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Chapter 1

Sheaves

Algebraic geometry is built from local algebraic data. A regular function is usually first
understood on a sufficiently small open set; local equations are compared on overlaps;
and many global objects are assembled from compatible local pieces. Sheaf theory is the
language that makes this passage between local and global information systematic.

The purpose of this chapter is deliberately limited. We develop the local-to-global
formalism that will be used throughout the rest of the notes, but we do not yet introduce
ringed spaces, sheaves of modules over a structure sheaf, or schemes. Those notions become
meaningful only after the basic behavior of sheaves has been understood.

1.1 Local Data and Gluing

Let X be a topological space. The most primitive local object is an assignment that
associates data to each open subset and allows that data to be restricted to smaller open
subsets.

Definition 1.1. A presheaf of sets % on X consists of the following data:
1. for every open subset U C X, a set .Z (U);
2. for every inclusion U C V of open subsets, a restriction map
pvu : FV)— F(U),
such that
puu =idz @, PW,U = PV,U © PW,V
whenever U CV C W.
The elements of .7 (U) are called sections of F over U. We usually write s|iy for pyy(s).

Equivalently, if Open(X) denotes the category of open subsets of X with inclusions as
morphisms, a presheaf is a contravariant functor

Z : Open(X)°® — Set.
We will use this categorical description when it clarifies a construction, but no separate
categorical formalism will be needed.

Example 1.2 (Functions). Let X be a topological space. For every open subset U C X,
let

F(U) = C°(U,R).
Restriction of functions gives the restriction maps. The same construction works for smooth
functions on a smooth manifold and for holomorphic functions on a complex manifold.
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A presheaf tells us how to restrict data, but it does not yet say that compatible local
data determine a global object. This is the additional content of the sheaf condition.

Definition 1.3. A presheaf .% on X is a sheaf if, for every open subset U C X and every
open covering
U=,

i€l
the following conditions hold.
1. Locality. If s,t € .Z(U) and

slu, = tlu, for every i € I,
then s = t.
2. Gluing. If sections s; € .#(U;) satisty
silv,nu; = siluinu; for all 4, 7,
then there exists a section s € .#(U) such that

slu, = si for every i.

The section obtained by gluing is unique by locality.

The preceding example of continuous functions is a sheaf: continuous functions that
agree on overlaps glue to a unique continuous function. The same statement holds for
smooth and holomorphic functions.

Example 1.4 (The constant presheaf). Let A be a set and define a presheaf by assigning
A to every nonempty open subset, with all restriction maps equal to the identity. This
presheaf is generally not a sheaf. If

U=U,uU,

is disconnected, one may choose different elements of A on U; and Us. These local sections
are compatible because the overlap is empty, but there is no section of the constant presheaf
on U restricting to both choices.

The associated sheaf will later be identified with the sheaf of locally constant A-valued
functions.

This example isolates the main point: the sheaf axiom is not merely a compatibility
condition on restriction maps. It asserts that local objects which agree wherever they can
be compared are precisely the restrictions of a unique global object.

When the sections carry an abelian group structure and the restriction maps are ho-
momorphisms, the sheaf condition can be written algebraically. This formulation will later
reappear as the beginning of the Cech complex.

Proposition 1.5 (Equalizer form of the sheaf condition). Let F be a presheaf of abelian
groups. Then Z is a sheaf if and only if, for every open covering U = ;1 U, the sequence
0—7U)5[7wn> [ Zwinu)

i€l (i,5)eIxI
is exact, where
p(S) = (8|U¢)i’
and
0((s:)i) = (silvinu; — sjluine;), -

2
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Proof. The injectivity of p is exactly the locality axiom. A family (s;); lies in ker § precisely
when the sections agree on every overlap U; N U;. The equality

kerd =imp
therefore says exactly that every compatible family of local sections is obtained by restrict-

ing a global section. This is the gluing axiom. O

Remark 1.6. The exact sequence in proposition 1.5 is the degree-zero part of a construction
that will later lead to Cech cohomology. At the present stage, its role is simply to express
gluing as an algebraic condition.

1.2 Germs, Stalks, and Localization

The sheaf axiom compares sections on open subsets. Often, however, one wants to retain
only the information visible arbitrarily close to a single point. This leads to germs and
stalks.

Definition 1.7. Let .# be a presheaf on X and let x € X. The stalk of # at x is the
direct limit

Ty = ligﬂ(U),

where U runs over the open neighbourhoods of x, ordered by reverse inclusion.
Concretely, an element of .7, is represented by a pair (U, s) with x € U and s € .Z#(U).
Two pairs (U, s) and (V,t) represent the same element if there is an open neighbourhood

wcuounv
of x such that
S‘W = t‘W.
The equivalence class of (U, s) is denoted s, and is called the germ of s at x.

Thus a stalk remembers a section only up to shrinking its domain around the chosen
point. For example, the stalk of the sheaf of holomorphic functions at a point is the ring
of holomorphic germs at that point.

The first fundamental use of stalks is that sections of a sheaf are determined by their
germs.

Proposition 1.8. Let .F be a sheaf on X, let U C X be open, and let s,t € F(U). If
S =ty for every x € U,
then s = t.

Proof. For every x € U, equality of the germs means that there is an open neighbourhood
U, C U on which s and t agree. The sets U, cover U. By the locality axiom, s = ¢. O

Morphisms of sheaves are likewise controlled locally.
Definition 1.9. A morphism of presheaves
0:F —Y9
is a family of maps
pu : F(U) — 4(U)

for open subsets U C X, compatible with all restriction maps. If ¥ and ¢ are sheaves, we
call ¢ a morphism of sheaves.
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Every morphism ¢ : % — ¢ induces, for each x € X, a map on stalks

Pz - Ty — Y, (PI(SI) = (@U(s))x

Compatibility with restrictions makes this definition independent of the chosen representa-
tive.

Theorem 1.10 (Stalk criterion for isomorphisms). Let ¢ : . F — 4 be a morphism of
sheaves of sets on X. Then ¢ is an isomorphism if and only if

Qg Ty — Y,
s a bijection for every x € X.

Proof. If ¢ is an isomorphism, then every induced map on stalks is clearly a bijection.
Conversely, suppose that every ¢, is bijective. Let U C X be open and let t € 4(U).

For every x € U, surjectivity of ¢, gives a neighbourhood U, C U and a section s, € % (U,)

whose image has the same germ as ¢ at x. After shrinking U, if necessary, we may assume

o(sz) = tu,.

On an overlap U, N Uy, the images of s, and s, agree. Since the maps on stalks are
injective, the germs of s, and s, agree at every point of the overlap. By proposition 1.8,
the sections themselves agree on the overlap. The sheaf axiom therefore glues the s, to a
section s € .#(U) satisfying ¢(s) = t. Hence ¢y is surjective.

If s,t € #(U) have the same image under ¢y, then for every x € U their germs have
the same image under the injective map ;. Thus s, = ¢, for all z, and proposition 1.8
gives s = t. Hence oy is injective. Therefore ¢ is an isomorphism. O

The preceding theorem explains why sheaf theory is intrinsically local. A global mor-
phism of sheaves can be tested entirely on the objects attached to individual points.

A presheaf has stalks even when it fails the gluing axiom. This suggests a natural ques-
tion: can one repair the failure of gluing without changing the local information encoded
by the stalks? The answer is sheafification.

Definition 1.11. Let & be a presheaf on X. A sheafification of 2 is a sheaf 2% together
with a morphism

n: P — PN
such that, for every sheaf ¢ and every morphism of presheaves o : & — ¥, there is a
unique morphism of sheaves
a: 7t — g
with
a=aon.
The universal property says that 22" is the most economical sheaf receiving a morphism

from &2. It remains to construct it.
For an open subset U C X, let 2°*(U) be the set of maps

J:U—)H,@x
zeU

such that o(z) € &2, for every x and such that o is locally represented by sections of Z:
for every x € U, there exist an open neighbourhood V' C U of x and a section s € Z(V)
such that

a(y) = sy forally e V.

Restrictions are obtained by restricting the domain of o.

4
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Theorem 1.12 (Sheafification). The presheaf 2" constructed above is a sheaf. The maps
nu = 2(U) — PN, s (x> sg),
define a sheafification of &2. Moreover, for every x € X, the induced map
Ne : Po = (P,
s an isomorphism.

Proof. Because elements of 92"(U) are functions on U, locality is immediate. If locally
representable functions agree on overlaps, they glue as ordinary functions; the resulting
function is still locally representable, so the gluing axiom also holds. Hence Z7%" is a sheaf.

The maps ny commute with restrictions. To see that 7, is surjective, let a germ in
(27%1), be represented by a locally representable function o on a neighbourhood of z. Near
x, the function o is represented by some section s of &, so the germ of ¢ is the image of
sg. For injectivity, suppose that two germs s,,t, € &, have the same image in (QSh)x.
Then the corresponding locally representable functions agree on some neighbourhood of x,
and therefore the two germs are equal.

Finally, let o : & — 4 be a morphism into a sheaf. If o € 22°}(U) is represented
locally by sections s; € Z(U;), then the sections a(s;) agree on overlaps because the s;
determine the same local germs. They therefore glue to a section of 4 (U). This defines &,
and uniqueness follows because every section of 2! is locally in the image of . O

Corollary 1.13. A sheafification is unique up to a unique isomorphism compatible with
the canonical map from the original presheaf.

Proof. If (27" 1) and (2,7/) are two sheafifications, their universal properties produce
unique morphisms in both directions compatible with n and r’. The composites are endo-
morphisms compatible with the canonical maps, so uniqueness forces both composites to
be identities. O

Example 1.14 (The constant sheaf). Let A be a set. The sheafification of the constant
presheaf with value A is the sheaf

U —— {locally constant maps U — A}.

Thus the failure of the constant presheaf on disconnected open sets is repaired by allowing
the value to vary from one connected local piece to another.

1.3 Algebraic Structure and Exactness

The definitions above make sense for sheaves of sets, but algebraic geometry requires sheaves
whose sections carry algebraic structure. A presheaf of abelian groups, rings, or modules
over a fixed ring is defined by requiring each .#(U) to have the corresponding structure
and each restriction map to preserve it. It is a sheaf when the underlying presheaf of sets
is a sheaf. Sheafification preserves these algebraic structures because the operations can be
defined on germs.

We will use sheaves of abelian groups frequently. Their kernels behave exactly as one
might first expect, while images and cokernels reveal why sheafification is an essential
operation rather than a technical afterthought.

Let

p: F —9

5
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be a morphism of sheaves of abelian groups. Define

(ker ¢)(U) = ker(gu).
This is already a sheaf. By contrast, the sectionwise image
U +— im(¢p)

and the sectionwise cokernel
U +— coker(yy)

need not be sheaves. We therefore define the image and cokernel sheaves by sheafifying
these presheaves.

Proposition 1.15. For every x € X, there are natural isomorphisms

(ker ), = ker(p,), (im @), = im(p,), (coker ), = coker(py).

Proof. The statement for kernels follows directly from the definition of germs: a germ maps
to zero if and only if it is represented on some neighbourhood by a section mapping to zero.

For the image, the stalk of the sectionwise image consists exactly of germs that are
locally represented by images of sections of .#. This is the same as the image of (.. Since
sheafification does not change stalks by theorem 1.12, the same is true for the image sheaf.

For cokernels, taking a stalk is a filtered direct limit over neighbourhoods of x. We use
here the standard algebraic fact that filtered direct limits of abelian groups are exact. In
particular they preserve cokernels. Hence the stalk of the sectionwise cokernel is coker(y,),
and sheafification again leaves the stalk unchanged. This exactness statement is a property
of modules (or abelian groups), not an additional sheaf-theoretic input. ]

Definition 1.16. A sequence of sheaves of abelian groups
F 9% o

is exact at ¢ if
im(a) = ker(5)

as subsheaves of ¥.

The combination of theorem 1.10 and proposition 1.15 gives the principal local criterion
for exactness.

Theorem 1.17 (Stalkwise criterion for exactness). The sequence
7 %5q 5

is exact at 4 if and only if, for every x € X, the sequence
T, 25 4, 2

is exact at 94,.
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Proof. By proposition 1.15,
(ima), = im(ay), (ker B), = ker(fz).

If the sheaf sequence is exact, the two subsheaves agree and hence have equal stalks, giving
exactness at every point.
Conversely, suppose all stalk sequences are exact. The natural inclusion

ima — ker 3

is then an isomorphism on every stalk. By theorem 1.10, it is an isomorphism of sheaves.
Hence the original sequence is exact at ¢. O

Corollary 1.18. A morphism of sheaves of abelian groups is a monomorphism, epimor-
phism, or isomorphism if and only if its maps on all stalks are respectively injective, sur-
jective, or bijective.

The word “surjective” for sheaves must be interpreted locally. A surjective morphism
of sheaves need not be surjective on sections over a fixed open subset.

Remark 1.19 (Local lifting). Let ¢ : . % — ¢ be a surjective morphism of sheaves and let
s €9(U). For every x € U, surjectivity of ¢, gives a neighbourhood V' C U of x such that
sly lifts to a section of . (V). These local lifts need not glue to a global lift on U.

For an open subset U C X, write
U, 7):=7).
In particular, I'(X,.%) is the group of global sections.

Proposition 1.20 (Left exactness of sections). The functor I'(U, —) is left exact. Thus a
short exact sequence
0—9% —7% —F"—0

induces an exact sequence
0— Z'(U) — F(U) — F"(U),
but the final map need not be surjective.

Proof. Kernels of morphisms of sheaves are computed sectionwise, so taking sections pre-
serves kernels. Surjectivity may fail because a section of .#” can have local lifts without
possessing a global lift. O

This failure is the first indication of why cohomology will eventually be needed: higher
sheaf cohomology measures, among other things, obstructions to globalizing local lifting
data.

Example 1.21 (The exponential sequence). Let X be a complex manifold, let &x be the
sheaf of holomorphic functions, and let &% be the sheaf of nowhere-vanishing holomorphic
functions. There is a short exact sequence of sheaves

n—2min exp X
Ox 0%

0—Z — 1.

Exactness at the final term is local: every nowhere-vanishing holomorphic function admits
a holomorphic logarithm near each point.

Nevertheless, the map on global sections need not be surjective. On X = C*, the
function z has no global holomorphic logarithm. Thus this short exact sequence gives a
concrete example in which local lifting exists but global lifting fails.

7
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1.4 Functoriality and Basic Constructions

Sheaves live on topological spaces, so a continuous map between spaces should induce
operations on sheaves. These operations will later become part of the basic language of
morphisms of schemes.
Let
f: X —Y

be a continuous map.
If U C X is open, the restriction of a sheaf .# on X to U is the sheaf .Z|y defined by

(Flo)(V)=F(V) (V C U open).
Restriction is the simplest example of changing the underlying space.

Definition 1.22 (Direct image). For a sheaf .# on X, its direct image under f is the sheaf
f«Z on'Y defined by

(fF)(V) = Z(FHV))

for every open subset V C Y.

The sheaf axiom for f,.% follows immediately from the sheaf axiom for %, since inverse
images preserve unions and intersections of open subsets. Its stalk at y € Y is

(£eF)y = lim F (£ (V).

yev
In general this should not be confused with sections of .# over the set-theoretic fibre f~1(y).
Proposition 1.23. On sheaves of abelian groups, the functor f is left exact.
Proof. For every open V C Y, evaluation of f,.%# on V is the section functor
L1 (V), ),
which is left exact by proposition 1.20. O

The inverse image is slightly subtler. A section of a sheaf on Y can be pulled toward
X whenever it is defined on an open set whose inverse image contains the open set under
consideration. This first produces a presheaf and then a sheaf by sheafification.

Definition 1.24 (Inverse image). Let ¢ be a sheaf on Y. Define a presheaf on X by

Ur—  lim g(V),
Ucr-1(v)

where V ranges over the open subsets of Y satisfying U C f~1(V). The sheafification of
this presheaf is the inverse image sheaf, denoted f~19.

Proposition 1.25. For every x € X, there is a natural isomorphism
(f7' )2 = Yy,

If 9 is a sheaf of abelian groups, the functor f~! is exact.
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Proof. Let & denote the presheaf used in the definition of f~!'%. An element of the stalk
P, is represented by a triple (U, V, s) with

reUCfHV), secg(V).

Necessarily f(xz) € V. Conversely, if V is any neighbourhood of f(x), then taking U =
f~1(V) gives such a triple. Thus the indexing system of pairs (U, V') maps cofinally to the
system of neighbourhoods V' of f(z): every pair already contains such a neighbourhood,
and every neighbourhood occurs by the choice U = f~1(V). Therefore

P2 i (V) =),
f@ev

Sheafification does not change stalks by theorem 1.12, so
(f7'9)2 = Gy,

For sheaves of abelian groups, exactness can be checked on stalks by theorem 1.17.
Applying f~! to an exact sequence and taking the stalk at z gives exactly the original stalk
sequence at f(z), which remains exact. Hence f~! is exact. O

Direct and inverse image are related by a universal property.

Proposition 1.26 (Adjunction). For a sheaf 4 on'Y and a sheaf F on X, there is a
natural bijection
HomX(f_lg, ﬁ\) = Homy(%, f*ﬁ\)

Thus =% is left adjoint to f..
Proof. Let & be the presheaf on X whose sheafification is f~'%. Suppose first that
B:9 — f.F

is a morphism of sheaves on Y. If a class in &?(U) is represented by a section s € ¢ (V)
with U C f=1(V), define its image in .% (U) by
s+ By (s)|u,

where By (s) € Z(f~1(V)). Compatibility of 3 with restrictions shows that this depends
only on the class represented in the colimit, and these maps commute with restriction in
U. Hence they define a morphism of presheaves & — .%, which extends uniquely through
sheafification to

v — 7.

Conversely, let

a: 9 —ZF
be a morphism. For an open V' C Y, there is a canonical map
G(V) — (V)
coming from the representative V' in the defining colimit. Composing with « gives
G(V) — Z(f7H(V)) = (LF)V).

These homomorphisms are compatible with restriction, so they define a morphism ¢4 —

f«F.
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The two constructions are inverse: both are determined before sheafification by the same
restriction maps, and the universal property of sheafification gives uniqueness. Naturality
in both ¢ and .% is immediate from the constructions. Hence

Homy (f'9, 7) = Homy (¥, f.7).
O

If j : U < X is the inclusion of an open subset, then the inverse image j~ L% is
naturally the ordinary restriction .%|y. Thus restriction is not a separate construction but
a special case of inverse image.

We close the chapter with two constructions that will recur later.

Example 1.27 (Constant and locally constant sheaves). For a set or abelian group A, the
constant sheaf with value A is the sheaf of locally constant A-valued functions. It is the
sheafification of the constant presheaf discussed in section 1.1.

Example 1.28 (Skyscraper sheaves). Let z € X, let A be an abelian group, and let
i:{z} — X
be the inclusion. The skyscraper sheaf at x with value A is i, A. Concretely,

A, xzeU,

(L A)V) = {0 z ¢ U

Its stalks are L
o~ JA yeda),
(Z*A)y = { —-—

In particular, if x is closed, then the only nonzero stalk is the stalk at x. This distinction
will matter for schemes, whose points need not be closed.

For a sheaf of abelian groups, one can also record where a particular section is nonzero.

Definition 1.29 (Support of a section). Let .# be a sheaf of abelian groups and let
s € Z(U). The support of s is

Supp(s) :=={x € U | s # 0}.
Proposition 1.30. The support Supp(s) is closed in U.

Proof. If © ¢ Supp(s), then s, = 0. By the definition of a germ, there is an open neigh-
bourhood V' C U of z such that s|yy = 0. Every point of V' therefore lies outside Supp(s).
Hence the complement of Supp(s) is open. O

The constructions of this chapter already exhibit the pattern that will dominate the rest
of algebraic geometry: global objects are recovered by gluing local objects, stalks isolate
the information near a point, and exactness can be tested locally even when global lifting
fails. In the next chapter we place a distinguished sheaf of rings on a topological space and
use this local algebra to define locally ringed spaces and schemes.

10



Chapter 2

Schemes

Sheaves provide a language for local data and gluing, but algebraic geometry requires more
than a topological space carrying arbitrary local objects. The local data should themselves
be rings of functions, and near each point these rings should arise from commutative algebra.
The basic model is the spectrum of a ring. General schemes are then obtained by gluing
such affine models.

The purpose of this chapter is to construct schemes and establish the basic geometry
already visible before one studies morphisms systematically. We begin with affine schemes,
pass to general schemes and their morphisms, discuss subschemes and gluing, construct
projective schemes through Proj, and then study generic points, function fields, and di-
mension. Finiteness conditions on morphisms, base change, separatedness, properness, and
related relative notions will be postponed to the next chapter.

2.1 Affine Schemes from Rings

Classically, an affine algebraic set over an algebraically closed field is described by polyno-
mial equations and its coordinate ring. If one retains only maximal ideals of the coordinate
ring, however, two important kinds of information are lost. First, irreducible subvarieties
are not themselves visible as points. Second, nilpotent elements, which encode infinitesi-
mal structure, disappear after passing to the associated reduced algebra. The spectrum
construction keeps both kinds of information by using all prime ideals.

Definition 2.1. Let A be a commutative ring with identity. The spectrum of A is the set
Spec A :={p C A|p is a prime ideal}.
For an ideal I C A, define
V(I):={p e SpecA|ICp}.

The subsets V' (I) are declared to be the closed subsets of Spec A. The resulting topology
is the Zariski topology.

The identities
V(0) = Spec A, V(1) =g,

VIHuV()=VIJ), (\VU)=V (Z IA>

A A

11
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show that this is indeed a topology. Notice also that

so the underlying topological space cannot distinguish an ideal from its radical. Scheme
structure will restore precisely this missing information.
For f € A, set

D(f) :=Spec A\ V(f) ={p € Spec A | f & p}.
These are called distinguished open subsets.

Proposition 2.2. For f,g € A, one has

D(f)nD(g) = D(fg).
The distinguished opens form a basis for the Zariski topology. Moreover,
D(f)=92 <= [ is nilpotent.

Proof. A prime ideal contains fg if and only if it contains f or g, which gives the first
identity. If U C Spec A is open and p € U, write the closed complement as V(I). Since
I & p, there is some f € I\ p, and then

peD(f)CU.

Thus the D(f) form a basis. Finally, D(f) = @ means that f belongs to every prime ideal,
hence to the nilradical /(0); equivalently, f is nilpotent. O

Proposition 2.3. For every ring A, the topological space Spec A is quasi-compact. More
generally, every distinguished open D(f) is quasi-compact.

Proof. It is enough to consider a cover of Spec A by distinguished opens, since every open
cover admits such a refinement. Suppose

Spec A = U D(f»).
A€A

No prime ideal contains all the f), so the ideal they generate is not contained in any
maximal ideal. Hence

(frlred) =4

Thus 1 is already a finite linear combination of finitely many fy, and the corresponding
finitely many distinguished opens cover Spec A.

For the second assertion, prime ideals of Ay are naturally identified with prime ideals
of A not containing f. This gives a homeomorphism

Spec Ay = D(f),
and the first assertion applied to Ay shows that D(f) is quasi-compact. ]

Example 2.4 (The spectrum of a field). If k is a field, then Speck consists of one point,
corresponding to the zero ideal. This one-point scheme will later play the role of a base
space over which varieties are defined.

12
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Example 2.5 (The spectrum of the integers). The points of SpecZ are

(0), (p) for primes p.

Every nonempty open subset contains the point (0). Thus (0) behaves like a generic point,
while the primes (p) are closed points. This example already shows that points of a scheme
need not all have the same geometric character.

The topology alone does not yet tell us which functions should be regarded as regular.
On a distinguished open D(f), the element f should be invertible, so the natural ring of
functions is the localization Ay. To extend this assignment to all open subsets, we use the
fact that a sheaf may be specified on a basis.

Theorem 2.6 (Extension from a basis). Let X be a topological space and let B be a basis
closed under finite intersections. Suppose rings F (B) and compatible restriction homomor-
phisms are given for B € B, and suppose the sheaf gluing condition holds for coverings by
basis elements. Then there exists a sheaf F on X, unique up to unique isomorphism, whose
restriction to B is the given data.

Proof. For an open subset U C X, define .%# (U) to be the set of compatible families

(sB)BCU, BeB, sp € F(B),

such that sp|p = spr whenever B C B C U are basis elements. Restriction to a smaller
open subset simply forgets components. Compatible families over an open cover glue by
taking their union, so the resulting presheaf is a sheaf. If U = B is itself a basis element, the
sheaf axiom on the basis identifies the constructed value with the original .% (B). Unique-
ness follows because any section over an arbitrary open set is determined by its compatible
restrictions to a basis covering. O

Theorem 2.7 (The structure sheaf on an affine spectrum). Let A be a ring and put
X = Spec A. The assignment

D(f) — Ay

with the natural localization maps defines a sheaf of rings Ox on X. It satisfies
NX,0x)= A

and, for every p € X,

Proof. By proposition 2.2, the distinguished opens form a basis closed under finite inter-
sections. It remains to verify the sheaf condition on this basis. Suppose

T

D(f) =] D(f),

i=1
where we have used proposition 2.3 to pass to a finite subcover. Put
RZZAf, g; = fi/lER.

Then Spec R = |J; D(g;). Equivalently, the ideal (g1, ..., g,) has radical equal to R. The
same is therefore true after replacing all g; by a common positive power. Since each D(f;)
is contained in D(f), the element f is invertible in Ay,; consequently

Ry, = Ay, = Ay, Ryig; = Afigy-

13
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Thus it is enough to prove that
R — HRgi = HRgigj
i 12
is an equalizer. First suppose s € R maps to zero in every R,,. For each 7 there is an

integer IN; > 0 such that glNis = 0. Taking a common N, we have gZNs = 0 for all 7. Since
(gV,...,gN) = R, choose ¢; € R with

ZciglN =1
i

Multiplying by s gives s = 0, so the first map is injective.
Now let s; € Ry, be a compatible family. First choose Ng so that

Vs e R

for every i. Compatibility says that the images of s; and s; agree in Ry,4,. Therefore, in
Ry, , the element

N, N
i "Si — i 'S;
becomes zero after localizing further at g;. Hence some power of g; annihilates it. Since
there are only finitely many pairs (i, j), after replacing Ny by a larger common integer N

we may arrange that
N N :
g; Si=9; Sj in Ry,

for every 4,7, with gVs; viewed through its representative in R. Again the elements g/
generate the unit ideal, so choose ¢; € R such that

ZciglN =1.
i

Define
5= Zcigfvsi € R,
i

where each gZN s; has already been viewed as an element of R. In Ry, we obtain

s—sj = ci(gsi—gi'sj) =0,

)

so s restricts to the prescribed section s; on every D(g;). This proves the gluing statement
and hence the equalizer property. By theorem 2.6, the assignment D(f) — Ay therefore
extends to a sheaf.

Since X = D(1), we have I'(X, 0x) = A; = A. Finally,

ﬁ)@p = hg Af:ligAf %Ap.
peD(f) fép

Indeed, the last colimit inverts precisely the elements of A\p, which is the universal property
of A,. O
p

The stalk computation explains why local rings are built into the definition of a scheme.

14
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Definition 2.8. A ringed space is a pair (X, Ox) consisting of a topological space and a
sheaf of rings. It is a locally ringed space if every stalk Ox , is a local ring.
For a locally ringed space and a point z € X, let m, C Ox ;, be the maximal ideal. The
field
k(x) == Ox z/my

is called the residue field at x.

Because A, is local with maximal ideal pA,, theorem 2.7 makes (Spec A, Ospeca) a
locally ringed space. Its residue field at p is

k(p) = Ap/pAp = Frac(A/p).
Definition 2.9. An affine scheme is a locally ringed space isomorphic to
(Spec A, Ogpec a)
for some ring A.

Thus an affine scheme is not merely the set of prime ideals of a ring. Its geometry is
carried by the pair consisting of the Zariski space and the sheaf of localizations.
2.2 Schemes and Their Morphisms

A general scheme is obtained by allowing different affine coordinate rings on different open
pieces. Before defining it, we must identify the correct notion of morphism. A continuous
map alone is insufficient: regular functions on the target must pull back to regular functions
on the source, and this pullback must respect the local nature of the stalks.

Definition 2.10. A morphism of ringed spaces
(f: ) (X, 0x) — (Y, Oy)
consists of a continuous map f : X — Y together with a morphism of sheaves of rings
f* 0y — fOx.
Equivalently, for every open subset V' C Y, there is a ring homomorphism
fEV): Oy (V) — Ox(f7V)
compatible with restrictions.
For each x € X, such a morphism induces a homomorphism on stalks
i Ovp@) — Oxa

Definition 2.11. A morphism of locally ringed spaces is a morphism of ringed spaces such
that every f# is a local homomorphism, equivalently

() H(my) = mp ().

The local condition guarantees that a function vanishing at f(z) pulls back to one
vanishing at x, and that units remain units locally.

15
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Definition 2.12. A scheme is a locally ringed space (X, Ox) admitting an open covering
X =
i
such that each (U;, Ox|y,) is an affine scheme. A morphism of schemes is a morphism of

locally ringed spaces.

This definition is local by construction: every point has an affine neighbourhood, and
all questions that can be checked on such neighbourhoods reduce to commutative algebra.
The contravariance of Spec is fundamental.

Theorem 2.13 (Affine duality). For rings A and B, there is a natural bijection

Homgen (Spec B, Spec A) = Homging (A, B).
Thus the category of affine schemes is anti-equivalent to the category of commutative rings.
Proof. A ring homomorphism ¢ : A — B defines a map

©* : Spec B — Spec A, q+— o 1(q).

Since
(@) "HD(f)) = D(e(f)),

the map is continuous. On distinguished opens, localization gives compatible homomor-
phisms
Ay — By(p),

and these determine a morphism of sheaves
ﬁSpecA — (w*)*ﬁSpecB-
At a point q € Spec B, the induced homomorphism is
A¢71<q) — Bq.

Its inverse image of the maximal ideal qBy is ¢! (4)Ap-1(q), so it is local. Thus ¢ determines
a morphism of affine schemes.
Conversely, let
g : Spec B — Spec A

be a morphism of schemes, and let
¢ :=g"(SpecA): A — B

be the induced homomorphism on global sections. We claim first that

for every q € Spec B. Write p = g(q). The local map
gf : Ay — By
extends . Hence, for a € A,
a€p<=a/l €pAy < p(a)/1 € qBy < ¢(a) € q,

16
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where the middle equivalence uses that gf is local. Thus the underlying continuous map

of g is exactly ¢*.
It remains to identify the map of structure sheaves. On a distinguished open D(a) C
Spec A, its inverse image is D(¢(a)). The restriction of g gives a homomorphism

Aa — Bcp(a)

whose composite with A — A, is ¢. Since ¢(a) is invertible in B4), the universal property
of localization shows that this homomorphism is uniquely the localization of ¢. Therefore
the original morphism g is precisely the one constructed from ¢.

Starting with a ring homomorphism and taking global sections clearly recovers the same
homomorphism, since D(1) is the whole spectrum. The two constructions are therefore
inverse and natural. O

There is a useful non-affine version of the same statement.

Theorem 2.14. For every scheme X and every ring A, there is a natural bijection
Homgep (X, Spec A) = Homping (4, T'(X, Ox)).

Proof. A morphism g : X — Spec A gives, by applying g7 to the whole target, a homomor-
phism
A=T(SpecA,0) —TI'(X,0x).

Conversely, let
a:A—T(X,0Ox)

be a ring homomorphism. For x € X, compose o with the germ map to obtain
(677 A—0O X,z

and define
f(x) := a;'(m,) € Spec A.

For a € A, we have
fH(D(a) ={r € X |ala), ¢ m;} = {z € X |ala), is a unit in Ox ;}.

Invertibility is local: if a germ is a unit, a local inverse is represented on some neighbourhood
and the product equals 1 after shrinking. Thus f~(D(a)) is open, so f is continuous.
On f~1(D(a)), the section a(a) is invertible. Hence the restriction of a factors uniquely
through localization:
A, — T(f7(D(a)), Ox).

These maps are compatible with further localization and therefore, because the D(a) form
a basis, define a morphism of sheaves

f# : ﬁSpecA — f*ﬁX~
Let z € X and put p = f(z). The induced map on stalks is the localization

of ag. If b/c € Ay with ¢ ¢ p, then a(c), is a unit. Consequently
b
Sepdye=bep e alb) emp alb)alc),! € m,.

17
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Thus the stalk map is local, and (f, f#) is a morphism of schemes.
We now check that the constructions are inverse. Start with a morphism g : X — Spec A
and let a be its map on global sections. For z € X, if p = g(z), the local homomorphism

shows that a;!(m;) = p. Hence the reconstructed continuous map is g. On each D(a),
both sheaf morphisms are the unique localization of the same map A — I'(X, Ox), so they
agree. Conversely, beginning with «, the resulting morphism induces a again on global
sections by construction. This proves the bijection. O

Definition 2.15. Let S be a scheme. An S-scheme is a scheme X equipped with a specified
morphism
X — 8,

called its structure morphism.

When S = Speck for a field k, one usually says that X is a scheme over k.
Residue fields describe morphisms from one-point schemes.

Proposition 2.16 (Field-valued points). Let X be a scheme and let K be a field. To give
a morphism
Spec K — X

is equivalent to giving a point x € X together with a field homomorphism
k(z) — K.

Proof. The unique point of Spec K maps to some x € X. The corresponding local homo-
morphism
1 Xo — K

sends m, to zero and therefore factors uniquely through a field homomorphism
k(x) = Ox z/my — K.

Conversely, suppose © € X and a field homomorphism x(x) — K are given. Choose an
affine neighbourhood
U = Spec A

of z, and let p C A be the corresponding prime. The composite
A— Ay =0x, — k(x) — K
induces by affine duality a morphism
SpecK — U — X

whose unique point maps to x.

This construction is independent of the chosen affine neighbourhood. Indeed, if V is
another affine neighbourhood of z, choose an affine open W C U NV containing . Both
morphisms factor through W, since their topological image is the point z, and on W both
are induced by the same local homomorphism O , — K. Affine duality therefore identifies
them. The two procedures are inverse, because the local homomorphism attached to the
constructed morphism is exactly the original composite Ox , — r(x) = K. O

The proposition explains why a topological point and a rational point are not the same
notion. A point z € X records a prime-like geometric position, while a K-valued point also
chooses an embedding of its residue field into K.

18
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2.3 Subschemes, Gluing, and Affine-Local Methods

Schemes are local objects, so one should be able both to pass to smaller pieces and to
reconstruct a global scheme from compatible pieces. Open subschemes correspond to local-
ization, while closed subschemes correspond to quotient rings. These two operations already
exhibit the fundamental geometric contrast between inverting a function and imposing an
equation.

Proposition 2.17. Let X = Spec A and let f € A. Then the open subspace D(f), with
the restricted structure sheaf, is affine and there is a natural isomorphism

D(f) = Spec Ay.

Proof. Prime ideals of Ay are in bijection with prime ideals of A not containing f, so the
underlying spaces are naturally homeomorphic. Under this correspondence a distinguished
open D(a/f"™) C Spec Af corresponds to D(a)ND(f). Their rings of sections agree because

(Af)a/fn = Aaf-
Thus the structure sheaves agree on a basis. O

Definition 2.18. Let X be a scheme and U C X open. The locally ringed space

(Ua ﬁX’U)

is called the open subscheme associated to U. A morphism j : Y — X is an open immersion
if it identifies Y isomorphically with such an open subscheme.

For closed subsets, simply restricting the structure sheaf is not the right operation. One
must quotient by the equations defining the closed subset.

Proposition 2.19. Let A be a ring and let I C A be an ideal. The quotient homomorphism
A — A/I induces a closed immersion

Spec(A/I) — Spec A
whose image is V(I). On the stalk at a prime p D I, the induced map is
Ay — Ay /1A,

Proof. Prime ideals of A/I correspond exactly to prime ideals of A containing I, giving a
homeomorphism onto V(I). On distinguished opens the map on rings is

A — (A/D)y = Ay /1Ay,
which is surjective. Hence the map of sheaves is surjective as well. O

Definition 2.20. A morphism i : Y — X is a closed immersion if the underlying map is
a homeomorphism onto a closed subset of X and the morphism

i# : ﬁX — 1 ﬁy
is surjective. Its kernel .# is the ideal sheaf of the immersion, and
Oy =2 Ox /5.
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The distinction between a closed subset and a closed subscheme is essential. Since
V(D) =V(VI),
the ideals I and /T define the same closed set, but generally
Spec(A/T) 3£ Spec(A/VT).
Nilpotent functions therefore record geometric structure invisible to the underlying topol-
ogy.
Example 2.21 (A nonreduced point). Let

X = Speckle]/(£%).

The underlying topological space consists of a single point, exactly as for Speck, but the
structure sheaf contains the nonzero nilpotent . Thus the two schemes are not isomorphic.
The extra nilpotent may be regarded as a first-order infinitesimal thickening of the point.

The converse operation to cutting a scheme into open subsets is gluing.

Theorem 2.22 (Gluing schemes). Suppose schemes X; are given, together with open sub-
schemes U;; C X; and isomorphisms

Qoij : Uz'j 1> sz‘

satisfying
Ui = Xi, pii = id, @i = i;
and the cocycle condition
Pik = Pik © Pij
on triple overlaps, after the natural identifications. Then there exists a scheme X, unique

up to unique isomorphism, obtained by gluing the X; along the p;j. Each X; — X is an
open immersion and the images cover X.

Proof. As a topological space, take the quotient of the disjoint union [[; X; by the equiva-
lence relation generated by

QTN(pij(x), HTEUZ'J'.
The cocycle condition makes the identifications consistent, and the images of the X; are

open and cover the quotient.
For an open subset V' C X, define &x (V') to be the families

(Si), S; € ﬁXi(VﬂXi),

whose restrictions agree under the transition isomorphisms on every overlap. The sheaf
axioms follow from those on the X;. By construction the restriction of (X, Ox) to the
image of each X; is isomorphic to X;, so X is locally affine and hence a scheme. Uniqueness
follows because both the topological space and the structure sheaf are determined by the
given local identifications. O

Example 2.23 (The projective line as a gluing). Take two copies
Uy = Spec k[t], Uy = Spec k[u].

Their distinguished opens D(t) and D(u) are both isomorphic to Spec k[t,#!]. Glue them
by the isomorphism u = ¢~!. The resulting scheme is the projective line IP’,IC, which will be
recovered systematically from Proj in the next section.
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Example 2.24 (The affine line with doubled origin). Take two copies of Al = Speck[t]
and glue them along the common open subset D(t) by the identity. The resulting scheme
has two distinct origins but is otherwise identical to the affine line. This construction shows
that the gluing theorem produces schemes that need not behave like ordinary Hausdorff
spaces. Later, separatedness will isolate the scheme-theoretic analogue of the Hausdorff
condition.

The gluing theorem tells us how to build schemes from affine pieces. In practice one
also needs to move information from one affine chart to another. The next proposition is
the basic geometric mechanism behind this “communication” between affine opens.

Proposition 2.25 (Common distinguished refinements). Let
U = Spec A, V =Spec B

be affine open subschemes of a scheme X. For every point x € U NV, there exists an open
neighbourhood W of x which is distinguished in both U and V.

Proof. Choose a distinguished open Dy (f) C U containing x and contained in UNV'. Inside
V', choose a distinguished open

Dy (g) € Du(f)

containing x. Since Dy (f) = Spec Ay, the restriction of the function g to Dy(f) is repre-

sented by some element
a
—€cA f-

The locus on which this element is invertible is

o4 (3):

which corresponds inside U to the distinguished open Dy (af). On the other hand this
locus is exactly Dy (g), because Dy (g) C Dy (f). Hence

W := Dv(g) = Dy(af)
is distinguished in both affine charts. O

This proposition leads to a useful local-to-global principle. Its value is not the particular
property under consideration, but the method: once a statement survives localization and
can be reconstructed from finitely many distinguished opens, checking it on one affine cover
is enough.

Lemma 2.26 (Affine Communication Lemma). Let P be a property of affine open sub-
schemes of a scheme X. Assume that:
1. if U = Spec A has property P, then every distinguished open D(f) C U has property
P;
2.4f f1,..., fr € A generate the unit ideal and every D(f;) C Spec A has property P,
then Spec A has property P.

If X admits an affine open cover whose members have property P, then every affine open
subscheme of X has property P.
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Proof. Let U = Spec A C X be any affine open. By proposition 2.25, every point of U has
a neighbourhood which is distinguished in U and distinguished in one of the affine opens
from the given cover. The latter affine open has property P, so the common distinguished
neighbourhood has property P by condition (1).

Since U is quasi-compact by proposition 2.3, finitely many of these neighbourhoods
cover U. Write them as

D(fl)v"'vD(fr) QU

Because they cover Spec A, the elements fi,..., f, generate the unit ideal. Condition (2)
therefore implies that U has property P. O

A first application shows that the usual definition of a locally Noetherian scheme does
not depend on the chosen affine cover.

Definition 2.27. A scheme X is locally Noetherian if it admits an affine open cover by
spectra of Noetherian rings. It is Noetherian if it is locally Noetherian and quasi-compact,
equivalently if it admits a finite affine open cover by spectra of Noetherian rings.

Proposition 2.28. A scheme X is locally Noetherian if and only if, for every affine open
subscheme
U =SpecA C X,

the ring A is Noetherian.

Proof. Only one implication requires proof. Apply lemma 2.26 to the property
PU): TI'(U,Ox) is Noetherian.

Localization preserves Noetherian rings, so condition (1) holds. For condition (2), suppose
f1,..., fr generate the unit ideal of A and each Ay, is Noetherian. Let I C A be an ideal.
For each 4, choose finitely many elements of I whose images generate Iy,, and let J C I be
the ideal generated by all these finitely many elements. Then

(1)), =0

for every i. If m € I/J, then for each i some power fZ»N “ annihilates m. The elements

fiN ¢ still generate the unit ideal up to radical, hence generate an ideal whose radical is A;

therefore 1 belongs to that ideal and m = 0. Thus I = J is finitely generated, so A is
Noetherian. O

The same local philosophy applies to morphisms. For example, if f : X — Y is a
morphism and Y = J; V; is an open cover such that every restriction

Vi) — Vi

is an isomorphism, then the local inverses agree on overlaps and glue to a global inverse.
Thus being an isomorphism is local on the target.

There is another form of localization which starts from a global function rather than
from an affine chart. Let X be a scheme and let

s € F(X, ﬁx)
Define its invertibility locus by
Xs={reX|s; €0%,}
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Proposition 2.29. The subset X is open. If X = Spec A and s corresponds to f € A,
then
and

(X, Ox) = Ay

Proof. 1f s, is a unit, choose a germ ¢, € Ox , with s;t, = 1. Represent ¢, by a section ¢
on a neighbourhood of x. After shrinking, the equality

st=1

holds on that neighbourhood, so every nearby germ of s is invertible. Hence X is open.
In the affine case, s, is invertible in A, exactly when f ¢ p, so Xy = D(f). The last
assertion follows from proposition 2.17. O

For a non-affine scheme, localization of global sections needs a mild finiteness hypothesis.
We call a scheme quasi-separated if the intersection of any two affine open subschemes is
quasi-compact. This condition will later reappear as a property of the diagonal morphism.

Theorem 2.30 (Localization by a global section). Let X be a quasi-compact and quasi-
separated scheme, and let s € T'(X, Ox). Then the canonical homomorphism

X, 0x)s — I'(Xs, Ox)
is an isomorphism.

Proof. Put
R:=T(X,0x).

Choose a finite affine open cover
X=UU---uUuU,, U; = Spec A;.

Because X is quasi-separated, every intersection U; N U; is quasi-compact. By proposi-
tion 2.25, it admits a finite cover by opens W;;;, which are affine and distinguished in both
UZ' and Uj.

A family of sections on the U; glues on X if and only if the two restrictions agree on
every Wi i: agreement on the W;;;, implies agreement on all of U; NU; by the locality axiom.
Hence R is the kernel of the difference map

[T Wi, 6x) — T] T(Wijr, Ox).
( i)j)k
All terms are naturally R-modules through restriction of global sections. Localization

M — M,

is an exact functor on R-modules, so it preserves this kernel. Moreover, because the prod-
ucts above are finite, localization commutes with them. We therefore obtain an equalizer
diagram
Ry — [[T(Us, Ox)s = ] T(Wijk, Ox)s.
i i,k
On U, let s; € A; be the restriction of s. By proposition 2.29,

UiﬂXSZD(Si), F(UlmevﬁX):(Al)sl
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The localization I'(U;, Ox )5 is exactly (4;)s,, since the action of the global element s on A;
is multiplication by s;. The same argument applies to every affine W;j;. Consequently the
localized equalizer is precisely the sheaf equalizer for the cover {U; N X} of X,. Therefore

I'(X,0x)s = T'(Xs, Ox).
O

The preceding theorem gives a practical criterion for recognizing when a scheme is
affine.

Theorem 2.31 (Affineness criterion). Let X be a quasi-compact, quasi-separated scheme.
Put
A:=T(X, Ox).

Suppose there exist fi,...,fr € A generating the unit ideal such that every invertibility
locus Xy, is affine. Then the canonical morphism

X — Spec A
s an isomorphism.
Proof. By theorem 2.14, the identity homomorphism of A determines a canonical morphism

®: X — Spec A.

Since the f; generate the unit ideal, the distinguished opens D(f;) cover Spec A, and the
opens Xy, cover X. By theorem 2.30,

[(Xy,0x) = Ay,
Because Xy, is affine, affine duality identifies the restriction of ® with an isomorphism
Xy, = Spec Ay, = D(fi).
These local isomorphisms come from the single morphism ®, so they agree on overlaps and
glue to an isomorphism X = Spec A. O
2.4 Projective Schemes and the Proj Construction

Affine schemes come directly from ordinary rings. Projective geometry is governed instead
by graded rings. The construction Proj is the projective analogue of Spec: homogeneous
prime ideals determine the points, while regular functions on projective charts are repre-
sented by homogeneous fractions of degree zero.

Let
S = @ Sa
d>0
be a graded ring, and let
St =P Sa
a>0

be the irrelevant ideal.
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Definition 2.32. The projective spectrum of S' is
Proj S := {p C S| p is a homogeneous prime ideal and Sy Z p}.
For a homogeneous ideal I C S, define
Vi(I):={p € Proj S | I C p}.
These sets define the Zariski topology on Proj S. For a homogeneous element f € S, set

Dy(f):={pcProjS|f¢np}.

As in the affine case,
D (f) N Di(g) = D4(f9),

and the D, (f) form a basis.
If f is homogeneous, the localization Sy inherits a Z-grading. Its degree-zero part is
denoted

Thus a typical element of S() is represented by a homogeneous fraction

a

fr
with dega = ndeg f.
Proposition 2.33. For every homogeneous f € S, there is a natural homeomorphism

D+(f) l) Spec S(f)

These homeomorphisms identify intersections of standard opens with distinguished opens in
the corresponding affine spectra.

Proof. Write d = degf > 0. If p € Dy(f), then f ¢ p, so the localization pSy is a
homogeneous prime ideal of Sy. Its degree-zero part

q:=pSy NSy
is therefore a prime ideal of S(y. This defines a map
D (f) — Spec S(y).

We construct the inverse explicitly. Let q C S(s) be prime. For every degree e > 0,
define P. C S, by declaring that a homogeneous element a € S, lies in P. if, for some
positive integer N such that d | Ne,

oV
FNe/d €4q.

If this holds for one such N, it also holds after replacing N by any positive multiple. Set

pg = @ P..

e>0

We verify that this is a homogeneous prime ideal. Suppose a € P, and ¢ € S} are
homogeneous. Choose N divisible enough that d | Ne, d | Nh, and

CLN/fNe/d €q.
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(CLC)N a o
FN(e+h)/d — \ fNejd | \ FNn/d €4q,

so ac € P,y For addition, suppose a,b € P.. Choose a common N with d | Ne such that

Then

aN/fNe/d’ bN/fNe/d €q.

Every term in the expansion of (a+b)?" contains either a’¥ or b". After division by f2Ve/¢,
a term containing o'V, for example, factors as

(IN ar—NbQN—r

fNe/d' fNejd

with both factors of degree zero; hence it lies in q. The same holds for terms containing
bN, so
(a+ b)2N

FaNe/d €a,

and a + b € P.. Thus p, is a homogeneous ideal.
Finally, suppose homogeneous a € S, and b € S}, satisfy ab € p;. Choose N divisible
enough that d | Ne, d | Nh, and the defining condition for ab holds at the exponent N.

Then
a VNN (ab)N
FNefd | \ FNR7d | T FNerhd €a.

Since q is prime, one factor lies in g, hence a € pq or b € p,q. For a homogeneous ideal in an N-
graded ring, it is enough to test primality on homogeneous elements: if two nonzero classes
had zero product, the product of their lowest-degree nonzero homogeneous parts would also
vanish. Thus pq is prime. Also f ¢ pq, because the normalized fraction associated to f is
1 ¢ q. Hence py € Dy (f).

The two constructions are inverse. If p € D, (f) and q = pSy N S(), then for homoge-
neous a € Se,

oV
acp<— W cq
for any sufficiently divisible N: the forward implication is clear. For the reverse implication,
membership of the fraction in pS; means that fMaN € p for some M > 0. Since f ¢ p
and p is prime, this forces a € p. Conversely, if q C S5y and p = pg, then for a degree-zero
fraction a/f™ € S(y) one has

a
Iz €Eqeacy,
because a € p implies that some power (a/f™)" lies in the prime ideal q, and hence a/f™ € q.
Thus contraction recovers (.

It remains to identify the topology. If g € S is homogeneous, then the degree-zero

element
d

g
fdegg € S(f)
has the property that
Dy (f)NDy(g)

corresponds exactly to the distinguished open where this element is invertible. Hence the
bijection carries a basis to a basis and is a homeomorphism. O
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The preceding proposition suggests the structure sheaf immediately: each standard
open should carry the affine scheme structure of Spec Sy, and these structures agree on
overlaps.

Theorem 2.34. There is a unique sheaf of rings Opyojs such that

D (f) = Spec Sy
as locally ringed spaces for every homogeneous f € S,. With this sheaf, Proj S is a scheme.

Proof. Transport the affine structure sheaf from SpecS(y) to each standard open D, (f)
using proposition 2.33. On an overlap D, (f) N D4 (g), both restrictions are obtained by
localizing the corresponding degree-zero rings at the same homogeneous fraction, so the
induced locally ringed spaces are canonically isomorphic. These isomorphisms satisfy the
cocycle condition. The gluing theorem therefore produces a sheaf of rings on Proj .S, and
the standard opens form an affine cover. O

Example 2.35 (Projective space). Let
S = Alxg, ...,z

with the standard grading degx; = 1. Define

P’y := Proj Alxg, . .., zy].
For every 1,
T T x
D, (x;) = Spec A —0,...,4,...,—71 = A’

Thus projective space is obtained by gluing n+1 affine n-spaces along explicit distinguished
opens.

Example 2.36 (A useful degenerate case). Let S = A[T] with degT = 1. Then every
point of Proj S lies in D4 (T), and

Sy = (A[T,T7 ) = A.

Hence
Proj A[T] = Spec A.

This is the projective 0-space over A.

Homogeneous ideals define projective closed subschemes just as ordinary ideals define
affine closed subschemes.

Proposition 2.37. Let I C S be a homogeneous ideal. The quotient map S — S/I induces
a closed immersion

Proj(S/I) < Proj S
with image Vi (I).
Proof. On the standard open D4 (f), the map is the affine closed immersion associated to
Sy — (S/Dp) = S/ s

These affine closed immersions agree on overlaps and therefore glue. O
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Definition 2.38. A scheme over A is called a projective scheme over A if it is isomorphic
to a closed subscheme of P’} for some n.

At this stage we use projective schemes mainly as a basic source of non-affine examples.
The relative notion of a projective morphism, its behavior under base change, and its
relation with properness will be developed later. Likewise, twisting sheaves and the relation
between graded modules and sheaves on Proj belong to the later study of coherent sheaves
and line bundles.

2.5 The Topology of Schemes and Function Fields

The topology of a scheme is coarse compared with classical metric topology, but it is highly
structured. In particular, irreducible closed subsets have canonical generic points, and
specialization records inclusion relations among prime ideals. These features make the
topology closely reflect the algebra of the local rings.

Definition 2.39. A nonempty topological space X is irreducible if it cannot be written as
the union of two proper closed subsets. A maximal irreducible closed subset is called an
irreducible component.

Proposition 2.40. For a nonempty topological space X, the following are equivalent:
1. X is irreducible;
2. any two nonempty open subsets of X intersect;
3. every nonempty open subset of X is dense.

In particular, every irreducible space is connected.

Proof. If two nonempty opens U, V were disjoint, then
X =(X\U)U(X\V)

would express X as the union of two proper closed subsets. This proves (1) = (2). Condi-
tion (2) says precisely that every nonempty open meets every nonempty open, hence every
nonempty open is dense, giving (2) = (3). If X = Z; U Zy with both Z; proper closed,
then X \ Z; and X \ Z, are nonempty opens that cannot both be dense, so (3) implies
(1). A disconnected space is a union of two disjoint nonempty opens, hence cannot be
irreducible. O

Definition 2.41. Let z,y € X. We say that = specializes to y, or that y is a specialization
of x, if L

y € {z}.
A point n is a generic point of an irreducible closed subset Z if

{n} =2
Proposition 2.42. Let X = Spec A, and let x,y € X correspond to prime ideals p,q.
Then

and
x specializes toy <= p Cq.

Moreover, the irreducible components of X are the sets V(p) for minimal prime ideals p.
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Proof. The closed subsets containing x are precisely the V' (I) with I C p, whose intersection
is V(p). Thus y € {x} exactly when p C q. Finally, V(p) is irreducible when p is prime,
and maximal irreducible closed subsets correspond to minimal primes. ]

The local ring at a point has a geometric spectrum of its own. It records precisely the
points that can move generically toward the chosen point.

Proposition 2.43 (The local scheme at a point). Let © € X be a point of a scheme.
Choose an affine neighbourhood
U = Spec A

of x, and let p C A correspond to x. Then
Spec Ox ; = Spec Ay,

and the canonical morphism
Spec Ox o — X

has as its image exactly the generizations of x, namely the points y € X such that y
specializes to x.

Proof. The first assertion follows from

Prime ideals of A, correspond to prime ideals ¢ C p. Under the affine specialization
criterion, these are exactly the points y € U satisfying

Y~ T

Any generization of x belongs to every open neighbourhood of z: if an open neighbourhood
U contained x but not y, then the closed set X \ U would contain y and hence its closure,
which contains x, a contradiction. Thus the affine description already gives all generizations
in X. 0

In this sense Spec Ox , is the scheme-theoretic germ of X at x. At a generic point it is
the spectrum of a field, while at a more special point it retains the chains of generizations
leading toward that point.

Theorem 2.44 (Generic points of schemes). Every irreducible closed subset of a scheme has
a unique generic point. In particular, irreducible components of a scheme are in bijection
with their generic points.

Proof. Let Z C X be irreducible and closed. Choose an affine open U C X meeting Z.
Then Z N U is irreducible and closed in U = Spec A, so

ZNU =V(p)

for a unique prime ideal p € A. The corresponding point 17 € U has closure containing
Z NU. Since Z is irreducible and Z N U is a nonempty open subset of Z, it is dense
in Z, hence W = Z. Uniqueness follows because two generic points of the same closed
subset lie in exactly the same open subsets, and in an affine neighbourhood this forces the
corresponding prime ideals to coincide. ]

A useful finiteness condition on the topology comes from Noetherian rings.
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Definition 2.45. A topological space is Noetherian if every descending chain of closed
subsets stabilizes.

For schemes, the Noetherian conditions were introduced in proposition 2.28. The point
here is that their underlying topology inherits strong finiteness properties.

Proposition 2.46. If A is Noetherian, then Spec A is a Noetherian topological space.
Every Noetherian topological space is quasi-compact and has only finitely many irreducible
components.

Proof. A descending chain of closed subsets of Spec A corresponds, after taking radicals, to
an ascending chain of ideals, so it stabilizes when A is Noetherian. In any Noetherian space,
an open cover with no finite subcover would produce a strictly increasing chain of open
subsets, hence a strictly decreasing chain of closed complements. Finally, by induction on
closed subsets, every nonempty closed subset is a finite union of irreducible closed subsets;
taking maximal ones gives finitely many irreducible components. O

We now return from topology to the structure sheaf.

Definition 2.47. A scheme X is reduced if every local ring Ox , is reduced. It is integral
if it is nonempty, reduced, and irreducible.

Proposition 2.48. For a scheme X, the following are equivalent:
1. X is reduced;

2. every affine open U = Spec A C X has A reduced;
3. for every open subset U C X, the ring Ox (U) is reduced.

Proof. Reducedness of a ring is local: a ring A is reduced if and only if every localization A,
is reduced. Therefore (1) and (2) are equivalent. If every stalk is reduced and s € Ox(U)
is nilpotent, then every germ s, is zero; since sections of a sheaf are determined by their
germs, s = 0. This gives (1)=-(3), while (3)=(2) is immediate. O

Proposition 2.49. For a nonempty scheme X, the following are equivalent:

1. X 1is integral;
2. every nonempty affine open U = Spec A C X has A an integral domain;

3. for every nonempty open subset U C X, the ring Ox(U) is an integral domain.

Proof. Assume first that X is reduced and irreducible. Let U C X be nonempty and
suppose s,t € Ox(U) satisfy st = 0. Consider the invertibility loci

Us := {er\s$€ﬁ§7r}, U, ::{xEU]tmeﬁ)Xm}.

They are open by proposition 2.29. They are disjoint: if € Us N Uy, then (st), would be
a unit, contradicting st = 0. Since every nonempty open subset of the irreducible space X
is irreducible, the open set U is irreducible; hence one of Uy, U; is empty. Suppose Us = &.
Then for every x € U, the image of s, in the residue field k(x) is zero.

We claim that this forces s = 0. Cover U by affine opens V' = Spec A. The restriction
of s corresponds to an element a € A. Its image in every residue field is zero, so a lies
in every prime ideal of A, hence in the nilradical. Since X is reduced, A is reduced by
proposition 2.48; thus a = 0. Therefore s vanishes on an affine cover of U, and hence s = 0.
The same argument applies if Uy = @. Thus Ox (U) is a domain.
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Conversely, suppose every nonempty affine open Spec A C X has A an integral domain.
Every stalk is then a localization of a domain, so X is reduced. If X were reducible,
proposition 2.40 would give disjoint nonempty open subsets U,V C X. Choose nonempty

affine opens
U'cu, ViCcV.

Their disjoint union is an affine open subscheme of X: if U’ = Spec A and V' = Spec B,
then
U' UV’ = Spec(A x B).

But A x B has nontrivial zero divisors, contradicting the hypothesis on nonempty affine
opens. Hence X is irreducible, and therefore integral.

The implication from (3) to (2) is immediate, while the first part of the proof shows
that (1) implies (3). Thus all three conditions are equivalent. O

For an integral scheme, the generic point turns the local rings into subrings of a single
field.

Definition 2.50. Let X be an integral scheme with generic point 7. The field
K(X):=0x,
is called the function field of X. Its elements are the rational functions on X.

Proposition 2.51. Let X be an integral scheme with generic point 7.

1. If U = Spec A C X is a nonempty affine open, then

K(X) = Frac(A).

2. For every nonempty open U C X and every x € U, the natural maps
ﬁx(U) — ﬁX@ — K(X)

are injective.

3. Inside K(X),
Ox(U) = () Oxa.

zeU

Proof. On a nonempty affine open U = Spec A, the generic point corresponds to the zero
prime because A is a domain. Hence

Oxn = A = Frac(A),

proving (1).
We first record a useful fact. If V' C U are nonempty open subsets of an integral scheme,
then the restriction map
Ox(U) — Ox(V)

is injective. Indeed, suppose s € Ox(U) restricts to zero on V. Cover U by affine opens
W = Spec A. Since X is irreducible, every nonempty W meets V. The restriction of s
to W corresponds to an element a € A that becomes zero on the nonempty open W NV.
Choose a distinguished open D(f) € W NV. Then a/1 = 0 in the domain A¢, so some
power of f annihilates a in A. Since f # 0 and A is a domain, a = 0. Thus s vanishes on
every affine open W, hence s = 0.
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Now let x € U. If a section s € Ox(U) has zero germ at z, then it vanishes on some
nonempty neighbourhood V' C U of x; the injectivity just proved gives s = 0. Hence

ﬁx(U) — ﬁX,m

is injective. Likewise, if a germ s, € Ox, maps to zero in K(X) = Ox,, represent it by
a section s € Ox (W) on a nonempty neighbourhood W of x. Vanishing at the generic
stalk means that s vanishes on some nonempty open subset of W, so the same restriction
argument gives s = 0, and hence s, = 0. This proves both injections in (2).

For (3), the inclusion from left to right follows from (2). Conversely, suppose r € K(X)
lies in every Ox , for x € U. For each x, choose a neighbourhood U, C U and a section
sz € Ox(Uy) representing r. On an overlap U, N Uy, both restrictions have the same image
rin K(X). By (2), the map from sections on the nonempty overlap to K(X) is injective,
so the two restrictions agree. The sheaf axiom therefore glues the s, to a section of Ox (U)
representing r. Hence

Ox(U) =) Oxa
zeU

inside K (X). O

A rational function is said to be regular at x precisely when it belongs to x . The
preceding proposition says that being regular on an open subset is exactly the same as
being regular at every point of that subset.

2.6 Dimension

The topology of a scheme carries an intrinsic notion of dimension. Instead of measuring
distances, one measures the possible lengths of chains of irreducible closed subsets. In the
affine case this is exactly Krull dimension, so the geometric and algebraic notions coincide.

Definition 2.52. Let X be a topological space. Its dimension is
dim X :=sup{n | Zy C Z1 C -+ C Z, are irreducible closed subsets of X}.
The dimension may be infinite.
Proposition 2.53. For every ring A,
dim Spec A = dim A,
where the right-hand side is the Krull dimension of A.

Proof. Every irreducible closed subset of Spec A is of the form V(p) for a prime ideal p.
Moreover,
Vip) S V(@) < aSp

Thus chains of irreducible closed subsets correspond, with the order reversed, to chains of
prime ideals of the same length. O

Definition 2.54. Let x € X be a point of a scheme. The local dimension at x is
dim, X := dim Ox ;.
If x corresponds to p in an affine neighbourhood Spec A, then

dim, X = dim A, = ht(p).
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For an irreducible closed subset Z C X with generic point 7z, we define its codimension in
X by
codimx (Z) := dim Ox,,,,.

Proposition 2.55. Let x € X. The number dim Ox , is the supremum of the lengths of
chains L
@ =20C 2 S-S 2,

of irreducible closed subsets of X. Equivalently, it measures the codimension of {x} inside
the components of X containing it.

Proof. Work in an affine neighbourhood U = Spec A of x, with & <> p. By proposition 2.43,
prime ideals of Ox ; = A, correspond to primes
qc<p.
Every chain of primes in A, may be extended, if necessary, by the maximal prime pAy;
hence the dimension is the supremum of chains ending at p. A chain
& Sdn="p

corresponds, with the order reversed, to a chain

Vu(p) € Vo(qn-1) € -+ € Vir(qo)

of irreducible closed subsets of U, all containing x.

Such chains are equivalent to chains of irreducible closed subsets of X beginning with
{x}. Indeed, intersecting a chain in X with U preserves strict inclusions: if Z C Z’ are
irreducible closed subsets containing x and ZNU = Z'NU, then the nonempty open subset
7' NU of Z' would lie in the closed subset Z, forcing Z’ = Z. Conversely, taking closures
in X of irreducible closed subsets of U preserves strict inclusions for the same reason.
Therefore the two kinds of chains have the same possible lengths, and their supremum is

dim Ay, = dim Ox .
O

Thus an irreducible closed subset of codimension one is controlled locally by a one-
dimensional local ring. This observation will later be the bridge between divisors and
discrete valuation rings.

Proposition 2.56. If X is a Noetherian scheme and X = ;_, U; is a finite affine open
cover, then
dim X = maxdim U;.
1

Consequently, the dimension of a Noetherian scheme can be computed on affine charts.

Proof. Let
20C 2 S C 2,

be a chain of irreducible closed subsets of X. Choose a point x € Zj, and choose an affine
chart U; containing x. Then every Z; N U; is a nonempty irreducible closed subset of Us;.
Moreover the inclusions remain strict. Indeed, if for some j one had

Zj NU; = Zj+1 NU;,

33



Algebraic Geometry Chapter 2. Schemes

then the nonempty open subset Z; 1 NU; of the irreducible space Z;1 would be contained
in the closed subset Z;, hence its closure Z;;1 would be contained in Zj, a contradiction.
Thus

n <dmU; < mzax dim U;,

and therefore dim X < max; dim U;.
Conversely, fix ¢ and take a chain

YoC - C Yy

=

of irreducible closed subsets of U;. Their closures YjX are irreducible closed subsets of X.

The inclusions remain strict: if ?J-X =Y X, then intersecting this common closure with
U; and using that Yj; is closed in U; would give Y; = Y;,1. Hence m < dim X. Taking the
supremum over chains in every U; gives

max dim U; < dim X.
K3
Combining the two inequalities proves the result. ]

Before turning to the general relative notion in Chapter 3, we use one absolute piece of
terminology. If k is a field, a k-scheme X is said to be of finite type over k if it admits a
finite affine open cover

T
X = U Spec 4;
i=1
with every A; a finitely generated k-algebra. Chapter 3 will show that this is exactly the
special case, for the structure morphism X — Spec k, of the general notion of a morphism
of finite type.
For schemes of finite type over a field, dimension has an especially concrete algebraic
interpretation.

Theorem 2.57 (Dimension and transcendence degree). Let k be a field and let A be a
finitely generated integral k-algebra. Then

dim A = trdeg,, Frac(A).
FEquivalently, if X is an integral affine scheme of finite type over k, then
dim X = trdeg;, K (X).

Proof. This is the dimension theorem obtained from Noether normalization. There exist
algebraically independent elements 1, ..., ts € A such that A is integral over the polynomial
ring

Elti,..., tq).

Integral extensions preserve Krull dimension, while the polynomial ring has dimension d.
Moreover, integrality implies that Frac(A) is algebraic over k(t1,...,tq), so its transcen-
dence degree is also d. O

Example 2.58 (Affine and projective space). For a field k,
dim A} = dimk[xy,...,z,] = n.
The standard affine charts of P} are copies of A}, and P} is irreducible. Therefore

dim P} = n.
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Example 2.59 (Curves). An integral scheme of finite type over a field with dimension
one has function field of transcendence degree one. In such a scheme the generic point has
codimension zero, while every proper irreducible closed subset has dimension zero. This is
the basic topological reason that divisors on a curve are supported at closed points.

The constructions of this chapter establish the basic objects of scheme theory. Rings
give affine schemes, affine schemes glue to arbitrary schemes, quotients and localizations
produce closed and open subschemes, graded rings produce projective schemes, and the
underlying topology records generic points, specialization, and dimension. The next step
is to study schemes relative to one another. Fiber products and base change will provide
the ambient language, after which properties such as finite type, separatedness, properness,
and projectivity can be treated systematically.
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Chapter 3

Morphisms and Relative Geometry

The first two chapters described schemes as spaces assembled from affine pieces. From
this point onward, the geometry is increasingly relative: rather than studying a scheme in
isolation, we study a morphism

f: X—S5

and ask how the geometry of X varies over the points of the base S. Fibered products pro-
vide the basic language for changing the base; fibres record the geometric objects seen over
individual points; constructibility and dimension measure the behavior of images and fibres;
separatedness and properness control specialization; and projective morphisms supply the
principal concrete class of proper morphisms.

The chapter is organized around these four themes. The categorical formalism is kept
to the amount that is repeatedly used later, while the emphasis remains on the geometry
of schemes and on the interaction between local algebra and global constructions.

3.1 Fiber Products, Fibres, and Base Change

Suppose that two schemes X and Y are equipped with morphisms to a common base S

xLhsdy

The object that parametrizes pairs of points of X and Y having the same image in S is
not the ordinary cartesian product of their underlying sets. The correct construction must
remember the scheme structures and the residue fields, and is characterized by a universal

property.

Definition 3.1. A fibered product of X and Y over S is a scheme X xgY together with
morphisms px and py fitting into a cartesian diagram

X xgV 2, v

w s

st

such that for every scheme T and every pair of morphisms ¢ : 7' — X and b : T — Y
satisfying f o a = g o b, there exists a unique morphism u : T' — X X g Y for which

pxou=a, py ou =b.
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Equivalently,
Hom(T, X x5 Y) = Hom(T, X) Xom(r,5) Hom(T,Y")

naturally in 7.

The universal property immediately gives uniqueness up to unique isomorphism, sym-
metry
X xgY 2Y x5 X,

and the expected associativity isomorphisms. More importantly, it allows cartesian dia-
grams to be manipulated without choosing coordinates.

Proposition 3.2 (Pasting of cartesian squares). Consider a commutative diagram

X Y Z
L
X’ Y’ AR

If both squares are cartesian, then the outer rectangle is cartesian. Conversely, if the outer
rectangle and the right-hand square are cartesian, then the left-hand square is cartesian.

Proof. For the first assertion, let T' be a test scheme. A morphism T' — X is equivalent,
by the left square, to a compatible pair of morphisms 7' — X’ and T" — Y. By the right
square, the latter morphism is equivalent to compatible morphisms 7" — Y’ and T — Z.
Combining these conditions gives exactly the universal property of the outer rectangle.
For the converse, the universal property of the outer rectangle identifies maps T — X
with pairs consisting of a map T — X’ and a map T — Z satisfying the compatibility over
Z'. The right cartesian square identifies the compatible map T'— Z with a map T' — Y
compatible with 7" — Y’. This is precisely the universal property required for the left
square. ]

The affine case reveals the algebra behind the construction.

Theorem 3.3 (Affine fiber products). Let A — B and A — C be ring homomorphisms.
Then
Spec B Xgpec 4 Spec C = Spec(B ®4 C).

Proof. For every scheme T, theorem 2.14 and the universal property of the tensor product
give natural bijections

Hom (T, Spec(B ®4 C')) = Hompging (B ®4 C,I(T, Or))
= HomRing (B, F(T, ﬁT))
X Homping(AT(T,07)) HOMRing (C, (T, O7))
= Hom(T', Spec B) X Hom (T ,8pec 4) Hom(T', Spec C').
Thus Spec(B ®4 C) represents the functor defining the fibered product. O

Example 3.4. For a field k,
AT xp Ap 2 AT

because
Elx1,...,2m]) @k K[y, yn] Z k[z1, s Ty Y1y -+, Ynl-

The affine construction glues.
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Theorem 3.5 (Existence of fiber products). The category of schemes has fibered products.

Proof. Let X — S and Y — S be morphisms. Choose an affine open covering S = [J, Va.
Cover f~1(Vy) and g~!(V3) by affine opens

Uxi = Spec By, Wy; = Spec C)j,
with V), = Spec A). By theorem 3.3, each pair gives an affine scheme
Zxij = Uxi xv, Wyj = Spec(By; ®4, Cyj)-

We next construct the transition maps between two affine pieces Zy;; and Z,,;;,. Cover
the open intersection V) NV, by affine opens V. Over such a V, the intersections

UM' N U,uz" N fﬁl(v)7 W)\j N Wﬂj/ N gil(v)

are open subschemes of X and Y. By the common distinguished-refinement result of
proposition 2.25, they are covered by affine opens U and W which are simultaneously
distinguished in the relevant affine charts. For every such pair the affine fibre product

UXVW

comes with open immersions into both Z);; and Z,;: on coordinate rings these maps
are localizations of the tensor products in theorem 3.3. These common affine products
cover precisely the portions of the two pieces that must be identified. On further common
refinements, the two induced identifications coincide by uniqueness in the universal property
of a fibre product. Hence the transition maps satisfy the cocycle condition, and the gluing
theorem from Chapter 2 produces a scheme Z from the Zy;;.

The affine projections glue to morphisms

7z -y

S

X —— S

To verify the universal property, let T carry compatible maps to X and Y. The inverse
images of the affine opens Uy; and W); cover T. On every common inverse image, the
affine universal property gives a unique map to Z);;. These maps agree on overlaps by
uniqueness and therefore glue to a unique morphism 7' — Z. Thus Z =2 X xgY. O

Once fiber products exist, a morphism can be transported to a new base.

Definition 3.6 (Base change). Let X — S be an S-scheme and let S” — S be a morphism.
The scheme

XS/ =X XS S/

is the base change of X from S to S’. If f : X — Y is an S-morphism, its base change is
the induced morphism
fs/ : Xg — Y.

It is characterized by the cartesian square

XS’ — X

for| lf

YS’ — Y.
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The universal property gives canonical identifications
(X Xs Y) Xg S, & XS/ X g YS/,
(X XS S/) X S~ X Xs S”,
and shows that base change is functorial.

Proposition 3.7. Open immersions and closed immersions are stable under arbitrary base
change.

Proof. For an open immersion U — X, the pullback to Y — X is the open subscheme
corresponding to the inverse image of U in Y.
For a closed immersion the assertion is local on the target. Write

X = Spec A, Z = Spec(A/I), Y = Spec B.

Then
Z xx Y = Spec((A/I) ®4 B) = Spec(B/IB),

which is a closed subscheme of Y. O

Surjectivity is also stable under arbitrary base change. Indeed, if X — Y is surjective,
Y’ — Y is any morphism, and ¢/ € Y/ maps to y € Y, choose z € X over y. The fibre of
X Xy Y — Y’ over y/ contains

Spec (H(‘T) Ok (y) ”(y/)) )

which is nonempty because the tensor product of two field extensions of k(y) is a nonzero
ring.

Definition 3.8 (Scheme-theoretic fibre). Let f : X — Y be a morphism and let y € Y.
The fibre of f over y is
Xy := X xy Speck(y),

where Spec k(y) — Y is the canonical morphism associated with the point y.

If X =Spec B, Y = Spec A, and y corresponds to p € Spec A, then
X, = Spec(B ®4 k(p)).

This formula explains why fibres contain more information than set-theoretic inverse images:
the tensor product remembers nilpotents, residue-field extensions, and multiplicities.

Proposition 3.9. The projection X, — X identifies the underlying topological space of X,
homeomorphically with the set-theoretic fibre f~'(y) endowed with the subspace topology.

Proof. The assertion is local on X and Y. In the affine situation above, prime ideals of
B ®a (p)

correspond to prime ideals ¢ C B satisfying q N A = p. These are exactly the points of
f~1(y). If b € B, the distinguished open defined by the image of b in the fibre corresponds
to

D(b) N f~H(y).

These sets form bases for both topologies, proving the assertion. O
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Definition 3.10 (Geometric fibre). Let x(y) be an algebraic closure of the residue field.
The geometric fibre at y is

Xy =Xy X Spec k(y) Spec (y)

Geometric fibres will become essential when smoothness is studied: regularity of X, over
k(y) need not survive an extension of the residue field, whereas smoothness is designed to
be stable under arbitrary base change.

3.2 Images, Generic Finiteness, and Dimension of Fibres

The preceding constructions are formal. We now ask geometric questions. How complicated
can the image of a morphism be? How does the dimension of the fibre vary? What does
it mean for a morphism to be finite only near the generic point? These questions require
finiteness hypotheses on the morphism.

We first fix two topological finiteness conditions for morphisms. A morphism f: X — Y
is quasi-compact if f~1(V) is quasi-compact for every affine open subset V C Y. It is quasi-
separated if, for every affine open V' C Y and every pair of affine opens

U17U2 g f_l(V)a

the intersection Uy N Us is quasi-compact. When Y = SpecZ, these reduce to the notions
of quasi-compact and quasi-separated schemes introduced in Chapter 2. Later, after the
diagonal morphism has been introduced, quasi-separatedness can equivalently be expressed
by requiring Ax/y to be quasi-compact.

Definition 3.11. A morphism f : X — Y is locally of finite type if for every affine open
V = Spec A C Y and every affine open U = Spec B C f~(V), the A-algebra B is finitely
generated. It is of finite type if it is locally of finite type and quasi-compact.

A morphism is locally of finite presentation if, in the same affine situation, B can be
written as

B=Alxy,...,z0]/(915- - Gm)

with finitely many generators and finitely many relations. It is of finite presentation if
it is locally of finite presentation, quasi-compact, and quasi-separated. Over a locally
Noetherian target, morphisms locally of finite type are locally of finite presentation, and
morphisms of finite type are of finite presentation.

A morphism is affine if the inverse image of every affine open subscheme of the target is
affine. It is finite if it is affine and, for every affine open V' = Spec A with f~(V') = Spec B,
the A-module B is finite.

A morphism of finite type is quasi-finite if every fibre has only finitely many points.

For a morphism X — Spec & to the spectrum of a field, the definition of finite type agrees
with the absolute terminology introduced before theorem 2.57: equivalently, X admits a
finite affine cover by spectra of finitely generated k-algebras.

These properties are local enough to reduce quickly to algebra.

Proposition 3.12. Morphisms locally of finite type, morphisms of finite type, affine mor-
phisms, and finite morphisms are stable under composition and arbitrary base change. Ev-
ery finite morphism is of finite type and quasi-finite.
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Proof. The statements about composition follow from the corresponding algebraic state-
ments together with stability of quasi-compactness under composition. For base change,
the local algebraic assertions may be checked affinely, while quasi-compactness is stable
under base change. If A — B is a finitely generated algebra and A — C is arbitrary, then
B ®y C is generated as a C-algebra by the images of any finite set of A-algebra generators
of B. If B is finite as an A-module, then the same finite set of module generators generates
B ®4 C over C. The affine assertion follows directly from theorem 3.3.

If B is finite over A, then it is certainly finitely generated as an A-algebra. For p €
Spec A, the fibre ring

B ®4 k(p)
is finite-dimensional over k(p) and hence Artinian. An Artinian ring has only finitely many
prime ideals, so every fibre has finitely many points. O

Images of finite morphisms are especially well behaved.

Proposition 3.13. Every finite morphism is closed. Moreover, every base change of a
finite morphism is closed.

Proof. The assertion is local on the target. Let A — B be finite and let V(1) C Spec B be
closed. We claim

fFV(I) = V(I N A).

One inclusion is immediate. Conversely, if p O I N A, then B/I is integral over the image
of A/(I N A). By lying over there is a prime of B/I over the prime induced by p, giving
a prime q O I with ¢ N A = p. Hence the image is closed. Since finite morphisms remain
finite after base change, the same closedness statement holds after every base change. [

For general finite-type morphisms, images need not be open or closed. The correct
topological class is that of constructible sets.

Definition 3.14. A subset C' of a topological space X is locally closed if it is the intersection
of an open subset and a closed subset. It is constructible if it is a finite union of locally
closed subsets.

Lemma 3.15. Let Y be an irreducible Noetherian topological space and let C' C'Y be
constructible and dense. Then C' contains a nonempty open subset of Y.

Proof. Write C as a finite union of locally closed subsets U; N Z;, with U; open and Z;
closed. Since C is dense and Y is irreducible, at least one Z; must equal Y; otherwise the
closure of C' would be contained in the finite union of the proper closed subsets Z;. For
such an 4, the set U; N Z; = U; is a nonempty open subset contained in C. O

The algebraic input for Chevalley’s theorem is the following relative form of Noether
normalization.

Lemma 3.16 (Relative Noether normalization). Let A C B be domains such that B is a
finitely generated A-algebra, and put

7= trdegpy,e(a) Frac(B).
Then there exists a nonzero a € A and elements z1,. ..,z € B, such that
Aglz1, ..., 2] € By

s a finite integral extension.
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Proof. Let K = Frac(A). The K-algebra

B :=B®a K
is a finitely generated integral K-algebra with fraction field of transcendence degree r over
K. By Noether normalization, there are algebraically independent elements 21, ..., 2z, € By
such that By is finite over K|z1,...,2,].

Choose finitely many generators of B as an A-algebra and express the z; and the co-
efficients of monic integral equations for these generators with denominators in A. After
inverting the product of finitely many nonzero denominators, all z; lie in B, and the chosen

algebra generators are integral over A,[z1,...,2:]. Thus B, is finite over that polynomial
algebra. Algebraic independence over K implies that the map A,[Th,...,T,] — B, sending
T; to z; is injective. ]

Theorem 3.17 (Chevalley’s Constructibility Theorem, Noetherian form). Let f : X —
Y be a morphism of finite type between Noetherian schemes. Then the image of every
constructible subset of X is constructible in Y .

Proof. Because a constructible subset is a finite union of locally closed subsets, it is enough
to prove that the image of a locally closed subset is constructible. Giving a locally closed
subset its reduced induced scheme structure reduces the problem to proving that f(X) is
constructible.

Since Y is Noetherian and f is of finite type, X is Noetherian. We argue by Noetherian
induction on closed subsets of X. Replacing X by X,.q does not change its underlying set
or its image. If this reduced scheme is reducible, it is a finite union of proper irreducible
closed subschemes; the induction hypothesis applies to each of them, and the image of X is
the finite union of their constructible images. We may therefore assume that X is integral.

Let

Z:=f(X)CY
with its reduced induced structure. Because X is reduced and its image is contained in Z,
the morphism factors through Z. Replacing Y by Z, we may suppose that Y is integral
and that f is dominant.

Choose an affine open V = Spec A C Y containing the generic point of Y, and then
an affine open U = Spec B C f~(V) containing the generic point of X. The rings A
and B are domains, and since the generic point of X maps to the generic point of Y, the
homomorphism A — B is injective. By lemma 3.16, after replacing V by a distinguished
nonempty open D(a) and U by its inverse image, there is a finite integral inclusion

Aulz1, -, 2r] € By,
Consequently the morphism
Spec B, — Spec Aglz1, .. ., 2r]
is surjective by lying over, and the projection
Spec Ay[z1, ..., 2r] —> Spec A,

is surjective. Hence the nonempty open D(a) C Y is contained in f(X).
Let W = D(a). The closed subset

X=X\ f7H(W)
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is proper in X, because the generic point of X maps into W. By the induction hypothesis,
f(X1) is constructible. Since
f(X) =W U f(X),

the image f(X) is constructible. O

Remark 3.18. There is a more general form of Chevalley’s theorem: a quasi-compact
morphism locally of finite presentation maps locally constructible subsets to locally con-
structible subsets. Its proof uses approximation by finitely presented schemes and is logi-
cally broader than the Noetherian argument above. We record the general statement for
orientation, but the arguments below that require constructibility use the Noetherian form
proved here.

Example 3.19 (A constructible image that is neither open nor closed). Consider
A2 — AZ (z,y) — (u,v) = (x, zy).
The induced map
klu,v] — k[z,y], U T, Uy,

is injective, so f is dominant. Its image is
D(u) U{(0,0)}.

Indeed, when u # 0 one has y = v/u, while for u = 0 necessarily v = 0. The image is
constructible but is neither open nor closed.

We now turn to generic fibres. We first record the link between the global dimension
introduced in Chapter 2 and the function field.

Lemma 3.20. Let X be an integral scheme of finite type over a field k. Then every
nonempty affine open U C X has

dim U = trdeg;, K(X),
and consequently
dim X = trdeg;, K(X).
In particular, every nonempty open subset of X has the same dimension as X.
Proof. If U = Spec A is nonempty and affine, proposition 2.51 identifies Frac(A) with K (X).

Hence theorem 2.57 gives
dim U = trdeg;, K(X).

Because X is quasi-compact, choose a finite affine open cover. Every nonempty member
of this cover has the same dimension by the preceding computation, and proposition 2.56
therefore gives the same value for dim X. Applying this argument to any nonempty open
subscheme of X proves the final assertion. O

Function fields also encode maps that are defined only on a dense open subset. This
is the natural language for comparing schemes which agree generically but may differ on
lower-dimensional closed subsets.
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Definition 3.21 (Rational maps and birational morphisms). Let X be an integral scheme
and let Y be a scheme. A rational map

p: X--»2Y

is an equivalence class of morphisms f : U — Y defined on nonempty open subsets U C X.
Two representatives
f:U—=Y, g: V=Y

are equivalent if there exists a nonempty open subset W C U NV on which

flw = glw.

If Y is integral, the rational map is dominant if one, hence every, representative has dense
image in Y.

If f: X — Y is a dominant morphism of integral schemes, then f is called birational if
the induced homomorphism of function fields

FOKY) — K(X)

is an isomorphism.
A dominant rational map ¢ : X --+ Y between integral schemes is called a birational
map if there exists a dominant rational map 1 : Y --+ X such that

Yop=idx,  poty=idy

as rational maps. In this case X and Y are said to be birational.

If X and Y are schemes over a base S, a rational map over S is one represented by
S-morphisms. Birationality over S means that the birational map and its rational inverse
are both over S.

The relation on representatives is indeed an equivalence relation. Only transitivity
needs comment: if two equalities hold on nonempty opens Wy and Wy, then W7 N Wy is
again nonempty because every nonempty open subset of an integral scheme contains the
generic point. The same observation shows that dominance is independent of the chosen
representative.

The composition in the last definition is well defined for dominant rational maps. Indeed,
if pisrepresented by f : U — Y and ¢ by g : V — Z, with X, Y, Z integral and ¢ dominant,
then f~!(V) is a nonempty open subset of U and

gof:ffl(V)—>Z

represents the composite. Replacing either representative by an equivalent one changes this
morphism only after shrinking to another nonempty open subset.

Proposition 3.22 (Rational maps and function fields). Let X and Y be integral schemes
of finite type over a field k. Sending a dominant rational map over k to its map on generic
stalks gives a natural bijection

{dominant rational maps over k X --» Y} = {k-embeddings K(Y) — K(X)}.

Proof. Let ¢ : X --+ Y be represented by a dominant morphism f : U — Y from a
nonempty open subset of X. Since X and Y are integral, U contains the generic point 7x,
and dominance implies

f(nx) =ny.
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The morphism on local rings at the generic points therefore gives a k-embedding
K(Y) = ﬁY,ny — ﬁXﬂ?X = K(X)

Equivalent representatives agree after restriction to a nonempty open subset and hence
induce the same map on the generic stalks.
Conversely, let
o: K(Y)— K(X)

be a k-embedding. Choose a nonempty affine open
V =SpecACY.

Because Y is of finite type over k, the k-algebra A is finitely generated; choose generators
ai,...,am. Each rational function o(a;) € K(X) is regular on some nonempty open subset
U; C X. Since X is irreducible, the intersection

is nonempty. The assignments

induce a k-algebra homomorphism
A— F(U s 7 X)-

To see that the defining relations of A vanish, map both sides into K(X): by proposi-
tion 2.51, the restriction homomorphism

U, 0x) — K(X)

is injective, and the relations vanish there because o is a field homomorphism. The resulting
ring map defines a morphism
U—VCY.

At the generic point nx, the corresponding prime of A is the kernel of the composite
A—T(U0x) — K(X),

which is zero because it is the restriction of the field embedding . Hence nx maps to
the generic point of V', so the morphism is dominant; its induced map on function fields is
exactly o.

It remains to prove uniqueness. Suppose two dominant rational maps induce the same
field embedding. Choose an affine open V' = Spec A C Y containing 7y . After shrinking
both domains, we may assume that both representatives land in V. On a common nonempty
open subset W C X, each a € A is pulled back to the same element of K (X); injectivity of

r(w,0x) — K(X)

shows that the two pullbacks are equal as regular sections. Hence the two morphisms
W — V agree, so the rational maps are equal. O

Proposition 3.23 (Equivalent forms of birationality). Let X and Y be integral schemes
of finite type over a field k. The following are equivalent:
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1. X and Y are birational over k;

2. there is a k-isomorphism of function fields

3. there exist nonempty open subsets U C X and V CY and a k-isomorphism
U= v.

Moreover, if f : X =Y is a dominant k-morphism of integral schemes of finite type over
k, then f is birational in the sense of definition 3.21 if and only if, after shrinking X and
Y to nonempty open subsets, the morphism f becomes an isomorphism.

Proof. A birational map and its rational inverse induce inverse embeddings of function
fields by proposition 3.22, so (1) implies (2). Conversely, a field isomorphism and its in-
verse correspond by the same proposition to dominant rational maps in opposite directions.
Their composites induce the identity maps on K(X) and K(Y), and uniqueness in propo-
sition 3.22 shows that the composites are the identity rational maps. Thus (2) implies

(1).
Assume (1), represented by dominant morphisms

f:Uy—=Y, g:Vo— X

on nonempty open subsets. Because 1 o ¢ = idx as rational maps, after shrinking inside
Uo N f~(Vp) there is a nonempty open U; C X on which

go f=idy, .
Similarly, there is a nonempty open Vi C Vo N g~ (Up) on which
fog=idy .

Since f is dominant, f~!(V}) is a nonempty open subset of Uy. The irreducibility of X
therefore implies that
U:=Unftwn)

is nonempty. Since g is dominant, the open subset

V.=Ving YU)
is nonempty as well. If x € U, then f(z) € V; and

g(f(x)) =z €U,
so f(x) e V. Ify € V, then g(y) € U C U; and

flg(w) =y
because y € V;. Thus the restrictions
flo:U—V, glv:V—U

are inverse isomorphisms, proving (3). Conversely, an isomorphism of nonempty opens is
itself a rational map with rational inverse, so (3) implies (1).
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For the final assertion, a dominant morphism f : X — Y is birational precisely when its
map on function fields is an isomorphism. By the equivalence just proved, its rational-map
class contains an isomorphism h : U = V between nonempty opens. Since h and the global
morphism f represent the same rational map, there is a nonempty open W C U on which
flw = hlw. The image h(W) is open in V, and therefore

flw : W = h(W)

is an isomorphism obtained by restricting f. The converse follows immediately from the
induced isomorphism of generic local rings. O

Birational geometry studies what may change on strict closed subsets while the common
function field remains fixed.

Let f: X — Y be dominant with X and Y integral, and let 1 be the generic point of
Y. The inclusion of function fields

K(Y)— K(X)
comes from the morphism on the generic stalks.

Proposition 3.24 (Dimension of the generic fibre). Let f : X — Y be a dominant mor-
phism of integral schemes of finite type over a field k. Then

dim X;) = trdegg (y) K(X) = dim X — dimY.

Proof. Choose nonempty affine opens V' = Spec A C Y and U = Spec B C f~!(V) contain-
ing the respective generic points; then A — B is injective. Base change to n = Spec K(Y")
gives the nonempty affine open

U, = Spec(B®4 K(Y)) C X,.

The ring B®4 K(Y') is a localization of the domain B, hence is a domain, and its fraction
field is K(X). The whole generic fibre X, is integral by the same affine-local argument.
Applying lemma 3.20 over the field K(Y) gives

dim X, = dim Uy, = trdeg g (yy K(X).
The tower formula for transcendence degree gives
trdegy, K (X) = trdegg (y) K (X) + trdegy, K(Y).
Using lemma 3.20 for X and Y gives the stated dimension formula. O

Definition 3.25. A dominant morphism f : X — Y of integral schemes is generically
finite if the field extension
K(Y) € K(X)

is finite. Its degree is
deg(f) := [K(X) : K(Y)].

By definition 3.21, every birational morphism of integral schemes is therefore generically
finite of degree one.

Corollary 3.26. For a dominant morphism f : X — Y of integral finite-type k-schemes,
the following are equivalent:
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1. f is generically finite;
2. dim X,, = 0;
3. dimX =dimY.

Proof. A finitely generated field extension has transcendence degree zero exactly when it is
algebraic, and a finitely generated algebraic field extension is finite. The equivalences now
follow from proposition 3.24. O

The generic fibre controls a dense open set of ordinary fibres.

Theorem 3.27 (Dimension of general fibres). Let f: X — Y be a dominant morphism of
integral schemes of finite type over a field k, and put

r:=dimX —dimY.
Then there exists a nonempty open subset V C'Y such that
dim X, =r
for everyy € V.

Proof. We argue by induction on dim X; every proper irreducible closed subset of the
integral finite-type scheme X has strictly smaller dimension. Choose affine opens V =
Spec A CY and U = Spec B C X containing the generic points and with f(U) C V. Then
A C B. By lemma 3.16, after shrinking V' to a distinguished nonempty open D(a), there
is a finite integral inclusion

Aalz1, -+, 2¢] C By,

Thus
UD(a) = Spec B, — AE(G)

is finite and surjective. After any base change to a point y € D(a) we obtain a finite
surjective morphism

(Ubp(a))y — Aly):

SO
dim(UD(a))y =T.

Indeed, a finite surjective morphism is induced by an integral extension of coordinate rings,
and integral extensions preserve Krull dimension.

Let C = X \ U. It has finitely many irreducible components Ci,...,Cy,, each of
dimension strictly smaller than dim X. If C; does not dominate Y, then f(C;) is a proper
closed subset of Y, so after removing it the fibre has no points coming from C;. If Cj
dominates Y, apply the induction hypothesis to the integral reduction of C;: after shrinking
the base,

dim(C;)y = dimC; —dimY <r —1.

Intersecting the finitely many resulting dense open subsets with D(a) gives a nonempty
open V' C'Y on which the affine part U, has dimension r and every component coming
from C has dimension at most » — 1. Since

X, =U,UC,
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as topological spaces, every irreducible component of the Noetherian fibre X, either lies in
Cy or has generic point in the open subset U,. In the second case its intersection with U,
is a dense open subset of that component and has the same dimension. Hence

dim X, = max{dim Uy, dim Cy} = r
for every y € V'. O

Corollary 3.28. A dominant generically finite morphism of integral schemes of finite type
over a field is quasi-finite over some nonempty open subset of the target.

Proof. By corollary 3.26 and theorem 3.27, after shrinking the target every fibre has dimen-
sion zero. Each fibre is a Noetherian scheme of dimension zero. Its irreducible components
are therefore single closed points, and a Noetherian space has only finitely many irreducible
components. Hence every fibre has finitely many points, so the restricted morphism is quasi-
finite. O

Example 3.29 (Jumping fibre dimension). For the morphism of example 3.19, the generic
fibre has dimension zero. Over a point (u,v) with u # 0, the fibre is a single point. Over
(0,0), however,

X(0,0) = Speckly] = Ay,

so the fibre dimension jumps to one. Thus the theorem on general fibres cannot be extended
to every point of the base.

A stronger and very useful principle is that the function measuring fibre dimension is
upper semicontinuous for proper morphisms. We postpone this statement until proper-
ness has been introduced, where the closed-map property makes its geometric meaning
transparent.

3.3 Separated and Proper Morphisms

In ordinary topology, the Hausdorff condition can be expressed by saying that the diagonal
is closed. This formulation survives in algebraic geometry, where the diagonal carries a
scheme structure and must be a closed immersion rather than merely a closed subset.

Definition 3.30. A morphism f: X — Y is separated if the diagonal morphism
Ax/y X — X Xy X

is a closed immersion. A scheme X is separated over S if its structure morphism X — S
is separated.

The diagonal is characterized by

A
X XY X xy X
x %
; X
P2
lf
Y.

Proposition 3.31. Every morphism of affine schemes is separated. Consequently every
affine morphism is separated.
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Proof. Let X = Spec B and Y = Spec A. Then
X xy X = Spec(B®4 B).
The diagonal corresponds to the multiplication homomorphism
B®s B — B, b b — bb.

This map is surjective because b is the image of b® 1, so the diagonal is a closed immersion.
The affine-morphism statement follows by checking the diagonal over an affine cover of the
target. ]

Proposition 3.32. For every morphism f : X — Y, the diagonal Ayx;y : X — X Xy X
18 an {mmersion.

Proof. The assertion is local on the target X xy X. Choose affine opens U,V C X whose
images lie in a common affine open W C Y. The inverse image of U Xy V under the
diagonal is U N V. Cover U NV by affine opens T". For each such T', the map

T—UxwyV

factors as the diagonal T" — T xyw T, which is a closed immersion by the affine case, followed
by the open immersion T' Xy T" — U Xy V. Hence the diagonal is locally a composition
of an open immersion and a closed immersion, i.e. an immersion. O

Proposition 3.33 (Graph criterion). Let X and Y be schemes over S and let f : X — Y
be an S-morphism. If Y — S is separated, then the graph

Iy: X — X xgY
1s a closed immersion.

Proof. The graph is the base change of the diagonal of Y/S. More precisely, the square

Ly
X — X xgY

fJ J(ﬂ)px PY)

Y — Y xgY
Ay/s

is cartesian. Since Ay /g is a closed immersion and closed immersions are stable under base
change, I'; is a closed immersion. O

Proposition 3.34. Separated morphisms are stable under composition and arbitrary base
change. Open immersions and closed immersions are separated. If X — Z andY — Z are
separated, then X Xz Y — Z is separated.

Proof. Open and closed immersions are monomorphisms, and the diagonal of a monomor-
phism is an isomorphism, hence a closed immersion.

For base change, the diagonal of the base-changed morphism is the base change of the
original diagonal. For composition
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the diagonal Ay, factors as

Axyy
X — X xy X — X xz X,

where the second arrow is a base change of Ay,z. Both arrows are closed immersions.
The product assertion follows because X xz Y — Y is a base change of X — Z and its
composition with Y — Z is separated. O

The doubled-origin example from Chapter 2 now has a precise diagnosis.

Example 3.35 (The doubled origin is not separated). Let X be obtained by gluing two
copies U and V of A} along D(t) by the identity. The two origins define a point

(OU,Ov)GUXngXXkX

which is not on the diagonal. Every open neighbourhood of (0, 0y ) meets the diagonal
along points (a,a) with a # 0. Hence the image of the diagonal is not closed, so X is not
separated over k.

Separatedness also forces uniqueness from dense open subsets.

Proposition 3.36. Let X be a reduced S-scheme, let Y be separated over S, and let
f,9: X =Y be S-morphisms. If f and g agree on a dense open subset of X, then f = g.

Proof. Consider
h=(fg): X —Y xgY.

The equalizer of f and g is the inverse image
Z = h_l(AY/S)7

which is a closed subscheme because Y/ S is separated. Its underlying closed subset contains
a dense open subset and therefore equals X. Affine locally write

X = Spec A, Z = Spec(A/I).

Since Z and X have the same underlying space, every element of I belongs to every prime
ideal of A and is nilpotent. Reducedness gives I =0, so Z = X and f = g. O

Valuation rings translate separatedness into a uniqueness statement for specializations.

Definition 3.37. Let K be a field. A subring R C K is a valuation ring of K if for every
0#acK,
ac€R or aleR.

Equivalently, the ideals of R are totally ordered by inclusion. A valuation ring R dominates
a local domain (A, m) if
ACR, mrpNA=m

Lemma 3.38 (Existence of dominating valuation rings). Let (A, m) be a local domain and

let K be a field containing Frac(A). Then there exists a valuation ring R C K dominating
A.
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Proof. Order the local subrings of K dominating A by domination. The union of a totally
ordered family is again a local subring dominating every member, so Zorn’s lemma gives a
maximal element R.

First, R has fraction field K. Otherwise choose t € K \ Frac(R). If ¢ is transcendental
over R, then

R[t] (mR,t)

is a strictly larger local subring of K dominating R. If ¢ is algebraic over Frac(R), then
after multiplying by a nonzero element of R we may arrange that at is integral over R. The
finite extension R[at] has a prime lying over mp; localizing at such a prime again gives a
strictly larger local ring dominating R. Both alternatives contradict maximality.

Next, R is integrally closed in K. If x € K is integral over R, then a prime of the finite
extension R[z] lies over mp, and localization would dominate R; maximality forces z € R.

Finally let z € K* with x ¢ R. There can be no prime of R[z| lying over mpg, for
otherwise localization would strictly dominate R. Hence

mRR[x] = R[x]

Write 1 = Zgl:o a;z’ with a; € mp. Multiplying by z~¢ gives a monic integral equation
for z7! after dividing by the unit 1 — ag. Thus z~! is integral over R, hence belongs to
R. Therefore for every nonzero x € K, either z € R or 2! € R, so R is a valuation ring
dominating A. O

Chevalley’s theorem now supplies the specialization statement needed for the valuative
criteria.

Lemma 3.39 (Specialization lemma). Let f : X — Y be a morphism of finite type between
locally Noetherian schemes, and let

y € f(X).

Then there exist a field K, a valuation ring R C K, and a commutative diagram

Spec K —— X

Ll

SpecR —— Y

such that the closed point of Spec R maps to y.

Proof. Choose an affine open neighbourhood Yy C Y of y. Since f is of finite type, Xg :=
f~1(Yp) is quasi-compact; because Yp is Noetherian, Xg is Noetherian. Thus Chevalley’s
theorem applies to Xo — Yp, and replacing (X, Y") by (Xo, Yp) does not change the assertion.

Write f(X) = Z1 U --- U Z, as its finite decomposition into irreducible components.
Since f(X) is dense in this union, for every component Z; the set f(X) N Z; is dense in
Z;: otherwise the union of the other components together with the proper closed subset
f(X) N Z; would still contain f(X) and hence its closure, contradicting maximality of Z;.
Choose a component Z containing y. By Chevalley’s theorem and lemma 3.15, f(X)N Z
contains a nonempty open subset of Z, and therefore contains the generic point n of Z.
Choose z € X with f(z) =7, and put K = k(z).

The local ring 0z, is a local domain with fraction field x(n), and the map on residue
fields induced by f gives an inclusion

k(n) — K.
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By lemma 3.38 above, there is a valuation ring R C K dominating &7,. The induced
morphism Spec R — Z — Y and the canonical K-valued point associated with x fit into
the commutative square

Spec K —* - X

I

SpecR —— Y.

Commutativity on the generic point is exactly the equality of the two inclusions x(n) — K.
The closed point of Spec R maps to y because R dominates 0z,. This is the required
specialization diagram. O

Theorem 3.40 (Valuative criterion for separatedness). Let f : X — Y be a morphism of
finite type between locally Noetherian schemes. Then f is separated if and only if, for every
valuation ring R with fraction field K and every commutative solid diagram

Spec K —— X

o
Jf //// J/f

SpecR —— Y,

there is at most one dotted arrow making the diagram commute.

Proof. Assume first that f is separated and let a,b : Spec R — X be two extensions. The
morphism
(a,b) : SpecR — X xy X

maps the generic point into the diagonal. Since the diagonal is a closed immersion, its
inverse image is a closed subscheme of Spec R whose underlying closed subset contains the
generic point. The generic point is dense because R is a domain, so this closed subset is
all of Spec R. The defining ideal of the inverse-image subscheme is therefore contained in
the nilradical of the reduced ring R, hence is zero. Thus (a, b) factors scheme-theoretically
through the diagonal and a = b.

Conversely, suppose uniqueness holds. By proposition 3.32, the diagonal is an immer-
sion, so it suffices to prove that its image is closed. Let

z € Ax/y(X)

Because f is of finite type over a locally Noetherian target, it is of finite presentation. Its
diagonal is therefore of finite presentation, in particular of finite type. Moreover X is locally
Noetherian and the projection

Xxy X — X

is a base change of f, hence is of finite type; consequently X xy X is locally Noetherian.
Thus lemma 3.39 applies to the diagonal and gives a valuation ring R with fraction field
K and a diagram

Spec K — X

L e

SpecR —— X xy X

whose closed point maps to z. Composing the lower map with the two projections gives
morphisms
a,b:SpecR — X
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that agree on Spec K. By the uniqueness hypothesis, a = b. Therefore the map Spec R —
X xy X factors through the diagonal, so its closed point z belongs to the image of the
diagonal. Thus the diagonal image is closed and f is separated. O

Properness adds existence to this uniqueness phenomenon.
Definition 3.41. A morphism f : X — Y is universally closed if every base change
X xyY —Y’

is a closed map on underlying topological spaces. It is proper if it is of finite type, separated,
and universally closed.

Proposition 3.42. The following statements hold.

1. Closed immersions are proper.
. Proper morphisms are stable under composition and arbitrary base change.

L If X — Z and Y — Z are proper, then X Xz Y — Z is proper.

2
3
4. If X i> Y % Z with g separated and g o f proper, then f is proper.
5. Every finite morphism is proper.

6

. Properness is local on the target: if Y =, Vi is an open cover and every f=*(V;) — V;
is proper, then f is proper.

Proof. Closed immersions are finite type and separated, and remain closed immersions
after arbitrary base change, hence are proper. Finite type, separatedness, and universal
closedness are each stable under composition and base change, proving (2).
For (3), the projection X xz Y — Y is the base change of X — Z and is proper; its
composition with Y — Z is proper.
For (4), the graph
Iy: X —XxzY

is a closed immersion because g is separated. The projection X Xz Y — Y is the base
change of g o f and is proper. Since f is their composition, it is proper.

A finite morphism is of finite type and separated by proposition 3.31, and it is universally
closed by proposition 3.13.

For the local-on-the-target assertion, finite type and separatedness are local on the
target. To check universal closedness, make an arbitrary base change Y’ — Y and let
Z C Xy be closed. The inverse images V/ =Y’ xy V; cover Y’, and

i (Z)NV] = fu(Z 0 fyH (V)

is closed in V because the restricted morphism is proper. Thus fy/(Z) is closed locally on
the open cover {V/}, hence closed in Y. O

Proposition 3.43 (Properness descends to a separated finite-type image). Let X — S be
proper and let f: X — Y be a surjective S-morphism. If Y — S is separated and of finite
type, then Y — S is proper.

Proof. Only universal closedness remains. After any base change S’ — S, the morphism
Xg — Yy remains surjective (surjectivity is stable under base change, as can be checked
on the nonemptiness of fibres). If Z C Yy is closed, its inverse image in Xg is closed. Since
Xg — S’ is closed, the image of this inverse image is closed in S’. Surjectivity shows that
this image equals the image of Z. Hence Yy — S’ is closed for every S’, proving universal
closedness. O
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Theorem 3.44 (Valuative criterion for universal closedness). Let h : Z — T be a quasi-
compact morphism of schemes. Then h is universally closed if and only if every commutative
solid diagram

Spec K — Z

| 7l

SpecR —— T
with R a valuation ring and K = Frac(R) admits a dotted arrow.

Proof. Assume first that h is universally closed. After base change along the lower horizon-
tal map, we may replace T by Spec R and Z by Zr. Let £ € Zg be the image of the generic
point. Since £ lies over the generic point of Spec R, the structure morphism gives an inclu-
sion K < k(&). The given K-valued point gives a K-algebra homomorphism x(§) — K.
A homomorphism of fields is injective, and its image both contains and is contained in K,
so kK(§) = K. Let T be the reduced closure of {¢} in Zg. It is integral with generic point &
and function field k(§) = K. Since hpg is closed, the image of I" is a closed subset of Spec R
containing the generic point, hence is all of Spec R. Choose « € I' over the closed point.
The local ring at v therefore embeds in the common function field K, and the structural
morphism gives local inclusions
RC Or,CK.

The middle local ring dominates R. The valuation property forces equality: if a € 01, \ R,
then ™' € mp C mr ., although a~! is a unit in Or,. Thus Or ., = R, and

Spec R = Spec Or , — I' — Zp

is the required extension.

Conversely, assume the existence condition. It is preserved by arbitrary base change by
the universal property of the fibre product, so it is enough to show that h itself is closed.
We first show that specializations lift along h. Let 2’ € Z lie over ' € T, and let ¢ be a
specialization of ¢’. Put K = k(2’). The local domain

Oy
has fraction field x(¢'), which embeds into K. By lemma 3.38, choose a valuation ring
R C K dominating this local domain. We obtain a commutative diagram

Spec K N/

A
l /// Jh

SpecR —— T

whose closed point maps to t. A dotted lift therefore supplies a specialization of 2’ lying
over t.

It remains to use quasi-compactness. We claim that the image of a quasi-compact
morphism of schemes which is stable under specialization is closed. This can be checked
after restricting the target to an affine open, so write T' = Spec A. Since Z is quasi-
compact, choose a finite affine open cover Z = J;_; Spec B; and put B = [[; B;. The
image of Spec B — Spec A is exactly h(Z). Let

I =ker(A — B).
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The closure of the image is V(I). Indeed, every point in the image contains I, while if
a ¢ /I, then its image in B is not nilpotent and is avoided by some prime ideal of B; hence
the image meets D(a). If p is minimal over I, then B, # 0: otherwise some a ¢ p would
annihilate 1 in B, hence would lie in I C p. Choose a prime of By. Its contraction to A is a
prime contained in p and containing I, hence equals p by minimality. Thus every minimal
point of V(I) belongs to h(Z). Since h(Z) is stable under specialization, it contains every
prime containing such a minimal prime, and therefore all of V(). Hence h(Z) = V(I) is
closed.

Now let C C Z be closed. The restriction C' — T remains quasi-compact. It also
satisfies the existence condition. Give C' its reduced induced closed-scheme structure. Any
liftt Spec R — Z whose generic point factors through C' pulls the ideal sheaf of C' back to an
ideal of the valuation ring R whose vanishing set is all of Spec R. Since a valuation ring is
reduced, that ideal is zero; hence the lift factors scheme-theoretically through C. Applying
the preceding argument to C' — T shows that h(C) is closed. Thus h is closed, and the
same reasoning after every base change proves that h is universally closed. O

Theorem 3.45 (Valuative criterion for properness). Let f : X — Y be a morphism of
finite type between locally Noetherian schemes. Then f is proper if and only if, for every
valuation ring R with fraction field K and every commutative solid diagram

Spec K —— X

o
Jf //// J/f

SpecR —— Y,

there exists a unique dotted arrow making the diagram commute.

Proof. If f is proper, then it is separated and quasi-compact. Uniqueness of a lift follows
from theorem 3.40, while existence follows from universal closedness and theorem 3.44.
Conversely, assume that every valuation-ring diagram admits a unique lift. The unique-
ness part implies that f is separated by theorem 3.40. Since f is of finite type, it is quasi-
compact. The existence part therefore implies that f is universally closed by theorem 3.44.
Hence f is finite type, separated, and universally closed, so it is proper. ]

Remark 3.46 (General form of the valuative criterion). The Noetherian assumptions in
theorem 3.45 were used only to derive separatedness from uniqueness via theorem 3.40. In
the usual general form, a finite-type quasi-separated morphism is proper if and only if every
valuation-ring diagram admits a unique lift. For the applications below we will not need
to import that stronger separatedness criterion: projective space will already be known to
be separated, and theorem 3.44 will supply universal closedness from existence.

The two valuative criteria can be remembered schematically as

separated | at most one extension
proper | exactly one extension.

They express uniqueness and existence of specialization in purely local algebraic terms.

Lemma 3.47 (Integral closure as an intersection of valuation rings). Let A be a subring
of a field K. The integral closure of A in K is the intersection of all valuation rings of K
containing A.
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Proof. Every valuation ring is integrally closed, so every element of K integral over A
belongs to every valuation ring containing A.

Conversely, let x € K be not integral over A. Then z~
otherwise an identity

lis not a unit in A[z~1]:

rap+ax o FaprT™) =1

with a; € A would give, after multiplication by a suitable power of z, a monic equation for
x over A. Choose a maximal ideal m C A[z~!] containing =1 and apply lemma 3.38 to
the local domain A[z~!],,. We obtain a valuation ring V C K containing A and satisfying
x~! € my. If 2 belonged to V, then ! would be a unit of V, a contradiction. Thus z is
excluded from at least one valuation ring containing A, proving the reverse inclusion. [

Proposition 3.48 (Affine proper morphisms). Let f : X — Y be an affine morphism of
integral schemes of finite type. If f is proper, then f is finite.

Proof. The assertion is local on Y, so write
Y = Spec A, X = SpecB.

First assume A — B is injective and put K = Frac(B). Let V be any valuation ring of K
containing A. The inclusions define a commutative diagram

Spec K —— Spec B

! !

Spec V. —— Spec A.

Properness extends the generic map to SpecV — Spec B, which on rings says B C V.
Hence B is contained in every valuation ring of K containing A. By lemma 3.47, the
integral closure of A in K is the intersection of all such valuation rings, so every element
of B is integral over A. Since B is finitely generated as an A-algebra, it is finite as an
A-module.

In general let I = ker(A — B). Then

Spec B — Spec(A/I) — Spec A

factors f. The first map is dominant, and it is proper by proposition 3.42(4), since the
second map is a separated closed immersion and their composite is f. The dominant case
shows that B is finite over A/I, hence finite over A. O

Properness also improves the behaviour of fibre dimension.

Remark 3.49 (Fibre dimension under properness). A standard local dimension theorem
says that for a finite-type morphism the locus of points z € X where the local dimension
of the fibre is at least a fixed integer is closed. Combining this with the fact that a proper
morphism is closed shows that, for a proper morphism of Noetherian schemes,

y — dim X,

is upper semicontinuous. We record the phenomenon here but postpone its systematic
use until flatness is available: flatness supplies the complementary lower-semicontinuity
statement, and proper flat families have locally constant fibre dimension.
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3.4 Projective Morphisms and Chow’s Lemma

Projective schemes were constructed in Chapter 2 from graded rings. We now place that
construction over a variable base. The key compatibility is that Proj commutes with
extension of scalars.

Proposition 3.50 (Base change for Proj). Let A — B be a ring homomorphism and let

S=6Ep s,

n>0

be a graded A-algebra. Give S @4 B the grading in which B has degree zero. Then there is
a canonical isomorphism

Proj S Xgpec 4 Spec B = Proj(S ®4 B).
Proof. For a homogeneous f € S, the standard affine open of Proj S is
D, (f) = Spec Sy).
After base change to B it becomes
Spec(S(y) ®a B).

Since B is concentrated in degree zero, localization and taking the degree-zero part commute
with tensoring by B:

S(f) ®a B=(S®a B)(f®1).

Hence the base change of D (f) is canonically the standard open D4 (f®1) in Proj(S®4 B).
The opens obtained in this way cover the right-hand side as well: if a homogeneous prime
contained every element f ® 1 with f € S, homogeneous, it would contain every positive-
degree pure tensor and hence the whole irrelevant ideal. The identifications agree on
overlaps because all restriction maps are induced by localization. They therefore glue to
the stated isomorphism. ]

Corollary 3.51. For every ring homomorphism A — B,
Py Xgpec 4 Spec B = P.

Proof. Apply proposition 3.50 to the standard graded algebra S = A[Ty,...,T,]. Then
S®a B = B[Ty,...,T,]

as graded rings. O

Definition 3.52. Let Y be a scheme. The relative projective n-space over Y is the scheme
v obtained by gluing the schemes P’y over affine opens Spec A C Y. The ring-level base-
change isomorphisms above identify these local pieces on overlaps. Equivalently,

? =2Y Xspecz P%.
Corollary 3.53. For every morphism Y' — Y, there is a canonical isomorphism

T;/ XY’}//g 7}3/.
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Proof. The assertion is local on Y and Y’. On affine opens it is exactly corollary 3.51,
and the affine isomorphisms agree on overlaps because they are induced by the canonical
base-change identifications. Hence they glue. O

Definition 3.54. A morphism f : X — Y is projective if there exist n > 0 and a factor-
ization .
X —— P¥

N
Y
with ¢ a closed immersion. It is quasi-projective if ¢ may be taken to be a locally closed
immersion.

Proposition 3.55. Projective and quasi-projective morphisms are stable under arbitrary
base change.

Proof. Base changing a projective factorization gives

XXyY, — ]P)gﬁ ny/
2

and closed, open, and locally closed immersions are stable under base change. The assertion
follows from corollary 3.53. O

The composition theorem is the first place where the Segre embedding naturally ap-
pears.

Proposition 3.56 (Relative Segre embedding). For every scheme S there is a closed
immersion
]P’? Xg ]P’g N Pgm-i-l)(n—f—l)—l

which on homogeneous coordinates is given by
(ot wm],[yo -t ynl) = [Tiyjlo<i<m, 0<j<n-

Proof. The assertion is local on S, so take S = Spec A. Write xg, ...,z and yo, ...,y for
the homogeneous coordinates on the two factors and z;; for the (m+1)(n+1) homogeneous
coordinates on the target.

The product is covered by affine charts

Dy (xi) x4 Dy (yj)-
On such a chart define a morphism to D, (z;;) by the coordinate homomorphism

Zil 5! Zir Yjr
7'7 |_> ii.
Zij Ti Yj

On overlaps these maps agree, since they are obtained by the same homogeneous rule
zyrjr = xyry; . Hence they glue to the Segre morphism.
Let I be the homogeneous ideal generated by the 2 x 2 minors

ZijZil§ — Zigl 2l
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The Segre morphism factors through Vi (I). On the chart D, (z;;), the minor relations

imply
Zy _ F A
Zij N Zij Rij ’
Thus the coordinate ring of Vi (I) N Dy (z;;) is freely generated over A by the m ratios
zij/zi; with ¢ # ¢ and the n ratios z;j/z;; with j° # j. It is therefore canonically the
coordinate ring of
D (xi) xa D1(y;)-

These inverse affine identifications agree on overlaps. Consequently the Segre morphism
identifies the product with the closed subscheme V(1) and is a closed immersion. O

Proposition 3.57. The composition of projective morphisms is projective.

Proof. Let

be projective. Choose closed immersions
X — Py, Y — PY.
Using PYy? = P% x 7 Y, the closed immersion Y < P’, base changes along the projection
Py xz P, — P’

to give a closed immersion
m m n
Py —— P xz P},

| |

Y — P7%.
Composing X — Py with this map and then with the relative Segre embedding yields a
closed immersion

X o P(Zm+1)(n+1)71.
Thus g o f is projective. O

The crucial theorem is that projective geometry is automatically proper.
Proposition 3.58. The structural morphism
y — Y

18 proper.

Proof. By proposition 3.42(6), properness is local on the target, so take Y = Spec A. The
morphism is of finite type because the finitely many standard opens D, (7;) are affine
n-spaces of finite type over A. It is separated: the diagonal in

]P’Z X A PZ
is the closed subscheme defined by

Indeed, on a product of standard charts these equations say exactly that the affine coordi-
nate ratios on the two factors agree, so they define the diagonal scheme-theoretically.
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We verify the valuative criterion. Let R be a valuation ring with fraction field K and
consider

Spec K 4/; P

| ]

Spec R —— Spec A.

The K-point is represented by homogeneous coordinates
[ag @« : ap), a; € K,

not all zero. The principal fractional ideals a; R are totally ordered. Choose a; such that
a; R contains all the a; R. After scaling by a;l, we obtain

[bo:--':bn], b; € R, bjzl.

These coordinates define an R-point extending the given K-point. Thus the existence part
of the valuative criterion holds. Since P’ — Spec A is quasi-compact, theorem 3.44 shows
that it is universally closed. Together with finite type and separatedness proved above, this
gives properness. (Uniqueness of the extension is also automatic from separatedness.) [

Theorem 3.59. Every projective morphism is proper.

Proof. A projective morphism factors as a closed immersion followed by P{. — Y. Closed
immersions are proper by proposition 3.42, and the projective-space projection is proper
by proposition 3.58. Proper morphisms are stable under composition. ]

Example 3.60. The structural morphism
A} — Speck

is not proper. Let
R = k[t] ), K = k(t).

The K-point corresponding to t~' € K does not extend to an R-point of A,lc, because an
R-point is an element of R and ¢~ ¢ R. Thus the valuative criterion fails.

Projectivity is stronger than properness, but Chow’s lemma shows that for Noetherian
geometry the two notions are birationally close. We state the form most useful for the
applications in these notes.

Theorem 3.61 (Chow’s Lemma, proper integral form). Let S be a Noetherian scheme and
let X be an integral scheme proper over S. Then there exist a projective S-scheme X' and
a proper surjective morphism

g: X' — X

for which there is a nonempty open subset U C X such that
g U) S U

In particular, g is birational: the isomorphism over the nonempty open subset U identifies
the generic local rings, so K(X') = K(X) in the sense of definition 3.21.
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Proof. Write f : X — S for the structure morphism. Because S is Noetherian, choose a
finite affine cover S = |J, V4. The morphism X — S is of finite type and hence quasi-
compact, so each f~1(V,) admits a finite affine open cover. Enumerating all these affine
opens gives finitely many nonempty affine opens

Ui =SpecB; C f7'(Vi),  V;=Spec4; C S,

covering X. Since B; is a finitely generated A;-algebra, a choice of generators gives a closed
immersion
The standard open immersion Ay — Py! followed by the open immersion Py} — Py
realizes U; as a locally closed subscheme of ]P’g?. Let P; be its reduced closure there. Then
F; is projective over S, and U; is an open dense subscheme of P;.

Since X is integral, the intersection

U=Un---NnU,

is nonempty and dense. Put
P::P1 Xg - XSPT,

which is projective over S by repeated use of base-change stability and composition of
projective morphisms. The open immersions U — U; < P; define a morphism U — P.
Together with the inclusion U — X, this gives the graph-like morphism

p:U— X xg P.

Let X’ be the reduced closure of p(U) in X xg P. Since U is integral, p(U) is irreducible;
hence X' is integral. Moreover, ¢(U) is locally closed in X x g P (it is the graph inside the
open subscheme U x g P), so it is an open dense subscheme of its closure X’. We henceforth
identify this open subscheme with U. Let

be the induced projections.
We first show that h : X’ — P is an immersion. Let p; : P — P; be the projections and
put
Wi :=p; (U;) C P.

The open subsets g1 (U;) cover X’. On g~!(U;) there are two morphisms to P;: the i-th
component p; o h, and the composite

gil(Ui) i) U, — P;.

They agree on the dense open U. Since X’ is reduced and P; is separated over S, proposi-
tion 3.36 shows that they agree everywhere on g~1(U;). Hence g~ *(U;) C h=Y(W;).

Conversely, on h~1(W;) the i-th projective coordinate gives a morphism to U; and hence
to X. This morphism and g agree on the dense open U N A~ (W;). Since X is separated
over S and h~!(W;) is reduced, proposition 3.36 implies that they agree everywhere. Thus
h=Y(W;) € g~ *(U;), and therefore
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Consider the cartesian scheme
Fi = Uz XPp; P.

The natural morphism
Fi — Ui XS P

is the base change of the diagonal Ap, /g and is therefore a closed immersion. The projection
I'; — P identifies I'; with the open subscheme W;. The morphism U — U; xg P factors
through I';. Since I'; is closed in U; xg P, the closure of U inside U; xg P, namely

X/ XX Ui = g_l(Ui),
is a closed subscheme of I';. Therefore
h_l(Wi) = g_l(Ui) — Wi

is a closed immersion. These opens cover X', so h is an immersion.
Next, h is proper. Indeed, X’ is closed in X x g P, and the projection

X xgP — P

is the base change of the proper morphism X — S. Hence h is proper. A proper immersion
is a closed immersion: an immersion identifies its source with a locally closed subscheme of
the target, while properness makes its image closed; once the image is closed, the immersion
is a closed immersion. Therefore
X' — P

is closed. Since P is projective over S, X' is projective over S.

Finally, over U the morphism ¢ is the graph of the morphism U — P. Since P — S is
separated, this graph is closed in U xg P. Therefore

X'N(U xsP)=¢U),
and the first projection induces an isomorphism
g '(U) = U

The morphism g is proper because X' is closed in X x g P and the projection X xg P — X
is projective, hence proper. Its image is therefore closed in X; since it contains the dense
open subset U, it is all of X. Thus g is surjective. O

Remark 3.62. The standard Noetherian form of Chow’s lemma is more general: for a
separated finite-type morphism X — S, one finds a proper surjective morphism X' — X
with X’ quasi-projective over S, and when X is integral the morphism may be chosen to be
an isomorphism over a dense open subset. If X — S is proper, the quasi-projective model
becomes projective, which is the form proved above.

We finish by translating the relative language back into the classical geometry of vari-
eties. A wariety over k means an integral separated scheme of finite type over the field k,
and a curve over k is a variety of dimension one.

Corollary 3.63 (Projective varieties are proper). Every projective variety over a field is
proper over that field.
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Proof. A projective variety is a closed subscheme of some P}, so the result follows from
theorem 3.59. ]

Remark 3.64. Over an algebraically closed field, this is the scheme-theoretic form of the
classical statement that projective varieties are complete. Properness is the relative notion
that preserves this “no points escape under specialization” behaviour after every extension
of the base.

Proposition 3.65 (Morphisms out of proper schemes). Let X be proper over S, let Y be
separated over S, and let f : X — Y be an S-morphism. Then f is proper. In particular,
the image f(X) is closed in'Y .

Proof. By the graph criterion,
Ff X=X XS Y

is a closed immersion. The projection X xgY — Y is a base change of X — S and is
proper. Thus f is a composition of proper morphisms and is proper. Proper morphisms
are closed. O

Corollary 3.66 (Regular functions on proper varieties). Let k be algebraically closed and
let X be a proper variety over k. Then

I'X,0x) =k.
Proof. A global regular function a € I'(X, Ox) determines a morphism
0o X — Af.

By proposition 3.65, this morphism is proper, so its image is closed. The image is irreducible
because X is irreducible. Hence it is either a point or all of A}C.

If the image were all of A}, then proposition 3.43 would imply that A} is proper over
k, contradicting the valuative example above. Thus the image is a closed point c. Since
k is algebraically closed, c¢ is k-rational. The section a — ¢ vanishes at every point of X;
equivalently, each of its germs belongs to every prime ideal of the corresponding local ring
and is therefore nilpotent. A variety is reduced, so all these germs are zero. Hence a = ¢
in F(X y 1% X)' ]

Corollary 3.67 (Projective birational models). Fvery proper variety over a field admits a
projective variety mapping properly and birationally to it.

Proof. Apply theorem 3.61 with S = Speck. In the construction above X' is the reduced
closure of an integral dense open subset, hence is itself integral; therefore it is a projective
variety and the morphism X’ — X is proper and birational. ]

The chapter has therefore produced a sequence of increasingly geometric interpretations
of a morphism. Fiber products make base change possible, fibres isolate the geometry over
individual points, constructibility controls images, dimension theory describes generic be-
haviour, valuation rings encode specialization, properness packages existence and unique-
ness of specialization, and projective geometry provides the principal source of proper
morphisms. Chow’s lemma then explains why proper geometry can often be approached
through projective models.
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Chapter 4

Local Properties of Schemes

The preceding chapters developed schemes globally and relatively: affine schemes were
glued into arbitrary schemes, morphisms were studied through fibres and base change, and
proper and projective morphisms supplied the first global finiteness conditions. We now
turn in the opposite direction and examine what a scheme looks like near a single point.
The basic object is the local ring
Ox -

Its dimension records the codimension of the point, its maximal ideal records first-order
local equations, and its factorization properties govern how rational functions vanish along
codimension-one subsets. These ideas lead naturally from regularity and singularities to
normality and normalization, and then to discrete valuation rings. In dimension one the
resulting geometry is especially rigid: normal Noetherian integral schemes are Dedekind
schemes, and the basic arithmetic examples are SpecZ and Spec Ok for a number field K.

The chapter deliberately stops short of smoothness. Regularity is an intrinsic condition
on a local ring, whereas smoothness is a relative condition that depends on a morphism
and is stable under arbitrary base change. Their precise relationship will be treated only
after differentials and flatness have been developed.

4.1 Regularity and Singularities

Let (A, m, k) be a Noetherian local ring. By Nakayama’s lemma, the vector space

m/m?

measures the minimal number of generators of the maximal ideal. Thus it records the
number of independent first-order local parameters that are visible at the closed point of

Spec A.
Definition 4.1. The embedding dimension of (A, m, k) is
edim(A) := dim, m/m?,

The local ring A is reqular if
dim A = edim(A).

A locally Noetherian scheme X is regular at x € X if Ox, is a regular local ring. It is
regular if it is regular at every point. A point at which X is not regular will be called a
stngular point.

The inequality behind this definition is a direct consequence of the height theorem.
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Proposition 4.2. Let (A, m, k) be a Noetherian local ring. Then

dim A < edim(A).

Proof. Let

r = dim, m/m?.
Choose elements z1,...,7, € m whose classes form a basis of m/m?. Nakayama’s lemma
gives

m:(xl,...,xT).

Krull’s height theorem therefore gives
ht(m) <r.

Since A is local,
dim A = ht(m),

and the result follows. O

The equality case says that the maximal ideal can be generated by exactly as many
elements as the dimension allows. This is the local algebraic analogue of having a coordinate
system with the expected number of parameters.

Example 4.3 (Affine space at the origin). Let

A= k[mlu e 7xn](1’1,...,zn)'
Its maximal ideal is generated by x1,..., %y, and their classes form a basis of
m/m?.

Hence edim(A) = n. Since dim A = n, the local ring is regular.

The next examples show that singularities can already be detected directly from the
maximal ideal, without using differentials.

Example 4.4 (A node). Let
X = Specklz,y]/(zy)

and let o be the origin. The local ring A = Ox, has dimension one, while its maximal
ideal is generated by the classes of 2 and y. The relation zy = 0 lies in m?, so it produces
no linear relation in m/m2. Therefore

dimym/m? =2 > 1 = dim A,
and the origin is singular.
Example 4.5 (A cusp). Let
X = Specklz,y]/(y* — 27)

and let o be the origin. Again dim Ox, = 1. The equation y? — 23 lies in (z,y)?, so the
classes of z and y remain linearly independent in m,/m2. Thus

edim(Ox,) = 2,

and the cusp is singular at the origin.
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For one-dimensional local domains, regularity is already equivalent to the valuation-
theoretic structure that will dominate the rest of this chapter.

Lemma 4.6 (A local characterization of DVRs). Let (A, m) be a one-dimensional Noethe-
rian local domain which is not a field. Then the following are equivalent:

1. A is a discrete valuation ring;
2. m is principal.
Proof. If A is a discrete valuation ring with uniformizer 7, then by definition
m = (7).
Conversely, suppose m = (7). We use the Krull intersection theorem in the form
ﬂ m" =0
n>0
for the Noetherian local domain A. Hence every nonzero a € A lies in
m”\ m"H
for a unique integer n > 0. Since m™ = (7"), we may write
a=7"u

with u € A. The condition a ¢ m™*! implies u ¢ m, hence u is a unit.

Now let I C A be a nonzero ideal. Choose an element a € I for which the exponent n
in the expression ¢ = un™ is minimal. Every b € I has the form va™ with m > n, hence
be (m") = (a). Thus I = (a). Therefore A is a local principal ideal domain with a unique
nonzero prime ideal, equivalently a discrete valuation ring. ]

Corollary 4.7. Let (A,m) be a one-dimensional Noetherian local domain. Then A is
reqular if and only if it is a discrete valuation ring.

Proof. If A is regular, then
dim, m/m? = dim A = 1.

Nakayama’s lemma shows that m is generated by one element, and lemma 4.6 gives that A
is a DVR.
Conversely, if A is a DVR, its maximal ideal is principal. Hence

dim, m/m2 =1=dimA,
so A is regular. O
We will also use the following standard theorem from commutative algebra.

Theorem 4.8 (Regular local rings are normal). Every Noetherian reqular local ring is an
integrally closed domain.

Proof. This is a commutative-algebra input. One standard route proves the stronger theo-
rem that every regular local ring is a unique factorization domain. A UFD is an integrally
closed domain, which gives the assertion. We will use the theorem only through this con-
sequence; the divisor chapter will later explain geometrically why factoriality is especially
useful in codimension one. O
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Corollary 4.9. Every regular locally Noetherian scheme is normal.

Proof. At every point z € X, the local ring Ox , is regular and hence integrally closed by
theorem 4.8. The theorem also says that it is a domain. Therefore X is normal at every
point. ]

The word “regular” is intrinsic: it depends only on the local rings of the scheme. This
should not be confused with smoothness over a field. Over a perfect field the two notions
agree for finite-type schemes at closed points, but over an imperfect field a regular local
ring can fail to remain regular after extending the ground field. Smoothness will therefore
require both the relative language of Chapter 3 and additional infinitesimal and flatness
conditions.

4.2 Normality and Normalization

Regularity is a strong condition. For birational geometry and divisor theory, the weaker
condition of normality is often exactly what is needed: it guarantees that rational functions
which are locally integral do not create hidden branches inside the function field.

Definition 4.10. A scheme X is normal at x € X if the local ring O , is an integrally
closed domain. The scheme is normal if it is normal at every point.

For integral schemes, normality can be checked on affine opens.

Lemma 4.11. Let A be an integral domain with fraction field K. The following are equiv-
alent:

1. A is integrally closed in K ;
2. Ay is integrally closed for every prime ideal p C A;

3. Am is integrally closed for every maximal ideal m C A.

Proof. 1f A is integrally closed, then every localization of A is integrally closed; the local-
ization argument is proved explicitly in lemma 4.13. Thus (1) implies (2). The implication
(2) implies (3) is immediate.

Assume (3), and let z € K be integral over A. Suppose that z ¢ A. Set

I'={aecAlazec A}

Then [ is a proper ideal, so I C m for some maximal ideal m. Since the same monic
polynomial over A is also a monic polynomial over Ay, the element z is integral over Ay.

By (3),
z € An.

Thus there exists s ¢ m with sz € A. Then s € I C m, a contradiction. Hence z € A,
proving (1). O

Proposition 4.12 (Affine-local criterion for normality). Let X be an integral scheme. The
following are equivalent:

1. X is normal;
2. every nonempty affine open U = Spec A C X has A integrally closed;
3. for every nonempty open subset U C X, the ring Ox(U) is an integrally closed

domain.
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Proof. Assume (1), and let U = Spec A be a nonempty affine open. For every p € Spec A4,
Ap = Oxp

is integrally closed. By lemma 4.11, A is integrally closed. Thus (1) implies (2).

Assume (2). Every point x € X has a nonempty affine neighbourhood U = Spec A.
The local ring Ox ., is a localization of A, hence is integrally closed. Since X is integral, it
is also a domain. Therefore (2) implies (1).

Assume (2), and let U € X be nonempty. By proposition 2.51, all rings 0x (V') for
nonempty open V embed into the common function field K(X), and

Ox(U) = () Ox.0 € K(X).
zeU

Let z € K(X) be integral over Ox(U). For any affine open V' C U, the same monic
equation shows that z is integral over Ox (V). By (2), z € Ox(V). Hence z is regular
at every point of U, so proposition 2.51 gives z € Ox(U). Thus (2) implies (3). The
implication (3) implies (2) is immediate. O

If an integral scheme is not normal, there is a canonical way to enlarge its local rings
inside its function field until they become integrally closed. We will use one additional
piece of terminology. A morphism f : Y — X is called integral if, for every affine open
U = Spec A C X, the inverse image f~!(U) is affine, say Spec B, and B is integral over A.
This condition is affine-local on the target; every finite morphism is integral.

Lemma 4.13 (Integral closure and localization). Let A be a domain with fraction field K,
let A be the integral closure of A in K, and let S C A be multiplicatively closed. Then the
integral closure of ST'A in K is ST1A.

Proof. Every element of A is integral over A, so its image after localization is integral over
S~1A. Hence

S—1A
is contained in the integral closure of S~1A.

Conversely, let z € K be integral over S~'A. Write
b b
S =0, bieA s €S
S1 Sn

Put s = s1 - - s,. Multiplying the equation by s” gives

(s2)" 4+ di(s2)" " 4+ dp =0,

where )
S'l
di=b— € A.
Si
Thus sz is integral over A, so sz € A. Since s € S, we conclude
ze STYA.
This proves the reverse inclusion. O

Theorem 4.14 (Normalization). Let X be an integral scheme with function field K(X).
There exists a normal integral scheme X" and an integral dominant morphism

v: XY — X

with the following properties.
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1. For every nonempty affine open U = Spec A C X,
v (U) = Spec 4,
where A is the integral closure of A in K(X).
2. The induced map on function fields is an isomorphism

K(X) & K(XY).

3. If Z is a normal integral scheme and [ : Z — X is dominant, then there exists a
unique morphism f : Z — X" such that

Z f X
X /
X

commautes.

The scheme X¥ is called the normalization of X.

Proof. Choose an affine open cover X = J, U; with U; = Spec A;. Let A; be the integral
closure of A; in the common function field K(X), and set

U} := Spec A;.

If D(f) C U; is distinguished, lemma 4.13 gives

(Ai)s = (Ai)y-
Thus normalization is compatible with passing to distinguished open subsets. By the com-
mon distinguished-refinement result proposition 2.25, the overlaps U; N U; are covered by
opens which are distinguished in both affine charts. On each such open the two normal-
izations are canonically the same spectrum, and these canonical identifications satisfy the
cocycle condition. The gluing theorem theorem 2.22 therefore produces a scheme X" to-
gether with a morphism

v: X" — X.

On every affine chart the ring map is A; < A;, which is integral. Hence v is integral. The
generic prime (0) C A; contracts to (0) C A;, so v sends the generic point of X to the
generic point of X and is therefore dominant. Each A; is a domain integrally closed in
K(X), so XV is normal and integral.

For (2), every A; is contained in K (X) and has fraction field K(X): it contains A4;,
whose fraction field is K(X), while it is itself a subring of that field. Hence the generic
local ring of X” is K(X).

For the universal property, let f : Z — X be dominant with Z normal and integral. It
is enough to construct the factorization locally over an affine open U = Spec A C X. Let
V = Spec B C f~1(U) be a nonempty affine open. Since Z is integral, every nonempty
open contains its generic point 7z. Dominance sends 7z to the generic point of X, hence
the induced ring map

A— B

has zero kernel and is injective. It therefore extends to an embedding

K(X) = Frac(A) — K(Z) = Frac(B).
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If a € A, then a satisfies a monic equation with coefficients in A C B. Its image in K(Z) is
therefore integral over B. Since B is integrally closed by proposition 4.12, this image lies
in B. We obtain a unique ring homomorphism

A— B

extending A — B, hence a morphism V' — Spec A. On overlaps these local morphisms agree
because they induce the same embedding of K(X) into K(Z). They glue to a morphism
f : Z — XV%. Uniqueness is checked on the same affine charts: any factorization must
induce the unique extension A — B determined inside K (Z). O

The normalization is therefore birational in the sense of definition 3.21: it is dominant
and induces the identity isomorphism on the common function field. In the finite-type
situation it is usually also finite.

Theorem 4.15 (Finiteness of normalization over a field). Let X be an integral scheme of
finite type over a field k. Then the normalization morphism

v: X" —-X
1s finite.

Proof. This is the geometric form of a standard finiteness theorem in commutative algebra:
if A is a finitely generated domain over a field, then its integral closure in Frac(A) is a finite
A-module. Applying this theorem on every affine open U = Spec A C X gives

v U) = Spec 4

with A finite over A. By the affine-local definition of a finite morphism from Chapter 3, v
is finite. O

Proposition 4.16 (Finite birational morphisms to a normal scheme). Let f : Y — X be
a finite birational morphism of integral schemes, and suppose that X is normal. Then f is
an isomorphism.

Proof. The assertion is local on X. Let U = Spec A C X be a nonempty affine open. Since
f is finite,
f~1(U) = Spec B

for a finite A-algebra B. Birationality makes A — B injective and identifies the two
function fields, so we may regard

AC B C K(X).

Every element of B is integral over A because B is finite as an A-module. Since A is
integrally closed by normality, B = A. Therefore f~'(U) — U is an isomorphism for every
affine open U, and these local isomorphisms glue to give Y = X. ]

The cusp gives the fundamental example of normalization separating a singular local
algebra from a regular parameter.

Example 4.17 (Normalization of the cusp). Let

A= klz,y)/(y* - 2).
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The homomorphism
A — klt], p— Y — 3,

identifies A with the subring k[t?, 3] C k[t]. Both rings have fraction field k(). The element
t is integral over A, since it satisfies the monic equation

T? — 2 =0.

Thus k[t] is integral over A.

Since k[t] is a PID, it is integrally closed. If z € k() is integral over A, then the same
monic equation also shows that z is integral over k[t], because its coefficients lie in A C k[t].
Hence z € k[t]. Therefore k[t] is exactly the integral closure of A in k(t).

The normalization is the finite birational morphism

Al = Speck[t] —“— Speck[z,y]/(y* — 23), t— (£2,13).

The source is regular, while the target is singular at the origin by example 4.5.

Normalization repairs failure of integral closedness, but it does not in general remove
every singularity in higher dimension. What makes dimension one special is that normality
and regularity coincide. The reason is the codimension-one valuation theory developed
next.

4.3 Codimension One, Valuations, and Dedekind Schemes

Let X be an integral locally Noetherian scheme. We write

XM = {2 € X | codimy {z} = 1}
for the set of codimension-one points. By the local-dimension discussion of Chapter 2, these
are precisely the points at which the local ring has dimension one.

Definition 4.18 (Serre’s condition (R;)). A locally Noetherian scheme X satisfies Serre’s
condition (Ry) if Ox , is regular for every point = of codimension at most one.

For an integral scheme the local ring at the generic point is a field and is therefore
regular. Thus (R;) amounts to regularity at codimension-one points.

Proposition 4.19 (Codimension-one local rings). Let X be an integral locally Noetherian
scheme and let z € X, Then

dimOx , =1, Frac(Ox ) = K(X).
If X satisfies (R1), then Ox 5 is a discrete valuation ring.

Proof. Choose an affine neighbourhood U = Spec A of z, with x <> p. By proposition 2.55,
codimension one means

ht(p) = 1.

Hence
dim Ox , = dim A, = ht(p) = 1.

Since A is a domain,

Frac(Ay) = Frac(4) = K(X),

the last equality coming from proposition 2.51. If X satisfies (R1), then A, is a one-
dimensional regular local domain, hence a DVR, by corollary 4.7. O
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Thus every codimension-one point of a normal Noetherian integral scheme will carry
a discrete valuation. To explain why normality guarantees the required regularity in codi-
mension one, we recall Serre’s second condition.

Definition 4.20 (Depth and Serre’s condition (S2)). Let (4, m) be a Noetherian local ring.
The depth of A, denoted depth A, is the maximal length of an A-regular sequence contained
in m.

A locally Noetherian scheme X satisfies Serre’s condition (S2) if

depth Ox ; > min{2,dim Ox , }
for every x € X.
The following theorem is one of the central local criteria for normality.

Theorem 4.21 (Serre’s criterion for normality). Let X be a locally Noetherian integral
scheme. Then X is normal if and only if it satisfies (R1) and (S2).

Proof. We use the standard commutative-algebra form of Serre’s criterion: a Noetherian
ring A is normal if and only if every localization A, at a prime of height at most one is
regular and

depth Ay > min{2, dim A,}

for every prime p.
The assertion for schemes is local. On an affine open U = Spec A, condition (R;) for U
is exactly the first condition in the ring-theoretic theorem, because

and codimension is height. Condition (S2) is exactly the displayed depth inequality for
the same localizations. The affine-local criterion proposition 4.12 identifies normality of U
with normality of A. Applying the ring-theoretic theorem on each affine open proves the
result. O

Corollary 4.22. Let X be a normal Noetherian integral scheme. For every x € X, the
local ring Ox , is a discrete valuation ring.

Proof. By theorem 4.21, a normal Noetherian scheme satisfies (R1). The result now follows
from proposition 4.19. 0

Definition 4.23 (The valuation at a codimension-one point). Let X be a normal Noethe-
rian integral scheme and let z € X"). The DVR @, C K(X) determines a normalized
discrete valuation

vy K(X)* — Z.

If 7, is a uniformizer of O ,, then every f € K(X)* can be written uniquely as
with u € Oy .

This is the local mechanism behind orders of zero and pole. The divisor theory devel-
oped later will package the integers v, (f) simultaneously over all codimension-one points.
Dimension one is the case in which every non-generic point is already codimension one.
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Definition 4.24 (Dedekind scheme). In these notes, a Dedekind scheme is an integral
Noetherian normal scheme of dimension one.

Some authors allow dimension zero components as well. Our convention is chosen so
that the basic examples Spec Z and Spec Ok fit the definition directly and the generic point
is separated from the closed arithmetic points.

Proposition 4.25 (Local structure of a Dedekind scheme). Let X be an integral Noetherian
scheme of dimension one. The following are equivalent:

1. X is a Dedekind scheme;
2. every local ring at a closed point is a discrete valuation ring;
3. X is reqular.

Moreover, every point other than the generic point is closed.

Proof. Let n be the generic point. If x # n were not closed, there would exist a strict
specialization y € {z} \ {z}. Then the irreducible closed subsets

{ypc{z} X

would form a chain of length two, contradicting dim X = 1. Hence every non-generic point
is closed. Equivalently, on an affine chart Spec A, every nonzero prime has height one and
is therefore maximal.

Assume (1). At a closed point x, normality makes Ox , a one-dimensional Noetherian
integrally closed local domain. Equivalently, by corollary 4.22, it is a DVR. Thus (1) implies

(2).

Assume (2). Every closed-point local ring is regular by corollary 4.7, while
Oxn=K(X)

is a field and hence a zero-dimensional regular local ring. Thus X is regular, proving (2)
implies (3).

Finally, (3) implies that X is normal by corollary 4.9. Together with the standing hy-
potheses that X is integral, Noetherian, and one-dimensional, this says that X is Dedekind.
Hence (3) implies (1). O

Example 4.26 (The arithmetic curve SpecZ). The ring Z is Noetherian, integrally closed,
and of Krull dimension one. Hence
SpecZ

is a Dedekind scheme. Its generic point is (0), with residue field

£((0)) = Q.
Its closed points are the maximal ideals

(p),
one for each rational prime p. At such a point,
Ospecz,(p) = Lip)

is a DVR with uniformizer p, and the associated valuation on Q* is the usual p-adic order

vp: Q* — Z.

Thus prime numbers literally occur as codimension-one points of the arithmetic curve
Spec Z.
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The same picture persists for number fields. If K/Q is finite, the ring of integers O is
the integral closure of Z in K, and it is a finite Z-module. Thus the finite morphism

Spec O —> SpecZ

may be viewed as the normalization of the arithmetic curve SpecZ in the finite extension
K/Q. This is the natural variant of theorem 4.14 in which one normalizes inside an algebraic
extension of the function field rather than inside the function field itself.

Example 4.27 (Rings of integers). Let K be a number field and let Ok be its ring of
integers. A standard theorem of algebraic number theory says that Ok is a Dedekind
domain. Therefore

X = Spec Ok

is a Dedekind scheme. Its generic point has function field K, while its closed points are the
nonzero prime ideals

pC Ok.
The local ring
(O )y
is a DVR, and its residue field
K(p) = Ok /p

is finite.

The morphism induced by the inclusion Z — Ok
7 : Spec O — SpecZ

allows the factorization of rational primes to be read geometrically from scheme-theoretic
fibres.

Proposition 4.28 (Arithmetic fibres and prime factorization). Let K be a number field
and let p be a rational prime. Suppose

POK =pi' - pyf
1s the factorization into distinct nonzero prime ideals. Then the fibre of
7 : Spec O — SpecZ

over the point (p) is

g
X, = Spec(Ok /pOk) = [ ] Spec(Ok /p5").
i=1

Its underlying set consists of the primes p1,...,py above p. The residue field at p; is

k(pi) = Ok /v,

and the fibre is reduced if and only if every e; = 1.
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Proof. By the definition of a fibre from Chapter 3 and the affine fiber-product formula
theorem 3.3,
X, — Spec Ok

SpecF, ——— SpecZ

is cartesian and
X, = Spec(Ok @7, F,) = Spec(Ok /pOr).

The ideals p;* are pairwise comaximal because the p; are distinct maximal ideals of the
Dedekind domain 0. The Chinese remainder theorem therefore gives

g
Ok [pOx =[] Ok /v5'.
=1

Taking spectra converts a finite product of rings into a disjoint union, proving the displayed
decomposition of X,.

Each factor Ok /p;’ has a unique prime ideal, namely the image of p;, so the underlying
points of the fibre are exactly the primes above p. The corresponding residue field is

(O /pi")/(bi/pi') = Ok [pi.

If e; = 1, the factor is a field and therefore reduced. Suppose e; > 1. The powers of p; are
strictly decreasing after localizing at p;, so we may choose
i—1 i
a€p T\ pit
Its class in Ok /p;’ is nonzero, while

a’ e p?ei_Q C pst.

Thus this class is nilpotent, and the factor is nonreduced. Hence the whole fibre is reduced
exactly when all e; = 1. O

Remark 4.29 (Ramification as nonreduced fibre). The preceding proposition is an elemen-
tary scheme-theoretic shadow of ramification. A prime with e; > 1 contributes a nilpotent
thickening at the corresponding point of the fibre. Thus the scheme structure remembers
information that would disappear if one retained only the set

T H(p) = {p1,- - pg}-

The residue degree
fi = [K(ps) : Fyp]
records another part of the arithmetic of the fibre.

Remark 4.30 (Preview of divisors and ideal classes). On a Dedekind scheme every closed
point has codimension one. Consequently, the free abelian group on closed points

D Zlx]

z€X

is exactly the group that will later become the Weil divisor group. For

X = Spec O,
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the unique factorization of nonzero fractional ideals
I=]]p™
p

identifies the group of nonzero fractional ideals with this free abelian group. Principal
fractional ideals correspond to principal divisors through the valuations v,. The resulting
quotient is the ideal class group. We postpone the formal divisor language until the divisor
chapter, but the local algebra needed for it is already in place.

The three themes of this chapter now meet. Regular local rings provide the intrinsic
notion of nonsingularity; normalization repairs integral closedness without changing the
function field; and normality in codimension one produces DVRs and valuations. In di-
mension one these structures become Dedekind schemes, where geometry and arithmetic
share the same local language. We are now ready to return to sheaves, this time not merely
as sheaves of sets or rings, but as modules over the structure sheaf. Quasi-coherent and
coherent sheaves will turn local algebraic modules into global geometric objects.
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Chapter 5

Quasi-Coherent and Coherent
Sheaves

The preceding chapters treated schemes first as spaces carrying local rings and then as
objects related by morphisms, fibres, properness, projective embeddings, and local algebra.
We now add the linear objects that live on a scheme. On an affine scheme X = Spec A4, an
A-module should become a sheaf of &x-modules, and the basic principle of this chapter
is that this passage loses essentially no information when one restricts to quasi-coherent
sheaves.

This affine dictionary has several consequences. It makes pullback a geometric form of
extension of scalars, turns finite modules into coherent sheaves, and allows graded mod-
ules to be placed on projective schemes. Twisting by ¢@x (1) then leads to Serre’s global-
generation theorem and to the useful fact that coherent sheaves on projective schemes are
quotients of finite locally free sheaves. Finally, symmetric algebras and relative spectra turn
modules back into geometric objects; vector bundles are the resulting geometric incarnation
of locally free sheaves.

5.1 Modules on Schemes and the Affine Dictionary

Let (X, Ox) be a ringed space. The structure sheaf is not merely a sheaf of rings: it is the
ring over which all linear constructions on X are performed.

Definition 5.1. A sheaf of Ox-modules, or simply an Ox-module, is a sheaf .# of abelian
groups such that every .7 (U) is an Ox (U)-module and the restriction maps are compatible
with scalar multiplication. Morphisms are morphisms of sheaves which are Ox-linear on
every open set. We write Mod(X) for the resulting category.

Kernels and cokernels are computed as for sheaves of abelian groups, with the induced
module structures. Exactness may therefore be checked on stalks. The first genuinely new
operation is the tensor product.

Definition 5.2. For .%,% € Mod(X), the tensor product .# ®g, ¢ is the sheafification of
the presheaf
Ur— Z(U) Qo (U) G (U).

Proposition 5.3 (Tensor products and stalks). For every x € X, there is a natural iso-
morphism
(Z oy D)o = Fi oy, G-
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Proof. Sheafification does not change stalks. The germ of a local pure tensor s ® ¢, with
s€ F(U) and t € 4(U), therefore defines an element of (% ® ¥4),, and the rule

(s@t)y — Sz Rty
gives a natural Oy ,-linear map
(F RY)e — Fu Qox, Yu-

Conversely, choose representatives of two germs u € %, and v € ¢, on neighbourhoods of
x. After shrinking to their intersection, they are represented on a common neighbourhood
U, and we send u ® v to the germ of the corresponding element of

F(U) @oyw)9U).

If the representatives are changed, they agree after further shrinking, so the resulting germ
is unchanged. The bilinearity and scalar relations over Ox , are likewise represented after
shrinking to a common neighbourhood. Thus the second construction gives a well-defined
inverse to the first. O

Now let
f : (Xv ﬁX) — (K ﬁY)

be a morphism of ringed spaces. The morphism of structure sheaves
ftoy — ox
allows us to extend scalars from f~10y to Ox.

Definition 5.4 (Pullback of modules). For an 0y-module ¢, define
9 = f_lg ® r-10y Ox.
This is an @x-module, called the pullback or inverse image as a module of 4.

The distinction between f~! and f* is important. The first only transports a sheaf to
the inverse-image topology; the second also changes the ring of scalars.

Proposition 5.5 (Stalks of pullbacks). For every x € X, there is a natural isomorphism
()2 = Gt(2) @0y () OXa-
Proof. By proposition 5.3,

(F'9) =2 (f7'D)e O (5-10y), Ox.a-

The inverse-image stalk formula from Chapter 1 gives

(f7'9)e = Yy(a), (f7'Ov)e = Oy,
and the asserted formula follows. O

The reason for the definition of f* is its adjunction with direct image.
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Theorem 5.6 (Pullback-direct image adjunction). Let f : (X, Ox) — (Y, Oy) be a mor-
phism of ringed spaces. For every Oy -module 4 and every Ox-module F, there is a natural
bijection
Homg, (f*¥,.#) = Homg,, (Y, f+.F).

Thus f* is left adjoint to fi on module categories.
Proof. Regard .% as an f~!0y-module through the structure homomorphism

oy — 0x.
Extension of scalars is left adjoint to restriction of scalars, so an Ox-linear map

Y Qp1g, Ox — F
is equivalent to an f~!@y-linear map
v — 7.

Explicitly, a map ® is sent to g — ®(g ® 1); conversely, an f~!0y-linear map v is sent to

9 ®ar— ap(g).

These constructions are inverse and compatible with restriction.
The sheaf adjunction f~! £, gives a natural bijection

Homf_1ﬁy (f_lg, 3?) = Homﬁy (g, f*eg;)

Because the adjunction unit and counit commute with the action of Oy, this bijection
restricts to module homomorphisms. Composing the two natural bijections proves the
theorem. O

The basic formal consequences will be used repeatedly.

Proposition 5.7 (Functoriality of pullback). Let X i> Y % Z be morphisms of ringed
spaces. Then there are natural isomorphisms

idy # = .7, (go f)' 0 = frg* o2,
and for Oy -modules F,9,
[(F ®p, 9) = f*F R0, [79.
The functor f* is right exact.

Proof. All statements may be checked on stalks. At x € X, they become the usual identities
for extension of scalars along the local ring homomorphisms

Oz49(f(x)) — Ov,fx) — Oxa-
For example,
(g0 £ ), = Hy(52)) @07.450)) OXoar
while
(Fg"#)a = (‘%ﬂg(f(x)) BOz.9(s) ﬁY,f(w)) R0y, 1wy OX 25

and associativity of tensor products identifies them. The tensor-product formula is proved
in the same way. Finally, extension of scalars is right exact for modules, so the stalk
functors of f* carry right exact sequences to right exact sequences; exactness of sheaves is
stalkwise. O
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We now specialize to an affine scheme X = Spec A. Ordinary modules over A give the
model for all quasi-coherent sheaves.

Definition 5.8 (Associated sheaf on an affine scheme). Let M be an A-module. On the
distinguished basis of X = Spec A, set

M(D(f)) := Mj.

The localization maps give the restrictions. These data define an &x-module, called the
sheaf associated to M.

The required sheaf condition follows from the corresponding localization lemma for
modules.

Lemma 5.9 (Localization equalizer for modules). Let R be a ring, N an R-module, and
let g1,...,9r € R satisfy
Spec R = D(g1) U ---U D(gyr).

Then
0— N — [ Ng. = [[Noig,
i i.j

is an equalizer.

Proof. Since the distinguished opens cover Spec R, the ideal generated by any fixed positive
powers glL, e ,g{? has radical equal to R, hence is the unit ideal.

For injectivity, suppose n € N maps to zero in every Ny,. For each i, some power of g;
kills n. Choose one exponent L which works for every i, and write

1= Zaig{‘.
i

Then
n = ZaigiLn =0.
i

Now let n; € Ny, be a compatible family. Choose a common exponent N and elements

u; € N such that
U
N, = —.
(3 gi\/‘

Compatibility in Ng,,, means that for each pair (i, j) there is an integer k;; > 0 with
ij (N N _
(9i9;)" (9N ui — g uj) = 0.
Choose K > k;; for every pair, set
L:=N+K, myg ::giKuZ-,

and observe that

mg L L
nz:gT7 gy mi = g; myj
i

in N for all ¢, .
Choose a; € R with 3°; a;g* = 1 and set

n ::Zaimi € N.
i

For every 73,
L, _ L _ L —
gj n = Zaigj m; = Zaigi ms = m;.
i i

Thus the image of n in Ny, is m;/ g]L = n;. This proves the gluing assertion. O
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Apply the lemma with R = Ay and N = M;. Every open cover by distinguished opens
admits a finite subcover because D(f) is affine and hence quasi-compact. Therefore the
prescription D(f) — M is a sheaf on the distinguished basis, and it extends uniquely to
a sheaf on X.

Proposition 5.10 (Basic affine identities). Let X = Spec A. Then:
1. for every p € Spec A,

(M)p = My;
2. T(X, M)~ M;
3. the functor M — M s exact;
4. for any family {M;}icr,

B M; = P M;

el el

5. there is a natural isomorphism

M®&sN=Mg, N.

Proof. The stalk at p is the filtered colimit of M over f ¢ p, which is precisely M,. Taking
f=1gives (X, M) = M.
For exactness, a sequence of associated sheaves is exact if and only if it is exact at every

stalk, and localization M +— M, is exact. Direct sums commute with localization, giving
(4). For (5), on every distinguished open D(f),

(M ®aN)s= Mg ®a,; Ny,

and these isomorphisms commute with further localization. They therefore glue to the
stated sheaf isomorphism. O

There are two useful ways to recognize the sheaves arising from modules. The first is
affine and concrete; the second is a local presentation condition.

Definition 5.11 (Quasi-coherent sheaf). An Ox-module .# on a scheme X is quasi-
coherent if every point has an affine open neighbourhood U = Spec A for which

Fluv =M
for some A-module M.

Proposition 5.12 (Local presentations). An Ox-module .Z is quasi-coherent if and only
if the following condition holds: every point admits an open neighbourhood U carrying an
exact sequence

6’,(]‘]) — ﬁ,(f) — v —0

for some sets I,J.

Proof. Suppose first that .Z# |y = M on an affine open U = Spec A. Choose a presentation
of the A-module M,
AV 5 AD 5 M —s 0.

By exactness and compatibility with direct sums in proposition 5.10, sheafification gives
ﬁ[(]‘]) — 6}(]]) — M —0.
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Conversely, shrink the given neighbourhood until it is affine, say U = Spec A. A mor-
phism
o) — o
is determined by the images of the standard basis sections. Since U is quasi-compact,
global sections of the direct-sum sheaf ﬁ(UI ) are exactly AD): a section is locally supported
in finitely many summands, and a finite subcover gives one finite set of summands globally.
Hence the morphism comes from an A-linear map

AY) 5 A,

Let M be its cokernel. Applying the exact tilde functor shows that its sheaf cokernel is M.
Therefore |y = M, so # is quasi-coherent. O

Theorem 5.13 (The affine dictionary). For X = Spec A, the functors

M»—>J\7[

A-Mod MM, con(x) 27,

A-Mod
are quasi-inverse equivalences. In particular,
Hom (M, N) = Homg, (M, N).

Proof. By proposition 5.10, T'(X, M) = M, naturally in M. It remains to show that if .#
is quasi-coherent, then the canonical morphism

NX,%)— %
is an isomorphism.
Choose a finite distinguished cover

X =D(f)u---UD(f)
such that 7 |p(y,) = M;. Put M =TI(X,.Z). We claim that the restriction map induces
My, = D(D(fi), F) = M;.

For surjectivity, let s € M;. On D(f;f;), the restriction of s is an element of (M;),. Thus
for each j there are N; > 0 and u; € M; whose localization equals fiN 7s. Choose N > N;
for all j and replace u; by fiN_Nj uj; now every u; restricts to fVs on D(f;f;). In particular,
on D(f;fr) the difference u; — u;, becomes zero after localizing at f;. Hence some power of
fi kills this difference. Because there are finitely many pairs, one exponent K works for all
of them. The sections
f{fu; € TD(D(f)), F)
therefore agree on every overlap and glue to a global section ¢t € M. On D(f;) we have

t=f{s,
o) t/le+K maps to s. Thus My, — M; is surjective.

For injectivity, let ¢ € M map to zero in M;. Write t; € M; for its restriction to D(f;).
Since (t;)s, = 0, some power of f; kills ¢;. A common exponent N works for the finite cover,
so the global section fiN t restricts to zero on every D(f;). By the sheaf axiom, fiN t=20
globally, and therefore t/1 = 0 in Mjy,.

Thus M and .# have the same sections on each member of the distinguished cover and
on all further distinguished subopens. The canonical morphism is therefore an isomorphism
locally on a cover, hence globally. This proves the equivalence; the Hom identity follows
from full faithfulness. O
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Remark 5.14. The argument in the preceding proof is the module-theoretic form of affine
communication: localizations on a finite distinguished cover contain enough information to
reconstruct the global module. This is the precise sense in which quasi-coherent sheaves
are “modules varying algebraically.”

We now impose finiteness conditions.

Definition 5.15 (Finite type, finite presentation, and coherence). Let .# be an Ox-
module.

1. Tt is of finite type if every point has a neighbourhood U admitting a surjection
oF" - Fly
for some finite n.

2. It is of finite presentation if locally there is an exact sequence
o™ — 05" — Fly — 0
with m,n < oo.
3. It is coherent if it is of finite type and, for every open V C X and every morphism
ﬁ‘é];n — F |v,
the kernel is of finite type.
Theorem 5.16 (Coherent sheaves on locally Noetherian schemes). Let X be locally Noethe-

rian and let F be quasi-coherent. The following are equivalent:

1. F is coherent;
2. F is of finite type;

3. for every affine open U = Spec A C X, the module T'(U, F) is finitely generated over
A.

On an affine open U = Spec A, coherent sheaves therefore correspond exactly to finitely
generated A-modules.

Proof. The implication (1)=-(2) is part of the definition. Suppose .Z# is of finite type and
let U = Spec A be affine. By the affine dictionary,

Fly=M, M=TI(U,Z).

Choose a finite distinguished cover U = (J; D(f;) on which finitely many sections generate
. By the affine dictionary on each D(f;), this says that My, is finitely generated over Ay,.
Choose finitely many elements of M whose images generate all the My, and let N € M
be the submodule they generate. Then

(M/N)g, =0

for every i. Since the D(f;) cover Spec A, every localization (M/N), is zero. Hence M /N =
0, so M is finitely generated. This proves (2)=-(3).

Assume (3). On U = Spec A, write M = I'(U,.%). Since A is Noetherian and M is
finitely generated, every kernel of a homomorphism A™ — M is finitely generated. Under
the affine equivalence, morphisms &7; — .# |y correspond to homomorphisms A" — M, and
kernels correspond because the tilde functor is exact. Thus .#|y is coherent. Coherence is
local, so .# is coherent. O
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Corollary 5.17 (Abelian behaviour). The category QCoh(X) is closed under kernels, im-
ages, cokernels, and finite direct sums of morphisms between quasi-coherent sheaves. Hence
QCoh(X) is an abelian subcategory of Mod(X). If X is locally Noetherian, the same state-
ments hold for Coh(X).

Proof. Let ¢ : # — ¢ be a morphism between quasi-coherent sheaves. The assertion is
local, so take an affine open U = Spec A and write

Flo=M, Yly=N.

By full faithfulness in theorem 5.13, ¢|y comes from a unique homomorphism M — N.
Exactness of the tilde functor identifies the kernel, image, and cokernel sheaves with the
associated sheaves of the corresponding modules. They are therefore quasi-coherent. Finite
direct sums are handled by proposition 5.10.

If X is locally Noetherian and .%,¥ are coherent, then M, N are finitely generated over
the Noetherian ring A. Their kernels, images, cokernels, and finite direct sums are finitely
generated, so the corresponding sheaves are coherent by theorem 5.16. 0

Definition 5.18 (Locally free and invertible sheaves). An Ox-module & is locally free of
rank r if every point has an open neighbourhood U such that

Elu = o

It is finite locally free if such ranks are finite, possibly varying between connected compo-
nents. A locally free sheaf of rank one is called invertible.

On a locally Noetherian scheme every finite locally free sheaf is coherent, because finite
free modules are finitely generated on affine opens.
We can now return to pullback with the affine dictionary available.

Proposition 5.19 (Pullback of quasi-coherent and coherent sheaves). Let f : X — Y be
a morphism of schemes.

1. If 9 is quasi-coherent on Y, then f*9 is quasi-coherent on X.

2. If X and Y are locally Noetherian and ¢ is coherent on'Y, then f*& is coherent on
X.

IfV =SpecACY,U=SpecB C f~YV), and 4| = M, then in the diagram

U=SpecB —— X

flo | lf

V =SpecA —— Y

we have

"9y = M®aB.

Proof. The morphism f|y : U — V corresponds to a ring homomorphism A — B. There
is a canonical morphism

M®aB— f*M|y

obtained from the universal bilinear map M x B — f*M (U). At a point q € Spec B, with
p = f(q), its map on stalks is the standard localization isomorphism

(M XA B)q = Mp ®Ap Bq.
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Hence the canonical sheaf morphism is an isomorphism by the stalkwise criterion. This
proves quasi-coherence locally.

If ¢ is coherent, then M is finitely generated over the Noetherian ring A. Thus M ® 4 B
is finitely generated over B. Since B is Noetherian by the local Noetherian hypothesis on
X, its associated sheaf is coherent by theorem 5.16. O

5.2 Coherent Sheaves on Projective Schemes

The affine dictionary has a graded analogue. Let

S =S,

d>0

be a graded ring. We will call S standard graded if it is generated as an Sy-algebra by
finitely many elements of degree one. Let

M= My

deZ

be a graded S-module. For a homogeneous element f € S, write

Sty = (Sf)o, My = (My)o.

Recall from Chapter 2 that
D, (f) = SpecS(y).

Proposition 5.20 (The sheaf associated to a graded module). Let X = ProjS. There is
a unique quasi-coherent Ox-module M such that

—~—

M|p, () = My

for every homogeneous f € Si. These identifications are compatible with restriction to
intersections.

Proof. The opens D (f) form a basis of ProjS. On an overlap

Dy ()N Dy(g) = D+(f9),

both restrictions are obtained from the same graded localization My,. More explicitly, if
one first passes to My and then restricts to the open on which g is invertible, the resulting
degree-zero module is canonically the same as (Myg)o; the same holds with f and g inter-
changed. Thus the two associated sheaves on the overlap are canonically identified. These
identifications satisfy the cocycle condition because every map is induced by localization.

—~—

Hence the affine quasi-coherent sheaves My glue uniquely to M. ]

The construction forgets graded information supported at the irrelevant ideal. For
example, if every element of a graded module is annihilated by a power of S, its associated
sheaf is zero. Thus M +— M on Proj .S is not as faithful as the affine tilde functor.

Definition 5.21 (Shifts and twisting sheaves). For n € Z, define the shifted graded module
M (n) by
M(n)d = Mn+d.

On X = Proj S, define
Ox(n) = S(n), F(n) = F Q¢ Ox(n).
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Proposition 5.22 (Twists in the standard graded case). Assume that S is standard graded.
Then every Ox(n) is invertible and there are natural isomorphisms

Ox(n) ® Ox(m) = Ox(n+m).

Moreover,

Proof. Because S is generated in degree one, the opens Dy (z) with € S; cover X. On
each such open, multiplication by x™ identifies the degree-zero localizations of S and S(n),
with the evident interpretation for negative n after inverting x. Hence

Ox(M)|p,x) = Op, (2)-

Thus Ox(n) is locally free of rank one. The same localization calculation gives

S(n) () @3, S(M) @) = S(n+m)y),

P

so the tensor-product isomorphisms glue. Replacing S by M gives M (n) 2 M (n). O

For a quasi-coherent sheaf, the analogue of a graded module of sections is obtained by
collecting all twists.

Definition 5.23 (The graded module of twisted sections). Let X = Proj S with S standard
graded and let .# be an Ox-module. Set

T.(F) = @PTI(X,Z(n)).
neZ

Multiplication by homogeneous elements of S makes this a graded S-module.

There is a natural evaluation morphism

—_—

[.(7)— 7.

On a standard open D4 (f), a homogeneous section ¢ € I'(X,.%#(n)) and a homogeneous
denominator f™ of the same total degree determine, after trivializing the twist by a power
of f, an ordinary section of .# on D, (f). These local evaluation maps commute with
further localization and therefore glue to the displayed morphism.

The key technical fact behind projective sheaf theory is that sections defined on a
standard affine chart become global after multiplication by a sufficiently high power of the
coordinate defining that chart.

Lemma 5.24 (Extension from a standard affine open). Let X be a separated Noetherian
scheme with an invertible sheaf £ generated by global sections

x0,. .., 1 € (X, L)
such that the opens
Ui :={x € X | (z;)» generates £}

are affine and cover X. Let F be quasi-coherent. If s € I'(U;, %), then for some N > 0
the section
eNs e T(U;, F @ 2%V

extends to a global section of F @ LN,
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Proof. Fix i and trivialize .2 on each Uj; using x;. On the affine open Uj;, the ratio
aij = .’Ei/:Ej

is a regular function, and
Ui Uj = D(aij) € Uj.

After the chosen trivializations, the restriction of s to U;NU; is an element of the localization

of the module corresponding to .# |Uj at a;;. Hence there exists N; such that agj s is

represented by a section on U;. Taking one N at least as large as all N;, we obtain sections
t € T(U;, # © 2°V)

whose restriction to U; N U; equals va s.
The sections t; need not yet agree on U; NUy, but their difference restricts to zero after
further restriction to
U N Uj NUg.

Because X is separated and Uj, U are affine, the intersection U; N Uy, is affine. In the
trivialization by z;, the open U; N U; N Uy, is obtained by inverting the regular function
a;j = xij/x;. The affine dictionary therefore implies that some power of a;;, equivalently
some power of the section x;, kills t; — 5 on U; N Uy. There are only finitely many pairs
(j, k), so one common power z¥ kills every difference. Replacing each t; by zMt;, the
sections agree on all overlaps and therefore glue. Their restriction to U; is va +Mg  which
proves the lemma after replacing N by N + M. O
Theorem 5.25 (Reconstruction from twisted sections). Let S be a Noetherian standard
graded ring, X = Proj S, and F a quasi-coherent Ox-module. Then the natural morphism

—~—

(%) — F
is an isomorphism.

Proof. Tt is enough to check on the standard affine cover U; = D (z;) determined by finitely
many degree-one generators. On Uj, the source corresponds to the S(,,)-module

(T (F i) -

The evaluation map sends a homogeneous global section divided by a power of z; to its
restriction on U;, with the twist trivialized by x;.

Surjectivity follows from lemma 5.24: any local section s € T'(U;, #) becomes the
restriction of a global section of .% () after multiplication by xV, so

t
§=—
zY
in the localized degree-zero module.
For injectivity, suppose a homogeneous global section ¢ € I'(X, .% (IN)) restricts to zero
on U;. On each affine Uj, its restriction becomes zero after localizing at the function x;/x;;
hence some power of x; kills t]Uj. A common power works for the finite cover, and therefore
xMt = 0 globally. Thus ¢/xY is zero in the localization. The evaluation map is therefore
an isomorphism on every Uj;, hence globally. O

We now pass from the particular line bundle &'x (1) to the intrinsic notion that produces
projective embeddings.
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Definition 5.26 (Very ample invertible sheaf). Let X — Y be a morphism. An invertible
sheaf .Z on X is very ample relative to Y if there exists a closed immersion

it X Py

for some r such that
L= ﬁpg/ (1).

The following theorem is the projective analogue of finite generation over an affine ring.

Theorem 5.27 (Serre’s theorem on global generation). Let A be a Noetherian ring, let X
be projective over Spec A, and choose a very ample invertible sheaf Ox(1). If F is coherent,
then there exists ng such that F(n) is generated by finitely many global sections for every
n > ng.

Proof. Choose a closed immersion
i: X =Py
realizing Ox(1). Let xq,...,x, be the restrictions to X of the standard homogeneous

coordinates. The open sets
Ui=XND4 (l‘z)

are affine and cover X, and x; trivializes Ox (1) on U;.

Because .% is coherent, each I'(U;,.%) is a finitely generated module over I'(U;, Ox).
Choose finitely many local generators s;;. By lemma 5.24, for each s;; there is an integer
n;; and a global section

tij S F(X, 9(711]))
whose restriction to U; is @, 7 s;j. Let

no = max ngj;.
i,j
Multiplying ¢;; by x?o_n” gives a global section of % (ng) whose restriction to Uj; is x?o Sij-
Since z; is invertible on Uj;, these global sections generate .% (no)|y,. As the U; cover X,
they generate % (ng) globally.
For n > ng, the line bundle &x (n —nyp) is generated by the restrictions of degree n —nyg
monomials in xg, ..., x,. Tensoring the surjection

ﬁ;‘?N —» f(no)

with @x(n—mny), and then composing with the finite set of global generators of &'x(n—ny),
gives a finite set of global sections generating .7 (n). O

Corollary 5.28 (Coherent sheaves are quotients of vector bundles). Let A be Noetherian
and let X be projective over Spec A. FEvery coherent Ox-module . is a quotient of a finite
locally free sheaf. More precisely, for some n and N, there is a surjection

ﬁx(—n)@N - 3‘\

Proof. Choose n such that % (n) is generated by finitely many global sections. These

sections give a surjection
oSN — F(n).

Tensor with the invertible sheaf &'x (—n). Tensoring by an invertible sheaf is exact because
it is locally tensoring with a free module of rank one. Hence

Ox(—n)®N = Z.

The source is finite locally free. O
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Remark 5.29. The conclusion is stronger than local finite presentation: on a projective
scheme the local generators can, after twisting, be replaced by finitely many global gen-
erators. This fact is one of the main reasons coherent sheaves interact so effectively with
projective geometry.

5.3 Algebra Constructions and Relative Spectrum

Tensor products can be iterated, quotiented, and then converted back into schemes. This
section develops precisely the algebra needed for that passage.

Definition 5.30 (Internal Hom and dual). For &x-modules .%,¥, define the internal Hom
sheaf by
Home, (F,9)U) :=Homg, (F|u,¥9|v).
The dual of .# is
g;\/ = %Omﬁx(ﬁ, ﬁx)

Definition 5.31 (Tensor, symmetric, and exterior algebras). Let .# be an Ox-module.
Define the tensor algebra

T(7)=p 7z, F=o0x.
n>0

The symmetric algebra Sym(.%) is the quotient of T'(#) by the sheaf of ideals locally
generated by
sRt—-1®s.

Its degree-n part is denoted Sym"(.%#).
The exterior algebra \(.%) is the quotient of T'(.%) by the sheaf of ideals locally gener-
ated by
§Q s.

Its degree-n part is denoted A" .%.

These constructions are characterized by universal properties. A morphism % — &/
into a commutative O'x-algebra extends uniquely to an algebra morphism

Sym(.#) — o,

while an alternating n-linear map #" — ¢ factors uniquely through A™.%#. Since the
assertions are local and are the usual universal properties for modules over a ring, the local
factorizations agree on overlaps and glue.

Proposition 5.32 (Compatibility with quasi-coherence and pullback). Let X be a scheme.

1. If % and 9 are quasi-coherent, then % @ 4, Sym" .%, and \" % are quasi-coherent.
The full algebras T(F), Sym(F), and \(.F) are quasi-coherent graded Ox -algebras.

2. If X is locally Noetherian and .%,%9 are coherent, then % @ 4, Sym™ %, and \" .F
are coherent for every fixed n.

3. For a morphism f : X — Y, there are natural isomorphisms

FrF) =T 7). fsym(F)=sym(f"7), f\F)=N\F7).
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Proof. All assertions are local. On an affine open Spec A, write &% = M and & = N. The
affine tensor identity gives

FRYG=MRyuN.

The symmetric and exterior powers are cokernels of maps between finite tensor powers, so
the affine dictionary identifies them with

—_—~—

n
Sym'y M, /\M
A

Direct sums remain quasi-coherent, proving (1). If A is Noetherian and M, N are finitely
generated, each fixed tensor, symmetric, and exterior power is finitely generated, proving
(2). The full tensor or symmetric algebra is generally an infinite direct sum and need not
be coherent.

For (3), pullback is extension of scalars on affine opens. Extension of scalars commutes
with tensor products and with quotients by the symmetry or alternating relations. The
resulting affine isomorphisms are natural and therefore glue. O

Finite locally free sheaves behave exactly like finite-dimensional vector spaces with
coefficients in Ox.

Proposition 5.33 (Duality for finite locally free sheaves). Let & be locally free of finite
rank. Then the evaluation morphism

E— VY
is an isomorphism. Moreover, for every F,
Hom (&, F)=2EY @ F.

If & has constant rank r, its determinant

r

det(&) = /\5
1s invertible.

Proof. The statements are local on X. Where & == ﬁ;‘?r, they become the standard identi-
ties for a finite free module:

AT = (AT)Y, Homa(A", M) = (A")" @4 M,
and A" A" =2 A. These isomorphisms are canonical and therefore agree on overlaps. O

We now turn algebra into geometry. Let Y be a scheme and let o/ be a quasi-coherent
sheaf of commutative Oy-algebras.

Theorem 5.34 (Relative spectrum). There exists an affine morphism
p: Specy o — Y

with the following property: for every affine open U = Spec R C Y, there is a commutative
square

Spec &7 (U) —— Specy o

| [

U————Y
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whose top row identifies Spec o/ (U) with p~*(U). The construction is unique up to unique
isomorphism and satisfies
Px ﬁSpecY o = A
as sheaves of Oy -algebras.
Proof. Choose an affine open cover Y = |J; U;, with U; = Spec R;. Quasi-coherence gives
Ay, 2 A, A=A (U).
Set
X; := Spec A;.

The structural homomorphism R; — A; gives a morphism X; — U;.

On an affine open W C U; N U; which is distinguished in both charts, quasi-coherence

identifies <7 (W) with the appropriate localizations of both A; and A;. Hence the inverse
images of W in X; and X; are both canonically

Spec .o/ (W).

These identifications agree on further restrictions and satisfy the cocycle condition, since
all of them come from restriction maps of the single sheaf /. The gluing theorem from
Chapter 2 therefore produces a scheme X and a morphism

p: X—=>Y

whose restriction over each U; is X; — U;. By construction, p is affine.

Let U = SpecR C Y be an arbitrary affine open. By the common distinguished-
refinement result of Chapter 2 and quasi-compactness of U, choose finitely many distin-
guished opens W, C U such that each W, is contained in one of the original U;. Quasi-
coherence gives

A (Wa) = o (U)n,

when W, = D(h,) inside U. Hence both p~!(U) and Spec.Z(U) are obtained by gluing
the same affine schemes
Spec <7 (W)

along the same localization maps. The uniqueness part of the gluing theorem therefore
gives

p Y (U) = Spec .o (U).

Consequently,
(pOx)(U) =T(p~'(U), Ox) = o/ (U)

for all affine opens U, compatibly with restriction. Hence p.Ox = /. Finally, these
affine descriptions uniquely determine all gluing maps, giving uniqueness up to unique
isomorphism. O

The construction characterizes affine morphisms.

Theorem 5.35 (Affine schemes over a base and quasi-coherent algebras). For a scheme
Y, relative spectrum gives an anti-equivalence

(affine Y -schemes)®? ~ QCohAlg(Y),

where QCohAlg(Y') denotes quasi-coherent commutative Oy -algebras. Ezplicitly, if f : X —
Y is affine, then f.Ox is quasi-coherent and the canonical morphism

X — SpeCY(f*ﬁX)

s an isomorphism.
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Proof. Let f: X — Y be affine and let U = Spec R C Y be affine. Then f~1(U) = Spec B
for some R-algebra B, and

(f«0x)(U) = B.
For a distinguished open D(g) C U,

FH(D(g)) = D(f*g) C Spec B,

(f«0x)(D(g)) = By.

Thus f.Ox is quasi-coherent on U, hence on Y. The relative spectrum of this algebra
restricts over U to Spec B = f~(U). These affine isomorphisms are compatible on overlaps
and glue to

X =5 Specy (f«Ox).

Conversely, theorem 5.34 shows that Specy &/ — Y is affine and recovers ./ by direct
image. A morphism of Y-schemes between affine objects becomes, on every affine open
of Y, the opposite ring homomorphism; these local homomorphisms glue exactly when
they define a morphism of quasi-coherent &y-algebras. Hence the two constructions are
quasi-inverse anti-equivalences. O

There is also a relative form of the affine dictionary for modules. If o7 is a quasi-coherent
Oy-algebra, write QCoh(/) for the category of «7-modules which are quasi-coherent as
Oy-modules.

Theorem 5.36 (Quasi-coherent modules under an affine morphism). Let f : X — Y be
affine and set
g = f.0x.

Then direct image induces an equivalence
QCoh(X) ~ QCoh(«&),
where the right-hand side denotes quasi-coherent of -modules on 'Y .

Proof. By theorem 5.35, identify X with Specy 7. Let U = Spec R C Y be affine. Then
fHU)=SpecA, A= ().

The affine dictionary gives an equivalence between quasi-coherent sheaves on f~1(U) and
A-modules. A quasi-coherent .@7-module .# restricts on U to the sheaf associated to the
A-module .7 (U); assigning the associated sheaf on f~!(U) is compatible with restriction
to distinguished subopens, so these local sheaves glue to a quasi-coherent sheaf on X.
Conversely, for . € QCoh(X), the module T'(f~*(U),.#) is naturally an A-module.
The affine dictionary and localization show that these modules form a quasi-coherent .o7-
module on Y, namely f..%#. On every affine U, the two constructions are inverse by theo-
rem 5.13; hence they are inverse globally. O

5.4 Vector Bundles and Locally Free Sheaves

We finish by applying the symmetric algebra construction to finite locally free sheaves. The
result is the scheme-theoretic form of a vector bundle.
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Definition 5.37 (Geometric vector bundle). A geometric vector bundle of rank r over a
scheme Y is a morphism
p:E—Y

together with an open cover Y = J; U; and isomorphisms
p~H(Ui) = Ap,

over U, such that on overlaps the transition automorphisms are linear. Equivalently, after
trivializing on U; N Uj, the transition map is given by a matrix

9ij € GL,(Oy (U; N Uj))
after refining the overlap if necessary.

For any morphism p: F — Y, a section over U C Y is represented by a commutative

triangle
e
—

,%T@

U
and the sections form a sheaf of sets
L(EJY)U) ={s:U— E|pos=idy}.
For a vector bundle, linearity of the transition functions makes this a sheaf of modules.

Proposition 5.38 (Sections of a vector bundle). Ifp: E — Y is a geometric vector bundle
of rank r, then . (E/Y) has a natural structure of a locally free Oy -module of rank .

Proof. The assertion is local on Y. On a trivializing affine open U = Spec A,
E|y =2 A, = Spec A[z1, ..., z,].
A section U — A[; is the same as an A-algebra homomorphism
Alxy, ...,z — A,
which is uniquely determined by the r-tuple of images of the variables. Thus
S(E/Y)U)= A"

Restriction is coordinatewise. On overlaps, the given linear transition maps act on these
r-tuples by the same matrices g;;, so the local free module structures glue. Hence .7 (E/Y)
is locally free of rank r. O

Conversely, a locally free sheaf produces a vector bundle through relative spectrum.
The dual is necessary in order that sections of the geometric bundle recover the original
sheaf rather than its dual.

Definition 5.39 (Total space of a locally free sheaf). Let & be a locally free &y-module
of finite rank. Define
V(&) := Specy Sym(&Y).

The structural morphism V(&) — Y is called the total space of &.
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Proposition 5.40 (The total space is a vector bundle). If & is locally free of rank r, then
V(&) —Y
is a geometric vector bundle of rank r.

~

Proof. On an open set U on which &y & 65", we also have
Vg = o

Therefore
Sym(é’v)\U = ﬁU[le Ce 7T7‘]7

and relative spectrum gives

V(&) = A

If two trivializations of & differ by a matrix g € GL, (0 ), the dual trivializations differ by
the contragredient matrix, and the induced algebra map on symmetric algebras produces
the corresponding linear change of fibre coordinates. Hence the transition maps of the total
space are linear. ]

The symmetric algebra universal property identifies sections of this bundle.

Proposition 5.41 (Recovering the sheaf of sections). For a finite locally free sheaf &, there
is a natural isomorphism

L (V(&)Y)=&.

Proof. Let U C Y be open. By the universal property of relative spectrum, a section
U — V(&)|u = Specy Sym(&Y|v)

is equivalent to an Opy-algebra homomorphism

Sym(&Y|y) — Op.
By the universal property of the symmetric algebra, this is equivalent to an Op-linear map

&'y — ov,
i.e. to a section of &YV over U. By proposition 5.33,
ENV=E.

All identifications are natural in U, so they define an isomorphism of sheaves. ]

To formulate the correspondence functorially, a morphism of vector bundles over Y is
required to be fibrewise linear in local trivializations.

Theorem 5.42 (Vector bundles and locally free sheaves). For every scheme Y, the con-
structions

Er— V(&) and  E+— S(EJY)

give an equivalence between the category of finite locally free Oy -modules and the category
of geometric vector bundles over Y with fibrewise linear morphisms. Rank is preserved. In
rank one this identifies invertible sheaves with line bundles.
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Proof. Starting with a finite locally free sheaf &, proposition 5.41 gives a natural isomor-
phism
S (V(E)Y)=E.

Conversely, let p: E — Y be a vector bundle and put
&:=S(E]Y).

By proposition 5.38, & is finite locally free. On each trivializing open U, both E|y and
V(&)|u are canonically the affine space Af; once the same frame is chosen. On overlaps, the
transition matrices for & are exactly the matrices describing the linear transition maps of
FE; dualization followed by relative spectrum recovers the same change of fibre coordinates.
Hence the local identifications glue to an isomorphism

V(S(E/Y)) = E.
A morphism ¢ : & — % induces
oV TV &Y
and therefore an algebra morphism
Sym(.#Y) — Sym(&Y).
Relative spectrum reverses this arrow and produces a fibrewise linear morphism
V(&) — V(F).

Locally this is the usual matrix map between affine spaces, so the construction is compatible
with composition and identities. The preceding natural isomorphisms show that the two
functors are quasi-inverse. ]

The chapter began with the affine equivalence
A-Mod ~ QCoh(Spec A)

and ends with a geometric realization of finite locally free objects. The next step is to
study the global sections functor on these sheaves. It is left exact but not exact, and its
derived functors will provide the cohomological machinery needed for projective geometry
and divisors.
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Chapter 6

Sheat Cohomology

The global-section functor is left exact but need not be exact. Sheaf cohomology measures
this failure and, in algebraic geometry, records genuinely global information that cannot be
read from a single affine chart. The aim of this chapter is to develop the theory with as little
homological overhead as possible. We use the standard formalism of injective resolutions
and long exact sequences, but all comparison arguments will be carried out by explicit
resolutions, dimension shifting, and Cech complexes; no spectral sequences will be used.

The chapter has two complementary themes. First, we develop enough general sheaf
cohomology to understand vanishing and affineness. Second, we turn cohomology into a
computational tool on separated and projective schemes. The affine dictionary of theo-
rem 5.13, the projective twisting sheaves of definition 5.21, and Serre’s global-generation
theorem theorem 5.27 will all reappear in cohomological form.

6.1 Flasque Sheaves and Derived Cohomology

Definition 6.1 (Flasque sheaf). Let X be a topological space. A sheaf .# of abelian groups
on X is flasque if for every inclusion of open subsets V' C U the restriction map

FU) — F(V)

is surjective. The same terminology is used for sheaves of modules by forgetting the module
structure.

Example 6.2 (Skyscraper sheaves). Let i, : {x} < X and let M be an abelian group.
The skyscraper sheaf i, .M is flasque: every restriction map is either the identity, the zero
map M — 0, or the identity of 0.

Example 6.3 (Discontinuous sections). For a sheaf .% of abelian groups define

CUZ)U) =[] Z-
zelU

Restriction is projection onto the factors indexed by the smaller open subset. Thus C%(%)
is flasque. The germ maps define a canonical monomorphism

F = Co(ﬁ)7 S (S:Jc)xGU-
A section is determined by its germs, so the map is injective. Iterating this construction

after taking cokernels produces the Godement flasque resolution.
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We next record the injective objects needed to define cohomology. No general theory
of Grothendieck categories is required here.

Theorem 6.4 (Enough injectives). Let (X, Ox) be a ringed space. The category Mod(X)
of sheaves of Ox-modules has enough injective objects.

Proof. Let .# be an Ox-module. For each € X, choose an embedding of &'x ,-modules
Gy — I,

with I, injective. Give i, I, the natural &'x-module structure through the homomorphisms
Ox(U) = Ox , whenever x € U. There is a natural adjunction

HOIH[)’X (g, ix’*lx) = Homﬁx’z (gz, Ix).

Indeed a morphism into the skyscraper sheaf is determined by its map on the stalk at x,
and the module structures match through &x ;. Since the stalk functor is exact and I is
injective, the functor on the right is exact in ¢. Hence i, ,[, is injective.

Set

I = H (79 'S
zeX

Products of injective objects are injective here because

Homg, (%, H%*L&) &~ HHomﬁX (G, ig ),

and products of surjective maps of abelian groups are surjective. The chosen stalk em-
beddings correspond by adjunction to morphisms .# — i, .[, and therefore to a single
morphism

P— PR A4
zeX

At a point y, the projection of the stalk map ., — .#, onto the y-component is precisely
the chosen injection .%#, < I,. Hence the map is injective on every stalk and therefore is a
monomorphism of sheaves. O

Definition 6.5 (Sheaf cohomology). Let X be a topological space and let
I'X,—): Ab(X) — Ab
be the global-section functor. Its right derived functors are denoted
HY(X,.7):= RT(X,.%).
For an Ox-module we take the cohomology of its underlying sheaf of abelian groups. Thus
HY(X,7)=T(X,.7).

We will use the standard formal facts about derived functors: an injective resolution
computes H?, a short exact sequence gives a natural long exact sequence, and any resolution
by T'-acyclic sheaves computes the same groups. These are the only general homological-
algebra inputs needed in this chapter.

Proposition 6.6 (Injective sheaves are flasque). Every injective Ox-module is flasque.
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Proof. Let V C U be open. Write jy : U — X and jy : V — X. For an open immersion
j: W = X, let 510w denote extension by zero. Its stalks are Ox, for x € W and 0
otherwise. We use the same notation j.o7 for extension by zero of a sheaf of abelian groups
&/ on W. The inclusion V' C U induces a monomorphism

JviOy = ju)Ou.
For every 0'x-module ¢ there is a natural identification
Homﬁx (jU,!ﬁUa g) = F(U7 g)a

and similarly for V. If .# is injective, applying Homg, (—, .#) to the monomorphism gives
a surjection. Under the preceding identifications this is exactly the restriction map:

Hom(jngﬁU, j) —_— Hom(j\/,!ﬁv, f)

NJ JN

J(U) S (V).

Hence .# is flasque. O

Lemma 6.7 (Sections of a quotient by a flasque subsheaf). Let
0 —F —9 —H—0
be exact and suppose F is flasque. Then for every open U C X the sequence
0—%U) —Y9U)— #U)—0
is exact. If 4 is also flasque, then F is flasque.

Proof. Only surjectivity on the right needs proof. Let s € 7 (U). Consider pairs (V,t)
with V' C U open and t € ¢ (V) lifting s|y, ordered by extension. Every chain has an upper
bound obtained by gluing the compatible sections, so Zorn’s lemma gives a maximal pair
(V,t). If V #£ U, choose x € U \ V. Since &4 — S is surjective as a sheaf map, there is an
open neighbourhood W C U of x and a lift u € ¢(W) of s|yr. On VNW the difference t —u
is the image of some a € .#(V NW). Flasqueness extends a to a € .% (W). Replacing u by
u + a makes it agree with ¢ on VN W, so the two sections glue over V U W, contradicting
maximality. Hence V = U and 4 (U) — S (U) is surjective.

Now suppose ¢ is flasque and let V' C U. Given h € 5 (V), lift it to gy € 4(V) by
the first part, extend gy to gy € 4(U), and take the image of gy in 5 (U). This extends
h, so 7 is flasque. O

Proposition 6.8 (Flasque sheaves are acyclic). If .Z is flasque, then
HY(X,Z)=0  (i>0).
Consequently any flasque resolution computes sheaf cohomology.

Proof. Embed .% in an injective sheaf .# and let 2 = .#/.%. The injective sheaf .# is
flasque by proposition 6.6. Then lemma 6.7 shows that 2 is flasque and

0 —IX,7%) —I'X, ¥ —I(X,2 —0
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is exact. The long exact cohomology sequence for
0—-F =920
therefore gives H'(X,.%#) = 0 and, for ¢ > 0,
H™(X,.7) = HI(X,2).

Repeating the argument with 2 gives the vanishing in all positive degrees. Since flasque
sheaves are I'-acyclic, the standard acyclic-resolution lemma shows that any flasque resolu-
tion computes H*. O

We now prove the first global vanishing theorem. The proof is purely topological and
uses Noetherian induction together with extension by zero. The only general input beyond
the formal derived-functor facts above is that cohomology on a Noetherian space commutes
with filtered colimits of abelian sheaves. We first make the finite devissage step explicit.

Lemma 6.9 (Finite filtration inside the constant sheaf). Let X be a Noetherian topological
space and let

HC Ly

be a subsheaf generated by finitely many local sections. Then there is a finite filtration
0= CHC-- - CHN=H
such that every successive quotient /1 fits into a short exact sequence
0 — jvily — ju Ly — /Iy — 0

for suitable open subsets V C U C X.

Proof. Choose finitely many generators s; € Zy(U;). Every open subset of a Noetherian
space is quasi-compact. Since s; is locally constant, U; has a finite decomposition into open-
and-closed subsets on each of which s; is constant. Replacing one generator by the finitely
many resulting constant pieces, discarding zero pieces, and changing signs if necessary, we
may therefore assume that the generators are positive integers

n; € Z>0

viewed as constant sections over the opens U;.
Enlarge this finite list as follows. For every nonempty subset I of the index set, add
the open
Ur:== U
el
when it is nonempty, together with the constant section

ged(ng |1 € 1)

on Ur. The enlarged list is still finite and generates the same subsheaf. It has the useful
property that, for every x € X, the subgroup 2. C Z is generated by one of the integers
occurring on a neighbourhood of x.

For m > 0, let J#%,, be the subsheaf generated by those listed sections whose integer
is at most m. Only finitely many different subsheaves occur, and for m large we have
Hem = . 1t is therefore enough to understand the quotient

e@m = %gm/jfgmfl.
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Put
U= J b, V= U.

n;<m n;<m—1

The class of the constant section m gives a surjection
jU,!ZU — Qm

We check its kernel on stalks. If = ¢ U, both stalks are zero. If x € U\ V, every listed
generator through = which occurs in J#%,, has value exactly m, so (Zp,)z = mZ = Z and
the stalk map is an isomorphism. If x € V| the ged-closure of the list implies that adding
the sections of value m does not enlarge the subgroup already generated by values at most
m — 1; hence (£p,); = 0, and the kernel stalk is Z. Thus the kernel is exactly jy.1Zy .
Taking the nontrivial successive values of m gives the required finite filtration. O

Lemma 6.10 (Noetherian devissage). Let X be a Noetherian topological space and let
d > 0. Suppose that
HY(X,5Zy) =0 (p>d)

for every open immersion j : U — X. Then
HY(X,%#)=0 (p>d)
for every sheaf of abelian groups % on X.

Proof. Because X is Noetherian, every open subset is quasi-compact. We use two standard
facts about cohomology on Noetherian spaces: cohomology commutes with filtered colimits
of abelian sheaves, and every sheaf is the filtered union of its subsheaves generated by finitely
many local sections. These facts are consequences of quasi-compactness of the open basis
and exactness of filtered colimits. Hence it suffices to treat a sheaf generated by finitely
many local sections.

Induction on the number of generators reduces to a sheaf generated by one section
s € Z(U). Such a sheaf is a quotient of jiZ;;. Let

0 — H — jly — F — 0.

The kernel J# is again a filtered union of subsheaves generated by finitely many local
sections. Since
Ly — Ly,

each such finitely generated subsheaf is covered by lemma 6.9. The assumed vanishing for
the two extension-by-zero sheaves in every short exact sequence of that filtration, together
with the long exact cohomology sequence, gives the same vanishing for each successive
quotient and hence for the finitely generated subsheaf itself. Passing to the filtered colimit
gives

HY(X, 2)=0 (p > d).
The long exact sequence above now gives the desired vanishing for 7. O

Theorem 6.11 (Grothendieck vanishing). Let X be a Noetherian topological space of
dimension d. Then for every sheaf of abelian groups % on X,

HY(X,Z)=0 (p>d).
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Proof. We argue by induction on d and, inside a fixed dimension, by induction on the
number of irreducible components.

Suppose first that X has more than one irreducible component. Choose one component
ZCX,put U=X\Z, and write j : U — X, i : Z — X. For every sheaf .% there is an
exact sequence

0 — jij*F — F — i, i*F — 0.

The sheaf i,i*.% is supported on the single component Z, while jij*.% is supported on
the closed union Z’ of the remaining irreducible components. If k : W < X is a closed
immersion and ¥ is a sheaf on W, then k, is exact, sends flasque sheaves to flasque sheaves,
and satisfies

X, k9)=T(W,9).

Consequently a flasque resolution of ¢ gives natural isomorphisms
HY(X,k.%9)= H{(W,9) (g >0).

A sheaf whose stalks vanish outside a closed subset is canonically the direct image of its
restriction to that subset; hence the same observation applies to both outer terms above.
Thus the induction on the number of components and the long exact sequence reduce us
to the case where X is irreducible.

If d = 0 and X is irreducible, then X has no proper nonempty open subset. Hence
every sheaf has exact global sections and all higher cohomology vanishes.

Assume now d > 0 and X irreducible. By lemma 6.10 it is enough to prove the required
vanishing for jiZy, where U C X is open. If U = @ there is nothing to prove. Otherwise
U is dense. Let i: Z = X \ U — X. Since X is irreducible and Z is proper closed,

dimZzZ <d-1.
There is an exact sequence
0 — jidy — Zx — ixly — 0.

The constant sheaf Zx is flasque because every nonempty open subset of an irreducible
space is connected, so all restriction maps between nonempty opens are identities on Z.
Hence its higher cohomology vanishes. By the induction hypothesis on dimension,

HYZ,Z;) =0 (g >d—1).
The long exact sequence therefore gives
HY(X,jZy) =0 (p>d),

and the devissage lemma finishes the proof. O

6.2 Cohomology on Schemes and Affineness

We now return to schemes. The first basic fact is that quasi-coherent sheaves have no higher
cohomology on affine schemes. We state it here because it is the cohomological counterpart
of the affine dictionary; a second proof by Cech complexes will appear in section 6.3.
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Lemma 6.12 (Sections over a quasi-compact open). Let A be Noetherian, let M be an
A-module, and let
U=D(J)=SpecA\V(J)

for an ideal J C A. Then there is a natural isomorphism

(U, M) = lim Hom a(J", M),

where the transition map is restriction along J"t1 C J".

Proof. Because A is Noetherian, the expression on the right depends only on the open set
D(J). Indeed, if Vv J = v/ J', then some powers of J and J' are contained in one another,
so the two directed systems have cofinal subsystems and hence the same colimit.

As U = D(J) varies, put

Dy(M) = ligHomA(J“,M).

If D(J") C D(J), after replacing both ideals by their radicals we have J' C .J; restriction
of homomorphisms therefore gives

Dy(M) — D y/(M).

These maps make U — D j(M) into a sheaf on the Noetherian space Spec A. Here is the
finite-cover check. Every open cover has a finite refinement by opens D(.J;). After replacing
all representatives by sufficiently high powers, compatible homomorphisms on the J;"* agree
on powers of the products J;J;. Since

D) =D() <= VIi=Vihi+-+T,

a sufficiently high power of J is contained in a sufficiently high power of J; + --- + J,.
Expanding that power and using the compatibility on pairwise products gives a unique
homomorphism JY — M representing the glued section. The same clearing-of-powers
argument proves uniqueness.

It remains to identify this sheaf. On a principal open D(f) we have

~

Dp)(M) = lim Hom s ((f"), M) = M;.

Explicitly, a homomorphism ¢ : (f™) — M is sent to
p(f")

fr
and the usual equality criterion in a localization shows that this is well defined and bijective
after passage to the colimit. Since principal opens form a basis and M (D(f)) = My, the
two sheaves are canonically isomorphic. Taking sections on U gives the formula. O

Lemma 6.13 (Injectives on an affine scheme). Let A be a Noetherian ring and let I be an
injective A-module. Then the associated quasi-coherent sheaf I on X = Spec A is flasque.

Proof. Let V C U be open. Since X is Noetherian, both opens are quasi-compact, so we
may write
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with J, K radical ideals. The inclusion V' C U is equivalent to K C J. By lemma 6.12, the
restriction map is

lim Homy (J", 1) — lim Hom 4 (K™, I).
% =
For every n the inclusion K™ C J" and injectivity of I give a surjection
Homa(J",I) - Homa (K", I).

Thus every representative of a section over V lifts at the same stage to a representative
over U. The restriction map is surjective, so [ is flasque. ]

Theorem 6.14 (Affine acyclicity). Let A be a Noetherian ring, let X = Spec A, and let
Z be a quasi-coherent Ox-module. Then

HY(X,Z)=0  (i>0).

Proof. By the affine dictionary theorem 5.13, write .# = M with M = I'(X,.%). Choose
an injective resolution of A-modules

0—M-—1°——T1'— ...
The tilde functor is exact by proposition 5.10, so we obtain an exact sequence of sheaves
0—M—10 —J1—5 ...

By lemma 6.13, every T4 is flasque. This is therefore a flasque resolution of .#. Taking
global sections gives back the original complex because

I(X,19) 2],
Its positive cohomology vanishes, so proposition 6.8 gives the result. ]

The converse phenomenon is striking: on a Noetherian scheme, vanishing of the appro-
priate first cohomology groups forces affineness.

Theorem 6.15 (Serre’s affineness criterion). Let X be a Noetherian scheme. The following
are equivalent:

(i) X is affine;
(ii) H'(X,.F) =0 for every quasi-coherent # and every i > 0;
(iii) HY(X,#) = 0 for every coherent sheaf of ideals .¥ C Ox.
Proof. The implication (i)=-(ii) is theorem 6.14, and (ii)=-(iii) is immediate. Assume (iii).
Let x € X be a closed point and choose an affine open neighbourhood U = Spec A of x.
Put Z =X\ U and Z' = Z U {z}. Since X is Noetherian, the reduced closed subschemes

Z and Z' are cut out by coherent quasi-coherent ideal sheaves .# and .’ with .’ C .#.
On U, the quotient .#/.#" is the skyscraper sheaf associated to A/m,. Hence

I(X,7/7) = A/m,.

The exact sequence
09— — 9/ —0
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and H'(X,.#") = 0 show that the restriction map I'(X, .#) — A/m, is surjective. Choose
f eT(X,#) mapping to 1. Then f vanishes on Z but is a unit at x, so

re Xy CU.

Inside the affine scheme U, the open X is the principal open D(f|y) and is therefore affine.
Let W be the union of all affine opens of the form X; with f € I'(X,0x). The
preceding argument shows that every closed point lies in W. If X \ W were nonempty, then
as a nonempty closed subset of the Noetherian space X it would contain a closed point,
a contradiction. Hence W = X. Quasi-compactness gives finitely many global functions
fi,..., fr such that
X=XpU---UXy, Xy, affine.

7

Consider the surjection of sheaves
OH%H@S‘?@CIQ}%X%O
It is surjective stalkwise because the Xy, cover X. Define
A=A 00F  (0<j<r),
where the first j summands are used. Then
0= CHC---CH =X,

Projection to the j-th coordinate induces an injection ¢}/ #;_1 — Ox; its image is there-
fore a quasi-coherent ideal sheaf. Since X is Noetherian and 7 is coherent, this quotient
ideal is coherent. By hypothesis its H' vanishes. Induction on j using the long exact se-
quences gives H'(X,.#) = 0. Taking global sections in the preceding short exact sequence
therefore yields a surjection

(X, 0x)% - I'(X, 0x),
so there exist a; € I'(X, Ox) with

.
> aifi=1.
i1

The affineness criterion theorem 2.31 now applies to the affine opens Xy, and gives that X
is affine. O

Remark 6.16. For the implication (iii)=-(i), it is enough to assume that X is quasi-compact
and that H'(X,.#) = 0 for every quasi-coherent ideal sheaf. The Noetherian hypothesis
is convenient here because every quasi-coherent ideal is locally of finite type and all closed
subsets carry coherent defining ideals.

6.3 Cech Cohomology and Comparison

Let X be a topological space, let ${ = {U; };er be an open covering, and write

Uiomz'p = Uio N---N Uip-

Fix a well-ordering on I.
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Definition 6.17 (Cech complex). For a sheaf of abelian groups .#, define

CPULZ) = [ FUips,)-

ig<<ip
The differential is
p+1
L — _1\J —~
<da)20"'lp+1 - ZO( 1) aiO"-ij---ip+1 UiO"‘iprl.
]:

Then d? = 0. The cohomology of this complex is denoted
HP (Y, 7).
Proposition 6.18. For every sheaf .7,
HO(81, %) = T(X, 7).
Proof. A 0-cocycle is a family s; € #(U;) satisfying
silv;nu; = sjluinu; -
The sheaf gluing axiom identifies such compatible families with unique global sections. [J

For comparison with derived cohomology it is useful to sheafify the entire construction.
Put

Cg/p(i'u ‘gz) = H ji(]"'ip,*(y’Uio...ip%

G0 < <ip

where Jiy...i,, : Uig.ip, = X.

Lemma 6.19 (Augmented Cech resolution). The augmented complex of sheaves
0— F — COWU,.F) — C (WU, F) — -

s exact.

Proof. Exactness may be checked on stalks. Fix x € X and choose ¢ € I with x € U;. On
the stalk complex define a homotopy by inserting the fixed index i. If « is a germ of a
p-cochain, set schematically

(ha)igip_y = TQiig,...ip_1

with the sign determined by reordering the indices. After shrinking to a neighbourhood of
x contained in U;, every term is defined. A direct alternating-sum computation gives

dh + hd =1id.
Thus the stalk complex is contractible, hence exact. O
Proposition 6.20 (Flasque sheaves and Cech cohomology). If .Z is flasque, then
HP(U,.Z)=0  (p>0).

Proof. Each restriction % ‘Uiomip is flasque, its direct image under an open immersion is
flasque, and products of flasque sheaves are flasque. Thus lemma 6.19 is a flasque resolution.
Its global-section complex is exactly C'® (U, 7). Since .Z itself is flasque and therefore acyclic
by proposition 6.8, the positive cohomology of that complex is zero. O
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Proposition 6.21 (The comparison map). For every open cover i and every sheaf F

there are natural maps 5
HP(, . 7) — HP(X,.7).

Proof. Choose an injective resolution .# — .#°. The augmented Cech resolution and
the injective resolution both resolve .#. The comparison theorem for resolutions gives a
morphism of resolutions, unique up to homotopy. Taking global sections and cohomology
gives the required map. Naturality follows from the same comparison construction. O

We now specialize to quasi-coherent sheaves on separated schemes. The next lemma
is the technical bridge that allows dimension shifting to remain inside the quasi-coherent
category.

Lemma 6.22 (Flasque quasi-coherent enlargement). Let X be a Noetherian separated
scheme and let F be quasi-coherent. Then there exists a monomorphism

F 9

with 4 both flasque and quasi-coherent.

Proof. Choose a finite affine cover X = J;_; U; and write
U; = Spec Ay,  Fly, = M.

Embed M; into an injective A;-module ;. By lemma 6.13, I; is flasque and quasi-coherent
on Uj;.

Let j; : U; — X. The direct image jmfi is flasque. It is also quasi-coherent: for an affine
open V C X, separatedness gives that V N U; is affine, and localization on distinguished
opens shows that N N

F(V,ji’*fi) = F(V NnU;, IZ')

has the affine localization property of theorem 5.13. Thus

r
9 = @]z,*j;
=1

is quasi-coherent; the sum is finite, hence it is also flasque. _
The local injections .# |y, < I; correspond by adjunction to maps .# — jj; «I;. Together
they give
7 @ini=9.
i

At every point x, choose i with x € U;; projection to the i-th summand gives the chosen
injection on the stalk at x. Hence the global map is a monomorphism. ]

Theorem 6.23 (Cech equals sheaf cohomology on separated schemes). Let X be a Noethe-
rian separated scheme, let
U=A{ty,...,U,}

be a finite affine open cover, and let F be quasi-coherent. Then for every p > 0 the natural
comparison map is an isomorphism:

N

HP (U4, F) = HP (X, 7).
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Proof. Because X is separated, every finite intersection Uj,..;, is affine. By theorem 6.14,
quasi-coherent sheaves have no higher cohomology on these intersections.

Embed . in a flasque quasi-coherent sheaf ¢ using lemma 6.22, and put #Z = ¢/.%. By
corollary 5.17, Z is quasi-coherent. On every finite affine intersection the section functor is
exact for this short exact sequence because the first higher cohomology of .% there vanishes.
Consequently we obtain a short exact sequence of Cech complexes

0= C*(4,.7) = C* (W, 9) — C* (U, B) —

Thus there is a long exact sequence in Cech cohomology. The same short exact sequence
gives a long exact sequence in sheaf cohomology. Since ¥ is flasque, both its positive
Cech cohomology and its positive sheaf cohomology vanish. The comparison maps form a
commutative ladder:

v dx  ~ v
HP Y8, 2) -5 HP (U, F) — HP(S,9)

(U, 7
HP (X, %) % HY (X, F) — HP(X,9).
For p > 1 the horizontal connecting maps on the left are isomorphisms. The case p = 0

is proposition 6.18. For p = 1, the two long exact sequences begin with compatible exact
TOWS

H*(Y) — H(%#) — HY(F) — 0

and
HO(4,9) — H(U, Z) — H' (U, F) — 0.

The first two vertical comparison maps are isomorphisms by degree zero, so their cokernels
are isomorphic. This proves the case p = 1. Induction on p, applied to %, then proves the
result in every degree. O

Corollary 6.24 (Affine morphisms and cohomology). Let f : X — Y be an affine mor-
phism of Noetherian separated schemes and let F be quasi-coherent on X. Then

Hp(X,f) = Hp(yhf*g)
for every p > 0.

Proof. Choose a finite affine cover U = {V;} of Y. Since f is affine, f~1(V;) and all their
finite intersections are affine. The two Cech complexes are termwise identical:

Cv’.(film’ ﬁ) = é.(m’ f*ﬁ)
Apply theorem 6.23 to both sides. O

We now remove the separatedness and affine-cover hypotheses in degree one by refining
the cover.

Definition 6.25 (Refinement and global Cech cohomology). A cover ¥ = {V;}jcs is
a refinement of 4 = {U;}ies if for every j one chooses an index c(j) with V; C Ug;.
Restriction gives a morphism of Cech complexes and hence maps

N

HP (U, .F) — HP(0,.7).
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Different choices of ¢ induce the same map on cohomology. To see this explicitly, extend
ordered cochains alternately to arbitrary tuples of indices. If ¢ and ¢’ are two choices, the
standard prism operator
p—1
(h)jo-py = D (1) Q)i o) G0 s,
v=0 p=1

satisfies ¢’* — ¢* = dh + hd. Thus the two refinement maps are chain homotopic and induce
the same map on cohomology. Define

HP(X,.F) = lim HP (31, .7),
o

where the colimit runs over all open covers ordered by refinement.

Theorem 6.26 (Degree-one comparison for arbitrary spaces). For every topological space
X and every sheaf of abelian groups %, the canonical map

o\(x,7) > H(X, Z)
is an isomorphism.

Proof. Embed .# into an injective sheaf .# and put 2 = .#/.%. Since .# is injective,
HY(X,7) = coker(T'(X, #) — T'(X, 2)).

We first describe the comparison map for a fixed cover 4 = {U;}. A Cech cocycle ¢ = (c;;)
with values in % is also a cocycle in the flasque sheaf .#. By proposition 6.20, there exist
ti € 7 (U;) such that

Cij =t — t;.

The images t; € 2(U;) agree on overlaps and therefore glue to g € T'(X, 2). The class of g
modulo I'(X, .#) depends only on the class of ¢ and is exactly the comparison map

HY(U, Z) — HY(X,.7).
If this class is zero, choose t € I'(X, .#) lifting ¢. Then t; — |y, is a section of . (U;) and
cij = (t; —t) — (ti — 1),

S0 ¢ is a coboundary. Thus the map for every fixed cover is injective.

For surjectivity after taking the colimit, let a class in H'(X,.#) be represented by
g € T'(X,2). Since .# — 2 is surjective as a sheaf map, there is an open cover { = {U;}
and local lifts t; € #(U;) of q|y,. Their differences

Cij 1= tj —1; € y(UZ N Uj)

form a Cech 1-cocycle, and the preceding construction sends its class to the chosen element
of HY(X,.%). Hence every cohomology class comes from some cover. Passing to the colimit
gives the desired isomorphism. O

Remark 6.27. Degree one is special. For a fixed cover, or even after taking the direct
limit over ordinary open covers, higher Cech cohomology need not agree with derived sheaf
cohomology on an arbitrary space. The acyclic-cover theorem theorem 6.23 is therefore a
genuine geometric input, not merely a convenient choice of notation.
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6.4 Projective Cohomology and Examples

The standard affine cover of projective space is one of the main reasons Cech cohomology
is so effective in algebraic geometry. We begin with a concrete curve calculation and then
isolate the general computation it uses.

Example 6.28 (A plane curve). Let k be an algebraically closed field and let
C =V, (F)CP;

be an integral plane curve of degree d > 1. Put S = k[xo,z1,22] and let U; = D4 (z;)
be the standard affine cover. Every finite intersection of the U; is affine, so theorem 6.23
identifies the Cech groups of this cover with sheaf cohomology.

Before using the defining equation of C', compute the few twists that will occur. The
Cech complex of Op2(n) is

H(S:vz)n - H(Sxixj)n — (Swoz122)0-

) 1<J

Decompose it by the Z3-weight of a Laurent monomial z°x$'z5?. If all e; > 0, its weight
complex contributes only in degree 0; if all e; < 0, it occurs only in the last term and
contributes in degree 2; in every mixed-sign case, inserting an index with nonnegative
exponent gives a contracting homotopy. Consequently

HY(P?,0(n)) =0 for all n,

HY P2, 0)=k,  H(P; 0(—d) =0,  H* (P} 0)=0,
and H?(P?, 0(—d)) has the Laurent-monomial basis

—ag

x —al,.,—a2

P P ag, a1, a2 > 1, ap+ a1 +as =d.
Multiplication by the defining equation gives an exact sequence
0 — Op2(—d) ™ Op — O — 0.
The associated long exact sequence and the preceding calculation give
H°(C,0c) =k,  HYC,0c)= H*(P? 0(-d)).

The number of triples of positive integers with sum d is

d—1
, )
d—1)(d—2)

ro(C, 0c) =1, Y (C,0c) = (2

No regularity assumption was used; the number on the right will reappear in definition 6.39
as the arithmetic genus of the plane curve.

Thus

The same weight decomposition works in every dimension and over an arbitrary Noethe-
rian base ring.

110



Algebraic Geometry Chapter 6. Sheaf Cohomology

Theorem 6.29 (Cohomology of twisting sheaves on projective space). Let R be a Noethe-
rian ring, put S = R[xo,...,z,], and let r > 0. For every n € Z,

S, q=0, n>0,

H(Pg, 0(n))

[
VRS
S
(=]
—_
3
§
=
3
S|
\.)—‘
8
3
L

]) 3 q:T,TLS—T—l,
n
0, otherwise.

Here the subscript denotes total degree for the grading deg(xi_l) =—1.

Proof. Let U; = D4(x;). Every finite intersection is affine, so theorem 6.23 computes
cohomology from the ordered Cech complex

P om) = @ (Seg-a,)

. . n
10<-<tp

Give every term the finer Z""!-grading in which x{° - - - ¢ has weight e = (eq, ..., e,). The
differential preserves weight, so the complex is the direct sum of its weight subcomplexes.
Fix e with >~ e; = n and put

N(e)={i|e; <0}.

The monomial of weight e occurs in the summand indexed by J = {ig, ..., %,} exactly when
N(e) C J.

If N(e) = @, the weight subcomplex is the ordinary cochain complex of the full r-
simplex; it contributes one copy of R in degree 0 and nothing in higher degrees. These
weights are precisely the degree-n ordinary monomials, giving S,,.

If N(e) ={0,...,r}, the weight occurs only in the top term C". It contributes one copy
of R to H" and is represented by a Laurent monomial in which every exponent is negative.
Summing these weights gives

Finally suppose N (e) is nonempty and proper. Choose j ¢ N(e). Inserting or deleting
the vertex j, with the usual alternating sign, defines a contracting homotopy on the weight
subcomplex. Hence it has no cohomology. Summing over all weights proves the formula. [

Corollary 6.30 (Field case). Let k be a field. Then
Hi(PL, 0(n)) =0 (0<g<r),
and for n < —r — 1 the standard monomial bases determine a perfect pairing
H" (P, 0(n)) x H'(P,, O0(—n —r — 1)) — k,

hence
H' (B}, O0(n)) = HO(B}, O(—n —r —1))".
Proof. The vanishing is immediate from theorem 6.29. Pair

—ar—1
T

—ap—1 |

xo T

with z3® - - - 2%, The degree condition is Y a; = —n—r—1, and the two displayed monomial
bases are dual. O
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The next theorem is the cohomological form of Serre’s projective theory. Its proof
uses only the quotient by sums of twists obtained in corollary 5.28, the preceding explicit
computation, and long exact sequences.

Theorem 6.31 (Serre finiteness and vanishing). Let A be a Noetherian ring, let X be
projective over Spec A, choose a very ample sheaf Ox (1), and let F be coherent. Then:

(a) each HP(X,.F) is a finitely generated A-module;

(b) for every p > 0 there exists ng such that

HP(X,%(n))=0 (n > nyp).

Proof. Choose a closed immersion i : X — P" inducing the given 0x(1). The pushforward
i+.Z is coherent (affinely this is restriction of scalars along a quotient of Noetherian rings),
and
HP(X, ) = HP (P, i.7),
because 7 is affine and corollary 6.24 applies. Thus we may replace X by P;.
By corollary 5.28, there is an exact sequence

00— % — & — F — 0,

where & is a finite direct sum of twists &'(a;) and # is coherent. By theorem 6.29, the
cohomology of every &(n) is finitely generated over A, and for p > 0 it vanishes when
n > 0.

For finite generation, argue by descending induction on p. Grothendieck vanishing gives
HP(P"y, —) = 0 for p > r, so the induction starts above r. The long exact sequence contains

HP(&) — HP(F) — HPTY(R).

The outer modules are finitely generated by the explicit computation and the induction
hypothesis. The kernel of HP(F) — HPTY(Z) is a quotient of the finite module H?(&),
while its image is a submodule of the finite module HP*1(%). Since A is Noetherian, both
are finite, and therefore HP(.%) is finite.

For vanishing, again descend on p > 0. Twist the exact sequence by &'(n):

The relevant part of the long exact sequence is
HP(&(n)) — HP(F(n)) — HPTYZ(n)).
For n > 0, the left group vanishes by theorem 6.29, while the right group vanishes by

the descending induction hypothesis. Therefore the middle group vanishes. There are only
finitely many degrees 1 < p < r, so a single ng may be chosen for all positive p if desired. [

6.5 Euler Characteristics and Arithmetic Genus

From now on let k£ be a field and let X be projective over k unless otherwise stated. By
theorems 6.11 and 6.31, the cohomology of a coherent sheaf is finite-dimensional and zero
in sufficiently high degree.
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Definition 6.32 (Euler characteristic). For a coherent sheaf .# on X, define
X(X,.7):= Z(—l)idimk HY(X,ZF).
i>0
When X is fixed we write simply x(.%).

Proposition 6.33 (Additivity of Euler characteristic). For every short exact sequence of
coherent sheaves
0—9 —7—F"—0

one has
X(F) = x(F') + x(F").

Proof. The associated long exact sequence consists of finite-dimensional vector spaces and is
zero in sufficiently high degree. For every finite exact sequence of finite-dimensional vector
spaces, the alternating sum of the dimensions is zero. Applying this to the cohomology
sequence gives the formula. O

Definition 6.34 (Numerical polynomial). A polynomial P(t) € Q[t] is numerical if P(n) €
Z for every n € Z.

Lemma 6.35 (Discrete antiderivatives). If Q(t) is a numerical polynomial, then there
exists a numerical polynomial P(t) with

P(n)—P(n—1)=Q(n) (neZ).

Proof. The polynomials

m] m)!

(t) Ctt—1)(t—m+1)

form a Z-basis of the ring of numerical polynomials. Since

()=o) = )

each basis element admits a numerical discrete antiderivative, and the same is true for every
numerical polynomial. O

We will need one elementary base-change observation in order to avoid placing any
restriction on the cardinality of k.

Lemma 6.36 (Extension of the ground field). Let K/k be a field extension, let X be a
projective k-scheme, and let % be coherent. Then

H' (X, Fx) = H'(X, F) @ K
for every 1.

Proof. Choose a finite affine open cover 4 of X coming from standard affine opens in
a projective embedding. All finite intersections are affine. Its pullback Uz is an affine-
intersection cover of X . By theorem 6.23, both cohomologies are computed by their Cech
complexes. On every finite affine intersection, base change of the associated module gives

I'(Uk, Zx) 2 T(U, F) @ K.

Hence
C*(Upe, Fi) ——— C*(,.7) &1 K.

Because K is flat over k, taking cohomology commutes with tensoring by K. O
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Theorem 6.37 (Polynomiality of the Euler characteristic). Let X be a projective k-scheme,
let Ox (1) be very ample, and let F be coherent. There exists a numerical polynomial

Pz(t) € Q[t]

such that
X(Z(n)) = Pz(n) for every n € Z.

Moreover
deg Pz < dim Supp(%#).

Proof. By lemma 6.36, replacing k& by the infinite extension k(¢) does not change any of
the dimensions entering x (% (n)); the dimension of the support is also unchanged under a
field extension. We may therefore assume & infinite.

We argue by induction on m = dim Supp(.%#). If % = 0 there is nothing to prove.
Suppose m = 0. Replace the set-theoretic support by the finite scheme-theoretic support
i 1 Z — X defined by the annihilator of .#. Then Z is a zero-dimensional projective
scheme, hence a finite affine Artinian scheme, and .% = .94 for a coherent &z-module
¢ . Every invertible sheaf on an Artinian scheme is trivial: after decomposing into finitely
many Artinian local factors, a rank-one projective module is free on each factor. Hence
Ox(1)|z = Oz and .Z(n) = % noncanonically for all n. Grothendieck vanishing gives no
higher cohomology on Z, and therefore x(.% (n)) is constant. This is a numerical polynomial
of degree 0.

Assume m > 0. Choose a projective embedding X — P} realizing Ox(1). Since k is
infinite, there is a hyperplane H = V (s) containing no irreducible component of Supp(.%)
of dimension m. Multiplication by s gives

F(-1) 5 7.
Let # and £ be its kernel and cokernel:

0 —%— F(-1) 5 F — 2 —0.
Outside H, the section s is invertible, so the middle map is an isomorphism. Hence
Supp(Z), Supp(2) € H N Supp(F).
Because H contains no maximal-dimensional component of Supp(.%),
dim Supp(#), dim Supp(Z2) < m.
Twisting the exact sequence by Ox(n) and using additivity of the Euler characteristic gives
X(F(n)) = x(F(n—1)) = x(2(n)) — x(Z(n)).

By induction, the right-hand side is a numerical polynomial Q(n) of degree at most m — 1.
By lemma 6.35, there is a numerical polynomial P(t) of degree at most m with

P(n) — P(n—1) =Q(n).

Therefore the difference
D(n) := x(F(n)) — P(n)

is independent of n. Adding this constant to P gives a numerical polynomial equal to
X(Z(n)) for all integers n. The degree bound follows simultaneously from the induction.
O
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Remark 6.38. For n > 0, Serre vanishing gives
P3(n) = x(:F (n)) = dimy (X, #(n)),
so the polynomial above is the usual Hilbert polynomial of .% with respect to Ox(1).

Definition 6.39 (Arithmetic genus). Let X be a projective scheme of pure dimension r
over an algebraically closed field k. Its arithmetic genus is

Pa(X) = (=1)"(x(X, Ox) = 1).
For a projective curve this becomes
pa(X) =1—x(0%).
The preceding plane-curve calculation gives immediately

(d—1)(d—-2)
2

for every integral plane curve of degree d, including singular ones.
The final result explains the precise birational invariance that can already be proved
with the machinery developed so far.

pa(c) =

Theorem 6.40 (Birational invariance for regular projective curves). Let X andY be regu-
lar projective integral curves over an algebraically closed field k. If X and Y are birational
over k, then they are isomorphic over k. In particular,

Pa(X) = pa(Y).
Proof. Choose a birational map over k
p: X --»Y.
By proposition 3.22, it identifies the function fields
K(Y) = K(X).

We use this isomorphism to regard the two function fields as the same field. Since every
nonempty open subset of the integral scheme X contains its generic point, ¢ is defined
there. Every non-generic point of X is closed by proposition 4.25. Let x € X be such a
closed point. Since X is regular and one-dimensional, the same proposition implies that
Ox 5 is a discrete valuation ring with fraction field K (X). The rational map gives the top
arrow in the diagram

SpecK(X) ———— Y

J l

Spec Ox , — Speck.

The structure morphism Y — Speck is proper by corollary 3.63. The valuative criterion
theorem 3.45 therefore gives a unique dotted lift

Spec K(X) — Y

-
///
-
-
-
///

Spec Ox , — Speck.
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The lift gives a morphism Spec Ox, — Y. Choose an affine neighbourhood W = Spec B
of the image of the closed point. Since every open neighbourhood of the closed point of
the local scheme Spec Ox ; is the whole local scheme, the lift factors through W. The ring
B is a finitely generated k-algebra, so the finitely many images of a set of generators are
represented by regular functions on some open neighbourhood V, C X of x; after shrinking
Vz, the defining relations hold there as well. Thus the lift comes from an honest morphism
V., - WCY.

Doing this for every closed point extends ¢ to an open neighbourhood of each point of
X. The local extensions agree with the original rational map on a dense open subset, and
because X is reduced and Y is separated, proposition 3.36 forces them to agree on overlaps.
Hence they glue to a morphism

f: X —Y

extending the original rational map.

Applying the same argument to the inverse birational map produces g : Y — X. The
composites go f and f o g restrict to the identity on the common dense generic open. Since
the targets are separated and the source curves are reduced, proposition 3.36 implies that
the composites are the identity everywhere. Therefore f is an isomorphism. Cohomology
and Euler characteristic are invariant under isomorphism, so p,(X) = pa(Y). O

Remark 6.41 (Why regularity matters). Arithmetic genus is not a birational invariant for
arbitrary singular projective curves. For instance a singular plane cubic has arithmetic
genus 1, while its normalization is P! and has arithmetic genus 0. The theorem above is
therefore deliberately stated for regular projective curves. Higher-dimensional birational
invariance of x(0x) under suitable nonsingularity hypotheses belongs naturally to a later
birational-geometric development.

Sheaf cohomology now provides both a structural criterion for affineness and a prac-
tical method for projective calculations. In later chapters it will interact with divisors,
differentials, and duality; already the examples above show how local algebra, projective
embeddings, and global topology are tied together by the groups H*(X,.7).
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Chapter 7

Divisors and Linear Systems

Chapter 4 attached a discrete valuation to every codimension-one point of a normal Noethe-
rian integral scheme, and Chapter 6 showed that first cohomology can be recovered from
transition data on open covers. Divisor theory brings these two themes together. A Weil
divisor records orders of zero and pole along codimension-one subvarieties. A Cartier di-
visor records the same phenomenon locally by rational equations, and its failure to admit
one global rational equation is measured by the same cohomology group that classifies in-
vertible sheaves. Finally, sections of invertible sheaves turn divisor classes into maps to
projective space.

Throughout the first and third sections, schemes are assumed integral and Noetherian
whenever Weil divisors are discussed. Normality will be imposed whenever the codimension-
one intersection theorem is used. For an integral scheme X, its function field is denoted by
K(X), as in proposition 2.51. We write

XW = {z € X | codimy {z} = 1}.

By corollary 4.22, if X is normal and Noetherian then every z € X(1) determines a normal-

ized valuation
vy K(X) — Z.

This is the local input from which the chapter begins.

7.1 Weil Divisors and the Divisor Class Group

Definition 7.1 (Prime and Weil divisors). Let X be an integral Noetherian scheme. A
prime divisor is an integral closed subscheme Y C X of codimension one, always taken
with its reduced structure. Equivalently, it is the closure of a point 7y € X @,

The group of Weil divisors is the free abelian group

Div(X) := b ZY.

Y CX prime divisor

Thus a Weil divisor is a finite sum

D=> nyY, ny € Z.
Y

It is effective, written D > 0, if ny > 0 for every Y, and its support is

Supp(D) := |J Y.
ny;éO
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The valuation vy := v, makes it possible to assign a divisor to a rational function. We
first verify that the resulting sum is finite.

Lemma 7.2 (Finiteness of orders). Let X be an integral Noetherian scheme satisfying (R1),
and let f € K(X)*. Then

vy (f) #0

for only finitely many prime divisors Y C X.

Proof. Choose a finite affine cover
X=UU---uUlU,, U; = Spec A;.

Since every nonempty affine open of an integral scheme has fraction field K(X), on U; we
may write

f:%, (Li,biEAi\{O}.

Let Y be a prime divisor whose generic point lies in U;, and let p C A; be the corresponding
height-one prime. If vy (f) > 0, then a; € p; if vy (f) < 0, then b; € p. Hence it suffices to
prove that a fixed nonzero element a € A; belongs to only finitely many height-one primes.
If p is height one and contains a, then p is minimal over the principal ideal (a). Indeed,
a prime
(@) SaCp

would satisfy 0 < ht(q) < 1, impossible because A; is a domain and a # 0. A Noetherian
ring has only finitely many minimal primes over any ideal. Thus only finitely many height-
one primes contain a;, and similarly only finitely many contain b;. Summing over the finite
affine cover proves the assertion. ]

Definition 7.3 (Principal divisor and class group). Under the hypotheses of lemma 7.2,
the principal Weil divisor of f € K(X)* is

div(f) == Y vy (/)Y
Y

The subgroup of principal divisors is denoted Prin(X). Two divisors are linearly equivalent,
written D ~ D', if D — D' is principal. The Weil divisor class group is

Cl(X) := Div(X)/ Prin(X).

The next commutative-algebra lemma is the bridge between divisor classes and unique
factorization.

Lemma 7.4 (Height-one criterion for unique factorization). Let A be a Noetherian domain.
Then A is a unique factorization domain if and only if every height-one prime ideal of A
s principal.

Proof. Suppose first that A is a UFD, and let p be a height-one prime. Choose 0 # a € p
and factor

a=uqi- qgm
with u € A* and ¢; irreducible. Since p is prime, one ¢; belongs to p. In a UFD every

irreducible element is prime, so (¢;) is a nonzero prime contained in p. Both have height
one, hence

p=(q)

118



Algebraic Geometry Chapter 7. Divisors and Linear Systems

Conversely, assume every height-one prime is principal. Since A is Noetherian, every
nonzero nonunit factors into irreducibles. It remains to show that every irreducible element
q is prime. Let p be a prime minimal over (g). Krull’s principal ideal theorem gives

ht(p) < 1.

Because A is a domain and ¢ # 0, the prime p is nonzero, hence has height one. By
assumption p = (r). Since ¢ = rs for some s € A and q is irreducible, one of r, s is a unit.
The generator r cannot be a unit because p is proper, so s is a unit and

(q) = (r) =»p.
Thus (g) is prime. Hence irreducibles are prime and A is a UFD. O

We will repeatedly use the fact that a normal Noetherian domain is determined inside
its fraction field by its codimension-one localizations. This is the algebraic form of the
principle that regularity of a rational function can be tested along prime divisors.

Lemma 7.5 (Codimension-one intersection theorem). Let A be a normal Noetherian do-
main with fraction field K. Then

ht(p)=1
inside K.

Proof. The inclusion from left to right is clear. For the reverse inclusion, let x = a/b € K
with a,b € A, b# 0, and suppose x € A, for every height-one prime p.

Set M = A/bA. Since A is normal, Serre’s criterion theorem 4.21 says that A satisfies
(S2). Because b is a non-zero-divisor, M satisfies (S1): if p O (b) has height at least two,
then

depth A, > 2,

and quotienting by the regular element b gives
depth(A,/bAp) > 1.

Recall that Ass(M) denotes the set of prime ideals which occur as annihilators of elements
of the Noetherian module M. We use the standard Noetherian-module consequence of (Sy)
that A/bA has no embedded associated primes; its associated primes are therefore precisely
the primes minimal over (b). By Krull’s principal ideal theorem all of these have height
one.

Let @ be the class of a in M. For every p € Ass(M ), the assumption a/b € A, gives an
element s ¢ p such that

sa € bA,

so @, = 0 in M. If @ # 0, then the nonzero cyclic submodule Aa C M has an associated
prime q, and
q € Ass(Aa) C Ass(M).

But localization at an associated prime of a nonzero cyclic module cannot kill its generator,
contradicting @q = 0. Hence @ = 0, so a € bA and = € A. O

Remark 7.6. The only commutative-algebra input in the preceding proof beyond material
already used in Chapter 4 is the elementary associated-prime fact for a Noetherian mod-
ule. One may equivalently take lemma 7.5 as the standard Krull-domain consequence of
normality and Noetherianity.
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Theorem 7.7 (Class group and unique factorization). Let A be a Noetherian domain and
put X = Spec A. Then

Aisa UFD <= A is normal and Cl(X) = 0.
Equivalently, for a normal Noetherian domain,
Cl(SpecA) =0 <<= Aisa UFD.

Proof. If A is a UFD, then it is integrally closed and hence normal. Let Y = V(p) be a
prime divisor. By lemma 7.4,

p=(0)
for some irreducible f € A. In the DVR A, the maximal ideal is generated by f, so
vp(f) = 1. If q # p is another height-one prime, then f ¢ q and hence f is a unit in Ag, so
vq(f) = 0. Therefore
div(f) =Y.
Every prime divisor is principal, hence C1(X) = 0.
Conversely, suppose A is normal and CI(X) = 0. Let p be a height-one prime and
Y = V(p). Since [Y] = 0, there exists f € K* with

div(f) =Y.

Thus
u(f) =1, v(f)=0 (qa#p, htgq=1).

In particular f € Aq for every height-one prime g, so lemma 7.5 gives f € A. Since
vp(f) > 0, we have f € p.
Now let g € p. Then

vp(g/f) >0,

and for every other height-one prime g,

vg(g/f) = vq(g) = 0.

Thus g/f € Aq for every height-one g, and the intersection theorem again gives g/f € A.
Therefore p = (f). Every height-one prime is principal, so A is a UFD by lemma 7.4. [

Projective space gives the basic non-affine example. Its class group is not trivial because
the hyperplane at infinity cannot be the divisor of a global rational function by itself.

Proposition 7.8 (Prime divisors on projective space). Let k be a field and n > 1. Every
prime divisor on P} is of the form

Vi(9)

for an irreducible homogeneous polynomial
g € klzo, ..., xy).

Proof. Put S = k[xg,...,z,]. Let Y be a prime divisor and let p C S be the homogeneous
prime defining its closure in ProjS. Choose i such that the generic point of Y lies in Dy (x;).
On the affine chart

~ xo @ T
D, (x;) = Speck |—,...,—,...,—|,
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the intersection Y N Dy (x;) has codimension one. Localizing the homogeneous prime at
x; therefore gives a height-one prime. Since x; ¢ p, every prime in a chain below p also
avoids x;, so localization preserves the height of p. Hence p itself has height one. Since S
is a UFD, lemma 7.4 gives

p=(9)

for an irreducible element g. Because p is homogeneous, g may be chosen homogeneous.

Thus Y = Vi (g). O

Theorem 7.9 (Class group of projective space). Let H =V, (z9) C P}. Then the degree
map induces an isomorphism

deg : CI(P}) = Z,
with [H] mapping to 1. In particular,
CI(P}) = Z[H].
Proof. For a prime divisor Y = V(g) with g irreducible homogeneous, define
degY :=degg

and extend additively to Div(P}).
If d = deg g, then the degree-zero homogeneous fraction

g

d
)

defines a rational function on Pj}. Its divisor is

div(gd> — Y —dH.
Lo

Hence Y ~ dH, and by additivity every divisor D satisfies
D ~ (deg D)H.

It remains to check that principal divisors have degree zero. A rational function on
projective space may be written as

_9
f_h

with g, h nonzero homogeneous polynomials of the same degree. Factor them into irre-
ducible homogeneous factors:

g=u]]g", h:th?j.
@ J

Then
div(f) =D aiVi(gi) = D bV (hy),
( J
SO
degdiv(f) = degg — degh = 0.

Thus degree descends to C1(P}). Every class is a multiple of [H], so the induced map is
surjective. If a class has degree zero, the relation D ~ (deg D)H shows that it is zero.
Hence the map is injective. O

121



Algebraic Geometry Chapter 7. Divisors and Linear Systems

Removing a closed subset gives a useful exact sequence. It is the basic computational
tool for class groups in the remainder of the section.

Proposition 7.10 (Localization sequence for divisor class groups). Let X be an integral
Noetherian scheme satisfying (R1), let Z C X be closed, and set U = X\ Z. Let Z1,...,Z,
be the codimension-one irreducible components of Z. Then

Pzz, — CI(X) —— CI(U) ——— 0
=1

s exact, where Z; maps to its divisor class.

Proof. A prime divisor Y C X either lies in Z, in which case Y NU = @, orelse Y NU is a
prime divisor on U. Conversely, the closure in X of a prime divisor on U is a prime divisor
on X. Thus restriction gives a surjection

Div(X) — Div(U)

whose kernel is freely generated by Z1,..., Z,.

Since U is a nonempty open subset of the integral scheme X, we have K(U) = K(X).
The principal divisor of a rational function restricts to the same principal divisor computed
on U. Therefore restriction descends to a surjection

CL(X) — CLU).
If [D] maps to zero, then
Dly = div(f)v

for some f € K(X)*. Hence D — div(f) restricts to zero on U and is therefore sup-
ported on the codimension-one components Z;. Its class lies in the subgroup generated by
[Z1],...,[Zr], proving exactness. O

Corollary 7.11. Under the hypotheses of proposition 7.10, if codimyx Z > 2, then restric-
tion is an isomorphism

ClI(X) = CI(X\ 2).
We now prove the homotopy invariance requested by the geometry of the affine line.

Theorem 7.12 (Homotopy invariance of the class group). Let X be a normal Noetherian
integral scheme, and let
T: X x Al — X

be the projection. Pullback of prime divisors,
Y — Y x Al

induces an isomorphism
™ ClI(X) = CI(X x AY).

Proof. Put
V=X x Al

The scheme Y is again Noetherian, integral, and normal: on an affine chart Spec A C X its
inverse image is Spec A[t], and polynomial extension preserves these properties for a normal
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Noetherian domain. Hence its divisor class group is defined in the same codimension-one
sense as that of X.

If Z C X is a prime divisor, then Z x A' is again a prime divisor: on an affine chart
U = Spec A meeting the generic point of Z, it is defined by the height-one prime pA[t],
where p C A defines Z N U. Moreover, for every f € K(X)*,

UZxAl(f) = UZ(f)a

because Oy, ,, is obtained from the DVR Ox,, by adjoining ¢ and localizing at the
extension of its maximal ideal. Hence

m*divx (f) = divy (f),

so pullback is well defined on divisor class groups.
We show first that 7* is surjective. Let W C Y be a prime divisor. Choose a nonempty
affine open U = Spec A C X such that W N (U x A!) is nonempty, and let

q C A[t]

be the height-one prime defining this intersection. Put K = Frac(A4) = K(X).
If p := qN A is nonzero, then pA[t] is a nonzero prime contained in ¢. Polynomial

extension preserves height, so
he(pA[f]) = ht(p) > 1.

Since ht(q) = 1, we obtain
ht(p) =1, q=pAfl].

Thus W is the pullback of the prime divisor obtained by closing V(p) C U in X.
Suppose instead that ¢ N A = (0). Localizing at A\ {0} gives a nonzero height-one
prime

qK[t] € Klt].
Since K[t] is a PID, there is an irreducible polynomial P(t) € K[t] with

Multiply P by a nonzero element of A so that it is represented by a polynomial G € A[t].
In the principal divisor of the rational function G on Y, the only horizontal prime divisor is
W, and it occurs with multiplicity one. Indeed every horizontal prime divisor meets U x A'
in a height-one prime contracting to (0), and after localization to K[t] the horizontal part
of the divisor is exactly the divisor of the irreducible polynomial P. All other components
of divy (G) are vertical, hence pullbacks of prime divisors on X by the preceding case.
Therefore the class [W] lies in the image of 7*.

Every prime divisor on Y is of one of these two types, so 7" is surjective.

For injectivity, suppose

7D = divy (F)

for a Weil divisor D on X and F' € K(X)(¢t)*. Factor F in the UFD K(X)]t]:
F=c[[P®)"™,  ceK(X)*,

where the P; are pairwise nonassociate irreducible polynomials and n; € Z. FEach P;
determines, after clearing denominators on a nonempty affine open of X, a horizontal
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prime divisor of Y whose coefficient in divy (F') is n;. But 7* D has only vertical components.
Hence every n; = 0, and therefore
Fe K(X)~.

For each prime divisor Z C X we already observed that
vzxar(F) = vz(F).

Comparing coefficients in

™D = diVy(F )
gives

D =divx(F).
Thus [D] = 0, proving injectivity. O
Example 7.13 (Affine and projective space). Since polynomial rings over a field are UFDs,

Cl(A}) = 0.

Repeatedly applying theorem 7.12 gives the same conclusion from Cl(Speck) = 0. By
contrast,

CI(P}) = Z,

generated by a hyperplane. Passing from affine to projective space therefore creates one
new divisor class, represented by the hyperplane at infinity.

Example 7.14 (The quadric cone). Let
A:k[x,y,z]/(xy—z2), X:SpeCAa

and assume k is a field. The ring A is normal. Indeed it is a two-dimensional domain.
Every height-one localization is regular: if a height-one prime contained both x and y,
then it would also contain z and hence the maximal ideal (x,y, ) of height two, impossible;
therefore either x or y is invertible, and after inverting one of them the ring is a localization
of a polynomial ring. Thus (R;) holds. Moreover x is a non-zero-divisor and y remains a
non-zero-divisor in

A/(x) = K[y, 2]/ (2%),

so the depth at the vertex is at least two; away from the vertex the ring is regular. Hence
(S2) holds, and normality follows from theorem 4.21.
Let
D =V(x,z).

The open set D(z) is affine with
Ay = k[z, 71, 2],

a UFD. The complement of D(x) has the single codimension-one component D, so propo-
sition 7.10 shows that Cl(X) is generated by [D].
At the generic point of D, the element y is a unit and the relation gives

Thus z is a uniformizer and
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Hence
div(z) = 2D,
so 2[D] = 0.
The class [D] is not zero. If it were, the argument in the proof of theorem 7.7 would
make the height-one prime (z, z) principal. Localize at the vertex m = (x,y, z). The ideal

(z,2)An
requires two generators: the images of x and z are linearly independent in
(,2)Am/m(x, z) Am.
By Nakayama’s lemma it is not principal. Therefore
Cl(X)=Z/2Z.
This is a concrete normal affine scheme which is not factorial.

Example 7.15 (Dedekind schemes and ideal classes). Let A be a Dedekind domain and
X = Spec A. By proposition 4.25, the prime divisors of X are exactly the nonzero prime
ideals p C A. Therefore
Div(X) =P Zp.
p#0
Unique factorization of nonzero fractional ideals gives an isomorphism from this free abelian
group to the group of nonzero fractional ideals,

> npp — [ o™
P P

For f € Frac(A)*, the principal divisor div(f) maps to the principal fractional ideal (f).
Hence
Cl(Spec A)

is canonically the usual ideal class group of the Dedekind domain A. In particular, for
the ring of integers Ok of a number field, divisor classes on the arithmetic curve Spec O
recover ideal classes.

7.2 Cartier Divisors and Cohomological Classification

We now change perspective. A Weil divisor records integers at codimension-one points. A
Cartier divisor is instead a global section of a quotient sheaf: locally it is represented by
one rational equation, and two local equations are identified when they differ by a unit.
This sheaf-theoretic formulation makes the relation with first cohomology immediate.

Definition 7.16 (The sheaf of rational functions). Let X be an integral scheme. Define
Ax by
Hx(U) = K(X)

for every nonempty open subset U C X, with identity restriction maps; on the empty set
take the zero ring. Its sheaf of units is denoted 7. Thus

for every nonempty open U.
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Remark 7.17. For a general scheme one replaces K (X) by the total quotient ring obtained
by inverting local non-zero-divisors. The integral case is sufficient for the divisor theory
developed here and keeps the relation with the function field transparent.

Lemma 7.18 (The rational function sheaf is flasque). Let X be integral. Then Jy is
flasque. Consequently '
H' (X, #¢)=0 (i > 0).

Proof. If @ #V C U, both groups of sections are canonically K(X)*, and the restriction
map is the identity. Restrictions to the empty set are automatically surjective. Hence J#*
is flasque. The cohomological vanishing follows from proposition 6.8. O

Definition 7.19 (Cartier divisor). Let X be an integral scheme. A Cartier divisor is a
global section of
The group of Cartier divisors is
CaDiv(X) = T'(X, 43/ 0%) .
A Cartier divisor is principal if it lies in the image of

K(X)* =T(X, #y) — CaDiv(X).

The principal Cartier divisor defined by f is denoted divg(f). The Cartier divisor class
group is
CaCl(X) := CaDiv(X)/{principal Cartier divisors}.

The quotient definition immediately produces the cohomological classification.

Theorem 7.20 (Cartier classes as first cohomology). For every integral scheme X, the
connecting homomorphism in the cohomology sequence of

1l — 05 — Xy — KL )O3 — 1
induces a natural isomorphism
CaCl(X) = HY(X, 0%).
Proof. The relevant part of the long exact sequence is

K(X)* —— CaDiv(X) —2— HY(X, 0%) ——— H'(X, Y.

By lemma 7.18, the last group is zero. Exactness therefore makes § surjective, and its
kernel is exactly the image of K(X)*, namely the subgroup of principal Cartier divisors.
Passing to the quotient gives

CaCl(X) = HY(X, 0%).
O

We next prove independently that the same cohomology group classifies invertible
sheaves. This is the point at which the degree-one Cech comparison from Chapter 6 be-
comes a geometric theorem rather than merely a computational device.
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Definition 7.21 (Picard group). For a scheme X, the Picard group Pic(X) is the set of
isomorphism classes of invertible &'x-modules, with group law induced by tensor product:

(L) + [ A] = L @ A].
The inverse of [.Z] is [£V].

Theorem 7.22 (Picard group and first cohomology). For every scheme X, there is a
natural isomorphism
Pic(X) = H'(X, 0%).

More explicitly,
Pic(X) n_n}ﬁl(u, 0%) = HY(X, 0%),
it
where the colimit runs over open covers ordered by refinement.
Proof. Let £ be invertible. Choose an open cover il = {U;} and local frames
e; € INU;, L)
so that Z|y, = Oy,e;. On U; NUj there is a unique unit
gi; €eT(U;NU;,0%)

satisfying
€; = gij€;j.
On triple overlaps,
€ = 9ijgjkCk = JikCk;
SO
9ij9jk = Gik-
Thus (g;;) is a multiplicative Cech 1-cocycle.
If the frame is changed to €] = u;e; with u; € 05 (U;), then
9i; = Uigiju]17

which differs from g;; by a multiplicative coboundary. If the trivializing cover is refined,
the cocycle simply restricts. Hence the isomorphism class of .Z determines a well-defined
element of

lig H'(4, 65%).
U

Conversely, let (g;;) be a multiplicative 1-cocycle on a cover Y. Take a copy Oy,e; of
the trivial line bundle on each U; and identify the restrictions on overlaps by

€; = gijej.

The cocycle condition is exactly the compatibility condition on triple overlaps:

ﬁUiﬂUjﬂUkek - ﬁUz‘mUijkej

i
Gik l Z]

Ou,nu;nU,€i
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The gluing theorem for sheaves therefore produces an invertible sheaf .. Replacing (g;;) by
a cohomologous cocycle amounts to rescaling the local frames and produces an isomorphic
invertible sheaf. Passing to a refinement does not change the glued sheaf. Thus we obtain
a map in the opposite direction.

The two constructions are inverse: starting from an invertible sheaf and gluing the
trivializations by its transition functions recovers the original sheaf, while starting from a
cocycle and then reading off the transition functions returns the same cocycle class. Tensor
products multiply transition functions, so the bijection respects the group structures. Hence

Pmmz@y¥@@@
u

Finally, theorem 6.26 identifies the colimit of degree-one Cech cohomology with derived
sheaf cohomology: 5

lim H' (4, 0%) = H' (X, O%).

1

This completes the proof. O

Combining the two cohomological classifications gives the central correspondence of the
section.

Corollary 7.23 (Cartier classes and invertible sheaves). For every integral scheme X,
there is a natural isomorphism

CaCl(X) = Pic(X).

The quotient-sheaf definition is conceptual, but calculations require local equations. We
now recover them without changing the underlying definition.

Proposition 7.24 (Local equations for Cartier divisors). A Cartier divisor D can be
represented by data

{(Us, fi) yier

where {U;} is an open cover,
fie K(X)~,

and

L eT(U;NU;, 0%)
for everyi,j. Two such collections represent the same Cartier divisor if their local equations
differ by units on a common refinement.

Proof. A global section of the quotient sheaf #y /0% is locally represented by sections
of . Thus after choosing an open cover, D has lifts f; € K(X)*. Two local lifts
define the same section of the quotient on an overlap precisely when their quotient is a
unit. Conversely, compatible local classes glue uniquely to a global section of the quotient
sheaf. O

Definition 7.25 (The invertible sheaf associated to a Cartier divisor). Let D be repre-
sented by local equations (Uj, f;). Define a subsheaf of J#x by

ﬁX(D)|Ui = fiﬁlﬁUi‘
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Proposition 7.26 (Basic identities for Ox(D)). The sheaf Ox(D) is well defined and
invertible. Moreover,
Ox(D+E)=0x(D)® 0x(E),

Ox(—D) = 0x(D)",

and if D is principal, then
Ox (D)= 0Ox.

Under the isomorphisms
CaCl(X) = HY(X, 0%) = Pic(X),
the class of D maps to the class of Ox (D).
Proof. On U; NUj, the quotient f;/f; is a unit, so
flox = £ ox
as subsheaves of Zx. Hence the local definitions glue. Multiplication by fi_1 identifies
Oy, = Ox(D)|u,,

so Ox (D) is invertible.
If D and E are locally represented by f; and g;, then D + E is represented by f;g;, and
multiplication gives the local isomorphisms

0y, @ g7 ou, S (figi) ' ov,.

They agree on overlaps and glue. Taking £ = —D gives the duality statement. If D =
dive(f), then
Ox(D) = f~'0x,

and multiplication by f trivializes it.

For the compatibility with cohomology, the connecting homomorphism in theorem 7.20
is computed by choosing the local lifts f;. With the multiplicative Cech convention inherited
from Chapter 6, it is represented by

fi
9ij = ?]
K3
On U; take the local frame
= ft
of Ox (D). Then on overlaps
_ fi—
e =i f] £ = gijey.
K3

Thus the connecting cocycle is exactly the transition cocycle of @x (D). The two routes in
the diagram

CaCl(X) —~— HY(X, 0%)

DH@){\ l
Pic(X

therefore agree. O
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Definition 7.27 (Effective Cartier divisor). A Cartier divisor D on an integral scheme is
effective if it admits local equations (U;, f;) with

fi € D(Ui, 0x) \ {0}.
Its support is the closed subset on which its local equations fail to be units.

Proposition 7.28 (Effective Cartier divisors and invertible ideals). Let D be effective.
The ideals

(fi) € Ox(Ui)

glue to an invertible ideal sheaf Sp C Ox, and
Ip = Ox(—D).

Conversely, a closed subscheme whose ideal sheaf is locally generated by one non-zero-divisor
determines an effective Cartier divisor.

If X s locally Noetherian, every irreducible component of Supp(D) has codimension
one.

Proof. On overlaps, f;/f; is a unit, so (f;) = (fj). The ideals therefore glue to .#p. Since
X is integral, every nonzero f; is a non-zero-divisor, and multiplication by f; identifies

Thus #p is invertible. By definition,
ﬁX(_D)|UZ = fiﬁUﬂ

SO fD = ﬁx(*D)

Conversely, if 77 is locally generated by non-zero-divisors f;, then two generators differ
by a unit on overlaps. The pairs (U;, f;) therefore define an effective Cartier divisor.

For the codimension statement, let Y be an irreducible component of Supp(D) with
generic point ny. Choose an affine neighbourhood U = Spec A on which D is cut out by a
nonzero f € A. The point ny corresponds to a prime p minimal over (f). Krull’s principal
ideal theorem gives ht(p) < 1, while p # (0) because A is a domain and f # 0. Hence
ht(p) = 1. O

There is a useful refinement of the correspondence between divisors and line bundles.
A Cartier divisor is not merely a line bundle: it is a line bundle together with a rational
trivialization.

Proposition 7.29 (Rational sections and Cartier divisors). Let X be integral and let £
be invertible. A nonzero rational section s of £ determines a Cartier divisor div(s) and a
canonical isomorphism

Z = Ox(div(s)).

Conwversely, every Cartier divisor arises in this way from the rational section 1 of Ox (D) C
Hx.

Proof. Choose a trivializing cover {U;} with local frames e; and write the rational section
as
s = fiei, fi e K(X)~.
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If e; = gijej, then equality of the rational section on overlaps gives
fi = figij-

Hence fi/f; = gigl is a unit, so the f; define a Cartier divisor D = div(s). The local
morphisms
Ly, — Ox(D)lv;, e f;

are compatible on overlaps and glue to an isomorphism.
Conversely, if D has local equations f;, the rational section 1 of the subsheaf

Ox(D) C Jx
is written in the local frame fi_1 as
-1
L= filfi).
Its local coeflicients are precisely the equations f;, so its divisor is D. O

7.3 Cartier and Weil Divisors

We now compare the two languages. Assume throughout this section that X is a normal
Noetherian integral scheme. By corollary 4.22, every prime divisor Y carries a valuation

Vy.

Definition 7.30 (Order of a Cartier divisor). Let D € CaDiv(X) and let Y be a prime
divisor. Choose a local equation
feK(X)*

for D on a neighbourhood of the generic point 7y . Define
ordy (D) := vy (f).

Lemma 7.31. The integer ordy (D) is independent of the choice of local equation. For
fizred D, it is nonzero for only finitely many prime divisors Y .

Proof. If f and g are two local equations near 7y, then f/g is a unit in the DVR Ox 4, , so

vy (f) —vy(g9) =vy(f/g9) =0.

Thus the order is well defined.
Choose a finite affine open cover on which D is represented by rational functions
fi,.- oy fro I py € U;, then
OI'dy(D) = Uy(fi).

By lemma 7.2, each fixed f; has nonzero valuation at only finitely many prime divisors.
The cover is finite, so only finitely many Y occur for D. O

Definition 7.32 (Associated Weil divisor). The Weil divisor associated to D is
[Dlw =Y _ordy(D)Y.
Y
Proposition 7.33. The map
CaDiv(X) — Div(X), D — [Dlw

s a group homomorphism. It sends principal Cartier divisors to the corresponding principal
Weil divisors and effective Cartier divisors to effective Weil divisors.
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Proof. Near the generic point of Y, if D and E are represented by f and g, then D + FE is
represented by fg. Hence

ordy (D + E) = vy (fg) = vy (f) + vy (g).

This proves additivity. If D = dive(f), then the same rational function is a local equation
everywhere, so

[Dlw = > vy ()Y = div(f).
Y

If D is effective, its local equation at 7y lies in the DVR O, , and therefore has nonneg-
ative valuation. O

The normality assumption now becomes decisive. A rational function whose orders
vanish at every prime divisor is already a unit locally.

Theorem 7.34 (Cartier divisors are locally principal Weil divisors). Let X be normal,
Noetherian, and integral. The natural homomorphism

CaDiv(X) — Div(X)

1s injective. Its image is precisely the subgroup of Weil divisors which are locally principal:
for every x € X, there is a neighbourhood U and an f € K(X)* such that

Dly = div(f)lv.

Proof. Suppose first that a Cartier divisor D maps to zero. Choose an affine open U =
Spec A on which D is represented by f € K(X)*. For every height-one prime p C A,

Thus both f and f~! lie in every A,. By lemma 7.5,

£ e A,

so f € A*. Hence D|y = 0. Such affine opens cover X, so D = 0.

Every Cartier divisor is locally represented by some f € K(X)*, and on that neigh-
bourhood its associated Weil divisor is exactly div(f). Hence the image consists of locally
principal Weil divisors.

Conversely, let D be a locally principal Weil divisor. Choose an open cover {U;} and
rational functions f; with

D\y, = div(fi)|v,-
On U; N U;j,
div(fi/f;) = 0.
Apply the injectivity argument above to the principal Cartier divisor defined by f;/f;. It

shows that
fi/fi e DU NU;, 0%).

Thus the f; are local equations of a Cartier divisor, whose associated Weil divisor is D. [

Definition 7.35 (Locally factorial scheme). An integral scheme X is locally factorial if
every local ring Ox ; is a unique factorization domain.

Theorem 7.36 (Local factoriality and Cartier divisors). Let X be a normal Noetherian
integral scheme. The following conditions are equivalent:

132



Algebraic Geometry Chapter 7. Divisors and Linear Systems

1. X is locally factorial;

2. every prime Weil divisor is Cartier;
3. every Weil divisor is Cartier;
4

. the natural map

CaCl(X) — CI(X)
is an isomorphism;

5. the natural map
Pic(X) — CI(X)

is an isomorphism.

Proof. Assume (1), and let Y be a prime divisor. Fix x € X. If # ¢ Y, then Y is zero on
X \Y. Suppose x € Y and put
A= Oxa

The germ of the ideal of Y is a height-one prime p C A. Since A is a UFD, lemma 7.4 gives
p= ().
Represent t by a section on a neighbourhood U of x. The inclusion
tOy C Hylu

is an equality at the stalk x. Its cokernel is coherent, so after shrinking U it vanishes. Thus
Y is locally cut out by one nonzero equation and is Cartier. This proves (1)=(2).

The implication (2)=(3) follows because every Weil divisor is a finite integral combina-
tion of prime divisors.

Assume (3). Fix z € X and put A = Ox,. Let p C A be a height-one prime.
It corresponds, after choosing an affine neighbourhood of x, to a codimension-one point
whose closure is a prime Weil divisor Y through z. By assumption Y is Cartier. On Spec A
choose a local equation f € Frac(A)* for the Cartier divisor Y. Then

w(f) =1 u(f)=0

for every other height-one prime q of A. The intersection theorem gives f € A. Since
vp(f) > 0, we have f € p.
If g € p, then

vp(g/f) =0
and for every q # p,
vg(g/f) = vq(g) = 0.

Hence g/f belongs to every height-one localization of A, and lemma 7.5 gives g/f € A.
Therefore p = (f). By lemma 7.4, A is a UFD. Since x was arbitrary, X is locally factorial.
Thus (3)=(1).

By theorem 7.34, the natural map CaDiv(X) — Div(X) is injective. Hence (3) is
equivalent to this map being surjective. If every Weil divisor is Cartier, then the induced
map on class groups is clearly an isomorphism, so (3)=(4).

Conversely, suppose (4). Let D be a Weil divisor. Surjectivity on class groups gives a
Cartier divisor C' and an f € K(X)* such that

D — [Clw = div(f).
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Both [Clw and div(f) are Cartier as Weil divisors, so D is Cartier. Thus (4)=-(3).
Finally, corollary 7.23 identifies CaCl(X) with Pic(X) compatibly with the map to
Cl(X), so (4) and (5) are equivalent. O

Corollary 7.37 (Regular schemes). Let X be a regular Noetherian integral scheme. Then
Pic(X) = CI(X).

Proof. A regular Noetherian local ring is a UFD, a standard theorem of commutative
algebra. Thus X is locally factorial. The result follows from theorem 7.36. O

Corollary 7.38 (Picard group of projective space). Forn > 1,
Pic(P}) = Z,
generated by Opr(1).
Proof. Projective space is regular, so corollary 7.37 and theorem 7.9 give
Pic(P}) = CI(P}) = Z.

The hyperplane divisor H = V4 (x¢) corresponds to &(H). On the standard chart U; =

. $0 .
]( —_

)
Z;

for ¢ = 0 this is the unit 1, reflecting the fact that H N Uy = &. The local frame fz-_1 of

O(H) satisfies on U; N Uj
1 Ty .9
=
The twisting sheaf ¢'(1) has local frame z; on U; with the same transition rule

T
Tj = —Xj.
Zj

Thus the local identifications fi_1 — x; glue to an isomorphism

O(H) = Opy (1),

Hence 0(1) generates the Picard group. O

Remark 7.39. For a normal scheme which is not locally factorial, the natural injection
Pic(X) — ClI(X)

need not be surjective. The quotient measures precisely the obstruction for a codimension-
one Weil divisor to be locally cut out by one equation. The quadric cone in example 7.14
is the simplest place where this distinction is visible.
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7.4 Linear Systems and Projective Geometry

Chapter 3 treated projective morphisms extrinsically, through closed immersions into rela-
tive projective space. Chapter 5 introduced very ample invertible sheaves from the same
closed immersions. We now reverse the direction: an invertible sheaf together with suffi-
ciently many sections produces a morphism to projective space. Linear systems are the
divisor-theoretic form of this construction.

Definition 7.40 (Generated by global sections). An invertible sheaf . on a scheme X is
generated by global sections if there exist sections

50y, 8n € T'(X,Z)

such that the evaluation morphism
ﬁ;?(nJrl) ev %

is surjective. Equivalently, for every x € X at least one germ (s;), generates the free
rank-one module .Z,.

The following theorem is the intrinsic form of the homogeneous-coordinate construction.

Theorem 7.41 (Morphisms to projective space). Let X — Y be a morphism of schemes.
There is a natural bijection between:

1. Y -morphisms

p: X — Py,
2. isomorphism classes of data (XL S0, - .., Sn) consisting of an invertible sheaf £ on X
and global sections s; generating £ .
Under this correspondence,
L = Opp (1),

and the s; are the pullbacks of the standard homogeneous coordinates.

Proof. Suppose first that ¢ : X — P} is a Y-morphism. Put
£ =" Opyp(1).
The standard coordinates Ty, ..., T, generate &(1), so their pullbacks
s5; = " T;

generate .. This gives the map from (1) to (2).
Conversely, let (.Z; s, ..., Sn) be given. For each i, let

X :={z € X | (8i)s generates Z,}.

These are open and cover X. On X;, the section s; trivializes .2, so for j # i there is a
unique regular function

S
Qj; = SJ S F(Xi, ﬁx)
i

The standard chart
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is relative affine n-space over Y with coordinates T} /T;. To construct the map rigorously,
take an affine open V = SpecR C Y. On X; N f~1(V), the structural map gives R —
L(X; N f~Y(V), 0x), and adjoining the functions a;; gives

R[Tj/Tiljz — T(Xin f71(V), Ox).

By theorem 2.14, this is a unique morphism to the affine chart D, (7;)|y. These morphisms
agree when V is restricted, so they glue over Y to a unique Y-morphism

pi+ Xi — Dy(T)
characterized by
0 (T5/Ti) = sj/si.

On X; N X}, the coordinate transformations satisfy

Sj sj/8i

Sk Sk/Si

which is exactly the transition rule between the standard projective charts. Hence the local
morphisms agree on overlaps and glue:

XiNXy — X;

[k

We obtain a morphism
v: X — Py

On D4 (T;), the section T; trivializes €/(1). Sending ¢*T; to s; gives a local isomorphism
F O()x = Zx,.
and the ratio identities show that these local isomorphisms agree on overlaps. Thus
o) = L.
The two constructions are visibly inverse on the standard charts, proving the bijection. [J

Corollary 7.42 (Intrinsic characterization of very ampleness). Let X — Y be a morphism.
An invertible sheaf L is very ample relative to 'Y in the sense of definition 5.26 if and only
if there exists a finite generating set of global sections whose associated morphism

X — Py

is a closed immersion.

Proof. 1f £ is relatively very ample, by definition there is a closed immersion
i: X — Py

with . = i*¢0(1). Pulling back the standard coordinates gives a generating set, and
theorem 7.41 recovers the same immersion.
Conversely, if a generating set produces a closed immersion ¢, then

L= 0(1),

so & is very ample by definition. O
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Corollary 7.43 (Projective morphisms and very ample sheaves). A morphism f: X —Y
1s projective if and only if X carries an invertible sheaf which is very ample relative to Y .

Proof. 1f f is projective, section 3.4 gives a closed immersion
i: X — Py

for some n, and i*0'(1) is relatively very ample. Conversely, a relatively very ample invert-
ible sheaf is, by definition 5.26, obtained from such a closed immersion; composing with
the projective-space projection recovers f, so f is projective. O

Very ampleness depends on one chosen embedding. Ampleness is weaker: it says that
sufficiently positive tensor powers eventually generate every coherent sheaf. The definition
below is tailored to the projective Noetherian setting already established in Chapter 5.

Definition 7.44 (Ample invertible sheaf). Let X be a Noetherian scheme. An invertible
sheaf . is ample if for every coherent sheaf .% there exists ng such that

F @ Lo
is generated by finitely many global sections for every n > ny.

The following lemma explains why tensoring with a globally generated line bundle does
not destroy an embedding.

Lemma 7.45 (Very ample times globally generated is very ample). Let X be a projective
scheme over a ring A. If L is very ample and # is generated by finitely many global
sections, then

LM
is very ample.

Proof. Choose a closed immersion

i: X — Py
with . = i*0(1). Choose global generators of .#. By theorem 7.41, they define a mor-
phism

j: X — Py
with # = 7%0(1).

The product morphism
(i,§) : X — P x4 P

is a closed immersion. Indeed it factors as the graph of j followed by the base change of i:

ixid

1_‘.
X 2 5 X x,P5 P", x4 P,

The graph is closed because projective space is separated, and the second map is a closed
immersion by base-change stability.
Compose with the relative Segre embedding from proposition 3.56:

The Segre coordinates are the products of the coordinates from the two factors, so

c*0(1) Zpr] O(1) ® pry O(1).
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Pulling back to X gives
M.

Thus . ® # is the pullback of &(1) along a closed immersion and is therefore very
ample. O

Theorem 7.46 (Ampleness on a projective scheme). Let A be Noetherian, let X be pro-
jective over Spec A, and let £ be invertible. Then the following are equivalent:

1. &L is ample;
2. some positive tensor power LE™ is very ample over A.

Proof. Assume first that Z®™ is very ample. Let .# be coherent. For each residue class
0 <r < m, apply Serre’s global-generation theorem theorem 5.27 to the coherent sheaf

F QL
using the very ample invertible sheaf #®™. There exists ¢, such that
F® per ® ($®m)®q

is globally generated for every ¢ > g,. Since there are only finitely many residue classes,
one bound works for all sufficiently large

n=mq-+r.

Hence £ is ample.

Conversely, assume .Z is ample. Choose once and for all a very ample sheaf o/ on X,
available because X is projective. Apply ampleness to the coherent invertible sheaf o7 ~!.
For n > 0,

ot Lo

is generated by finitely many global sections. By lemma 7.45,
L > o @ (TR L)
is very ample. Thus some positive power of .Z is very ample. ]

Remark 7.47 (Relative ampleness). For a projective morphism f: X — Y with Y Noethe-
rian, one defines .Z to be f-ample if its restriction over every affine open V' C Y is ample on
F~1(V). Relative very ampleness implies relative ampleness by theorem 5.27. Conversely,
on an affine piece of the base, theorem 7.46 shows that a sufficiently high power of an ample
invertible sheaf is very ample. Thus the intrinsic language of ample line bundles is locally
on the base equivalent to the projective embeddings used in Chapter 3.

We finish with linear systems. From now on let X be an integral projective scheme over

a field k, and let & be invertible.

Definition 7.48 (Linear system and base locus). A linear system on .Z is a finite dimen-
sional k-subspace
V CHY(X,2).
Its base locus is
Bs(V) :={z € X | s, € my. &, for every s € V}.

Equivalently, x is a base point if no section in V' generates .Z,.. The system is base-point
free if Bs(V) = @.

The complete linear system of £ is the full space H°(X,.%), viewed projectively when
scalar multiples are identified.
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Proposition 7.49 (The rational map of a linear system). Let V C H°(X,.#) be nonzero
and finite dimensional. On the open

Uy := X \ Bs(V)

there is a canonical morphism
oy : Uy — P(VY),

and hence a canonical rational map
X - P(VY).
If V' is base-point free, then Uy = X, so gy is a morphism and
ey Opv)(1) = 2.
Proof. Choose a basis sg,...,s, of V. On
U:=X\Bs(V)
these sections generate .Z |y, so theorem 7.41 gives a morphism
U— P}.

Changing the basis of V' acts on P} by the corresponding projective linear automorphism.
Therefore the construction is intrinsic and has target P(V'). Since V # 0 and X is integral,
at least one section is nonzero at the generic point, so U is nonempty. The morphism on U
therefore represents a rational map on X in the sense of definition 3.21. We do not claim
that U is the maximal open to which this rational map can extend: a chosen linear system
may have removable base points. If V' has no base points, then U = X and the map is
everywhere defined. The pullback identity follows from theorem 7.41. ]

For a Cartier divisor, a linear system can be described directly in terms of effective
divisors. The key observation is that a section of Ox (D) is a rational function whose
allowed poles are bounded by D.

Proposition 7.50 (Sections of Ox(D)). Let D be a Cartier divisor on an integral scheme
X. Then
H(X,0x(D)) = {0} U{f € K(X)* | D +dive(f) > 0}.

Consequently, D is linearly equivalent to an effective Cartier divisor if and only if
HY(X,0x(D)) #0.
Proof. Let D have local equations f; on U;. By definition,
Ox(D)|y, = f Oy, C Hx.
A nonzero rational function g € K(X)* is a section of this sheaf over U; precisely when
gfi € Ox(U;).

Equivalently, the Cartier divisor with local equations ¢f; is effective. But these local
equations represent
D + dive(g).
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The local conditions glue, yielding the displayed equality.
If a nonzero section g exists, then

E := D +dive(g)
is effective and linearly equivalent to D. Conversely, if £ > 0 and E ~ D, then
E =D +dive(g)

for some g € K(X)*, and the first part shows that g is a nonzero global section of Ox (D).
O

Definition 7.51 (Complete linear system of a divisor). For a Cartier divisor D, its complete
linear system is
|D|:={E>0| E~ D}.

Theorem 7.52 (Sections and effective divisors). Assume X is projective and integral over
an algebraically closed field k. For every Cartier divisor D there is a natural bijection

where a nonzero section represented by f € K(X)* maps to
D+ diVC(f).

Proof. By proposition 7.50, every nonzero section f determines an effective divisor linearly
equivalent to D, so the map is defined. Multiplying f by a nonzero scalar in k does not
change its divisor.

Conversely, every E € |D| is of the form

E =D +diva(f)

for some f € K(X)*, and then f is a nonzero section of Ox (D).
It remains to identify when two sections determine the same effective divisor. If

dive(f) = dive(g),

then f/g has trivial Cartier divisor and therefore lies in I'(X, 0%). Since X is projective
integral over the algebraically closed field &, corollary 3.66 gives

I(X,0x)=k  D(X,0%) =k~

Thus f and g differ by a scalar. Hence the fibres of the map are exactly the one-dimensional
k-subspaces of HY(X, Ox(D)). O

Remark 7.53. The preceding theorem explains why complete linear systems are projective
spaces. It also shows that the passage

D+ Ox(D) — HY(X, 0x(D))

turns a divisor class into a family of effective representatives. A choice of a finite dimensional
subspace of sections then turns that family into a rational map to projective space.
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Example 7.54 (Hyperplanes and the identity map). Let H be a hyperplane in P}. By
corollary 7.38,
O(H) = Opn(1).

The space of global sections is generated by the homogeneous coordinates
Ly eyLp.

They have no common zero in projective space, so the complete linear system is base-point
free. The associated morphism

Py — P(H’(P", 0(1))")
is the standard identification of projective space with its projective coordinate space, up to

the chosen basis.

Example 7.55 (The Veronese linear system). For d > 1, the global sections of &pn(d) are
the homogeneous degree-d polynomials. The degree-d monomials generate &'(d) everywhere,
so they define a morphism

d
vi: Py — P, N:(“jﬂ‘ )-1,

whose homogeneous coordinates are all monomials of degree d. This is the d-uple Veronese
morphism. It is a closed immersion, and therefore

Gpn (d)

is very ample.
One way to see the closed-immersion statement is to pass to the d-th Veronese subring

S = B Spa
m>0
of S = klzo,...,zy]). The natural map from a polynomial ring on the degree-d monomials

onto S@ is surjective, so it gives a closed immersion
Proj $¥ — PY.
The standard affine charts show
Proj $9 = Proj S = P,
and the resulting immersion is exactly vg.

The chapter can now be summarized by the two linked chains

K(X)* —— Div(X) — CI(X),

CaDiv(X) —— HY(X, 0%) —=— Pic(X).

and
Pic(X) — {linear systems} — {X --» P"}.

For normal locally factorial schemes the two divisor class groups coincide, and then a
codimension-one cycle, an invertible sheaf, and a linear system are three views of the
same underlying geometry. The next chapter will introduce differentials and infinitesimal
geometry; once canonical sheaves appear, divisor theory will allow them to be represented
by canonical divisors.
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Chapter 8

Differentials, Smoothness, and
Duality

The divisor theory of the preceding chapter described codimension-one geometry by mea-
suring zeros and poles of rational functions. We now turn to a different kind of local
information: first-order variation. A derivation remembers the linear term of a function
under an infinitesimal displacement, and the module of Kéhler differentials is the universal
object which records all such first-order changes at once. After sheafification this leads to
relative differentials, tangent spaces, smooth morphisms, and infinitesimal lifting. Exterior
powers of the sheaf of differentials then produce canonical sheaves, and the same relative
viewpoint culminates in duality.

Several constructions in this chapter deliberately return to objects introduced earlier.
The diagonal from Chapter 3 reappears through its conormal sheaf, the twisting sheaves
and linear systems of Chapters 5 and 7 produce the Euler sequence and Bertini’s theorem,
and the cohomology of Chapter 6 becomes the absolute case of higher direct images. Thus
the purpose of the chapter is not to introduce an isolated calculus on schemes, but to
connect the local, projective, and cohomological parts of the theory already developed.

8.1 Kahler Differentials and Relative Differentials

Let A — B be a homomorphism of commutative rings and let M be a B-module.

Definition 8.1. An A-derivation from B to M is an additive map
D:B—M

such that
D(bb') = bD(V) + b’ D(b)

for all b, b’ € B, and D(a) = 0 for every a in the image of A. The B-module of A-derivations

is denoted
Ders (B, M).

The Leibniz rule immediately gives
D(1)=0,  D@®™)=mb™ 1D(b),

and, when b is a unit,
D(b™Y) = —b72D(b).

The last identity is the reason derivations extend uniquely across localizations.
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Definition 8.2. A module of Kihler differentials of B over A is a pair (2p/4,dp/4) con-
sisting of a B-module and an A-derivation

dB/A :B—» QB/A

with the following universal property: for every B-module M, composition with dg,
induces a natural isomorphism

Homp(Qp/4, M) — Dera(B, M).
We usually write db for dg/(b).

Theorem 8.3 (Existence of Kéhler differentials). For every ring homomorphism A — B,
the module Qp, exists and is unique up to a unique isomorphism compatible with the
universal derivation.

Proof. Let F be the free B-module on symbols [b] indexed by b € B. Let R C F be the
submodule generated by
[b+0]—[b] - [v],
[bb] — b[b] — ¥'[0],
and [a] for a in the image of A. Set
Qpa=F/R,  db=[b] mod R.

The defining relations say exactly that b — db is an A-derivation.

If D: B — M is another A-derivation, freeness gives a unique B-linear map F — M
sending [b] to D(b). The derivation identities imply that this map kills R, hence factors
through a unique map

QB/A — M.

This proves the universal property. Uniqueness follows in the usual way from the universal
property: if (€,d) and (Q,d’) are both universal, d’ and d induce mutually inverse maps
Q=qQ. O

The universal property makes computations almost automatic.

Proposition 8.4 (Polynomial algebras). Let
B = Alzy,...,zq).

Then Qg4 is free with basis dzx1, . ..,dxy. For every polynomial f € B,
df = ——dx;.
1=
Proof. Let F' = @, Be; and define
of
D(f) = ——e;.
-3 5k

This is an A-derivation, so the universal property gives a map {2p,4 — F' sending dz; to
e;. Conversely the assignment e; — dr; gives a B-linear map F' — {lp/4. Repeated use
of the Leibniz rule proves the displayed formula for df, so the two maps are inverse on the
generators of both modules. O
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There is a second construction which exhibits the geometric meaning of differentials.
Let
t:B®yB— B, b b — bb,

and let I = ker p.
Theorem 8.5 (The diagonal ideal). There is a canonical isomorphism
Qpa — 1/17

sending
db—12b—b®1 (mod I?).

Proof. The map
§:B—I/I?, b— 1@b—b®1

is an A-derivation. Indeed, the defect in the Leibniz rule is
Ieb-b1)(1®c—c®1),

which lies in I?. Hence the universal property gives a map g a—1/1 2,
Conversely, let D : B — M be an A-derivation. Define

®:B®4B— M, P(b®c) =bD(c).
On [ this is B-linear for the first tensor factor. For generators of I one computes
P(1b—b®1)(1®c—c®1)) = D(bc) —bD(c) — ¢D(b) = 0.

Thus @ kills 12 and gives a B-linear map I/I?> — M carrying §(b) to D(b). Finally the
elements §(b) generate I/I%: if 3, b; ® ¢; € I, then Y, byc; = 0 and

dobiwa=> biol)(1®c—c¢e1).

(2
Hence (I/12,6) satisfies the same universal property as Qp A O
Geometrically, B ® 4 B is the coordinate ring of
Spec B Xgpec A Spec B,

and I is the ideal of the diagonal. The quotient I/I? therefore remembers the diagonal
only to first order.
The basic functorial properties will be used repeatedly.

Theorem 8.6 (Transitivity). For ring homomorphisms
A— B —C
there is a natural exact sequence of C-modules

C ®p QB/A — QC’/A — QC’/B — 0.

Proof. The composite B — C M Q¢4 is an A-derivation, hence induces the first arrow.
Every B-derivation is in particular an A-derivation, giving the second arrow; it is surjective
because (¢, p is generated by the elements dc.

Let @) be the cokernel of the first arrow. The universal derivation C' — )¢, 4 followed by
Qc/a — @ vanishes on B, so it is a B-derivation. Conversely every B-derivation C' — M
factors through Q¢/4 and vanishes on the image of C' ®p Qp/4. Hence Q) represents B-
derivations from C', and therefore Q@ = Q¢ p. O
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The sequence need not be exact on the left. The failure of left exactness is genuine
first-order information which an ordinary module of differentials does not retain.

Theorem 8.7 (Conormal sequence). Let A — B be a ring homomorphism, let J C B be
an ideal, and put C = B/J. There is a natural exact sequence

T/ 7% L5 Qpia @ C — Qoja — 0,

where the first map sends the class of f to df ® 1.

Proof. Apply theorem 8.6 to A — B — (. Since every B-derivation from C' is zero,
Q¢ p = 0. The kernel of
QB/A ®pC — QC/A

is generated by the df ® 1 for f € J. The map J — Qg4 ®p C kills J? because
d(fg)@1=fdg1+gdf @1 =0
for f,g € J. Hence it factors through J/J? with precisely the required image. O

Remark 8.8. The first arrow in the conormal sequence is not injective in general. Later we
will see that for a closed immersion of nonsingular varieties it becomes an injection and
the conormal sequence is short exact. This distinction is important: the left exactness is a
geometric consequence, not part of the formal construction.

Proposition 8.9 (Jacobian presentation). If

B - A[x17"'7xn]/(f17"'7f7’)7
then there is a right exact sequence
B L B 5 Qpy — 0,

where J sends the i1-th basis vector to

= Ofi
dfl = dl‘j.
j=1 8xj

Thus J is represented by the Jacobian matriz (0f;/0x;).

Proof. Apply theorem 8.7 to the polynomial algebra P = A[zy,...,x,] and the ideal
(f1,---, fr). By proposition 8.4, Qp,y ®p B is free on the dz;, and the classes of the f;
generate the conormal module. The resulting presentation is exactly the displayed one. [

Proposition 8.10 (Localization and base change). Let A — B be a ring homomorphism.

1. If S C B is multiplicatively closed, then
ST'Qp/4 = Qg-1p5/a.
2. If A — A’ is another ring homomorphism and B' = B ®4 A’, then

QB’/A’ = QB/A Xp B/.
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Proof. For localization, an A-derivation B — M into an S~!'B-module extends uniquely

to S™!B because
sdb—bds

d(b/s) = =2
Hence both modules represent the same derivation functor on S~ B-modules.

For base change, an A’-derivation B&4 A" — M is uniquely determined by its restriction
to B ® 1, and that restriction is an A-derivation B — M. Conversely an A-derivation
0 : B — M extends by

dbed)=dsb).
Thus the two sides again represent the same functor. O

One simple calculation already shows that differentials remember arithmetic phenomena
invisible to dimension alone.

Example 8.11 (Differentials and inseparability). Let L/K be a finite field extension. If
L/K is separable, then
Qr JK = 0.
Indeed, after the primitive element theorem write L = K («) with separable minimal poly-
nomial f. Then
0=d(f(a)) = f(a)da,
and f’(«) # 0 is a unit in L, so da = 0.
In characteristic p > 0, if
L=KIJt]/(tP — a)
is a field with a ¢ KP, then
Qr/x = Ladt,
because d(t? —a) = 0. Thus Kéahler differentials detect the inseparable part of an algebraic
extension.

We now pass from rings to schemes.

Theorem 8.12 (The sheaf of relative differentials). Let f : X — S be a morphism of
schemes. There exists a quasi-coherent Ox-module Q%{/S together with an f~'0g-linear
derivation
dX/S : ﬁX — Q%(/S
such that whenever U = Spec B C X maps into V = Spec A C S, there is a canonical
isomorphism
O /sl = Qpja

Moreover, for every Ox-module F,
Home(Qk/s, F) = Derg(Ox, F).

Proof. On an aiﬁ\rf chart U = Spec B lying over V = Spec A, take the associated quasi-
coherent sheaf {2p,4. By proposition 8.10, passage to a distinguished affine open agrees with
localization of the module of differentials. Therefore these sheaves are canonically identified
on common distinguished refinements of overlaps. The compatibility of the localization
maps gives the cocycle condition, so the gluing theorem of Chapter 2 produces Qﬁ( /s The
affine universal derivations glue for the same reason.

For the universal property, restrict an S—derivatioll\t/o principal affine opens. The affine
universal property gives compatible local maps from 25,4, and uniqueness forces agreement
on overlaps. Conversely any sheaf morphism out of Q_lx /s composed with dy,g is an S-
derivation. These operations are inverse. ]
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Corollary 8.13. If f: X — S is locally of finite type, then Q}(/S is locally of finite type.
If f is locally of finite presentation, then Qﬁ(/s 1s locally of finite presentation.

Proof. The assertion is affine-local and follows from the Jacobian presentation and finite
generation of differentials for finitely generated algebras. O

Theorem 8.14 (Transitivity for schemes). For morphisms

there is a natural right exact sequence
5 — Qx /g — Qx/y — 0.

Proof. On affine charts SpecC — Spec B — Spec A this is the sheaf associated to the
exact sequence of theorem 8.6. Compatibility with localization makes the local sequences
glue. O

Theorem 8.15 (Conormal sequence for a closed immersion). Let i : X — Y be a closed
immersion over S, with ideal sheaf & C Oy . There is a natural right exact sequence

I I? — i Qy g — Qx5 — 0.

Proof. The statement is local on Y. On an affine chart it is theorem 8.7; compatibility
with localization gives the global sequence. O

The diagonal description now becomes intrinsic.

Proposition 8.16 (Differentials as the conormal sheaf of the diagonal). Let f : X — S be
separated and let
Ayg: X = X x5 X

be the diagonal, with ideal sheaf Za. Then
Vx5 = In/ IR

Proof. Separatedness makes the diagonal a closed immersion by Chapter 3. On an affine
chart X = Spec B, S = Spec A, its ideal is the kernel of

B®as B — B.

The result is therefore theorem 8.5, and the affine identifications glue because they are
canonical. O

We finish the section with the fundamental projective calculation. It will later determine
the canonical sheaf of projective space.

Theorem 8.17 (Euler sequence). Let S be a scheme and let 7 : P% — S be projective
n-space. There is a natural short exact sequence

0 — Qpy/s — Opy (—~1)® ) 5 Gpn — 0,

where .
6(50, Ceey Sn) = ZXZSZ
i=0
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Proof. The assertion is local on S, so take S = Spec A. Put U; = D4 (X;) and write

i X; L
1) = TZ (J #1).
Then U; = A"} and

s = 6P o, dt
J#i

Let u; denote the local generator of ¢/(—1)|y, characterized by X;u; = 1. The map € is
surjective on U;, because the vector with u; in the ¢-th component and zero elsewhere maps
to 1.

For j # i, define .
(2

Yj

= €jU; — tgz)ezuz
These n sections form a basis of ker e|y,: the equation } X;s; = 0 uniquely determines the
i-th coefficient from the other n coefficients. Hence there is an isomorphism
(4) (4)
v; .

;s kerely, — Q%Ji/Sv — dt;

It remains to check that these maps glue. On U; N Uy,

o
_ 37
b=
Z

and therefore

dt: .
J
(1)
The local generators satisfy
= (t") ui,
and a direct substitution gives the identical transition formula
(@),,(@ _ 4@), ()
(E) B tgl ’UJZ t]l ’UEZ
YT (1)y2
(")

Thus the ; agree on overlaps. They glue to
~ Ol
kere = ng /85

which proves exactness. O

8.2 Tangent Spaces, Nonsingularity, and Smoothness

The sheaf Qk /s becomes geometrically visible after passing to a residue field. We begin
with the intrinsic local definition already implicit in Chapter 4.

Definition 8.18. Let (A, m, k) be a local ring. Its cotangent space is
m/m*,
and its Zariski tangent space is the dual vector space

Hom, (m/m?, k).
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For a morphism f: X — S and z € X, the relative cotangent space and relative tangent
space are

TX/s0 = Q%(/s ®0x,, K(T),
TX/S,x = Homn(z) (T;(/S,x’ ’{(:U))

Proposition 8.19 (Cotangent space at a rational point). Let X be a k-scheme and let
x € X (k). Then there is a natural isomorphism

mg/m2 —— Q% ® ().
For an arbitrary point x, there is instead a natural right exact sequence
my/mz — Q) @ k(x) — Qi — 0.
Proof. Apply the conormal sequence to the residue homomorphism
Ox 0 — k().

It gives
mg/m; — Qo i @ K(2) — Qo — 0.

Localization identifies the middle term with Q% i ® k(z). If z is k-rational, then x(x) =k
and the final term is zero.

It remains to prove injectivity in the rational case, since the formal conormal sequence
alone does not provide it. Let V' be a k-vector space, regarded as an Ox ;-module through
the residue map. Every k-derivation D : Ox , — V Kkills m2, because m, acts trivially on
V. Thus restriction gives

Dery(Ox 4, V) — Homk(ma;/mi, V).

Conversely, since the residue map splits the inclusion k C Ox ,, every element has a unique
form ¢ +m with ¢ € k and m € m,. A linear map A : m;/m2 — V defines a derivation by
D(c+m) = A(m). These constructions are inverse. Hence m,/m?2 and Q% /i © k represent
the same functor on k-vector spaces, proving the isomorphism. O

Proposition 8.20 (Tangent vectors as dual-number points). Let f : X — S and let x € X.
Put

k(x)[e] = r(2)[e] /(%)

Then T'x/s,, is naturally in bijection with morphisms
v: Speck(z)e] — X
over S whose restriction along Spec k(x) < Spec k(x)[g] is the point x.

Proof. Work affinely near x and f(x), say X = Spec B, S = Spec 4, and let p: B — k(x)
be the residue map. A lifting of = to the dual numbers is a ring homomorphism

¢ : B — k(x)[¢]
whose reduction modulo ¢ is p. Hence uniquely

¢(b) = p(b) +D(b).
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Multiplicativity of ¢ is equivalent, because €2 = 0, to
DY) = p(B) D() + p(¥') D(b),

and the condition that the map is over S says that D vanishes on A. Thus D is an
A-derivation from B to k(x). By the universal property,

Dera(B, k(z)) = Homy () (Tx /g 40 £(2)),
which is the tangent space. O
A morphism h : X — Y over S therefore has an actual differential on tangent vectors.

Proposition 8.21. Let X by 5 S be morphisms and let € X, y = h(x). Pullback of
differentials induces a natural map

dhy : TX/S,:L‘ — TY/S’,y Dr(y) /i(.%')
whenever the cotangent space of Y/S at y is finite dimensional.

Proof. The natural morphism h*Q%,/S — Q%(/S gives, after tensoring with x(z),
T;;/S,y ®n(y) H(J:‘) - T)*(/S,z'
Dualizing over x(x) gives the asserted map. O

Now let
X = Spec B, B=Fk[xy,...,zn]/(f1,- -y fr),

and let x € X (k). The conormal presentation turns the tangent space into ordinary linear
algebra.

Theorem 8.22 (Affine Jacobian description). With the notation above,

Tx /o = ker (K" 255 k7)),

Afi
Iy = <8l‘j (m)) .

dimy Tx /g =n — vk Jy.

where

Consequently,

Proof. Tensor the right exact Jacobian presentation of proposition 8.9 with the residue field
k. We obtain

.
(LN SN T% ke — 0.

Dualizing over the field k is exact and identifies the dual map with J, : kK — k. Hence
the tangent space is its kernel, and rank-nullity gives the dimension formula. O

The node and cusp of Chapter 4 now acquire their familiar tangent-space interpretation.
For zy = 0 at the origin, and for y? — 23 = 0 at the origin when char k # 2,3, every first
derivative vanishes, so the tangent space has dimension two while the local dimension is
one. The tangent space is therefore too large precisely where the local ring fails to be
regular.

We next formulate smoothness using the local model which exposes this Jacobian cal-
culation directly.
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Definition 8.23 (Standard smooth algebra). An A-algebra is standard smooth of relative
dimension n — r if it has the form

B = (A[Jfl,---axn]/(fla"'7f7"))g

for which some r X r minor of the Jacobian matrix

Of;
895]-
is a unit in B.

A morphism f : X — S is smooth of relative dimension d if every point of X has an
affine neighborhood which, over an affine neighborhood in S, is induced by a standard
smooth algebra of relative dimension d.

Theorem 8.24 (Differentials of a standard smooth algebra). If B is standard smooth over
A of relative dimension d, then Qp, 4 is finite free of rank d. Consequently, if f: X — S
is smooth of relative dimension d, then Qk/s is locally free of rank d.

Proof. Write d = n—r and, after reordering the variables, suppose that the first r x r block
Jo of the Jacobian matrix is invertible. The relations in the Jacobian presentation are

dxq dxriq
Jo| | =-N

dz, dz,

Thus dz;41, ..., dz, generate Qg /4.
Suppose ) ;- a;dz; = 0. In the presentation B" — B™ — (1,4 — 0, the vector
(0,...,0,ar+1,...,an)T
therefore lies in the image of the transpose of the relation matrix. Looking at its first r
coordinates gives Jjc = 0 for some ¢ € B". Since Jy is invertible, ¢ = 0, and then all

a; = 0. Hence the displayed generators form a basis. The scheme statement follows on the
standard smooth affine neighborhoods. O

Definition 8.25 (Relative tangent sheaf). If f : X — S is smooth, its relative tangent
sheaf is
TIx)s = %omﬁx(ﬁﬁqs, Ox).

It is the dual vector bundle of Q}( /s and its fiber at x is naturally T'x/g ;.

For varieties over an algebraically closed field, this relative notion recovers the intrinsic
regularity of Chapter 4.

Definition 8.26. Let k£ be algebraically closed and let X be a variety over k. We call X
nonsingular if it is regular as a scheme, equivalently if every local ring Ox , is regular.

The following local lemma will also control the conormal sequence. We use here the
standard commutative-algebra facts that a regular system of parameters in a regular local
ring is a regular sequence and that regular local rings satisfy the expected dimension formula
for quotients by prime ideals. These are the same level of commutative-algebra input as
the factoriality theorem for regular local rings used in Chapter 4.
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Lemma 8.27 (Independent parameters in a regular local ring). Let (A, m, k) be a regular
local ring of dimension n. If f1,..., f. € m have linearly independent classes in m/m?, then

A/(flv---afc)

s a regular local ring of dimension n — c.

Proof. Extend the classes of fi,..., f. to a basis of m/m?. By Nakayama, representatives
of this basis form a minimal generating set of m, hence a regular system of parameters.
In a regular local ring a regular system of parameters is a regular sequence. Therefore
fi,..., fc is a regular sequence, and successive quotients reduce the dimension by one while
preserving regularity. It follows that

A/(fla---afc)

is regular local of dimension n — c. O

Theorem 8.28 (Nonsingularity and the sheaf of differentials). Let k be algebraically closed
and let X be a variety of dimension d over k. The following conditions are equivalent:

1. X is nonsingular;
2. X — Speck is smooth of relative dimension d;

3. Qﬁ(/k 1s locally free of rank d.

Proof. We first show that regularity at a closed point produces a standard smooth neigh-
borhood. Let x € X (k) and choose an affine neighborhood

U = Spec B, B =klzy,...,z,]/1.
Let q C k[x1, ..., xy,) be the maximal ideal corresponding to z. If Ox , is regular, then
dimy T'x , = d

by the definition of regularity and proposition 8.19. Hence the image of the conormal map
in k™ has dimension n — d. Choose fi,..., f. € I, with ¢ = n — d, whose differentials give
a basis of that image. Some ¢ X ¢ Jacobian minor is nonzero at x.

Put J = (f1,..., fc). Localize the polynomial ring at q. By lemma 8.27,

R :=E[x1,...,20]q/Jq

is a regular local ring of dimension d, hence a domain by theorem 4.8. The ideal I /.J; has
quotient Ox ;, also of dimension d. If this ideal were nonzero, any prime minimal over it
would be a nonzero prime of the regular local domain R, hence would have positive height.
The dimension formula for regular local rings would then make the quotient have dimension
at most d — 1. Thus

I, = Jy.

Because [ is finitely generated, after shrinking around x we have I = J, and the chosen
Jacobian minor remains invertible. Hence X is standard smooth near z.

If X is nonsingular, the preceding argument gives a smooth neighborhood of every
closed point. Their union is all of X: otherwise its closed complement, being a nonempty
finite-type k-scheme, would contain a closed point. Thus (1) implies (2).

The implication (2)=-(3) is theorem 8.24.

152



Algebraic Geometry Chapter 8. Differentials, Smoothness, and Duality

Finally assume (3). At every closed point z, proposition 8.19 gives
dimy m, /m2 = d.

A closed point of the d-dimensional variety has local dimension d, so Ox .. is regular. Repeat-
ing the first paragraph gives a standard smooth neighborhood of each closed point. These
neighborhoods cover X by the same closed-point argument. On each standard smooth
chart, the invertible Jacobian minor and lemma 8.27 show that every closed-point local
ring is regular. Regularity of a regular local ring is preserved under localization, so every
local ring on the chart is regular. Hence X is regular everywhere, proving (1). O

Remark 8.29. Over a perfect field the same equivalence holds after the appropriate residue-
field formulation. Over an imperfect field, regularity need not survive extension of the
ground field, and the final term €2,/ in proposition 8.19 is exactly where inseparability
enters. For a general morphism X — S, local freeness of Qﬁ( /8 of the expected rank is
necessary for smoothness but is not by itself sufficient; the missing condition is related to
flatness and geometric regularity of the fibers.

We can now return to the left end of the conormal sequence.

Theorem 8.30 (Conormal sequence for nonsingular subvarieties). Let k be algebraically

closed and let
1. X =Y

be a closed immersion of nonsingular varieties, of dimensions d and n respectively. Then
I | 2 is locally free of rank n — d, and the conormal sequence is short exact:

0— I/ I% —i*Qy ) — Q) — 0.
Proof. Fix a closed point x € X and put
A= Oy, B=0x,=A/l
The rings A and B are regular local of dimensions n and d. The map on cotangent spaces

my/m%y — mp/m%

is surjective, with kernel of dimension n — d. Choose fi,..., fn_q € I whose classes form a
basis of this kernel. Their classes in m4/m? are independent, so lemma 8.27 shows that
A/(f17 ey fn—d)

is a regular local domain of dimension d. It surjects onto B, which has the same dimension.
As in the proof of theorem 8.28, the dimension formula for the regular local source shows
that a nonzero kernel would force the quotient dimension to drop. Hence

I'=(f1, s fn-d)-

The right-hand map in the conormal sequence is already surjective. Both ’L*Q%, Ik and Qﬁf Ik
are locally free, of ranks n and d by theorem 8.28; the surjection therefore splits locally,
and its kernel K is locally free of rank n — d. Since the f; generate I, there is a surjection

Bed) — 1/17,
and composition with the conormal map gives

B®n=d) K e —s dfy.
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On the fiber at x, the vectors df; form a basis of K ®p k by the choice of the f;. After
shrinking, the displayed map between free modules of the same rank is therefore an iso-
morphism: in local trivializations, one of its maximal determinants is a unit. Because it
factors through the surjection B®—4) — I/I?, that surjection must also be injective, and
the conormal map I/I? — K is an isomorphism. Hence I/I? is locally free of rank n — d
and the conormal sequence is short exact near x. Since the same argument applies at every
closed point, these neighborhoods cover X and the sequence is short exact globally. ]

Corollary 8.31 (Embedded differential criterion for nonsingularity). Let k be algebraically
closed, let'Y be a nonsingular variety of dimension n, and let X <— Y be a closed subvariety
of dimension d. For a closed point x € X, the following are equivalent after shrinking
around x:

1. X is nonsingular at x;

2. Qﬁ(/k is locally free of rank d, % /%2 is locally free of rank n — d, and the conormal
sequence is left exact, hence short exact;

3. locally the ideal of X is generated by n — d functions fi,..., fn—q whose differentials
are linearly independent along X near x.

Proof. The implication (1)=-(2) is theorems 8.28 and 8.30. In the proof of theorem 8.30,
the ideal is locally generated by n — d elements whose classes in the cotangent space are
independent; this gives (3).

Assume (3). The Jacobian presentation shows that the corresponding conormal map has
rank n—d. After choosing local coordinates on the smooth variety Y, some (n—d) x (n—d)
Jacobian minor is invertible. Thus X is locally standard smooth of dimension d, and
theorem 8.28 gives (1).

Finally, (2) itself implies (1) already from the local freeness of Q% of rank d by
theorem 8.28; the extra left exactness records the fact that the embedding is locally a
regular one. O

The corollary explains the precise role of the left end of the conormal sequence. Left
exactness by itself is not a smoothness criterion: singular complete intersections may still
have an injective conormal map. What characterizes nonsingularity here is the expected
locally free differential geometry together with the regular embedding behavior.

8.3 Infinitesimal Lifting and Bertini’s Theorem

The dual-number description of tangent vectors suggests a broader principle: smooth mor-
phisms should allow maps to be lifted through nilpotent first-order thickenings. The alge-
braic formulation uses square-zero ideals.

Definition 8.32. Let A — B be a ring homomorphism.

1. It is formally smooth if, for every A-algebra C, every ideal J C C with J? = 0, and
every A-algebra map B — C/J, there exists an A-algebra lift B — C.

2. It is formally unramified if such a lift, whenever it exists, is unique.

3. It is formally étale if every such lifting problem has a unique solution.

For schemes the corresponding conditions are imposed locally on the source for every square-
zero closed immersion.
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Thus formal smoothness means existence of infinitesimal extensions, while formal un-
ramifiedness means uniqueness. Their difference is measured exactly by derivations.

Lemma 8.33 (Difference of two lifts). Let J C C satisfy J?> =0, and let
¢1> (Z)Q :B—C

be two A-algebra maps inducing the same map B — C/J. Then

D(b) = ¢1(b) — ¢2(b)
defines an A-derivation B — J, where J is a B-module through the common map B — C/J.

Proof. The difference takes values in J. Writing ¢1(b) = ¢2(b) + D(b) and using J? = 0,
we find
D(bY') = ¢a(b)D(V) + ¢2(t') D(b).

The action of B on J depends only on the common reduction modulo J, so this is the
Leibniz rule. Additivity and vanishing on A are immediate. O

Proposition 8.34 (Differential criterion for formal unramifiedness). A ring homomor-
phism A — B is formally unramified if and only if

Qp/a = 0.

Proof. 1f Qp 4 = 0, then lemma 8.33 identifies the difference of two lifts with an element
of
DerA(B, J) = HOHIB(QB/A, J) = 0,

so the lift is unique.
Conversely, consider the square-zero extension

B® Qg

with multiplication
(b, w) (b, ") = (b, b + V'w).

The projection to B has two A-algebra sections
So(b) = (ba 0)7 Sd(b) = (ba db)

The second is multiplicative precisely because d satisfies the Leibniz rule. Formal unrami-
fiedness forces so = sg, so db =0 for every b and therefore 2,4 = 0. O

The existence half is encoded by the Jacobian inverse function calculation.

Lemma 8.35 (First-order Taylor formula). Let J C C satisfy J> = 0. Ify; € C, 2z € J,
and f € Clxy,...,xy,], then

n

B
flyr 4+ 215 yn + 20) :f(yl,---,yn)+Zafj(y1,-..,yn)2j-
j=1 9

Proof. For a monomial, expand the product after substituting y;+z2;. Every term containing
two of the z; lies in J? and vanishes. The remaining terms are the original monomial and
the terms containing exactly one z;, which are the displayed derivatives. Additivity gives
the result for every polynomial. O
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Theorem 8.36 (Standard smooth algebras lift infinitesimally). FEwvery standard smooth
A-algebra is formally smooth over A.

Proof. Write
B = (Alz1,...,za)/(f1,--- 7f7‘))g

and suppose, after reordering variables, that the r x r Jacobian block

= (32)
0% ) \<ijer
has invertible determinant in B.

Let C — C/J be square-zero and let ¢ : B — C/J be an A-algebra map. Choose
arbitrary lifts y; € C of ¢(x;). Since the equations vanish modulo J,

C; = fi(yla - ,yn) e J

The matrix M (y) reduces modulo J to an invertible matrix. An element of C' which is a
unit modulo a square-zero ideal is a unit: if uv = 1+ j, then (1 + j)™! = 1 — j. Hence
M (y) is invertible in M, (C).

Choose z1,..., 2. € J satisfying
z1 c1
M(y)| : | =~ ,
Zr cr
and set 2,41 = -+ = 2z, = 0. By lemma 8.35,
3fz

f(y—i—z)—cz—i-z y)zj = 0.

81']

Thus z; — y; + 2z; defines a lift from the quotient polynomial algebra. The image of g is a
unit modulo J, hence a unit in C, so the lift extends to the localization B. ]

Corollary 8.37. Let f : X — S be smooth. Given a square-zero closed immersion Ty — T
and a commutative square
TD — X

[ b
T — 5,
every point of Ty has a neighborhood in T on which a dotted lift T --+ X exists.

Proof. The problem is local on T and X. After choosing a standard smooth affine neigh-
borhood in X it becomes exactly the lifting problem solved in theorem 8.36. O

By iterating square-zero extensions one obtains the same local lifting statement for a
nilpotent thickening whose nilpotent ideal has finite exponent. One concrete consequence
is that tangent vectors on a smooth variety have no finite-order obstruction.

Corollary 8.38 (Prolonging infinitesimal arcs). Let X be a smooth variety over a field k,
let x € X(k), and let
v : Speck[t]/(t?) — X

represent a tangent vector at x. For every m > 2, after choosing an affine smooth neigh-
borhood of x, the map v extends to a morphism

m : Speckl[t]/(t™) — X.
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Proof. Assume inductively that v,, is defined. The quotient map
K[/ () — K[t]/(t™)

has kernel generated by ¢, whose square is zero because 2m > m+1. Formal smoothness of
the chosen affine smooth neighborhood, proved in theorem 8.36, lifts v,, to v,+1. Starting
with vy = v gives the result by induction. O

Remark 8.39 (Comparison with formal smoothness). The standard comparison theorem
for smooth morphisms says that a morphism is smooth if and only if it is locally of finite
presentation and formally smooth. The forward implication is already contained in the
standard smooth presentation and theorem 8.36. The converse is a deeper commutative-
algebra comparison result: from finite presentation and the infinitesimal lifting property
one extracts, locally, an invertible Jacobian minor. Equivalently, after developing flatness
one may use the criterion that a locally finitely presented morphism is smooth exactly when
it is flat with geometrically regular fibers. We record this theorem as context rather than
use it as an unproved step below; every lifting statement needed in the remainder of this
chapter follows directly from the standard smooth calculation above.

We now combine smoothness with the linear systems of Chapter 7. If i : X — PfCV is
a closed immersion of nonsingular varieties, dualizing the short exact conormal sequence
gives
0 — Txpp — " Tpn g, — (I/I%)Y — 0.

Thus the embedded tangent spaces form a vector subbundle of the ambient tangent bundle;
this makes the family of tangent hyperplanes algebraic. The simplest form of Bertini’s
theorem concerns hyperplane sections of a fixed projective embedding and avoids the insep-
arability phenomena which can occur for arbitrary linear systems in positive characteristic.

Theorem 8.40 (Bertini for hyperplane sections). Let k be algebraically closed and let
X < Py

be a nonsingular projective variety of positive dimension d. Then there is a nonempty open
subset
N
UcC(Py)’

such that for every hyperplane H € U, the scheme X N H is a nonsingular scheme of
dimension d — 1.

Proof. If d = N, then the closed integral subvariety X C P is all of PV, and every
hyperplane section is PY~!; so assume d < N.

Forz e X, let T, X C P{CV denote the embedded projective tangent space. Since X is
nonsingular of dimension d, this is a projective d-plane. Consider the incidence set

T:={(z,H) € X x (PY)V: T, X C H}.

The tangent bundle of X is locally free and its map to the restriction of the tangent bundle
of PV varies algebraically. Consequently the condition that the linear form defining H
vanish on T, X is given locally by linear equations, so 7T is closed. More concretely, T is
the projective bundle of hyperplanes annihilating the embedded tangent bundle.

For a fixed x, the hyperplanes containing a fixed projective d-plane form

PN—d—l
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Therefore
dim7T =d+(N—d—1)=N —1.

The projection
T — (P

is proper because X is projective. Hence its image B is closed. Since
dimB < N — 1< N = dim(PY)V,

it is a proper closed subset. Put
U= (PY)\B.

Take H € U. The intersection X N H is nonempty: otherwise X would be a closed
subscheme of the affine open PV \ H = A% hence both affine and proper over k; by
proposition 3.48 it would be finite over k, contradicting d > 0. Let x+ € X N H. By
construction H does not contain T, X. If £ € m, is a local equation for H|x, then the class
of £ in my/ m% is nonzero: its dual linear form on T, X is precisely df|r, x. Since Ox  is a
regular local ring of dimension d, lemma 8.27 applied to the single parameter ¢ shows that

OxnHgz = Oxq/(0)

is a regular local ring of dimension d — 1. Thus every closed point of X N H is nonsingular.
The closed-point argument used in theorem 8.28 then shows that the whole hyperplane
section is nonsingular of pure dimension d — 1. O

Corollary 8.41 (Bertini for a very ample linear system). Let X be a nonsingular projective
variety over an algebraically closed field and let £ be very ample. A general divisor in the
complete linear system |Z| is nonsingular.

Proof. By corollary 7.42, a finite-dimensional space of sections embeds X into projective
space and identifies . with the pullback of ¢'(1). Divisors in the corresponding complete
hyperplane system are hyperplane sections. Apply theorem 8.40. O

8.4 Canonical Sheaves and Birational Differential Forms

First-order differentials have higher exterior powers. For a smooth morphism the top
exterior power is a line bundle, and Chapter 7 allows us to reinterpret that line bundle
divisor-theoretically.

Definition 8.42. Let f: X — S be a morphism. For p > 0, define
. 0
O g = A 055 0%/s = Ox.
Ox
If f is smooth of pure relative dimension n, its relative canonical sheaf is

wx/s = Vs = \ Uxys-
When S = Speck, we write simply wx.

Proposition 8.43. If f : X — S is smooth of relative dimension n, then Q?{/S is locally
free of rank (Z) In particular, wy/g is invertible.
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Proof. Locally Q}( /s is free with basis e1, ..., e, by theorem 8.24. The wedge products
eiy N Negy, 1 < e <,

form a basis of the p-th exterior power. O

We will use the determinant identity from multilinear algebra.
Proposition 8.44 (Determinant of a short exact sequence). Let

0—& —&—8&"—0
be a short exact sequence of finite locally free sheaves. Then there is a canonical isomorphism
det & = det & @ det &”.

Proof. The statement is local. Since &” is locally free, the sequence splits locally. Choose
a basis of & and lift a basis of &” to &. Sending the top wedge of the resulting basis of
& to the tensor product of the two top wedges gives the desired isomorphism. Changing
the lifts adds terms containing too many vectors from &’, hence does not change the top
wedge; changing either basis multiplies both sides by the same determinant. Thus the local
isomorphisms are canonical and glue. O

The Euler sequence now gives its promised consequence.
Corollary 8.45 (Canonical sheaf of projective space). For every scheme S,
wpn /s = ﬁpg(—n —1).
Over a field, if H denotes the hyperplane class, then the canonical divisor class satisfies
Proof. Taking determinants in the Euler sequence of theorem 8.17 gives
—_1)0(n+1)y ~ 1
det(0(-1) ) = det Qpy /g © det 0.
The left side is 0(—n — 1) and det 0 = 0, so
det Q%)g/s = ng/S = ﬁ(—n - 1).

By corollary 7.38, &(1) corresponds to the hyperplane class, giving the divisor statement.
O

For a smooth integral variety, a rational top form is a rational section of the canonical
line bundle, so Chapter 7 immediately produces a Cartier divisor.

Definition 8.46 (Canonical divisor and geometric genus). Let X be a nonsingular variety
of dimension n over an algebraically closed field k. A nonzero element

n
N € wx oy K(X) = N\ Qk(x)
is a rational top differential form. By proposition 7.29, it determines a Cartier divisor
div(n).

Its divisor class is called the canonical class; any representative is denoted Kx.
If X is projective, its geometric genus is

pe(X) i= h%(X,wx) = dimy, H(X, wx).
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If o’ is another nonzero rational top form, then ' = fn for some f € K(X)*, and
div(n') = div(n) + div(f).

Thus the canonical class is independent of the chosen rational form.
The conormal sequence also gives adjunction formulas.

Theorem 8.47 (Adjunction for a smooth hypersurface). Let
X =V (F)C Py
be a nonsingular hypersurface defined by a homogeneous polynomial of degree d. Then
0 — Ox(~d) 5 Qb lx — Qjp — 0

s exact, and

‘ wx 2 O0x(d—n-—1). ‘

Proof. The ideal sheaf of X is Opn(—d), so
I I = Ox(—d).

Both X and P™ are nonsingular, hence theorem 8.30 makes the conormal sequence short
exact.
Taking determinants and using proposition 8.44 gives

wpn|xy 2 Ox(—d) @ wy.
By corollary 8.45, the left side is &x(—n — 1). Tensoring with Ox(d) gives

wxgﬁx(d—n—1>.

O
Corollary 8.48 (Smooth complete intersections). Let X C P} be a nonsingular complete
intersection cut out by a regular sequence of homogeneous polynomials of degrees dy, ..., d,.
Then

ngﬁx(dl—F"‘"i‘dr—n—l).

Proof. For a complete intersection,
,
J/JQ = @ Ox(—d;).
i=1

Apply theorem 8.30, take determinants, and use corollary 8.45. O

The geometric genus is birational. Before proving this, we extend the codimension-one
intersection theorem of Chapter 7 from functions to line bundles.

Lemma 8.49 (Sections of a line bundle are determined in codimension one). Let X be a
normal Noetherian integral scheme with generic point n, and let £ be invertible. Inside
the one-dimensional K(X)-vector space £,

H(X.Z)= (| %
zeX @)

More precisely, a rational section of £ is reqular on X if and only if it belongs to £, for
every codimension-one point x.
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Proof. Regular sections clearly belong to every stalk. Conversely, let s € ., belong to
every %, for x € X1, Cover X by affine opens U = Spec A on which & is trivial, with
frame e. Write

s= fe, feK(X).

For every height-one prime p C A, the hypothesis s € %}, says f € A,. Since A is a normal
Noetherian domain, lemma 7.5 gives

fe ) A=A

ht p=1

Thus s is regular on every trivializing affine open, and these local sections agree because
they are restrictions of the same rational section. O

Theorem 8.50 (Birational invariance of regular top forms). Let k be algebraically closed
and let X andY be nonsingular projective varieties which are birational over k. Under the
induced identification of function fields, restriction to the generic point identifies

H(X,wx) = H(Y,wy).

Consequently,

PQ(X) :PQ(Y)‘

Proof. Let
p: X --»Y

be a birational map and identify K(X) and K(Y) with a common field K by proposi-
tion 3.22. Then both spaces of global top forms sit naturally inside

/\QK/k, n=dimX =dimY.

We prove that a form regular on X is regular on Y'; symmetry then gives equality.
Take
ac H (X, wy)

and let y € Y1), Since Y is nonsingular, it is normal by corollary 4.9, and its local ring
R = 0y,
is a DVR by corollary 4.22; its fraction field is K. Consider the inverse rational map
el Y -5 X,

Its generic point gives a morphism Spec K — X. Because X is projective and hence
proper over k by corollary 3.63, the valuative criterion theorem 3.45 extends this morphism
uniquely to

Spec K — X

| |

Spec R —— Speck.

Call the extension g : Spec R — X.
Pulling back the regular form « gives a regular section of g*wx. The morphism on
differentials
*)1 1
9 Qx /e — Qg

161



Algebraic Geometry Chapter 8. Differentials, Smoothness, and Duality

induces on top exterior powers a section of

n
1
At the generic point this map is induced by the identity of the common function field K,

so the resulting rational top form is exactly o under the identification with A" Qx /k- Since
R is the local ring of Y at y, localization of relative differentials gives

/\Q}%/k = (wy)y-
Thus
a € (wy)y

for every codimension-one point y of Y.
The variety Y is normal Noetherian and wy is invertible. By lemma 8.49, « therefore
extends to a global section of wy. This gives

H(X,wx) € H(Y,wy)
inside A\" Qi Applying the same argument to the inverse birational map gives the reverse

inclusion. O

Remark 8.51. The proof uses no resolution of indeterminacy. Properness extends a rational
map to every codimension-one valuation ring, while normality says that a section of a line
bundle which is regular at all codimension-one points is already regular globally. This is
precisely where the valuative language of Chapter 3 and the codimension-one intersection
theorem of Chapter 7 meet the theory of differentials.

8.5 Higher Direct Images and Relative Duality

Cohomology in Chapter 6 was attached to a single space. For a morphism f : X — Y,
the same construction can be performed fiberwise over open subsets of Y and retained as
a sheaf. This is the natural language in which duality becomes relative.

Definition 8.52 (Higher direct images). Let f : X — Y be a morphism of ringed spaces
and let .# be an Ox-module. Choose an injective resolution

0—F —9" 57t ...
The i-th higher direct image is
R f.7 == H'(f..7°).
Thus Rof* = fs.

This definition uses only the ordinary derived-functor formalism already used in Chap-
ter 6; no derived category is required.

Proposition 8.53 (Local description of higher direct images). The sheaf R'f..7 is the
sheaf associated to the presheaf

V— HY(f1(V),. %), V CY open.

FEquivalently, fory €Y, A
(R f.7), = lim H(f 7 (V), 2).
yev
A short exact sequence of sheaves on X gives a natural long exact sequence of higher direct
1mages.
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Proof. Let #° be an injective resolution. Injective sheaves are flasque by proposition 6.6,
and their restrictions to open subsets remain flasque. Hence for every open V C Y the
cohomology of the complex of sections

LV, fuoI*) =T(f7H(V), #*)

is Hi(f~1(V),.#). On the other hand, R'f,.# is the cohomology sheaf of f..#*; the
cohomology sheaf of a complex is obtained by sheafifying the presheaf cohomology of its
complexes of sections. This gives the first statement, and taking stalks gives the filtered-
colimit formula. The long exact sequence is the standard long exact sequence of right
derived functors. O

Corollary 8.54. Let f : X — Y be an affine morphism of Noetherian separated schemes
and let & be quasi-coherent. Then
Rf.Z =0 (i>0).
Proof. For every affine open V C Y, the inverse image f~!(V) is affine. By theorem 6.14,
(V). %) =0

for i > 0. Thus the presheaf whose sheafification is R f+Z vanishes on an affine basis of Y.
By proposition 8.53, its associated sheaf is zero. O

For projective morphisms, the higher direct images of coherent sheaves remain coherent.
This is the relative form of the finiteness theorem of Chapter 6.

Theorem 8.55 (Projective direct image theorem). Let f : X — Y be a projective morphism
of Noetherian schemes and let % be coherent on X. Then each

R'f.F
is coherent on Y.

Proof. The assertion is local on Y, so let V= Spec A C Y be affine and replace X by
Xy = f~Y(V). Then X is projective over A. Put

M; := H'(X,.7).
By theorem 6.31, M; is a finitely generated A-module.
We claim that on V, ‘ -
R .7 = M,.
It is enough to verify the localization formula on a principal open D(g) C V:

Mig L> Hi(XD(g)ay’XD(g))‘

Choose a finite affine cover of X obtained by intersecting a projective embedding with
the standard affine charts. Since X is separated, all finite intersections are affine, so theo-
rem 6.23 computes cohomology by the finite Cech complex of sections on these intersections.
After base change to D(g), quasi-coherence identifies every term with its localization at g.
Localization is exact and commutes with finite direct sums, hence it commutes with the
cohomology of this finite complex. This proves the localization formula.

The localization formula says that on the basis of principal opens of V, the presheaf
D(g) — H'(Xp(y),F) is exactly the module presheaf D(g) — (M;)y. After sheafification,
proposition 8.53 therefore gives .

R f Ty = M,.
Since M; is finite over the Noetherian ring A, this sheaf is coherent by theorem 5.16. The
affine opens V' cover Y. O
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The duality theorem is organized around a trace. We first isolate the top-degree, or
order-zero, form of the idea.

Definition 8.56 (Top dualizing sheaf). Let f : X — Y be proper, with fibers of dimension
at most n. An n-dualizing sheaf for f is a coherent sheaf wy together with a trace morphism

Try: R" fuwy — Oy
such that for every coherent .# the pairing obtained by composition,
fodtomx(F,wp) @ R f.F —s R'fuwp —5 Oy,
induces an isomorphism
fedlomx (F,wy) — Homy (R" f.7, Oy).
When Y = Speck, this says simply
Homy (#,wys) & H"(X, 7).

The representing property also shows uniqueness: two dualizing sheaves with trace represent
the same contravariant functor and are uniquely isomorphic in a way compatible with trace.

Projective space provides a completely explicit model, using only the cohomology al-
ready computed in Chapter 6.

Theorem 8.57 (Top duality on projective space). Let k be a field, let
7 : P}, — Speck,

and put
w= Opn(—n —1).

Let
Tr: H"(P",w) — k

be the map sending the Cech class of

xo...xn

to 1. Then for every coherent sheaf . the natural map
Hompn (F,w) — H"(P", 7)Y
is an isomorphism. Hence (w,Tr) is an n-dualizing sheaf for .
Proof. For % = 0 (m), the left side is
HYP", 0(—m —n —1)).
By corollary 6.30, multiplication followed by Tr gives a perfect pairing
H™(P",0(m)) x H*(P",0(—m —n —1)) — k.

Thus the assertion holds for every twist and hence for every finite direct sum of twists.
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Let .7 be coherent. By corollary 5.28, choose an exact sequence
0 —Y —2%—F—0

with £ a finite direct sum of twists. Since projective n-space has no cohomology above
degree n, the top of the long exact sequence is

H"(Y) — H"(Y) — H"(Z) — 0.
Dualizing gives an exact row
0— H"(F) — H"(ZL)" — H"(9)".
Left exactness of Hom(—,w) gives another exact row
0 — Hom(.#,w) — Hom(.Z,w) — Hom(¥, w).
Naturality of cup product and trace gives the commutative diagram

0 ——— Hom(.%,w) —— Hom(%,w) —— Hom(¥,w)
ltbgr Nltbz

g
0O— H”(ﬁ*)v _ H”(f)v _ H”(%)v

Since ¢ is an isomorphism, exactness immediately makes 1 & injective.

The same argument, applied to a presentation of the coherent sheaf ¢4 by a finite sum
of twists, shows that 1¢ is injective. Now take A € H"(Z)V. Its image in H"(.Z)" has a
unique preimage u € Hom(.Z,w) under ¥ . The image of u in Hom(¥,w) maps to zero
in H"(¢)Y by commutativity; injectivity of 1 makes this image zero. Thus u descends to
an element of Hom(.%#,w) mapping to A. Hence ¢ # is surjective as well. O

The previous theorem is the top-degree prototype of relative duality. For a smooth
proper morphism the dualizing sheaf is the canonical sheaf, and cup products give pairings
in complementary degrees.

Theorem 8.58 (Higher relative duality). Let
f: X —Y

be a smooth projective morphism of pure relative dimension n between locally Noetherian
schemes, and let & be finite locally free. There is a canonical trace

Trf : R”f*wX/y — Oy
and natural cup-product pairings
. . Tr
R'f.6 @ R"'f.(6Y ®wx)y) — R"fiwx/y —> Oy.

On every open subset of Y on which the two higher direct images in complementary degrees
are locally free and their formation commutes with base change, this pairing is perfect.
Equivalently, the induced morphism

Rn_if*(@ﬁv &® wX/y) - c%”omy(Rif*é’, ﬁy)

s an isomorphism there.
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Proof. This is the higher-order relative duality theorem. Its construction extends the order-
zero trace formalism of definition 8.56: one first constructs the trace in top degree and
the cup-product morphism, then proves perfectness by the cohomology-and-base-change
theorem and the higher-order duality argument. A complete proof requires the flat-base-
change machinery for higher direct images and a systematic treatment of Ext beyond what
has been developed in these notes so far. We therefore take the higher-order theorem as a
standard input at this point.

What is important for the remainder of the chapter is that the statement itself uses
only the ordinary sheaves R’ f,.Z, tensor products, and the trace map. No derived-category
language is needed. The absolute consequence below requires no additional base-change
hypothesis, since the base is a point. O

Remark 8.59. The formulation above follows the relative viewpoint in which the trace and
the top dualizing property come first and the familiar vector-space duality is obtained only
after passing to a point. The distinction between the elementary top-order prototype and
the deeper higher-order theorem is deliberate: it keeps the logical cost of the imported
theorem visible instead of hiding it inside the notation.

Now take Y = Spec k. Higher direct images are ordinary cohomology groups, so relative
duality immediately becomes Serre duality.

Corollary 8.60 (Serre duality for vector bundles). Let X be a smooth projective variety
of dimension n over a field k, and let & be finite locally free. There is a natural perfect
pairing

Hi(X,&) x H" (X, & @wy) — H"(X,wx) = k.

Equivalently,

HY(X,&)Y = H"(X,8Y @ wx).

Proof. Apply theorem 8.58 to the structure morphism
f: X — Speck.

Since the base is the one-point scheme Spec k, the presheaf in proposition 8.53 has only its
global value, and hence ' ‘
R'f.& =H'(X,&),

and wy,, = wx. Every finite-dimensional vector space over a field is locally free on Speck;,
and base change is vacuous. The relative perfect pairing is therefore exactly the displayed
pairing. O

For a general coherent sheaf the usual formulation replaces the complementary coho-
mology group by Ext.

Theorem 8.61 (Serre duality for coherent sheaves). Let X be a smooth projective variety
of dimension n over a field k. For every coherent sheaf . there are natural isomorphisms

HY(X, 7)Y = Exty (F,wx).

If F is locally free, this reduces to corollary 8.60 because

Extd (F,wx) 2 HI(X, 7" @ wx).
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Proof. We use one standard homological fact about regular Noetherian schemes: on a
regular scheme of dimension n, every coherent sheaf has locally free dimension at most n.
Since X is projective, corollary 5.28 lets us choose the successive locally free surjections
globally. Thus there is a finite locally free resolution

0—&p — -+ — b — F — 0, m < n.
Put %y = % and let .#;,1 be the kernel of & — .#;. We have short exact sequences
0 — g1 — & — F; — 0.

For the final syzygy, which is locally free, the assertion is corollary 8.60. Suppose the
duality isomorphisms have been established for .#;1. The short exact sequence above
gives a long exact sequence in cohomology; dualizing it is exact because the groups are
finite-dimensional k-vector spaces. Applying Homx (—,wx) and its ordinary right derived
functors gives the corresponding long exact Ext sequence. Naturality of the vector-bundle
duality for &; makes the two long exact sequences into a commutative ladder. The already
known isomorphisms for .%;,; and &}, together with the five lemma applied successively
along the ladder, give

H(X,%;)" = Exty (%, wx)

for every i. Descending induction on j reaches %y = .%.

The only imported ingredient here is the finite locally free dimension of coherent sheaves
on a regular Noetherian scheme; the argument itself uses ordinary long exact sequences of
Ext and cohomology. When .Z is locally free, the internal Hom is .#" ® wx and higher
sheaf Ext vanishes, so the result reduces to the vector-bundle form. ]

Finally, projective space closes the circle with Chapter 6. Taking
& = Opn(d)
and using corollary 8.45, we obtain
&Y @wpn & Opn(—d—n—1).

Hence Serre duality gives

HY(P", 0(d)Y = H"{(P",0(—d —n —1)).

This is exactly the symmetry first discovered by the explicit Cech calculation in corol-
lary 6.30. The calculation showed that the symmetry is true; the canonical sheaf and the
trace explain why the shift by —n — 1 is inevitable.

The chapter may therefore be read as two chains which eventually meet:

Qpa — Q%(/S — T'x/s, — smoothness —— infinitesimal lifting,

and

Q}(/S — wx/s — Kx, py(X) — R'f. — relative duality — Serre duality.

Differentials thus connect the infinitesimal geometry of a morphism with the global coho-
mological symmetry of a projective variety.
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8.6 The Cohomology Class of a Smooth Subvariety

The trace map and the exterior powers of differentials give one further construction which
will be needed for surfaces. Throughout this section, let X be a smooth projective integral
variety of dimension n over an algebraically closed field k, and let

1Y - X

be a smooth closed integral subvariety of codimension p. Thus Y has dimension n — p and
Wy = ng/—p .
Restriction of differential forms, followed by the natural quotient to relative differentials
on Y, gives
QLT s QU =y

Taking cohomology and then the trace of Serre duality on Y produces a functional
HY™P(X, Q%5P) — H"P(Y,wy) —X k. (8.1)

Definition 8.62 (Cohomology class of a smooth subvariety). The wedge product is a
perfect pairing of vector bundles

P QTP — wy,

and hence identifies
Qf ~ Home, (A5 P, wyx).

By Serre duality on X, the dual of H" P(X, Q' ”) is therefore HP(X, Q% ). The class

Y] € H(X, 0%)|

is the unique element corresponding to the functional (8.1).

Equivalently, [Y] is characterized by the identity
Trx (Y] — a) = Try (i*a) (€ H"P(X,Q%7P)). (8.2)

Every arrow in this characterization is canonical, so the construction is independent of local
equations, coordinates, and choices of a canonical form.

Proposition 8.63 (Functorial normalization). If p = 0 and ¥ = X, then [X] =1 €
HY(X,0x). If p=n and Y = {y} is a closed point, then

Trx([y]) = 1.

For a finite disjoint union of smooth closed subvarieties of the same codimension, the asso-
ciated class is the sum of their classes.

Proof. For Y = X, equation (8.2) says that multiplication by [X] leaves the trace functional
unchanged, so [X] = 1. For a closed point, H°(Y,wy) = k and its trace is the identity,
giving the second assertion. For a disjoint union, both restriction and trace are direct sums;
the defining functional is therefore the sum of the component functionals, and Serre duality
is linear. n

The construction in this section is deliberately limited to smooth subvarieties. It does
not require Chow groups or a general intersection product. In section 11.5 we will return
to the case p = 1 and identify the class of a smooth divisor with its first Chern class; on a
surface, the cup product of two such classes recovers the intersection number.
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Chapter 9

Flat Families and Smooth
Morphisms

Flatness is the condition that makes a varying scheme behave like a family rather than a
collection of unrelated fibres. The algebraic definition is expressed through tensor products,
but its geometric force is seen in three places: cohomology survives flat changes of base,
dimensions of fibres obey an exact formula, and in projective families the Hilbert polynomial
is constant. Smoothness adds a geometric condition on the fibres and thereby turns a flat
family into a family without singularities.

The organization of this chapter follows the geometric progression of Hartshorne, Chap-
ter I11, §§9-10. We shall freely use the standard commutative-algebra theory of flat modules:
locality, transitivity, stability under base change, the local criterion for flatness, finite flat
modules over local rings being free, and torsion-free modules over a discrete valuation ring
being flat. These facts are used as algebraic input rather than redeveloped here.

9.1 Flat Morphisms and Flat Base Change

Let f : X — Y be a morphism and let .%# be an Ox-module. Flatness over the base is
measured stalkwise.

Definition 9.1. Let z € X and put y = f(x).

1. The sheaf .7 is flat over Y at x if the Ox z-module .%,, regarded as an Oy,,-module
through
Oyy — Ox g,

is flat.
2. It is flat over Y if it is flat over Y at every point of X.
3. The morphism f is flat if Ox is flat over Y.

For an affine morphism the definition is exactly the usual module-theoretic one.

Proposition 9.2 (Basic properties of flat morphisms). Let f : X — Y be a morphism of
schemes.

1. Every open immersion is flat.
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2. Suppose
X —/— X

"

Y — Y
is Cartesian. If .F is flat over Y, then v*.% is flat over Y'. In particular, a base
change of a flat morphism is flat.

3. If X Sy 4 Z, if F is flat over Y, and if Y is flat over Z, then % is flat over Z.
In particular, compositions of flat morphisms are flat.

4. If Y = Spec A, X = Spec B, and ¥ = M for a B-module M, then % is flat over Y
if and only if M is flat over A.

Proof. The assertions are local on X and Y. For an open immersion, every local-ring map
is an isomorphism, hence flat.
For base change, take affine neighborhoods Y = Spec A, Y/ = Spec A’, X = Spec B, so
that
X' = Spec(B®a A').

If M represents .# on X, then v*.% is represented by
M ® 4 A

Flatness of M over A implies flatness of M ® 4 A’ over A’. The stalkwise statement follows
after localization.
Transitivity is the corresponding transitivity theorem for flat modules, applied to

O24y) — Ovy — OXa-
Finally, if X = Spec B and Y = Spec A, then
(M)q = Mg

for ¢ € Spec B. Flatness of M over A implies flatness of every localization M, over Ay,
where p = q N A. Conversely, if all these stalks are flat, then for each p € Spec A the
localizations of M, at all primes of B ® 4 A, are flat over A,. Flatness is local on the source
module, so M, is flat over A, for every p, and hence M is flat over A. O

The first substantial geometric use of flatness is that higher direct images commute with
a flat change of base. This is precisely the kind of base-change input that was left implicit
in the relative duality discussion of Chapter 8.

Theorem 9.3 (Flat base change). Let f: X — Y be a separated morphism of finite type
between Noetherian schemes, let F be quasi-coherent on X, and let u : Y' — 'Y be a flat
morphism with Y' Noetherian. Form the Cartesian square

X 25 X

s

Y/ T> Y.
Then for every i > 0 the natural base-change morphism
uRf.F — Rig*v*ﬁ

s an isomorphism.
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Proof. The assertion is local on Y and Y’. Choose affine opens
Y = Spec A, Y’ = Spec A’

with A’ flat over A. Since f is separated and of finite type over the Noetherian affine scheme
Y, the scheme X is Noetherian, separated, and quasi-compact. Choose a finite affine open
cover

U=A{ty,...,U,}
of X. Because X is separated, every finite intersection
Ui0~~-ip =U;,N---N Uip
is affine. By theorem 6.23, the finite Cech complex
C* (U, F)
computes H'(X,.7).
Let U/ = Uiy.i, ¥4 A'. These opens form the pulled-back affine cover L’ of X'.

i0+ip
Quasi-coherence and affine base change give

LU, W F) 2T (Ui, F) @4 A

i0-ip?
Hence there is a natural isomorphism of complexes
C'(U v F)=2C*(U,.F) 24 A.

Because A’ is flat over A, tensoring with A’ is exact and therefore commutes with the
cohomology of this complex. Thus

HY(X' v F) =2 H(X,F) 24 A

It remains to identify the corresponding sheaves on the affine base. If a € A, the
same Cech complex localized at a computes the cohomology over D(a), and exactness of
localization gives ' '

H'(f7'D(a), #) = H'(X, F)a-
Hence, on Y = Spec A,

R f,.7 = H{(X, F).

The identical argument on Y’ = Spec A’ gives

Rig.v* F = Hz(mﬁ’)
Under these identifications the base-change morphism is the sheaf associated with
H{(X,F)oi A = H(X ,v*F),
80 it is an isomorphism. ]

Corollary 9.4 (Localization of cohomology under a flat change of base). Let A — A’ be a
flat homomorphism of Noetherian rings, let X be a separated scheme of finite type over A,
and let F be quasi-coherent. Then

HY(X,F)oa A = H(Xp, Far)
for alli > 0.

Proof. Apply theorem 9.3 to
Spec A" — Spec A

and then take global sections over the affine base. O

171



Algebraic Geometry Chapter 9. Flat Families and Smooth Morphisms

9.2 Dimension and Flat Families

The point of flatness becomes visible when one compares fibres. A nonflat family can gain
an entire component at a special parameter, while a flat family may change its geometry
without changing its numerical size.

Definition 9.5. A flat family over T is a flat morphism
f: X —T.
When t € T', the member of the family over ¢ is the fibre
X = X X7 Speck(t).
Example 9.6 (A dimension jump). Consider
X = Speck[t,z]/(tx) — A} = Spec k[t].
For a # 0, the fibre over t = a is the single reduced point defined by z = 0. The fibre over
0is
Spec k[z] = A}..

The element ¢ is a zero divisor in k[t, z]/(tx), so this algebra is not torsion-free over the PID
k[t], hence not flat. The failure of flatness is accompanied by a jump in fibre dimension.

Example 9.7 (A flat family with a nonreduced special fibre). Assume chark # 2. The
morphism
Spec k[t, z]/(z® — t) — Spec k[t]

is finite flat of rank 2, because
klt, x]/(x? —t) = k[t] @ k[t]z

as a k[t]-module. For a # 0 the geometric fibre consists of two reduced points, while the
fibre over 0 is
Spec k[z]/(?),

a nonreduced double point. Flatness does not require the fibres to be isomorphic or reduced;
it preserves a subtler algebraic size.

Example 9.8 (A flat degeneration of conics). Inside Pz[t] consider
X =V(XY —tZ?%).
The homogeneous coordinate ring
S =k[t,X,Y,Z]/(XY —tZ?%)

is a domain and hence torsion-free, therefore flat, over the PID k[t]. On each standard
projective chart the coordinate ring is the degree-zero part of a homogeneous localization
of S; this is a direct summand of a flat k[t]-module and is therefore flat. Hence 2~ — A}
is flat. For t # 0 the fibre is a smooth conic, while the special fibre is the reducible conic

V(XY)=V(X)uV(Y).

Thus irreducibility and smoothness may fail under flat specialization even when the Hilbert
polynomial remains unchanged.
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The first general control on the fibres is the dimension formula.
Proposition 9.9 (Dimension formula for a flat morphism). Let
f: X—Y

be a flat morphism of finite type between schemes of finite type over a field k. For x € X
and y = f(z),

| dim, X, = dim, X — dim, Y. |

Here dim, X = dim Ox , and similarly for the fibre and the base.

Proof. The assertion is unchanged after replacing Y by the local scheme
Y’ = Spec Oy,

and X by X’ = X xy Y. Indeed, x has a canonical lift to X', the fibre over the closed
point of Y is still X, and the relevant local rings at the lifted point are unchanged. We
may also replace Y by its reduction. If NV is the nilradical of the Noetherian local ring Oy,
then N is nilpotent, and its extension to the local ring on X’ is again nilpotent. Passing
to the quotients therefore changes neither Krull dimension; flatness is preserved because
this is a base change. We may consequently assume that ¥ = Spec A is reduced local with
closed point y, and write
d = dim A.

We argue by induction on d.

If d = 0, the reduced local ring A is a field. Then Y has one point and X, = X, so the
formula is immediate.

Assume d > 0. Since A is reduced Noetherian, its zero divisors form the union of its
finitely many minimal primes. The maximal ideal cannot be the union of the minimal
primes, because d > 0. By prime avoidance choose

a€my

which lies in no minimal prime. Then a is a nonzerodivisor on A. Flatness of Ox , over A
implies that multiplication by a remains injective on Ox ,: tensor the exact sequence

0— A% A

with Ox .. Thus the image of a is also a nonzerodivisor on Ox ;.
Let
Y1:V(a)gY, X1:X><y§/1.

By base change, X1 — Y; is flat. Since a belongs to the maximal ideals and is a nonzero-
divisor in both local rings,

dim, Y7 = dim, Y — 1, dim, X; = dim, X — 1.
The fibre of X; — Y7 at y is still X,,. The induction hypothesis therefore gives
dim, X, = dim, X; — dimy ¥; = (dim, X — 1) — (dim, Y — 1),

which is the desired formula. O
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Lemma 9.10 (Local dimension on an equidimensional variety). Let Z be an equidimen-
sional scheme of finite type over a field k, of dimension d. For every point z € Z,

dim, Z = d — dim {z}.
If Z is irreducible, this is the familiar identity
ht(p) + dim A/p = dim A
on an affine neighborhood Spec A of z.

Proof. Choose an affine neighborhood Spec A of z, and let p C A correspond to z. Let

P15 Ps

be the minimal primes of A contained in p. They correspond exactly to the irreducible
components through z. After shrinking the affine neighborhood if necessary, each such
component still has dimension d, so

For each i, the finitely generated integral k-algebra A/p; satisfies the dimension formula
from Noether normalization:

ht(p/pi) + dim A/p = dim A/p; = d.
Thus every component through z gives the same value
ht(p/pi) = d — dim A/p.
The dimension of the local ring is the supremum of these heights, hence
dim 0y, =d—dim A/p.
Finally, dim A/p = dim g, which proves the assertion. O

Corollary 9.11 (Equidimensionality in a flat family). Let f : X — Y be a flat morphism
of finite type over a field k, and assume that 'Y s irreducible. Fixn > 0. The following are
equivalent:

1. every irreducible component of X has dimension dimY + n;

2. for every y €Y, every irreducible component of X, has dimension n.

Proof. Assume (1). Fix y € Y and let W be an irreducible component of X,. Choose a
closed point z € W which lies on no other irreducible component of X,. Then

dim, X, = dim W.
The dimension formula proposition 9.9 gives
dim W = dim,; X — dim, Y.
Since X is equidimensional of dimension dim Y + n, lemma 9.10 gives

dim, X = dimY 4 n — dim {2},
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while irreducibility of Y gives
dim, Y = dimY — dim {y}.
Because z is closed in the fibre X, the residue extension
K(y) C K(z)
is finite. Therefore
dim {z} = trdegy, x(x) = trdegy, x(y) = dim {y}.

Substituting gives dim W = n. Hence (2) holds.

Conversely assume (2), and let Z be an irreducible component of X. Choose a closed
point z € Z which lies on no other irreducible component of X, and put y = f(x). Since
x is closed in the finite-type k-scheme X, its image y is closed in Y. Thus

dim,; X = dim Z, dim, Y = dimY.

The point z lies on an irreducible component of the fibre X, and by (2) every such com-
ponent has dimension n; because x was chosen away from the other components of X, the
local fibre dimension at x is n. Hence proposition 9.9 gives

n = dim, X, = dim Z — dimY,
so dim Z = dim Y + n. This proves (1). O

For a one-dimensional regular base, flatness has a particularly transparent description
in terms of associated points.

Definition 9.12. Let X be a Noetherian scheme. A point £ € X is an associated point if,
on some affine open U = Spec A containing &, the corresponding prime belongs to

Ass(A).
The set of associated points is denoted Ass(X).

This is independent of the chosen affine neighborhood because associated primes localize.
For a reduced Noetherian scheme the associated points are exactly the generic points of its
irreducible components.

Proposition 9.13 (Flatness over a regular curve). Let
f: X—Y

be a morphism of finite type between Noetherian schemes, and suppose that Y is regular,
integral, and one-dimensional. Then

‘f is flat < every point of Ass(X) maps to ny.

If X is reduced, this says that f is flat if and only if every irreducible component of X
dominates Y.
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Proof. Fix x € X and put y = f(z). If y = ny, then Oy, = K(Y) is a field, so Ox, is
automatically flat over it.
Suppose now that y is closed. The local ring

R =0y,

is a discrete valuation ring; choose a uniformizer 7. A module over a DVR is flat if and only
if it is torsion-free. Thus Ox , is flat over R exactly when multiplication by 7 is injective
on 0 X,xz-

In a Noetherian ring, an element is a zero divisor if and only if it belongs to an associated
prime. Therefore multiplication by 7 fails to be injective on Ox , precisely when some
associated prime of the local ring Ox, contains the image of 7. Associated primes of
U 5 are the localizations of associated points £ € Ass(X) specializing to x. The condition
7 € pe means exactly that f(£) =y, since 7 vanishes precisely at the closed point of the
local curve.

Consequently, f is flat at every point above y if and only if no associated point of X
maps to y. Repeating this for all closed points of Y gives the stated criterion.

If X is reduced, its associated points are the generic points of its irreducible components.
Such a generic point maps to 7y exactly when the corresponding component dominates
Y. O

Remark 9.14. The one-dimensional hypothesis is essential. For instance, the blow-up
Blg A — AZ

is dominant between integral nonsingular surfaces, but it is not flat: the generic fibre is a
point while the exceptional fibre has dimension one, contradicting proposition 9.9.

9.3 Flat Limits and Hilbert Polynomials

Over a regular curve, flatness determines the correct scheme structure on a limiting fibre.
Projectively, the same principle is measured by the Hilbert polynomial.

Proposition 9.15 (Unique flat closure over a punctured regular curve). Let Y be a regular
integral scheme of dimension one, let P € Y be a closed point, and put

U=Y\{P.

Suppose
X = Py

is a closed subscheme flat over U. Let
X — P}

be its scheme-theoretic closure. Then X is flat over Y. Moreover it is the unique closed
subscheme of P§. which is flat over Y and restricts to X over U.

Proof. Flatness and the assertion about closure are local near P, so replace Y by

Spec R,
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where R = Oy, p is a DVR with uniformizer 7. Cover P% by its standard affine opens. On
one such affine open write the coordinate ring as an R-algebra A. The closed subscheme
X over the punctured spectrum is defined by an ideal

IC A[l/x)].
The scheme-theoretic closure is defined on this chart by the contracted ideal
J=1INA.
By construction the natural map
A)J — (A)J)[1/7]

is injective: if the class of @ € A becomes zero after inverting 7, then 7™a € J for some m,
hence 7a € INA; but then a € I in A[1/7]|,soa € INA=J. Thus A/J has no w-torsion.
Over the DVR R, torsion-free modules are flat. Hence every affine chart of X is flat over
R, so X is flat over Y.

For uniqueness, let Z C P% be another flat closed extension. On the same affine chart
let Jz C A be its ideal. Since Z|y = X, the localized ideals agree:

(Jz)[1/7] = I.

Certainly Jz C INA = J. Conversely, take a € J. Since a/1 € I = (Jz)[1/7], some power
7™a lies in Jz. Flatness of A/Jz over R makes multiplication by 7 injective, so from

7a=0 in A/Jy

we obtain @ = 0. Hence a € Jz, so J = Jz. The two closed subschemes agree on every
standard affine chart and are therefore equal. O

The proposition explains why a flat limit may carry nilpotents or embedded structure
which is invisible in a set-theoretic limit: the scheme structure is forced by the requirement
that no torsion appear over the parameter curve.

We now turn to the numerical invariant which characterizes flatness for projective fami-
lies. The Hilbert polynomial for a projective scheme over a field was introduced in Chapter 6
through the Euler characteristic.

Theorem 9.16 (Hilbert polynomial criterion for flatness). Let T' be an integral Noetherian
scheme, let
m:Pr—T

be projective space, and let F be a coherent sheaf on PT.. Fort € T, write

y = y n
! 72

and let
Py(m) = X(PZ(t)v F(m))

be its Hilbert polynomial. Then the following are equivalent:

1. % is flat over T';

2. the polynomial P; is independent of t € T.
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Proof. Flatness is local on T'. Since T is integral, to prove or test constancy it is enough
to compare each point with the generic point. Fix ¢t € T', replace T by the local scheme

Spec A := Spec Or,

and write K = Frac(A) and k¥ = A/m. We may therefore assume throughout the proof
that A is a Noetherian local domain. Put

X =P
We prove the equivalence through the intermediate condition

H°(X,.%(m)) is a finite free A-module for every m > 0. (9.1)

Flatness implies (9.1). Choose the standard affine cover
U= {D+(X0)7 ) D-I—(Xn)}

All finite intersections are affine. Since .% is flat over A, proposition 9.2 implies that the
module of sections of .#(m) on every such affine intersection is flat over A. Thus every
term of the finite Cech complex

C* (U, F(m))

is flat over A.
By Serre vanishing, theorem 6.31, for m > 0 we have

H{(X,Z(m))=0  (i>0).
By theorem 6.23, the augmented Cech complex is then exact:
0— HYX,Z#(m)) — " —-C! — ... — C" —0.
Starting at the right and using the standard flat-module fact that in a short exact sequence
0—M — M- M -0,

flatness of M and M” implies flatness of M’, we conclude inductively that H°(X, % (m)) is
flat over A. It is finite over A by Serre finiteness, hence finite free because A is local. This
proves (9.1).

Condition (9.1) implies flatness. Choose mg so that all the modules
M, := H°(X,.Z(m))

are finite free for m > myg, and form the truncated graded module

M= & My,

m>mg

over A[Xp,...,X,]. Asan A-module, M is a direct sum of free modules and therefore flat.

The natural morphism from the truncation M to the full graded module T'y(%#) has
cokernel concentrated in degrees bounded above (and zero kernel). A graded module con-
centrated in degrees bounded above has zero associated sheaf on projective space, because
after localizing at any X; every homogeneous element is killed by a sufficiently large power
of X;. Hence

M =T (F)>.F
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by theorem 5.25. -
On the standard affine chart Dy (X;), the sheaf M corresponds to the degree-zero part

(MXi)O‘

The localization My, is a filtered colimit of copies of the flat A-module M, hence is flat
over A. Its grading gives a direct-sum decomposition as an A-module, so (Mx; )o is a direct
summand and is therefore flat over A. Thus .# is flat over A on the standard affine cover,
and hence flat over T'.

Condition (9.1) implies constancy of the Hilbert polynomial. Let p € Spec A. Replace A by
the flat localization Ay; condition (9.1) is preserved. We may therefore suppose that p is
the maximal ideal and its residue field is k.

Choose a finite presentation

AT — A —k —0.
Tensoring with .# gives a right exact sequence
FN — F — F. — 0.
Let ¢ be the image of the first arrow and # its kernel, so that
0= X4 = F% 59 0, 09 —>.F — Z —0.

Both ¢4 and JZ are coherent. For m > 0, Serre vanishing gives

HY(X,%(m)) = H' (X, #(m)) = 0.
Taking global sections in the two short exact sequences therefore shows that

HY(X, Zi(m)) & coker(HY (X, Z(m))®1 — H(X, F(m))).
The right-hand side is precisely
HY(X,.Z(m)) ®4 k.

Hence, for m > 0,
H( Xy, Zi(m)) = HY(X, F(m)) @4 k.

The same statement over the generic point follows by the flat base change theorem the-
orem 9.3. If (9.1) holds, both vector-space dimensions are the common rank of the free
module H(X,.%(m)). Since for large m the Hilbert polynomial equals the dimension of
global sections, P; is independent of t.

Constancy of the Hilbert polynomial implies (9.1). The preceding base-change calculation
did not use flatness of .%; it used only coherence and Serre vanishing. Thus, for every
sufficiently large m,

dimy, (H°(X, .#(m)) ®4 k) = Pp(m),

while
dimy (H°(X, Z(m)) ®4 K) = Pr(m).

If the Hilbert polynomial is constant, these dimensions are equal. Put

N = H(X,#(m)), r=dimg(NosK).
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The equality
dimg(N/mN) =r

shows, by Nakayama’s lemma, that N is generated by r elements. Choose a surjection
A" » N

and let L be its kernel. After tensoring with K, both source and target have dimension r,
SO
L®s K=0.

But L C A" is torsion-free over the domain A. A torsion-free module whose localization at
the fraction field is zero must itself be zero. Therefore L = 0 and

N=A".

Thus H°(X,.%(m)) is finite free for all m > 0, establishing (9.1) and completing the
proof. O

Corollary 9.17 (Numerical invariants in a projective flat family). Let T be a connected
Noetherian scheme and let
X — P

be a closed subscheme flat over T'. Then the Hilbert polynomial of the fibre Xy is independent
of t € T. Consequently the following invariants are constant on the fibres:

dith, deth pa(Xt)a

whenever the arithmetic genus is defined in the pure-dimensional convention of defini-
tion 6.39.

Proof. After base change to the reduced structure on any irreducible component T; C T,
flatness is preserved. The restriction of X to T; therefore has constant Hilbert polynomial
by theorem 9.16. In a connected Noetherian space, the irreducible components can be
joined by a chain of components with nonempty consecutive intersections. At a point of
intersection the two restrictions have the same fibre, so their Hilbert polynomials agree.
Thus a single polynomial works on all of 7.

For a projective scheme over a field, the degree of the Hilbert polynomial is the dimen-
sion of the support, and if the pure dimension is r, its leading coefficient is deg(Xy)/r!. The
arithmetic genus is obtained from the constant term through

Pa(X1) = (=1)"(Px, (0) — 1).

Hence all three invariants are constant. O

9.4 Smooth Families and Geometric Fibres

Chapter 8 approached smoothness through standard smooth presentations, tangent spaces,
and infinitesimal lifting. Flatness supplies the complementary fibrewise description. The
bridge is the following standard local algebra theorem for finitely presented algebras, which
we use in the same way as the local criterion for flatness: an A-algebra of finite presentation
is smooth at a prime if and only if it is flat there and its geometric fibre is regular at the
corresponding point. This is the algebraic content of the Jacobian-flatness criterion and is
the local theorem underlying Hartshorne I11.10.2.
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Theorem 9.18 (Flat-fibre criterion for smoothness). Let
f: X —Y

be locally of finite presentation. Then the following are equivalent:

1. f is smooth in the sense of the standard smooth presentations of definition 8.23;

2. f is flat and every geometric fibre

Xy =X xy Speck(y)

is reqular.

If these conditions hold and the fibres are pure of dimension n, then f is smooth of relative
dimension n.

Proof. The assertion is local on X and Y. Write X = Spec B and Y = Spec A with B
finitely presented over A. The standard algebraic smoothness criterion quoted above says
precisely that, for every prime q C B with image p C A, the localization B, is standard
smooth over A, if and only if it is flat over A, and the local ring of

B ®a k(p)

at every geometric point over q is regular. Applying this criterion at every point gives the
equivalence.

If the geometric fibres are pure of dimension n, then on a standard smooth neighborhood
the rank of Qk ne equals the dimension of the geometric fibre by theorem 8.24 and base
change for differentials, proposition 8.10. Hence the relative dimension is n. O

Remark 9.19. The word geometric cannot be dropped. Over an imperfect field a regular
finite-type scheme may cease to be regular after a purely inseparable extension. The phe-
nomenon was already visible in example 8.11: nonzero Kéhler differentials can survive in
a purely inseparable algebraic extension even though ordinary Krull dimension does not
detect them.

Smoothness is compatible with the constructions that one expects of a family.

Proposition 9.20 (Permanence of smoothness). Smooth morphisms are stable under ar-
bitrary base change and under composition. If X — Z and'Y — Z are smooth of relative
dimensions m and n, then

XxzY —7

is smooth of relative dimension m + n.

Proof. For base change, work directly with the standard smooth presentations of defini-
tion 8.23. If

B = (A[xl,...,$r]/(f17-~7fa))g

is standard smooth over A, then after any homomorphism A — A’ its base change is
Boy A= (Azy,. ..,z ]/(f1, - .,fé))g,,

and the same Jacobian minor remains invertible after applying A — A’. Hence a base
change of a standard smooth morphism is standard smooth, with the same relative dimen-
sion.
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For composition, again work with standard smooth presentations. Suppose locally

B = (Alz1,....2])/ (1,1 fa),

is standard smooth over A, and

C=(Blyis---,ys]/(h, ... ),

is standard smooth over B. Substituting the presentation of B gives a presentation of C
over A. With the variables ordered as x followed by ¥, the Jacobian matrix contains a block
lower-triangular square minor whose diagonal blocks are the invertible Jacobian minors for
the two presentations. Its determinant is the product of two units. Hence the composite is
standard smooth, and the relative dimensions add.

Finally, the projection X xz Y — Y is a base change of X — Z, so it is smooth of
relative dimension m. Composing with Y — Z, which is smooth of relative dimension n,
gives the product statement. O

For morphisms between nonsingular varieties, smoothness can be read entirely from
the differential on tangent spaces. This is the relative analogue of the Jacobian criterion
developed in Chapter 8.

Proposition 9.21 (Tangent-space criterion for smoothness). Let k be algebraically closed,
let
f: X —Y

be a morphism of nonsingular varieties, and put
n=dmX —dimY.

Assume n > 0. The following are equivalent:

1. f is smooth of relative dimension n;
2. Qﬁ(/y 1s locally free of rank n;

3. for every closed point x € X, with y = f(x), the tangent map
dfy : T, X — T,)Y
18 surjective.

Proof. The implication (1)=-(2) is theorem 8.24.
Assume (2). The transitivity sequence of theorem 8.14, restricted to a closed point z,
gives a right exact sequence of k-vector spaces

Dy @k — Oy, @k — Uy )y, @k — 0.

Since X and Y are nonsingular, the middle and left spaces have dimensions dim X and
dimY by theorem 8.28, while the final space has dimension n. Hence the first map is
injective. Dualizing gives the surjective tangent map df,. Thus (2)=-(3).

Assume (3). Fix a closed point z € X, put y = f(x), and write

A= 0Oyy, B=0x,.
Surjectivity of df, is dual to injectivity of

mA/mQA — mB/m%.
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Choose a regular system of parameters
t, .o tm

for the regular local ring A, where m = dimY. Their images in mp /mQB are linearly
independent. Since B is regular local, they extend to a regular system of parameters of B;
in particular tq,...,t,, form a B-regular sequence.

We first recover the flatness which is implicit in the tangent condition. Put

A =A/(tr, ..., t), B; = B/(t1,...,t;)B.
The local criterion for flatness applied successively to the nonzerodivisors ¢;11 gives
B; flat over A; < B;;1 flat over A; 1.

At the end A,, = k(y) is a field, so By, is flat over A,,. Induction upward proves that B is
flat over A.

The same argument proves flatness at every closed point of X. If £ € X is arbitrary,
choose a closed specialization x € {¢}. Then f(z) is a specialization of f(¢), and the maps
of local rings at £ are obtained from those at x by localization. Since flatness is preserved
under localization, f is flat at £&. Thus f is flat everywhere.

To prove that f is standard smooth near z, choose affine neighborhoods

U = SpecC C X, V=SpecRCY

of x and y such that f(U) C V, and choose generators of the finite-type R-algebra C. They
give a closed immersion over V'
i:U < Z:=AY.

After shrinking U and V', both U and V are nonsingular, and therefore so is Z. Let . be
the ideal sheaf of U in Z. By theorem 8.30, the absolute conormal sequence is short exact:

0— F/I% — 'Oy — Oy — 0.
The tangent surjectivity at = says that
0 @ k(x) — Qe @ k(2)

is injective. Since both sheaves are locally free, some maximal minor is a unit at z; after
shrinking U, the map
1 1
O — Qe
is a subbundle inclusion.
Consider now the relative conormal map

I I — i*Qy .

It is injective near x. Indeed, suppose a local section o maps to zero in z*QIZ v Its image
in Z*le Ik then comes from a section [ of f*Q%/ Tk Since a belongs to the absolute conormal

sheaf, its image in Qllj i is zero. The subbundle injection just established forces 3 = 0, and
the injectivity of the absolute conormal map then forces oo = 0.
Thus, after shrinking,

0— I/ I% — i*Qy ), — Qppyy — 0
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is exact. Since
rk(#/.#%) = dim Z — dimU = N — n,

choose local equations
G153 gN-n € I

whose classes form a basis of .#/.#2 at z. Nakayama’s lemma shows that these equations
generate . after shrinking: their classes generate .# /.2, so locally

<ﬂ:(,gla""g]\/'—n)_'_<ﬂ27

and Nakayama applied to .#/(g1,...,gn—n) gives equality with (g1,...,g9n—n)-

On Z = Aﬁ , the sheaf QIZ v is free with basis dT1,...,dTn. The injective conormal
map sends the classes of the g; to their relative differentials. Their linear independence at
x means that some (N —n) x (N —n) minor of

0gi
oT;

is nonzero at x, hence a unit after shrinking. This is exactly a standard smooth presentation
of U — V of relative dimension n. Therefore f is smooth near every closed point. These
neighborhoods cover X, because every nonempty closed subset of a finite-type k-scheme
contains a closed point. Hence f is smooth everywhere. Thus (3)=(1). O

Remark 9.22. In the last proof, the flatness step is the essential new ingredient that was
unavailable in Chapter 8. Surjectivity on tangent spaces supplies a regular sequence in the
source local ring, and the local criterion for flatness converts that regular sequence into
flatness over the target.

9.5 Generic Smoothness and Etale Morphisms

Over a field of characteristic zero, separability forces a dominant morphism to become
smooth on a dense open subset. The statement fails in positive characteristic precisely
because purely inseparable maps can have identically vanishing differential.

Lemma 9.23 (Dominant morphisms are generically smooth in characteristic zero). Let k
be algebraically closed of characteristic zero, and let

f: X —Y

be a dominant morphism of integral k-schemes of finite type. Then there is a nonempty
open subset
UCX

such that
f’U U —Y

s smooth.

Proof. Shrink X and Y to nonempty nonsingular open subsets, replacing X by the inverse
image of the chosen open in Y. Dominance is preserved. Let

K=K(Y), L=K(X), r=trdeggL.
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Since char k = 0, the finitely generated extension L/K is separably generated. Therefore
dimL QL/K =T

The coherent sheaf Q}( n% has generic fibre ()7 /¢, so after shrinking X once more it is locally
free of rank r. On the nonsingular varieties X and Y, proposition 9.21 then shows that f
is smooth on this open subset. O

Example 9.24 (Frobenius). Let k have characteristic p > 0. The Frobenius morphism
F:AL — AL, tr—tP

is dominant, but
d(tP) = pt?~tdt = 0.

Thus the induced tangent map has rank zero everywhere. The morphism is not smooth
on any nonempty open subset. This is the basic obstruction which the characteristic-zero
hypothesis excludes.

For a general morphism, the critical values occupy a subset of controlled dimension.

Proposition 9.25 (Rank-deficient locus). Let k be algebraically closed of characteristic
zero and let
f: X —Y

be a morphism of varieties. For an integer r > 0, let
X, ={x € X(k) : tk(dfz) <r}.
Then

dim f(X,) <r.

Proof. Let Z be an irreducible component of f(X,). Since X is Noetherian, the closure X,
has finitely many irreducible components; choose one, say W, for which X, N W is dense
in W and whose image is dense in Z. Give W and Z their reduced structures.

Shrink W and Z to their nonsingular loci and then apply lemma 9.23 to the induced
dominant morphism

W — Z.

After shrinking W further, this morphism is smooth. Since X, is dense in W, we can choose
a closed point
re X, NW

in this smooth open, with y = f(z) lying in the chosen nonsingular open of Z.
The locally closed immersions W < X and Z — Y induce injective maps on tangent
spaces, and we have a commutative square

r,w MW g

I I

T.X — T,Y.
The top arrow is surjective because W — Z is smooth and both are nonsingular; see
proposition 9.21. Hence
dim Z = dim T, Z < rk(df;) < r.

Since Z was an arbitrary irreducible component of f(X,), the required dimension bound
follows. O
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Corollary 9.26 (Generic smoothness). Let k be algebraically closed of characteristic zero,
let X be a nonsingular variety, and let

f: X —Y

be a morphism of varieties. Then there exists a nonempty open subset V. CY such that
i)y —v

is smooth. If f is dominant, V may be chosen dense in Y.

Proof. 1f f is not dominant, remove the proper closed subset f(X) from Y’; over the result-
ing nonempty open the inverse image is empty, hence smooth. Assume therefore that f is
dominant.

Shrink Y to its nonsingular locus, which is nonempty because Y is a variety. Put

r=dimY.
By proposition 9.25, the closure of the image of
Xro1 ={z :rk(dfy) <r—1}

has dimension at most r — 1, hence is a proper closed subset of Y. Let

V =Y\ f(Xi).
For every closed z € f~!(V) the tangent map
dfw X — Tf(x)Y

has rank » = dim Y and is therefore surjective. The source and target are nonsingular on
these opens, so proposition 9.21 shows that f~1(V) — V is smooth. ]

We finish by isolating the relative-dimension-zero case. Chapter 8 already showed that
the vanishing of relative differentials is exactly the infinitesimal uniqueness condition. With
flatness available, this becomes the geometric notion of an étale morphism.

Definition 9.27. Let f : X — Y be a morphism.
1. If f is locally of finite type, it is unramified if

2. If f is locally of finite presentation, it is étale if it is flat and unramified.

Proposition 9.28 (Diagonal criterion for unramified morphisms). Let f : X — Y be
locally of finite type. Then the following are equivalent:

1. f is unramified;

2. the diagonal
Ax/y X — X Xy X

1S an open immersion,

3. f is formally unramified in the sense of definition 8.32.
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Proof. The equivalence of (1) and (3) is proposition 8.34, sheafified locally on X and Y.
We prove the equivalence with (2). By proposition 3.32, the diagonal is always an
immersion. Hence near every point of its image there is an open subset

WQXXYX

on which the diagonal is a closed immersion. Let .# be its ideal sheaf on W. The conormal
sheaf of the diagonal is naturally

I I =0y

by the affine diagonal calculation of theorem 8.5; the identification is local and therefore
does not require the whole diagonal to be closed.

Assume Qﬁ( Y= 0. Then .# /.2 = 0. The ideal .7 is locally finitely generated. Indeed,
affinely write A — B with B generated over A by b1, ...,b,.. The ideal of the multiplication
map

B®sB— B

is generated by
bi®1*1®bi, 1< <.

Thus the diagonal of a locally finite-type morphism is locally of finite presentation as an
immersion. At a point of the diagonal, Nakayama’s lemma applied to the local ideal gives

I =9’Cms — I=0

after shrinking. Thus the diagonal identifies X locally with an open neighborhood of its
image in W. Since this holds at every point, Ax/y is an open immersion.

Conversely, if the diagonal is an open immersion, its conormal sheaf is zero. The same
local identification with Qﬁ( Y gives Qﬁ( Iy = 0, so f is unramified. O

Theorem 9.29 (Equivalent forms of étaleness). Let f : X — Y be locally of finite presen-
tation. The following are equivalent:

1. f is étale;

2. f is smooth of relative dimension 0;

3. f is flat and formally unramified;

4. f is formally étale.
Proof. By definition, (1) means that f is flat and Qﬁf/y = 0. By proposition 8.34, this is
equivalent to (3).

Assume (1). After any base change to a geometric point y — Y, flatness is preserved
and differentials commute with base change by proposition 8.10; hence

1 _
L

At a closed point z of the finite-type scheme Xj, the cotangent space therefore has dimen-
sion zero. The standard embedding-dimension inequality
dim ﬁXg,x < dim,{(m) mx/mg

forces the local dimension to be zero, so the local ring is regular. If the geometric fibre had
a positive-dimensional irreducible component, that component would contain a closed point
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whose local dimension is positive, a contradiction. Hence the fibre is zero-dimensional; a
Noetherian zero-dimensional scheme has only closed points. We have therefore shown that
every local ring of every geometric fibre is regular, and the fibres are pure of dimension
zero. The flat-fibre criterion theorem 9.18 gives (2).

Conversely, if (2) holds, then f is flat by theorem 9.18, and theorem 8.24 gives

Thus (2)=-(1).

A smooth morphism is formally smooth by theorem 8.36, while relative dimension zero
gives Q% sy = 0 and hence formal unramifiedness. Therefore (2)=(4).

Finally, formally etale means formally smooth and formally unramified. The standard
comparison theorem recalled in remark 8.39 turns local finite presentation plus formal
smoothness into smoothness; formal unramifiedness gives Qﬁ( Iy = 0, so the smooth relative
dimension is zero. Hence (4)=-(2). O

Example 9.30 (Finite separable extensions). Let L/K be a finite field extension. The
morphism
Spec L — Spec K
is finite flat. By example 8.11,
Qr/k=0
if L/K is separable. Hence a finite separable extension gives a finite étale morphism.
Conversely, if the morphism is etale, then {7,k = 0. We use here the standard separability

criterion for algebraic field extensions: for a finite extension L/K, one has Qp, sk = 0if and
only if L/K is separable. Hence étaleness forces separability.

Example 9.31 (A monogenic étale algebra). Let A be a ring, let f(T') € A[T] be monic,
and put

B = A[T]/(f).
The conormal sequence gives
Qp/a = B/(f(T)) dT.
Since B is finite free over A, the morphism Spec B — Spec A is flat. On the open subset of

Spec B where f/(T') is invertible, the relative differential module vanishes, so the morphism
is etale there.

Example 9.32 (Power maps on the multiplicative group). Let n > 1 be invertible in the
base ring A. The map
[n] :Gmﬂq—)Gm,A, t— t"
corresponds to
Als, sl — A[t,t7Y, s—t™
The target is finite free of rank n over the source with basis
1,t,...,t" L
Moreover

ds = d(t") = nt"dt,

t"=1 is a unit. Hence

and n

so the power map is finite etale.
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Chapter 10

Algebraic Curves

The preceding chapters developed divisors, linear systems, cohomology, differentials, flat-
ness, and étale morphisms in a relative setting. On a smooth projective curve these theories
become unusually concrete: codimension-one points are ordinary closed points, every local
ring at such a point is a discrete valuation ring, line bundles are controlled by divisors,
and the canonical sheaf is itself a line bundle of differentials. This chapter uses that one-
dimensional simplification to turn the general machinery into explicit geometry.

The organization is guided by Hartshorne, Chapter IV, §§1-3, together with Exer-
cises IV.2.1-2.2. Unless explicitly stated otherwise, throughout this chapter k is an alge-
braically closed field and a curve means a smooth projective integral curve over k.

10.1 Divisors and Linear Systems on Curves

Let C be a curve. Since C' is regular of dimension one, every closed point P € C determines
a prime divisor and the local ring ¢ p is a discrete valuation ring. Thus every divisor has
a unique expression

D= > npP,

with np € Z and only finitely many nonzero coefficients. By corollary 7.37, Weil and
Cartier divisor classes agree on C'

Pic(C) = C1(C).
The first invariant special to curves is the degree.
Definition 10.1 (Degree of a divisor). For
D =Y npP € Div(C),
P

define
deg D := Z np.
P

If &= Oc(D) is an invertible sheaf, we will eventually write deg .Z := deg D; this is well
defined once we know that principal divisors have degree zero.

A rational function on a complete nonsingular curve defines an honest morphism to the
projective line.
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Lemma 10.2 (Rational functions and maps to the projective line). Let f € K(C) be
nonconstant. Then the rational map

[1:f]:C--» P}
extends uniquely to a nonconstant morphism

¢r:C — Py
Moreover, @y is finite.

Proof. Let P € C. Since O¢ p is a discrete valuation ring, either
f€lcp or fﬁ1 € Oc,p.

In the first case the generic map extends near P by the affine coordinate f on the chart
X # 0; in the second it extends by the affine coordinate f~! on the chart X; # 0. These
local extensions agree on their common dense generic point, and P,lC is separated, so they
glue uniquely to a morphism ;.

The map is nonconstant because it induces the nontrivial inclusion

k(t) — K(C), t— f.

Since C is projective, ¢ is proper. A fibre of a nonconstant morphism from an integral
curve cannot contain a one-dimensional irreducible component, for then it would contain
the generic point and the map would be constant. Hence every fibre is finite, so ¢y is
quasi-finite. We use the standard theorem that a proper quasi-finite morphism is finite.
Therefore ¢y is finite. O

The same argument applies to any nonconstant morphism between curves.
Corollary 10.3. FEvery nonconstant morphism
p:C —C'
between curves is finite and surjective.

Proof. The image of a proper morphism is closed. Since C' is irreducible and the map is
nonconstant, its image is an irreducible closed subset of the one-dimensional curve C’ which
is not a point; therefore the image is all of C’. The proof of lemma 10.2 then shows that ¢
is proper and quasi-finite, hence finite. O

A finite map of smooth curves is automatically flat. This will be used repeatedly.

Proposition 10.4 (Finite maps of smooth curves are flat). Let
p:C—C'
be a nonconstant morphism of curves and put
d=[K(C): K(C").

Then ¢ is finite flat of constant rank d. For every closed point Q € C', the scheme-theoretic
fibre Cq has length d over k.
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Proof. By corollary 10.3, the morphism is finite. Let P € C and @ = ¢(P). The induced
map
ﬁc/’Q — ﬁCJD

is an inclusion of domains because the map on function fields is injective. Hence O¢ p is
torsion-free as a module over the discrete valuation ring 0¢r g. Torsion-free modules over
a DVR are flat, so ¢ is flat at every point.

A finite flat morphism is finite locally free. Since C” is connected, its rank is constant,
and at the generic point that rank is

dimK(C/) K(C) =d.

Thus ¢.O¢ is locally free of rank d. Base change to the closed point Q) gives a k-vector
space of dimension d, namely the coordinate algebra of the finite fibre. Therefore

length, (Cq) = d.
O

Lemma 10.5 (Finite degree-one maps of curves). Let f : C — D be a finite morphism
between normal integral curves. If

then f is an isomorphism.
Proof. The assertion is affine on D. Let U = Spec A C D be affine. Since f is finite,
f~Y(U) = Spec B
with B finite over A. Both A and B embed into the common function field
K =K(C)=K(D).

Every element of B is integral over A, while A is integrally closed because D is normal.
Hence B C A. The structural inclusion A C B gives A = B. Thus f is an isomorphism
over every affine open of D, and therefore globally. O

We can now prove the basic degree theorem without importing a product formula for
valuations.

Theorem 10.6 (Principal divisors have degree zero). For every f € K(C)*,

| deg div(f) = 0.]

Consequently degree descends to homomorphisms
deg : CI(C) — Z, deg : Pic(C) — Z.
Proof. 1f f € k*, the divisor is zero. Suppose f is nonconstant and let
pr:C— P!

be the finite morphism of lemma 10.2. Let 0,00 € P! denote the zero and pole of the
standard coordinate t. Then

f=ejt
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and therefore, as Cartier divisors,

div(f) = ¢}3(0) — ¢}(0).

Let d = degps = [K(C) : k(t)]. By proposition 10.4, each scheme-theoretic fibre has length
d. The divisor }(0) records the local lengths of the fibre over 0, so

deg ¢7(0) = d,

and similarly
deg p}(00) = d.

Hence
degdiv(f) =d—d=0.

Thus linearly equivalent divisors have the same degree, and the degree map descends to
both divisor classes and line bundles. O

Definition 10.7. For d € Z, write
Pic?(C) := {[.Z] € Pic(C) | deg ¥ = d}, Pic’(C) := ker(deg : Pic(C) — 7).

The general description of sections of a divisor sheaf from proposition 7.50 takes its
classical form on a curve.

Definition 10.8 (Riemann-Roch space). For a divisor D on C, define
L(D):={0}u{f e K(C)* |div(f)+ D > 0},

and write

(D) := dimy, L(D).
By proposition 7.50,

L(D) = H'(C, 60(D)).

The complete linear system of D is the projective space
|D| = P(L(D)),

whenever L(D) # 0, by theorem 7.52. The curve case allows a useful numerical criterion
for base points and embeddings.

Proposition 10.9 (Linear systems on a curve). Let D be a divisor on C.

1. The complete linear system |D| has no base points if and only if
{D—-P)=4D)—-1

for every P € C.
2. The divisor D is very ample if and only if

(D - P-Q)=UD)-2|

for every pair P,Q € C, allowing P = Q.
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Proof. For a point P, the quotient
6¢(D)/6c(D - P)
is the skyscraper sheaf k(P) = k. Hence there is an exact sequence
0 — Oc(D—P)— Oc(D) — k(P) — 0.

Taking global sections gives

0 — L(D—P) — L(D) =& k.
The point P is not a base point precisely when some section is nonzero at P, that is, when
evp is surjective. Since the target has dimension one, this is equivalent to

UD— P)= (D) - 1.

This proves (1).
For (2), let Z = P + @ be the length-two effective divisor, with Z = 2P when P = Q.
Then
0— 0c(D—-2)— Oc(D) — Oc(D)|z — 0,

and
dimy, HY(Z, 0c(D)|z) = 2.

Thus
{(D—-P—-Q)=4¢D)-2

if and only if the restriction map
H°(C,0c(D)) — H(Z,6c(D)|z)

is surjective for every length-two divisor Z.
Notice first that this condition already implies global generation. Fix P and choose any
(). Since removing one point can lower the dimension of sections by at most one,

UD)—1< D~ P) < (D),

while
(D—-—P—-Q)>¢D-P)-—1.

The assumed equality £(D — P — Q) = ¢(D) — 2 forces
(D —P)=4D)—-1.

By part (1), P is not a base point; hence 0 (D) is globally generated.

When P # @, surjectivity on P + @ is exactly the condition that global sections
separate the two points. When P = (), surjectivity on 2P says that sections separate the
first infinitesimal neighborhood of P, equivalently the associated morphism separates the
tangent direction at P. The standard closed-immersion criterion for a globally generated
line bundle says that its associated morphism is a closed immersion precisely when sections
separate points and tangent directions. In dimension one these are exactly the length-
two subschemes above. Hence the displayed equality for all P,Q is equivalent to very
ampleness. O
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Definition 10.10 (Linear series). A linear series g}, on C' is a pair (£, V') where
deg & = d, vV C H(C,.2), dim, V =+ 1.

Equivalently, after choosing a divisor D with .Z = 0 (D), it is an r-dimensional projective
linear subsystem of |D|. A g} is called a pencil.

If V is base-point free, proposition 7.49 gives a morphism
oy :C —PVY)=P".
For a base-point-free pencil this map lands in P!, and its degree is the degree of the pencil.

Proposition 10.11 (Pencils and maps to P!). Let (£, V) be a base-point-free g} on C.
If the associated morphism
py : C — P!

is monconstant, then it is finite of degree d and
Conwersely, every nonconstant morphism ¢ : C — P! of degree d determines a base-point-
free gk by pulling back the two-dimensional space H°(P', 0(1)).

Proof. The pullback identity is proposition 7.49. Let Q € P! be the zero divisor of a
nonzero section of &(1). Its pullback is the zero divisor of the corresponding section of .Z.
Hence

deg £ = deg p7,Q.

By proposition 10.4, the latter is the length of a fibre and therefore equals deg ¢y . Thus
d = deg py.

Conversely, the two standard sections of &p1(1) have no common zero. Their pullbacks
generate *0'(1) and therefore form a base-point-free pencil. The degree calculation just
proved gives

deg p* 0 (1) = degp = d.

10.2 The Riemann—Roch Theorem

The genus of a curve is naturally cohomological.

Definition 10.12 (Genus). The genus of C' is
g=29(C) = h'(C, bc).

Since C' is proper and integral,
H°(C,00) = k.

Serre duality, corollary 8.60, gives
H'(C,0¢0)" = H(C,we),

SO
g= h0(07 WC)'
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Choose a nonzero rational differential on C'. By definition 8.46, it determines a canonical
divisor K¢ satisfying
we = Oc(Ke).

The key numerical identity is first an identity of Euler characteristics.

Proposition 10.13 (Euler characteristic and degree). For every divisor D on C,

| x(0c(D)) =deg D +1—g.|

Proof. Since C' has dimension one, Grothendieck vanishing gives
HY(C,0c)=0  (i>1).

Hence
x(0c) =h°(C, 0c) — ' (C,00) =1 —g.

Let P € C. As in the proof of proposition 10.9, there is a short exact sequence
0 — Oc(D) — Oc(D + P) — k(P) — 0.
Additivity of Euler characteristic gives
x(0c(D + P)) = x(0c(D)) + 1.

At the same time
deg(D + P) =deg D + 1.

Thus the quantity
x(0c (D)) — deg D

is unchanged when a point is added or removed. Every divisor is obtained from the zero
divisor by finitely many additions and subtractions of closed points, so

x(0c(D)) —deg D = x(Oc) =1—g.

Serre duality turns the H' term into another space of sections.

Theorem 10.14 (Riemann—Roch). Let D be a divisor on a curve C of genus g. Then

(D) — (K¢ — D) =deg D+ 1—g.]

Proof. By definition,
D) = K(C, 0o(D)).

Serre duality gives
H'(C,0c(D))Y 2 H°(C, 0c(—D) @ we) = HY(C, Oc(Kc — D)).

Therefore
h'(C, 6c(D)) = ¢(K¢c — D).

Using proposition 10.13,
(D) — ¢(Kc — D) = x(6c(D)) = deg D+ 1 — g.
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Several classical facts now become immediate consequences.

Corollary 10.15 (Degree of the canonical divisor). For a curve of genus g,

| deg Ko = 2g — 2. |

Proof. Apply Riemann—Roch to D = K¢. Since

UKe) = ho(C, we) =g

and
(0) = h*(C, bc) = 1,
we obtain
g—1l=degKc+1—g.
Thus deg K¢ = 2g — 2. O

Definition 10.16 (Special divisor). A divisor D is special if
E(KC — D) > 0.

Equivalently,
HY(C, 60(D)) £0.

Corollary 10.17 (Large-degree divisors). If
deg D > 2g — 2,

then D is nonspecial and

‘E(D) :degD—i—l—g.‘

Proof. By corollary 10.15,
deg(Kc — D) < 0.

If a divisor F has negative degree, then L(E) = 0: a nonzero section would make E linearly
equivalent to an effective divisor, which has nonnegative degree. Hence

(Ko — D) =0,
and Riemann—Roch gives the formula. O
The numerical criteria of proposition 10.9 now turn positivity into projective geometry.

Theorem 10.18 (Base-point freeness and very ampleness). Let D be a divisor on a curve
of genus g.

1. If
deg D > 2g,
then |D| has no base points.
2. If
deg D > 29+ 1,

then D is very ample.
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Proof. Assume first that deg D > 2g and let P € C. Then
deg(Kc —D+P)<(29—2)—2g9+1=—1.

Hence
Z(Kc—D—l-P):O.

Also deg(K¢c — D) <0, so {(Kc — D) = 0. Applying Riemann—Roch to D and D — P gives
{(D)=degD+1—g

and
(D —P)=degD —g.

Therefore
D —P)=4D)—1.

By proposition 10.9, |D| is base-point free.
Now assume deg D > 2g + 1 and let P,Q € C, allowing P = . Then

deg(Ke —D+P+Q)<(29—2)—(29g+1)+2=—1.
Thus D — P — @ is nonspecial, as is D. Riemann—Roch gives
{(D—-—P—-Q)=degD—-2+1—g=4{(D)—2.
The second criterion in proposition 10.9 shows that D is very ample. O
Corollary 10.19 (Genus zero). If g(C) =0, then
C =P}

Proof. Choose P € C. Since deg Ko = —2, the divisor K¢ — P has negative degree, so
Riemann—Roch gives
U(P)=degP+1=2.

The canonical section 1 € H(C, Oc(P)) vanishes only at P, so it already excludes every
point Q) # P from the base locus. Since

UP—P)=(0)=1=(P) -1,

proposition 10.9 shows that P is not a base point either. Hence |P| is a base-point-free g;
and defines a degree-one morphism
C — P!

by proposition 10.11. A finite degree-one morphism between normal integral curves is an
isomorphism by lemma 10.5. Therefore C' = P!, O

Corollary 10.20 (Genus one canonical class). If g(C) =1, then
we = O¢.
Proof. The canonical divisor has degree zero and
l(Kc)=g=1.

Thus K¢ is linearly equivalent to an effective divisor of degree zero. The only such divisor
is zero, so K¢ ~ 0. O
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10.3 Hurwitz, Etale Covers, and the Algebraic Fundamental
Group

Let
f:C—D

be a nonconstant morphism of curves. By corollary 10.3, it is finite and surjective. Put
n=degf=[K(C): K(D).
For the differential theory we first assume that the field extension K(C')/K (D) is separable.

Definition 10.21 (Ramification index). Let P € C and Q = f(P). Choose a uniformizer
tg € Op,q. The ramification index of f at P is

ep = Up(f*tQ).

This does not depend on the chosen uniformizer. The point P is ramified if ep > 1 and
unramified if ep = 1.

Since k is algebraically closed, all residue fields are k. The degree of a fibre is therefore
measured only by the ramification indices.

Proposition 10.22 (Degree formula for a fibre). For every Q € D,

Z ep = n.

Pef~1Q)
FEquivalently,
ffQ="7% epP
P—Q

has degree n.

Proof. By proposition 10.4, the scheme-theoretic fibre over @ has length n. At P € f~4(Q),
a local parameter tg cuts out the fibre, so the local contribution is

lengthﬁap Ocp/(ftg).

Since O¢,p is a DVR and
Up(f*tQ) =€p,
this length is ep. Summing the local lengths gives the result. O

Differentials record ramification intrinsically.

Proposition 10.23 (Relative differentials of a separable curve map). Let f : C' — D be
finite and separable. Then there is a short exact sequence

0—>f*wD—>wc—>Q};/D — 0.

The sheaf Qlc/D is a torsion sheaf supported exactly at the ramification points.
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Proof. The transitivity sequence of theorem 8.14 gives
Fp e — Qo — Qpyp — 0.
Because C and D are smooth curves,
Qlc/k:cuc, Qb/k:wp.

At the generic point the first map is
Qe py/k @k (D) K(C) — Qo

The exact sequence of field differentials has cokernel Q%((C) JK(D)’ which is zero because the
finite field extension is separable. Thus the generic map between the two one-dimensional
K (C)-vector spaces is an isomorphism. Since f*wp is invertible, it is torsion-free, so a
morphism which is injective at the generic point is injective everywhere. Hence the displayed
sequence is short exact and the cokernel is torsion.

Let P € C, @Q = f(P), and choose local parameters u at P and ¢ at ). Then

[Tt = aur
for a unit a € ﬁCX‘, p- Locally the map of differentials sends
dt — d(au?).
This is a unit multiple of du precisely when ep = 1; equivalently the cokernel vanishes at

P precisely when f is unramified there. Thus the support is the ramification locus. O

Definition 10.24 (Ramification divisor). For a finite separable morphism f : C — D,
define

dp :=lengthg, Q},‘/D,P

and the ramification divisor

Rf = Z dpP.
PeC

Only finitely many dp are nonzero because Qé /D is a coherent torsion sheaf.

The coeflicient dp is the different exponent. It agrees with ep — 1 in the tame case and
can be larger in wild characteristic.

Proposition 10.25 (Tame ramification). Let P € C, Q = f(P), and let e = ep.

1. One always has
dp >e—1.

Proof. Choose uniformizers v at P and t at ) and write

2. If chark { e, then

¥t = au®
with a a unit. Since w¢e is generated locally by du and f*wp by dt,
dt = d(au®) = u®(ea + ua’) du,
where da = a’ du. Therefore
dp = vp(u®ea+ud)) >e—1.

If e is nonzero in k, then ea is a unit and ua’ lies in the maximal ideal. Hence ea + ua’ is
a unit, so its valuation is zero and dp = e — 1. O
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The exact sequence of differentials is an inclusion of line bundles with a torsion quotient.
On a regular curve such an inclusion is measured by a divisor.

Proposition 10.26 (Canonical divisors under a finite map). Let f : C' — D be finite and
separable. Then

we = ffwp ® ﬁc(Rf). ‘

Equivalently,

KC ~ f*KD —}—Rf.

Proof. The injection
ffwp <= we

from proposition 10.23 is locally, after choosing generators, multiplication by a nonzero
element ap € Oc p. Its cokernel is
6)07]3/(&13),
whose length is vp(ap) = dp. Thus the divisor of the corresponding rational section of
we @ (ffwp) ™
is precisely
> dpP = Ry.
P
By the divisor-line-bundle correspondence of section 7.2, this gives
we ® (f*wp) ™! = Oc(Ry),
which is the desired identity. O
Taking degrees gives Hurwitz’s theorem.
Theorem 10.27 (Riemann-Hurwitz). Let
f:C—D

be a finite separable morphism of degree n between curves of genera g(C) and g(D). Then

29(C) — 2 =n(2g(D) — 2) + deg Ry.

If every ramification point is tame, then

29(C) —2=n(29(D) —2) + > (ep — 1).
PeC

Proof. By corollary 10.15,
deg Ko =2¢(C) — 2, deg Kp = 2¢(D) — 2.
For any divisor £ on D, proposition 10.22 and additivity give
deg f*E = ndegE.

Taking degrees in
Ko~ f*Kp + Ry

therefore yields
29(C) —2=n(2g9(D) — 2) + deg Ry.

The tame formula follows from proposition 10.25. O
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Chapter 9 identified étale morphisms as flat unramified morphisms of finite presentation.
For finite maps of smooth curves, this is exactly the absence of ramification.

Definition 10.28 (Finite étale cover). A finite étale cover of a scheme X is a finite étale
morphism
Yy — X.

It is connected if Y is connected. The trivial cover of degree d is

d
[Tx —x.

i=1

Corollary 10.29 (Etale covers of curves). Let f: C'— D be a finite separable morphism
of curves. Then
fis étale <=  Qpp=0 <= Rp=0.

For a finite étale cover of degree n,

29(C) —2=mn(29(D) - 2).

Proof. A finite map of curves is flat by proposition 10.4. By definition 9.27, it is therefore
étale precisely when it is unramified, which is equivalent to Qé /D= 0. By definition this
is equivalent to Ry = 0. The formula is the Riemann-Hurwitz theorem with vanishing
ramification divisor. O

Corollary 10.30 (The projective line has no nontrivial connected étale cover). Every

connected finite étale cover
C — P}

has degree one and is an isomorphism.

Proof. A connected finite étale cover of the smooth projective curve P! is itself smooth
and projective. Since a regular connected scheme has only one irreducible component, the
source is a curve in our sense. Let the degree be n. Since g(P') = 0, corollary 10.29 gives

2¢(C) —2 = —2n.
Hence
g(C)=1—-n.

The genus is nonnegative, so n < 1. Since the cover is nonempty, n = 1. A finite flat
morphism of rank one is an isomorphism: locally its coordinate algebra is a free rank-one
module and the unit section is a basis by Nakayama’s lemma. Thus the cover is trivial. [

Finite étale covers are organized by a profinite group. We introduce only the part of
Grothendieck’s theory needed here.

Definition 10.31 (Geometric point and fibre functor). Let X be a connected scheme. A
geometric point is a morphism
T :Spec) — X

with € separably closed. Let FEt(X ) denote the category of finite étale covers of X. The
fibre functor at x is

F; : FEt(X) — FiniteSets, (Y — X) — Homx(z,Y).

201



Algebraic Geometry Chapter 10. Algebraic Curves

Definition 10.32 (Algebraic fundamental group). The étale fundamental group of the
connected scheme X based at z is

(X, &) == Aut(Fy),

endowed with its canonical profinite topology.

The structural theorem behind this definition is the Galois correspondence for finite
étale covers. Its proof belongs to the theory of Galois categories; we record the precise
statement and use it as a standard input rather than developing that theory here.

Theorem 10.33 (Grothendieck’s Galois correspondence). Let X be connected and let  be
a geometric point. The fibre functor induces an equivalence

FE4(X) =5 {finite continuous 75¢(X, T)-sets}.

Under this equivalence, connected finite étale covers correspond to transitive finite continu-
ous m{*(X, T)-sets.

Definition 10.34 (Algebraically simply connected). A connected scheme X is algebraically
simply connected if every connected finite étale cover of X is an isomorphism. By theo-
rem 10.33, this is equivalent to
(X, Z) = 1.
Thus corollary 10.30 says
H(P)) = L.

To pass to higher-dimensional projective space we need one connectedness theorem. It is a
standard consequence of the connectedness results in Serre duality theory; in Hartshorne
it appears as Chapter III, Corollary 7.9.

Theorem 10.35 (Connectedness of ample divisors). Let X be a connected projective
Cohen—Macaulay scheme over a field, with

dim X > 2.
If D is an effective ample Cartier divisor on X, then the support |D| is connected.

Remark 10.36. We use theorem 10.35 only for smooth projective varieties. In that case the
Cohen—Macaulay hypothesis is automatic because regular local rings are Cohen—Macaulay.
The theorem is logically separate from the elementary curve theory above; stating it explic-
itly prevents the induction below from hiding a connectedness input.

Lemma 10.37 (Finite pullback preserves ampleness). Let f : X — Y be a finite morphism
of projective schemes over a Noetherian ring, and let £ be ample on'Y . Then f*.Z is ample
on X.

Proof. Let % be coherent on X. Since f is finite, f..% is coherent on Y. For m > 0,
ampleness of .Z makes
foF @ L8

generated by finitely many global sections. Pulling those sections back and using the
projection formula gives a surjection onto

f(feF)® fr2om.
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Because f is affine, the adjunction evaluation map
ffoF — F

is surjective: on an affine piece it is the multiplication map B ® 4 M — M. Hence
F @ freem

is generated by finitely many global sections for m > 0. By definition 7.44, f*.Z is
ample. ]

Theorem 10.38 (Projective space is algebraically simply connected). For every n > 1,

it (PR) = 1.

Equivalently, every connected finite étale cover of P is an isomorphism.

Proof. We argue by induction on n. The case n = 1 is corollary 10.30.

Assume n > 2 and let
f: X —Pp

be a connected finite étale cover of degree d. Since étale morphisms preserve smoothness
under composition and P"™ is smooth, X is smooth. It is projective because f is finite
and P" is projective. A smooth connected scheme is regular, and distinct irreducible
components of a regular scheme cannot meet; hence connectedness forces X to be integral.
Let
H=Ppy!

be a hyperplane and put
D= f~(H).

Since H is an effective Cartier divisor and étale maps are flat, D is an effective Cartier

divisor on X. Moreover
Ox(D) = f*Opn(1).

By lemma 10.37, the line bundle f*@pn(1) is ample, so D is ample. Since X is smooth
projective of dimension n > 2, theorem 10.35 shows that D is connected.
By base-change stability of étale morphisms, the restriction

D=X xpn H— HxP"!

is a connected finite étale cover. Its degree is still d, because finite locally free rank is
preserved by base change. By the induction hypothesis, every connected finite étale cover
of H has degree one. Therefore d = 1.

Finally, a finite étale morphism of degree one is finite locally free of rank one and hence
an isomorphism, as in corollary 10.30. Thus f is trivial. O

10.4 Curves of Genus Two

We now apply the preceding theory to the first genus for which every curve has a nontrivial
canonical map to the projective line. Throughout this section assume

char k # 2.
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Let C be a curve of genus two. Then
deg K¢ = 2, U(Keo) =2.

Thus the canonical system has projective dimension one. The first point is that it has no
base points.

Lemma 10.39 (The canonical pencil in genus two). Let C' have genus 2. Then |K¢c| is a
base-point-free gs.

Proof. We already know
deg K¢ = 2, UKe) =2.

Fix P € C. We claim that
((P)=1.

If /(P) > 2, choose a nonconstant f € L(P). The only possible pole of f is P, and its order
is at most one. A nonconstant rational function on a projective curve must have a pole, so

The morphism ¢ : C' — P! of lemma 10.2 therefore has degree one: the fibre over co has
degree one. By lemma 10.5, C' = P!, contradicting ¢(C') = 2. Hence ¢(P) = 1.
Apply Riemann—Roch to Ko — P:

U(Kc—P)—4(P)=deg(Kc—P)+1—-g=1+1-2=0.

Hence
U(Ko—P)=4¢P)=1={Kc)—1.

By proposition 10.9, P is not a base point. Since P was arbitrary, |K¢| is base-point free.
Its degree is 2 and its projective dimension is 1, so it is a ga. O

Theorem 10.40 (Every genus-two curve is hyperelliptic). Let C' be a curve of genus 2 over
an algebraically closed field of characteristic different from 2. The canonical linear system
defines a finite morphism

or : C — P!

of degree 2. It is ramified at exactly six points, each with ramification indez 2.

Proof. By lemma 10.39, the canonical system is a base-point-free g3. By proposition 10.11,
its associated morphism has degree 2. Since char k # 2, the quadratic extension of function
fields is separable and every ramification index ep = 2 is tame.

Apply Riemann—Hurwitz to

YK - C— Pl.
‘We obtain
29(C) — 2 =2(2g(P") — 2) + deg Ry,
S0
2 = 2(—2) + deg Ry ..
Therefore

deg R, = 6.

In the tame quadratic case each ramified point contributes

ep—1=1.
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Hence there are exactly six ramification points. Over a branch point the fibre-degree

formula
Z ep = 2
P—Q

shows that there is a unique point above @, with ep = 2. Thus the six ramification points
map to six distinct branch points on P!. ]

Definition 10.41 (Hyperelliptic and Weierstrass points). A curve of genus at least two
is hyperelliptic if it admits a degree-two morphism to P!. For a genus-two curve, the six
ramification points of the canonical double cover are called its Weierstrass points.

The six branch points also reconstruct the curve.

Proposition 10.42 (Constructing a genus-two curve from six points). Let
B ={ay,...,a5} C PL(k)
be six distinct points. There exists a smooth projective curve Cg and a degree-two morphism
fB:Cp — P!
branched exactly over B. The curve Cp has genus 2, and fp is the canonical morphism.

Proof. After a projective change of coordinate we may suppose that none of the six points
is co. Write their affine coordinates as ay,...,ag € k and set

>
—~
8
~
Il
==
—~
8
|
&

k(z) C k(z,y), y? = h(z).

Let Cp be the normalization of P! in this field. Normalization is finite in this finite
extension, so we obtain a finite morphism

fB:CB—>P1

of degree two. The curve Cp is normal and one-dimensional; hence it is regular. Over the
algebraically closed field &, a regular finite-type curve is smooth. Since it is finite over the
projective line, it is projective.
The local ramification can be read directly from the quadratic equation. Over a DVR
with uniformizer m, write
h=n"u, ue Ax.

Multiplying y by a suitable power of 7w changes m by an even integer. If m is odd, the
normalized local equation has the form

22 = Tu,

so the ramification index is 2. If m is even, it has the form z? = u; because the residue

field is the algebraically closed field k, the residue of u is a square, and the derivative 2z is
invertible at the two residue roots. Hence the extension is étale there.
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At a zero x = a; one has v,,(h) = 1, so the quadratic extension is ramified with index
2. Away from the zeros of h and from infinity the valuation is 0, hence the extension is
unramified. At infinity,
Voo(h) = —6

is even, so infinity is also unramified. Thus the branch locus is exactly B, and there are six
tame ramification points.
Riemann-Hurwitz gives

29(C) — 2 =2(=2) + 6 = 2,

so g(Cp) = 2.
Finally put
2 = fpOp(1).

Then deg.# = 2 and the pullback of H°(P!, &(1)) gives at least two independent sections,
SO
r(Cp, Z) > 2.

Riemann—Roch on the genus-two curve gives
h(Cp, L) — W (Cpwe, @ L™ =2+1-2=1.
Thus
r(Cp,we, ® L7 > 1.
The line bundle we, ® £~ ! has degree

2-2=0.

A degree-zero line bundle with a nonzero section is trivial, because its zero divisor is effective
of degree zero. Therefore

wey = 2.
Since h%(Cp, wey) = 2, the two pulled-back sections are the full canonical system. Hence

fB is the canonical morphism. O

To identify when two branch configurations give the same curve, we need the elementary
classification of quadratic covers of P! by their branch divisor.

Lemma 10.43 (A quadratic cover is determined by its branch set). Assume chark # 2.
Let
K = k(Ph)

and let

Ll:K(\/ﬁ)7 LQZK(\/JTQ)

be separable quadratic extensions whose associated covers of P! have the same branch set.
Then
L1 = Lo

as extensions of K.
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Proof. A place of K is ramified in K (/f) precisely when the valuation of f is odd. Since
the two extensions have the same branch set,

’Up(fl/fg) c 27

for every point P € P!. Hence
div(f1/f2) = 2D
for a divisor D on P'. The left side has degree zero, so deg D = 0. Since
Pic’(P!) =0,
there exists g € K* with
D = div(g).

Therefore
div(f1/(f29%)) = 0.

A rational function on P! with zero divisor is a scalar, so

fi=cg’f
for some ¢ € k™. Since k is algebraically closed, ¢ is a square. Thus f1/fs is a square in K,
and the two quadratic extensions are isomorphic over K. ]

Theorem 10.44 (Classification of genus-two curves). Let k be algebraically closed of char-
acteristic different from 2. There is a natural bijection

{ genus-two curves over k } { unordered reduced six-point subsets

up to isomorphism B c P(k) }/PGL2(/‘C)-

Proof. A genus-two curve C' determines its canonical degree-two map

(pK:C—>P1

and hence its unordered six-point branch set Bc by theorem 10.40. The target of the
canonical map is intrinsically

P(H’(C,we)"),
which is a projective line but has no preferred coordinate. Therefore the branch set is
defined only up to PGLy(k).
If
a:C =
is an isomorphism, pullback identifies the canonical spaces
HY(C' wer) = HY(C,we).

Projectivizing gives an automorphism of the target projective lines which intertwines the
canonical maps. Hence it carries B to Ber. Thus the construction is well defined on
isomorphism classes.

Conversely, proposition 10.42 constructs a genus-two curve from every six-point set. If
two branch sets are related by an automorphism

o c PGLQ(k),

pull one of the covers back along o; the resulting two quadratic covers have the same branch
set. By lemma 10.43, their function fields are isomorphic over k(P1). Taking normalizations
therefore gives isomorphic curves. The two constructions are inverse. O
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Remark 10.45 (Three parameters). An ordered triple of distinct points of P! can be sent
uniquely to
0, 1, o0

by an element of PGLy (k). Thus, after ordering three of the six branch points, a genus-two
curve can be represented by a branch set

{07 17 0, )‘17 )\27 )\3}7

where the \; are distinct and avoid 0,1. Forgetting the ordering introduces only a finite
action coming from permutations of the six branch points. This is the concrete form of the
three-dimensional parameter count in Hartshorne, Exercise IV.2.2.

10.5 Embeddings in Projective Space

Riemann—Roch already gives many projective embeddings: every divisor of degree at least
2g 4+ 1 is very ample. We now ask a different question. Once a curve is embedded in a
high-dimensional projective space, how far can the ambient dimension be lowered without
changing the curve? The answer is strikingly uniform: dimension three always suffices.
We first reinterpret the projection criterion in the language of secant and tangent lines.
Let
C — PV

be a closed immersion. For distinct points P,Q € C, write
PQcpPV
for their secant line. At P, the embedded tangent space is a projective line
TpC Cc PV
because C' is smooth of dimension one.
Proposition 10.46 (Projection criterion). Let O € PN\ C, and let
O : PN -, pN-!
be linear projection from O. The restriction
molc: C — PN71

is a closed immersion if and only if
1. O lies on no secant line PQ with P # Q;

2. O lies on no tangent line TpC.

Proof. Hyperplanes of PV containing O form an N-dimensional vector subspace
v c HPN, 0(1)).

Since O ¢ C, their restrictions have no common zero on C, and the associated morphism
of the restricted linear system is exactly the projection

molc: C = P(VV) = PN-L
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For two distinct points P, Q € C, the images mo(P) and mo(Q) coincide precisely when
P, @, O are collinear, that is, precisely when

O ¢ PQ.

Thus the restricted system separates distinct points exactly under condition (1).

At a point P, the differential of projection fails to be injective on the one-dimensional
tangent space precisely when the projection center lies on the embedded tangent line TpC.
Equivalently, the system fails to separate the length-two subscheme 2P exactly in that case.
Hence condition (2) is precisely tangent-direction separation.

By the length-two very-ampleness criterion of proposition 10.9, the restricted system
gives a closed immersion if and only if it separates every pair of distinct points and every
tangent direction. This is exactly (1) and (2). O

We now estimate how many bad centers there are.

Lemma 10.47 (Secant and tangent loci). Let C C PN be a smooth projective curve. Let
Sec(C) be the Zariski closure of the union of all secant lines PQ with P # Q, and let
Tan(C') be the union of all embedded tangent lines. Then

dim Sec(C') < 3, dim Tan(C) < 2.

Moreover both are closed subsets of PN after taking the indicated closure for the secant
locus.

Proof. Consider the open subset
U=(Cx0C)\Ac.
Over (P,Q) € U, the line PQ is a copy of P!. The corresponding incidence space
L = {(P,Q,R) € U x PY | R € PQ}
is a P!-bundle over U. Hence
dim [gec = dimU + 1 = 3.

Its image in P is the union of secant lines. The dimension of the closure of an image is
at most the dimension of the source, so

dim Sec(C) < 3.

For tangent lines, the embedded tangent line depends algebraically on P: the differential
of the closed immersion gives the Gauss map from C to the Grassmannian of lines in P,
Pull back the universal line over that Grassmannian. We obtain a P'-bundle

Iyyy — C
of dimension 2, together with a proper morphism

Tian — PV
whose image is Tan(C). Proper images are closed, and

dim Tan(C') < 2.
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Theorem 10.48 (Generic projection preserves a curve). Let
C— PV
be a smooth projective curve with N > 4. Then there exists a point
0OePV\C
such that projection from O restricts to a closed immersion
C — PN-L

Proof. By lemma 10.47,
dim(Sec(C') U Tan(C')) < 3.

Since N > 4, this union is a proper closed subset of PYV. Choose
O ¢ Sec(C) U Tan(C).

Then O ¢ C and lies on neither a secant nor a tangent line. By proposition 10.46, projection
from O restricts to a closed immersion into PV—1, O

Corollary 10.49 (Every curve embeds in P3). Every smooth projective curve over an
algebraically closed field admits a closed immersion

C — P}.

Proof. By definition C' is projective, so choose some closed immersion
C — PV,

If N < 3, compose with a linear closed immersion P < P3 and we are done. If N > 4,
apply theorem 10.48 to obtain an embedding

C —pPN-L
Repeating finitely many times reduces the ambient dimension to 3. O

The chapter began with divisors on an abstract curve and ended with a uniform pro-
jective realization. The chain of ideas can be summarized as

divisors — linear systems — Riemann—Roch — maps of curves,

maps of curves — ramification and étale covers — projective geometry.

The genus-two classification shows how these tools can describe an entire class of curves,
while generic projection shows that every smooth projective curve can ultimately be studied
as a space curve in P3.
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Chapter 11

Blow-ups and Algebraic Surfaces

The final chapter brings together the constructions developed throughout the book. A blow-
up replaces an ideal by a Cartier divisor; on a smooth surface that divisor contributes a
new negative direction to the intersection form. Intersection numbers then enter adjunction
and Riemann—Roch, Riemann—Roch leads to the Hodge index theorem and positivity, and
the Hodge index theorem on C' x C' gives the Weil bound. The last section translates that
bound into the zeta function and the distribution of closed points.

11.1 Blow-ups and Birational Modifications

Let X be a Noetherian scheme and let .# C Ox be a coherent ideal sheaf. Its Rees algebra
is the graded quasi-coherent algebra

A(I)= 7™, 70 = 0x.
m>0

Definition 11.1 (Blow-up). The blow-up of X along .#, or along the closed subscheme
Z=V(5),is

Blz X = Bl, X := Proj, Z(.%).

Its structure morphism is denoted 7 : Bl o X — X.

The definition is independent of the chosen generators. On an affine open U = Spec A
on which .# corresponds to I = (fo, ..., fr), the standard open attached to f; is

]{z] :SpecA{];j,...,JJZ} C Spec Ay,. (11.1)

Here the displayed algebra means the image of the indicated subalgebra of Ay;; it does not
require f; to be a nonzerodivisor.

U, = SpecA[

Example 11.2 (The blow-up of the affine plane). Let X = A? = Spec k[z,y] and I = (z,y).
The two charts are
U, = Spec k[z,v], Yy = v,

and
Uy = Spec k[u, y], T = uy.

On the overlap, u = v~! and y = zv. Thus
Blg A% = {((x,y),[s : t]) € A2 x P! : zt = ys}.
Over the origin the equation disappears and the fibre is P!; away from the origin, [s : ] =

[ : y] is forced.
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The preceding equations have a useful global interpretation. They explain why the
blow-up separates not points of the centre, but directions of approach to the centre.

Proposition 11.3 (Blow-up as the closure of a graph). Let X = Spec A be integral, let
0#1="(fo,...,fr), and put U = X \ V(I). The rational map

er: X --»P oz [fo(x) - fir ()]
1s defined on U. The graded surjection
ATy, ..., T,] — Z(I), T, — fit,

induces a closed immersion
Bl; X — X x P,

whose image is the scheme-theoretic closure of the graph of vr|u.

Proof. The surjection gives the closed immersion after applying Proj. Over U one of the
fi is a unit, and the chart description (11.1) identifies the blow-up with U; under the

closed immersion its second coordinate is [fp : -+ : fr]. Thus the inverse image of U is
the graph. Since the blow-up is integral and this inverse image is dense, its image is the
scheme-theoretic closure of that graph. O

The equations f;T; — f;1; always vanish on this closure. They need not generate its
ideal: higher syzygies among the powers of I may contribute additional equations. The
Rees algebra, rather than only the evident bilinear relations, is what records the correct
scheme structure.

Proposition 11.4 (Exceptional divisor over a smooth centre). Suppose that X is smooth
and that Z — X 1is a smooth closed subvariety of codimension ¢, with ideal sheaf .#. Then

E =~ Proj, Symg, (5 /.#%) = P(Ng/x),

where the last equality uses the convention that P(Ny x) parametrizes one-dimensional
normal directions. Moreover

Op(=E) = Opn, ) (1)
In particular every fibre of E — Z is P¢1,

Proof. The exceptional divisor is the relative Proj of the associated graded algebra

gty (Ox) = s/ 7"

m>0
Because a smooth closed immersion is regular, multiplication induces an isomorphism
Symyg, (S /5°) =5 gr 4 (Ox).

The assertion about the tautological bundle is the restriction of Op), x(—FE) = £ 0p1, x =
ﬁBlz X(l) O

Proposition 11.5 (Flat base change). For a flat morphism g : X' — X and Z' = Z x x X',
the canonical morphism
BIZ/ X — BIZX Xx X'

s an isomorphism.
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Proof. Flatness identifies
I" Qo Oxr = (I Ox)™
for every m. Hence the pulled-back Rees algebra is the Rees algebra of the extended ideal.

Relative Proj commutes with base change, which proves the claim. Without flatness the
displayed identification of powers can fail, so the hypothesis is essential. O

Proposition 11.6 (Strict transform as a blow-up). Let Y — X be an integral closed
subscheme not contained in Z = V(&). The strict transform of Y, defined as the closure

of
Y\ Z C Bly X,

is canonically isomorphic to
Blysg, Y.

In particular, if Y N Z is an effective Cartier divisor on Y, then the strict transform is
isomorphic to Y.

Proof. Restriction gives a surjection of graded algebras

D s — Proy)™

m>0 m>0

Its relative Proj is therefore a closed subscheme of Bl X. Away from Z it is exactly Y \ Z,
and this open is dense because Y is integral and is not contained in the centre. The image
is consequently the strict transform. If the restricted ideal is invertible, its blow-up is Y
itself by the universal property. O

Example 11.7 (Blowing up a Cartier divisor does nothing). If Z C X is already an
effective Cartier divisor, then .7 is invertible and

H(Iz)~ Ox|T)

locally after choosing a generator. Hence Bly X ~ X. A blow-up changes the geometry
only where the centre fails to be Cartier. This explains why a closed point on a smooth

curve has trivial blow-up, while a closed point on a smooth surface produces an exceptional
P

Example 11.8 (The affine-plane blow-up as a line bundle). The two charts of Blg A? also
identify it with the total space of the tautological line bundle &p1(—1). On the chart with
base coordinate v = y/x, use = as fibre coordinate; on the chart with base coordinate
u=x/y=wv"1 usey as fibre coordinate. On the overlap

Yy =z,

which is the transition function of &pi(—1). The zero section is the exceptional curve. Its
normal bundle is therefore &p1(—1), giving a geometric preview of the calculation E? = —1
in the next section.

Example 11.9 (A node and its tangent directions). Assume chark # 2 and consider
C:y?—2?2—2>=0

at the origin. In the chart y = zv the total transform is
2?(v? —1—2) =0,
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so the strict transform is v2 = 14 2. It meets the exceptional line = 0 at the two reduced
points v = 1 and v = —1, precisely the two lines in the tangent cone (y—z)(y+x) = 0. The
strict transform is smooth at both points. Thus one blow-up separates the two branches of
the node.

Proposition 11.10 (The exceptional Cartier divisor). Let X =Bly X. Then
IO5 ~ 0%(1)
is an invertible ideal. Its zero scheme
E=V(S0;z)=7"'(2)
is an effective Cartier divisor, and

O%(~E) = 7 0.

Moreover, m is an isomorphism over X \ Z.

Proof. On the chart (11.1), the extended ideal is generated by f;, since every f; = fi(f;/ fi)-
The transition function from the fi-generator to the f;-generator is the unit f;/f; on the
overlap. The ideal is therefore invertible and defines an effective Cartier divisor. If . = Ox
on an open set, its Rees algebra is Ox[T'], whose relative Proj is that open set itself. This
applies to X \ Z. O

The invertibility just proved is the universal reason for blowing up.

Theorem 11.11 (Universal property of the blow-up). Let g : T — X be a morphism for
which . Or is an invertible ideal; equivalently, assume that g~*(Z) is an effective Cartier
divisor. Then there exists a unique factorization

T 9 X

Blys, X
Thus Bl y X is terminal among X -schemes on which the extended ideal is invertible.

Proof. The canonical invertible quotient
g I — IOr

induces compatible surjections g*.#™ — (£ O7)®™. The universal property of relative
Proj therefore gives an X-morphism T'" — Proj X%(ﬂ ). Locally, if .# O is generated by
g* fi, the morphism lands in U; and sends f;/f; to g*f;/g* fi; this also proves uniqueness
and shows that the local maps glue. O

Remark 11.12. An arbitrary morphism 7" — Bl s X need not pull the exceptional divisor
back to a Cartier divisor: for example, a point may map into . The universal property
is the terminal statement above, not an “if and only if” test for all possible factorizations.
More generally, relative Proj represents invertible quotients of g*.#; the invertible ideal
& Orp supplies the distinguished quotient used here.

Proposition 11.13 (Blowing up an integral scheme). Let X be an integral Noetherian
scheme and let 0 # & C Ox. Then Bl s X is integral and w : Bl , X — X is projective,
birational, and surjective. If X is a variety over a field, so is Bl 4 X.
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Proof. On an affine open Spec A, each chart A[I/f;] is a subring of the fraction field of the
domain A, hence is a domain. The charts have the common dense open lying over X \ Z,
so their union is integral. Relative Proj of a finitely generated graded algebra is projective.
The isomorphism over the dense open X \ Z proves birationality. The image of a proper
morphism is closed and contains this dense open, so it is all of X. Finite type over the
ground field follows from the affine chart description. O

Theorem 11.14 (Birational morphisms as blow-ups). Let X be a quasi-projective integral
variety and let f 'Y — X be a projective birational morphism from an integral variety.
Then there is a coherent ideal sheaf & C Ox such that

Y ~Bly, X
over X.

Proof. Choose an f-very ample invertible sheaf .Z on Y. Its relative section algebra

o =P f.Lom
m>0
is of finite type and Y ~ Proj, «/. Replacing . by a positive power replaces & by a
Veronese algebra and does not change this relative Proj; we may therefore assume that o7
is generated by .27 .

Over the dense open on which f is an isomorphism, choose a rational generator of .Z. It
embeds every f..Z®™ as a rank-one coherent subsheaf of the constant sheaf K(X). Quasi-
projectivity supplies an effective Cartier divisor A which clears the finitely many poles of
a set of generators of 2. Replacing .Z by £ ® f*Ox(—A) tensors the degree-m piece
by €x(—mA) and therefore does not change relative Proj. After this twist we obtain an
inclusion

=9 — Ox

for a coherent ideal .#. Multiplication is computed inside K (X), and the assumption that
&/ is generated in degree one now gives

Ly = I™ (m >0).

Consequently
Y ~ Proj, & = Proj, @5 #™ =Bl, X.
m>0
The quasi-projectivity hypothesis is used precisely in the pole-clearing step. O

Corollary 11.15 (Normalization of a curve as a blow-up). Let C' be a quasi-projective
integral curve and v : C¥ — C its normalization. If C¥ — C' is finite, then C¥ ~ Bl ,C
for some coherent ideal 7.

Proof. The normalization is finite birational, hence projective birational. Apply theo-
rem 11.14. ]

Example 11.16 (The cusp). For C = V(y? — 23) C A%, blow up the origin. In the chart
T = u, y = uv, the total transform has equation

w?(v? —u) = 0.

The strict transform is © = v?, hence is the affine line with parameter v; the map to C is
v — (v2,0%).

The other chart adds no further point. Thus the strict transform is the normalization of

the cusp.
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11.2 Intersection Theory and Blow-ups on Smooth Surfaces

From now through section 11.5, let X be a smooth projective integral surface over an
algebraically closed field k. Every Weil divisor on X is Cartier.

Definition 11.17 (Local intersection multiplicity). Let C, D C X be integral curves with
no common component and let P € CN D. If f,g € Ox p are local equations, define

Ox.p

(f,9)

This number is finite because the regular local ring &x p has dimension two and (f, g)
is primary to its maximal ideal. Replacing either equation by a unit multiple does not
change its ideal; changing a trivialization of the Cartier divisor does exactly that. Thus
the definition is independent of all choices.

For an integral projective curve C, define the degree of a line bundle by

ip(C, D) = length,,

dege £ = x(C, Z) — x(C, O¢).
This agrees with the degree in Chapter 10 when C' is smooth.

Definition 11.18 (Global intersection number). For a divisor D and an integral curve C,
put
D-C =degc(0x(D)lo),

and extend linearly in the curve variable. We write C? = C - C.

Lemma 11.19 (Moving divisors away from components). Let A be a divisor and let
Ch,...,Cs be finitely many integral curves on X. For a sufficiently positive very ample
divisor H, there are effective divisors

Al e |A+mH|, B e |mH|

for some m > 0 such that no C; is a component of either divisor. In particular A ~ A’ — B
with both effective terms avoiding the prescribed components.

Proof. For m > 0, both line bundles are globally generated. The sections vanishing identi-
cally on a fixed C; form a proper linear subspace of the space of global sections: a globally
generating section can be chosen nonzero at the generic point of C;. Since k is infinite, a
finite union of proper linear subspaces cannot fill the whole space. Choose sections outside
that union and take their zero divisors. O

Theorem 11.20 (Basic properties of the intersection pairing). The pairing Div(X) x
Div(X) — Z is bilinear, symmetric, and depends only on linear equivalence classes. If C
and D are effective curves without a common component, then

C-D= > ip(C,D).

pPeCnD

Consequently C - D is the set-theoretic number of intersection points only when every inter-
section 1is transverse.
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Proof. Additivity in the first variable follows from tensor products of line bundles; additiv-
ity in the second follows from additivity of Euler characteristic in the restriction sequences.
Principal divisors give the trivial line bundle, so the pairing factors through linear equiva-
lence.

For effective D not containing C, restriction of its defining section gives

0— Oc — Ox(D)|c — Ocnp(D) — 0.

The last sheaf has at P the length of Ox p/(f,g); twisting does not change the length.
Taking Euler characteristics proves the displayed formula, which is symmetric.

For arbitrary divisors, apply lemma 11.19 successively to both arguments, enlarging
the prescribed list after each choice. Each divisor becomes a difference of effective divisors,
and every pair occurring in the bilinear expansion has no common component. Symmetry
therefore reduces to the case just proved. O

Proposition 11.21 (Projection formula for curves). Let f : Y — X be a proper morphism
of smooth projective surfaces, let D be a divisor on X, and let C C'Y be an integral curve.
Then

(f'D)-C=D-fC.|

Here f,C = 0 when C is contracted, and otherwise it is the image curve multiplied by the
degree of C' — f(C).

Proof. If C is contracted, f*Ox(D)|c is pulled back from a point and has degree zero.
Otherwise, for the finite map g : C — f(C') obtained on the curves, degree of line bundles
satisfies

dege g"L = (degg) degy(cy L.
Apply this to L = Ox(D)|s(c- O

Proposition 11.22 (Normal bundle and self-intersection). If C' C X is a smooth curve,
then

Ox(C)lc ~ Neoyx, C? = deg N/ x-

Proof. The conormal sequence identifies .%¢ /.2 with Ox(—C)|c. Dualizing gives the first
isomorphism; the second is the definition of intersection. O

Now let P € X and _
7: X=BlpX — X

be the blow-up, with exceptional curve E.
Proposition 11.23 (The exceptional curve). There are isomorphisms
E~P(TpX)~P, O:(E)|p ~ Op (-1).

In particular,
E%= 1.

Proof. The associated graded algebra of the maximal ideal mp is Sym;,(mp/m%) because X
is smooth at P. Hence E/ = Proj gr,, , Ox,p ~ P!, By proposition 11.10, O(—FE) = mpls =
O (1); restricting to E gives Og(—FE) = Op1(1) and therefore the asserted formula. O
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Theorem 11.24 (Picard group and intersection form of a point blow-up). Pullback is
injective and

Pic(X) ~ 7% Pic(X) & Z[E].

Moreover,
(7*D1) - (7*Ds) = Dy - Do, (7*D)-E =0, B -1

Proof. Represent a line bundle on X by a divisor A. Push every nonexceptional prime
component forward to X. Since X is smooth, the resulting Weil divisor D is Cartier. The
divisors A and 7*D agree away from F, so their difference is aF for some a € Z. This
proves generation. If 7*D + aFE ~ 0, intersection with E gives —a = 0; restriction to the
complement and normality of X then give D ~ 0. Thus the sum is direct.

Choose representatives of D, Dy, Dy whose supports avoid P. Their pullbacks are their
strict transforms and do not meet F, which proves the first two intersection identities. The
last is proposition 11.23. 0

Proposition 11.25 (Tangent cone on the exceptional line). Let C C X be an integral
curve through P, and let m = multp(C). If f = fo + fme1 + -+ is a local equation
written in reqular parameters, with f; homogeneous of degree j, then the scheme-theoretic
intersection C N E is the degree-m subscheme of

E =P(TpX)

Its support consists of the tangent directions of the branches of C' at P.

cut out by fn,. Consequently

Proof. On the chart © = u, y = uv, one has
Flu,uv) = u™ (fr(1,0) + wfmer (1,0) 4+ ---).

After removing the exceptional factor v, restriction to E = (u = 0) gives fp,(1,v). The
other chart supplies the homogeneous description at the missing direction. Hence the
intersection is the projectivized tangent cone and has degree m on E ~ P!, O

Proposition 11.26 (Strict transforms). Let C C X be an integral curve and put m =
multp(C). Its strict transform satisfies

C ~7*C —mE, C?=C?—m?.
If D is another curve with multiplicity n at P, then
C-D=C-D-mn.

When C, D have no common component,

ip(C,D)=mn+ Y ig(C,D). (11.2)
QEE

Proof. In regular parameters x,y at P, a local equation of C has order m. On each blow-up
chart its pullback has the exceptional coordinate to order m; the remaining factor defines
the strict transform. Thus the total transform is C +mE. The global intersection formulas
now follow from theorem 11.24. Away from P, the blow-up is an isomorphism and local
intersection multiplicities are unchanged. Comparing the global local-sum formula before
and after blowing up gives (11.2). O
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Corollary 11.27 (Multiplicity bound and tangent cones). If C' and D have no common
component, then

ip(C, D) > multp(C) multp(D). |

Equality holds if and only if their strict transforms have no common point on E, equivalently
if and only if the projectivized tangent cones of C and D have disjoint support.

Proof. Every term in the residual sum in (11.2) is a nonnegative length. It vanishes exactly
when the strict transforms have no common point over P. By proposition 11.25, their
intersections with E are precisely their projectivized tangent cones. O

For two smooth curves through P, both multiplicities equal one. They meet transversely
exactly when their tangent directions are distinct, and then the corollary gives ip(C, D) = 1.
If their tangent directions agree, the residual intersection on the blow-up measures the
next order of contact. Repeating the process separates successive jets rather than merely
successive tangent lines.

Example 11.28 (Reading contact order by repeated blow-ups). In A? let
C:.:y=0, Dy :y—2™=0.

Both curves have multiplicity one at the origin. In the chart z = u, y = wv, their strict
transforms are

C:v=0, Dy :v—u™ 1 =0.

For m > 1 they meet at the same point of E, and their new local intersection multiplicity
is the one for the pair (v,v — u™~!), namely m — 1. Thus (11.2) reads

10(C, D) = 1 +1i9(C, Dypy).-
Repeating this calculation gives
i0(C, D) =144+ 1=m.
—_———
m times

At the final blow-up the two strict transforms meet the exceptional line in different tangent
directions, so the recursion stops.

Example 11.29 (A cusp and its tangent line). Let C : y?> —2% = 0 and L : y = 0. Directly,
io(C, L) = dimy k[[z,9]]/(y* — 2°,y) = 3.

The multiplicities at the origin are 2 and 1. After the blow-up, in the chart x = u, y = uv,
the strict transforms are N ~
C:v?>—u=0, L:v=0.

Their remaining intersection multiplicity is one. The recursion therefore recovers the same
answer geometrically:
i0(C,L)=2-14+1=23.

This example also distinguishes multiplicity from tangency: the first term sees the multi-
plicities, while the residual term sees that the unique tangent direction is shared.
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Proposition 11.30 (Intersection through infinitely near points). Let C, D be curves with-
out a common component through P = Py. Blow up Py, and whenever their strict trans-
forms still meet above P, blow up every such common point and continue along the resulting
tree. Suppose that after finitely many steps the strict transforms are separated. Write

mj; = multpj(Cj), n; = multpj (Dj),

where Cj, D are the strict transforms at the corresponding stage. Summing over all vertices
of the tree of common infinitely near points gives

ZP(C, D) = Z m;ng.
J

For a single curve followed through a sequence of point blow-ups,
r—1
2 2 2
j=0

Proof. Apply (11.2) at Py. Every residual intersection lies at a common point on the
exceptional line; apply the same formula there and continue. Once the strict transforms
are separated, the remaining residual sums vanish, leaving the sum of the products m;n;.

The self-intersection formula follows independently by iterating C? 1= 0]2 — m?. O

This proposition explains the phrase infinitely near point: after a blow-up, a point of
the exceptional curve remembers a tangent direction at the previous point; after another
blow-up, it remembers a direction together with a second-order choice. Local intersection
multiplicity is the total contribution accumulated along this finite tree.

Corollary 11.31 (Multiplicity form of Bezout’s inequality). Let C, D C P? be plane curves
of degrees d, e without a common component. For any finite set of points P;,

Zmultpi(C') multp, (D) < de.

Fquality can occur only if every intersection lies among the P; and the strict transforms
have no residual common infinitely near point above them.

Proof. The global intersection number is C'- D = de. At each chosen point, corollary 11.27
gives
ip,(C, D) > multp,(C)multp, (D).

Sum these inequalities and compare with the sum of all local intersection multiplicities.
The equality statement follows from the residual terms in the blow-up recursion. O

Theorem 11.32 (Canonical divisor under a point blow-up). For canonical divisors chosen
compatibly,

K)?:W*Kx—FE.

Consequently K?( =K% —1.
Proof. Near P, choose regular parameters x,y. In the chart x = u, y = uwv,
dx Ndy = udu N dv.

Thus the pullback of a local generator of wyx vanishes to order one along F and nowhere
else. The two charts give the same divisor, proving the formula. The square follows from
theorem 11.24. O
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Example 11.33 (Blowing up points of the projective plane). Let
7:X =Blp, p P? — P?

be the blow-up of distinct points, let H be the pullback of a line, and let E; be the
exceptional curves. Repeated use of theorems 11.24 and 11.32 gives

.
Pic(X) ~ ZH & P ZE;,
=1
H*=1, H-E =0, E; -Ej=-4;,

and

T
Kx =-3H+ ) E;, K% =9-r.
=1

If a plane curve of degree d has multiplicity m; at P;, its strict transform has class

and square d? -3, m? Thus the complete intersection table of the blow-up turns geometric
incidence conditions in the plane into a diagonal quadratic calculation.

Example 11.34 (Resolving a pencil of lines). The pencil of lines through a point P € P?
defines a rational map
P? - P!

which is undefined exactly at P. Applying the affine graph-closure description of proposi-
tion 11.3 on standard charts and gluing shows that its graph closure is X = Blp P?, and
the second projection extends the pencil to a morphism

f: X —P.
Every fibre is the strict transform of a line through P, hence has class
F=H-E, F?=0.
The exceptional curve satisfies
E-F=1,

so F is a section of f. The two numerical facts have immediate geometric meanings: distinct
fibres do not meet, and a section meets every fibre once.

This example is the simplest instance in which a blow-up does more than alter an
intersection matrix: it resolves the base point of a linear system and turns a rational map
into a morphism. Conversely, the morphism f remembers the original pencil, while the
section E remembers its base point.

Example 11.35 (A pencil of conics). Let two general conics span a pencil. They meet in
four distinct base points P, ..., Py. After blowing up those points, the pencil becomes a
morphism to P! whose fibre class is

F=2H—-FE) —FEy— E3— E4.

The calculation
F?=4-1-1-1-1=0

again expresses disjointness of distinct fibres. Each F; has F;- F = 1 and is a section. Thus
base-point resolution, strict transforms, and the diagonal intersection form work together
in a nontrivial linear system.
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11.3 Riemann—Roch, Adjunction, and Positivity
Theorem 11.36 (Adjunction). If C C X is a smooth integral curve, then
wo ~ (wX & ﬁx(C)”C

FEquivalently,

129(C) —2=C-(C + Kx).|

Proof. The conormal sequence
0= Oc(—C) = Qklc = Q& — 0

and the determinant identity give the line-bundle formula. Taking degrees and using
degwe = 2¢(C) — 2 gives the numerical formula. O

Theorem 11.37 (Riemann-Roch for a smooth surface). For every divisor D on X,

X(0x(D)) = X(0x) + 2D (D~ Kx).

Proof. Set
2(D) = X(0x (D)) ~ x(0x) — 5 D(D ~ Kx).
If C is a smooth curve, the exact sequence
0—0x(D—-C)— Ox(D)— Oc(D) — 0
gives
xX(Ox (D)) = x(Ox (D = C)) = deg Oc(D) + 1 — g(C).

By curve Riemann—Roch and adjunction, the right side is
1
D.C - §C(C—|—Kx).

A direct expansion shows that this is exactly the change in %D(D—K x) when D is replaced
by D — C. Hence ®(D) = ®(D — C).

Choose a very ample divisor H. For m > 0, both D+mH and mH are very ample, and
Bertini gives smooth members A € |D +mH| and B € |/mH|. The connectedness theorem
for effective ample divisors from Chapter 10 makes A and B connected. A smooth scheme
has disjoint irreducible components, so these divisors are smooth integral curves. Applying
the preceding invariance first to A and then to B gives

®(D)=d(D—-A)=P(—B) =(0) =0.
This proves the formula without invoking Hirzebruch—Riemann—Roch. O

Corollary 11.38 (Arithmetic adjunction). Let C C X be any effective Cartier divisor and
define

pa(C) =1- X(ﬁc).
Then

12pa(C) —2=C - (C + Kx).|

For a smooth integral curve this agrees with theorem 11.36; the formula also applies to
reducible or singular effective divisors.
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Proof. The divisor sequence
0— Ox(—C)— Ox — Oc — 0

and surface Riemann—Roch give

X(0¢) = (6x) ~ X(Ox(~0)) = —5C(C + K)
Substitution into the definition of p,(C) proves the assertion. O
For the exceptional curve, adjunction is a useful sign check:
E-(E+Kg)=E-(E+7mKx +FE)=-2,

s0 pa(E) = 0, as required by E ~ P!, Both occurrences of E are essential: one comes from
the curve itself and one from the discrepancy in Ky = 7" Ky + E.

Example 11.39 (Genus of a plane curve). Let C C P? be a smooth curve of degree d.
Since C' ~ dH and Kp2 = —3H, adjunction gives

2g(C) —2=d(d-3),

and therefore

o (C) = (d—1)2(d—2).

The same numerical expression is the arithmetic genus of every effective plane divisor of
degree d, whether or not it is smooth. Singularities lower the genus of the normalization,
not this arithmetic genus.

Example 11.40 (A singular cubic after blowing up). A nodal or cuspidal plane cubic has
arithmetic genus one and multiplicity two at its singular point P. On X = Blp P?, its strict
transform has class

C=3H -2F.
Using Kx = —3H + FE, arithmetic adjunction gives

C-(C+Kx)=(3H—-2E) - (-E) = —2.

Hence pa(é) = 0. In the node calculation of example 11.9 the two branches are separated
and the strict transform is smooth; in the cusp calculation it is also smooth, though tangent
to the exceptional curve. In either case the blow-up has converted the singular cubic into
a rational smooth curve. Numerically, the lost unit of genus is visible in the multiplicity
correction

C?=C?-22=9-4=5
Lemma 11.41 (Cohomology of a point blow-up). For the blow-up of a smooth point,

W*ﬁXZﬁx, Riﬂ'*ﬁgzo (i>0).

More generally, for m > 0,
T O5(—mE) = mp, leﬁ)}'(—mE) =0.

Consequently x(05) = x(Ox).
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Proof. The assertions are local near P. On Spec A with regular parameters x,y, the blow-
up is covered by the two affine charts Afy/z| and A[x/y]. Their intersection is obtained by
inverting the indicated ratio. In the two-term Cech complex, a Laurent polynomial in the
ratio can be split into its nonnegative and nonpositive parts. It follows that degree-zero
cocycles are A and that the degree-one cokernel is zero. Hence

ﬂ*ﬁkv:ﬁx, le*@}:O.
For the general statement use
0— O0(—(m+1)E) = O(—mE) = Og(m) — 0,
where O (—FE) = Op1(1). The restriction map
mp — HY(E, Op(m)) ~ mp /mpt!

is the quotient by the next power and is surjective. Since H(P!, &(m)) = 0 for m > 0,
induction in the direct-image long exact sequence gives

O (—mE) = mp, R'1.0(—mE) =0

for all m > 0. The fibres have dimension at most one, so there are no higher direct images.
Leray then gives the equality of Euler characteristics. ]

Corollary 11.42 (Birational invariants of a point blow-up). For every i there are natural
isomorphisms

HY(X,0;) ~ H'(X,0x).

Consequently the irreqularity ¢(X) = h'(Ox), the geometric genus py(X) = h*(Ox), and
X(Ox) are unchanged by a point blow-up, whereas

K% =K% -1
Thus K? records the number of point blow-ups while q, pg, and x(O) do not.

Proof. Apply the Leray spectral sequence to the first two identities in lemma 11.41; the
statement about K? is theorem 11.32. O

Corollary 11.43 (Plurigenera under a point blow-up). For every integer m > 1,

0(% 0

H (X,wi%m) ~ H(X,w$™).
Thus the plurigenus
P (X) = hO(X,w3™)

is unchanged by a point blow-up.
Proof. The canonical-divisor formula gives

mKg =7"(mKx) +mkE.

For 1 < j < m, restrict the line bundle Oz (7*(mKx) + jE) to E. The pullback part is
trivial on E, while

Op(iE) ~ Opi1 (=)
has no nonzero global section. The exact sequences obtained by increasing j therefore show
that adding E successively does not change H°. Finally

HY(X, ™) ~ HY(X, w§™)

by .0 = Ox and the projection formula. O
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The contrast is instructive. The canonical self-intersection drops by one at every point
blow-up, but all spaces of pluricanonical forms remain unchanged. The number K? is
therefore changed by the model, whereas the sequence (Py,)m>1 is stable under point blow-
ups and under any sequence of such blow-ups.

Corollary 11.44 (Riemann—Roch on a blow-up). For L = n*D — mE with m > 0,

m(m + 1)
—

x(0%(L)) = x(0x(D)) —

Moreover,
0/ * 0
H(X, ﬁg(w D —-mFE))~ H(X,Ox(D)@mp).
Thus the exceptional divisor turns an order-m condition at P into an ordinary divisor
condition.

Proof. Use theorems 11.24, 11.32 and 11.37 and lemma 11.41. The statement about sections
is the projection formula together with m,0(—m£E) = m'p. O

Corollary 11.45 (Euler characteristic for every exceptional coefficient). For a € Z and a
divisor D on X,

(0w D+ aB)) = x(ox (D)) - X1,

Taking a = —m recovers the correction m(m + 1)/2 in corollary 11.44.

Proof. Using K 5 = m"Kx + E and the orthogonal decomposition of the intersection form,
(m*D+aFE) - (7"(D—-Kx)+ (a—1)E)=D(D - Kx) —a(a —1).
Now apply surface Riemann-Roch and x(05) = x(Ox). O

Example 11.46 (Plane curves with an assigned multiple point). Let X = BlpP?, with
classes H and E. Sections of Ox(dH — mkE) are degree-d homogeneous polynomials whose
affine expansion at P has no term of total degree below m. Therefore a point of multiplicity
at least m imposes
m(m + 1)

2
linear conditions, provided d > m. For example, cubics form a 10-dimensional vector
space; requiring a double point at a prescribed point imposes three conditions, leaving a
7-dimensional vector space, or a 6-dimensional projective linear system. On the blow-up
this is simply the complete linear system |[3H — 2F|, whose self-intersection is

(3H —2E)? =9 —4=5.

1+2+-+m=

The correction m(m + 1)/2 in corollary 11.44 is exactly the length of the jet quotient
0 X,P / m’].?‘

Proposition 11.47 (Riemann-Roch for assigned plane points). On X = Blp, _ p, P?, let
T
L=dH - mE;.
i=1

Then

(Ox(D)) = (d;Q) _i (mz-; 1>.

=1

When HY (X, Ox (L)) = H*(X, Ox(L)) = 0, this is also the dimension of the vector space
of degree-d plane curves having multiplicity at least m; at each P;.
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Proof. Use x(Ox) =1 and
Kx =-3H+) E;.

The diagonal intersection table gives

L- (L — KX) = (dH — Zszz> ((d + B)H — Z(m, + 1)El>
=d(d+3) =Y mi(m; +1).
Surface Riemann—Roch yields the displayed binomial expression. Under the vanishing

hypothesis, Euler characteristic equals h"; the identification of sections with imposed mul-
tiplicities follows from lemma 11.41 and the projection formula. O

The vanishing clause matters. Riemann—Roch always computes the Euler characteristic,
but special configurations of points can create unexpected H! and hence more sections
than the naive number of independent conditions predicts. Blow-ups do not erase that
phenomenon; they isolate it in the single cohomology group H'(X, Ox(L)).

Example 11.48 (The anticanonical divisor after one blow-up). On X = Blp P2,
~Kx =3H - E, (—Kx)? =8.

The criterion of example 11.61 shows that 3H — E is ample. Its sections are plane cubics
passing through P, and proposition 11.47 gives

WOx(—Ky)) = @ _ (f) _o.

Here the blow-up changes K2 from 9 to 8 while leaving x(€x) = 1 unchanged, displaying
the two different birational behaviours from corollary 11.42.

Proposition 11.49 (Effectivity from positive square). Let H be ample. If a divisor D
satisfies
D? >0, D-H >0,

then for every sufficiently large n there is an effective divisor E, with nD ~ E,,.
Proof. Surface Riemann—Roch gives
L 22

X(Ox(nD)) = 3N D* 4+ O(n).
By Serre duality, H?(X, Ox(nD))" = H*(X, Ox(Kx —nD)). If Kx —nD were effective,
its intersection with H would be nonnegative, but (Kx —nD)H < 0 for n > 0. Thus
h?(nD) = 0 for large n, and

h%(nD) = x(nD) + h'(nD) > 0.

A nonzero section of Ox(nD) defines the required effective divisor. O
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11.4 Numerical Equivalence, the Hodge Index, and Ample-
ness

Definition 11.50 (Numerical equivalence). Divisors D, D’ are numerically equivalent, writ-
ten D = D', if
(D-D)-C=0

for every integral curve C C X. Put
NYX)=Div(X)/=, N (X)r=NYX)®zR.
The intersection form descends to N'(X).

Theorem 11.51 (Hodge index theorem). Let H be ample. If D - H = 0, then D? < 0,
with equality if and only if D = 0. Equivalently, the intersection form is negative definite
on H+ C NY(X)g.

Proof. If D? > 0, replace D by —D if necessary so that D - A > 0 for one ample divisor
A sufficiently close to H in the rational divisor space. More concretely, for » > 0 the
divisor A = rH + D is ample and D - A = D? > 0. Proposition 11.49 would then make
a positive multiple of D effective. But an ample divisor H has positive intersection with
every nonzero effective curve, contradicting D - H = 0. Thus D? < 0.

Assume D? = 0. For any divisor B, put

B'=(H*B—-(B-H)H,

so B'-H = 0and D-B = (H?*(D - B). If this number were nonzero, then one of
the integral divisors mD + B’ or mD — B’ would have positive square for m > 0, while
remaining orthogonal to H, contradicting the first paragraph. Hence D - B = 0 for every
B, so D = 0. The converse is immediate. The same argument after clearing denominators
gives nonpositivity over Q, and continuity gives it over R. If a real class v € H' has
v? = 0, then the inequality for v + tw for every real t forces v -w = 0 for every w € H+.
Decomposing any divisor class into its H-component and an orthogonal component shows
that v is numerically zero. Thus the restriction is genuinely negative definite. O

Corollary 11.52 (Hodge inequality). For divisors D and an ample divisor H,

(D-H)*> D*H.

Equality holds exactly when D is numerically proportional to H.
Proof. Apply theorem 11.51 to H?D — (D - H)H, which is orthogonal to H. O

Definition 11.53 (Nef divisor). A divisor D is nef if D - C > 0 for every integral curve
C C X. Every ample divisor is nef, but a nef divisor may have square zero or may vanish
on some curve. For example, on a point blow-up the pullback of an ample divisor is nef
but not ample because it has intersection zero with F.

Lemma 11.54 (The positive cone). Fiz an ample class H. If real divisor classes A, B
satisfy
A’>0, B*>0, A-H>0, B-H>0,

then A- B > 0. Thus the classes of positive square with positive intersection against H
form one of the two connected components of the positive cone.
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Proof. Write
A=aH + Ay, B = bH + By, Ay, By € H,

where a,b > 0. Negative definiteness on H+ and ordinary Cauchy-Schwarz for —(-) give
Ao - By > —\/ (= A3)(=B7).
The assumptions 42 > 0 and B? > 0 say
—A%2 <d®H?,  -BZ <VH™

Therefore
A-B=abH?+ Ay - By > 0.

O]

Corollary 11.55 (Negativity of contracted curves). Let f : Y — X be a birational mor-
phism of smooth projective surfaces. The intersection form is negative definite on the
subspace of N*(Y)r spanned by the numerical classes of curves contracted by f.

Proof. Choose an ample divisor H on X and put L = f*H. The projection formula gives
L?=H?>0, L-C=0

for every contracted curve C'. The Hodge index theorem gives one positive direction, so
the orthogonal complement of any positive-square class in the component containing the
ample cone is negative definite. The class L lies in that component, and every contracted
curve lies in L. O

Example 11.56 (An infinitely near blow-up matrix). Blow up P € X, obtaining E7, and
then blow up a point @ € E;. Let Ej be the strict transform and Fs the new exceptional
curve. Since the multiplicity of E1 at () is one,

(B))?=-2, FE?=-1, E| - Ey=1.

The exceptional configuration therefore has matrix

(2 1)

Its leading principal minors have signs —, 4, so it is negative definite, as corollary 11.55
predicts. The first exceptional curve ceases to be a (—1)-curve after the second blow-up;
the new (—1)-curve is Es.

The equality clause in the Hodge inequality is often the most useful part. If D is nef
and D? > 0, then a curve satisfying D - C = 0 must have C? < 0 unless its numerical class
is zero. Thus curves obstructing ampleness of a positive nef divisor necessarily live in the
negative part of the intersection form.

Lemma 11.57 (Ampleness on a projective curve). Let T be a projective scheme of pure
dimension one and let M be a line bundle onT'. Then M is ample if and only if

deg (M) >0

for every irreducible component C' of Tieq.
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Proof. If M is ample, a power embeds T into projective space, and its restriction to every
component has positive degree. Conversely, filter an arbitrary coherent sheaf on T first
by powers of the nilradical and then by coherent sheaves supported on the irreducible
components. It is therefore enough to work on an integral projective curve C. Pull back
to the normalization v : C¥ — C. The line bundle v*M has positive degree, so curve
Riemann—Roch and Serre duality show that, for n > 0, its n-th power has vanishing first
cohomology and is generated by global sections. The finite conductor quotient between C
and C” has zero-dimensional support; after increasing n, its finitely many value conditions
can also be prescribed. Devissage then gives the same vanishing and generation statements
for every coherent sheaf on T'. Serre’s criterion implies that M is ample. 0

The only extra ingredient in the surface proof of Nakai—-Moishezon is a base-point-free
argument on an effective divisor.

Lemma 11.58 (Base-point-free step). Let L be a line bundle and suppose that a section
of L cuts out an effective Cartier divisor E. If L|g is ample, then L™ is globally generated
for all sufficiently large n.

Proof. Tensor the divisor sequence by L®™:
0 — L& — B0+, 80+l .0,

Since L|g is ample, its higher cohomology vanishes for large powers. Hence, for n > 0, the
long exact sequence gives surjections

! (X, L®n> Ny (X, L®(n+1))_

The dimensions form an eventually nonincreasing sequence of nonnegative integers, so the
maps are eventually isomorphisms. Looking one term earlier in the same long exact se-
quence then shows that

HO(X, L®(n+1)) s HO(E, L®(n+1)‘E)

is surjective for n > 0.
Large powers of the ample line bundle L|g are globally generated. Lift a set of generating
sections to X. They generate along F, while the power of the original defining section of F

is nonzero and hence generates at every point of X \ E. Together these sections generate
LD on all of X. O

Theorem 11.59 (Nakai—Moishezon for surfaces). A divisor D on X is ample if and only
if

D?>0 and D-C >0 for every integral curve C C X.

Proof. If D is ample, a positive power is very ample. Two general members have positive
finite intersection, so D? > 0, and restriction to every curve has positive degree.
Conversely, proposition 11.49 shows that, after replacing D by a positive multiple, we
may assume D ~ E > 0. Put L = 0x(D). Every irreducible component C' of the projective
curve F satisfies
deg(L|c) =D -C > 0.

The ampleness criterion for a line bundle on a projective curve therefore makes L|p ample.
By lemma 11.58, a positive power L" is globally generated and defines a morphism

f: X —PN, L'~ fOpn(1).
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No fibre of f can contain an integral curve C', since such a curve would have L-C' = 0. Every
positive-dimensional projective scheme contains a curve, so all fibres are zero-dimensional.
Thus f is proper and quasi-finite, hence finite. The pullback of an ample line bundle by
a finite morphism is ample: indeed, for a coherent sheaf % the projection formula and
exactness of f. reduce Serre vanishing for .# ® f*&(m) to Serre vanishing for f,.% @ &(m)
on PV. Hence L™ is ample, and therefore so is L. Since ampleness is unchanged by replacing
a line bundle by a positive power, the original divisor D is ample.
The dependency order is

surface Riemann—Roch = effectivity = base-point freeness = Nakai—-Moishezon;

the Hodge index theorem is not used in this proof, so there is no circularity. O

Corollary 11.60 (The null-curve test for a nef and big divisor). Let D be nef with D? > 0.
Then
D is ample <= D -C >0 for every integral curve C.

FEquivalently, the only possible obstruction to ampleness is a curve in
Null(D) ={C: D -C = 0}.
FEvery curve in this null locus has negative self-intersection.

Proof. The equivalence is theorem 11.59; the final assertion follows from the equality case
of the Hodge index theorem. O

Example 11.61 (The ample cone of a one-point plane blow-up). Let X = BlpP? and
write D = aH — bE. Then

D-E=b, D-(H-E)=a-b, D*=a>-V.

The classes F and H — E are represented respectively by the exceptional curve and by the
strict transform of a line through P. Hence ampleness forces

a>b>0.

Conversely, an integral curve other than F is the strict transform of a plane curve of degree
d and multiplicity m < d at P. If a > b > 0, then

D-C=ad—bm > (a—b)d>0,

and D? > 0. Nakai-Moishezon therefore gives the concrete criterion

’aH—bEisample — a>b>0.‘

On the boundary, H and H — E are nef but not ample: the first vanishes on E, while the
second has square zero.

Example 11.62 (Two blown-up points). Let X = Blp, p, P? for distinct points and put
D =aH — b1 Ey — by Es.

Intersection with Fq, Fs and with the strict transform of the line through the two points
shows that ampleness requires

b1 > 0, by > 0, a > by + bs.
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These inequalities are also sufficient. Indeed, if an irreducible plane curve of degree d is
not the line through both points and has multiplicities m1, msy, Bezout with that line gives
m1 +mso < d. Hence N
D -C =ad—bym; — baymeo
> (a — max{bl, bg})d > 0.

The distinguished line itself has intersection a — by — by > 0, and D? = a? — b? — b3 > 0.
Nakai—Moishezon gives

‘D ample <= bl,b2>0anda>bl+b2.‘

The extra wall a = by + bs is created by the new negative curve H — E; — Fb.

Example 11.63 (New negative curves after several blow-ups). If Py, P lie on a line L C P?
its strict transform on Blp, p, P? has class

H—-F — By

and square —1. Thus negative curves on a blown-up surface are not limited to the ex-
ceptional divisors themselves: strict transforms of curves passing through the centres can
become negative. This is exactly the mechanism behind the appearance of exceptional
curves in birational surface geometry.

The exceptional curve of a point blow-up provides the model negative direction:
E.-m*H =0, E? = —1.

A smooth rational curve with square —1 is called an exceptional curve of the first kind.
Castelnuovo’s contraction theorem gives the converse over an algebraically closed field:
such a curve can be contracted to a smooth point. We record this statement only; surface
classification is beyond the scope of these notes.

11.5 Cohomology Classes and the Intersection Form

Section 8.6 associated to a smooth codimension-p subvariety ¢ : Y < X the unique class
characterized by
Trx([Y] — «) = Try (i*a).

On a surface, divisors correspond to p = 1. The purpose of this section is to identify that
trace-theoretic class with the elementary transition-function construction for line bundles
and then compare its cup product with the integer intersection pairing.
The homomorphism of sheaves of abelian groups
du

dlog: 0% — QX, U— —,
u

induces
c1: Pic(X) = HY(X, 0%) — H'(X,Qk%).
For a divisor D, write ¢1(D) = ¢1(Ox(D)).

Concretely, if a line bundle L has local frames e; with e; = g;je;, then ¢i(L) is repre-

sented on the same cover by
da.

v
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The cocycle identity for the g;; becomes the additive cocycle identity after applying dlog.
Moreover
cil(L@M)=ci(L)+ (M), c1(LY) = —e1 (L),

so ¢ factors through linear equivalence exactly as the intersection pairing does.

Lemma 11.64 (Trace of the first Chern class on a curve). Let B be a smooth projective
integral curve and L a line bundle on B. Then

| Trp(ci(L)) = (deg L)1 |

Proof. Every line bundle on B is &g (D) for a divisor D = Y~ npP. Additivity reduces the
statement to L = &g(P). For a local parameter z at P, its transition function is 2!, and
the corresponding boundary class is the cohomology class of the point. The normalization
of the Serre trace in proposition 8.63 gives Trp([P]) = 1. Summing the coefficients of

D proves the formula. In positive characteristic the integer is, as usual, read through
7 — k. O

Lemma 11.65 (Residue sequence for a smooth divisor). Ifi: C < X is a smooth divisor,
there is an exact sequence

0— 0% — 0%(0) =4 0l — 0.

Locally, if C = (2 =0) and w is a parameter along C, then
dz
resc (a(z, w)? A dw) = a(0,w) dw.

Proof. Because z,w are regular parameters, a two-form with at most a simple pole along
C' is uniquely a regular two-form plus an expression of the displayed shape. Changing
the local equation z by a unit alters dz/z by a regular one-form, so the restriction of the
coefficient to C' is independent of the choice. Every local one-form on C' occurs as a residue,
and zero residue means that a is divisible by z modulo a regular term. These observations
prove surjectivity and identify the kernel with Q%. O

Proposition 11.66 (Functoriality of the first Chern class). For a morphism f:Y — X
of smooth varieties and a line bundle L on X,

a(f*L) = ffa(L).
Proof. If g;; are transition functions for L, then f*g;; are transition functions for f*L, and
dlog(f*gij) = f*(dlog gij).
O

Proposition 11.67 (Divisor class and first Chern class). If C' C X is a smooth integral
curve, then its class from definition 8.62 satisfies

[C] = c1(0x(C)) € H'(X, Q).

Proof. Choose local equations f; for C' on an affine cover {U;}. With local frames e; = ffl,
the relation e; = (f;j/fi)e; shows that ¢;(Ox(C')) is represented by the Cech cocycle

vog(f,/5) = = T

232



Algebraic Geometry Chapter 11. Blow-ups and Algebraic Surfaces

Use the residue sequence of lemma 11.65. On the same Cech cover, wedging a cocycle for
« with the displayed dlog cocycle is the Cech formula for the connecting homomorphism
applied to i*a: locally the polar part is (df;/fi) A a;, whose residue is i*a;. Compatibility
of the boundary map with Serre traces gives Trxy od = Tro. Consequently, for every
a € HY(X,0L),

Trx(c1(Ox(C)) — a) = Tre(ia).

This is precisely the characterization (8.2), and Serre duality gives equality. O

Theorem 11.68 (Cohomological interpretation of intersection). For divisors D, E on X,

(D-E)1 = Trx(c1(D) — c1(E)).

In characteristic zero we identify the integer on the left with its image in k; in positive
characteristic the identity records the intersection number modulo char k.

Proof. First let D = C be a smooth curve. By equation (8.2) and proposition 11.67,
Trx (c1(C) — c1(E)) = Tre(i"c1(E)).

On a smooth projective curve, the trace of the first Chern class of a line bundle is its degree
by lemma 11.64. The right side is therefore degy, Ox (E)|c = C - E.

For arbitrary D, choose a very ample divisor H and m > 0 so that D +mH and mH
are very ample. Bertini gives smooth representatives, and the connectedness theorem for
effective ample divisors from Chapter 10 makes those representatives connected and hence
integral. Bilinearity of ¢, cup product, trace, and intersection reduces the assertion to the
smooth case. O

Proposition 11.69 (Cup product as the class of the intersection). Let C, D C X be smooth
integral curves with no common component. Then

[C]— D= > ip(C,D)[P] in H*(X,Q%).
PeCnD

For transverse curves this is simply the sum of the classes of their geometric intersection
points.

Proof. Serre duality identifies H%(X, Q%) with the dual of H°(X, 0x) = k, so the trace
map is an isomorphism. By proposition 11.67 and theorem 11.68, the trace of the left side
is C' - D. The local-sum formula gives

C-D=) ip(C,D),
P
while every point class has trace one by proposition 8.63. The two classes therefore have
the same trace and hence are equal. O

Example 11.70 (Bezout in cohomological form). Let h = ¢;(Op2(1)). Since a line has
square one,

Trpz (R?) = 1.
If C' and D have degrees d and e, then

CI(C) = dh7 CI(D) = €h,
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and hence
Trp2 ([C] — [D]) = de 1.
When C, D are smooth without a common component, proposition 11.69 refines this trace
identity to
de[Po)= > ip(C,D)[P] in H*(P?,Q3,),
PeCND

where P, is any closed point and all point classes have trace one. Over characteristic
zero, taking traces recovers the integer Bezout formula. Over positive characteristic, the
cohomology class retains its reduction in k, while the algebraic local lengths retain the full
integer equality.

Remark 11.71 (Loss of integral information in characteristic p). Suppose chark = p > 0
and let H be the class of a line in P2. For the Cartier divisor D = pH,

DH:p7

but
c1(D) =pci(H) =0 in H(P? Qfs).

Accordingly the cohomological trace of ¢1(D)ci(H) is zero. There is no contradiction: the
integer p maps to zero in k. This concrete example is why the integral intersection form,
rather than Hodge cohomology alone, remains indispensable in positive characteristic.

Example 11.72 (The new cohomology class of an exceptional curve). For X = Blp P?,
put
h=c(H), e=c(E) e HY(X,Q%).

The algebraic intersection table becomes
TrX(h2) =1, Trx(h—e) =0, Trx(€2) - _1,.

Thus the exceptional curve contributes a class orthogonal to pullbacks and with negative
square. Over characteristic zero this is literally the matrix

b )

inside the cup-product pairing. In characteristic p the same calculation in Hodge coho-
mology records only the reduction of that integral matrix modulo p; the integer-valued
intersection pairing of section 11.2 must therefore remain the primary object in the proof
of the Hodge index theorem.

Thus the integer pairing constructed algebraically in section 11.2 is also the trace of a
cup-product pairing. No general Chow ring is needed for this comparison.

11.6 Frobenius, the Hodge Index, and the Weil Bound

Let C/F, be a smooth projective geometrically integral curve of genus g, and put N =
#C(F,). Base change to F, and work on the smooth projective surface

S=CxC.
Choose P € C(F,) and set
Fy =C x{P}, F, ={P} xC.
Let A be the diagonal and let I" be the graph of the g-power Frobenius F : C' — C.
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Lemma 11.73 (Normal bundle of a graph). For a morphism f : C — C, the graph
embedding vy : C — C x C has normal bundle

Nr, joxc) = [Te.
If a fized point P of f satisfies 1 — dfp # 0, then I'y and A meet transversely at (P, P).

Proof. After pulling the tangent bundle of the product back along the graph, the map
TC@f*TC—)f*TCa (aab)*—>b7df(a)

is surjective and has kernel equal to the image of the differential of «;. This identifies the
normal bundle with f*Tx. At a fixed point, the tangent lines of the diagonal and graph are
respectively the images of a — (a,a) and a — (a,dfp(a)); they are distinct exactly when
1 — dfp is invertible. O

Proposition 11.74 (The four basic curves on C' x C). Their intersection numbers are
FP=F;=0, Fy-Fy=1,

A-Fi=A F=1, A% =2—2g,

and
I'Fi=q I FKB=1  I?=¢2-29), T -A=N.

Proof. The fibres move in their respective pencils, giving square zero, and two fibres of
opposite projections meet transversely once. The diagonal meets each fibre once. Its
normal bundle is T, so adjunction gives A? = deg T = 2 — 2g.

The first projection identifies I' with C, while the second restricts to Frobenius of degree
g. This gives the intersections with F1, F5. By lemma 11.73, the normal bundle of the graph
is F*Tc; hence I'? = q(2 — 2g). Finally I' N A is the fixed-point scheme of Frobenius. Its
geometric points are exactly C(F,), and it is reduced because dF' = 0, so the differential of
F —id is —id. Thus the intersection number is V. O

The divisor H = F} + F5 is ample. Indeed,
Os(H) ~ piOc(P) @ p30c(P),

and sufficiently high powers of the two factors define projective embeddings; their external
tensor product defines the Segre embedding of the product. Define

D=T-F —qFy, E=A—-F —F,.
The orthogonality is immediate from the bidegrees:
D-H=F-H=0,
while the squares are

D? =T? 4 (Fy + qF»)? — 2T - (Fy + qF»)
=q(2—-29) +2¢—2(q+q) = —2g9q,

and
E? = A? + (Fl +F2)2 —2A - (Fl +F2)

=(2-29)+2—4=-2g.
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Finally, expanding the mixed product gives
D‘E:(F_F]__qFQ)‘(A_F]__FQ)
=N—-(¢g+1).

Thus
D? = —2¢q, E? = —2g, D-E=N—(q+1).

The same table works simultaneously over every finite extension. Let I'), be the graph
of F™ and put
Dn:Pn_Fl_anQ-

Since F™ has degree ¢" and differential zero,

Ip-Fi=q¢", Tn-F=1 T2=¢"(2-2g9), I'hn-A=N,.

n

Consequently
Dy-H=0, Dj=-29q", Dy E=DN,—(q"+1).

Thus the extension-field estimate is the same surface calculation with the iterated Frobenius
graph.

Theorem 11.75 (Weil bound). For a smooth projective geometrically integral curve of
genus g over Fy,

[#C(Fq) — (g +1)| < 29V/4.
More generally, if N, = #C(Fgn), then

N — (" + 1) <29¢™*|  (n>1).

Proof. The Hodge index theorem makes —( -) a positive definite pairing on H+. Cauchy-
Schwarz therefore gives
(D - E)? < D*E? = 4¢%.

Substitution gives the first inequality. Apply the same argument to D,, and F to obtain
the second. n

Corollary 11.76 (Equality in the Weil bound). Assume g > 0. Equality
N, — (¢" +1)| = 294"

holds if and only if the numerical classes D, and E are proportional in N1 (C x C)g. In
that case
D, = +¢"/*E.

Proof. Equality in the Weil bound is equality in Cauchy—Schwarz for the positive definite
form —(-) on H*. It occurs exactly when D,, and E are linearly dependent. Comparing
D? = —2gq" with E? = —2g determines the absolute value of the proportionality factor. [J

The equality case is therefore geometrically rigid: an extremal point count forces the
Frobenius correspondence, after its two fibre components are removed, to lie on the same
numerical line as the diagonal correspondence.
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Corollary 11.77 (Points over sufficiently large extensions). For all sufficiently large n,
C(Fpn) # 2.
More explicitly, for g > 1 it is enough that

q¢* > g+ \/927—1
Proof. Put x = ¢"/2. The extended Weil bound gives
Nn2x2+1—2gw.
The right side is positive for 2 > g + /g2 — 1. For g = 0 the exact value is ¢" + 1. O

This apparently modest consequence is the arithmetic input needed in lemma 11.81:
it rules out a common divisor greater than one for the degrees of all closed points. Thus
the same Hodge-index inequality that controls the error term also supplies the degree-one
divisor used to prove rationality of the zeta function.

Example 11.78 (Genus zero and genus one). For g = 0, the two orthogonal classes in
the proof have square zero and hence are numerically trivial; the bound becomes the exact
identity

#CO(Fpn) =¢" + 1.
For g =1, put

a=q+1—-#CF,).

The bound reads |a|] < 2,/g. In the next section this same integer is the middle coefficient
of the numerator of the zeta function. Thus the surface intersection inequality already
predicts the size of both reciprocal roots of that quadratic polynomial.

11.7 Zeta Functions and the Arithmetic of Curves

Continue with C'/F, as in the preceding section. For a closed point z € |C|, put degz =
k() : Fy.

We shall use Riemann-Roch over IF,;, whereas Chapter 10 stated it over an algebraically
closed field. This causes no gap. For every line bundle L on C', flat cohomology base change
gives

H'(C,L) ®f, Fq ~ Hz(C’Fq, LFq).
The degree of L and the genus are unchanged by this extension. Applying the algebraically
closed version to the base change and comparing dimensions proves the same Riemann-—
Roch formula over F,.

Definition 11.79 (Zeta function).

Z(C,t) = exp (Z Nnt:) € 1+ tQI[t]].

n>1

Proposition 11.80 (Euler product).

2(Cyt) = [[ (1 —rdesm)~L,
z€|C|

Equivalently, if Ay, is the number of effective divisors of degree m, then

Z2(Ct)= 3 Apt™

m>0
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Proof. A closed point of degree d contributes d geometric points fixed by F™ exactly when
d | n. Hence

N, =Y dB,,
dln

where By is the number of closed points of degree d. Taking logarithms,

tdr

tTL

Ny—=> Bgy — =— log(1 — t4°87),

DIRARS SIA LA St
n>1 d>1 r>1 z€|C|

Exponentiation gives the product. Expanding each factor as a geometric series chooses

an arbitrary nonnegative multiplicity for every closed point, which is exactly an effective

divisor. O

The infinite product is legitimate in the t-adic topology. Its coefficient of t™ involves
only closed points of degree at most m. There are finitely many of those, because a degree-
d point contributes a Frobenius orbit to the finite set C(Fa). Thus every coefficient is
determined by a finite product.

The next lemma removes a hidden rational-point assumption from the elementary proof
of rationality.

Lemma 11.81 (Existence of a degree-one divisor). The degree map deg : Div(C) — Z is
surjective. Thus there exists a divisor A of degree one, although A need not be effective.

Proof. Let d be the greatest common divisor of the degrees of all closed points. If d > 1,
then C(Fyn) is empty whenever d t n. But the extended Weil bound gives

Np>q"+1-29¢"?>0

for every sufficiently large n. There are arbitrarily large n not divisible by d, a contradiction.
Hence d = 1, and an integral linear combination of closed points has degree one. O

Lemma 11.82 (Finiteness of the degree-zero class group). The group Pic®(C) of degree-
zero divisor classes defined over Fy is finite.

Proof. Fix a degree-one divisor A and an integer m > 2¢g. For any degree-zero divisor D,
Riemann—Roch gives
((D+mA)>m+1—-g>0.

Thus every degree-zero class is represented, after adding mA, by an effective divisor of
degree m. There are only finitely many such divisors: only closed points of degree at most
m can occur, and each C(FFy-) is finite. O

Write ho = # Pic®(0).

Theorem 11.83 (Rationality of the zeta function). There is a polynomial Po(t) € ZJt]
such that

Po(t)

A=y —w

with
Pc(0) =1, deg Pc = 2g.
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Proof. Tensoring with @c(—nA) identifies the degree-n divisor classes with Pic?(C), so
there are ho of them. If n > 2¢g — 2, Riemann-Roch gives {(D) = n + 1 — g for every
degree-n class. Its effective representatives are the nonzero sections of 0¢(D) modulo F,
hence number
qn—i-l—g -1
qg—1
Therefore, for n > 2g — 2,
qn+1fg -1
Ay =ho——mF—
qg—1

The coefficients of Z(C,t) consequently have a tail which is a linear combination of 1 and ¢".
Multiplication by (1 — t)(1 — gt) leaves a polynomial of degree at most 2g. Its coefficients
are integers because Z(C,t) = Y A,t" has integer coefficients. The functional equation
proved next shows that the degree is exactly 2¢g and the leading coefficient is ¢9. O

Theorem 11.84 (Functional equation).

1
Po(t) = ¢9t* P, <>
c(t) = ¢t Po p

Equivalently, .
Z<C, t) = ¢\ 792729 Z2(C, ).
q

Proof. If g = 0, Riemann—Roch makes every degree-zero divisor class effective and hence

trivial; it also gives
qn+1 -1

so Z(C,t) = ((1 —t)(1 — qt))~! and both forms of the functional equation are immediate.
Assume henceforth that g > 1.
For a divisor D of degree n, Riemann—Roch gives

UD)=n+1-g+{(Ky— D).

The involution [D] — [K¢ — D] pairs degree-n classes with degree-(2g —2 —n) classes. Put
A, =0 for n < 0. Summing (¢“®) —1)/(q — 1) over the h¢ classes of degree n gives the
explicit coefficient relation

(= 1A =¢"""9((q—1)Agg-2-n+hc) —he  (n€Z).

Moreover the tail computed in theorem 11.83 gives

2g—2 1— 29—1  42g—1
he (g 79(qt)*d t=9
Z(C,t) = Apt” - .
(€1) 7;) " +q—1< 1—qt 1—t

Substitute the coefficient relation into the finite sum and reindex it by n +— 2g —2 —n. The
two displayed geometric tails are exchanged by ¢ — 1/(qt), and hence

Z(C, lt) = ¢ 7(C,t).
q

After multiplying by the two denominator factors, this is
Pe(t) = ¢t Po(1/(qt)).

Since Po(0) = 1, the right side has leading term ¢9¢29, proving at the same time that the
degree is 2g. O
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Corollary 11.85 (Palindromic coefficients). Write
Po(t) = ag + art + - - - + aggt®.

Then ag =1, azy = ¢7, and

azg—i =¢"'a;  (0<i<g).

In particular the functional equation is an explicit symmetry of the integer coefficients, not
merely a symmetry of the zeros.

Proof. Substitute the coefficient expansion into Po(t) = ¢9t29Pc(1/(qt)) and compare the
coefficient of #2971, O]

Factor over C: )
g

Pc(t) = H(l — Oéit).

=1

Taking logarithms in the rational expression for Z gives

29
Np=q"+1-) o} (11.3)
=1

Lemma 11.86 (Power sums). If complex numbers p1,..., By satisfy | > ; 81" < MR"™ for
every n > 1, then |B;| < R for every i.

Proof. The generating function of the power sums is

SRS

n>1 \ i

Biz
— Biz

The bound makes the left side holomorphic for |z| < R™!. Equal values among the f3; add
their positive multiplicities, so none of the poles on the right cancels. Hence every pole
z=f; ! lies outside that disc. O

Theorem 11.87 (Riemann hypothesis for curves over finite fields). Fvery reciprocal root
of Po satisfies

il = /q.

Equivalently, every nontrivial zero of Z(C,t) has |t| = ¢
R(s) =1/2.

—-1/2. s

; under t = g%, it lies on

Proof. Equations (11.3) and the extended Weil bound give

n
Zai
7

< 2gq"/?

for all n. The power-sum lemma gives |o;| < (/g. The functional equation makes the
multiset of reciprocal roots invariant under o — ¢/«. Applying the same upper bound to
the paired root gives q/|a;| < /g, hence the reverse inequality. O
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Example 11.88 (The projective line). For C = P!, one has N,, = ¢" + 1, and therefore

Z(PL,t) = exp (Z(q” + l)tn)

n>1 n
= exp(—log(1 — ¢t) — log(1 —t))
1
(1-t)(1—qt) |

Thus Ppi(t) = 1, exactly as the genus-zero case of the functional equation requires.
Example 11.89 (A genus-one curve). Let C'/F, have genus one and put
a=q+1—#C(F,).

The numerator has degree two, constant term one, and leading coefficient q. Comparing
the coefficient of ¢ in Z = Po/((1 —t)(1 — qt)) gives

Po(t) =1 — at + qt>.

If Po(t) = (1 —at)(1 — Bt), then

atB=a, af=q |o/=[B8l= 1

Consequently
#HCOFgn) =¢"+1—-0a" —p".

For an elliptic curve this is the familiar Frobenius trace formula; the Hasse bound |a| < 2,/g
is the n = 1 Weil bound.

Corollary 11.90 (Class number).

hC = PC(1)7

and

(Vg —1)* < he < (Vg +1)%.

Proof. From the explicit tail for A,,, comparison of the residue at t = 1 in Z = Po/((1 —
t)(1—qt)) gives Pc(1) = he. The bounds follow from Po(1) = [[;(1—«;) and |oy| = \/g. O

Corollary 11.91 (Prime divisors of the function field). Let
B, = #{z € |C|:degz = n}.

Then

By ~ —.
n

More precisely, B, = q"/n + O(q™/?), with the implied constant depending on C and q.

Proof. From N,, = Zd\n dBg, Mobius inversion gives

nBy, = pu(d)Ny/q4.
dln
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Thed =1 termis ¢"+1 +O(q”/ 2) by Weil. Every proper divisor contribution has exponent
at most n/2. More precisely,

[n/2]
ST Nya < > (g™ + 1+ 29¢™) = 0(¢"?).
dn m=1

d>1

Hence
nB, = ¢" + O(q"?).

After division by n this gives the stronger error O(¢"/?/n), and in particular the stated
estimate. Dividing by ¢"/n proves the asymptotic. O

The chapter began by replacing an ideal with a divisor. It ends with closed points
behaving as prime divisors:

blow-up — intersection form — Hodge index

— Weil bound — zeta function and prime divisors.

In this way the birational geometry of surfaces and the arithmetic of curves meet inside
the same intersection pairing.
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