/ KAdxn=
[M] [M]

/ dKA*n:/ (di,n)dV.
[M] [M]

In the complex case, using Stokes’ theorem (keeping in mind that one summand vanishes
for reasons of type), we have

/(K,E)*n)dV:

[M]

—/ <K,>l<3*77)dV=—/ K/\3>1<77=—/ KA 0xn =
[M] [M] [M]

/ 3/(/\*77:/ (0K, n)dV.
[M] [M]

The proof for 0 is analogous.
Now one defines the Laplacean operators by

Ag =dd* +d*d, Ay =038"+8", A, =30 +9"0. (1.3.11)
One has

1.3.1 Lemma For a differential form k, one has

Aq(k) =0 (13.12)
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if and only if
dik =d*k = 0. (1.3.13)
Similarly for 3 and 9.
Proof 1t is clear that (1.3.13) implies (1.3.12). For the converse, note that
(Agk, k) = {d*Kk, d*k) + (dk, dk),

and similarly in the case of d and 9. O

One usually denotes the kernel of Ay on QF(M) for a Riemann manifold M by ’ng‘l,
and calls its elements d-harmonic k-forms. The definitions of d-harmonic and d-harmonic

(p, g)-forms on a Hermitian manifold M is analogous.

1.3.2 Theorem (Hodge Theorem) For a compact Riemann manifold M, the R-vector
spaces Hfl are finite-dimensional, and one has a direct sum decomposition

QM) = HY © Imd @ Imd*.

For a compact Hermitian manifold M, the C-vector spaces ’Hg’q, ’Hg’q are finite-
dimensional, and one has a direct sum decomposition

QPIM) =HY! @ Imd & Imd*,
QPIM) = HY ! @ Imd @ Imd™.
(By the images, we understand their summands in the given (bi)degree.)

Proving the Hodge theorem requires some advanced analysis, and exceeds the realm
of this text. The case of 9 is proved in detail in [10]. The reader may wonder how come
an analogous result holds for the a priori quite different operators d, d, d. That is because
there is a version of the Hodge theorem for a broader class of elliptic differential operators,
to which they all belong. A treatment of that theory can be found in [26]. We will now state
some consequences of the Hodge Theorem.

1.3.3 Theorem

1. For a compact Riemann manifold M, we have a canonical isomorphism

HE = HY (M R).
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For a compact Hermitian manifold M, we have
Pq ~ p
Ha = HIM, Qo)
2. For a compact oriented Riemann n-manifold M, have a canonical isomorphism
HY(M:R) = H" (M R).

3. For a compact Hermitian manifold M of complex dimension n, we have a canonical
isomorphism
HP () = Hy " ).
Proof Equation (1) follows from Lemma 1.3.1 and from the Hodge Theorem. For

example, for the case of d, it suffices to notice that d is injective on Im(d*), since we
have

(dd*k, k) = (d*k, d*K).

For the case of 9, we additionally invoke Dolbeault’s theorem (Theorem 1.1.1).
For (2), the version of the Hodge x-operator for an oriented Riemann manifold gives an
isomorphism

Hy =,

so the result follows from part (1).
For (3), the version of the Hodge x-operator for a Hermitian manifold gives an
isomorphism

Pd ~ qm—q.n—p
HDT =P,

while the right hand side is, by definition, isomorphic to ’Hg_p’n_q. O

It should be pointed out that part (2) of Theorem 1.3.3 has a version which does not use
the Hodge theorem, or a Riemann metric. In fact, it even has a version valid in singular
homology and cohomology: for an oriented compact n-manifold M, the abelian groups
H (M) are finitely generated, and

PN [M]: HI(M; Z) — H,_,(M;7)
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is an isomorphism of abelian groups. This statement is referred to as Poincaré duality, and
it was proved in Exercise 32 of Chap. 5 (see also [13]). For de Rham cohomology, we can
rephrase it to state that

' i, A Jon
HE(M)® HiE(M) > HB.(M) >R

defines an isomorphism
Hf p(M) = Homg (H}\ (M), R).

Note that for a compact complex manifold M, for reasons of type (i.e. examining what
p, q can satisfty p + g = 2n), we have a canonical homomorphism of C-vector spaces

H)" (M) - HpRr(M; C).

The Kodaira-Serre duality states that this is an isomorphism of C-vector spaces and that
the composition

h
A [M]
H? (M) @ H, """ (M) = H" (M) >

defines an isomorphism

Ha”*"(M) > Hom@(Hg'—p’n_q(M), 0).

14 Kahler Manifolds

Consider a complex manifold M with a Hermitian metric g. As remarked in Sect. 1.2, g
defines a Hermitian metric on the complex vector bundle (QII‘,’[O)*, which, in turn, can be
viewed as a global section y of

1,0 01 ~ o1
Q2 ®c . Q= Q.

As a matter of convention,

w=iy e QM)
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is called the Kdhler form of M. The Hermitian manifold M is called a Kdhler manifold if
we have

dw = 0. (1.4.1)

This is called the Kdhler condition. On a Kéhler manifold M, one defines a morphism of
,Cf,lo’c—modules

_ . ob4 p+1.g+1
L="Nw: Q" — Qy .
One also also denotes
A=1L*"

the adjoint operator. Denote for two graded operators A, B, one of which is of even degree,
[A, B] = AB — BA.

1.4.1 Lemma (Kihler Identities) We have
[L,0]=[L,0]=[A,0d"]=I[A, 8*] =0, (1.4.2)
and

[L,3"]=—id, [L,0*]=id, [A,0] = —id* [A,0]=i0 . (1.4.3)

Proof The identities (1.4.2) follow immediately from the Kihler condition (1.4.1).
Regarding (1.4.3), we shall prove
[L,3"] = —id. (1.4.4)

All the other identities follow by complex conjugation or adjunction.
To prove (1.4.4), let ¢1, . . ., ¢, be an orthonormal basis of Q]l‘,’lo. Then we have

n
w=1) ¢ Ao,
s=1
Moreover, putting for I = {iy < --- <ip}, J ={j1 < - < jq}

¢I :¢i| A"'A¢i],s ¢J :¢Jl A"'A¢qu
for a complex differential form

K= forng;eQtU),
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we can write

ok = Zas,l,de)s NOI NGy,
s¢l

Ik = Zax,l,qubs NOINDy.

s¢J
Furthermore, we have
As,1,0f = 05,011,
and the Kihler condition implies that for k ¢ I U J, we have
s, 1Utk}, JUIKy = Os5,1,0, Os,1U{k},JUGk} = Os,1,J-
Letting I’ = {1,...,n} I, J = {1,...,n} . J, we note that this also implies
0s,1,0 = 05,0715 Os,1,0 = 05.J/.1's
since
JNI=I'~J=JnI,
INI'=INJ =INJ.

Using these relations, and denoting J<; = {s € J | s < j} (and J-; similarly), one
computes:

O (fpr Ay ==Y (=DY11@; 00 b1 A by

jel

Thus,
@ for A Aw=

—i Y (=DM g ) Ap sy A dr A by
jeJ
kg¢luJ

—i Y (=DM @ s A by A A D

jeJ
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while
3 (for Ady Aw) =

—i > (DY 5 g DA Dy A bk A by

k¢lUJ
?e]

=i > D@ g g A by A i

k¢IUJ

Subtracting these expressions, we see that the first terms on the right hand side cancel,
while the second terms add up to

—id(for Ny,
as claimed. |
1.4.2 Corollary On a Kdhler manifold M, we have
[L,Aql =0, [A, Aq] =0, (1.4.5)
Ay =205 =2A,. (1.4.6)

Proof For (1.4.5), both identities are adjoint, so we shall only treat the case of L. It is
possible to simply plug in and use Lemma 1.4.1. This is basically the only proof there is,
but it is possible to make it slightly more conceptual by noting the following: For three
even-degree operators A, B, C, one easily checks that we have

[[A, B], C1+[[B, C], A1+ [IC, A], B] = 0. (1.4.7)
This is called the Jacobi identity. A vector space over a field of characteristic # 2, 3 with a
bilinear operation [?, 7] which is antisymmetric (i.e. satisfies [A, B] = —[B, A]), and the
Jacobi identity, is called a Lie algebra. The operation [?, ?] is then called the Lie bracket.
Thus, in particular, an associative algebra with the operation [a, b] = ab — ba is a Lie

algebra.
Now for graded operators A, B, we can also put

[A, B]=AB — (—1)/Al1BIBA
where |A| denotes the degree of A. Note that, for example, in this sense,

Ag = [d,d").
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Then we have the graded Jacobi identity

(A, B], C1+ (=D)EHEDAIB, €], A] + (~)WHEVICI[C, A] Bl =0, (1.4.8)
which is just as easy to verify as the ungraded one. From this point of view, we have

(ld,d*], L] - [ld*, L], d] +[[L,d],d"] =0,
so it just suffices to note that [[L, d], d*] = 0, which easily follows from the Kéhler
identities.
Accordingly, a Z/2-graded vector space over a field of characteristic # 2,3 which

satisfies, for homogeneous elements,

[A, Bl + (=1)!ABI[B A1 =0

and (1.4.8) is called a super-Lie algebra.
Using the graded Jacobi identity, (1.4.6) is easily proved as well. For example,

—[0,[A,d]]+[A, [0,0]]+[0,[0,A]] =0

implies
[0,9"1 = —i[d, [A, 8]] = 0.
Similarly,
[0,0%] =0.
Therefore,

Ag=10+43,0"+31=0[0,0"1+[0,0"1= Mg+ A,.
Now the graded Jacobi identity
—[0,[A, 911+ [A, [0, 911+ [0,[3, All =0
(together with the fact that [9, 9] = 0) imply that

Ay = A,.
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Now in view of the Hodge Theorem, (1.4.6) in particular implies that on a compact
Kihler manifold M, we have

Pq _ qPd _ 404
Since, by definition,
P4 _ 4,9
Hy' = Ha ,
we conclude that
Pq _ 4/9:P
Hd -_ Hd .

Now recall the spectral sequence (1.1.1). By the Hodge Theorem, then, the spectral
sequence (1.1.1) collapses to E1, and the Hodge filtration on F” H k(M , C) satisfies, for
p + g = k, the isomorphism

FPH¥(M:; C)N FIHY(M; C) = H;”q(M; C). (1.4.9)

(At this point, one simply denotes the left hand side by H?”-9(M).)
In fact, note that the spectral sequence (1.1.1), by collapsing to Ep, determines an
isomorphism

HP(M,C) = FPHN(M; C)/FPT H*(M; C),
while we also have a canonical homomorphism
FPH¥(M; C) N FIH*(M; C) - FPH*(M; C)/FPT'H*(M; C),

which we have now proved is an isomorphism. Thus, the isomorphism (1.4.9) does not
depend on the choice of a Kdhler metric!

Now we can combine this with the fact that by the finiteness statement of Poincaré
duality and the universal coefficient theorem, for a compact complex manifold M, we
have a canonical isomorphism

HY(M;7Z) ® C = H*M; C).

Define then a Hodge structure of weight k to consist of a finitely generated abelian group
A and a direct sum decomposition

A®C = GB APKk=p
PEZ
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such that
APY = A9-p,

(Sometimes we also speak of a weight k Hodge structure on A.) Define a morphism of
Hodge structures as a homomorphism of abelian groups 4 : A — B such that

(h® C)(AP9) € BP1,
We have therefore proved the following

1.4.3 Theorem (Hodge Decomposition Theorem) Let M be a compact complex mani-
fold on which there exists a Kéhler metric. Then we have a canonical Hodge structure of
weight k on H*(M; Z), functorial with respect to holomorphic diffeomorphisms (i.e., in
particular, independent of the choice of Kdhler metric).

1.5 The Lefschetz Decomposition

For a Lie algebra £ over a field F, a representation of L over F is an F-vector space V
with a linear morphism

h:L— Homp(V,V)
such that for x, y € L, we have

[h(x), h(Y)] = h([x, y])

(i.e. a homomorphism of Lie algebras). A representation of a super-Lie algebra on a

7Z./2-graded vector space is defined analogously. The above argument really rested on the

fact that the de Rham complex of a Kdhler manifold is a representation of the super-

Lie algebra generated by the symbols 9, 9, 3%, 3" L, A subject to relations given by the

Kihler identities and the usual anticommutation relations between d and 9, and 0* and 3%,
It is worth mentioning that this can be pushed a little further. If one defines

H =L, A], (1.5.1)
one can show that

[H,L]=2L, [H, A] = —2A, (1.5.2)
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and in fact that on Q7-9(M) for a Kédhler manifold M, H acts by
p+gq—n. (1.5.3)

The Lie algebra generated by the symbols H, L, A subject to the relations (1.5.1), (1.5.2)
is easily seen to be isomorphic to the Lie algebra s/>(C) of 2 x 2 matrices with trace 0
with Lie bracket given by [A, B] = AB — BA, where L, A, H correspond to the matrices

01 00 1 0
00/ \10/ " \o-1)"
respectively.

For a compact Kihler manifold M, since the operators L, A commute with A, we have,
for each k, a finite-dimensional representation

P nre.

pP—q=k

(We omit the subscripts d, 9, 9, since they do not matter.) The numbers by which the
operator H acts are called weights. Finite-dimensional representations of s/(C) have
been classified, and are, in fact, isomorphic to direct sums of representations of the form
Ve = Sym®(V) where V = C? is the “standard” representation given by multiplication of
matrices. Here Sym‘z(V) denotes the £th symmetric power, which, for a basis x1, ..., x;
of a vector space V, can be identified with the vector space of homogeneous polynomials
in xq, ..., x, of degree £. In the present case, the C-vector space V has dimension 2, so
Ve has dimension £ + 1.

In fact, we can pick basis elements of V of weights —1, 1, thus showing that the
representation V; has weights

—,—0+2,...,£=2,L

Thus, we know that #** is a direct sum of representations of the form V,, (for varying £)
with bottom weight —¢ in HP9,

p+qg=n—~«.

Furthermore, one notes that the operator L does not depend on the Kéhler metric (even
though the operator A does), so if we define

PHP (M) = {a € H"(M) |a U774 = 0},

one obtains the following result:
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1.5.1 Theorem (Hard Lefschetz Theorem) The de Rham cohomology of a compact
complex manifold on which there exists a Kdhler metric decomposes canonically, and
functorially with respect to holomorphic diffeomorphisms, as

¢ PHPY(M) U {o'}. (1.5.4)
P9 0<i<n—p—q

O

The decomposition (1.5.4) is referred to as the Lefschetz decomposition. To read about
basic representation theory, including the classification of finite-dimensional representa-
tions of sl» (C), we recommend [8].

1.6 Examples

1.6.1 The Fubini-Study Metric
By the discussion of the beginning of Sect. 1.4, a (1, 1)-form

w e QM) = @"0(M) ®ce ) R1O(M)
y = —iw is a Hermitian metric on M if
y*=y (1.6.1)

where (?)* is the composition of the homorphisms of R-vector spaces

QM) ®co(um.c) 2O(M)
T
4
QLOM) ®coe(m.c) 210 (M)
?
4
QLOUM) ®coe.c) O(M)

where T is switching factors, and ? is complex conjugation, and we have positivity, which
can be expressed by requiring that for every point x € M, and every non-zero complex-
linear homomorphism f : Q0(x) — C, we have

(f ®c f)yx) > 0. (1.6.2)



1 Hodge Theory 387

(Here by Q!:%(x) we mean again the finite-dimensional C-vector space of “values at x,”
technically obtained from the stalk by tensoring over the stalk C;Io’c’x with the residue field
C)

We can use the conditions (1.6.1), (1.6.2) to construct Kédhler metrics from closed
(1, 1)-forms. Most notably, on CP", we have the Fubini-Study metric, constructed as
follows. Denote by 7 : C"t! < {0} — CP" the projection, consider for an open set
U c CP" a holomorphic section s : U — C"*! < {0} (i.e. a holomorphic map such that
for x € U, m(s(x)) = x). Then put

w= i 00 In({s, s)). (1.6.3)
2

Since for a holomorphic function g : U — C ~ {0},
001n(gg) =0,

we see that (1.6.3) does not depend on the choice of holomorphic section, and thus is
a well-defined (1, 1)-form on CP". Additionally, for y = —iw, (1.6.1) is immediately
obvious from the definition (the multiplication by i is only a matter of historical
convention, anyway). Thus, to show that y defines a Kéhler metric on CP”, it remains
to verify the condition (1.6.2). Since clearly applying a unitary transformation on C"*!
(i.e. one that preserves the inner product) preserves o, it suffices to verify (1.6.2) at the
point[1:0:---:0] € CP". Letting

s(Mlizr:erzD =, 21, ..., 20),
we have
z21dz1 + - - -+ zpdzy
d0In(l +z1z1+ -+ zpzn) =0 .
( et nZn) 14+2z121 4+ + Zn2n
Atzy = -+ =z, = 0, the right hand side is

dzidzi + -+ +dzpdzp,
which, for a non-zero linear form f(dz;) = a; € C gives
(f ® f)dzi ®dzy + -+ +dzp ®dza) = ar1a1 + -+ + anap > 0.

Thus, the Fubini-Study metric is a Kéhler metric, and using restriction, we proved
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1.6.2 Theorem On every smooth projective variety over C with the analytic topology
there exists a Kdhler metric.

1.6.3 The Cohomology of the Complex Projective Space

In Sect. 3.6 of Chap. 5, we proved that the singular homology of CP" is Z in even degrees
0 < k < 2n, and O else. By the universal coefficient theorem of Sect. 3.5 of Chap. 5, the
same is true about singular cohomology with coefficients in Z. Using Poincaré duality and
(3.5.13) of Chap. 5, we see that there is class u € H2((CP"; 7)) such that

H*(CP"; Z) = Z[u]/ ("t

(see also Exercise 34 of Chap. 5). By Theorem 1.4.3, then, there is weight 2k Hodge
structure on

H*(CP"Z) = Z

for 0 < k < n. We see that the only possibility is H**(CP") = C, H*¢(CP") = 0 for
£ # k. We also note that there is, in fact, up to isomorphism, a unique Hodge structure
on Z of even weight 2k, k € Z. There is no Hodge structure on Z of odd weight. The
Hodge structure of weight 2k on Z is, by convention, denoted by Z(—k), and called the
Tate Hodge structure. (In some sources, the term Tate Hodge structure is more narrowly
reserved for Z(1).) It should be also noted that, as we shall see later, the symbol Z(k) is also
used for objects which play, in some sense, analogous roles to the Tate Hodge structures
in other categories.

1.6.4 Elliptic Curves over C

Suppose L is a lattice in C, i.e. a subgroup of C isomorphic to Z?, which is discrete in the
induced topology. Lattices in C form a category where a morphism L; — L5 is a number
A € Csuchthat A(L1) € L,. For alattice L in C, the Weierstrass function is defined by

1 1 1
L@ = 72 + Z ((z—i—a)2 B a2>'

aeL~{0}

The series converges absolutely locally uniformly in z ¢ L, so this is, in fact, a function
holomorphic on C\ L, and has, in fact, a pole of degree 2 at each point of L. Moreover, by
grouping terms (which is possible due to absolute convergence), one sees that fora € L,
we have

Pr(z+a) =Pr(2).
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Expanding the Weierstrass function in the neighborhood of 0, one gets

1
g3z4—|— > 6’th powers of z

Prz)=z%+ ! gzz2 +
28

20

where

=60 ) a*,

aeL~{0}
g3=140 Y  a "
aeL~{0}
One has the Weierstrass equation
(PL)? = 4(PL)’ — &2PL — g5. (1.6.4)
To show this, one expands
4 2 4
(732(Z))2 =65 ii BELE + higher powers,
1 3 3
(PL(2))® = 6 + 20 ? + 1883 + higher powers,

so the difference of the two sides of (1.6.4) is bounded holomorphic function on C with
zero at z = 0, which is therefore 0 constantly.

Thus, setting x = P, y = P turns (1.6.4) into the equation

P =4y’ — gy — g3, (1.6.5)

which is the equation of an affine part of an elliptic curve Cy, over C. One can show that all
elliptic curves over C arise in this fashion. (See [23] for more details.) For us, it is important
that the elliptic curve (Cpr),, with the analytic topology is, in fact, holomorphically
diffeomorphic to the quotient C/L (which has an obvious canonical structure of a complex
manifold). To see this, in the neighborhood of the point at oo, change variables to

so (1.6.5) becomes

2

v=4dud - gouv” — g3v3.
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The point at oo then has coordinates u = 0, v = 1, and u’(0) # 0, so one can solve for z
by the implicit function theorem.

Thus, we can apply Hodge theory to (Cr )., = C/L. In fact, picking generators ap, a;
of the free abelian group L, we have a homeomorphism

stx st=c/L
given by
(x,y) = aix +azy

(thinking of S! as [0, 1]/(0 ~ 1) with the quotient topology). By the Kiinneth theorem,
we then have

HYC/L;7Z)=7Z, H(C/L;Z) 27 & Z, HXC/L;Z) = Z
(and H*(C/L; Z) = 0 for k # 0, 1, 2). By the Hodge decomposition, we then know that
H'"C/L)= H"'(C/L) = C.

In fact, we can see that H 1’()((C/ L) is generated by dz. To see this, one needs to observe
that dz # 0 € H'(C/L). To this end, one notes that

/dz =aj, /dz =ap (1.6.6)
s t

where s resp. ¢ is the singular simplex mapping [0, 1] linearly to [0, ai] (resp. [0, az]).
These integrals are referred to as periods. Since s, t represent cycles in H1(C/L; Z), if dz
were a coboundary, these integrals would be 0 by Stokes’ theorem.

Since the homology classes s, ¢, in fact, generate H{(C/L; Z), we see that that the
Hodge structure on A = Hl((CL)(m; 7) =7 & Z has

H"Y =C . (a1,a2) H*' = C - (a1, a2). (1.6.7)

(It follows, but is also easily verified directly, that the vectors (aj, az) and (aj, ay) are
C-linearly independent.)

We see that an automorphism of the abelian group Z @ Z replaces in (1.6.7) a1, a2 by
a different set of generators of the lattice L. Thus, the Hodge structures of Cy, C;/ are
isomorphic if and only if the lattices L, L’ are isomorphic.

Therefore, for the curves Cy, Cy/ to be isomorphic as algebraic varieties over C, it is
necessary that the lattices L, L’ be isomorphic. One can show that this is sufficient as well,
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by displaying an algebraic isomorphism of elliptic curves given by the transformation of
g2, g3 induced by the isomorphism of lattices (see [23] for details).

2 Algebraic de Rham Cohomology

After having studied some of the constructions by which cohomology arises in topology,
it makes sense to consider the question of imitating these constructions algebraically, i.e.
in the Zariski topology. We shall mostly focus on the case of a smooth variety over a field.
Apart from being “more intrinsic” to algebraic geometry, such constructions allow us for
example to consider cohomology of varieties over fields of characteristic > 0, or have a
cohomology theory functorial with respect to automorphisms of the ground field.

2.1 The Algebraic de Rham Complex

Let us begin by noting that the first possible approach that may come to mind, namely
taking the cohomology of a constant abelian sheaf, fails, in a spectacular fashion, to
produce an analogous effect as in the analytic topology:

2.1.1 Proposition Suppose X is a non-empty irreducible topological space and A is an
abelian group. Then the constant sheaf A on X is flasque. Consequently, for any abelian
group B,

H%X,B)=B, H'(X,B)=0forn > 0.

Proof Dualizing the irreducibility condition shows that all non-empty open sets in X are
connected. Given this, we see that A(U) = A for A # , and A(J) = 0. The statement
follows. O

2.1.2 Kabhler Differentials

Given this, it may come as a pleasant surprise that an algebraic analogue of the de Rham
complex in fact works much better. Let us begin with the affine case. Let A — B be
a homomorphism of commutative rings (in other words, let B be an A-algebra). Then a
differentiation on B over A consists of a B-module M and a homomorphism of A-modules

d:B—> M
such that

d(1)=0
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and forx, y € B,
d(xy) = xdy + ydx.
It is easy to see that there exists a universal differentiation, i.e. a differentiation
d:B— Qp/a

such that for any differentiation d’ : B — M, there exists a unique homomorphism of
B-modules f : Qp/a — M withd' = fod:

d
B > QB/A

\ ;
d \

M.

To see this, simply take the free B-module on elements db, b € B, and factor by the
submodule generated by da, a € A, and d(xy) — xdy — ydx for x, y € B. The B-module
Qp/ 4 is called the B-module of Kdhler differentials of B over A.

2.1.3Lemma Let A be a Noetherian ring and suppose that B is a standard smooth A-
algebra of dimension k. Then Q4 is a rank k (in particular, finitely generated) projective
B-module.

Proof By Lemma 2.2.4 of Chap. 4, it suffices to prove that g, 4 is a finitely generated
locally free module. To this end, it suffices to assume that A is a local ring. If B is smooth
over A, then we have

B:A[le~-~1Zn]/(p17-~-7pm)v m+k:n

where the ideal generated by the determinants of the m x m submatrices of the Jacobi
matrix in B contains 1. Now the B-module £2p, 4 is, by definition, the quotient of the free
B-module on elements dz1, ..., dz,, modulo the relations

op

9
Va4 Plag, —o,
8Z1 aZn

(2.1.1)

) -
pmdz1+~--+ pmd2n=0-
8Z1 aZn
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Now let p be a prime ideal of B. We claim that Q25,4 ®p B) is a finitely generated free
B,-module. To this end, note that a maximal subdeterminant of the Jacobi matrix, say, on
columns iy < --- < iy, must be non-zero in the residue field B,/ p, which means that it is
aunitin B). Thus, the linear equations (2.1.1) can be solved for dz;,, ..., dz;, interms of
the other dz;’s, thus proving that Q2p,4 ®p B} is a free Bp-module on those generators.
O

2.1.4 Algebraic de Rham Cohomology

Now let X be a smooth variety of dimension n over a field k. Then X is covered by open
sets U; = Spec(A;) where each A; is a standard smooth k-algebra. Since we clearly have,
for g € Ai, Qp-14, /1 = g_lSZAl./k, the €24, /s glue to a coherent sheaf 2y, and we
have a morphism of sheaves of k-modules (although not of Ox-modules)

d: OX — QX/k

We may now form a cochain complex Q7% Jk of sheaves of k-modules on X of the form

d d d
Oy > Q,%(/k > Q%{/k > ... > ng/k (2.1.2)

where

¢ ¢
x/k = Doy x/k
and the differential is, as in the analytic case, uniquely determined by the conditions
dod=0
and for sections w € Q‘;(/k(U), n e Qg/k(U),

dw A1) = (dw) An+ (=D o Adn.

(The point is that, again, by the fact that the sheaf Qy  is locally free, each section can
locally be written as a linear combination of sections of the form

fdzjl ANEN /\dzjm

for some basis dz;.) The complex (2.1.2) is referred to as the algebraic de Rham complex
of the variety X . The hypercohomology groups
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are referred to as the algebraic de Rham cohomology of X over k. (Compare with
Corollary 1.1.2.)

2.1.5 The Non-smooth Case

While we will focus on the case of a smooth variety in this section, it is important for later
to note that the definition of the algebraic de Rham complex actually does not need this
assumption. For any homomorphism of commutative rings A — B, we may define

Qp/a = AB2p/A

(see Exercise 16 of Chap. 4). The differential
.ot £+1
d:Qp,— Q Bj A

is well-defined. In fact, in the case of a polynomial algebra By = Alx; | i € S], we see
that Q’go /A is the exterior algebra on By on generators dx;, i € S, and when B = By /I for
an ideal 7, we can describe Q7 /A 38 the factor of the differential graded A-algebra QEO /A
by the differential graded ideal generated by I, which is the (two-sided) ideal generated
by 1, dI. Here by a differential graded A-algebra we mean a graded-commutative graded
A-algebra R = P R" with a differential d : R" — R"*! such that for x € R™,
y € R",

nENO

x-y=(=D"y.x, dx-y)=(@dx) - y+(=1D)"x-dy,

andda = Ofora € A. A differential graded ideal is an ideal J generated by homogeneous
elements such that

dJ C J.

The factor of a differential graded algebra by a differential graded ideal is easily verified
to be again a differential graded algebra with the induced differential. In particular,

Qp/a = gy alt

where J is the ideal generated by {x,dx | x € I} (this is proved by considering the
universal property of both sides).

Thus, by gluing sheaves, for a scheme X over Spec(A), we also have a complex of
sheaves Q}/A on X.
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2.2 Quasicoherent Cohomology

One of our tasks will be comparing, for a smooth variety X over C, the algebraic de Rham
cohomology of X with the analytic de Rham cohomology of X,. To this end, however, it
will be useful to make a few remarks about cohomology of schemes with coefficients in

quasicoherent sheaves.

2.2.1 Lemma Let R be a Noetherian ring. Suppose I is an injective R-module. Then the
quasicoherent sheaf on Spec(R) corresponding to I is flasque.

Proof We need to prove that for elements fi,..., f, € R, x; € f;ll such that x;, x;
map to the same element of (f; f j)’ll , there exists an element x € [ which maps to
X; € ffll . This is done by induction on n. For n = 1, let f = fi. The annihilator of an
element m € M of an R-module M is the R-ideal
Anng(m) ={g € R | gm = 0}
Since R is Noetherian, there exists an N such that
Ann(fNy = Ann(fN Y = .. (2.2.1)
Now for an element f "z € f~'1, define
(FNY > 1 (2.2.2)
by
fN+r — fNZ
which is possible by (2.2.1). Extending (2.2.2) to a map
(f") — 1,
the image of f~ mapsto f~"z € f~'I, as required.
Now consider our assumption for a given n > 1, and suppose the statement is true with
n replaced by n — 1. Let y € I be an element which maps to x,, € fn’ll . Then for some

Na

Ny-—xw)y=0ef 'L i=1,....n—1, (2.2.3)
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Suppose x; = fi_r' Zi, Zi € I. Then (2.2.3) implies the existence of an M such that

VMO ) =0el (2.2.4)
Now consider the ring R’ = R/(f,N) and the R’-module

I'= Homg(R/fN, D).
By 2.24),y —x;,i = 1,...,n — 1, can be considered as elements of ffll’, which,
additionally, satisfy our hypothesis with n replaced by n — 1 and R replaced by R’.
Additionally, the R’-module I’ is injective. Thus, by the induction hypothesis, there exists
au € I’ such that
Ury—Xx; efl._ll’, i=1,...,n—1.
Considering u as an element of /, we then have
Y —Uut> X effll, i=1,...n,

as required. O

2.2.2 Proposition Suppose R is a Noetherian ring and F is a quasicoherent sheaf of R-
modules on Spec(R). Then

H"(Spec(R), F) =0 forn > 0.
Proof Consider an injective resolution
Iyp—> 11 — ... (2.2.5)

of the R-module M corresponding to F. Then by Lemma 2.2.1, the corresponding exact
sequence of quasicoherent sheaves

To—> 1. ..

is a flasque resolution of F. Applying global sections, we get (2.2.5) again, and the
statement follows. O

2.2.3 Lemma Let X be a Noetherian scheme. Then the abelian category of quasicoherent
sheaves of Ox-modules has enough injectives. Moreover, from every object, there exists a
monomorphism into an injective Z such that I is also flasque as an abelian sheaf. For a
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quasicoherent sheaf F on X, the abelian group H" (X, F) is canonically isomorphic to the
n’th right derived functor R"T in the category of quasicoherent sheaves of Ox-modules.

Proof Let Uy, ..., U, be acover of X by affine open sets. Then quasicoherent sheaves of
the form
n
P jo(Fo) 2.2.6)
s=1

where j; : Uy — X are the inclusions, and F; correspond to injective Oy, (U,)-modules
are clearly injective in the category of quasicoherent sheaves on X, and obviously there
is a monomorphism from every quasicoherent sheaf on X to a quasicoherent sheaf of the
type (2.2.6) (by restriction). On the other hand, abelian sheaves of the form (2.2.6) are
flasque by Lemma 2.2.1.

The last statement follows from Proposition 2.3.21 of Chap. 5. O

2.2.4 Quasicoherent Cech Cohomology

Let X be a separated Noetherian scheme, let F be a quasicoherent sheaf on X, and let
U = (Uy, ...Uy,) be an open affine cover. Recall that all intersections U;; N --- N U;, are
also affine. Then the Cech complex éu (X, F) of X with coefficients in F with respect to
the covering U is defined as the cochain complex

d d
P Fwi - ... - P Fwi,n---nUy - ...

1<ip=<n 1<ig<--<ir<n

(2.2.7)

where the first term is placed in cohomological degree 0 and the differential is the direct
sum of maps

o~

FUi,N...U,---NU) = FUi, N---NU)

is (—1)° times restriction. (As usual, ? denotes a missing term.) The cohomology of
C’M(X , F) is denoted by I-VI&(X , F), and called the quasicoherent Cech cohomology of
X with coefficients in F with respect to the covering U.

When F is a chain complex of sheaves then (2.2.7) is a double chain complex, and
by éu (X, F), we mean its totalization. Its cohomology I:Illf{(X , F) is then referred to as
the quasicoherent Cech hypercohomology of X with coefficients in F with respect to the
coveringU.

Note that I-VI&(X , F) makes sense for every finite open cover of a topological space X,
and any abelian sheaf F.
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225 Lemma LetU = (Uy, ..., U,) be a finite open cover of a topological space X, and
let F be a flasque sheaf on X. Then

Hiy(X, F) = F(X)
and
Hf (X, F) =0 for k > 0.
Proof Induction on n. For n = 1, there is nothing to prove. Suppose the statement is
true with n replaced byn — 1. Let V. = Uy U--- U U,—1,V = (Uy,...,Uy—1), W =

onu,,...,U,—1 NU,). Then éu (X, F) is isomorphic to the mapping co-cone of the
canonical chain map (induced by restriction)

Cy(V, Fly) ® F(Uy) = Cw(V N Uy, Flyow,)-
By the induction hypothesis, this is quasiisomorphic to the mapping co-cone of
FV)ye F(Uy) — F(VNU,),

which has 0’th cohomology isomorphic to F(X) by the gluing property of sheaves, and
first cohomology isomorphic to 0 by the fact that F is flasque. O

2.2.6 Proposition Let X be a separated Noetherian scheme, let U be an open cover of X
by affine open sets, and let F be a quasicoherent sheaf (or bounded above chain complex
of quasicoherent sheaves) on X. Then we have a canonical isomorphism

HY\(X, F) = H (X, F).

Proof Let I be an injective resolution of F in the category of quasicoherent sheaves on X
by sheaves which are also flasque as abelian sheaves. Then the Cech complex

Cu(X,T)

is a double chain complex bounded above in both degrees. Denote the Z-differential by
d? and the Cech differential by d. Then we have two spectral sequences convergent to
H},(X, T), depending on by which degree we filter.

One spectral sequence with Eq-term

H*(Cy(X,T),d)
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which is isomorphic to
')

concentrated in ¢ = 0 by Lemma 2.2.5. Thus, the spectral sequence collapses to E, =
H*(X,F).
The other spectral sequence has E-term

H*(Cy(X, T),d"),
which is canonically isomorphic to C(X,F) by Proposition 2.2.2. O

COMMENT Cech cohomology may be defined for an arbitrary abelian sheaf on a
topological space X by allowing ordered infinite covers (replacing € with [] in (2.2.7)),
and taking a colimit with respect to refinement of covers. (One needs to notice that up
to canonical isomorphism, the Cech complex does not really depend on the ordering of
the cover.) This way, we obtain a generalization of the first Cech cohomology considered
in Sect. 3.1 of Chap. 4. There is also a canonical map from Cech to sheaf cohomology.
However, for k > 1, the map is not in general an isomorphism. (For k = 0, 1, it is an
isomorphism by the observations of Sect. 3.1 of Chap. 4, in particular Theorem 3.1.2.) On
the other hand, the method of the proof of Proposition 2.2.6 clearly gives the following
generalization:

2.2.7 Proposition Let F be an abelian sheaf on a topological space X, let L be a flasque
resolution of F, and letU = (Uy, ..., Uy) be a finite open cover of X. Then we have

HY(X.T) = HP (X, F)
where on the left hand side, we mean Cech hypercohomology, i.e. the cohomology of
the totalization of the double cochain complex given by the Cech and I-differentials. In
particular, we have a natural spectral sequence of the form

EY? = HY(X, H1(D)) = H' T (X, F)

where on the left hand side, H1(Z) denotes cohomology in the abelian category of sheaves
on X.
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2.3 Algebraic de Rham Cohomology of Projective Varieties—GAGA

We begin with a calculation of the cohomology of the projective space with coefficients in
the structure sheaf.

2.3.1 Theorem For a field k, we have

0 —
HO®}, Ogy) = k.

2.3.1)
H™ (P, Op;{l) =0 form > 0.

Proof We will write O without a subscript to simplify notation when no confusion can
arise. Denote the projective coordinates of P by [zo : --- : z;], and consider the open
affine coverd = (Uy, Uy, ..., U,) where

Ui = Speck[ 0, ..., %, ...
Zi Zi Zi

Thus, by definition, for ¥ # J < {0, ..., n},

o un

jeJ
is the free k-module on monomials of the form

SR (2.3.2)
where a; € Z

Y ai=0 (2.3.3)

anda; > Ofori ¢ J.
Now the Cech complex (2.2.7) is a direct sum, over (n + 1)-tuples

a:(a()v-'-san)

satisfying (2.3.3), of the subcomplexes C, where C} is the free k-vector space on subsets
J C{0,...,n}with |J| = m + 1 and such that

a <0=>1iel.
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Letl, ={i €{l,...,n} | a <0}. By (2.3.3), we have I, # {1, ..., n}. Denoting by I}
the cochain complex

d=Id
k >k

where the bottom term is in cohomological degree 0, we have

Ca= @ Kll-1J1I

Jﬂla:(ﬂk

(the shift is counted homologically) if I, # 0, which has 0 cohomology by the Kiinneth
theorem (see Sect. 3.5 of Chap. 5). When J = @, thena = (0, ..., 0) by (2.3.3),s0 C, is
isomorphic to the subcomplex of

Q &l

JS{l, o)y

in non-negative cohomological (i.e. non-positive homological) degrees, which has coho-
mology k concentrated in degree 0 by the long exact sequence in cohomology (Theo-
rem 2.3.7 of Chap. 5).

0

Using the short exact sequence (3.3.1) of Chap. 4, we can use induction on n to
generalize this computation to cohomology with coefficients in O(j):

2.3.2 Theorem For j > 0, we have

k(ntj) form =0
H™ (P, O)) =
( ) {0 form > 0.

For j <0, we have

—1—j
ko )formznandj <-n-1
0 else.

H" Py, 0() = !

Proof Exercise 1. O

2.3.3 Serre’s GAGA Theorem

In his famous paper [21] referred to as GAGA (Géométrie Algébrique et Géométrie
Analytique), Serre proved that for a smooth projective variety X over C, the category
of coherent sheaves on X is equivalent to the category of coherent sheaves on the complex
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manifold X,,. The comparison functor from coherent sheaves on X to coherent sheaves
on X, is ¢* where

t: Xan > X (2.3.4)
is the morphism of locally ringed spaces given by the identity on X.
2.3.4 Lemma The functor (* is exact.

Proof This follows from the fact that for a closed point x € X, (’)g‘{fx is a flat Ox -
module. The key step in proving this is to show that the ring O%"  is Noetherian (for then,
it is clearly regular local, and the inclusion Ox , C (’)g‘(’fx induces an isomorphism on
associated graded rings).

To show that O%’fx is Noetherian, without loss of generality, X = C", x = 0. In
this setting, this fact is known as the Riickert Basis Theorem. To prove it, we proceed by
inductiononn.Let0 # g € O(“C’,i’o. Let the standard coordinates in C" be z1, . . ., 2. Then
there exists a coordinate z; such that

w .
§=2_ 8
Jj=0

where g; are holomorphic functions in the remaining coordinates in some neighborhood of
0, and for some (finite) number b, g;(0) = 0 for j < b, while g,(0) # 0. The Weierstrass
Division Theorem then states that any holomorphic function on C” in a neighborhood of 0
can be uniquely written as

b—1

ao+ayzi +---+ap-1z;  +gh

where £ is a holomorphic function in z1, ...z, and a; are holomorphic functions in the

variables z¢, £ # i, in a neighborhood of 0. Thus, O, ,/(g) is isomorphic to ((9?:":71 O)b
asan O(“C';,l O-module, which is Noetherian by the induction hypothesis. The details of this
argument can be found in [9]. |

By (2.5.4) and (2.5.3) of Chap. 5, we also obtain, for a coherent sheaf F, a canonical
homomorphism

HY X, F) > H Xgn, " F). (2.3.5)

We will prove the following result of Serre [21]:
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2.3.5 Theorem For a smooth projective variety X over C and any coherent sheaf F (or,
more generally, any chain complex of coherent sheaves non-zero in only finitely many
degrees), the canonical homomorphism (2.3.5) is an isomorphism.

COMMENTS

1. Note that Theorem 2.3.5 does not extend to general smooth varieties over C. For
example, letting X = AL, we have

HY(X,0) = C[x]

while H%(X 4, Ogp) is the C-vector space of holomorphic functions on C.

2. For a smooth projective variety X over C, Theorem 2.3.5 can be, in particular, applied
to the de Rham complex F = Q7%, thus giving an isomorphism between the de Rham
cohomology of X and its algebraic de Rham cohomology. We will show below that this
isomorphism, in fact, extends to all smooth varieties over C.

3. For a smooth projective variety X over C, we can also apply Theorem 2.3.5 to a single
sheaf ' = Qf(, and define algebraic Dolbeault cohomology as

Hy (X)) = HI(X, Q). (2.3.6)

Thus, we also have an algebraic version of the spectral sequence (1.1.1). Theorem 2.3.5
then shows that algebraic and analytic Dolbeault cohomology groups coincide, and
thus, the algebraic Dolbeault spectral sequence also collapses to E.

4. The concepts of algebraic Dolbeault cohomology (2.3.6), and the algebraic version
of the spectral sequence (1.1.1), make sense for a smooth projective variety X over
any field. Mumford [17] showed, however, that for fields of positive characteristic, the
algebraic analogue of the spectral sequence (1.1.1) does not in general collapse to Ej.
Also, an algebraic version of a Hodge-like isomorphism between H, ; b’q (X) and the dual
of H gb’p (X) fails in general for smooth projective varieties X over fields of positive
characteristic of dimension > 1 (even in dimension 2). There is, however, an analog
of Kodaira-Serre duality, and also a version of Serre duality which holds for coherent
sheaves in great generality (see Exercises 3, 4, and [11] for an even greater generality).

Proof of Theorem 2.3.5 First, using the comments in Sect.2.5.2 of Chap. 5, we may
restrict attention to the case when X = ]P’fé. In that case, note that the statement is true
for F = O by Theorem 2.3.1 and Sect. 1.6.3 (and the easy observation that it holds in
cohomological degree 0). Now we can show by induction on n that the statement is true
for F = O(m) for any m € Z. Indeed, for n = 0, there is nothing to prove. Assuming
the statement is true when replacing n by n — 1, using the short exact sequence (3.3.1) of
Chap. 4 and its twists by m € Z, we see from the 5-lemma that the statement is true for
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O(m) if and only if it is true for O(m + 1), for any m € Z. But since it is true for m = 0,
it must therefore be true for all m € Z.

Thus, we proved that for all n € Ny, and all m € Z, the statement is true for 7 = O(m).
Thus, our statement is also true for a direct sum of finitely many sheaves of the form O (m).
But any coherent sheaf on P has a resolution of O-modules of the form

Py = Po 23.7)

where each P; is a direct sum of coherent sheaves of the form O(m). This is a consequence
of Lemma 2.4.3 of Chap. 4, the fact that C[xo, ..., x,] is Noetherian (Hilbert basis
theorem), and Hilbert’s syzygy theorem (Theorem 2.4.5 of Chap. 5). Recall from Sect. 2.4
of Chap. 4 that the category of quasicoherent sheaves is a reflexive subcategory of the
category of graded C[xo, . .., x,]-modules. Theorem 2.4.5 of Chap. 5 gives a resolution in
the category of graded C[xy, . . ., x,]-modules which correspond to quasicoherent sheaves,
since the inclusion of a reflexive subcategory preserves kernels (and therefore the kernel
of each step of the resolution again corresponds to a coherent sheaf). Thus, we may invoke
the spectral sequences on the algebraic and analytic side obtained by filtering the complex
(2.3.7), and its ¢*, by elements of degree < p. We obtain a morphism of spectral sequences
which induces an isomorphism on E!, and thus on E%°. A homomorphism of filtered
abelian groups where the filtrations in the source and target are convergent and which
induces an isomorphism on associated graded abelian groups is an isomorphism. O

It is worth noting that since the resolution (2.3.7) works over any field, using
Theorem 2.3.2, it also implies the following result:

2.3.6 Proposition Let X be a projective variety over a field k, and let F be a coherent
sheaf over X. Then there exists an N such that the k-module

H™(X, F) (2.3.8)

is finite-dimensional for all m, and O form > N.

2.3.7 Corollary Let X be a smooth projective variety over a field k. Then the algebraic
de Rham cohomology Hi)R (X) is a finite-dimensional k-module.

Proof We can use the algebraic analogue of the spectral sequence (1.1.1) and Proposi-
tion 2.3.6. |



2 Algebraic de Rham Cohomology 405

24 Algebraic and Analytic de Rham Cohomology of Smooth Varieties
over C

As we remarked, there is no chance that the canonical homomorphism (2.3.5) would be an
isomorphism for general smooth varieties X. This makes the following result all the more
remarkable:

2.4.1 Theorem (Grothendieck) For every smooth variety W over C, the homomorphism
(2.3.5) induces an isomorphism of hypercohomology

HE (W) = H\W, Q%) > H (Wap, %) = Hb e (Wap; C) (24.1)

(i.e. an isomorphism between algebraic and analytic de Rham cohomology).

The main ingredient in the proof is resolution of singularities. Let X be a smooth variety
over a field k. A closed smooth subvariety of codimension £ of X is a subvariety Y € X
such that for every closed point y € Y, there exists a Zariski open neighborhood U of x in
X and a smooth morphism g : U — Ai over Spec(k) such that

Ynu =g '{op

(as before, by N we mean pullback).

Now let X be a smooth variety over a field k£ and let Y7, ..., ¥, be closed subvarieties
such that for all closed points y € X, there exists a Zariski open neighborhood U of y in X
and a smooth morphism g : U — A" over Spec(k) such that Y; N U is the inverse image
of the subvariety of A}’ given by vanishing of the i’th coordinate. Note that in particular,
forl <iy <.+ <ix <m,Y; N---NY; is then a disjoint union of smooth subvarieties
of X of codimension k. Then Y1, ..., Y}, are called divisors with normal crossings. The
resolution of singularities theorem has many versions. We will need the following version
(see for example [4]).

2.4.2 Theorem Suppose U is a smooth affine variety over C. Then there exists a smooth
projective variety X over C and divisors with normal crossings Y1, ..., Yy in X such that

UZSZX~N Y1 U---UYy).

Next, we need to prove a local result. Let B = {z € C | |z] < 1}. Let

U=Uyy=B",V="Vu=(B~{0)" x B" ¢
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1 <€ <m.Denotebyi : V — U the inclusion. Denoting the coordinates by z1, ..., Zm,
consider the complex of sheaves of C-modules

21...2¢ 21.--2¢

F = F.e = colim (27 g > Q) po > ... (2.4.2)

(In other words, F is the sheaf of holomorphic differential forms with at most pole
singularities at O in the first £ coordinates.)

2.4.3 Lemma We have

d d
H*(FU)) = Ac(“™, 950,
21 Ve

Proof Consider, for 0 < j < m, the subcomplex C; € F(U) spanned by all differential
forms

o= f(z1,...,z2m)dzi; A+ ANdz;g, (2.4.3)
1 <i; <--- < iy < m where there exists a form
n € Fjminj,e)(Uj)

such that

Then we will construct a chain homotopy between the identity on C; and the chain map
gi:Cj— Cj
given on a form (2.4.3) by

resz—o(f)

Zj

gj(w) = dziy A--- Adzi,

when j = i;, and g;(w) = 0 when no such ¢ exists. (To review the concept of a residue,
we refer the reader to [1].) In fact, we may pick an 0 < |a| < 1, and take, fori; = j,

h(w) = (—D"%/Zj <f - resz’fO(f)> dzj)dziy A ...dz, -+ Adz,

Zj
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and h(w) = 0 if no such ¢ exists. The result then follows, since the identity on F(U) is
homotopic to the composition g o - - - 0 g, thus producing a chain homotopy equivalence
between F(U) and Cyp. |

We have the following immediate
2.4.4 Corollary The canonical morphism
Fm.e — R"*QT/,,,I,C

(obtained by adjunction) is a quasiisomorphism in the category of sheaves of C-modules
on Up,.

Proof 1t suffices to show that we have a quasiisomorphism on stalks. This is done by
induction on £. For £ = 0, the complexes are isomorphic. For a given ¢, the result follows
from the induction hypothesis on all stalks except at the point 0. There, we may apply
Lemma 2.4.3, shrinking the ball B by factors converging to 0, and taking colimits. O

Proof of Theorem 2.4.1 First, note that it is sufficient to prove the statement for W a
smooth affine variety. This is because in general, we may cover W by finitely many open
affine subvarieties W1y, ..., W, (all the intersection of which will then also be open affine).
Let iy : Wy — X be inclusions. Then for an injective resolution Z of a bounded above
chain complex of sheaves F on X, we may always obtain another injective resolution of
F in the form of a cochain complex which, in degree s, will be a sum of terms of the form

Li*(@), i=ij N Nij, 1<ji<-<js<n

and the differentials alternating sums analogously as in (2.2.7). This construction is
functorial, and thus shows, using a spectral sequence of a double chain complex, that
an isomorphism in cohomology on restrictions to all the intersections of the W;’s implies
isomorphism globally.

Thus, assume that W is affine. Then, by Theorem 2.4.2, W can be embedded, via an
open embedding which we denote by i, into a smooth projective variety X over C as a

complement of a finite set of divisors Y1, ..., Y, with normal crossings. Now note that for
each point x € X,,, we have a holomorphic diffeomorphism ¢ of an open neighborhood
U > x to B™ which intersects only Y;,,...,Y;,, i1 < --- < ig and ¢ maps U N Y,

holomorphically diffeomorphically to the set of points of B™ with s’th coordinate equal to
0. Thus, the complexes of sheaves of the form (2.4.2) in open neighborhoods of points of
X glue to a complex of sheaves F on X, and by Corollary 2.4.4, the canonical morphism

. O*
F — Ri QY 1ol
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is a quasiisomorphism of sheaves on X,,. However, note that F is a direct limit of a
sequence of sheaves of the form t*G,, where ¢ is as in (2.3.4), and G, is the complex of
coherent sheaves on X in the Zariski topology of algebraic differential forms with poles of
degree < m along the divisors Y. The colimit of the coherent sheaves G, is, in fact, the
pushforward i, 2}, of the algebraic de Rham complex on W. Thus, by Theorem 2.3.5, we
obtain an isomorphism

HYW, Q%) = HY QG (W) =
HY((1:25) (X)) = HY(F(Xan)) =
H Xan, Ry o) = H Wan, Ly or)-

We also see that the identifying homomorphism is, in fact, induced by ¢. O

25 Examples

2.5.1 The Affine and Projective Lines
The cohomology HJ (A,i) is the cohomology of the complex

d
k[x] > k[x]{dx}. (2.5.1)
Since d is a differentiation, we have
d(x”) = nxn_ldx.

Thus, if k is a field of characteristic O, then H g R(A,l) is equal to k for i = 0, and O for
i > 0, as we expect. However, if k is a field of characteristic p > 0, then we get

HP p(Ap) = k[xP],
H}p(AD) = k[xP1{xP " dx}.

In particular, these are not finite-dimensional k-vector spaces.
Similarly, for G,,, we have the complex

klx, x71] ‘. klx, x~11{dx}, (25.2)
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so if k is of characteristic O,

HYr(Gui) = k,
dx
Hpp(Gp i) = ki b
and if char (k) = p > 0, then

HY p(Gx) = k[xP, x7P],
_dx
H)r(Gpi) = k[xP, x P b

Now as an exercise, let us calculate the algebraic de Rham cohomology of ]P’,i. We may
cover ]P’,i with two affine open sets Spec(k[x]) and Spec(k[t]) where ¢t = x~ 1. Their
intersection is G, ¢, so we obtain a long exact sequence

co = Hpp(P) — Hipp(Spec(klx]) @ Hpp(Spec(klr]) —
— HY o (Gp) — HYH ®hH — ...

Of course Spec(k[t]) is another copy of A, and the map into the cohomology of G, x is
calculated by

t— x_l,

dt — —x"2dx.
We see then that regardless of characteristic, we obtain

; k fori =0,2
Hhr(P) = o

pr %) ! 0 otherwise,
as expected. Recall that we know from Proposition 2.3.6 that the algebraic de Rham
cohomology of the projective line is finite-dimensional, regardless of characteristic.

2.5.2 Algebraic Dolbeault and de Rham Cohomology of the Projective
Space
In fact, we can prove that for a field k of any characteristic,

. kforO<i=¢<n
H (P!, Q% ,,) = = = 2.5.3
( ]Pk/k) 0 else. ( )



410 6 Cohomology in Algebraic Geometry

Thus, the E1-term of the algebraic version of the spectral sequence (1.1.1) is concentrated
in even total degrees, and therefore must collapse, concluding that

; k for0 < k < 2n even
Hpp(Pp) = 0o (2.5.4)

To prove (2.5.3), note that it is another generalization of Theorem 2.3.1, which settles the
case of £ = 0. Letting ]P’Z = Proj(k[xo, ..., xn]), in the general case, we use the same
method, covering again P}, by the open affine sets

X Xn

X0
Ui =Specl ,..., ..., 1
Xi Xi Xi

In the higher degrees, it is convenient to write for i # j

i d(xi/xj)  dx;  dx;
din() = (i/xj) _ dxi_dxj (2.5.5)

and write every element of Q‘Z(U,'0 N---NU;
and a monomial

) as a product of elements of the form (2.5.5),

m

p= xi” U (2.5.6)

with > a; = 0. The Cech complex for calculating H* (P!, Q%) with respect to the open
affine cover (U;) then splits as a sum of chain subcomplexes Q(p) over the monomials
(2.5.6). The non-trivial contribution is again for p = 1. In this case, the chain complex
in question is identified with the Eilenberg-Mac Lane complex, which can be described as
follows:

Consider the filtration on the standard simplex A" by the subsets of elements
(x0, ..., x,) with n — i coordinates equal to 0. Then this gives A” a structure of a
CW-complex, and CW chains with respect to this structure are called simplicial chains,
and j-cells of this filtration (which are copies of A/ inserted by setting a chosen set of
n — j coordinates to 0) are called j-faces. Now the Eilenberg-Mac Lane complexes C°,
Z¢, B are the chain complexes obtained by assigning to each i-face o of A”, the set
of all simplicial £-cochains, resp. £-cocycles resp. £-coboundaries on o with some fixed
coefficients (in our case, k). The differentials are given by alternating sums of restrictions
to faces. Then one notices that

H*C! =0for0 < ¢ <n.
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Additionally, one has
B =2z fort >0
(since HY(A™) = 0), and thus, we have a short exact sequence of chain complexes
072>t -zt 5.
By induction, this then implies, for ¢ < n,

kfori =¢

Hizl =
(£ 0 else.

Now more or less by definition, the summand Q(j) is isomorphic to 241111, and thus
has cohomology & in degree ¢, and O elsewhere. For other p as in (2.5.6), the set I (p) =
{j | i; > 0} is non-empty. One then sees that Q) is isomorphic to the subcomplex of
Z11] on faces which contain the /-face, which has cohomology 0 by the same inductive
argument.

2.5.3 The Algebraic de Rham Cohomology of an Elliptic Curve

Consider, for simplicity, a field k of characteristic 0, and an elliptic curve E which is the
closure in ]P’,% of the closed subset of A,% = Spec(k[x, y]) with equation defined over k

=@ -a)y—by-o), (2.5.7)
witha € k, b, ¢ € k (and a, b, c are different). Let
R =k[x,y1/(x* = (y —a)(y = b)(y — ©)).
Let
u=y-a)y—-0@y—-o'=0-a@y-b+G-—a)y—c + @ —->b(y—o.
Thus, we have
Qr/k = R{dx, dy}/(2xdx — udy).
Now we have

l=s2x+tue R
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for some s, € R. Let

dz = tdx + sdy.
Then

udz = tudx + sudy = (s2x + tu)dx — s2xdx + sudy = dx,
and similarly
2xdz = dy.

In other words, we also have

Qg = R{dz}. (2.5.8)
Thinking of R as a free k[y]-module on 1, x, we compute, for n € Ny,

dy" = ny" 'dy = 2ny" " 'xdz,
d(xy") = y"dx 4+ 2nxy" 'dz = (y"u + 2ny" ' (y — a)(y — b)(y — ¢))dz.

We compute

HY (Spec(R)) = k{1},

(2.5.9)
H},p(Spec(R)) = k{dz, ydz}.
Now consider the ring S = (y — a)~!R. Then
Qg = S{dz}. (2.5.10)

Now using partial fractions, every element of S can be written uniquely as a k-linear
combination of elements of R and elements of the form 1/(y — a)", x/(y —a)",n € N.
We compute

1 X
d( ) =

—n dz,
y—ay (y —ayr+!

g " ):< u _2n(y—b)(y—c))dz‘
y—ay y—a)y y—ay
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Thus, we conclude that
HJ o (Spec(S)) = k{1},

N (2.5.11)
H},z(Spec(S)) = k{dz, ydz, . adz}.

Now adding the point x = 0, y = a defines a morphism of schemes
E—FE

which sends U = Spec(R) to another isomorphic open set V, with U NV = Spec(S).
The 1-form dz is preserved, and y is transformed to

(c—a)(b—a) ‘a
y—a

Note that in H})R(Spec(S)), d(x/(y — a)) gives a k-linear relation between

1
dz, ydz, dz.
y

Thus, the canonical homomorphism
Hhp(U) @ H)o(V) — H)(UNV)

can be identified with a k-linear map

|
k{dz, ydz) ® k{dz, dz) = k{dz, ydz, = dz)
y—a y—a

whose kernel and image have dimension 2. We conclude that

k fori=0,2
Hpp(E) = 3 k? fori =1
0 else,

“as expected.”

2.5.4 Non-canonicity over R

Now consider, in the previous example, k = R. Clearly, the computation was functorial
in the field, so for an elliptic curve E over R as above, the algebraic R-valued de Rham
cohomology is invariant under complex conjugation in the algebraic de Rham cohomology
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of Ec = E Xgpece®r) Spec(C) which, by Serre’s GAGA theorem (Theorem 2.3.5) and
the de Rham theorem, is canonically isomorphic to the singular cohomology of the the
complex manifold E-" of complex points on E with the analytic topology with coefficients
in C. But now we can also consider the singular cohomology of E¢" with coefficients in
R. Thus, we have two 2-dimensional R-vector subspaces

HéR(E) and HéR(E((én, R) — Hl(E(%n, R)
of
Hpg(Ec) = Hpg(EZ'; €) = H'(EL'; ©).

These subspaces, however, are different! For example, the class represented by the
holomorphic (or algebraic) form dz on E, as we saw, is in H é r(E), but not in the
subspace H})R(Eé‘:"; R). This is because, as we saw in Sect. 1.6.4, the set of all (dz, )
with @ € H{(E; Z) is a lattice in C, and thus cannot be contained in R. This is the reason
one sometimes says that “the (algebraic) de Rham theorem is false over R.”

3 Crystalline Cohomology

One major limitation of algebraic de Rham cohomology is that the coefficients must be a
module over the field of definition. If the variety is defined over a field of characteristic
p > 0, the cohomology will always be p-torsion. Crystalline cohomology adapts the
construction in a way which gives non-torsion information.

3.1 Witt Vectors
The basic technique for producing non-torsion output from a p-torsion input is the theory
of Witt vectors.

Let A be any commutative ring. Choose a prime number p € N. The set of Witt vectors
on A is

W(A) = AN = {(ag, a1, ...) | a; € A}.

We will define a structure of a commutative ring on W(A) which is different from the
product ring structure on ANo. Consider a map

w: W(A) — AN,

(ao, at, ...) = (wo, wy, ...)
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where
wo = ao,
w] = ag + pai,
wy = a{;z + paf + pzaz,
wy = ag” + pa‘lywl + -+ plan.
The elements w; are called the ghost components of the element (ag, ai, . . .).
3.1.1 Proposition There exists a unique ring structure on W (A) natural with respect to
homomorphism of rings such that w is a natural homomorphism of rings with the product
ring structure on the target AN (or, equivalently, that each of the w;’s is a ring map into
A). In particular, for a = (a1, a1, ...), b = (by, b1, ...), the first coordinates of a + b
anda - b are
a+b=(ao+ bo, a1 + b1 + (a§ + by — (a0 +bo)")/p. ...),
a-b = (agho, ay b1 + aib{ + paiby, ...).
The multiplicative unit in W(A) is (1,0, ...).
The proof rests on the following
3.1.2Lemma Let f € Zlay, ...,ay]. Then
fai,....a)"" = f@’,....al)?" mod (p*1).
Proof 1t clearly suffices to prove the statement of the Lemma for

fai,....ap) =ai+--+a. (3.1.1)

This can be done by induction on n. This is proved by induction on n. For n = 1, there is
nothing to prove. Assuming the statement is true with n replaced by n — 1, compute, by
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the induction hypothesis, in Z/(p*t1):

(al + .4 an)pk+l =
@ 44 a’ 4 @1 +aP)? =
(a{)_i_..._i_a}{;_i_pc)pk —

P k

k ks s s

(ai +--+ap)?f +§ <’Z )(af+...+af)p i pie,
i=1

Now for each i in the sum on the right hand side, let j be the maximal number such that
p’/ | i. Then (pl.k) is divisible by pf~/. On the other hand, that summand has a factor p’
where i > pj > j + 1, proving that each summand is divisible by pkH. m]

Proof of Proposition 3.1.1 First consider the case
Ao = Zlag, aq, ..., by, b1,...].

Then letting ¢ = (cg, c1,...) be a + b or a - b, clearly, the formulas for cy, ..., c, are
recursively determined by w;(c) being w;(a) + w;(b) resp. w;(a) - w;(b). This proves
uniqueness. For existence of the operations in this ring W(A¢), we must first prove that
these recursive formulas just mentioned are integral (since upon tensoring with Q, w
clearly becomes bijective, and hence the definition is consistent).

To prove integrality, in the case of addition, we must prove that

n n—1 n n—1
(al j— pal H—i— plal )+ @+ pbt L p e )
—(cg —{—pcf +...p”_1cp71)

n

is divisible by p". To this end, let

(co,c1,...) = (ao,ay,...) + (bo, b1,...)

where a; = aip, b; = bip. Then, by Lemma 3.1.2, modulo p”,

n n—1 n n—1
@ +pal  +...p"tal_ D+ b§ +pby  +...p" b))
p 1 p 2 2 pnfl pn—z el
=(ay, +pay +...p"%ay-2)+ by +pby +...p" by-1)
! ) P" ! n—1.p
P T2 =¢y +pey A+ PV,
proving what we need. The multiplicative case is completely analogous.
Now in an arbitrary ring A, to add (or multiply) ¢ = (xo, @1,...), B = (Bo, B1,---),
read off the answer y = (yv, 1, . . .) by substituting «;, B; for a;, b; in the polynomials
¢;. To prove consistency, it suffices to show that in the case of addition, y; is in the ideal
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generated by «g, o1, ..., Bo, B1, ... and in the case of multiplication, y; is in the ideal
generated by «g, o1, .... Both statements are obvious from the definitions in the case
o = ai, Bi = b;, ¥i = ci, and thus follow. m]

3.1.3 Proposition There exists a unique natural transformation
F: W) — W(A)
in the category of commutative rings and homomorphisms (called the Frobenius) such that

F(ag,ai,...) = (fo. f1,...)
where
n+1 n n n—1
a{; +paf +~-~+p”+1an+1=f0p +pf1p + 4 p" . (3.1.2)

(In other words, the Frobenius “shifts the ghost components down by 1.”)

Proof The proof is completely analogous to the proof of Proposition 3.1.1. First, one
considers the ring

A =Zlag, aq,...].

There, the given formula completely determines f, inductively (and consistently, by
tensoring with QQ), up to integrality. For integrality, one puts a; = aip ,

F(a(),al,---)=(f0af17---)

and invokes Lemma 3.1.2 to conclude inductively that modulo p”,

n+1

af "l e T f =
p" n P! n—1
ag +-+plan—fo = =P fra =0,
and thus, f, is integral.
The formulas on an arbitrary commutative ring are then again induced by sending a; to
chosen elements, and consistency translates to the fact that each f; is in the ideal generated
by ap, a1, . . ., which, given integrality, is obvious from the definition. O

One defines amap A — W(A) by putting, fora € A,

a=(a0,0,...). (3.1.3)
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It is immediate from the definition that this map is multiplicative (although not additive).
Now the Verschiebung is the map

V:W(A) - W)
which sends
(ap,ayr,...)— (0,ap,ay,...).

3.1.4 Lemma In W(A), one has

FoV =p, (3.1.4)
VIF(x)-y)=x-V(y). (3.1.5)

Additionally, V preserves addition,
p 1 (fax —ap), (3.1.6)

and one has f; = alp for alli if and only if A is an I p-algebra. This happens if and only
ifVoF =peW(A).
If Ais an [F p-algebra, we additionally have

(V™x)(V"y) = V" (F"x, F™y) (3.1.7)
forx,y € W(A).

Proof The formula (3.1.4) only needs to be checked in Z[ag, ay, . . .], where it follows
inductively immediately from (3.1.2) (which says that the n’th ghost component of F o
V(a) is p times the n’the ghost component of a). For (3.1.5), it suffices to check in

A =Zlag,ay,...,by, b1, ...]

with x = (ap,a1,...), ¥y = (o, y1,...). In this case, we see that the n’th ghost
component of both sides is p times the n’th ghost component of x times the (n — 1)’st
ghost component of y. Now since for this ring

A ZZ[a()vala'-'vbOabla'-']a
W (A) is non-torsion (being a subgroupof W(ARQ) = (¢ ® Q)NO, it follows from (3.1.4)

that V is additive in A, and hence in any commutative ring. Using Lemma 3.1.2 again, one
proves analogously that in Z[ao, ay, ... ] (and hence in any commutative ring), f,, — al
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is divisible by p, thus proving (3.1.6). Thus, f,, = a/ if A is an IF,-algebra. On the other
hand, by definition, fo = aé’ + pai, so the converse also holds.

Regarding V o F, we see from (3.1.5) that V o F(x) = x - V (1), which is equal to p if
and only if

V() =pe W(A). 3.1.8)
However, in the ring W (Z), writing p = (cop, c1,...), we have p = c¢¢, and hence p =
(p,...) € W(A) for any commutative ring A, while V(1) = (0, 1,0, ...). Thus, for
(3.1.8) to hold, we must have p = 0 € A. On the other hand, by what we already proved,
in an [F ,-algebra,
p=FoV(1)=F(0,10,...)=(0,1,0,...) =V().

When A is an I ,-algebra, then V and F commute, so we may compute from (3.1.5):

(VMmx)(V'y) = V(F(V™x) - Vi=ly) =
V((V"Fx)-Vi-ly),

and we see that formula (3.1.7) follows by induction. |

3.1.5 Truncated Witt Vectors
By (3.1.5), V*W(A) is an ideal in W(A), and one puts

Wn(A) = W(A)/ V"W (A).

The ring W, (A) is called the ring of truncated Witt vectors of A. By inclusion of ideals,
we have a canonical surjective homomorphism of rings

R:Wy(A) — W,_1(A),
called the restriction. By (3.1.4), F induces a homomorphism of rings
F:W,(A) = W,_1(A). (3.1.9)

When A is an Fj-algebra, by Lemma 3.1.4, (3.1.9) canonically factors through the
homomorphism

(a07 -'-aa}’l—l) = (aga '-'7a571)
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which, by a somewhat unfortunate convention, is also denoted by
F:W,(A) = W,(A). (3.1.10)
Elements of W, (A) can be, by definition, represented by sequences of length n:
(ap,...,an-1), ai € A,

and the definition of addition also implies that we have the (perhaps surprisingly simple)
formula in W), (A):

(a07-'-aa}’l—1) =
(a0, 0...,0)+(0,a1,0,...,0)+---+(0,...,0,an_1) = (3.1.11)
a0+ Val +"'+ V}’l*lanil‘

3.1.6 The Witt Vectors of IF,
For A = [F),, by Lemma 3.1.4, the Frobenius on W (IF),) is the identity by Lemma 3.1.4,
and thus, in W, (F,), V' (1) = p’, and thus we see that

Wu(Fp) =Z/(p").
By taking limits, we then have
WIFp) = Zp.
This illustrates how Witt vectors are a device for lifting from p-torsion to non-torsion
information.
3.2 The de Rham-Witt Complex and Crystalline Cohomology

In this subsection, we shall assume that A is a commutative IF ,-algebra. Then consider the
de Rham complex

QWi (A) = Qi (ayy w5, = LW,(a)/z (32D

(see Sect. 2.1.5). One defines a differential graded ideal N,, (i.e. an ideal stable under d) in
Q*W,,(A) inductively as follows:

N =0,
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and forn € N, N, is generated, as a differential graded ideal, by elements of the form

Y Vi@pd(Vxr))...d(Vim) (3.2.2)
j

where

Zajdxu ...dxm,j (S Nn,
J

and elements of the form

V(y)dx — V(xP~y)d(Vx) (3.2.3)
where x € A, y € W,(A). We put

W,Q*(A) = Q*W,,(A)/Ny.
Since R commutes with V on Witt vectors, we have

R(Npt1) € Na,
and thus we obtain a surjective homomorphism of commutative differential graded rings
R: Wy 1Q°(A) — W, Q%(A),
called the restriction. One puts
WQ*(A) = h;?l W,Q*(A)

and calls this the de Rham-Witt complex of the I ,-algebra A. On a smooth variety X over
IF, this construction sheafifies to produce a complex of sheaves of Z,-modules W% . Its
hypercohomology is denoted by

HY (X)) = H (X, WQ%).

and called the crystalline cohomology of X. More generally, for a Z,-module M, we can
define

Hf (X, M) = HY (X, Wy @z, M).
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3.2.1 Verschiebung and Frobenius
One defines homomorphisms of rings, called again the Frobenius

F: W,Q*(A) - W,_1Q%(A),
F:WQ*(A) - WQ*(A),
and homomorphisms of abelian groups
V: WaQ*(A) — W, 192%(A),
V:iWQ*(A) - WQ*(A)
called again the Verschiebung. Clearly, it suffices to make the definitions in the truncated
case, as long as they are compatible with restriction. In the case of Verschiebung, one puts
simply
Viadxy...dxp) = V(a)d(Vxy)...d(Vxy,). (3.2.4)
The relation (3.2.2) is designed precisely to ensure that this homomorphism of abelian
groups is well defined. Note that, since A is an F-algebra, we have in particular for
x € W,(A)
V(dx) =V (1)dV(x) = pdV(x).
In fact, (3.2.4) implies

Vixdy) =V (x)dV(y) (3.2.5)

for x,y € W,Q*(A) (and hence also in WQ*(A)). In fact, when x = adx;...dxp,
y = bdy; ...dyy, both sides are equal to

V(a)dV(x1)...dV (xu)dV (b)dV (y1)...dV(ye).

To define the Frobenius, the key point is that it should coincide with the Frobenius on Witt
vectors, and further, (recalling (3.1.3)), one requires

Fdx = x""\dx, (3.2.6)

FdV =d. (3.2.7)
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Note that by (3.1.11), the formulas (3.2.6), (3.2.7) determine the definition of F on dx
where x is a (truncated or not) Witt vector, and thus, in general by the property that it
should be a ring homomorphism. In particular,

Fd(ay, ..., an-1) = agfldao +day+dVay +---+dV"a,_,.

To prove consistency, it suffices to verify that the Frobenius thus defined preserves the
relations (3.2.2), (3.2.3). In case of (3.2.3), one computes for a Witt vector y and x € A:

F(V(y)dx) =FoV(y)Fdx =
pyxpfldx =Fo V(xpfly)Fd(Vx).

In the case of the relation (3.2.2), one notes that for Witt vectors a, xg, ..., Xmu, by
definition,

F(V(@@)FdV(x1)...FdV(xy) = padxy...dxy.

Clearly, the definition of the Frobenius also commutes with restriction, and thus is
consistent on the truncated, as well as untruncated, de Rham-Witt complex. Note also
that by plugging in adx . .. dx,,, one sees immediately that (3.2.7) holds in general on the
de Rham-Witt complex. In a similar way, one also sees that (3.1.4) holds in general on the
de Rham-Witt complex.

3.2.2 Proposition The relation (3.1.5) holds for arbitrary elements x, y of the de Rham-
Witt complex. Additionally, on the de Rham-Witt complex, one has

dF = pFd. (3.2.8)

Proof Note that to prove relation (3.2.8), by the Leibniz rule, we only need to prove it
on elements of the form x, dx where x is a Witt vector. For the case of x, this follows
from (3.2.6) (and, at least modulo torsion, essentially forces it). For the case of dx, x =
(x0, ..., Xn—1), Wwe compute

dFdx = d()cg_l +dx; 4 +dV"2x, )= (p— 1)xg_2dx0dx0 =0.

For relation (3.1.5), first note that multiplying y by a dy; results in multiplying both sides
by dVy;, and thus, it suffices to assume that y is a Witt vector. Similarly, the formula is
“multiplicative in the x-coordinate” in the sense that if it holds for x1, x2, then it holds for
x1x2 by the calculation

x1x2Vy = x1V((Fx2)y) = V(F(x1) F(x2)y).
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Thus, it suffices to consider the case when x is either of the form a or da where a is a Witt
vector. In the case of a, it holds by Lemma 3.1.4. In the case when a = x, we have, by
(3.2.3) and (3.2.6):
V(y)dx = V(xP"y)d(Vx) = V(yxP"ldx) = V(yF(dx))
(Note that, again, relation (3.2.3) is forced.) Now when a = d Véix, 0> 1, compute
V(y)dVix = V(ydV*'x) = V(yFdV'x)
by (3.2.7). O
Thus, by Proposition 3.2.2,

®=p'F:WQ(A) - WQi(A) (3.2.9)
defines a chain map on WQ*(A). The induced map on crystalline cohomology is known
as the Frobenius action on crystalline cohomology. We refer the reader to [12] for more
details.
3.3 Crystalline Cohomology of P"
The purpose of this subsection is to work out, as an example, the de Rham-Witt complex of
schemes of the form (A’ x (G,,)?) Spec(k)» i + j = n and, as an application, the crystalline
cohomology of IP?, where k is a perfect field of characteristic p > 0. Let

A= (Ty...T) " 'FplTy, ..., Tyl (3.3.1)

C = colim(Ty ... T))~'Q,[T,}/" ”P'
= col 1T QplTy L T 3.3.2)
We shall write
TH=T" T k= (k... k).

Denote the p-valuation on Q, by v. Put

E={>aTteC |a e,

. (3.3.3)
v(ar) = max{—v(k;) | 1 <i <n}, kjy1,...,k, >0}
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We have a Z-linear homomorphism
V:E—-E
given by
V(T = pTk/P,
Thus, the image of V" consists of all 3 a;T* where all of the a;’s are divisible by p’.
Consequently, the V" E is a decreasing filtration of rings on E (i.e. V" E are ideals, and
V'E-VSE C V'TSE).
Now we have a homomorphism of Z,-algebras
t:E—> W(A)
given by
pe(T*y - viTh,
3.3.1 Proposition The map of rings T preserves V and induces an isomorphism of rings
E/V'E — W,(A). (3.3.4)
Proof The fact that t preserves V is immediate from the definitions. The fact that (3.3.4)
is an isomorphism follows from the fact that on the r’th associated graded piece of it, it is

the identity on A,, which is A, considered as an A-module where the multiplication of a
scalara € A withx € A, isa” x € A, O

Now put, as usual,

dT;
dIn(T;) = T’

i
Now consider the sub-differential graded algebra
*k *
E* C Q¢ /Qp
where E™ is generated, as a Z,-submodule, by

axT*dIn(Ty,) .. .dIn(T;,), 1 <ij <+ <im<n (3.3.5)
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where
vp(ar) = max{—v(k;) | j & {i1,....in}}
and
ki > 0fori > j, (3.3.6)

where the inequality (3.3.6) is strict when i = is for some s. Then, by definition, E* is a
quotient of Q7 /Z," Again, we have a ring filtration V" E* of E*. Moreover, the relations
(3.2.2), (3.2.3) hold in E*, since they hold in Q7. /Qp (by direct computation). Thus, we
obtain a homomorphism of differential graded Z/ p"-algebras

™ Wy QA — E*/(V'E* +dV"E* 1), (3.3.7)
3.3.2 Theorem The homomorphism (3.3.7) is an isomorphism.

Proof One define an inverse of T by expressing (3.3.5) as a product of an element of
E and differentials of elements in the obvious way, using the valuation conditions. The
ambiguity of doing so is resolved by relation (3.2.3) (note that it happens in each variable
separately). O

3.3.3 Theorem One has

Zp for0 <i < 2n even
0 else.

Hcl:ryx (Pﬁ"p) = {

On H? (]P’%p), the Frobenius acts by p'.

crys

Proof One actually proves, for each individual £,

. <= <
H@®  wal) = Zp,when0<i=4{<n
4 0 else.

Then one, again, applies the fact that the hypercohomology spectral sequence must
collapse due to evenness of total degrees. Using Theorem 3.3.2, this is completely
analogous to the proof in Sect.2.5.2, replacing coefficients k by the appropriate Z,-
submodule of Q,, for each monomial T*d In(T;) ...d In(T;,).

The Frobenius on the de Rham-Witt complex, by definition, acts trivially on d In(T;).
The products of those classes represent the surviving cohomology classes. The action on
cohomology then comes from formula (3.2.9). (Note that filtration degree shifts of the
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hypercohomology spectral sequence move the generators from cohomological degree i to
cohomological degree 2i.) O

4 Etale Cohomology

If, for a variety over a field of characteristic p, we want to obtain torsion cohomology
information at primes £ # p, a different technique is required, called étale cohomology.
This theory was developed by Grothendieck and Deligne. Deligne [5,6] used it, along with
other techniques, to prove the Weil conjectures briefly mentioned in Sect. 5.7 of Chap. 3
above. In this section, we introduce étale cohomology briefly. More information can be
find in [15].

4.1 Grothendieck Topology

To discuss étale cohomology, we must first generalize the concept of a topology. A
Grothendieck topology is a category C together with a class of sets of morphisms

{fi: Ui —->U|ie€el}
(where U;, U € Obj(C)) called covers such that the following axioms hold:

1. If f: U — V is an isomorphism, then { f : U — V}is a cover.

2. If{fij : Ujj — U;}arecoversand { f; : U; — U} isacover, then {f; o f;j : U;j — U}
is a cover.

3.If{fi : Ui - U}isacoverand g : V — U is any morphism, then the pullbacks
U; xy Vof fiand g exist,and {f; xy V : U; xy V — V}isacover.

Terminology varies, notably the words site and fopos are often used. Also, axioms vary
in the literature, but the definition given above is all we need. For a category D, a D-
presheaf on a Grothendieck topology C is a functor from C?” — D. Analogously to
(1.1.3) of Chap. 4, if the category D has limits, a presheaf F on a Grothendieck topology
is called a sheaf if for every cover {U; — U | i € I}, F(U) is the equalizer of

[[rwn= [] Fw; xv vo. (4.1.1)
iel j.kel

If the category D satisfies the Assumption of Sect. 1.1 of Chap. 4, and the Grothendieck
topology is small, meaning that there exists a set of objects to one of which every
object is isomorphic, then essentially verbatim, the entire discussion of Sect. 1.1 applies.
In particular, we have an obvious analogue of the functor L on presheaves, and the
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obvious analogue of Proposition 1.1.1 holds, thus describing shedfification, i.e. a left
adjoint to the forgetful functor from presheaves to sheaves. (Note: a refinement of a cover
(Ui — U |ie€l}isacover {V; — U | j € J} such that for every j € J there exists an
i € I and amorphism V; — U; over U.)

The example of principal interest in this Section is the étale topology X.; on a locally
Noetherian scheme X. The objects are étale morphisms f : ¥ — X of finite type,
morphisms are commutative diagrams

Y > Y’
Xa

and covers are sets of morphisms {U; — U} over X (we suppress the arrows to X from
the notation) such that the induced morphism [ [ U; — U is onto.

4.1.1 Lemma For a scheme X and a scheme (resp. abelian group scheme) Z, the presheaf
on Xe whose sections on U are morphisms of schemes from U to Z is a sheaf (resp.
abelian sheaf) on X . (Usually, this sheaf is denoted by the same symbol Z.)

It may be tempting to call such a sheaf representable, but note that in the present
context, the representing object may not be in the category.

Proof Since we already know this statement in the Zariski topology (see Sect. 2.5 of
Chap. 2), it suffices to verify the statement for an affine étale cover of an affine scheme,
i.e. that if a homomorphism of commutative rings A — B is étale, and the corresponding
morphism of schemes Spec(B) — Spec(A) is onto, then a morphism of schemes
Spec(A) — Z is precisely specified by a morphism Spec(B) — Z which coincides
when composed with the morphisms Spec(B ®4 B) — Spec(B) obtained from the two
canonical inclusions B — B ®4 B. Now to prove that for any scheme Z, by passing
to additional Zariski open covers, we may assume that Z is also affine, i.e. one needs
to prove that for any commutative ring C, a homomorphism of rings C — B factors
through A uniquely if and only if it coincides when composed with the two canonical
homomorphisms of rings B — B ®4 B. This holds because B is flat over A (Exercise 20),
and also A — B is an injection, since we assumed Spec(B) — Spec(A) is an étale cover.

O
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4.2 Geometric Points

It is possible to define geometric points in a Grothendieck topology more abstractly, but
for our purposes, we may define a geometric point x of X,; as a point x € X, together
with a choice k, — k, of a separable closure of the residue field k.. Thus, a geometric
point can be equivalently specified as a morphism of schemes x : Spec(k) — X where k
is a separable closure of the residue field of the image of x. An étale neighborhood of x
can then be defined as a diagram

y

/ f 4.2.1)
\%
X

where f is étale. Specifying an étale neighborhood of y then by composition determines
an étale neighborhood of x. Thus, the diagrams (4.2.1) form a category (X.;), of étale
neighborhoods of x, which, via the vertical arrow, has a canonical forgetful functor to X,;.

4.2.1 Lemma The category (Xer)x of étale neighborhoods of x is directed, which means
that for every two objects b, c, there is an object a with morphisms a — b, a — c, and for

every two morphisms b =X c, there exists a morphism a — b with which they give equal

compositions.

Proof The first condition follows from the fact that a pullback of two étale morphisms
over X is étale.

For the second statement, we need to use the fact that an equalizer of two étale
morphisms over X is étale. But an equalizer can be realized by a pullback, followed by
another pullback along the diagonal ¥ — Y xx Y where Y is étale over X. However,
the diagonal is then an open inclusion, and hence is also étale. Our statement then follows
from the fact that a composition of étale morphisms is étale. O

The stalk F, of a sheaf F on X, at a geometric point x is defined as the colimit of
sections F(U) where U runs through the category (X,,), of étale neighborhoods of x.
Just like for sheaves over a topological space, a stalk functor preserves colimits (in fact,
has a right adjoint, the étale skyscraper sheaf on the geometric point x), and is exact (which
is an easy general property of directed categories).

4.2.2 Lemma For morphisms f, g : F — G of sheaves of sets on Xo, f = g if and only
if the induced maps on stalks Fy — G, coincide for all geometric points x. We say that
the étale topology has enough points.



430 6 Cohomology in Algebraic Geometry

Proof Necessity just follows from functoriality. For sufficiency, if f and g induce the
same maps on stalks, then they must induce the same maps on sections for some étale
neighborhood of every geometric point x. Those étale neighborhoods form an étale cover
of X, and thus, our statement follows from the gluing axiom for sheaves. m]

Consequently, for abelian sheaves (i.e. sheaves of abelian groups) on X,;, a sequence
of morphisms is exact if and only if it is exact on stalks.

4.2.3 Stalks of the Structure Sheaf

For the structure sheaf O (a.k.a A'), the stalks at geometric points of X,; are obtained by
taking a local ring Oy , and successively taking étale covers and localizing at maximal
ideals (taking colimits at limit ordinal steps) until one obtains a local ring R for which
every étale homomorphism R — § where S is a local ring is an isomorphism. Such a
ring R is called strictly Henselian, and the transfinite procedure just described is called
strict henselization. For a local ring R to be strictly Henselian, it is obviously necessary
that every monic polynomial p(x) over R whose reduction to the residue field has no
multiple roots factor to linear factors. It is also sufficient, which is a deep theorem of
commutative algebra, relying on a hard result known as the Zariski main theorem. Zariski’s
main theorem (in the form one needs here) states that if f : ¥ — X is a separated
morphism of finite type of schemes such that for every point x € X, f~!(x) is discrete in
the induced topology from Y and X is a quasicompact separated scheme (this condition
can be further weakened), then we have a diagram

L

Y > Z

\ / 4.2.2)
! g

X

such that ¢ is a quasicompact open immersion and g is finite. For a proof of this statement,
see Exercises 16, 18, 19 below. For further details, see [18].

4.2.4 The Kummer Exact Sequence
Consider, for a natural number ¢, the abelian group scheme

je = Spec(Z[x]/(x" — 1)).

The associated étale sheaf on X,; for a Noetherian scheme X is also denoted by Z/£(1).
If X is a variety over a field of characteristic 0 or prime to £, then we have a short exact
sequence of sheaves on X,

¢
0 > ZJe(1) > Gm > Gy -0 (4.2.3)
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where the morphisms are induced by the corresponding morphisms of abelian group
schemes. It suffices to verify exactness on stalks, which means that for a strictly Henselian
algebra R over a field of characteristic not dividing ¢, the sequence

l>{aeR|a*=1})—> R* > R > 1

(written multiplicatively) is exact, where the map R* — R* is the £’th power. Clearly, the
only non-trivial part is verifying that the £’th power map is onto, but by the assumptions
on characteristic, that follows from R being strictly Henselian.

4.2.5 The Etale Topology on Spec(k)

The étale topology is quite complicated, and usually difficult to calculate with directly.
One exception is the case of X = Spec(k) for a field k. Then by reinterpreting the
comments in Sect. 5.4 of Chap. 3, we have already seen that the Grothendieck topology
Xr 1s simply the full subcategory of the category of schemes on disjoint unions of finite
separable extensions of k. All morphisms are étale. Choosing a separable closure k of k,
we see then that abelian sheaves on X, are then identified with Gal(k/k)-modules, by
which we mean abelian groups M with an action of the inverse limit of Gal(L/k) for
Galois extensions k € L C k where M is the union of fixed points M@ */L) gver finite
extensions L of k contained in k.

In particular, (defining tensor product of abelian sheaves by taking tensor product on
sections and then sheafifying), we see that we may define a sheaf Z/¢(m), m € Z on
Spec(k); for a field k by letting Gal(k/k) act by the m’th power of its action on .
Additionally, we have

Z/t(m) @ Z)t(n) = Z/l(m +n), m,n € Z.
Consequently, by pullback, we have the same relation on X,; where X is any variety over
a field.
4.3  Etale Cohomology
For a Noetherian scheme X, the abelian category of sheaves on X,; has enough injectives
by the same argument as for the abelian category of sheaves on a topological space, i.e. by
taking products of étale skyscraper sheaves, which are pushforwards of injective abelian
groups. Thus, for a sheaf 7 on X,;, we can define

H (X, F) = RTY(F)

where I denotes global sections (i.e. sections on X). Alternately, again, this coincides with
the £’th Ext group from the constant sheaf Z on X, to F.
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4.3.1 Etale Cohomology of Spec(k) for a Field k

For a group G, the free abelian group ZG has a unique ring structure where the product
of free generators g, h € G is the free generator gh € G.This is called the group ring
of G. The ring ZG is not commutative when the group G is not commutative. For a non-
commutative ring R, we must distinguish between left R-modules M, which have structure
maps

RIM— M
and right R-modules N, which have structure maps
N®R—-> N

(which are required to satisfy unitality and associativity in the usual sense). For a left ZG-
module M, however, M automatically has a canonical right ZG-module structure given
by

mg:gilm, geG,meM,

and vice versa. Thus, left and right ZG-modules form equivalent abelian categories, whose
objects are (somewhat dangerously) often just called G-modules. A G-module can then be
understood simply as an abelian group on which G acts by group homomorphisms. A
trivial G-module is an abelian group on which G acts trivially (i.e. every element of G
acts by the identity).

The category of left modules over any ring R has enough injectives (by the same proof
as in Lemma 2.4.2), and we define group cohomology of G with coefficients in a module
M as

HY(G; M) = Ext};(Z, M) = R* Hom(Z, M) (4.3.1)

where Z is a trivial module. It should be mentioned that unlike the case of commutative
rings, where Hom and Ext are canonically modules over the ring, for a non-commutative
ring, they only have a canonical abelian group structure.

Now for a pro-finite group G, denote by G the limit of the system of finite groups
defining G. We can define a G-module M as a G-module which is a direct limit of
submodules Mg such that the G-module structure of each M k factors through a K-
module structure, where K is one of the finite groups in the inverse system defining G
(e K er(@ — K) acts trivially on Mk ). Then we define pro-finite group cohomology of
G as

HYG, M) = coll(im HY (K, Mg). (4.3.2)
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Now for a field k, as we remarked before, choosing a separable closure k of k, Gal(k/k) is
a pro-finite group, and étale sheaves on Spec(k) are an equivalent category to Gal(k/k)-
modules in the above sense. Thus,

H (Spec(k)er, M) = H (Gal(k/k), M). (4.3.3)

This is one of the few cases of calculations of étale cohomology which can be done easily
directly from the definition.

4.4  Etale Cohomology of Curves

Let X be a smooth curve over an algebraically closed field k, and let £ be a natural number
not divisible by the characteristic of k. We will now show how to calculate the étale
cohomology of X with coefficients in the constant sheaf Z/¢ using the Kummer exact
sequence (4.2.3). Note that since k is separably closed, all the sheaves Z/£(n) on X are
isomorphic.

Now leti : Spec(L) — X be the inclusion of the generic point. By taking the cokernel,
we get a short exact sequence of étale sheaves on X of the form

0— G, — iG,, —> Div — 0. “4.4.1)

We claim that Div(Y) is the abelian group of Weil divisors on Y for Y — X étale. In fact,
defining Div(Y) this way produces a short exact sequence on sections, by the equivalence
of Weil and Cartier divisors. Functoriality with respect to étale maps is given by taking
a closed point to the sum of the points in the fiber over it (note that we assumed the
residue fields of the points to be algebraically closed). Thus, we need to prove that the
étale presheaf thus defined is a sheaf. Again, since we assume the residue fields to be
algebraically closed, if we let P € X be a closed point and denote by S the fiber (i.e.
inverse image) of P in Y for an étale morphism ¥ — X, then the fiber of Y xx Y over P
is § x S. Thus, our claim reduces to a statement about sets: For a finite set S, the equalizer
of the two maps ZS — ZS ® ZS givenby x > x ® >_ S, x > Y_ S Q@ x is Z{D_ S}.

Note that the sheaf Div can also be described as the direct sum of the étale skyscraper
sheaves on all Zariski closed points of X (recalling that the constant sheaf with values in
7 on a finite set S has sections 7Z5S).

Now consider the diagram of étale sheaves on X

0 1% 03 (442)
\ \ \

0 > G, > 1,G,, > Div > 0
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where £1, {2 are £’th powers (thinking of the abelian groups multiplicatively), and £3 is
multiplication by ¢ (thinking of Weil divisors additively).

Then the “snake lemma” (which is a special case of Theorem 2.3.7 of Chap. 5) states
that there is an exact sequence

0 ~ Ker(ty) > Ker(L) ~ Ker(t3)
(4.4.3)

Coker(t)) = Coker(ty) = Coker(€) = 0.

with the horizontal morphisms induced by the horizontal morphisms (4.4.2). However,
since Ker(£3) = 0 and Coker(€;) = 0, ¢ and « are isomorphisms. Thus, we obtain an
exact sequence

14
0 - 7/t = i,Gp, = i,Gp, ~ Div/t = 0. (4.4.4)

Now since the étale sheaf Div/¢ is a sum of skyscraper sheaves of Zariski closed points, it
is flasque and hence has no étale cohomology in degrees > 0, and in the next subsection,
we will show the same about the sheaf i, G,,. Therefore,

¢
i+Gp > .G > Div/t (4.4.5)

is a resolution of Z/¢ by I'-local étale sheaves, and H*(X,, Z/¢) therefore is the
cohomology of the induced complex on global sections, which is

4
L* = L* > DivX)/t (4.4.6)

where Div(X) denotes the group of Weil divisors on X, reduced mod £. Now applying
the snake lemma to the diagram of abelian groups

0 > L*/k* > Div(X) > Pic(X) >0
2 14 2
\ \ \
0 > L*/k* > Div(X) > Pic(X) > 0,

we obtain an exact sequence

0— (Pic(X) - L*/(L*)" - Div(X)/t - Q — 0,
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where ¢ Pic(X) is the £-torsion in the Picard group of X, and Q is Z /¢ if X is projective
(because of the degree), and O otherwise. This is proved by generalizing the observations
on the Picard group of an elliptic curve made in Sect. 3.4 of Chap. 4. One can prove that
for a smooth affine curve X over an algebraically closed field k, Pic(X) can be identified
with the k-points of a projective group scheme, and prove the surjectivity of the £th power,
for £ not divisible by the characteristic, in that context. Details would take us too far afield,
but they do not depend on the foundations of Grothendieck topology. Using (4.4.5), we
then conclude the following

4.4.1 Proposition Let X be a smooth curve over an algebraically closed field k, and
suppose that the characteristic of k does not divide a natural number £. Then

7/ ifi =0 or X is projective and i =2

H (Xo, Z/0) = { (Pic(X) ifi =1

0 else.

4.4.2 Cohomology of Function Fields of Transcendence Degree 1
We begin with the following important consequence of the Nullstellensatz (Sect. 1.1.2 of
Chap. 1):

4.4.3 Theorem Let k be an algebraically closed field, let x1, . .., x, be variables, and let
f1s ..., fm be homogeneous polynomials in x1, . .., x, such that m < n. Then the system
of equations

fl(-xla '-'a-x}’l) =0
fm(xlv X)) =0
has at least one solution (x1,...,x,) #Z (0,...,0).

Proof By the Nullstellensatz, it suffices to prove that for a homogeneous ideal /I C
klx1, ..., x,] generated by m < n homogeneous elements, we have

VI (x1,...,x0). (4.4.7)

One way to of doing this is using a concept called local cohomology. Let R be a ring and
let I = (rq, ..., ry) be a finitely generated ideal. Then the local cohomology

Hj (R)
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is defined as the cohomology of the totalization of the m-fold cochain complex which in
m-tuple degree (€1, ..., €n), € € {0, 1}1is

(and O otherwise), and the j’th differential from j’th degree O to j’th degree 1 is
localization by inverting r;, times a sign equal to (—1) to the power of

Wi <ile =1}

(to satisfy our sign conventions regarding multiple chain complexes which is that the i’th
and j’th differential should anticommute). More generally, an analogous definition can
clearly be made for R-modules.

A key fact is that up to isomorphisms, the definition of local cohomology does not
depend on the choice of the (finitely many) generators r;. This is shown by showing, using
the definition, that the cohomology does not change when another generator is added.

Similarly, one shows that for a polynomial ring R = k[x1, ..., x,] where k is a field,
the canonical map

H}(R) — H (R)

is an isomorphism. Now if an ideal I is generated by m elements, then, by definition,

H; (R) = 0fori > m. On the other hand, if I = (x1, ..., x;), then by direct computation,
H} (R) # 0. Thus, the augmentation ideal cannot be generated by fewer than n elements.
O

Now the key fact about the cohomology of function fields over an algebraically closed
field k (i.e. fields generated, as fields, by k and finitely many elements) of transcendence
degree 1 is the following theorem of Tsen:

4.4.4 Theorem If K is a function field over an algebraically closed field k of transcen-
dence degree 1, and L is a finite extension of K, then for every x € K*, there exists a
y € L™ such that Np; (y) = x. (Recall that the norm Ny /g (y) of an element y € L* is
defined as the product of the roots of a minimal polynomial p(y) of y over K, taken to the
power of [L : K]/deg(p).)

Proof Tsen (1933) argues as follows: K is isomorphic to a finite extension of the field of
rational functors k(u). Now choose a basis (¢; | i = 1,...n) of K as a k(u)-vector space.
By taking a common denominator which is an [L : K] = m’th power, we may assume,
without loss of generality, that x is a linear combination of the «;’s with coefficients in
k[x]. Choosing another basis 8; of L over K, we look for a solution to Ny /x(y) = x
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where y is a linear combination of the basis elements «; 8; of L over k(x) with coefficients
in k[x]. Multiplying by a common denominator and writing down those equations, one
finds that they are homogeneous polynomial equations over k of the form

Ni(p1,... pmn) = ppai, i=1...n (4.4.8)

where p;/po are solutions to the norm equation over the k(x)-basis («; 8;) (the equations
are obtained by comparing the coefficients at each power of x). If the maximum degree
of the polynomials p;, pg is ¢, and the maximum degree of the a;’s is f), we obtain <
n(to+mt + 1) homogeneous equations with (1 4 mn)(1+ ¢) unknowns. By increasing the
degree of the denominator, if necessary, we can increase ¢ and thus arrange for the number
of unknowns to be greater than the number of equations, and apply Theorem 4.4.3. (The
possibility of the common denominator being O is avoided by noting that the norm of a
non-zero element is non-zero.) |

Now for a profinite group G, call a G-module M (in the above sense) flasque if for every

factor K of a group in the projective system defining G, and every subgroup H C K, every
element x € MKer(G—K)H , there exists an element y € MKer(G=>K) guch that

x=Ngp()= Y ky.
keK/H

One has the following
4.4.5 Proposition If G is a profinite group and M is a flasque module, then
H (G, M) =0 fori > 0.

Proof Exactly emulates the proof for sheaves. (In fact, one can take the point of view that
we are dealing with étale sheaves here.) O

4.4.6 Corollary If K is a function field of transcendence degree 1 over an algebraically
closed field k, then

Hi(Spec(K)L’ts Gm) - OfOVi > 0

Proof Apply Proposition 4.4.5 to G = Gal(K/K) where K is the separable closure of
K, and the G-module K . O

Now Corollary 4.4.6 is a part of what we need to finish the proof of Proposition 4.4.1.
The other part is that we need to show that if i : Spec(K) — X is the inclusion of the
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generic point for a smooth curve over an algebraically closed field &, then
R/i,G,, =0for j > 0. (4.4.9)

To this end, one notes that R/i,G,, is the sheafification of the presheaf on Spec(L).; which
to an étale cover U of X assigns HIi~Y(U), G,,). However, i ~'(U) is an étale cover of
Spec(L), so for j > 0 this group is 0 by Corollary 4.4.6.

5 Motivic Cohomology

The idea of motivic cohomology (originally due to Grothendieck) is to construct a
cohomology theory of schemes which would be universal in an analogous sense as singular
(co)homology is universal for topological spaces. In particular, motivic cohomology
should allow coefficients in Z. For varieties over perfect fields, such a cohomology theory
was first constructed by Bloch, and reformulated by Voevodsky, who used it to prove an
important conjecture of Bloch and Kato on Galois cohomology of fields. In this section,
we give a brief introduction to these concepts. More information can be found in [14].

In this section, we restrict attention to the full subcategory Smy of the category of
schemes and morphisms on smooth separated schemes X of finite type over a perfect field
k.

5.1  Al-Homotopy Invariance

In algebraic geometry, we do not have, of course, literally the notion of homotopy as
considered in Sect. 3 of Chap. 5. Nevertheless, in some sense, an analogous concept can
be developed by using A! as the object corresponding to the unit interval [0, 1]. We say
that a functor F from Smy to another category is A!-homotopy invariant if for every object
X of Smy, the induced morphism F (X x Ay > F(X)isan isomorphism.

Analogously to (3.1.1) of Chap. 5, the algebraic standard simplex is defined as

A" = Spec(klto, ... 121/t = 1)). (5.1.1)
We have, again, face maps
ATV A" i=0,...,n,

given by setting the i ’th coordinate to 0.

Now we shall discuss presheaves and Zariski sheaves on the category Smy of separated
smooth schemes of finite type over a perfect field £, and morphisms of schemes over k.
Here by the Zariski topology, we mean the Grothendieck topology on the category Smiy
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where covers are Zariski open covers. In this section, we shall always consider this Zariski
topology on Smy, unless otherwise specified. For a chain complex F of abelian sheaves
on Smy and an object of Smy, we define

HY (X, F)

as the cohomology of a smooth scheme X over k with coefficients F, restricted to the
category of Zariski open sets of X, and inclusions. Denote this restriction of F by Fx)
(to distinguish it from the restriction to the category of Smy-arrows into X, which is yet a
different concept).

Note that the (hyper)cohomology thus defined is contravariantly functorial with respect
to morphisms in Smy, since for a morphism f : X — Y in Smy, we have a canonical
morphism of complexes of abelian sheaves

fﬁl]:(y) — Fx)- (5.1.2)

(This is because the left hand side is defined as the colimit of F(y)(V) over open sets V
such that f~!(V) 2 U, but then f restricts to a morphism of schemes U — V.) Now
choose quasiisomorphisms Fyy — Z, F(xy — K with Z, K local. Since f~lis exact,
f~1(Z) is quasiisomorphic to f _1f(y), which maps (uniquely up to chain homotopy) to
K. Taking global sections and cohomology gives the required functoriality.

For an abelian presheaf F on Smy, define a complex of abelian presheaves CyF on
Smy by letting its sections on a separated smooth scheme U of finite type over k be the
chain complex

dy d
> F(A? x U) > F(A' x U) >~ F(A? x U)

where, fora € F(A" x U),
n
d(er) =) 9 (@)
i=0

(where by f* we mean F(f) - note that F is contravariant on Smy). Clearly, if F is a
sheaf on Smy, then C, F is a chain complex of sheaves on Smy.

The key result is that hypercohomology with coefficients in a complex of sheaves of
the form C,F is A'-homotopy invariant:

5.1.1 Proposition Let F be an abelian sheaf on Smy. Then for every smooth scheme
X € Obj(Smy), the projection X x A' — X induces an isomorphism of hypercohomology

HYX,C.F) = HY (X x A", C.F). (5.1.3)
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We will prove Proposition 5.1.1 by reducing it to simpler statements. First, note that
it suffices to prove that the identity on X x A! induces the same homomorphism on
CF-hypercohomology as the map X x 0 (where 0 : Spec(Z[x]) — Spec(Z[x]) is the
morphism corresponding to the homomorphism of rings given by x +— 0). This is because
then the projection X x A! — X and the inclusion X — X x A! by 0 in the second
coordinate induce inverse homomorphisms in CyF-hypercohomology.

Next, we claim that in fact, it suffices to prove that the inclusions

i0,i1: X = X x A!

by 0 and 1 in the second coordinate induce the same homomorphism in CF-cohomology.
This suffices because then we can consider the composition

X x A"z X x Al x Al - X x Al
where all the morphisms are identity on the X coordinate, the first two morphisms are
inclusions to 0 resp. 1 in the last coordinate, and the second morphism is the productin A,
i.e. the morphism Spec(Z[s]) x Spec(Z[t]) — Spec(Z[u]) given by u +> st. If the first
two morphisms induce the same on C,.F-hypercohomology, so do their compositions with
the second morphism, which are /dy times the 0 map and the identity on A!, respectively.

Now the statement we just reduced Proposition 5.1.1 to will follow from the following

5.1.2 Lemma There exists a natural (in F) chain homotopy between the homomorphisms
D(CaF xaty) = T(CFix))
induced by iy and i1.
Proof The idea here is the triangulation of a prism. (In fact, using the same argument in
the topological case, we could prove the homotopy axiom for singular homology.) For the
“prism”
Al x A" = Spec(k[to, . . .,tn,q]/Zti =1
and
A" = Spec(klso, .. sn1]),
define a morphism

vi A" S AU A" i=0,....n
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by
0 =50,.--,ti—-1 =Si—1,
ti =8; + Si+1,
Lit] = Si42, -5 In = Spt1,
q = Si+1 + -+ Sntl.

The chain homotopy is

D (=D x Idx)*.

i=0

5.1.3 Proof of Proposition 5.1.1

The idea is to apply Lemma 5.1.2 to a flasque resolution Z of F. This works, provided
we can prove that C,Z is I'-local. (Note that the chain complex C.Z is bounded below
homologically, i.e. bounded above cohomologically, which is in the wrong direction!)
What saves us here is that we can actually choose Z to be non-zero in only finitely many
degrees, since X is Noetherian of finite dimension, and hence its cohomology can be non-
trivial in only finitely many degrees (see Hartshorne [11]). For an additive functor I' with
only finitely many non-zero right derived functors, and a double chain complex (C,, ;)
whose columns C,, ) are I'-local such that C;;, , is non-zero only for —N <n < N fora
fixed N, the totalization |C| is I'-local by applying RI to the inverse limit

Hm(Cpre/Im(3) = Cie = Cozix = -..).

5.2 Finite Correspondences and the Definition of Motivic Cohomology

Let X € Obj(Smy). The group Z" (X) of algebraic cycles of codimension r on X is the
free abelian group on the set of integral closed subschemes of X of codimension » (which
we will call elementary algebraic cycles). In particular, Z' (X) is the group of Weil divisors
on X.
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An important feature of algebraic cycles is their intersection product
2 ZN(X) ® 25(X) — Z2TH(X),

which on elementary algebraic cycles is given by

Z-T:anwj

where W; are the irreducible components of Z N T and n; is a certain number called the
multiplicity. The multiplicity was defined by Serre [22] as follows: Let w; € W; be the
generic point, and let A = Oy ,; be the local ring of X at w;. In particular, A is a regular
ring, since X is regular. The dimension of A is equal to the codimension of W; in X. Let
I, J be the ideals defining Z, T in A. One notes that if we put

B=A/I+J)=A/I®4sA/J,
then
B/Nil(B) = K

where Nil(B) is the nilradical of B, and K is the residue field of A. Let N = Nil(B) =
Ker(B — K). Then B is filtered by powers of N, and the associated graded object is a
finitely generated K -module. Its dimension is called the length £(B) of B. More generally,
a finitely generated B-module M is also filtered by powers of N (F'M = M - N'),
and its associated graded object is also a finitely generated K-module, whose dimension
(M) is called the length of M (Compare with Sect.5.3 of Chap. 1.). The B-modules
Torl.A(A /1, A/J) are finitely generated, so we can define

nj = Z(—D’Z(Tor;‘(A/l, A/D)).

An important point is that if the codimension of W; is not r + s, then n; = 0. Another
important point is that the intersection product on algebraic cycles is commutative,
associative and unital, thus making

0 =Pz

into a graded ring. Associativity is non-trivial and is proved in [22], Chapter V.



5 Motivic Cohomology 443

We will focus on a particular type of algebraic cycles called finite correspondences. For
X, Y € Obj(Smy), a finite correspondence from X to Y is an algebraic cycle

}:man%XxYermma)

(where Z; are integral closed subschemes of X x Y of codimension r) such that the
restriction of the projection X x ¥ — X to each Z; is a finite morphism of schemes.
An elementary finite correspondence is a finite correspondence which is an elementary
algebraic cycle.

Finite correspondences are thought of as a kind of “multivalued maps from X to Y with
finitely many values.” Composition of a finite correspondence F from Y to Z with a finite
correspondence G from X to Y is defined as the intersection of the cycles F' x Z and
X x Gin X x Y x Z. (The finiteness condition follows from the fact that a pullback of
a finite morphism is finite.) Composition of finite correspondences is associative because
intersection of cycles is.

Thus, finite correspondences on separated smooth schemes of finite type over a perfect
field k form a category, which we denote by SmCor. Moreover, we have a canonical
functor

Smy — SmCory
given by sending a morphism X — Y to its graph, i.e. to the reduced closed subscheme of
X x Y given by the equation y = f(x) (thought of, as an algebraic cycle, as a sum of its
connected components).
Now we define, for X € Obj(Smy), a Zariski sheaf Z;,(X) on Smy by
Zir(X)(U) = SmCor (U, X). (5.2.1)

By definition, Z;, is a covariant functor from Smyj to abelian sheaves. In particular,
applying Z;, to the inclusion of the unit

Spec(k) — Gy,
we obtain a chain complex of Zariski sheaves on Smy:
G = (Zyr(Spec(k)) = Zir (Gm)) (5.2.2)
(where we place Z;,(Spec(k)) in degree 0). We define, forn > 0,

Z(n) =Cx(G®---®G). (5.2.3)

n times
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By functoriality of Cy, then, we have a morphism of chain complexes of Zariski sheaves

Z(m) @ Z(n) — Z(m + n). (5.2.4)
In fact, extending the argument of Lemma 5.1.2, one can actually show that (5.2.4) is a
quasiisomorphism, but one must be mindful of the fact that in general, ® does not preserve
quasiisomorphisms. For an abelian group (more generally, abelian sheaf) A, one can also
define a Zariski sheaf on Smy:

A(n) = Z(n) ® A.

5.2.1 Definition (Voevodsky) Motivic cohomology of X € Obj(Smy) is defined, for
m, n > 0, as the Zariski cohomology

H™™(X) = H™(X, Z(n)),
H™™M(X; A) = H™(X, A(n)).

As a direct consequence of Proposition 5.1.1, we see that motivic cohomology is A!-
homotopy invariant. Also, by (5.2.4), we have, for a commutative ring R, a multiplication

H™™(X; R) ® H™"(X; R) — H™ "M+ (X R)

which is associative, unital and graded-commutative in the sense that for o €
H™M(X; R), p € H"™"(X; R),

ap = (=)™ Ba.

5.3 Some Computations of Motivic Cohomology

The sheaf Z(0) on Smy is chain-homotopy equivalent to the constant sheaf (since
Zsr(Spec(k)) is). Thus, we have

0 A(X) form =0
H™Y(X; A) = (5.3.1)
0 else.

5.3.1 Proposition There exists a quasiisomorphism of complexes of Zariski sheaves on
Smy:

Z(1) > Gu[-1]. (5.3.2)
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Proof ([14]) A Zariski abelian sheaf M is defined by letting M (X) be the group of
rational functions on X x P! which are regular in an open neighborhood of X x {0, oo}
and equal to 1 on X x {0, oo}. One has a short exact sequence of abelian sheaves on Sm:

K A
0 > M > Zir(Gm) > Z® Gy >0 (5.3.3)

constructed as follows: The map « is the Weil divisor of the given rational function.
The first coordinate of the map A is the degree, the second, on an elementary finite
correspondence Z, is the product of the values over a given point of X. (This can be
more formally defined as follows: There exists a unique rational function f on X x P!
whose divisor is Z such that f(z)/7z" is 1 at z = oo, where n = deg(Z). Then
f(@) = (z —a1)---(z — ay) is a polynomial non-zero at z = 0, and we can define the
second component of A as (—1)" f(0) = aj...a,.) Now by basic facts on divisors (see
Sect. 3 of Chap. 4), the sequence of sheaves (5.3.3) is exact on sections, and hence is exact.
Next, factor out Z;, (Spec(k)) from the last two terms (5.3.3), and apply C,. We get a short
exact sequence of complexes of Zariski sheaves on Smy:

0—> CM — Z(D[1] — Cu(G,,) — 0.
Howeyver, one has
Cis(Gp) ~ Gy,

since G, is homotopy invariant (in other words, invertible regular functions on X x Al
are constant on the A'-coordinate). Thus, (5.3.2) follows, if we can prove

CiM ~ 0. (5.34)

This is easy, however, since a rational function in f € M (X) is obviously A'-homotopic
to the function 1 by the A'-homotopy sf +(1—s). Thus, (5.3.4) follows from Lemma 5.1.2.
0

By Proposition 5.3.1, we have
H™'(X) = H" (X, Gp).
The right hand side was essentially calculated in Sect. 3 of Chap. 4. On a smooth variety
X over k, one considers the exact sequence of Zariski sheaves on X (4.4.1) where i is the

inclusion of the generic point. The sheaves Divy and i, G,, have no Zariski cohomology in
degrees > 0 (the first one is a sum of pushforwards of constant sheaves on closed subsets,
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the second is a constant sheaf). Thus,
i+G,, — Divyx
can be taken as a I-local resolution of G,,. Taking global sections, we get
K(X)* — Div(X) (5.3.5)

where K (X) is the function field of X. By the discussions of Sect. 3 of Chap. 4, the kernel
of (5.3.5)is G,,,(X) = O(X)*, and the cokernel is Pic(X). Thus, we have

OX)* form =1
H™'(X) = { Pic(X) form =2 (5.3.6)

0 otherwise.

5.3.2 Milnor K-Theory

For a field k, one defines Milnor K-theory K f” (k) as the quotient of the tensor algebra (i.e.
free algebra) on the set k* (which is set in degree 1), modulo the two-sided ideal generated
by

a® (1l —a), aek~{0,1}.

(This relation is called the Steinberg relation.) We already know from (5.3.6) that we have
a canonical isomorphism

K< =KL (k)= H Y (Spec(k)).
Now one can prove by explicit calculation (see [14], Lecture 5) that the Steinberg relation
holds in H%2(Spec(k)). Thus, (using Exercise 30), we obtain a canonical homomorphism
of rings

KM (k) — H""(Spec(k)). (5.3.7)

5.3.3 Theorem ([14], Theorem 5.1) The homomorphism of rings (5.3.7) is an isomor-
phism. More generally, it induces an isomorphism

KM(k)/e — H™"(Spec(k): Z/t).
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5.4 Relation with étale Cohomology—Voevodsky’s Theorem

Let k be a perfect field and let £ be a natural number not divisible by its characteristic. By
the étale topology on Smy, we mean the Grothendieck topology on that category where
covers are étale covers.

Now Proposition 5.3.1 gives a quasiisomorphism of Z/¢(1) with the chain complex in
homological degrees 0, —1 of Zariski sheaves on Sm /k:

H=(Gp > Gp ). (5.4.1)
By the quasiisomorphism (5.2.4), we then have a canonical morphism of Zariski sheaves
7/E(n) — HE®". (5.4.2)
But now H®" is a complex of étale sheaves on Sm/k which is non-zero in only finitely
many cohomological degrees, and quasiisomorphic to the sheaf Z/£(n) on (Smg),;. Thus,
by functoriality of sheaf (hyper)cohomology, we obtain a canonical homomorphism,
compatible with the product:

H™"(X: 7)) — H"(Xer, Z)E(0)). (5.4.3)

This homomorphism is sometimes called the norm residue symbol. The following theorem
of Voevodsky solved the famous Bloch-Kato conjecture:

5.4.1 Theorem (Voevodsky [25]) For a separated smooth scheme X of finite type over

a perfect field k, the norm residue symbol (5.4.3) is an isomorphism for m < n, and is
injective form = n + 1.

In view of Theorem 5.3.3, we have, for example, the following

5.4.2 Corollary For a perfect field k of characteristic not dividing a natural number ¢,
the norm residue symbol induces an isomorphism, compatible with ring structure:

Ky (k)/€ = H"(Gal(k/k); Z/E(n)).
In particular, if k contains the £’th roots of unity, then we have

K3, (k)/€ = H*(Gal(k/k), Z/t).
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This is a powerful tool for calculating Galois cohomology. For example, even the
statement that for perfect fields of characteristic not dividing £ and containing £’th roots
of unity, Galois cohomology with coefficients Z/¢ is generated, as a ring, by H', is highly
non-trivial.

6 Exercises

1. Prove in detail the formula of Theorem 2.3.2.
2. Let k be a field, and let X = IP.
(a) Consider the epimorphism of coherent sheaves

h:@(’)x(—l)e Ox
=0

given by the direct sums of the morphisms corresponding to the global sections
of Ox given by the projective coordinates xo, ..., x,. Prove that Ker(h) is
isomorphic to Ql X/k
(b) Prove that QX/k Z0x(—n—1).
3. (Serre duality I: The projective space) Prove that for a coherent sheaf 7 on [P}, where
k is a field, we have an isomorphism

H*(X, F) = Ext}y, k(]—“ 0"

where VV = Homy(V, k) denotes the dual of a k-vector space V. [First, note that by
functoriality alone, we have a canonical map

Hom(F, Q"Z) — Hom(H"(X, F), H"(X, Q%z))
= H"(X, )"

which is an isomorphism by using the resolution (2.3.7) and Exercises 2, 1. Now by
using the first i stages of the resolution (2.3.7), one can pass from H” to H" " ]
4. (Serre duality II: A smooth projective variety) Prove the formula

H*(X, F) = Ext}y, k(]—“ QY

for any smooth projective variety X of dimension n over a field k. The line bundle
Q% Ik is sometimes denoted by wyx and called the canonical line bundle on X. [Using

a very ample line bundle £, embedi : X C P = ]P’,]CV . Prove that
RHomg (ixOx, Q) ~ ixQ 1 [N = nl.

Note: essentially, this is a local question.]
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5. Prove the Riemann-Roch Theorem for curves: Let X be a smooth projective curve over
an algebraically closed field k. Let £ be be a line bundle on X. Then

dim(H(X, £)) — dimx(HO(X, ), ® £L71)
=deg(D)+1—g

where
g =dim(H' (X, Ox)).

The quantity g is called the arithmetic genus of the curve X. Note that, for
k = C, by Hodge theory, it is equal to the geometric genus, which is defined as
dimi(H(X, Q%(/C))‘ [Use Serre duality to show that

dimp(H (X, Qx ), ® L71) = dimi(H' (X, ).

With this in mind, verify the statement in the case when £ = Oy. Denoting by £(D)
the line bundle corresponding to a Weil divisor D, use the long exact sequence in
cohomology corresponding to the short exact sequence

0— L(D)—> LD+ P)—i,Op—0

where i : P — X is the inclusion of a closed point.]
6. The adjunction formula
(a) Let X be a smooth variety over a field k and let Y be a smooth subvariety of X,
defined by a sheaf of ideals Z. Leti : ¥ — X be the closed immersion. Prove that
there is a short exact sequence

0— i*Z/I? - i*Qk/k — Q%,/k — 0.

(b) Prove that in the situation above, if the dimension of X resp. Y is n resp. m, we
have

QY @0, A" (T/TP) =i Q4
(c) Prove that if D is a smooth subvariety of X of codimension 1, then i*Z /77 is

isomorphic to i *£(D)~" where £(D) is the line bundle on X corresponding to the
divisor D. Deduce that in this case,

Q1 =M ®0y LID)).
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7. Let X be a smooth curve in ]P’é of degree d and genus g. Prove that g = (d — 1)(d —
2)/2. [By the adjunction formula, wy is the restriction of O(d — 3) from IP’% to X, and
thus has degree d(d — 3). Apply the Riemann-Roch Theorem to £ = wy.]

8. Following the method of Exercise 7, prove that a smooth closed curve in P<1C X spec(C)
P}C of bidegree (d, e) (defined as the pair of degrees of compositions with the two
projections to P!) has genus

g=d—1D(e—1).

Conclude that there exists a smooth closed curve in P% of any genus. [Use the
Veronese embedding.]

9. Let C be a smooth closed curve in ]P’% which is the complete intersection of two smooth
closed surfaces D, E of degrees d, e. (Complete intersection means that the sheaf of
ideals corresponding to C is generated by the sheaves of ideals corresponding to D,
E.) Using the adjunction formula, show that the degree of wc is de(d + e — 4), and
consequently, using the Riemann-Roch Theorem,

g=de(d+e—4)/2+1.

Deduce that there exists a smooth curve in P?C which is not the complete intersection
of two smooth closed surfaces.
10. Prove the Bott Theorem: We have

p —
HI (B, Qb () =0

unless0 < p=¢g <n,r =0,orq =0,r > p,orq =n,r < —n + p. [Given the
fact that we know the Hodge numbers of P, this can be done by mimicking precisely
the method of Exercise 1, tensoring with QH’;% /(C']

11. Put, for a coherent sheaf F on a smooth projective variety X,

X(F) =Y (=D'dim(H (X, F)).

(Sums of this type are referred to by the term Euler characteristic.)
(a) Putting P = P, prove that we have a short exact sequence of coherent sheaves on
P:

0— Qﬂrp/(c — @ Op(—r) = Qﬁm;(é — 0.
(G
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12.

13.

(b) Prove (by induction on r) that

.. d An+1\[(i—-r+j+n
coien S ()7 )

j=0

Let X be a degree d smooth (closed) hypersurface in P = P, and leti : X — P be
the inclusion.
(a) Prove that there is a short exact sequence

0— Qﬁm/c(—d) — Qﬁp/(c — i*i*Qﬁp/(c — 0.

[Consider the case r = O first.]
(b) Prove that for r > 1, there is a short exact sequence

0— Q' (—=d) — (Qp)0)lx > Dy, — 0.

[Consider the case r = 1 first.]
(c) Provethatfor p+q <n —1,

HY(X, Q% (=) =
(X, 2yyc(=r)) it r > 0.

! HI(P, Qf,¢) if r =0
[Use induction on p. Use (b) to prove H7(X, Q§ o(=1) = HY(Q c(=1)1x).
Then use (a) and Exercise 10 to show that the right hand side is H4(P, QI‘; /(C) for
r=0and0 forr > 0.]
Cohomology of Smooth Hypersurfaces: Let X be a degree d smooth (closed)
hypersurface in P = P{.. Note that in view of Exercise 12 (d), the dimension 279 (X)
of the C-vector space H”'9(X) is determined for p + g # n — 1. Further, for
p+q=n—1,h"1(X) is equal to

(=D TP X (QF ) + (D"

if p # ¢, and to this number plus 1 if p = ¢g. Thus, it is determined by x(Q§ /(C)'
(a) Use Exercise 12 (a) and Exercise 11 (b) to prove that

. e
X(Ox(i))=<l:n)—(l+’; )
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14.

15.
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(b) Use Exercise 12 (a) and (b) to prove that

X(Qc() =
X(RE)c0)) = X (@i —d)) = x( Qe —d)

for p > 1.
(c) Note that (a) and (b) together with Exercise 11 (b) give a complete recursive
formula for A74(X). Use this to calculate #7-9(X,,) where

X = Proj(Clx,y, z, t,ul /(x> + y° + 2> + 1 +ud)).

Let X be a smooth projective variety over C of dimension n, and let 0 < i <
[n/2]. Prove that dimH'(X,C) < dimH'T>(X,C). Is it necessarily true that
dimH'(X,C) <dimH'T (X, C)?

The Wonderful Compactification Il (DeConcini, Procesi, Fulton, MacPherson): Let X

be a smooth variety over a field k. Assume again for simplicity that & is algebraically

closed. The ordered configuration space F(X,n) of n points in X is the open
subvariety of X" which is the complement of all loci where two coordinates of

a point of X" coincide. We describe here a generalization of the construction in

Exercise 35 of Chap. 4 which gives a resolution of singularities of F (X, n) in the

sense of Theorem 2.4.2 in the case where X is smooth projective. Define varieties

X|n,i], X[n] and subvarieties Ez’i C Xl[n,i], E@ C X[n] in the same way as in

Exercise 35 of Chap. 4, with A}! replaced by our variety X.

The algebraic tangent space Tx x of X at a closed point x is defined as the dual of
the k-vector space m/m? where m is the maximal ideal of Oy .

For a closed point x € X, an S-screen at x € X is a finite subset of the vector space
Tx.» whose elements are labeled by non-empty disjoint finite sets whose union is S.
Again, screens are identified when they are related by translation and multiplication
by a scalar in k.

By an (n,i)-tree T in X, we mean a finite set of distinct closed points x; of X
labeled by non-empty disjoint sets whose union is {1, ..., n} together with a minimal
collection of screens at the points x; which satisfies the following conditions: For a
subset S € {1,...,n} where |S| > landn ¢ S,orn € S and |S| > i where T
contains either a point x; labeled S or a point of a screen at x; labeled by S, there is
an S-screen at x;. If n € Sand 2 < |S| < i and T contains a point x; labeled S or a
point of a screen at x; labeled S, there is an (S \ {n})-screen at x;.

(a) Defining again Dg, for S C {1, ..., n} with |S| > 1, as the closed subvariety of X"
of n-tuples of points whose S-coordinates coincide, prove statements analogous to
parts (a) and (b) of Exercise 35 of Chap. 4.

(b) Prove that in X[n], EY for S| > 1 are divisors with normal crossings. Therefore,
if X is smooth projective, X[n] is a resolution of singularities of F'(X, n) in the
sense of Theorem 2.4.2.
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16. Prove the following version of Zariski’s Main Theorem: Let A be a commutative ring
and B be a finitely generate A-algebra. Let P C B be a prime which is both maximal
and minimal among primes whose pullback in A is a given prime p (in other words,
in its Zariski fiber over p). We also say that the prime P is isolated in its fiber over
p. Then there exists an f € A ~ p such that the unit map induces an isomorphism of
rings f~'A = f~!B. (The assumptions are stronger than necessary to simplify the
proof.)

(a) Suppose the A-algebra B is generated by n elements x1, ..., x,. Reduce to the
case n = 1 by using induction on n: Suppose the theorem holds with n > 1
replaced by a smaller number. Let C be the A-algebra generated by x1, ..., x,—1.
Let O be the pullback of the prime P to C. Then P is both minimal and maximal
over Q. Thus, it suffices to show that Q is both minimal and maximal over p. For
minimality, use that by the n = 1 case, ulB = u=1C forsome u € C ~ 0, so
primes contained in Q and P are in a bijective correspondence. For maximality,
let, as usual, the rings B, C, be formed by inverting A ~\ p in each of them
respectively. Then, by maximality, B,/ P is a field which is finitely generated as
an algebra (hence finite) over the field A,/p. Now Cp,/Q is a finitely generated
A,/ p-algebra, over which the field B,/ P is a finitely generated algebra. By the
Nullstellensatz, C,/ Q is a field, and hence Q is maximal.

(b) Suppose the A-algebra B is generated by a single element x. Without loss of
generality, A = A, is local and B = B),. Then B/ p is generated as an algebra
by the image x of x over the field A,/ p. But it cannot be a polynomial algebra on
one generator (then no prime over p in B, would be isolated in its fiber). Thus,
the element x is algebraic. In other words, there is a polynomial relation

d71+.+a020

adxd +ag—1x
witha; € Ap, andnot all a; € p. Let d be minimal possible. Then d > 0, ayx is
integral over A, and hence in A, and thus, we can rewrite the equation as

24+ 4ap=0.

(@ax + ag—Dx""" + ag_ox?"
By the assumption, ay, ..., aq—2,a4x + aq—1 € p. If agx € p, then az_ is not
in p while agx + a4—1 € p, which is a contradiction. Thus, a; ¢ p, and hence
x € A, completing the argument.

17. Prove the following form of Zariski’s Main Theorem: Let f : X — Y be a morphism
of varieties over an algebraically closed field kK where f is bijective on closed points,
Y is normal, and the function field K (Y) is a separable extension of K (X) (note that
f is dominant because it is bijective on closed points; by separable extension here
we mean that every algebraic sub-extension is separable). Then f is an isomorphism.
(The same argument also gives a version of the theorem for k a perfect field if we
additionally assume that the bijection on closed points preserves residue fields.)
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18.

19.

20.
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(a) Give examples to show that the assumptions (normal and separable) are both
necessary. [For separability, consider the affine line over a field of characteristic
p > 0, and the Frobenius map.]

(b) Reduce to the affine case, i.e. Y = Spec(A), X = Spec(B) for a homomorphism
of k-algebras A — B.

(c) Deduce from the results of Sect. 5.5 of Chap. 1 that the transcendence degree of
K (X) over K(Y) is 0, and hence K (X) is finite over K (Y).

(d) Prove that for a closed point p in a non-empty open set U < Spec(A), the
dimension of the A/p-vector space B/Bp is equal to [K(X) : K(Y)] (i.e. the
dimension of the K (Y)-vector space K (X)). [B is finitely generated over A, and
after inverting an element, becomes integral, hence a finite module. Since K (X)
is separable, it is generated by a single element ¢ € B; localize away from the
denominators of its coefficients, its discriminant, and the quotient of B by the
subalgebra generated by ¢, which is finitely generated and torsion.] Conclude from
the assumptions that K (X) = K(Y).

(e) We have A C B, and we need to prove that the inclusion is onto. If it isn’t onto,
then for some maximal ideal m C A, (B/A)w = Bmwm/Am # O, thus, B, #
Ap,. Since By, and A, have the same field of fractions, by assumption, A,, is
integrally closed in By,, and by assumption, there is only one prime in the fiber
of the maximal ideal in B,,, and thus is isolated. Thus, by Exercise 16, there is an
f € Ap not in the maximal ideal such that f_lAm = f_le. But since A, is
local, f is a unit.

Prove the following version of the Zariski Main Theorem: Let A be a commutative

ring, and let B be a finitely generated A-algebra such that every prime in B is isolated

in its fiber. Then there exists a finite subalgebra C of the integral closure A’ of A

in B and an element f € C such that the unit morphism induces an isomorphism

f~'C = f~!B. Further, for any prime P of B we may choose C, f so that f ¢ P.

[Let A" be the integral closure of A in B. Use Exercise 16 to conclude that there

exists an element f € A’ such that f~'A’ = f~!B. In particular, f~' A’ is a finitely

generated A-algebra, say, by elements x;/f™, ... x,/f™ with x;, f € A’. Let C be

the subalgebra of A’ generated by xy, ..., x,, f.]

Using the result of Exercise 18, prove that diagram (4.2.2) can be completed with ¢ a

quasi-compact open immersion and g a finite morphism when X is a quasi-compact

separated scheme, for every point x € X, f~!(x) is discrete in the induced topology
from Y, and the morphism f is separated and of finite type. [Use gluing.]

A morphism A — B of commutative rings is called flat if it makes B a flat A-module.

It is called unramified if it is of finite type (i.e. B is a finitely generated A-algebra)

and Q2p/4 = 0. (Note: both are clearly local concepts, and hence readily generalize to

schemes.) Prove that the following are equivalent:
(i) f is étale
@ii) f is flat and unramified
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(iii) For every prime ¢ C B over a prime p C A, there exists an g € A \ p and

h € B~ gsuchthath | g and B’ = h™' B is standard étale over A’ = g=' A
(i.e. B = A’[x]/(¢(x)) where ¢ is a monic polynomial whose discriminant is a
unit).

Clearly, (iii) implies (i).
(a) Assuming (i), assume further f is standard smooth of dimension 0. Qp/4 is

the dual of the tangent space, which is the cokernel of the Jacobi matrix of the
constraints. Thus, it is 0. Recalling what we proved about étale extensions of
fields, prove that the Zariski fiber of every prime p C A is finite and discrete.
By Exercise 18, f is locally finite. Without loss of generality, then, we may
assume f is finite. Choose a prime p C A. Localizing further, we may assume
that B,/pB) is a finite separable extension of A,/pA,. A set of elements of B),
whose projections form a basis of B,/pB, over A,/pA, also generates B, as a
module over A, by Nakayama’s lemma. In particular, an element x € B, which
projects to a primitive element of B,/pB, over A,/pA, is the root of a monic
polynomial with coefficients in A, of the same degree, whose discriminant is a
unit. This proves (iii). It also proves flatness (hence (ii)), since it shows that B, is
a free A -module.

(b) Assume f is flat and unramified. Let again p C A be a prime. Then B,/pB),

is unramified over A,/pA,. Verify that this, again, means that B,/pB, is a
product of finite separable extensions of A,/pA,. Again, localizing further, we
may assume it is just a finite separable extension. By Exercise 18, again, B is
locally finite over A, and thus, by Nakayama’s lemma, the set of powers of an
element x € B, which projects to a primitive element of B,/pB; below the
degree of the minimal polynomial of its projection to B,/pB, forms a set of
generators of B, as an Ap-module, which is a basis since it projects to a basis
of B,/pB, over A,/pA,. Thus, B, is standard €tale over A . Thus, (ii) implies

(iii).

21. Prove that if S is a Noetherian scheme and f : X — S is a morphism of finite type,

22.

23.

then f is smooth of dimension » if and only if for every x € § there exists an open
neighborhood U, an open cover (V;) of f~!(U) and étale morphisms g; : V; — Ay
over S.

(Deligne) Let k be a perfect field of characteristic p > 0 and let A = k[T, ..., T,].
Using the computations of Sect. 3.3, prove that the de Rham-Witt complex Wy Q* A
contains the de Rham complex €7 JWy (k) 852 direct summand, where the complemen-
tary summand has cohomology 0.

Let A be an IFj-algebra, and let B be an étale A-algebra. Prove that there is an
isomorphism

wW,Q*B = W,B ®w, A W,Q*A.
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24.

25.

26.

27.

28.

29.

30.

31.
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Let X be a smooth scheme over Wk where k is a perfect field of characteristic p > 0.
Using the results of Exercises 21-23, prove that

He (X Xspec(wiy Spec(k)) = Hpp(X).

Proof the statement of the Comment under Proposition 2.4.4 of Chap. 4.

Prove an analogue of Corollary 3.7.4 of Chap. 5 in the étale topology, i.e., for a
morphism of schemes f : X — Y, and a sheaf 7 on X,;, a convergent spectral
sequence of the form

HP (Yer, RY fi(F)) = H'T(Xer, F).

Using the result of Exercise 26, prove that for any algebraic variety X over a perfect
field k, the projection p : Ak — X, and, more generally, the projection p : Upnq — X
for any algebraic vector bundle M on X induces an isomorphism in étale cohomology
with coefficients in Z/¢ where £ is not divisible by the characteristic of k. (In other
words, étale cohomology is A'-homotopy invariant.)

Let X be an algebraic variety over an algebraically closed field k. Let f : (X x
Gm)er = Xer be the projection and let £ € Z not be divisible by the characteristic of
k. Prove that R’ f,7,/¢ is equal to Z/¢ for i = 0, 1 and to 0 otherwise. Using the result
of Exercise 26 together with the fact that f has a right inverse, prove that

H (X X Gper, /) = H (Xer, /) ® H' ™' (Xor, Z/0).

Let k be an algebraically closed field and let let £ € Z not be divisible by the
characteristic of k. Using the results of Exercises 27, 28, calculate H *((]P’Z)e,, 7/0).
Let G be a group and let M, N be Z[G]-modules (recall that left and right modules
form equivalent categories by setting gm = mg~! for g € G). Observe that M ®7 N
is a Z[G]-module by setting g(m @ n) = g(m) @ g(n) form e M,n € N, g € G. By
using injective resolutions, construct a bilinear product

H (G; M) ®7 H/ (G, N) - H'Y(G; M ®z N)

and prove that it is unital, associative and graded-commutative in the obvious sense.
(This product is sometimes denoted by U and called the cup product.)

Suppose H C G is an inclusion of groups. Then by forgetting structure (which is an
exact functor), we obtain an additive functor DZ[G]-Mod — DZ[H]-Mod from the
derived category of G-modules to the derived category of H-modules, and an induced
map called restriction res$ : H'(G; M) — H'(H; M) for a Z[G]-module M. The
forgetful functor from Z[G]-modules to Z[ H]-modules has both a right and a left
adjoint (the left and right Kan extension) which are both exact, and hence induce
additive functors on the derived categories.
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32.

33.

34.

(a) Prove that if the index [G : H] is finite, then the left and right Kan extension
are canonically isomorphic. If M is a Z[G]-module, and N is the Kan extension
of itself considered as a Z[ H]-module, then the counit of the left Kan extension
gives a homomorphism of G-modules « : N — M. The homomorphism on
cohomology H'(H; M) — H'(G; M) given by a composed with the derived
Kan extension is called the corestriction and denoted by corg .

(b) Prove that resg is a homomorphism of rings, and corg is thus a homomorphism
of modules. Explicitly,

corg (resg (¥)-B)=«- corg(ﬂ)

fora € H'(G; M) and B € H/(H; M) where M is a Z[G]-modules. This relation
is sometimes referred to as the projection formula.
Using Hilbert’s 90 Theorem and the Kummer exact sequence, prove that if £ is not
divisible by the characteristic of a field k, then

H'(k, Z/e(1)) = k> /(™).

Prove that if K is a finite separable extension of k, then under this identification,
inclusion k* C K induces restriction in Galois cohomology, while Ng /k induces
corestriction. (This involves an obvious extension of Exercise 31 to profinite groups.)
Using the results of Exercises 30-32, prove directly that for a field k, a number ¢ not
divisible by its characteristic, and elements a # 0, 1 € k*, the Steinberg relation

aU(l—a)=0e H*(k; Z/t(2))

holds. [Factor x¢ —a = ] pi into irreducible polynomials p; € k[x]. Let K; =
k[x]/(pi), an let ; be the image of x in K;. First observe that

L—a=]]Nku(—a.

1

Using the projection formula and the result of Exercise 32, prove that
aU(l—a)= Zcori(res,'(a) U —a))
i

where cor;, res; denote corestriction and restriction between Gal(k) and Gal(K;).
Now observe that res;(a) = 0 since a = (xf.]

Referring to the definitions of Sect. 5.2, prove that for smooth schemes X, Y over a
field k and for the projection f : X x G,, — X, we have

Rfe(Zir (Y)(1)) ~ Zir (Y) @ Zyr (Y)(1),
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where f; is applied on categories of Zariski abelian sheaves. [Consider Y = Spec(k)
first.] Conclude that

H™"(X x Gp) = H™™(X) ® H" " 1(X).

35. Using the result of Exercise 34 and A!-homotopy invariance of motivic cohomology,
prove that

n
HS™ (P = EB H2m= (Spec(k)).
i=0

[Use the spectral sequence arising from the standard affine cover of P".]
36. Let k be a perfect field. Let a € k* not be a square. Prove that there is a short exact
sequence of Zariski sheaves of Smy

0 — Z/2 — Z/2r(Spec(k[Val)) = Z/2 — 0

where both arrows are compositions with the correspondence given by Spec(k[/al).
Write down the resulting long exact sequence in motivic and Galois cohomology.
(Note: the sequence in Galois cohomology can also be obtained directly from the
Leray spectral sequence of the projection Spec(k[+/al)er — Spec(k)es.)
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Acyclic models, 360 Boundaries, 280, 302
Algebra, 17
commutative, 4
differential graded, 394 C
exterior, 263, 277 Canonical, 155
homological, 69,297 Category, 11
Lie, 381 abelian, 68, 289
super, 382 of abelian groups, 14
multisorted, 188 additive, 69
universal, 63 of algebraic structures, 13
Algorithm of algebraic varieties, 16
Buchberger, 29 based, 67
Analysis derived, 287
p-adic, 171 of an abelian category, 292, 295
Annihilator, 71, 395 of spaces, 340
Ascending chain condition (ACC), 2 diagram, 64
Associated graded, 349 directed, 429
Atlas, 273 of groups, 14
Automorphism, 14, 158 homotopy, 164, 293, 327
Axioms of mathematical structures, 13
of topology, 4 opposite, 21
preadditive, 68
of sets, 11
B small, 13
Ball of topological spaces, 16
open, 102 with zero, 67
Basis Chain
Grobner, 28, 160 simplicial, 410
reduced, 30 singular, 324
orthonormal, 372 relative, 324
of topology, 102 Chain complex, 280
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Biproduct, 69, 291 bounded above, 292
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cell, 298
co-cell, 301
double, 285
singular, 325
relative, 325
Chain homotopy, 293
Chain map, 280
double, 285
Characteristic
of a field, 78
Charts, 273
Class, 12
proper, 12
Closure, 4
algebraic, 136, 159
integral, 34
separable, 136
Coboundary, 219, 280
Cochain complex, 280
double, 285
Cocycles, 280
Cech, 217
cohomologous, 219
condition, 217
Codiagonal, 64,221
Codimension, 99, 228
Codomain, 12
Coefficient
leading, 28
Coequalizer, 65, 158
Cohomology
Cech, 399
first, 219
quasicoherent, 397
crystalline, 421
CW, 343
de Rham, 281
algebraic, 394
complex, 284
Dolbeault, 369
algebraic, 403
group, 432
local, 216, 435
motivic, 444
reduced, 334

of the projective space, 388, 400

sheaf, 311

singular, with coefficients, 326

Cokernel, 68

Colimit, 64
directed, 184
of schemes, 79
Colocalization, 288
Compactification
Wonderful, 268
Complex
de Rham
algebraic, 393
complex, 281
holomorphic, 286
de Rham-Witt, 421
Eilenberg-MacLane, 410
Component
connected, 50
irreducible, 50
Composition, 13
Composition series, 40
Condition
ascending chain, 2
descending chain, 28, 39, 92
Kihler, 379
Mittag-Leffler, 301
Cone, 295
affine, 51
Conjugation
complex, 159
Coordinates
barycentric, 324
Coproduct, 65
of schemes, 80
Corestriction, 457
Correspondence
finite, 443
Cosets, 8
left, 151
right, 151
Co-unit of adjunction, 62
Cover, 427
locally finite, 273
Covering, 165
of finite degree, 167
Galois, 169
regular, 167
universal, 167
Cup product, 338, 456
Curve, 139
cusp, 249
elliptic, 132, 144, 388
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nodal, 251
rational, 144
CW-chain complex, 340
CW-complex, 339
finite, 345
Cycles, 280, 302
algebraic, 441

D
Decomposition
of ideals, 37
Degree, 6
complementary, 347
of a divisor, 247
of a field extension, 157, 175
filtration, 347
of a map, 344
of a morphism of curves, 143
transcendence, 48
Descending chain condition (DCC), 28, 39, 92
Determinant, 263
Dévissage, 204
Diagonal, 64, 104, 221
Diagram, 63
commutative, 15
constant, 64
Diffeomorphism, 273
holomorphic, 273
Differential, 280
total, 275
Differentiation, 391
Dimension, 99, 139
cohomological, 317
global, 317
Krull, 23
of a manifold, 273
Dimension axiom, 327
Distance, 87
Divisor
Cartier, 224, 226
principal, 224
exceptional, 259
Weil, 230
effective, 230
locally principal, 234
prime, 230
principal, 231
Divisor class group, 231

Divisors
with normal crossings, 405
Domain, 12
Dedekind, 115,204
Euclidean, 26
integral, 6, 114
principal ideal, 236
unique factorization, 25, 115
Domination, 115
Duality
Kodaira-Serre, 378
Poincaré, 357, 361, 378
Serre, 403, 448

E
Elements
algebraic, 147
algebraically independent, 46
homogeneous, 83
idempotent, 55
integral, 34, 147
irreducible, 25
nilpotent, 34, 37, 70
primitive, 136
regular, 44
transcendental, 140
universal, 67
Embedding
Segre, 98, 142
Veronese, 51, 253
Endomoprhism, 262
Enough injectives, 293
Enough points, 429
Enough projectives, 293
Equalizer, 65, 158
Equation
Weierstrass, 389
Equivalence, 287
birational, 21, 139
of categories, 15
homotopy, 164
chain, 294, 296
of ideals, 236
linear, 224
weak, 340
Equivariant, 150
Euler characteristic, 450
Exact couple, 346
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derived, 346
Exactness axiom, 327
Example

Hironaka’s, 267
Excision axiom, 328
Extension, 220

by 0, of a sheaf, 74

of a field

algebraic, 135
finite, 135
Galois, 149, 175
separable, 135
integral, 34, 147

F
Face, 410
Field

algebraically closed, 3

finite, 169

of fractions, 10, 114

number, 173, 236

perfect, 136

quadratic, 236

residue, 23, 148

splitting, 148, 176
Filtration

convergent, 349

decreasing, 349

Hodge, 369

increasing, 349

q-stable, 41
Form

differential, 277

harmonic, 376

Kahler, 379
Formula

adjunction, 449

projection, 457
Frobenius, 170,417,422
Function

holomorphic, 272

locally constant, 262

rational, 20

regular, 7

smooth, 272

transition, 217

Weierstrass, 388
Function fields, 21

Functor, 15
additive, 68
contravariant, 62
covariant, 62
derived
n’th left, 305
n’th right, 305
total, 305
exact, 69
forgetful, 62
left adjoint, 62
left derivable, 303
left derived, 303
left exact, 69
right adjoint, 62
right derivable, 303
right derived, 303
right exact, 69
Fundamental class, 362

G
GAGA, 402
Galois theory, 175
Genus
arithmetic, 449
geometric, 449
Geometry
algebraic, real, 159
arithmetic, 172
of numbers, 173
Ghost components, 415
Gluing, 11,58
of schemes, 79
Grassmannian, 266

Greatest common divisor (GCD), 25

Group, 13
abelian, 13
divisible, 308
graded, 211

partially ordered, 115
totally ordered, 115

acting on a set, 149

algebraic, 249

factor, 151

free, 62

free abelian, 63

fundamental, 165
étale, 169
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absolute, 163
general linear, 223
Grothendieck, 195
ideal class, 205, 236
isotropy, 150
multiplicative, 252
Picard, 191
pro-finite, 162
topological, 162
of units, 117
Group action, 149
faithful, 176
homogeneous, 152
transitive, 152
trivial, 150
Groupoid, 164
fundamental, 164
Group ring, 217, 432
Group scheme, 249
G-set, 150

H
Hauptidealsatz, 46, 232
Height, 23
Hodge decomposition, 384
Hodge structure, 383
Tate, 388
Homeomorphism, 16
Homology, 280
Borel-Moore, 362
CW, 343
reduced, 334
singular, 326
relative, 326
with coefficients, 326
Homomorphism, 13
graded, of degree k, 211
of groups, 14
of rings, 14
standard smooth, 22
of universal algebras, 63
Homotopy, 164, 327
Homotopy equivalence, 327
Homotopy groups, 340
Homotopy invariance
Al 438
Homotopy inverse, 164

Hypercohomology, 312
quasicoherent, Cech, 397

I
Ideal, 2, 206
augmentation, 83
differential graded, 394
elimination, 31
homogeneous, 83
indecomposable, 37
leading term, 28
maximal, 6,23
primary, 37
prime, 6
principal, 25
Image, 68
Immersion, 253
closed, 74
Integer
square free, 236
Interior, 4
Intersection
complete, 450
Inverse image, 16
Isomorphism, 14

J
Jacobi identity, 381
graded, 382

K
Kihler differentials, 392
Kihler identities, 379
Kan extension, 303
left, 158, 456
right, 158, 456
Kernel, 68
K-theory
algebraic, 196
Milnor, 446

L

Laplacean, 375
Lattice, 388
Laurent series
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finite, 95
Lemma

5-,297

Artin-Rees, 41

Gauss, 26

Nakayama, 47

Noether’s normalization, 35

Poincaré, 316

a, 369

snake, 434

Zorn’s, 6, 34
Length, 40, 442

of a resolution, 320
Limit, 64

direct, 64

inductive, 64

inverse, 64

projective, 64

of schemes, 76

which does not exist, 80

Line bundle

algebraic, 193

canonical, 448

very ample, 253
Linear combination, 2, 89
Linear equivalence, 231
Localization, 9, 60, 61, 288
Locus

singular, 177
Loop, 165

M

Mobius strip, 193

Manifold
complex, 272
Hermitian, 371, 372
Kihler, 379
orientable, 356
Riemann, 371, 372
smooth, 272

Map
bilinear, 67
birational, 139
closed, 108
connecting, 226
continuous, 16

of long exact sequences, 245

Index

open, 178
rational, 20, 139
dominant, 20

Mapping co-cone, 295
Mapping cone, 295
Matrix

Jacobi, 22,276
Metric

Euclidean, 370

Fubini-Study, 387

Hermitian, 370

Riemann, 371
Module, 14

cyclic, 317

flasque, 437

flat, 358

graded, 211

left, 262, 432

right, 432

simple, 40

stably free, 359
Monad, 262
Monoid

commutative, 195
Monomial, 28
Monomorphism, 65
Morphism, 11

affine, 129

dominant, 142

étale, 130

finite, 94

of finite type, 93

flat, 454

identity, 12

locally of finite type, 93

of locally ringed spaces, 59

of local rings, 59, 95

proper, 110

quasi-compact, 172

separated, 105

smooth, 130

universally closed, 110

unramified, 454

of varieties, 139

smooth, 22

zero, 68

Multidegree, 28

Multiplicity, 442
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N
Natural transformation, 15
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coordinate, 192
étale, 429
fundamental, 165
open, 4
n-equivalence, 300
Nilradical, 34, 103
Norm, 173, 436
Norm residue symbol, 447
Nullstellensatz, 3
Numbers
p-adic, 171

(0]

Object, 11
colocal, 288
F-colocal, 303
F-local, 303
G-equivariant, 157
initial, 66
injective, 293
local, 288
projective, 293
terminal, 66

Operator
adjoint, 373
Hodge %, 374

Orbit, 150

Orbit category, 153

Order
lexicographical, 28
monomial, 28

Ordinal, 109

Orientation, 356, 372

P
Pairs
of topological spaces, 324
Parameters, 45
Path, 164
Path components, 340
Periods, 390
Permutation, 149
Poincaré series, 42
Point

beginning, 164

closed, 111

end, 164

fixed, 151

generic, 111

geometric, 169, 429
Polynomial

characteristic, 42

Eisenstein, 52, 137

Hilbert, 43

homogeneous, 6

minimal, 135

monic, 34, 147

primitive, 26
Presheaf, 427

in a category, 182

separated, 184
Prime

isolated in its fiber, 453
Product

Cartesian, 66

categorical, 65

direct, 70

inner, 371

intersection, 442

of schemes, 76

tensor, 67

of chain complexes, 285
of sheaves, 190

of topological spaces, 104
Projection

stereographic, 241
Property

2/3, 287
Pullback, 65, 187
Pushforward, 58, 187
Pushout, 65

Q

Quadric, 363
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projective, 52

R
Radical

Jacobson, 34
Radical of an ideal, 4
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Rank

of a vector bundle, 204
Ratios, 6
Refinement, 184,273
Reflection, 215
Regular value, 344
Relation

Steinberg, 446, 457
Remainder, 26, 29
Representation

of a Lie algebra, 384
Resolution

injective, 300

minimal, 319

projective, 300
Resolution of singularities, 405
Restriction, 11, 57,456

on the de Rham-Witt complex, 421

of a sheaf, 74
of Witt vectors, 419
Retract, 178
Ring, 2
Artinian, 39
Cohen-Macaulay, 45
of fractions, total, 54
Goldman, 146
graded, 83

graded-commutative, 263, 338

integrally closed, 147

Jacobson, 146

local, 23

localized at p, 23

Noetherian, 2, 89

normal, 54, 115, 147

reduced, 54, 70, 103

regular, 23

strictly Henselian, 430

valuation, 115

discrete, 115

Root

simple, 135

S

Scheme, 60
affine, 59
connected, 70
of finite type, 93
integral, 70

irreducible, 70
locally factorial, 235
locally Noetherian, 130
locally of finite type, 93
Noetherian, 90
normal, 230
over a scheme, 85
Proj, 83,257
projective, 86
proper, 110
quasiprojective, 252
reduced, 70
regular, 129, 204
separated, 105
universally closed, 110
Screen, 269, 452
Section, 11, 57
global, 61
Semiring
commutative, 195
Separate
points, to, 255
tangent vectors, to, 255
Sequence
exact, 220
Kummer, 430
long, 227,297
Mayer-Vietoris, 356, 361
short, 220
short, split, 222
regular, 45, 132
spectral
cohomological, 348
convergent, 348
Grothendieck, 351
homological, 347
Leray, 353
Set, 12
algebraic
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projective, 6
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connected, 5
dense, 112
irreducible, 5
multiplicative, 61
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totally, 6,28, 112
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abelian, 191
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coherent, 201
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flabby, 313
flasque, 227,313
free, 355

Hom, 190

of ideals, 206
invertible, 191
locally free, 192
of modules, 189

generated by global sections, 253

quasicoherent, 201
representable, 428
of rings, 58
soft, 313
structure, 11
twisting, of Serre, 212
Sheafification, 183
Shift, 295
Simplex
singular, 324

smooth, 354

standard, 324

algebraic, 438

Site, 427
Skeleton, 340
Source, 12

Space

affine, 5

over a scheme, 84

cell, 340
cotangent, 277
covering, 165
locally ringed, 59
projective, 6

over a scheme, 85
weighted, 98

ringed, 58
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algebraic, 452

topological, 4

compact, 87
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contractible, 177, 335

Hausdorff, 102
irreducible, 5
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paracompact, 273

path-connected, 165
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11, 102
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Specialization, 111
Sphere, 273
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Stalk, 58, 183, 429

Strict henselization, 430

Subcategory
abelian, 69
full, 60, 215
reflexive, 215
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Subgroup
conjugate, 153
normal, 151

Subscheme
closed, 74
open, 74

Subset
cofinal, 184
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closed, 145
open, 145

Sum
direct, 70

Support
of a divisor, 244

Surface, 139
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T
Target, 12
Theorem

Auslander-Buchsbaum, 263
Auslander-Buchsbaum-Serre, 317

binomial, 170
Bott, 450
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Dolbeault, 369
Eilenberg-Zilber, 338, 360
fundamental, of algebra, 3, 159
hard Lefschetz, 386
Hilbert basis, 2, 27
Hilbert’s 90, 176
Hilbert syzygy, 310
Hodge, 376
Kiinneth, 338
Krull height, 46
Krull principal ideal, 46
Liiroth, 175
Minkowski’s, 173
primitive element, 136
Riickert basis, 402
Riemann-Roch, 449
Stokes, 355
universal coefficient, 337
Weierstrass division, 402
Whitehead, 340
Zariski’s main, 453

Threefold, 139

Topology, 4
analytic, 5, 102, 139, 274
discrete, 103, 162, 185
étale, 428
Grothendieck, 427
induced, 6, 102, 108
order, 110
quotient, 341
Zariski, 6, 59, 83, 139

for varieties, 5

Topos, 427

Torsor, 159

Totalization, 285

Transform
strict, 261

U
Unique factorization domain (UFD), 25
Units, 25, 34, 117

Index

of adjunction, 62
Universal property, 62

\%

Valuation, 115

Variety, 139
abstract, 139
affine, 5, 139
complete, 139
projective, 6, 139
quasi-affine, 5, 139

non-affine, 18

quasi-projective, 6, 139
rational, 21, 241
smooth, 23

Vector
tangent, 275
unimodular, 359

Vector bundle
algebraic, 192
smooth, 371

Vector field, 276

Verschiebung, 418, 422

Volume, 373
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Weil conjectures, 171
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truncated, 419
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Zero divisor, 6, 37
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