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1. SHEAVES

1.1. Quasicoherent and coherent sheaves on algebraic varieties. The object we will
consider is a ringed space (X, Ox) where X is an algebraic variety and Ox is the sheaf of
regular functions on X.

Recall that Ox-module is a sheaf F such that for any open subset U C X, F(U) is an
Ox(U)-module and if U C V' is an open subset, then

F(V)— FU)
is a morphism of Ox(V')-modules, where the Ox(V)-module structure on F(U) is given by
the restriction map Ox (V) — Ox(U).

Fact 1.1.1. If X has a basis of open subsets U, closed under finite intersection, giving an
Ox-module on X is equivalent to giving Ox (U)-modules F(U) for any U € U with restriction
maps between these which satisfy the sheaf axiom.

Example 1.1.2. If X is an affine variety and A = O(X), M is an A-module, then we obtain

an Ox-module M such that for any f € A, L(Dx(f), M) = M/ with the restriction maps
induced by localization. (The sheaf axiom was checked in Math 631.)

We get a functor
{A-modules} — {Ox-modules}
M — M.
Deﬁrﬂ:ion 1.1.3. Suppose X is affine. An Ox-module F is quasicoherent (coherent) if
F = M for some (finitely-generated) A-module M.

Example 1.1.4. The sheaf of regular functions Ox on X is a coherent sheaf with Ox = A.

If V C X is irreducible and closed with p = Ix(V),

My = lim (U, M) = lim M; = M,.

U open fép)
UNnv 0

Remarks 1.1.5.

(1) Given any Oyx-module M, we have a canonical morphism of Ox-modules:

——~——

given on Dx(f) by the unique morphism of A-modules
(X, M)y = D(Dx(f), M)

induced by the restriction map.
Then the following are equivalent:
e M is quasicoherent,
e ,, is an isomorphism,
e for any f € A, the canonical map

['(X, M); = T(Dx(f), M)

is an isomorphism.
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(2) If M is quasicoherent (coherent) on X, then M|p (5) is quasicoherent (coherent) on
Dx(f) for any f € A.

The following proposition shows that for affine varieties all the operations on modules have
natural analogues in Ox-modules.

Proposition 1.1.6.
(1) If My, ..., M,, are A-modules, then

é M, = é M,.
=1 i=1

(2) The functor M M s exact.

(3) Given a morphism ¢: M — N of Ox-modules and u = ¢x: M — N induced by ¢
on global sections, we have that ¢ = 1.

(4) If ¢: M — N isa morphism of quasicoherent (coherent) sheaves, then ker(p),
coker(y), im(p) are quasicoherent (coherent).

(5) The functor M M gives an equivalence of categories between A-modules and qua-
sicoherent sheaves on X with the imnuverse gwen by I‘(X —).

(6) If M, N are A-modules, then M®AN M®0X N.

(7) If M is an A-module, then

A M= \M)

(8) If M, N are A-modules, then

Homy (M, N) & Home, (M, N)

if M is a finitely-generated A-module.
(9) Let f: X — Y be a morphism of affine varieties and

o=[f*A=0)—= B=0(X).

Then
fo(BM) = 4M if M is a B-module

and

f*(N) =2 B®s N if N is an A-module.
Proof. For (1), we have that

r (Xé]\?) - ér(X,AZ) - éM
=1 =1 =1

n
It is hence enough to show that @ M, is quasicoherent. We have that
i=1
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r(x @) 7o (oxn. @)

(@ MZ-) —= s D), = Pr(Dx(). 3)
f

=1 =1 =1

where the bottom arrow is an isomorphism since localization commutes with direct sums.

To prove (2), it is enough to show that if M’ — M — M" is an exact sequence, then

M 'y — Mx — /M?x

~—~ ~—~ ~—~—

:lenz =Mmn, Mr/r(z
is exact for all x € X, where m, is the maximal ideal corresponding to z. This is clear since
localization is an exact functor.

In (3), it is enough to check that the two maps agree on Dx(f). By definition, we have a
commutative diagram

M 2 N

YDy (f)
—

My Ny

and ¢p,(f) is a morphism of Ay-modules. Then ¢p, (s is induced by u by passing to the
localization, which completes the proof.

For (4), we know by (3) that ¢ = @ for some u: M — N, so (2) shows that

ker(p) = ker(u).

Similarly for coker(y) and im(y). The assertion about coherence follows from a more general
fact: if M is coherent, then any quasicoherent subsheaf or quotient sheaf of M is coherent
(to show this, use the fact that A is Noetherian).

In (5), we already know that we have a functorial isomorphism I'( X, M )= M. Then
Homy (M, N) — Hom@X_mod(M, N)
is injective, and we saw in (3) that it is surjective, so it is bijective. The result then follows.
We show (6). By definition of M ®o0y N, we have a canonical map
M®N = T(X,M ®0, N).

Therefore, we get maps

P ~ D ~ ~

M&N — (X, M ®0, N) “% M o, N
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where 70 5 is given by Remark 1.1.5 (1). It is now enough to show that it is an isomorphism
by checking it on stalks: if x € X corresponds to m C A, then

(M®aN)y=(M®sN)y=(MsN) R4 An,

(M ®(9X N):Jc = Mx ®OX,90 N:p = Mm ®Am Nm7
and we have that
M@sN@sAn 2 M4 N = M4 An @4, N = My @4 Nin.
Part (7) follows by a similar argument. Part (8) is given as a homework problem.

In part (9), note that

FH(N) = fTHN) @510, Ox
and proving the assertion about f* is hence similar to ® and left as an exercise. For f,, if
a € A, we have

—

D(Dy(a), f.(M)) = T(f(Dy(a)), M) = My = M,.
Dx (o(a))

This shows the isomorphism for f,. OJ

So far, we have assumed that X is finite. The next goal is to globalize the definitions and
results to the general case. Thus, let now X be any algebraic variety.

Proposition 1.1.7. If F is an Ox-module, the following are equivalent:

(1) for any affine open U C X, F|y is quasicoherent,
(2) for any affine open U C X and every f € Ox(U), the canonical map

FU)y = F(Du(f))

s an isomorphism,
(3) there is an affine open cover X = Uy U ---U U, such that F|y, is quasicoherent for
all 1.

Moreover (1) is equivalent to (3) if we replace “quasicoherent” by “coherent”.

Proof. Note that (1) and (2) are clearly equivalent, and (1) trivially implies (3). We only
need to show that (3) implies (1). Choose an affine open subset U C X. We know that the
restriction of F to any principal affine open subset of some U; is quasicoherent. We showed
in Math 631 that we can cover U by open subsets that are principal with respect to both U
and some U;.

It is hence enough to show that if X is an affine variety, F is an Ox-module, and

X =JDx(f),

i=1

where each F|p, () is quasicoherent, then F is quasicoherent. Consider a € A = O(X). We
have the commutative diagram with exact rows
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0 —— F(X)o —— [TF(Dx(fi))e — [TIF(Dx(fifi))a

i3

l ) ’

0 —— F(Dx(a)) — E[F(DX(@fi)) — H-F<DX(afifj))

1,J

Since the rows are exact and the second and third vertical maps are isomorphism, the first
map is an isomorphism (we can add another two zeros on the left and apply the Five Lemma).

Finally, in the coherent case, it is enough to show that if X = Dx(f;) U---U Dx(fn) is
affine, M is an A-module for A = O(X), and My, is a finitely-generated A-module for all 7,
then oM is finitely-generated. This was already proved in Math 631, so we leave it as an
exercise here. 0J

Definition 1.1.8. An Ox-module F is quasicoherent (coherent) if it satisfies the equivalent
properties in Proposition 1.1.7 (for coherent: replace “quasicoherent” by “coherent” in (1)
and (3)).

The categories Qcoh(X), Coh(X) are closed under:

e finite direct sums,

e ker, coker, im (so they are abelian categories),

e tensor products, symmetric powers, exterior powers,

o if 7, G are quasicoherent, F is coherent, then Home, (F, G) is quasicoherent, and if G
is coherent then Home, (F,G) is also coherent (this is a homework problem).

Proposition 1.1.9. For a morphism of algebraic varieties f: X — Y

(1) if F is quasicoherent (coherent) on'Y, then f*(F) is quasicoherent (coherent) on X,
(2) if G is quasicoherent on X, then f.G is quasicoherent on Y (this is not true for
general coherent sheaves, but it is true when f is a finite morphism').

Proof. For (1), choose for any x € X, affine open neighborhood V of f(x), affine open
neighborhood U C f~!(V') of x. We then have

and hence
[ F)lv =g (Flv).
Thus, we are done by the affine case.

Part (2) was discussed during the problem session and we include it here for completeness. [

n fact, this even holds when f is proper. This will be proved later in the class.
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1.2. Locally free sheaves. Let X be an algebraic variety. Recall that an Ox-module F is
locally free if there exists an open cover X = [JU; such that F|y, = O, If all r; are equal

to r, then F is locally free of rank r.
Note that:

e every such F is coherent,
e if X is connected, every locally free sheaf has well-defined rank.

Proposition 1.2.1. Suppose X is affine and O(X) = A. If AM if finitely-generated, then
the following conditions are equivalent:

(1) M s locally free,

(2) for any prime ideal p, M, is free over A,,

(3) for any mazimal ideal m, My, is free over Any,
(4) M is projective.

Recall that M is projective if Hom(M, —) is exact.

Remark 1.2.2. If 4M is finitely-generated. Then there exists a free finitely generated
module I’ with a surjective map F — M. Then M is projective if and only if there is a
splitting M — F', which is equivalent to saying that M is a direct summand of a free module.

Proof. We first show that oM is projective if and only if M, is projective over A, for all
prime (maximal) ideals p. Indeed, choose a free finitely generated module F' with F — M.
Then M is projective if and only if Hom(M, F)) — Hom(M, M) is surjective. Since Hom
commutes with localization and a morphism is surjective if and only if it is surjective after
localizing at every prime (maximal) ideal.

We now show that if g M is finitely generated and projective and (R, m) is local, then g M
is free. Choose a minimal set u, ..., u, of generators of M and consider the exact sequence

0 > N > R" > > 0

e —— Uj

This exact sequence is split since M is projective. Since the sequence is split, tensoring
with R/m gives an exact sequence (since tensor products commute with direct sums)

0 —— N/mN —— (R/m)" —— M/mM —— 0

Hence N/mN = 0. By Nakayama’s Lemma, this shows that N =0, so M = R".

Altogether, we have shown that (2), (3), and (4) are all equivalent. To see that (1) implies
(3), note that if M is lcoally free, then for any x € X corresponding to the maximal ideal m:

My =M, =0, = AY

for some 7.
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Let us now show that (3) implies (1). Fix € X corresponding to m C A. We know that
M, is free of rank 7, so we may choose a basis ¢, ..., 4. Then the map

o AT M
€e; — U;

becomes an isomorphism after localizing at m, i.e. (ker p), = 0 = (coker ). Since ker ¢
and coker ¢ are finitely generated over A, there exists f such that (ker ¢); = 0 = (coker ¢)y.
Therefore, ¢ ®4 Ay is an isomorphism, and hence

M) = OF )
Since Dx(f) is a neighborhood of x, this completes the proof. O
Definition 1.2.3. Given a coherent sheaf F, the fiber of F at x € X is

Fla) i= Fo/mFy

where m, C Ox , is the maximal ideal.

Note that

(1) for i: {z} — X for x € X, we have that
Flay E0°F,
since for a maximal ideal m C A, we have that
My /mMy, = M/mM,

2) by Nakayama’s Lemma, we have that dimj F(, is the minimal number of generators
(=)

of F,.

Proposition 1.2.4. A coherent sheaf F is locally free of rank r if and only if dimy Fp) =7
forall x € X.

Proof. The ‘only if’ implication is clear: if F is locally free of rank r, then F, = O_?Zx, and
hence
Fla) & E®T.

By choosing an affine open neighborhood around each point, we may assume that X is affine,
A= 0(X), and F = M for a finitely-generated module M. Fix x € X corresponding to the
maximal ideal m C A. Then M,, has the minimal number of generators equal to r. Choose
a morphism
p: A¥ 5 M

which becomes surjective after localizing at m. Replacing A by Ay for some f ¢ m (i.e.
replacing the affine neighborhood of z by a smaller one), we may assume that ¢ is surjective.
Consider the short exact sequence

For every maximal ideal n, the minimal number of generators M, is still n. Then, localizing
the exact sequence at n, we get an exact sequence
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0 > Ny > AST > M, > 0

and tensoring with A, /nA,, we obtain
N,/uN, — (An/nA)® —— M,/nM, — 0.

Therefore, N, Cn- A" so N Cn- A®". Hence
Dr

N C ﬂ n =0,

neMaxSpec(A)
showing that M = A®" is free. O

Proposition 1.2.5. Given a short exact sequence

0 » F' » F » F

2\
(e

with F" locally free, for every Ox-module G the sequence
0 — Fl®oy G — F®®oyG§ — F'®o,§ —— 0

1s exact. In particular, for any x € X, we have an exact sequence

\ ! N \ /! \
0 7 f(x) 7 .F(x) 7 f(x) 7 0
Proof. For the first assertion, take stalks and use the fact that

0 > F » Fa » Fo > 0

is split exact (since F) is free), and hence tensoring preserves exactness.
The second assertion follows by taking G = k(x) where

U ifzel,
k(2)(U) = { 0 otherwise.

Note that for i: {z} — X, k(z) = i.O. O

Corollary 1.2.6. If 0 > F/ y F > F > 0 is exact with F" locally free,
then F' is locally free if and only if F is locally free. If two of the above have well-defined
rank, then so does the third, and

rank(F) = rank(F") 4+ rank(F").
Proof. Work on the connected components of X and apply Propositions 1.2.4 and 1.2.5. [

The following operations preserve locally free sheaves:
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(1) if My,..., M,, are locally free (with rank(M;) = r;), then My & - -- & M,, is locally
free (with equal to ry + -+ +1,),

(2) if €, F are locally free, then £ ® F is locally free,

(3) if &€ is locally free, then SP(E) and A"(E) are locally free.

Definition 1.2.7. If £ is a coherent sheaf, then the coherent sheaf
&Y = Homp, (€,0x)
is the dual of £.

The assignment & — £V is a contravariant functor.

Proposition 1.2.8.

(1) For every coherent sheaves €, F, there exists a morphism
EY Q@ F — Homo, (E,F)

and it is an isomorphism if one of £, F s locally free.

(2) If £ and F are locally free coherent sheaves, then Homeo, (E,F) is locally free.

(3) For every coherent sheaf &, there is a canonical morphism £ — (EY)" which is an
1somorphism if £ is locally free.

(4) For every coherent sheaf &, there is a canonical morphism

Ox — Hom(E,E)

which is an isomorphism if € is locally free of rank 1.

Proof. The proof of this proposition is left as an exercise. 0

1.3. Vector bundles. We will use the terminology:

e vector bundle for a locally free sheaf,
e line bundle for a locally free sheaf of rank 1,
e trivial vector bundle of rank r for a sheaf isomorphic to OF".

Definition 1.3.1. The Picard group of X, denoted Pic(X) is the set of isomorphism classes
of line bundles on X with the operation

(LM) = Lo, M
(which is clearly associative and commutate) with identity given by Ox and the inverse given
by LY.
For now, we do not have the necessary tools to compute any nontrivial Picard groups, but

we will get to this later, when we discuss divisors.

Remark 1.3.2. If f: X — Y is a morphism and & is locally free on Y, then f*£ is locally
free on X.

In particular, we get a morphism of abelian groups
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f*: Pic(Y) —— Pic(X)
L—— L
Our next goal will be to provide some geometric intuition for vector bundles. We first discuss

the description of locally free sheaves in terms of transition maps.

Let X be an algebraic variety and £ a vector bundle of rank r. Then there is an open cover

X:Um

el
such that we have trivialization maps

= &
U, — OUZ"

wi: &
Given i, j, consider the transition maps

pig = piop; i piop; Oy — Offy,
satisfying the cocycle condition:

¢i; = id for all 1,
wijowir=wiron U NU; NU for all 7, 5, k.

Note that an isomorphism
@ @
Ovinu, = Ouvu,
is given by an invertible matrix M € M,(Ox(U; N U;)).

x=Ju
iel
and invertible matrices (a; ;)i jer, @i; € M,(Ox(U; NU;)) satistying the cocycle condition,
there is a locally free sheaf £, unique up to canonical isomorphism, that has this as the family
of transition maps.

Exercise. Given an open cover

One can say precisely when the vector bundles corresponding to two covers and transition
maps are isomorphic.

Example 1.3.3. Suppose r = 1. Consider the sheaf O% of abelian groups given by
Ox(U) = Ox(U)* = {invertible elements of Ox(U)}.

A line bundle £ on X is described by an open cover U = (U;);e; and elements (a;; €
O%(U;NUj;))ijer that satisty the cocycle condition.

m

Suppose L corresponds to the family (a;;). Then £#™ corresponds to (aj) and LY corre-

sponds to (a; ).

If £ is given with respect to U = (U;);er by transition maps (a;; € O%(U; NU;)), then

F<X7 E) = {(fz)zef c HOX(UZ) fz = amfj on Uz N Uj fOI' all Z,j € [} .

il
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Proving this is left as an exercise.

1.4. Geometric constructions via sheaves. The language of sheaves is used to deal with
global objects which are “locally nice” (for example, manifolds, affine varieties etc). In this
section, we will discuss how one can use sheaves for certain geometric constructions.

Definition 1.4.1. Let X be an algebraic variety. An Ox-algebra is a sheaf of commutative
rings A on X with a morphism of sheaves of rings Ox — A. A morphism of Ox-algebras is
defined in the obvious way.

Note that every A-module becomes an Ox-module. In particular, A is an Ox-module.

We will be interested in cases when:

e A is quasicoherent,

e A is reduced: for any open affine U C X, A(U) is reduced,

e A is of finite type over Ox: for any open affine U C X, A(U) is a finitely generated
Ox (U)-algebra (or equivalently, A(U) is a finitely-generated k-algebra).

Example 1.4.2. Let F be a quasicoherent sheaf. Then set
S*(F) = P S™(F).
m>0
Given an open subset X D U:
SYF(U))otimeso 1S (F(U)) = SHHF(U))

and passing to the associated sheaves, we get a map

SHF) @ SH(F) — S™H(F)
making S*(F) and Ox-algebra.
Note that:

(1) S*(F) is quasicoherent,
(2) if F is coherent, then S*(F) is a finite type Ox-algebra.

The Ox-algebra S*(F) has the following universal property: if A is any Ox-algebra:
Homo yaig(S*(F), A) = Homo, ae(F, A).

Suppose f: Y — X is any morphism. Then Oy — f.Oy makes f,Oy an Ox-algebra. It is:

e quasicoherent,
e reduced,
e a finitely-generated Ox-algebra if f is affine: for an affine open subset U C X, f~1(U)
is affine and
F(U7 f*OY> = F(f_l(U)v OY)

is a finitely-generated k-algebra.

Suppose g: Z — X is another variety over X and we have a morphism h: Z — Y over X,
i.e. the diagram
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commutes. We then have the map
Oy — D, Oz,
and hence a morphism of Ox-algebras:

f*OY — f*h*OZ - Q*OZ

Altogether, this shows that there is a contravariant functor:

o varieties over X quasicoherent, reduced
’ affine over X finitely generated Ox-algebras

(f:Y = X)— f.Oy

The goal is to construct an inverse functor. Let A be a quasicoherent, finitely generated,
reduced Ox-algebra. Given an affine open subset U C X, consider A(U). We then have
affine varieties over U:

Yy = MaxSpec(A(U)) =% U
with the map induced by Ox(U) — A(U). We claim that these can be glued together into a
variety. In particular, we will show that if V' C U is an affine open subset, the commutative
diagram

Yy — Yu
e L
Vel u
is Cartesian (where the top map is induced by A(U) — A(V)), i.e.
a: Yy — (V)
is an isomorphism.

This is clear if V' is a principal affine open subset in U, since for V' = Dy (¢), A(V) = A(U),,.
In the general case, write V =V, U --- UV, for principal affine open subsets V; C U. Then

Yy, = o (my' (Vi) = 7 (Vi)
is an isomorphism, so « is an isomorphism.
Given any two affine open subsets U,V C X, we get an isomorphism
7 (UNV) Y Yy 2 (UNV).
Therefore, we can glue Yy = MaxSpec(A(U)) along these isomorphisms to get
MaxSpec(A).

Gluing the 7y, we get a map
x : MaxSpec(A) — X
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such that for any open affine subset U C X, we have
75 (U) = MaxSpec(A(U)).
Then the map 7y is affine and there is a canonical isomorphism (7x).Oy = A. Moreover,
this is functorial (which can be proved in similar fashion).

Exercise. The functor A — MaxSpec(.A) gives an inverse to the functor

d: (Y 5 X)) m0y.

We still need to check separatedness of the variety MaxSpec(.A). We first make a definition.

Definition 1.4.3. If f: X — Y is a morphism of prevarieties, f is separated if for

X <2 s XxX

J

X Xy X
we have that A(X) is closed in X xy X.

Note that if Y is a point, this just means that X is separated.
Remark 1.4.4. If X is separated then any f: X — Y is separated.

Remark 1.4.5. If there is an open cover Y = (| V; such that each f~1(V;) — V; is separated,
then f is separated. Indeed, Z
AX) = V) > 71 (V)
iel
and the intersection of A(X) with f~1(V;) xv. f~1(V;) is A(f~1(V;)), which is closed in
F7HVE) xv fTHVA).

In particular, if each f~1(V;) is separated, then f is separated.

In our case, this implies that
7 MaxSpec(A) 3 X

is separated, since for each affine subset U C X, we have that 7' (U) is affine, hence
separeted.

Exercise. A composition of separated morphisms is separated.

As a consequence, MaxSpec(.A) is a variety, since the map
MaxSpec(A) - X — {x}

is separated.

Exercise. Let m: MaxSpec(A) =Y — X. Given a map of varieties over X:
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Z L Y
N o
X
we get a map A = 1,0y — ¢.0z. Show that the resulting morphism
Homv,,, (Z, MaxSpec(A)) — Home, (A, .07)
is a bijection. Note that by the adjointness property:
HOHI(')X (-’47 g*OZ) = HOIDOZ (Q*Aa OZ)

Remark 1.4.6. The map MaxSpec(A) — X is finite if and only if A is a coherent Ox-
module.

1.5. Geometric vector bundles. Let X be a variety.

Definition 1.5.1. A geometric vector bundle on X is a morphism
T FE— X
such that for any = € X, the fiber
E(I) = 71'_1(.T)

has a k-vector space structure, which is locally trivial, i.e. there is an open cover X = (JU;
i
such that there is an isomorphism

7T_1(Ui) = s U, x k™
which is linear on each fiber.
If all r; are equal to r, we say that E has rank r.

Definition 1.5.2. The category Vect(X) of geometric vector bundles over X is a category
whose

e objects are geometric vector bundles,
e morphisms are morphisms of varieteis over X which are linear on the fibers.

Fix a geometric vector bundle 7: F — X. Define a sheaf £ of sets on X given by
E(U) = {morphisms s: U — E such that 7o s =idy}.
Defining:
(s1+ 52)(2) = s1(x) + s2(2),
fs(x) = f(x)s(x) for f € Ox,
(both of these defined in 7—!(z) which is a k-vector space) makes £ into an Ox-module.
Indeed, suppose X = |JU;, 71 (U;) = U; x k™. Then

EUNT;) = Ox(UNU)%
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is an isomorphism Ox(U; N U;)-modules. This shows that

e the operations are well-defined,
e £ is an Ox-module,
hd 5|U7, = O(GZ”

Therefore, £ is a locally free sheaf.

This assignment is actually functorial. Given a morphism
E ! y F
X

in Vect(X), if £, F correspond to F, F, we get a map & — F given by s: U — E goes to
f os. We hence have a functor

iy geometric vector full subcategory of
' bundles over X locally free sheaves on X

In the opposite direction, suppose £ is a locally free sheaf on X, and define
V(&) = MaxSpec(S*(£)) = X.

If &|y = OF", then
S*(E)(U) = Oylty, ..., t.],

hence S*(&) is a reduced algebra. We then have an isomorphism

7 Y U) = y U x k"

U

which gives a vector space structure on the fibers of 7 (independent of the choice of |y =
OF"). Therefore, 7 is a geometric vector bundle on X.

Note that £ — V() is a contravariant functor.

We want to work out what the sheaf of sections F of V(£) is. Consider

VI(E) ¢

s
- .

X +— ‘U
Then
F(U) = Homvyg, (U, MaxSpec(S*(€))) = Homo,,-a15(S*(E) v, Ov)-

By the universal property of S*(€|y), this is isomorphic to
Hom(’)U—mod(ElU, OU) == EV(U)

Altogether, we see that the sheaf of section of V' (€) is isomorphic to £V.
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It is now easy to see that the functor mapping E to the sheaf of sections is an equivalence
of categories with inverse € — V(EY).

We previously constructed MaxSpec(A) given a locally free sheaf A. Next, we construct
MaxProj(S) for a graded Ox-algebra S. Let X be an algebraic variety and S be an N-graded
Ox-algebra: an Ox-algebra together with a decomposition

S=Psn

m>0

such that ;- S; € S;41. We also assume that § is quasi-coherent, reduced, and locally
generated by Sy, which is a coherent sheaf, i.e. for any open subset U C X, S(U) is generated
as an Oy (U)-algebra by S;(U) which is a finitely-generated Ox-module.

Note that this condition implies that the map
Ox —>8—= 8
is surjective.

Given such an S, for every affine open subset U C X, consider

MaxProj(S(U))

|

mv | MaxSpec(S(U))

[

U
where MaxSpec(So(U)) — U is the closed immersion induced by Ox(U) — Sy(U).

One checks that if V' C U is an affine open subset, then the commutative diagram

MaxProj(S(V)) —— MaxProj(S(U))

| |

V. » U

is Cartesian, so we can glue these together to get

7: MaxProj(S) — X.

Note that if U C X is an affine open subset, then MaxProj(S(U)) is separated, and hence
7 is a separated morphismand X is separated, so MaxProj(S) is separated.

Examples 1.5.3.

(1) The blow-up of X along a coherent ideal. If T C Ox is a coherent dieal sheaf, we
define
R(Z) = PImt™ C Oxlt].
m>0

The blow up of X along T is MaxProj(R(Z)) — X.
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(2) Projective bundles. If £ is a locally free sheaf on X, then consider
S=sme)
m>0
and define the projective bundle associated to £ to be
P(E) := MaxProj(S) = X.
Note that if €|y = OF" where U is affine, then
S|y = Oylxy, ..., x,],
som HU)=U x P L
Definition 1.5.4. A projective morphism f:Y — X is a morphism such that there exists

a commutative diagram

Y = » MaxProj(S)

N

X

It is clear that a projective morphism is proper.

1.6. The cotangent sheaf. We begin with the local case. Let R be a commutative ring
and A be a commutative R-algebra.

Definition 1.6.1. If M is an A-module, an R-deriwation D: A — M is a map such that

(1) D is R-linear,

(2) (Leibniz rule): D(ab) = aD(b) + bD(a).
Remark 1.6.2. If D satisfies (2), then (1) is satisfies if and only if D is additive and D =0
on im(R — A).
We denote set of R-derivations A — M by

Derg(A, M) = { R-derivations A — M} C Hompg(A, M).
We note that this is an A-submodule.
Given u € Homy (M, N), we get a map
Derg(A, M) — Derg(A, N),
Dw—uoD,

so Dergr(A, —) is a covariant functor from A-mod to itself.

Proposition 1.6.3. The functor Derg(A, —) is representable, i.e. there exists an A-module
Qu/r and an R-derivation d = dy/r: A — Q4 g that induces a bijection

Hom(Q4/r, M) — Derg(A, M)
Y pod.
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Proof. Take Q4 to be the quotient of the free A-module with basis {d(a) | ainA} by the
following elements:

(1) d(ay + ag) — d(ay) — d(az) for aj,as € A,
(2) d(ar) —rd(a) fora € A, r € R,
(3) d(ab) — ad(b) — bd(a) for a,b € A,

and define da/r(a) to be the image of d(a) in the quotient. It is easy to check that this
satisfies the required universal property. 0]

Definition 1.6.4. The module 4, defined above is called the module of Kdihler differen-
tials.

Remark 1.6.5. The construction implies that {da/r(a) | @ € A} generate Q4. In fact, if
(ai)ier generate A as an R-algebra, then {da/r(a;) | i € I} generate Q4/r. This is because
d(a;,,...,a; ) lies in the linear span of d(a;,), ..., d(a;,) by the Leibniz rule.

In particular, if A is a finitely-generated R-algebra, then €14, is finitely-generated.
Examples 1.6.6.

(1) We have that Qg/p = 0.
(2) We know that Qg ... 4,./r is generated by dxy,...,dz,. We claim that these are
linearly independent. Indeed, consider
it Rlxy,...,x]) = Rlx1, ..., 24)
of
8xi )
This maps x; — 0 for j # ¢ and z; — 1, so the corresponding morphism

f—

QRlar,. o/ — RlT1, .., 2]

is given by dx; +— 0 for j # i and dx; — 1. This shows that dz,,...,dz, are linearly
independent.

Note that df = @ of
i=1

8x,-

d.fl?i.

Proposition 1.6.7. If S C A is a multiplicative system, then we have a canonical isomor-
phism
Qg1a/p = SilQA/R.

Proof. If M is an S~!A-module, we have a map
Der4(S™'A, M) — Derg(A, M)

induced by A — S~'A. We claim that this is an isomorphism, i.e. given an R-derivation
D: A — M, there is a unique extension D: S™*A — M. This is given by the quotient rule:
~ ra 1 a
D (%) = -D(a) - 5D(s).
") = 1D(a) - §D(s)

It is easy to check this is well-defined and gives a derivation.
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This means that for any S~!A-module M,
Homg-14(Qs-14/p, M) = Homp(Qa/r, M) = Homg-14(S™'Q4, M).
This is functorial in M, so it comes from an isomorphism Qg-14/p = S 104 /R- 0
Proposition 1.6.8. Let A and B be finitely-generated B algebras. Then
Qagpp/r = Qa/r Or B.

Proof. We have a series of functorial isomorphisms
Hom g, 58(Qug,B/rMm) = Derg(A®r B, M)
= Derg(A, M) (induced by restriction)
= Homu(Qa/r, M)
= Homug,p(Q4/r ®a (A®gr B), M)
= Homg,B(Qa/r ®r B, M)
where last isomorphism is given by Q4/r ®r B = Qu/p ®4 (A Qg B). d

Consider ring homomorphisms R % A % B.
Proposition 1.6.9. There exists an exact sequence
Qur @4 B —— Qp/p N Qpa —— 0
da/r(a) @b —— b-dp/r(¢(a))
dp/r(b) ——— dp/a(b)

Proof. The proof is given as a homework exercise. 0

Proposition 1.6.10. Suppose 1 is a surjective map with kerv = I (note that in this case,
Qpsa =0). Then the sequence

[/12 % QA/R®AB —2 QB/R — 0
T —— daypla)®1
18 exact.

Proof. The proof is given as a homework exercise. 0

Remark 1.6.11. Suppose B is a finitely-generated R-algebra. Choose generators by, ...,b, €
B, and suppose

A= Rlxy,..., 2, 5B

has ker ¢ = I. Then by Proposition 1.6.10, we have an exact sequence
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I/]2 L) QA/R®AB —2 QB/R — 0
—_——

n
@ Bduz;
i=1

and hence (g, p is the quotient of the free module € Be; by the relations:
i=1

fE]WZZIaxZ(bh,bn)el

Remark 1.6.12. If A — S7'A — B, then by Propositions 1.6.9 and 1.6.7

QS—lA/A QKB —— QB/A e QB/S—lA — 0
———

ZS_lﬂA/AZO
which shows that Qg4 = Qp/g-14.

Next, we want to define similar invariants associated to morphisms of algebraic varieties
f: X = Y. Explicitly, we want to glue the modules of differentials to get a quasi-coherent
sheaf on X.

Lemma 1.6.13. Let X be an algebraic variety. Suppose we have a map o that assigns to
each affine open subset U C X, an Ox-module a(U), together with restriction maps: for all
affine open subsets V- C U, we have a restriction map a(U) — a(V') which is a morphism
of Ox(U)-modules, which satisfy the usual compatibility condition, and if V' = Dy(f), then
a(U)f = a(V)
15 an isomorphism. Then there is a quasi-coherent sheaf F on X with isomorphisms for
U C X affine:
Flu = a(U),
compatible with restrictions, and F is unique up to isomorphism.

—_~—

Proof. If U C X is an affine open subset, consider Fyy := a(U). If U D V, we have
a(U) — a(V), which induces

a(U) ®@ow) O(V) = a(V)
corresponding to the morphism of sheaves gy v : Fyly — Fly.
If U2V 2W, then pyw o puviw = vuw.

The assumptions also imply that ¢y is an isomorphism if V' = Dy(f). In general, by
covering V' by principal affine open subsets, then ¢y is an isomorphism for all V- C U.

This implies that given any two affine open Uy, Uy, we have a canonical isomorphism

Fuilnnvs = Fu, vy,

since they are both isomorphic to F|y,nu,. We can glue the Fy; together to get F. O
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Remark 1.6.14. Given a morphism f: X — Y, we get a similar statement if instead of
using all affine open subsets of X, we only use those affine open subsets U C X such that
there is an affine open subset V' C Y such that f(U) C V.

Corollary 1.6.15. In our geometric setting, let

Xty 9,7

be morphisms of affine varieties where g is an open immersion, then

Qo(x)/ov) = Qox)/0(2)-

Proof. We have maps O(Z) — O(Y) — O(X) which given an exact sequence by Proposi-
tion 1.6.9

Qo) /oz) ® O(X) —— Qox)oz) — Qox)or) — 0

It is enough to show that Qo(yy/o(z) = 0. For any maximal ideal m in O(Y'), we need to
show that

Qoym/oz) = (Qow)oz)m =0
where the first equality follows from Proposition 1.6.7. By Remark 1.6.12,
Qo yn/0@) = QoW )n/0Z) o

since O(Z)mnoz) = O(Y )n is an isomorphism, since g is an open immersion. O

Suppose now f: X — Y is a morphism of algebraic varieties. For every affine open subsets
U C X,V CY such that f(U) C V, consider Qow)/o). By Corollary 1.6.15, this is
independent of the choice of V.

If U/ CU — V, we have a map
Qow)/owv) ®ow) OU") = Qowow)

which is an isomorphism if U’ is a principal affine open subset. By Lemma 1.6.13, there
exists a unique quasi-coherent sheaf 2x/y such that for U, V' as above,

Qx/vlo = Qow)jow)-

Then x/y is actually coherent.

Definition 1.6.16. For a morphism f: X — Y of algebraic varieties, {1x,y is the relative
cotangent sheaf. If Y is a point, we write {2x for {2x/y and call it the cotangent sheaf of X.
We call Tx = QY the tangent sheaf.

Remark 1.6.17. For any x € X, we have that

(QX/Y):E = QOX,I/OY,f(:c)
by Remark 1.6.12 and Proposition 1.6.7.

The two Propositions 1.6.9 and 1.6.10 globalize as follows

elf X Ly 4 7 , we get an exact sequence of coherent sheaves on X:
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f*Qy/Z E— QX/Z E— Qx/y — 0
o If f is a closed immersion with ideal Z, we get an exact sequence of coherent sheaves
on X

I)T? — [*Qyyz —— Qxz —— 0
Definition 1.6.18. For a closed immersion f: X — Y, Z/Z?% is the conormal sheaf of X in
Y, and

(Z/1%)Y = Homo,, (T/I°,N2x)
is the normal sheaf of X in'Y, denoted Ny y.
Proposition 1.6.19. For every x € X,
(Qx)@) = (T, X)".

Proof. Recall that T,X = Homy(m/m? k), where m C R = Ox, is the maximal ideal.
Recall also that

(QX)(:E) = QX,x/m : QX,:ca
SO

(Qx) () = Homy (Qx »/mQx 0, k)

= Homp(Qx ., k) as k= R/m

= Dery(R, k),
since Qx, = Qr/r. We note note that

Dery (R, k) = Dery(R/m? k)
by the Leibniz rule, since m - £ = 0. Finally
R/m* = k +m/m?
and it is easy to see that by restricting to m/m? we get that
Dery,(R/m* k) = Homy(m/m? k) = T, X.

This completes the proof by dualizing. 0

Proposition 1.6.20. A variety X is smooth if and only if Qx s locally free. In this case,
Qx has rank n on an irreducible component of dimension n.

Proof. We may assume that X is connected. If X is smooth, it is irreducible, and if n =
dim X, then dim;, 7, X = n, so by Proposition 1.6.19, dim(Qx)) = n for any z € X, so
Qx is locally free of rank n.

Suppose conversely that {2y is locally free of rank n. Recall that X, C X is dense. Then
every irreducible component of X has dimension n, because we can find an open subset of that
component which is smooth. Hence dim(Ox,) = n for any x € X. Since dimy(Q2x)) = n
for all x € X, this shows by Proposition 1.6.19 that X is smooth. 0]

Note that if X is smooth, then Qx is locally free, and hence Tx = QY is also locally free.

Definition 1.6.21. The sheaf of p-differentials on X is defined by Q% = A’ Qx. When X
is smooth, this is locally free.
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Definition 1.6.22. If X is irreducible of dimension n, wy = % is the canonical line bundle
of X.

Conjecture (Lipman-Zariski). A variety X is smooth if and only if Ty is locally free.

This is known in many cases (but not all of them).

Example 1.6.23. If X = P", we have a short exact sequence

0 > QPn > Opn<—1)®(n+1) > O[pm

=}

This will be discussed during the problem session.

Proposition 1.6.24. If Y C X is a subvariety defined by Z, with X and Y both smooth,
then Z/I? is locally free and we have a short exact sequence

0 > Ty > TX/Y E— Ny/X — 0.

Proof. We may assume X and Y are both irreducible. Recall that for any x € X, there is
an affine open neighborhood U of z, there exist fi,..., f, € O(U) such that

Iyevw = (f1,-- 00 fr)
where r = codimy Y. In this case,

Im
?(U)/(fl"“7fr)t1,... —)@ };LiUl/U

~~ YﬁU U
owny) m2>0 /

tis fi € I/1?
is an isomorphism. In particular,
Iynv /Lo =P OWUNY)L,
i=1

which is free. This shows that Z/Z? is locally free of rank equal to the codimension of Y in
X.

We have an exact sequence

I/IQ > QX’y L) Qy —0

~

ker(p)

with Qy locally free of rank dimY and €y/y locally free of rank dim X. Then ker(y) is
locally free of rank r, and

T/T? — ker(yp)
is a surjective morphism between locally free sheaves of the same rank, so it is an isomor-

phism. Therefore the above sequence is actually a short exact sequence. Dualizing it, we get
the result. 0
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2. NORMAL VARIETIES AND DIVISORS

In this section, we will discuss divisors on algebraic varieties, which allow to study morphisms
to projective spaces. We first start with a few sections on normal varieties.

2.1. Normal varieties. We want to extend our definition of a normal variety to the case
of varieties which may not be affine and possibly not irreducible.

Proposition 2.1.1. Suppose A is a domain with fraction field K and S C A is a multiplica-
tive system. If A’ C K is the integral closure of A in K, then the integral closure of S™tA
in K is STTA'.

Proof. The proof is left as an exercise. O

Proposition 2.1.2. Given a variety X, the following are equivalent:

(1) for any affine open subset U C X and every connected component V of U, O(V) is
a domain which is integrally closed (in its fraction field),

(2) there exists an affine open cover of X by Uy,..., U, such that each U; is irreducible
and O(U;) is integrally closed.

(3) for any irreducible closed subset V- C X, Ox v is an integrally closed domain,

(4) for any x € X, Ox, is an integrally closed domain.

Definition 2.1.3. A variety X is normal if the equivalent conditions in Proposition 2.1.2
hold.

Note that if X is irreducible and affine, this agrees with the previous definition.
Proof of Proposition 2.1.2. We see immediately that (1) implies (2) and (3) implies (4).
Moreover, (2) implies (3) by Proposition 2.1.1.

It remains to show that (4) implies (1). Since Ox , is a domain, every point z lies on a unique
irreducible component, we may assume that X is irreducible. If A = O(U) is a domain with
integral closed A’, by assumption, we have that

Ay, = A, for any maximal ideal m
so A=A O

Review of DVRs.

Definition 2.1.4. If K is a field, a discrete valuation of K is a surjective map
v: K - Z U {0}

such that

(1) v(a) = oo if and only if a = 0,
(2) v(a+ b) > min{v(a),v(b)} for all a, b,
(3) v(ab) = v(a) + v(b).

Example 2.1.5. For K = Q, we can let v(p™a) = n when (a,p) = 1 for a fixed prime p.
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Proposition 2.1.6. Given a domain R with fraction field K, the following are equivalent:

(1) there exists a discrete valuation v on K such that R = {a | v(a) > 0},
(2) R is a local PID, not a field,

(3) R is local with a principal mazimal ideal, and Noetherian.

Definition 2.1.7. A domain R is a discrete valuation ring (DVR) if the equivalent conditions
in Proposition 2.1.6 hold.

Proof of Proposition 2.1.6. To show that (1) implies (2), m = {a | v(a) > 0} is an ideal in
R. If a € R\ m, then u™! € R, so m is the unique maximal ideal of R. If I # 0 is an ideal,
choose a € I\ {0} such that v(a) is minimal. If b € I, v(b) > v(a), then 2 € R, so I = (a).

Since (2) implies (3) is obvious, we only have to show that (3) implies (1). Suppose m = (7)
is the maximal ideal of R. If a € R, by Krull’s Intersection Theorem, there exists a unique j
such that @ € m? \ m’™!. Then set v(a) = j. It is clear that v(a + b) > min{v(a),v(b)} and
v(a-b) = v(a) + v(b), where the second assertion follows from m = (7). This extends to K
by v(a/b) = v(a) — v(b), and one shows that R = {a | v(a) > 0}. O

Note that if m = (7) is the maximal ideal in the local ring R, then every ideal in R is (0) or
(™) for m > 0. Therefore, R has two prime ideals, (0) and m, which shows that dim R = 1.

Suppose X is an algebraic variety and V' C X irreducible, closed, of dimension 1. Then
Ox,v is a DVR if and only if X is smooth at V' and by Problem 1 from Problem Set 3 we
have that V N Xy, # 0.

Lemma 2.1.8. If R is a Noetherian, integrally closed domain, a € R\{0}, p € Assr(R/(a)),
then R, is a DVR (in particular, codim(p) = 1).
Proof. Replace R by R, to assume that R is local and p = m is the unique maximal ideal.
By hypothesis, there exists b ¢ (a) such that

m={uecR|ube (a)}.
For £ € Frac(R), we have that m- 2 C R.

If m- & C m, by the determinant trick, we get that g is integral over R. Since R is integrally

a —

closed, g € R. Then m = R, which contradicts m being maximal.

Therefore, m - g = R, which implies that { € m. By the description of m above, for any
u € m, u% € R,soue (%) This shows that m = (%) Therefore, R is a DVR. 0

Lemma 2.1.9. Let R be a ring. Then the following are equivalent:

(1) R is a DVR,
(2) R is a local, Noetherian domain with dim R = 1, which is integrally closed.

Proof. Clearly, (1) implies (2) (note that since R is a PID, R is a UFD, so it is integrally
closed).

To show that (2) implies (1), choose a € m \ {0}. Then
(0) & Assg(R/(a)) # 0,
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so m € Assg(R/(a)), since dim R = 1. The result then follows from Lemma 2.1.8. O

Proposition 2.1.10. Let A be a Noetherian domain. Then A is integrally closed if and only
if the following conditions hold:

(1) for any prime p of codimension 1, A, is a DVR,
2) A= N A.

codim p=1
Moreover, (2) can be replaced by

(2°) for any a € A\ {0} and any prime p € Assg(R/(a)), codim(p) = 1.

Proof. Suppose first that (1) and (2) hold. Then A, is integrally closed for all p of codimension
1,and A= ()] implies that A is integrally closed.

codim p=1

If A is integrally closed, for any p of codimension 1, A, is a DVR by Lemma 2.1.9, and (2)
holds by Lemma 2.1.8.

The proof will be complete if we show that (2’) implies (2). The ‘C’ inclusion is immediate.

Suppose g € () A,. Consider a minimal primary decomposition
codim p=1

a:qlﬂ...ﬂqr'
Then each q; is primary and rad(q;) = p; is prime. Then

Assa(R/(@) = {p1.....p.}.

By (2'), codim(p;) =1 for all 4, so 2 € A,,. Then for any i, there exists s; € A\ p; such that
sib € (a) C q;, so b € q; since q; is p;-primary. Therefore, b € (a) and hence g e A. O

2.2. Geometric properties of normal varieties.

Definition 2.2.1. An algebraic variety X is smooth in codimension 1 if codimy (Xgng) > 2.

If Z C X is closed with irreducible components 7y, . . ., Z,, codimy(Z) = min;{codimx(Z;)}.

Note that X is smooth in codimension 1 if and only if for any irreducible closed subset V' C X
of codimension 1, we have that V' N X # (). This is equivalent to Ox y being a regular ring.
In particular, if X is a normal variety, then X is smooth in codimension 1 (since this holds
for irreducible affine open subsets).

Proposition 2.2.2. Let X be a normal variety. Then if € is a locally free sheaf on X
and U C X is an open subset such that codimx(X \ U) > 2, then the restriction map
(X, &) = T'(U,E) is an isomorphism.

Proof. 1t is enough to prove this when X is affine and irreducible and & = Ox. Indeed, choose
an open cover X = U;U---UU, by affine irreducible subsets U; such that &|y, = (9(6]91_”. Then
we have the diagram
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n

0 — I(X,6) —— PI(ULE) ——— @ TU;NT;,€)

=1 2,7=1
| ! b

0 — 5 T(U,E) — ®LUNULE) — @ TUAUNU,E)

i=1 ij=1

with exact rows (by the sheaf axiom) and the vertical maps being restriction maps. The
special case implies that 3, are isomorphisms, so « is an isomorphism by Five Lemma.

Suppose that X is affine and A = O(X). The map A = O(X) — O(U) is injective since
U C X is dense (otherwise, codimx (X \ U) = 0). If ¢ € O(U), then for any p in A of
codimension 1, V(p) N U # 0, i.e. ¢ € A,, this completes the proof. O

Corollary 2.2.3. Suppose X is an irreducible normal variety and ¢ € k(X) with domain U.
Then every irreducible component of X \ U has codimension 1.

Proof. The proof is left as an exercise. O

Notation. Suppose X is an irreducible variety, smooth in codimension 1. If V' C X is irre-
ducible, closed, of codimension 1, then Ox y is a DVR. We write ordy for the corresponding
discrete valuation on k(X).

We say that ¢ € k(X) has a pole along V' if ordy(p) < 0. This is equivalent to saying
that ¢! is defined in an open subset U with U NV # () and ¢ !yny = 0.

We say that ¢ € k(X) has a pole of order m > 0 if ordy (¢) = —m, and has a zero of order
m > 0 if ordy () = m.

Note that if X is normal and ¢ € k(X)) with domain U, then
X\U = U {V C X | V irreducible, codim(V') =1, ¢ has a pole along V'}

Proposition 2.2.4. Suppose that X is an irreducible variety, smooth in codimension 1.

(1) If f: X --» Y is a rational map and Y is complete, U = Dom(f), then
codimy (X \U) > 2.

(2) More generally, if f: X --+Y is a rational map and g: Y — Z is proper such that
go fis a morphism, U = Dom(f), then codimyx (X \ U) > 2.

Proof. Tt is enough to show (2). We may assume that f is dominant by replacing Y with
a closed subvariety (hence Y is irreducible). By Chow’s Lemma, there is a birational map
h:Y — Y with Y irreducible such that g o h factors as in the diagram, with ¢ a closed
immersion, and p the projection:
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Y — s Zx P

It is enough to prove the conclusion for h=! o f. Moreover, it it enough to prove this for
io(h™to f)=(go f,u) for some u: X --» P

It is enough to prove that w is defined on the complement of a codim > 2 subset. Hence it
it enough to consider rational map X --» P".

There is an open subset U C X and functions ¢y, ..., ¢, € O(U) such that f is defined on
U, given by

25 [po(@), . ou()].
We want to show that for any V' C X irreducible of codimension 1, Dom(f) NV # (. Let j

be such that ordy (¢;) = min{ordy(¢;) | 0 < ¢ < n}. Then ordy ¢;/¢; > 0 for all j. Then
there is U C X open such that U NV # () and %’_ € O(U). Then f can be defined on U by

[0o/@js -+ on/ ;). U

Theorem 2.2.5. Let A be a domain which is an algebra of finite type over a field k. If
K = Frac(A) and L/K is a finite field extension, the integral closure B of A in L is finite
over A.

Proof. Since A is Noetherian, it is enough to prove this when replacing L by a finite field
extension.

Step 1. Reduce to the case when A is normal and L/K is separable.

By Noether Normalization Theorem, there exists R C A such that R & k[xq,...,z,] and
A/R is finite. After replacing A by R, we may assume that A = k[zy,...,z,|. By enlarging
L, we may assume that L/K is normal, G = Gal(L/K), and K’ = L% C L. We then have
K C K' C L with L/K separable and K’/K is purely inseparable. Let us show that the
integral closure A" of A in K’ is finite over A. If K # K, p = char(K) > 0 and for all
f € K', there exists e > 0 such that

fpe € K=Fkxy,...,x,).

Then there exists a finite extension k’/k such that
o= o=
K' CF (azf .., Th )
o

1
for some e. Then A’ is contained in the integral closure of k[xq, ..., z,] in & (xf R > )

This integral closure is
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which is finite over k[xq,...,x,]. Therefore, A" is finite over A, and we have reduced to the
case where A is normal and L/K is separable.

Step 2. Suppose A is normal and L/K is separable. By enlarging L, we may assume that
L/K is Galois with Gal(L/K) = G = {o1,...,04}. Choose a basis uy,...,uq for L/K. We
may assume that uy, ..., uq € B (multiply each u; by an element of L to make the polynomial
for u; monic).

Let
M = (O'Z<Uj)) € Md(B), D = det(M)

(1) If D =0, then there exist A1,...,A\q € L, not all 0, such that

d
(Z /\,UZ) (uj) =0 for all j.
i=1
Then we have that

d
Z )\iai = 0,
=1

which is a contradiction. Indeed, after reordering, we have that
(1) >\101+"'+)\r0r:0
with A; # 0 and 7 minimal with this property. It is clear that » > 2. Then for

a,be L,
(Z )\10'1> (Clb) = 0,
=1

and since this holds for any b

2 )\iaiaai:O.
(2) Z:; EL()

If a is such that o1 (a) # o2(a), then (2)—\;-(1) gives another relation for oy, ..., 0,1,
contradicting the minimality of r.
(2) We may assume that D # 0. We then show that

d
1
i=1

Since the right hand side is finitely-generated over A, this will complete the proof.
Note that D € B. Then o;(D) is the determinant obtained from M by permuting
the rows, so 0;(D) = +D, and this shows that

o;(D?*) = D? for all i.
Hence D? € K.
Given any b € B,

d
b:ZOéjUj, o; € K.

Jj=1
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We want to show that D?*ajinA. We then have that

B3 0;(b) = Zozjai(uj)

and this shows that
a

M-| | € B".
Qyq
Multiplying by the adjoint of M, we see that D-a; € B, so D*«; € BNK = A, since
A is normal.

This completes the proof. O

Suppose X is an irreducible algebraic variety. We want to find a normal variety that dom-
inates X. For an affine open subset U C X, let A(U) be the integral closure of Ox(U) in
k(X). If U CV are affine, the inclusion Ox (V) — Ox(U) gives an inclusion

A(V) — A(U)
If U= Dy(f), then

A(V); = AU).
Then by Lemma 1.6.13, A can be extended to a quasicoherent O x-algebra. If U C X is affine,
A(U) is reduced and A(U) is finite over Ox(U), so A is a reduced coherent Ox-algebra.

The normalization of X is
X1 — MaxSpec(A) = X.
It is clear that

(1) X™™ is normal,
(2) 7 is finite,

(3) Xmo™ is irreducible,
(4)

7 1s birational.

Universal property of normalization. Given a normal, irreducible variety Z and a
dominant map f: Z — X, there is a unique g: Z — X" such that m o g = f, i.e. the
diagram

7 g> X morm
\ lﬂ'
X
commutes.

Proving this is left as a homework exercise.

Remark 2.2.6. If X has irreducible components X7, ..., X,, the normalization of X is

]i[Xform — X.

i=1
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Definition 2.2.7. A variety X is locally factorial if for any z € X, the ring Ox , is a UFD.
Note that this implies that Ox y is a UFD for all irreducible closed V' C X. It is actually

very rare that for an affine variety X, O(X) is a UFD, but it does happen quite often that
the local rings are UFDs.

Theorem 2.2.8. If X is a smooth variety, then X is locally factorial (in particular, X is

normal).

The proof uses completions of local rings. For any x € X:

—_— . q
OX7$ = @1 OX,LU/mX’x
g>1

This records, roughly, what happens in a very small neighborhood of a point. One way to
think about it is that Ox ./ mg(,x records the first ¢ coefficients of the Taylor polynomial, so
the whole inverse limit is similar to a Taylor polynomials.

Example 2.2.9. We have that

Kz, . 0], e = k2, 2]

Suppose that X is an affine variety, R = O(X) and Y C X is defined by I. Then we can set
R =lim R/I".

This is an algebraic analogue of a tubular neighborhood of Y inside X.

Proposition 2.2.10. If x € X is a smooth point, dim(Ox ) = d, then

OX,:): = k[[tla s 7td]]'

Proof. We show that if m C Oy, is a maximal ideals, u;,...,u; € m is a minimal system of
generators, then

S =klt1,... . tg) = Pm’/m™!

120

t; > u; € m/m?
is an isomorphism. Let n = (¢1,...,t;) C S be the maximal ideal and let
S/t 24 R/m'
t; — u; mod m’

We then have a commutative diagram

0 —— ni/ntt —— S/mtl —— S/t —— 0

E |en |#

0 — m'/m*™ —— R/m™ —— R/m* —— 0
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Then by induction on n and the Five Lemma, we can show that ¢; is an isomorphism for all
7. Then @@i given an isomorphism

K[ty . ta] = Ox.,
completing the proof. 0
Lemma 2.2.11. Let R be a domain.
(1) If R is a UFD, then for any a,b € R, the ideal
aR:bR={h € R | hbe€ Ra}

18 principal.
(2) The converse holds if R is Noetherian.

Proof. Tt

,
a:u-Hﬁimi
i=1
T
b:v-HW?i
i=1

for units u, v and irreducibles 7;, then

alR : DR = (H W?lax{o’mi_m}) .
i=1
Recall that a ring R is a UFD if and only if

(i) every nonzero non-invertible element is a product of irreducible elements,
(ii) uniqueness up to reordering and rescaling by invertible elements.

Note also that (i) always holds for Noetherian rings. Moreover, if (i) holds then (ii) holds if
and only if every irreducible element is prime.

Therefore, we just need to show that every irreducible element 7 of R is prime. If 7|ab, then
be (m):(a) = (h),

so m € (h), and hence m = hh'. Therefore, either h is invertible, so w|a or A’ is invertible, so
b € (), and hence 7lb. O

Lemma 2.2.12. If Ox., is a UFD, then Ox., is a UFD.

Proof. We have the map
Y: Oxy — 6;;
a (@ mod m"),>
Note that 5; is local ring with maximal ideal m - (’7;, and
Oxe/m = @/m : 6;

Then ) is injective and flat.
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Write R = Ox, to simplify notation. By Lemma 2.2.11, it is enough to show that if a,b € R,
J =aR : DR is principal.

We have the exact sequence

0 s J y R —"~ R/aR

and tensoring it with ﬁ, we obtain

0 > JR > R 'b>]§/a§

by flatness. Note that J R=aR bR is principal since R is a UFD. We finally see that
dimy, JR/JmR = 1

and
JmJ=J/mJ=J/Jm®@R=JR/JmR.
By Nakayama Lemma, this shows that J is principal. 0

Proof of Theorem 2.2.8. By Proposition 2.2.10
Ox . = E[t1, ..., td]

We know that k[ti,...,ts] is a UFD (see for example Zariski-Samuel). Then the result
follows from Lemma 2.2.12. U

2.3. Divisors. We will next study the following picture

geometric subvarieties of codimension 1 < line bundles

laterI

maps to projective spaces

2.4. Weil divisors.

Definition 2.4.1. Let X be an irreducible variety, smooth in codimension 1. A prime divisor
on X is an irreducible closed subset V' C X of codimension 1. The group of (Weil) divisors
is

Div(X) = free abelian group on the set of prime divisors,

so a divisor D € Div(X) can be written as

T
D = Zni\/; n; € Z, V; prime divisors.
i=1
A divisor D is effective if all the coefficients are nonnegative, n; > 0. Write D < E'if E— D
is effective.
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For ¢ € k(X)*, let
div(p) = Z ordy (¢)V € Div(X).
Vprime divisor
This is well-defined: suppose ¢ is defined on U and ¢ is invertible on U’ C U. Then

ordy (¢) # 0 implies that V' C X \ U’ and there are only finitely many such V' of codimen-
sion 1.

Note that ordy (¢t) = ordy (¢) + ordy (v) for any ¢, # 0, so div: k(X)* — Div(X) is a
morphism of abelian groups.

Definition 2.4.2. A divisor D € Div(X) is principal if D = div(p) for some ¢ € k(X)*.
The principal divisors form a subgroup
PDiv(X) = {div(¢) | ¢ € k(X)*} C Div(X)
and the quotient
Cl(X) = Div(X)/PDiv(X)
is called the class group of X. We write [D] € CI(X) for the image of D € Div(X) in the
class group of X.

Remark 2.4.3. Consider X normal and ¢ € k(X)*. Then div(¢) > 0 if and only if
v € O(X) and div(p) = 0 if and only if p € O(X)*.

Proposition 2.4.4. Let X be an affine irreducible normal variety. Then C1(X) = 0 if and
only if O(X) is a UFD.

Lemma 2.4.5. Let A be a Noetherian domain. Then A is a UFD if and only if any prime
p C A of codimension 1 is principal.

Proof. To show the ‘only if” implication, choose a € p \ {0}, and write

a = uj...u, for u; irreducible
and since p is prime, u; € p for some i. Then

(0) € (w) CSp

and (u;) is prime since A is a UFD, so p = (u;) since p has codimension 1.
Conversely, note that since A is Noetherian, it is enough to show that if 7 is irreducible, then
(7) is prime. Let p be a minimal prime containing (7). Then the Principal Ideal Theorem
shows that codim(p) = 1. By hypothesis, p = (a) for some a, and (7) C (a) shows that

m = a-b. Since 7 is irreducible, b is invertible, and hence (w) = (a) = p. This shows that
(7) is prime. O

Proof of Proposition 2.4.4. By definition, CI(X) = 0 if and only if for any prime ideal p of
codimension 1 in O(X), V(p) is principal, i.e. there exists ¢ € k(X)* such that div(y) =
V(p). This is equivalent to ¢ € O(X) and pO(X), = pO(X), and ¢ ¢ q for q # p of

codimension 1.

If O(X) is a UFD, given p, choose ¢ such that p = (¢) (by Lemma 2.4.5). Then the
conditions above are clearly satisfied.
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Conversely, suppose C1(X) = 0 and let p € O(X) be prime of codimension 1. Choose ¢ such
that V(p) = div(yp), so ¢ € p, ordy (@) = 1. If a € p, div(a/¢) > 0 by assumption on ¢.
This means that £ € O(X), and hence p = (). Hence O(X) is a UFD by Lemma 2.4.5. [

By this Proposition, we know that for affine, irreducible, normal varieties C1(X) = 0 if and
only if O(X) is a UFD. In general, the class group measures how far O(X) is from being
a UFD. Note that this is essentially the same as the class group for number fields, which
measures how far the ring of integers is from being a UFD.

Example 2.4.6. If X = A", then Proposition 2.4.4 implies that Cl1(X) = 0.

Example 2.4.7. Let X = P". Recall that if V' C P" is irreducible, closed, of codimension
1, the prime ideal corresponding to V' is generated by 1 element F' € S = k[xy,...,z,],
homogeneous of degree d > 0. Then we say that deg(V) = d. This lets us define a group
homomorphism:

deg: Div(P") - Z

Zr: n;Vi — i n; deg(V;)
i=1 i=1

Note that 1 is the degree of a hyperplane, so this map is surjective.

We claim that if ¢ € k(P")*, then deg(div(¢)) = 0. This will show that the degree map
factors through the class group of P".

We can write ¢ = g for F,G € S homogeneous, nonzero, of the same degree. Since S is a
UFD, write

T
=1

G=cq- f[Gj.f
j=1

for a;,b; > 0 and F;, G, irreducible. Then
div(p) = > _aV(F) =Y bV(G))
i=1 j=1

has degree

Zai deg(F;) — ij deg(G;) = deg F' — deg G = 0.

Hence we get a surjective map
deg: CI(P") — Z.
We claim that this map is also injective, and hence an isomorphism. Suppose D = Z n;V (F;)
i=1
has degree 0. Taking
[T £"

n; >0
=20 e (X))

n; <0
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we see that div(¢) = D, so D = 0 in CI(P").

Definition 2.4.8. Two divisors D and E are linearly equivalent if D — E is principal. We
then write D ~ E.

Let X be normal and irreducible. For a divisor D on X, we will define a sheaf associated to
it
Ox (D) C k(X) = constant sheaf of rational functions.
If U C X is open,
I'(U, Ox(D)) ={0} U{p € k(X)" | div(p)|v + Dlv = 0}.

(Note that if U C X and E=>_n;V;on X, Ely = > ny(V;NU) is a divisor on U.)
ViNU#D

It is clear that Ox (D) C k(X) is a subsheaf, which is in fact a sub Ox-module.

Note that:

(1) if D=0, Ox(D) = Ox,

(2) if D > E, Ox(F) C Ox(D); in particular, if £ <0, then Ox(E) C Oy.
Proposition 2.4.9. The sheaf Ox (D) associated to a divisor D is coherent, and the stalk
at X is k(X).

Proof. We first show that it is quasicoherent. Suppose U C X is an affine open subset,
f € Ox(U). The map
I'(U, Ox (D)) = T'(Du(f), Ox(D))

is clearly injective, since Ox (D) is a subsheaf of k(X) and k(X) is a domain. To show
surjectivity, take ¢ € I'(Dy/(f), Ox(D)). Then

(div(¢) + D)y () = 0.
We want to show that for some m > 0 such that

(div(e- f™) + D)lu = 0.

Let D' = (D + div(g))|y. Let Zy, ..., Z,. be the prime divisors in U where D’ has negative
coefficient. Then Z; C V(f), so ordz(f) > 1, and hence if m > 0, D" + (div(f™))y > 0.
Therefore,

f"e € T(U, Ox(D)).
This proves that Ox (D) is quasicoherent. It remains to show that it is coherent. Let U C X

be affine. Let Y7,...,Y, be the prime divisors that appear in D with positive coefficients.
Choose

ge [[wv™)
=1
If m > 0, div(g™)|y > Dl|y. Then
. 1
I'(U, 0x(D)) C{¢ | div(p-g™) 20} U{0} = g—mOX(U)

which is clearly finitely generated over Ox(U). This implies coherence.
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If D=> n;V; with n; # 0, set
U=Xx\Jv

Then D|y = 0. Hence Ox(D)|y = Opy. This implies the assertion about the stalk. O
Proposition 2.4.10. For divisors D, FE € Div(X), Ox(D) = Ox(FE) if and only if D ~ E.

Proof. For the ‘if” implication, suppose D = E + div(«a) for some a. Then ¢ € I'(U, Ox (D))
if and only if

(div(p) + div(a) + E)y >0,
which is equivalent to pa € T'(U,Ox(E)). This gives an isomorphism Ox (D) — Ox(F)
given on each open subset by multiplication by «. The converse implication will be proved
in the problem session. 0J

Remark 2.4.11. There is a canonical isomorphism
Ox(D) ®(9X Ox(E) — Ox(D + E)

induced by multiplication of rational functions.

Next, we describe the push-forward of Weil divisors.

Definition 2.4.12. If f: X — Y is a dominant of irreducible varieties with dim X = dimY’,
then k(Y') < k(X) is finite, and we define the degree of f deg(f) as [k(X) : k(Y)], the degree
of this extension.

Definition 2.4.13. Suppose f: X — Y is a finite surjective morphism. We define the
push-forward as

f«: Div(X) — Div(Y)
Z n;Vi Z n; - deg(Vi/ f (V) f (Vi)

Proposition 2.4.14. Let f: X — Y be a finite surjective morphism of varieties which are
smooth in codimension 1. Then

fuldiv(e)) = div(Neex) me) (9))-
In particular, we get a map f.: Cl(X) — CL(Y).

Proof. We need to show that for any prime divisor W C Y
> ordy (@) [k(V) : k(W)] = ordw (Ni(x)/k(v) (9))-

VCX prime divisor
such that f(V)=W

Replace Y by U affine such that UNW # @ and X by f~*(U) to assume that X and Y are
affine and A = O(Y), B = O(X). We then get a finite injective map

pA— B
and if p C A is the ideal corresponding to W, then
A, — B,
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is finite and injective. Note that A, is a DVR. The maximal ideals q,...,qs in B, are the
localizations of the primes ocrresponding to the prime divisors V' such that f(V) =W, and
by assumption (By),, is a DVR. We may assume ¢ € B (by writing it as a quotient of two
functions in B). Then for V; = V (p;)

ordy, (¢) = £((By)q,/(¢))-
Then result then follows from Problem 2 from Problem Session 4. O

2.5. Cartier divisors. First, we discuss Cartier divisors on normal varieties. Let X be a
normal variety and Div(X) be its group of divisors.

Definition 2.5.1. A divisor D is locally principal if there is an open cover
x=Ju
iel
such that for any i, D|y, is a principal divisors, i.e. there exists ¢; € k(X)* such that

Ui

A Cartier divisor is a locally principal divisor, and we write
Cart(X) C Div(X)

for the subgroup of Cartier divisors.

Proposition 2.5.2. A divisor D on X is locally principal if and only if Ox(D) is a line
bundle.

Proof. 1f for U C X, D|y is principal, then Ox(D)|y = Opy(D|y) = Oy, which shows that
‘only if” implication. Conversely, if Ox (D) is a line bundle, we can cover X by open U; such
that

Oy, (D|U;) = Ox(D)lv, = O,
Then by Proposition 2.4.10, D|y, is principal. U
Proposition 2.5.3. If D, E € Cart(X), the map
Ox(D) ®OX Ox(E> — Ox(D + E)

18 an isomorphism.

Proof. If U C X is an open subset and D|y = div(¢)|y, then for an open subset V' C U
LV, 0x(D)) = {¢ | div()lv +div(p)|[V > 0}.
Note that div(¢)|y + div(e)|V > 0 if and only if pip € Ox (V). Therefore

1
Ox(D)ly = ~0u € K(X)
If X =JU; for affine open subsets U; C X such that

D

U;» E

U, — dlv(@l) Us;»
then

(D + E)|y, = div(piy)

U;-



42 MIRCEA MUSTATA

Therefore, on U;, the morphism above is the map

1 1 1
EOX(Ui) Rox () %OX(UD — %inX(Ui),
which is clearly an isomorphism. U
Therefore, we have a group homomorphism
Cart(X) — Pic(X)
with kernel PDiv(X) C Cart(X), and hence we get an injective map
Cart(X) _
——— — Pic(X).
PDiv(x) LX)

We will see later that this is an isomorphism.

Remark 2.5.4. Arguing like in the proof of Proposition 2.4.4, we see that
Div(X) = Cart(X) if and only if X is locally factorial.

In particular, this is the case for smooth varieties.

Example 2.5.5. This implies that Pic(P") = Z.

Exercise. Show that if H C P" is a hyperplane, then Opn(H) = Opn(1).

We now generalize the notion of Cartier divisors to all irreducible varieties. Suppose X is

irreducible and let k(X) be the field of rational functions on X. We will write k(X)* for the
constant sheaf (previously denoted by k(X)*).

We have the short exact sequence

0 » O — k(X)) — k(X)*/Ox —— 0.
Definition 2.5.6. The set of Cartier divisors is
Cart(X) = I'(X, k(X)*/O%).
Explicitly, a Cartier divisor is given by an open cover X = |JU; together with ¢; € k(X)*

such that for any i, j

Zie Ox(U,NU;)".

¥j
Two Cartier divisors D, E given by such data are equal if, refining the covers to assume they
are the same, when D is given by (¢;)ie;r and E is given by (1;);er, we have that

% € Ox(Uy)*.

Note that D + E is given by (¢; - ¥;)icr-

We finally define the group of principal Cartier divisors as
PCart(X) = im(k(X)" =X, k(X)") = I'( X, k(X)*/O%)),

i.e. a divisor is principal if it comes from a global section.
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Given any Cartier divisor D describe with respect to X = |JU; by (¢;)ier, consider for each
. 1 ¢
1, EOUZ Q k(X)
Since for £ € Ox(U; NU;)* we have
J
1 1

_OUiﬂUj = _OUiﬁUj )
i Pj

there is a unique subsheaf Ox (D) C k(X) such that

Ox(D)

1
v, = —Ou,.

7

Note that by definition Ox (D) is a line bundle.

As in the normal case, we hence get a map
Cart(X) — Pic(X)

Exercise.

(1) This is a group homomorphism: Ox (D) ® Ox(E) = Ox(D + E).
(2) Ox(D) = Ox if and only if D € PCart(X).

Therefore, we get a map
Cart(X)

PCart(X) — Pic(X).

Proposition 2.5.7. The map
— Pic(X).
s an isomorphism.

Proof. We need to show that if £ € Pic(X), then there is a Cartier divisor D such that
Ox(D) = L.

Choose an open cover X = |J U; and isomorphisms «;: L|y, — Oy, with transition functions
i€l

UiﬂUj : OUiﬂUj ;> OUmUj

—1
07 UiﬂUj o Oéj

given by multiplication with some «; ; € Ox(U; NU;)* which satisfy:

(1) Oém‘ = 1,
(2) oy, jojg = iy in k(X) (since U; NU; N Uy is dense in X, as X is irreducible)

Define ¢; = a4, € (X)* for all 7 and some iy. Then

i _ Qi *
—:—’:O.%'GOX(UZ‘QU').
Pj Qj.jo ’ !
Therefore, the ¢; define a divisor D. It is easy to see that Ox (D) = L (the local isomorphisms
Ox(D)|y, = éOUi = Oy, = Ly, glue together). O
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We finally compare the two definitions of Cartier divisors. Suppose X is smooth in codimen-
sion 1 and D is a Cartier divisor on X described by X = |J U; and ¢; € k(X)*.

i€l
Consider div(p)|y,. Since % € Ox(U;NnU;),

diV(gDi) |UimUj = diV((,Dj) |UzﬂUj'

Therefore, there is a unique Weil divisor (D) such that

a(D)v; = div(es)]v;-

We get a group homomorphism

Cart(X) — Div(X).
If X is normal, this map is injective, since div(p;/1;) = 0 implies hat p;/¢; € Ox(U;)* by
normality.

Moreover, the image consists of the locally principal divisors on X.

Therefore, on normal varieties, we can identify Cartier divisors with locally principal Weil
divisors, as we did in Definition 2.5.1.

Next, we will define the pull-back of Cartier divisors. Let X — Y be a dominant morphism of
irreducible varieties and v: k(Y') — k(X) be the corresponding map. We define the pull-back
map
fr: Cart(Y) — Cart(X).
For D described by an open cover Y = |JU; with ¢ € k(U;)*, we define f*(D) with respect
to X' = U 71U by (W(g))ier.
1€

It is easy to see that

(1) this definition is independent of the presentation of D,
(2) f*is a group homomorphism preserving PCart:

Cart(Y) AN Cart(X)

J J

PCart(Y) —— PCart(X)

and hence induces a commutative square

Cart(Y) J* . Cart(X)
PCart(Y) " PCart(X)

Eo L

Pic(Y) —L— Pic(X).

Fact 2.5.8. Suppose f: X — Y be a finite surjective map of irreducible varieties smooth in
codimension 1. For D € Cart(Y),

f(f1(D)) = deg(f) - D
in Div(Y).
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The proof of this will be a homework problem.

2.6. Effective Cartier divisors. We finally discuss effective Cartier divisors.

Definition 2.6.1. Let X be an irreducible variety and D be a Cartier divisor given with

respect to X = |J U; by (¢i)ier. Then D is effective if ¢; € Ox(U;) for any i € I (this is
i€l
independent of the presentation of D).

It is clear that if X is smooth in codimension and D is an effective divisor, then the corre-
sponding Weil divisor is effective. The converse holds if X is normal.
We give an equivalent description of effective Cartier divisors.

Definition 2.6.2. A coherent ideal Z C Oy is locally principal if for any x € X, there exists
an open affine neighborhood U of x such that

is generated by a non-zero element.

Proposition 2.6.3. There is a bijection between effective Cartier divisors on X and locally
principal ideals in Ox given by

Proof. Suppose that D is described by X = |JU; and (p;);e;. Then

Ox(=D)|y, = Ox(Us) - ;s € Ox(U;).
Conversely, if Z C Oy is a locally principal ideal, then there is an affine open cover X = |J U;
such that “
I'(U;, ) = 5iOx(U;)
and g—; € Ox(U;NU;)*, so (Bi)ier defines an effective Cartier divisor.
It is finally easy to see that the two maps are inverse to each other. 0

Definition 2.6.4. If D is an effective Cartier divisor, we have an exact sequence

Ox > Ox/OX(—D) — 0

g

We define the structure sheaf of D as Op = Ox/Ox(—D).
We define the support of D as supp(D) = V(Ox(—D)) C X, a closed subset of X.

Example 2.6.5. Suppose Z is an ideal sheaf on X and n: Y = Blz X — X is the blow-up
of X along Z. Since Z - Oy is locally principal, there exists an effective Cartier divisor F
such that ZOy = Oy (—F). We then call E the exceptional divisor.

Exercise. If X is normal and D is an effective Cartier divisor, then Ox(—D) is a radical
ideal if and only if all coefficients of D are 1.

In general, if D is an effective Cartier divisor, then we define supp(D) = V(Ox(—D)).
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Effective Cartier divisors as zero-loci of sections of line bundles. Let X be an irreducible
variety, £ be line bundle, s € T'(X, £) and s # 0. By tensoring the map
Ox = L
1—s
with £71, we get a map o: £L7! — Ox whose image is a coherent ideal Z in Oy.

We claim that this is an injective morphism and Z is locally principal.

Suppose U C X is an open affine subset such that L]y = Op and s is sent to f € O(U) via
this isomorphism. This induces an isomorphism £}y = Op and |y gets identified with

Ou EA Oy which is clearly injective, and Z|y; is generated by f.
Therefore, there is a Cartier divisor Z(s) such that Z = O(—Z(s)), called the zero locus of s.
Note that z € X lies in Z(s) if and only if s(,) € L) is 0.

Proposition 2.6.6.

(1) By construction, O(—Z(s)) 2 L', i.e. O(Z(s)) = L.

(2) If s € I'(X, L) \ {0}, then Z(s) = Z(s) if and only if s = gs’ for some g € O(X)*.

(3) If D is an effective divisor such that O(D) = L, then there is a section s € I'(X, L)\
{0} such that Z(s) = D.

Proof. Parts (1) and (2) are immediate, so we just need to show (3). Suppose X = |J U; is
icl
an open cover such that D is described by (@;):es for ¢; € Ox(U;). Then

1
Ui — fOUi C k(X),

)

so 1 € I'(X,Ox(D))). Checking that the zero-locus of 1 is D is left as an exercise. Then we
map this section to I'(X, £) via the isomorphism. O

O(D)

Remark 2.6.7. Suppose X is complete. We will see later that I'(X, £) is a finite-dimensional
vector space over k. Therefore,

D effective Cartier ~ ] projective space parametrizing
divisor such that O(D) = L lines in I'(X, £) '

This is called the linear system corresponding to £ and denoted |L|.

3. COHOMOLOGY

3.1. Derived functors. Fix the category C to be O x-modules for some ringed space (X, Ox).
In general, we could let C be any abelian category but we will stick to C = O x-mod to simplify
the exposition, since this is the only case we will be interested in.

Definition 3.1.1. A complex of objects in C
A A T g

is a collection (A™),,cz+ with maps d™: A™ — A™! such that d™ o d™ ! = 0.
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A morphism of complexes u: A* — B*® is a sequence of maps u™: A™ — B™ for all m € Z*
such that d o u™ = u™*' od for all m € Z*.

Since the morphisms can be composed component-wise, complexes in C form a category.
This category has kernels and cokernels, described componentwise, which make it into an
abelian category.

Definition 3.1.2. If A® is a complex, define for ¢ € Z the ith cohomology functor by letting

, ker(A" — A™1)

"(A®) = A A C

A = a5 a) €
and for u: A* — B*, H'(u) to be the natural map
H(A®) — H'(B®).

Proposition 3.1.3 (Long exact sequence in cohomology). Given an exact sequence of com-
plexes

0 y A* 5 B* 2 (C°

o

there is a connecting map & that makes the sequence

H' (u)

. in(Ao) ’H’(B’) Hi(v) Hi(co) J Hi+1<Ao)

exact. Moreover, this is functorial with respect to morphisms of exact sequences of complezes.

Sketch of proof. We first define 6. Given s € I'(U, H*(C*)) for an open neighborhood U of
r € X, we can find a lift §'(z) € I'(U,, ker(C* — C"1)) of s|y() where U, is an open
neighborhood of z. After passing to the smaller U,, we may assume that s'(z) = v(s"(z))
for some s”(z) € T'(U,, B'), there exists t(x) € ['(U,, A™) such that u(t(x)) = d(s"(x)). Tt
is easy to see that

t(z) € T(U,, ker(A™ — A™?)).
The images t(z) € ['(U(x), HT1(A®)) glue together, giving d(s).

To check exactness, pass to stalks and just deal with modules over a ring. This is left as an
exercise. 0

Definition 3.1.4. Two morphisms of complexes u,v: A* — B* are homotopic (u =~ v), if
there are map 6*: A® — B!

Al 4y pi 4y it

Lol

Bifl y Bz y Bi+1

such that u* — v* = d o 0% + #**+1 o d for all i.

Note that if u & v then H'(u) = H'(v) for all i.

Definition 3.1.5. Let A be an abelian category. Then ) € ObA is injective if Hom 4(—, Q)
is exact.
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Exercise. If Q); are injective objects, then [] @Q; is injective.
iel
Definition 3.1.6. We say that A has enough injectives if for any A € Ob(.A) there is an
injective map
A—=Q

with @ injective.

Remark 3.1.7. Review Sheet 4 proves that the category of R-modules has enough injectives.
We use this to show that the category of Ox-modules also has enough injectives.

Proposition 3.1.8. The category Ox-mod has enough injectives.

Proof. Suppose = € X and A is an Ox ,-module. Define an Ox-module A(x) by

(U, A(z)) = { 0 otherwise

(with O(U) acting via O(U) — Ox, for x € U). If F is an Ox-mod,
Homo, (F, A(z)) = Homo, , (Fu, A).

(proving this is left as an exercise). Therefore, if A is an injective Ox ,-module, A(x) is an
injective Ox-module.

Given an Ox-module M, consider for each x € X, and injective morphism
M, — @
where I is an injective Ox z-module. Then consider
M —— Tl M,)(z) — 1 (IW)(2).
rzeX zeX

This gives an embedding of M in an injective Ox-module. 0J

Definition 3.1.9. 3.1.8 A resolution of M € Ob(C) is a complex A® with A® = 0 for
1 < 0 and with a morphism of complexes M — A*® inducing an isomorphism in cohomology.
Equivalently, A® is a resolution if

0 » M y A y Al

~

Is exact.
An injective resolution of M is a resolution A® with all A injective.

Proposition 3.1.10.

(1) Given any M € Ob(C), M has an injective resolution.
(2) Suppose we have

0 > M >y A° Al

g
~
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such that the top row is a resolution of M and the bottom row is a complex with all
B injective, there is a morphism u: A® — B® such that

M — A°

C

commutes.
(3) If v: A* — B® is another such morphism, then u ~ v.

Proof. For (1), by Proposition 3.1.8, there is an embedding M < I° with I° injective. Then
apply Proposition 3.1.8 again to get and embedding

I°/ M — I' with I' injective.
This gives an exact sequence
0= M—1°—= 1T

Repeating this, we obtain an injective resolution of M.

For (2), we first get u?:

0 > M > A0 s Al

(0% uo
<~

0 s N » B

~

Bl

~
~

since the map M — A" in injective and B is an injective object. Then we have

AYM — A

- »
0 ‘u
~

coker(N' — B%) —— B!

where we get u! since B! is an injective object. Continuing this way, we get the chain map u.

For (3), suppose we have

The map ug — vy induces a map
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and since B is injective we get a map 6! as in the diagram above such that ' od = u® — v°.

Then u! — v! — d o ' vanishes on im(A° — A!) construction. Hence, it induces a map

coker(AY — A') —— A2

such that 62 o d = u' — v'. Continuing this way, we get the desired homotopy showing
u . U

Proposition 3.1.11 (Horseshoe Lemma). Given an exact sequence

0 » F' » F » F > 0

and an injective resolution (Z')*, (Z")® for Z', I" respectively, there is a commutative diagram
of complexes

0 > F > F » F > 0

| | !

0 —— (T) —— (T)* & (T")* — (I")* —— 0.

In particular,
.F N (I/)O @ (I//).

s an injective resolution of F.

Sketch of proof. We will construct the first maps 5 = (81, 52):

0 y F » F > F

P ]

0 —— (I)° —— () @ (I")° —— (T")° —— 0.

=}

where (3, is the composition F — F” — (F”)? and 3 is the unique map making the diagram

Fe——F

l L"'.V..ﬁl

(Z')°

commutative, which exists by injectivity of (Z')°. The injectivity of 3 follows.

By the Snake Lemma, we then get an exact sequence

0 —— coker&« —— coker  —— cokery —— 0.
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Repeat the above arugment to show the result. 0

Right derived Functors. Let F: C — D be a left exact functor for two additive categories.
We will usually consider C and D to be categories of Ox-modules and Oy-modules.

Examples 3.1.12.

(1) Let C be the category of Ox-modules, where Oy is a sheaf of R-algebras. Then
F=T(X,—-): C - R-mod
is a left exact functor.
(2) Let f: (X,0x) — (Y, Oy) be a morphism of ringed spaces. Then
fi: Ox-mod — Oy-mod

is a left exact functor.
For example, if Y is a point, Oy = R, so we recover example 1.
(3) Consider (X, Ox) where Ox is a sheaf of R-algebras and let F be an Ox-module.
Then
Homo, (F, —): Ox-mod — R — mod
is a left exact functor.
(4) Consider (X, Ox) and let F be an Ox-module. Then

Homeo,, (F,—): Ox-mod — Ox-mod
is a left exact functor.
The idea is that in general F is not exact, and we want to measure the failure of right
exactness.

Definition 3.1.13. A §-functor is given by a sequence of functors (F*);>¢ and for any short
exact sequence

0 —— M s M s M” s 0

a connecting homomorphism

J,—_-i(M//) i> fi+1 (M/)
which is functorial with respect to morphisms of short exact sequences, and for every short
exact sequence as above, we have a long exact sequence:

0 —— FIM) —— FOM) —— FO(M")

T

]:/(M/) DN JT_'/<M) — ..

A morphism of d-functors (F')i>o — (G")i>0 is a collection of functorial transformations
Ft — G for all i such that any short exact sequence

0 —— M s M s M” s 0

the diagram
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]:i(M//) L) .7:i+1(/\/l')

| |

gi(M//) % gitl (M/)
commutes. (This implies that we get a morphism between the long exact sequences.)

Theorem 3.1.14. Given a left exact functor F: C — D, there exists a d-functor (R'F);>o
such that

(1) RF = F,
(2) R'F(Z) =0 for all injective objects T of C, i > 1.

Moreover, such a 0-functor is unique up to canonical isomorphism of d-functors. In fact,

given any 0-functor (G");>o and a natural transformation F L G, there is a unique mor-
phism of 0-functors (R'F)i>0 — (G")i>0 which extends T for i = 0.

Proof. We begin by showing existence. Choose for each object M an injective resolution
M — T* and define

R'F(M) :=H'(F(Z*)).
Given u: My — My, by Proposition 3.1.10, choose u: Z — Z3 that makes the diagram

M1—>M2

L

T —"— I3
commute and define 4 '
i (RF)(w) = Hi(F(@)
If ' is another such map then @ ~ v/, so R'F(u) = R'F(u').
It is easy to see that this is functorial (using independence of the choice of ).
This also implies that if (Z')® is another injective resolution of M, we have an isomorphism

RIF(M) = H(F((T'))).

In particular, if M is injective, we can choose an injective resolution 0 - M — M — 0 of
M., and hence .
R'F(M) =0 fori> 1.

If

0 s M y 70 y I1

g

is an injective resolution of M and F is left exact, then

0 —— FM) — F(I°) —— F(T') —— -+~
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is exact, so we get a functorial isomorphism R°F = F.

We claim that we can define a connecting homomorphism in a functorial way. Given a short
exact sequence

0O —— M s M s M s 0

and choosing resolutions M’ — (Z')*, M — (I)*, M" — (I")*, Proposition 3.1.11 gives a
commutative diagram

0 y F > F > F > 0

| | |

0 > (Z7)° » () @ (Z27) —— (Z7)° —— 0.

Since F is additive we have a short exact sequence of complexes:
0—— F((Z)*) — F((Z)* ® (Z")) = F(Z")*) —— 0.
By Proposition 3.1.3, we get a long exact sequence

RIF(M) —— H(F(T)" & (I")")) — RF(M") —>= RHF(M).

RIF(M)

This proves the existence.

To finish, it suffices to show that a J-functor satisfying properties (1) and (2) satisfies the
universal property.

Given any object M in C, consider the injective resolution

2\

0 > M A y I!
and truncate it to get a short exact sequence

0 y M s 70 y N y 0

where N' = 7%/ M. We then get a diagram with exact rows

0 —— FM —— F(I%) —— F(N) —— R'F(M) — R'F(I°) =0

| | |

0 —— ¢'M —— G%I°) —— G°'(N) —— G'(M)
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where we have a unique map R'F(M) — G'(M) such that the diagram commutes. It is
easy to see this is a natural transformation.

For i > 1, we proceed by induction on i. Having constructed R'F(N) — G(N), we have
the diagram

and hence there is a unique map R F(M) — G"*1(M) making this diagram commute.
One can then check that this is a morphism of -functors, completing the proof. OJ

Definition 3.1.15. The functor R'F given by Theorem 3.1.14 is called the ith derived
functor of F.

In practice, it is better to compute RF using a resolution by F-acyclic objects, rather than
injective objects.

Definition 3.1.16. An object A of C is F-acyclic if R*"F(A) =0 for i > 1.

For example, injective objects are F-acyclic.

Proposition 3.1.17. If M is an object of C and we have a resolution M — A® with the
objects AP being F-acyclic for all p, there is a canonical isomorphism

R'F(M) 2 H(F(A%)).
Proof. The isomorphism for ¢ = 0 follows by left-exactness of F. We have an exact sequence

0 —— M > A° » N = coker(M — A") —— 0,

which gives
F(A) —— FN) —— R'F(M) —— R'F(AY) =0.

Thus
R'F(M) = coker(F(A°) — F(N)) = H (F(A®)).

because we have




MATH 632: ALGEBRAIC GEOMETRY II 55

so we get
F(A%) = F(N) = F(A")
and
HY(F(A®)) = FN)/im(F(A%) — F(N)) = coker(F(A%) — F(N)).
Also, RRF(N) = R F(M) for all i > 1, since N has an F-acyclic resolution
0=+N—=A — A% — ...,

Hence, if we know the assertion for ¢« and N, we get it for ¢ + 1 and M. This completes the
proof by induction. 0

3.2. Cohomology of sheaves. Let (X,Ox) be a ringed space and Ox be a sheaf of R-
algebras. The right derived functors of F = I'(X, —) are the sheaf cohomology, written

Hi(X,—) = RT(X,—).
We have that
e H'(X,F)=T(X,F),

e for any short exact sequence 0 — F' — F — F” — 0, we have a long exact sequence
in cohomology

. \ Hz(f'/) s Hz(j_') s Hi(f;//) Hit+1 (f’) .
Definition 3.2.1. An Ox-module F on X is flasque (or flabby) if for any U C X open, the
restriction map
X, F)—=TU,F)

is surjective.

Remark 3.2.2. Every Ox-module has a canonical flasque resolution. For M, define £°(M)

by U — ][] M, with restriction maps given by projection onto the corresponding compo-
zelU
nent. Clearly, £ is flasque and we have an injective morphism M — £° given by

L(U,M) 3 s+ (S2)zeu-
Then we define recursively for ¢ > 2
E'(M) = E%(coker(ET2(M) — E/(M)))
with E9(M) = M.

Proposition 3.2.3. If we have a short exact sequence

with F' flasque, then
0 — FI(X) — F(X) — F'(X) — 0
15 ezact.

Proof. The proof is left as a homework exercise. O

Remark 3.2.4. If F is flasque, then F|y is flasque for all U C X open.
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Corollary 3.2.5. If we have a short exact sequence

0 » F' » F » F > 0

with F' flasque, then F is flasque if and only if F" is flasque.

Proof. Proposition 3.2.3 and Remark 3.2.4 show that we have a commutative diagram with
exact arrows

0 — FI(X) — F(X) — F'(X) — 0

l s y

0 — F(U) —— FU) —— F"(U) —— 0

so by the Snake Lemma coker § = coker . O

Proposition 3.2.6. If Z is an injective Ox-module, then I is flasque.

Proof. The proof is left as a homework exercise. OJ

Proposition 3.2.7. Fvery flasque Ox-module is I'-acyclic. In particular, if M — A® is a
flasque resolution, then

H'(X, M) = H(T(X,A*)).

Proof. It A is flasque, consider

0 > A > T > B > 0
for an injective object Z. By Proposition 3.2.3, we have a short exact sequence
0 — I'(X,A) —TI'(X, ) — T'(X,B) —— 0

Hence H'(X,A®) = 0. For i > 2, the long exact sequence in cohomology shows that
H'(X, A) =~ H (X, B).

Since Z is injective, it is flasque by Proposition 3.2.6, and A is flasque, so by Corollary 3.2.5
B is flasque. This completes the proof by induction. O

We summarize what we have done so far and make a few comments. Suppose (X, Ox)
is a ringed space where Oy is a sheaf of R-algebras. We then have a left exact functor
['(X,—): Ox-mod — R-mod and its right derived functors are the sheaf cohomology groups
H l(X ) _)'

Note that if R is an S-algebra with ¢: R — S, then we have a diagram
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Ox-mod % R-mod
G=I(X,-) l
S-mod

and R'G = ¢ o R'F by construction.

What if we change Ox-modules to abelian groups? We have a diagram

Ox-mod L sheaves of abelian groups
J/g:F(Xv)
F=I'(X,-)
Ab

Then R'G o = R'F, which follows from computing R'F, R'G by the canonical flasque
resolution (Proposition 3.2.7).

Suppose U C X is open and i — X is the inclusion map. If F is an Ox-module, we can
consider . .
H (U, F):= H(U, Flu).
Then the functors { H*(U, —) }i>0 and the derived functors of F — T'(U, F).
Note that if Z is an injective Ox-module, then Z is flasque (Proposition 3.2.6), so F|y is

flasque, and hence A
H'(U,Fly) =0.

The natural transformation I'(X, —) — I'(U, —) extends to a morphism of J-functors
(H'(X, =) = H'(U,—))iz0-

This describe this explicitly, note that if A — Z°* is an injective resolution, then we have a
commuting square

HI(D(X,Z°%) —— H'Y(X,F)

| |

which is functorial with respect to inclusion of open subsets.

3.3. Higher direct images. Let f: (X,0x) — (Y,Oy) be a morphism of ringed spaces.
Then the functor
fi: Ox-mod — Oy-mod
is left exact. Its derived functors are the higher direct image functors, R'f,. Then
hd Rof* = f*:

e if 0 » F' — F — F” — 0 is a short exact sequence of Ox-modules, then we have a
long exact sequence
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- —— R'f.(F') —— R'f.(F) —— R'f(F")

Definition 3.3.1. If f is as above, U C Y is open and F is and Ox-module, take
H(f1(U), F).

in cohomology.

If V C U, we have natural maps
H'(f~(U),F) = H'(f(V),F)

which satisfy the usual compatibility condition. Note that H*(f~*(U),F) is an Ox(f~1(U))-
module, so it is an Oy (U)-module via Oy (U) — Ox(f~1(U)). We therefore get a presheaf
of Oy-modules denoted

R f.(F).
Proposition 3.3.2. We have a functorial isomorphism

Rf.(F)" = RL(F).

Proof. We show that (ﬁ’ f«(F)")iso satisfy the universal property, so we actually have an
isomorphism of d-functors.

When i = 0, we have ROf,(—)" = f,(—).
If Z is an injective O x-module, then Z is flasque (Proposition 3.2.6), so
H'(f~Y(U),Z) = 0 for all U open,i > 1,

and hence
R f.(Z)* =0fori>1.

Finally, if 0 — ' — F — F” — 0 is a short exact sequence, for any open set U, we get a
long exact sequence

o H(fNU), F) —— H(U),F) ——
which by definition gives

() = RIfAF) —— BU(F) — -
and taking the sheafification gives a sequence

c—— Rf(F)Y —— Rf(F)F — -
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By passing to stalks and using exactness of sequence (x), we get that this sequence is exact.

Altogether {E’ f*(—)+} satisfies the universal property of {R'f.(—)},~,, so there is an
i>0 >

isomorphism of d-functors between them. O

Corollary 3.3.3. If f is as above and M is a flasque Ox-module, R f,(M) =0 fori > 1.
Therefore, for any Ox-module A, if A — M?® is a flasque resolution, then

R'f.(A) = H(f.(M?)).

Rif, (M) =0 for all i > 1, and hence by Proposition 3.3.2, Rif,(M) =0 forall i > 1. [

Proof. If U C Y is open, M| is flasque, so H(f~1(U), M) = 0 for all i > 1, so

Proposition 3.3.4. If f: X — Y s a morphism of algebraic varieties and M is a quasico-
herent sheaf on X, then

R'f.(M) is quasicoherent for all i > 1.
Moreover, if U CY is an affine open subset, then
L(U, R f.(F)) = H'(f(U), F).
Before we prove this result, we need another proposition.
Propi)sition 3.3.5. If X is an affine algebraic variety and I is an injective O(X )-module,
then I is flasque.

We will assume this result for now an delay the proof until later.

Corollary 3.3.6. If X is an algebraic variety, then for any quasicoherent sheaf F on X,
there is a quasicoherent flasque sheaf € with an injective map F — E.

Proof. Let X = (J U; be an affine open cover. Note that F|y, is still quasicoherent. Let Q;

=1
be an injective O(U;)-module such that there is an inclusion
Then Fly, — @ and @ is flasque on U; by Proposition 3.3.5. We then have

F = P (i) (Flu) = Plai).(@)
i=1 i=1
and the last sheaf is quasicoherent and flasque. O
We can finally prove Proposition 3.3.4.

Proof of Proposition 3.3.4. By Proposition 3.3.5, there is a resolution
M — Q°
with all Q' quasicoherent and flasque. Then

R'f(M) = H'(f(Q%))
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and since f,(Q°) is quasicoherent (as a pushforward of a quasicoherent sheaf), this shows
R'f,(M) is quasicoherent.

If U CY is open an affine, then we have
LU, R f.(F)) = (U, H'(f(Q))
>~ H(T(U, £.(Q%))) since I'(U, —) exact on quasicoherent

sheaves on affine varieties

This completes the proof. 0

3.4. Cohomology of quasicoherent sheaves on affine varieties.
Theorem 3.4.1 (Serre). If X is an algebraic variety, the following are equivalent
(1) X is affine,

(2) H(X,F) =0 for any F quasicoherent and i > 1,
(3) HY(X,Z) = 0 for all coherent ideals sheaves T C Ox.

Proof. We first show that (1) implies (2). If F is quasicoherent, there is a flasque resolution
F — Q° such that Q' is quasicoherent for all i by Corollary 3.3.6. Then

H'(X,F) = H'(I(X, Q%) =0,
since I'(X, —) is exact in the category of quasicoherent sheaves on affine varieties.

Note that (2) implies (3) is immediate, so it remains to show that (3) implies (1). For any
x € X, choose an affine open neighborhood U of z. Let Z = {x} U (X \ U), which is closed
in X, and let Z; be the corresponding radical ideal sheaf. We then have an exact sequence

0 )IZ )OX >OZ > 0

and the long exact sequence in cohomology gives
F(X, Ox) E— F(Z, Oz) — HI(X,Iz) = 0.
Therefore, there exists f € Ox(X) such that f(z) # 0 and f|x\y = 0. Thenz € Dx(f) C U,

so Dx(f) = Dy(f|v), which is affine since U is affine.

Since X is quasicompact, there exist fi,..., f, € Ox(X) such that X = (J_, Dx(f;) and
each Dx(f;) is affine.

If we show that Ox(X) = (f1,..., fr), then (by a result from a homework on Math 631) X
is affine. To show this, consider the map

©
O??T — OX

e; — fz
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This is surjective, since on Dx(f;), f; generates Op,(ys,). Let F be the kernel of p. We have
a short exact sequence

0 > F » OF > Ox

e

It is enough to show that H'(X,F) = 0. Indeed, this implies that
['(X,0x)" - I'(X, Ox)
is surjective, so I'(X,Ox) = (f1,..., fr).
Let & C (9?27" be generated by ey, ...,e;. Then &1/E = Ox. Consider
0CFNECFNEC---CFNE =F,

which gives a short exact sequence

0 —— fﬂc‘fz — Fﬂ€i+1 > F2§2+1 > 0.
Note that FAE
i+1
FNE +/ .
is a coherent ideal, so
FNé&in
H (X, —]=0
( T FNE )
by assumption. The long exact sequence in cohomology shows that
HY(FN&) =0 implies H(F N &) = 0.
Since F N &y = 0, by induction on 7, we have that
HY(X,FNE&) =0 for all 4.
Taking ¢ = r, this completes the proof. 0

We finally give a sketch of the proof of Proposition 3.3.5.

Sketch of proof of Proposition 3.3.5. Let A = O(X) and @ be an injective A-module. We
want to show that () is flasque.

Step 1. Show that if U = Dx(f) then
I'(X,Q) »C I'(U,Q)) is surjective.
———— —_——

Q Qr
Consider Ann(f) C Ann(f?) C ---. As A is Noetherian, there is an r such that Ann(f") =
Ann(f™) =-... Consider u € Q;, u = - Define a morphism
(f) 5 Q

£ — fTba.
This is well-defined since f"*5b = "5V implies that f"b = f"V'.
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Since @ is injective, this can be extended to a map 1: A — @ and let v = ¢(1). Then
f™%v = f"a, and hence £ =11nQy.

For the other steps, see the official notes. 0

3.5. Soft sheaves on paracompact spaces.

Definition 3.5.1. A topological space X is paracompact if the following conditions hold:

e Hausdorff,
e every open cover has a locally finite refinement.

It is easy to see that a closed subset of a paracompact space is paracompact.

Examples 3.5.2.

(1) Topological manifolds (which are assumed to be Hausdorff and have a countable basis
of open subsets)

(2) Simplicial complexes

(3) CW complexes

The following result is always useful: if X = (JU; is a locally finite open cover, then there is

an open cover X = JV; such that V; C Uj.

A special case shows that if ' C U where F' is an open subset and U is a Closed_subset (so
V' U X \ F is an open cover), then there is an open set W such that F C W C W C V. In
other words, a paracompact space is normal.

Definition 3.5.3. Let X be a topological space. A sheaf F is soft if for any closed subset
Z C X, I(X,F)—TI(Z,F) is surjective.

We recall a result from the problem session. If X is paracompact and Z C X is closed,
then for any s € F(Z), there is an open subset U containing Z and sy € F(U) such that
sulz = s. In particular, if F is flasque, then it is soft.

Lemma 3.5.4. Suppose X is paracompact. If

0 y F > F » F > 0

is a short exact sequence with F' soft, then we have an exact sequence

0 —— FI(X) — F(X) — F'(X) —— 0

Proof. We omit the proof here since this is similar to Problem 1 on Homework 6, but it can
be found in the official notes. O

Corollary 3.5.5. If X is paracompact and

0 y F » F » F

~
o
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is a short exact sequence with F' soft, then F is soft if and only if F" is soft.

Proof. If Z C X is closed, we have a commutative diagram

0 — FI(X) — F(X) — F'(X) —— 0

: s s
0 — F'(Z) — F(Z) — F'(Z) — 0
with exact rows by Lemma 3.5.4 (note that F'|z is also soft and Z is also paracompact

so the lemma applies). As « is surjective by hypothesis, the Snake Lemma shows that
coker 8 = coker 7. 0

Proposition 3.5.6. If X is paracompact and F is soft, then H/(X,F) =0 fori > 1. In
particular, if M is any Ox-module and M — F* is a resolution by soft Ox-modules, then

H'(X, M) = H(T(X,F*)).
Proof. Consider an embedding F — A into a flasque sheaf A, and let

0 s F s A s B s 0

be the corresponding short exact sequence. Then the long exact sequence in cohomology
gives the exact sequences

0 — = I(X,F) — > (X, A) — T'(X,B)

HY(X,F) —— HY(X,A) =0,
e —

as A is flasque
0= H(X,A) — Hi(X,B) — H+Y(X,F) —— H* (X, A) =0.

This shows that H'(X, B) & H" (X, F) for i > 1. Since I'(X, A) — T'(X, B) is surjective
by Lemma 3.5.4, H'(X,F) = 0.

By Corollary 3.5.5, since F is soft and A4 is soft (since flasque), B is also soft. By induction,
we see that H'(X, B) =0, so H(X,F) = 0, which completes the proof. O

3.6. De Rham cohomology and sheaf cohomology. Let X be a smooth manifold (in
particular, since it is Hausdorff and has a countable basis, it is paracompact). Let

CY = sheaf of smooth functions form X to R,
&Y = sheaf of smooth p-differential forms on X.

Note that £% = C¥.

Let d: % — 5;’(“ be the exterior differential.
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Recall that if U C X is open with coordinates w1, ..., x,, any w € T'(U, &%) can be written

as
w= ) fidu

[I|=p
where [ is an ordered p-tuple iy < --- <, and we write dxy = d;; A --- Adx;,. Then

dw = Z < 1 axide) ANdzxg.

‘[':p =

Note that d o d, and hence we get the de Rham complez:

0 —— EY(X) —— EX(X) o » EL(X) —— 0

where n = dim(X). The de Rham cohomology groups are then defined as
Hap(X) = HP(EX (X)),
which are R-vector spaces.
Theorem 3.6.1. We have a canonical isomorphism
HI: (X) = HP(X,R),
where R s the constant sheaf.
Lemma 3.6.2. Every C¥-module F (for example, E% ) is soft.
Proof. Let Z C X be closed and let s € F(Z). We know that there is an open subset U D Z
and sy € F(U) such that sy|z = s.
Choose open subset Vi, V5 such that
ZCViCViCVhCVa CU.

By the smooth version of Urysohn’s Lemma, there is a function f € C¥(X) such that
f 1onVj,
1 Oon X\ V%

Consider fsy on U and 0 on X \ V5. They agree on U \ Vs, so there exists t € F(X) such
that

tly = fsu.
Then t|y, = sylv,, and hence t|; = s. O
Consider the complex
0 > R y EQ(X) —— Ex(X) o » EL(X) —— 0.

The following lemma shows that this complex gives a resolution for R when X = R".

Lemma 3.6.3 (Poincaré Lemma). For every n > 0, the complex

Exn(R™) : 0 > R » EQL(R™) —— &R (R") —— -+ —— ER(R™") —— 0.
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18 exact.

Proof. We use induction on n > 0. The n = 0 case is trivial. For n > 0, consider the maps

R« d > R" ~ s R
(X1, ..oy xp) — (2a,...,2y)
(X9, ..., xp) — (0,29,...,2,)
This gives maps
Enna(R™1) — E.(R") —— &nu s (R™)

whose composition is the identity. To complete the proof by induction, it suffices to show
that 7* 00" ~ lgs (rn). To define a differential

EP(R") —L EPHY(R")

—

£ 1(R")

we use integration:

if1¢l,

0
fdxp — t/if@aw%-~wa%)dt dvyp i IT={1}UT.
0

The fact that this gives a homotopy as above is left as an exercise. For example, if 1 & I,
then

(0" od +do 6P)(fdxy) = 6PT (Z gf dz; A d:c1>
im1 i
X a
= a—i(t,xg,...,xn)dt dxy
0

= (f(z1,...,2n) — f(0,29,...,2,))des by the FTC
= (id — 7* 0 3*)(fdx;)

The other case is a similar computation. O]

Proof of Theorem 3.6.1. We have the following complex of sheaves

e

0 > R y E y E

~
~
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We know that if we take sections on U diffeomorphic to R", then by Poincaré Lemma 3.6.3,
we get an exact complex. Since every point has a basis of neighborhoods diffeomoprhic to R",
the above complex of sheaves is exact. By Lemma 3.6.2, R — £% is a soft resolution of R,
and the result follows from Proposition 3.5.6. U

We now move on to general topological spaces instead.

Theorem 3.6.4. If X is a locally contractible topological space, which is paracompact, then

for every commutative ring R and R-module A, we have an isomorphism
HY(X,A) 2 1Y, (X, A)

sing

singular cohomology
with coefficients in A

Recall that X is a locally contractible space if every point in X has a basis of open neigh-
borhoods which are contractible.

Remark 3.6.5. By a recent result, one can drop the paracompactness hypothesis.

Proof of Theorem 3.6.4. For every p, let A, be the standard p-dimension simplex. Then a
p-simplex in X is a continuous map A, — X, and we set

Cp(X) = free abelian group generated by p-simplices in X
and we have the standard map 9: C,(X) — C,_1(X) such that 9> = 0. We let
CP(X,A) = Homz(C,(X), A).
Then
HE (X, A) = HP(C* (X, A)).
Note that any map f: X — Y gives a chain map C*(Y, A) — C*(X, A).

For every p, let C% be the presheaf that assigns to X D U, CP(U, A), and for V' C U, the
natural map C?(U, A) — C?(V, A) gives the restriction maps.

We get a complex

0 » A » C% > Cx

v
A\
a

b3
(e}

Note that C% is not a sheaf: functions that agree on intersections can be glued, but far from
uniquely. Hence let 8§ = (C5)T.

Since X is locally contractible, each point has a basis of neighborhoods U such that the
corresponding complex of sections of C§ on U is exact. We then get an exact sequence

If every open subset of X is paracompact (for example, if X is a topological manifold), all S%-
are flasque, since all maps C%-(U) — S%(U) are surjective (this is by Problem 2 on Problem
Set 6). In general, S% are just soft, and this case is dealt with in the notes.
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This shows that
HP (X, A) = H(S%(X)).

Consider

0 — V(X)) — Cx(X) — Sy (X) —— 0.

It is enough to show that HP(V*(X)) = 0 for all p. Recall that
VR(X) = ling V3(X)
where

V(X)) = {0- € CP(X,A) | o vanishes on p-simplices in X } .

whose image is contained in some element of U
It is enough to show that HP(V;(X)) = 0 for each U.

A known fact from singular cohomology is that if C¥ is the free abelian group generated by
the p-simplices in X whose image is contained in some element of U, then

CH(X) — Cu(X)
is a homotopy equivalence. (This is proved using baricentric subdivision.)

This is still a homotopy equivalence after applying Homgz(—, A). Then the exact sequence
0 —— V(X)) —— C*(X,A) —— Hom(CY(X),A) —— 0
shows that HP(V;$(X)) = 0 for all p. O

3.7. Introduction to spectral sequences. Let K* be a complex in a category C (for
example, the category of Ox-modules for a ringed space (X,Oyx)). Consider a decreasing
filtration FeK*® = (F,K*®)yez, i.e. a chain of subcomplexes:

K*D.---DF,K*DF,1K*D.
This gives a filtration on the cohomology of K* given by
F,HY(K®) = im(H"(F,K*) — H"(K*®)).
We want a description of the quotients
FpH"(K*)
FpaHr(K*)

in terms of some data coming from the successive quotients of K*°.

gr,H"(K*) =

This data is encoded by the spectral sequence. For r > 0, we denote by (E?9), .z the rth
page of the spectral sequence, where p is related to the filtration level and p + ¢ records the

place in the complex. To define it, for r € Z let
701 = {u € F,K"*" | d(u) € F,,, KT}

and set
Zp4

FPa —
r p+1,g—1 p—r+l,g+r—2\"
Zfr—l + d(Zr—l )
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Note that Z{) = Zy* = F,KP*4. Also,

Fp Kp+q

E, 1 Kprta

p

Pq
EO —

and there is a map
D4 p,q+1
Ey" — E

induced by d. Similarly,

Ef’q _ {’LL c Fpr+q | du c Fp+1Kp+q+1} _ H(Eg_Lq N Eg,q N E(z)),q—‘rl).

Fp+1Kp+q + d(Fp(Kp+q—l))

In general, d induces a map d,.: EP? — EpTra—r+l,

Proposition 3.7.1. For each r > 0, there is a canonical isomorphism
EP = H(EP et pPa y ppinasrly

r

Proof. The proof is left as an exercise. O

Definition 3.7.2. A filtration F,K*® on K* is pointwise finite if for any n we have
F,K" =0 for p> 0,
F,K" = K" for p < 0.
Proposition 3.7.3. If the filtration on K* is pointwise finite, then for any p,q € Z, EP9 is
eventually constant. We denote this value by E%:1. Moreover, for all p,q we have that
EPi =~ grpHp+q(K').

Proof. Fix p,q. We have that
ZP1 = F,KP" N ker(d).
Consider the sequence
Fp—ratr—1 — EPa pptra—r+l
whose cohomology gives E¥Y| by Proposition 3.7.1. For r > 0, ZPT"¢- "+ = (, since [, K" =
0 for p > 0. Similarly, EP~"4t"=1 for r > 0, since ZP~"4t7=1 = ZP~rH1Lat7=2 " Therefore,
taking the cohomology of the above sequence gives simply
EPL = EP9 for r > 0.
Moreover,
dZP= T2 — g (KPHl  d(F,KPT)) = F,KPY 0 im(d).
It is easy to check that
F,KPT1 N ker(d)
F,.1KPtanker(d) + (F,KPtaNim(d))’
which completes the proof. 0]

ar HPTU(K®) =

Definition 3.7.4. If the conclusion of Proposition 3.7.3, we write
EPT = HPTI(K®)

and say that the spectral sequence converges with respect to p to the cohomology of K*.
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Definition 3.7.5. The spectral sequence collapses at level rq if d, = 0 for r > rg. In this
case, Lo = E,,.

Suppose there is an a such that E2? = 0 unless p = a and ro > 1. Then EZ? = 0if p # a
and E%? = EP? for all p,q. This shows that

H"(K*®) = B2 for all n.
This way, we recover the cohomology of the complex from a spectral sequence.
Similarly, if there is a b such that EF? = 0 unless ¢ = b, then E%? = 0 unless ¢ = b, and

b EPYif rg > 2,
< T EYY ifrg=1

In this case,
H'(K®) = E;t)*b’b.

We now describe the spectral sequence of a double complex.

Definition 3.7.6. A double complex A** is a collection (AP9), .z of objects together with
morphisms

dy: AP9 — APTLA

dy: AP — APIT
such that 0 =d; od; = dyody and d; o dy = dy 0 d.

In particular, both A”* and A*? are complexes all fixed p and q.

Definition 3.7.7. The total complex of A** is K* = Tot(A**) is defined by K" = @ A
i+j=n
together with maps
d: K" — K™
such that d

At — dl + (—1)Zd2

It is easy to see that d o d = 0 so the total complex is indeed a complex.

We consider two filtration on K*°:

— "
FK"= P A,
i+j=n
i>p
1" o i+
FJK"= P A,
i+j=n
jzp
We will always assume that for any n, there are only finitely many p such that AP~ £ (.
Hence both filtrations are pointwise finite. This happens, for example, when A?? = ( unless
p,q > 0, i.e. for a first quadrant double complex.

In this case, Proposition 3.7.3 shows that the two spectral sequences associated to these two
filtrations converge to H"(K*®).
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Let us first consider the spectral sequence 'E?? with respect to the F’ filtration. We have
that 'E?9 = AP9 and the induced map dy: EP? — EP'™ is given by (—1)idy. This gives
~— ~——
AP-q Ap,q+1
"BVt = HI(AP*®).
The map induced by taking H? of AP* — APTL® gives
'EPY o TRPTh
—~— ——
HQ(A;D«‘) Hq(Ap+1,0)
We then define

(Y = i HE, (A7) = MO (A1) = HIAP") = HO( 1)),

Similarly, for the F” filtration we get
//Eg,q — AP,
"EPT = HI(AP),
ERT = MM, (%),

3.8. The Grothendieck spectral sequence. Consider two left exact functors

Cl g>CQ F)Cg.

Theorem 3.8.1. Suppose for any injective object T of Cy, G(I) is F-acyclic. Then for any
object A of Cy, there is a spectral sequence E5Y = RPF(RIG(A)) and
EY1 =, RPY(G o F)(A).

Example 3.8.2 (Leray Spectral Sequence). A composition of morphisms of algebraic vari-
eties

X 2,y 7

induces
Ox-mod LN Oy-mod L> Oz-mod

If 7 € Ox-mod is injective, it is flasque, and hence ¢,Z is flasque, i.e. f,-acyclic. Then by
Theorem 3.8.1, we get a spectral sequence
EP" = R f.(R1g.(G)) =p R'TU((f 0 9).F).

In particular, if Z is a point, we see that for a morphism g: X — Y and and Ox-module F
, we gave a spectral sequence

EY? = H?(Y,Rig,(F)) = HT(X, F).
Example 3.8.3. Suppose g is affine (for example, if it is finite or a closed immersion). If F
is quasicoherent on X, then R?f,F =0 for ¢ > 1. If U C Y is affine, then
DU, R f.F) = HY(f Y (U),F) =0 for ¢ > 1.
—

affine
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The Leray Spectral Sequence shows that
H"(X, F) = H"(Y, g.(F))
for any quasicoherent sheaf F if g is affine.

Definition 3.8.4. Given a complex C* bounded from below (C? = 0 if p < 0), a Cartan—

Filenberg resolution of C'* is a double complex A®** together with a morphism of complex
C* — A** such that

(1) there is a pg such that AP4 = 0 if p < p, for any ¢; AP9=Y if ¢ < 0 for any p,
(2) for any p, C? — APV is an injective resolution,

(3) for any p, ker(d?) — ker(d}"*) in an injective resolution,

(4) for any p, im(d?) — im(d}®) is an injective resolution,

(5) for any p, HF(C*) — HP(A*?) — HP(A*') — .- is an injective resolution.

Lemma 3.8.5. In any category with enough injectives, any complex bounded from below has
a Cartan-FEilenberg resolution.

Proof. Fix py such that C? = 0 for p < pg. For any p, we have two short exact sequences

(1) 0 —— im(d”") —— ker(d?) —— HP(C®*) — 0

(2) 0 —— ker(dP) > CP > im(d?) —— 0

For any p, choose injective resolutions
HP(C®) — UP*
im(dP~1) — VP*

such that UP* = VP* = 0 if p < pg. By Horseshoe Lemma 3.1.11 applied to the exact
sequence (1), we get an injective resolution ker(d?) — W?* such that the diagram

0 —— im(d?™') —— ker(d?) —— HP(C*) —— 0

| | !

0O —— VP* — Wn* > UP® > 0

commutes. By Horseshoes Lemma 3.1.11 applied to the exact sequence (2), we get an
injective resolution C? — AP* such that the diagram

0 —— ker(dP) > CP > im(dP?) —— 0

| o

0 —— WP* ——— AP* —— VPFle 5 ()

commutes. Putting these two together, we get morphisms of complexes
AP s PTLe s e APr®

making A®* a double complex. O
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Suppose now that we have a complex C'* bounded from below of objects in a category C and
C* — A** is a Cartan—FEilenberg resolution. Let G: C — C’ be a left exact functor. The goal
is to describe the spectral sequence associated to the double complex G(A®**).

The first spectral sequence associated to this double complex is
B = HI(G(A")) = RIG(CT)
with
'EPT — TEPTH

induced by the map C? — CP*!. This gives

EY? =HP(RIG(C*))
and

"BV =, HPTI(Tot(G(A*?))).

We show that the second exact sequence associate to the double complex G(A**) is

Y = HIG(A™),

Recall that for every p we have the two exact sequences

0 — ker(d"P) > AP > im(d”) > 0
0 — im(d"?) —— ker(d}?) —— HI(A%Y) —— 0

which splits since ker(d}?), im(d’ ") are injective. Hence the sequences stay exact after
applying G, and hence
YERT = GHI(A))
Since we know H?(C®) — HI(A**) is an injective resolution, we conclude that
"EYT = RPG(HI(C®)) =p HP(Tot(G(A))).

Suppose that, in addition, all C? are G-acyclic. Then 'EY? = HI(RIG(C*)) shows that
'EYT=0if ¢ # 0, and
H"(Tot(G(A™*))) = H"(G(C?)).

Therefore, we have a spectral sequence

EYT = RPG(HI(C®)) =p H™(G(C?)).
Suppose now we are in the setting of Grothendieck spectral sequence 3.8.1:

a 5o S e,

with F and G left exact, and F mapping injective objects to G-acyclic objects. For A €
Ob(C,), let A — Z°* be an injective resolution.

Consider the complex F(Z°®). By assumption, all the terms are G-acyclic, and hence the
above discussion shows that the Grothendieck spectral sequence 3.8.1 becomes:

By = RG(H!(F(T")) = R'GURIF(A)) =, W (G(F(T) = R*(G 0 F)(A).
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3.9. Cech cohomology. Let (X,Ox) be a ringed space and U = (U;)ic; be a finite open
cover. Moreover, let F be an Ox-module (or just a sheaf of abelian groups).

For J C I, write U; =
p >0, let

ey Ui, and by convention Uy = X. Choose an order on I. For

C*U,F)= P FU.
JCI
|J|=p+1

For example,

C°(U, F) = D F(Uy),

C(U,F) =P FU:nUy).
i<j
Define the map
CP(U, F) 5 cr U, F)
(85)0 = (s5)r
where for J' = {jo < -+ < jpt1} we set

p+1

Sy = Z(_l)qs«]'\{jq}’UJ/‘

q=0
Exercise. Show that dod = 0.

Definition 3.9.1. The Cech complex associated to F and the cover U is C*(U,F). The
Cech cohomology is the cohomology of this complex

HP (U, F) = HP(C*(U, F)).

Note that by the sheaf axiom, H(U, F) = F(X).
Theorem 3.9.2. If X is an algebraic variety, U is a finite affine open cover, and F is a
quasicoherent Ox-module, then there is a functorial isomorphism

HY (U, F) = HP (X, F).

Before we prove this theorem, we prove two lemmas. Let us first sheafify the above construc-
tion. For J C I, let ay: Uy — X. Then set F; = F|y, and

C’=C"UF)= P (). Fs forp>-—1
[ J|=p+1
with C~' = F by convention. Then
ru.c)= @ Funuy
[ J|=p+1

and we have maps d?: C? — CP™! defined by the same formulas as above. We then get a
complex



74 MIRCEA MUSTATA

0 ——C'=F y CO s C!

~

and applying I'(X, —) recoves the previous complex C*(U, F):
0 —— F(X) — C*(U,F) — ---

Lemma 3.9.3. The complex

0 —— C! » C0 y CL

~

1s an exact complex of sheaves.

Proof. We show that for any x € X, the corresponding sequence of stalks at = is exact. By
choosing g € I such that z € U,,, it is enough to show that for all open subsets U C U,,,
the sequence

0 —— C Y U) — C'U) — CY{U) —— ---

is exact. In other words, we need to show that the identity map and the zero map on this
complex are homotopic, id = 0. Define

o crU)= @ FUNU,) - (U)
|J|=p+1
(57)7 > (s5)
where

e ,
sJ/—{O ifig & J

(=1)°syngioy if i € J" and J' contains exactly s elements j" with j' < .
Note that U N U]\{Z'O} =UnNnUuUj;.
Exercise. The maps (67),>¢ give a homotopy between id and 0. O

Lemma 3.9.4. If U is an open affine subset of X, j: U — X 1is the inclusion map, and F
is a quasicoherent sheaf on U, then H?(X, j.(F)) =0 for p > 1.

Proof. Since j is an affine map, this is a consequence of the Leray Spectral Sequence (Ex-
ample 3.8.2):

HP (X, j.(F)) =2 H(U,F) =0
for p > 1 by vanishing of cohomology of quasicoherent sheaves on affine varieties (Theo-
rem 3.4.1). O

Proof of Theorem 3.9.2. By Lemma 3.9.3 we have a resolution of F given by F — C*. By
Lemma 3.9.4, for any ) # J C I, writing ay: U; — X for the inclusion map, (ay).Fy is
['(X, —)-acyclic. Therefore,

HP (X, F)=H(I'(X,C*)) by definition of sheaf cohomology
= H?(U, F) by definition of Cech cohomology
completing the proof. 0
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Corollary 3.9.5. (1) If any algebraic variety X, there is a d such that H/(X,F) = 0
for all i > d and any quasicoherent sheaf F on X.
(2) Suppose X = MaxProj(S) and n = dim X .
o If F is quasicoherent on X, then H (X, F) =0 fori > n.
e If F is cohreent on X, dim(supp(F)) = r, then H(X,F) =0 fori >r.

Proof. For (1), take d such that there is a cover of X by d affine open subsets and use Cech
cohomology 3.9.2.

For (2), if Z C X is a closed subvariety of dimension r, there are affine open subsets

Ui,...,Upy1 in X such that Z C |J U;. In fact, we can take U; = DX (h;), h; € S;. For
i=1

Y = MaxSpec(Sy), we have

]P)N

P

X Ly PN xYy

\ip

If dim(f(Z)) <r, then f(Z) N (| V(h;) = @ for suitable

=1
hi € k[zo, ..., zn)1 C (Solxo, ..., xn])1 — Si.

This shows that H(X,F) = 0 for i > r using Cech cohomology to compute the sheaf
cohomology (Theorem 3.9.2). O

Remark 3.9.6 (Grothendieck). If X is an algebraic variety of dimension n, then for any
sheaf of abelian groups F on X, HY(X, F) =0 for i > n.

3.10. Coherent sheaves on projective varieties. Let X = MaxProj(S) where S = €@ S;
i>0

is an N-graded reduced k-algebra such that Sy is finitely-generated over k and S is generated

by S; as an Sp-algebra and S is a finitely-generated Sp-module. In other words, there is a

surjective map
S()[Im ce ,$n] — S

and hence we have a diagram

Y = MaxSpec(Sy)

|

XTS5y xPr=pPp

Unsurprisingly, to define coherent sheaves on projective varieties, we need to introduce a
grading.
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Definition 3.10.1. A graded S-module is an S-module M with a decomposition
M= M
i€Z
such that S; - M; C M;,; for any i, j. Elements of M; are called homogeneous of degree i.

A morphism of graded modules f: M — N is a morphism of modules such that f(M;) C N;
for any 1.

Since we can compose these morphisms, this gives a category of graded S-modules.

If M is a graded S-module, a graded submodule N C M is a submodule generated by ho-
mogeneous elements. Equivalently, the decomposition M = @ M; induces a decomposition

N = @(NnN M), so N is a graded module such that N < M is a graded module. Then

the qugtient
M/N = @(M;/N N M;)
i€Z
is a graded module such that M — M/N is a graded morphism.

It is clear that if f: M — N is a morphism of graded modules, then ker(f) C M and
im(f) C N are graded submodules. Using quotients, we construct coker(f).

Altogether, this shows that the category of graded S-modules is an abelian category.
Recall that on X we have a basis for the topology given by
D3 (f) with f homogeneous , deg(f) > 0.

Each of these is affine and
I(D%(f), Ox) = S(p).

Recall that, by definition, S¢;y = (Sf)o, the 0-graded piece of Sy. We will similarly write
My for the O-graded piece of M.

Suppose now M is a graded S-module. Given DY (f), consider (My)o. Note that if DF(g) C

D% (f), we get canonical map (M;)y — (M,)o. Indeed, V(g) C V(f), so g € \/(f), so by
universal property of localization, we get a map

M
/ \
My > M,

which is graded, and hence gives a map (My)o — (My)o.

Lemma 3.10.2. Gwen [ and fi,...,f. € S homogeneous of positive degree such that
D% (f) = U D% (f:), then the following sequence
i=1

T

0 —— M, » @ M) —— D My,

i=1 1<j
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Proof. This is similar to the corresponding assertion for affine varieties, so it is left as an
exercise. (See the official notes for a solution.) U

We conclude that there is an Ox-module M such that
D(DX(f), M) = M).
(It remains to check the compatibility of the restriction maps but this is clear.)

Examples 3.10.3.

(1) Trivially, S = Ox.
(2) Given m € Z and a graded module M, let M (m) be M as an S-module, but M (m); =
M, +i. Then M(m) is a graded module. Set

—_~—

S(m) = Ox(m).
We claim that this is a line bundle. Since S is generated as an Sp-algebra by S, we
can cover X by open subsets of the form D (f) for Dx(f) = 1. Now, note that
F<D+(X)7 OX(m>> = (Sf)m — (Sf>07
u— f"u.
(3) If X = P", we recover the old Opn(m). Indeed, the above isomorphism for U; =
Dy, (z;) becomes
it Opn(m)|y, = Opnlu,
given by multiplication by mLm Then the transition functions are given by ¢, o goj_l =
pilu;nu;
uinu; T OJPn|UmUJ-

OP" UiﬁUj

O]pm (m)

This agrees with the previously computed transition functions.

Notation. If F is an Ox-module, let
F(m) =F ®o, Ox(m).

We claim that M (m) = M(m). Indeed, for deg(f) = 1, we clearly have an isomorphism

(DL (), M(m)) = (Mp)o ®s,)o (Sphm = (M) = (DL (f), M(m)),
U,

fr fs frJrs ’

For example, if M = S(n), we have that
Ox(m) ®o, Ox(n) = Ox(m+ n).
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Finally, the assignment M +— M is functorial. If @: M — N is a morphism of graded
modules, we get (My)o — (INf)o for every homogeneous f of positive degree. These induce

morphisms of Ox-modules M — N.

Properties.

(1) This is an exact functor (since localization is exact).
(2) It commutes with arbitrary direct limits.

Proposition 3.10.4. The Ox-module M is quasicoherent. If M s finitely generated, M is
coherent.

Proof. Choose generators (u;);c; homogeneous of deg u; = a; (finite if M is finitely-generated).

Consider the map
P S(~a;) > M,
iel
€; > Uj;.

Repeat this for ker(p) to get an exact sequence

@D S(—b;)) — P S(—a) > M > 0.

jET i€l

Applying ~, we get an exact sequence

@D Ox(-b;) — D Ox(—a;) > M

jET i€l

v
e

Then M is quasicoherent (or coherent if M is finitely-generated) as a cokernel of a morphisms
of quasicoherent (coherent) sheaves. O
Question. When is M = 07?

It is enough to see when (Mjy), for f € S (since M is quasicoherent). Since (My)o = (My)m,
for any m € Z by mapping v — f™u, we see that this is equivalent to M; = 0 for all f € 5;.

Since S is generated over Sy by S;, we have S, = @ S; = (51).

>0
Answer. This shows that M = 0 if and only if for any u € M, (S )N - u =0 for some N.
If M is finitely-generated, this is equivalent to (SY) - M = 0 for some N.

Exercise. This is equivalent to M; = 0 for ¢ > 0.

We now define a functor in the opposite direction. For a quasicoherent sheaf F on X, let
L.(F) = DT, F(m)
meZL
as a graded abelian group.
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Remarks 3.10.5.

(1) For any M, we have a morphism
M ™ (X, M) = @ (X, M(3)).
i€Z
Indeed, take u € M;. For f homogeneous of positive degree, consider

(¢ PRI
Y e (My): = D(DX(7), M),
These glue to give @y, (u) € T'( X, m)
For M = S, this gives a map

Og: S — PT(X, Ox(i)).
i€z
(2) For any quasicoherent sheaf F on X, there is a map
I'(X, 0x (i) @ T(X, F(j)) = T'(X, F(i + j))

given by tensor product of sections. For F = Oy, this makes I',(Ox) a graded ring
such that ®g is a graded homomorphism.
For any F, this makes I',(F) a graded module over I',(Ox), and hence a graded
module over S via ®g.
(3) We get a functor
Qcoh(X) — graded S-modules.

Indeed, for a map F — G, we get maps F(m) — G(m) for all m,which give a map
I (F) = T.(9).

Proposition 3.10.6. For every F, we have a canonical isomorphism

—_——

Note that if f € Sy, DX (f) = X \V(f). If f € S,n, we get a section in Ox(m), locally given
by { Then V(f) is the zero locus of this section.

The following lemma is a generalization of this.

Lemma 3.10.7. Suppose X is an algebraic variety, F € Qcoh(X), s € I'(X, L), and U =
X\ V(s).

(1) Ift € I'(X, F) is a section such that such that t|y = 0, then there is an N such that
sV tel(X, FeLN) is 0.

(2) For any t € T'(U,F), there is a q such that s|y - t is the restriction of a section in
I'(X, F® L9).

Proof. Exercise. (Cover X by affine open subsets U; such that L]y, = Op,. In this case, we
know both assertion for U; C U N Uj;, so we just need to glue these.) 0

Proof of Proposition 3.10.6. We need compatible maps for each f € S, homogeneous of
degree d > 0,
(Ce(F)p)o = D(Dx (), F).
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An element of (I'.(F)f)o can be written as
s

"
for s € T'(X, F(md)), since 7 € T(Dx(f), Ox(—md)). We define
(Tu(F)p)o = T(Dx (f), F),
s 1

f
These glue to give 1 £. Let us show that 1z is an isomorphism. It is enough to show it is an
isomorphism on each D} (f).
For injectivity, suppose £ — 0, so S|D+(f) 0, since = # 0 on DX (f). Now, DL (f) = X'\

V(f) and Lemma 3.10.7 shows that there is an N such that fV-s = 0in ['(X, F(md + Nd)).
Then

$|D+

s s _0
R
in I.(F).
For surjectivity, given ¢t € T'(D%(f),F), Lemma 3.10.7 shows that there is a ¢ such that
f15+ 5t extends to t' € I'(X, F(qd)). Then t = ¢(t'/ f?), showing surjectivity. O
X

Corollary 3.10.8. If F € Coh(X), there exists a finitely-generated S-module M such that
M=F.

Proof. By Proposition 3.10.6, there is an S-module N such that F = N. Choose a finite
cover X = |J DX (fi) such that
i=1

(Ny)o = T(D%(f:), F) is finitely-generated over (Sy,)o.

Choose generators for each of these and let M C N be the graded S-module generated by
the numerators of these generators. Then

(Nfi) - F(D+ (fz) ) - F(D+(fz) )
for all 7, and hence M= N. O
Remark 3.10.9. Given any M, we have ®;;: M — I‘*(M) This gives a morphism

—~——

Dy M — T, (M)

and by Proposition 3.10.6, we have an isomorphism

—_——

U T (M) S M.

It is easy to check that 37 o E}TA} =1, and hence o}]} is an isomorphism.

Exercise. Suppose S — T is a surjective graded homomorphism, inducing

i: MaxProj(T) = X — MaxProj(S) =Y.
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If N is a graded S-module, then M = N ®¢ T = N/IN where I = ker(S — T') is a graded
T-module. Then o

"N = M.
In particular, i*Oy(m) = Ox(m).

Remark 3.10.10. The construction of O(1) globalizes. Suppose T is any variety and S =

P S, is a graded, reduced, quasicoherent Or-algebra such that Sy and &) are coherent and
m2>0
S is generated by &; over §g. Then we get a map 7 such that for any affine open U the

diagram

X = MaxProj(S) «+—— MaxProj(S(U))

Iy |

T < s U

commutes. For each U, we have O -1(1) and these glue to give Ox(1).

We get a canonical morphism
Sz‘ — m.O0x (Z)

Example 3.10.11. Suppose T is irreducible and Z is a coherent ideal on T'. The blow-up
along 7 was defined as

T = MaxProj (@ Im)
m>

;
Then Z - Oz = Oz(—F) for an effective Cartier divisor £.
Exercise. Check that Oz(1) = Oz(—FE).
To do this, write this down explicitly locally.

Let X be any variety and F be a quasicoherent sheaf. There is a canonical morphism
['(X,F) ® Ox — F given on an open subset U by

(X, F) @, Ox(U) = F(U)
Zsi®fi = fisilu
i=1

where f; € Ox(U).

Definition 3.10.12. The quasicoherent sheaf F is globally generated if this map is surjective,
i.e. for x € X, F, is generated over Ox , by
{s: | s e (X, F)}.

Definition 3.10.13. A line bundle £ € Pic(X) is ample if for any F € Coh(X), F ® L™ is
globally generated for m > 0.
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For example, if X is affine, every quasicoherent sheaf is globally generated. In particular,
every line bundle is ample.

Proposition 3.10.14. If X = MaxProj(S), Ox(1) is ample.

Proof. Let F € Coh(X). Then there is a finitely-generated S-module M such that F = M.
Let uy,...,u, € M be homogeneous generators with d; = deg(u;).

We show that if d > maxd;, then F ® O(d) is globally generated.

Let S =@ S;. Let T'C M be the submodule generated by Si_di -u; for 1 < ¢ <n. Then
>0

T is finitely-generated over S and it is generated by elements of degree d. Therefore, there

is a surjective map

S(—d)® — T,
which gives a map Ox(—d)® — T. Twisting by Ox(d), we get
0% — T(d).

Hence T(d) is globally generated. For any i, Sﬁl:di -u; € T, so there is an N such that
S¥ - (M/T) = 0. Therefore, T = M. O

3.11. Cohomology of coherent sheaves on projective varieties. Let X = MaxProj(.S).

Theorem 3.11.1 (Serre). If F € Coh(X),

(1) HY(X,F) is a finitely-generated So-module for all i,
(2) there exists mo(F) such that H (X, F(m)) = 0 for m > mg(F), 1 > 1.

Assume for now that this results holds if S = S|z, ..., x,] (i.e. X is the product of an affine
variety with P") and F = O(j) for some j. We will deal with this case later.

Proof. Choose a graded surjection
So[fﬂo, e ,xn] — S
inducing
j: X =Y =7 xP" for Z = MaxSpec(Sp).
If F € Coh(X), H(X,F ® Ox(m)) =2 H(Y, j.(F ® j*Oy(m))), since we have noted before
that Ox(m) = j*Oy(m). By the projection formula,

Jast(F @ j* Oy (m)) = j.(F) @ Oy (m).
Hence, we may assume that S = Sy[zo, ..., z,].
For F € Coh(X), since Ox(1) is ample by Proposition 3.10.14, there is a surjective map
0% - F®0O(m)

(exercise: check why this is true). Suppose F = M for a finitely-generated M. There is a
surjection

@S(_Qi) — M.
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We then have a short exact sequence

0 > G >@(9X(—qi)—>}"zﬂ—>().
=1

After tensoring with Ox(m) (which preserves exactness since Ox(m) is locally free) and
taking the long exact sequence in cohomology, we get the exact sequence

(%) Jilﬁi(X, Ox(m —¢;)) — H'(X, F(m)) —— H™(X,G(m)).

We argue by decreasing induction. We know both assertions for H® if + > dim, since all
cohomology groups vanish. For the inductive step, suppose we know H*"(X, M) is finitely
generated over Sy and H™ (X, M(m)) = 0 for m > 0 if M is coherent. The exact sequence
(%) for m = 0 together with the inductive hypothesis and what we assume about O(j), we
conclude that H* (X, F) is finitely-generated over Sp.

Finally, for m > 0, the left term is 0 for ¢ > 1 by what we assume about O(j), and the right
term is 0 by the inductive hypothesis, and hence H*(X, F(m)) = 0 for all m > 0. O

We still have to deal with the case when S = Sy[zo, ..., z,] and F = O(j) for some j. We
prove a stronger result that allows to compute the cohomology explicitly in this case.

Theorem 3.11.2. Let X = MaxProj(S) where S = Alxo,...,x,]. Then

(1) the canonical map S — @ I'(X,O(m)) is an isomorphism,
meZ
(2) H(X,0(m)) =0 for all1 <i<n—1 and all m,
(3) H"(X,0(—n — 1)) = A and we have for every m a canonical perfect pairing of
finitely-generated free A-modules
NX,0(m)) x H*(X,0(—m —n—1)) - H"(X,0x(—n—1)) = A

for all m € Z.

Note that this simplies that every O(j) on X satisfies the conclusion of Serre’s Theo-
rem 3.11.1.

Proof. We want to compute the cohomology groups using Cech cohomology (Theorem 3.9.2)
with respect to the cover by D¥ (z;) for 0 <i < n. For J C {0,...,n}, write z; = [] z; and

icJ
Uy = U; = D¥(x;). We have that

icJ

cr= @ TU,03)
JC{0,...,n}
|J|=p+1

and the Cech complex is
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0 > O >y O > 0.

Note that I'(U;, O(j)) = (Ss,); and, up to signs, the maps are given by inclusion. Let
C™1=5; - T(X,0(j)) = C° Altogether, we get a complex

C*: 0—— C! » (0 » O » O s 0.

The first two assertions (1), (2) are then equivalent to H*(C*®) = 0 for all i < n—1. However,
it is easier to start by dealing with assertion (3). Note that

Hn(X, O(])) = coker (@ (Sxoxyxn)J — (Sxo..-xn)j> :

i=0
This is a free finitely generated A-module with basis % = 2y° ... 28", u; < —1 and ug+-- -+
Up = J.
It is clear that for j > —n, H"(X,0(j)) =0 and for j = —n — 1, H*(X,0(-n—-1)) =2 A
with generator (zq...z,)"".
Note that if s € I'(X, O(j)), this induces a map
O(-n—1-—j) > O(-n—-1)

given by tensoring with s. Hence we get a map

H'(X,Ox(—n—1—-7)) —» H*(X,0(—n —1)) = A.

Hence we get a bilinear map

HO(X,00)) x HY(X,O(—n — j —1)) —— H*(X,0(—n —1)) = A

/

S; x H'(X,0(—n — j — 1))

where the diagonal map sends (z*,z%) to "t if u; + v; = —1 for all ¢ and (z*,z2") — 0
otherwise. It is easy to show that this is a perfect pairing.

Hence it is enough to show that H'(C*) = 0 for i < n — 1. Recall that

"= P S.)i= P P Axte,.

JC{0,...,n} uezntl  JuCJ
|J|=p+1 up+-Fun=j |J|=p+1

where J, = {i | u; < 0} and e; € C? is the unit in S,,. We get a decomposition

c= P c.

u€zZ” 1
uQ++up =7

What if J, = {0,...,n}? Then C? = 0 for i # n. We now show that if J, # {0,...,n} then

C is exact.

Note that up to a shift, this is the complex that computes the reduced simplicial cohomology
with coefficients A for the full simplicial complex on {0,...,n}\ J,.)
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We will write down a homotopy between id and 0 on C?. Fix iy € {0,...,n} \ J,. For
0 < p < n, define

or: C — Crt

xuej — { (_1)K_1xuej\{i0} if J: jl <o < jé = Z'() < -k

0 if ig & J.
Ju CJ
J=p+1
Exercise. Check that the 67 give a homotopy between idcs and 0. O

Recall that this also completes the proof of Serre’s Theorem 3.11.1.
Corollary 3.11.3. Suppose X = MaxProj(S). If M is a finitely-generated graded S-module,

=

then (®ar); is an isomorphism for j > 0.

Proof. We may assume S = Az, ..., x,] by writing S as a quotient of a polynomial algebra.
If M = S(m), then ®,; is an isomorphism by Theorem 3.11.2.

By choosing homogeneous generators for M, we get a short exact sequence

0 > Q >P:@S(—mi) > M > 0
=1
Then we get
0 > Q) > P > M > 0

lch @p l@ M

~ ~ —_

0 — T (Q) — TwW(P) —— T.(M) —— 0

By the above, we know that ®p is an isomorphism, and by Theorem 3.11.1, we see that
HY(X,Q(j)) =0 for j > 0, so «; is surjective for j > 0, and hence (®y); is surjective for
7 > 0. Finally, Snake Lemma applied to the above diagram gives the exact sequence

0=®, — ker®py —— coker®qg

——
=0 in degree >0
by the above

so (ker ®,/); =0 for j > 0. O
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Exercise. If F is a coherent sheaf on X = MaxProj(S), then for any mg, I'u(F)m, =
P I'(X,F®O(y)) is a finitely-generated S-module.

j=mo

Indeed, by Corollary 3.11.3, it is eventually isomorphic to F, and the finitely many small
degrees left are finitely-generated over degree 0.

Theorem 3.11.4. If f: X — Y is a proper morphism and F € Coh(X), then
RP f.(F) € Coh(Y) for all p.
Corollary 3.11.5. If X is a complete variety and F € Coh(X), then dimy H'(X,F) < oo.

Proof. Apply Theorem 3.11.4 when Y is a point. 0

The idea of the proof is known as Grothendieck’s dAlvissage. We know the result for
projective and we use Chow’s Lemma to generalize it from that case.

Proof of Theorem 3.11.4. We know that RPf.(F) is quasicoherent for all p. Hence it is
enough to show that for any affine open subset U C Y, HP(f~1(U), F) is a finitely-generated
Oy (U)-module.

If f factors as

X <ty yxPn
S
Y

where 7 is a closed immersion, and U C Y is affine, then
HP(f74(U), F) = H'(U x P",i.(F))
is finitely-generated over O(U) by Serre’s Theorem 3.11.1.

We will reduce to this case using Chow’s Lemma.

Preparations.

(1) By Noetherian induction, we may assume that the theorem is true for every closed
subvariety X’ C X and the map f|x: X' — Y, i.e. FRP(f|x/)«(G) is coherent for
any G coherent on X'.

(2) If there is an X' as above such that the ideal sheaf Zx, of X’ in X satisfies Zx.-F = 0,
then writing j: X' — X, F = j.(F’) for some F’ € Coh(X’). Then

RPfu(F) = RO (flx)«(F)
is coherent.

(3) More generally, if supp F # X, we are done: take X’ = supp(F) and choose r such
that 7%, F = 0. Consider the filtration 0 C I;'(_,l]: C ... CZIxF C F. We have a
short exact sequence

0 — I3 F —— T F —— TLF/T -F——0.
—_———

annihilated by Zy/
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Arguing by descending induction on j, the long exact sequence for higher direct
images shows that RPf.(Z%,F) is coherent for all p. For j = 0, this shows that
RPf,(F) is coherent.
(4) If A % F, is such that supp(ker ¢) # X, supp(coker ¢) # X, then RPf,(F) is
coherent if and only if R, f.(F3) is coherent.
Indeed, consider the show exact sequences

0 —— kero > F1 y im¢p — 0,

0 —— imo > Fo > coker ¢ —— 0.

By (3), using the long exact sequences for higher direct images, we see that R? f.(F;)
is coherent if and only if R? f,(im(¢)) is coherent if and only if RP f.(F3) is coherent.

We can finally proceed with the proof. In the general case, by Chow’s lemma, we have

w2y x I,y

such that

e there are open dense subsets U C X, V' C W such that g|y: V — U is an isomor-
phism,
e [ og factors as

(in particular, the theorem holds for f o g).

Exercise. Morphisms that admit such factorizations include closed immersions, are closed
under base change, and are closed under composition, and hence g also has such a factoriza-
tion, and hence satisfies the theorem.

Note that we may assume in Chow’s Lemma that V = ¢=1(U): simply replace U by U \
gWAV).

Consider F — ¢.g*F, which is an isomorphism over U. By (4), it is enough to show that
RPf,(9.G) is coherent for any p, where G = g*(F). (Since F is coherent, G = g*F is coherent,
so ¢.G is coherent on X, because g satisfies the theorem.)

Finally, we use the Leray spectral sequence:
EJ" = R f.(R9.(G)) =p R"(f 0 9).(G).
We want to show that E2° is coherent on Y.

We know that for ¢ # 0, E5? is coherent, since R?g,(G) is coherent and supported on Y \ U
for ¢ # 0. This shows that EP? is coherent for all r and ¢ # 1 as a subquotient of E5.
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Moreover, EP:? is a subquotient of RP™(g o f).(G) which is coherent, and hence EP4 is
coherent.

. .. . 0
For r > 0, E2? = EPY is coherent. To complete the proof, it is enough to show that if E7|

is coherent then E}f’o is coherent for r > 2. For r > 2, we have maps

dy dy

Effr,rfl N E;o,O N Ef+r,fr+1 =0

and Ef‘“"‘l is coherent since r — 1 > 1. Then the exact sequence

—rr— 0
Bl > EPO > BV, —— 0
coherent coherent
so EPY is coherent. O

We have hence shown (Corollary 3.11.5) that if X is complete variety and F € Coh(X), then
h'(X,F) = dim, H(X,F) < oo.
Definition 3.11.6. The Fuler-Poincaré characteristic of F is

X(F)=> (-1)'r(X, FF).

>0

Note that if 0 - F' — F — F” — 0 is a short exact sequence, then the long exact sequence
in cohomology shows that x(F) = x(F’) + x(F"). Hence the Euler-Poincaré characteristic
is additive in short exact sequences.

We can use this to define new invariants.

Examples 3.11.7.

(1) Let X be a complete variety of dimension n. The arithmetic genus is

Pa(X) = (=1)"(x(Ox) = 1).
For example, if X is a connected projective curve, then p,(X) = h'(Ox).
(2) Let X be a smooth connected complete variety. The Hodge numbers are:

hP9(X) = h1(X, Q%).
The geometric genus is
pg(X) = h"° = h°(X, wx).
The plurigenera are p,,(z) = h%(X,w$™).

Recall that we showed in Problem Session 9 that p, is a birational invariant. In fact, more
is true.

Theorem 3.11.8. The geometric genus p,, and more generally p,, and h*° are birational
wmvariants for smooth, connected, complete varieties.
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The proof of this can be found in the official notes.

Definition 3.11.9. An irreducible algebraic variety is rational if it is birational to some P™.

It is usually easy to see that a variety is rational, but hard to prove that it is not rational. One
way to prove a variety is not rational is to define birational invariants (as above), compute
them for the projective space and the variety and see that they are not equal.

An example of this was given in Problem Session 9.

Example 3.11.10. We have that p,(P" ') = 0. If Y C P" is a smooth hypersurface of
degree d > n+ 1, then p,(Y) # 0, so Y is not rational.

4. MORPHISMS TO P"

Problem 1. Given a variety X, describe morphisms X — P".
Let S = k[zg,...,z,), V=5 =2 '(P", Opn(1)). Then
——

5(1)
¢I \%4 Rk O[[Dn — O]}»n(l)
is surjective, since ﬂ Vi(x;) = 0.
i=0

Suppose we have a map f: Y — P". Then £ = f*Opx(1) is a line bundle on Y, and

V & Oy f(@) r

is surjective.
Consider pairs (£, «) on Y where £ is a line bundle and
a:Ve,0y — L.
(Giving such an « is equivalent to giving V' — T'(Y, £), i.e. giving sq, ..., s, € I'(Y, L) with
s; = a(x;). Surjectivity is equivalent to fn] (s,) =0.)

=0
Set (£, ) ~ (L', a) if there is a u: £ = £ such that uo o = .
Proposition 4.0.1. We have a natural bijection

{morphisms Y — P"} — {equivalence classes of pairs (L, ) as above}.

Proof. We have defined the map
(f: Y = P?) = (f O (1), [7(9))-

To define a map in the opposite direction, suppose we have (£, a) and a: V ®; Oy — L is
given by a(z; ® 1) = s; € I'(Y, £). We want to define the map f: Y — P" by

y e [so(y) 0 sa(y)]
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and we do this locally.

Let V; =Y \ V(s;) CY, which is an open subset. Since « is surjective, Y = U Vi. On V;,
i=0
s; # 0, so it gives an isomorphism

OVi — L Vis
1— SZ‘VZ

Hence for all j, there exists a unique a;; € Oy (V;) such that s;|v, = a;;s;
P" by

v;. Define f;: V; —

y: laio(y) + -t ain(y)] € Dpu(:).

By uniqueness of the a; ;, on V;; N'V;,, we have that

25

Qi,jQip iy = Qig 5
and a;,;, € O(V;; NV,,)*. Therefore

fis

so we get a map f: Y — P" such that f|y, = fi.

Vi, Wiy = Jialvi nviy

Exercise. Show that:

(1) f only depends on the isomorphism class of (£, a),
(2) the two maps we defined are mutual inverses.

This completes the proof. O

Remark 4.0.2. Given a variety Y, let P*(Y') = {(L, ) as above}. This is a contravariant
functor: if g: Z — Y, and a: V ®; Oy — L, then

P (9)((£, ) = ("L, g" ().

We defined a natural transformation,
Hom\/ar/k(—, ]P)TL) — P

Proposition 4.0.1 shows that this is an isomorphism of functors, i.e. P" represents the func-
tor P".

Remark 4.0.3. Let V be a finite-dimensional vector space over k and consider
S = Sym*(V).
Then V = S;. Note that after choosing a basis for V', this becomes the set up above.
Let X = MaxProj(S). Then V = T'(X, Ox(1)).
In this setting, Proposition 4.0.1 then says that the map

_ L line bundle
{morphisms ¥ — X} — {(ﬁ,a) ‘ a: V@, O0x — L }/N

is an isomorphism.
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In particular, if Y is a point,
(the set underlying X') = {morphisms ¥ — X} = ({surjective maps V — k}/~) = {hyperplanes in V'}.
We can hence define

P(V) = MaxProj(Sym*(V)).

Note. If Y is a variety, £ is a line bundle on Y and a: V ®, Ox — L, then Proposition 4.0.1
gives a map

f:Y —=PWV),
Yy — ker(V — ﬁ(y)).
Examples 4.0.4.

(1) Let h: V — W be a surjective k-linear map with dimy V' < co. On P(W), we have
W @i, Opwy = Opary(1) and the map V' — W gives a surjective map
V @k Opawy = W @1 Opay.
The composition
V @i Opwy = W @1 Opawy = Opawy(1)
is surjective, and hence by Proposition 4.0.1, we get a map
P(W) — P(V)

mapping ¢: W — k to qo h.
(2) For P(V'), we have a map

V Qp OHD(V) —» O[p(v)(l).
If d > 1, we get SV ®, Opvy = Opgvy(d), which given
P(V) L P(SV)

such that f*O(1) = O(d). This is the Veronese embedding.
(3) Consider P(V'), P(W) and

P(V) x P(W)

P(V) P(W)
For V ® Opvy = Oppy(1) and W & Opwy = Opayy(1). On P(V) x P(W), we get
V@ W &, Opwvyxpovy — pri Ope)(1) @ pry Opayy(1)
which gives
P(V) x P(W) % P(V @ W)

such that j*O(1) = pr; O(1) ® pry O(1). This is the Segre embedding.
(4) Consider an injective linear map W < V and the corresponding exact sequence

0 > W % » V/W —— 0.
This gives a map P(V/W) — P(V). Let U = P(V) \ P(V/W). Then the composition
W @k Opawy —— V @, Oprvy —— Opy(1)




92 MIRCEA MUSTATA

is surjective on U. Therefore, we get a map
POV)\NP(V/W) — P(W),

which is given by VO H+— HNW C W. This is the linear projection with center
P(V/W).

Definition 4.0.5. A closed subvariety Y C P" is

e non-degenerate if there is no hyperplane H such that Y C H or, equivalently the
map ['(P", Opn (1)) — I'(Y, Oy (1)) is injective,

e linearly normal if I'(P", Opn (1)) — I'(Y, Oy (1)) is surjective,

e projectively normal if T'(P", Opn(m)) — I'(Y, Oy (m)) is surjective fro all m > 1.

Suppose Y is a variety, £ € Pic(y), and a: V ®; Oy — L corresponds to 5: V — I'(Y, L).
Let f: Y — P(V) be the map corresponding to o under Proposition 4.0.1.

If v e V\ {0}, B(v) =0 if and only if f(Y") is contained in the hyperplane defined by v.
Hence f(Y) is non-degenerate if and only if (3 is injective.

In general, if we factor 3 as

then f factors as

\/

P(V/ker j5)

and X — P(V/ker §) has non-degenerate image closure.

Suppose Y is complete and f: Y < P(V) is a closed embedding. Then, similarly, § is
surjective if and only if f(Y) C P" is linearly normal. As above, the triangle

Y ! > P
\ /
fY)

corresponds to
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V = T(P(V), Opry(1)) 2 > (Y, £)

\ /

L), Osr)(1))

Remark 4.0.6. Suppose we have a variety Y, £ € Pic(Y), and 8: V — H°(Y, L). Consider
V @, Ox — L. The image is T ® L for some coherent ideal Z C Oy . Then

V(T)=(V(B(s)) C Y.

seV
Note that 5 # 0 if and only if V(Z) # Y. In this case, we get a morphism Y\ V(Z) — P(V).

4.1. Linear systems. Let X be an irreducible complete variety and £ € Pic X.

Definition 4.1.1. A linear system on X corresponding to V is a linear subspace in the
projective space P(I'(X, LL)") parametrizing lines in I'(X, £).

The complete linear system corresponding to £ is P(T'(X, £)Y) (this is empty if and only if
hO(X, L) = 0).

Note that the complete linear system is in bijection with the set of effective Cartier divisors
D on X such that O(D) = L.

Notation. A linear system corresponding to £ given by V C I'( X, £) is denoted |V|.
Definition 4.1.2. The base locus of |V| consists of
Bs|V|= (] D=[)V(s)
Del|V| seV
If Bs|V| =0, |V] is base-point free.

If |V| is base-point free, the map V ®; Ox — L is surjective, so it gives a map X — P(V).
In general, we get a morphism

F: X\ Bs(V) = P(V).

Note that an element v € V' defines a hyperplane H, C P(V') and an effective Cartier divisor
D, on X such that f*H, = D,|x\gs|v|, i.e.

Op(v)(—Hy) - Ox\ps(v) = Ox(=Du)|x\Bs|v|-

Next, consider a morphism f: X — P(V) corresponding o V ®; Ox — L. We want to decide
when this is a closed embedding.

Assume that:

(1) X is complete,
(2) V CI'(X, L) (without loss of generality).

Definition 4.1.3.

(1) We say that V' separates the points of X if for any x # y in X, there is an s € V such
that s(x) =0, s(y) # 0.
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(2) We say that V' separates the tangent vectors on X if for any = € X and any v €
T.X \ {0}, there is an s € V such that s(z) = 0, i.e. s, € m,L,, and v does not
vanish on 5, € mL,/m?L, = m,/m?.

Intuitively, the second conditions says that the subvariety defined by s contains x but v is
not a tangent vector to that subvariety.

Proposition 4.1.4. Suppose X is complete and L € Pic(X). IfV C H°(X, L) is a subspace
such that V @ Ox — L is surjective, the corresponding morphism f: X — P(V) is a closed

immersion if and only if V' separates the points of X and V' separates the tangent vectors on
V.

Proof. Note that V' separates the points of X if and only if for any z,# y in X, there is a
hyperplane H in V such that f(z) € H, f(y) € H. This is equivalent to f being injective.

Moreover, V separates the tangent vectors on X if and only if for any z € X, and 0 # v €
T, X, there is a hyperplane H C P(V) such that H > f(z) and dfy(v) € Ty H. This is
equivalent to the property that for any x € X, df, is injective.

Clearly, if f is a closed immersion, then both of these conditions are satisfied. We just need
to prove the converse, so suppose f is injective and df, is injective for all x € X. Since
X is complete, f is closed, Y = f(X) C P(V) is a closed subvariety, and g: X — Y is a
homeomorphism, where ¢ is given by the diagram

x —L P

N
Y = f(X)

We just need to check that ¢ is actually an isomorphism. It is enough to show that
Opvy — f«Ox is surjective, since this implies that the canonical morphism Oy — ¢.Ox is
an isomorphism, so g is an isomorphism, and hence f is a closed immersion.

Since f is proper, we know that f,Ox is coherent. For p € X, we get a morphism
O sp) = (J+Ox) 1) = Oxp-
A B
Since f.Ox is coherent, ¢: (A, my) — (B, mp) is a finite morphism of local rings (in partic-
ular, p(my) C mp).

Injectivity of T,X — Ty,P(V) is equivalent to surjectivity my/m% — mp/m%, i.e. mp = my-
B-+m%, which by Nakayama Lemma shows that mg = m4-B. We know that A/m, — B/mp
is an isomorphism (since both are isomorphic to k). Hence B = ¢(A)+mp = p(A) +m, - B
and B is a finitely-generated A-module, so by Nakayama Lemma B = ¢(A), showing that ¢
is surjective. 0

4.2. Ample and very ample line bundles. Why are ample line bundles useful?

(1) They are related to embeddings to projective spaces.
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(2) They have “positivity”: you can create globall sections and you can kill cohomology.
(3) We can use them to construct locally free resolutions. If 7 € Coh(X) and L is ample,
then F @ L™ is globally generated for some m, so the map

H (X, FOL™") ®Ox » F® L™
Then we get an exact sequence
0 » G > (L7m)ON > F > 0

and repeating the for G etc, we get a locally free resolution. We will see later that
for smooth projective varieties, this resolution will actually be finite.

Exercise. For £ € Pic(X) and any m > 1, £ is ample if and only if £™ is ample. (See
Homework 10, Problem 1.)

Definition 4.2.1. Let f: X — Y be a morphism and £ € Pic(X). Then L is f-very ample
(or very ample over Y') if there is a locally closed immersion j in PY. such that £ = j*(Opx (1)):

X ! yPL=P"x Y

N,

Y

If Y is a point we simply say that L is very ample.

Theorem 4.2.2. Let f: X — Y be a morphism with Y affine and let £ € Pic(X). Then L
1s ample if and only if there is an m > 1 such that L™ is very ample.

Proof. The ‘if” implication is clear, since we saw that Opr (1) is ample (since Y is affine), and
hence its restriction to any locally closed subset is still ample (by Homework 10, Problem
2). Since there is an m > 1 such that £™ is ample, £ is ample.

For the converse, suppose L is ample. For any z € X, let W > x be an affine open
neighborhood such that L]y = Oy and consider Y = X \ W with radical ideal sheaf Zy-.
Since L is ample, Zy ® L™ is globally generated for m > 0.

Since (Zy), = Ox, there is a an s € I'(X,Zy ® £™) C I'(X, L£™) such that s(z) # 0.
Consider X \ V(s) C W, since s(y) =0 for ally € Y. Then x € X \ V(s) = W\ V(s|lw),
which is a principal affine open subset in W, and hence it is affine (and we may also replace
s by s? and this still holds).

By the above process for all x € X, we get an open cover X = U; U - U U, such that U; is
affine for all 7 and s; € I'(X, £™) such that U; = X \ V(s;). After replacing each m; by a
multiple, we may assume that m; = m for all i.

Since O(U;) is a finitely-generated k-algebra, we may choose generators a; 1, . .., a; 4 of it as
a O(Y)-algebra.

By Lemma 3.10.7, for all ¢, 7, if ¢ > 0, s¥|y,a, ; is the restriction to U; of t;; € I'(X, L™).
Fix one ¢ > 0 that works for all 7, 7. Consider

KN @y Ox — L™
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for N+1=1r+ Z ¢i, which maps the element of the standard basis to si, ..., s%, t; ; for all
1<:<r, 1<y < q;- Note that this is surjective since

We hence get a map g: X — PV = MaxProj(k[z;,y;,]). Take j: X = Py =Y x PV given
by j = (f,9)-
We claim that this is a closed embedding. Since j*Opy(1) = £™, this suffices.

We have a diagram

V:@ 5171)

Then (j')~'(D*(z;)) = U; is affine and
©: O(DT(z;)) — O(U;)

is surjective, since go( > for 1 < j < ¢; generate O(U;) as an O(Y)-algebra. This shows
that j is a locally closed embedding, and hence completes the proof. 0

Corollary 4.2.3. An algebraic variety X is quasiprojective if and only if there is an ample
line bundle on X.

Proof. Apply Theorem 4.2.2 when Y is a point. O

Theorem 4.2.4. Let f: X — Y be a proper morphism, Y be affine, and let L € Pic X.
Then the following are equivalent:

(1) L is ample,
(2) for any F € Coh(X), there is an mq such that H (X, F ® L™) =0 for alli > 1 and
m > my.

Proof. We will show that (2) is equivalent with £™ being ample over Y for some m, and
apply Theorem 4.2.2 to complete the proof.

Exercise. Check that (1) implies (2) (this follows from Theorem 4.2.2 using the fact that
on P and any F € Coh(P%), there is an mq such that H'(F ® O(m)) = 0 for all i > 1 and
m > my).
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For (2) implies (1), as in the previous proof, it is enough to show that for any = € X, there
is an m such that s € I'(X, £™) such that x € X \ V/(s) is affine. This is similar to the proof
of Serre’s Theorem 3.4.1.

For any x € X, let W > x be an affine open neighborhood such that £|g = Oy and consider
Z = (X\W)U{x}

with radical ideal Z;. Then we have an exact sequence

o

0 )IZ )OX >OZ

and by the assumption, H(Zz ® L™) = 0 for m > 0, so the long exact sequence in coho-
mology shows that

DX, L") = T(Z,L"|2)
is surjective. Then there is an s € I'(X, £™) such that s(x) # 0 and Z C V(s). As before,
this shows that x € X \ V(s) is affine. O

Remark 4.2.5. In the official notes, there is a section about relative versions of ampleness
and projective morphisms. This was omitted in class due to lack of time.

5. EXT AND TOR FUNCTORS

Let R be a commutative ring. Consider for M € R-mod, the functor Homg(M, —). This is
left-exact and the category has enough injectives, so we get right derived functors
Ext’% (M, —): R-mod — R-mod,

which satisfy the usual properties:

o Ext% (M, —) = Homg(M, —), ‘
e if NV is an injective R-module, then Exty (M, N) =0 for i > 0,
e for a short exact sequence, we get a long exact sequence of Ext modules.

Given ¢: M — M’ we get a natural transformation
Hom(M', —) — Hom(M, —)
Yoy,
which induces a natural transformation Ext’y(M’, —) — Exts(M, —). In other words Ext’(—, —)

is a bifunctor.

Note that we can also derive with respect to the 1st variable. Consider the contravariant
functor
Homp(—, N): R-mod — R-mod
which is left exact. We can interpret it as a left exact covariant functor
Hompg(—, N): (R-mod)°® — R-mod.
Since R-mod has enough projective objects, we can construct the right derived functors of

Homp(—, N), written Extp(—, N). We temporarily write Ext, but we will soon see that
these functor are naturally isomorphic to Ext.
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How to compute it? Consider a projective resolution

y I > Iy > M > 0.

(Convention about upper/lower indexing: C; = C~" and H; = H~".) Then
Exty(M, N) = H'(Hompg(F,, N)).
As always:

o Exty(M, N) = Homp(M, N), |
e if M is a projective module, then E_thR(M, N)=0forall i >1,
e if 0 > M — M — M" — 0 is exact, we get a long exact sequence

- —— Extyp(M",N) —— BExtyp(M, N) —— Extp(M',N)

Exty (M",N) —— -+

Proposition 5.0.1. We have a functorial isomorphism (in both variables)

Ext (M, N) 2 Bxty(M, N).

Proof. 1t is enough to show that given a projective resolution F, of M, we have a functorial
isomorphism

Extl (M, N) 2 H'(Homg(F,, N)).

We check that the right hand side gives a d-functor in N. Given an exact sequence

0 > N’ > N > N” > 0,

we get an exact sequence of complexes
0 —— Hompg(F,, N') —— Hompg(F,, N) —— Hompg(F,, N") —— 0

since each Fj is projective. Then the long exact sequence in cohomology shows that
{H'(Hompg(F,,—))}izo
is a o-functor.
Since Fy} — Fy — M — 0 is exact and Hompg(—, N) is left-exact, we see that
H°(Homp(F,, N)) = Hompg(M, N).
Moreover, if N is injective, then Hompg(—, N) is exact, which shows that
H'(Hompg(F,,N)) =0

for 7 > 0.
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By the universal property of §-functors, we get a natural isomorphism of d-functors, showing
that:

Extl (M, N) 2 H'(Homg(F,, N)).
This completes the proof. 0

From now on, we will write Ext = Ext and use whichever interpretation is more useful.

Example 5.0.2. If ¢,: N — N is given by u + au for some a € R, then

EXt%(M,(pa)
—

Exth (M, N) Exth (M, N)

is also given by mutliplication by a. Similarly in the first variable.

Proposition 5.0.3. If R is Noetherian and M and N and finitely-generated R-modules,
then

(1) Ext’% (M, N) is finitely-generated over R for all i,
(2) for any multiplicative system S C R,
ST Exth (M, N) = Extl 1 5(S™'M,S™'N)
as S~ R-modules.
Proof. The idea is to compute Ext using a free resolution of M given by finitely-generated
modules. O

Definition 5.0.4. Let M be an R-module. The projective dimension, pdg M, is the smallest
n such that there is a projective resolution

0 y F, > Fo > M

o

(if no such n exists, pdp M = o0).
Proposition 5.0.5. Let M be an R-module. Then the following are equivalent:
(1) pdg M < n,
(2) Extzy(M,N) =0 for alli > n and all N,
(3) Ext’s (M, N) =0 for all N,
(4) for any ezxact sequence
F,, —2 ... s Fy s M

with F; projective for all i, ker ¢ is projective.

o

Proof. 1t is clear that (2) implies (3) and (4) implies (1). Consider the exact sequence

0 —— Q=ker(p) — Fpy —— --- > Iy » M > 0

with all F; projective. Then we break this into short exact sequences and use Ext’(F;, N) = 0
for all j and ¢ > 1 to conclude that

(%) Exth (M, N) = Ext’;™(Q, N)
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for all 7 > n. Indeed, the short exact sequence
0= M — Fy— M —0,

the long exact sequence shows that for ¢ > 1:

Exth(Fy, N) — Exto(M, N) —— Extiy (M, N) —— Ext'{*(Fp, N)
N —— e —

=0 =0

and we iterate this to get (x).

This shows that if (1) holds, then we have such a sequence with @ projective, so Exth,™(Q, N) =
0 for all 4 > n, and hence (2) holds.

To prove (3) implies (4), it is enough to show that if Ext;(Q, N) = 0 for all N, then Q is
projective. Choose a short exact sequence

0 > Q' > I

Q
A
o

with F' projective. Then we have an exact sequence
0 —— HOIIl(Q7Q/) B— HOHl(F, Q/> — HOIH(Q/,Q/) — Eth(QuQ/> - Oa

and hence the sequence above is split. Since F' is projective, this shows that () is projective.

O
Corollary 5.0.6. If0 - M' — M — M" — 0 is exact, then
(1) pdg M > min{pdz(M’), pdg(M")},
(2) pdg M' > min{pdz(M), pdr(M") — 1},
(3) pdg M" > min{pdx(M), pdg(M’) +1}.
Proof. Exercise. Hint: use Proposition 5.0.5 and the long exact sequence. U

We now discuss the Tor modules. For an R-module M, the functor M ®g — is right exact.
Since R-mod has enough projectives, we can construct the left derived functors Tor!* (M, —).
As always, we have the following properties:

o Tor(M,—) = M ®p —,
e if N is projective, then Tor*(M, N) = 0 for i > 0,
e if 0 > N = N — N” — 0 is a short exact sequence, we get a long exact sequence

- — Tor;(M, N') —— Tor;(M, N) —— Tor;(M,N")

ToriH(M’,N) —_—
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Moreover, given a morphism M — M’ we get a natural transformation Tor;(M,—) —
Tor;(M', —).
Note that by definition, Tor;(M, N) = H;(M ® Fy) where F, — N is a projective resolution.
Proposition 5.0.7. We have a functorial isomorphism

Tor;(M, N) = Tor;(N, M),
1.e. if Go = M is a projective resolution, then

Tor;(M,N) = H;,(Gse @ N).

Proof. This is similar to the proof of Proposition 5.0.1, so we omit the proof here. O

Remarks 5.0.8.

(1) If po: N — N is given by multiplication by a € R, Tor;(M, N) is again given by
multiplication by a.
2) If R is Noetherian, and M, N are R-modules, then Tor;(M, N) is a finitely-generated
( -8
R-module. 1
(3) If S C R is a multiplicative system, then S~! Tor®(M, N) = Tor? #(S~'M,S'N).
4) If pdp M = n, then Tor®(M, N) = 0 for i > n (compute using a projective resolution
( R i g a proj
of M of length n).

Proposition 5.0.9. Let M be an R-module. Then the following are equivalent:

(1) M is a flat R-module,
(2) Torf'(M,N) =0 for alli > 0 and all N,
(3) Torf(M,N) =0 for all N.

Proof. To see that (1) implies (2), let F, — N be a projective resolution, and note that if
M is flat, then tensoring with M is exact, so H;(Fe ® M) = 0 for i > 0.

Since (2) implies (3) trivially, we just need to show that (3) implies (1). If

0 > N’ > N > N > 0
is exact, we get an exact sequence
0=Tory(M,N") —— MQN —— MN —— M@N'" —— 0

which shows that M is flat. OJ
Corollary 5.0.10. Let 0 - M’ — M — M"” — 0 be a short exact sequence.

(1) If M" and M" are flat, then M is flat.
(2) If M" and M are flat, then M’ is flat.
(3) If M" s flat, then for any N, 0 > M@ N - M @ N — M" ®@ N — 0 is ezxact.

Proof. Use the long exact sequence for Tor and Proposition 5.0.9. O
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Corollary 5.0.11. If (R,m,k) is a local Noetherian ring and grM is flat and finitely-
generated, then M s free.

Sketch of proof. As in the case when M was projective, choose a short exact sequence
0 =N—=>F—=M-=0

where F' is free and finitely-generated with a minimal set of generators. Then N C m - F,
and Corollary 5.0.10, we get a short exact sequence

0 — Nk — FQk — Mk —— 0
— —
N/mN F/mF

and N/mN = 0 shows by Nakayama Lemma that N = 0, and hence M = F. 0J

Finally, we discuss Ext and Ext for Ox-modules. If F is and Ox-module, we get two left
exact functors:
Homp, (F,—): Ox-mod — Ox(X)-mod
Homo . (F,—): Ox-mod — Ox-mod
which give right derived functors
Exty, (F,—): Ox-mod — Ox(X)-mod,

Extlbx (F,—): Ox-mod — Ox-mod.
For example, £xtl, (Ox,G) =0 for i > 0, but Ext, (Ox,G) = H'(X,G).
Proposition 5.0.12. If F has a locally free resolution Py — F, then
E?(t’bx (F,G) = H (Homo, (P, G)).

Proof. The proof is the same as for Ext of R-modules (Proposition 5.0.1). O

Proposition 5.0.13. For any open subset U of X, we have a canonical isomorphism
‘Z:?CtéQX(FagHU = Z:7(‘.té’)U(~F.|U7g|U)'

We say that Ext are local Ext and Ext are global Ext.

6. DEPTH AND COHEN-MACAULAY RINGS

6.1. Depth. Let R be a Noetherian ring and M be a finitely-generated R-module.

The idea is to we start with notion of a nonzero divisor and extend this notion to a sequence
of elements.

Definition 6.1.1. A sequence of elements x1,...,z, € R ais an M -reqular sequence if
(1) (x1,...,2n)M # M,
(2) for any i, 1 < i < n, z; is a non zero-divisor on M /(x1,...,x;—1)M.

If M = R, this is just a reqular sequence.
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Remark 6.1.2. If zq,...,x, is an M-regular sequence, and S C R is a multiplicative system

such that (x1,...,2,) - S™'M # S'M, then 2+, ... 22 is an S~' M-regular sequence.

Remark 6.1.3. If zq,...,x, is an M-regular sequence, then (1) C (x1,22) C ---. Indeed,

=

if x; € (z1,...,2;_1) and z; is a non zero-divisor, then M/(xy,...,z;_1)M = 0, contradict-
ing (1).

Since R is Noetherian, every M-regular sequence is contained in a maximal one.

Similarly, if I is a fixed ideal, every M-regular sequence contained in [ is part of a maximal
one with the same property.

Note that if IM # M, an M-regular sequence x1,...,x, € I is maximal for such sequences
contained in [ if and only if for any x € I, x is a zero-divisor on M/(xy,...,z,)M, which
is equivalent to I C p for some p € Ass(M/(xy,...,x,)M). Equivalently, I - u = 0 for some
nonzero u € M/(z1,...,x,)M.

Definition 6.1.4. For an ideal I C R, the depth of I with respect to M is
depth(Z, M) = min {i > 0 | Ext}(R/I, M) # 0}
(and +o0 if the set is empty).
If (R, m) is local, we write simply depth(M) = depth(m, M).
Theorem 6.1.5.
(1) If IM = M, then depth(I, M) = oc.
(2) If IM # M, thendepth(I, M) is the length of any maximal M -regular sequence in I.
Proof. For (1), suppose IM = M. It is enough to show that for any prime ideal p in R,
Extio(R/I, M), = 0.
Since Ext commutes with localization, we just need to show that
Exty (Ry/1 Ry, My) = 0.
If I Cyp, then My, =0. If I € p, then R,/IR, = 0. In both cases
Exty (Ry/1R,, My) = 0.

For (2), suppose IM # M and choose a maximal M-regular sequence xy,...,z, in I. We
show that depth(I, M) = n by induction on n.

For n = 0, there is an uw € M \ {0} such that Ju = 0. Then we have a nonzero map
R/I — M
1w
This shows that Hom(R/I, M) # 0, and hence depth(/, M) = 0.

For the inductive step, suppose n > 1. Clearly, xs,...,x, is a maximal M /zqM-regular
sequence in I. Note that

I(M/z1 M) = IM /a1 M +# M/, M.

Consider the short exact sequence
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0 » M 2 M » M/2 M —— 0.

Note that multiplication by x; is injective, since x; is a non zero-divisor. The long exact
sequence gives

Exth(R/I, M) — Exth(R/I, M) — Ext4(R/I, M/x;M) —— ExtZ(R/I, M),

but x; € I implies that the multiplication by x; map above is 0. We hence get short exact
sequences

0 — Exth(R/I,M) — Ext%(R/I, M/x,M) —— Extii'(R/I, M) — 0.

This shows that Extly(R/I, M/z,M) = 0 if and only if Ext’(R/I, M) = 0 and Ext}' (R/I, M) =
0. Therefore,

depth(I, M/x1 M) = depth(I, M) — 1.
This completes the proof by induction, since n — 1 = depth(I, M /xz1M). O

Corollary 6.1.6.

(1) We have that depth(I, M) = depth(\/I, M),
(2) If I C J, then depth(I, M) < depth(J, M),
(3) We have that depth(I, M) = min depth(M,).

p21
prime

(4) If x € I is a non-zero-divisor on M, depth(I, M/xM) = depth(I, M) — 1,
(5) Recall that, by definition, dim(M) = dim(R/ Anng(M)). If (R,m) is local, then for
every prime p € Ass(M), for M # 0,

depth(M) < dim(R/p).
In particular, depth(M) < dim(M).

Proof. To see (1), note that TM = M if and only if v/IM = M. Otherwise, use the same
proof to show that if xy,...,z, maximal M-regular sequence in [ then n = depth(\/j, M).

The last step of the proof clearly works. For the n = 0 step, we needed /u = 0 for some
u € M\ {0}, but this implies that v/Tv = 0 for some v € M \ {0}.

Part (2) follows immediately from Theorem 6.1.5.

For (3), if I C p is prime, then depth(/, M) < depth(/R,, M,) < depth(M,) by (2). We want
to show this is achieved for some p. If IM = M, we are done. If IM # M and xy,...,x, € I
is a maximal M-regular sequence, then I C p for some p € Assg(M/(xy,...,x,)M). Then
IR, C pR, € Assg,(M,/(x1,...,7,)M,). Hence %, ..., % is a maximal M-regular sequence
in pRy, so n is the depth of M,. This proves (3) by Theorem 6.1.5.

Part (4) is immediately from the proof of Theorem 6.1.5.

To prove (5), we induct on n = depth(M). If n = 0, this is clear. If n > 1, then there is a
nonzero divisor € m. By (4), depth(M/zM) = depth(M) — 1. There exists u € M \ {0}
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such that pu = 0. By Krull’s intersection theorem, we can write
u = xlv for v & xM.

Since pu = 0, pv = 0 since z is a non-zero-divisor on M. Then v € M/xM is nonzero. Then
p C q for some q € Ass(M/xM). Since z is a non-zero-divisor on M, = & p and x € ¢, we
have that p # q. By induction, we have that

depth(M) — 1 = depth(M/zM) < dim R/q < dim(R/p) — 1.
This completes the proof. O

Example 6.1.7. Let X be an algebraic variety and x € X be a smooth point. Let aq,...,a,
be a minimal system of generators of the maximal ideal in Ox ,. Note that n = dim(Ox ),
since x is a smooth point. We saw that for any ¢ with 1 <17 < n,

OX@/(CLl, e ai)

is the local ring of a smooth variety. In particular, it is a domain. This implies that a4, ..., a,
is a regular sequence. Therefore:

depth(Ox ) = n.
Proposition 6.1.8. If0 — M’ — M — M" — 0 is a short exact sequence, then
depth(Z, M) > min{depth(I, M"),depth(I, M")},
depth(Z, M') > min{depth(I, M), depth(I, M") + 1},
depth(I, M") > min{depth(I, M), depth(I, M') — 1}.

Proof. Use the definition and the long exact sequence. O

Theorem 6.1.9 (Auslander-Buchsbaum). If (R, m) is a local, Noetherian ring and 0 # M
is a finitely-generated R-module with pdz(M) < oo, then

depth(R) = depth(M) + pdg(M).

Before we can prove the theorem, we begin with some preparations.

Suppose uq,...,u, € M is a minimal system of generators and consider the map
o: Fy=R*" - M
€e; — Uj;.

By minimality, ker(¢) C mFy. Repeat to get
Fy — ker(p)

using a minimal system of generators for ker(p). Altogether, this gives a free resolution

d

d
‘s | —— F » M > 0.

This is a minimal free resolution of M: d;(F;) Cm- F;_; for all i > 1 (so if we write d; as a
matrix with respect to a basis, all entries are in the maximal ideal).

Proposition 6.1.10. If Fy — M is a minimal free resolution, rank(F;) = dimy, Tor;(k, M).
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Proof. All maps in Fy g R/m are 0, which shows that
Tor;(k, M) = F, ®p R/m
for all 7. ([l

Corollary 6.1.11. The following are equivalent for a local Noetherian ring (R,m) and
finitely-generated R-module M of finite projective dimension:

(1) pdp(M) < g,
(2) Tor;(M,N) =0 foralli > q+1 and all N,
(3) Tory41(k, M) = 0.

Proof. 1t is clear that (1) implies (2) and (2) implies (3). Finally, from Proposition 6.1.10
shows that(3) implies (1). O
Definition 6.1.12. The global dimension of R is

gldim(R) := sup{pd(M) | gM finitely-generated}.
Corollary 6.1.13. We have that gldim(R) = pdg(k) for a local ring (R, m).

Proof. This follows from Corollary 6.1.11. O
Finally, we can proceed with the proof of the Auslander—Buchsbaum Theorem 6.1.9.

Proof of Theorem 6.1.9. Let (R, m) be a local Noetherian ring and 0 # M be a finitely-
generated R-module with pdz(M) < co. We want to show that depth(R) = depth(M) +
pdg(M).

Let n = depth(R). Consider a minimal free resolution of M:

d da d
0 y Fy —— - y i ——

V
=
)

where ¢ = pd(M) by Corollary 6.1.11.

Suppose n = 0. Then there exists u € R\ {0} such that p = 0. If ¢ > 1, d,(u - F,) = 0,
contradicting the injectivitiy of d,,.

Hence pdiy M =0, so M is free and o depth(M) = depth(R) = 0.

Suppose now that n > 0. Additionally, assume for now that depth(A/) > 0. Then there is
x € m which is a non-zero-divisor on both R and M. Then

0 »y R—— R » R/(x) —— 0
and tensoring with with M, the long exact sequence shows that Tor?(R/(x), M) = 0 for all
1> 1.

Tensoring the minimal free resolution ¥, — M with R/(x) is hence exact, so
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is a free resolution of M/xM, which is also minimal.

Then pdy,,) M/xM = pdp M. Since z is non-zero-divisor on both R, M, depth(M/zM) =
depth M — 1 and depth(R/(x)) = depth(R) — 1. This completes the proof by induction.

We are finally left with the case depth(R) = n > 0 but depth(M) = 0. Then M is not a free
module. Consider the short exact sequence

with N # 0. We know that pdz(N) = pdz(M)—1. Also, depth(N) = 1 by Proposition 6.1.8.
Then we can apply the result for N to complete the proof. 0

Homework. Read about the Serre Condition SI (Review Sheet).

Remarks 6.1.14.

(1) Let R be a Noetherian ring, pM be finitely-generated, and let a C R be such that
a-M =0. Then

depth(I, M) = depth(I + a/a, M)

(using the description via regular sequences, Theorem 6.1.5).
(2) We showed that if (R,m) is a local Noetherian ring and M is a finitely-generated
R-module, then

depthM < min < mindim R/p < dim M.
peAss(M)

Similarly, one can show that for any Noetherian ring R and any ideal a C R,
depth(a, R) < codim(a).

6.2. The Koszul complex. Let R be a commutative ring and £ be and R-module with a
map ¢: R — R. The Koszul complexr K(¢) = K(¢)e given by

&5
©
=y

dp _
= K@)y = N E —— K(¢)p-1= N 'E P

where

dy(ex N---Nep) = Z(—l)i_lgo(ei)el AN NEN---Neyp.
i=1

It is easy to see that dp o d,1 = 0 for all p > 1, so this is actually a complex.

e We are only interested in the case where E is free of rank n. In this case K (vy), =0

for all p > n.
e For an R-module M, we set K (o, M) = K(p) @r M.
e For an n-tuple z = (z1,...,x,) € R", we set

K(z) = K(z1,...,20) = K(p)
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where
¢: R" — R,
e > T
For example, when n = 1, K(z) is just the multiplication by z map R — R.

Remark 6.2.1 (Functoriality). Given a commutative diagram

E—*3R

W

we get a morphism of complexes K(¢) — K(1) given by

K(p)y = WE XS WF = K (1),

If u is an isomorphism, then K () = K ().
Examples 6.2.2.
(1) If o permutes {1,...,n}, we get an isomorphism

K(:El, . ,:L‘n) = K(l’a(l), Ce ,:L“U(n)).

(2) Suppose z1,...,z, and yi, ..., ¥y, are minimal systems of generators for a C R, where
(R, m) is local and Noetherian. Write

n

Yi = § Qi T

J=1

Then we have a commutative diagram

e —— w;
Zj am-e; R" L> R
T
e R" —— R
€ — Yi
Since det(a; ;) € m, u is an isomorphism, and we get K(x1,...,2,) = K(y1,...,Yn).

Remark 6.2.3. Note that Ho(K (¢, M)) = coker(p) @r M.

Proposition 6.2.4. If a € im(p), then multiplication by a on K(yp) is homotopic to 0. In
particular, if ¢ is surjective, then H;(K (@, M)) =0 for all i.

Proof. We want to define maps 6,
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NE 25 AP E

N E

/\p+1 E dp

which give a homotopy between -a and 0.
Write a = p(e) for e € E, and set
Opler N---Nep) =eNer A+ Neyp.
It is then easy to check that dof 4+ 60od = a -id. U

The next goal is to relate K(x1,...,z,; M) to K(z1,...,2,-1; M). more generally, suppose
¢: E — R and consider for a € R:

F—E&R—Y 4R

(e,\) ——— o(e) + Aa.

Note that
p p

p—1
ANF=2/N\NEe \E
via the map
p—1 P
NE—= \F
ep N Nepgg—egNeg N Nepq

where ey = (0,1) € F. This gives an exact sequence

0 — K(p) — K(v) > Co > 0

where C}, = AP~'E with the differential is —d(,). The long exact sequence in cohomology
gives

Hy(K(p)) —— Hp(K(¢)) —— Hpa(K(9)) —— Hpa(K(p))

Note that the short exact sequence above is split at each level, so tensoring with an R-module
M gives a short exact sequence, and hence a similar result holds after tensoring with M.

Proposition 6.2.5. Let R be a Noetherian ring and M be an R-module.

(1) If x1,..., 2, is an M-reqular sequence, then

o ifi>1
Hi(K(z, M)) = {M/(xl,..-,xn)M ifi=0.

(2) If R is local, x; € m, M # 0, and H;(K(z, M)) =0 fori >0, then z is an M -regular
sequence.



110 MIRCEA MUSTATA

Proof. To prove (1), we use induction on n. For n = 1, the Koszul complex is

0 y M —=5 M y 0

and the assertion is immediate. In general, consider the complexes K (z, M) and K (z', M)
with 2’ = x1,...,x,_1. Then the long exact sequence above gives

Hi(K (2, M) —— Hi(K(z, M) —— H;1 (K (2, M)) =2 H,;_ (K (2!, M)).

By the inductive hypothesis, H,(K (2’, M)) = 0 for j > 1. It is hence clear that H;(K(z, M)) =
0 for ¢+ > 2. We also have a short exact sequence

0 —— Hi(K(z, M) —— M/z'-M -2 M/2'M

but z,, is a non-zero-divisor on M /x' M, so Hi(K(z, M)) = 0.

For (2), we again use induction on n. The n = 1 case is immediate. In general, we use the
same exact sequence as above. Since H;(K(z, M)) = 0 for all i > 0, this shows that

Hi(K (2!, M) = 2, - Hi( K (2!, M))

for i > 0. Nakayama Lemma then shows that H;(K (2, M)) = 0 for all ¢ > 0, and hence the
inductive hypothesis shows that zy,...,x,_1 is an M-regular sequence.

Also, H1(K(xz, M)) = 0, which shows that (using the exact sequence above again) z,, is a
non-zero-divisor on Ho(K (z/, M)) = M /2’ M. Hence xy,...,x, is a regular sequence. O

Corollary 6.2.6. Suppose (R, m) is a local Noetherian ring and gM is finitely-generated.
Consider any M -reqular sequence x1,...,x,. Then

(1) any permutation of it is a reqular sequence,
(2) K(z1,...,x,) gives a minimal free resolution of R/(x1,...,x,), SO

deR/<ZB1,...,ZEn) = n.

Proof. Both assertions follow from Proposition 6.2.5. U

Example 6.2.7. Let X be an algebraic variety and x € X be a smooth point. Let n =
dim(OX,ac)y R = OX,x-

We saw that if m = (uq,...,u,) is a maximal ideal, then ui,...,u, is an Ox ,-regular
sequence. This shows that pdz(R/m) = n, so gldim(R) = n.

The converse also holds by a Theorem due to Auslander-Buchsbaum-Serre. We do not prove
this here.

If X is a smooth variety of dimension n, F is a coherent sheaf on X, and

En_1 s & > F > 0
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is an exact complex with & locally free, then ker(d,,_1) is locally free.

For example, if X is smooth and quasiprojective, every coherent sheaf has a finite resolution
by locally free sheaves.

How to glue the Koszul complex on algebraic varieties? Consider s € I'(X, ) = Home, (€Y, Ox)
where £ is locally free. Then consider the complex

D N(EY) gV — Oy

~

with the map A'(£Y) — A" &Y is given by

Z(—l)i_ls(ei)el AN NE N+ Neyp.
i=1
Note that if U C X is an affine open subset, then the restriction of this complex to U is the
Koszul complex for £Y(U) %y Ox(U).
Example 6.2.8. Let X = P(V) for dim, V = n + 1. We have a surjective morphism
V@ Ox - Ox(1)
and the Koszul complex of the map V ®; Ox(—1) - Ox is

v
e

0 — A"V ®O0x(-n—1) — -+ — V@ Ox(-1) — Ox

This is exact by Proposition 6.2.4.

Exercise. We have that
p p—1
ker (/\V@ O(—p) — /\ V®O(—p+ 1)) :

6.3. Cohen—Macaulay modules. Recall that if (R, m) is a local Noetherian ring and g M
is a finitely-generated R-module, then depth M < dim M (see Corollary 6.1.6).

Definition 6.3.1. Such a module M is Cohen—-Macaulay if depth M = dim M. If R is
not necessarily local, M is Cohen—Macaulay if M, is a Cohen—Macaulay R,-module for all
maximal ideals m in supp(M).

A ring R is Cohen—Macaulay if it is Cohen—Macaulay over itself.
Definition 6.3.2. If X is an algebraic variety and F is coherent sheaf on X, then

(1) for z € X, F is Cohen-Macaulay at x € X if F, is a Cohen-Macaulay module over
OX,:m
(2) Fis Cohen—Macaulay if it is Cohen-Macaulay at all x € X.

Finally, X is Cohen—Macaulay if Ox is Cohen—Macaulay over itself.
Examples 6.3.3.

(1) For a smooth variety X, X is Cohen-Macaulay. Indeed, we saw that depth Oy, >
dim Ox, in Example 6.1.7.
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(2) If X and Y are Cohen—Macaulay, then X x Y is Cohen—-Macaulay (this is a homework
problem).

Proposition 6.3.4. Let f: X — Y be a finite, surjective moprhism of varieties and suppose
Y is smooth. Then X is Cohen—Macaulay if and only if f is flat.

Proof. Note that since f is finite, f is flat if and only if f,Ox is locally free.

We may assume that X and Y are affine by choosing affine open covers for X and Y.
Let ¢: A = O(Y) — O(X) = B be the corrresponding morphism, and choose y € Y
corresponding to m C A.

We will show later that depth(mAy, Bn) = depth(mBy,, By). Then
depth(mBy, Bn) = Héig depth(By).

maximal
nBCn

by Corollary 6.1.6, and
depth(B,) < dim(B,) = dim(Ay).

Altogether, this shows that B, is Cohen-Macaulay for all n as above if and only if depth(mA,, By) =
dim(Aw). Since y € Y is a smooth point, pd,_(B,,) < oo, by Auslander-Buchsbaum 6.1.9,
depth(mAy, Bn) = depth Ay, — pdy  B.
——
=dim A
Hence depth(mA,, By) = dim(Ay,) if and only if By, is projective (which is equivalent to
flatness) over Ay. O

Homework. Read about the local flatness criterion (Review Sheet).
Example 6.3.5. If X is an affine toric variety and it is normal, then X is Cohen—Macaulay.

Proposition 6.3.6. A ring R is a Cohen—Macaulay ring if and only if for any ideal a C R,
depth(a, R) = codim(a). (In general, we just have ‘<’).

Proof. Note that:

depth(a, R) = min depth R, = min dim R, = codim a.
p2a p2a
prime prlme

Exercise. Check the converse also holds. U

Proposition 6.3.7. Let X be a variety and F € Coh(X). IfZ C Ox is a coherent ideal and
x € V(Z) is such that I, is generated by an F,-reqular sequence, then F is Cohen—Macaulay
at x if and only if F/I - F is Cohen—Macaulay at x.

Proof. We may assume that X is an affine variety and (by induction on length of the regular
sequence) that Z, = (f) for a non-zero-divisor f on F,. We saw that depth(F,/f - F.) =
depth(F,) — 1.

We have that supp(F /ZF) = supp(F)NV(Z). Since f is a non-zero-divisor on F,, V'(f) does
not contain any irreducible component of supp(F) passing through x. hence dim(F,/Z,F,) =
dim F, — 1. This completes the proof of (2). O
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Proposition 6.3.8 (Unmixedness). Let F be a coherent sheaf on X which is Cohen—
Macauley at x. Then any associated subvarieties of F passing through x is an irreducible
component of supp(F). Moveover, any 2 irreducible components of supp(F) passing through
x have the same dimension.

Proof. This follows from: if (R, m) is local Noetherian and gM is finitely-generated, then
for any p € Assgp(M), depth(M) < dimR/p < dimM. If M is Cohen-Macaulay, then
dim(R/p) = dim M. (In particular, p is minimal in supp M ). O

Proposition 6.3.9. If F is a coherent sheaf on X which is Cohen—Macauley at x, then
for any closed irreducible subvariety Y C X containing x, Fy is a Cohen-Macauley Ox y -
module.

Sketch of proof. We may assume that X is affine, A = O(X), M = F(X), and p is the prime
ideal corresponding to Y, m is the prime ideal corresponding to x.

We argue by induction on r = depth(M,). If r =0, pA, € Ass(M,), so pAy € Ass(M,,). By
Proposition 6.3.8, pAy is minimal in supp(My,), so dim(M,) = 0.
For the inductive step, take a non-zero-divisor on M in p and use Proposition 6.3.7. 0

Corollary 6.3.10. If X is an affine variety which is Cohen—Macaulay, O(X) automatically
satisfies Serre’s condition (S;):

depth(O(X),) > min{i, dim(O(X),)}

for allp prime. Hence (by Serre’s normality condition®) a Cohen—Macaulay variety is normal
if and only if it is smooth in codimension 1.

Definition 6.3.11. Let X be a variety. A coherent ideal sheaf Z C Oy is locally a complete
intersection ideal if for any x € V(Z), Z, is generated by a regular sequence.

Example 6.3.12. Suppose X is Cohen—Macaulay. Then Z C Oy is locally a complete
intersection ideal if and only if for any = € X, Z, can be generated by r = codim(Z,)
elements.

Definition 6.3.13. A closed subvariety Y of X is regularly embedded if the corresponding
radical ideal Zy is locally a complete intersection ideal.

As an application, we present the classical result known as Bézout’s Theorem.

Let Hy, ..., H, C P" be effected Cartier divisors on P", d; = deg(H;) such that Z = (| H; is
0-dimensional. '

If pe Z, and f; € Opn ) is the image of a local equation of H;, we define the intersection
multiplicity of Hy, ..., H, at p as

iP(Hl7 e 7Hn) =/ (OP”,p/(fh CII fn)) :
Theorem 6.3.14 (Bézout). With the above definition:

> iy(H, .. Hy) =[] di-

pEZ =1
2See Review Sheet 5.
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Proof. For 1 < j <n, let
Note that

supp(F;) =V (Z;) = msupp(Hi).

J
Each irreducible component has codimension > j. The hypothesis that Z = () H; is 0-
i=1
dimensional forces each irreducible component to have codimension = j.

Since X = P" is Cohen-Macaulay, so Z; is a locally complete intersection ideal. In particular,
F; is a Cohen-Macaulay sheaf. This shows that every associated subvariety of F; is an
irreducible component.

If j <n—1, Hj;; does not contain any associated subvariety of F;. We then have an exact
sequence

0 —— F; @ O(=dj11) r J r Fin > 0
that comes from tensoring

0 —— O]pn(—dj_;,_l) E— Opn E— OHJ-+1 — 0

with F; (and exactness follows from the above condition).
Tensoring this with Opr(m) and taking the Euler—Poincaré characteristic, x, we see that
P, (m) = Pr,(m) = Pr,(m — djy1)

(where P denotes the Hilbert polynomial — see Problem Session 10). Recall that Px(m) =
- deg(F) + lower order terms, where dim F = r.

Therefore deg(Fj11) = deg(F;) - dj+1. Hence

deg(F,) = Hd"'
i=1
Since F,, has 0-dimensional support,

deg(F) = Y U(Fu)p) =D ip(Hi,..., Hy).

pEsupp Fn, peEZ

This completes the proof. [l

7. MORE ON FLATNESS AND SMOOTHNESS

7.1. More on flatness. The easy case is when f: X — Y is finite and flat so f,Ox is
locally free. If Y is connected, then we define

deg(f) = rank(f.Ox).
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If X and Y are irreducible, f(X) = Y (being open and closed in Y). Then deg(f) =
deg(k(X)/k(Y))-

Proposition 7.1.1. Let f: X — Y be a finite and flat morphism. Then for anyy € Y,
Y multy(fH(y)) = deg(f),

pef~'(y)
where mult, (f~(y)) =< ((Ox/m,Ox),) where m,, is the ideal sheaf corresponding toy in'Y .
Proof. We may assume that Y and X are affine, and A = O(Y') — O(X) = B makes B a
free A-module of rank r = deg(f).
Taking m, C A, we have that B/m,B has dimension r over A/m, = k. Hence

r= Y ((B/mB),).

pef~1(y)

O

Definition 7.1.2. Let f: X — Y be a morphism and F € Qcoh(X). Then F is flat over
Y if for all z € X, F, is flat over Oy s(,), or, equivalently, for all U € X, V C Y affine open
subsets such that f(U) CV, O(V) — OU), F(U) is flat over Oy (V).

We say that f is flat if Oy is flat over Y.

Suppose X — Y x P" is a closed immersion, and consider the commutative diagram:

X —— Y xP"
\ lp
Y
Let F € Coh(X). For any y € Y, if m, is the maximal ideal in Oy corresponding to y, then
Fy = ]:®(9X Ox/myOX = f/myf

We can consider this as a coherent sheaf on {y} x P" = P".

Theorem 7.1.3. If F is flat over Y and Y is connected, then the Hilbert polynomial P, is
independent of y € Y.

(The converse also holds, but we do not prove it here.)

Proof. We may assume that Y is affine. After replacing F by 7,F, we may assume that
X =Y xP".

Recall that Pr, (m) = x(F,(m)) for all m € Z. Note that this is equal to h°(F,(m)) for
m > 0.

Let A= O(Y). Consider the Cech complex computing the cohomology of F (m)onY xP"
with respect to the cover by D (x;) for 0 <i < n:
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0 —— I'(X, F(m)) — @g(D*(:ci),f(m)l — P LD (wix)), F(m)) — -

)

v~ . ~~
flat A-module <y flat A-module

Since H(X, F(m)) = 0 for i > 0 and m > 0, the above is an exact complex for m > 0.

This shows that I'(X, F(m)) is a flat A-module. It is also finitely-generated over A, so it is
locally free of well-defined rank.

It is enough to show that for any y € Y, if m is large enough h°(F,(m)) = rank(T'(X, F(m))).

Let m, C A be a maximal ideal corresponding to y. By choosing generators of m,, we get
an exact sequence:

A®N > A > A/m, —— 0.

Take the corresponding sheaves, apply f*, and tensor with F:

FoEN > F > Fy > 0.
If m > 0, the corresponding sequence
(X, F(m)® —— I'(X,F) — (X, F,(m)) —— 0

is exact. (In general, if F — G — H is exact on P} = X, then I'(X, F(m)) — I'(X,G(m)) —
(X, H(m)) is exact for m > 0.)

Tensoring this exact sequence with A/m,,, we get
I(X, F(m)) @4 Afm, =T(X, F,(m)) = T({y} x P*, Fy(m)).
This completes the proof. O

Corollary 7.1.4. Suppose X — Y x P" is a closed immersion, and we have a commutative
diagram

Let F € Coh(X) be flat over Y. If Y is connected, then the map

y = x(Fy)
is constant on Y, where F, = F ®o, Ox/m,Ox.
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7.2. Generic flatness.

Theorem 7.2.1 (Generic flatness, Grothendieck). Let f: X — Y be a morphism of algebraic
varieties and F € Coh(X). Then there is an open dense subset U C'Y such that

Fl-1wy is flat over U.
Remark 7.2.2. Combining this with Theorem 7.1.3, if X — Y x P" is a closed immersion,

and we have a commutative diagram

X —— Y xP"
\lp
Y

then for any F € Coh(X), there is a finite set of polynomials that contains Pg, for any
yey.

We present a sketch fo the proof of Theorem 7.2.1. One can reduce to the case when X, Y
are affine and Y is irreducible. Then the theorem follows from the following theorem.

Theorem 7.2.3 (Generic freeness). Let R be a domain and S be an R-algebra of finite type.
If M is a finitely-generated S-module, then there is an a € R\ {0} such that M, is free
over R.

Proof. We first reduce to the case where S is a domain and M = S.

(1) If we have an exact sequence
0 > M’ > M > M —— 0
and we know the theorem for M’ and M”, then we know the theorem for M.
(2) There is a filtration of M:

O=MyCcMyC---CM,=M
by S-modules such that
Mz’/Mifl = S/pl for P; prime.

Combining these two remarks, we may assume that S is a domain and M = S.
Case 1. There is a nonzero a € ker(R — S). Then S, = 0 which is free.

Case 2. The map R < S is injective. Let K = Frac(R) and n = trdeg(S ®r K/K). We
proceed by induction on n > 0.

By Noether normalization, there are elements ay, ..., a, € S®g K, algebraically independent
over K, such that
Klay,...,a,) — S®@r K

is finite.
We may assume that a; € S for all i. After replacing R by R, for some ¢ # 0 in R, we may

also assume that
Rlay,...,a,] — S is finite.
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Now, we may replace S by Rlay,...,a,|, and M is still S.

We filter M again so that the successive quotients are

Rlay, ... a,|/p
for primes p.
If p=0, Rlay,...,a,] is free over R, so we are done. If p # 0, then
trdeg((R|aq, ..., a,]/p) ® K/K) < n.

Then we are done by induction. 0

Recall the following properties of flat morphisms. If f: X — Y is flat, then
(1) if W C Y is irreducible, closed, f~'(W) # (), and Z is an irreducible component of

f7H(W), then f(Z) =W,
(2) if W and Z are as in (1), then codimy (W) = codimx (Z).

Remark 7.2.4. Note that (1) implies that every irreducible component of X dominates a
(unique) irreducible component of Y. Moreover, if Y’ is an irreducible component of ¥ such
that f~1(Y”) # 0, then all the irreducible components of f~!(Y”) are irreducible components
of X.

Exercise. Let f: X — Y be a flat morphism and n € Z. Then the following are equivalent:

(1) for any irreducible component X’ of X, if Y’ is an irreducible component of Y dom-
inated by X', then
dim X' = dim Y’ + n,
(2) for any irreducible closed subset W C Y such that f~1(W) # ), for any irreducible
component V of f~1(W),

dimV =dimW +n,
(3) for any y € f(X), f~'(y) has pure dimension n.

Definition 7.2.5. If the equivalent conditions above hold, we say that f is flat of relative
dimension n.

Proposition 7.2.6. Suppose f: X — Y is a morphism such that'Y is smooth, irreducible,
of dimension n, and X is Cohen—Macaulay has pure dimension m. If all fibers of f have
pure dimension m — n, then f is flat.

To prove this proposition, we will use the following corollary of the local flatness criterion
from Review Sheet 6.

Corollary 7.2.7. Let (A,m, k) — (B,n,{) be a local morphism of Noetherian local rings and

suppose M is a finitely-generated B-module. If aq,...,a, € m is A-reqular and M -reqular,
then M s flat over A if and only if M/(aq, ..., ay) is flat over A/(aq,. .., ay,).

Proof of 7.2.6. Let x € X and y = f(z). Consider the map ¢: A = Oy,, - Ox, = B
induced by f. Write my C A and mp C B for the maximal ideals.
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Since Y is smooth, m, is generated by a regular sequence aq, ..., a,. Note that this is also
a B-regular sequence:
depth((ay,...,a,)B, B) = codim((ay, . ..,a,)B) as B is Cohen-Macaulay

=dim B — dim(B/(ay, . .., an))
=m — (m — TZ)

By Corollary 7.2.7, it is enough to show that B/m4B flat overA/m,, which is clear, since
A/my is a field. This shows that B is flat over A, so ¢ is flat of relative dimension m—n. O

7.3. Generic smoothness. In Math 631, we just discussed smooth morphisms between
smooth varieties. We now discuss this notion in general.

Definition 7.3.1. A morphism f: X — Y is smooth of relative dimension r if

(1) f is flat, of relative dimension r,
(2) Qxyy is locally free of rank r.

We say that f is étale if it is smooth, of relative dimension 0.

Note that when Y is a point, X — Y is smooth of relative dimension r if and only if X is
smooth of pure dimension r.

Proposition 7.3.2. A morphism f: X — Y is smooth of relative dimension r if and only

if

(1) f is flat of relative dimension r,
(2) for any y € Y with corresponding radical ideal sheaf m,, m, - Ox is a radical dieal
sheaf, and f~*(y) is smooth.

Proof. We may assume that X and Y are affine. Write A= O(Y), B=0O(X), and m, C A
for the ideal correponding to y. We have a map A — B, which induces

k=A=A/m,— B=B/m,B,
SO -
QE/Z = QB/A Xp B.
Note that €2x,y is locally free of rank r if and only if dimy(Qx/y)@) = 7.
For any z € f~'(y), write n C B for the maximal ideal corresponding to #. Then
(Qx/v)@) = Upya @p (B/n) = Q5 @5 (B/n) .
We saw that this is isomorphic to n/n%. Since f~!(y) has pure dimension r, dim (En) =r.

Altogether, this shows that (€2x/y) () has dimension r over k if and only if B, is a regular

local ring. This is equivalent to saying that myOx is radical at x and x is a smooth point
of f71(y). O

Proposition 7.3.3. Let f: X — Y be a morphism of smooth irreducible varieties and
dim X =m, dimY =n. Then the following are equivalent:
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(1) f is smooth of relative dimension m — n,
(2) forany x € X, T, X ¢ Ty)Y is surjective.

Proof. Consider the exact sequence

f*QY —2 QX — Qx/y — 0.
~~~

locally free locally free
rank n rank m

If (1) holds, then « is injective and it is in fact a morphism of vector bundles, so
[ ()@ = (Qx) (@) is injective for all x.
Hence (df,)Y is injective, which shows that df, is surjective.

Conversely, the hypothesis implies that « is injective and {1x/y is locally free of
rank m — n. We already proved that (2) implies that each fiber has pure dimension m — n.
Since X and Y are smooth, this shows that f is flat of relative dimension m — n. 0

Definition 7.3.4. A morphism f: X — Y is unramified at x if Oy, — Ox, satisfies
My, = My, - Ox . A morphism is unramified if it is unramified at all points.

Exercise. For a morphism f: X — Y, the following are equivalent:

(1) f is étale,

(2) fis flat and Qx/y =0,

(3) f is flat and unramified,

(4) for any z € X, O/yﬁ) — 5; is an isomorphism.

Almost all the theorems in the class except Hironaka’s resolution of singularities hold in any
characteristic. Even in the case of Hironaka’s theorem, it is not known whether it holds in
positive characteristic or not. The following theorem holds only in characteristic 0 and it

(and its consequences) are known to fail in positive characteristic.

Theorem 7.3.5 (Generic Smoothness). Suppose char(k) =0. If f: X — Y is a morphism
of irreducible varieties and X is smooth, then there is an open subset U C Y such that

fHU) = U is smooth.

Definition 7.3.6. A finite type field extension L/K is separable if there is a transcendence
basis ay,...,a, € L over K such that L/K(ay,...,a,) is a (finite) separable extension.

Example 7.3.7. In characteristic 0, any such extension is separable.

Lemma 7.3.8. If L/K is a finite field extnesion which is separable, then
dimpg, Qp/x = trdeg(L/K).

Proof. Choose a transcendence basis ay, ..., a, of L/K such that L/K(a,...,a,) is separa-
ble. By the primitive element theorem, there is a b € L such that L = K(ay,...,a,)(b). Let
f € K(ay,...,a,)[y] be a minimal polynomial of b over K(ay,...,a,). Note that f'(b) # 0
by separability.
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After clearing denominators, there is a polynomial g € K{z1, ..., x,,y] such that

0
glay,...,a,,b) =0 and a—z(al,...,an,b)#O.

Then L is the field of fractions of

Then 4/ is the quotient
Adz, & - ® Adx,, & Ady

ﬁ?l 2(TL, - T, P + SL(TL, -, T, D)dy
Since g—Z(SU_l, T, U) # 0, Qu i is a free A-module of rank n, so
dimz Q= n,
completing the proof. U
Proposition 7.3.9. If f: X — Y is a dominant morphism of irreducible varieties such that

k(X)/k(Y) is separable then there is a non-empty open subset V-C X such that V —'Y is
smooth of relative dimension dim X — dim Y.

Proof. After replacing X and Y by suitable open subsets, we may assume that X and Y are
smooth.
By Lemma 7.3.8:

dimy, xy Qu(x)/ky) = trdeg(k(X)/k(Y)).
Note that

/) = (Wxyv)

the stalk of the sheaf with respect to X. Therefore, there exists U C X such that {2 X/Y\U is
locally free of rank equal to dim X — dim Y.

This shows that for any x € U, the map
T.X — Tf(m)y
is surjective, and hence U — Y is smooth by Proposition 7.3.3. 0

Proposition 7.3.10. Assume char(k) = 0 and let f: X — Y be a morphism. Forr > 0,
consider:

Zy ={x € X | rank(T, X — Ty)Y) <r} CX.

Then every irreducible component of f(Z,) has dimension at most r.

Proof. Let W be an irreducible component of f(Z,) and let Z C Z, be an irreducible com-

ponent such that f(Z) C W. Consider the commuting square

J — X

«Q
~

We——Y
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By Proposition 7.3.9 (which applies because char(k) = 0), there is an open subset U C
Zsm N g~ (W) such that for any o € U, the map

dgxi TIZ - Tg(x)W

Taking tangent spaces of the square above, we get the square

1.2 — X

dgml ldfac

Ty@yW —— Ti»)Y

If v € Z,NU, then dim Ty, )W <7, so dim W < r. U

Proof of Generic Smoothness Theorem 7.3.5. Suppose char(k) =0 and f: X — Y is a dom-
inant map between irreducible varieties X and Y with X smooth. After replacing Y by an
open subset, we may also assume that Y is smooth.

Taking r = dimY — 1 in Proposition 7.3.10, every irreducible component of f(Z,.) has
dimension at most dimY — 1. Therefore f(Z,) # Y, and if U = Y \ f(Z,), then for any
z € f~YU), the map

TxX — Tf(m)Y
is surjective. Hence the map f~!(U) — U is smooth. O

8. FORMAL FUNCTIONS THEOREM

8.1. Statement and consequences. The goal is to understand for a proper morphism
f: X =Y the stalk R'f.(F), when F € Coh(X).

In the classical setting, we have the following theorem.

Theorem 8.1.1. If f: X — Y is a proper continuous map (i.e. the preimages of compact
sets are compact) between locally compact topological spaces, then for any y € Y there is an
isomorphism R'f.(F), = H'(f~*(y), Fls-1(y)) for any sheaf F of abelian groups on X.

In the algebraic setting, the picture is more complicated. It can be summarized in two
results.

o —

(1) Formal function theorem: for proper morphisms, describes R!f,(F), in terms of an
inverse limit of sheaves supported on f~!(y).
(2) Base change theorems under certain conditions (F flat over Y and more):

Rif*(F)(y) = H%X,./T"@ (QX/myOX).
We will focus on the first theorem. We begin with a formal statement.

Let f: X — Y be a proper morphism, Z C Oy be a coherent ideal, and F € Coh(X). For
1 > 0, consider

Fi = F @0y Ox /T Ox.
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Note that supp(F;) C f~(V(Z)). For i > 0, we have surjective maps f — JF;. Since f is
proper, we get morphisms

RUf(F) = RUf(F)
between coherent sheaves on Y and the codomain is annihilated by Z*!. Therefore, we have

an induced map
RIf.(F) @0, Ox /T — RUf.(F).

Theorem 8.1.2 (Formal Functions theorem). These maps induce an isomorphism
lim (R7f,(F) ®o, Ox/T™") — lim R f.(F)).
Example 8.1.3. Suppose Y is affine and R = O(Y), I = Z(Y'). Then the Formal Functions
Theorem 8.1.2 gives an isomorphism
lim HY(X, F) ®r R/I”i — lim H(X, F;),
HI(X,F)N

where H?(X,F)" is the completion with respect to I.

Example 8.1.4. Suppose y € Y is a point and let Z = m, be the radical ideal defining y.
If U 5 y is an affine open neighborhood, then the sections over U of the isomorphism in the
Formal Functions Theorem 8.1.2 gives an isomorphism

HU( 0, F)S = i B 0), Fil o)

~(Rf.(F))) m HO(X )

Remark 8.1.5. The reason for the formal functions in the name is that the theorem can be
restated as computing the global sections of a formal scheme. We do not do this here.

Corollary 8.1.6 (Zariski’s Main Theorem). If f: X — Y is a proper morphism of algebraic
varieties such that Oy — f.(Ox) is an isomorphism, then f has connected fibers.

Proof. Let y € Y. Suppose W = f~1(y) = W, LI Wy, for Wy, W5 open in W. We may assume
that Y is affine. The Formal Functions Theorem 8.1.2 for F = Ox and ¢ = 0 shows that

(f —X>3/;\ = lglr(Xv OXZ)
where Ox, = Ox /m/" Ox. By assumption, (f.Ox); = 6y\y

Let j: W < X be the inclusion map. Since all Oy, are supported on W, Oy, = j.(f1(Ox,))
and f~1(Oy,) is a sheaf on W. Then

F(X, O)Q) = Az X BZ

where A; = T'(Wy, f1(Ox,)), B; = T'(W,,j ' (Ox,)). Both A; and B; are both nonzero
k-algebras. Taking @, we see that

lim (X, 0x,) > A x B

for nonzero k-algebras A = leAi, B = 1&1 B;. They are non-zero since they contain a copy
of k.

However, Oy, is a local ring, so it has no non-trivial decomposition as a product of rings,
which is a contradiction. 0J
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Corollary 8.1.7. Suppose that f: X — Y is a birational proper morphism between irre-
ducible varieties with Y normal. Then f.Ox = Oy, and hence f has connected fibers by
Zariski’s Main Theorem 8.1.6.

Proof. We show that f,Ox = Oy. We may assume that Y is affine. Let U C X and V C Y
be open subsets such that f induces an isomorphism U — V. Then the diagram commutes

F(Y, Oy) —> F(X, Ox)

| [

[(V,0y) — I(U, Ox)
so I'(Y,Oy) — I'(X, Ox). We then have

T(Y,0y) « » T(X, Ox)

and I'(X, Ox) is a finitely-generated I'(Y, Oy )-module since f is proper. Hence I'(X, Ox)
is contained in the integral closure of I'(Y, Oy ) in k(Y'), which is just I'(Y, Oy), since Y is
normal. O

Corollary 8.1.8 (Stein factorization). Given f: X — Y proper, there is a decomposition

X 4y z7 v,y

such that

e 0.0x = Oy (so g has connected fibers),
e wu s finite.

Exercise. Check that this is unique: if X " W —“% Y is another such decomposi-
tion, then there is an isomorphism «: W — Z such that the diagram

Z

TN

X a Y

N

w

commutes.

Proof. Let A = f.Ox, which is a coherent Oy-algebra. If U C Y is affine then A(U) =
Ox(f~YU)) be a reduced ring, so A is a reduced Ox-algebra. Let

7 = MaxSpec(A) =Y.



MATH 632: ALGEBRAIC GEOMETRY II 125

Giving a morphism g

X I » Z = MaxSpec(A)

X‘ /
Y
is the same as giving a morphism of Ox-algebras A — f,Ox.
We claim that ¢,Ox = Oy. If U C Y is open, then
uH(U) = MaxSpec(Ox(f(U)))

and
O(f1(U) = A(U) = O(u™'(U)) = O(g ' (u™'(U))) = O(f (1))
is the identity map. O

Corollary 8.1.9. If f: X — Y is a proper morphism with finite fibers, then f is finite.

Proof. Consider the Stein factorization:

X vz v,y

with v finite and ¢.Ox = Oz. It is enough to show that ¢ is an isomorphism. We know
that the fibers of g are contained in the fibers of f, so g has finite fibers. Since g is proper,
Zariski’s Main Theorem 8.1.6 shows that g has connected fibers. Hence g is injective.

Since g is proper, it is closed, and hence it gives a homeomorphism onto a closed subvariety
7' C Z. Letting j: Z' < Z be the inclusion map, we then have

/g\

Oz — 5.0z —— ¢.0x
so the first map Oz — 7.0z is injective. The kernel is the radical ideal corresponding to
7' s0 7' =7.

Since g is a homeomorphism onto Z such that g.Ox = Oz, g is an isomorphism. 0J

We give another corollary of the Formal Functions Theorem 8.1.2.

Corollary 8.1.10. If f: X — Y is a proper morphism and F € Coh(X) such that dim(supp(F)N
fYy)) <n forallyeY, then

RIf.(F) =0 for q > n.

Proof. It is enough to show that RIf,(F), = 0 for all y € Y and ¢ > n. In fact, since this
module embeds into its completion, we just need to show that

RIf.(F)) =0
forall y € Y and ¢ > n.
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By the Formal Functions Theorem 8.1.2, it is enough to show that
HY(X,F;) =0 for all ¢ > n.

Note that supp(F;) C supp(F) N f~(y). Since F; has a finite filtration with quotients that
are push-forwards from supp(F) N f~1(y), it is enough to show that if W is a complete
n-dimensional variety and F € Coh(W), then HY(W,F) = 0 for g > n.

We proved this for projective varieties. To get the general case, we use Chow’s Lemma to

construct W — W which is an isomorphism over dense open subsets, where W is a projective
variety. The complete proof is in the official notes. O

Example 8.1.11. Recall that if f: X — P" is finite, then f*O(1) is globally generated and
ample. Conversely, if X is a projective variety and L is globally generated and ample, then
we get a morphism f: X — P™ such that f*O(1) = L, and every such f is a finite morphism.
Indeed, note that f is proper and has finite fibers: if Z = f~!(y), we have a diagram

X%IF’”

o]

Zz — {y}
so L|z =2 Oy and L]z is ample, so Z is finite. Therefore, by Corollary 8.1.9, f is finite.

8.2. Proof of the Formal Functions Theorem 8.1.2. Suppose X is a variety and S is an
N-graded Ox-algebra. We say that S satisfies (x) if it is quasicoherent, reduced and locally
generated over Sy by Sy, and Sy and S are coherent O x-modules.

X = MaxProj(S)
We suppose S satisfies (x). Recall that we get a variety l . IfMisa

X
Z-graded S-module which is quasicoherent over Oy, then we get a quasicoherent M sheaf
on X. For example, S(1) = O%(1).

If M is locally finitely-generated over S, M is coherent.

Proposition 8.2.1. Let f: X — Y be a proper morphism. Suppose T is an Oy -algebra that
satisfies (x) and S is an Ox-algebra that satisfies (x), and we have a surjective morphism
f*T — S. If M is a graded S-module on X which is quasicoherent over Ox and locally
finitely generated over S, then for all ¢ > 0, R1f. (M) is locally finitely-generated over I.

Note that cohomology commutes with arbitrary direct sums for quasicoherent sheaves (e.g.
one can compute the cohomology using Cech cohomology).

Proof. By assumption, letting X = MaxProj(S), Y = MaxProj(T), we have a commuta-
tive diagram



MATH 632: ALGEBRAIC GEOMETRY II 127

X =X

:

>

S
<_
~

v

—

|~<
I~<

such that g*Oy = O(1). Let M be the coherent sheaf on X corresponding to M. Note
that if M = @MZ then
i€z
R'f.(M) = P R*f.(M,)
i€Z
and each of RIf,(M;) is a coherent Oy-module (since each component M; is coherent).
Since Mis locally finitely-generated over S, M; = 0 for ¢+ < 0, so it is enough to show that

@ RIf.(M,;) is locally finitely-generated over T.
i>0
Let L
P =P M & 0gl(i)).
i>0
We use the two Leray spectral sequences corresponding to fou = v o g and P.
First, we see that
EP" = R'v.(Rg.(P)) = R"(v o g).(P)
and L —
Rig.(P) = D R1g.(M @ O3 (i) =P Rig.(M)  @03(i).
i>0 i>0 >
= =" coherent Og-module
For p > 0, E¥? is a coherent Oy-module (by asymptotic vanishing). For p = 0, we get a
T-module which is locally finitely-generated. Then the spectral sequence shows that
R%(v o g),(P) is locally finitely-generated over T~

for all d.

The second spectral sequence is
By = R [.(R'u.(P)) =, R*(f ou).(P).
We have that
EY' =Ry, ( P rru. (M @ 0%(1)) ) .

>0

N J/

coherent Oxjnfodule for ¢>0
@ M; in all but finitely
i>0
many degrees for ¢=0
Hence it is enough to show that E;”’q is locally finitely-generated over T for all p. We know
that Eg’q is a coherent Oy-module (in particular, it is locally finitely generated over 7T') and
E""is locally finitely-generated over T for all p, ¢ (since it is a subquotient of RPT4(vog),(P)).
70 —

Since Ef = EZ;O for all » > 0, it is enough to show that for r > 2 if E]:fl is locally finitely-

generated over T, then EI:’O is locally finitely-generated over 7. We have the sequence
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—p—r,r—1 © —=p,0 —=p+r,1—r
E » > B, = 0.

We know Effl = coker () is locally finitely-generated over T and Ef_m_l is locally finitely-

generated over T, since it is a subquotient of E;“‘”‘l for r —1 > 0. This shows that EI:,’O is
locally finitely-generated over T . O

Proof of the Formal Functions Theorem 8.1.2. Recall that f: X — Y is a proper morphism,
F is a coherent sheaf on X, 7 is a coherent ideal on Y, and F; = F ® Ox /I Ox. We want
to show that

Jim RIUf(F)/THRIf(F) — m RAf, (F;).
We may assume that Y is affine, R=O(Y), [ = Z(Y). Letting T' = @ I,

n>0
roT-@r
n>0
S=P10x
n>0
satisfy the condition (). The module M = @I”“}" is quasicoherent over Oy and locally
n>0

finitely-generated over §. Then Proposition 8.2.1 shows that
N9 = P HY(X, 1" F)

n>0

is a finitely-generated T-module. We want to show that
lim HY(X, F)/ I HY(X, F) 5 lim H'(X, F,).

We have the exact sequence

0 — ITHF — F — F

~
o

and the long exact sequence in cohomology gives

0 > A; » HI(X, F) — HY(X,F) > B;

e}

where
A; = im(HY T F) — HY(F)),
B; = im(HY(F;) — H™ (ZTH(F))).

Since taking I&H is left-exact, we get an exact sequence

0 —— lm(H(X, F)/A) — lim(HY(X, F;)) — lim B;.
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We just need to show that lim B; = 0 and T&n(Hq(X, F)JA;) = @(HQ(X, F)/TTHY(X, F)).

It feT, =1" we have a diagram

0 —— IHF > F
lf lf
> F

0 Ii+m+1]:

e}

> Fi
L

” m+i—>0

which gives a commuting square

HY(F,) — Hatl (Zi—i-l]:)

| |

H4a (-Ferl) , Hq—l—l(l-i—f—m-&-lf).

This gives a map B; — B and @ B; is a T-module, a submodule of N9t so it is
i>0

finitely-generated over T'. Therefore, there is an ¢; such that B,,;, = T,,5;, for all m > 0.

Exercise. For any f € T, = I'"", if B;,,, — B; is the structural map of the inverse system,

then the composition

B; L, Biym — B;

is the usual multiplication by f on B;.

Recall that HY(X,F;) — B; and HY(X,F;) is annihilated by I**!, so B; is annihilated by
I+,

We claim that if m > 4y + 1, then the map B;,,, — B; is 0. This is clear from the above,
since element in B;,, lies in 15y, - By,
Altogether, we conclude that gn B, =0.

The argument showing that l'gl(Hq(X, F)JA;) = @(Hq(X, F)/TTYHY(X, F)) is similar, so
we omit this here. (It can be found in the official notes.) O

9. SERRE DUALITY

Serre duality is the analogue of Poincaré duality in the algebraic setting. It can be stated
for complete varieties, but we only discuss it here for projective varieties.

9.1. Preliminaries.

Definition 9.1.1. Let X be a projective variety of dimension n. We say that Serre duality
holds for X if there exists w% € Coh(X) such that there is a natural isomorphism

Ext’bx (F,w%) = H""
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for any coherent sheaf F on X and any ¢ > 0.

Note that both sides are contravariant d-functors Coh(X) — Vecty. If 0 - F — F —
F” — 0 is a short exact sequence and w% — Z*® is an injective reslution, we get a short exact
sequence of complexes

0 —— Hom(F”,Z%) —— Hom(F,Z*) —— Hom(F',I*) — 0

so taking long exact sequence in cohomology shows that the left hand side is a 0-functor. The
right hand side is a d-functor since H* (X, —) = 0 for ¢ > n. For Serre duality, we actually
require an isomorphism of d-functors.

Definition 9.1.2. A contravariant -functor (F;);>o is co-effaceable if for any A and i > 0,
there is a surjection B — A such that F;(B) = 0.

Lemma 9.1.3. Any co-effaceable 0-functor F' = (F;);> is universal, i.e. for any contravari-
able o-functor G = (G;);>0, the natural map

HomJ-funct(Fa G) — Homfunct(F07 GO)

18 an isomorphism.

Proof. Given «q: Fy — Gy, construct a;: F; — G; by recursion. Suppose we have ;. Given
any A, consider a short exact sequence

0 s C s B s A

e}

such that F;;1(B) = 0. Then we have a diagram

Fi(B) —— Fi(C) — Fija(A) — Fia(B) =0

B c :
lai lai :
<

where we get the unique dotted map Fj;1(A) — G;11(A) by the universal property of the
cokernel.

Exercise. Check all the details to finish this proof. 0

9.2. Examples of Serre duality. Note that in our setting, for every W%, the d-functor
{Exte, (—,w%)}izo is co-effaceable. Given any F and an ample line bundle £ on X, there
is a surjection

() - F
for all ¢ > 0. Moreover, note that
Exty, (L£7%w%) = H' (W} ® L£9) =0 for i > 0 if ¢ > 0.
This shows that Serre duality holds for X if and only if

(1) there is an w% such that Home, (F,w%) = H*(X,F) for all F € Coh(X),
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(2) {H"*(—)"}is0 is co-effaceable.

Definition 9.2.1. A dualizing sheafon X is a coherent sheaf w$ that represents the function
F— H"(X, F)".

Proposition 9.2.2. Serre duality holds for P" with wg, = wpn.

Proof. Condition (2) holds: for any coherent sheaf there is a surjective morphisms
O(=q)*" - F
for ¢ > 0, and .
H"(P",0(—q)) =0 for i > 0 and g > 0.

We show that condition (1) holds. We showed that H™(P",wpn) = k. For any F € Coh(X),
we hence have a map

Hom(F,wpn) — Hom(H™(F), H"(w)) = H*(F)"

and this is an isomorphism if F = O(m) for some m € Z. Every F € Coh(P") has a

presentation
& =& —F—=0

where &, & are direct sums of line bundles.

Since both Hom(—, wpn) and H"(—)" are left exact, this completes the proof. O

For a general projective variety, proving the Serre duality amount to proving the two condi-
tions (1) and (2) separately. We begin with (1): finding a dualizing sheaf.

Proposition 9.2.3. If X C PV is a closed subvariety of dimension n and r = N — n, then
Wk = Extgy,, (Ox,wpn) is a dualizing sheaf on X.

To simplify notation, we will sometimes write P for P,

Proof. Note that Ext’bPN (Ox,wpn) =0 for i < r. The stalk at z € X is
EXthPw (OX,xa w]p@)

and wp, = Op,. Vanishing for i < r is equivalent to codim(/x,) = depth(Ix ., Ox ) > 7.
This is clear.

If F € Coh(X),
H"(X,F)' = H"(P", F)" = Extg, (F,wp).

Choosing an injective resolution on PV

0 > Wpn A A

g

we get an exact sequence

(%) 0 —— Homp, (Ox,I°) > Hom(Ox, I 1) > Q) > 0

g

where Q = im(Hom(Ox,I" 1) — Hom(Ox,I")), and we have
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0 > Q y Hom(Ox, L") —— Hom(Ox, T )

Since (x) is an exact complex, Homp,(Ox,Z7) is an injective Ox-module.
In particular, () is split exact and @ is an injective Ox-module. Then w% = ker(«)/Q and
Homop, (F,w%) = Homo, (F, ker(a)/Q).

We have the complex
Homg, (F,Z"') —— Homp, (F,Z") —— Homep, (F,Z")

and Home, (F,Z") = Homoe, (F, Home,(Ox,Z")), so the cohomology is
Hom(F, ker(a)) ker(a) )
Hom(F, Q) Q -

Since @ is injective, the short exact sequence

= Home, (F,

0 > Q > ker(a) —— ker(a)/Q —— 0

is split. 0
Remark 9.2.4. If Serre duality holds on X,
Ext'(F,w%) = H" ' (F)".
If F is locally free,
H'(wy @ FY) = H(F)".
This is the form of Serre duality that we usually apply it in.

Theorem 9.2.5. Let X C PV be a closed subvariety of dimension n. Then the following
are equivalent:

(1) X satisfies Serre duality,

(2) X is Cohen-Macaulay of pure dimension,

(3) for any locally free sheaf € on X, H'(X,E(—q)) =0 for all i < n and q > 0.
We will need the following lemma in the proof.
Lemma 9.2.6. Let v € X be a smooth point and M be a finitely-generated Ox ,-module.
Then pde, , M <1 if and only if Exty, (M, Opy) =0 fori>r.
We omit the proof of the lemma for now and prove the theorem.
Proof of Theorem 9.2.5. By Proposition 9.2.3, X satisfies Serre duality if and only if the
d-functor {H"*(—)V};>0 is co-effaceable.
To see that (1) implies (3), note that Serre duality shows that

H'(X,E(—q)) = H" X,k ®E(q)) = 0
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for i < n and ¢ > 0. Conversely, to show (3) implies (1), use that for every F, there is a
surjective map O(—q)®" — F.

We just need to show that (2) is equivalent to (3). Recall that X is Cohen-Macaulay of
pure dimension 7 if and only if depthOx, > n for all z € X. Note that depthOx, =
depthy,  Ox, and by Theorem 6.1.9

depthop,m OX,LI: — N - de]P’,m OX,.T‘

By Lemma 9.2.6, pdy,  Ox, < rif and only if Extf, (Oxe,Op,) = 0 for i > r for all
reX.

Altogether, we conclude that (2) is equivalent to
f?(té)ﬂm(OX, Op) =0
for i > r. Recall that Ext, (Ox,E) = Extp, (Ox, Op) @ £ for a locally free sheaf E.

Recall that by Homework 11, Problem 3, we have a spectral sequence that gives for any
coherent sheaf F

B = HP(BY, 5ty | (Ox, F () = Bxti (Ox, F(7).
For j > 0 and p > 0, EY? = 0 and
f;(t‘ép,\, (Ox,F) ® O(y) is globally generated
and
Extg,, (Ox, F(j)) 2 DY, £xt5_ (Ox, F(5)))-
by Homework 11.
Take F = wpn.
We show that (3) implies (2). It is enough to show that (3) implies that
Eath, (Ox,wp(j)) = 0
for j > 0. By the above argument, to show this, it is enough to show that
Ext{, (Ox,wp(j)) = 0.
By Serre duality on PV (Proposition 9.2.2),
Exth (Ox, we(j) = HY(BY, Ox(=))" = HY (X, Ox(—j))
for N —i < N —r =n. This is 0 by condition (3).
The proof that (2) implies (3) is similar. We already showed that (2) is equivalent to
B(tfgp((’)x, Op) =0

for i > r. If (2) holds, then Exth(EY,Op) = 0 for all i > r and locally free sheaves &.
Reversing the above arugment, we conclude that

H"(X,&E(~q)) =0
for i <n and ¢ > 0. O
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While this shows that Serre duality holds for Cohen—-Macaulay projective varieties of pure
dimension, the dualizing sheaf w% is in general hard to understand. However, in the case of
smooth varieties, it is actually equal to the canonical bundle.

Proposition 9.2.7. If X < P" is smooth, then w% = wx.
The ideal of the proof is to locally write down X = Z(s) where s € T'(X, &) is a regular

section of a vector bundle, and then use the Koszul complex to compute f;(t?gp((’) x,wp). We
omit this here, but it can be found in the official notes.

Remark 9.2.8. By the same argument as in the proof of Theorem 9.2.5 shows that if
depth(Ox ) > 2 for all z € X then for any locally free sheaf £ on X:

for ¢ > 0.
Corollary 9.2.9. If X is an irreducible, normal, projective variety and dim X > 2, and D
is an effective Cartier divisor such that O(D) is ample, then supp(D) is connected.

Proof. Choose m > 1 such that O(mD) is very ample. Since depthOx, > 2 for all x inX,
HY(X,0x(—gmD)) =0 for ¢ > 0. Then we have a short exact sequence

0 —— O(—qgmD) s Oy > Ogmp —— 0

and the long exact sequence in cohomology gives
k=H’X,0x) = H (X, Oymp) — H (X, O(—gmD)) = 0,
so HY(X, Oymp) = k. Hence supp(D) is connected. O

10. ALGEBRAIC CURVES

A curve is an irreducible variety of dimension 1.

Recall that if X is a smooth projective curve, then Serre duality implies that if £ is a locally
free sheaf on X then

HI(X, ) =~ H'H(X,wy @ ).
Example 10.0.1. If X is a complete curve, p,(X) = (=1)3mX(y(Ox) — 1) = h1(X, Ox).
If X is smooth, Serre duality shows that h'(X, Ox) = h%(X,wx), and hence
Pa(X) = pg(X).
In this case, we simply call this invariant the genus of X.

T

Let X be a smooth, projective curve. If D = ZaiPi is a divisor, the degree of D is
i=1

deg(D) = Z a;. Note that deg(D + E) = deg(D) + deg(E).

=1
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10.1. Riemann—Roch Theorem.

Theorem 10.1.1 (Riemann—Roch). If X is a smooth projective curve of genus g and D is
a divisor on X, then
X(Ox(D)) = deg(D) — g+ 1.

Proof. It D =0,

X(Ox) = h’(Ox) = ' (Ox) =1 —g.
Given any D, by adding or subtracting a point finitely many times, we get to 0. It is hence
enough to show that for any D and any P € X, the formula holds for D if and only if it
holds for E = D — P. We have a short exact sequence

O—>Ox<—P) >OX )OP—>O

and tensoring with Ox (D), we get

—— —

EOP

Taking Euler—Poincaré characteristic, we see that

X(Ox (D)) = x(Ox(E)) + x(Op) = x(Ox(E)) + 1.
Since deg(D) = deg(F) + 1, this completes the proof. O
Corollary 10.1.2. If D ~ E, deg(D) = deg(FE).
Proof. This is because the left hand side in Riemann—Roch Theorem 10.1.1 only depends on
the line bundle. U

Definition 10.1.3. If £ € Pic(X), choose D such that £ = Ox (D), and define the degree
of L by deg L = deg D. (Note that this is well-defined by Corollary 10.1.2). This gives a

group homomorphism
deg: Pic(X) — Z.

Example 10.1.4. If X is a smooth projective curve in P*, then deg(X) = deg(Ox(1)).
Indeed, the Hilbert polynomial of Ox satisfies

Px(m) = x(Ox(m)) = deg(Ox(m)) — g +1=m-deg(Ox(1)) — g + 1
by the Riemann—Roch Theorem 10.1.1 where g is the genus of X.

Remark 10.1.5. Let X be a smooth projective curve of genus g. If £ € Pic(X) satisfies
h(L) > 1, then deg(£) > 0 with equality if and only if £ = Ox. To see this, choose D € |L|;
it is clear that deg(D) > 0 and equality holds if and only if D = 0.

Corollary 10.1.6. For a smooth projective curve of genus g, deg(wx) = 29 — 2.

Proof. Apply Riemann—Roch Theorem 10.1.1 with Ox (D) = wx:
deg(wx) — g+ 1 = x(wx) = h’(wx) — A (wx) = ' (Ox) — ' (Ox) = g — 1
by Serre duality. O
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Corollary 10.1.7. If £ € Pic(X) such that h'(L) > 0, then deg(L) < 2g — 2 with equality
if and only if L = wx.

Proof. By Serre duality, h'(£) = h°(wx ® £7') > 0. By Remark 10.1.5, deg(wx ® £7') > 0
with equality if and only if wxy ® £71 = Ox and

deg(wx ® L71) = deg(wx) — deg(L) = (29 — 2) — deg(L).
This completes the proof. ([l
Proposition 10.1.8. If £ € Pic(X), then

(1) L s globally generated if and only if
RO(X, L(—P))=h(L) -1
——
LROx (—P)

forall P € X,
(2) L is very ample if and only if h°(X, L(—=P — Q)) = h°(L) — 2 for any P,Q € X (not
necessary distinct).

Proof. We have a short exact sequence

0—)(/))((—P) >OX )Op—)O

and tensoring with £ we get

0 —— L(—P) > L » LOOp —— 0.
—

Llp

Taking cohomology, we get

12

0 —— HYX,L(-P)) —— H°(L) —— L|p =k

~—
>~k

s — s(P).

Therefore, HY(X, L(—P)) = {s € H*(X, L) | s(P) = 0}, so either h°(X, L(—P)) = h°(L) -1
(when L is globally generate at P) or h°(X, L(—P)) = h°(L) (when P € Bs(L)).

This proves (1). Also note that (2) implies (1), so we may assume that £ is globally generated.

We know that in this case, £ is very ample if and only if £ separates points and L separates
tangent directions at every point. Hence it is enough to show that

(a) For P # Q, L separates P, Q if and only if h°(L(—P — Q)) = h°(L) — 2.
(B) For any P, L separates tangent directions at P if and only if h°(L(—2P)) = h°(L)—2.
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To show (), note that £ separates P and @ if and only if H°(X, £(—P)) N H°(X, L(—Q))
has dimension 2. We have a short exact sequence

0 — Ox(=P—-Q) —— Ox —— Opgy — 0.
Tensoring with £ and taking H°, we have that

0 —— HYL(-P—-Q)) —— H°(L) —— L) @ L)

s — (s(P), s(Q)),

so HY(L(=P = Q)) = H°(L(=P)) N H(L(-Q)).

To show (3), note that £ separates tangent directions at P if and only if there is an s € HY(L)
such that s(P) =0 (i.e. sp € mpLp), but sp € m%Lp. We have a short exact sequence

0 —— OX(—ZP) > OX > Ozp — 0.

Tensoring with £, we get

0 —— L(-2P) s L y LR Oyp = Lp/m%LLp.

Hence

HY(X,L(—2P))={s € H*(L) | sp € m%HLp}.
Hence £ separates tangent directions at P if and only if H°(X, £(—2P)) is a hyperplane in
HO(X, L(-2P)). O
Corollary 10.1.9. Suppose X is a smooth, projective curve of genus g. For L € Pic(X),

(1) if deg(L) > 2g, then L is globally generated,
(2) if deg(L) > 2g + 1, then L is very ample.

Proof. We prove the first assertion, the second is analogous. If deg(L) > 2g — 1, h°(L) =
deg(L) — g + 1 since h!'(L) = 0. Since deg(L) > 2g, for any P € X, deg(L(—P)) > 29 — 1,
so hO(L(—P)) = deg(L(—P)) — g+ 1 = h°(L) — 1. Applying (1) of Proposition 10.1.8 (1)
gives the result. The proof of (2) is similar. O

Corollary 10.1.10. If £ € Pic(X), L is ample if and only if deg(L) > 0.
Proof. If L is ample, there is an m such that £™ is very ample, giving X < PV such that
Ox (1) =2 L£™. Then 0 < deg(X) = deg(Ox(1)) = m - deg(L), so deg(L) > 0.

Conversely, if deg(L) > 0, then for any m such that m - deg(L) > 2¢g + 1, Corollary 10.1.9
shows that £™ is very ample. O
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10.2. Classification of curves. Genus is the fundamental invariant for curve classification.

(1) Suppose g = 0. A smooth projective curve has genus 0 if and only if X = P!. We
know that the genus of P! is 0, so we just need to prove the converse. If £ = Ox(P)
has degree 1 (which is at least 2¢g + 1), £ is very ample, and h°(L) = deg L — g + 1.
We then have an embedding X — P! which muse be an isomorphism.

(2) Suppose g = 1. In this case, we call X and elliptic curve. Since deg(wy) = 29g—2 = 0,
h%(wx) = 1, we see that wxy = Ox in this case.

If £ € Pic(X), deg(L) = 3 = 2g+1, L is very ample. Note that h°(L) =3—1+1 =
3. Then we get an embedding X < P2, which makes X a plane curve of degree 3.
Conversely, if X C P? is a smooth curve of degree 3, wx = wpe ® O(X)|x = Oy, so
it is an elliptic curve.

(3) The case g > 2 is called the general case. In this case, wy is ample.

The following fact will be proved next time.

Fact 10.2.1. For any g > 2, there is a smooth projective curve of genus g.

For example, if X C P? is smooth of degree d > 4, then g = (dgl).
Exercise. If X C P" is smooth and is a smooth intersection of hyperplanes of
degree dy,...,d,_1, then

g:dl...dn_l(d1+"'+dn_1—TL—l).

However, it is clear we cannot get all genera this way.

10.3. Morphisms between algebraic curves. Any rational map X --+ Y where X is a
smooth curve and Y is a complete variety is a morphism. Every morphism X — Y between
complete curves which is not constant is finite (since it is proper, with finite fibers).

Proposition 10.3.1. Any birational map X --+ Y where X and Y are smooth complete
curves 1s an isomorphism. Moreover, every smooth complete curve is projective.

Proof. If ¢: X — Y is birational, then both ¢ and ¢! are morphisms by the above remark,
S0 (p is an isomorphism.

Suppose that X is smooth and complete. Let U C X be affine, and let U be the closure in
some PV, and let U — U be the normalization. Since U is projective, U is also projective,
so U is a smooth projective curve birational to X. Since X = U by the first assertion, X is
projective. 0

Remark 10.3.2. We have an equivalence of categories:

smooth projective curves N field extensions K/k
and — of finite type
non-constant morphisms and transcendence degree 1
X — k(X).

Note that given K, there is a smooth projective curve X such that k(X) = K (choose an
affine curve U with k(U) = K, take closrue in some PV, and then normalize).
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Let f: X — Y be a finite morphism between smooth, projective curves. Note that f is
flat. Given P € X, define the ramification index ep(f) as follows: we have a map of local
rings (u) € Oy.fpy = Ox,p 2 (v), where (u) and (v) are maximal ideals, and note that
¢(u) = v°w for an invertible element w; then e,(f) = e. Note that this is the multiplicity of
7Y f(P)) at P, which we defined as

E(OX7p/mf(p)OX7p).
Since f is finite and flat, for any Q € Y:
> er(f)=deg(f).
pPef~1(Q)
Remark 10.3.3. Note that ep(f) = 1 if and only if df,T7,X — Typ)Y is an isomorphism.

Remark 10.3.4. For any () € Y, the pullback of the divisor @ is f*(Q) = ZPef—l(Q) ep(f)P.

This gives the following formula: for any divisor D on Y
deg(f*(D)) = deg(f) - deg(D).
Example 10.3.5. Suppose X is a smooth projective curve of genus > 1. Fix P € X. Then
R (X, 0x(P)) = 1.
Otherwise, there is a divisor D > 0 such that D # P and D ~ P. Then deg(D) = 1,

so D = @ for a point Q # P. Since P ~ (@, there is a function ¢ € k(X)* such that
div(¢) = P — Q. In this case, ¢ corresponds to a morphism

f: X =>P!
and div(yp) = f*(0) — f*(c0). Hence f*(0) = P, so deg(f) = 1, so f is birational, and hence

na isomorphism. This contradicts the fact that the genus is at least 1.

Example 10.3.6. Suppose X is a smooth, projective, genus g > 0. Then Ox(P) is ample
(since it has degree > 0). However, |Ox(P)| = {P}, so Ox(P) is not globally generated.

Let f: X — Y be a finite morphism between smooth projective curves. Suppose f is
separable. We have the canonical exact sequence

f*Qy — QX E— QX/Y — 0.
— ~—
frwy wx

Since f is separable, there is an open subset U C X such that f|y: U — Y is smooth of
relative dimension 0, in which case |y is an isomorphism. Note that « corresponds to

seN(X,wx ® frwy')
and s|y # 0, so s # 0. We define Ram/ to be the effective divisor associated to s. Note that
Ox(Ram;) 2 wy ® f*wy '
The short exact sequence above shows that
Qx/v = ffwy @ Oram(y)-
Suppose for simplicity that the characteristic of £ is 0.
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Theorem 10.3.7 (Riemann-Hurwitz). We have that

Ram(f) =) (ep(f) = 1)P.

Pex
In particular, 2gx — 2 = deg(f) - (29y —2) + > pex(ep(f) = 1).

11. INTERSECTION NUMBERS OF LINE BUNDLES

11.1. General theory.

Theorem 11.1.1 (Snapper). Let X be a complete algebraic variety and F € Coh(X),
Ly,...,L, € Pic(X). Then there is a polynomial P € Q|xy,...,z,| of total degree <
dim(supp(F)) such that

Pimy,...,m,) =x(LT" ® - QL' @ F).
Lemma 11.1.2. Let X be an algebraic variety and F € Coh(X). Then there is a filtration
0O=FCFHC---CF,=F
such that Anne . (F;/Fi—1) is the radical ideal of an irreducible closed subset of X.

Proof. We proceed by Noetherian induction on supp(F). Let Z = /Ann(F). We have a
filtration
0=I"FCI™'C---CIFCF

such that Z annihilates each successive quotient.

If V(Z) # X, by induction, we have a filtration on each successive quotient, so we get a
filtration on F.

Suppose V(Z) = X, i.e. T =0. Let Xj,..., X, be irreducible components of X. If s =1, we
are done. If s > 1 and Z; is the radical ideal corresponding to X;, then

Iin---NZs=0.

Consider the filtration 0 C Z;F C F. Then Z,F is annihilated by Z, N ---NZ, # () and
F /I, F is annihilated by Z; # 0. Therefore, they both have filtrations by induction, and so
does F. U

Proof of Theorem 11.1.1. Argue by induction on d = dim(supp(F)). The case d = —1 is
trivial (where, by convention, dim(f)) = —1, deg(0) = —1).

Assume X is projective. If we have a short exact sequence

0 > F' » F > F > 0

and for two of F', F, F”, the function given by x is a polynomial of degree < d, then the
same is true for the third one.

Since X is projective, we may write £; & M; ® My for very ample line bundle M;, Ms.
Choose A € |M,|, B € |My| such that A and B contain no associated variety of F. We
have exact sequences
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0 —— FM@FR0(—A) —— LM QF —— FMQF 04 — 0

l:

0 — LM '"QFR0O(-B) —— LM '@ F —= LM '@ F® 0 —— 0

Tensoring with £5” ® - -- ® L™ and taking the Euler-Poincaré characteristic, we obtain
XFOFM"® L") —x(FRLM ' @L @ @ L)
is equal to
XFRO4QLM® - QL™) = x(FROpRLM QLM ® - @ L™).

Note that dim(supp(F®0O,)), dim(supp(F@Op)) < d—1. By induction, the above difference
is a polynomial function of total degree d — 1.

A similar property holds with respect to the other variables. Therefore,
(my,y.c.,my) » X(FRLM®---@ L)
is a polynomial of total degree at most d.

Exercise. Deduce the case when X is a complete variety using Chow’s lemma. (See official
notes for solution.) O

Definition 11.1.3 (Intersection number). If X is a complete variety, F € Coh(X), Ly,..., L, €
Pic(X) such that dimsupp(F) < r, then (Ly--------- L,; F) is the coeflicient of z1,...,x,
in the polynomial P(z1,...,z,) such that

Pmy,...,m,) =x(FRLM® - L").
If 7 = Oy where Y is a subvariety of X, we write (£ ----L,-Y) and if Y = X, we write
(Ly - L)
Note that (L1 -+ L, Y) = (Li]y - -+ - L]y).
IfLy=---=L, =L, write (L";F) or (L") if F = Ox.
If X is irreducible and Dy, ..., D, are Cartier divisors on X, then
(D D) = (Ox(D1) - - - Ox(Dy)).
Lemma 11.1.4. If P(x,...,x,) € R[xy,...,z,| of degree < r, the coefficient of x1 ...z, in

P is
> ()P, 00
IC{1,...r}
where
0  fjél,
orj = o
-1 ifjel.

Proof. We proceed by induction on r. For r = 1, the assertion is clear. For the inductive
step, consider

Q(Xh e ,l‘r_l) = P(Il, ce ,%—170) - P(xl, ey L1, —1)
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Then the coefficient of z1...2,_1 in @ is the coefficient of x;...z, in P and deg(Q) <
r—1. ]

In particular, the lemma shows that:

(%) (Ly-ovee L. F) = Z (—1)Mly (‘F®®£j_1> '

IC{1,...,r} jel

We note a few basic properties implied by this observation.

Proposition 11.1.5. Let £y, ... L, € Pic(X) and dim(supp(F)) =d < r. Then:

(1) (Ly----- L. F)eZ anditis 0ifd<r,
(2) (Ly1,..., L) (Ly---- L F) is a multilinear symmetric pairing on Pic(X)®",
(3) if Y1,...,Y, are irreducible components of supp(F) of dimension r, then

(Ly---- L., F) :Zgox;yi(}—yi)'(ﬁl ..... L, -Y),
=1

(4) (projection formula): if f: X — Y is a surjective morphism between complete vari-

eties and L; = f*(M;), then
0 if dimY < dim X,
(L1 L) = s .
deg(f)- My -+ M,) if dimY = dim X.

(5) if X is irreducible and L, = Ox (D) for an effective Cartier divisor, which does not
contain any associated variety of F, then

(Ly- o Loy F)=(Ly---- L. 1; F ® Op).

Proof. Part (1) clearly follows from (k). In (2), symmetry is clear and to see multilinearity,
note that

(LY @LYY Lo Ly F) = (L) Loveer Loy F) = (L Loene L, F)
by (x) is equal to
— (L L Ly L:F)=0
by (1).
For (3), note that both sides of the equality are additive in short exact sequence. By
Lemma 11.1.2, we may assume that X is irreducible and Ann(F) = 0. Moreover, if we

have a map F — G which is an isomorphism on some open subset of X, the property holds
for F if and only if it holds for G. We can clearly reduce to the case when X is projective.

If X is projective, there is a morphism ¢: F — F ® O(D) where D is an effective ample
divisor, F ® O(D) is globally generated, and ¢ is an isomorphism on some open subset of
X. Therefore, we may assume that F is globally generated.

If m = lyx)(Fx) and s1,..., s, € I'(X, F) are general, then the map
o™ — F

e, — S;
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is an isomorphism on some open subset, so we may assume that F = OF™. In this case, the
assertion is clear.

For (4), we use the Leray Spectral Sequence 3.8.2. We see that for any £ € Coh(X),
X(X, L) = (=1)'x(Y, R'f.(L)).
i>0

If L= f*M, then R\f, (L) = M ® R f.(Ox). Then (*) shows that
(Ly - L) = Z(—l)i(/\/ll o My RU(O)).

This is clearly 0 if dimY < dim X.

Assume that X and Y are irreducible. If dimY = dim X, then there is an open subset
U CY such that f~1(U) — U is a finite morphism. Then

dim(supp(R' f,(Ox))) < dimY < r
for ¢ > 1. Moreover,
dimy(x) (R f * (Ox))x = deg(f),
so the assertion in (4) follows from (3).

To show (5), compute the left hand side using (%) by considering the two cases r ¢ I and
rel. Then (Ly----- L,; F) is equal to

Syt (f@@ﬁ > Zl}(—U”'“ <f®(9x )o@ L )

1<{0,...,r—1} Jel I1C{0,...,r jel
which can be written as
> (=pfiy (]—“@C’)D@@E )
1C{0,...r—1} jeI
completing the proof. O

Remark 11.1.6. Suppose X is a Cohen—Macaulay complete irreducible variety of dimension
n and Dy, ..., D, are effective Cartier divisors such that codimyx(D; N---N D,) = 4. Then
for any x € Dy N ---N D;, the equation of Dq,..., D; at x form a regular sequence. Then

(Dy-----D,) = (DZ""DrQODl):"':hO(X70D1®"'®ODT)-
(Note that by Proposition 11.1.5, (Ox(D); F) = h°(F ® Op).)

If all the intersection points are smooth points of X and and all the D;, and all the intersec-
tions are transversal, then

(Dl ..... Dn>:#(D1ﬁ...mDn).

Exercise. Check that properties (1)—(5) in Proposition 11.1.5 uniquely characterize the
intersection numbers.
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Remark 11.1.7. If Q € R[z| has degree < d, P(z1,...,2,) = Q(x1 + --- + z,) has total
degree < d and the coefficient of z; ...z, is d! times the coefficient of 2¢ in Q.

Suppose £ € Pic(X) where X is a complete variety of dimension d. By Snapper’s Theo-
rem 11.1.1, there is a polynomial @ € Q[z], ¢(M) = x(£™) with deg @ < d.

Then we obtain the asymptotic Riemann-Roch formula:

m (‘Cd) d
X(L™) = rm + lower order terms.

Example 11.1.8. Suppose L is very ample and gives an embedding X < P” such that
Ox(1) = L. Then the polynomial @) defined in Remark 11.1.7 is the Hilbert polynomial of
X, and

(LEmX) = deg(X).
In particular, (£4™X) > 0. More generally, this shows that for any ample line bundle £ on
X and any subvariety Y C X,

(£AmY. vy > .

11.2. Intersection numbers for curves and surfaces. Let X be an irreducible complete
curve. Note that (Ox(P)) = h°(Op) = 1 by Proposition 11.1.5 (5). What is (£) in general?

e If X is smooth, (£) = deg(L). (Both sides are additive, so it is enough to show this
when £ = Ox(P).)

e In general, consider the normalization X ENS'S By Proposition 11.1.5 (4), (£) =
(f*(L)) = deg(f*(L)). We the define

deg(L) = deg(f*(£)).
Then (%) implies that
(£) = x(Ox) = x(£7),
—deg £ = x(Ox) — x(£).
The formula
X(£) = deg(L) + x(Ox)

is Riemann—Roch for singular curves.

From now on, assume X is a smooth projective surface. If
D:ZaiDi7 E:ijEj’
i J

then
(D-E) = ab;deg(O(Dy)|g,).

5]

Theorem 11.2.1 (Adjunction formula). Let C' C X be an irreducible curve. Then
2pa(C) — 2= (C*) + (C- Kx)

where Kx is any divisor with corresponding line bundle wx.
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Proof. If C' is smooth, the right hand side is
(C-(C+ Kx)) = deg((Ox(Kx + C))lc).

(.

we
This is equal to the left hand side by Riemann—Roch Theorem 10.1.1.
If C is singular, we argue similarly. We showed that

we = Exty, (Oc,wx).

Using the locally free resolution

0 —— Ox(—=0C) > Ox > Oc —— 0,

we see that
f)(t%gx (Oc,wX) = wx(C)‘C.
The fact that deg(w2) = 2p,(C') — 2 follows from the singular version of Riemann-Roch. [
Example 11.2.2. Let X = P! x PL. Then Pic X is generated by L; = pr}(P), Ly = pr3(Q).
Then
(LY) = 0= (L),
(Ly - Lo) = 1.
If C C P! x P! is an irreducible curve C, we say that C has type (a,b) if C' ~ aL; + bLs.
Note that
a=(C-Ly) >0,b=(C-Ly)>0.
By Adjuction formula 11.2.1,
2pa(C) —2 = ((aly +bLsy) - ((a —2) L1 + (b —2) L)) = a(b—2) + b(a — 2).
Therefore,
Pa(C) = (a=1)(b—1)
is the genus of the curve.

In particular, we can obtain curves of arbitrary genus this way.

Theorem 11.2.3 (Riemann-Roch for surfaces). Let D be a divisor on X. Then
1

x(0Ox(D)) = x(Ox) + §(D (D — Kx)).
Proof. Consider L1, L5 on X. Then
(L1 Ly) = (51_1 ) 52_1) = X(Ox) = x(£1) — x(L2) + x(£1 ® La).
In this case, take £1 = Ox (D), Lo = wx ® Ox(—D). Then
(D-(Kx — D)) =x(0x) — x(Ox(D)) — x(wx ® Ox(=D)) + x(wx)-
By Serre duality,
X(wx ® Ox(—D)) = x(Ox(D)),

X(wx) = x(Ox),

2(x(Ox (D)) = x(Ox)) = (D - (D — Kx)),
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giving the result. 0

The following exercise is an application of intersection theory.

Exercise. Suppose £ € Pic(X) has (£%) > 0. Then there exists C' > 0 such that either
RO(X, L™) > C -m? or h°(X,L™™) > C' - m? for m > 0.

12. INTRODUCTION TO BIRATIONAL GEOMETRY

12.1. Preliminaries. Let f: X — Y be a proper birational morphism with ¥ normal.

Proposition 12.1.1. If U = Dom(f™'), then

(1) f~YU) — U is an isomorphism,
(2) for anyy € Y\ U, f~(y) is connected of dimension > 1,
(3) codimy (Y \U) > 2.

Proof. Since f is proper, W = {y € Y | f~!(y) is finite} is open in Y. Since f is dominant,
fYy) #Dforally €Y.

Since Y is normal and f is proper and birational, Oy — f,Ox is an isomorphism, so f~!(y)
is connected for all y € Y by Zariski’s Main Theorem 8.1.6.

Consider g = f|r-1wy: f7HW) — W. It is surjective, injective, homeomorphic, and induces
an isomorphism Ow — ¢.O¢-1y), S0 g is an isomorphism.

For any y € Y\ W, dim f~!(y) > 1 and f~'(y) is connected. Clearly, U = dom(f~') D W.
Since f|p-1y: f7HU) — U is an isomorphism, U C W, so U = W.

Finally, part (3) follows from the result that if we have a diagram

Zy

3
Q’O lproper

ZQ—>S

with Z, normal, then codimg,(z2 \ dom(p)) > 2. O

Definition 12.1.2. With the notation of Proposition 12.1.1, f~1(Y \ U) is the exceptional
locus of f, written Exc(f).

A prime divisor £ C X is exceptional if E C Exc(f) (equivalently, dim(f(£)) < dim E).

If D is a prime divisor in Y, the strict transform of D is D= f~Y(U N D). This is extended
by linearity to Weil divisors.

Proposition 12.1.3. If f: X — Y is a proper birational morphism between smooth varieties,
then there exists a divisor Kx;y on X (the relative canonical divisor) such that

supp(Kx,v) = Exc(f),
Ox(Kxy) =wx ® f*(wy)_l-
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Proof. Recall that we have an exact sequence

f*Qy L4 > QX > Qx/y — 0.

If U =dom(f™"), ¢|s-1) is an isomorphism, so ¢ is injective. Note that
det(p): ffwy — wx
corresponds to
s € D(X,wx @ ff(wy)™)
(by twisting by f*w;'). Since slp1wy #0, 5 # 0. Let
Kx/y = effective divisor corresponding to s.

Then by definition

Ox(Kx)y) 2wy ® f*(wy)™".
We just need to check that supp(Kx,y) = Exc(f). If z € supp(Kx/v), € Exc(f), since s
has no zeros on f~1(U).

Conversely, if x ¢ supp(Kx/y), there is an open set V' 3 x such that V N supp(Kx/y) = 0.
For any = € V,

TrwY* = TxX*

so f|y is étale, so f|y has finite fibers. This shows that V NExc(f) =0, so x & Exc(f). The
uniqueness statement follows from the more general Lemma 12.1.4. 0

Lemma 12.1.4. If f: X — Y s proper, birational morphism such that X andY are normal,
and D is a Weil divisor supported on Exc(f) such that D ~ 0, then D = 0.

Proof. Since D ~ 0, there exists ¢ € k(X), ¢ # 0 such that divy(p) = D. If F is a

prime divisor on Y, ordg(y) = ordz(y) = 0 since E does not show up in D. Therefore,
divy (¢) =0, so ¢ € O3 (Y), and hence ¢ € O%(X). This shows that D = 0. O

12.2. Birational maps.

Definition 12.2.1. Let ¢: X --» Y be a rational map between irreducible varieties and let
U C X be an open subset such that ¢ is represented by f: U — Y. Then

I'y={(z,f(z)) |reU}CUXY
is closed, and we define the graph of ¢ by
I,=T;CXxY.

We check that this definition is independent of the choice of f. Consider the diagram

Ff‘ )Fg,‘
q
& P
U——X Y

sy X XY
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We have that I', N U x Y = I'; and hence p is birational and ¢ = g op~'. In particular, ¢
is birational if and only if ¢ is birational.

X -5 > Y
Suppose we have morphisms \ / (i.e.  is a rational map of varieties over
S

S) such that X and Y are proper over S. Then I', C X xgY is closed, so both p and ¢ are
closed.

Definition 12.2.2. If ¢ as above and T" C X is closed, then the image of T under ¢ is
defined as

p(T) =q(p™ (1)) €Y.
Then Proposition 12.1.1 gives the following result.

X - » Y
Corollary 12.2.3. Let \ / be a rational map of varieties over S which
S

are proper over S and X be normal. If v ¢ dom(y), then o(x) is connected of dimension at
least 1.

Iy
Proof. Consider / \ Since z ¢ dom(yp), * € dom(p~!). By Proposi-
X s Y.
tion 12.1.1, p~*(x) is connected of dimension at least 1. Since g[,-1(, is a closed immersion,
this gives the result. 0

We state a few simple properties, which are left as exercises. Their proofs can be found in
the official notes.

(1) If X Ly 4 7 are proper birational maps and X, Y, Z are normal, then
Exc(go f) = Exc(f) U f' Exc(g).
(2) If ¢: X --» Y is a birational map, I',-1 corresponds to I', via the isomorphism
XxY=YxX
(z,y) = (y,2).
(3) Suppose X Ly Y, 7 be rational maps with ¢ dominant. Then
Fwow = FS" Xy Fw.

Moreover, for any closed subset T C X, (¢ o ¢)(T) C ¢(p(T')) with equality if 9 is
a morphism.
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12.3. Smooth blow-ups. Recall that if X is an irreducible variety, Z # 0 is an ideal of Oy,
then

X =Bl X = MaxProj (@Im> Lx
m>0
is the blow up of X along Z. There is an effective Cartier divisor £ on X such that Z® O 5=
Oz (=E) = 0z(1).
Proposition 12.3.1 (Universal Property of Blow-ups). If Y is an irreducible variety, given
g: Y — X such that T - Oy is locally principal, there exists a unique h:Y — X such that

foh=yg:

X
1
h lf
Y —— X.

We omit the proof of this result here. It will not be useful for us, because checking that
7T - Oy becomes locally principal is very difficult in practice. Instead, we will restrict our
attention to the case when X is smooth and Z is an ideal defining a smooth subvariety Z of
codimension 7.

In general,
FY(V(T)) =2 MaxProj (@zm/zm“)
m20 red
If X and Z are smooth, GBI’YL/IWrl >~ Sym®(Z/T?) and Z/Z? is locally free. In this case,

m>0

YV(T)) = E = MaxProj(Sym*(Z/Z?))

|

Z

is a projective bundle.

In particular, E is a smooth varicty and X is a smooth variety. Then Oz(E)|p = Op(-1).

Example 12.3.2. Suppose Z = {P} is a point. Then E = P"~! where n = dim X. Then
(E") = (Opn-1(=1)"7) = (=1)" 7",

12.4. Picard group of a smooth blow-up. Suppose X and Z are smooth with codimy(Z) =
r > 2. We have the diagram:

>~

) ——

E

U=X\Z —

<—
~

2 E
B Z-

>~
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Note that
Pic(X) = Pic(U)
L— £|U

and we have that

Z — Pie(X) —— Pic(f1(U)) — 0

The morphism

Pic X & Z — Pic(X)
(£,m) = [ (L) ® Ox(mE)
is surjective.

We claim that it is also injective. Suppose f*LR0O5(mE) = O. Choose a curve C C f~(y),
y € Z. Then

OC = f*[, X OX(?TLENC = Oc<—m)
implies that m = 0. Then f*£L = Og, so

L= L@ [0z = L(f'(L) = [.O3 = Ox.

Therefore, Pic(X) = Pic(X) @ Z.
Let us compute K)?/X. We know that K)Z’/X = akF, so we just need to find a.

Definition 12.4.1. If X is a smooth variety, z1,...,x, € Ox(U) form a system of coordi-
nates if dxq, ..., dx, give an isomorphism

Qu = O™
Equivalently, the morphism ¢ = (x1,...,2,): U — A" induces an isomorphism ¢*Qyn —
Qp, i.e. it is étale.
Algebraically, if p € X and x4, ..., 2, € Ox, are a regular system of parameters, there is an

open neighborhood U > p such that x1,...,z, € Ox(U) form a system of generators.

In our case, Z C X is smooth, so for any p € Z there is an open neighborhood U > p and a
system of coordinates z1,...,z, € Ox(U) such that ZNU = (z1,...,2, = 0). We have a
closed immersion

FUU) =U = U x P!
and U is defined by x;y; = xjy; for 1 <@ <5 <.

We have charts Vi,...,V, on U where V; is defined by y; # 0 and coordinates uq, ..., u, on
Vi such that

Ty =u;, x;=u;forj>r, x;j=wu;forl<j<rj#i

Here u; = % on V.
Yi
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In these coordinates, note that Ely, = (u; = 0), since the ideal defining Z is (z; = --- =
x, =0).

For simplicity, assume that ¢ = 1 so that

Ty =, x;=uwu;for2<yj5<r x;=u;forj>r.

The map ¢: f*Qy — Q5 satisfies

f(dxy) = duy,
[ (dz;) = d(uiuy) = widu; + uiduy for 2 <j <,
fr(dz;) = du; for j > r.

We know that a = ordg(det(y)), so just need to compute det(p). Under det(yp):

fr(dxy) A~ A fH(dzy) = dug A (urdug + ugduy) A - - = uftduy Adug A -+ Ay,

The conclusion is that

Therefore,
Wy = f*wX ® O;(((T — 1)E>
X =BL X
Suppose X is a smooth projective surface and l s is the blow-up at p.
X

Then (E?) = (=1), (f*Dy - f*Ds) = (Dy - Do), and (f*D - E) = 0.

Suppose now that D is an effective divisor on X. Then
f*D=D+aFE

for some constant «.

Exercise. The constant « is mult, D defined in coordinates as follows: if around p the
equation for D is h, mult, D = max{r | h € m}}.

In particular, note that mult, D = 0 if and only if p & supp(D). In this case it is clear that
f*D = D. Moreover, mult, D = 1 if and only if p € D and D is smooth at p.

Question. Given an irreducible curve C' C X, what is pa(é) in terms of p,(C)?

By the adjuction formula 11.2.1,

2pa(c> -

2
2pa(C) — 2

(C-(Kx+0)),
(C-(Kg+C)).
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We have that f*C' = C' + mE where m = mult,(C) and K ~ f*Kx + E. Therefore,

2pa(C) =2 = (f*(C) =mE) - (f*(Kx + C) + (1 = m)E)
=(C-(Kx+C))—m(l—m)(-1)
= 2p,(C) —2 —m(m —1).
Hence
~ m(m — 1)

pa(C) = pa(C) — B
Conclusion. If p € Cy,, then m > 2 and 0 < pa(C) < pa(C). This implies that if ¢ C X
is an irreducible curve, then after blowing up singular points finitely many times, we get a
smooth curve.

This gives a resolution of singularities which is easier to compute than the general result of
Hironaka.

Theorem 12.4.2. If f: X — Y s a proper birational morphism of smooth surfaces, f
decomposes as a composition of blow-ups of points on smooth surfaces.
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