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1 Projective space and morphisms

1.1 Divisors

"W Lecture 1 - 09.09.2013

Question: What are the transformations from one projective space into another projective space?

Begin with transformations from one-dimensional projective space into itself.

P! — P!': Mé&bius transformation
Trivial morphism

Definition 1.1.1. Let V, W be algebraic varieties. A morphism V' — W is a function defined everywhere
locally by rational functions. A morphism may also be viewed as a polynomial map.

Definition 1.1.2. An algebraic variety V over an n-dimensional field F' is the set of points satisfying
fi(z1,...,2,) = 0 for F-valued polynomials f;,i € I.

Definition 1.1.3. A Mdbius transformation is a morphism P! — P! of degree 1, that is, given by an
invertible 2 x 2 matrix. It may be presented as:

az+b

e d ad—bc#0 or [az+b:cz+d], ad—bc#0

Example 1.1.4. This is a morphism P! — P? that parametrizes a circle:

[:y] s [2% 2y e V(Y2 =X2)
Combining this morphism with a projection from [0 : 1 : 0] gives a new morphism P* — P! : [z : y] > [22 : 3?]
that still parametrizes a circle.

What are some other morphisms form P! to itself? From the above example we have the following:

Here deg(po) = deg(y1) and both are homogeneous polynomials and have no common factors. Generalizing
to morphisms P — P we simply need an (m + 1)-tuple of homogeneous polynomials of the same degree
d that do not have any common zeros in P":

[T1: -t @p] = [po ot om]

Definition 1.1.5. A homogeneous polynomial is a polynomial with every term having the same degree
combining degrees from different variables. For example, ¢ + 223y3 — 5zy® + 3% is a homogeneous
polynomial of degree 6.

Proposition 1.1.6. The set of homogeneous polynomials of degree d in (n+1) variables in finite dimensions
d+n)

has size ( M
Proof: The space of homogeneous polynomials in d + 1 variables has a basis given by monomials. To each
degree, from 1 to d, assign an object of type a. Amongst the objects of type a, place n objects of type
b, that each represent a break between groups of objects a. Arranging all the objects in line, we have an
analogy - by assigning to the first variable the degree that corresponds to the number of objects a in the




first group (before the first object b), and to the kth variable the degree that corresponds to the number of
objects a in the kth group (between the (k — 1)th and kth objects b), we have created a way of designating
all possible homogeneous monomials of degree d in n + 1 variables. Hence the desired amount is equivalent

to the number of ways of choosing n items from a list of d + n items, or (d:"). |
Definition 1.1.7. Let my,..., my be the set of monomials of degree d in xg,...,z,. The corresponding
morphism vZ : [xg : -+ : @y) — [mg : -+ : my] is termed the dth Veronese embedding or d-uple embedding.

Note that N = (”:d) — 2, so the projective space of the range has size ("Zd).

Remark 1.1.8. In general, given some moprhism ¢ : P — P with ¢ : [xg : -+« : Zp] = [0 1 -+ O]
(where deg(p;) = d), the map ¢ may be presented as ¢ = L o v, where L is the linear map induced by the
coeflicients of ;.

Moreover, a linear map is a composition of a projection away form a linear subspace and a linear embedding
of a projective space in another space.

"W Lecture 2 - 11.09.2013

Definition 1.1.9. A local ring is a ring with a single maximal ideal.

Definition 1.1.10. A discrete valuation ring (or DVR) is a principal ideal domain (i.e. an integral
domain such that for every ideal J that it contains, it also contains some a such that J = (a)) with
only one non-zero maximal ideal.

Definition 1.1.11. Given a DVR, a uniformizer of the DVR is any irreducible element in it. A
uniformizer will be a generator of the only maximal ideal.

Definition 1.1.12. A degree d morphism from P" into any projective space can be obtained by choosing a
subset of the space spanned by monomials of degree d in n + 1 variables.

Example 1.1.13. Let X be the zero set of y?z = 22 — 222 in P2. Consider a map ¢ : X — P! given by
o(x:y:z)=[x:z]. The map ¢ is not defined at (0 : 1 : 0), even though X is. So we need another map
that agrees with ¢ everywhere else, but is defined at (0: 1:0). Note that

2

vz =2® —x2® = x(a® - ) = . —

T
T2 — 22 z

Hence ¢/(z :y: 2) = [y? : @ — 2?] is a map that agrees with ¢ everywhere, and is defined at (0 : 1:0). This

shows that sometimes a single polynomial may not describe a curve completely, whereas more than one will.

Definition 1.1.14. An algebraic vairety, or simply wvariety, is the solution set of a system of real- or
complex-valued polynomial equations.

Definition 1.1.15. Suppose that ¢ : X — P™ is a morphism, given by ¢ = [pg : --- : @] for rational
functions ;. The linear system associated to ¢ is defined as follows:

- Choose any irreducible subvariety Y C X of codimension 1 (i.e. dim(Y) = dim(X) — 1)

- Choose a representation [pg : - - : ¢, of rational functions for ¢ that is defined on a nonempty Zariski
open subset of Y
- For any linear form L(zg,...,Z,), define

Ny, = ordy L(¢o, ..., Pm)

Dy = Z ny.1y C Div(X), Div(X)= EB 7Y
yey codim(Y)=1

Then the linear system associated to ¢ is {Dr} L.



Definition 1.1.16. Given a space Y, a divisor of Y is a formal sum Zer nyy such that n, € Z and
all but finitely many of the n, are zero. Moreover, codim(y) =1 in Y. The group of divisors is denoted
Div(Y). A divisor associated to a linear form L is denoted by Dy.

Definition 1.1.17. Note that divisors of rational functions form a subgroup of Div(X). Hence we may
define the quotient group Pic(X) = Div(X)/(rat. func. divs) of divisor classes.

Remark 1.1.18. Note several things about divisors. First:
e Ly
DLl — DL2 = Div (I/Q) = yze;ofdy <IJ2) Yy

Next, if Dy and D are divisors of the same morphism, then Dy — D5 is a divisor of a rational function. This
relationship is written D; ~ Ds, and said that “D; is linearly equivalent to Dy”.

Example 1.1.19. Consider the map P! — P2? that takes everything to the z-axis. Then the values Dy,
associated to this map will be linear combinations of points on P'. Similarly, a map that takes everything
to the circle will have a linear system composed of pairs of points on the circle.

linear system = {points in P!} linear system = {P + Q : P,Q € P!}

"W Lecture 3 - 13.09.2013

Recall the previous lecture. If we have a morphism ¢ : X — P™, then the linear system associated to ¢ is a
collection of inverse images of linear slices of ¢(X). Moreover, it is a collection of divisors. If X = P™, then
the linear systems are always subsets of “zero sets of polynomials of degree d” for some d (they are also all
effective in this case).

Example 1.1.20. The linear system associated to ¢(x : y) = [2? : %] does not contain all of the subsets of
degree 2, only some. The correct way to understand this morphism is that it is a small modification of the
Veronese embedding of degree 2.

The question then arises, are there vector spaces that will work like this for arbitrary X7
Definition 1.1.21. A divisor > nyY is effective iff ny > 0 for all Y.

Definition 1.1.22. Let D be a divisor on a smooth variety X. Then another way to describe the linear
system of D is as
L(D)={fe€k(X)" : Div(f) + D is effective} U {0}.

The set k(X)* contains all the non-zero rational functions on X.

Example 1.1.23. Let X = P! and D = P, a single point [0 : 1] € P!. Then the linear system is

L(D)={f € k(X)* : f has at most one pole, necessarily at P, of order < 1}

:{at:b : a,bek}




Note that if D is a divisor in a linear system attached to a morphism ¢, then that linear system is
contained in {D + Div(f) : f e L(D)—{0}}.

3

Example 1.1.24. Find a morphism from X = V(y%2 — 2% — 22?2) to projective space whose linear systom

contaions 2[0: 0 : 1].

First note that this will be a map to P!. We are now looking for any rational function whose divisor plus
2[0: 0 : 1] is effective.

Y« Lecture 4 - 16.09.2013

We continue with the problem from the previous class. Let the curve C' be defined by y2?z = 23 + 222, and
consider the map

P c — P!
2 2. .
[:y:z] — [ 5]

However, this map doesn’t work at [0 : 1 : 0], so we use @1 : [z :y: 2] — [y* : (2% + 2%)?]. Now let z = 0,
and away from [0 : 1: 0], z = 0 corresponds to 22 = 0. This means that the affine piece at z = 1 looks like

C

So the divisor associated to x = 0is 4[0: 0: 1]. And so {[z : 2] or [y? : 2 + 22|} gives 2[0: 0 : 1] as desired.
It is natural now to ask why x vanishes twice at the origin. There is a theorem that answers this:

Theorem 1.1.25. Let C' be a curve in P” that is smooth at p, and L any linear form in zy,...,z, such
that L(p) = 0. If the zero set of L does not contain the tangent line to C at p, then for any linear form L’
that does not vanish at p, L/L’ restricted to C' is a uniformizer at p.

So let us find a uniformizer for our question. Note that anything that does not contain the tangent line
will be a uniformizer. We see that y/z is a uniformizer at p =[0:0: 1], and so

order of vanishin
x [ 22 (y)2 - ¢
/‘) z  \x2+4+22) \z ‘\
non-vanishing at p I uniformizer at p

unit in the local ring at p

We note that
. X
dw(;) =920:0:1]+[0:1:0]—3[0:1:0]=2(0:0:1]—2[0:1:0]
. X
d1v(;)+2[0.0.1]—2[0.1.0]
which is effective.

Remark 1.1.26. A curve of degree 2 is always isomorphic to P'. Simply pick a point on the curve and
project away from it.



Now consider L(D), which contains {1, 2}. This is a basis of L(D). So say fi = 1, fa = z/x, f3 € L(D).
Write ¢ = [1: 2 : f3].

What is the degree of the image of ¢? We claim that it is either 1 or 2. If it were bigger, Bezout’s theorem
would say that it has more points. If ¢ is injective, then 2 points. If not injective, then less, so 1 point. In
this case, we note that deg(p) # 2, as ¢ is not injective, because degree 3 curves are isomorphic to P!, and
C # P'. Finally, if deg(¢) = 1,then Im(y) is contained in a line, so f3 € span{l, Z}.

Theorem 1.1.27. [BEZOUT]
Let k be a feld with P, @ € k[z,y] non-zero with no common factors. Then the algebraic curves

{(x,y) + P(z,y) =0} and {(z,y) : Qz,y) =0}

have no common components, and intersect in at most deg(P) deg(Q) points.

Remark 1.1.28. What is the diference between the “degree of a map” and the “degree of a curve”?

- The degree of a dominant rational map F': X — Y is the degree of the extension of the function field:
deg(F) = [k(X) : F"k(Y)]

- The degree of a curve C C P™ is the maximum number, with appropriate multiplicity, of the degrees of
the points of the curve that intersect any one line.

"I Lecture b - 18.09.2013

Recall our curve C' C P2, defined by 3%z = 2% + 222, and that we were looking for a morphism ¢ : C — P™
for some m such that the divisor 2[0 : 0 : 1] would be associated to ¢. We begin with the map

[x: 2] if[z:y:2]#1[0:1:0]
[y?: 22 4+ 2% else

¢<x:y:z>={

On the destination space, take a linear form. For m = 1, take a linear form in [X : Y]. Taking z = 0
corresponds to the first coordinate of the representation being zero. And z = 0 corresponds to

x=0 if [z:y:2]#[0:1:0]
y?=0 if [x:y:2]=[0:1:0]

Now we have to deduce the order of vanishing of z = 0. Well, it vanishes at [0: 0 : 1] = p, so we should find
the multiplicity of x =0 at [0: 0 : 1], so consider

v Y2 B Y2 52 B 52 y?
2 a422 22422\ 22) 22422 22

To get the second equality we multiplied by the expression because it was the simplest that would change the

main expression in any meaningful way. Further, the right-most factor in the last expression is a uniformzier,

and the left-most term in that same expression is a unit because it doesn’t vanish at p. Hence the divisor
corresponding to z = 01is 2[0: 0 : 1].

The linear system corresponding to ¢ is the collection of these divisors corresponding to the collection of
linear forms in {z,y}, or

L(D)={f€k(C) : D+div(f) is effective}.
Given an L(D), one may construct a rational map to projective space P™ by choosing m + 1 elements
fo:fr:--: fm € L(D) and writing ¢(p) = [fo(p), 1(P),- .., fm(p)]. However, deciding whether or not
@ : X — P™ is a morphism is hard in general.

If ¢ is a morphism, then if span{f;} = L(D), then {D+div(f) : f € L(D) — {0}} is the linear system
associated to ¢.



Example 1.1.29. Consider [1: .- : E2] As Dtdiv(E:) is effective for all i, the zeros of g; are cancelled
by the zeros of D =Y nyY. Clearing the denominators gives a simpler expression.

We would like a single “thing” that will correspond to L(D) and any of its associated morphisms.

Y« Lecture 6 - 20.09.2013

Recall from the last lecture that for a map K — P™, we associated a linear system
L(D)=A{fek(X)" : D+div(f) 20} uU{0}
Now let U C X be a non-empty open subset. Define
LID)U) ={f Ck(X)" : (D +div(f))[, =0} U{0}

Note that D > 0 for divisors iff D =} nyY for ny > 0, and D|;; = >y 49 nyY, and L(D)(D) = 0. Notice
that there are “restriction maps” resy_v : L(D)(U) — L(D)(V) for any V C U given by resy_v f = f| .
This leads us into the next topic.

1.2 Sheaves and presheaves

Definition 1.2.1. Let X be a topological space. A sheaf F of things on X is a thing F(U) for every open
subset U C X together with morphisms resy_,y : F(U) — F(V) for every V C U, satisfying:

1. F(0)=0

2. resy_y =id

3. resy_yv oresywy Ly = resw_v

4. if U =, U; and resy—p, (f) = 0 for all 4, then f =0

5. if U = |J;U; and the f; € F(U;) satisfy resy, su,av; (fi) = resu, suv,av, (f;) for all 4,7, then there
exists f € F(U) satisfying f; = resy_y, for all 7.
The elements of F(U) are termed sections. If the thing F(U) satisfies the first three axioms, then it is
termed a presheaf.

Example 1.2.2.
- The object L(D) as we have defined it above is a sheaf
- The set of functions on a topological space that satisfy any local property is a sheaf

Definition 1.2.3. Let F C k[z1,...,2,] and V(F) denote the set of common zeros of the elements
of F in affine n-space. Then a subset X of affine n-space that has the form V(F) for some F is
termed Zariski closed in the space. Such sets define a topology on the affine n-space, termed the Zariski

topology.
Put another way, a closed set in the Zariski topology, for A" affine n-space, is
{reA™ : f(x)=0V feS}

for S any set of polynomials in n variables over the base field k.

Definition 1.2.4. Let X > p be a topological space. Then the skyscraper sheaf at p is defined by

F(U) = C ifpeU
o ifpgU

The maps resy_,y are 0 or id as appropriate.



Example 1.2.5. Let X = P! with homogeneous coordinates [z : y] and U # (. Let F(U) = { fr(az +by) :
a,b €k, fu € O(U)}, where O(U) is the ring of regular (defined everywhere) functions on U. The restriction
maps are defined by

vesu v [fulaz + by)] = (fuly)(az + by)
Then O(1) is termed Serre’s twisting sheaf, which is a sheaf of O-modules.
Example 1.2.6. The objects O(U) = {regular functions on U} is a sheaf of rings on X. For W C V C U,
we have that O(V) is bigger than O(U), and O(W) is bigger than O(V'). Further, the object O,(X) is the

set of functions that are regular at p, the local ring at p. It also may be viewed as the union of all O(U)
over all U containing p.

In general, we have a poset of open sets containing p € X, by

v
N)
Uz OVI’WVV
w

with each corresponding poset using resy_,yy. We would like for F, = UUap F(U), but that is impossible,
so we settle for

F = lim [F(U)
U>p

Here we have used the direct limit to define F,, the stalk of F at p.

"I Lecture 7 - 23.09.2013

Definition 1.2.7. Let {M;} be a directed system (a collection of groups with maps between them) of
Abelian groups. That is, there are maps M;; : M; — M; for some 7, j such that for all 4, j there exists some
k such that m;, and m;; both exist.

For example, we may have M; = F(U;) for some sheaf F, with M = @ M;. Let R be the submodule of M
generated by all elements of the form

(...,0,2,0,...,0,—m;;(x),0,...)

/ \

M; factor M; factor

Then define the direct limit of M to be h_n)l[Mz] = M/R. This essentially tries to mimic a union of things.

Example 1.2.8. With the structure above, consider R defined as

R= Span{(...,O,fU,O,...,O,fresU_,v(fU),O,...)}

/ \

F(U) F(V)

Then we may express J), as
Fp = lim [F(U)].
UsP

Definition 1.2.9. Lot F,G be sheaves of abelian groups on a topological space X. A morphism of sheaves
1 F — G is a collection of homomorphisms

{fU : F(U) = G(U) - resgf—)VOfU:fVOresgevv}



or equivalently, maps fy for all U C X and V' C U such that the diagram below commutes:

vy 1 g

F g
resy Ly resy v

FV) T g(v)

Note that once we have a morphism of sheaves, we may turn it into a morphism of stalks.

A natural question to ask next is what is fp : Fp — Gp? So let s € Fp. Then fp(s) = fu(5), where
5 € F(U) represents the corresponding equivalence class in Gp. This observation leads us to the next
theorem.

Theorem 1.2.10. Let ¥ : F — G be a morphism of sheaves of an abelian group. Then %) is an isomorphism
if and only if ¢ p is an isomorphism for all P.

Proof: The forward direction is immediate. The reverse direction requires some work. We begin b noting
that we wish to prove that [, : F(U) — G(U) is an isomorphism.

For injectivity, we consider f € ker(¢|;), for which we would like to show f = 0. Then ¢(f) =0 in Gp for
all P e U. So fp =0 for all P € U, as ¢p is an isomorphism (that is, fp is the equivalence class of f in
|mEp). So for all P, there exists a Vp such that f|y, = 0. By the zero axiom, f = 0 on U.

For surjectivity, choose g € G(U), for which we would like to find f € F(U) such that |, (f) = g. For all
P, we can find fp € Fp such that ¥p(fp) = gp for all P. For all P, choose Vp such that fp is represented
by fv, in F(Vp). Note that vy, (fv,) = gp, 50 Pvp (fvp) and Py (fvs) agree on some small neighborhood
of P. So we may glue the fy, together to make f as desired. |

"I Lecture 8 - 25.09.2013

We now explore the standard way to take a presheaf and make it into a sheaf, a process called sheafification.

Theorem 1.2.11. Let F be a presheaf. There is a sheaf ' and a morphism 6 : 7 — F* such that every
morphism F — G for G a sheaf factors through 6. That is, there exists some unique f making the diagram
below commute.

Proof: This theorem follows by considering the action on the stalks. Note that

n _ ) ~ f(P) € Fp and for all P, there is some open V' > P and
FrU) = {f U= P|€|V}—P " te F(V) such that f =t as functions from V to | |pc, Fr [

Then 0 is defined as
6: FU) — FH{U)
[ = {P=fpecFp}’



It is now trivial to see that Ft is a sheaf. Now say that f : F — G is a morphism of sheaves. Define
[ FT(U) — G(U) by noting that there is some open cover {U;} of U such that t|,, € F(U;) for all 4, so
f(t[y,) is well-defined. And

f(t|Ui)|UmUj = f(ﬂUmUj) = f(t|Uj>|Uir‘|Uja

so we can glue {f(t|;;)} to f(t). This is well-defined and satisfies f = f o 6, as desired. [ |

Theorem 1.2.12. For sheaves F,G and f : F — G a morphism that is an isomorphism on stalks, the map
f is an isomorphism of sheaves.

"4 Lecture 9 - 27.09.2013

What is the corresponding sheaf on an atlas of a manifold? This sheaf contains continuous differentiable
maps from the manifold to the disk in R™ that are everywhere locally a homeomorphism.
For example, if the manifold is X = S?, then F(X) is empty. However, if X = S?\ {pt}, then F(X) = X.
In general, if X is not homeomorphic to a disk, then we can always find in F(X) the covering map. In fact,
this will note be a diffeomorphism from X to the disk.
Definition 1.2.13. Let f : F — G be a morphism of sheaves. Define the kernel presheaf K of f by
K(U) = ker(f|;;) € F(U). Note that K is a sheaf.
Define the image presheaf J by J(U) = Im(f|,;) C G(U). This is not a sheaf, however, as the gluing axiom
fails.
Example 1.2.14. Consider the following spaces and maps:
X = R?\{0} .
F = {f:X >R} CC®(X) v ]; N
g = {(f,9) + fy=9:}

G
(for fy)

Since X is not simply connected, ¢ is not globally surjective. For example, (zz%yz, %-Hﬁ) is not globally the

image of anything in F, although it is in G(X) and everywhere locally in im(p). Hence the image presheaf
is not a sheaf.

So we define the image sheaf to be the sheafification of the image presheatf:

The map j is injective because i is injective and 6 is an isomorphism of stalks. So J* may be naturally
considered as a subsheaf of G.

Remark 1.2.15. Given a morphism of sheaves ¢ : F — G, we say that ¢ is surjective if and only if
im(vp) = G. Note this is not equivalent to saying “p|, is onto for all U”. It is equivalent to “yp|, is
surjective for small enough U”. It is also equivalent to “pp is surjective for all P € X”.

Definition 1.2.16. Let F be a sheaf of abelian groups, and G C F a subsheaf. Define (F/G)(U) = F(U) =
G(U). This is a presheaf but is not a sheaf, as it may be represented in terms of the image presheaf. So we
define the quotient sheaf to be the sheafification of F/G.

10



1.3 Modules
"I Lecture 10 - 30.09.2013

A homogeneous coordinate ring is like an affine variety ring, but less useful. We may define it as follows:

Definition 1.3.1. Let X = V(f1,...,fn) C P™. For fi,..., f, homogeneous, define the homogeneous
coordinate ring of X — P by

S:k[xo,...7xm]/(f17~--afn)

The ring does not contain functions on X, but the elements do have well-defined zero sets on X. So S is a
graded ring, with S = @™ _ S;, where the S; are subgroups of the additive groups of S with S; N S; = {0}
if i # j, and S;5; C Si4+;. So in this construction, S; = {0} for ¢ < 0.

The idea of a module over a ring generalizes the idea of a vector space over a field.

Definition 1.3.2. Let R be a ring. A left R-module consists of an abelian group (M,+) and an
operation - : R x M — M with --identity 1 € R such that for all r,s € R and z,y € M,

1. rlx+y)=rx+ry
2. (r+s)x=rx+sc
. (rs)z =r(sz)

4. lpx =2

w

A right R-module is defined the same way, except the associated operation is M x R — R, and the
axioms are expressed accordingly.

Definition 1.3.3. A graded S-module is an S-module M with M =--- & M_1 H My® M; P --- for additive
subgroups M; such that M; N M; = {0} for i # j, and M;M; C M;,,.

Example 1.3.4. Let S[1] = M be given by M = S, but M; = S;41. S[n] is defined similarly for any n € Z,
and is called the Serre twist, or just twist.

Example 1.3.5. Another example of a graded S-module is the free graded S-module M generated by %
, symbolizing absolutely anything. Then:

S = E[xo, ..., Tm]
Moy = {0}
My = (3)k
My = k-span of zo(3§), ..., zm ()
= $(linear polynomials)
How would a sheaf be made of this? The sheaf will be termed M, and will be defined by

M(U) = {7;} . deg(m) = deg(f), f € S;m € M, f(p) 20V p € U}

The restriction maps in this sheaf are inclusion maps. Note that M is actually a presheaf, but sheafification
will give a sheaf.

Example 1.3.6. ~
~If M =S, then M = Ox.
-If M = S[1], then M = O(1), with

Mp = free rank-1 module over the local ring O,

= {‘5 N homogeneous}

11



In fact, there is always an open cover {Up} of X such that for all i, M(U;) is a free rank-1 O(U)-module.
Then M is called locally free of rank 1, or an invertible sheaf. In general, an invertible sheaf is exactly a free
module over the local ring of rank 1. In this case, we would like to relate O(1) with £(D) and with O(1) on
P™. As the definition of O(1) is the same as that of £(D), things are slightly easier.

M« Lecture 11 - 2.10.2013

Remark 1.3.7. Consider the following situation:

O(1) on P
S =klx1,...,Tn]
M = S[1]

What is [O(1)](P"

~—

? One way to describe it is by

[Om)P") = {7}1 : deg(m) = deg(f), m € M, m, f homogeneous, f € O(P"), f(p) #0V p € IE””}
= {? : deg(m)=0,f € k}
= MO
= {linear functions}
Suppose that % = %, for which we assume m,, f; € k[z1,...,z,] and are homogeneous. Since S is a UFD,

we get that ged(my, f1) = 1 implies mq|ms, so my; = cmgy for some ¢ € k. Therefore f; = ¢ fo for some
c ek.

Remark 1.3.8. Suppose that ¢ : X — P" is a morphism. How can we use ¢ to construct a sheaf on X out
of O(1) on P"?

Let us call the putative new sheaf F. For U C X open, what is F(U)? Well, we would like F to be a locally
free sheaf of Ox-modules of rank one. So say that f € [O(1)](V) for some space V. Then we plug in the
coordinates of ¢ into f to get a new rational function, which we put in F(U). The space V is defined by the
necessity that V' contains ¢(U). Essentially, we would like

fe lim [[OQ))(V)]

VDoe(U)
So we define F(U) = f € @VQQ@(U) [[OM)(V)] = ¢ 1(O(1)).

Example 1.3.9. Let X = P!, and ¢ : X — P! be defined by ¢(z,y) = [2% : y?]. The associated divisor
class is [2[0 : 1]] = {divisors of degree 2}. And F(P!) = span{z,y} = span{z?, y?}.

Further, we may let U = P\ {[1:0],[0: 1]}, with
m m z\" x
[O)|(U) = { 2o (as above)} = { : deg(m) =deg(f), f = <) } =—-0p(U)
f f y y
Then F(U) = i—; - (functions in Op:1(U)), which is not an Ox (U)-module.
Remark 1.3.10. In general, given a morphism f : X — Y and a sheaf F on Y, define
SR =t [FO)]

VOf(U)
and sheafify to get the desired sheaf. That is, make Ox into a sheaf of fOy-modules, and let f*F =
fLrFp 10y Ox. This takes the approach above by taking the Ox-modules everywhere locally.

From the example above, we would have [¢*O(1)](P!) = span{z?, y?, 2y}, where the xy comes from multi-
plying z2 by % on z # 0, and multiplying y? by y% on y # 0.
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M« Lecture 12 - 4.10.2013

Given a divisor (or a sheaf), we want to make a sheaf (or divisor). We want to do this because divisors make
a group, and invertible sheaves make a group as well.

Definition 1.3.11. A Weil divisor is an integer linear combination of subvarieties of codimension 1.

A Cartier divisor is an equivalence class of
{(fi,Ui) + U; C X open, UUi = X, f; rational, f;/f; € O*(U;NU;)}
where
{(fi, Ui} ~{(g;,Vj)} iff fi/g; € 0" onU;NV; Vi, j
The last statement says that f;/g; is a unit on U; N'V;.
Proposition 1.3.12. There exists a 1-1 correspondence between Weil and Cartier divisors.

Proof: Say D = > nyY is a Weil divisor. For each subvariety Y of the variety X, there is some Uy open
and t, rational such that div(ty|y,, ) =Y. Let {(t}",Uy)} be the Cartier divisor corresponding to D. We
choose U, small enough so that it does not contain any point of Y’ if nys # 0 and Y’ # Y.

Conversely, if {(f;,U;)} is a Cartier divisor, let

D= Y (ordy(f)Y

i such that
U;NY #0

This is well defined because if Y C U; N Uj, then f;/f; is a unit on U; N Uj, so ordy (f;) = ordy (f;). [ |

Definition 1.3.13. A principal Weil divisor is a Weil divisor such that div(f) = > ordy (f)Y. A principal
Cartier divisor is a Cartier divisor {(f,X)}.

Note that the principal Weil (or Cartier) divisor induces a corresponding Cartier (or Weil) divisor, by the
construction described above.

Definition 1.3.14. The divisor class group is defined to be
Cl(X) = Div(X)/Rat(X)

or the group of divisors modulo the group of rational functions. Note that the same group results if the Weil
or Cartier divisors are chosen.

Remark 1.3.15. Adding Cartier divisors {(f;,U;)} and {(g;,U;)} is done in the following manner:

{(fi, U} +{(95, Us)} = {(figi, Ui 0 V;)}

Example 1.3.16. Let D =2[0: 1] on P! = {[z : y]}. What is the Cartier divisor corresponding to this Weil
divisor? By trial and error, we find that it will be

D' = {(ﬂ7 U;) : f; rational, U; open, f;/f; unit on U; N Uj,UUi = Pl}

- {<§§,IP1 —{[1: 0]}> ,(1L,PY—{[0: 1]})}
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M« Lecture 13 - 7.10.2013

We were working on a corespondence between divisors and sheaves. Recall how the correspondence between
Weil and Cartier divisors worked.

Example 1.3.17.
The Weil divisor in P? is {x = 0} — {y = 0}. The corresponding Cartier divisor is {5, P2)}.

The Weil divisor in P? is {x = 0} — 2{y = 0}. The corresponding Cartier divisor is

{(‘25,1@2{z0}),(1,1@2{xy0}),(W,P2{z+y+zo}>}

Remark 1.3.18. The above shows a general characteristic of P". If a Cartier divisor cannot be constructed
with only one element, it must have at least n + 1 elements.

Definition 1.3.19. Let R be a commutative ring, with A and B R-modules. Define

H(AB) = @ R@a®b)

acA,beB
Z(A,B) = (span of all elements of H(A, B) of the forms, for all a,a1,a2 € A, b,b1,bo € Bandr € R :
a1 ®b+as ®b— (a1+a2)®b,a®b1 4+ a ® by —a®(61 +bz),
(ra) @b —7r(a®b),a® (rb) —r(a® b))
Note that every ideal of R is an R-module. Indeed, even R is an R-module (it is a free R-module of rank

1). Finally, define
A®rB=H(A,B)/Z(A, B)

Example 1.3.20. Consider the following objects.
CecC=Cviap(z) =2(1®1)
X ®cC= X via p(x) =2 ®1 for every C-module X

)
)

X®rR2X viagp(z)=2z®1 for every R-module X
b

C ®y C is very bad, as it is huge

What does (Z/3Z) ®z (Z/47Z) look like?

"I Lecture 14 - 9.10.2013

Definition 1.3.21. Let F,G be sheaves of Ox-modules. Then (F ®o, G)(U) = F(U) ®o @) G(U) is the
tensor product of sheaves.

Remark 1.3.22. Is the tensor product of sheaves still a sheaf? The restriction map we employ is resrgg =
resy ® resg The presheaf axioms are satisfied, but it is not a sheaf in general. So we must sheafify it to get
a sheaf.

The reason for introducing the tensor product arises from the desire to make a group of invertible sheaves.
This group will have the tensor product as the group operation.

Theorem 1.3.23. Let F,G be invertible sheaves on a smooth variety X. Then F ®¢, G is invertible.

Proof: This involves the following algebra fact:
limy [M; @, Ni] = (D] ) @i (1 (Vi)

14



Using this, we get that
(F ®ox 9)p, = Fp ®o,(x) Yp

And as we have that
(FRG),=2FeG6G, 20,0, 0,=0,

And as Ox is an invertible sheaf, F ® G is invertible. [ |

So now we have that ® is an associative binary operation on isomorphism classes of invertible sheaves.
As Ox ®o, F = F for all F, it follows that Ox is the identity element in the group we will soon have. Next
we seek to define inverses.

Definition 1.3.24. Let F be sheaf of an Ox-module. Define the dual sheaf of F to be the sheaf
.7:\/ = HOmoX (.F, Ox)
Definition 1.3.25. Let F,G be sheaves of Ox-modules. Define H = Homp, (F,G) by

H(U) = Hom (Fly»Gly) resy—v(h) = h|y,

OX‘U

Theorem 1.3.26. The sheaf FV is an invertible sheaf.

Proof: This follows from considering the following algebraic fact:

]_—pv = Homo, (Fp, Gp) = Homoe, (Op, O,) = O,

M« Lecture 15 - 11.10.2013

Remark 1.3.27. For H = Homo, (F,G), is H, = Homo, (Fp,Gp)?

In general, no. But if F,G are invertible (more generally, if F,G are coherent), then yes.
Proposition 1.3.28. Let F be an invertible sheaf. Then F ® FY = Oyx.

Proof: To show this, we need to censtruct an isomorphism from F ® F¥ to Ox. The isomorphism will be
constructed on the presheaf F ® FV, but will be such that if we choose an open set U small enough, then
all the desired properties will hold for stalks, and so will extend through sheafification to the sheaf F @ FV.
So begin by defining a map

p: (FoF)U) — Ox(U)
feow = p(f)

We have constructed this map on the pure elements of (F ® FV)(U), but it can be extended linearly to all
the elements. We now check that it satisfies all the necessary conditions from the big set H.

e f@pu=Af®p)=e\ @p) —e\f@n)=pAf)=Au(f) =0
Check the other condition too:
(it f)op—fiop—foep) =nplfi+f2) —pn(fi) —p(f2) =0
So we conclude that it is well-defined, but only on the presheaf F ® FV. Now choose U small enough so that
FU)=F(U)=0x(U) and Flg = FYly =2 O0xly
Then we write F|,; = zOx|, and F"|,; = yOx/|,, which implies that

FU)=fOx(U)  and  FY(U) = uOx(U)

15



Injectivity is then proved by noting that ¢(A(f ® u)) = Au(f), where A\(f ® p) is an arbitrary element of
(F® FV)(U). If that expression is zero, then either A = 0 ar p(f) = 0. However, since u generates F (U),
w1 cannot be zero, so u(f) # 0. Therefore A = 0, and so ¢ is injective.

Surjectivity is given by taking some « € F¥(U) such that a(f) = 1. Then o(A(f ® @)) = X for any A € Ox.
So ¢ is surjective, completing the proof that ¢ is an isomorphism. ]

Remark 1.3.29. Now we see that invertible sheaves form a group with inverses. Now we want to show that
this group is isomorphic to the other two groups that we already have. We do this by finding a correspondence
between invertible sheaves (up to isomorphism) and Cartier divisors modulo principal divisors (f, X).

Let D = {(fi,U;)} be a Cartier divisor. Let K be the constant sheaf associated to the function field k(X),
so that K(U) = k(X) if u # 0.

Definition 1.3.30. Define a sheaf £ by L|; = f[l(’)X|Ui and sheafify. To see that the presheaf is well
defined, notice that if V' C U; NUj, then fi_10X|V = fj_l(QX|V because fi_l/fj_1 = fi/ f; is a unit on Ox|,
by definition of Cartier divisors.

"W Lecture 16 - 16.10.2013

Our strategy so far has been to make the following relations clear:

(morphisms) <« (Weil divisors) <« (Cartier divisors) <« (invertible sheaves)

Recall what we were working on in the last lecture. We had {(f;,U;)} as a Cartier divisor, from which
we made an invertible sheaf by setting

Ly = fOxly, ie. LV)=ftOx(V)VV CU,

where f;'Ox (V) C K(V), and K(V) is the constant sheaf associated to k(X). The associated restriction
maps are given by res(f[la) = f'res(a), and we use the sheaf gluing axiom to define £(U) for the open
set U.

Definition 1.3.31. Let X be a topological space. Define the constant sheaf associated to X to be the
sheaf K(X) whose stalks are all equal to X.

So now we have constructed an invertible sheaf from a Cartier divisor. Is the reverse possible?

Let £ be an invertible sheaf, and let’s try to embed £ in the sheaf K, and then run the previous process
backward. We will show that L®e, K = K. Begin by picking any open set U such that L], = Ox|,. Then

['|U ®ox ’C|U = OXiU ®Ox\u ’C|U = ’CiU-

This is a local fact, not yet a global fact. Note also that it holds true for any K. Next, the restriction maps
of F = L ®p, K are all isomorphisms for small enough open sets. Let U be any non-empty subset, and let
{Ui} be an open cover of X so that L[, = Ox|, . This gives the following commutative diagram:

f =resyu, ) resy U,
T —=

F(U; N Uy)

FU

Uj)

The map f = resy_,y, is an isomorphism by the gluing and zero sheaf axioms, as well as the commutativity
of the diagram. Hence F = L ®p, K is a constant sheaf, and is thus isomorphic to K.
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We now embed £ in Cvia L= L®1 — LXK = K. So assume that £ is a subsheaf of I, and choose
an open cover {U;} such that L[, = f;l(’)w|Ui for all ¢ and some f;||k(X). We now make a Cartier divisor
{(fi,U;)}. We know the f; are rational functions and the U; are open sets that agree on the sections (this
remains to be checked). Since £ is well-defined,

f;lOX|UimUJ. = f;loX

UinU; S0 fil fi € Oxly, v,

as desired. So our Cartier divisor is well-defined. Note that the principal Cartier divisors correspond to Ox,
so linearly equivalent divisors correspond to isomorphic invertible sheaves. Furthermore, the correspondence
is a group isomorphism. In other words, C1(X) = Pic(X).

Example 1.3.32. Let X be the zero set of y?z = 2% — 222 C P2, Let S = klz,vy,2]/(y* — 2 + 22?%) and

M = S[1]. Let L be M, the sheaf associated to M. Find a Weil divisor associated to M.
Recall that, as a presheaf,

LU) = {T; : deg(m) =deg(f),m € M, f € S, f is non-vanishing on U}

" Lecture 17 - 18.10.2013

Recall the problem from last time, where we were trying to find a Weil divisor associated to £, given

X = {y?z =2 — x2?} C P?

S = klz,y, 2]/ (y*2z — 2 + 22?)
M = S[1]

L=M

We then made a presheaf M(U) = {% :m e M, feS, deg(m) =deg(f), f non-vanishing on U}. Then we
embed L into K = the constant sheaf of k(X) by

LU) — KU)
wo(3) - 1)

This clearly works (i.e. nothing gets killed), so ¢(L) is an invertible subsheaf of K. We now need an open
cover {U;} of X such that L[, = Ox|y, , that is, L[, = fi_10X|Ui for some f; € k(X). First we consider
Uy = {z # 0}. Then we have that

MU;) ={™= . deg(m)=nin M,m € M}

n

Ox(U;) = {in . deg(f)=nin S, f € S}

Now we check that M(Uy) = 20x(Uy). This indeed is true, by changing indeces. Hence the associated

Cartier divisor to M is
z z
{(17 U1)7 (;7 UQ) 3 (ya UB) }

because p(20x(U1)) = 20x(U1) = Ox(U1), and ¢(zOx(Uz)) = £0x(Uz), and ¢(yOx (Us)) = 20x(Us).
Now we need a Weil divisor. To make it, we check with each element in the Cartier divisor. On the first,
it is 0 on Uy. For the second, it is 0 on Us. From the third, we get 3[0 : 1 : 0], as a line intersects a plane
cubic curve 3 times. This also follow from the fact that z/y, (x — z)/y, and (x + 2)/y are all uniformizers at
[0:1:0] on X, as

5 r—z x+=z

yz=z(x—2)(z+2) = Z:

T
) Y Y
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Therefore ord,(z/y) =1+ 1+ 1 = 3, and hence from the third element we get 3[0: 1: 0], for p=1[0:1:0].
Note that this result depends on the choice of 1/z initially. The result could have been

{(am—&—by—l—cz’Ul),<ax+by+cz’U2>’<ax+by+cz7U3>}.
z x y

Also, if we would have had S[2] initially, then we would have a degree 2 function in z, instead of ax + by + cz.

Also note that M = ¢*O(1), for ¢ : X — P2

Y« Lecture 18 - 21.10.2013
Proposition 1.3.33. A morphism ¢ : X — P™ corresponds to the invertible sheaf ¢*O(1) = £ with

Lwy=tm [[0WIV)] ©40x(V)

V2e(U)

not a sheaf of O,-modules

Here # = [p~10p:|(U) = @vjw(U) [Op~ (V)], which consists of regular functions on P" pulled back to X

by . The factor on the left approximates O(1)(p(U)) as close as it can for U open. The main idea is that
©*O(1) is just linear forms, pre-composed with ¢ to get linear forms on X.

Recall that:

Pic(X) = invertible sheaves wih ® up to isomorphism

Cl(X) = Weil divisors modulo linear equivalence
We already showed that Pic(X) = CI(X). The question arises: what is Pic(IP"™)?
Example 1.3.34. Consider the two following divisors:

2 +yz=0]-2[z=0]+[2°+¢*+2°=0]=D
3x=0]-2[z=0 =D’

By observation, we see that D has degree 2 — 2 4+ 3 = 3, and D’ has degree 3 — 2 = 1, so they can not be
linearly equivalent. This may be formalized by stating

? 2 2( 3 3 3
D=D"=[2"+yz =0 -5z =0+ " +y*+2° = 0] +2[z=0] = div((z tu): (;; - H))

As the agument of Div on the right side is not a rational function (the degrees do not match up), the equality
does not hold. However, such an argument does not hold in P".

Remark 1.3.35. We know that Pic(P") = CI(P") = Z, but we would like an explicit isomorphism. So
define ¢ : Div(P™) — Z by ¢(f = 0) = deg(f) and extend linearly. Then

@(Zni[fi:0]>:0 = Znideg(fi):o

So let f =[] f*, which is a well-defined rational function with divisor div(f) = > n;[f; = 0]. Conversely, if
o(div(f)) = 0 for all rational functions f, then ker(yp) = (principal divisors). Since ¢ is injective, ¢ induces
an isomorphism Cl(X) 2 Z since C1(X) = Div(X)/Rat(X).

Every invertible sheaf on P" is of the form O(n) for some n, so we now know what all the morphisms
from P" to P™ are. Although, we already know from earlier that they are a dth Veronese embedding.

18



Remark 1.3.36. A sheaf of ideals on X is a sheaf of Ox-modules F with F(U) C Ox(U) for all U. So for
every subvariety Y C X, there is a corresponding sheaf of ideals

Iy(U)={feOyU) : f(Y)=U}

It turns out that Zy is invertible iff codim(Y") = 1, in which case Zy = L(—Y"). Here, Zy is generated locally
by f, and L(—Y) is generated locally by 1/f~1.

Definition 1.3.37. An invertible sheaf F on X is generated by global sections iff F = o*O(1) for some
morphism ¢ : X — P™.
We say that F is very ample iff ¢ may be chosen to be an embedding.

Remark 1.3.38. Note that if F,G are generated by global sections, then so is F ® G. The same thing goes
for very ample sheaves. Further, F is generated by global sections iff for all f € X, F, is generated as an
Op-module by [F(X)],.

The next big question that we will ask, is how do we tell if an invertible sheaf is very ample?

1.4 Differentials
" Lecture 19 - 23.10.2013

Consider: given an invertible sheaf, for which, if any, does it define a morphism to P™?7

Definition 1.4.1. Let A be a k-algebra (i.e. a ring and a k-vector space, with compatible structure). Define
Q4 = H/R, where H = @, 4 A(da) and
d\
R = submodule of H spanned by d(a; +as) —da; —das VYV X € k,a1as € A.
d(alag) — aldag — agdal

Example 1.4.2. Let A = k[z1,...,2,]. Then Q4 = Adz; @ - - - @ Adx,, because

of

df(xla7mn):fldxl++fndxn for fz:a7

So Q4 is the module of differentials on A relative to k.

Remark 1.4.3. Let X be a smooth projective variety. Define a presheaf Qx (U) = Qo () with restriction
maps

resy v (Z aidbi) = Z (rch_,Vai) d (rCSU%dei) .
Unfortunately, Q2x is not a sheaf, so we sheafify. Then Qx is called the sheaf of differentials on X.

Example 1.4.4. Consider the following example, which demonstrates why the original Qx fails the second
sheaf axiom. Let X = {y?2z = 23 — 222}, and consider the regular differential dz/y on zy # 0.

- If y =0, we can be at one of three points: [1:0:1], [-1:0:1], [0:0: 1]

-If 2 =0, we can be at [0: 1: 0]
On z=1,

9 9 dx 2
2ydy = 3z*dx —dx = 2ydy=32*—-1)dz = —=-——-dy
Y 32 —1

which is regular if 322 # 1 and z # 0. So the points where y = 0 are all regular points for this differential.

At [0:1:0], )
z z z z
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But ) )
372 —
dz = 32%dx — 22dx — 2z2dz = dz= (“> dx,

20z + 1
hence
de—Cds —dp_ 3z2 — 22 dr — 2202% + 2 — 32 + x2? dr — 3(x2? — ) + 2 . -2 i,
z z \ 2z2z+1 (2zz+ 1)z (2zz+ 1)z 20z + 1

which is regular at [0 : 1 : 0]. So there exist functions that are regular on points of X, but are not regular
everywhere. Hence Q2x can not be a sheaf.

Remark 1.4.5. It turns out that the stalk (Qx)p = (Op)3™(X) is generated by dz1, ..., dzqim(x), where
the z; are local coordinates for X at P. So Qx is locally free of rank dim(X). If dim(X) = 1, then Qx is
invertible.

Note that in order to make 2x, no choice was made. Hence any invariant calculated of Qx is an invariant
of the variety X.

"W Lecture 20 - 25.10.2013

What is Qp1? It is a locally free sheaf of rank 1, so it is invertible. So Qp:1 = O(n) for some n, but which n?

To find the solution, we construct a Cartier divisor. Let w = d(%) Then if xy # 0, w will generate the stalk
of Qp1 as an Opi1-module because 5 - z—g is a uniformizer at [z : yo] if zoyo # 0.

- for z = 0: d(x/y) = d(x/1) = dx, which generates the stalk of Qp:
- for y = 0: d(z/y) = d(1/y) = —dy/y?, which has order of vanishing —2 at [1 : 0]

So the morphism ¢ : Qp1 — K could be ¢(a) = a/w, which is the unique rational function f such that
« = fw. This morphism is also an embedding.

Local generators for the image are 1 for p € P! —{[1: 0]}, and —2? /y? for p € P —{[0 : 1]}. So the associated

Cartier divisor is )
X
{ap -y, (-52 -0}
Therefore Qp:1 = O(—2).

Remark 1.4.6. The sequence 0 — A -+ B " C — C' is a short exact sequence iff B/Im(A) = C,
which simplifies to B/A = C' if ¢ is an injection. The isomorphism is induced by .

Theorem 1.4.7. The following sequence is exact:

¥ T
O Q]Pn O]Pm (—1)n+1 O]P’n 0

where ¢(d(x;/z;)) = (v:€; — x;€;)/2? and €; is the ith standard basis vector in S[—1]""! of degree 1, and
w(€) =x; (ie. € =00---®0D1P0P--- PO, and the 1 is in the ith position).

Proof: First note that Im(y) C ker(n), as x;2; — x;2; = 0. Next observe that this sequence is induced by
s

the sequence 0 — Qg ——» S[-1]"*tt = S — 0, where S = k[xo,...,2,]). The map 7 is onto except in
degree 0, so the corresponding sheaf map 7 is surjective in stalks, and thus onto. As 7w o ¢ = 0 clearly, it
remains to show that ¢ is injective and ker(7) C Im(y).

We do this calculation on the stalks. Choose P € P, with (say) xo(P) # 0. Then (Qpn)p = d(z1/20)Op ®
- ®d(2y,/29)Op. Now plug in an arbitrary linear combination of this into ¢ and see what happens. Suppose
that o(f1d(z1/x0) + - + frd(xn/T0)) = 0. We would like all the f;s to be zero. This expression simplifies:

Fup(losf0)) + -+ fupldlanf0) =0 = i (008 = 2180) + -+ fu (w08 — nd0) = 0.
0 0
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Rearranging this expression gives
(foxo)éo + (fizo)er + -+ + (fuzn)én =0,
implying that f; = 0 for all i, as xg # 0. So ¢ is injective.

It remains to show that ker(w) C Im(p). So suppose that 7(fo€o + -+ + fnén) = 0. Then > fix; = 0.
Since ker(m) and Im(yp) are both rank n locally free Ox-modules with Im(p) C ker(w), it follows that

Im(p) = ker(). In particular, (> fid(z;/x0)) = > fi€;. |

"4 Lecture 21 - 28.10.2013

Remark 1.4.8. How do we compute Qx, the sheaf of differentials on X, for X # P"? So let X # P™ be a
smooth variety with coordinate ring A, which is a k-algebra, and a subvariety Y, with coordinate ring A/I,
where [ is an ideal of A. Consider

J q
I/Iz%ﬂ,q ®AA/I%QA/[%O

0 0
local coordinates local coordinates
normal to variety on variety

Here, j(z) = dx ® 1, and g(da ® b) = bda, and the above is an exact sequence of (A/I)-modules. Note that
I/1%is an (A/I)-module as (z +I?)(a+ 1) = az+al?+zI + I3. The version of the sequence with sheaves is

1/12%9)(@0}/ Oy 0

Example 1.4.9. Consider a bicuspid cubic with X = A% and Y = {2? = 33}, and just in case, we say
char(k) # 2,3. Here, A(X) = k[z,y] and I = (y?> — 2®) and A/I = k[z,y]/(y?> — 2®). Then 1,z,y are all
k-linearly independent in A/Z. Note that Z? = (y? — 2%)% = ((y* — 23)?), so y* — 23, 2y? — 23y, y® — 23y are
all k-linearly independent in Z/Z2. Let us now try the map:
dy? —23) @ 1 = (2ydy — 32%dz) ® 1

d(zy® —2*) ® 1 = (y?dx — 2ykdy — 423dz) @ 1

d(y® —yr®) ® 1 = (3y* — 23dy — 32%dx) ® 1
This example will be left unfinished. The moral is that the two sequences presented are exact on the left iff
Y is smooth (X is assumed to be smooth throughout).

Remark 1.4.10. The canonical sheaf of a smooth variety X is wx = /\dim(X) Qx. To see this, let V be a
vector space, for which

AN'V=(V&---@V)/R, and
R=span, ; {1 ® - ®v; @ QU@ - Qv+ ® QU QB ® B} CVR - QV.

Elements of A"V are expressed as v; A --+ A v,. Note that v; A -+ Av, = 0 iff {v1,...,v,} is linearly
dependent. Further, the dimension of A"V is (dm;L(V)) for n € {0,...,dim(V)}, and 0 otherwise. So if
dim(V) = n, thon dim(A" V) = 1.

The above analysis also works for free modules over a ring, but requires slightly more work. For example,
let Qx| be free, i.e. Qx| = (Ox|,)" =4, Then

(A" Qx)ly 2 A" Ox|y  where (A" Oxly) (V) = A" Ox(V)

with restriction maps induced by res(vy A -+ Awvy,) =res(vy) A - -+ Ares(vy,).
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1.5 Canonical sheaves

"4 Lecture 22 - 01.11.2013

What is wpn = A" Qpn? To find the solution, we stick P in the constant sheaf, find generators, find Cartier
divisors, find Weil divisors. As this is an invertible sheaf, to construct an invertible embedding into /C, let’s
first find a non-zero element in it.

Let a = dX; A --- AdX,, with coordinates xg,...,x,, where X; = ;—O and Y; = ;—1 Note that o has no
poles if g # 0. If £y = 0 then (say) z1 # 0, so

1 Ys Y,

=d— ANd—= A Ad—

TN Y Yo
1 Y, 1 Y, 1

= —dYy N | —=dY, —dYs | A AN | —=dY, —dY,
vz (Yf "% 2) (Yoz Y )

-1 1 1
0
-1

n+1
Yy

dYo NdYa A -+ ANdY,

which has a pole of order n 4+ 1 along Yy = 0, which is zp = 0. So « is our generator. Hence the Cartier
divisor associated to wpn is

{(1,1@",{1«0 —0}), < ey LN _0}> }

n+1"?
YO

Every point in P™ contains a point that is in at least one of those sets, so we are done. This corresponds to
the Weil divisor (—n — 1)[z¢ = 0], because div(Yy) = [z¢ = 0]. This Weil divisor cerrosponds to O(—1), so

Note that at every step of the process above we preserved isomorphism classes.

What if X 22 P"? How would we compute wx?

Definition 1.5.1. Let Y C X be a subvariety for X smooth. The conormal sheafof Y in X is Zy /T%. The
normal sheaf of Y in X is the dual, (Zy /Z%)Y = Hom(Zy /T2, Ox).

Theorem 1.5.2. Let Y C X be a smooth variety. Then wy = wy ®0, A Ny, x, where Ny x is the
normal sheaf of Y in X. If codim(Y) = 1, then wy ¥ wy ®o, (Ty/Z2)".

Proof: The sequence 0 — Zy /I3 — Qx®0x — Qx — 0is exact, so /\dim(X) Qx R0y = (/\mdim(y)(Iy/Ilzf))®

(/\dim(y) Qy). This is a general fact about exterior powers and short exact sequences. The proof follows

by choosing bases for the two free modules on each end, building a basis for the free module in the middle
and computing straightforwardly. So

wx ® Oy = (/\codim(Y)Iy/IlQ/) QR wy
. Vv
= wy Zwx 0y ® (/\codun(Y) Iy/I%)
) wx ® /\codim(Y) NY/X~

This completes the proof. |

Remark 1.5.3. Note the corresponding identifications:
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A"V | A
A" Hom(V, k) | Hom(A\" V, k)
Zj i N Ny | 2500 A Ay, Z” Fini) AN f (0s,)

This works with sheaves and free modules as well, even though this only shows the isomorphisms for vector
spaces V.

Example 1.5.4. What is wy if Y = {y?2z = 2% — 222} C P? = X? Then wy = wx ®oy Ny/x, where
wx = O(-3), and Ny, x is an invertible sheaf on Y. What will be the Weil divisor?

Y4 Lecture 23 - 04.11.2013
Let us continue where the previous lecture left off.

We had that wy =2 wx ® Oy ®/\C0dim(y) Ny, x, with Ny, x = (Zy /Z¢)Y. Note that wx ® Oy is an invertible
sheaf, and equals i*wx, for i : Y < X the inclusion map. Let us calculate what wy is, for Y = {x = 0} C P2

First of all, wy = i*O(=3) ® Ny,x, where i*O(—3) is the set of all rational functions with degree 3 more
in the numerator than in the denominator. Restricting to the line in P™ (i.e. not x = 0) leaves it at
O(—=3). Since we know the answer is wy = O(2), showing Ny,x = O(1) will give us the result. That is
because taking the dual of a Weil divisor is multiplying by —1. So let’s find a Weil divisor corresponding to
Ny x = (Zy /Z})V. Note that it is enough to get a Weil divisor of Zy /Z3..

We want to take something that is non-zero in Zy /Z%. As Oy = Ox /Iy, consider a + IZ, for a € Zy. We
want to multiply this by z + Zy € Ox/Zy: (z + Iy)(a+ IZ) = ax + T%.

Remark 1.5.5. Before we continue this example, consider R = k[x,y] and Z = (x), and compute a non-zero
element of Z/Z2. One such element is x + Z2.

Now observe that £ + 73 (z # 0) € (Zy /I3 )(z # 0) is non-zero, as is 2 + Z¢ (z # 0). Define a map

22

o Iy/TE - K(Y)
a+T2(U) = ZeK(Y)"

If a € ZZ(U), then % = 2= as elements of K(Y"), the fraction field of Y, because 2= € Zy (U), so it is 0
in K(Y) = K(O(U) /Ty (1)),

Definition 1.5.6. Let X be an integral domain. Then the field of fractions of X is the smallest field
into which X can be embedded. It is denoted by K(X).

Note that if Y is smooth of codimension 1 in X, then Zy /Z2 is a locally free module of rank r.

M« Lecture 24 - 06.11.2013

Recall the previous lecture’s question - what is wy if Y = {z = 0} C P?? In general, we know that
wy = i*Op2(—3) ® (Zy /Z%)V, but we would like to simplify this expression. We begin by embedding Zy /Z¢
into the constant sheaf K by “dividing” by % + T2 . The local generators are then given by

2—1—132/ on {z # 0} and 5—1—132/ on {y # 0}
The associated Cartier divisor is then {(1,{z # 0}), (¥, {y # 0})}. This is well-defined, as the divisor of 1
and of £ is 0 on {y # 0} N {z # 0}. This corresponds to the Weil divisor —1-[0 : 1 : 0], which corresponds
to O(—1). Multiplying by —1, we then get that

wy = i*Op2(—3) @ (Ty /I{)"Y = Op1 (—3) @ Op1 (1) =2 Op1 (—2)
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Example 1.5.7. Let us consider a more difficult example: Y = {y?2 = 2% — 222}. First, we find a non-zero
element in Zy /7%, say

2 2 3
z+axz® —x

The local generators then are

y22 + xz? —

2 2 3
yz+xzt — x 3
— " +IZ¢ on {y #0} © (%,{y#0})

s v +Z¢ on {z#0} < (1,{z#0}) and

As Weil divisors, we have that
wy 2 —i"3L49[0:1:0] =2 -3(z=0)+9[0:1:00=—-9[0:1:0]+9[0:1:0]=0

So as sheaves, wy = Oy. Therefore wy (1) = Oy (Y) = k, meaning that the global differential we found on
Y before is, up to scalars, the only one.

Example 1.5.8. Let Y = {z* + y* = 2* + w*} C P? = X. Then we have

P S S
i por +Z¢ on {z #0}

4

non-zero element on Ty /Z3:

44 .4 4
i +Z¢ on {z # 0}

local generator: 1
z

:1:4+y4—z4—w
A

4
+Z2 on {y # 0}

local generator:

The allociated Cartier divisor is {(1, {z # 0}), (Z—z7 {y # 0})}. The associated Weil divisor is —4(z = 0). The
Weil divisor for Ny, x is 4(z = 0) and the Weil divisor for i*Oy (—4) is —4(z = 0), so the Weil divisor for
wy is 0. Therefore wy = Oy.

This gives a general rule:
Proposition 1.5.9. If Y = {f = 0} for deg(f) = d in P, then Ny ,x =i*O(d) and
wy Zi'O0(—n—1)®i"Oy(d) 2i*O(d —n —1)
Now we know what happens on hypersurfaces. Let’s consider something that is not a hypersurface.

TY=2zW

Example 1.5.10. Let Y =452 2 > 2 } C P2. We first need to know if Y is smooth. So we consider

the Jacobian and the determinants of the minors of the Jacobian:

2 2
(T y —w =z iy (YT — 227 2zw—yz 2zz—yw
J= (4£L' 3y —2z —2w> [det(J)]; = (yw -2z yz—zw w?— 22 .

Since the rank is maximal, the variety is smooth.

Theorem 1.5.11. If V = z(f1,..., fr) C P", then V is smooth if and only if rank(.Jy/) = dim(V") for all
points of V', where

ofh ... Oh
0x0 oz
e
of, ... ol
ox0 oz
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M« Lecture 25 - 08.11.2013

Example 1.5.12. Let’s consider an even more difficult example than last time:

TY = 2w 3 . 2 v
O T e o I L

We get a 2-form because 2 = dim(X) — dim(Y in X) =3 — (3 — 2). But now, instead of finding a non-zero
element of Ty /Z2, we define a new variety Z = {zy = 2w}, with the maps

Then for Jy the ideal sheaf of Y in Z and Z; the ideal sheaf of Z, we have

wyz = Wwx © (Iz/1%)" = h*O(-2)

wy = j*wz ® (Jv /TE)" =" h*O(=2) @ (Jy /T})"
The Weil divisor for j*h*O(—2) has degree —8, which comes from intersecting the variety ¥ with the curve
z =0, and getting 4 = 2 4+ 2 points. Then as we are in O(—2), we multiply 4 by —2 to get —8. Further, a

non-zero element in Jy / ‘73 is

222 + 9% — 22 — w?
— + Iy

Then local generators for Jy / jﬁ and associated Cartier divisors are

22 442 — 22 — w?

= + T2 on {z#£0} e (1,{z £ 0})

22 442 — 22 — w?

- + T2 on {y#0} ¢ (%, {y#0})

Hence the associated Weil divisor is —2div(X). We can now calculate wy, as
wy & —2div(z) + 2div(y) =0 = wy = Oy

Remark 1.5.13. A local generator is a non-zero element of the invertible sheaf. That is, it is a generator
at p when every element of the stalk of the sheaf is every element of the stalk times it.

Remark 1.5.14. Note that in the previous example, we did not use the first equation in defining the local
generators. We didn’t use either for the divisors. In general, if Y C P" is the smooth intersection of exactly
codim(Y) = r equations of degrees di,...,d,, then

wy zi*(’)(d1—|—~-~—|—d,«—n—1)
where 7 : Y < P" is the inclusion.

Proposition 1.5.15. Whenever we embed a variety in P™ as an intersection, then the canonical sheaf of
that variety is the restriction of O(d) for some d. Moreover, any divisor of degree 0 on an elliptic curve is
linearly equivalent to some point minus some other point.

Example 1.5.16. Consider X = P? and Y = {aw = yz,y?> = 22,22 = yw} C P3. Let’s take a similar
two-step approach that we did earlier. Define a new variety Z = {zw = yz}, for which

wz 2 h*O(-2)
wy 25 0(=2) @ (Jy /Ty)"
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A non-zero element in Jy /J2 is y:;“ + J¢ on {x # 0}. When are zw = yz and y? = zz enough to define
2

Y near p? Note that if w # 0, then x = yz/w, so y*> = yz?/w. Hence y = 0 or yw = 2.

So long as y # 0 or w # 0, the expression y2x_2“ + J¢ is a local generator (it works away from [1:0: 0 : 0])

for Jy, and thus also for Jy /J3.

Y Lecture 26 - 11.11.2013
Continue with the example from the last lecture. Recall that we had

wz Zh'Ng/x 2 h0(-2)

wy & j*wz @ Nyx = j*h*0(=2) @ (Jy /Ty)" =i 0(=2) @ (Jy /| T¥)"
yz_fz +J¢ in Jy /J¢. The next question is, where is this a local generator

for jy/j}%? This will happen anwhere that Z—yw is in the ring Oz ) [yz}“] This gives

We also had a non-zero element

x2

2 _ 2 _
w=yz = w=yz/r = z 2yw -z y(zyz/x)
x x
22r —y?z

T
o Ud)
3

Il it
oz x2

So now we have the function that multiplies this non-zero element to get xw = yz. So the local generator
2
is Y222 + 72 on {x # 0}. Note that the only point on ¥ where z =01is [0:0:0: 1]. As w # 0 here, we

x2

2
consider the element = + 7. Then

v —xz Yy — (yz/w)z
w2 w?
y2’LU _ y212

-y 22 —yw
T w w2

Here also we have the function that multiplies this non-zero element to get xw = yz, so the local generator is
2
2y 4+ 72 on {w # 0}. Now we want a Cartier divisor out of Jy /J2. The first element will be (1, {z # 0}),

w2
and the second is calculated below:

r=yz/w =

27
= 22?2 — ywa? B 2222 —y (%z) x? B xt2? — 222 B —2% (22 — P B —z3
vowz o w?y? —wiez wa\2,2 _ (u2\2 ., yt22 —yZ2z y?z \y2z— 2%z y2z
xr xr y x

Hence the second element of the Cartier divisor is ( 7;’; Z{w # 0}) = (%%, {w # 0}). The associated Weil
divisor is then

div(y) — div(z?) = div(y) — 2div(z),

but only away from {w = 0}, or equivalently the point [1: 0 : 0 : 0]. This divisor is a multiple of [0:0: 0 : 1],
because y = 0 and z = 0, and « = 0 implies y = 0, and [1 : 0 : 0 : 0] is excluded. Next, we are looking for
the tangent line to Y at [0:0: 0 : 1], so we calculate the Jacobian:

-2z 2y —z 0 0 0 0 O
J=|lw -2z -y = and Jooop=(1 0 0 0
0 —w 2z -—y 0 -1 0 O
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Hence the tangent line is x = y = 0, or rather the solution set of linear systems of equations that correspond
to it. So now we have that both = 0 and y = 0 contain the tangent line at p =[0:0:0:1], but 2 =0
does not, so ord,(z) = 1. Further,

2 2
y:i:>0rdp(y):2 and x:y—:>ordp(x):471:3
w z

So our Weil divisor is —4[0: 0: 0 : 1] for Jy /J#. So wy =2 i*O(—2) @ L(4[0:0:0: 1]) and
—2(x=0)44[0:0:0:1]=—-6[0:0:0:1]4+4[0:0:0:1]=—-2[0:0:0:1]
Therefore the Weil divisor for wy is —2[0: 0: 0 : 1]. This completes the example.

Recall that P! had a similar Weil divisor. So Y = P!,

2 Cohomology

2.1 Some important theorems

YW Lecture 27 - 13.11.2013

Our main question this term has been: what are morphisms X — P"? To any morphism is associated a linear
system, which is associated to a linear equivalence class of divisors (Weil or Cartier), which is associated to
an invertible sheaf.

There are lots of different morphisms corresponding to the same invertible sheaf. However, any morphism
associated to a linear system L is, up to composition with linear maps, equal to the complete morphism
associated to £ coming from a basis of L(L).

Remark 2.1.1. How do we make a morphism out of an invertible sheaf F7?7

- Choose fo, ..., fn € F(X) and define px(p) = [fo(p) : - - : fu(D)]

Here, fo(p) is fo of the stalk at p, i.e. (fo),. Note that the stalk is a free rank-1 madule over the local ring,
that is, F, = a0, for some a € F,. Hence (F;), = ar; for some r; € O,, and so

o(p) = [ari(p) : -+ arp(p)] = [ro(p) : -+ - Ta(p)]-

This completely defines ¢. So for any F, there is a best P that is the image for a rational map associated
to F. That “best” n is n = dim(F(X)) — 1.

Remark 2.1.2. F(X) is a finite-dimensional k-vector space.

The rest of the class will continue on the question of what are the morphisms X — P". We begin by
considering O as an irreducible smooth Weil divisor on a smooth projective variety X. We can then construct
a short exact sequence of sheaves:

0 Ip Ox Op 0

Note that the stalk of Op is zero outside D. Further, Zp = £(—D). Taking the tensor product with £(D)
(which preserves exactness, as £(D) is an Ox-sheaf), gives

0—> L(-D)® L(D) —> Ox RL(D) —> Op @ L(D) — 0

%
o

Ox L(D) Op®L(D)—0

%
o

Ox(X)

[£(D)](X) — [Op ® LID)|(X) =0

27



In general, the last map in the last sequence is not surjective, because surjective morphisms of sheaves are
not surjective for every open set. To solve this problem, we turn to cohomology.

Proposition 2.1.3. For any coherent sheaf / on X, for X a smooth projective variety defined over an
algebraically closed field k, there are k-vector spaces H*(F) such that

- MY(F(X)) & F(X) naturally

-If 0 — Fy — Fo — F3 — 0 is exact, then there is an exact sequence:
0 —— H(F) —— H°(F2) —— H°(F3)
HY (F) —— HY(F2) —— H'(F3)

H2(]:1)

Theorem 2.1.4. [GROTHENDIECK]
Hi(F)=0if i > dim(X)

Theorem 2.1.5. [KODAIRA VANISHING]
If F is an ample sheaf, then H (F @ wx) = 0if i > 1.

Note that F is ample iff F®" is very ample (i.e. it corresponds to some embedding) for some n > 0.

Theorem 2.1.6. [SERRE DUALITY]

If F is a locally free sheaf, then H*(F) = HI™X)=1(FV @ wx)*.

In terms of the dimensions h*(X) = dim(H*(X)), this may be expressed, for D a divisor on a curve X (so
dim(X) = 1), as (D) = h°(K — D).

2.2 Riemann—Roch for curves

" Lecture 28 - 15.11.2013

Definition 2.2.1. A divisor D is called effective if all the coefficients in the sum are non-negative. This
is expressed as D > 0.

Example 2.2.2. Suppose that X is a curve and D is a divisor on X. Let £ = £(D) be the corresponding
invertible sheaf. What is dimy(£(X))?

If deg(D) < 0, then £(D) = 0, because no non-zero rational function satisfies div(f) + D > 0.

If deg(D) = 0, then £(D) =1if D =0, and 0 if D # 0. This follows as if div(f) + D > 0 for deg(D) = 0,
then D = —div(f) = div(1/f).

If deg(D) = 1, then (WLOG) D = p for some point p. This gives a short exact sequence:

0 7, Ox O, 0

Above, k(p) is the skyscraper sheaf on p with value k. Tensor with £(p) to get a new short exact sequence:

0 — L(—p) ® L(p) —> Ox @ L(p) — k(p) ® L(p) —> 0

X
o

Ox L(p) k(p) 0
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On X, we get the following longer exact sequence:

0 — Ox(X) — LX) — [E(p)I(X) — H'(Ox) — H'(L(p)) — H'(k(p)) —> 0

Recall that the Euler characteristic of the sheaf F is x(F) = >.(—1)*h*(F). It has to sum to zero, so
h(Ox) = B(L(p)) + h(k(p) — B (Ox @ wx) + I (L(p)" ©® wx) — ' (k(p)) = 0
We leave this example unfinished, because DM says so.
For a general divisor D, with H(D) = H'(L(D)), we have the exact sequence

0 —— H%(D) — H%(D +p) —> k(p) —> H'(D) — H'(D +p) —> H'(k(p)) — 0

Note that H'(k(p)) = 0, as dim(p) = 0. Taking the alternating sum here, we find that
h°(D) —h®(D+ P)+1—h°(K — D)+ h' (D +p) =0
— hO(D) — (K — D)+1=h"(D + P) — h°(K — (D +p))

X(£(D)) X(L(D+P))

for K the Weil divisor corresponding to wx. Plug in D = 0 for
1-h(K)+1=h0p) - (K —-p) = hp)=2—h"K)+h" (K —p).

Remark 2.2.3. Consider the following remarks:

- x(0x) = h°(Ox) = h1(Ox) =1 - h°(wx)
- the genus of X is g = dim(H%(wx))

Hence x(Ox) =1 —g. If D is effective, then it may be obtained from 0 by ading points, which adds 1 to
the Euler characteristic. So

x(D)=1-g+deg(D) = h%(D)—-h°(K —D)=1- g+ deg(D)

This is known as the Riemann—Roch theorem for curves. It holds for general divisors D.

"4 Lecture 29 - 18.11.2013

Recall the Riemann—Roch theorem for curves: x(D) = deg(D) + 1 — g, where x(D) = h°(D) — h}(D) =
h%(D) — h°(K — D), and g = h°(K).

2.3 Worked examples

Example 2.3.1. What are h°(D) and h'(D) for a divisor D on P'?

First, we know that w, = O(—2), so k = —2p for p some point. For any D, we get h®(D)—h! (D) = deg(D)+1,
since g = hY(K) = h%(O(-2)) = 0. Using Serre duality, we rewrite this as h°(D)—h?(—2p— D) = deg(D)+1.
This splits into two cases.

- If deg(D) > —1, then h°(—2p — D) = 0 implies that h°(D) = deg(D) + 1
- If deg(D) < —2, then h%(D) = 0 implies that h°(—2p — D) = h!(D) = — deg(D) — 1

Now we know what h' and h° are for an arbitrary divisor on P'.

Remark 2.3.2. A rational function is ezactly a map to P', no more, no less.
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Remark 2.3.3. What are all the curves of genus g = 0?7 Let X have g = 0. Ley f € k(X) is a rational
function on X, and ¢ : X — P! is the corresponding morphism. Consider ¢ ~1([0 : 1]). If ¢ is a morphism,
then ¢=1([0 : 1]) is a single point P. Similarly. ¢~([1 : 0]) = Q. Moreover, we must have ©*([0 : 1]) = P
and o*([1:0]) = Q, where p* : C1(P!) — CI(X) is the pullback of Weil divisors.

Note that ¢ = [g : h], or f = g/h. What is div(f)? Tt is P — Q! So h°(P - Q) > 1, as 1/f € L(P — Q).
Further, if g = 0, then

RO(P—-Q)—h'(P-Q)=deg(P-Q)+1 = r(P-Q)=1+r"(P-Q)=>1.

So there exists an f € k(X) such that div(f) = Q — P, with Q # P. Let ¢ : X — P! be the morphism
corresponding to f. Then ¢*([0: 1]) is a Weil divisor of degree deg(vp). But ¢*([0: 1]) = @, so deg(p) = 1.

Proposition 2.3.4. [POINCARE DUALITY]|
Let X be a topological space. Then for k € Z, H*(X) = Hgim(x)—1)(X).

M« Lecture 30 - 20.11.2013

Example 2.3.5. Let X be the curve defined by {y* = 2% —x22} C P2. Compute h®(nP) for any fixed point
P on the curve. Let’s first write down what Riemann-Roch says about this curve:

R®(nP) — h*(nP) = deg(nP) +1—g

Since deg(nP) = n and the genus g = h%(wy) = h%(Ox) = 1, the right side of the equation is just n. The
equation then simplifies to h°(nP) — h%(—nP) = n. We can divide this into the following situations:
-n>0: h°(nP) =n and h'(nP) =0
-n < 0: h°(nP) =0 and h*(nP) = —n
-n=0: h°nP)=1and h'(nP) =1
If P # Q, what is h°(P + Q)? Plug this into Riemann-Roch to get

RP+Q)—h(P+Q)=2+1-1=2 = r(P+Q) - (-P-Q) =2 = hI(P+Q)=2.

Remark 2.3.6. Let D be a divisor on X. Then h°(D) — h%(—D) = deg(D). Consider all possibilites:

- if deg(D) > 0, then h°(D) = deg(D) and h'(D) =0

- if deg(D) < 0, then h°(D) = 0 because deg(div(f) + D) = deg(D) < 0, so D + div(f) is not
effective

- if deg(D) = 0 and h°(D) > 0, then there is some rational function f such that div(f) + D is

effective. Then D + div(f) = 0, so D = —div(f) = div(1/f), so D = 0. Hence if deg(D) = 0,
then either h°(D) =0 and h'(D) =0 or D =0 and h°(D) = h!'(D) = 1.

What are the morphisms in each case? When deg(D) < 0, there are no morphisms. When deg(D) = 0, the
only morphism is the trivial morphism. When deg(D) > 0, the situation is more complicated.

Bofero we consider that, let D = 2P, for which h°(D) = 2, implying H°(D) is 2-dimensional, so it has a
basis {fi1, f2}. This allows us to build a rational map ¢ : X — P! by o(P) = [f1(P) : f2(P)]. Since X is
smooth, ¢ is a morphism. We generalize from this example.

Take any divisor D with deg(D) > 0. If h°(D) = 0, then D does not correspond to a morphism. If
hO(D) = deg(D) > 0, then let {f1,..., f4} be a basis of H°(D), and define ¢ : X — P?~! by ¢(P) = [f1(P) :
.-+ fa(P)]. Since X is smooth, this is a morphism.
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Remark 2.3.7.
- Any morphism of positive degree can be made by the described tactic. However, if the degree is 1, it might
not correspond to D.

- Every divisor of degree 3 corresponds to a morphism of P? that is an embedding.

- Every divisor of degree 3 or higher on an elliptic curve corresponds to an embedding of the curve in
projective space.

- The above works for any smooth curve of genus 1 in any P™.

Definition 2.3.8. An elliptic curve is a type of cubic curve constrainde by the equation y? = 23 +az+b
for some a,b. Its solution set is topologically equivalent to a torus.

"W Lecture 31 - 22.11.2013

Remark 2.3.9. Do genus 2 curves exist at all?

If the genus is 2, then h°(K) = 2. Let ¢ : X — P! be the associated morphism. It is not constant, so it
has degree deg(K) = 2. This follows from Riemann-Roch, as h%(K) — h%(K — K) = deg(K) + 1 — g implies
that deg(K) = 2g — 2, where K is any Weil divisor corresponding to the constant sheaf. Such a 2-1 map is
called a hyperelliptic map. Every 2-1 map from this X to P! is this map up to automorphisms of P'. Let us
analyse such a curve further.

- if deg(D) < 0, then R%(D) =0

- if deg(D) = 0, then h°(D) = 1 if D = 0 and 0 otherwise. This follows as deg(D) =
hO(D) — (K — D) =1+1—2=0.

- if deg(D) > 0, the situation is more complicated

Suppose that deg(D) = 1. If D = pt, then h°(D) < 1, since otherwise X = P! which is impossible, as g = 2.
In general, either D = pt, in which case h®(D) =1, or D # pt, in which case h°(D) = 0.

Suppose that deg(D) = 2. Then by Riemann-Roch h°(D) — h°(K — D) =2+ 1 — 2 = 1, implying that

1 fK-—D=#0

R(D)=1+h"°(K — D) = .
(D) + R ) {2 ifK-D=0

So D corresponds to a morphism iff D = K.

Suppose that deg(D) = 3. Then by Riemann-Roch, h°(D) — h°(K — D) = 3+ 1 — 2 = 2, implying that
h%(D) = 2, as h°(K — D) = 0. For this case, let ¢ : X — P! be the morphism we build out of D. It
is surjective and has degree at least 2, so there are P,@Q € X such that ¥(P) = ¥(Q) (we do not exclude
the case P = Q). So for all f € £L(D), f(P) = f(Q). In other words, h°(D — P) = h°(D — P — Q). So
(D -P)=h(D-P-Q)=1,and D— P —-Q = R, and D — R # K. For all P, there exists a @ such
that this is the case. So if ¢ corresponds to D, then D — K # pt. So D corresponds to a 3-1 map to P'. If
D = K+ pt, then 9 doesn’t correspond to D, so ¢ is ¢.

Suppose that deg(D) = 4. Then h°(D) = 3, and

1 #fD-P-Q#K

0 _
}Mme{Q fD-P-Q=K'

Let ¢ be a morphism built from D. If ¢ corresponds to D (i.e. 1*O(1) = L(D)), then ¢ is an embedding iff
h%(D — P) # h%(D — P — Q) for all P,Q (including P = Q). But h°(D) # h°(D — P), so v does correspond
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to D. Then is it true that for all P,Q € X, h%(D — P) # h%(D — P — Q)? The answer is no. To see this,
choose P, @ so that D — K = P — @, which is possible because D — K is effective, as h’(D — K) > 1. Note
that if D # 2K, then 1 almost embeds X in P? as a singular curve of degree 4, with 1(P) = ¥(Q), for P,Q
satisfying D — K = P+ Q. If D = 2K, then 1 is a 2-1 map onto a conic in P2

Suppose that deg(D) = 5. Then we always get an embedding.

3 Schemes

3.1 Definitions
" Lecture 32 - 25.11.2013

Definition 3.1.1. Let A be a commutative ring with identity. Let Spec(A) be the set of prime ideals of A.
We put the Zariski topology on A, by defining the closed sets to be, for any ideal I C A,

V(A) = {prime ideals containing I}
and finite unions and arbitrary intersections thereof. Note that as usual, the Zariski topology has open sets

exactly the sets whose complements are finite, a type of cofinite topology.

An ideal generated by an element x will be denoted by (x). Recall more definitions from ring theory:

Definition 3.1.2. Let I be a non-trivial ideal of R (i.e. I # R) with no ideal J of R with I C J C R.
Then I is termed a mazimal ideal of R.

Let R be a commutative ring with an ideal I. If for all a,b € R with ab € I either a € [ or b € I, then
I is termed a prime ideal of R.

Example 3.1.3. Consider the following examples:

- Let A =C. Then Spec(A) = {0} has one point, and is endowed with the unique topology.
- Let A = C[t]. Then Spec(A) = {(t — a), (0)}, where the first is closed and the second is not closed.

In general, if Z(f1,..., fr) C AZ is an affine variety, then the closed points of Spec(Clt1,...,t.])/(f1,..., fr)
are in a 1-1 correspondence with the points of Z(f1,..., f). That is, a closed point of Spec(A) is a maximal
ideal of A.

- Let A= C[t]/(t?). Then Spec(4) = {(t)}.

- Let A=C@®C. Then Spec(A) = {00 C,C @0} with the discrete topology, as all points in it are closed.
- Let A =7Z. Then Spec(A) = {(0), (P)} for every positive prime P.

- Let A = Z[z]. Then Spec(A) = {(0), (f(z)), (P), (P, f(x))} for P as above and every irreducible f.

- Let A =7Z[z]/(f(z)) 2 Z[a] C C for a a root of f. This is more complicated.

Consider the last example above. We have that (z — a, f(z)) C Z[z] for some a € Z and f(z) =
ap+ a1z + - - -+ apz™. Suppose that P | ag. Then (f(z)) C (x, P). This allows us to draw Spec(A) in a sort
of diagram, which will not be explained:

1 1 1
Ap, Ap, Ay,

5 r—1) 22+ 1
(x*+x+1) (- 0) -
2 3 5 7 0
Spec(Z|x])



M« Lecture 33 - 27.11.2013

Remark 3.1.4. Consider an affine variety Z(I) C A™ that is the zero set of some ideal. The coordinate
ring is k[z1,...,2,]/I = A. A prime ideal P of A corresponds to an irreducible subvariety Y of Z. And a
point x € Z lies on Y iff I({x}) contains P. So z € Y iff I({z}) € V(P).

Note that V(P) consists of all the prime ideals that correspond to irreducible subvarieties of Y. Further,
closed points of Spec(A) correspond to actual points. Open points correspond to subvarieties.

Definition 3.1.5. Let A be a commutative ring and X = Spec(A). Define a sheaf Ox on X by Ox (X —
V(f)) = Ay (for f non-zero), which equals A[1/f] if A is a domain or f is not a zero divisor. Note that
V(f) represents V of the principal ideal generated by f. For the inclusion maps, note that

X-V(gcX-V(f)if V(f) CV(g)

iff g € V(f)

iff g = fh for some h,
so res : Ayy = A(g) is the natural inclusion map. In particular, it is functorial, so it plays nice with the
structure of the sheaf. The stalk of Ox at P € X is li%mng[A[l/f]] = Ap, which is a local ring. When
P = (0), then Ap is the fraction field of A, or X.
Example 3.1.6. Let X = Spec(Z). Then Apy = Z?(P) = {3 : Ptb}, and A = Q. So 3/4 would be
a rational function on Spec(Z) with a zero at 3 and a pole of order 2 at 2. Note that 2 is a uniformizer for

the local ring Zo. That is, any ¢ € {$ : 2{b} is 2"%, where 2 { a’b’. Then ord(9)(3/4) = —2 because
3 =223
4 1

Remark 3.1.7. The “value” of a “rational function” on Spec(A) at a point P is an element of the residue
field Ap/P. This is an affine structure of the form (Spec(A), Ox). Using this we can make an identification
between schemes and manifolds.

M« Lecture 34 - 29.11.2013

Let A be a commutative ring with identity and Spec(A) = {P C A is a prime ideal}. Note that (1) is not
an ideal. Let Ox be the sheaf of regular functions on X = Spec(A), and (Ox)p = Ap, so the stalk of Ox
at P is the ring localized at the point P. Recall that

Ox(U)={f : [ is a function defined at all P € U} = (] Ap.
PeU
If U = Spec(4) — V() (and A is a domain), then Ox(U) = (\p4; Ap C K(A). If I = (f), then Ox(U) =
Npys A = A[L/f].
Example 3.1.8. The spaces X = Spec(R) and Y = Spec(Y') are single points as topological spaces, as they

are both fields, andfields have only 1 prime ideal. But Ox % Oy as sheaves on that point, as Ox(pt) = R
and Oy (pt) = C.

Also, Z = Spec(C[t])/(t?) (essentially describes Taylor series up to order 1) is topologically a single point.
Note that an affine scheme to a scheme is like an n-dimensional ball to an n-dimensional manifold.

Definition 3.1.9. A ringed space is a topological space X with a sheaf of rings Ox. A locally ringed space
is a ringed space for which the stalks (Ox)p are local rings, for every P € X.

A morphism of ringed spaces from (X,0x) to (Y,Oy) is a pair (f, f#), where f : X — Y is continuous
and f# : Oy — f.Ox is a morphism of sheaves, where (f.Ox)(U) = Ox(f~1(U)).

A morphism of locally ringed spaces from (X, Ox) to (Y, Oy ) is a morphism of ringed spaces (f, f#) such that
the induced map on stalks fjf 1 (Oy)p — (f«Ox)p satisfies (fi)’l(f*./\/lp) = Mypy, where M denotes
the maximal ideal.
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Example 3.1.10. The pair (Spec(A), Ogpec(a)) is a locally ringed space.

Definition 3.1.11. A locally ringed space (X, Ox) is a scheme iff every point P € X has a neighborhood
(U, Ox|y) that is locally isomorphic to (Spec(A), Ogpec(a)) for some ring A. Note that A does not have to
be the same for all P € X.

3.2 Fundamental construction of schemes
" Lecture 35 - 2.12.2013
Remark 3.2.1. Recall some definitions:

Spec(A) = {P C A prime ideals} +— affine sheaves +— affine varieties
Proj(A) = {P C A homogeneous prime ideals, A ¢ P} «— projective schemes <— projective varieties

The ring A is a graded ring, so A = Ag@ A1 ®- - - for abelian groups A; with 4;4; C A;y;. Anelement o € A
is homogeneous iff & € A; for some i. An ideal I C A is homogeneous iff it is generated by homogeneous
elements.

The ideal AL = A; @ --- is the irrelevant ideal. Tt does not correspond to a subset of projective space. Let
V(I)={P € Proj(A) : I C P}. The Zariski topology on Proj(A) is the one for which {V(I)} is the set of
closed sets.

Definition 3.2.2. To make Proj(A) a scheme, we need Ox, a sheaf of rings. Let P € Proj(A). Define A(py to
be the degree-0 piece of the homogeneous localization of A at P. If A is a domain, then Apy = {5 : f,ge A;
for some i, g € P}. Say U C X is open, and U # (). Then define

Ox(U) = {f U — |_| Apy + f(P) € Acpy, [ islocally a quotient}.
PeU

The map f is locally a quotient iff for every P € U there is some neighborhood V of P with V C U and
a,b € A homogeneous of the same degree such that for all Q € V, b ¢ Q and f(Q) = § € A(q).

The above is a very general construction of a sheaf. The stalks are A(p). Note that X with such a sheaf
construction is a locally ringed space.

Definition 3.2.3. In order to show Proj(A) is coherent, every point must have a neighborhood that is
locally isomorphic to Spec(A). So let f € A be non-zero and homogeneous. Define

D.(f) = {P € Proj(4) : [ ¢P}.

Note that D (f) = Spec(A(y)), where Ay is the degree-0 piece of the homogeneous localization of A at
(f), which is A[1/f].

Example 3.2.4. Note that P! = Proj(k[t, u]) so

klt,u] = k & (kt + ku) ® (kt* + ktu + ku®) & - --
and k[t,u)y =k ® k(u/t) ® k(u/t)? & - -
= klu/t].

These are all related to O(1).

Example 3.2.5. There are also examples related to O(2), for example

klz,y, 2]/ (zy — 22) = k@ (kx + ky + k2) ® (kx® + ky? + k2> + kxz + kyz) @ - -
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4 Exercises

4.1 Exercise 1

Question

Let C be the curve y?z = 2% — 22? in P4, and let p=[0:0: 1] € C. Find a morphism from C' to projective
space corresponding to the rational divisor 2p. Remember to prove that it’s a morphism, and not just a
rational map.

Answer

First, since a divisor has codimension 1, the morphism will be to P!, where the subvarieties of codimension
1 are points. Therefore we are looking for homogeneous polynomials f, g such that ¢ : [z :y: 2] — [f:¢]is
our map.

Next, we note that p is on the curve C, and the tangent line to C' at P will have multiplicity (at least) 2 at
p, so we use that. We dehomogenize at p to get y? — 22 4+ 2 = 0, and the tangent line is the degree-one part,
so the tangent line to C' at p is z = 0, denoted as the curve C".

By Bezout’s theorem, C” and C intersect at 1-3 = 3 places, and at least 2 of them are at p (because of the
tangency). We note that for C, if z = 0, then y = 0 or z = 0, so C’ intersects C also at [0 : 1 : 0] = q.
Therefore the divisor D’ of C’ is given by D' = 2p + g.

Let us try the map for which f is x and g is z, so ¢ : [x : y : 2] = [z : z]. We choose x to be the first
coordinate, because that will give us the divisor 2p. The second coordinate is z because that vanishes at ¢
once. It remains to check that it is a morphism. Observe that this presentation is fine on P2 —[0:1: 0], or
all points on C' except [0 : 1 : 0], where [z : 2] is not defined. We rearrange the equation for C' to get
T
x2 — 22’

sop:[z:y:z]— [y?: 2% — 2% on P2 — {y = 0} is an expression that is defined on [0 : 1 : 0] and is

compatible with [z : z] everywhere else, exactly because of the rearrangement.

What is the divisor of ¢? In the first representation, the first coordinate is zero twice at p. In the second
representation, the first coordinate does not vanish.

Note that the divisor changes if we pick a different representation. However, the divisor class is independent
of the representation, so the “different” representations will all be linearly equivalent. So the map ¢ is a
morphism with divisor 2p. [ ]
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4.2 Exercise 2

Question

Prove that Pic(IP") is isomorphic to Z for n > 1, and for each element of Pic(P™) that corresponds to a
morphism, find a corresponding morphism.

Answer

To prove that the two spaces are isomorphic, we construct an appropriate isomorphism. First we define
formally the Picard group of P™ as

Pic(P™) = (divisors of P™) / (principal divisors of P™).
Note that a divisor in P™ may be expressed as a finite sum » _(integer) - (irreducible divisor) = > a;D;, where

deg(D;) = d;. Further, there is some homogeneous polynomial p; of degree d; such that div(p;) = D;. So
for the subvariety o = 0 with divisor D’, we have that

D, — d;H = div ( p;)
ine

This means that D; is linearly equivalent to d; H. So consider the map ¢ from Div(P™) to Z given by

@ : (divisors of P") — Z
ZaiDi — Zaidi ’

This map is a homomorphism - surjectivity is given by a map with a divisor that’s just a point, since Z is
1-dimensional. Hence Im(yp) = Z.

Now recall that a principal divisor of P™ is one that is a divisor of a rational function. Rational divisors
have homogeneous polynomials of the same degree in the numerator and the denominator, so the sum of the
coefficients of the terms in the divisor add up to zero (i.e. such functions have the same number of zeros as
poles). Therefore if f is a principal divisor of P™, then it is in the kernel of .

For the other direction, some more work needs to be done to show ker(p) C Prin(P™). Now the kernel
of ¢ is exactly the principal divisors of P”. Then the first isomorphism theorem gives us the second-last
isomorphism below:

1

Pic(P") = Div(P")/Prin(P") = Div(P™)/ ker(¢) = Im(p) £ Z

Therefore ¢ is an isomorphism between Pic(P™) and Z. [ |
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4.3 Exercise 3

Question

Let S be the graded ring k[z,y,z]/(y*z — 2* + 22%), and let M be the graded S-module S[1]. Prove that
the sheaf M on the curve X given by y?z = 23 — 22 associated to M is an invertible sheaf, and find a Weil

divisor D that is associated to M.

Answer

Let M be the sheaf associated to M, and M’ the presheaf associated to M. Then

M (U) = {% :m e M,s €S, ,deg(m) = deg(s), s is non-vanishing on U} .

For any point p on the curve X, if the stalk Mp is a free rank-one module over the local ring O, then M
will be invertible, by definition of invertibility. As the stalks of M and M’ are identical, we have that

MP:MI’): {% : me M,s € S,deg(m) = deg(s), s(p) 750}

= {% : m,s € 5,deg(m) = deg(s) + 1, s(p) # 0}.
For p # [0 : 1: 0], note that 20, C Mp, as a € z0, implies a = zf /g, for f,g € S of the same degree. Then
deg(zf) = deg(g) + 1, so a € M,. Further, M, C 20,, as b € M, implies b = h/k, for deg(h) = deg(k) + 1.
Then b = zh/zk = z(h/zk) € z0,, with deg(zh) = deg(zk) + 1. If p=[0: 1 : 0], we have that yO, = M,
proved in the same manner. Hence M, = 20,, so M is invertible.

It remains to find a Weil divisor associated to M. We let the map ¢ that embeds M in the constant sheaf be
“division” by z, as z is a local generator OR IS IT? WHY Z?. As mentioned above, z will not work at the
point [0:1: 0] (note that z vanishes only at [0: 1 : 0]), so there we take the generator y, also as mentioned.
Hence we have the Cartier divisor

{(1,X[0:1;01),<Z,X{y—0}>}.

Since z/y has a zero at [0 : 1 : 0], the corresponding Weil divisor is d[0 : 1 : 0], where d is the order of
vanishing of z/y at [0 : 1: 0]. Note that the tangent line to X at [0:1:0] is z = 0 (by dehomogenizing the
curve at [0 : 1: 0] and taking the linear part), so neither x = 0, nor  + z = 0 nor  — z = 0 are tangent to
X at p. As

Z_T T—Zz2 X +z

y oy oy y
it follows that z/y vanishes to order 3 at [0 : 1 : 0], so d = 3. We had to break up the expression z/y into
factors, since z/y is not defined at [0 : 1: 0]. Hence the Weil divisor of M is 3[0: 1 : 0]. |
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4.4 Exercise 4

Question

Compute the canonical sheaf of P'.

Answer

Let P! be given in z,y, and its canonical sheaf by /\1 Qpr = Qp:. Consider the differential w = d(z/y). We
use w to embed Qp1 into the constant sheaf, by the map

p: O — K
a = f

where f is the unique function such that a = fw. As Qp: is an invertible sheaf, any two non-zero elements
are related by a rational function, so f exists and is unique. Now find local generators for (2p:. Note the
whole space may be covered by two open sets on which y # 0 and x # 0, respectively. For ¢ acting on «,

-on {y # 0}: d(z/y) = d(x/1) = dz, so w generates the stalk Op: at «
-on {z # 0}: dy generates the stalk Op1 at «

Note that the only point where y =0 is [1 : 0].

Then if zy # 0, w will generate the stalk of Qp1 as an Opi-module because % - ;—g = % is a uniformizer

at [zo : yo] if xzoyo # 0. That is, it vanishes to order one at [zg : yo]. We may immediately generate the
associated Cartier divisor.

o (2)" - (st) ()

So the Cartier divisor is given by
1 Lo
(LP'—[1:0]),(——,P' —[0:1]
Y

The associated Weil divisor is then clear: 1 has no zeros or poles, and —1/y? vanishes to order —2 at [1 : 0].
Hence the associated Weil divisor is D = —2[1 : 0]. Since deg(D) = —2, it follows that Qp1 = O(—2). [ |
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4.5 Exercise 5

Question

Find a Weil divisor corresponding to the canonical sheaf for the twisted cubic curve Y in P3, given as the
solution set of the equations zz = y?, rw = yz, yw = 2. [You may assume that the canonical sheaf of a
smooth subvariety of P™ defined by a single equation of degree d is isomorphic to i*O(d — n — 1), where i is
the inclusion map.|

Answer

The Weil divisor is given by

wy = i*(Iy JT2)Y where wyz = hwx @ (I7/I3)Y
= jrwz @ (Fy [ T7)" = h70(-2).
~ *hrux @ (Jy/T2)Y
= 0(=2) @ (v /T¢)"

~

The variety Z is the solution set of the equation xw = yz. Note that wz = h*O(—2) from the previous
question. The relations among the maps 4, j, h is as below.

We look for a non-zero element in Jy /J&. Such an element is y2z}“ + J& on {z # 0}. Therefore, our map

0 Jy/JE — K will be “division” by this element.

When are zw = yz and y> = 2z enough to define Y near p? That is, where is this a local generator for
Jy | J2? Well, this will happen anwhere that 2 — is in the ring Oz, [yQ_“]. This gives

T 2

2 2
w=yz = w=yz/r = z 2yw _Z y(Qyz/x)
x x
22z — %z

T
S Ud)
3

=z (P -z
o x?
So now we have the function that multiplies this non-zero element to get xw = yz. So the local generator

is % + J¢Z on {z # 0}. Note that the only point on Y where z = 0is [0:0:0: 1]. As w # 0 here, we

2
consider the element =—¥* + J&. Then

2 _ 2 _
vy = LY (yj/w)z
w

w2
y2w _ y22

w3
Y 22 —yw
T w w2
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Here also we have the function that multiplies this non-zero element to get xw = yz, so the local generator
+ J¢ on {w # 0}. To find where ¢ maps this element, we divide by the first element:

22 —yw

is

w?

2_

= w%’w 2222 — ywz? 2222 —y (%) z? 42?2 — y2zad —2% [’z — 22 -3 —x?
v2—2z 202 — w2rz | (yz\2 9 vz 2 T o422 0253, 0 42 2, _ .2 B
yr w<y wWrz (7)y—(7)mz Yy*z Y“z°x Yz \y<z— z°x Yz Yyw

Hence the desired Cartier divisor is

{aezon (Fwr0)}

and the associated Weil divisor is
div(y) — div(2?) = div(y) — 2div(z).

As w # 0, the Weil divisor will be some multiple of the point [0:0: 0: 1]. We calculate the tangent line to
Y at [0:0:0: 1] by finding the Jacobian:

—2z 2y —x 0 0 0 0 O
J=|lw -2z -y =z and Joo0y=|(1 0 0 0
0 —w 2z —y 0 -1 0 O

Hence both = 0 and y = 0 contain the tangent line at p =1[0:0: 0 : 1], but z = 0 does not, so ord,(z) = 1.
This allows us to calculate the orders at p:

2 2
yzi:>OI‘dp(y)=2 and J;:y—:>ordp(x):4—1:3.
w z

So our Weil divisor is —4[0: 0: 0 : 1] for Jy /J2. So wy ¥ i*O(—2) @ L£(4[0:0:0: 1]) and
—2(x=0)44[0:0:0:1]=-6[0:0:0:1]+4[0:0:0:1]=-2[0:0:0:1]

Therefore the Weil divisor for wy is —2[0:0: 0 : 1]. ]
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4.6 Exercise 6

Question

Assuming the Serre duality theorem and general theory of cohomology of sheaves, prove the Riemann-Roch
Theorem for curves. That is, prove that for an arbitrary Weil divisor D on a smooth projective curve X, we
have h?(D) — h°(K — D) = deg(D) + 1 — g, where K is any Weil divisor representing the canonical sheaf,
and g = h°(K) is the genus of the curve.

Answer

This question will be done by induction on D. Start with D = 0, for which
h(D) = dim(H°(£L(D))) = dim({f € k(X)* : div(f)+D = 0}u{0}) = dim({f € k(X)* : div(f) = 0}uU{0}) = dim(k) = 1.

As deg(D) = 0, the desired equation then reduces to h°(K) = g, which is true by definition of g, so the
base case is complete. Now let D be a non-zero Weil divisor on X. Let p be a point in X, and consider the

sequence
2 ™

0 Ip OX

(@ 0

where 7 : Ox (U) — O,(U) is defined by (f : Ox(U) — k) — f(p) if p € U and 0 if p ¢ U. This map is
surjective because O, is the skyscraper sheaf, or simply k, at p, and there is at least one non-zero function
f at p. The sequence would then be exact if in place of Z,, we had ker(r), by letting ¢ be the standard
inclusion. However, note the following two cases:

pgU: (ker(m))(U) = {9 € Ox(U) : mv(g) =0} = Ox(U)

peU: (ker(m))(U) = {g € Ox(U) : wu(g) =0}
={9€ O0x(U) : g(p) =0}
Z,(U) ={g € Ox(U) : g(p) =0}

Hence ker(y) = Z,, so ¢ is injective, and the sequence is indeed short exact. By the above and by noting
that Z, = L£(—p) by definition, this sequence simplifies to

0 —— L(—p) Ox k(p) 0

Tensor the sequence with £(D) to get a new sequence:

0 —— L(=p) @ L(D)

Ox ® L(D)

k(p) © L(D) —— 0

This sequence is still exact because it is exact at the stalks. The stalks of £(D) are isomorphic to the stalks
of Ox, as L(D) is an invertible sheaf. Note that £L(—p) ® L(D) = L(D — p) and Ox ® L(D) = L(D) by the
nature of Ox. Further, k(p) ® L(D) = k(p) as we can make the sets U small enough so that £(D) looks like
Ox on them, and use the aforementioned nature of Ox as the structure sheaf. Hence we get equivalently:

00— L(D —p) L(D) k(p) —— 0

Now use the zig-zag lemma to get an exact sequence:

0 —— H%(D —p) — H%(D) — H(k(p)) — H'(D — p) — H'(D) — H'(k(p)) — 0
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Since the alternating sum of the dimensions of the spaces in an exact sequences is zero, We have that
hO(D — p) — h°(D) + h°(k(p)) — h' (D — p) + h* (D) — h' (k(p)) = 0

Note that h°(k(p)) = dim(k) = 1 and h'(k(p)) = 0 since the support of k(p) is a p, a O-dimensional variety.
Hence the above simplifies to the following;:

h(D —p) = h'(D = p) = h°(D) = h*(D) — 1
Now suppose that Riemann—Roch holds for D. Add the above to RR:
h(D) = h'(D) + (h°(D — p) = B'(D — p)) = deg(D) + 1 — g + (h°(D) — h'(D) = 1)
= h'(D—p)—h"(D—p)=(deg(D)—1)+1—g
— KD —-p)—h'(D—-p)=deg(D—p)+1—g
So RR holds for D — p. Now suppose RR holds for D — p, and subtract the same equation:
hO(D —p) = h'(D = p) = (B°(D = p) = h'(D = p)) = deg(D — p) + 1 — g — (h°(D) — K (D) - 1)
< h%(D) —hY(D) = (deg(D —p)+1)+1—g
< h%(D)—h'(D)=deg(D)+1—g

Hence RR holds for D. Since every Weil divisor is a finite sum of points, by induction RR holds for all Weil
divisors D of curves. u
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4.7 Exercise 7

Question

For any divisor D on a smooth projective curve X of genus one, compute h°(D) and h'(D).

Answer

Since X is a genus 1 curve, g = 1. To make the calculations easier, consider first Riemann—Roch for D = K:

RO(K)—h"(K — K)=deg(K)+1—-1 = deg(K)=0
~—— Y
=1 =h9(0)=1

This follows as h°(K) = g by definition. Since the degree of the constant sheaf is 0, we must have that
K = 0. Then by Serre duality, specialized to curves, we have that h°(D) = h'(—D). So we only need to
compute h°(D). There are three cases to do, one each for deg(D) < 0,=0,> 0.

If deg(D) > 0, then by Riemann-Roch we have that

(D) — h°(K — D) =deg(K)+1—g = H°(D)=deg(D)
—_—— ——
-0 =0

by Kodaira vanishing.
If deg(D) < 0, then by Kodaira vanishing (h'(—D) = 0) and Serre duality (h°(D) = h'(-D)), h°(D) = 0.
If deg(D) = 0 and D = 0, then by Riemann-Roch, h°(D) —h%(K) = deg(D)+1—g, or h°(D) = 1. If D # 0,
then as HO(D) = {f € k(X)* : div(f) + D > 0}, a function f € H°(D) is rational, so

deg(div(f) + D)) = deg(div(f)) + deg(D) =0+ 0 = 0.
So since div(f) + D =) app is degree zero with a, > 0, we must have that a, = 0 for all a,,. Therefore

div(f)+ D=0 <= D=-div(f) <= D=div(l/f)

which implies that D is linearly equivalent to 0, as 1/f € k(X)*. Since this contradicts the assumption, no
such f exists, hence H°(D) is empty, or H°(D) = 0. This completes the answer. |
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