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0 Introduction

Throughout this course we will highlight similarities between algebraic geometry
and differential geometry.

Recall that a quasiprojective variety is a locally closed set in Zariski topology
of a projective space P". Let X C P” be a quasiprojective variety and ¢ : X —
P} be a map. ¢ is a morphism if ¢ is continuous and for all U C P}* open, for
all regular function (which is defined below) f on U, f o ¢ is regular on ¢~ (U)
is also regular.

Exercise.

1. Let X,Y be smooth manifolds, ¢ : X — Y a continuous map. Then ¢
is smooth if and only if for all U C Y open, for all f € C®(U), foy €
C=(p~H(U)).

2. The same statement with smooth replaced by holomorphic.

Let D(f) C A} be principal open. A function g : D(f) — k is said to be
regular if exists h € k[x1,...,2,] and 7 > 0 such that g = L.

Suppose X C A} is locally closed. g : U — K is regular if locally in the
Zariski topology it extends to a regular function on a principal open in A}. For
X C P locally closed, g : X — k is regular if g|xny, is regular for i = 0,...,n.

In each of the cases (smooth manifolds, complex manifolds, quasiprojective
variety), we have a topological space and for each open set an associated set of
regular functions.

The shift from varieties to schemes brings forth the possibility of nilpotent
regular functions. Case in point: the intersection of a parabola and a tangent.
In fact this is a familiar idea: suppose f is a continuous real function defined
on a neighbourhood of the origin. Then we may expand

f(t) = ag + art + O(?)

where O(t?) denotes terms of order at least 2. The algebraic way to write this
is to consider the function as an element of R[t]/t2.
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1.1 Sheaves

First notice that in each of the cases, regular function is a local notion: suppose
U C X open, {V;}ier an open cover of U then f € C*(U) if and only if
flv, € C*°(V;) for all i € I. In other words, given f; € C°°(V;) such that for all
i,7, filvinv; = filvinv, then exists a unique f € C°°(U) such that f[y, = f;.
Moreover if f, g are regular then so if f+ g, fg and f/g if g does not vanish.

Definition ((pre)sheaf). Let X be a topological space. A sheaf of sets F
on X is

1. for every U C X open, a set F(U),

2. for every V C U C X open, a map F(U) — F(V) called the restric-
tion, sometimes denoted ryy, and sometimes we denote ryy (f) by

flv for f € F(U),
such that

1. (presheaf) for every W C V C U C X open, we have ryw = ryw o
Tuv,
2. for U C X open, for every open cover {V;};cr of U, for all f; € F(V;)

such that fi|v,nv;, = fjlv.ny, for all 4, j, then exists a unique f € F (V)
such that f|y, = f;.

A sheaf of rings is the same with every instance of “set” replaced by
“ring”, and “map” replaced by “ring homomorphism”. Similarly for abelian
groups, modules, algebras etc.

Exercise. If F is a sheaf on X then F () is the singleton set/zero ring/zero
module etc.

Definition (ringed space). A ringed space is a pair (X, Ox) where X is a
topological space and Ox is a sheaf of rings.

Example.

e Let X be a topological space, and Ox the sheaf of continuous functions
to R, C or any topological ring.

e Let X be a smooth manifold, and Ox the sheaf of smooth functions.
Similarly for complex manifolds and varieties.

A ringed space allows us to add, subtract and multiply functions. To do
division, i.e. inverting a function, we must be able to tell its “vanishing set” and
invert it away from the locus. However, unlike in the motivating examples, it
makes no sense to talk about a function being “nonzero”, or indeed taking any
value at all. We have to do a bit more work.
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Definition (stalk). Let X be a topological space and F a presheaf of sets
on X, p € X. The stalk of F at p, denoted F,,, is the quotient set

{(U, f) : U > p open neighbourhood, f € F(U)}/ ~

where (U, f) ~ (V,g) if and only if exists W C U NV open neighbourhood
of p such that f|lw = g|lw.

Exercise. If F is a sheaf of rings/modules etc then so is F.

Definition (locally ringed space). A locally ringed space is a ringed space
(X, Ox) such that for every p € X, the stalk Ox , is a local ring.

Definition (residue field). Let (X,Ox) be a locally ringed space. The
residue field at p is
K:(p) - OX,p/mX,p-

For U an open neighbourhood of p and f € Ox(U), we define the value of
fatptobe f(p) =[(U, f)] € s(p).

Exercise. Show D(f) ={pe€ U : f(p) # 0} is open in U.

Example. Fix a field k. let Dy be the following ringed space: as a space Dy, is

a singleton and
Op, (Dy) = k[t]/(t?) = k @ kt.

This is a locally ringed space with x(pt) = k

Definition (morphism of (pre)sheaves). Let X be a topological space and
F,G presheaves on X. A morphism of presheaves ¢ : F — G is the data
for aevery U C X open a map ¢(U) : F(U) — G(U) such that for all
V C U C X the following diagram commutes

e (U)

F(U) g(u)

TUv ruv

Fv) 29 )

A morphism of sheaves is a morphism of presheaves between sheaves.

Example. Suppose M is a smooth manifold. Let AP be the sheaf of p-forms.
Then exterior derivative d : AP — AP*! is a morphism of sheaves.

Exercise. If ¢ : F — G is a morphism of sheaves, for all p € X it induces
©p + Fp = Gp.

Definition. A morphism of sheaves ¢ : F — G is injective/surjective if for
every p € X, the map ¢, : F, = G, is injective/surjective.
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Lemma 1.1. ¢ is injective if and only if for all U C X open, ¢o(U) :
F(U) = G(U) is injective. ¢ is surjective if and only if for allU C X open,
for all g € G(U), exists {V;} an open cover of U and f; € F(V;) such that
e(Vi)(fi) = glv;-

Proof. Exercise. ]
Proposition 1.2. ¢ is injective and surjective if and only if for all U C X
open, p(U) : F(U) — G(U) is bijective.

Proof. Need to show ¢(U) is surjective. Suppose g € G(U) and take an open
cover {V;} and f; € F(V;) such that ¢(f;) = glv;. Then

o(fi

so by injectivity fi|v,nv; = fjlvinv;. Use sheaf axioms. O

vinv; — filvinv;) = e(fi)lvinv, — o(fi)lvinv, = glviav, — glviny, =0

Definition. Suppose ¢ : F — G is a morphism of sheaves of abelian groups.
Define

(ke )(U) = ker (U
(im)(U) ={g € G(U) : exists cover {V;} of U,
fi € F(Vi) such that o(fi) = glv;}

Exercise. ker ¢ and im ¢ are sheaves and ker ¢, = (ker ¢),,im ¢, = (im¢),.

Example. ker(d : A? — AP*1) is the sheaf of closed p-forms. By Poincaré
lemma, imd is the sheaf of closed (p + 1)-forms.

Definition (sheafification). Let X be a topological space and F a presheaf
on X. There exists a sheaf 7+ and a morphism of presheaves  : F — FT
such that for every sheaf G on X and every ¢ : F — G, exists a unique
morphism ¢+ : F* — G such that ¢ = ¢ 0. FT is called the sheafification
of F.

Exercise. Follow the hint and prove the existence of F*: let F' = [pex Fo-
There is a natural map 7 : F' — X. Define

FT(U)={s:U — F:71os=idy, locally induced by F},

i.e. exists {V;} an open cover of U and f; € F(V;) such that for all p € V;,
s(p) = (Vi, fi)-

Exercise. Let X be a topological space and A an abelian group. The constant
presheaf is given by U — A for all U open and id4 for all restrictions. Then its
sheafification is the constant sheaf A, given by

A(U) = {U — A locally constant}.

Show further that P4 is the inverse image presheaf A on Y = {pt}.
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Definition (pushforward/pullback of sheaves). Let @ : X — Y be a con-
tinuous map of topological spaces, F a sheaf on X, G a sheaf on Y. The
pushforward a,F of F is defined by

(. F) (V) = Fla™H(V))

for V. C Y open. The pullback o~ 'G of G is defined by the sheafification of
the presheaf given by
Ur  lim Gg(v)

V open in Y
VDOa(U)

Exercise. a,F is a sheaf on Y and a~1'G is a sheaf on X.

Proposition 1.3.
1. Forallp € X, (a™'G), is canonically isomorphic to Gap)-
2. There is a canonical bijection
Homgp (™ 'G, F) = Homgn,, (G, a.F).
In other words a™' is left adjoint to .
Definition (morphism of ringed space). A morphism of ringed spaces (X,Ox) —

(Y,0y) is (f, f#) where f : X — Y is a continuous map and f# : Oy —
f+Ox is a morphism of sheaves.

Remark. A morphism of ringed spaces induces for every p € X a morphism of
rings

Ovisp) = Oxp
[(V.g)] = [(F1 (V). f#(9))]

Definition (morphism of locally ringed space). A morphism of locally ringed
spaces is a morphism of ringed spaces such that for all p € X, the map
f# : Oy s — Ox,p is a local homomorphism, ie. f#(mgq)) C m, or
equivalently, it induces a homomorphism of residue fields «(f(p)) — x(p).

Remark. The category of locally ringed spaces is not a full subcategory of the
category of ringed spaces.

Given a sheaf F on X and an open subset i : U — X, we define F|y =i 1 F.
Stalks of F|y and F are naturally isomorphic.

Lemma 1.4. If (X, Ox) is a locally ringed space then (U, Ox|v) is a locally
ringed space for allU C X open.

If k£ is a field, a locally ringed k-space or a locally ringed space over k is a
locally ringed space (X, Ox) such that Ox is a sheaf of k-algebras.
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Exercise.

1. Let (X,Ox) be a locally ringed space. To give it a structure over k is the
same as giving Ox (X) a structure of k-algebras.

2. If X is a locally ringed space over k then for all p € X, the field x(p) is
an extension of k.

Definition (spectrum). Let k be a field. Define Spec k, the spectrum of k,
is the locally ringed space of a singleton with structure sheaf k.

Exercise. If (X, Ox) is a locally ringed space, to give it a structure of k-algebra
is the same as giving a morphism (X, Ox) — Speck.

1.2 Affine schemes

Aim: associate to each ring A a locally ringed space Spec A such that for all
locally ringed space (X, Ox) there exists a natural bijection

Homy,rs (X, Spec A) = Hompging (4, Ox (X)).

Then a scheme is defined to be a locally ringed space locally isomorphic to the
spectrum of some ring.

Definition (spectrum). Given a ring R, define a locally ringed space Spec R
as follow. As a set, it is the set of prime ideals in R. The topology on
Spec R, the Zariski topology, is defined by requiring that a basis is given by
principlal open sets, i.e. D(f) = {p prime ideals : f ¢ p} for f € R. The
structure sheaf is given on the basis by O(D(f)) = Ry and restriction maps
are localisations.

It is a standard result that given a basis B of a topological space X, the
forgetful functor Shx — B-Shx is an equivalence of categories. An explicit
description of the structure sheaf is given by Corollary 5.3.

| Lemma 1.5. The stalk of Spec R at p is Ospec rp = Rp.

Example.

1. (Speck, Ospeck) is a locally ringed space and we have recovered the pre-
vious definition.

2. SpecZ/6Z = {(2),(3)}. The topology is discrete. The computation of the
structure sheaf is left as an exercise.

More generally, Spec(R; x Rs2) = Spec Ry I Spec Rs as a scheme.

3. SpecC[t] = {0} U{(t — A) : t # 0}. Nonempty open sets have the form
U U {0} where U is a cofinite subset of C.

4. For any ring R we define the affine n-space to be A% = Spec R[x1, ..., Zy].



1 Sheaves € Schemes

1.3 Zariski topology

Let X = Spec A be an affine scheme. In this scection we discuss some properties
of the topological space underlying Spec A. By the definition of Zariski toplogy,
a subset U C X is open if and only if it is the union of D(f)’s. Conversely
C C X is closed if and only if exists S C A such that

C=(2(f)=1{p:p2S}=2(5) = ZU(S)).
fes

Also note that for an ideal I C A, Z(I) = Z(\/I).

Lemma 1.6. There is a bijection between closed subsets of X and radical
ideals in A.

Proof. The assignments I — /I,C — ﬂpeC’ p are inverses to each other. O

Corollary 1.7. If A is a noetherian ring then X = Spec A is a noetherian
topological space.

Recall that a topological space X is noetherian if every descending chain of
closed subsets stabilises.

Corollary 1.8. If A is noetherian then every open subset of X is quasi-
compact.

Proposition 1.9. Let 7 : A — B be a ring homomophism. Let X =
Spec A, Y = SpecB. Let ¢ : Y — X be the induced morphism. If w is
injective then ©(Y') is dense in X and ¢ : Ox — ¢.Oy is injective.

Proof. Want to show for every f € A such that D(f) # 0, D(f) # 0 then
D(f) N e(Y) # 0. But ¢~ (D(f)) = D(x(f)). D(f) = D(/()) = 0 preciscly
when f is nilpotent. The second statement follows from the fact that Ay —
B (y) is injective. O

Digression on non-closed points Let X = Spec R where R is a finitely
generated k-algebra for some algebraically closed field k. Let Y C X be the
subset of closed points. Let i : ¥ — X. Then i~! : {open subsets of X} —
{open subsets of Y} is a bijection that respects inclusion, intersection and open
covers (the only nontrivial step is to prove injectivity, for which one uses noethe-
rianness of R). As a corollary, i, : Shy — Shy, and hence its adjoint i1, is
an equivalence of categories.

We also note here the topological construction that reverses the above pro-
cess. To go from X to Y one simply takes the closed points. Conversely,
starting with a space Y, one can construct a space X by adding a point 7z for
each Z C Y closed irreducible (that is not a singleton). The topology on X is
determined by

1. the subspace topology on Y is Y,
2. {nz} ny =2.
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This in turn implies that {nz} = {nw : W C Z closed irreducible}.

Exercise. Let X be a topological space and z € X such that Z = {z}. Then
Z is closed and irreducible. Such an z is called a generic point of Z.

Even if the topological data can be recovered from the closed point in the
case of a k-finitely generated algebra, it is not a good idea to just with the closed
points as there may be different structure sheaves. Indeed, that is the whloe
point of inventing locally ringed space. For example, note that for any local
ring R that is a domain, Spec R contains only two points: a generic point and
a closed point. If we only look at the closed point then there is no data other
than a singleton. For example let R = k[t](;), S = E[[t]]. There is a natural map
R — S that induces a homeomorphism Spec .S — Spec R (which is of course not
an isomorphism of ringed spaces).

Exercise. Determine Spec k[t]/(¢™) and show that lim Et]/ (™) = E[[t]].

Theorem 1.10. Let (X,0x) be a locally ringed space and A be a ring.
Then the naural map

HomLRs (X, Spec A) — HomRing (A, OX (X))
is a bijection.

Proof. We will construct an inverse. Suppose given a ring map @7 : A —
Ox(X), we want to construct a morphism (¢,*) : X — Spec A such that
©#(Spec A) = @*. For any x € X the composition

A— Ox(X) = Ox 4o — k(x)

has image a domain so the kernel is a prime ideal p. We define ¢(x) to be p.
To show ¢ is continuous, suffice to show p~1(D(f)) is open in X. For z € X,
@(x) € D(f) if and only if 7 (f) # 0 € k(z), since the bottom row of this
commutative diagram is an injection

o
A —— 0x(X)

| |

r(p) — r(x)

To define ¢#, by an argument similar to the construction of the structure
sheaf Ogpec 4 before, we only need to give it on D(f). Let g = %" (f). Then
o Y(D(f)) = D(g). Thus we need to define a ring map Ogpec a(D(f)) = Ay —
Ox(D(g)). We have the following claim whose proof is left as an exercise: let
(X,0x) be a locally ringed space, U C X open and g € Ox(U). Then g is
invertible on U if and only if for all x € U, [(U, g)] is invertible in Ox ,. Since
@7 (f) is invertible in Ox (D(g)), the diagonal map in the following commutative
diagram factors through Ay by universal property of localisation.

o*
A2 0x(X)

[ ™!
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Corollary 1.11. If A, B are rings then there exists a natural bijection
Hompging (A, B) = Homp,rs(Spec B, Spec A).

Example.

1. Suppose X is a k-locally ringed space. Then

Homk_LRs (X, AZ) = Homk_LRs (X, Spec k[l‘l, ey .Z‘HD
> Homy (k[z1, ..., 25], Ox (X))
= Ox(X)"
so A} represents n-tuples of global sections. Comparing this with smooth

manifold: C*°(M,R™) = C*°(M)™ (or holomorphic functions for complex
manifold), we see that A} plays the same role as R™ (or C").

2. For a finitely generated k-algebra A = k[z1,...,2,]/I, we can interpret
the bijection as

Homy 1,rs (X, Spec A)
=~ Homyg (A, Ox (X))
= {p € Homy (k[z1,...,2,],Ox (X)) : o(I) =0}
={(g91,---,9n) € Ox(X) : f(g1,..-,9n) =0forall f eI}

Since A is noetherian, we can express these using finitely many conditions.

3. Specklt]/(t?) represents X — {g € Ox(X): g*> = 0}.

Definition (scheme). An affine scheme is a locally ringed space isomorphic
to Spec R for some ring R. A scheme is a locally ringed space with an open
cover by affine schemes.

Definition ((locally) of finite type). If k is a scheme, a k-scheme is locally
of finite type over k if it has an open cover by affines which are spectra of
finitely generated k-algebras. It is of finite type if there exists a finite such
cover.

Definition ((locally) noetherian). A scheme is locally noetherian if it has
an open cover by spectra of noetherian rings. It is noetherian if there exists
a finite such cover.

Lemma 1.12. An affine scheme is (quasi)compact.

10
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Proof. We may start with an open cover by principal opens. Let X = Spec A
be an affine scheme. We want to know given S C A, when is {D(f)}fes an
open cover of X. X =J;cq D(f) if and only if

D= ()2(f)=(){peSpecA:p> f}={p:p2S}
fes fes

i.e. there does not exist a prime ideal containing I(.5), the ideal generated by
S, if and only if I(S) = A, i.e. exists f1,..., fn € S,a1,...,a, € A such that

n

x = J b =D = X.

fes i=1

Thus

Lemma 1.13. Let X = Spec A be an affine scheme, U = Spec B an open
affine subscheme of A. Then exist f1,..., fn € A suchthatU = J;_; Dx(fi)
and for each i, Dx(f;) = Dy (filv).

Proof. U C X open can be written as a union of principal opens. Since U
is quasicompact this can be written as a finite union. This proves the first

statement. As Dx(f) ={z € X : f(z) # 0},

Dx(f)NU={zeU: f(x) #0} ={z € U: flu(x) # 0} = Du(flv)-
O

Exercise (Hartshorne, Ex 11.2.16). Let X be a scheme, f € Ox(X). By the
general result on locally ringed space we know f|p(s) is invertible. Thus we
have a map o : Ox(X)s = Ox(D(f)). Show

1. if X is quasicompact then « is injective.

2. if X has a finite affine cover {U;} such that U; N U; is quasicompact for
all 4, j then « is surjective.

Proof.

1. Suppose % € kera so g|D(f) = 0. We would like to show that exists
s > 0 such that f¥ =0 € Ox(X), ie. fNg=0¢€ Ox, forall z € X.
If 2 € D(f) then g|p(sy = 0s0o g =0 € Ox,. If 2 ¢ D(f) then let
U = Spec A be an affine neighbourhood of = in X. Then g|p, (4,) = 0.
As Oy (Dy(flv)) = Ay, , this means exists n such that f|; = 0 on U.

By quasicompactness we can find a finite affine cover {Uy,...,U,,} of X,
ni,...,Nym > 0 such that f|TU“ -g=0on U;. Take N = max{ni,...,nm}
so fNg=0.

11
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2. Given g € Ox(D(f)), we seek N > 0 such that fV|ps)-g is the restriction
to D(f) of an element of Ox(X). On each U; this is true, i.e. exists
m; > 0 such that f™ig € U; N D(f) is the restriction of an element of
Ox (U;). Let m = max{m;} so exists h; € Ox(U;) such that h; = f™g €
Ox(U; N D(f)). Pass to intersections U;; = U; N U;, we have

hi=f"g=h; € Ox(Ui; N D(f))

so by injectivity exists n;; > 0 such that f"9“h; = f"ih; on U;;. Let
N = max{n;} so fNh; = fNh; on U;;. Exists h € Ox(X) such that
hlu, = fNhi. h = fNtmg on U; 0 D(f). As {U;} is a cover of X,
{UiN D(f)} is an open cover of D(f) so iL|D(f) =N - g

O

Proposition 1.14 (Hartshorne, Ex I1.2.17). Let X be a scheme. Assume
fisoooy fn € Ox(X) such that (f1,..., fn) = Ox(X) and such that D(f;) is
affine for alli. Then X is affine.

Proof. Let U; = D(f;). Note
U, N Uj = {1‘ e U; : f](ﬁb) 7'é 0} = DUi(fj|Ui)

is affine. Thus by exercise for all f € Ox(X), Ox(X) = Ox(D(f)). Let
A= 0x(X) so Ox(D(f;)) = Ay,. The identity map A — Ox(X) corresponds
to a morphism ¢ : X — SpecA. For all 4, let ¢! (Dspec a(fi)) = Dx(fi)-
The morphism ¢|y, : U; = V;, where V; = Dgpec a(f;) between affine schemes
correspond to a map

¢” 2 Ov,(Vi) = O, (Ui).

But LHS is Ogpec a(V;) = Ay, and RHS is Ox(Dx(f;)) = Ay,. One can check
that by our construction of the maps, ¢# is exactly the map « in the above
exercise. Thus ¢|y, : U; — V; is an isomorphism. The result can then be
deduced from the following exercise: let ¢ : X — Y be a morphism of locally
ringed spaces. If exists an open cover {V;} of Y such that ¢ : ¢=1(V;) — V; is
an isomorphism then ¢ is an isomorphism. O

Definition (affine morphism). Let ¢ : X — Y be a morphism of schemes.
We say ¢ is affine if for every V C Y open affine, p~1(V) is affine.

Exercise.
1. Composition of affine morphisms is affine.

2. Let X be a scheme, f € Ox(X), U =D(f) and i : U — X the inclusion.
Then ¢ is affine.

Proposition 1.15. Let ¢ : X — Y be a morphism of schemes. Then ¢ is
affine if and only if there exists an affine open cover {V;} of Y such that for
every i, = 1(V;) is affine.

12
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Proof. Only need to prove if. Let V C Y affine and let U = o~ *(V). Fixi € [
and we can write V N V; C V; as a union of principal opens in V;. U; = <p_1(Vi)
is affine so we can cover V with open affines {W,} whose inverse images are
also affines. Cover each W; with open affines which are principal in both V'
and in W;. Thus we can find a cover of V by principal affines, which can be
taken to be a finite collection {D(f,)}, such that each =1 (D(f,,)) is affine.
Let gm = @7 (fm) where o7 : Oy (V) — Ox(U). Since Y ay, fr = 1 for some
Ay > @7 (Am)gm = 1. U is affine by the proposition we have just shown. []

This shows that the property of a morphism being affine is local on the base.
This generalises to Grothendieck topologies.

1.4 Subschemes

Lemma 1.16. If (X,0x) is a scheme, U C X open then (U, Ox|v) is a
scheme.

Proof. Suppose {V;} is an affine open cover of X. Then U has an open cover
{V; N U}, so it suffices to do the case where X is affine. If X = SpecA is
affine then U has an open cover by principal open subsets. But for f € A,
(D(f), Ox|p(s)) = Spec Ay which is affine. O

Definition (open and closed embedding). A morphism ¢ : ¥ — X is an

open embedding if p(Y') is open in X and ¢ : Y — ¢(Y) is an isomorphism.
A morphism ¢ : Y — X is a closed embedding if ¢(Y) is closed, ¢ is a

homeomorphism onto its image and p# : Ox — ¢, Oy is surjective.

Our aim of this section is to show that closed immersions are locally modelled
on morphisms induced by surjective ring maps. Of course we have to first prove
that they are indeed closed embeddings.

Lemma 1.17. Let X = SpecA,Y = SpecB,7m : A — B a morphism
inducing the morphism ¢ :' Y — X. If w is surjective then o is a closed
embedding.

Proof. Let I = kerm and let C = ¢(Y'). By ideal correpondence ¢ is continuous
and bijective. Thus to show it is a homeomorphism onto its image suffice to
show it is open. Given g € B, by surjectivity of m we can find f € A a preimage
of g. Then

p(D(g) ={peX:p2Lgd¢np)}={peX:p2Ifépt=D(f)NC

which is open in C.
To show ¢¥ is surjective it suffices to show that for all f € A, p#(D(f)) :
Ay — Br(y) is surjective. Given # € By (y), take a such that 7(a) = b. Then

a _ b
(=) = = J

Exercise.

1. Ifp:Y - X and ¢ : Z — Y are closed embeddings then so is p o4 :
Z = X.

13
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2. If ¢ : Y — X is an isomorphism then it is both a closed and open embed-
ding.

3. Let ¢ : Y — X be a morphism. Then ¢ is a closed embedding if and
only if exists an open cover {U;} of X such that ¢y, : V; — Uj is a closed
embedding for all i where V; = o~ 1(U;). (hint: C C X is closed if and
only if exists an open cover {U;}, CNU; is closed in U;. Alsoif p: Y — X
is a morphism of locally ringed space then ¢# is surjective if and only if
exists an open cover V; such that ¢# |y, is surjective).

4. Prove 3 by replacing “exists” by “for every”, i.e. this is a property local
on basis.

Proposition 1.18. Let X = Spec A be an affine scheme and ¢ : Y — X a
closed embedding. Then

1. if Y = Spec B then p* : A — B is surjective.
2. 'Y is affine.

Thus the only closed subscheme structures on X are induced by surjective
ring maps.

Proof. First suppose Y = Spec B. Let m : A — B be the induced map with
kernel I. Let C' = Spec A/I. Then ¢(Y) C C and by injectivity of A/I — B,
is dense in C. ¢(Y") being closed in X and dense in C' and C being closed in Y
imply that ¢(Y) =C so Y — C is a closed embedding.

A— B Y ﬁ X
A/T C

Thus we may assume that 7 is injective, ie. C = X and ¢ : ¥ — X is a
homeomorphism. ¢ : Ox — ¢,Oy is surjective since ¢ is a closed embedding,
and is injective by a result proven earlier. Thus ¢ is an isomoprhism.

To show Y is affine, let T = ker(I — Oy (Y)) and let C = Spec A/I. Then
we have the same factorisation Y — C' — X of ¢ and by the same argument
C is the image of . Cover Y by open affines, whose images under ¢ are opens
in C, which can be covered by principal opens in X. Thus we can find a finite
open cover of principal opens {D(f;)} of X such that =1 (D(f;)) = D(o*(f;))
is open affine in Y for all i. Then ¢#(f;) generate Oy (Y) so Y is affine by our
affine criterion. O

Theorem 1.19. Let ¢ : Y — X be a morphism of schemes. Then TFAE:

1. ¢ is a closed embedding.

2. ¢ is affine and for all U = Spec A open affines in X, let B =
Oy (¢~ Y(U)). Then o* : A — B is surjective.

14
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3. ¢ is affine and we can cover Y by open affines U; such that o (U) :
Ox(U) = Oy (p~Y(U)) is surjective.

Proof.
e 1 = 2: closed embedding is local on base by exercise 3.
e 2 = 3: obvious.

e 3 = 1: being a topological closed embedding is local on base.
O

Note that it is possible to have non-isomorphic closed subschemes with the
same closed subset, for example Spec k[t]/(t™) — Aj. This leads to the question
whether any of them is more “natural” than others.

Definition (reduced scheme). A scheme X is reduced if for all U C X open
the ring Ox (U) is has no nilpotents.

Exercise.
1. Let X = Spec A. Then X is reduced if and only if A is reduced.

2. A scheme X is reduced if and only if there exists/for every affine open
cover {U;}, each U; is reduced.

Theorem 1.20. Let X be a scheme. Then exists a closed embedding i :
Xiea = X such that i is a homeomorphism and X,eq is reduced. It has the
universal property that all morphisms ¢ : Y — X from reduced scheme Y
factorise through Xieq-

Proof. If X = Spec A then X,.q = Spec A/\/@ For a general scheme X cover
X by open affines and glue.

Note that if ¢ : X;.q — X has been constructed and U C X open, then U,eq =
(U, Ox,.,lv) with morphism j : Uyeq — U given by identity on topological space
and j# : Oy — Oy,., given by restricting i# to U. O

1.5 Locally closed embedding
Definition (locally closed embedding). A morphism of schemes f: X — Y

is a locally closed embedding if it factors as X — U 2y Y with i a closed
embedding and j an open embedding.

15
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2 Gluing in algebraic geometry

There are two types of gluing. We start from gluing sheaves.

Exercise. Let X and Y be topological spaces. For U C X open, define
Fy(U) = {¢ : U = Y cont} with restriction of functions. Show that Fy is
a sheaf of sets.

Lemma 2.1. Let X be a toplogical space and A, B sheaves of rings on X.
Then
F(U) = HomghRing (Alv, Blv)

is a sheaf of sets on X.

Proof. Restriction is restriction of sheaf morphisms and it is easy to see F
is a presheaf. Let {U;} be an open cover and let U;; = U; N U;. Assume
@i + Aly, — Bly, is such that ¢;|y,, = @j|v,; then we want to show there
exists a unique ¢ : A — B restricting to ¢;. For all V' C X open, define
e(V): A(V) — B(V) as follow. Since ¢|y, = ¢;, we set

w(a)lv;nv = wilaly,nv) =: b;
Let V; = U; NV and {V;} is an open cover of V. Since V;; =V N U,

b;

vi; = wilalv;) = jalvi;) = bjlvij-

Thus we are forced to set ¢(a) = b where b € B(V) is uniquely specified by
bly, = b;. Check that ¢ is compatible with restriction and ¢(V') is a ring map
using sheaf axioms. O

Exercise. Show that if A, B are sheaves of sets (resp. R-modules) then H{}(A, B)
is a sheaf of sets (resp. R-modules).

Corollary 2.2. Let X,Y be locally ringed spaces. Then the assignment
fy(U) = HomLRs(U, Y)
defines a sheaf of sets on X.

Proof. Exercise. Need ¢ : U — Y continuous map and ¢# : =10y — Oy
local homomorphism of sheaves of rings. O

There is another kind of gluing, namely gluing like stacks. Suppose X is
a topological space with open cover {U;};. Suppose A; is a sheaf of rings on
U;. Assume that for all 4,5 there is we are given ¢;; : Aslu,;, — Ajly,, an
isomorphism of sheaves of rings. We ask

1. is there a sheaf of rings A on X and isomorphisms ¢; : A
that p;; = @, Us; © ¥

v, = A; such

~19
Ui]‘ :

2. is (A, {p;}) is unique?

16



2 Gluing in algebraic geometry

For Q1, there is a clear necessary conidition. Let U, = U; NU; NU, be the
triple intersection. Then on U,j;, we need

Pjk © Pij = Pik-

For Q2, there is a trivial way in which it is not unique: just take any A
isomorphic to A with @; composition with the isomorphism. But this is as but
as it goes.

Theorem 2.3. Let A;, p;; be as before. Suppose for all i,j,k we have on
Uijk

Pik © Pij = Pik
and i = id (called the cocycle condition). Then exists a (A, {@:}) as
required. Furthermore it is unique in the sense that if (A,{@;}) is another
solution then exists a unique isomorphism o : A — A such that ¢; =
p; o og|U,i.

Proof. Exercise. To get start with, define
AWV) = {(a;) € [TAV N1y : gijlai) = a;}.

Then use cocycle condition to show it is a sheaf. O

17
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3 Fibre products

Note that in general fibre products do not exist: suppose X = {0},Y =R? Z =
R, f(x) = z,g(z,y) = xy, then X x zY is not a manifold. It turns out this works
if at least one of f, g is a submersion (to prove this need structure theorem for
submersions).

Definition (cartesian diagram). A commutative diagram

w157

P g
x Jy
is cartesian if for every W’ making the outer square commute there is a
unique W’ — W making the diagram commute

Exercise. In the category of sets the above diagram is cartesian if and only
itW = X xy Z = {(z,2) € X xZ: f(x) = g(2)} is bijective. Similar
for topological spaces where X Xy Z is given the subspace topology and h a
homeomorphism.

Theorem 3.1. Let f: X =Y, g: Z =Y be a morphism of schemes. Then
exists W a cartesian diagram of schemes.

Definition (fibred product). We say W is a fibred product of X and Z over
Y and denote it by X Xy Z. Some other names inclue pullback, cartesian
diagram, or that p is obtained from g via base change f.

We first show that if f: X — Y is an open immersion, let U = f(X) C Y,
then W = ¢g=}(U) C Z with ¢ : W — Z the inclusion and p= f~log: W — X
is cartesian. Hint: show that

Hom(S, X) — {¢ € Hom(S, Z) : p(S) CU}
g fop

is a bijection for all schemes S.
Next, we show the special case X = Spec A,Y = Spec B, Z = SpecC, set
W = Spec A ® C. Use that the diagram

B—C

l l

A— AR (C

18
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is co-cartesian in the categroy of rings and the adjunction between global sec-
tions and Spec.

Proposition 3.2. Let f : X = Y,g: Z — Y be morphisms of schemes. Let
{U;} be an open cover of X. Assume U; Xy Z exists for all i then X Xy Z
exists.

Sketch p’FOOf. Define W, =U; xy Z, Wij = Uij Xy Z and let Pij - Wij — Wji
be the isomorphism. Use cocycle conditions to glue. O

In the same spirit we have

Proposition 3.3. Let f: X — Y andg: Z — Y be morphisms of schemes.
Assume there exists a cover {U;} of Y such that X; xy, Z; exists for all i
where X; = f~1(U;), Z; = g~ 1 (U;). Then X xy Z exists.

The we can show the fibre product X xy Z exists by showing the existence
in the increasingly more general cases:

1. XY, Z are affine.
2. Y, Z are affine: cover X by open affines. Use 1 and glue.

3. Y affine: cover Z by open affines. Use 2 and glue.

S

. general case: cover Y by open affines. Use 3 and glue.

We will see a more concrete constructions for schemes locally of finite type
over an algebraically closed field.

Property local on base A property P of morphism of schemes is local on
base if for all morphisms of schemes f : X — Y, f has P if and only only for
all open cover {U;} of Y, for all i, g1 (U;) — U; has P.

Exercise. Show that if f: X — Y has a property which is local on base then
for all U CY, g~*(U) — U has the same property.

Definition (property stable under base change). Let P be a propery of
morphisms. We say P is stable under base change if for any g : Z — Y with
P and any morphism f: X - Y, ¢: X xy Z — X has P.

Example. Examples of properties stable under base change include: open im-
mersion, affine morphism, closed immersion. For example for closed immersion,
affine morphism is stable under base change, and tensor product is right exact
so preserves surjection of rings, which are local models of closed immersions.

Note that if a property P is local on base and stable under base change then
a morphism f : X — Y has P if and only if exists an open cover {U;} of ¥ such
that for all 4, f~1(U;) — U; has P.
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4 Separated and proper schemes

To motivate the definition of separated and proper schemes, prove the following
statements:

1. X is a Hausdorff if and only if Ax : X — X x X is closed.
2. X compact if and only if for all Y, X x Y — Y is closed.

Let f: X — Y be a morphism of schemes. Then the commutative diagram

X — X

|

X —Y

induces a morphism Ax : X - X xy X.

Exercise. If X is a manifold and f : X — * then Ax : X — X x X is the
diagonal map.

Lemma 4.1. Let ¢ : X — Y be a morphism of affine schemes. Then
A: X = X Xy X is a closed embedding.

Proof. Let X = Spec B,Y = Spec A. Then A# : B,y B — B,b; @ by + byby
is surjective. O

Corollary 4.2. Let p: X — Y be a morphism of schemes. Then A : X —
X xy X is a locally closed embedding.

Proof. First show as an exercse that exists an affine cover {U;} of X and an affine
cover {V;} of Y such that o(U;) CV; for all i. Let W; =U; xy U; = U; xvy, U,.
Then A=Y (W;) = U;. Let W =|JW; CY open. Then A factors as

X5 W X xy X.
« is a closed embedding since ail(Wi) = U; is affine and U; — W; is a closed

embedding by the lemma. O

Definition (separated morphism). A morphism ¢ : X — Y is separated if
A is a closed embedding.

Definition. Let X be a scheme and U C X open. U is dense in X if there
does not exists a proper closed subscheme such that U < X factors through
Z.

Example. Let X = Spec A where A is a domain. Then every nonempty U C X
is dense: indeed suffice to show this for nonempty D(f), i.e. f # 0. Let Z =
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4 Separated and proper schemes

Spec A/I be a proper subscheme where I # 0. But there does not exists a map
A/I — Ay making the following diagram commute

ALAf

PR
not inj e
07

AJI

The same argument shows that for any reduced scheme X, an open subset
U C X is dense if and only if it is topologically dense.

Example. Let A = k[z,y]/(xy,y%). X = Spec A is the line with thickening
at the origin. Let B = A, = k[x,27!]. Then U = D(z) C X is not dense as
it factors through Z = Spec A/(y). Note however U is dense as a topological
space.

Proposition 4.3. Let ¢ : X — Y be separated. Let S be a scheme and
U C S dense. Let f1,f2: S — X such that oo fi = po fa and filu = faolu
then f1 = fo. In other words, in the following commutative square

L}X

U
[ 7]
o

NS

i}Y

there exists at most one f making the diagram commute.

Proof. Consider

where the lower square is cartesian. A is a closed embedding and so is «. Since
U is dense in S, « is an isomophism so f; = hoa™! = f,. O

Example. Let k = k,U; = Speckl[t],Us = Speck][s]. Let Ujs = D(t) C Uy =
Spec[t,t71],Us; = D(s) C Uy = Speckl[s,s71]. Let @12 : Uiz — Ua1 be the
isomorphism given by goﬁ (s) = t. Glue Uy and U, along ¢12 to obtain X.

X X X is covered by four copies of A%, Wi; = U; x3, Uj. Ax is closed in
W11 U Wag, but the closure of Ax in X xy X is Ax U{(01,02),(02,01)} (do it
locally on Wia, then Wa; by symmetry). Thus X — Speck is not separated.

This is also witnessed by the lifting property: consider U = A} \ {0} C S =
A}. Then we can set f1(0) = 01, f2(0) = 0.

Note that the example works for any choice of schemes Uy = Uy and U5 C Uy
open dense subscheme. In fact, this can be used to test separatedness.
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Theorem 4.4 (valuative criterion for separatedness). Let ¢ : X — Y be a
morphism of schemes. Then ¢ is separated if and only if for every commu-
tative square

U— X

1
| 27

S ——Y

there exists at most one f making the diagram commute. Here S is the
spectrum of a valuation ring and U C S its generic point.

There is another version that holds for ¢ of finite type over an alge-
braically closed field k, where S is a reduced irreducible nonsingular curve
over k and U = X \ {p} where p is a closed point.

We will prove the second version later. Note that it can be written as S =
Spec O¢,, with C' a nonsingular reduced irreducible curve over k and p € C' a
closed point, U = Spec K (O¢,p) the quotient field. O¢p, is a (discrete) valuation
ring.

Exercise. Use the valuative criterion to show that composition of separated
schemes is separated, and ¢ : X — Y is separated if and only if ¢req @ Xieqd —
Yieq is separated.

Another way to show that the composition X — Y — Z of two separated
morphisms is separated is to show that the square in the below diagram is

cartesian
Ap

X2 Xy X — s X xy X

| |

Y — 2 v,y

Lemma 4.5. Suppose f : X — Y, g :Y — Z are morphisms of schemes
and h=go f. If h and g are separated then f is separated.

Proof. Using the same diagram, since the base change of Ay, is a closed embed-
ding, Ay is closed so a closed embedding. O

Example.

1. Construct the differential geometric analogue of the line with two origins
using Uy = Uy = R, U3 = Uy = R\ {0} and @12 = id. Show the resulting
space X is a manifold except that it is not Hausdorff.

2. Show that if X is a manifold except perhaps not Hausdroof then X is Haus-
dorff if and only if every sequence {z,}, has at most one limit. Rephrase
to look like the valuative criterion with ¥ = %, U = {* : n € N} C R and
S={0}uU.
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Definition (universally closed morphism). A morphism of schemes is uni-
versally closed if every base change is closed.

Example. Let X = Speck[t] where k = k. Let Y = Speck. ¢ : X — Y induced
by k < k[t]. Then ¢ is closed but not universally closed. Take Z = Speck|[s]
and ¢ : Z — Y induced by k — k[s]. U = Speck[s,t]/(st — 1) is closed in
X xy Z but ¢(U) = Z \ {0} is not closed.

Let ¢ : U — Z be the restriction of g. Show ¢ is an open embedding. Let
h : U — X be the restriction of p : X xy Z — X. Show that there does not
exist f: Z — X making the diagram commute

Uy x

2]

Z ——Y

Theorem 4.6 (valuative criterion for universally closed morphism). Let
@ : X =Y be a morphism of schemes. Then o is separated if and only if
for every commutative diagram

|

“<<T><

f -
P
-

-

n——Jg

—

there exists a morphism f making the diagram commute. Here S is the
spectrum of a valuation ring and U C S its generic point.

There is another version that holds for ¢ of finite type over an alge-
braically closed field k, where S is a reduced irreducible nonsingular curve
over k and U = X \ {p} where p is a closed point.

Exercise. Again with the manifold analogy, let U = {1}, S = U U {0}. Show
that a smooth map ¢ : X — Y of manifolds is proper in the topological sense if
for all commutative diagrams of continuous maps

U, x

[l

[

there exist an infinite subset U; C U and a continuous map f : Sy := U;U{0} —
X such that g o f = gs,, ¢lv, = hly,-

U1—>U%X

LA

Sl;>SL>Y

Note that in algebraic geometry there is also a valuative criterion that looks like
this.
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Proposition 4.7. Let f : X =Y, g:Y — Z be morphisms of schemes and
h=go f. If h is unviersally closed and g is separated then f is universally
closed.

Proof. Let ¢ : S — Y and ¢ =gop: S — Z. We have a commutative diagram
with cartesian squares

Xxy S —Y

l lAg

X Xx;8 D% v,y

h |
ZTS

O

Exercise. To remember the hyposthesis and conclusion of the proposition, show
that any continuous map from a (quasi)compact topological space X to a Haus-
dorff space Y is universally closed.

Definition (proper morphism). A morphism ¢ : X — Y of schemes is
proper if it is separated and universally closed.

Lemma 4.8. Let f : X — Y, g : Y — Z be morphisms of schemes and
h=go f. If h is proper and g is separated then f is proper.

In complex manifolds, the best examples of compact ones that are closed
submanifolds of CP". Fact: they are all algebraic varieties!

Definition (projective space). Let A be a ring and n > 1. We define the
projective n-space Py as follows. Let U; = Spec A[z}, ..., z%]/(zi —1) = A
for 0 <i<n. Let U;; CU; be D(x;) Let @;; : U;j — Uj; by

@Zﬁ(‘rgn) = 3

Zj

for 0 < m < n. Note Lpf;(xz) = 1,<pf§(x?) = % = 2 is invertible so <pf§

is well-defined. The data {U;, ¢;;} satisfies the cocyclje conditions and the
glued scheme is called P%.

By convention we define P = Spec A = Uy = Spec A[z{]/(z) — 1).

Exercise. Let A be a ring and n € N. Define a morphism = : P’y — Spec A by
defining 7; : U; — Spec A to be the morphism given by 7r1# c A Alxd, .. 2]/ (2
1). Show that m;’s are compatible and hence glue to give 7.
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Definition. Let X a scheme. We define
7)L( = ]P% X SpecZ X
and 7 : P — X the projection.

Exercise. Show there is a canonical isomorphism Pg . , = P’ that is compat-
ible with .
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5 Sheaves of modules

The differential geometric analogue of the subject of this chapter is vector bun-
dle. For E a vector bundle over a manifold M, let £ be the sheaf of sections of
E. Then for all U C M open, (V) is a sheaf over C*°(U). Furthermore the
module map is compatible with restrictions of sheaves.

Definition (sheaf of modules). Let (X,Ox) be a ringed space. A sheaf
of Ox-module is a sheaf of abelain groups F on X plus Ox(U)-module
structure on F(U) for all U C X open, such that if V' C U then for all
fe OX(U)75 € ]:(U)a (f : 5)|V = f|V : S|V~

Example. Ox is a sheaf of Ox-modules. If F, G are sheaf of Ox-modules then
so is F @ G. In particular (’)g’?r is a sheaf of Ox-module.

Definition (morphism of sheaf of modules). A morphism of Ox-modules
¢ : F — G is a morphisms of sheaves such that for all U C X open,
F(U) — G(U) is a morphism of Ox (U)-modules.

Example. If ¢ is a morphism of sheaf of Ox-modules then ker¢,im ¢ and
coker ¢ are sheaves of Ox-modules.

Remark. If (X,Ox) is a ringed spae and F a sheaf of Ox-module, then for all
U C X open Fly is a sheaf of Ox|y-module.

Exercise. Let X be a ringed space, F a sheaf of Ox-modules. Show that the
map

HOmoX(Ox,f) — .F(X)
@ — o(X)(1)
is bijective.
Definition ((locally) free sheaf). Let (X, Ox) be a locally ringed space, F
a sheaf of Ox-module. F is free of rank r if it is isomorphic to O?ér. It is

locally free of rank r if exists an open cover {U;} of X such that F|y, is free
of rank r for all s.

Exercise. Let M be a manifold and E a rank r vector bundle on M. Then
1. € is locally free of rank r.

2. If € is locally free of rank r then exists F a vector bundle of rank r on M
such that & = F.

3. & is free of rank r if and only if F is trivial.

The aim of this chapter is to show
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Theorem 5.1. Let A be a ring, M an A-module. Then there exists a sheaf
of abelian groups M on the topological space of X = Spec A such that

1. M(D(f)) = Mj,
2. My = M,,

3. M isa sheaf of Ox-modules,

4. Mod s — Modp,,, M — M defines a fully faithul exact functor.

Let A be a ring and X = Spec A as a topological space. Given M an A-
module, we define a presheaf 9t by

U H M,
pel
and the restriction maps projections.

Exercise. Show that 9t is a sheaf of A-modules on X.

Definition. We define the presheaf (which is a sheaf of O x-modules) M to
be

Ur—>{ (myp) € MU): forallp e U, exists me M, f e A }
such that f ¢ p and for all g € UND(f), mq = 7
Exercise.

1. Show M(U) is an A-submodule of M (U).

2. Show the restriction map 9MM(U) — M(V) maps M(U) to M(V)

3. Show M is a subsheaf of A-module of 9. In particular M is a sheaf.

4. Let g€ Aand B=A,,Y = D(g) = Spec B, N = M,,. Show that there is
a natural isomorphism M|y — N induced by M, = N,.

5. There exists a homomorphism of A-modules M — M(U)mz = (my)

where m), = 5* which is compatible with restriction.

Theorem 5.2.
1. The natural map M — M(X) is an isomorphism of A-modules.

2. For all g € A, exists a natural isomorphism of Ag-modules My —
M(D(g)) that is compatible with the map in 1.

3. Forallqe X,

My — M,
(U, (my)) = myq
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is an isomorphism of A-modules.

Proof.

3. Let the map in 3 be 8. We construct an inverse y: for 7e My, let 7(%) =
)

1. Let the map in 1 be a. Suppose m € ker v, so for all p exists f ¢ p such

that fm = 0. Consider
I={feA: fm=0}=Ann(m)

Then I ¢ p for all p so I = A and it follows that m = 0.

To show surjectivity, let (my,) € M (X). We can cover X by opens
D(f1),...,D(fn) such that exists mq,...,m, € M with m, = T]’} for
all p € D(f;). For all 4,7, ”JZ— = % € My, s, (by injectivity of «) so can

find s large enough such that

fi 17 (fimg = fymi) =0

in M for all Z,_] Let g; = f179+1,’ﬁl1' = ffmz SO gz’ﬁ’LJ = g]ﬁll and 1}% = ZL'
Note D(g;) = D(f:), and D(f;)’s cover X so exists aq,...,a, such that

S aigt =1. Let m =Y a;m;. Then

gim = Z a;jgim; = Z a;gim; = my;

so a(m) is the given section.

2. Follows from exercise 4.

m

(D(f), a(*F))- B(v(*F)) = 7 by definition. Let u = (D(f), (mp)) € M.
Exist g such that q € D(g) and u = (D(fg), a(57)) so

f?;,.> = (D(fg), a(—

Y(B(u) = ~( Fror

) = u.

Exercise. Show that A is a sheaf of A-algebra.

| Corollary 5.3. We define the structure sheaf Ox to be A.

| Proposition 5.4. For every A-module M, M isa sheaf of Ox-modules.

Definition (quasicoherent sheaf). A sheaf F of Ox-modules on a scheme
X is quasicoherent if for every U= Spec A C X affine open, there exists an
A-module M such that Fly = M.
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Lemma 5.5. Let X be a scheme, F a quasicoherent sheaf of Ox-module.
Let Y C X be open. Then Fly is also quasicoherent.

Proposition 5.6. Let X = Spec A be affine, Foa sheaf of Ox-module. Let
M = F(X). Then exists a natural morphism M — F.

Sketch proof. It is enough to define the morphism ¢ : M — F on D(f). Suppose
u= 7 € M(D(f)). Let go(u):%~m|p(f). O

Corollary 5.7. Let X be a scheme, F a sheaf of Ox-module. If exists
an open cover {U;} of X such that each F|y, is quasicoherent then F is
quasicoherent.

Proof. Suffice to show for the case X = Spec A and U; = D(f;). Let M =

ker([TF(D(fi)) = [IF(D(fif;))). Claim that M = F: by sheaf axiom we
have an exact sequence

0 —— F(Dy) — [1F Dy N D(fi)) == TIF(Dy N D(fi) N D(f;))

But since each F|p(y,) is quasicoherent, F(D;ND(f;)) = F(D(f:))y so F(Dy) =
M;. O

Proposition 5.8. Let F,G be quasicoherent sheaves on a scheme X. Then
FPBG is quasicoherent. Moreover for any morphism o : F — G, ker «, im «v, coker «v
are quasicoherent and the functor ~: Moda — Modog,,. , s ezact.

Proof. Tt is enough to assume X = Spec A. Then the first statement follows
from L o

M®&N=M®@N.
For the second statement, let ¢ : M — N be induced by a. Let K = ker .
Then the natural homomorphism K — ker ¢ is an isomorphism since it is an
isomorphism on all stalks. Same for image and cokernel. O

| Corollary 5.9. Every locally free sheaf is quasicoherent.

Proposition 5.10. Let X be a scheme and F a sheaf of Ox-module. Then
F is quasicoherent if and only if for allU C X open and for all f € Ox(U),
FU)y — F(V) is an isomorphism where V = {x € U : f(x) # 0}.

Proof.

« <= for U C X open affine, let M = F(U). Then M(D(f)) = F(D(f))
is an isomorphism for all f € Ox(U) so Fly = M.
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5 Sheaves of modules

o = : let U C X open and take an open affine cover {U;} of U. Let
{Wi;r} be an open affine cover of U; NU;. Sheaf axiom says that

0 F(U) ILF(U) == I j0 7 Wij)

is exact. Localisation is exact so the sequence remains exact after applying
— @ox ) Ox(U);-

O

Proposition 5.11. Let X = Spec A be an affine scheme. Then - gives a
fully faithful essentially surjective exact functor Mod s — Qcoh(X).

Proof. The map

a: Hom(M,N) — Hom(M,N)
@ = ((mp) = (op(myp)))

has a left inverse 3 by taking global section. To show f is injective, if () =0
then for all f € X, ¢(D(f)) : My — Ny is zero so 1 is zero. Exactness can be
checked on stalks. O

Definition (coherent sheaf). Let X be a locally noetherian scheme. A
quasicoherent sheaf F on X is coherent if and only if exists an open cover
{U;}, where U; = Spec A; with A; noetherian, such that Fly, = ]\Z where
M; is a finitely generated A;-module.

Note that we only defined coherent sheaf on a locally noetherian scheme
here. There is a more general definition of coherent sheaf for ringed spaces (see
e.g. EGA), which reduces to our definition in locally noetherian scheme case.
The reason we avoid mentioning this definition here is that they don’t behave
well in the nonnoetherian case, and we rarely, if ever, encounter such a scheme
in this course.

Proposition 5.12. Let X = Spec A where A is noetherian and F a sheaf
of Ox-module. Then F is coherent if and only if F = M with M a finitely
generated A-module.

Proposition 5.13. Let X = Spec A and F a sheaf of Ox-module, M =
F(X) and {U; = D(f;)} a finite open cover. If F|y, is quasicoherent for all
i then F is quasicoherent. If A is Noetherian and F|y, is coherent for all i
then F is coherent.

Proof. 1 has been proven in proposition Proposition 5.10. For 2 let M; = F(U;).
Since the cover is finite and each M; is finitely generated, we can find finitely
many elements in M that generate all M;. Then they generate all stalks. O
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5 Sheaves of modules

Lemma 5.14. Let X = Spec A where A is noetherian. Let M be an A-
module. Then M is coherent if and only if M is finitely generated.

Proof. For the nontrivial direction, need to show M (D(f)) is finitely generated
as A-module for all f. Let A®" — M. Use exactness of localisation. O

Exercise. Let X be a locally noetherian scheme. Assume we have an exact
sequence

0 Fi Fa F3 0

of quasicoherent sheaves. Then if any two of them are coherent then so is the
third.

Let ¢ : X — Y be a morphism of schemes. Suppose F be a sheaf of Ox-
module. Then ¢# makes ¢, F a sheaf of Oy-modules.

| Proposition 5.15. In this setup if F is quasicoherent then so is @.F.

Proof. Let G = ¢ F. Let V C Y open and f € Oy (V). Let Vi = {y €
V : f(y) # 0}. We would like to show G(V); — G(V4) is an isomorphism.
Let U = o 1 (V) and Uy = {z € U : g(z) # 0} where g = ¢#(f). Then
U; = ¢~ 1(V1). We have a commutative diagram

F(U), —— F(Uy)

oL

g\V)y —— G(W)

where for the vertical arrow on the left we use the fact if M a B-module and
A — B is a ring map such that f — g, then

(aM)y — M,
m — m
mogn

is an isomorphism of abelian groups. O

One might expect the same to work with coherent sheaves, but this fails in
general. Consider the following example. If X = Speck for k is a field then
a sheaf of Ox-module is exactly a k-vector space. Every sheaf of Ox-module
is quasicoherent, and is coherent if and only if it is finite dimesional. However
consider ¢ : A} — Speck. Then ¢.(Opn) is not coherent because k[zy,. .., z,]
is not a finite dimensional k-vector space if n > 1.

5.1 Ideal sheaf and closed subscheme

We have defined closed embedding but have not define closed subscheme. We
will do so via quasicohernet sheaves.

Definition (ideal sheaf). Let X be a scheme and ¢ : Y — X a closed
embedding. We define the ideal sheaf to be the kernel of o# : Ox — Oy
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| It is denoted by Z,,Zy,x or Zy.

| Lemma 5.16. If X is locally noetherian then so is Y and Ly is coherent.

Proof. Cover X by U; = Spec A; where A; is noetherian. Let V; = ¢~ 1(U;)
where V; = Spec B;. As p# : A; — B;, B; is also noetherian. Zy (U;) is an ideal
in a noetherian ring so finitely generated. O

Proposition 5.17. Let X be a scheme and Z C Ox a quasicoherent sub-
sheaf. Then exists a closed embedding ¢ : Y — X such that Iy =T.

Sketch proof. As a set let
Y={reX:I, - Ox, not an isomorphism}

with induced topology. Let ¢ : Y — X be inclusion. Let Oy = ¢~ 1(Ox/Z). O

Lemma 5.18. Let A, B,C be rings, ¢ : A — B,y : A — C surjective ring
maps. Then a: B — C such that ¢ = « o @ is unique if it exists. It exists
if and only if ker ¢ C ker .

Corollary 5.19. Let X,Y, Z be closed schemes, ¢ : Y — X, : Z — X
closed embeddings. Then o : Z — Y such taht ¢ = ¢ o a is unique if it
exists, it exists if and only if Iy C Iz.

Corollary 5.20. Two closed embedding are isomorphic if and only if Ty =
Iz.

Definition (closed subscheme). A closed subscheme of X is an isomorphism
class of closed embeddings. Equivalently it is a quasicoherent ideal sheaf on
X.

Definition (closed subscheme image). Let ¢ : Y — X be a morphism of
schemes. The closed subscheme image of ¢ is the subscheme defined by
T, = ker(¢# : Ox — ¢.Oy).

Exercise. It is the smallest closed subscheme Z < X such that there exists a
commutative diagram (necessarily unique)

y 24 X

|

i.e. if ¢ factors through another closed embedding W < X then there is a
unique morphism Z — W.
(? Y is dense in Z and contains a dense open subset. Constructible set)
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Proposition 5.21. Let ¢ : Y — X be a locally closed embedding, i.e. it is

closed

of the form Y =% U 22 X, Let Z be the closed subscheme image of

. Then the diagram
Y U
Z X
open

is cartesian. In particular Y — Z is open and ¢ can be written as Y ——
closed
Z —— X.

—

—

Proof. Let W =UNZ =U Xxx Z so we have a commutative diagram
closed

Y — W —U
|
Z —— X

For all V" C U open we have

Twu(V)

0—— Iz/x(V) — OX(V) I OY(@_l(V))

! | |

0—— Iy/U(V) I OU(V) I OY(¢71(V))

where one can verify that 7/ x|y = Zw,y. It follows that Zy,y = Ty y so
Y=w. O

Exercise. Conversely, let Z — X be a closed embedding and Y < Z be an
open embedding. Then Y — Z — X is locally closed.

Corollary 5.22. Let ¢ : Y — X be a locally closed embedding. Then it is
a closed embedding if and only if (Y') is a closed subet of X.

Lemma 5.23. Let X be a scheme, S an affine scheme and ¢ : X — S a
separated morphism. If U,V C X are open affines then so isUNV.

)

“separated scheme over affine schemes are analogous to Hausdorff spaces’

Proof. Have
UﬂV:UXXV:(UXSV) XXXsXX

Aisclosed so U xx V — U xg V is a closed embedding. U xg V is affine and
hence sois U xx V. O
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Example. For an example of a scheme X with open affines U, V whose inter-
section is not affine, do the following: glue two copies of A? along A? \ {0} using
identity to obtain the plane with two origins. Take U and V to be the affine
plane containing each origin. Show their intersection A7 \ {0} is not affine by
showing O(A%) — O(A? — {0}) is an isomorphism (cover A2 — {0} by D(z) and
D(y) and use sheaf axioms).

5.2 Global Spec

Recall that if ¢ : X — Y is a morphism of schemes then A = ¢.Ox is a
quasicoherent sheaf of algebras on Y. If Y = Spec B is affine then A = A where
A=AY)=0x(X). Let Z =SpecA and 7 : Z — Y induced by B — A.

Exercise. Show exists a unique ¢ : X — Z such that ¢ = mov and ¥ is id 4.

Show that if ¢ factors as X ﬂ) Z1 =% Y with m; affine then exists a unique
«: Z — Zi such that m = 7 o, 91 = a0 .

Theorem 5.24. Let Y be a scheme, A a quasicoherent sheaf of algebras
on Y. Then exists a unique scheme X = Spec A and an affine morphism
m: X =Y together with an isomorphism v : m,.Ox — A.

Proof. Uniqueness is local on Y so we may reduce to the case Y affine, which
is the exercise. For existence, cover Y by affines {¥;}. Let X; = Spec A(Y;)
and m; : X; — Y; the map induced by Oy — A. Let Y;; = Y; NY; and
Xy =m; 1(Y;-j) C X;. Then by uniqueness there exists a canonical isomorphism
V;i; + X35 — Xj; inducing the isomorphism

Oy, (Yij) — A(Yij) « Oy, (Yij).

They satisfy the cocycle conditions and glue to a scheme X and 7 : X — Y. [

5.3 Operations on sheaves of modules

Morally every operation we can do with modules, such as direct sum, tensor
product, taking kernels etc have an analogue for sheaves of modules.
Suppose F,G are sheaves of Ox-modules. We define a sheaf Hom(F,G) of
Ox-modules by
U — Homo,, (Flu, Glv).

Exercise. Show that it is a sheaf of Ox-modules. Show that if F,G are both
quasicoherent then so is Hom(F,G). Show that if X is locally noetherian and
F,G are coherent then so is Hom(F,G).

Given a sheaf of modules F, we define its dual to be
FY = Hom(F,Ox).

Exercise. If £, F are locally free (of finite rank), show that there is a natural
isomorphism of locally free sheaves

Hom(E, F) — Hom(FY,EY).
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We define F ®p, G to be the sheaf associated to the presheaf
U FU) ®@oxw) G(U).
If F,G are quasicoherent then so is F ®p, G and for all U C X affine
F(U) @oxw) 9(U) = (F @ox G)(U)
is an isomorphism.

Exercise. Show that if X is locally noetherian, 7, G are coherent then F®o, G
is coherent.

Exercise. Let X be a ringed space, &£, F, G sheaves of Ox-modules. Show that
there is a natural homomorphism

Hom(E, F) ®o, Hom(F,G) — Hom(E,G)
given by composition.
Exercise.

1. Let X be a ringed space, 7 > 1. Show that for every sheaf of Ox-module
F, the presheaf

U F(U) ®oxw) OF"(U) = F(U)®"
is a sheaf.

2. Let &€ be a locally free sheaf of rank r. Show its dual £V is locally free of
rank 7. Show that there exists a natural homomorphism £Y ® £ — Oy,
which is an isomorphism if r = 1.

Definition (invertible sheaf). Let X be a ringed space. An invertible sheaf
on X is a locally free sheaf of rank 1.

Definition (Picard group). The Picard group Pic(X) of X is the set of
isomorphism classes of invertible sheaves on X.

Exercise. Pic(X) is an abelian group with multiplication given by tensor prod-
uct and identity Ox.

Definition (effective Cartier divisor). Let X be a scheme. An effective
Cartier divisor on X is a closed subscheme D such that Zp is an invertible
sheaf. We denote Ox(—D) =Zp and Ox (D) = I}

Exercise. If D is an effective Cartier divisor on a scheme X, show that the

inclusion Zp — Ox induces a morphism Ox — Ox (D) and hence a section
sp € (X, 0x(D)).
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Definition (simple cyclic cover). Let X be a scheme, £ an invertible sheaf,
n>1,sel(X,(LY)®") corresponds to ¢ : L& — Ox, which is assumed to
be injective. Let A; = L% and A = EB?;Ol A;. Make A into a Z/nZ-graded
algebra with product

. , L£80+7) i+j<n
Lo Le 5 » » ’
£8G+H) £, 0 o paition & £B(HN) 4 > n
Let D C X be the effective Cartier divisor such that Zp = ¢(L£®™). The
scheme Y = Spec A is called the (simple) cyclic cover of order n of X with
branch divisor D.

5.4 Line bundles and divisors

Definition (Krull dimension). The Krull dimension of a topological space
X is the supremum of n such that there is a chain of irreducible closed
subsets

2021 C - Z, CX.

Example. For A} we have
{0} CALCAL G- CAY

so dim A} > n. Using Noether normalisation one can show dim A} = n. By
going up/down every chain of irreducible closed subsets can be extended to one
of length n.

Example.

1. Let X = A} where k = k. Then a prime divisor is precisely Spec k[z1, ..., z,]/(f)
where f # 0 is irreducible. To see this since k[z1,...,2,] is a UFD, (f)
is prime if and only if f is irreducible. If f # 0 is irreducible then it has
height one: if 0 C p C (f) then for all g € p, (g) C (f) so either g = 0 or

equality. Conversely if p has height 1 then choose g € p nonzero. Then
exists an irreducible factor f of g such that f C p, so equality.

2. Let X = P} where k = k. Then a prime divisor is precisely Proj k[zo, . .., 2,,]/(f)
(consider moving this elsewhere) where f € k[zo,...,x,] irreducible ho-
mogeneous.

Proof. Every closed subset of X can be described as () Z(g;) for some
g1, - - -, g homogeneous. f irreducible if and only if all dehomogenisation
is either irreducible or constant. Being reduced, irreducible and dimen-
sion are local properties. Conversely, suppose Z is an effective prime
divisor and wlog D(z¢)NZ # (). Then ZN D(xg) = Speck[zY,...,2°]/(g)
where ¢ is irreducible. Let f be the homogenisation of g and W =
Proj klzo, ..., zn]/(f). W is reduced and irreducible and W N D(xg) =
Z N D(zg). Thus W = W N D(zg) = ZN D(x9) = Z where both have
the reduced closed subscheme structure (why does this hold topologi-
cally?) O
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Let X be a reduced irreducible separated noetherian scheme. Let n = dim X.
Let 7 € X be the generic point and K(X) = Ox , be its function field.

Definition (effective prime divisor). An (effective) prime divisor is a closed
reduced irreducible subscheme of X of dimension n — 1.

Assumption: every effective prime divisor on X is Cartier. For example from
above it is true for A} and so it is true for every X with a cover by A}.

Definition (divisor, effective divisor). Let X be a scheme. The group of
divisors on X, Div(X), is the free abelian group generated by prime divisors.
An element D = Y a;D; € Div(X) is called a divisor, and is effective if
a; > 0 for all 4.

The assignment on prime divisors

Div(X) — Pic(X)
extends uniquely to a group homomorphism.

Assumption: for all D C X prime divisor with generic point np, we require
Ox np to be a DVR. Then we have a valuation vp : K(X)* — Z and

Oxup = {J € K(X)" : vp(f) 2 0} U {0)
my, = {f € K(X)* : up(f) > 0} U {0}

Lemma 5.25. Let f € K(X)*. Then there are only finitely many prime
divisors such that vp(f) # 0 is finite.

Proof. As X is noetherian it has a finite cover by open affines. If U N X is open
then there is a bijection
{D C X prime divisor, D N U # 0} +» {Dy C U prime divisor}
D—DnNnU
ﬁU < DU

so it is enough to prove in case X affine. Let X = Spec A so K(X) = K(A). As
if f =7 ¢€ K(A)* then D(f) = vp(g) —vp(h), it is enough to assume f € A.
Note vp(f) # 0 if and only if f(np) = 0 if and only if D C Z(f). If f # 0 then

Z(f) € X soDC Z(f) S X implies D is an irreducible component of Z(f). A
is noetherian implies that Z(f) has finitely many irreducible components. [

We can thus define a group homomorphism
div : K(X)* — Div(X)
freo S un(f)- D)

D prime
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Definition. Let O% be the sheaf
U—{feOxU): f(p) #0forallpeU}.

Example. O}, (A7) = k™.

Theorem 5.26. Let X be a scheme satisfying all assumptions so far. Then
we have an exact sequence of abelian groups

0 — O%(X) — K(X)* —% Div(x) 29 Pic(x) —— 0

Proof. We introduce another group
Pic(X) = {(L, s) : £ line bundle, s € L, \ {0}}/ ~

where (L,s) ~ (L',s") if and only if exists an isomorphism ¢ : £ — £’ such
that ¢(s) = s’. It is a group via tensor product. Claim the natural map
7 : Pic(X) — Pic(X) is surjective: take a nonempty open U C X with a
trivialisation o : £|y = Op. Then « induces £, = O, and o~ (1) € £\ {0}.
Note that « is unique up to O = K(X)*.

On the other hand

kerp = {(Ox,s) : exists ¢ : Ox — Ox such that ¢(1) = s}/ ~
=0, /{s € 0%, : (Ox,s) = (Ox,1)}.

A morphism ¢ : Ox — Ox is the same as (multiplication by) a global section f,
and is an isomorphism when it induces isomorphisms on all stalks, i.e. f(z) # 0
for all z € X. Thus f € O% and kerm = K(X)*/O% (X).

It is then left to show Div(X) 2 Pic(X). If D is a prime divisor then by
assumption we have a nonzero section sp € I'(X, Ox(D)). Then we extend the
map D — (Ox (D), (sp)y) to a homomorphism Div(X) — Pic(X). Conversely,
suppose (L, s) € f)\l/C(X ). Fix D a divisor. Choose an trivialising open subset
U such that UN D # (. Let |y : L]y — Oy be the trivialisation. We define
vp(s) =vp(pu(s)). Check this is well-defined and we define

Pic(X) — Div(X)
(L,s) = > wpls)-[D]

D prime

As before this is a finite sum. N

We show the composition gives identity on Pic(X). Note first that given
(L,s) € }/::;C(X ), the argument above shows that it has precisely one automor-
phism, given by 1 € K(X)* (while an invertible sheaf has non trivial automor-
phism, if we fix a stalk then it has none). Thus given (L, s), (L', s') € Pic(X) an
isomorphism between them is unique. Thus it suffcies to give local isomorphism
(L,s) = (Qi_, Ox(D;)®%,@;_, t7*), and they glue.

We may thus assume X = Spec A and L|x is trivial, i.e. £L|x = Ox and
5 = 5 € K(X)*. By Krulls’ principal ideal theorem Z(f),Z(g) are unions of
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prime divisors. Let Dy, ..., D, be all such divisors. wlog Zp, is freely generated

by fi € A\{0}. Let b; = vp,(f),ci = vp,(g). Claim f = w-[[_, f with

w invertible (by Krull), ¢ = v[],_; f{*. Up to isomorphism we may assume

u = v = 1. Finally check. O
Corollary 5.27.

1. Pic(A%) =0 so a prime divisor is exactly a prime ideal.

2. Pic(P}) = Z.

5.5 Split sequence

Definition ((locally) split sequence of quasicoherent sheaves). Let X be a
scheme. An exact sequence of quasicoherent sheaves

f

0 Fi Fo —2 F3 0

splits if exists an isomorphism ¢ : Fo — F; @ F3 such that ¢ o f is the
inclusion of the first factor and g is the composition of ¢ and projection to
the second factor. It splits locally if exists an open cover of X on which the
sequence split.

Lemma 5.28. If F3 is locally free then the sequence is splits locally

Lemma 5.29. Let A be a ring, g : My — Ms a surjection between free
modules of rank n and r respectively, then My = ker g is locally free of rank
n—r.

Sketch proof. Fix isomorphisms My = A®™ My =2 A®". Then g is given by an
(n x r) matrix (g;;). For each I = (1 <43 < --- <, <n), let a; € A be the
determinant of the corresponding minor. g is surjective so for all p € Spec A the
localisation is surjection, and remains so after tensoring with x(p). Thus eixsts
I such that ay € x(p) is nonzero. On D(ay), g splits so its kernel is free. O

Corollary 5.30. Let X be a scheme. Suppose in the short exact sequence
of quasicoherent sheaves

0 Fi Fa F3 0

Fo and F3 are locally free of rank n and r respectively. Then the sequence
splits locally and Fy is locally free of rank n — r.

Lemma 5.31. Let X be a scheme. Suppose

0 Fi Fa F3 0

is an exact sequence of locally free sheaves. Then
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1. for every G quasicoherent
0 — ARG — Fo®§ —— F30G —— 0

is exact and splits locally.

2. for every morphism ¢ :Y — X

0 ——= ¢"F1 —— ¢"Fy ¢ F3 0

is exact and splits locally.

Proof. Cover X by affine opens on which the original sequence splits and is
free. O
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6 Differentials

Definition (Kéihler differential). Let ¢ : A — B be a morphism of rings.
We define Qg 4, the module of Kdhler differentials to be the free B-module
generated by db,b € B subject to the relations

d(fg) = fdg +gdf
d(f+g)=df +dg
d(p(a)) =0forac A

Definition (derivation). Let M be a B-module. An A-derivation § : B —
M is an A-linear map such that

5(fg) = fo(g) +go(f)-

We denote the space of such derivations by Der4 (B, M).

Exercise.
1. Dera(B, M) is a B-submodule of Hom4 (B, M).
2. For any M there is a natural bijection
Dera(B, M) — Homp(Qp/a, M)
§ = (db— 6(b))

3. Let P, = Alxy,...,2,]. Define 6; = %. Show P, € Der 4 (Py, Pp).

4. Show that Qp ;4 is generated by dx1,...,dx,.

| Lemma 6.1. Qp, 4 is the free P,-module generated by dzy,...,dx,.

Proof. They are generators by exercise 4. If there is a relation Y f;dx; = 0
then applying §; shows f; = 0. O

Proposition 6.2. Suppose A — B =5 C are ring homomorphisms with
surjective with kernel I. Then there is an eract sequence of C-modules

I®BCL>QB/A®BCL>QC/A4>O.

Proof. Define
a: feg—df®g
B:df®gr— gdr(g)

Check these are well-defined. g is surjective since 7 is. Exactness at the second
term is left as an exercise. O

Note as C' = B/I, we can write the C-module I® pC as I /I%. In this notation
a(f) =df ® 1. One can check a(f1f2) =0 for f1, fo € I and a(gf1) = ga(f1).
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Corollary 6.3. If R = Alxy,...,2,]/I then we have an exact sequence

I/I2 — @?Zle{,CZ QR/A 0.

Proposition 6.4. Let R be a finitely generated A-algebra. Write R =
Py /1 = Py/I5 with Py, Py free polynomial A-algebra. Let K1, Ko be defined
by the exact sequence

0 Kz Il/I,Lz QPi/A ®Pi R QR/A 0

Then K; is canonically isomorphic to Ks.

Proof. Suppose Py = Alz1,...,z,], Po = Aly1,...,Ym], then there is a natural
surjection P3 = Alz1,...,Tn, Y1, ..,Ym] — R and we will show both K; and
K are isomorphic to K3. To show this it suffices to show it for polynomial ring
with one more variable. Namely we want to prove the following: if # : P =
Alxy,...,2,] = R surjective with kernel I, choose r € R and define

F/ZPI:A[$1,-~'7xn7y]—>R
1’1'—>7T(.’E1)
Yyr—=r

Let I’ = ker /. Then we want to show K = K'.

As 7 is surjective can find g € P such that 7(g) = r, and then g —y € ker7’.
As a P-module I' = (g —y)P' @I so I'/(I")? = (g —y)P'/I' © I/I*. Then we
have a commutative diagram

0 K I —— @" Rda

J l(id,o)

CEA*
0 —— K' —— I/I?®R-(g—v) M@?:lemi@Rdy

and it follows that the kernels are naturally isomorphic. O

In fancier language, we have proved that /12 — Q p/a ®a R is well-defined
up to a canonical quasi-isomorphism, so defines an object in D(Modpg). This
is the naive cotangent complex.

Definition (smooth homomorphism). A ring homomorphism A — R is
smooth if it is finitely presented, K = 0 and Qg4 is locally free (i.e. Qp/4
is finite projective).

Example.
1. A— Alz,...,z,] is smooth.

2. C— Clz,y]/(xy — 1) = R is smooth:

R-(zy—1) —= Rdz® Rdly —— Qp)c —— 0
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As a vector space R = CozClz]®yCly|. Suppose f = a+xb(z)+yc(y) € R
is such that f(axy — 1) € ker . Then fady = fydz = 0. This is the same
as

ax + z2b(z) + c(y) =
ay + b(x) +y’c(y) =

so b(z) = ¢(y) = 0 and it follows that f = 0. Thus « is an isomorphism
onto its image, which is { fdz + fdy : f € R} so Qp/c is free of rank 1.

Exercise. Determine if C — Clz, y]/(zy) is smooth.

Proposition 6.5. Let A be a ring, B a finitely presented A-algebra. Then

1. If S C A is multiplicative and B is smooth over A then S™!B is smooth
over STLA.

2. Let f1,..., fn € A such that {D(f;)} covers Spec A. Then if for all i,
By, is smooth over Ay, then B is smooth over A.

3. Let g € B. If B is smooth over A then so is By.

4. Let g1,...,9m € B such that {D(g;)} covers Spec B. Then if for all
J, By, is smooth over A then B is smooth over A.

Proof. Write B = P/I where P = Alz1,...,znN].

1. Localisation is exact and preserves local freeness. In fact this holds for
any flat base change.

2. (kera)y, = 0 for all ¢ implies ker v = 0.
3. By =2 Blyl/(yg — 1) = Alz1,...,2N,9]/J where J = (I,yg — 1). Note
J/J? = (I/1*) ®p By ® By(yg — 1).
Then we have a commutative diagram

Qg

I/I? ®p B, @Y, Bydz; ———— Qp 4 @p B,

i(id,o) . l(id,o) l
(% )

—\0
(I/I?) ®p By ® By - (g —y) —— @1, Bydw; ® Bydy ——— Qp_/a

As g is a unit in By,

ker 3 = kera, = 0,Qp, /4 = coker 8 = coker ay = Qp,4 @p By.

4. (kera)y, =0 for all ¢ by 3.
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Definition (relative dimension, étale morphism). Let A be a ring, B an
A-algebra. We say B is smooth A of relative dimension n if it is smooth
over A and Qg4 is locally free of rank n.

As a special case, B is étale over A if it is smooth of relative dimension
Zero.

Definition (smooth morphism). A morphism ¢ : X — Y of schemes is
smooth (resp. smooth of relative dimension n, étale) if we can cover Y by
open affines V; such that for each i we can cover ¢~!(V;) by open affines U;
such that Ox(U;) is smooth (resp. smooth of relative dimension n, étale)
over Oy (V;).

Corollary 6.6. ¢ : X — Y is smooth (resp. smooth of relative dimension
n, étale) if and only if for all V CY open affine, for allU C o~ *(V) affine
such that Ox(U) is smooth (resp. smooth of relative dimension n, étale)
over Oy (V).

Proof. For the nontrivial direction, cover V' by principal open affines which are
also principal open in some V;. Same for U. Now apply Proposition 6.5. O

Exercise. Open embeddings are étale.

Fact: any smooth morphism is open.

Definition (standard smooth). Let A be a ring, B an A-algebra. Then B is
standard smooth over A if exists a presentation B & Alzq, ..., z,]/(f1,. - fr)

such that det <%

3 ) maps to a unit in B.
T 1<ij<r

Claim (Stacks 10.136)

1. If B is standard smooth over A, then B is smooth over A and Qp/4 is
freely generated by dx,41,...,dz,.

2. If B is smooth over A we can cover Spec B by D(h) such that By is
standard smooth over A.

Example. A% and P% are smooth of relative dimension n over X. Suffice to
check this for X = Spec A affine, in whice case A% = Spec A[x1,...,z,] and
one easily checks it is smooth of relative dimension X. P’; has an affine cover
by A’}.

Fact: let X be a scheme smooth over Spec k where k is algebraically closed.
Then X is reduced. If X is irreducible then every prime divisor D is Cartier.
(smooth over a field implies locally factorial, implying every Weil divisor is
Cartier)

Idea of proof: enough to show that for all p € D such that k(p) = k (because
our scheme is locally finite type over a field, such points are dense) , Zp ), is a free
module of rank 1. Let Ox,, = l'gl(’)x,p/mév = k[[z1,. .., 2,]]. Every minimal
nonzero prime ideal in o x,p is principal, o x,p is faithfully flat over Ox p,.

so enough to show Zp , is principal.

Ip, C Ox, has a generator u in Ox,, ie. u : Ox, — Ip, such that
passing to formal completion is surjective.
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Corollary 6.7. Suppose f € S = k[xq,...,xy] is homogenous of degree e.

Let X =Proj S/(f). LetY =, Z(gw/ ). Then X \Y is a quasiprojective

variety over k smooth of relative dimension over Speck.

Proof. Before we start the proof note the identity
n
of
ef = x;

which can be easily checked using linearity and induction. Take p € Uy N X =
Specklyi,...,yn]/g where g = f(1,91,...,yn). Then 5—757]_ = g—jj_(l,yl, cey Yn)-
Suppose p ¢ Y, so exists some j such that a87{:(17) # (. Claim that we can take
j # 0, as otherwise

of

0=ef(p) = fco(p)afxo(p) # 0.

Then p e W =X NUyN{h # 0} and W has presentation

Let h = (%9.
SpeCk[yl, <oy Yn, yn+1]/(ga yn+1h - 1)

so by rearranging the variables, we see

99 dg

ayj 6yn+1 _ h 0
OWnt1h=1)  Oynph=1) | = \ 4

8yj ayn+1

has unit determinant in W. O

Theorem 6.8. Let p : X — Y be a smooth morphism (resp. smooth of
relative dimension n, étale) of schemes. Then any base change of ¢ is also
smooth (resp. smooth of relative dimension n, étale).

Proof. Being smooth is local on both source and target so we can assume Y =
Spec A and X = Spec B where B is a smooth A-algebra. After localising we can
further assume B is standard smooth over A, say B = A[z1,...,z,]/(f1,-- - fr)-

Let A’ be any A-algebra and define B’ = BoaA'. Then B’ = A'[x1,...,x,]/(f1,. ..

where f; is the image of f; in A'[xy,...,x,). gg’ﬁ is mapped to gg{?. It is then
J J

enough to note that B — B’, as any ring map, maps invertible elements to
invertible elements. O

Exercise. Give an alternative proof using the definition of smoothness. Hint:

0*>I/IQ*>QP/A®PB QB/A 0

splits locally and I/I? is locally free.

To summarise, let ¢ : X — Y be a morphism of schemes. For any U =
SpecB C X,V = SpecA C Y such that ¢(U) C V, we have an induced
quasicoherent sheaf on U, namely Q B/A- We showed that 2,4 commutes with
localisation in both A and B. We want to prove that there is a (unique up to
isomorphism) way to define a quasicoherent sheaf Q, or Qx,y together with a
morphism d : Ox — Qx/y of sheaves of ¢! (Oy )-modules such that
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1. (local on source) for every U C X, let ¢ = ¢|y. Then there is an isomor-
phism Q| = Qg such that

d|
OX|U *U> Q</:|U

H =

Oy —2— Qg

comimutes.

2. (local on target) if V' C Y is open and ¢(X) C V, let ¢ : X — V be the
induced morphism. Then there is an isomorphism €, = €, such that

OX L> Qcp
X E
Qy

commutes.

3. (agree with Kahler differentials for affines) if X = Spec B,Y = Spec A,
then there is an isomorphism Qy/y = Qp,4 such that

Ox(X) —= Qx/y(X)
H

E

B—4— Qpja

commutes.

Note that the isomorphisms are unique if they exist, since the image of B

under d generates Qp/4.
If such an object exists then we immediately know that

Corollary 6.9. Suppose f: X = Y,g:Y — Z are morphisms of schemes.
Then there is a natural exact sequence

f*QY/Z E— QX/Z Emd Qx/y — 0

If f is a closed embedding then exists a natural exact sequence

" Ix)y —4s [*Qyz Qx/z 0

There are two ways to prove this:

1. mimic the definition of M on Spec A. Afterall we know that Q,(U) should
be for every U C X open affine such that ¢(U) is contained in an open
affine in Y.

2. via normal bundle of diagonal.
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Lemma 6.10. Let f : Z — W be a locally closed embedding. Write f = hog
where g : Z — U closed embedding, h : U — W open embedding. Then
9" Ly v is well-defined. We write it as f*Ly .

Proof. Use closed subscheme image... "7, = g*h*Ij/W = f*If/W. O
Definition (sheaf of Kéhler differentials). Let ¢ : X — Y be a morphism

of schemes. Define
Qx/y = A Tx/x %y x-

For f € Ox(U), define

df = AL(m1f = m3f)

where 71,79 : X Xy X — X are the natural projections.

Exercise. This satisfies the desired properties.
How to think about this: for smooth maps, dualising the second exact se-

quence in the corollary gives interpretation in terms of normal bundle.

6.1 Another interpretation for smoothness

Let (A,m) be a local ring with maximal ideal. Assume [, m" = 0. Define
the completion of A to be ) -

A =lim A/m".
Exercise.

1. Suppose A = k[x1,...,%n](z,,... .2,)- Then A=E[[z1,...,z,]].

2. I f1,... fr€(21,...,2n)and B = A/(f1,..., fr)Athen B = k[[z1,...,z,]]/(f1,...

3. Implicit function theorem holds for k[[z1, ..., z,]].

4. klz1,...,z,)/(f1,..., fr) is smooth of relative dimension (n — r) near the
origin if and only if k[[z1,...,2.]]/(f1, -, fr) ZK[[t1,- - tn_r]]-

5. A is a faithfully flat A-algebra.

Let ¢ : X — Y be a morphism of schemes locally of finite type over an
algebraically closed field k. Let p € X be a closed point. Then ¢ is smooth
of relative dimension r at p ant ¢1,...,¢. € Ox,, are such that €2, ) is the free
module generated by dt; if and only if ¥ induces an isomorphism

@y7¢(p)[[zl, ey ZT]] — @X,p
Zi— t;

Fact: if X is a scheme smooth over a field k then every prime divisor is
Cartier.
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Definition (tangent space). Suppose X is a scheme locally of finite type
over an algebraically closed field k£ and p € X a closed point. The tangent
space of X at p is
TpX = Derk(OX,pa K(p))
= Homoy , (Qx/kp, £(p))
= HOmk(QX/k7p ®Ox,p K(p)v H(p))

Proposition 6.11. There is a natural bijection

T,X < {p: Speckle]/e* = X : pr—0 = p}.

Proof. The statement is local on X so suppose X = Spec R. A closed point p
gives an R-algebra structure to k = k(p). Note k[g]/e? = k @ ke as a vector
space map. One can check a k-linear map

¢ : R — kle]/e?
fr=fp)+A(f)e

is a homomorphism if and only if A is a derivation. O

Corollary 6.12.
dim7,X = dimQyx , @ £(p).

Proposition 6.13. Let X be a scheme locally of finite type over k, Y C X
a closed subscheme such that Ly, x is principal. Then for allp € Y closed,

dimT,X > dim7,Y > dim T, X — 1.

Proof. wlog X = SpecR,Y = SpecR/(f). Let ¢ : Y — X be the closed
embedding. In the short exact sequence

Z*IY/X E— Z*Qx/k QY/k 0
taking stalk at p and tensoring k(p) we get
"Iy xp @ K(p) — (T,X)" — (I,Y)Y —— 0

Since the leftmost vector space has dimension 1 the result follows. O

Example. We give an example of a prime divisor which is not Cartier. Let
X = SpecClz,y,2]/(zy — 2?),Y = SpecC[z,y,2]/(z,2). Let p be the origin.
2
T,X = ker(T,A3 Aley=2), C)=T,A% T,Y = (%) which is one-dimensional.
cf 2-Cartier
Another way to see X is integral: action of Z/2 on C[U, V] viaU — —U,V
—V. The invariants are C[U?,V?2,UV]. Can check the only relation is the
obvious one. Being a subring of a domain, it is a domain. In terms of functions,
this
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Exercise: do for nth root of unity acting on A2. a(u,v) = (au,av). Invariant
polynomial ring generated by homogeneous monomials of degree n. Projective
this is Veronese embdding of P! in P".

Another action is a(u, v) = (au,a"'v). Invariants are generated by u™, v™, uv.
a2y = 2™. This action is in SL(2,C). Related to Gorenstein singularity.

Note p,, is a group scheme. However if p = chark divides n. p, is not
reduced.

fact: in characteristic zero, group schemes are reduced, and in fact smooth
over the base field.

In general if a group G acts on a ring R, we would like to define Spec R/G
to be Spec R®, the invariant subring. In general the question of quotiening
schemes by groups is very difficult. cf GIT
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7 Projective schemes and morphisms

Recall that a morphism Y — X of schemes induces a cartesian diagram.

Py —— PV

|

Y — X

Definition (strictly projective and locally projective morphism). A mor-
phism of schemes ¢ : X — Y is called strictly projective if it factors as

X5 Py LY with ¢ a closed embedding. It is locally projective if exists an
open cover {V;} of Y such that ¢|,-1(v,) : ¢~ (V;) = V; is strictly projective
for all 4.

Exercise. Show that both properties are stable under base change.

Definition. A morphism ¢ : X — Y is called strictly quasiprojective if it

factors as X - P2 5 Y with i a locally closed embedding.
Exercise. Define locally quasiprojective morphism and show both are stable

under base change.

Theorem 7.1. Given a scheme X and n > 1, the morphism m : Py — X
1S proper.

Note that as properness is preserved under base change, we only have to
prove the result for affine schemes. If time permits we will discuss the proof.

Corollary 7.2.
1. FEwvery locally projective morphism is proper.
2. Every locally quasiprojective morphism is separated.

Chow’s lemma gives a sort of converse to the first statement, which says that
under some favourable circumstances a proper morphism can be turned into a
locally projective morphism by modifying the source slightly. Thus the intuition
for properness is projectiveness.

Proof. We prove 2 and 1 follows from the same argument. Locally closed em-
bedding is separated (one way to see is that open embedding is separated and
closed embedding is affine). Separatedness is local on base so we may assume
@ X =Y is strictly quasiprojective, which is a composition of two separated
morphisms. O

Classical algebraic geometry is concerned with quasiprojective schemes over
algebraically closed field k. Note that for k a field ¢ : X — Speck is strictly
(quasi)projective if and only if it is locally (quasi)projective. Also X is (locally)
of finite type (since closed embedding is affine so of finite type, open embedding
is locally of finite type and P} — Spec k is of finite type) so (locally) noetherian.
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Proposition 7.3. Let ¢ : X =Y be locally (resp. strictly) quasiprojective.
Then it is locally (resp. strictly) projective if and only if it is proper.
In particular a quasiprojective variety is proper if an only if it is projective.

Proof. The composition X — P{ — Y is proper and P} — Y is separated so
X — PY is universally closed so closed. Thus it is a closed embedding. O

Corollary 7.4. If X and Y are quasiprojective over Speck the any mor-
phism X — Y over k is separated.

Corollary 7.5. Let ¢ : X — Y be a morphism of projective schemes over
k. Let Z be the closed subscheme image of o(X) inY. Then ¢ : X — Z is
surjective.

Corollary 7.6. If X is projective over k, Y quasiprojective over k then any
k-morphism X — Y is proper.

Corollary 7.7. Let X be a reduced proper scheme over an algebraically
closed field k. If X is connected then the natural map k — Ox(X) is an
isomorphism.

Proof. There is a natural bijection Oy (X) = Homy(X,A}). Let i : A} — Pi.
Let ¢ : X — A} be a morphism induced by f € Ox(X). Then the image of
i o is closed and connected in Pi. It is not P} so must be a k-point (here
we used k = k). As X is reduced i o ¢ factors through the reduced structure
Speck — Al. O

Example. We verify a special case of valuative criterion. Let R be a DVR,
say with uniformiser t. Let K be its field of fractions. Then we would like to
show that there exists exactly one dotted arrow making the following diagram
commute

Spec K —— Py

l / /7 l

SpecR —— Y

wlog suppose the image of Spec K is in Uy. Then since R — K is a monomor-
phism there is at most one such morphism.

K e Ala?)/(2) 1)

-
-
-

R*
Let f; be the image of x? in K. Then either f; = 0 or f; = t™g; where m; is

the order of vanishing of f;. If all f;’s are zero then of course we can extend so
suppose not, and wlog m; < m; for all ¢ such that f; # 0. Looking at the chart
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Ui, the morphism Spec K — Up; — Uig (where Uy C Uy and Uyg C U; are
isomorphic) gives
(z5) "t =2l = fi
so fi € K is invertible and hence is nonzero. The we can define a morphism
U; — Spec R by
o= i fi =t T gigr € R

since m; — mq1 > 0.

7.1 Proj construction

Before proving (a special case of) the theorem, we give a different construction

of P7 for A a ring, similar to Spec A. Let R = @nZO R,, be a graded ring.

We will define a ringed space Proj R, prove it is a scheme, and give a canonical

isomorphism Proj A[xo, ..., z,] = P% where degx; = 1 and dega = 0 for a € A.
As a set

ProjR = {p C R : p homogeneous prime, p 2 EB R,}.

n>1

Recall that an ideal I C R is homogeneous if it is generated by homogeneous
elements, or equivalently for every f € I, each homogeneous component of f is
inI. @, Ry is called the irrelevant ideal.

(over k[zg, ..., z,] where k is infinite, ¢ - p = p for all t € k* if and only if p
is homogeneous).

Proj R is given the Zariski topology, namely the closed subsets are

deg f
Z(f)={peProjR: fep}= () Z(f).

=0

In other words a basis of the toplogy is {D(f) = {p : f ¢ p}} for f € R
homogeneous.

For the structure sheaf, those pullback to regular functions under 7 : AZ“ \
{0} — P}. We define Opyoj r to be the sheaf

U — tmvariant

For f € R homogeneous of degree a, let Ry = ;5 (Ry): where the £ has
degree m — ra if g has degree m. Then

Oproj rR(D(f)) = (Rf)o-

| Proposition 7.8. This gives a unique defined structure sheaf Opyoj -

The proof is a tedious check which we omit.

| Theorem 7.9. If R = Alxo,...,z,| then Proj R = P7.
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Sketch proof. The isomorphism is given its restriction to D(z;) and U;. We take
as example i = 0. On the level of rings there are two maps which are inverses
to each other

(Alzo, .., Tnley)o > Az, ..., 20]/(x) — 1)

n

The map goes from left to right is “dehomogenisation”: an element of LHS can
be written as a sum of a:de% where f is homogeneous, so can be written as a
0

sum of monomial. Thus

f P Iny

and we send it to F(z9,...,2%). Conversely given G of RHS we send it to its
homogenisation

deg G~/ L1 Tn

x G(—,...,—

G

of degree 0.
One then checks that for f homogeneous D(f) N Uy = D(F) and satisfies

cocycle conditions so glue to an isomorphism. O

Lemma 7.10. Let ¢ : R — S be a homomorphism of graded rings surjec-
tive in degree > 1. Then it induces a morphism ¢ : Proj.S — Proj R.

The condition on surjectivity is to ensure that the pullback of an ideal
does not contain the irrelevant ideal. For example the inclusion k[zg,z1] —
k[zo, 71, 2] fails to define a morphism P% — P} since (xg,z1) pulls back to the
irrelevant ideal. Geometrically, the point [0,0, 1] has nowhere to go since [0, 0]
is not a point on P}.

Proof. On points we define o(p) = ¢~1(p). Surjectivity in degree > 1 implies
¢(p) € Proj R. It is continuous because ¢~ (D(f)) = D(¢#(f)). It induces
a homomorphism ¢# : Oprojr — ¢+Oprojs because for f € Rg, o#* R — S
induces Ry — S,# (), which we take to be ¢#(D(f)). O

Exercise. Show that there is a group homomorphism from GL(n + 1, A) to
the automorphism group of P’y with kernel the multiples of the identity matrix
(hint: the corresponding graded ring homomorphism is exactly what one would
expect). (check: We will later see these are the only morphisms commuting
with projection)

7.2 Line bundles on P"

It is not difficult to deduce from the proof of Theorem 5.24 that for ¢ : X — Y
a morphism, ¥ : Z — Y an affine morphism, there is a bijection

{a: X = Y such that Yoa = ¢} +— {¢.Oz = ».Ox morphism of Oy-algebras}.

Goal: do something similar with Proj. Key missing step: we need an invertible
sheaf. (?check this statement)
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Consider the inclusion H,, = IP”}fl — P} induced by killing off x,,. One can
check that

a0y, i#n
vi OU,i 1=n

so a rank 1 locally free sheaf and an effective Cartier divisor. Similary we may
define H; for 0 < j < n.

Tu,

Lemma 7.11. There exists an isomorphism Opr (—H;) = Opn (—H,) in-
duced by

X
Tn "

| Definition. We let Ops (1) = Opy (H,,).

The isomorphism in lemma implies that each H; defines a section s; €
I[Py, O(1)).

Theorem 7.12. There is a natural isomorphism of graded A-algebras

Alto, ..., ta] = EPT (P4, O(d))

d>0

ti — S;
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8 Group schemes

Definition (group scheme). A group scheme G over X is a scheme G over
X together with

e m: G Xx G — G multiplication morphism,
e ¢: X — @ identity morphism,
e i:G — @ inverse morphism
such that all these are morphisms over X and
e m is associative

GXXGXXG(m)GXXG

l(idc’m) lm

GxxG——— @G

e ¢ is left and right identity, i.e. both compositions

GXXX

IR
g
Q
X
o

IR
¢
X
=
K

are idg.

e i is left and right inverse, i.e. both compositions

GXXG

ixid/ \

G -2, GxxG

G
&xi %

GXXG

are G - X 5 G.
Example.

1. Let A be a ring. Define
GL(n, A) = D(det) C Spec Ala;;] := M

where 1 < i,7 < n. Let G = GL(n, A). Then G is a group scheme over
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X = Spec A. m is given by matrix multiplication, i.e.

Alaij] — Albij, cij]
Q;j > Z bikckj
k=1

which restricts to a morphism m : G x G = G. e is induced by a;; — d;;
and ¢ is induced by mapping a;; to the (4, j)th entry of the inverse of a
matrix, which we know can be expressed as a rational function.

2. In the above example if n = 1 then we write G, x = GL(1,4) =
Spec Ox|[t, t71].

3. SL(n,A) = Spec Ala;;]/(det —1) € M as a closed subscheme is a group
scheme.

4. A7 is a group scheme. If n = 1 then we write G, x = A} = Spec Ox[t].
Definition (group action). Let G be a group scheme over X and Y a scheme

over X. A (left) action of G on'Y over X is a morphism a : G xx Y =Y
over X such that

1. commutes with multiplication:

GxXGxXYmeXY

lidg Xa la

GxxY —2% Y
2. identity acts trivially, i.e. the following composition is idy

Y =5 X xxV &Y oy 2y

Example.
1. Projection to Y gives the trivial action for any group scheme G.
2. G acts on itself via m.

Example. Let A = @ ,., Aq be a graded algebra, X = Spec Ag,Y = Spec A.
Then G = G, x acts on Y via

A= A®@y, Aolt,t 7] = Aft,t 1]
frtlf
if f € Aq.

Exercise. Set Ay = k, A = k[z1,...,z,] with degz; = 1. Then the action is
just the diagonal action by the torus t(z1,...,z,) = (tz1,...,tTy).

Exercise. Show GL(n, A) acts on A%;.
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Definition (equivariant morphism). Let G be a group scheme over X acting
on Y7 and Y3 via aj,as. A morphism f :Y; — Y5 over X is G-equivariant
if the following diagram commutes:

GXXY1MGXXY2

[
v, — 1 .y,

Lemma 8.1. Suppose G = Gy, 4 acts on Y1 = Spec B,Y5 = Spec C where
B and C are graded A-algebras (the action induced by grading). Then
@ : Y] = Yy is Gy, -equivariant if and only if o7 : C — B is a homomorphism
of graded A-algebra.

Proof. On the level of rings

C —— Oft,t71

|

B —— BJt,t71]
For f € Cy, let g = p#(f) = >_I_, gi where g;’s are homogeneous. Then

f— tif

| !

> 9 — Ztigi

so 33" g; = Y t'g; so g is homogeneous of degree d. O

Corollary 8.2. An endormorphism ¢ : A%y — A"} is G,,-equivariant if and
only if it is linear, i.e. ; — Zj ai;x; for a unique choice of a;; € A.

Definition (vector bundle). Let X be a scheme. A trivial vector bundle on
X is a scheme 7 : £ — X with a G,, x action which is G, x-isomorphic to
A% . A wector bundle of rank r on X is a scheme £ — X with a G, x such
that there exists an open cover {U;} such that E|y, — U; is trivial.

What is implied in this definition is that group actions are stable under base
change.

Remark. It is a theorem that a vector bundle is the same as one that is locally
trivial over the étale site or other flat sites.

More generally
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Definition (principal bundle/torsor). Let X be a scheme and G a group
scheme over X. A trivial principal G-bundle (or trivial G-tosor) is a scheme
Y over X with a G-action which is G-isomorphic to G. A principal G-bundle
(or G-torsor) is a scheme that is locally a trivial principal G-bundle.

Proposition 8.3. There is an equivalence of categories

{rank r vector bundle on X }/ 2+— {principal GL(r)-bundle}

Remark. If £ is locally free of rank 7 then A" € is locally free of rank 1, a
line bundle which we call det£. Then by the correspondence between bector
bundles and locally free sheaves in the next section, there is an equivalence of
categories between

{rank r vector bundle with trivial det} <— {principal SL(r)-bundle}.

8.1 Correspondence between vector bundles and locally
free sheaves

Let m : E — X be a rank r vector bundle, A = 7,Of. Then on a trivialising
neighbourhood U, A|ly & Oylz1,...,z,] so A is a quasicoherent sheaf of Ox-
modules. On intersection U; NUj, the lemma in the previous section states that
different trivialisations induce the same grading. Thus there is a gobal grading
A= ®d>0"4d on X.

For any graded algebra there is a map Sym* . A; — A. In general this map
is neither injective nor surjective, but in our case it is (locally so globally) an
isomorphism and A; is locally free of rank r.

Thus we have constructed an equivalence of categories

{vector bundle of rank r} <— {locally free sheaves of rank r}
E— (ﬂ'*OE)l
Spec Sym™* F <+ F

Definition (abelian cone). Let X be a locally noetherian scheme. An
abelian cone over X is a scheme A — X with a G,,-action such that
.04 = B 450 Ad with

1. Ox — A is an isomorphism,

2. A is coherent,

3. Sym* A; — A is an isomorphism.

Exercise. Show that this is equivalent to saying that A is the kernel of a
morphism of vector bundles on X, i.e. the fibre product

A—— X

b

EFE— F

for some G,,-equivariant morphism F — F.
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Remark. A cone is one where one replaces isomorphism in 3 by surjective.
They define global Proj.

What is Proj A in this language? Assume A = &, A4 is a quasicoherent
sheaf of graded Ox-algebra satisfying the definition of a cone. Then we have
a closed embbedding Spec A — SpecSym* A;. C = Spec A is called a cone
over X, and it is a subscheme of A(C), called the associated abelian cone,
that is invariant under G,,. Conversely every cone is a G,,-equivariant closed
subscheme of an abelian cone.

In this language, Proj A is the quotient of Spec.A minus the zero section by
Gpm-action. The zero section is a closed subscheme Xy < C (isomorphic to X)
obtained by ...

Quotient: Spec A\ Xy — Proj A is a principal G,,-bundle, where the prin-
cipal opens are D(f) where f homomogeneous for f € A;(U).

Exists an equivalence of categories

{abelian cones over X with G,,-equivariant morphism} <— {coherent sheaf on X}.

In particular if X — Y a morphism locally of finite type of locally noetherian
schemes, then Qx/y is coherent. There are two natural candidates for the
“tangent bundle” of X over Y: one may take the dual sheaf

@X/y = Hom(QX/y, Ox)

In general we lose torsion information in this process. A more refined approach
is to use the cone over X

Tx/y = Spec Sym* QX/y.

18/12/20
If the cone has a zero section sy : X — C' induced by

#
S0

Ox 0

0 —— D> At A

then C'\ so(X) — Proj A is a principal G,,-bundle.

Example (projective bundle). Let A = Sym* & where £ is a locally free sheaf.
Then we define P(£) = Proj(A). Let E = Spec Sym”* £, then we have a principal
Gp-bundle E\ so(X) — P(£). Thus P(E) parameterises lines in fibres of E.
Sometimes we also denote it by P(E) (note £ is a locally free sheaf while E is
a vector bundle).

Theorem 8.4 (Bertini). Let X C P} be a closed subscheme smooth of
dimension d over Speck, an algebraically closed field. Let P™ be the scheme
parameterising hyperplanes in P™. Then there exists a nonempty open U C
P™ such that for every a € U(k), we have X N Hy, is smooth of dimension
(d-1).

Analogue of Sard’s theorem: take incidence correspondence
I'={(p,0) eP" xP":peci}

Then Bertini’s theorem says that the generic fibre of T' N (X x P") — P" is
smooth.
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Sketch proof. Let p € X (k). Then locally near p, we can find A = k[tq, ..., ta1+]/(f1,. .-

standard smooth of dimension d. Qx (p) has dimension d with basis dtg41, . .., dtg4,.
Let ¢ € S;. We want to know when is A/¢ nonsinglar at p. Restruct to U, £ is
a regular function. Then ¢|y = g € k[t1,...,t4+r]. Then X N Z(¢) is smooth at
p of dimension d — 1 if and only if d¢(p) # 0 € Qx(p).
To take care of all points at the same time, we consider

L= {(p.0): d(p) = 0 € Qx(p), £(p) = 0} C X x P".
Then
I'={(p,¢) : X N Z(£) not smooth of dimension d — 1 at p}.

We have projections a : I' — X, 3 : I' — P". Then Bertini’s theorem asserts
that P\ B(T") contains nonempty open subset in P*. To do so we show §(T') is
closed in P™ of dimension < n.

Claim « : I' = X is a projective bundle associated to a bundle of rank n —d.
This implies T is proper so S(T") is closed. To find the dimension, locally T' is
the product of X and P*~?~'. Since I' — X is smooth of relative dimension
n—d—1, T is smooth of dimension n — 1. Thus dim (') < n — 1.

Since the two vector bundles have rank n and rank d respectively,

0 —— NY

Yypn — Qe

X4>QX_> 0

N spn 18 locally free of rank n —d. Check I' = P(Nx/pn(1)). For example on
UO = {.’,EO 7é 0}7

Corollary 8.5. Let X C P™ as before. Fix e a positive integer and let S,
be the set of homogeneous polynomials of degree e in S = k[xo,...,x,]. Let
P(S.) = S. \ {0}/k*. Then exists U C P(S.) nonempty open such that for
all f €U, XN Z(f) is nonsingular of dimension dimX — 1.

Sketch proof. Consider the subring S = @, Saa with grading S), = S,q. One
way to think about S’ are the invariant subring under 14 = Speck[t]/(t? — 1)
(g is smooth if and only if chark does not divide d). S’ is generated as a
k-algebra by monomials of degree d, i.e. there is a surjection of graded algebra
R = k[yo,...,Yn] = S’ where N = ("+j+1) — 1. Then we have an embedding
Proj S’ = P" < Proj R = PV, which is the Veronese embedding of P™ of degree
d sending (zo,...,2,) to the tuple of all monomials of degree d (with a chosen
ordering).

A hyperplane in PV is the same as a linear combination of degree d mono-
mials in ;. Thus if v(P") N H = Z(f) where f is a polynomial in z,...,z,,
then X N Z(f) Zv(X)NH via v. O
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Remark. We can apply this repeatedly, starting with X = P™. Then for generic
fi € Se;, Y =(i—; Z(f;) is smooth of dimension n — r. Such a Y is called a
complete intersection of degree (e1,...,e.). In particular if r =1, Y is called a
smooth hypersurface of degree e .

Fact: In Bertini’s theorem, if we assume X is irreducible and dim X > 1
then X N Z(¢) is also irreducible.

More examples can be obtained by generalising the result to other spaces.
For example complete intersection in products of projective spaces, in weighted
projective spaces.

8.2 Another way to construct new smooth varieties

Simple cyclic covering

Let X be a scheme, £ € PicX and s € (X, £®") for some n > 2. Let
A=0xaLY @ @ (L) D which is locally free sheaf of rank n. It
can be made into a Z/nZ-graded algebra. In local coordinates where £ = Ox
generated by t, A = Ox|[t]/(t" — s). Then we have a surjection Sym* (L") — A
with kernel generated by u — s(u) € (£LY)®" @& Ox. Then we have a closed
embedding X = Spec A — L = SpecSym™* LY. We ask when is X the simple
cyclic cover branched on .S also smooth?

(taking nth root of unity)

Exercise. We get isomorphic X if we replace s by us where u € I'(X, 0%), so
the construct descends to D, the effective Cartier divisor associated to s.

D is called the branched divisor, and D = (171(D))eq is called the ramifi-
cation divisor. _

Claim: If X is smooth and n is coprime to char k then X is smooth if and
only if D is smooth: smoothness is local so we can assume X = Spec 4, £ = Ox
where A = k[z1,...,2a++]/(f1,..., fr) is standard smooth. Then hte cover X
is given by _

Spec A[t]/(t" — s) = Spec A

where A = Alz1, .., ayr, t]/(f1,- .., [r,t" — s). s is nonzero implies that ¢ # 0
S0 a(tT_s) =nt" 1 £0.
What happens on the branch divisor, i.e. s = 07 This is the same as t = 0.

Our only hope is to use %Sj. We seek (r + 1) variables among x; such that...

In conclusion: X is smooth of dimensionequals to dim X if and only if char k
is coprime to n and D is smooth of dimension dim X — 1.

Typical application: construct a smooth projective genus 3 curve. Tkae a
degree 4 hypersurface in P2, or double cover (n = 1) of P! branched on 8 points.
In fact these are all the possibilities for genus 3!

c.f. unirationality of moduli space
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9 Sheaf cohomology

We recall some vanishing theorems in algebraic geometry:

1. (Grothendieck) If X is affine and F € Qcoh(X) then H*(X,F) = 0 for
all ¢ > 0. Intuition: I'(X, —) : Qcoh(X) — Mod,4 is exact.

2. Let X be a smooth manifold. Then for each F sheaf of C'{-modules,
HY(X,F)=0fori>0.

3. (Serre vanishing) Let A be a noetherian ring, N > 0,X C ]P’g a closed
subscheme and F € Coh(X). Then exists ng such that for all n > ny, for
all i > 0, H(X,F(n)) = 0 where F(n) = F @ (Opy (n)|x). The analogous
result for complex manifolds is Kodaira vanishing.

Computationally we use Cech cohomology. The comparison theorem for us

is

Theorem 9.1 (Leray). Let X be a topological space, U = {U;};er an open
cover and F a sheaf such that for all p > 0, for all ig < -+ < ip, for all
n >0,

H"(U;, n---nu;,,F

Uign--nu;, ) = 0.

Then H'(U,F) is canonically isomorphic to H'(X,F) for all i > 0.

Example. Let X = P}, Uy = Speck|t], U; = Speck[s], Up1 = Speckl[t, s]/(ts —
1). Let F = Op1(—m) be the ideal sheaf of regular functions vanishing at origin
to order m. F(Up) = t™k[t] with basis {#™,t™*1 ... }. F(U;y) = k[s] with basis
{1,s,8%,...} and F(Up1) = k[t, s]/(ts — 1) with basis {1,¢,s,t%,s%,...}. Then
H'(U, O(—m)) has basis {t,t?,...,t™ 1}, Thus dim H'(P',O(—m)) =m — 1.
This shows that Serre vanishing for Op1 on P!, where ng = —1.
By the same argument for all m > 0, HY(P!,O(m)) = 0.

Remark. In general, if a scheme X is separated over an affine scheme and has an
open affine by N affines then H*(X, F) = 0 for alli > N for all F quasicoherent.
This implies that if X is projective then H*(X,F) for all i > dim X for all F
quasicoherent,.

Fact: If we denote h'(X,F) = dimy H'(X,F), then we have the following
results: for any N > 0,m € Z,i > 0, we have hi(PY,O(m)) = 0 except

e om) = (V1)

m
for m > 0 and
RN (PN O(m)) = dim h°(PY,O(—m — N — 1)

for m < —(n+ 1). This is a special case of Serre duality:
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Theorem 9.2. Let X be a smooth connected projective scheme of dimension
d over an algebraically closed field k. Then there is a natural isomorphism

HYX,04) =k

where Q”)l( = AQx/i, = det Qx /i, the canonical sheaf or the dualising sheaf.
Moreover for all F locally free of rank r, there is a perfect pairing for all
0<:<d

H{(X,F)x H7(X,F' @ Q%) - HY(X,0%) = k.

It admits a generalisation to “slightly singular” schemes. Let 7 : X < P} be
a closed embedding. We assume i is a regular embedding of codimension n — d,
Le. ©*Ixpy is locally free of rank n — d, X is d-dimensional and

0 —— i"Ix/pp — Qppsilx Qx/k 0

exact. Then Serre vanishing holds with wy in place of Q%, where wx is the
dualising sheaf defined by

9.1 Cohomology of complex manifolds

Let X be an n-dimensional complex manifold, Ox the sheaf of holomorphic
functions and AP*? the sheaf of (p, ¢)-forms. We have two differentials 9 : AP*7 —
APTLa 9 AP 5 APGHL

We have a complex

0 Ox A0:0 9 A0:1 . A0n 0

which is a resolution of Ox since A% is the sheaf of C-valued smooth functions,
and those f such that 0f = 0 are precisely those satisfying the Cauchy-Riemann
equation so is holomorphic. Note that in fact this is a sheaf of Ox-modules as

I(fa) = fOoa+df ANa = fou

for f holomorphic.

Let &€ be a locally free sheaf of Ox-modules of rank r, i.e. the holomorphic
sections of a rank r holomorphic bundle E. Tensoring with £ is exact so we get
an exact sequence

00— & —— A(E) —2 AOYE) — - —— AO(E) —— 0

where AP9(E) = AP1 Q0 E.

Note also that A%Y admits a partition of unity, so all A%%-modules are
acyclic. Thus H9(X, &) can be calculated as 0-closed (0, ¢)-forms with valued
in E modulo exact forms. This is called Dolbeault cohomology.

We will now interpret Serre duality in the context of complex geometry. By
discussion above H™(X, Q%) is A%"-forms (automatically d-closed) with values
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in A™% module exact forms, so A™"-forms modulo 9 A™" !-forms. As X is
compact, integration gives a map to C.
Given two locally free sheaves &£, F, we obtain the map

HP(X,&) ® HY(X,F) = HPT(X,E® F)
via wedge on forms and tensor product on locally free sheaves, i.e.

(a@e)-(Baf) = (@ApP)®(e® f).

It is easy to check that this is well-defined and descends to cohomologies.

One can use analysis to prove holomorphic Serre duality where X is a
closed complex submanifolds of PV. To connect this back to algebraic geom-
etry, we use the GAGA principle. Let X be a smooth closed subscheme of
PYN. As X is smooth over C, it can be locally expressed as the spectrum of
Clz1, -y Tnar]/(f1,-- -, fr) so by implicity function theorem defines locally a
complex manifold X#" C C"*". The “transition functions” are rational func-
tions so holomorphic. A theorem of Chow says that all ? closed submanifolds
of projective spaces arise this way.

Given a rank r locally free bundle £ — X, we can define a vector bundle
E?n — X2n | Serre’s GAGA says that there is a canonical isomorphism

HY(X,E) — H'(X™, &™)
for all 4 > 0.

Theorem 9.3 (Riemann-Roch). Let C' be a smooth projective connected
curve over k = k. Let L € Pic(C) with degree d (i.e. the degree of the
corresponding divisor). Let g be the genus of C, defined by

R2(C,Qc) = h°(C, K¢) = h' (C, O¢)
where the last equality comes from Serre duality.

1=1r%C,0c) = h*(C,Q0).

Then
x(C, L) =deg(L) +1—g.

In particular deg(K¢o) = 2g — 2.

To generalise a bit, if £ is a locally free sheaf of rank r on C' then

X(E) = deg(det &) + (1 — g).
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10 Curves

For this section we work with k-schemes where k = k. We mean by a curve a
smooth projective connected scheme, a point a k-valued point, and morphisms
morphisms of k-schemes.

Recall that if C' is a cruve then a prime divisor on C is a point. Smoothness
implies that every prime divisor is Cartier. We have a surjective map

Div(C) — Pic(C)
D Oc(D)
and a degree map deg : Div(C) — Z.
We quote the fact that if X is a projective scheme, F € Coh(X) then

['(X,F) is a finite-dimensional k-vector space. Moreover H'(X,F) is finite-
dimensional for all i > 0, whose dimension we denote by h*(X, F).

Theorem 10.1 (Riemann-Roch). Let D € Div(C). Then
x(O(D)) = deg(D) + x(Oc)
where x(X,F) = Zizo(_l)ihi(X7 F).

Proof. Let p € C and let O, be the skyscraper sheaf. Given £ € Pic(C),
tensoring with Z, = O¢(—p) — O¢ induces a SRS

0 —— L(—p) L Q 0

where Q is supported at p and is (non-canonically) isomorphic to O,,.

We now show x(0,) = 1. Cover C by two open affines (?) U, V. If p €
U,p ¢ V. Then Cech cohomology shows that h® = 1, h! = 0.

Now for any divisor D there is a short exact sequence

0— OD—-p) — OD) — O, — 0

x(O(D —p)) = x(O(D)) - 1.

Finally we write D =Y.' | a;p; where a; # 0 for all 4. Induction on Y |a,|:
if Y |a;| =0 then n =0 and D =0 so deg D =0 and O(D) = ¢. For induction
step, if a3 > 0 then set £ = D — p;. Then the induction hypothesis for E as
well as the discussion above shows

X(D) = x(E)+1=deg E+ x(O¢) + 1 = deg(D) + x(Oc)-

Same if a; < 0. O

Lemma 10.2. Let X be a projective n-dimensional scheme. Then exists an
open affine cover of X by (n+ 1) opens.

65



10 Curves

Proof. Suppose X C PV is closed. Take H C PV a hyperplane. Then X — H C
PN — H is affine. Then the problem is reduced to show there exist hyperplanes
Hiy,...,H, 1 such that H1N---NH,y 1 NX =0.

Consider the dual projective space PV of hyperplanes in PV. Then exists
Ux CPV nonempty open such that for all H € Ux such that dim HNX <n—1
(then equality by principal ideal theorem).

Proof. Induction on irreducible components of X. If X is irreducible then
dimX N H = dim X if and only if H O X. The “wrong” hyperplanes are
give by
T(PY, Ix (1)) ¢ T(PY,0(1))

so defines a closed subset in PV. Call this closed subset Zx and its complement
Ux.

Suppose X = X; U---U X, as irreducibles. Then Ux = Ux, N---NUx,.
Any finite interesection of nonempty open is nonempty open.

Now induction on dim X. If dim X = 0 we can find HNX = (). For induction
step, choose H; such that dim X N H; = dim X — 1. O]

O

Corollary 10.3. If X is a projective scheme of dimension d and F is a
quasicoherent sheaf then 4
HY(X,F)=0

for alli > d.

Remark. One can extend “easily” Riemann-Roch for curves to any coherent
sheaf F as follows:
X(F) =deg F +1k F - x(O¢)

where tk F = dim g, 53, where 7 is the generic point of C'. There is a natural
short exact sequence

0 —— Fions F FW 0

where Fiors is the sheaf
U {seFU):s=0in F,}.
For a smooth curve C', FVV is locally free and we define
deg F = deg F¥V + h°(Fiows)
and show h!(Fiors) = 0 (because Fiops has a filtration with quotients Op,).

Key idea: for a scheme X we can define the K-groop Ky(X), the Grothendieck
group of coherent sheaves. Then we have a homomorphism y : Ko(X) — Z if
X is projective.

Note that if deg £ < 0 then I'(C, £) = 0 (exist s € I'(Oc(p)). If we can find a
section then tensoring gives a section I'(C, £(dp)) where deg L(dp) = 0. But the
only degree 0 invertible sheaf with nonzero global section is the strcture sheaf.
Thus L(dp) is trivial, so every nonzero section never vanishes so s vanishes at
.

Combining this with Serre duality and Riemann-Roch we get
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Corollary 10.4. IfdegL > 2g — 2 = deg K¢ then h°(LY @ Kc)h' (L) =0
50

RO(L) = deg L+ 1 — g.

Theorem 10.5. Let ¢ : X — Y be a morphism of smooth projective schem.
Assume

1. ¢ injective on k-points,

2. @ injective on tangent space, i.e. for allp € X, do(p) : T, X — Ty;,)Y
injective.

Then Z = p(X) (as closed subscheme image) then ¢ : X — Z is an
isomorphism.

Sketch proof. O

Theorem 10.6. If g(C) = 1 then exists a closed embedding C — P? as a
degree 3 curve.

Proof. deg K¢ = 2g — 2 = 0. Thus if deg £ > 0 then
RO(L) = x(L£) = deg L.

Let £ = Oc(3p). Let sg, 51,52 be a basis of H(C,L£). Claim there exists
a unique morphism ¢ : C' — P? and isomorphism £ 22 ¢*Opz(1) such that
s; = ¢@*(x;). To show that ¢ exists, enough to show that for all ¢ € C exists ¢
such that s;(q) # 0, since then we can define

<P(Q) = [SO(Q)asl(Q)aSQ(q)]'

To prove this we note the short exact sequence
0—— OBp—q) —— OBp) —— OBp) ¥ k(q) —— 0

As deg O(3p — q) = 2 > 0, we have h°(O(3p — q)) = 2, so the map
H*(Oc(3p)) — H"(O(3p) ® r(q))
is nonzero, i.e. we can find s; € I'(C, O¢(3p)) such that s;(q) # 0. Show

1. injectivity: for all g1, g2, ©(q1) # @(q2). Exists s = > \;s; € T(C,O(3p))
such that s(¢1) =0, s(¢2) =0...
Thus we can find s € I'(C, O(3p — ¢1)) such that s(g2) # 0.

2. injectivity on tangent space: note that tangent vector is a morphism

Speckle]/e? — C, and it is nonzero precisely when it is a closed em-
bedding....

Note that a k-algebra map A — k[e]/e? is either surjective or factors
thorugh A — k — k[e]/e%.
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Let Zp be the ideal sheaf of D and we have a short exact sequence

0 Ip 1, O, 0

(since C is a smooth curve, Oc, is a DVR and Zp, = (t?) so Ip =
Oc(—2q)).

All we need to show is that there exists s € I'(¢, O(3d)) such that s(q) =0
but s|p # 0. But the proof is exactly the same as before:

0—— OBp—29) —— OBp—q) —— OBp)lp —— 0
This shows that there is an embedding C' < P2?. To check that the image has
degree 3, we can either show deg ¢*O(1) = 3, or use adjunction
deg Ko = deg Kp2 + deg 7.
O

By a similar argument we can show if g(C) = 0 then taking p gives an
isomorphism C' — P!. If g > 2 then taking 3K gives C < PV. In fact one
can show that either 2K¢ (in fact K¢) gives a closed embedding, or K¢ gives
a two-to-one cover to a rational normal curve.
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