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1. JAN 13: SYLLABUS, SHEAVES

Recommended reading: Harthsorne I1.1, Vakil 2.1-2

Up till now, you have been thinking of algebraic varieties more in the classical sense— they’re zero sets of
polynomials V (f1,..., fn). From your perspective, in k[z] you don’t really care too much about x versus z?2
because their vanishing sets are the same, maybe you’d default to taking the one that generates a radical
ideal. But you lose some things with this perspective. Certainly I wouldn’t say it’s great for multiplicities
and whatnot.

So, we need to upgrade: instead of varieties in the classical sense, we’ll eventually think of schemes. Some
of the intuition will port over: we’re thinking of things/geometric objects (or, topological spaces) that look
like they’re (locally) ”cut out by polynomials,” and a decent amount of the practical work of computing
things will resemble some of the polynomial fiddling you’ve done before, but we’re keeping track of more of
the data of the functions on these spaces.

Roughly, a scheme has three levels of data.

e underlying set of points

e topology on the set (so the first two are the data of the topological space)

e and the "structure sheaf:” the data of algebraic functions on your space.
(The last one helps distinguish things like V(z) versus V(z?2).). Here is where we start brushing up against
Grothendieck’s perspective: that when studying an object, it’s less important to study the object itself and
more important to study functions between them, how they relate to other things.

Now, before that, we need to do sheaves, which are, informally, a bundling of data about functions on
open sets of a topological space. The usual example, which you should have in mind throughout,
is the data of differentiable functions on a differentiable manifold.

We begin with sheaves of sets, but the idea extends to sheaves of groups, rings, k-algebras, etc.

Definition 1.1. Let X be a topological space. A presheaf .% on X is the following data:

e To each open set U C X, we have an assignment % (U) of a set (or group, or ring, etc...)
e For each inclusion V' C U of open sets, we have restriction maps res{ : F(U) — Z(V). The
restriction maps need to follow some reasonable properties:
— resY : F(U) — Z(U) is the identity map.
— For inclusions W C V C U we have resgv = res% ) resg. That is, the following diagram

commutes:
I‘ng

FU) 2V 2(V)

U
resW

resy,

Notational bits-and-bobs:

e Elements of % (U) are called sections of .# over/on U.
e Z(U) is notated a few other ways:

- IU, %)

- HY(U,7)
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e Note that a presheaf is precisely the data of a contravariant functor from the category of open sets
on X to the category of sets (of groups, rings, etc).

Definition 1.2. A presheaf (X,.7) is a sheaf if it satisfies two more additional axioms.
e Identity /uniqueness: If {U;};cs is an open cover of U and f1, fo € % (U) are two sections/functions
such that
resgi fi= resgi fo
for all ¢ € I, then f; = f5. (That is, two sections that line up on each piece of a cover have to have
been the same).
e Gluing: Let {U;};cr be an open cover of U. If you have an f; € % (U;) for each ¢ such that, for any

1,7: "
U,; _ j
TeSy;nu, fi= reSUﬁmUj g
then there is an f € Z(U) such that resgif = f; for each i. (That is, you have an open cover, a

choice of section on each piece of the cover, and these choices agree on overlaps, then you should be
able to glue these to a section on the whole thing.)

Example 1.3. Let X be a differentiable manifold. Let .# be the sheaf that assigns to an open set U the ring
of differentiable real-valued functions .% (U) defined on U. For V C U, the restriction map is the restriction
of domain:
FU)—= F(V)
f=flv
The fact that differentiable functions are ”defined by their values” makes it clear that this is a presheaf.
Likewise, the two additional sheaf properties are clear: if two functions agree on an open cover, they are the

same function. And if you have a differentiable function on each piece and the overlaps agree, you can define
the function on the whole manifold (or open set U).

Remark 1.4. In general, you may see things like resg f written as f|y to save space.

Since I don’t wait to shift gears too much on the first day, let’s do an example of another important sheaf:

Example 1.5 ((Skyscraper shaves)). Let S be a set, p € X a point. Set:

. S peU
ipS(U) = {{e} b dU

here {e} is any one element subset of S. If you roughly try to draw this, you see the skyscraper-type behavior
around p.

2. JAN 15: INTRO TO SPEC

Recommended reading: Hartshorne 11.2, Vakil 3.1-3.4

We will eventually need to worry about morphisms of sheaves, pushforwards, pullbacks, and more. But
that can come a bit later, when we better understand the topological spaces we want to look.

Recall that we are trying to define schemes, which consist of:

e underlying set of points
e topology on the set (so the first two are the data of the topological space)
e and the "structure sheaf:” the data of algebraic functions on your space.

Now on our journey towards schemes, which are our generalizations of algebraic varieties/sets, we need to
think of the underlying topological space of our geometric objects. The building blocks of these will be the
spectrum of a ring. These correspond to affine schemes, the building blocks of schemes in general.

There will resemble things from 552 somewhat: our first examples will be visualizable in some C™ with
the many of the points corresponding to tuples (ay,...,a,) satisfying some polynomials, along with some
extra points that are useful to have.
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Do note: ring here means a commutative ring with identity. For example: C,R,F,,F,,C[t],C(t), poly-
nomial rings, quotient rings. We will often focus on C-algebras or k-algebras with k algebraically closed, as
this is the best place to start off. (Some of our tools will break down over k not algebraically closed). As
appropriate, I may add in some examples over non-algebraically closed fields, but I will largely leave those
examples to your future number theory courses.

The idea: given a ring A, we want the most natural/nontrivial space on which A becomes a ”ring of
functions.” You’ve encountered this before with coordinate rings in 552.

Example 2.1 ((Rough intuition)). The algebraic functions on the complex line C should be single variable
polynomials: C[¢t]. If you cut out the origin and consider the open set C\ {0}, you no longer have to worry
about t zeroing out, so your algebraic functions should now be C[t,¢~1].

Definition 2.2. As a set, Spec A is the set of all prime ideals of A.

Example 2.3 (The complex affine line). Let us consider the case of A = CJ[t], and how we can think of C[t]
as the ring of functions over Spec C[t]. First, let us compute the spectrum. By the fundamental theorem of
algebra, we have:
Spec C[t] = {(t —a) : a € C}U{(0)}

that is, we get a point for each element of C, and then this extra point (0). Given that this space is ”basically
C with some extra stuff,” it’s not strange to think of C[¢], i.e. complex polynomials in one variable, aka
polynomials that can take in one complex input, as the ring of functions over Spec C[t], which is nearly C.
We visualize below:

(t—-0) (t-1) (t —a) (0)
® ® ® °

0 1 a 777

A few things to note:
e At each point (¢t — a) of the spectrum, we have an evaluation map
Cl o
(t—a)
f#) = f(a)

That is, f is sent to its image in C[t]/(t—a), which says t can be swapped for a. That is, we send f(t)
to f(a). This evaluates the polynomial at a. We will see a similar construction in general. Note that
this means these points are keeping track of all the values of this function. If we have two different
polynomials f1, fo then their evaluations at some points will differ: i.e. functions are distinguished
by their values. This will not always be true!. See Example

e (0) is called ”the generic point.” It is ”close” to every point, so it is "generically” on the line, but is
not equal to any of the (¢ — a). Some would choose to draw it as ”"fuzz” amongst the line. We will
understand the generic point better when we understand the topology of Spec A.

e Spec C[t] will come to be known to us as the complex affine line, denote Af.

~

Clt] —

Example 2.4 (Don’t say I never gave you an example that wasn’t over C!). Consider A = RJt]. The prime
ideals are of one of two forms:

(t—a) aeR (t—a)(t—a) ac C\R
Hence we get an identification:
Spec R[t] = C/Gal(C/R) U {(0)}
which you can identify with the upper half plane along with a generic point.
Definition 2.5 (Evaluation map). Given a ring A, f € A, and p € Spec A, the value of f at p, denoted

by f(p), is the image of f under:
A A/p — Frac(A/p)
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This gives us a way to ”evaluate” our sections/functions on points, but note that the field in which the values
lie is thought of as varying with p. The field Frac(A/p) =: k(p) is known as the residue field at p.

Example 2.6 (Functions are not always separated by values at points). Consider the set Spec C[t]/(t?). As
a set of points it has just one element: (t).

t is an element of the ring C[t]/(t?), and we should think of it as being very small: so small that its square
is zero, but it itself is not zero. If we think about the evaluations of this function note that:

C[t]/(t*) — Frac(C[t]/(t,t?*)) = C
t—0

That is, both the function ¢ and 0 on the LHS evaluate to 0 on the RHS.But this is the only evaluation map
to consider on this spec. So, we see how functions cannot be necessarily be separated by values. Eventually,
we will see that the issue is that Spec C[t]/(t?) is not reduced. See Definition

When drawing Spec C[t]/(¢?), one should visualize it as a point with a small tangent direction attached.

Now, it is time to define the topology on these spaces. The idea: closed sets should be sets of points where
functions vanish (similar to 552).

f vanishes at p <= f(p) =0
< f=0inA/p
= fep (= (HH<yp)

Definition 2.7 (Various vanishing loci definitions). Let f € A, S C A. Then:

V(f) = {p € Spec A: (f) C p}
V(S)={peSpec A: S Cp}={peSpec A:(S)Cp}
Note that V(S) = V({S)).

Definition 2.8. A (Zariski) closed subset of Spec A is any set of the form of a vanishing locus V(a) for a
an ideal.

Proposition 2.9. The collection of Zariski closed subsets forms a topology on Spec A.
Proof. Observe:
2 =V(1)
Spec A =V((0))
V(a) UV (b) = V(ab)

V() =V (Z a)

i€l i€l

Example 2.10. The closed sets in Spec C[t] are the whole space, the empty set, and
V) =V(((t—a1)...(t —an))) = U, V((t —a)) = {(t —a;) : 1 < i < n}

i.e. finite collections of non-generic points.
Note that {(0)} = Spec C[t]. That is, the generic point is "close” to all other points, and "sits along the
whole line.”

Definition 2.11. Define D(f) = Spec A\ V((f)). These open sets form a basis for the topology.

Proposition 2.12. Let S be a multiplicative set. By studying the map ¢ : A — S7'A, a — a/1, this
induces a bijection:

{primes in A with pN S = @} +— {primes in S~ A}
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We’ve motivated that A should be thought of as the ring of algebraic functions over Spec A. Then, what
should be the ring of functions on the open set D(f)? Well, since we’re not working with the full spec,
we should be able to invert things that don’t vanish on the set. That is, things whose vanishing sets are
squirreled away in V'(f), the set we are cutting out.

Set Ospec a(D(f)) = S7'A where S is the following multiplicative set:

S={geA:gp)#0forallpe D(f)} ={geA:V(g) CV(f)}
This definition only depends on D(f), not on f itself. But luckily:

Proposition 2.13. The natural map
Af — OSpcc A(D(f))

is an isomorphism.

Lemma 2.14. D(f) C D(g) (that is, V(g) C V(f)) if and only if f™ € (g), if and only if g is invertible in
Ay

Proof. f* € (g9) <= +/(f) € /g <= the prime ideals containing (f) are a superset of those containing
(9), which means V(g) C V(f). Then f* = gm, so g is invertible in A;. O

That is, algebraic functions on D(f) are obtained by inverting f. So, we have the makings of a structure
sheaf, i.e. a sheaf Ogpec 4 Where Ogpec 4(U) is the ring of algebraic functions on U. But we only have it on
a distinguished basis. The question becomes: is this enough to determine the sheaf overall? Will we be able
to do computations in the future/check nice properties by just checking it on the basis of the D(f)? The
answer: yes! Back to sheaf theory.

3. JAN 17: LET’S UNDERSTAND SHEAVES BETTER (STALKS, MORPHISMS)

Recommended reading: Hartshorne I1.1,Vakil 2.3-2.4
We learned about the topological spaces that will be glued into schemes. These are the Spec A, and we
think of A as the ring of algebraic functions on Spec A. Again, we want to assemble a structure sheaf Ogpec 4
on Spec A such that
Ospec 4(U) = ring of algebraic functions on U
From this perspective, we saw it was reasonable to set

Ospec A(D(f)) = SilA = Af

where
S={g9eA:glp)#0forallpeD(f)} ={geA:V(g) SV(f)}

Problem: what about this would-ve sheaf on open sets in general? We would like to describe
this sheaf, i.e. describe the rings of algebraic functions, on nice D(f) to be enough. It is, but we need to
do a bit of work to say that. (Here Vakil and Harthsorne somewhat ”diverge.” Vakil shows that defining a
sheaf on a basis is sufficient; Hartshorne just describes the Ogpec 4(U) from the get-go, with the construction
being the one you’d do when defining a sheaf from a base. In the end, they are equivalent data/constructions).

We'll get to all that, but we should cover some necessary details/definitions/general knowledge first.

Definition 3.1. Let (X,.%#) be a sheaf on a topological space X. Let € X be a point. The stalk of .# at
x is defined as the direct limit:
Fy = hgﬂﬁ(U) ={(f,U): fe ZU),ze€U}
Uszx
where (f,U) ~ (g,V) if and only if there is some W C U,V with W containing p, such that f|w = g|lw.
You can draw a pic of this in the case of the sheaf of differentiable functions on some differentiable manifold
M. Equality on the stalk means two functions, defined near at point x, agree on some smaller open set around

the point. Observe that in this case, the stalk is a local ring: its unique maximal ideal is the ideal of all
functions vanishing at x.

Definition 3.2. Elements of a stalk are called germs.
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Definition 3.3. Given a section f € .#(U) and a point p € U, we let f, denote the image of f in the stalk:
FWU) = %
fefr=00)

Remark 3.4. We will see later on that many properties we want to test of sheaves (or morphisms of sheaves)
can be tested by checking the analogous condition on the stalks. This is reasonable, looking at the gluing
axiom of a sheaf.

Definition 3.5 (Morphisms of (pre)sheaves). Let .#,¥4 be (pre)sheaves on a topological space X. A mor-
phism .# — ¢ is a collection of maps ¢y : F(U) — 4(U) for each U such that the following diagram
commutes:

Z(U) 22 g(U)

reSU lreSU
\4 \Z
F(V) 2% (V)
Consequently, we can see that ¢ defines a map on stalks ¢, : %, — %, by sending (f,U) = (vu(f),U). An
isomorphism is a morphism with a two-sided inverse.

Let’s restrict our attention to sheaves of abelian groups at this point (we rarely fall outside this scenario).

Proposition 3.6. Let .#,¥ be sheaves of abelian groups on a topological space X. Let ¢ : F — ¥ be a
morphism of sheaves. Then ¢ is an isomorphism if and only if ¢, is an isomorphism for all z € X.

Proof. = is clear. We prove the < direction. It is enough to show that ¢y is an isomorphism for each U.

Let’s start by showing injectivity: suppose s € % (U) is a section such that ¢y (s) = 0in ¢(U). Then the
germ @y ($), = @z(Sz) is zero for each x € U. Then s, = 0 in each z € U by injectivity on stalks. Then it
follows from the definition of the stalks that we can find an open cover of U such that s restricts to zero on
each piece. That is, s = 0.

Now we show surjectivity: suppose we are considering ¢y : F(U) — 9(U). Let t € 4(U). We'll piece
together something that maps to it.

For each © € U, we have t, € ¢, and it must be the image of some s, € .%,. s, can be repped by some
s(z) € V; 2 x. Then ¢(s(x)), t|v, are two elements of ¥(V,,) with the same germ, so ¢(s(z)),t agree in some
neighborhood W, of z.

Cover U with these W, and consider the s(x) (well, technically s(x)|w,) that we get for each one. On
the overlaps, these must agree due to injectivity (their overlaps go to t|w,). So we can piece them together
to get an s € .Z (U) that maps to t. O

Remark 3.7. Note that the proof of surjectivity needed injectivity!

Definition 3.8 ((Tentative definition of ker, image, coker)). Given a morphism ¢ : . % — ¢ of presheaves of
abelian groups, we can define the presheaves ker(y), coker(p),im(y), as follows:

ker(p)(U) = ker(py : F(U) = 9(U)) [€F(U)]
coker(p)(U) = coker(py : F(U) — 4(U))
imp)(U) = im(py : F(U) = 4(U)) [€¥(U)]

);
)

Proposition 3.9. Given ¢ : % — ¢ a morphism of sheaves on X, the kernel is a sheaf

Proof. Identity is inherited from the parent sheaf. Gluing is too, though you need to check that the glued
function f is still in the kernel. This works because ¢(f) restricts to zero on a cover, thus is zero globally
from gluing in ¢. O

Remark 3.10. Since we can view each ker(.#)(U) as a subgroup of .#(U), we can think of ker(.%)(U) as a
subsheaf of F(U).

Proposition 3.11. The image and cokernel of a sheaf morphism need not be a sheaf
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For the cokernel: Let X = C, and O be the sheaf of holomorphic function and O be the sheaf of nonzero
holomorphic functions. Consider the map ¢ with

pu : OU) = O*(U)
f— ef

we claim that the cokernel isn’t a sheaf. First, note that there is no holomorphic f such that e/ = z on
C\ {0}. Otherwise, differentiating both sides yields:

e ff=l=z2f=1=f=1/z

Integrating the LHS over a loop around zero yields 0, but integrating the RHS over said loop produces 2mi.
Contradiction.

Therefore, [z] # 0 in coker(p). That is, I'(C \ {0}, coker(¢)) # 0. But, take U; = C\ (—o0,0] and
Us = C\ [0,00). These are simply connected, so every nonzero function on them can be writting as some
ef (we can define the log: we made a branch cut!). Thus coker(p) (U, ), coker(p)(Us) are both zero. So the
cokernel fails the identity axiom.

Similarly, this shows why the image isn’t necessarily a sheaf: we can’t glue the logs of z into a log of z on

all of C\ {0}.

So, we have all these presheaves running around (including ones we’d really like to consider: the image
and cokernel are imporant!). We would like some way to modify them into a sheaf, and it should have some
nice universal property that relates it back to the original presheaf.

Construction 3.12 (Sheafification). Given a presheaf .7, there is a sheaf #* and a morphism 0 : # — Z+
with the property that: for any sheaf ¢ and any morphism ¢ : .% — ¢, there is a unique morphism ™ such
that ¢ = ¢ 0 0. The pair (1,6 is unique up to unique isomorphism.

F O g+
X i ot
%

4. JAN 22: SHEAFIFCATION, SHEAVES ON A BASE

Recommended reading: Harthsorne I1.1 (~ p. 64), Vakil 2.4-5

Recall: last time we saw how some ker, coker of morphism of sheaves was not necessarily a sheaf. This
motivates sheafification, which will also set us up well for doing sheaves on a base, which will help us define
the structure sheaf on Spec A.

Now, for the construction of the sheafification of a presheaf. The construction is: bundle the stalk data in
a nice way. That is, make a big product of the stalks, but only allow combinations of germs that looked like
they could glue together.

FHU) = (f,) ~ for all pe U, there is an open V withp e V C U
= PPV and an s € .Z (V) such that s, = f, forall g € V

cll#
peU

the morphism 6 is clear: 0y is f + (f,)pev. To describe pt: look at the sections that glue to your (f,), look
at their images, glue them in the target, and call that the image. This is unique: in order for the diagram to
commute any other map would have to do the same thing.

Remark 4.1. Sheafification is a functor from presheaves on X to sheaves on X.

Remark 4.2. Specifically, given i : Shfy — Prey the inclusion map from sheaves on X to presheaves on X,
note that sheafification is + : Prex — Shfx. Then + is the left adjoint of i, i.e. given % a sheaf on X and
4 a presheaf on X, we have the natural bijection:

Hompye, (4,i(F)) = Homgpe, (97, F)
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Example 4.3 (Constant sheaves). Let X be a topological space, S a set. You get the constant presheaf by
assigning the same set to all open sets:
FU)=S

(On nonempty sets, you can interpret this as constant functions from U to S). Gluing is a mess because of
disjoint sets, and the empty set presents problems too: all sections in .% (&) restrict to the same thing on
the empty cover. So the identity axiom says all sections on @ ought to be the same.

The sheafification .% (U) will instead assign to U: locally constant maps from U to S. Denote this sheaf
as S.

Remark 4.4. Thinking of sheaves of abelian groups: sheafification adds the gluings that should exist but
don’t, and Kkills off the nonzero sections that are locally zero.

Proposition 4.5. .7 — .Z* yields an isomorphism of stalks.

Proof. Work from the explicit description. O

Definition 4.6. We say that a map of sheaves is injective if and only if the kernel sheaf is zero.

Lemma 4.7. A map of sheaves if injective <= ¢ : F(U) — ¢(U) is injective for each U. Likewise, it is
injective <= it is injective on stalks.

Proof. This was done in the bijectivity proof before. O

Definition 4.8. We define the image and cokernel sheaves by taking the sheafification of the presheaves
defined above. We generally just call them im(y) and coker(y) and drop any + notation, and usually refer
to the presheaf versions as im()P*®, coker(p)P*e.

Remark 4.9. Consider a map of sheaves ¢ : .# — ¢ on X. Since we have a map im"™(p) — ¢, we
necessarily have a map im(¢) — G. This map is injective: it is injective on the level of stalks (note that the
presheaf and sheafified image have the same stalks!). Thus, we can identify im(yp) with a subsheaf of ¥.

Definition 4.10. A morphism of sheaves ¢ : # — ¥ is surjective if im(p) = 9.
Lemma 4.11. ¢ : F — ¥ is surjective if and only if .7, — ¥, is surjective for all points z.

Proof. <: im(%#) = ¢ means the stalks are isomorphic, hence .%, — ¢, must be surjective.
=: we want to show that im(%#) = 4. Well, the map on stalks is an isomorphism (injective and surjective
on stalks), so they are equal. O

Example 4.12. In our example with X = C, Ox the sheaf of holomorphic functions, and O% the sheaf of
non-vansihing holomorphic functions and

OxﬁO}

fref

*

we have that im(¢) = O% and coker(yp) = 0. This can be seen via ¢ being surjective on the level of stalks
(and correspondingly the cokernel is zero on the level of stalks).

Definition 4.13. A sequence of maps

is exact if at each stage, ker ¢’ = imp?~!.

5. JAN 24: SHEAVES ON A BASE, AFFINE SCHEMES

Recommended reading: Vakil 2.5, 4.1

Time to handle an issue: sometimes we understand a sheaf really well on a nice basis. But what about
the rest? The details are sometimes unpleasant/obfuscating: it is mainly important to know that the data
of the sheaf on a suitably nice basis is enough to determine the sheaf. The construction will be reminiscent
of sheafification.
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Definition 5.1. A base of a topology is a collection of open sets {B;};c such that any open set of X can
be written as a union of B;.

Remark 5.2. (f) Ca < V(f) 2 V(a) < D(f) C D(a), so the D(f) genuinely are a basis of the
Zariski topology on Spec A.

Definition 5.3. Suppose {B;} is a basis on X. A presheaf of sets on the base if an assignment F(B;) for

each B;. If B; C B;, we have restriction maps resg; satisfying resgz =id and resg';c = resgi ° resgj_.
For sheaves on a base: there are base identity and base gluing axioms:
e If B € {B;} can be written as B = U;c;B; and f,g € F(B) with resgif = resgig for all 7 € J, then
f=g
o If we have f; € B; for i € J such that for any ¢,j we have resg;fi = resgjcfj for any By, € B; N By,
then there is an f € F(B) such that f|p, = f; for all i € J.

Theorem 5.4. Suppose {B;} a base on X, and F a sheaf of sets on this case. There is a sheaf .7 extending F'
(Z(B;) = F(B;) with isomorphisms agreeing with restriction maps). % is unique up to unique isomorphism.

Proof. As before, .# is a sheaf of compatible germs. Define the stalk of a presheaf F' on a base as:
F, = lim F(B))
B;>p
Define

. ~ forall pe U, thereisa B withpe BCU
FU) = {(fp € Fplpev : and an s € .#(B) such that s, = f, for all g € B }

c[I&
peU

We get a map F(B) — % (B) for each B, which is an isomorphism. Checking the details is similar to the
work for sheafificiation.
Note that clearly %, = F,. O

We can finally really talk about the structure sheaf on Spec A. Consider Spec A with the Zariski topology,
and for open sets D(f) set

OSpec A(D(f)) = SilA = Af
where S = {g € A:g(p) #0forallp € D(f)} ={g € A:V(g) CV(f)}. The restriction maps are clear
enough: if D(g) C D(f) then the restriction map

D
reng)) : OSpeC A(D(f)) — OSpec A(D<g)>
is further localization. This is clearly a presheaf on a distinguished base.
Lemma 5.5. Spec A is quasi-compact (every open cover has a finite subcover).

Proof. 1It’s enough to show this for covers for the form {D(f;)}. Note that UD(f;) = D(>_(fi)). This will be
all of Spec A only when 1 € sum(f;), in which case we get 1 = a;, fi, + -+ + a;, fi,, and you can just take
the corresponding cover pieces D(f;,), ..., D(fi,)- O

Theorem 5.6. This assignment of Ogpec 4(D(f)) gives a sheaf on a distinguished base, and thus determines
a sheaf on Spec A. This sheaf is the structure sheaf on Spec A, and is referred to as Ogpec 4 or just O if
it is clear what A is.

Proof. 1t’s enough to show identity and gluing on just A (if you want to show it on D(f), that’s the same as
swapping the ring out for Af, modulo some detail-checking).
e Identity axiom: Write Spec A = U;D(f;). Then after potentially relabeling, we can pick a finite
subcover. Write Spec A = U D(f;). That is, V((f1,..., fn)) =, i.e. (f1,...,fn) = A.
Suppose we have a section s € Ogpec a(Spec A) = A such that res%p(‘}i)As =0 € Ay, for each f;.
That means there is some m such that f/*s =0 (in A) for 1 <i <n.
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But note that D(f;) = D(f™) (as f; vanishes at p if and only if f/™ vanishes at p). So there are
g; such that

1= Zgifim
i=1
But then:
S:Zgifims:ZO:O
i=1

e Gluing: Again, being able to write 1 as a sum of these f; will let us piece things together in a nice
way.
Again, say we have some gluing data on an open cover. Pick a finite subcover {D(f;)}",. Let
i € Ospec a(D(f;)) so that

D(f) D)
TS p(fonD(f;) 5 = TeSp(f)nD(f;) 5

noting that D(f;) N D(f;) = D(fif;). Identifying Ospec a(D(g)) with Ay, we get that
a; a;

S; = 0 $j = —4-
7 Iz

and because their restrictions are the same in Ay, ,, it must be that there is an m; ; such that

(aid}’ = agf{)(fely)™ = 0.
Let m = maxm,; ;. Then the above tells us that:
(@ fI 7 = (g f
Now again, Spec A = UD(fimH"), so there exists g; € A such that
L=gufi"™™ + a0
and consider the element of A given by:
s=giarf{" +...gnanfy"
Then observe that:

F s = g fiF o gn(an DS
= g @) o g S @)
= (g f"T g fm e fm
=a; f"

That is, f[”(ffs —a;) =0. That is, s = ;;1 = s; on Ay,, which is what we wanted.

You can use the identity axiom provedlprior to show that the resulting glued object restricts to
what you want on the other elements of the a priori infinite cover. So the identity proof does need
to come first!

O

Thus, we can finally start talking about affine schemes.

6. JAN 27: AFFINES SCHEMES, SCHEMES

Recommended reading: Hartshorne 11.2, Vakil 4.1-4.4

Proposition 6.1. Let A be a ring and O the structure sheaf on Spec A. For any p € Spec A, the stalk
O, =2 A,.
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Proof. Fairly evident from the description of A, as a direct limit identifying a bunch of subsequent localiza-
tions. For f & p, D(f) will appear in the direct limit. Lemma can help. To be more concrete, we can
write down the map.

And (s, D(f)) € O, can be sent to its image in A,. It is surjective: any element in A, is of the form a/g
for g & p, and so p € D(g). That is, D(g) will be a neighborhood of p and a/g will be hit by the map.

It is injective: write s = a/f,t = b/g, with f,g & p. These are sections on D(f), D(g) respectively.
If their image is the same in A, then there is some h ¢ p such that h(ga — f0) = 0 in A. But then
D(fgh) = D(f) N D(g) N D(h) is a neighborhood of p and so s,t (after restriction to D(fgh)) would have
been identified in the stalk O,,. O

Now, we need some way to compare or relate sheaves on different spaces. This necessitates the direct
image and inverse image functors.

Definition 6.2. Let f : X — Y be a continuous map of topological spaces. Let .# be a sheaf on X. The
direct image sheaf f,.% on Y is defined via

(fP)V) = F(fH(V))

for open sets V' C Y. This is a functor from sheaves on X to sheaves on Y.

Definition 6.3. Let f: X — Y a continuous map of topological spaces and ¢4 a sheaf on Y. The inverse
image sheaf f~1¢ on X is the sheafification of the presheaf:
U~ hﬂ Gg(V).
veren 3 f(U)

This is a functor from sheaves on Y to sheaves on X.

Definition 6.4. If i : Z — X is a subset of X with the subspace topology, then i~1.% is the restriction of
F to Z, denoted by .#|z. For open sets Z this will just turn into .Z|z(V) = .# (V).

Definition 6.5. A ringed space is a pair (X,Ox) of a topological space X and a sheaf of rings on X.
A morphism of ringed spaces (X,0x) — (Y, Oy) is a pair (f, f*) of a continuous map f : X — Y and a
morphism of sheaves (of rings) f*: Oy — f.Ox.

A ringed space (X, Ox) is a locally ringed space if all the stalks Ox , are local rings. A morphism of
locally ringed spaces is a morphism of ringed spaces such that the induced map on stalks f}j : Oy, sy = Ox.p
is a local homomorphism of local rings.

Here, a local homomorphism of local rings ¢ : A — B is a ring morphism such that ¢=1(mp) = m4.
An isomorphism is a morphism (of ringed or locally ringed spaces respectively) with a two-sided inverse.
Equivalently, in (f, f*) the f is a homeomorphism and the f* is an isomorphism of sheaves.

Remark 6.6. The induced map on stalks comes from:
Oy,p(py = lim Oy (V) = lim Ox(f~1(V)) = lim Ox(U) = Ox,p
Vop (V) U>p
Proposition 6.7.
(a) (Spec A, Ogpec 4) is a locally ringed space.
(b) ¢ : A — B a morphism of rings induces
(f> fﬁ) : (Spec B,OB) - (Spec A,OA)

(c) In fact, any morphism of locally ringed spaces (Spec B,Op) — (Spec A, O4 is induced by a homomor-

phism of rings.
Proof.

(a) Immediate from previous results.
(b) The map on topological spaces is f(p) = ¢~ 1(p). f~1(V(a)) = V(¢(a)) so the map in continuous. Two
ways to see the induced morphism on structure sheaves:
e Certainly we yield a morphism on a base

Oa(D(f)) = Op(D(p(f)) = Op(fH(D(f)) = f(OB)(D(f))

via Ay — By(y) in the obvious way, and it respects restriction maps.
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e Localize at each prime to get a local homomorphism of loca rings ¢, : A,-1(,)toBy. Since sheaves
are isomorphic to their sheafification, you can interpret sections on U as collections of compatible
germs, and so you can just map germs (and compatibility is preserved).

(¢) Take global sections: we must have a map:

¢ : O4(Spec A) = A — Ospec B(Spec B) = B

One can show that ¢ induces all of the data of the morphism. Notably, we must have an induced
morphism on stalks: Ay ) — By. Due to compatibility, we must have:

A—2 4B

|

Appy — By

Since fg is a local homomorphism, it must be that o ~1(p) = f(p), so that map f on points coincides
with the one induced by ¢. Then compatibility with restriction maps will force the f* to be induced by
p as well.

O

Definition 6.8. An affine scheme is a locally ringed space (X, Ox) that is isomorphic, as a locally ringed
space, to some (Spec A, Ogpec 4)-

A scheme is a locally ringed space (X, Ox) such that every point p € X has an open neighborhood U
such that (U, Ox|y) is an affine scheme.

Example 6.9 (Schemes can be glued). Let X;,Xs be schemes. Let U; C X, be open sets. Let ¢ :
(U1,0xlu,) — (U, Ox|u,) be an isomorphism of locally ringed spaces.

Then we can defined a scheme X obtained by gluing X7, X by identifying Uy, Us via the morphism .
The topological space is the quotient of X; LI X5 by the equivalence relation x; ~ p(z1) for each 1 € Uy.
The space is endowed with the quotient topology (a set is open <= its preimage is open).

We get maps ¢; : X; — X and the structure sheaf is defined as:

Ox(V) = {(s1,52) : 5; € Ox; (ijl(v))7 90(51|i;1(V)nU1) = 82|i2_1(v)ﬁU2}

that is, sections on sets that "see” the overlap are gotten from piecing together compatible sections on (subsets
of) each X7, X5.

Example 6.10 (More concrete: the projective line). Recall that the morphisms of affine schemes are induced

by ring morphisms on the globals ections. Glue Spec C[t] and Spec C[s] along D(t) = Spec C[t,t71] =
Spec Cl[s,s71] = D(s) via the following:

Spec Cls] Spec CJt] Cl[s] Ct]
Spec C[s,s71] —— Spec C[t,t71] Cls,s™1] s C[t,t71]

This yields the projective line. We will learn about the proj construction in general next lecture.

Example 6.11 (What if you take the other transition function?). If we instead take the transition function
ast > s:

Spec Cls] Spec CJt] C[s] Ct]
Spec C[s,s71] —— Spec C[t,t™!] Cls, s <=5 C[t, t71]

then this glues everything away from the origin in a ”straightforward” way and we get the affine line with a
doubled origin.
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7. JAN 29: PROJ, PROPERTIES OF SCHEMES

Recommended reading: Hartshorne I1.2 (~ 76-77), Vakil 4.5

Now for the proj construction: we want a big class of examples from projective varieties, and we want a
big class of interesting schemes in one fell swoop. An important tool is the notion of gluing schemes from
more than two charts: the details are handled in Harthsorne exercise I1.2.12. Note the cocycle condition on
triple overlaps.

Intuition from 552 remains: if S¢ = k[zo, ..., z,], the proj construction yields P} and if S¢ = k[0, ..., zx]/(f)
where f is homogeneous, we get something ”cut out” of P} by the equation f = 0.

Definition 7.1 (Z-graded rings). A Z-graded ring is a ring Se¢ = @nezS, where multiplication respects
grading: S,, X S, — Smin. So is a subring and each S, is an Sy module, and S, is an Sy module. A
7>%-graded ring is a Z-graded ring with no elements of negative degree. We will, in the future, use graded
ring to refer to a Z=° graded ring.

Definition 7.2. An element of some S, is a homogeneous element. If it is nonzero, nonzero, the subscript
yields the degree.

Definition 7.3. An ideal I of S, is homogeneous if it is generated by homogeneous elements.
Proposition 7.4. An ideal is homogeneous if and only if it contains the degree n piece of each of its elements.
Proof. An induction proof by successively lopping off the top-degree pieces. O
Definition 7.5. In a graded ring S,, the irrelevant ideal refers to S; := @;50.5;.

Definition 7.6. As a set, Proj S is the set of all homogeneous prime ideals p that do not contain all of Sy.
For a a homogeneous ideal of S, we define the subset

V(a) ={p € Proj S:a Cp}
For a set T, V(T) = V((T)). We have distinguished open sets (well, we will eventually see they’re open)
D(f) :==Proj S\ V((f)) for f homogeneous. Note that D(fg) = D(f) N D(g).
Lemma 7.7.

(a) For a,b homogeneous ideals in S, we have V(ab) = V(a) UV (b).
(b) For any collection of homogeneous ideals {a;} of S, we have

Proof. Same as before, accounting for the following: a homogeneous prime ideal p is prime <= for two
homogeneous a, b € S, the product ab € p implies a € p or b € p. g

Hence we can define a Zariski topology on Proj S. Now we must define a structure sheaf on this space.
The idea: on the D(f) we’d like the scheme to look like Spec ((Se)f)o. Think about the standard affine
opens on P} from 552, where the coordinate rings look like k[zo/x;, ..., zn /2]

Definition 7.8. For f € S, set
OProj Se (D(f)) = O(D(f)) = ((S-)f)() = 77S(f)”

See Hartshorne p. 76 or Vakil Section 4.5 if you want to see more on the details on issues relating to, e.g.,
whether restriction maps will make sense.
Proposition 7.9. Let S be a graded ring.

(a) The stalk O, is isomorphic to the local ring SSy, the degree zero elements of S localized at all homo-
geneous elements not in p.

(b) We have that
D(f),Ol|p(s) = Spec ((Sf)o)
(¢) Proj S is a scheme.

It would do you well to read Exercise 11.2.12 to get a sense of the work needed to glue together schemes.
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Example 7.10. For A a ring, we get P, = Proj Alzo,...,z,], the projective n-space over A. For A = k
algebraically closed, you get something whose set of closed points is homeomorphic to the usual variety we
know as projective n-space from 552.

Definition 7.11. Let S be a fixed scheme. A scheme over S is a scheme X with a morphism X — S.
A morphism X — Y as schemes over S is a morphism of schemes f : X — Y that is compatible with the
morphisms to S. Then Sch(S) is the category of schemes over S. If A is a ring, Gch(A) is the category of
schemes over Spec A.

Proposition 7.12. Let k be algebraically closed. There is a natural, fully faithful (that is, bijective on hom
sets) functor ¢ : Yar(k) — Sch(k). For any variety, the topological space is homeomorphic to the set of
closed points sp(¢(V')) and its sheaf of regular functions is obtained by restricting the structure sheaf of ¢(V')
via the homeomorphism.

Proof. See 11.2, Proposition 2.6, of Harthshorne. O

Now it’s time to think of all the interesting properties of schemes we could want:

Definition 7.13 (Big list of scheme adjectives). Let X be a scheme.

(a) X is connected if its topological space is connected

(b) X is irreducible if the topological space is irreducible (all nonempty open sets dense).

(¢) X is integral if all the Ox (U) are integral domains

(d) X is reduced if all the Ox(U) have no nilpotent elements (equivalently, by I1.2.3, all the stalks have no
nonzero nilpotents).

Remark 7.14. At this point, it is useful to remark that the residue field of a point p in a scheme X is
k(p) :== Oxp/my

This lines up with our old definition: if p lies in an affine open U = (Spec A, Ogpec 4), then k(p) = Frac(A/p).

The presentation above has the advantage of not needing an affine chart to state it. Likewise, we have a

notion of evaluation: for f € Ox(U), we have f(p) is the image of f under Ox (U) — Ox ,/m, = k(p).
Note that for a section f € Ox(U), we have that f, € m, C Ox, is the same as f(p) = 0.

Proposition 7.15. A scheme is integral iff it is both reduced and irreducible.

Proof. Integral certainly implies reduced. And if it’s not irreducible, then it has two nonempty disjoint sets,
yielding

Ox(Ul [ Ug) = Ox(Ul) X Ox(Ug)
which is not integral.

Conversely: suppose X is reduced and irreducible. Suppose there are f,g € Ox(U) with fg = 0. Then
look at

Y={xecU:frem,}={xeU: f(x)=0}Z ={xeU:g9,€m,}={axe€U:gx)=0}

These are closed subsets (exercise 11.2.16 - on HW! Note that these are defined by vanishing conditions) of
U,and YUZ =U. But X is irreducible, so U is irreducible. So, then, say Y = U. But then f is nilpotent
on any affine open in U (I1.2.18a) meaning f is zero. O

Proposition 7.16. Suppose X is a reduced scheme. Let f,g € I'(X,Ox). Then:
f=9g < f(zr)=g(x) (in k(x)) for all z € X
That is, evaluating the same everywhere means the two sections are the same.

Remark 7.17. What this says is that, on reduced schemes, functions are determined by their values. Recall
that the example of a setting where this is not true was Spec k[z]/(x?), which is certainly not reduced.

Proof. =-: this direction is obvious.
<: We may assume X is affine (you’ll get equality on each open affine, and then glue to finish). In that
case, X = Spec A for A with nilradical equal to (0). We have:
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A— H Frac(A/p) = H k(p) ( equivalently, A — H(’)Spec Ap — Hk(p)>
pESpec A pESpec A p p

The kernel is the intersection of all prime ideals, which is (0). That is, the map is injective. So since f — g

maps to zero, it must be that f — g = 0, and we are done. d

Definition 7.18. A scheme is locally noetherian if it can be covered by open affine subsets Spec A; where
each A; is notherian. X is noetherian if it is locally noetherian and quasi-compact. Equivalently, X is
noetherian if it can be covered by a finite number of open affine subsets Spec A;, each A; noetherian.

Remark 7.19. X being noetherian (so basically a.c.c. on ideals) means that the topological space is
noetherian (d.c.c. on closed subsets).

8. JAN 31: MORE PROPERTIES OF SCHEMES

Recommended reading: Harthshorne I1.3 (especially Prop 3.2), Vakil 5.1-5.3

The following is an important type of proof. In our definitions of various adjectives, we often want to
say that there’s just one (affine) cover with a certain property (as that’s easy to prove). When we use this
adjective in proofs, we would like to be able to say every (affine) open cover has a certain property (as that’s
more useful to us).

These proofs tend to have a ” going down, going up” sort of process: you want that if a ring B has a property
then localizations By have the property, and then if a bunch of By, have a property and U;Spec By, = Spec B
(i.e. >2(f;) = 1) implies that B has that property. More formally, you’ll see this referred to as affine
communication.

Proposition 8.1. A scheme X is locally noetherian iff for every open affine U = Spec A, A is noetherian.

Proof. <: this direction is clear. =: Note: if B is noetherian, so is any localization By. Note, then, that
we have a base for the topology consisting of specs of noetherian rings, and thus our U = Spec A can be
covered by specs of noetherian rings.

So we may restrict to the following: if X = Spec A is an affine scheme covered by spectra of noetherian
rings, then A is noetherian. Let U = Spec B be an open subset of X, with B noetherian. Then for some
f €A D(f) CU we have:

Spec A A
D(f) — Spec B Af «+— B
Let f be the image of f in B. Then A; = By (as both should be the coordinate ring of D(f)). Thus, Ay
is noetherian. So we successfully shift to the "USpec Ay = Spec A and the Ay have a property = A has a
property” part of the proof.

Cover X = Spec A with a finite number of these Spec Ay with Ay noetherian. We can do this because
affine schemes are quasicompact. Now: we want to show that if (f1,..., f,) = (1) and each Ay is noetherian,

then A is noetherian.
Let a C A be an ideal, and let ¢; : A — Ay,. Then we claim that:

n

a=[o (pi(a) - Ap)

=1

i.e. the commonality between pulling back all the extended versions of a yields a again. The C containment
is obvious. As for D: let b be an element of the intersection. Then:

gpt(b) = ai/fiN € Afz
with a; € a and the N the same across all Ay, (take the max). Then there is an M such that for any i

(b —ai) =0
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That is, f}“Nb € a for each 4. Since Spec A = UD(f;) = UD(f"™™) we get that there are ¢; such that

n

1= e i

i=1
for ¢; € A. Then:
b=> cfM*Nbea

So, we have shown a = Ny~ *(¢p;(a) - Ay,). Now suppose that a; C ay C ag C ... is an ascending chain of
ideals in A. Then for each 1 < ¢ < n we get a chain of extensions in Ay,

pi(ay) - Ay, Cp(ag) - Ay, C ...

which must stabilize (and so their preimages stabilize). Then there is some step L at which all the preimages
on the different Ay, stabilize, since there are finitely many. Hence we get that the original chain eventually
stabilizes too. 0

Definition 8.2. A morphism f : X — Y of schemes is locally of finite type if there is a covering

{Vi = Spec B;} of Y such that for each i, we have that f~*(V;) can be covered by U; ; = Spec A;; where

each A;; is a finitely generated B;-algebra. (Note that we have Spec A;; — Spec B; induced by some
The morphism is of finite type if each f~!(V;) can be covered by finitely many Uj;.

Remark 8.3. Note: if the morphism is f : X — Spec k, being finite type means that X looks like the finite
patching of closed subsets of affine space.

Definition 8.4. A morphism f: X — Y is a finite morphism if there is a covering of Y by V; = Spec B;
such that f=1(V;) = Spec A; with A; a finitely generated B;-module.

You will prove on your homework that having these properties on one open affine cover is the same as
having them on all open affines.

Remark 8.5. Finite morphisms have finite fibers (and are closed) and preserve the dimension of the scheme
(a notion we will eventually define, but lines up with the notion for varieties).

Finite fibers, however, does not imply a finite morphism. Spec k[t,t~!] — Spec k[t] induced by k[t] —
k[t,t~1] has finite fibers, but k[t,t~!] is not a finite k[t]-module.

Remark 8.6. If the morphism is flat, then the length of the fiber is constant. This can fail for non-flat
morphisms. A morphism is flat if the induced stalk maps fp : Oy sp) = Ox p is flat. p: A — B is flat if
for every injective module morphism M — N you get that M ® 4 B — N ® 4 B is injective.

Example 8.7. Finite type morphisms need not have finite fibers: Spec k[z,y] — Spec k[z] given by k[z] —
k[z,y] should be thought of as projection A? — Al. This is a finite type morphism but it does not have finite
fibers.

Definition 8.8. An open subscheme of a scheme X is a scheme U, with topological space an open subset of
X and Oy = Ox|y. An open immersion is a morphism f : X — Y that induces an isomorphism of X with
an open subscheme of Y.

Definition 8.9. A closed immersion if a morphism f:Y — X such that

e f(Y) is a closet subset of X and
o f:Y — f(Y)C Z is a homeomorphism of topological spaces
e the map f!: Ox — f.Oy is surjective

A closed subscheme of X is an equivalence class of closed immersions, where f:Y — X and f/:Y' — X
are equivalent if there is an isomorphism 7 : Y/ — Y such that f' = f 0.

Remark 8.10. Closed subschemes in general look like maps induced by A — A/I. This is Harthsorne
exercise 11.3.11.
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9. FEB 03: CLOSED SUBSCHEMES, FIBER PRODUCT
Recommended reading: Hartshorne II.3, Vakil 8.1, 8.3, 9.1

Example 9.1 (The go-to example of a closed subscheme). Let A be a ring, a an ideal of A. Set Y = Spec A/a
and X = Spec A. Then A — A/a induces a closed immersion f : Y — X as schemes: f is a homeomorphism
onto V(a) and the map Ox — f.(Oy) is surjective since it’s surjective on stalks.

Any choice of b with V(a) = V(b) yields a scheme structure on the set V(a) and these can very much
be different. So there are lots of subscheme structures on this set. Every subscheme structure on a closed
subscheme of an affine scheme arises this way.

As a fun example, consider k[z] and V((z)) = V((2?)) and the different subscheme structures these two
ideals give you.

Example 9.2. From that example, it seems like there should be a unique ”smallest” structure, something
that eliminates the sort of ”fuzz” that V((2?)) would give. This is indeed true: it is the reduced induced
closed subscheme structure.

In the above, with V((z)) = V((2?)) = V((2*)) = ... you want to do some sort of ”taking the radical”
type process.

Let Y be a closed subset of X. For X affine, set a = Npcyp. This is the largest ideal for which V(a) =Y.
Then the reduced induced structure on Y is the one defined by a. (Note that V(I) = V(J) <= VI =+/J).

For X a scheme in general, take an affine open cover {U;}, consider the closed (in U;) subset U; NY, and
give that the reduced induced structure. You can show this glues (Example 11.3.2.6 in Hartshorne).

Now! It is time for the ever-wonderful fiber product. Let us discuss its universal property. In a given
category, the fiber product of f : X — Z and g : Y — Z is the object P with morphisms p; : P — X,
p2 : P — Y such that for any ) with maps ¢; : Q@ — X and ¢ : Q — Y with f oq; = g o ¢o, there exists a
unique morphism v : Q — P making the following diagram commute.

The object P is usually denoted by X xz Y. The p1,ps should be thought of as projection maps, as we
see below.

First, some examples from topology. Let X — Z be a map and {p} — Z be the inclusion of a point. Then
P =X xz {p} is just the fiber (any Q with the proposed maps must land in the fiber over p and so we get
the factoring).

In general, for topological spaces:

XxzY ={(z,y) e X xY: f(z) = g(y)}

Let’s think about affine schemes. Translating between scheme info and ring info flips all the arrows and
we observe that flipping the arrows on this diagram... just yields the diagram and universal property of the
tensor product of rings.

A®c B <;1®id B

ol

A%C

So it seems like fiber products should exist for affine schemes. Now we simply need to patch these together.
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Theorem 9.3. For any two schemes X — S, Y — S over a scheme S, the fiber product X xg Y exists and
is unique up to unique isomorphism.

Proof.

e Step 1: (Handling affines)

For affine schemes, spec of the tensor product yields the fiber product. For X = Spec A,Y =
Spec B, S = Spec R, consider Spec (A®pg B). This does not immediately have the property we want
in the category of schemes, because @ may not be affine. We’ll work through this subtlety using a
problem from your HW.

A morphism @ — Spec (A®pg B) is the same as a homomorphism Ax g B — I'(Q, Og) by Exercise
I1.2.4. Applying the universal property of the tensor product and the HW problem again, we get that
QtoSpec (A®g B) is exactly the same as a morphism to Spec B, Spec A with the desired composition
properties.

Step 2: (Uniqueness)

The fiber product, if it exists, must be unique. For two candidate fiber products Fi, Fo, you’ll get
maps ¢ : F; — F5 and j: Fo — F, and i 0 j, j o4 being the identity will be forced by the uniqueness
part of maps to the fiber product.

Step 3: (Gluing morphisms)

Let X,Y be arbitrary schemes. Morphisms can be described from gluing: if {U;} is an open cover of
X, then to describe a morphism f : X — Y it’s enough to describe f; : U; — Y and verify that the
fi, f; agree on U; N U;.

Step 4: (Fiber products are nice with open sets of one component)
If X,Y are schemes over S and U C X open, then pfl(U) C X XgY is a product for U and Y.

(Maps f: Z - U and g: Z — Y yield f': Z — U — X and hence you can get 0 : Z — X xg Y.
Since f(Z) C U, we can regard 0 : Z — p; *(U). Tt inherits uniqueness).

Step 5: (If you can get a fiber using a cover on one piece, you can get it on the whole thing)
Suppose X, Y are schemes over S, and {X;} is an open cover of X, and that X; xg Y. exists. Then,
X XgY exists.

Let D1 - Xi Xg Y — XL Let XU = Xi N Xj, and U” - Xl X x Y denote pl_ll(Xw) From Step
4, Ui;,Uj; are both a fiber product for X;; and Y over S. Uniqueness properties of the fiber prod-
uct give unique isomorphisms ¢;; : U;; — Uj;. These isomorphisms satisfy the gluing/compatibility
conditions of Exercise I1.2.12. (Namely, ¢;; = gpﬂ-l, and the cocycle/image condition on triple inter-
sections.).

Thus, we can glue the X; xXg Y to a scheme that we prematurely call X xg Y. The projection
morphisms are glued from the X; xg Y. One can check that this is indeed the fiber product.

(For a bit more detail: given Z — X,Z — Y that yield the same map to S: we get maps
Z; = f7Y(X;) = X, yielding maps 0 : Z; — X; xgY — X xg Y. These maps glue on the Z; N Z;
and yield Z — X Xg Y. Uniqueness can be checked locally, on the pieces X; xg Y).

Step 6: (Gluing on the two factors, over an affine base)

We know that fiber products exist for X,Y, .S all affine. By gluing on the first factor with step 5, we
have fiber products exist for X arbitrary, Y affine, S affine. By gluing with Step 5 on the second
factor, fiber products exist for X, Y arbitrary and S affine.
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e Step 7: (Lastly, get arbitrary bases)
Let X,Y, S be arbitrary schemes, with f: X — S,g:Y — S. Let {S;} be an open affine cover of S.
Let X; = f71(S;),Y: = g7 1(S;). We have, by step 6, that X; xg, Y; exists. Observe that X; xg, Y;
functions as the fiber product X; xgY. If f: Z — X; and g : Z — Y yield the same map to .S, then
the image of g must land in S;. So, X; Xg Y exists for each i, and we glue to X xgY.

O

10. FEB 05: FIBER PRODUCT EXAMPLES, BASE CHANGE

Recommended reading: Hartshorne I1.3, Vakil 9.1-4
It’s about time we do some examples!

Example 10.1. Given a map f : X — Y and a point y € Y we can take i : {y} = Spec k(y) — Y via
Ox — i.(k(y)), which will just be a skyscraper sheaf of k(y) over the point y. Then X xy Spec k(y) is
topologically the fiber f~!(y). The structure on it is not necessarily reduced!!

For example: let k be algebraically closed. Consider

A} = Spec k[t] — Spec k[s]A}
induced by
k[t] < E[s]
t2 s
Then the fiber over a point a is:
Spec (k[t] Ok [s] (Skﬁs]a)) 2 Spec (tQk[—t]a) o {:izz (;)\/af)[gh/a) = Spec (k x k) Zi 8

Both of these rings are 2-dimensional vector spaces over k, but one of them does not give a reduced scheme.

=

Example 10.2 (Reduction modulo p). We can always form the following diagram:

Xp) = X Xspec z Spec (Z)pZ) — (p)

| !

X Spec Z

This is the reduction modulo p of the scheme X. You can also take Xy = X Xgpec z (Q). In the case of,
say, Spec (Z[z]/(z* + 2® + 1)) doing this process with p = 5 would yield Spec (Fs[z]/(z* + 2% + 1)).

Example 10.3 (Base extension in general). . Recall that a scheme over S is a scheme X with a map
f: X — 8. Perhaps you'd like to consider it over some other base. Well, if you have S’ — S, then you have
the base extension:

XSIZXXSS/%S/
X — 8

One of the many usages is the following: if you consider an elliptic curve C over Q (so f : C' — Spec Q),
then you could consider it over an extension L of Q by considering C' xgpec @ Spec L — Spec L and see if
your elliptic curve acquires any more closed points.

It is interesting to see what properties are preserved by base change (and in doing these
examples, we will also study properties in families).

Example 10.4 (Investigating irreducibility). Consider Spec k[x,y,t](xy — t) — Spec k[t] induced by

k[t] = K[z, y, t]/(xy — 1)
tt
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You should think of Spec k[x,y,t]/(xy—t) as a surface in A% and the morpism to A! = Spec k[t] corresponding
to projection onto the third factor. Over each closed point (t — a) of the affine line, we get a fiber, which
looks like

k[z,y, 1] kt] _ klz,y]

@y—t M (t—a) (@y—a)
That as, ranging over the fibers yields a family of hyperbola. For a # 0, the fiber is nice and irreducible. For
a = 0, we get a union of two axes, and it is very much reducible. Note that the total space Spec k[x,y, t]/(xy—
t) is irreducible. So irreducibility does not need to be preserve by base change.

Example 10.5 (Investigating reducedness). This was already done in the k[s] — k[t], s — t? example. You
can also look at Spec k[x,y,t]/(ty — 2*) — Spec k[t]. The fiber over (t — a) for a # 0 is a parabola, and then
degenerates to the doubled line 22 = 0 in Spec k[z,y] for a = 0.

11. FEB 07: DIMENSION, SEPARATEDNESS, VALUATIVE CRITERION

Recommended reading: Hartshorne II.4, Vakil 10.1-10.3, 12.7

Definition 11.1. The dimension of a scheme X, denote dim X, is its dimension as a topological space: the
supremum of all n such that there is a chain

201G S dn

=

with Z; distinct, irreducible closed subsets.

Definition 11.2. Given Z C X irreducible, we have codim(Z, X) is the supremum of integers n such that
we have a chain

L=200SC21C S 2y
with Z; irreducible and closed. For Y closed subsets in general, codim (Y, X) = inf zirreacy codim(Z, X).

Remark 11.3. For affine schemes, Krull dimension aligns with the above notion of dimension.

Remark 11.4. No, it’s not true in general that for Y C X, that dimY + codim(Y, X) = dim X. For most
"nice” scheme we encounter this will be true, but localizations can lead to quite the messes.

Proposition 11.5. Finite morphisms are preserved under base change. That is, if f : X — Y is finite, then
/' X xy Z — Z is finite for any Z — Y.

Proof. We can check this on affines: if B — A makes A a finite B-module, and we have B — C, then we need
Ax pC'is a finitely generated C-module. This is true: using the finite list of generators (generators of A over B)®
1 will work, by shuffling coefficients to the left as needed. O

Proposition 11.6. Finite morphisms have finite fibers.

Proof. Let f: X — Y be a finite morphism. Let Spec k(p) — Y be the inclusion of a point. Form the fiber
product X xy Spec k(p) — Spec k(p) to get the fiber over p.

Finiteness is respected by base change. So, we have a finite morphism to a point. This makes X xy
Spec k(p) the spec of a ring that is a finite k-module, hence Artinian. Artinian rings have Krull dimension
Z€ero. O

Now for two more scheme properties (well, specifically, properties of a morphism between schemes) that
correspond to two well-liked topological properties. Separatedness corresponds to the Hausdorff property:
a notion of being able to separate points. Properness is meant to be analogous to the topological sense:
preimage of a compact set is compact.

But we need new notions: the Zariski topology is basically never Hausdorff, and topological properties
only capture so much of a scheme. Our definitions will reflect some of the functorial properties.
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Definition 11.7. Let f : X — Y be a morphism of schemes. We have a diagonal morphism A : X — X xy X

determined by the diagram:
idy

w, XxyX 5 X

lpl lf
X — Y

The morphism is separated if A is a closed immersion. We say that X is separated over Y. A scheme is
separated if it’s separated over Spec Z.

Remark 11.8. We can now give this tidbit: when people talk about a ”variety” in the context of scheme
theory, they generally mean an integral (so irreducible and reduced) scheme that is separated and finite type
of k.

Example 11.9 (The standard example of a scheme not separated over k). Consider X, the affine line
(over k) with the origin doubled. This is Spec k[t] and Spec k[s] glued along the opens Spec k[t,t~!] and
Spec k[s, s71] via s > t.

Note that X x; X is the affine plane with doubled axes and four origins (you can think of this via intuition
on closed points, and verify with chart computations). Then the image of the diagonal map is the usual
diagonal in the affine plane part, with two of those origins. This is not closed, because all four origins are in
the closure of A(X) (think about limit points).

Proposition 11.10. if f: X = Spec A — Y = Spec B is a morphism of affine schemes, then f is separated.

Proof. The fiber product X xy X is given by Spec A® BA with diagonal morphism induced by AQg A — A
induced by a ® ' = aa’. This is surjective, hence the diagonal map is a closed immersion (see Exercise
11.2.18(c)). O

Corollary 11.11. A morphism of schemes f : X — Y is separated if and only if the image of the diagonal
morphism is a closed subset of X xy X.

Proof. = is obvious. We do <. Let p; : X xy X be the first projection. Since p; o A = idx, A must be a
homeomorphism onto its image.

Now, we need to check that Ox, x — A,Ox is surjective. For P € X, let U be an affine open containing
P, such tha f(U) is contained in some open affine V- C Y. Then U xy U is a neighborhood of A(P) and we
know U — U xy U is a closed immersion. That is our map of sheaves is surjective in a neighborhood of P
(we can think of as: map is surjective on stalks). O

Next is the oft-cited valuative criterion for separatedness. The idea is: separated schemes shouldn’t have
this odd sort of "doubled point” behavior, a way to limit to two different things. Alternatively, if X is
separated, then given a morphism of a punctured curve C\ {p} — X, there should be at most one morphism
C — X extending it. Note that the line with the doubled origin very much fails this criterion.

This criterion is local, so we swap out a curve with a punctured small neighborhood (thinking in terms of
C)/germ of a curve. This corresponds roughly to a DVR. But our schemes may be fairly general, so we just
use valuation rings, and then we make the criterion relative to a morphism.

Definition 11.12. Let K be a field, and G a totally ordered abelian group. A valuation of K with values
in GG is a map
v: K\{0} -G

such that for all x,y € K \ {0} we have
(1) v(zy) = v(z) +v(y)
(2) v(z +y) = min(v(z),v(y)).
The set

R={z e K :v(z) >0} U{0}
is a subring of K, called the valuation ring of v. A valuation ring is an integral domain that is the valuation
ring of some valuation of its quotient field.
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Definition 11.13. A valuation is discrete if G is the integers. The valuation ring is called a discrete valuation
ring.

Example 11.14. Examples of DVRs include:

Zp)y, the integers localized at a prime
Z,, the ring of p-adic integers

Rings of formal power series k[[T]]
k‘[aﬁ](m).

Theorem 11.15 (Valuative criterion of separatedness). Let f : X — Y be a morphism of schemes, and X
Noetherian. Then f is separated if and only if the following condition holds (for all K, R and relevant maps).
Let K be a field and R a valuation ring with quotient field K. Let ¢ : Spec K — Spec R be the morphism
induced by inclusion R — K. Given a morphism Spec R — Y and a morphism Spec K — X yielding the
following diagram

Spec K —— X

1
Ji 07 Jf

Spec R —— Y

there is at most one morphism 6 : Spec R — X making the diagram commute.
Proof. See Theorem 11.4.3. in Hartshorne. d

We will get more into the intuitive idea behind this criterion and its corollaries next lecture.

12. FEB 10: VALUATIVE CRITERION OF SEPARATEDNESS, PROPERNESS
Recommended reading: Hartshorne 11.4, Vakil 10.1-10.3, 12.7

Remark 12.1. The condition of X Noetherian is used here for niceness, namely in guaranteeing that
f : X — Y is quasi-separated. (Meaning, the diagonal morphism A : X — X xy X is quasi-compact
(preimage of a quasi-compact is quasi-compact).

Remark 12.2. What’s the intuition here? At first, it may not seem like this setup corresponds to the
intuition about nice ways to fill in a curve and such. Let’s elucidate:

Let’s think about one of our favorite DVRs: k[z](,). This is the stalk of Ogpec k(2] at the closed point (z).
So we should think of this as the ring of germs near the origin. Since k[z](,) should be thought of as the ring
of functions over its spec, Spec k[z](,) should then be thought of as an ”arbitrarily small neighborhood of
the origin” or a ”germ of the curve A'.” From this perspective, if we think in a relative sense, the fractional
field Frac(k[z](,)) = k() should be thought of as functions you get after puncturing the origin. That is,
Spec k(z) should be thought of as a small, punctured neighborhood.

The diagram now follows the initial goal: we have a neighborhood of a curve mapping downstairs to Y,
and if we have a lift of the punctured neighborhood to X, there should be at most one way to fill it in (so
that it’s a lift of the non-punctured neighborhood). In general, for X an irreducible Noetherian separated
curve, and p a regular closed point on it Ox ;, is a DVR, so this idea extends to things that don’t just look
like pieces of Al.

Note that the fact that we’re working with schemes and bringing along all this data of the functions on our
spaces is key: set-wise, Spec k[z](,) is just two points, and Spec k(x) is just one point, and the set/topological
data is unable to tell the full story.

Corollary 12.3. Assume all schemes are noetherian.

(a) Open and closed immersions are separated

(b) A composition of two separated morphisms is separated

(c) Separated morphisms are stable under base change: f : X — Y separated implies ' : X xy Z — Z is
separated.

() If f: X >Y and f': X’ — Y’ are separated with all schemes over S, then f x f': X xg X' =YV xgY’
is separated.
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(e) f: X —=Y,g:Y — Z morphisms and go f: X — Z separated implies f is separated.
(f) A morphism f: X — Y is separated if and only if Y can be covered by open V; such that f=1(V;) — V;
is separated for each i. (We say that being separated is local on the base.

Proof. These can all be proven using the valuative criterion (some also can be proven from the definition
without much tedium). To demonstrate the style of proof, we show (¢). Let f : X — Y be a separated
morphism, and f’: X' = X Xy Y/ — Y’ be a base change. We wish to show that f’ is separated. Consider
the following diagram:

Spec K —— X' =X xyY —— X

) 0 -7
lz oy lf Jf

Spec R Y’ Y

Suppose there are two distinct lifts 61,65 : Spec R — X’. By composing with X’ — X, we get two maps
T1,To : Spec R — X which must be the same because X is separated. But then the 6; look the same
after composing with each of the two projections out of X’. By the universal property of the fiber product,
0, = 6-. d

Corollary 12.4 (Corollary to part (f)). Affine morphisms (that is, morphisms where the preimage of an
affine is affine) are separated.

Proposition 12.5 (Valuative criterion for separatedness: DVR version). Suppose f : X — Y is a morphism
of finite type of locally Noetherian schemes. Then f is separated if and only if for any DVR R with quotient
field K with a diagram

Spec K —— X

1
li L0 lf

Spec R —— Y
there is at most one morphism Spec R — X filling in this diagram.

Proof. Vakil 12.7.1 will have some exposition on this. 0

And now for properness. In topology, a proper morphism f : X — Y is one where the preimage of a
compact set is compact. For nice spaces, this is the same thing as being locally closed: fxidz : XxZ - Y xZ
is closed for any topological space. Again, with some suitable niceness conditions (e.g. X,Y Hausdorff, ¥
locally compact) this is the same X Xy Z — Z being closed for all base changes. This is the property on
which the notion of a proper morphism of schemes is based on.

Definition 12.6. A morphism f : X — Y is proper if it separated of finite type, and universally closed
(see below).

Definition 12.7. A morphism f: X — Y is universally closed if it is closed and for any Z — Y the base
change [’ : X Xy Z — Z is closed.

Example 12.8. Let k be a field, and X = Spec k[t] the affine line over k. X is separated and finite type
over k, but not proper. The fiber product X x; X — X is the affine plane with a projection onto one axis.
If we consider the closed set V((zy — 1)), this is closed but it projects to the punctured affine line.

We begin to see the issue: because we lack the point at infinity, nothing is getting sent to the origin. This
suggests that the projective line has a good shot at being proper over k (and indeed it is: one can roughly
see this through the valuative criterion). In fact, any projective variety over a field is proper. (Given that
properness is meant to be an analogue of the topological notion of properness, schemes proper over k really
out to be compact).

Theorem 12.9 (Valuative criterion of properness). Let f : X — Y be a morphism of finite type, with X
noetherian. Then f is proper if and only if, for every valuation ring R with quotient field K and i : Spec K —
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Spec R induced by R — K and diagram
Spec K —— X

o
J{i L0 J{f

Spec R —— Y
there is exactly one morphism Spec R — X that fills in the diagram.

Corollary 12.10. Assume all schemes are noetherian.

(a) Closed immersions are proper

(b) A composition of proper morphisms is proper

(c) Proper morphisms are stable under base change

(d) If f: X Y and f': X’ — Y’ are proper with all schemes over S, then f X f/: X xg X' >V xgY'is
proper.

(e) f: X —=Y,g:Y — Z morphisms and go f: X — Z proper and g separated implies f is separated.

(f) A morphism f: X — Y is proper if and only if Y can be covered by open V; such that f=1(V;) — V; is
proper for each . (That is, being proper is local on the base).

Proof. See Corollary 11.4.8 in Harthsorne. O

13. FEB 12: PROJECTIVE MORPHISMS, O x-MODULES

Recommended reading: Hartshorne 11.4, Hartshorne I1.5, Vakil 2.2

Lastly for Hartshorne chapter 4, we quickly define projective morphisms. The idea: emulating the form
of projective k-schemes, i.e. things that look like closed subschemes in P} = Proj k[zo, ..., Zn+1] along with
their maps to Spec k.

Recall that one can define projective n-space over any ring A. You give elements of A degree 0 the variables
x; degree 1, and take Proj A[zo,...,x,] :==P’. Note that you have P’} — Spec A.

Note that if A — B is a homomorphism of rings yielding a map Spec B — Spec A, then you can form the
fiber project P" Xgpec 4 Spec B and in fact:

P% = P’} Xgpec 4 Spec B

(This can be seen by taking charts on P’} and realizing that the tensor product will yield the fiber product
on the scheme side).

All this discussion motivates the following.
Definition 13.1. If Y is a scheme, we define projective n-space over Y, denoted Py, to be P} Xgpec z Y.

Definition 13.2. A morphism f: X — Y of schemes is projective provided that it factors as ¢ : X — Py
followed by a projection P§, — Y.

A morphism is quasi-projective if it factors into an open immersion j : X — X' followed by a projective
morphism g : X' —» Y.

Recall that the projective line was the answer to the affine line not being proper over k. That is, projective
k-varieties have nice compactness properties over k. The most important property is the following:

Theorem 13.3. A projective morphism of noetherian schemes is proper. A quasiprojective morphism of
noetherian schemes is of finite type and separated.

Proof. See Hartshorne 11.4.9. O

Chow’s lemma (X a scheme over S noetherian, then there is a scheme X’ projective over S and surjective
S-morphism f : X’ — X and open dense U C X such that f~1(U) =2 U) says, roughly, that proper morphisms
can be well approximated by projective ones. You can see more on Chow’s lemma through Hartshorne exercise
I1.4.10.
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Definition 13.4. An abstract variety, or just variety, is an integral (so, irreducible and reduced) separated
scheme of finite type over an algebraically closed field k. If it is proper over k, we also say it is complete.

Now: we investigate sheaves of modules. We’ve been investigating structure sheaves for a while, but we’ll
get a lot more mileage out of the sheaf framework if we start considering sheaves of modules over schemes
(i.e. sheaves of abelian groups with an appropriate scalar multiplication structure on each open set).

Definition 13.5. Let (X,Ox) be a ringed space. A sheaf of Ox-modules (or just an Ox-module”) is
a sheaf of abelian groups .# on X such that for each U, the group .#(U) is an Ox(U)-module, and the
restriction morphisms .#(U) — % (V) are compatible with module structures via Ox (U) — Ox (V). That
is: for a € Ox(U) and m € % (U) we have:

(@-m)ly = (a)ly - (m)lv

A morphism of Ox-modules is a morphism of sheaves such that for each open U, the map Z#(U) — 4 (U) is
a morphism of Ox (U)-modules.

Remark 13.6. We especially like quasi-coherent and coherent sheaves, which are Ox-modules which play
the role of analogue of modules and finitely generated modules over a ring, respectively.

Example 13.7. Prototypical example: Consider Spec k[z,y], the affine plane. We can think of the x-axis in
here, i.e. where y = 0. That is, we have the closed subscheme Spec k[z] — Spec k[z,y], induced by viewing
the vanishing set as V((y)) (if we viewed it as V((y?)) that would yield a different scheme structure), the
vanishing of the ideal (y). We can think of a sheaf (of abelian groups) that, on each open U, keeps track of
the ideal defining the portion of the z-axis in that set. That is:

Z (Spec k[z,y]) = (y)k[z,y], F(D(f)) = (y)k[z,yly

Note that on each open, the ideal .#(U) has the structure of being an Ox (U) = Ay module. We will see it
is an example of a sheaf of ideals.

Some properties:

e The kernel, cokernel, and image of a morphism of Ox-modules is again an Ox-module (and we do
mean the sheafified versions here!)

e If you have a subsheaf of an Ox-module %, the quotient #/.%’ is again an Ox-module

e Direct sums, direct products, direct limits, inverse limits of Ox-modules are O x-modules

o If # 4 are two Ox-modules we may define the group of morphisms Homoe, (:%,¥) as the group of
Ox morphisms % — ¥.

e In fact, we can think of this sheaf-wise: we can form a sheaf J#om(%#,¥) via:

U +— HOHI@X|U(y|U7g|U)

This is also an Ox-module.
e The tensor product of two modules ¥ ®¢p, ¥ is the sheafification of the presheaf

U FU) @oxw)9U)

If the Ox is understood you may just see .# ® 4. Note: the sheafifcation step is important!
— (When we get to Serre twists, we will have a nice example of why you need this sheafification!)
— (If you just want an example of the general phenomena of how taking tensor products on opens
doesn’t necessarily yield a sheaf: consider the constant sheaf Z on a topological space X with
multiple components. Form a new presheaf by taking U — T'(U,Z) ®z I'(U,Z). You can show
that this is not a sheaf.)

Definition 13.8. A sheaf of ideals on X is a sheaf of modules .# that is a subsheaf of Ox. That is, . (U)
is an ideal of Ox (U) on each U.
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14. FEB 14: LOCALLY FREE SHEAVES, VECTOR BUNDLE MOTIVATION
Recommended reading: Hartshorne II.5, Vakil 13.1

Definition 14.1. An Ox-module is free if it is isomorphic to the direct sum of copies of Ox. It is locally
free if X can be covered by open U such that 7|y is a free Ox|y-module. You can then define the rank of
a sheaf .% on such a set.

Remark 14.2. If X is connected, the rank must be constant.
Definition 14.3. An invertible sheaf is a sheaf of rank one everywhere.
Remark 14.4. We will see why this should be thought of as ”invertible” later.

The motivation for studying locally free sheaves comes from vector bundles. For the purposes of discussing
motivation: it is a little easier to consider things in the topological scenario (on the scheme side: thinking
about closed points yields the same sort of picture, though the full details are explored in Hartshorne Exercise
I11.5.18)

A rank n vector bundle on a manifold M is a map m : B — M such that each fiber 77!(x) has the
structure of an n-dimensional real vector space, and for each point p € X we have some U 3 p such that we
can trivialize the bundle:

oy : U x R* —» 71 (U)
so that the following diagram commutes (and is an isomorphism of vector spaces over each x € U).

T —>U><R"

\ A onto 1st factor

A section over U is a map s : U — B such that m o s =id. On a trivialization, we see that this is the data
of U — U x R”™ that looks like the identity on the first part and an n-tuple of functions to R on the second
part. That is, it looks like an element of Ox (U)®™. So the sheaf of sections .Z of this vector bundle satisfies:

Flu = (Ox|v)®"
On overlaps of U;,U; open in X, we have:
_,.O¢U (U;NU;) xR* - (U; NU;) xR

and the map is given by some element T; ; of GL,, (O(U; NU;)) on the second factor, i.e. they look like
T;; :UNV — GL,(R). These are the transition functions, and they determine the vector bundle.

Now, suppose we have the setup of a vector bundle and trivializations on an open cover {U;}. Consider a
section s € % (U; NU;), which can be interpreted as s, an n-tuple of functions by viewing U; NU; as a subset
of U;. The various expressions s; and s; are related by those same transition functions:

Tijsi = s;

Conversely, if you have a locally free sheaf .# on M of rank n, and trivializations on neighborhoods U; so
that Z|y, = OF", we have transition functions T; ; € GL,(O(U; N Uj)) on the overlaps.

That is to say: the data of a locally free sheaf of rank n is equivalent to the data of a vector bundle
of rank n. In algebraic geometry, we often like to study the sheaf of sections over the vector bundle. This
framework has some nice features: for one: locally free sheaves slot into the category of coherent sheaves,
which are nice to study. Two: this tends to be quicker to define than geometric vector bundles. Three: it
suits the modern perspective of studying functions (sections) instead of just spaces (the bundle).

15. FEB 17: DIRECT IMAGE, INVERSE IMAGE, QUASICOHERENCE, COHERENCE
Recommended reading: Hartshorne I1.5, Vakil 13.1-13.5, 16.1-16.3

Construction 15.1. Let f : (X,0x) — (Y, Oy) be a morphism of ringed spaces. If .7 is a Ox-module,
then f,.% is an f,Ox module. Because f yields a map f!: Oy — f,Ox, we obtain an Oy-module structure
on f..%. This is the direct image of .7 by f.
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If we have direct images, we want some way to turn Oy modules into Ox-modules via the data of a
morphism X — Y. To do this, we need to dive into the inverse image functor. Namely, its important adjoint

property.

Recall that for f: X — Y a continuous map of topological spaces and ¢ a sheaf on Y, the inverse image
sheaf f~'¢ is defined as the sheafification of the presheaf

UCX e lim 9(V):= flgre
Vor(U)

Proposition 15.2 (Hartshorne Exercise I1.1.18). The inverse image and direct image functors are adjoint.
Namely: given a continuous map f: X — Y of topological spaces and .# a sheaf on X and 4 a sheaf on Y,
we have:

Homy (f~'¥,.%) = Homy (¥, f..7)

Proof. We'll give two maps between these hom sets that are inverses. In dealing with f !¢, we will use that
inclusion of sheaves into presheaves and sheafification are adjoint functors. That is, Hompye, (¢,i(.%)) =
HomSth (g+, y)
e Suppose we have a o : Homx (f~!¢,.%). That is, we have
ou fTGWU) = Ly G(V) > FO)
V2r(U)
Then for VePe® C Y we can define
G(V) = lim (V) S F(HV) = LFV)
VIOV
This yields a map ¥ — f..#
e Suppose we have 7 € Homy (¥, f.#). That is, on V°P® C Y we have
v i4(V) = LFZV)=F (V)
Let U in X be open. For any V°P® D f(U), we have:

9w 3 2" sw)
And compatibility of the 7 means that we get a map h_r)nvgf(U)g(V) — ZF(U), ie. a map
figre(U) — Z(U) and thus a map f~19 — 7.
One can check that these two assignments are inverses. O

Construction 15.3. Let f : (X,0x) — (Y,0Oy) be a morphism of ringed spacs and ¥ an Oy-module.
Then f~'¢ is an f~'Oy module. Now, because we have a morphism f*: Oy — f,Ox, we also have a map
'Oy — Ox. So we add in the O x-module structure in the usual way: tensor product! We define:

7Y = fﬁlg Qf-10y Ox

(by this we mean take the presheaf given by tensoring on opens, and then sheafify). This indeed has the
structure of an Ox-module.

Proposition 15.4. f,, f* are adjoint:
Homp, (f*¥,.7) = Home, (9, f+.%)

The next part is about a class of O x-modules we particularly like. There are two ways to do it: in practice,
we just use the following. Let A be a ring and M an A-module. We have the sheaf associated to M on
Spec A, denoted by M. Its space of sections can be defined on distinguished opens D(f) as:

I(D(f), M) = My
As usual, one has to worry if the restriction maps make sense, if you have D(g) C D(f), but the details of
checking that are similar to checking them for the structure sheaf of Spec A or Proj S.
Hartshorne does it as he does t}}g construction of the structure sheaf Ox: the stalks of the would-be M
should be M, and then the sheaf M, on open sets U, look like elements (my)pecr € HpEU M, such that the
my, have some compatibility conditions. See the definition on page 110 of Hartshorne for more details.
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Proposition 15.5. Let A be a ring, and M an A-module. Then:
(a) M is an Ox module.
(b) The stalk (M), is isomorphic to M,.

Proof. Proposition I1.5.1 in Hartshorne. O

Proposition 15.6. Let A be aring, and X = Spec A. Let A — B a ring homomorphism, and f : Spec B —
Spec A be the induced morphism on ringed spaces. Then:

(a) The map M — M is an exact and fully faithful functor from the category of A-modules to the category
of Ox-modules.

(b) If M, N are two A-modules, then M ® 4 N = M@ox N
(c) Given a family {M;} of A-modules, we have ®M; = G M;.
(d)

(e)

d) For any B-module N, we have that f,(N) = (,N), where 4N means N considered as an A-module.
e) For an A-module M, we have f*(M) = M ®4 B.

Proof. Many of these are straightforward formality exercises. For (a): note that localization is exact and
exactness of sequences sheaves can be tested on stalks, so the functor is exact. To show ® : Hom4 (M, N) —
Home, (M, N) is an isomorphism, note that by taking global sections you get a map Homep, (M,N) —
Hom 4 (M, N), which will be the inverse. O

Definition 15.7. Let (X, Ox) be a scheme. An Ox-module .# is quasi-coherent if X can be covered by
open aﬁigz subsets U; = Spec A; such that for each piece of the cover, there is an A;-module M; such that
Flu, = M;. We say that .# is coherent if each M, can be taken to be a finitely generated A;-module.

Remark 15.8. One generally only studies coherent sheaves on noetherian schemes, as their behavior can be
quite bad on non-noetherian schemes. Namely, we want the following property: finitely generated modules
M over noetherian rings are noetherian modules, meaning any submodule of M is finitely generated. This is
a property that you will want all the time when you are trying to study coherent sheaves.

Remark 15.9. Note that locally free O x-modules of finite rank are coherent. This is nice, because while the
category of locally free sheaves on X is not abelian, we will see that the slight enlargement to the category
of coherent sheaves is abelian.

Example 15.10. Here is an example of how finitely generated modules over a ring R can have non-finitely
generated submodules if R is not noetherian. Note that R = k[x1,x2,...] is a finitely generated R-module,
but (z1,z2,...,) is not a finitely generated R-module.

Example 15.11 (An Ox-module that is not qcoh). Consider Spec k[t], and let # be the skyscraper sheaf
supported at the origin (t) with group k(). This has an Ogpec x[g-module structure, but it is not quasico-
herent.

Proposition 15.12. Let X be a scheme. An Ox-module .% is quasi-coherent if and only if for every open
affine U = Spec A of X, there is an A-module M such that #|y = M. If X is noetherian, the analogous
statement holds for .# quasi-coherent, with the extra condition that the M are finitely generated over their
respective A.

Proof. See Proposition 11.5.4 in Hartshorne. O

Corollary 15.13. Let A be a ring and X = Spec A. The functor M M gives an equivalence of categories
between A modules and the category of quasi-coherent O x-modules. Its inverse is the functor .# — T'(X,.%).

If A is noetherian, M +— M gives an equivalence of categories between the category of finitely generated
A-modules and the category of coherent Ox-modules.

—_~—

Proof. The prior proposition makes sure that all quasicoherent % look like I'(X, %) on X and so & —
I'(X,.#) is an inverse. O
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16. FEB 19: MORE ON QUASICOHERENT, COHERENT SHEAVES
Recommended reading: Hartshorne II.5, Vakil 13.4-13.5, 14.1, 15.1

Proposition 16.1. Let X be an affine scheme, and 0 — #' — F — %"’ — 0. an exact sequence of
O x-modules, and assume that .#’ is quasicoherent. Then

0-T(X,7)=>T(X,Z)->T(X,Z7") =0

Proof. We showed T is left-exact, so we just need to show the surjectivity of T'(X, %) — I'(X,.#"). This
uses that quasicoherent sheaves have nice lifting properties: emulating the relationship between M, My, a
section s of a quasicoherent sheaf on D(f) has the property that you can find some n such that f™s is a
global section. Full details are in Proposition I1.5.6 of Hartshorne. O

Proposition 16.2. Let X be a scheme. The kernel, cokernel, and image of any morphism of quasicoherent
sheaves are quasicoherent. Any extension of quasicoherent sheaves is quasicoherent. If X is noetherian, the
same is true for coherent sheaves.

Proof. All these criteria are local, 'S0 we may assume X is affine. The fact that kernels, cokernels, images are
quasicoherent follows from M +— M being fully faithful to qcoh sheaves (or coh for X Noetherian).
The nontrivial part is showing extensions play nicely. Take global sections to get:

0 M/ M M 0
0 7 7 F" 0

the two outer left and two outer right columns are isomorphisms since .#’, . #" are quasicoherent. So the
5-lemma says the middle one is quasicoherent. Similarly for coherent (M’, M” finitely generated implies M
finitely generated). O

Proposition 16.3. Let f: X — Y be a morphism of schemes.

(a) If ¢ is a quasicoherent Oy-module then f*¥ is a quasicoherent Ox module

(b) If X,Y noetherian and ¢ coherent, then f*¥ is coherent

(c) If either X noetherian or f quasi-compact and separated, then .# quasicoherent on X implies that f,.%
is quasicoherent on Y.

Proof. Note that (a), (b) are local (on both X,Y") and so we can reduce to the case of Spec A — Spec B.
Then it follows from Proposition m For (c), the property is only local on Y, so you can only assume Y is
affine. See Hartshorne Proposition 11.5.8 for the full proof. d

Remark 16.4. If XY are noetherian, it is not necessarily true that f, of a coherent sheaf is coherent. It
is true if f is finite or projective. Or, most generally, proper.

Definition 16.5. Let Y be a closed subscheme of a scheme X. Let i : Y — X be the inclusion morphism.
The ideal sheaf of Y, denoted .#, is the kernel of the morphism it Ox — i,0y.

Remark 16.6. Consider the map Spec A/I — Spec A induced by A — I. By Proposition _, we get that
i1+O8pec A/1 18 A/I considered as an A-module. Then our map i : Ox — i, Oy is the map A A/I Then
the map 4* has kernel I. So we see in this simple case that the construction does line up with what it should
be.

Proposition 16.7. Let X be a scheme. There is a one-to-one correspondence between closed subschemes Y
of X and quasicoherent ideal sheaves.

Corollary 16.8. If X = Spec A is an affine scheme, there is a one-to-one correspondence between ideals a
in A and closed subschemes Y of X, given by a — image of Spec A/a in X. Notably, every closed subscheme
of an affine scheme is affine.

Proof. Follows from the equivalence of categories of A-modules and quasicoherent sheaves on Spec A. d



MATH 553: NOTES 31

Now that we’ve gotten a good sense of quasicoherent and coherent sheaves on affine things, let’s study
them on something a little more complicated: projective space! And projective varieties. We will define an
important class of modules now.

Construction 16.9. For S a graded ring, we have a notion of a graded module. A graded S-module M is
an S-module M with a decomposition M = ®4ecz My such that Sy - M, C My, .. For any graded S-module
M and n € Z we have the twisted modules M (n) where

M(n)qg = Main
That is, M (n) is M but with the degree assignments shifted. M (n) is also a graded S-module.

Construction 16.10. Let S be a graded ring and M a graded S-module. Then we can construct an Opyo; 5
module from it, which we will denote M. It is defined on distinguished opens D(f) with f € S as follows:

M(D(f)) = (My)o
That is, it assigns to D(f)) the degree zero elements of (My).
Proposition 16.11. Let S be a graded ring and M a graded S-module.

(a) For any p € Proj S, (M), = M), the degree zero elements of M localized at p.
(b) For any homogeneous f, recall that D(f) is isomorphic to Spec (Sy)o as schemes. With this in mind,
we have that as Op(y) = Ogpec (s5;), modules that

Mp() = ((My)o) = [Mp)]
(c) M is a quasicoherent sheaf. If S is noetherian and M is finitely generated, then M is coherent.

Definition 16.12. Let S be a graded ring and X = Proj S. For any n € Z we have

Ox(n) :==S(n)
Ox (1) is called Serre’s twisting sheaf. You may see the Ox (n) referred to as the Serre twists.
Definition 16.13. For X = Proj S and .% an Ox-module, we set
F Qoy Ox(n)
Proposition 16.14. Let S be a graded ring and X = Proj S. Assume that S is generated by S; as an
Sop-algebra.
(a) Ox(n) is locally free
(b) For any graded S-module M, we have that

M(n) = M(n)
that is, twisting and applying the ~ construction can be done in either order. In particular, Ox(n) ®
Ox(m) =2 Ox(n+m).

Proof. (a) It is most instructive to do this for P} = Proj k[zo,...,z,]. P" is covered by affine opens
D(x;) = Spec k[Z2,..., Z2] =2 A™. By the previous proposition, we have that

,‘Ti

Opr(m)|p(ai) = ((Elzo, - - -, zn](M))a,)o = (klo, - .-, Tnla, )m
Because quasicoherent modules over affine schemes Spec A are equivalent to modules over A, we just
need to give a module isomorphism

([z0, -+ nls,)o — (k[Zo, . - Znle, )m

Multiplication by x;* yields such an isomorphism. Note that the map and its inverse both make sense
because z; is invertible. Since P} is covered by the D(z;), this shows that Opn(m) is locally free.

In the general scenario, one picks f € S7 and needs so show that (Sy)o = (Sf)m are isomorphic as
Sy-modules. Again, multiplication by f™ works. Since S is generated by S; as an Sp-algebra, the D(f)
cover Sy.
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(b) Follows from (M ®g N) = M ®0, N. Namely we can check this on affines by (M ®g N)ipy = My ®
S(s)N(s)- Note that deg f = 1 is crucial: things can get messed up if deg f > 1 (try working out an
example!)

]

17. FEB 21: MODULES ON PROJ

Recommended reading: Hartshorne I1.5, Vakil 14.1, 15.1-15.3

As discussed prior, a locally free sheaf on X can be determined by its transition functions. That is, given
the knowledge that .7 |y, & (9?%" then the bundle is determined by the functions GL,,(U;NU;) on the U;NU;.

Let us determine the transition functions on Opn (d). Write P" = Proj k|zq, ..., x,]. We have trivializable
neighborhoods D(x;), D(x;) with their intersection D(x;), D(z;)

\/

D(z;x;) = D(x;) N D(x;)

and we need to see how section of Opr (d) changes between the two trivializations. Recall that Opn (d)(D(f)) =
(k[l‘o, ce 7$n]f)d-

Oen(D(@)) = (klao, - 2]2)o —2 Opn(d)(D(ay)) Opn (d)(D (7)) +——— (K[zo, .-+ nlz;)o
Opn (D(wi5)) = (k[zo, - - -, Tnlz; )o BN Opn (d)(D(w;z)) Opn (d)(D(wizj)) +— (k[zo, - - -, Tnla,a; o

XJZ]-

Proposition 17.1. Let & = C. The global sections of Opn(d) is isomorphic to the space of degree d
homogeneous polynomials in xg, ..., Z,.

Proof. Giving a global section is the same as giving as an element of I'(D(z;), Opn (d)) for each ¢ such that
they agree on the overlaps. That is, this is the same as giving a choice of f; € k[%, e I"] for each i such
that f; satisfies f; = (z;/x;)%f;.

We see that a necessary condition is that f;($%,..., £*) must be degree < d in order for (z z;/x;)¢f; to even
be a valid element of I'(D(z;), Opn(d)). This is in fact sufﬁ(nent Further, a global section is determined by
any one of the f; B

By homogenizing, we can get f; a homogeneous degree d polynomial corresponding to this section. Dividing
through by z¢ gives the representative for it in any given D(x;).

One can also see this by just viewing all the I'(S(d), D(z;)) = (k[zo,. .., Tnle;)a in k(zo,...,2,) and
intersecting. O

Remark 17.2. Note that this gives us an example of why you need sheafification in the tensor product of
Ox modules. After all:

dimk (F(]P)n7 O]pn(l)) ®1"(]P’",(9]pn) F(]Pm, O[pm (—1)) = dlmk (P(]Pm, O]pm (1)) Rk F(]Pm, Opn(—l))
=(n+1)-0
=0
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Meanwhile:
dimk (F(]Pn, O[P'n (1) ®OIP’" O]pn (*1))) = dlmk (F(]Pn, O[Pn (0)))
= dimk (P(Pn, O]P’n))
= dimk k
=1
If the sheafification step were not necessary, these numbers would be the same.

Example 17.3 (A more concrete example: the tautological bundle). Let’s think about algebraic sets/closed
points for a bit. Interpret P" as lines through the origin in C"*!'. We have the tautological bundle in the
manifolds sense:

T ={(p,v):ve<p>} CP" xC"!

This is a line bundle: it continuously assigns a line to each point of P*. On U; = x; # 0, the points look like:

Zo Tn To Tn
— e, — |, =, —

So we have this coordinate ¢ that allows us to trivialize:

U; X(C—}T|Ui

Zo Tn Zo T xo T
— e, — )= =, — el —. ., —
T T T L T T

What if we have a point where both x;,x; are nonzero? Then let’s write a point in the standardized form of
both coordinate sets to see the transition functions.

Zo Tn Zo Ln Zo LT
— e, — | ,C | — ey, | ,C ey, —
T Z; T Z; Z; T
Zo Tn Zj Zo Tn
= 77’7 ,C 7 7’77
X X, xX; € T,
Zo Tp Zj
<—|(|:',...,.:|,C(v
Z; X, Z;

Since the transition function is (£:)~!, we see that the tautological bundle is isomorphic to Opn(—1).
J

Definition 17.4. Let S be a graded ring, and X = Proj S. Let .% be an Ox-module. We can define the
graded S-module associated to # as:

I.(%) = PI(X, F(n))

It has the structure of a graded S-module: if s € Sy, then s determines a global section s € I'(X, Ox(d)).
For t € I'(X, .#(n)) we have the product s -t € I'(X,.% (n + d)) via the tensor product s ® t and using that

F(n) ® Ox(d) = F(n+d) =.F @ Ox(n+d)

Example 17.5. If S = k[zo,...,2,] and X = Proj S and .# = Ox(d) = S(d) then note that the I',.(.%)
returns back S(d).

Proposition 17.6. Let X = Proj ;. Then I', (Ox) = S.

18. FEB 24: MODULES ON PROJ, VERY AMPLE SHEAVES, STARTING DIVISORS

Recommended reading: Hartshorne I1.5, I1.6. Vakil 15.1-15.4, 16.1-16.4

Proposition 18.1. Let S be a graded ring, which is finitely generated by S; as an Sy algebra. Set X =
Proj S. Let & be a quasi-coherent sheaf on X (not necessarily graded!). Then there is a natural isomorphism

—_~—

B:T.(F) > 7.
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Proof. First we define 5. Let f € S1. Since S is generated by a finite number of the S; elements, just need
to give the map over D(f). Note that D(f) is affine, so defined by the map on D(f). We consider sections
of T'w(ZF) of the form m/f? where m € I'(X,.Z(d)) for some d > 0. We can think of f~d as a section of
Ox(—d) defined over D(f). Then we can think of m ® f~% as a section of . = .7 (d) ® Ox(—d) over D(f).
This defines S.

One can show this is an isomorphism (see Hartshorne Proposition I1.5.15). O

Corollary 18.2. Let A be a ring.
(a) Y is a closed subscheme of P}, there exists a homogeneous ideal I C S = Afzy, ..., x,] such that Y is
the closed subscheme determined by the ideal I. That is, it looks like
Proj S/I — Proj S
Proof. Y defines an ideal sheaf .#y, a subsheaf of Ox. Twisting is exact (invertible process) and global
sections is left-exact, so we get that I'.(.#y) is a submodule of I',(Ox) = S. Hence I',.(.#y) corresponds to

a homogeneous ideal of S, call it I. Since .#y is quasicoherent, we have that %y = I',(Fy) = I. Hence Y is
the subscheme determined by I.
O

Definition 18.3. For Y a scheme, the twisting sheaf O(1) on P% is ¢*(O(1)) where g : P}, — P} is the
natural map (note P}, =P, @, Y). If Y = Spec A this returns the old definition of O(1).

Definition 18.4. If X is a scheme over Y, an invertible sheaf .Z on X is very ample relative to Y if there
is an immersion i : X — P}, for some r such that i*(O(1)) £ 2. A morphism i : X — Z if it gives an iso of
X with an open subscheme of a closed subscheme of Z.

Remark 18.5. Roughly speaking, very ample line bundles are line bundles with a lot of sections: enough that
they can be used to define an embedding of a scheme into some projective space. Consider P} = Proj ks, t].
Then consider Op:(3), which has global sections (s3, s?t, st2,¢3). We can use these to write a map:

f:P! - p3
[s,1] — [s°, 8%, st2, 13
which embeds P! as a twisted cubic in P2. Then it turns out that f*(Ops(1)) = Op: (3), showing that Op: (3)

is very ample. This is the embedding of P! using the complete linear series H°(P!, Op1(3)) = T'(P!, Op1(3)),
also denoted by |Op1(3)].

Definition 18.6. Let X be a scheme, and .% an Ox-module. We say that .% is generated by global sections
if there is a collection of global sections {s;};c; with s; € I'(X,.%) such that for each x, the images of s; in
the stalk %, generated that stalk as an O,-module.

Equivalently, this means you can write a surjective O,-module map

oY -7
and realize .Z as a quotient of a free module.
Example 18.7. A quasicoherent sheaf on an affine scheme is generated by global sections.

Example 18.8. The Opx(d) are globally generated (work on affines to show the morphsms of sheaves is
surjective).

Theorem 18.9 (Serre). Let X be projective scheme over noetherian ring A. Let . be a very ample invertible
sheaf on X and .# a coherent Ox-module. Then there is an integer ng such that for all n > ng, the sheaf
F @ L%" can be generated by a finite number of global sections.

Proof. See Hartshorne Theorem I11.5.17. g

We now turn our attention to divisors, which are a great tool for studying the geometry of a scheme.
The divisor class group is a useful invariant of a variety as well. We start with Weil divisors, which are
nice/intuitive geometrically, but there are conditions on when you can define them. Cartier divisors will be
definable more broadly. And then we will see how this info relates to invertible sheaves.
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Definition 18.10. A generic point 7 of a scheme X is one such that m = X, topologically. Note that any
nonempty open set must contain 7.

Remark 18.11. If X is integral, then there is a unique generic point, and is it obtained by taking any affine
open Spec A in X and taking the zero ideal in Spec A. We will restrict our attention to integral schemes in
this lecture.

Definition 18.12. The function field of an integral scheme X, denoted K(X), is the field of rational
functions on X. Note that since every open set contains the generic point 7, we get that Ox , = K(X). Note
that K(X) = K(U) for any affine open U in X.

Remark 18.13. In the non-integral case we need to be a little more careful about the construction— we will
see this when we deal with Cartier divisors.

Example 18.14. Note that for A™ = Spec k[z1,...,z,], we have K(A") = k(z1,...,z,). For P" =
Proj k[zo, ..., 2n], we have that

K(P") = k(xo,...,Tn)o Z k(z1,...,25)

Definition 18.15. A regular local ring is a Noetherian local ring where dim 4 /m m/m? = dim A. Alterna-
tively, m has a minimal generating set of dim A elements.

If A has Krull dimension one, this is precisely the same as being a DVR. Which means we have all sorts
of equivalent characterizations (local ring, PID, not a field)

Definition 18.16. We say a scheme X is regular in codimension one (or nonsingular in codimension
one) if every local ring Ox , of dimension one is regular. You should think of this as the singular locus
having codimension at least 2.

Note: If Y is a closed irreducible subspace of X, with y € Y the generic point of Y, then

codim(Y, X) = dim(Ox )

coming from the equivalence between prime ideals of the latter and closed irreducible subspaces of X con-
taining Y.

Example 18.17. As a quick example, observe that in A3 = Spec k[x,y, 2], we can take the hypersurface
Y = {y = 0}. This is given by the data:
Y — Spec k[z,y, 2]
k[z,y, 2]
(¥)

the generic point (0) C k[z.y, 2]/(y) is mapped to the ideal (y) € Spec k[z,y, z] and we see that

—klr,y, 2]

codim(Y, Spec k[z,y, z]) = 1 = dim k[z, y, 2]

19. FEB 26: DIVISORS
Recommended reading: Hartshorne I1.6, Vakil 14.2

Definition 19.1. Hartshorne refers throughout the chapter to the following condition, which is denoted
as just (x). (x) is the property that X is noetherian, integral, and separated scheme which is regular in
codimension one.

Definition 19.2. Let X satisfy (). A prime divisor on X is a closed integral subscheme Y of codimension
one.

Definition 19.3. A Weil divisor is an element of the free abelian group Div X, which is generated by
prime divisors. That is, elements of Div X look like D = " n;Y; where the Y; are prime divisors, and only
finitely many n; are nonzero. If all the n; > 0, then we say D is effective. (That is, effective divisors are
things that look like actual subschemes).
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Definition 19.4 (Valuation associated to a prime divisor). Let Y be a prime divisor, and 7y the generic
point of Y. The local ring O, x is a DVR with quotient field K, the function field of X.

The corresponding discrete valuation is denoted vy. X is separated so Y is uniquely determined by its
valuation (this is the content of Hartshorne exercise I1.4.5). Let f € K* be a nonzero rational function. Then
vy (f) is an integer. If it is zero, f is said to have a zero along Y. If it is negative, f is said to have a pole
along Y (of order —uvy (f)).

Definition 19.5. Suppose X satisfies (), and let f € K (X)* be a nonzero rational function. Then vy (f) =0
for all but finitely many prime divisors.

Proof. Let U = Spec A be an open affine on which f is regular. Z = X \ U. Since X is Noetherian, Z
contains at most finitely many prime divisors (use d.c.c. on closed subsets and quotient ideals to remove
pieces). All other prime divisors must meet U.

So now we need to show there are only finitely many prime divisors Y of U such that vy (f) # 0. We
necessarily have that vy (f) > 0 since f is regular on U. And vy (f) > 0 only when Y is contained in fA,
the ideal generated by f. There are only finitely many such closed irreducible subsets within Spec A/fA .
(Descending chain condition on Noetherian topological spaces). O

Example 19.6. Consider f = 7% which is a rational function on P}. From the proof above, we see that we

only need to consider prime divisors in V(z1) for poles. For zeroes, consider closed subsets in A" = U; =
{zi # 0} C P". Any prime divisors where the valuation is positive must be contained in (zo/z;)k[32, ..., 22].
That is, we see that we only need to compute vy (f) for Y = V(zg), V(z1).

Consider Y1 = V/(zo) first. So we view f = I as sitting in Oyp,, x = (k[zo, ..., Zn)(z))o. This is a DVR
with uniformizer xp, and we see that the valuation vy, (f) = 1.

Likewise, for Yo = V' (1), we get that Oy, x = (k[zo, ..., Zn](zy))o and in the fraction field of this, we see

that vy, (f) = —1.

Definition 19.7. Suppose X is a scheme satisfying (x) and f € K*. We define the divisor of f, denoted
(f), by

(f) =D ov(f)-Y.
By the lemma, this sum is finite and therefore an actual member of Div X. Any divisor of this form is a
called a principal divisor.

Remark 19.8. Observe that for f,g € K(X)*, we have (f/g) = (f) — (9) and (fg) = (f) + (g). So we get
a group homomorphism K (X)* — Div X. The image is a subgroup.

Definition 19.9. Suppose X satisfies (x). The divisor class group of X, denoted Cl(X), is obtained by
taking Div X and quotienting by the subgroup of principal divisors.
Two divisors D, D' are linearly equivalent (written D ~ D) if their difference D — D’ is a principal divisor.

Example 19.10. Let’s do some more concrete examples about how being smooth in codimension 1 is
important.

Let’s observe what happens with the cuspidal cubic Spec k[z,y]/(y?> — 2%) and try to figure out some
notion of order of vanishing at the origin. We get that we are considering the ring

But this is not a DVR: it is not principal, and we have no uniformizer. Even if we try to take some sort of
degree (in z,y) of a polynomial representative, we run into issues like: what should be the order of 22 = y3?
Should it be 27 37 67

The divisor class group is an invariant, but often tricky to calculate. Part of Hartshorne I1.6 will be
dedicated towards some techniques and examples.

Proposition 19.11. Consider the scheme P}. For any divisor D = ) n;Y;, define the degree to be
> n;degY; where degY; is taken as a the degree of the hypersurface. Let H be the hyperplane zy = 0.
Then:

(a) If D is any divisor of degree d, then d ~ dH.
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(b) For any f € K(P}), we have deg(f) = 0.
(¢) The degree function gives can isomorphism deg : C1(X) — Z.

Proof. For (b): we did this computation last time. For (a): collect positive and negative terms, so that
D = D; — Dy with each D, effective and deg(D;) — deg(D3) = e. Write D; = (g1),D2 = (g2), then
D — dH = (f) where f = g1/(x5g2). This proves part (a). Part (c) follows. O

20. FEB 28: COMPUTATIONAL TOOLS FOR DIVISORS, DIVISORS ON CURVES

Recommended reading: Harthsorne II.6, Vakil 14.1-14.2 We continue with some examples of
computing class groups, some tools for computation, and some bits on the class group on curves.

Proposition 20.1. Let A be a noetherian domain. Then A is a UFD if and only if X = Spec A is normal
and CI(X) =0

Proof. UFDs are integrally closed, so X will be normal. Then the Spec A covering X will be UFDs if and
only if every prime ideal of height 1 is principal. So need: if A integrally closed, then every prime ideal of
height 1 if principal if and only if Cl(Spec A) = 0.

If every prime ideal of ht 1 is principal consider a prime divisor Y = (f = 0), then Div (f) =Y, and Y
zeroes out in the class group.

For converse: suppose Cl1(X) = 0. Then Y = (f) (in the class group) corresponding to prime with ht 1 p.
From Vy (f) =1 we have f € A, and that (f) generates pA,.If q is any other ht 1 prime, then q corresponds
to some Y/ and vy/(f) =0, so f € A;. Now Matsumura (intersection of A, ht one primes is A) gives us that

feAnpA, =p.
To show it generates: let g be any other element of p. Then v(g/f) > 0 for all prime divisors, so regular,
so g/f € A, that is g € fA. Thus p = (f) as ideals. O

Remark 20.2. In general, for a Dedekind domain, Cl(Spec A) is just the ideal class group of A.

Proposition 20.3 (Excision exact sequence). Suppose X satisfies (%), and let Z be a proper closed subset
of X. Let U = X \ Z. Then:

(a) There is a surjective homomorphism Cl(X) — Cl(U) defined by
D= ZniY; — Zm(YZ NnU)

where we drop the terms where the Y; N U is empty.
(b) If codim(Z, X) > 2 then CI(X) — Cl(U) is an isomorphism
(c) if Z is an irreducible subset of codimension 1, there is an exact sequence
1217

Z Cl(X) — Cl(U) =0

Proof.

(a) This is well defined since (f) = > n;Y; on X and (f)y = Y. n;(Y; NU) on U. It is surjective because
every prime divisor of U is the restriction of its closure.

(b) Div and Cl depend on codimension 1 data, so excising a codimension 2 thing shouldn’t change anything.

(¢) The kernel of C1(X) — Cl(U) is divisors whose support is contained in Z. If Z is irreducible, then the
kernel is just multiples of Z.

O
Example 20.4. It immediately follows that CI(P? \ D) = Z/dZ for irreducible degree d hypersurfaces.

Example 20.5. Let k be a field, and let A = k[x,y, 2]/ (zy—2?), the cone over a quadric. Then C1(X) = Z/27Z
and it is generated by the ruling of a cone, say Y = {y = z = 0}. See details in Hartshorne Example 11.6.5.2.

Proposition 20.6. Suppose X satisfies (x). Then X x A! = X Xgpec z Spec Z[t] also satisfies (x) and
Cl(X) = CI(X x Ab).

Proof. X x A! is noetherian, integral, and separated. To see that it’s regular in codim 1: there are two kinds
of points of codimension one. We have
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e First type is points z € X x A! whose image in X are points of codimension 1, i.e. some y € X of
codimension 1 with {y} = Y codimension 1 in X. Then x is the generic point of 7; *(Y) and the
local ring at that point is

Oxxatz = Oylt]m,

e Second time is a point x € X x A' whose image under projection to X is codim 0, i.e. the generic
point. Then Ox , looks like the localization of K[t] at some maximal ideal, where K is the function
field of X. It is a DVR because K[t] is a PID.

We define a map C1(X) — CI(X x AY) by D = > n;Y; —» 7*D =Y nn Y(Y;). If f € K*, then 7*((f))
is the divisor of f considered as an element of K (t), the function field of X x A!.

e Injectivity: If 7*(D) = (f) for some f € K(t), then note that (f) must in fact lie in K, otherwise we
would get components of the second kind (X x pt).

e Surjectivity: We show that any prime divisor of type 2 is linearly equivalent to a combo of the type
1 sort. Let Z be a type 2 prime divisor. Localizing at the generic point of X, we get a prime divisor
in Spec K[t] C X x A!, yielding a prime divisor in Spec K[t] corresponding to some p € K|[t]. This
is principal, so let f be a generator. Then f € K (t), and Div f consists of Z and some pieces of type
1 that could be accrued when passing to K[t]. Thus Z is linearly equivalent to something of type 1.

O

Proposition 20.7 (Exercise 6.1 from your HW). On HW, you will show that X x P" satisfies
CI(X xP") = CI(X) X Z
for schemes X satisfying ().

Time for divisors on curves. By curves, we mean a integral separated scheme X of finite type over some
field k.

If all the local rings of X are regular local rings, we say X is nonsingular. For X nonsingular, then a curve
over an algebraically closed field k is projective <= it is proper.

Proposition 20.8. Let X be a nonsingular curve, proper over k (AKA complete). Let f : X — Y be a
morphism to another curve over k. Then either:
e f(X) is a point
e f(X)=Y and in this case, K(X) is a finite field extension of K(Y), f is a finite morphism, and YV’
is complete (proper over k)

Proof. Full proof in Hartshorne Prop 11.6.8.

Basic split in cases is from the map needing to be closed. In the latter cae, K(Y) C K(X) and they are
both transcendence degree 1 over k, so K(X) a finite extension of K(Y). It follows that the morphism is
finite (V' = Spec B affine open of Y, then let A be integral closure of B in K(X). Then A is finite module/B
and Spec A is an affine open of X). O

Definition 20.9. For f: X — Y a finite morphism of curves, define the degree of f to be the degree of the
field extension [K(X) : K(Y)].

Note that for nonsingular curves on X, prime divisors just look like closed points. So may write divisors
as D = > n;P;. The degree of D is then ) n,.

Definition 20.10. Let f: X — Y be a finite morphism of nonsingular curves. We define a homomorphism
f*:Div (Y) — Div (X) as follows.
For Q €Y, let t € Oy,g be a local parameter at @, i.e. t € K(Y) with vg(t) = 1. Then we define
ffQ= > wvp(t)-P
f(P)=Q
f is a finite morphism, so this sum is finite. Extend linearly to get a morphism on Weil divisors. f* preserves

linear equivalence, so we get a map f* : CI(Y) — CI(X) on class groups.

Proposition 20.11. Let f : X — Y be a finite morphism of nonsingular curves. For any divisor D on Y,
we have deg f*D = deg f - deg D.
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Corollary 20.12. A principal divisor on a X nonsingular curve proper over k has degree zero. Thus the
degree map is a surjective function deg : C1(X) — Z.

Remark 20.13. It is strongly recommended that you read some of the specifics on divisor theory for elliptic
curves in Hartshorne (Example 6.10.2)

21. MAR 03: CARTIER DIVISORS

Recommended reading: Hartshorne I1.6, Vakil 14.2-14.3

We would like a notion of divisor for arbitrary schemes. The codimension 1 subvariety idea does not
generalize so well, so we instead try to preserve the notion of taking things that locally looks like the divisor
of a rational function. First, we need something that replaces the notion of a function field on an integral
scheme.

Definition 21.1. Let X be a scheme. For each open U in general, can pick S(U) = elements of I'(U, Ox)
that are not zero divisors. We get a presheaf

U S(U)'T(U,Ox)

and the sheaf associated to this presheaf is JZ", the sheaf of total quotient rings of Ox. £, O% denotes the
invertible elements in each.

Definition 21.2. A Cartier divisor on a scheme X is a global section of the sheaf J#*/O%. One can describe
a Cartier divisor as being described via a collection of (f;, U;) where the {U;} form an open cover of X, and
each f; € T'(U;, #*) such that for each ¢, j, the f;/f; € T'(U; N U;, 0*) (that is, you can transition with a
regular function on the overlaps).

A Cartier divisor is principal if it is in the image

(X, 27) = T(X, 27" /O%)

Two Cartier divisors are linearly equivalent if their ”difference” (that is, quotient) is principal.
Proposition 21.3. Let X be integral, separated, noetherian scheme, whose local rings are all UFDs (that
is, X is locally factorial). Let Div X is isomorphic to the group of Cartier divisors I'(X, . #™*/O%) and the
isomorphism descends to an isomorphism

Cl(X) = CaCl(X) (= Cartier div. mod lin equiv)
Proof. In this case, £ is the constant sheaf K (X). Then a Cartier divisor C is given on a cover by {(f;,U;)}
and f; € K(X)*. The associated Weil divisor is the following:

e For each prime divisor Y, take the coefficient of Y to be vy (f;), where f; is any 4 such that U;NY # .
This is well-defined because on overlaps U; N U; we have f;/f; € O% invertible, so vy (f;/f;) =0
where appropriate to yield that vy (f;) = vy (f;).

For the map in the other direction: let D be a Weil divisor on X. We want to produce a Cartier divisor from
this.

e Let z € X be any point. Then we get a divisor D, on the local scheme Spec Ox .. Ox,, is a UFD,
so D, = (f.) for some f, € K(X). Because they agree in Spec Ox, they could only differ on prime
divisors (subschemes) not passing through = that are in the expression of D or (f,). There are finitely
many, so they agree on some U, of x.

Then the principal divisor (f;), viewed on X, agree on some open U, of x. (TO see this: they
only differ on prime divisors not passing through z, and only finitely many have a nonzero coefficient
in D or (f;)). Then the Cartier divisor associated to the D is this data of all the {(f;,U,)}. This is
well-defined.

These two constructions are inverse. Details can be found in Harthsorne Proposition 11.6.11 g

Remark 21.4. The Cartier divisor constructed from a Weil divisor has an open set for each x € X, but in
practice one does not need so many pieces. See the example below.
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Example 21.5. Consider the projective line over k with coordinates [z,y], so P = Proj k[z,y]. We could
consider the Weil divisor V' (z), which is represented by the point [0 : 1].

As a Cartier divisor: consider U = {z # 0} and V = {y # 0}. Then on the set U, the function cutting
out our divisor, x, looks like x|y = 1 (capturing that our divisor doesn’t really have any support over U). So
(U, 1) is one piece of our Cartier divisor.

Consider the piece V' = {y # 0}. On the set V, the polynomial cutting out our divisor, the = coordinate
function, looks like z/y = v. So we get that the associated Cartier divisor is

{(Uu 1)7 (V7 % = U)}

Note that on the overlaps, the 1/(z/y) is invertible on UNV.
We'll later see that there is an invertible sheaf you can associate to this divisor, and we will compute that.

Remark 21.6. For X normal, not necessarily locally factorial, we see that the Cartier divisors correspond
to a subgroup of div consisting of locally principal Weil divisors: i.e. D|y is principal for each U.

Example 21.7. For the affine quadric cone k[x,y,2]/(zy — 22) the ruling z = 0 generates the class group
Z,/2Z, but CaCl(X) = 0, as the generator of the divisor class group is not locally principal.

To wrap it all up, we see how it all ties together with invertible sheaves/line bundles (locally free of rank
1).

Proposition 21.8. If £, .# are invertible sheaves then so is their product £ ® .# . For any invertible sheaf
% on X there is an invertible sheaf Z~! such that ¥ ® Z~1 =~ Ox as Ox-modules.

Proof. For (a): locally, we can take covers such that on each piece &, .# are trivializable, and then use
that Ox ® Ox = Ox. For (b): let £ be an invertible sheaf and set #~! = J#om(Z,0x). Then
LV L2 Hom(L, L) = Ox by Exercise 11.5.1 from your HW. O

Definition 21.9. For any ringed space X, define the Picard group of X, denoted Pic(X), to be the group
of isomorphism classes of invertible sheaves, with group operation ®.

Remark 21.10. When we learn sheaf cohomology (and Cech cohomology will help) we will see that Pic(X) =
H(X,0%).

Definition 21.11. Let D be a Cartier divisor, represented by {(U;, fi)} as above. We define a subsheaf
(D) of the sheaf of total quotient rings %~ by taking .Z(D) to be f; 'Ox € # (U). This is well-defined as
fi/ f; is invertible on U; N U;, so fi_l, fj_1 generate the same Oy, ny, —module.

Remark 21.12. You may see people refer to this as Ox (D), which overlaps with terminology for the
construction of a line bundle from a Weil divisor. In most cases, it’s either clear whether you're using a
Cartier or Weil divisor, or, perhaps more likely, you're in a scenario where it does not matter.

Proposition 21.13. Let X be a scheme.

(a) For any Cartier D, Z(D) is an invertible sheaf on X. The map D — £(D) gives a bijection between
Cartier divisors on X and invertible subsheaves of ¢

(b) g(Dl — DQ) = g(Dl) X E(Dg)_l

(¢) Dy ~ Dy <= L(D;) = L(D3) as abstract invertible sheaves (so ignoring how they embed in .%)

Proof.

(1) Clearly locally free of rank 1 by definition. The cartier divisor can be recovered (i.e. a map in other
direction) by taking U; a cover such that on Uj; it is locally generated by f;.

(2) If Dy locally generated by f;, and Dy locally generated by some g;, then £ (D; — Ds) is locally
generated by f; 'g; and then certainly £ (Dy — Dy) = £(D;) - £(D2)~! as subsheaves on the right,
yielding .Z(D;) @ £ (D2)~t.

(3) Use that you can globally generate the difference, so 1 — f~! trivializes the difference f the sheaves.

O

Corollary 21.14. On any scheme this assignment gives an assignment CaCl to Pic that is injective
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Remark 21.15. May not by surjective: there may be invertible sheaves that can not be realized as subsheaves
of . The examples of such tend to be fairly bizarre: in most scenarios these groups are the same.

Proposition 21.16. If X is an integral scheme, then CaCl to Pic is an iso.

Proof. Need that every invertible sheaf on X is realizable as a subsheaf of J#°, which is the constant sheaf
K(X). On trivializable neighborhoods, . ® J# = ', so constant on U. X irreducible, so £ ® 4 = %
overall, and L — L ® J# expresses it as a subsheaf. O

Corollary 21.17. Noetherian, integral, separated, locally factorial implies class group and pic same.

Remark 21.18. And so we see another reason to care about divisors: their ties to line bundles, which, as
we will see in Hartshorne I1.7, are tied to morphisms to projective space.

22. MAR 05: MISC. DIVISOR & L.B. CONSTRUCTIONS, MORPHISMS TO PROJECTIVE SPACE

Recommended reading: Hartshorne I1.7, Vakil 14.1-14.2, 15.1-15.4
Some last-bits-and bobs on Hartshorne I1.6 material:

Let’s circle back to our last example. We saw that the Cartier divisor associated to V(z) in P} =
Proj klz,y] was {(D(z),1),(D(y), 3} = C. We get that the associated line bundle £ (C) = Ox(C) is given
on D(x) by Ox|p(z) and on D(y) by (£)(Ox|p(,)) € K(X). That is, on D(x) the module is generated by 1

and on D(y) the module is generated by (£)

Then the transition function on D(z) N D(y) (when viewing in D(z) versus D(y)) is:

X (z/y)
Opwnow 3" Obwypw)
which is the transition function of Op1(1), as we’d like it to be.

Below recaps some info about constructions relating divisor data and line bundle data. We will assume
that X is integral henceforth.

Definition 22.1. Let .Z be an invertible sheaf on a scheme X. A rational section of .Z is a section of .
over a nonempty dense open set U.

Remark 22.2. Equivalently, this is a global section of Z ® J¢". Locally, X = Spec A, ¥ = M, H = (A).
Then:
I'X, 20X )=Me (A =4,
Given a line bundle . and a rational section s, there are a few constructions we can do.

o We always get a map div to Cartier divisors: write X = UU; where .Z is trivializable on the U;, let
s be a rational section, then take s; to be the image of s under

(Z @A)y, = (Ox @ %)

On the overlaps the transitions are s;/s; € O* so we get a well-defined element {(U;, s;)}.
e In scenarios were Weil divisors make sense, we can also define the associated Weil divisor

div(s) = Z vy (8)

Y

Ui

where we make sense of vy (s) as follows: take any open U containing the generic point of Y on which
& is trivializable. Then s is a nonzero rational function on U, and has a valuation. In this case, get
Div : {(Z, s}/ =— Weil.
One can more directly define the bundle associated to a Weil divisor Ox (D):
INU,0x (D)) :={t € ' (X)* : div|y(t) + D]y > 0} U {0}
Where div|y(t) means take the divisor as a rational function of U, i.e. ignore prime divisors Y outside of

U and the > 0 condition means that the coefficients of the Weil divisor are all non-negative. That is, your
sections have certain permissible zeroes/poles that are controlled by D.
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For H =V (z) in ]P’[lz 4 consider the line bundle Ox (H). We see that on D(z) this looks generated as an

Ox-module by 1, and on D(y) this looks generated by %, as we expected. That is, in this sheaf the rational
functions on D(y) are allowed a pole of order one at x = 0.

Remark 22.3. We indeed have that, for a line bundle .# and rational section s, that O(div(s)) = £. This
is quite useful in certain pullback computations.

Remark 22.4. One can find a summary of the various maps and constructions relating to Cartier divisors,
Weil divisors, and line bundles in 14.2.7 of Vakil.

Certainly in our Grothendieck-type perspective we care about morphisms from a scheme X, and of par-
ticular note are morphisms to projective space. Projective varieties are so important, and the ways to can
map and embed X into projective space are controlled by line bundles and their sections.

Namely, we see how a morphisms X to a projective space is determined by giving an invertible sheaf .
and some collection of the global sections of .. Under certain criteria, it will be an immersion. Through
this we see how ampleness is a useful/important property and run into the terminology of linear systems.

Now, onto studying morphisms to P"!

Let A be a fixed ring, and consider P = Proj A[xo, ..., 2,]. This has a line bundle O(1) and homogeneous
coordinates xo, ..., z, yield global sections xo,...,z, € I'(P%,O(1)). Note that the images of these in any
stalk will generate, so O(1) is globally generated.

Theorem 22.5. Let A be a ring, and X a scheme over A.

(a) If p : X — P% is a morphism as A-schemes, then ¢*(O(1)) is an invertible sheaf on X, generated by the
global sections s; = ¢*(x;) (where i = 0,1,...,n).

(b) Conversely, given . invertible sheaf on X and sg,...,s, generating .Z globally, there is a unique A-
morphism X — P’ such that .Z = ¢*(O(1)) and s; = ¢*(z;) under the iso.

That is, roughly: equivalence between two things:

e Morphisms X — P and
e Invertible sheaves .Z on X and a choice of n+ 1 global sections xy, ..., x, that globally generate .Z.
(i.e. images in stalk generate).
=: O(1) = ¢* invertible, and note that (¢*O(1)), = O(1),(p) R®Opn (), Ox.p get that the s; ® 1 = ¢*(si)
generate.
«<: proof will be finished next time.

23. MAR 07: CLOSED IMMERSION MAPS TO PROJECTIVE SPACE

Recommended reading: Hartshorne I1.7, Vakil 15.2, 15.3

Our first goal is to finish the proof from last time.
«<: We want to show that given .Z and global sections s, ..., s, globally generating .#, that there is a
unique A-morphism X — P such that £ = ¢*(O(1)) and s; = ¢*(z;).

Intuitively, this map is given by = — [so(z),...,s,(z)]. For example, for X = P},.Z = Op:(3) and
generating sections z3, x2y, 2y?, 3, the map should be, on closed points,

Pl — p3
[z,y] = [2°, 2%y, 2y°, "]

and the pullback of 2o would be 23, and so on. But we need to formalize this process: we should give the
map as schemes, and we should be careful about what we mean when the global sections aren’t clearly things
that could give you a function to projective space.
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Note with this example: a hyperplane condition zy = 0 becomes something like 23 = 0 when pulled
back. Take div of this to get 3H, which is a Weil divisor that can produce Op:(3) under the correspondence
D — Op1 (D). This is what we want!

First, we cover X in D(s;) = {p € X : (8;)p € mp-Zp}, the "nonvanishing of s;,”. Note that (s;), € m,.Z,
means that s;|, = 0 in the fiber Z|, = Z ® k(p) = £,/mpZ,. This means, in the section-of-a-bundle
interpretation of s;, that s; takes the value zero at p.

The fact that the s; generate £ means that X = UD(s;). Set D(s;) := U;. On this, define the map
;i : D(s;) = D(x;) CP"

induced by
Zo Ln
A|—, .., — I'(D(s;), Opys.
¥ |:xl ) ) xi:| — ( (Sl)a D(sl))
T s
xZ; S;

This is well-defined: the quotient must be an element of the structure sheaf. This is because .Z is locally
free of rank 1. One way that might help to see it is

Oxly, — &

1I—>Si

Ui

is an isomorphism. There are a couple mays to see this. The first, and perhaps the most formal, is that
you can check this is an isomorphism on trivializable affines Uj; ;, in which s; restricts to things looking like
units in each U; ;. Hence s; must generate .Z on each U; ;. Another way to see this from the idea that a
line bundle on some X or in this case U; with a nonvanishing section is trivializable (it gives you a consistent
way to pick a basis of the fibers!).
On overlaps U; NU; we get ‘:—’: = ‘:—’; : (Z—j), so the morphisms glue to
p: X =P

By construction, the .2 = ¢*(O(1)) (it has the right transition functions) and ¢*(z;) = s;. Any other
morphism with these properties would need to be the one we’ve constructed.

Remark 23.1. In our beloved P! — P3 example, with the line bundle Op: (3) and sections x3, 2%y, y2z, y3,
this describes the map via 4 charts:

D(x3) — D(xq) CP?
oyl = (12 [1 520 ) = (1,2, (42, (1))
D(x?y) — D(x;) CP?
(] > 2,12, (2)?]
D(zy?) — D(z3) C P3
oyl (20221, 2]
D(y*) — D(x3) C P?

which all patches to [z,y] — [, 2%y, zy?, y3].

Proposition 23.2. Likewise, rational maps X — P’} are in 1-to-1 correspondence with line bundles . with
n + 1 global sections sg, ..., Sy.

Proof. Largely the same proof, but the s; not globally generating means that possibly we only have this
morphism defined on U = UD(s;), which may be a proper subset of X. O
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Definition 23.3. In the notation above, the base locus of the morphism is, as a set, X \U = V(sq, ..., sn).
It is the closed set where the morphism is not defined. We will worry about its specific scheme structure
later, when we deal with blowups.

It is immediate that sg, ..., s, globally generate .Z if and only if the base locus is empty.

Example 23.4. If we take X = P2 and line bundle Op:(2) with sections yz,zz,zy, we would get the
morphism

P? -—5 P?
[l’»%z] = [yzaxz7my] = [%7 i’ i]
The base locus is [1,0, 0], [0, 1,0], [0, 0, 1].

Example 23.5. If one takes X = IF’ZH and ¢ = O(1) and sections z1,...,Z,+1, then the base locus is
[1,0,...,0] = P and the map P"*! — P" is projection from P onto the hyperplane zo = 0.

Corollary 23.6. The automorphisms of P} are given by PGL,, (k) = GL,11(k)/k*.

Proof. An element of GL induces an automorphism of k[xg,...,z,] and thus of projective space. Scalar
multiples induce the same automorphism, so may consider as an element of PGL.

To see that all automorphisms are of this form: consider an automorphism ¢ : P} — P}. Then pullback
induces an automorphism of Pic(P}) = Z. So then ¢*(O(1)) must be a generator of Pic(P}) and it also must
have global sections, so ¢*(O(1)) = O(1). The s; = ¢*(x;) must also be a basis of {(xq,...,x,) and thus
determine an element of M of GL. Scalar multiples don’t change the map, so just care about PGL rep. Note
that the map looks like [zg,...,z,] = [Mzg,..., Mz,]. O

24. MAR 10: CLOSED IMMERSIONS TO P

Recommended reading: Hartshorne I11.7, Vakil 15.3, 16.3,
The next question becomes: when does the morphism associated to a line bundle .Z and sections s; give
a closed immersion to P™? That is, realizes X as a closed subscheme of P™.

Proposition 24.1. Let ¢ : X — P’} be a morphism of A-schemes corresponding to the data of ¥ and global
sections sg, ..., S,. Then, ¢ is a closed immersion if and only if

(1) each open D(s;) is affine and

(2) for each i the map of rings Alzo/zi, ..., xn/z;] = I'(Xs,,Ox, ) is surjective.

Proof. Only if direction clear: take X N D(x;) — then X N D(x;) = D(s;) is a closed subscheme of D(x;) = A"
hence D(s;) is affine and the map of rings is surjective. For if direction: surjective map and affine means
that each X; is a closed subscheme of U;, hence X is a closed subscheme. O

Can also do more local criterion for closed immersion.

Theorem 24.2. Let k be algebraically closed, X be projective over k, and ¢ : X — P} be a morphism (over

k) corresponding to £ and sg,...,s,. Let V C I'(X,.%) be the subspace spanned by these sections (the

associated linear system). Then ¢ is a closed immersion iff

(1) elements of V' separate points: i.e. for any two closed points P, we have s € V such that s € mp.%p
but s € mq.%o (or vice-versa)

(2) elements of V separate tangent vectors: i.e. for each closed point P € X, the set

{SEVZSPETTLPXP}

spans the vector space mp.Zp/m%%p (This the analogous to the condition in differentiable manifolds:
that immersions should induce an injective pushfoward on tangent spaces).

Proof. For ¢ a closed immersion: think of X as a subscheme, so that . = Ox (1), and .Z is globally generated
by the images of xg,...,x,. Take a hyperplane containing one point and not containing another to get a
section achieving (1). For (2), the hyperplanes passing through P give sections that generate m,.2, /mf,fp.
To be more explicit: take P = [1,0,...,0] and take an A™ = Spec k[yi,...,yn] containing it. Then & is
trivial, and the sections yi, ..., ¥y, span m/m? = m.%Z/m>.%Z.
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For the converse: suppose ¢ : X — P" satisfies the properties. From the first, it is clear that the map is
injective on the level of sets. Since X is projective over k, it is proper, and so the image must be closed and
 is a closed map. Hence ¢ is a homeomorphism onto its image.

To show it is a closed immersion, we need the morphism of sheaves Opn — ¢, (Ox) is surjective, which
we check on stalks

O[pm,p — OX’p.
Note that we are using that ¢ maps homeomorphically onto its image to get that ¢,(Ox)p = Ox, p. Now,
both rings have the same residue field, and (2) implies that the image of mpn p generates mx p/ m?x p- Then
this turns into:

e Let f: A — B be a local homomorphism of local noetherian rings such that A/m, — B/mp is
an isomorphism, my4 — mp/m% is surjective, and B is a finitely generated A-module. Then f is
surjective.

This is basically a Nakayama’s lemma proof to get that f is surjective on stalks. (For most Hartshorne
problems you encounter, the formulation of Nakayama’s that you want is: if you have M and R module and
elements my, ..., m, € M such that the images Ty, ...,m, generate M/J(R)M as an R/J(R) module then
the m; generate M as an R module). O

Remark 24.3. Intuitively, the second property is capturing that you don’t want to squish tangent vectors.
Example 24.4. Observe that if we pick P! with line bundle O(2) and sections x2,y? then the map
P — P!
[z, 9] = 2%, 3/%]
is not an immersion as it does not separate points: [—1,1], [1,1] map to the same thing.

Example 24.5. Consider the curve C' in P? = Proj k[z,y, 2] cut out by 2% — yz = 0. Consider O(1) on this,
with sections y, 2. Set V = (z2,4?). This yields a map C' — P'. This does not separate tangent vectors:
Work on the chart z # 0. Then our curve looks like Spec k[z,y]/(#* —y). In the stalk k[z,y]/(2? —y)(z.y)

the maximal ideal is generated by (x) and m/m? = (x). Then
{seV:s, emp2,} ={y}
but y does not span m/m? because y = 22 = 0 in this quotient.

Example 24.6. Consider C' = P! = IP’[lm] and . = O(3) with global sections st2, 13, s3. Set V = (st?, 13, s3).
Then we have

1 3 _ m3
PP =Py,

[s,t] — [st%, 13, 57

[1,t] — [t3, 13, 1]

This maps injectively to the cuspidal cubic (y?z — 23) = 0. This separates points but not tangent vectors.
On the chart s # 0 this looks like A} — Ai’y,t + (t2,#3). Let’s look at what happens at the origin p = 0.
We note that

{s €V s, empL,} = {st’, ¢}

But in m,/m2 both of these are zero because they each lie in (¢2).

25. MAR 12: AMPLENESS, LINEAR SYSTEMS, A REVIEW OF BLOWUPS IN THE ALGEBRAIC SET SENSE

Recommended reading: Hartshorne I1.7, Vakil 16.6

So, we’ve seen that studying projective varieties (and how they can sit in projective space) by studying
line bundles and their sections. Now, for ampleness. Intuitively: high tensor powers of ample line bundles
are very ample, and very ample bundles give immersions to projective space. Of course, we need to be a bit
careful on details: ample, for us, is an absolute notion, whereas very ample is a relative one.
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Definition 25.1. An invertible sheaf/line bundle .Z on a noetherian scheme X is ample provided that, for
every coherent sheaf .% on X, there is an integer ng > 0 such that for every n > ng such that % @ £" is
generated by global sections.

Recall that .7 is globally generated if you can find a collection of global sections {s;} such that the images
of the s; generated %, as an Ox , module.

Remark 25.2. One should think of ampleness as a sort of ”positivity” condition. (Even more reinforced
with things like Kleiman’s ampleness criterion or the Nakai-Moishezon ampleness criterion).

Remark 25.3. Note that if X is affine, then any invertible sheaf is ample, because every coherent (in fact,
any quasicoherent) sheaf on an affine scheme is generated by global sections.

Proposition 25.4. Let .Z be an invertible sheaf on a noetherian scheme X. The following are equivalent.
(i) & is ample
(if) 2™ is ample for all m > 0

(iii) £™ is ample for some m > 0

Proof. Straightforward exercise from the definition. d

Remark 25.5. Recall that an invertible sheaf .Z is very ample relative to Y provided that there is an
immersion ¢ : X — P}, = P}, xz Y for some r such that :*(O(1)) = .. (A morphism is an immersion if it
gives an isomorphism of X with an open subscheme of a closed subscheme).

Theorem 25.6. Let X be a scheme of finite type over a Noetherian ring A, and .Z be an invertible sheaf
on X. Then .Z is ample if and only if Z™ is very ample over Spec A for some m > 0.

Proof. See Hartshorne I1.7.6 to see how one guarantees .Z has a suitably high power than defines an embed-
ding to PV. O

Remark 25.7. Why introduce the notion of ampleness? First, it’s still useful to know that powers of a
line bundle eventually give us an embedding into projective space. Secondly, it has some stability under
pullbacks: the pullback of a very ample line bundle under a finite morphism need not be very ample, but the
pullback of an ample line bundle under a finite morphism is ample (with some niceness criteria: Noetherian,
projective over k works). Thirdly, there are nice numerical criterion for ampleness. (You can find some
numerical criterion for very ampleness, but generally, aside from curves, they’re more complicated and the
proofs are not so easy).

Remark 25.8. Looking at the correspondence between maps X — P” and line bundles and global sections,
it seems like one should be able to come up with an example of a very ample line bundle pulling back to
something not very ample (under a finite morphism) by just pulling back Op= (1) along a well-chosen map.

One example that works: consider f: E — P{, a complex elliptic curve with its 2-to-1 map to P'. Then
Op:(1) is very ample, but f*(O(1)) = 4 is not. Proving this requires us to borrow some future tools.
Riemann-Roch tells us that

BO( M) = 1O (wis — M) = deg( M) — g(E) +1

On the left side we get h®(.#) (note that wg ® .# ! has no global sections because it has negative degree).
On the right side we get 2 — 14+ 1 = 2. So .# has a two-dimensional space of global sections. Then .Z is
not very ample: at best you could use it to define a map to P!, but this cannot be an immersion.

Remark 25.9. For a projective nonsingular curve C' and a divisor D on it, £(D) is ample if and only if
deg D > 0. This is also a consequence of Riemann-Roch.

Linear systems of divisors time! Let X be a smooth projective variety over an algebraically closed field k.
The complete linear system associated to a divisor D on X is

|D|={D":D" >0, D'~ D}
Proposition 25.10.

(1) D’ effective and D' ~ D <= D’ = Div (s) for some s € I'(X, Z(D)) \ {0}.
(2) Div (s) = Div (s') <= there exists A € k* such that s’ = As.



MATH 553: NOTES 47

Proof. See Hartshorne Proposition I1.7.7. d

Corollary 25.11. We have the following:
|D| = (T'(X, Z(D)) \ {0})/k*
=P(I'(X,2))
Definition 25.12. A linear system L on X is a subset of |D| giving a linear subspace of P(I'(X,.¥)). Can
also be specified by a vector space
V={se(X,Z(D)):Div (s) € L} U{0}
Note that dim L =dimV — 1.

Remark 25.13. Sometimes you may see |D| used to refer to I'(X, Z (D)) (so, no projectivization), and a
linear series taken to be a vector subspace of this.

Definition 25.14. The base locus of a linear system L is, as a set, the intersection of all elements of L. L
if base point free (bpf) if the base locus is empty.

Definition 25.15.

Remark 25.16. One has a similar construction for Cartier divisors, so long as one interprets an effective
Cartier divisor as one defined by regular functions, not just rational. That is, effective Cartier divisors
correspond to closed subschemes whose ideal sheaves are invertible O x-modules.

Now, for a relative version of Proj so that we may build up to the blow up! The blow up is great: good
for resolving singularities and maps, good for translating certain problems. (Intuitively, roughly speaking,
blowing up a subscheme Y of X replaces Y with a projectivization of the normal bundle of Y in X). You've
seen the blowup of a point in the plane before, but eventually we will blow up arbitrary subschemes.

First, a slight review/crash course on blowups in the 552 sense. You likely saw blowups as closures of
graphs. e.g. you have f: A% --» P!z + [2], the graph of which in A? x P! has closure

BlonA? ={(p € A% [(] eP"):pe[f]} CA®> x P!
We have a diagram:

BlgA2 —— A% x P! -2 P!
P

8 J’” P
//// f
AQ
where we interpret P! as parametrizing lines through the origin in A2. Away from the origin, this just looks

like A%\ {(0,0)} and 8 yields an isomorphism. Around the origin, note that 5~'((0,0)) = 77 *((0,0)) = P'.
This P! in the blowup is the exceptional divisor of the blowup. E|

Note that f : A2 — P! was only a rational map, whereas we get a morphism s 07 : BI(O,O)AQ that agrees
with f o 8 away from the exceptional divisor.

One can think of the blowup at the origin being formed by removing the origin from A2 and replacing
it with a projectivized copy of the tangent plane, P(T(p0)A?) = P(A?) (for the sake of visualization, you
can think of this in the smooth manifolds over R or C sense). Doing so allows us to "keep track” of the
directions by which curves approach the origin. One way to see this: if zg,z; are coordinates on A? and
Yy, Y7 coordinates on P!, then the blowup is cut out by zqY; — 1Yy = 0 (note that this does make sense,
the equation can be scaled in the Y;’s). Then this is covered by two affine charts: one where Y7 # 0, and one
where Y5 # 0. On the Y, # 0 chart we get

ki[ﬂUo,ﬂ?l,Yl/Yo]
(zo(Y1/Y0) — 1)

Uy = Spec = Spec klxog, x1,21/20] = Spec k[zg, x1/x0]

1This copy of P! over the origin is an example of a (-1) curve. The degree of its normal bundle is (—1), intuitively meaning
that you cannot "move” the curve as you could, say, a line in P2. (-1) curves have a rich theory in birational geometry— you can
see, for example, Harthsorne Chapter V or Debarre’s book for more.
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and on the Y; # 0 chart we get
k[x()a X, %/YI}
(zo — 21(Yo/Y1))

That is, on each chart, your regular functions can be used to keep track of the coordinates of points, but it
also records the data of their ratio: meaning as you approach the origin (with, say, a curve), you can keep
track of the data of what direction you approach the origin at.

U, = Spec = Spec k[zo, z1,xo/x1] = Spec k[z1, xo/x1]

In particular: take the curves Cy : zp = 0 and Cy : 29 = z; in A%, and look at their proper trans-
form: take 371(C; \ {0,0}) and then take their closure. Denote these proper transforms— also known as

strict transforms— as Co and C;. Away from the origin, these curves are parametrized by ((0,t),10,t]) and
((t,t),[t,t]). The closure adds the points ((0,0),[0,1]) and ((0,0),[1,1]) respectively. That is,

Co N A~Y(0,0) = ((0,0),[0,1]), C1NA~L(0,0) = ((0,0),[1,1])

The original curves intersect but their strict transforms do not, because these lines approached the origin
at different angles. Likewise, the strict transform of the nodal cubic ? = z3 + 23 separates the two branches
of the node and becomes regular.

The last thing to be observed from this example for now: note that the preimage of ((0,0)), which is the
exceptional divisor 371((0,0)), is now an effective Cartier divisor: on Uy it is cut out by xo = 0. On Uy it is
cut out by 7 = 0.

In general, to blow up some subset Y = V(f1,..., f) in A", you would take

n k—1 _ mk—1
A" P B P[Y07---7Yk]

(@1, @) = [f1(@), .-, fu(@)]
and take its closure, which is cut out by the equations f;(x)Y; — f;(z)Y;, and on patches looks like

Spec k[x07"'7:En7f1/f’i7"'afk/fi]

Similarly, for a variety X C A”™ you can repeat this process and get charts looking like Spec k[ X]|[f1/fi,- -, fx/fi],
where k[X] is the coordinate ring associated to the variety. This gives you an idea of how the blowup should
be built in general.

26. MAR 14: SCHEME-THEORETIC BLOWUPS

Recommended reading: Harthsorne I1.7, Vakil 8.3 (scheme-theoretic images), 17.2 (relative
proj), 22.1-22.4 (blowups). You may also find 10.2 useful (namely see 10.2.G about extending
maps over an effective Cartier divisor).

In general, let X be a noetherian scheme and .# be a coherent sheaf of ideals on X. The blowup of X
along Y (also referred to the blowup of X with center Y) is

X = Projy (@ yd)
d=0

But what does this notation/construction mean? That’ll be one of our next orders of business. But let’s talk
about its universal property first, and what information we can get from it right off the bat.

Suppose Y is a subscheme of X defined by a coherent sheaf of ideals. Then the blowup is the data of
a scheme Bly X with morphism g : Bly X — X with the following properties: first, form the following
Cartesian diagram

EyX =Y X x BlyX — BlyX

| b

Y
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One of the first conditions is that Fy X must be an effective Cartier divisor. The second property is the
following universal property: for any other Cartesian diagram

D—W

|

Y —— X

where D is an effective Cartier divisor on W, the diagram must factor uniquely through the first:

D——W

| l

EyX — BlyX

| s

Y — X

By the usual arguments, if this blow-up exists, it is unique up to unique isomorphism. We can show a few
results immediately based on these properties.

Proposition 26.1. If Y is the empty set, then Bly X = X. Note that id : X — X satisfies the universal
property.

Proposition 26.2. If Y is an effective Cartier divisor, then the blowup Bly X is an isomorphism, as id :
X — X satisfies the universal property.

Proposition 26.3. If U C X is open, then Bly~yU = 8~1(U).
That is, blowups can be computed locally.
Corollary 26.4. 8|gi, x\gyx : (BlyX)\ Ey X — X \ Y is an isomorphism.
Proposition 26.5. If {X;} is an open cover of X and Blynx, X; exists for all ¢, then Bly X exists.

Next, we do the blow-up closure lemma, a useful computation tool. First, we need to hash out some details
about what we mean about closures in the scheme-theoretic sense.

If Z — X is any closed subscheme X, then the scheme-theoretic pullback 371(Z) = Z x x Bly X is the
total transform of Z. 8=1(Z\Y) is the proper transform (or strict transform) of Z. Eventually, we’ll see
that it is (naturally isomorphic to) Blzny Z.

Remark 26.6. One must make clear what taking the closure means, scheme-theoretically. Let 7 : X — Y
be a morphism of schemes, and i : Z — Y be closed subscheme. We have an exact sequence

0— SIz)y = Oy —i.0z =0

Coming from 0 - I - A — A/I — 0 on affines. We say that the image of 7 : X — Y lies in Z if the
composition ¥y — Oy — m.Ox is zero. Roughly, this means that functions vanishing on Z pull back to
the zero function on X. (Make sure you understand why is this is the correct criterial)

If the image of 7 lies in various Z;, then the image lies in their intersection. We then have the following:

Definition 26.7. The scheme-theoretic image of 7 : X — Y is the smallest closed subscheme containing
the image. That is, it is the intersection of all closed subschemes containing the image.

Definition 26.8. The scheme-theoretic closure of an immersion (open o closed embedding) 7 : X — Y
is the scheme-theoretic image of 7.

Remark 26.9. In most situations you’ll work with (e.g. finite type morphisms) then you can compute the
scheme-theoretic image affine-locally: on Spec A C Y, it is cut out by the functions (so, elements of A) that
pull back to zero on 7=1(Spec A). See Vakil 8.3 for more on scheme-theoretic closures.
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Lemma 26.10 (The blow-up closure lemma). Suppose we have a Cartesian square

cl. emb.

W e————=Z

| [

1. .
) cl. emb X

where Y — X is cut out by a coherent ideal sheaf. Suppose Z — X is a closed embedding. Let’s study the
proper and total transforms in this scenario. Taking the fiber product of everything in this diagram along
8 :BlyX — X we get

loc. prin.

WXXEyX ZXXBlyX
EyX Cartier BlyX

The bottom closed embedding is locally cut out by one equation, and so the top one is too. But those
equations may be zero divisors and thus not live in JZ*. Now, let Z be the scheme theoretic closure of
(Z Xy ley) \ (W Xy BlyX)

E~ Cartier Z proper transform
W xx Ey X loc. prin. Z xx Bly X total transform
l Cartier J/
EYX BlyX

Now, take the pullback of Fy X along this diagram to get E-;.

Lemma 26.11. (Bl Z, Ew Z) is canonically isomorphic to (Z, E). That is, if Bly X exists, then (Z, E)
is the blowup of Z along W. That is, the proper transform is the blowup of Z along W NY. (Intersection
taken scheme-theoretically).

Proof. Set up a big 3D grid of commutative diagrams with all the relevant schemes and then diagram-chase
to show both pairs satisfy the universal property. See Vakil 22.2.G for a bit more exposition. O

Remark 26.12. The key takeaway is this really helps with concretely computing blowups. Suppose you
have C a curve embedded in P2, singular at p. Suppose you want to blow up C at p. Then we could instead
blow up the plane at p and take the scheme-theoretic closure of C'\ {p} in the blowup.

Remark 26.13. Z — X is not strictly required to be a closed embedding, even if that’s the most common
usage. See 22.2.5, 22.2.7 in Vakil for some nice exposition about this.

Time to actually construct this object! We will use a relative proj, though 22.2.7 in Vakil also uses the
blowup closure lemma to ensure the existence. Over an affine base, this relative proj aligns with the usual
construction.

As we go forward we impose the following conditions.

(f) X noetherian, . a quasicoherent sheaf of Ox-modules, which has the structure of a sheaf of graded
Ox-algebras. That is,
S =P S

d>0
We also assume .y = Ox, and that .] is a coherent Ox-module, and that .7 is locally generated by
1 as an Ox-algebra. (It follows that .#; is coherent for all d > 0).

We now define the relative proj of a sheaf of graded algebras.
Construction 26.14. Let X be a scheme and . a sheaf of graded O x-algebras satisfying . For each open

affine U = Spec A in X, we set
L (U) =TU,Zv),
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which is a graded A-algebra. Then we can take Proj . (U) and it has a map
7y : Proj .#(U) — U = Spec A.

If f € Aand Uy = Spec Ay, then since . is qcoh, we see that Proj .7 (Uy) = Wal(Uf). For U,V affine this
can be used to patch together 7;,'(UNV) = 7;'(U N V). We are thus able to glue together these proj’s
together into Projy.# which comes with a morphism Projy.” — X. Note that the O(1) on each chart
glues to an invertible sheaf O(1) on Projy.7. It is not necessarily very ample.

Remark 26.15. Though note, most facts about Proj S can be extended to an analogous fact on Projy.”.

Theorem 26.16. Suppose Y — X is a closed subscheme cut out by a coherent sheaf of ideals .# — Ox.
Then:
Projy(Ox @ S0 52 ®...) > X

satisfies the universal property of the blowup.

We will prove this next time.

Note: one of the properties of the blowup is that Y needs to pull back to an effective Cartier divisor on
Bly X. This construction is the simplest way to ensure that. Ey X corresponds to the ideal (% ® .72 @ 73 @
...). For this to be an effective Cartier divisor it needs to also be an invertible sheaf, which it is because it
is O(1) (it is obtained by shifting the grading!).

27. MAR 17: BLOWUPS, RESOLVING MAPS, STARTING DIFFERENTIALS

Recommended reading: Hartshorne I1.7, Vakil 22 for blowups. Hartshorne II.8 and Vakil
21.1-21.2 for differentials.

We finish off the proof from last time. Note that we checked that I, the ideal sheaf cutting out Y in X,
now yields an effective Cartier divisor (invertible ideal sheaf) on Bly X denoted Ey X. It corresponds to the
ideal (% @ #2@® 3@ ...). The exceptional divisor Ey X can then be described as the scheme

Projy = (Ox/F @ I I*0 I )5 ...)

Remark 27.1. Note that Hartshorne phrases the universal property of the blowup fairly different from
Vakil. It is the same in the end, but you will want to read Proposition I1.7.14 to familiarize yourself, as well
as Caution I1.7.12.2 to make sure you are interpreting the notation f=1.# - Ox correctly.

Proof of Theorem[26.16 Because blowups can be computed locally, we can reduce to the case of an affine
target Spec R and ideal I C R. For the universal property, reduce to the case of an affine source Spec S with
principal effective Cartier divisor cut out by ¢t. Consider the setup

Spec S — Spec R

S« R:f
Write I = (x1,...,2,) with (f(z1),...,f(zn)) = (), which is required by the fact that the exceptional
divisor pulls back to the Cartier divisor (¢). Use Xi,..., X, to denote these generators z1,...,z, in the
degree 1 part of R[I]. We must show the map on schemes factors through our proposed blowup.
Spec S/(t) Spec S

J !

EyX —— BlyX =Proj (R&I®I?®...)

| !

Spec R/I Spec R

Let R[] = R®I®I*®.... We will describe one map Spec S — Proj R[I], and show that it has to be
unique. Note that since (f(x1),..., f(z,)) = (¢), and ¢ is not a zero divisor, we have that f(x;)/t makes
sense, and furthermore

meaning the D(f(x;)/t) cover Spec S.



52 MORELAND

We map Spec S — Proj R[I] as follows. Spec S is covered by D(f(z;)/t) and Proj R[I] is covered
in D(X;). On these opens, Proj R[I] looks like spec of R[X1/X;,...,X0/X;]/(x1 — (X1/Xi)xs,y ..o 20 —
(Xn/X:)x;). We describe maps D(f(z;)/t) — D(X;) via:

7
r— f(r) (r € R)

(f(x5)/t)
(f (@) /1)
(This is induced from the map on rings R[I] — S sending a degree d element x to f(z)/(t?)). These maps

agree on overlaps to give Spec S — Proj R[I|. The divisor cut out by (¢) goes to the divisor cut out by
I®I?®... by construction. Now we consider uniqueness of this map.

Xj/XiH

Note that the Spec S; = (Spec S) \ V(t) — Proj R[I] \ V(I & I? ® I? & ...) agrees with the map
Spec S; — Spec R\ V(I) — Spec R.

This is because of how we've defined the map and because away from V(I) and V(I©I?@®...) respectively,
Spec R and Proj R[I] are isomorphic. That is, if 8 : Proj R[I] — Spec R, then 8~! : (RI\V(I®I*®...) —
R\ V(I) is an isomorphism. (This is because Proj .%(Us) = 371(D(f)). Observe this for D(z1),..., D(z,),
on which the ideal I becomes the unit ideal. Then this isomorphism becomes straightforward).

So, the map we’ve written down is an extension of a map on Spec S; (to Spec R). Any other such map
would need this property too (looking at our diagram). But, Lemma says there should be at most one
such extension. So our constructed map Spec S — Proj R[I] is unique.

O

Lemma 27.2 (Maps to a separated scheme extend over a Cartier divisor in at most one way). Suppose X
is a Z-scheme and Y is a separated Z-scheme. Suppose that D is an effective Cartier divisor on X. Then
any Z-morphism X \ D — Y extends in at most one way to a Z-morphism X — Y.

Proof. To be done on HW! This is Exercise 10.2.G from Vakil. g

Remark 27.3. Hartshorne Corollary 11.5.16 says that a scheme Y over Spec A is projective (over Spec A)
if and only if it is isomorphic to Proj S for some graded ring S, with Sy = A and S finitely generated by
Sy as an Sy algebra. (The proof is basically to write S as a quotient of a polynomial algebra). As a result,
Proj R[I] is projective over Spec R, and therefore separated over Spec R. Therefore, we can apply this in
the proof of the theorem.

Proposition 27.4. Suppose X is a variety over k (integral, separated scheme of finitely type over an

algebraically closed field k). Then:

(a) X is also a variety

(b) = is birational, proper, surjective morphism

(¢) If X is quasiprojective (resp. projective) over k, then so is X, and 7 is a projective morphism (can be
used to realize X as a subscheme of some P%).

Proof. See Hartshorne Proposition I1.7.16. O

Remark 27.5. We'll see later that if X is smooth over k and the center Y is smooth over k, then so is
Bly X.

Example 27.6. We now show how blow ups can be used to resolve maps. Let .Z be a line bundle on X,

with global sections s, ..., s, defining a map to P’ defined on some open U C X. Let .# be the coherent
subsheaf of £ generated by sg,...,s,. We define an associated coherent sheaf of ideals on X, using the
following.

For any open V C X such that Z|y is free, let ¢ : £|y — Oy be a trivialization. Take .|y = ¢(F|v).
This choice is independent of ¢ (they would differ by an element of O%). So we get a well-defined coherent
sheaf of ideals .# on X. Further, note that %, = O, if and only if x € U. So, the subscheme associated to
 has support X \ U.



MATH 553: NOTES 53

Consider Bly X with map 5 : Bly X — X. We see that .# pulls back to an invertible sheaf of ideals, so
now the [3*s; generate an invertible coherent sheaf, meaning they yield a morphism ¢ : Bly X — P’;. The

restriction to 371(U) corresponds to ¢ under the (natural) isomorphism 3 : 3=1(U) 5.

We now switch gears to differentials as well as tangent and cotangent sheaves on schemes. These are very
geometric notions, and we would like to have some analog of them.

Let X be a scheme. Let p € X and consider the stalk Ox ;, with maximal ideal m. Recall that the Zariski
cotangent space is m/m? and the Zariski tangent space is (m/m?)". This is fine point-wise, but we would like
to construct an analog of the tangent and cotangent bundles, such that at each point, the fiber aligns with
these definitions. Would like some of the old intuition to port over too: computing with Jacobian, etc.

Note a few things:

e Our construction will apply to schemes in general, not necessarily just ”"smooth” ones. As a result
the cotangent sheaf may not necessarily be free, but it will be quasicoherent.

e Our construction will work relatively! For 7 : X — Y we will have Qx,y, the sheaf of relative
differentials (on X). Fiber-wise the sheaf at a point will be the cotangent vectors of the fiber of the
map.

We will speed through some of the properties, but they are analogous to statements from differential
geometry and one can find them expounded upon in our two textbooks.

As we would expect, we should tackle the affine case first.

Definition 27.7. An A-derivation of B into M is a map d : B — M such that

e d is additive
o d(bb') = bdb + b'db
e da for all a € A.

Definition 27.8. The module of relative differential forms of B over A is the B-module Qp,4 together
with A-derivation d : B — Q2,4 which satisfies the universal property
B 4(1) QB/A
S
M

d/
for any B-module M and any A-derivation B — M, there exists a unique B-module homomorphism f :

Qp/a — M such that d’ = fod.

Construction 27.9. We need to make sure such a module exists. One way to construct this module is to
just generate it symbolically: take the free B-module generated by symbols {db : b € B} and mod out by the
required expressions to get the desired properties. That is, mod out by things like

d(b+ V) —db—db, dbb')—bdt —bdb, da

The derivation d : B — §2p,4 is given by sending b + db. As a corollary, this module is generated by the db.
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28. MAR 19: DIFFERENTIALS, SEQUENCES OF SHEAVES OF DIFFERENTIALS

Recommended reading: Hartshorne II.8, Vakil 21.1-21.2

Remark 28.1. Note that if B is generated, as an A-algebra, by x; € B with relations r; polynomials in the
generators x;, then {1p,4 is generated by dz; subject to the relations dr; = 0.

Example 28.2. Consider the cubic y? = 23 — x. Let B = k[z,y]/(y?> — 2% + x) and A = k, with char k # 2.
Then Qp,4 is generated by dz and dy subject to the relation 0 = d(y* — ® + z) = 2ydy — 32*dx — dz. So
we have:

2ydy = (32 — 1)dx
When y # 0, dz is a generator, as we can write dy in terms of dz on this open set. Similarly, when
(322 — 1) # 0, dy is a generator. So the bundle Qp /4 is trivializable on each of these patches. These cover
the whole curve, so Q A/B 1s an invertible sheaf.

Example 28.3. Consider, in contrast, something singular like the cuspidal cubic y? = 3. That is, set

B = k[z,y]/(y? —23) and A = k with char k # 2,3. Then Qg4 will be generated by dz, dy with the relation:
2ydy — 3z%dxr =0

Then the fiber of Q5,4 over the origin, computed by tensoring with k[z, y]/(z,y), is rank 2, as it is generated

by dz,dy with no relation. Hence the sheaf Q B/A cannot be locally free (and it fails at being locally free
around the singular point, as it should).

Proposition 28.4. If A’ and B are A-algebras, let B’ = B®4 A’. Then
Qprjar =Qpa@p B
Furthermore, if S is a multiplicative system in B, then Qg-15,4 = 5’193/,4.

Proposition 28.5 (First exact sequence of cotangent sheaves). Suppose we have A — B — C' a sequence
of ring morphisms. Then there is a natural exact sequence of C-modules:

de—dce

db®cr—cdb
_— QC/A _— QC/B — 0

QB/A ®p C

The tensor on the left should eventually be thought of as a pulling back a sheaf to Spec C. The algebra
for this is straightforward, but it is also quite useful to think of/motivate this statement from the smooth
manifolds viewpoint. In that case, we can fill in the 0 — part of the sequence. In smooth manifolds, when
we have X 5 Y — Z, we have

0—Tx;y = Tx/z =7 (Ty)z) =0
which dualizes to

0= 7" Qy/z = Qx/z = Qx/y — 0
Which is the analogue of our sequence above. To get a sense for the (relative) tangent bundle sequence, it
can be be useful to think Z = a point, so that Ty,z = Tw, the usual tangent bundle. Then this sequence

splits T'x,z = T'x into vectors perpendicular vs parallel to the fiber. See Figure 21.2 in Vakil chapter 21 for
an illustration of this idea .

Proposition 28.6. Let B be an A-algebra. Let f : B®4 B — B be the diagonal morphism f(b®b') = bb'.
Let I = ker f. Consider B ®4 B as a B-module via multiplication on left side. Then I/I? inherits the
structure of a B-module.

Define amap d: B — I/I? viadb=1®b—b® 1. Then (I/I?,d) is a module of relative differentials for
B/A.

Proof. Hartshorne cites Matsumura for this. You can also find a proof on page 20 of Mel Hochster’s commu-
tative algebra course notes https://dept.math.lsa.umich.edu/~hochster/615W10/615.pdf. Vakil also
has a proof (Theorem 21.2.24). O


https://dept.math.lsa.umich.edu/~hochster/615W10/615.pdf
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Proposition 28.7 (Second exact sequence: conormal sequence). Let B be an A-algebra, and I and ideal of
B. Let C = B/I. Then there is a natural exact sequence

dbQcr—scdb
_—

I/IQ%QB/A(@BC —)Qc/A*>O

with § given by i +— di® 1. More formally, if we view I/I? = I®p B/I, then it is the map d®id : I®g B/I —
Qpa@pC.
Proposition 28.8. Let B be a local ring which contains a field &k isomorphic to its residue field B/m. Then

the map § : m/m? — Qp/r @p k of Proposition is an isomorphism. This corresponds to the fact that
our cotangent sheaf, when we take the fiber over a point, gives the cotangent space at that point.

Proof. According to the Proposition the cokernel is €2/, = 0, so § is surjective. To show that it is
injective, it’s enough to show that the map
&' : Homy(Qp/x ®p k, k) — Homy,(m/m?, k)

of duals is surjective. The term on the left is Homp (2,5, k). By the universal property of Qp/, we identify
this hom set as the set Dery (B, k) of k-derivations of B into k.

If d: B — k is such a k-derivation, then ¢’(d) is obtained by restriction to m. (Note that d(m?) = 0 by
the product rule and the fact that k = B/m.

We now check that &’ is surjective. Let h € Homy(m/m? k). For any b € B, write b = A + ¢ with
A € k= B/m,c € m. This expression is unique. Define db = h(¢) where ¢ is the image of ¢ in m/m?. Then §
is a k-derivation of B into k, and certainly 6’(d) = h. Thus ¢’ is surjective. O

Lemma 28.9. Let A, B be rings and M and A-module, and f: A — B a ring homomorphism. Then:
Homy (M, Ny) =2 Homp(M ®4 B, N)
viap: M > Ny—@: M®4B — N via p(m®b) =bf(m). The inverse is (¢ : M ®4 B — N) — (m —
Y(m1p).
The following theorem will help us translate between smoothness and regularity.

Theorem 28.10. Let B be a local ring containing a field &k isomorphic to its residue field. Assume, further-
more, that k is perfect (char 0 or Frobenius is an automorphism) and that B is a localization of a finitely
generated k-algebra. Then Qg is a free B-module of rank equal to dim B if and only if B is a regular local
ring.

Proof. See Hartshorne Theorem I1.8.8. O

As one expects, given a morphism of affines Spec B — Spec A, we expect ()B/A to be our candidate for
the relative cotangent sheaf on Spec B. (Relative, in the sense that at each point it gives the cotangent
vectors to the fiber of Spec B — Spec A containing that point).

Let us finally define the sheaf of relative differentials, AKA the cotangent sheaf.

Let f: X — Y be a morphism of schemes. We consider the diagonal morphism A : X — X xy X. A
gives an isomorphism of X onto its image A(X), which is a locally closed subscheme of X xy X (that is, a
closed subscheme of an open set of W C X xy X.

Definition 28.11. Let .# be the sheaf of ideals of A(X) in W. We define the sheaf of relative differentials
of X over Y to be the sheaf Qy,y = A*(F/.7?) on X.

29. MAR 21: MORE ON COTANGENT SHEAVES

Remark 29.1. Note: if U = Spec A is an open affine of Y and V = Spec B an open affine of X such that
f(V) C U, then V ®y V is an open affine of X xy X, and it is isomorphic to Spec (B ® 4 B). Note that
A(X)N(V @y V) is the closed subscheme defined by the kernel of the diagonal homomorphism B®4 B — B.

Then .#/.#?2 in the definition of Qx/y locally is the sheaf I/I%, where I is the kernel of said map. Then:
QV/U = f/\fz = QB/A (by PI‘Op 286
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Thus our definition of sheaf of differentials is compatible with the one before on affines. So another way to
think of Qx/y is that it is glued from the various Qp,4 = Qp/v. The various d : B — Q0,4 glue to a map
d:Ox — Qx/y a map of sheaves. Thus, we can port over many of our results.

Thought first, we toss out a quick definition

Definition 29.2. We denote by 7x/y the relative tangent sheaf J#om(Q2x,y,Ox) of a morphism 7 : X —
Y.

Definition 29.3. Note that {1x,y is not necessarily locally free, meaning we don’t necessarily have that

Proposition 29.4. Let f : X — Y be a morphism, and g : Y/ — Y be another morphism to Y. Let
f': X xy Y = Y’ be the base change. Then:

Qixxyyny vy Zp1(Qx/v)
where p; is the projection X xy Y’ — X onto the first factor.
Proof. Follows from Proposition [28.4 O

Proposition 29.5. Let f : X — Y and g : Y — Z be morphisms of schemes. Then there is an exact
sequence of sheaves on X:
f*QY/Z — QX/Z — Qx/y —0

Proof. Follows from Proposition [28.5 O

Proposition 29.6. Let f: X — Y be a morphism of schemes, and 7 : Z — X a closed subscheme of X cut
out by ideal sheaf .#/ Then there is an exact sequence of sheaves on Z:

I17% 2% Qx )y ®ox Oz = i*Qx/y = gy =0
Proof. Follows from Proposition 287 O
Remark 29.7. .#/.#? is often called the conormal bundle of Z in X. The motivation is the following.

Suppose i : Z — X is a closed immersion of smooth manifolds. Then normally you’d have
0—=Tz —i"Tx = Nz/y —0
Where N,y is the normal bundle of Z in Y. That is, the normal space is the quotient of the tangent spaces.

Dualizing this sequence yields
0= Nyy —i"Qx = Qz =0

Which is the non-relative version of what we see above. Since .#/.#2 is doing the duty of the sheaf on
the left, we call it the conormal sheaf/bundle. Note that its dual (.#/.#)Y, which we can call the normal
bundle/sheaf, will record what it should (”deformations” in the ambient space).

Remark 29.8. If the ideal I C B is generated by a regular sequence (z1,...,z,), then
(B/1)®" = 1/1?
(a1y...,a;) = a1x1 + ... a2y
realizes I/I? as a free B/I-module of rank r.
Theorem 29.9 (Euler exact sequence). There exists an exact sequence of sheaves on P7;:

0— QPZ/SpeC A~ OPZ(_1)®(7L+1) — OPT\ — 0

Proof. Let S = Alxy, ..., r,] the homogeneous coordinate ring of X. Let F be the graded S-module S(—1)"+1
with basis eg,..., e, in degree 1. Define a homomorphism of graded S-modules E — S via e; — x;. Let M
be the kernel, so that we have

0—-M-—-FE—S

of graded S-modules, which yields

0— M — Ox (12 5 0y -0
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E — S is not surjective, but it is surjective in degrees > 1, so the sheaf map is surjective. You should think
of this as a multiplication map.

On the affine open D(z;), the map Ox (—1)®(*t1) — Oy looks like:
(903"'3.9”) = goxo ++gnmn

where the g; are homogeneous polynomials in xg, ..., T, T; L of degree —1. (The multiplication will shift the
grading, hence why F has this twist down in each factor).

What is M? We want that it is Qpn /spec 4- That is, we want to identify the kernel with the differentials.
We do this on each D(x;) in a compatible way. Without loss of generality, let us work on Uy on which the
projective space looks like Spec A[z1/xo,...,%n/zo]. Given a differential

fl(%v SERE) ‘;Z)d(%) +oo fn(%a C) 2;)61(%)
We need to produce n + 1 sections of O(—1) from this. If we were thinking in the analytic sense, we would
say

dry — x1d
fid (f:;l) = flw (quotient rule)
0 0

—x
= (21 f1> dx() + <f1> dxl
o o
One can see a relation here: that

xo(” coeff of dxy”) + x1(”coeff of dz1”) =0

and the coefficients are both homogeneous of degree —1. From this, we define:

)’_> <_i%f1_"'_2§fn717’” fn)

i) ’ i)

(00) =+ frd(3) + -+ + fud(22
That is, a(d(%)) = (1/x0)?*(woej — wje0).
We have to check a few claims:
e « agrees on overlaps: Let’s compare this map on patches Uy and U;. The general proof that it
agrees on overlaps is largely the same. On Uy N U; we have that xi/xo = (z/21)(x1/20). Thus we

have:
T x T T x
X0 X1 X0 Zo T
So we have these two quantities, and one side is in terms of dividing by zy and the other in terms

of dividing by z;. We need «q of the left to be a; of the right. We get the same thing both ways,
namely:

(x1ek — TRe1)
ToT1

e « is injective. It is enough to check on patches. Looking at the latter coordinates, it is clear that
this maps to zero if and only if the f; coefficients are zero.

e o maps onto the kernel. Again, looking at this map, the latter n elements need to look like some
gi/xo with the g; polynomials in the z;/x¢, and when we let them freely range, the first is forced to
look like — z—%gl

O

We will use this next time to compute the canonical bundle of projective space, A"{dpn /spec 4-

30. MAR 31: SMOOTHNESS OVER k AND REGULARITY, CANONICAL BUNDLES, ADJUNCTION

Definition 30.1. A scheme X is nonsingular or smooth over k if it is locally of finite type, of pure dimension
n, and §2x, is locally free of rank n.

Theorem 30.2. Let X be an irreducible separated scheme of finite type over an algebraically closed field k.
Then Qx/, is locally free of rank n = dim X if and only if X is regular at all of its closed points (you get the
rest by realizing that localizations of regular rings are regular).
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Theorem 30.3. Let X be a variety over k. Then there is an open dense subset U of X such that U is
smooth.

Proof. Utilize that if .# is an Ox-module and at some point € X we have .%#, is locally free Ox , module,
then .7 is locally free on a neighborhood U of . Then check at the generic point. O

Theorem 30.4. Suppose X is smooth over k and Y is a closed subscheme, also smooth over k, defined by
ideal sheaf .#. Then the conormal exact sequence gains exactness on the left:

0= My =T/ I % Qx) ® Oy = Qyyp — 0
In this case, JK,V/X is a locally free sheaf of rank r = codim(Y/X).
Again, dualizing, we get the perhaps more familiar normal bundle sequence.
OHTy/k —)Tx/k —):/Vy/x —0
Now for some applications!

Definition 30.5. Let X be smooth (nonsingular) over k. We define the canonical bundle, to be wx =
N"Qx 1, where n = dim X. .

Definition 30.6. If X is smooth and projective over k, then we define the geometric genus p, to be
dimy, T'(X,wx). We will later see that it is also h?(X,w x/k) When we define sheaf cohomology.

Theorem 30.7. The geometric genus is a birational invariant. That is, if X, X' are two birationally equiv-
alent nonsingular projective varieties over k, then

Pg(X) = py(X')

Proof. See Theorem I1.8.19 in Hartshorne. This proof is neat, but we do not have time for it. O

Remark 30.8. One extends this to singular varieties by taking the genus of a smooth birational model. (For
curves: take the normalization).

Definition 30.9. We will eventually define the notion of arithmetic genus. This can differ from geometric
genus when the variety in question isn’t smooth. (e.g. nodal cubic in P3).

Remark 30.10. wx really does earn its name: it’s the one geometrically significant bundle that you can
easily point to. It appears in many a formula and its behavior (in terms of ampleness, etc) can be used to
categorize some of the geometry of the variety (think general type vs. Fano vs. Calabi-Yau).

Alright, time for computing!
Corollary 30.11. Let X =P}. Then wx = Opn(—n —1).
Proof. From the Euler exact sequence we get:
det(Ox (—1)9"*1) = det(Qy/x) @ det(Ox)

On the right we get wx ® O, = wx. On the left we get Ox (—1)®( D) = Ox(—n —1). Here, det of a locally
free sheaf of rank r means taking A" of that sheaf. The equation above follows from the analogous statement
for free modules (you showed this on HW 2). O

Remark 30.12. Could also manually compute from div of a rational section.

Corollary 30.13 (Adjunction formula). Let Y be a smooth subvariety of codimension r in a smooth variety
X. Then wy = wx ® A" Ay, x. In the case of r = 1, viewing Y as a divisor, let O(D) be the associated line
bundle on X. Then we get the adjunction formula:

wy Zwx ® 0(D) ® Oy
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Proof. Take the conormal sequence:
0= I/ = Qx R0, = Qy =0

Then taking determinants yields that w, @Oy = wy @A™ (S /.#?). Top wedge power commutes with dualizing,
El, so we get that
wy =wx ® 0y @ Ny x =wx @ Ny x
Now we focus on the divisor case. Note that in this case, .# = Ox(=Y), as the latter precisely imposes
the condition that the sections in #x (U) are regular and vanish on Y. Then .# /9% = Ox(-Y) ® Oy, and
we have Ay x = Ox(Y) ® Oy. Then we get:

wy Zwx ®Ox(Y) ® Oy

Remark 30.14. You will often see adjunction stated in terms of divisors. Then it becomes:

Kp = (Kx+D)lp
where Kx is the canonical divisor: i.e. a divisor such that O(D) is the canonical bundle. You also often see
this formula iterated to deal with complete intersections.
Corollary 30.15. Let D be a smooth hypersurface of degree d in P™. Then:

wp =O0p(—n —1+4d).
Example 30.16. Consider a smooth conic in P2. Then wy =2 Oy (—1). In this case Y is the embedding of
P! into the plane via a Veronese, and pulling back wy to P! yields
wpr = Op1 (—2)

which checks out. Also, observe that P! has geometric genus 0.

Example 30.17. For a smooth cubic in P?, we get that wy = Oy (3 = 3) = Oy. Thus, a smooth cubic has
geometric genus 1.

Theorem 30.18 (Bertini’s theorem: roughly, generic hyperplane sections of smooth things are smooth). Let
X be a nonsingular closed subvariety of P} where £ is algebraically closed. Then there exists a hyperplane
H not containing X, such that H N X is regular at every point. (If dim X > 2, then H N X is irreducible,
and so H N X is smooth). The set of hyperplanes with this property is an open dense subset of the complete
linear system |H| 2 (P™)*

Proof. See Hartshorne Theorem 11.8.18. It’s a neat study of how the hyperplane equation looks in all the
various local rings. We do not have time for the proof, however. O

31. APRIL 02: RIGHT DERIVED FUNCTORS, SHEAF COHOMOLOGY INTRO

Before we dive into the nitty-gritty of sheaf cohomology and necessary cohomology background: if we have
an exact sequence of sheaves on some scheme X

0> F - F—=>7"=0
then taking global sections is only left exact. We would like some way to continue this sequence
0-I(X,7)-T(X,7) >T(X,7") - H (X, 7)) - H (X, 7) - H(X,F") - H}(X,F') — ...

with the higher cohomology groups helping measure how the map on global sections fails to be exact (and
want to use these in general for measuring obstructions), and with tools to compute when H!(X,.#’) = 0 so
that we get exactness. One way to phrase the fact that taking global sections is exact when X is affine and
Z' is quasicoherent is that

HYX,7)=0

for X affine and .#’ quasicoherent.

20One way to see that is you get a perfect pairing APV x APV* via (v1 A -+ Avp, f1 A+ A fp) = det(fi(vj)). This is
nondegenerate.
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We will see that the right definition for the sheaf cohomology groups is the right derived functor of the
global sections functor.

Definition 31.1. Recall that a complex A® in an abelian category is a sequence

d'i72 . di71 . di . d'i+1
R L - L

such that d* o d*~! = 0 for all 4. (Or also phrased as d* = 0).
Definition 31.2. The i-th cohomology of A® is
ker d’ ( _ cocycle )

im di—1
Proposition 31.3. Given 0 — A®* — B®* — (C'* — 0 an exact sequence of complexes, there exists a long
exact sequence of cohomology:

<o — HPA® — HPB® — HPC® — HPT'A® — HPHIB® — gPrice — ...
Its existence is gained from the snake lemma (specifically, you take ¢ € H"(C) take a b € H"(B) that maps

to it. db is in the kernel of the map to C, so it must be the image of some a from A”*!. Then the connecting
map sends ¢ to the class of a).

HPA®* =

~ coboundary

Given an abelian category and A an object, the functor Hom(A, x) is a covariant and left exact functor to
abelian groups. The functor Hom(x, A) is a contravariant left exact functor. Thatis, 0 - B’ =+ B — B”" = 0
exact means

0 — Hom(B", A) — Hom(B, A) — Hom(B’, A)
is exact.
Definition 31.4. An object I in an abelian category is injective if Hom(x, I) is exact.

Definition 31.5. An injective resolution of A is the data of a complex I®, defined in degrees ¢ > 0, along
with a morphism € : A — I° such that each I’ is injective and

0 ASIO STt — ..
is exact

We say an abelian category has enough injectives if every object is a subobject of an injective object.
This implies that every object has an injective resolution: you may think of this as basically the
meaning of "enough injectives.” (Any two injectives are, in that case, homotopy equivalent, in that you
have maps in each between the complexes in each direction such that their composition is homotopic to the
identity: i.e. induces identity map on cohomology)

Example 31.6. The injective objects in the category of abelian groups are the divisible groups— i.e. groups
where for any integer n and elements x, there is a y such that ny = z.

Construction 31.7. Suppose F : A — B is a covariant left exact functor between abelian categories.
Suppose 2 has enough injectives. We construct the right derived functors R'F, ¢ > 0, as follows. For
each A of 2, pick an injective resolution. Then define

RIF(A) = H'(F(I*)) = H' (0 S F(I%) = F(IY) = .. )
These are the right derived functors R'F.

Theorem 31.8. With the same notation as above:
(a) For each i > 0, the derived functor R'F is an additive functor 2 — B. (Additive, in that it respects
direct sums).
(b) There is a natural isomorphism F = RF.
(c) For each short exact sequence
054 —-5A—-A"—=0

we get morphisms 0% : RIF(A”) — RITIF(A’) such that we get a long exact sequence:
S RIF(A) = R'F(A) — RF(A") °5 RHF(A) = RHVF(A) - ..
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(d) Given a morphism of exact sequences

0 A A A" 0
I
0 B’ B B” 0

the 4’ as above form a commutative diagram, so that we can get morphisms between the long exact
sequences.

RIF(A") 2 RH+1F(A)

l |

RIF(B") —2 RHIF(B)

(e) I injective implies that R'F(I) =0 for i > 0.
Definition 31.9. An object J of 2 is acyclic for F' if R'F(J) = 0 for all i > 0
Proposition 31.10. If there is an exact sequence

0—=A—=J" = J— ...

where each J' is acyclic for F, then for each i > 0 there is a natural isomorphism R‘F(A) = h'(F(J*)).

So you can instead compute the right derived functors with an acyclic resolution, which gives us a little
more leeway.

Proposition 31.11. If A is a ring, then the category of A-modules has enough injectives
Proposition 31.12. Let (X, Ox) be a ringed space. Then Mod(Ox) has enough injectives.

Proof. See Hartshorne Proposition II1.2.2. Very roughly, at each point, Ox ; modules have enough injectives
and ”assemble” this info to get Mod(Ox ) has enough injectives. O

Definition 31.13. We set
H'(X, %) = i-th right derived functor of T'(X, %)

Remark 31.14. From this definition, we get some nice properties immediately. We get that H°(X,.%) =
I'(X, %), we get additivity, we get long exact sequences.

Remark 31.15. Let (X, Ox) be a ringed space. If A =T(X, Ox), then for any Ox-module .# we have that
the cohomology groups of .# have an A-module structure. Likewise, if X is a scheme over Spec B for some
ring B, the cohomology groups of % have a B-module structure. But do note that sometimes we want to
think about cohomology of sheaves of abelian groups % that do not necessarily have a multiplication action
by the structure sheaf.

Definition 31.16. A sheaf % on a ringed space (X, Ox) is flasque or flabby provided that the restriction
maps are all surjective. That is, V' C U implies #(U) — F# (V).

Remark 31.17. A common example of flasque sheaves are skyscraper sheaves.

Lemma 31.18. If (X, Ox) is a ringed space, then any injective O x-module is flasque. (Note that taking
Ox = Z guarantees existence of injective resolutions, and thus flasque resolutions, for general sheaves of
abelian groups on a ringed space).

Proof. Let U be open in X. By abuse of notation, we set Oy = ji(Ox|y), which is the restriction of Ox to
U, extended by zero outside U. Let .# be an injective O x-module, and V C U be open sets. We have:

0—>Ov—>OU
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4 is injective, so we get a surjection
Hom(Oy,.#) - Hom(Oy, ) — 0
but lower shriek E| is adjoint to restriction, so
Hom(Oy, ) = Homop, |, (Ox|v, 7 |v) = 7 (U)
So we have that restriction £ (U) — £ (V) is surjective. O

Proposition 31.19. Flasque sheaves are acyclic for I'(X,*). Thus, ”flasque resolutions” can be used to
compute sheaf cohomology.

Proof. Embed % in an injective .#, and denote by 2 the quotient.
0=+F > >2-0
Z is flasque, and .# is injective and thus flasque. Thus, 2 is ﬂasqueﬁ Taking global sections yields
0-T(X,F)-T(X,7)->T(X,2) =0
since all the sheaves are flasque. Consider as well the exact sequence of sheaf cohomology. Since H (X, %) =
0, we get HY(X,.7) =0, and HY(X,Z) = H"}(X,¥) for each i > 2. ¢ is flasque, so induction will yield

that all the higher cohomology H'(X,.7) = 0. That is to say, the higher direct images of I'(X,*) vanish for
% and thus Z is acyclic. O

Corollary 31.20. Let Y be a closed subscheme of X and .# a sheaf of abelian groupson Y, and i : Y — X
the inclusion. Then

H(Y, #) = H(X,1.7)
Thus, we sometimes drop the 4, notation and just write H*(X, 7).

Proof. Note that injective sheaves are also flasque (see Lemma [31.18)). If #° is a flasque resolution of .#
on Y, then i, _#* will be a flasque resolution of i,.#, and we have I'(Y, #%) =T'(X,i._7*), so we’ll get the
same cohomology groups. O

32. APRIL 04: PROPERTIES AND VANISHING THEOREMS OF SHEAF COHOMOLOGY

Theorem 32.1. We have ‘
H(X,7)=0 for all i > dim X
for all X a noetherian topological space of dimension n and .# a sheaf of abelian groups on X.

Proof. See Hartshorne Theorem II1.2.7. The proof is an induction on dimension. O

Proposition 32.2. We have

lim H' (X, Zo) = H(X, lim Z,)
Lemma 32.3. Let [ be an injective module over a Noetherian ring A. Then Tisa flasque sheaf on Spec A.
Proof. See Hartshorne Proposition I11.3.4. O

Theorem 32.4. Suppose X is a Noetherian scheme. The following are equivalent:
(a) X is affine

(b) HY(X,.Z) = 0 for all quasicoherent .# and i > 0

(c) HY(X,.#) =0 for all coherent ideal sheaves .#.

Proof.

3See Hartshorne exercise I11.19 for more on extension by zero and lower shriek. Let j : U — X be inclusion of an open set.
Extension of .# a sheaf on U by zero in general is done by taking j;.# to be the sheafification of: V +— % (V) if V C U and
V + 0 otherwise. It is adjoint to the restriction functor in this caes. The general construction of the lower-shriek functor f; and
discussions of what its adjoint should be is more complicated.

4To see this: one can show 0 — ¢/ — @ — @' — 0 with @’ flasque implies 0 — ¢/(U) — 9(U) — ¥"(U) — 0 is exact.
So, let V C U. In the notation 0 = % — ¢ — 2 — 0, flasqueness of .# means that f € 2(V) can be lifted to f' € #(V).
Then this extends to f” € #(U), since .# is flasque. Then we have the image of f” in 2(U) is an extension of f € 2(V), so
restriction maps on £ are surjective.
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e (i) = (ii): Let X = Spec A. Let .# be quasicoherent, let M = I'(X,.%). Take an injective resolution
in the category of A-modules:

0-M-—=1=T1" - ...
This yields a flasque resolution:
0 M—10 11— .

so we can use this sequence to compute cohomology. Applying the global sections functor I'( X, %),
we recover the above sequence of modules, and we know this sequence is exact (since X affine and
all the terms as quasicoherent). Thus H°(X,.#) = M, and H*(X,.#) =0 for i > 0.

e (ii) = (iii): Immediate.

e (iii) = (i): One can use the hypothesis to show that X is covered by the X, for f € I'(X, Ox).
Namely, let U be an open affine of P a closed point, and set Y = X \ U We get:

0— Hyupy = Fy = k(P) =0

The latter term is a skyscraper sheaf of the residue field k(P) supported at P. Exactness can be
checked at the stalk level. We get:

L(X, 5) = DX, k(P)) = H' (X, Fyiipy) = 0

so there is an element f € I'(X, #y) that maps to 1, i.e. f € # such that f, =1 mod m,. Then
p € Xy CU (because f vanishes on Y by construction). Further, Xy = Uy, so Xy is affine.

Quasicompactness implies that we only need finitely many X, to cover X. Denote the correspond-
ing elements fi,..., fr. Using our affine-ness criteria from HW 1, we need to check that fi,..., fr
generate the unit ideal in A = T'(X, Ox). Consider:

0—F =09 —-0x —0

where OF" — Ox looks like (a1, ...,a,) — > fia;, i.e. it is a multiplication map. We want to show
that H'(X,.#) = 0, so that the map on global sections is surjective. Here .# just denotes the kernel
sheaf of this morphism. By filtering:

F =700 27n0Y" V2.0 Fn0x

Each quotient in the filtration looks like a coherent sheaf of ideals in Ox and thus has vanishing H*.
Considering each of the quotient sequences and the corresponding long exact sequence, we ”climb
up” the filtration and get that each .# N O%" has vanishing H'. Thus, H'(X,.%) = 0. But then

I'(X,0%") - T'(X,0x)

is surjective, meaning f1,..., f, generate the unit ideal.

These sheaf cohomology groups have some additional properties worth pointing out.

Proposition 32.5. We have the following properties of sheaf cohomology:
(a) If 7 : X — Y is any morphism of quasicompact separated A-schemes, and .% quasicoherent on X, then
there is a natural morphism
HY(Y,n.F) = H'(X,7)
extending I'(Y, m..#) — I'(X, %).
(b) If 7 : X — Y is an affine morphism between noetherian separated schemes, and % quasicoherent on X,
then the natural map on cohomology groups is an isomorphism

H(Y,n,.F) — H'(X,F)

This is Hartshorne exercise II1.4.2 and it is on your homework. When 7 is a closed embedding into
projective space, this isomorphism will help us translate between computations on projective schemes
and computations on projective space.
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Remark 32.6. It is worth noting that in practice, and especially in the scope of this course, you generally
will not have to compute cohomology by writing down an injective resolution and computing the cohomology
of the complex. You will usually compute it from long exact sequences, vanishing theorems, and using Cech
cohomology (which is much more ”concrete” and friendly for computing).

33. APRIL 07: CECH COHOMOLOGY, AND COHOMOLOGY OF LINE BUNDLES ON P!

Let A be a noetherian ring. We will eventually see the following properties.
(1) HO(P%, Opr (m)) is a free A-module of rank (") if m > 0.
(2) H"(P%, Opn (m)) is free of rank (™1 ) if m < —n—1.
(3) H'(P", Opn (m)) otherwise

Remark 33.1. There are a few observations to be made here:

e The cohomology vanishes in degree above n (consequence of previously mentioned theorem, but also
can be derived from the fact that P’} is covered by n + 1 affines and that sheaf cohomology and Cech
cohomology agree for P"})

e The cohomology groups are finitely generated A-modules. This is true for coherent sheaves on pro-
jective A-schemes.

e The top degree cohomology vanishes for m > —n — 1. This is an example of Kodaira vanishing.
Kodaira vanishing says, amongst other things, that for ample . we have

H'(X,Z ®wx/x) =0

for i > 0. So, we get H'(P}, Opp(d)) = 0 for d > —n — 1.
e The top cohomology group is one-dimensional for m = —n — 1 and A = k. Namely, observe that for
X =P} we have

Y(X,0x) = h"(X,0x(—n —1) @ 0%)" = h"(X,wx @ O%)"

This is a first example of Serre duality:
H{(X,&) =2 H" (X, wux @ &)Y
where & is a locally free sheaf of finite rank.

Definition 33.2. For a smooth scheme X, the tensor powers w’ of the canonical bundle are called the
pluricanonical sheaves of X. The ranks of the global sections of the tensor powers, i.e. the h%(X,w), are
called the plurigenera of X. To refer to a specific tensor power, h®(X,w%) is the m-th plurigenus of X.

Now for Cech cohomology! Useful computational tool when you have pretty explicit charts on a scheme.

Construction 33.3. Let X be a topological space with an open cover {U;};c;. For J C I, we write:
U=
JjeJ
Define the Cech complex to be:
C?({Uitier, 7) = H F(Uiy,....i,)
o< <ip
along with maps dP given by
&’ : C*({Uitier, F) = C* ' ({Uitier, F)
p+1
a = (aio<--~<ip){io,‘..,ip}gl — dPa = (Z(_1)kai0<...<{;<...<ip+l

Ugig,..., i })
k=0 0 ptl {io< - <ips1}

One might find the following definition more clear: the map . (Ur) — % (Uy) is zero unless I C J. If I C J,
then write J = {ip < --- < ip} and I = {ig < -+ <@ < --- <1ip} (we abuse notation slightly when we need
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to care about the order of the elements in the set). Then we have
ﬁ(U[) — 9([]{])
> (—1)kresg§a

and the map CP({U;}icr, F) — CPTY({Ui}icr, F) is extended from this. This data is called the Cech
complex associated to {U; }ier.

Proposition 33.4. The Cech complex is a complex: d? = 0.

Proof. The algebra here can be bashed out fairly straightforwardly: you’ll get two paths to removing two
elements, and you’ll get cancelling signs from these two computations. O

Definition 33.5. We denote

H({Ui}, 7) = HP(C*({Ui}ier, 7))
While this is defined in general for a sheaf of abelian groups on a topological space X, in the context of
algebraic geometry we will usually be restricting our attention to X a scheme and {U;} a cover by open
affines. Furthermore, you will almost always want the condition that X is noetherian and separated.

Remark 33.6. Note that we immediately get that H is the group of global sections. This follows from
sheaf axioms: taking the kernel of the first map is the data of sections on a cover that agree on overlaps.

Theorem 33.7. Suppose X is a noetherian and separated scheme, .# quasicoherent. Then H({U;},.#)
is independent of the choice of affine open finite cover {U;}. Hence in this case we can suppress the {U;}

notation and refer to the Cech cohomology groups as H' (X, 7).

Remark 33.8. The proof is a bit of diagram bashing (see Vakil 18.2.3) The idea is to show that H*({U;}",) —
H'({U;}™_,) is an isomorphism when {U;}"_, is an open affine cover. In that way, we can show that adding
an extra piece to a cover does not change cohomology. So take two separate covers, and refine them together,
and get that each cover gives the same cohomology as the refined cover.

The separated criterion is important for guaranteeing that that U; N U; is affine (Hartshorne Exercise
11.4.3 from HW 2) as you need some vanishing theorems about (Cech) cohomology of quasicoherent sheaves
on affines. The noetherian criterion is important for guaranteeing X quasicompact (though we will want
specifically noetherian for statements later on).

Theorem 33.9. Let X be noetherian and separated. Let {U;} be an open affine cover of X, and let . be
quasicoherent on X. Then for all p > 0, we have

(Hr (Ui}, #) = W' (X,.7) = HP (X, 7)
In general: for X a topological space, {U;} an open cover, you get a morphism (not necessarily an isomor-
phism, though).
Proof. See Hartshorne Theorem I11.4.5. g

The following shows the computational usefulness of Cech cohomology. Writing down injection resolutions
is hard. Writing down flasque resolutions, while a bit better, can still be quite tricky! Whereas concrete
chart computations on P™ and some other stock projective schemes are not so bad.

Example 33.10. Consider the cohomology groups of H*(P*, O(d)). We use the affine cover Uy = D(zq),U; =
D(x1). Let u = x1 /2. Then we get

0 — O(d)(Up) x O(d)(Uy) = O(d)(UgNUy) — 0
which, after trivializing, looks like
0— E[u] x kv = u™] = k[u,u™!] —0
(p(u), q(v)) = —uq(u™") + p(u)

So we get that H' is, as a group (specifically, k-vector space), k[u™!]/(u?q(u=") — p(u))pq. If d > 0 then
note that we can get 1,u™, u~™ in the set of things we’re modding out by, so H*(P", O(d)) = 0 in that case.
If d = —1, we still get that 1,u™,u™™ are getting killed off and H*(P", O(d)) = 0.
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What happens if d < —27 In this case we have u~"™ getting zeroed out for |m| > |d|, and any non-negative

degree monomials are also getting zeroed out. We get that u=',u=2,... ut! is a basis. So H'(P", O(d)) is

a vector space of dimension —d — 1 = (_;i;il), as we wanted.

One will often see the computation we’'ve done framed as:

meow) - (e [L 1))

Indeed we could’ve done our computation by looking at

0— k[xo,xl,xal]d X k[xo,xl,xfl]d — k[wo,xl,xal,xfl]d -0

If d > —1, it is clear this map is surjective and thus H' vanishes. If d > —2, we get that

1 1 1
ld|—1" |d\ —27777 Jd[-1
ToTq .’L’O T T

Remark 33.11. Through the lens of the first style of computation, consider H' (P}, Opn (—2)) = (cu™"). We
get an isomorphism with the ground field k by taking the coefficient of u~', but we could also interpret this
as taking the residue, which is an integration operation. This intuition is useful later on for Serre duality.

Theorem 33.12. Let X be a projective scheme over a noetherian ring A, and .Z very ample on X over
Spec A.

34. APRIL 09: COHOMOLOGY OF LINE BUNDLES ON PROJECTIVE SPACE

We now compute the cohomology of line bundles on P™. The usual proof you’ll see is to induct on dimension
and handle, for fixed n, all the Opn(d) at once.

Proposition 34.1. Let A be a noetherian ring and let P = P’} and Opr, (d) = O(d). Then:
(1) H(P", 0(d)) = Alxo, ..., Tnla
(2) Hn([Pm (d)) (Io wnA[i e wln])d
(3) H{(P",0(d)) =0 for 0 < i < n. (And likewise for n < i and i < 0).

Proof. The first part (1) has been done previously, when we computed I'(P™, O(d)).
We proceed to the second part, (2). Let # = @4ez0(d)). On some D(x;,. ;. ), we'd have
P(D(wi, - 25,),0(d)) = (A2o, s Tulasy., )

and thus ['(D(zy, ... 2, F) = Alzo,...,Tnls,, .2, and we recover data about O(d) by taking the d-th
graded piece. We consider the last chunk of the Cech complex:

i H A[moﬁ""xn]xomﬁmxn —>A[xo7"'7‘rn]frg...wn

0<---<i<...m

d

Thus:

A[Io, DRI xn]xo.uxn
m (H A[l’o, cee 7xn}£ofl£n — A[x07 ce axn]zo...mn)
(xg° ... .xtna; € Z)

H’n.(]P)’n,g‘) = -
1

(x5° ... zn~| at least one of a; > 0)
:<x8°... zpr call a; < 0)
1 1 _
= WA[Z'O ,...,xnl]

and picking out the d-th graded piece yields the result of (2).
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We finish with proving (3). We do this via induction. Note that it is vacuously true for P*. Suppose the
statement is true up to dimension n — 1. We will show it is true for P”. Consider a hyperplane H = P"~! in
P™. We have

0— Opn(—1) = Opn = 1, (Opn-1) = 0
where we can consider the first map as multiplication by z,,. Twisting by d and summing over all d we get:
0— P Opn(d—1) = @ Opn(d) - @ ixOpn-i(d) — 0
dez dez dez

And then taking the long exact sequence in cohomology:

0— HO (@ O]P” (d— 1)) X—$)” HO (@ OP”(d)) — HO <@ Z*O]pn—l(d)> N Hl (@ O]P’n(d— 1)> X_:v)n o

dez deZ d€Z deZ

Our next goal is to show that, for 0 < i < n, we have that

H' (@ Opn (d — 1)) & g <EB Opn (d))

d€eZ d€eZ
is an isomorphism. We proceed with this goal in mind.

By Homework 3 (affine maps induce isomorphism on cohomology), we may compute the i,Opn—1(d) terms
on P~ 1. Namely, H (P", ®aez ix(Opn-1(d)) = H (P!, ®gcz Opn-1(d)). Then the H (Sgez Opn-1(d)) =0
for 1 <4 < mn — 2. This yields chunks of the sequence like

0—>H1 (@Opn —1) " ”Hl <@O}P’n )

d€Z deZ

for 1 <i<mn—1. So now we just need to check the isomorphism at i = 1,n — 1. For i = 1 we get

0 (@ Opn (d — 1)) e HO (@opn,(d)) — H° (@z*opn . ) — H? (@oﬂm ~1 ) X HY (@ Opn(d)> -0

dez dez dez dez dez
The second map being surjective means that we get

(o) o o)

d€L deZ

is exact. Likewise, when looking at

0 H" <@ Opn (d — 1)) S gt (69 Opn (d)) —H" <69 Z‘*OPM(@)

deZ deZ deZ
% H™ (@ Opn (d — 1)) e g (@ Opn(d)> =0
deZ deZ

with our knowledge of the top-degree cohomology of projective space, the connecting morphism must be
§ = xx,; 1. In particular, this map is injective. Thus we get

0— H" ! (@ Opn (d — 1)) e gt (@ Opn (d)) -0

deZ dez

is exact. So, we’'ve shown that multiplication by z,, is an isomorphism on the middle degree terms. This is
only possible if these modules are zero.

To see why: we can show that H'(P",.%),, = 0. Localization and cohomology commute in this case EL
so if we localized the Cech compex for computing H'(P",.7), it would compute H*(P",.%),, . But this also

computes %, on D(z,), and all the higher cohomology groups on affine schemes vanish for quasicoherent

5localization commutes with quotients, images, etc
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sheaves. So we get that H!(P",.%),, = 0. So, every element of H*(P",.%) is killed by a power of x,,. But if
multiplication by ,, is an isomorphism, then it must be that H*(P",.%) = 0. O

35. APRIL 11: A VANISHING THEOREM OF SERRE; LOOKING TOWARDS SERRE DUALITY

This computation shows that tensoring with sufficient powers of a very ample line bundle leads to vanishing
higher cohomology, at least for line bundles. We in fact have a stronger version of this statement. First, a
lemma.

Lemma 35.1. Every coherent sheaf .# on X =P} can be written as

n m

P Oox(e:) = P Ox(di) +.F — 0
1=1 =1

Proof. By Theorem
surjection

a sufficiently high twist of .# is finitely globally generated. That is, we have a

é Ox - Z#(n)—=0
The kernel is finitely globally generated as \fv:eil, so we get
é()x — é(’)x — Z(n)—0
i=1 i=1
Then twisting down yields
é@x(—n) — é@x(—n) o A\
i=1 i=1 -

Theorem 35.2. Let X be projective over a noetherian ring A and .# a very ample invertible sheaf on X
over Spec A. Let .% be a coherent sheaf on X. Then:

(1) for each i >0, H'(X,.7) is a finitely generated A-module
(2) there is an integer ng such that for each 7 > 0, and n > ng, we have
H(X,Z22L") =0

Proof. Since £ is very ample on X over Spec A, we have a closed immersion ¢ : X — P% such that
L =1i*Opr(1). If F is coherent on X, then i..% is coherent on P, |E| and the cohomology is the same because
this morphism is affine. More precisely, we have:

HY (P, 0.7 @pr O(m)) = H' (P, i.(F @x i*(O(m)))) (projection formula (HW 2))
= H'(P},in(F @x Z™))
= H' (X, 7 ox L™) (¢ affine)

So it’s enough to show this statement for X =P’,.

Note that (a) and (b) are true for any sheaf of the form Ox (¢). Thus it is true for any direct sum of sheaves
of this form. Next, our goal is to show this for arbitrary coherent sheaves. We do a descending induction on
i, the degree of the cohomology group, on both statements collectively (noting that it is immediately true for
1 > r because P" is covered by r + 1 affines). Firstly, note that any coherent .% can be written as a quotient
of sheaf of the form & = @F_,Ox(g;). Then fill in the kernel to get:

0—-Z—E&—F —0

& and Z are coherent, and so # is coherent as A is noetherian. Consider the long exact sequence on
cohomology.
o= HY(X,8) = H(X, F) - HTNX, %) — ...

6pushforward by finite morphisms preserves coherent sheaves. Locally these maps look like Spec B — Spec A where A — B
is finite. Then this correponds to M being finite as a B module and B being finite as an A module implies M is finite as an A
module.
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The module on the left is finitely generated by computation, and the module on the right is finitely generated
by inductive assumption. A is noetherian, so the middle is finitely generated too. So (a) is fine.
To prove (b): twist the sequence on sheaves and take cohomology to get

= HY(X,&(n)) — HI(X, ZF(n)) —» HY X, Z(n)) — ...

For n past some threshold, the module on the left vanishes by direct computation. For n past some threshold,
the module on the right vanishes because of induction. Thus H*(X,.Z (n)) vanishes past some threshold N;.
Since there are only finitely many ¢ involved and the &, % are fixed, we can take maxes to get a cutoff/treshold
N that works for all i. So, we are done. O

The next order of business will be Serre duality.

Theorem 35.3 (Serre duality for smooth projective k-schemes). Let X be a smooth projective variety of
dimension n over an algebraically closed field k. Then for all i > 0, and .# coherent on X, there are natural
functorial maps

6" Exti(,?,wx/k) — H"Y(X,F7)Y
that are, in fact, isomorphisms. In the case of % locally free of rank r (that is, .# corresponds to the
sheaf of sections of a bundle), we have Ext’(Z,wx/x) = Ext (Ox, FV @wx/;) = H(X, F¥ @ wx/i). After
relabeling # to &Y @ w x/k, We get the phrasing of Serre duality that most people first encounter:

HY(X,&) = H" (X, wx, @ Y)Y

There are ways to relax the smoothness conditions, but we will not get around to such versions. Further-
more, we will prove the version for P” only, but that will demonstrate some of the overall ideas.

36. APRIL 14: EXT, SERRE DUALITY, PROOF IN THE PROJECTIVE SPACE CASE

Let (X, Ox) be a ringed space, and .%,¥ be Ox modules. Recall that Hom(.%#,¥9) = Homx (%#,¥) is the
group of Ox-module homomorphisms, and .7 om(.%,¥) is the "sheafy” version. That is,

Hom(F,9)(U) = Home |, (F|v, %)
For fixed .#, we have that Hom(.%, %) is a left exact covariant functor from the category of Ox-modules

Mod(X) to the category of abelian groups. Similarly, s#om(.7, *) is left exact covariant functor from Mod (X)
to itself. Recall that 9tod(X) has enough injectives. Thus the following construction is valid.

Definition 36.1. Let (X,Ox) be a ringed space and .# and Ox-module. Then set Ext’(.%,*) to be the
i-th right derived functor of Hom(.%, ) and &xt*(.#,%) to be the i-th right derived functor of J#om(%, ).

We get the usual nice properties (additivity, Ext" is Hom, long exact sequences, higher Ext groups vanish
when the second entry is injective, and analogous statements for sheaves).

Remark 36.2. Note that Hom(x, %) is contravariant left exact. One would want to try to compute its right
derived functor with projective resolutions, but Mod(X) does not necessarily have enough projectives! Here
a projective object is one such that Hom(P, ) is exact.

Remark 36.3. However, one can see that Ext’ (%,%) has some derived-like properties, even if it cannot be
constructed as a derived functor. Namely, we can still get long exact sequences from it. We will see that
Exti(*,% ) is a contravariant J-functor, though we will not define this term for another page or so.

Let 0 — %) — %5 — %3 — 0 be an exact sequence of Ox modules on a ringed space (X, Ox). Take an
injective resolution:

09— 9% 5 71 5 72 5 .

Using that Hom(x, .#) is exact, we get a short exact sequence of complexes
0 — Hom(.Z3,.#°*) — Hom(%, I*) — Hom(.%#1,.9°) = 0
and taking the long exact sequence in cohomology will get you a long exact sequence of the Exti(fj, 9).
To make our lives a bit easier, here some some nice properties.

Lemma 36.4. If .7 is an injective object in 9Mo0d(X), then for any U C X open, Z|y is an injective object
in Mod(U).
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Proof. See Lemma I11.6.1 in Hartshorne. d

Proposition 36.5. For U C X, we have
Exty (F,9) v = Exty(Fv, 9v)
Proof. See Proposition II1.6.2 in Hartshorne. 0
Proposition 36.6. For any ¢ € 9Mod(X) we have:
(1) 2t°(0x,9) =9
(2) c?xt?((?x,g) =0
(3) Ext'(Ox,¥9) =2 H(X,¥9) for all i >0

Proof. 7#0om(Ox,*) is the identity functor, and so the first two bullet points follow. The functors Hom(Ox, )
and I'(X, %) are equal, so their derived functors are equal, which shows (c). O

Proposition 36.7. Let & be a locally free sheaf of finite rank. Recall that &Y = S#om(&, Ox). Then for
any Ox-modules .7 ¥ we have:

Ext'(# ® &,9) = Ext'(Z, &Y @ 9)
Proof. Note that the ¢ = 0 case just says that

Hom(Z ® &,9) = Hom(Z,&" @ 9),
which you showed on Homework 2. For ¢ > 0 note that .# injective implies .# ® & is injective, so you can
get a relationship between the resolutions/use some properties of d-functors to get equality of the Exts. It

helps that tensoring with locally free sheaves is exact (look at it stalk-wise— you are tensoring with O?@Tp SO
you get M;er). See Hartshorne Proposition II1.6.7 for more details. g

Definition 36.8. Let 2A,B be abelian categories. A covariant §- functor from 2 to 8 is a collection of
indexed functors T = (T"%);>¢ and morphisms &° : T*(A”) — T**1(A’) for each short exact sequence 0 —
A"+ A — A” — 0 and each ¢ > 0 such that

(1) For each such short exact sequence, there is a long exact sequence
0— TO(A") = TO(A) = TO(A”) B TH(A) — ...

(2) for each morphism of short exact sequences

0 A A A" 0
Il
0 B’ B B” 0

the §’s give a commutative diagram
Ti(A//) L} Ti-',—l (A/)

| |

Tz'(B//) L) Ti+1(B/)

Definition 36.9. A J-functor T' = (T%) : 2 — B is universal if, given any other é-functor T/ = (T")* : 2 —
B and any morphism f° : 70 — (T")° there exists a unique sequence of morphisms f* : T% — (1")" for each
i > 0, which commute with the §* for each short exact sequence.

Remark 36.10. If F': 2 — B is covariant and additive, then there can be at most one (up to iso) universal
S-functor T with T° = F.

Definition 36.11. An additive functor F' : 2l — B is effacable if, for each object A in 2, there is a
monomorphism u : A — M for some M with F(u) = 0. It is coeffaceable if for each A there exists an
epimorphism v : P — A such that F'(v) = 0.
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Theorem 36.12. Let T = (T") be a covariant §-functor from 2 to $B. If T" is effaceable for each i > 0, then
T is universal.

We will deal with contravariant J-functors, so just reverse the arrows in all the definitions. In the
proof of Serre duality, we’ll want to show two contravariant §-functors are the same— we’ll do so by showing
they’re both universal and have the same T°. So to do this, we'll need to show they’re both coeffaceable.

As with the case of Poincaré duality, we crucially establish a perfect pairing.

Theorem 36.13 (Serre duality for projective space). Let X =P} for a field k. Then:
(1) H"(X,wx) = k. Fix such an isomorphism:
(2) for any coherent sheaf # on X, the natural pairing

Hom(#,wx) x H"(X,#) - H"(X,wx) =2k

is a perfect pairing of finite dimensional k-vector spaces.
(3) for every i > 0, there is a natural functorial isomorphism

Ext'(7,wx) — H" (X, F)",
which, for ¢ = 0, is the one induced by the pairing of (b).

e We computed, via Euler exact sequence, that wx = Ox(—n — 1). From our computations of coho-
mology of line bundles on projective space, we know that H" (X, Ox(—n — 1)) is one-dimensional as
a k-vector space.

e A homomorphism of & to w induces a map of cohomology groups H"(X, %) — H"(X,w). (This is
true in general for sheaf cohomology, but is easier to see through the lens of Cech cohomology). This
gives the pairing— now it remains to show that it is perfect. If % = O(q), then

Hom(.Z,w) = Hom(Ox (q),w) = Hom(Ox,w(—q)) = H*(X,w(—q))
We now consider the pairing
HY(X,0x(—q—n—1)) x H'(X,0x(q)) = H"(X,wx) = H"(X,O0x(—n — 1))

If ¢ > —n —1 both groups are zero and the pairing is trivially perfect. If ¢ < —n —1, then the pairing
is given by
(zgo ) - (L ale) = (agreto L gt

where > m; = —g—n—1and >_ ¢; = gq. The polynomial on the right only zeroes out in H™(X, Ox(—n — 1))
if any of the m; + ¢; > 0. Thus the pairing is perfect, and for ;™ ...z in the left group, its dual
is 2™, ;™! in the right group (note that it has the correct degree!).

So: we have established the pairing for line bundles. Additivity will give us that the pairing is
perfect for sums of line bundles. Now, let .%# be an arbitrary coherent sheaf. By the lemma. we get
that there are

& —E—F =0

with &; sums of line bundles Ox(g;). Hom(x,w) and H"(X,*)" are contravariant and left-exact, so
we get

0 —— Hom(#,w) —— Hom(&),w) —— Hom(&1,w)

Eo I E

0 — H'(X, %)V —— H"(&,w)” —— H"(&,w)Y

Then the five lemma implies that Hom(%#,w) — H™(X,.#)" is an isomorphism (add another column
of zeroes to the left to get five columns and the desired isomorphism being the middle one).

e Both sides (Ext’(x,w), H" (X, )) are contravariant §-functors, indexed by i. We have that the
TV are isomorphic by part (b). So it remains to show they are coeffaceable. Note that we need
coeffaceable because these are contravariant.

Given .Z coherent, we know that we can write

&=al_0(—q) > F =0
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with ¢ >> 0. So we have this epimorphism going to our .#. Then
Ext'(&,w) = EB;?:lExti(O(—q),w) = EB?:lExti(OX,w(q)) = €B§=1Hi(X,w(q)) =0
for i > 0 and q large. On the other hand, we see
H' (X, &8)Y =af_ | H"(X,0(-¢))" =0

for ¢ > 0 and ¢ > 0. Thus both sides are coeffaceable for ¢ > 0. So both d-functors are universal with
the same starting functor, hence isomorphic.

O

37. APRIL 16: DUALIZING SHEAVES, FLAT MODULES, FLAT MORPHISMS
To generalize Serre duality, one looks to the importance of (a), (b).

Definition 37.1. Let X be a proper scheme of dimension n over a field k. A dualizing sheaf for X is a
coherent sheaf w$ on X with a trace morphism ¢ : H"(X,wx) — k such that for all coherent sheaves .% on
X, the natural pairing

Hom(#,w%) x HY(X, %) - H"(X,w%)
composed with ¢ afterwards gives an isomorphism Hom (%, w$) — H™(X, #)V.

If they exist, a dualizing sheaf (with its trace morphism) is unique (up to unique isomorphism). They exist
for X proper over k, though showing it for schemes projective over k tends to be easier. As one would expect,
the construction of w% should somehow be ”cotangent-y.” For X smooth, the dualizing sheaf is indeed wx /-

In general: it is gxtg];vdimx(i*OX,pr). There is a way to put an Ox-module structure on this.

One can then show that Exti(*, w% ) is coeffaceable for i > 0, so we get a universal contravariant o-
functor, and then H"~#(X,.%)" is another contravariant J-functor, so we get morphisms % : Ext’(.%, wg) —
H" (X, Z)V. If X is smooth (in fact, Cohen-Macaulay and equidimensional is enough) then these maps
will be isomorphisms. The proof of Serre duality for projective schemes takes plenty of inspiration from the
projective space case, using certain vanishings.

Now, onto the notion of flatness. Flat morphisms help give us a notion of a ”nice, continuous” family of
schemes. A lot of the example families we’ve written down, and that one could try to write down by hand,
are flat.

A family of schemes is a morphism f : X — Y, and the members of the family are the fibers

X, =X xy Spec k(y)

Remark 37.2. To study families, one often wants some sort of relative notion of cohomology: the ”coho-
mology of X over Y or ”cohomology along the fibers of X — Y.” Thus, some of the details and proofs in
the flat morphisms chapter of Hartshorne use higher direct images. We don’t have time for this, and we’ll be
skipping many of the proofs even when they don’t require this. At this time, the most useful thing for us is
to see some of the main results (criteria for flatness, existence of flat limits) and do some computations.

Definition 37.3. Let A be a ring, M an A-module. We say M is flat over A if the functor M ® 4 x is exact.
(It is always right-exact, now we ask that it is left-exact too). If A — B is a ring homomorphism, B is flat
over A if it is flat as an A-module.

Proposition 37.4.

(a) M is flat over A <= for every finitely generated ideal a in A, the map a ® M — M is injective.

(b) (Base extension) If M is a flat A-module and A — B a ring hom, then M ® 4 B is a flat B-module

(¢) (Transitivity) If B flat A-algebra and N a flat B-module, then N is a flat A-module

(d) (Localization) M is flat over A if and only if M, flat over A, for all p € Spec A.

() 0O — M — M — M"” — 0 exact sequence of A modules an M’ M" are flat, then M is flat. If M, M"
both flat then M’ is flat.

(f) If M is a finitely generated module over a local noetherian ring A, then M is flat if and only if M is free.
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Definition 37.5. Let f : X — Y be a morphism of schemes, and let .# be an Ox-module. .% is flat over Y
at a point x € X provided that the start .7, is a flat O, j(,-module. Here .#, is made an O, f(,) module
via the map

f)i : Of(m),Y — OI7X
We say 7 is flat over Y if it is flat at every point of X. We say X is flat over Y if Oy is flat over Y.

Proposition 37.6.

(a) An open immersion is flat

(b) Base change: f: X — Y a morphism, and .% an Ox-module flat over Y. g : Y/ — Y a morphism. Let
X' = XzyY' and f': X’ — Y’ the second projection, and .#’' = pi(%#). Then .#' is flat over Y.

(¢) Tramsitivity: If f : X — Y and g : Y — Z are morphisms, and % an Ox-module flat over Y, and
suppose Y is flat over Z. Then .7 is flat over Z.

(d) Let A — B be aring homomorphism and M a B-module. Let f : Spec B — Spec A be the corresponding
morphism of affine schemes. Then % = M is flat over Y if and only if M is flat over A.

(e) Let X be a noetherian scheme and .# a coherent Ox-module. Then % is flat over X if and only if it is
locally free. (Here flatness is relative to the identity map X — X, i.e. tensoring with .Z is exact).

38. APRIL 18: PROPERTIES OF AND CRITERIA FOR FLATNESS

Corollary 38.1. As a corollary to the last one: suppose f : X — Y is a finite morphism and Y is Noetherian.
Then f is flat <= f,Ox is locally free.

Proposition 38.2. Let f : X — Y be a flat morphism of schemes of finite type over a field k. For any
xz € X, set y= f(X). Then:

dim,(X,) = dim, X — dim, Y
here dim, X is the dimension of the local ring O, x, "the dimension of X at z.”

Corollary 38.3. Let f: X — Y be a flat morphism of schemes of finite type over k, and Y irreducible. The
following are equivalent.

(i) every irreducible component of X has dimension dimY + n,
(ii) for any point y € Y (not necessarily closed!), every irreducible component of the fiber X, has dimension
n.

Proposition 38.4 (Criterion 1). Let f : X — Y be a morphism of varieties over k. Assume X,Y are
regular. Then f is flat if and only if every fiber has dimension dim X — dim Y.

Remark 38.5. One can relax the conditions slightly to Y regular and X Cohen-Macaulay. This result is
usually know as miracle flatness.

Definition 38.6. A point = of a scheme X is an associated point of X if the maximal ideal m, is an
associated prime in the local ring Ox . That is, there is an element of Ox , whose annihilator is m,.

Remark 38.7. What you should be envisioning in this case is generic points of irreducible components or
embedded points. (Technically by embedded point we mean associated point that is in the closure of another
associated point, which would make this a bit circular, but we can often approach embedded points with a
more intuitive understanding— see below).

Example 38.8. Consider Spec k[, y]/(zy,y?), which is an affine line with an embedded point. The generic
point is (y) and the embedded point is (z,y). You might draw this as a line with a thicker dot at the origin,
or perhaps with a dot and tangent vector pointing perpendicular to the line y = 0. If we "remove” the line
by taking the quotient ideal (zy,y?) : (y), we get the point (z,y) left over.

Your mental picture of embedded points should be things of this sort.

Proposition 38.9 (Criterion 2). Let f : X — Y be a morphism of schemes, with Y integral, regular,
dimY = 1. Then f is flat if and only if every associated point of X maps to the generic point of Y.
If X is reduced, this says every irreducible component of X dominates Y.
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Remark 38.10. Note that a morphism f : X — Y with X,Y irreducible is dominant if and only if the
generic point of one goes to the generic point of the other. This can be checked quickly with properties of
closures, and reflects that the image of the generic point captures something about ”generic behavior” of the
map.

Remark 38.11. Regularity is certainly important in these criteria: consider the map A' — X where X is
the cuspidal cubic Spec k[x,y]/(y*> — x3) in A2, This has equidimensional fibers, but is not flat. One way to
see this is k[t] is not flat over k[t?,¢%]. (You would need it to be (locally) free: it is not!)

Proposition 38.12 (Criterion 3). Let T be an integral Noetherian scheme, and X C P xT = P be a closed
subscheme. Then X — T is flat if and only if the Hilbert polynomial p; of the fiber X; C P" x k(¢t) = Pre
is independent of .
Definition 38.13. Recall that the Hilbert polynomial of a projective variety X over a field k is taken by
considering the function

m +— dimy, k[X],, = dimg T'(X, Ox (m))
(i.e. the dimension of the) d-th graded piece of the homogeneous coordinate ring) and taking the polynomial
that aligns with this function for m >> 0. In general, we can take the Hilbert polynomial of a graded
k[xo, ..., x,] algebra by looking at m — dimy Sy, for m > 0.

Proposition 38.14. Let X be a subvariety of some P”. Then we can compute the Hilbert polynomial as
X(Ox(m)). This follows from:

X(Ox(m)) = Z(—l)" dimy H (X, Ox(m)) = dimy, H°(X,0x(m)) = dim;, T'(X, Ox (m))
i
which utilizes that, for coherent sheaves on projective space, we have H*(X,.#(m)) = 0 for i > 0 and m > 0.
Proposition 38.15. The Hilbert polynomial of a degree d hypersurface X = V() in P" is given by
_(n+m n+m-—d
o= (") = (")
Proof. One can compute this in one of two ways. One is to see that in k(X), the degree d piece will eventually
be computed by
dimy, k[zo, . . ., Tn]m — dimg, k[xo, . .., Tnlm—d
as the terms getting zeroed out in (k[zo,...,xs]/(f))m are things of the form
(degree d — m polynomial)- f
One can also compute this from the exact sequence:
0= Opa(—d) 4 Opn = Ox =0
then twist to get
0= Opn(m —d) X Opn(m) = Ox(m) — 0
and use additivity of Euler characteristic. O

Proposition 38.16. The degree of the Hilbert polynomial aligns with the dimension of the scheme. The

leading coefficient of the Hilbert polynomial is (iiien%((i({))l’

Example 38.17. A"} — Spec A is flat, because Alx1,...,z,] is a free (and thus flat) A-module.

Example 38.18. Spec k[x,y]/(z — y?) — Spec k[z] is flat because it dominates the target (and the source
is reduced).

Example 38.19. Spec k[z,y]/(zy,y?) — Spec k[z] is not flat, because the embedded point does not go to
the generic point. It is induced by the ring map k[z] — k[x,y]/(zy, y?), and the preimage of the ideal (z,vy)
is (x), which is not the generic point. (Note that Criterion 1 does nothing for us here, as k[x,y]/(zy, y?) is
not regular: the tangent space at the origin is too big).
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Example 38.20. As mentioned, Spec k[t] — Spec k[z,y]/(y*>—x3) coming from k[z,y]/(y*—23) = k[t?, 3] —
k[t] is not flat.

Example 38.21. Spec k[z,y,t]/(zy — t) — Spec k[t] is flat. There are a couple of ways to see this: the
fibers are equidimensional and the target and source are regular. Alternatively, the Hilbert polynomial is
constant (for this you’d need to consider the projective space analogue and then use that open immersions
and compositions of flat maps are flat).

For t # 0 the fibers look like smooth curves zy = ¢ in the plane. At ¢t = 0 the fiber degenerates to a
reducible conic zy = 0.

Example 38.22. Consider the blowup of the projective plane at the origin. Then Bl,P? — P? is not flat
(source and target are smooth, but the fiber dimension jumps).

39. APRIL 21: FLAT LIMITS, EXAMPLES, HILBERT POLYNOMIALS OF UNIONS

Proposition 39.1. Let Y be a regular integral scheme of dimension 1, let P € Y be a closed point, and
let X CP" x (Y \ P) be a closed subscheme flat over Y \ P. Then there exists a unique closed subscheme
X CP" x Y, flat over Y, whose restriction to P* x (Y \ P) is X.

Proof. Take X to be the scheme-theoretic closure > of X in P" x Y. The associated points of X are the same
as the associated points of X, so by Criterion 2 X is flat over Y. Further, this extension is unique: other
extensions would have associated points mapping to P. O

Remark 39.2. This lemma means that flat limits exist for families over punctured curves. That is, the
Hilbert scheme is proper. (You should think of the Hilbert scheme as a moduli space that parametrizes
subschemes of P} with the same Hilbert polynomial).

Example 39.3. A simple example: consider Spec k[z,t,t71]/(2? —t) — Spec k[t,t~!]. The limit family is
Spec k[x,t]/(z* —t) — Spec k[t] and the flat limit at ¢ = 0 is k[z]/(z?).

Example 39.4. Consider two skew lines in P> = Proj k[xo,z1, 22, 73]. Let’s see what happens when we
collide them at a point. We just care about the behavior near the collision point, so let’s work in an affine
chart Spec k[z,y, z]. Consider one line L : y = z = 0 and another line L; : z = 0,z = ¢. What happens as
t — 07 Set theoretically, we should get the union of two lines V(xy,z). But what is the scheme-theoretic
picture?

We get a bunch of schemes L U L; cut out by Iy = (y,2) N (x,z2 —t) = (ay,zz,(z — t)y, (z — t)z). As
t — 0, this yields the ideal Iy = (xy,rz, zy,22). This is the z,y axes in the plane z = 0 together with an
embedded point at the origin. Again, note that if one ”cuts out” the axes by computing the quotient ideal
(xy,x2,y2,2%) : (1Y, 2), you get the ideal of the embedded point (x,y, 2).

The cool thing about this limit is that, although the underlying algebraic set is contained in a plane, the
scheme is not contained in a plane. That is, the limit seems to be remembering that it came from schemes
that were not contained in a plane.

Note that the limit really can’t just be the degenerate conic V (zy, z). The Hilbert polynomial of a line is
d+1, and likewise the Hilbert polynomial of two disjoint lines is 2d+2. Through direct algebraic computation
(i.e. count the size of k[X]4), one can compute that the Hilbert polynomial of the degenerate conic V(zy, 2)
is 2d + 1. That is, it’s missing a +1. This gets added in by the embedded point.

Lemma 39.5. Consider two closed subschemes X, X5 of P*. Then we have the following relationship of
Hilbert polynomials.
h’Xlqu = hX1 + th - thﬁXQ

Proof. Let I, I be the homogeneous ideal cutting out X7, X5 respectively. Let S = k[xg, ..., 2z,] Then this
follows from the sequence of graded modules

S S

0= ——— - — =
Ilﬂfg Il EBIQ Il+12

0
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Remark 39.6. If one wants more formality: we are considering the family

Spec klz,y, z,t]/(zy,yz, (z — t)y, (z — t)z) — Spec k[t]
and computing the flat limit ¢t = 0. Be careful when computing these limits: if you thought of the ideals as
I, = (y,2) N (z,z — t) and tried to set ¢ = 0, you might think the limit is I; = (y, 2) N (x, 2) = (xy, 2), but
this is not correct!
Example 39.7. The previous example fits into a broader class of examples. Let’s think about projection

from a point onto a hyperplane. We’ll think about just the P2 case. Let’s think about projecting from
P =10,0,0,1] onto v3 = 0. We get the projection map

@ : PP\ P — P?
[330,371,962’133] = [$0,3317332]

Now for each a € k,a # 0, we get an automorphism of P? given by o, : 10, 21, 22, ¥3] = [T0, 71, T2, ax3]. Let
X1 be a closed subscheme of P3 not containing P. For each a # 0, let X, = 0,(X;). Then the X, form a
flat family parametrized over A} \ 0. It is flat: every fiber will have the same Hilbert polynomial as X;.

Therefore, it should have a flat limit: the family extends to one over Aj, and we have some notion of Xj.
This limit will agree set-theoretically with ¢(X7), that is, this family roughly interpolates between X; and
its projection. But is the flat limit the projection? Not necessarily!

We don’t have time for it, but in Hartshorne Example I11.9.8.4, he computes this limit when X7 is a twisted
cubic and its projection to IP? is a nodal planar cubic curve. Similarly, the flat limit is this nodal planar cubic
with an embedded point, and the flat limit is not contained in a plane. Again, the limit "remembers” that
it is a limit of space curves and is scheme-theoretically not contained in a plane. Also, note that this limit
makes sense: a plain old cubic planar curve has Hilbert polynomial 3m, not 3m + 1, which is the Hilbert
polynomial of the twisted cubic.

To see that a twisted cubic C has Hilbert polynomial 3m + 1: note that
dim H°(P?, O¢(m)) = dim H°(P, Op:1 (3m)) = 3m + 1

So! We've demonstrated a lot of examples and non-examples of flat families, and computed some flat
limits. Let’s talk more about why we like flat families so much. They are supposed to correspond to the
idea of nice, continuous families, so what nice properties do they have? First, we need the notion to define
smooth morphisms. But furthermore: they have nice cohomological properties!

Theorem 39.8 (”Upper semicontinuity of cohomology”). Let f : X — Y be a projective morphism of
noetherian schemes, and .# a coherent sheaf on X, flat over Y. Then for each ¢ > 0, we have

y €Y > dimy) H (X, F)
is an upper-semicontinuous function on Y. (Recall that a function ¢ : Y — Z is upper semicontinuous if
{y €Y : p(y) > n} is closed for any n).
Proof. See Theorem I11.12.8 in Hartshorne. O

Remark 39.9. In particular, this means S = {y : dimy,, H(X,, %,) =0} is open. If Y is irreducible, this
means S, the set where the cohomology vanishes, is dense so long as you can prove it is nonempty.

Remark 39.10. Continuing the previous remark: among many nice uses of the upper-semicontinuity of
cohomology, Hartshorne-Hirschowitz get a lot of mileage out of it in their '81 paper on disjoint unions of
lines in P™. The paper shows that for a general union of disjoint lines, the map

H®(Opx(d)) = H°(Ox(d))

has maximal rank. Utilizing upper semicontinuity reduces this to showing that you can specialize the
lines along a flat family to a configuration X', possibly allowing some of the lines to collide, such that
H°(Opn(d)) — H°(Ox:(d)) has maximal rank. By colliding some of the lines and configuring them in a
particular away along a fixed quadric @, one can do an induction argument to show that this map for X’ has
maximal rank.
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Proposition 39.11. Let {X;} be a flat family of closed subschemes of P} parametrized by an irreducible
curve T of finite type over k. Suppose there is an open subset U of T" where, over the closed points of X
within U , we have X; is connected. Then X; is connected for all t € T.

Proposition 39.12. A flat morphism f : X — Y of finite type noetherian schemes is open.

We have not covered higher direct images, so we don’t quite have the knowledge to parse the following.
However, it is worth stating and giving the reference, and pointing out that this is a very commonly used
cohomology result for families, and part of why we like flat families so much:

Theorem 39.13 (Cohomology and base change). Let f : X — Y be a projective morphism of noetherian
schemes and % a coherent sheaf on X, flat over Y. Let y € Y. Then

(1) if the natural map
@' (y) : R'fo(F) @ k(y) — H'(Xy, Fy)
is surjective, then it is an isomorphism (and is an isomorphism in a neighborhood of y)
(2) In the ¢’ surjective case, we get p'~1 is surjective <= R!f,(.Z) locally free in a nieghborhood of .

Proof. See Theorem II1.12.11 in Hartshorne. O

40. APRIL 23: SMOOTH MORPHISMS

Time to do a relative version of smoothness!

Definition 40.1. Let f : X — Y be a morphism of schemes of finite type over k. f is smooth of relative
dimension n provided the following three conditions hold:

(1) fis flat

(2) if X' C X and Y’/ CY are irreducible components with f(X’) C Y’, then dim X’ = dimy’ + n,

(3) for each point 2 € X (not necessarily closed)

dimy ) (x/y ® k(z)) =n
Example 40.2. For any Y, A} and P} are smooth of relative dimension n over Y.

Remark 40.3. If X is integral, the last condition is equivalent to {2x,y being locally free on X of rank n.
E| This helps reduce to closed points, using Hartshorne Exercise I1.5.7. (Let X be a noethierian scheme, %
coherent on X. Then if .%, is free at some point z, .#|y is free in some neighborhood of ).

Example 40.4. If Y = Spec k with k algebraically closed, X a variety over k is smooth over k if and only
if X is regular and n-dimensional. (So if irreducible: <= nonsingular).

Proposition 40.5. The following various properties of smooth morphisms hold:

(1) An open immersion is smooth of relative dimension zero.

(2) Base change: if f : X — Y is smooth of relative dimension n, and g : Y’ — Y is any morphism, then
f:X'=X xy Y’ =Y’ is also smooth of relative dimension n.

(3) f:X — Y smooth of relative dimension n and g : ¥ — Z is smooth of relative dimension m means
go f: X — Z is smooth of relative dimension n + m.

(4) If X,Y are smooth over Z of relative dimension n,m respectively, then X Xz Y smooth of relative
dimension n + m.

Theorem 40.6. Let f : X — Y be a morphism of schemes of finite type over k. Then f is smooth of relative
dimension n if and only if the following conditions hold:
(1) f is flat,
(2) for each y € Y, set Xy = X, ®p(y) k(y). Then Xy is required to be equidimensional of dimension n
and regular.

"This is by Lemma I1.8.9 in Hartshorne: if A is a noetherian local integral domain with residue field k and quotient field
K: M is a finitely generated A-module with dimpy M ® 4 £ = dimg M ® 4 K = r if and only if M is free of rank r. This is a
Nakayama lemma proof.



78 MORELAND

Remark 40.7. The latter condition is referred to as ”the fibers of f are geometrically regular of equidimen-
sion n.” Since the fibers are now schemes over an algebraically closed field, you can test for regularity by
looking at local freeness of 2 SR

Y

Thus the inuitive/shorthand notion of smooth morphisms is "flat with geometrically smooth fibers.”

Proposition 40.8. Let f : X — Y be morphism of nonsingular varieties over an algebraically closed field
k. Let n =dim X — dim Y. The following are equivalent:

(i) f is smooth of relative dimension n
(ii) Qx/y is locally free of rank n on X
(iii) for every closed point z € X, the induced map on Zariski tangent spaces Ty : T, — Ty (,) is surjective.

Remark 40.9. The last condition is meant to be an analogue of submersions in differential geometry. You
should think of smooth morphisms as generalizations of submersions (and thus of locally trivial fibrations).

Lemma 40.10 (Generic smoothness on source). Let f : X — Y be a dominant morphism of k varieties over
an algebraically closed field k of char 0. Then there is a nonempty open set U C X such that f: U — Y is
smooth.

Proof. One can show that if K(X)/K(Y) is finitely generated with transcendence degree n, then Qx/y has
rank n at the generic point. Upper semicontinuity of fiber rank (HW 2) implies rank n on an open dense set.
Reducedness means constant rank means locally free of that rank (also HW 2), so €2x/y locally free of rank
n on that open set. One can also show ”generic flatness” so done (intersect two open sets). O

Lemma 40.11. Suppose 7 : X — Y is a finite type morphism to a Noetherian integral scheme, .% coherent
on X. There is an open dense U C Y over which .% is flat.

This uses Grothendieck’s generic freeness lemma: if B a Noetherian integral domain, then every f.g. B
algebra has prop: for any finitely generated A-module M, there exists f such that My is a free By-module.

Now, we would like generic smoothness on the target, as this is pretty useful in proofs. We can get this
from generic smoothness on the source. We’ll need the following lemma.

Proposition 40.12. Let f : X — Y be a morphism of schemes of finite type over an algebraically closed
field k of char 0. For any r, set

X, = {closed points z € X :rank Ty, <r}
then,

dim f(X,) <r
In practice, this lets us bound the (target) set where the tangent map is poorly behaved.

Proof. Let Y’ be any irreducible component of f(X,.) and X’ an irreducible component of X,. that dominates
Y’. We give X', Y’ reduced structures, and consider f’ : X’ — Y’. Then there is a nonempty open subset
U’ C X’ such that f/: U’ — Y" is smooth. Consider z € U’ N X, and consider the diagram of tangent spaces

Tz,U/ D— TI,X

le/’z lewm
T,

y,Y’ ? Ty,Y

The horizontal arrows are injective because U’,Y” are locally closed in X, Y. On the other hand, dim Ty, <r
since z € X, and Ty , is surjective because f’ is smooth. Thus dim 7T}, y» < r and so dimY”’ < r. Then every

component of f(X,) has dimension < r and we are done. U

Corollary 40.13 (Generic smoothness on base). Let f: X — Y be a dominant morphism of varieties over
an algebraically closed field k of characteristic 0. Assume X is nonsingular over k. Then there is a nonempty
open subset V C Y such that f: f~%(V) — V is smooth.

Proof. Y is nonsingular on an open set, so restrict to that set first. So we may assume Y is nonsingular.
Let r = dimY. Let X,_; C X be the subset defined in Proposition Then dim f(X,_1) <r —1, so
removing it from Y and adjusting X accordingly, we may assume that rank 7t > r for every closed point of
X. But since Y is nonsingular of dimension r, this means T is surjective for every closed point of X. Thus
f is smooth by Proposition 40.8 d
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Remark 40.14. Note that if f was not originally dominant, then V' C Y\ f(X) and the morphism will be
empty.

41. APRIL 25: GROUP SCHEMES, HOMOGENEOUS VARIETIES, THEOREMS OF KLEIMAN AND BERTINI

For the next topic, we need the rough notion of a group variety. A group variety G (which we will also
refer to as a group scheme) over an algebraically closed field is a variety G with multiplication and inverse
morphisms

w:GxG—=G,p:G—G
such that the set of closed points of G becomes a group under the operation p, and the inverses are given by
p-

Example 41.1. An example of a group scheme is G,, = Spec k[t,t~!] = A} \ 0. Its inverse is the morphism
in(itllcedt by t — t~1. Note that the preimage of the maximal ideal (t —a) under thisis (t7! —a) = (1 —at) =
. This ;iroup scheme’s multiplication map is induced by
Spec k[t,t~'] — Spec k[s, s !, u,u™"]
t—s-u
Then one can show that the preimage of the maximal ideal (s — a,u — b) is (t — ab).

A group variety G acts on a variety X if there is a morphism 6 : G x X — X which induces a group
homomorphism G(k) — Aut(X) of groups. A homogeneous space is a variety X and group variety G such
that the closed points of G act transitively on the closed points of X.

One of the most important examples is the following.
Example 41.2. Projective space [P} is a homogeneous space for the action of G = PGL;,41.

Example 41.3. A group scheme G acts on itself via left multiplication. Thus a group scheme is a homoge-
neous space (under this left multiplication action).

Remark 41.4. Homogeneous spaces are nonsingular (over k algebraically closed, char 0). It is nonsingular
on an open set, but then the transitive group action means nonsingular everywhere. In particular, group
schemes are nonsingular because they are homogeneous spaces.

Theorem 41.5 (Kleiman). We work over an algebraically closed field k of characteristic 0. Let X be a
homogeneous space with action by a group G. Let f : Y — X,g : Z — X be morphisms of nonsingular
varieties Y, Z to X (one useful example to think about: f, g both closed embeddings). For any o € G(k), let
Y? be Y with the morphism o o f to X. Then there is a nonempty open subset V' C G such that for every
o € V(k) we have
Y° Xx Z
is nonsingular and either empty or of dimension exactly
dimY +dim Z — dim X

Remark 41.6. Let us build intuition with the case of f, g closed embeddings. If Y, Z are closed subschemes,
this fiber product computes the intersection. So, this theorem is saying if you have two closed smooth
subschemes and take generic translates of one, they (as in, Y7 and Z) intersect to something smooth in the
expected dimension (or empty). If Y, Z are closed subschemes of complimentary dimension, this says taking
generic translates of one results in an intersection that is a collection of reduced points. This is very nice for
computations |§|

8With a little tweaking, this theorem lets you compute the effective and nef cones in all dimensions for Grasmmannians
Gr(k,n) over C. You can think of this problem in the following way: consider the singular homology groups Hsq(Gr(k,n)) of the
Grassmannian. Tensor with Q or R. Within this vector space, you can look at the cone spanned by classes that are equivalent
to the class of some algebraic subscheme of Gr(k,n). We call this the cone of effective d-folds. One might ask: what is this
cone?

It turns out it is spanned by Schubert cycles of the appropriate dimension. Take a class equivalent to some subscheme X.
Write it as a sum of Schubert cycles X = > arX+, which we can do because the Schubert cycles give a basis for the homology.
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Proof of Theorem[41.5 Consider the morphism
h:GxY —- X

given by composing f with the group action 6 : G x X — X. That is, you may Y to X and translate it in X
via the action. G is nonsingular because it is a group scheme, and Y is nonsingular by assumption, so G x Y’
is nonsingular. Generic smoothness says there is a nonempty open subset U C X such that

h:h Y U)—=U

is smooth.

G acts on G x Y by left multiplication, and G acts on X by the map 6. These two actions are compatible.
So, for o € G(k), we have h: h=1(U?) — U? is smooth. The U cover X, so h is smooth everywhere.

Now, let’s write down a bunch of maps. Let W = (G x Y') xx Z. We have the following info.

| [g— Z Spec k

h is smooth, so A’ is smooth because base extension preserves smoothness. Z is nonsingular and so smooth
over k. Thus W is smooth over k, as smoothness is preserved under composition. Thus, W is nonsingular.

Let ¢ = p1og : W — G. Generic smoothness yields a nonempty open V C G such that ¢ : ¢71(V) = V
is smooth. Then if o € V(k), the fiber W, will be nonsingular. But note that W, = Y7 xx Z. So we have
shown Y? x x Z is nonsingular as desired. (Note that h is f and then translation, so the fiber is indeed
Y? xx Z and not just Y xx Z).

If the map ¢ : ¢~1(V) — V is not empty, we proceed to compute the fiber dimensions.

First, h is smooth of some relative dimension. Looking at the dimensions of source and target, it is relative
of dimension

dimG +dimY — dim X
And so A/, as it is base-change of h, has the same relative dimension. Thus, we have that
dim W = (dim G 4+ dimY — dim X ) + dim Z

If W is not empty, then again looking at dimension of source and target, g has relative dimension dim W —
dim G. So the fibers W, must have dimension
dim W, =dimW —dimG
= ([dimG+dimY —dim X) + dim Z — dim G
=dimY +dim Z — dim X
O

We can now give a quick proof of Bertini’s theorem (generic hyperplane sections of a nonsingular sub-
scheme of P" are nonsingular). In fact, we get something a little more general.

Recall that for a divisor D on a smooth projective variety over k = k, the complete linear system associated
to D is
|D|={D":D" >0,D" ~ D}
That is, it is the effective divisors linearly equivalent to D. Since we have
(1) D’ effective and D' ~ D <= D’ = Div (s) for some s € I'(X, Z (D)) \ {0}.
(2) Div (s) =Div (') <= there exists A € k* such that s’ = As.

Consider the intersections of X with the dual Schubert cycle ¥*. This computes the coefficient ar. Then ar = X X, = X -0(37)
for generic translates by o € PGLy+1. Kleiman’s theorem says that the last expression is a bunch of reduced points. Thus,
ar > 0. So the effective cone is contained in the cone spanned by Schubert cycles of appropriate dimension, and certainly the
cone spanned by Schubert cycles is contained in the effective cone. So, they must be equal.
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we have that |D| = P(I'(X, Z(D))), where .Z(D) is the line bundle associated to a Weil divisor D. A
linear system L on X is a subset of |D| giving a linear subspace of P(I'(X, Z(D)).

Corollary 41.7 (Bertini’s theorem). Let X be a nonsingular projective variety over an algebraically closed
field k of char 0. Let L be a linear system without base points. Then almost every element of L, considered
as a closed subscheme of X, is nonsingular (may be reducible, though). By almost every, we mean there is
an open dense subset of L corresponding to nonsingular subschemes.

Proof. Let f: X — P™ be the morphism to P" determined by the basepoint-free system L. Note that we get
a bonafide morphism because L is basepoint-free.

Consider P" as a homogeneous space under the action of PGL. Apply the theorem of Kleiman, taking
g : H — P™ being the inclusion of a hyperplane. For generic o € G(k), we get X xpn H° = f~1(H?) is
nonsingular. But the various divisors f~!(H) are just the elements of the linear system, by construction of
f. Thus almost all (i.e. generically) the divisors that are elements of L are nonsingular. O

42. APRIL 28: CURVES! RIEMANN-ROCH!

Now for curves! We’ll work over k algebraically closed. We will need to set some conventions for termi-
nology when we are doing Hartshorne IV material. We’ll use curve to mean an integral scheme of dimension
1, proper over k, all of whose local rings are regular (so it is nonsingular). In this scenario, we have that it is
projective over k. This is from Hartshorne Proposition I1.6.7 (Let X be one-dimensional integral, separated,
nonsingular scheme of finite type over k = k. Then X is projective over k <= it is proper over k).

WEe'll use scheme in the to mean integral scheme of dimension 1 of finite type over k. ”Point” will mean a
closed point, unless we specify ”generic point.”

For curves, the most important invariant is the genus. There are two notions: the geometric genus, which
is dim I'(X,wx ), and the arithmetic genus. In general, the arithmetic genus of a scheme is

Pa(X) = (=)™ (x(0x) = 1)
For a curve, this turns into (1 — x(O¢)).

For curves, it turns out that arithmetic and geometric genus align. To proceed further, we need the
following.

Lemma 42.1. For an integral projective k-scheme, H°(X,Ox) = k, and so dim; H°(X,Ox) = 1.

Proof. Firstly, this is a consequence of Hartshorne Theorem 1.3.4.

Alternatively, note that H°(X,Ox) = I'(X,Ox) corresponds to morphisms to Aj. Take ¢ : X — Al
Then the image f(X) must be closed and proper (Hartshorne Exercise I1.4.4: roughly, the image of a proper
scheme is proper). Thus the image must look like a collection of points. Furthermore, because X is irreducible,
it must be precisely one point. So the global sections on X are constants. O

From this lemma, we get that p,(X) = dim H*(X, Ox).

Proposition 42.2. If X is a curve, then
Pa(X) = py(X) = dimy H'(X, Ox)

Thus, in this case, we refer to both as the genus.

Proof. Utilizing the lemma, we have that
Pa(X) = (1 - x(0x)) =1 —dimy H*(X, Ox) + dimy, H*(X, Ox) = dim H' (X, Ox).
The fact that
py(X) = dimy H°(X,w,) = dimy, H' (X, Ox)
is a consequence of Serre duality. O
Remark 42.3. Perhaps a useful example is to think of a family of smooth elliptic curves degenerating to a

cuspidal cubic. We want to work with projective schemes, but for convenience let’s (temporarily) work in an
affine patch, and consider the family

Spec k[z,y,t]/(y* — x* —t) — Spec k[t]



82 MORELAND

For t # 0, the fiber C; is a smooth cubic curve (one can look at the Jacobian to see this) and so we can
compute the geometric genus via adjunction and see that py(Cy) = 1. However, at ¢ = 0 the geometry is
different: the curve is no longer smooth, and it is birational to P'. We compute the geometric genus by
computing it on a smooth birational model, in this case P!, to see that p,(Cp) = 0.

But the arithmetic genus remains unchanged. We still have that, after homogenizing and viewing these
curves in P2:

0— Op2(—0t) = Opz(—:’)) — O[pa — Oct —0

so x(C%) is constant over the family, and thus p,(Cy) = 1 is constant. This makes sense: arithmetically,
nothing has majorly changed: we are still considering a cubic planar curve.

Recall that a Weil divisor on a curve looks like Y n;P;. The degree is > n,. Given a Weil divisor D we
can associate to it a line bundle £ (D) = Ox (D), and this gives an isomorphism betewen the class group
and the Picard group for nonsingular curves.

A divisor D is effective if D =Y n;P; with all n; > 0. The set of all effective divisors linearly equivalent
to D is the complete linear series |D|. One can show that the elements of |D| correspond to P(H°(X,.Z(D)).

Definition 42.4. Let ¢(D) = dim H°(X,.Z(D)). It is called the length of the divisor D.

Lemma 42.5. Let D be a divisor on a curve X. If ¢(D) # 0, we must have deg D > 0. If /(D) # 0 and
deg D =0, then D ~ 0, i.e. Z(D) = Ox.

Proof. Tt £(D) # 0, then |D| is nonempty and so D is linearly equivalent to an effective divisor. The degree
map is Cl(X) — Z, so constant on equivalence classes. Thus deg(D) > 0.

If deg D = 0, then D is linearly equivalent to an effective divisor of degree zero. The only possibility is
D ~ 0, and so .Z(D) = Ox. U

Definition 42.6. We refer to any Weil divisor whose associated line bundle is isomorphic to wx as a/the
canonical divisor. It is generally denoted by Kx.
Theorem 42.7 (Riemann-Roch). Let D be a divisor on a curve X, and let g denote the genus of X. Then:
{D)—4(Kx—D)=degD+1—g
Proof. We have:
(D) - ¢{(Kx — D) = dim H*(X, Z(D)) — dim H’(wx ® Z(D)")
= dim H°(X, Z(D)) — dim H' (X, Z(D)) (Serre duality)
=x(Z([D))
So we need to show that, for any divisor D, we have x(£ (D)) = degD + 1 — g. We will do this with an
induction argument. Consider D = 0. Then the formula becomes
dim H°(Ox) —dim H'(Ox) =0+1—g
which is true, as H°(Ox) = k and dim H!(Ox) = g by the previous lemma.
Next, we show that the formula is true for a divisor D if and only if it is true for D 4+ P. We get from the
zero divisor to all other divisors by adding/subtracting points, so this will get use the formula for all D.

For a point P in a curve, the ideal sheaf is given by Z(—P) = Ox(—P) and the structure sheaf of the
point is a skyscraper sheaf k(P). We have

0—>%(-P)=0x(—P)—> 0Ox = k(P)—0
Tensor with Z(D 4+ P) = Ox(D + P) to get
0—-2(D)—ZD+P)—kP)—0
Z(D + P) being locally free and rank 1 leaves the last sheaf unchanged. Additivity of Euler characteristic
in short exact sequences means
X(Z (D + P)) =x(Z(D)) +1
On the other side of the Riemann-Roch formula, deg(D + P) = deg D + 1. So adding a point P to D adds

one to both sides of the formula. So, the formula holds for D if and only if it holds for D 4+ P. Thus, we are
done. d
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This theorem has many neat and practical uses, some of which you’ll see on your HW. Some uses include:

Corollary 42.8. Let X be a curve of genus g. Then deg(Kx) = 29 — 2.
Proof. Taking D = Kx in Riemann-Roch, we get

degKx +1—g :é(Kx) —E(KX —Kx)

=U(Kx) —{(Ox)

Which implies deg Kx = 29 — 2. O
Corollary 42.9. We now have the tools to formalize our example from Remark 25.8] That is, we can give
an example of a very ample line bundle that does mot pull back to something very ample under a finite
morphism.

Consider an elliptic curve F with its 2-to-1 map to IE”IC. (On affine charts, this looks like y? = 22 + az + ¢
projecting to the y coordinate). Op1(1) is very ample, but f*(O(1)) = .# is not. We will use .# to refer to
both the line bundle and a divisor corresponding to that bundle interchangeably. We have

U M) —lwp — M) =deg(A) +1 - g(E)

The left side is just ¢(.#) because wg — .# has negative degree. The right side is 2 — 1+ 1 = 2. So .# has
a two-dimensional space of global sections, and at best defines a map to P'. This cannot be an immersion,
as E and P! are curves with different genuses.

Corollary 42.10. A curve X (careful with our definition of curve in this chapter!) is rational if and only if
its genus is zero.

Proof. Curves for us are complete and nonsingular, so X is rational if and only if X = P'. If X = P!, then
certainly p,(P!) = 0.

For the reverse direction, suppose g = 0. Let P,@ be distinct points on X. Set D = P — Q. Then,
deg(Kx — D) = deg(Kx) —deg(D) =29 —2 — 0= —2. Then {(K — D) = 0 because it has negative degree.
Thus:

UD)=UK—-D)+degD+1—g
=0+0+1-0=1.
But D has degree 0, so by Lemma we have D ~ 0. Thus, P ~ Q. That is, there is a rational function
f on X with (f) = P— Q. Then f determines a finite morphism ¢ : X — P!, and ©*(0) = P, so the map is
degree 1. Therefore, X is rational. 0

43. APRIL 30: EMBEDDINGS TO PROJECTIVE SPACE, ALL CURVES CAN BE EMBEDDED IN P3

Time to study embeddings of curves into projective space! We saw some criterion for this before, but now
we’ll go indepth and also talk about how any curve can be embedded into P3.

For various line bundle descriptors such as ample, very ample, etc, we say a divisor has that property
(ample, very ample, etc) if its associated line bundle £ (D) does.

Definition 43.1. A divisor is called special if /(Kx — D) > 0 and nonspecial if ¢(Kx — D) = 0. That is,

being nonspecial means the ”correction term” of Riemann-Roch is zero. For nonspecial divisors, we have
UD)=degD+1—g

If deg D > 2g — 2, then D is automatically nonspecial, as Kx — D has negative degree.

Proposition 43.2. Let D be a divisor on a curve X. Then:

(1) the complete linear system |D| has no base points (and thus defines a morphism to P™) if and only
if for every P € X we have
dim|D — P| =dim|D| -1
(2) D is very ample if and only if for every P,Q € X (P = @ case is counted as a possibility) we have
dim|D — P — Q| = dim |D| — 2
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Proof. Consider the exact sequence of sheaves
0—%(D-P)—Z(D)—k(P)—0
Taking global sections:
0-T(X,4(D-P)=>T(X,Z2(D)) =k
so dim |D — P| is dim |D| or dim |D| — 1. We also have a linear map

¢:|D—P|—|D|
E—E+P

which is injective. The dimensions of these linear systems are equal if and only if ¢ is surjective (we are
thinking of these are finite dimensional spaces, after all). But ¢ is surjective if and only if P is a base point
of |D|, so this yields (a).

Now, onto (b). We may assume |D| has no base points. (Very ample divisors have no base points, and on
the flip side if the dimension equation holds we have that moving from |D| to |D — P| drops the dimension
of the linear space by 1, so it is base point free by (a). Here we use that moving from |D| to |D — P| can
drop the dimension of the space by at most one).

So, we get a morphism X — P" determined by |D|. To see when it is a closed immersion, we use the local
criteria: the morphism needs to separate points and separate tangent vectors.

To separate points, this is equivalent to, for any P # @, we have @ is not a base point of |D — P|. By (a),
this is equivalent to

dim|D — P —-Q =dim|D| -2

Separating tangent vectors is equivalent to: for any P € X, there should be a divisor D’ € |D| such that P
occurs with exactly multiplicity 1 in D’. (We are using that the dimension of tangent spaces of curves are 1,
and that divisors in |D| correspond to divs of global sections, and that to separate tangent vectors we need
a section whose germ is in mp.%p but not m%.%p). But this means P is not a base point of |D — P|, or
equivalently, by (a),

dim |D — 2P| = dim |D| — 2

O
Corollary 43.3. Let D be a divisor on a curve X with genus g.
(1) If deg D > 2g then |D| is base point free
(2) If deg D > 2g + 1 then D is very ample.
Proof. For (a): both D, D — P are nonspecial, so the count from Riemann-Roch yields
dim|D — P| =dim|D| -1
so by (a) of the previous, |D| is base point free.
For (b): D and D — P — @ are nonspecial, so the count from Riemann-Roch yields
dim|D — P — Q| =dim|D| -2
and so by (b) of previous, |D| is very ample. O

Corollary 43.4. A divisor D on a curve X is ample if and only if deg D > 0.

Remark 43.5. Observe that for D a very ample divisor on a curve X whose complete linear series yields
an embedding ¢ : X — P" the degree of p(X) C P" is just degD. Seeing how many points are in the
intersection of the curve and a hyperplane is just computing the degree of the divisor obtained by pulling
back H.

Example 43.6. Consider X an elliptic curve (i.e. the g = 1 case). Any divisor D of degree 3 is very ample
and nonspecial, so £(D) = 3. Thus D defines an embedding into P? as a cubic (degree 3) curve. It is also
quick to see that D is very ample if and only if deg D > 3.
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Similar such counts will give you immediate guarantees for what n a curve of genus g can be embedded
in. But in fact, one can show that a curve can always be embedded into P2. We will do this by first putting
it in P™ (which we can do: these curves are projective and have some very ample divisor) and then carefully
projecting from well-chosen points O to hyperplanes P"~!. Well-chosen in this case means avoiding the secant
variety.

For P,Q € X,P # @, the secant line between them is simply the line (in P") joining P and Q. For
P = @, we take the line to be the tangent line. That is, there is a line L whose tangent space TpL is equal
to TPX - Tp]Pm

Proposition 43.7. Let X be a curve in P* and O € P" with X € O. Let ¢ : X — P"~! be the projection
from O to a hyperplane P"~ C P". ¢ is a closed immersion if and only if both of the following hold

(1) O is not on any secant line of X,
(2) O is not on any tangent line of X

(So really, this is saying O is not contained in the secant variety of X).

Proof. The morphism ¢ corresponds to the linear system (on X) cut out by hyperplane H passing through
O. This system separates points if and only if there is an H containing O, P but not ), which is fine so long
as O ¢ PQ. This system separates tangent vectors if and only if there is an H containing O, P and meeting
X at P with precisely multiplicity 1, which is doable so long as O is not on the tangent line. (]

Corollary 43.8. If X is a curve in P with n > 4, then we can find a point O satisfying the conditions of
the previous proposition.

Proof. This can be seen through the secant variety having dimension 3. (One can do this with an incidence
correspondence. Roughly, there is one dimension of choice for the first point, one dimension of choice for the
second, and then a dimension contributed by the line between them). O

Corollary 43.9. Any curve can be embedded in P3.

One can hope: what happens if you continue this projection down to P?? You can check that you have an
O suitably nice enough (lies on finitely many secants, not on tangent lines, multisecants (line meeting > 2),
secant joining two points with same tangent line). Projecting from that point gives a birational morphism
from X to a curve in P? with at worst nodes as singularities. Here nodes are things that roughly ”look like
k[z,y]/(xy). In a more formal sense, this is saying 5X7p is isomorphic to k[[z, y]]/(zy).

44, MAY 02: RIEMANN-HURWITZ

You may be familiar with Riemann-Hurwitz in the topological/Riemann surface context. We do its
algebraic counterpart here. Again, Riemann-Hurwitz for us will be a relationship between genuses of curves
when one covers another, factoring in ramification. Here the analogue of a covering map is a finite morphism
f. We study how the canonical divisor changes across this map.

For any point P, we can define the ramification index to see where this map has degenerate behavior.
Note that f is necessarily flat, so its fiber length stays unchanged even if the size of the support varies. It is
flat by Criterion 2: it is a map f: X — Y with Y integral, regular, dim 1, and X dominates the base.

Definition 44.1 (Ramification index). Let f : X — Y be a finite morphism of curves. Let P be a point of
X. Let @ = f(P) and t € Og be a local parameter/uniformizer. The stalks at closed points are integrally
closed, Noetherian, local, and have Krull dimension one, so they are DVRs.

View t in Op via the map

fﬁ : OQ — f*OP — OP

and define ep = vp(t), where vp is the valuation in Op. ep is called the ramification index of P. If e, > 1,
we say f is ramified at P, and if ep = 1 we say f is unramified at P.

If char k = 0, or char k = 0 and p 1t ep, then the ramfication is tame. If p | ep, we say it is wild.

Now, recall that we had a morphism f*: Div Y — Div X given by

Q=3 epr P

P—Q
This pullback morphism is compatible with the one on line bundles, so that f*(£ (D)) = Z(f*D).
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Example 44.2. Let’s look at a simple example. Consider the curve Proj k[x,v, 2]/(yz — x?) — Proj kly, 2]

given by
o ly/z,1] z#0
o ]%{[172/1/] y#0

On the affine chart z # 0 this looks like Spec k[z,y]/(y—x2) — Spec k[y] given by projection onto the y factor
The fiber over (y) is a length 2 scheme supported at the origin in the plane. We get that the uniformizer
y in k[y]y) pulls back to y € (k[z,y]/(y — *)) (2 = (k[z,y]/(y — 2?))(s), where it has valuation two. So
the map is ramified at the origin with ramification index two. Llkewise, one can check that it is ramified at
infinity also with ramification index two. (Note that the ramification index could be at most two).

Definition 44.3. The morphism f: X — Y is separable if K(X) is a separable field extension of K(Y).
Note that this conditions is automatically fulfilled in characteristic 0.

Proposition 44.4. Let f: X — Y be a finite separable morphism of curves. There is an exact sequence of
sheaves on X:
0— f"Qy = Qx = Qx/y =0

Proof. This is the relative cotangent sequence from Proposition [29.5
(0 =) 7*Qy = Qx — Qx/;y =0

with the zero filled in. One can motivate from differential geometry by looking at the dualized version
0—Tx;y = Tx — ™ (Ty) — 0

where X 5 Y and the tangent space Tx splits into vectors parallel and perpendicular to the fiber.

The main thing is we need f*Qy — Qx to be injective. Both are invertible sheaves on X, so it’s
enough to show that the map is nonzero at the generic point. But this is Qg (x)/x(y) which is zero for
separable extensions. So f*Qy — Qx is surjective at the generic point. See Hartshorne Proposition 1V.2.1
for details. 0

This proposition says that the relative canonical {2x,y measures the difference of the two divisors {2x, Qy.
For P € X, set Q = f(P). Let t be the local parameter at @, and u the local parameter at P. dt generates
the (free) module Qy,o and du generates the (free) module Qx p. Then there is some g € Op such that
f*dt = g - du. We use dt/du to denote this g.

Proposition 44.5. Let f: X — Y be a finite, separable morphism of curves.

(a) Qx/y is a torsion sheaf (that is, its abelian groups are all torsion) with support equal to the set of
ramification points of f. Consequently, f is ramified at only finitely many points.

(b) For each P € X, the stalk Qx,y)p is a principal Op module (i.e. a direct summand term of the full
thing) of finite length equal to vp(dt/du).

(c) If f if tamely ramified at P, then

length (Qx,y)p =ep — 1
and if f is wildly ramified at P, the length is > ep — 1.

Proof.

a) f*Qy and Qx are both line bundles on X, so 2x,y has to be torsion. But (2x,y)p = 0 if and only if
/ /
f*dt is a generator for Qx p. This happens if and only if ¢ is a local parameter/uniformizer for Op, i.e.
f is unramified at P.
(b) The sequence yields that (Qx,y)p = Qx p/f*Qy,q = Op/(dt/du).
(c) By definition of ramification index ep, we can write ¢ = au®” with a € OF. Then the Leibniz rule yields

dt = aepu® 'du + u"da

If that ramification is tame, the first term is nonzero, and so vp(dt/du) will be ep — 1. If the ramification
is wild, the first term zeroes out and the valuation is at least ep.

O
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Definition 44.6. Let f: X — Y be a finite, separable morphism of curves. The ramification divisor of
fis
R= Z length(Qx/y)p - P
PeX
By the prior result, only finitely many of the terms are nonzero, so this sum makes sense.

Definition 44.7. Let f: X — Y be a finite, separable morphism of curves. Then:
Kx ~ f*Ky + R

Proof. By construction, the divisor R is effective and has structure sheaf Or = Q x/y. Tensoring the relative
cotangent sequence with the invertible sheaf Q;(l we get

0— Uy @03 - O0x - O0r =0

The rightmost term remains unchanged because sheaves with finite support are not affected by tensoring by
line bundles (locally you are just tensoring with Ox p at a few finite places). Looking at this sequence, we
have f*Qy ® Q%" is isomorphic to the ideal sheaf of R. But this is Z(—R) = Ox(—R). Rearranging the
data of this isomorphism yields
Qx = f*Qy ® Ox(R)
and then taking divisors yields
Kx ~f*Ky +R
O

Corollary 44.8 (Riemann-Hurwitz). Let f : X — Y be a finite separable morphism of curves. Let n = deg f.
Then
29(X) —2=n(29(Y) —2) +deg R
where g(C) denotes the genus of a curve C. If f is only tamely ramified, then this yields the more commonly-
cited:
2g(X) —2=n(29(Y)=2)+ Y (ep — 1)
PeX

Proof. Take degrees on either side of Kx ~ f*Ky + R, using that the degree of the canonical is 2g — 2. [
Corollary 44.9. If f : X — Y is separable, the degree of the ramification divisor is even.
Corollary 44.10. If f : X — Y is any finite morphism of curves, then g(X) > g(Y).

Proof. Use that the field extension K (X)/K(Y) can be split into a separable part and a purely inseparable
part. Riemann-Hurwitz gives the inequality for separable morphisms, and purely inseperable ones do not
change the genus. See Hartshorne Proposition IV.2.5 and example 1V.2.5.4 and the surrounding exposition
for more details. O

! example, what we get is

Example 44.11. Returning to our C' = Spec k[z,y]/(y — 2?) — Spec k[y] =P
29(C) —2=2(0) —2 = —2
22g(P1) —2)+ ) (ep—1) =2 (2(g(P")) —2) + (e0 — 1) + (oo — 1) = 4+ 1+ 1= —2
and both sides align as they should.

Example 44.12. One way elliptic curves are described as double covers of P! branched over four points.
Note that this yields a genus count of

29(E) —2=2-(2(0)—=2)+1+1+1+1=0

which aligns with g(E) = 1 as it should. (If the ellipiic curve is written as y?> = 2® 4 ax + b, then the branch
points are seen at the roots of the cubic, along with the point at infinity).
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