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Chapter 1

An Introduction to the
Spectrum of a Ring

In the classical algebraic geometry, we usually work on algebraically closed fields
k and we have the affine spaces A" = k™ with the Zariski topology. So in this
case

Definition 1.1. An affine algebraic set is a closed subset of A™.

We usually consider regular functions on this sets; these are functions that
locally behaves like a quotient of polynomials:

Definition 1.2. A regular function on an affine algebraic set X C A™ is a map
f: X — A'! such that for all 2 € X there exists an open neighbourhood U, and
two polynomials g, h € k[x1, ..., 2,] such that for all y € U, h(y) # 0 and

Given two algebraic sets X, Y, a morphism is a continuous map f: X — Y such
that, for all regular functions ¢ on an open subset U C Y, fop: f~1(U) — Al
is regular.

Affine sets and morphism form a category; furthermore given an affine set X
we can consider the reduced k-algebra k[X] given by the regular function on X.
Such rings are strictly connected to the affine set; given a morphism f: X — Y
we get a homomorphism of k-algebras f*: k[Y] — k[X]. Viceversa, given a
homomorphism of k-algebras g: k[Y] — k[X], there exists a unique morphism
f: X — Y such that f* = g. This fact gives an equivalence of categories
between the category of reduced k-algebras and the category of affine sets.
Notice that there is a correspondance between points p € X, homomorphism
k[X] — k and maximal ideals of k[X]. Therefore, in order to extend this
theory to non-algebraically closed fields, it’s convenient to consider the maximal
spectrum:

Definition 1.3. Let A be a ring. We call the maximal spectrum as the set

Spec M(A) = {p C A | p is maximal}
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We will consider only commutative rings with 1. Given a subset S C A, we
call V(S) the set of maximal ideals that contain S.

Lemma 1.4. Let A be a ring. Then
e V(0) = Spec M(A)
e Given a set of ideals {In}a, V(3> Ia) = NaV (1)
e Given two ideals I, J, V(INJ)=V(I)UV(J)

Theorem 1.5. There is a unique topology on Spec M (A) such that every closed
subset is of the kind of V' (I).

If we consider k-algebras, where k is a ring, given a morphism f: X — Y we
get a morphism ¢: Spec M (k[Y]) — Spec M (k[X]) that sends a maximal ideal
to its inverse image.

Observation 1.6. It’s not true that V(I) = V/(J) implies v/T = v/.J. For example,
in the local ring Z), the ideals (0) and (2) define the same closed subset
V(0) = V(2) = (2), but they are both radical.

Notice that to make things work, we have considered only the case of k-
algebras: given a homomorphism of rings ¢: A — B the contraction of a max-
imal ideal doesn’t need to be maximal. Therefore, to consider a wider class of
rings, we can consider the prime spectrum:

Definition 1.7. Let A be a ring. The (prime) spectrum of A is the set
Spec(A) == {p C A| p is a prime ideal}

As in the case of the maximal spectrum, we can give a topology to this set
defining V/(I) = {p € Spec(A) | I C p}.
With these definitions, given a homomorphism of rings f: A — B we get an
induced map
f*: Spec(B) — Spec(A)

that sends a prime ideal p € Spec(B) to its contraction. This is continuous since

fPHVI)) = {p € Spec(B) | p 2 f(I)} = V(IB)

Notice that the topology we have just defined is not T7; the set of closed points
coincide exactly with the maximal spectrum. There is a bijection between
radical ideals and closed subset of Spec(A) that reverses inclusions, given by
I+ V().

Definition 1.8. Let X be a topological space. X is irreducible if given two
closed subsets C1, Cy such that C7 U Cy = X, then either C; = X or Cy = X.

Proposition 1.9. Let I C A be an ideal. Then I is prime if and only if V(1)
is irreducible.

Lemma 1.10. Let X be a topological space and let Y C X be a subspace. The
following are equivalent:

1. Every closed subset of Y is the intersection of a unique closed subset in
X and Y.
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2.

If AC X is closed then Y N A is dense in A

If those conditions hold then Y contains all closed points of X.

Proof.

(1) =(2)

Let A C X be a closed subset. We have to show that Y N A is dense
in A. Assume by contradiction that Y N A # A. Then there exists a
proper closed subset Z C A such that Y N A C Z. By hypotesis, Z
is the intersection of a unique closed subset C' C X and A. Therefore
YNA C CNnA, which implies that Y C C. However, Y = YNC = YNX; by
the uniqueness of the closed subset X = C' and this gives a contradiction.

Let C C Y be a closed subset and assume by contradiction that C' =
Y NA =Y nB. By hypotesis, Y N A4 is dense in A. Therefore, taking
closure,

A=YNA=YNA=YNBCYNB=YnNBA

and therefore Y N A O Y N B which implies A O B. Since it is symmetric
in A, B, we get the thesis.

O

Definition 1.11. Let A be aring. A is Jacobson if Spec M (A) is dense in every
closed subset of Spec(A).

Ezample. If A is a PID, A is Jacobson since Spec(A) = Spec M (A) U {(0)}. If
A is local and # Spec(A4) > 2, then A is not Jacobson.

Proposition 1.12. Let A be a ring. The following are equivalent:

1.
2.

3.

A is Jacobson
Every prime ideal of A is an intersection of maximal ideals

Every radical ideal of A is the intersection of maximal ideals

Proof.

(1) =(2)

2) = (3)
(3) = (1)

Let p € Spec(A). Assume by contradiction that

g= () m2p
meSpec M (A)
m2p

Then V(q) € V(p) and V(q) N Spec M (A) = V(p) N Spec M (A). By the
lemma, V(p) = V(p) which is absurd.

Trivial.

Let V(I),V(J) be closed subsets of Spec(A); by the lemma, we have to
show that if Spec M (A) NV (I) = Spec M(A) NV (J) then V(I) = V(J).
We can assume that I, .J are radical; by hypotesis I = NM; and J = NN;
where M;, N; are maximal ideals. We notice that by the prime avoidance

lemma in this intersection all the maximal ideals containing I and J appear
and only them. Therefore V(I) =V (J).
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O

Notice that Spec M(A) = V(J(A)) and Spec(A) = V(N(A)). Therefore
Spec M (A) is dense in Spec(A) if and only if J(A) = N (A).

Proposition 1.13. The following are equivalent:
e A is Jacobson
e Forall I C A, J(A/I)=N(A/I)
e For all radical ideals I, J(A/I) = 0.

Theorem 1.14 (Nullstellensatz). Let A be a Jacobson ring and let B a finitely
generated A-algebra.

e B is Jacobson

o If M € Spec M(A) then M N A € Spec M(A) and

Avrna— B
is a finite extension of fields.

Definition 1.15. A discrete valuation ring (DVR) R is a domain such that
exists t € R\ {0} such that every f € R\ {0} can be written uniquely as
f=ut", ue R and n € N.

Example. The localization Z(,) of Z for a maximal ideal are DVR. The ring of
power series over a field k[z] is a DVR.

It follows from the definition that the decomposition of an element f = ut™
is unique. This implies that the only ideals of R are (0) of (t*), k¥ € N and in
particular R is a local PID (but not Jacobson). Therefore if we invert ¢ we get
the quotient field of R Q(R) = R;. Every element of this field can be written
uniquely as ut*, k € Z and this defines a discrete valuation on Q(R) = k such
that vp(uth) = k:

Proposition 1.16. Let a,b € k\ {0}. Then vg(a + b) > min(vg(a),vr(b)).
Conversely, given a discrete valuation v: k* — Z, the set

R={ack"|v(a) >0} U{0}
is a DVR.

Consider now A = R[z], where R is a DVR, and let k& be the residue field
k = R/(t). We get a projection A — k[x] and every maximal ideal of k[z] gives a
maximal ideal of A. In particular, we know that k[z] is a PID and if m = (p(z))
is maximal, 771 (m) = (¢,p(x)). However, they are not the only maximal ideals.
For example, I = (at — 1) is maximal since the quotient is exactly k.

Observation 1.17. Notice that A is not Jacobson but Spec M (A) is dense in
Spec(A).

Definition 1.18. Let R be a ring. We define A%, = Spec(R|[z1, ..., zy]).
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Proposition 1.19. Let A be a ring and let S be a multiplicative subset. The
homomorphism A — S~ A induces a map Spec(S~'A) — Spec(A) which is a
homeomorphism with the subspace {p € Spec(4) | pN S = 0}.

This proposition gives a way to identify easily some open subset of Spec(A).
Let f € A and consider the open subset Spec(A) \ V(f). Then Spec(Af) ~
Spec(A) \ V(f)-

Let now A be a Jacobson ring. Then we have a bijection between irreducible
closed subsets of Spec M (A) and irreducible closed subsets of Spec(A) and these
can be identified as the closure of points of Spec(A).

Definition 1.20. Let X = Spec(A) and let p € X. The residue field of p is the
quotient

_A
Notice that the following diagram is commutative:

A*>Ap

|

A/p — k(p)

Given f € A, we can evaluate it in a point p € Spec(A)

f(p) = ¢(f) € k(p)

Notice that (f + g)(p) = f(p) + g(p) and (fg)(p) = f(p)g(p). Furthermore,
f(p) = 0 if and only if f € p and this implies f(p) = 0 for all p € Spec(A) if
and only if f € N(A).

Definition 1.21. Let X be a topological space. We say that X is quasi-compact
if for all open cover of X there exists a finite subcover.

Notice that it it equivalent to say that given a family of closed subsets C;
such that N;c7C; = (), there exists a finite subfamily such that m;;lcij =0
Observation 1.22. Usually, we say that X is compact when it is compact and
Hausdorft.

Proposition 1.23. The open subsets of the form X; = X \ V(f) form a basis
of open sets for the topology on X.

Proof. Let U C X be an open subset. We have to show that there exists f € A
such that Xy C U. Notice that X \ U is closed and therefore X \ U = V(I).
Let fe€l. Then Xy =X \V(f) C X\ V(I)=U and this gives the thesis. [

Theorem 1.24. Let A be a ring. Then Spec(A) is quasi-compact.

Proof. Consider a family of closed subsets V(Ii), k € K and assume that the
intersection is empty NgexV (Ix) = 0. This means V (3, o 1) = 0 and there-
fore 1 € Y, i Ix- So there exists a finite combination of elements of these
ideals such that
=) o
€A eIy,

Therefore 1 € Y7 | I, and so NP,V (Iy,) = V(> i, I,) = 0. O



Chapter 2

Sheaves

Definition 2.1. Let X be a topological space. A presheaf P of abelian groups
on X is a functor from the set of open sets of X to abelian groups, so for each
pair of open subsets U C V there exists a homomorphism

pvu: P(V) — P(U)

called restriction homomorphism, such that pyy = Id and if U C V C W then
PWU = PVU © PWV -

A subpresheaf @ of a presheaf P is a collection of subgroups Q(U) C P(U) that
commutes with restrictions.

Example. If we associate to each open set U C X the continuous functions from
U to X, we get a presheaf. If A is an abelian group, P4 given by the P4(U) = A
and pyy = Id4 is a presheaf.

Definition 2.2. Let P, @ be presheaves on X. A homomorphism of presheaves
is a natural transformation between P, ). This means that for every open subset
U there exists a homomorphism f;: P(U) — Q(U) such that for all U C V the
following commutes

PV) —Q((V)
PU) — Q)

The kernel of a homomorphism is the subpresheaf
Ker(p) == {U > Ker(pv) | v: P(U) = Q(U)}

Ezxample. If X C Cis open and Oy is the presheaf of nowhere zero holomorphic
functions (with multiplication), then exp: Ox — Ox is a homomorphism of
presheaves.

Let A be an abelian group and X a toplogical space. We have the presheaf
Ax of locally constant functions f: U — A. There exists a homomorphism
@: Py — Ax such that

Py(U): A — Ax(U)
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If Q C P is a presheaf, we define the quotient presheaf as

P =" )

For example, if R is a subpresheaf of P that goes to zero through ¢: P — Q,
then it factors through

P Q

Consider now the quotient Q) = CX/C By’ which is the quotient of all contin-
uous function for all the bounded continuous function. Then if s € Q(U) there
exists an open cover U = UV; such that s|y, = 0 for all .. We now take P as
the bounded continuous functions and consider an open cover U = UV;. Let
s; € P(V;) such that s;|v;; = s;|v;;- Then we can’t lift lift these section to a
global section s € P(U). These observations give rise to the following:

Definition 2.3. A presheaf P is separated if for all U C X open subset and
for all s € P(U), if there exists an open cover U = UV; such that s|y, = 0 then
s=0.

A sheaf F' is a separated presheaf such that for all open subsets U and for all
open covers U = UV}, given sections s; € F(V;) such that s; vi;» there
exists s € F(U) such that sy, = s;.

A morphism of sheaves p: P — @ is a morphism of presheaves where P, (Q are
sheaves.

Vij = 55

Proposition 2.4. The kernel of a morphism of sheaves is a sheaf.

Proof. Let ¢: F — G be a morphism of sheaves. Clearly, Ker(y) is a presheaf;
we have to show that it is a sheaf. Let U be an open subset and consider an
open cover U = UV;. Let s; € Ker(p)(V;); we want to show that they lift to a
section in Ker(p)(U). By the property of sheaves, we can find s € F(U) such
that s|y, = s;. Then ¢(s)ly, = ¢(s;) = 0 and therefore ¢(s) is locally zero.
Since G is a sheaf, p(s) = 0 and this concludes the proof. O

Definition 2.5. Let X be a topological space and let P be a presheaf on X.
Given z € X, we consider the set

{(U, ¢) | U neighbourhood of z, ¢ € P(U)}
and the relation
(U,s) ~ (V,t) <= IW C U NV neighbourhood of z s.t. s|lw = t|w

We call the quotient as the stalk P, of P at x.

The stalk can also be identified as the direct limit:

P, = lim P(U)

zecU

and it is an abelian group. We call the element of this group as germs. If
s € P(U), we denote its germ as s, = [(U, s)].

Proposition 2.6. Let X be a topological space and P a presheaf on X. P is
separated if and only if if s € P(U) and s, =0 for all p € U, then s = 0.
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Let ¢: P — @ be a homomorphism of presheaves. It induces a map between
the stalks:
9017 : P$ — Qz
[(U,s)] — (U eu(s))]
Notice that if F' is a sheaf on a topological space X, then F'(f) = 0. 0 is a
covering of the empty set and F(0) is the equalizer of the maps

FO) — [[Fw) = ] Fs))
i€l i,5€0
Since the product are over an empty set of indexes, they are zero, so F(0) = 0.

Example. Let X be an irreducible toplogical space and let A be an abelian group
A # 0. We define the constant presheaf P4(U) = A for all open subsets U. This
is not a sheaf; indeed, P4 () = A # 0.

2.1 Sheafification

Let P be a presheaf on X. We want to find in a certain sense the smallest sheaf
containing P. Given an open subset U C X, we define

P(U)={¢: U = UpevP, | p(z) € P, Yz € X}
P is a presheaf since we are considering all the function ignoring continuity;
given U C V C W we naturally get the restriction maps

P(W) 2% p(v) 225 P(U)

obtained just by ignoring the points. In a certain sense, this presheaf ignores the
continuity of the maps. We now define the sheafification as the biggest subsheaf
Psh C P just by forcing the lifting property:

PMU) ={p € PU) | HUi} && i € P(Ui) st Y € Ui () = (5)2}

This is a subsheaf of P. First of all, we have to show that the restriction map
is well-defined
p:  PMU) — P(V)
¢ — 9y

Let ¢ € Ps"(U); then, since the restriction map of a subpresheaf is the restric-
tion of the one of the presheaf, ¢,y € P(V). ¢ € P*"(U) and by definition there
exist an open cover U; and sections s; € P(U;) such that for all 4, ¢(x) = (s;)4
for all € U;. Let now V; = V NU; and 3; = py,v,(si); then ¢|y € P3h(V).
We have now to show that coherent sections lift. Let U C X be an open
set and consider an open cover U = UV; and sections s; € P*"(V}) such that
silv,, = sjlv,;- We have to show that there exists s € P*"(U) such that s|y, = s;.
Clearly, there exists s € P(U) such that s|y, = s;. Since s; € P*"(V;), we can
find open covers V;; and s;; € P(V;;) such that s;(z) = (si;)z. Then Vj; is an
open cover of U and the s;; € P(V;;) have the property such that s(z) = s;;(z).
Therefore by definition s € P*"(U) and furthermore it is unique. This shows
that P*" is a sheaf.

We notice that there exists a canonical map

np: P — psh
s — (x> sy)
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Lemma 2.7. 5, is injective if and only if P is separated.
Proof. Given s € P(U),
Np(s) =0 <= s, =0 Vo €U

Assume 7, is injective: then if s, =0 for all z € U we get s = 0.
Conversely, if P is separated and s, = 0 for all x € U, s = 0 and therefore 7, is
injective. O

Lemma 2.8. P is a sheaf if and only if 7, is an isomorphism.

Proof. Assume that P is a sheaf. Then by the lemma 7, is injective and we
have only to show surjectivity as a map of presheaves. Let ¢ € P*"(U): by
definition there exists an open cover U = UV; and sections s; € P(V;) such that
@(z) = s4(x) for all z € U;. Then s;|y,; = s;|v,; and since P is a sheaf there
exists s € P(U) such that s|y, = s; and we get the thesis. O

Lemma 2.9. For all x € X, (n,)s: Py — P3" is an isomorphism.

(np)x5 P, — P;h
[(5,0)] — [(mp(s),U)]

Proof. First, we show surjectivity. Let [(p,V)] € P5". Then ¢ € P"(V)
and by definition there exist an open cover A; and sections s; € A; such that
o(y) = s;(y) for all y € A;. Assume that z € A; then [(¢, V)] = [(np(s:), Ai)].
We now show that (,),, is injective. Let [(s,U)] € P, such that [(n,(s),U)] = 0.
Since 1,(s) € P"(U), there exist an open cover A; and sections s; € P(A;) such
that n,(s)(y) = si(y) = 0. Therefore

[(s,U)] = [(si, Ai)] = [(0, A;)]
O

Lemma 2.10. Let ¢: P — @ be a homomorphism of presheaves. Then there
exists a unique ¢*": P*" — Q®" such that the following commutes:

PwQ

|

sh — sh
P sh Q

Proof. 1t is enough to define
P (a)(2) = pu(a)(z)
O

Therefore we have shown that the sheafification has the following universal
property:
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Let P be a presheaf and F' a sheaf. Given a morphism of presheaves
@: P — F, there exists a unique ¢*": P$" — F such that

14

P——F

\ /Osh

Psh

Example. Let A be an abelian group with the discrete topology and we consider
the presheaves P4 (U) = A for every U C X open set. Then

PU)={f:U — A} Ph(U) = {f: U — A| f is locally constant}
Let now F be a sheaf (of abelian groups) and G C F be a presheaf. Then
o) = F(U)/Gw)

is a separated presheaf but in general not a sheaf. We define

F/G _ F/Gsh
The composition

G—F— ﬁ/VG
is zero and so

G- F—T /G

is zero too. In general, if f: FF — H is a homomorphism of sheaves such that
G — F — H is zero, we get F/G — H.

Definition 2.11. Let ¢: FF — G be a morphism of sheaves. We define

Im(p) = Im()*"

Ker(yp) is a sheaf, so we don’t need to sheafify it. In particular,

® is injective <= ( is injective as a morphism of presheaves
p: F — G is surjective <= Im(p) =G

and therefore ¢ doesn’t need to be surjective as a homomorphism of presheaves.
However, if ¢ is injective, Im(¢) = Im(p) and so ¢ is a homomorphism if and
only if ¢ is injective and surjective.

Lemma 2.12. Let F,G be sheaves and let ¢: F' — G be a homomorphism of
sheaves.

1. If ¢, is surjective for all € X, then ¢ is surjective.
2. If p, is injective for all z € X, then ¢ is injective.

3. If v, is an isomorphism for all x € X, then ¢ is an isomorphism.
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Proof. First we notice that the third point follows from the others. We only
have to show the first two.

1. Assume ¢, is surjective for all z € X. Let g € G(U); by the surjectivity
on the stalks, for all @ € U [(¢,U)] = ¢([(fz, Vz)]). Notice that U =
Uzev (U N'V,) and f, € F(V, NU). Since F is a sheaf, there exists
f € F(U) such that f|y, = f, for all z. Then ¢(f) = g, as desired.

2. Assume ¢, is injective for all z € X. Let f € F(U) such that oy (f) =0.
Then for all x € X,

(@U)w[(fa U)] = [(‘PU(f)a Vw)] = [(Oa Vw)]

Since the map is injective on the stalks, f is locally zero and since F is a
sheaf f = 0.

O

Observation 2.13. In the proof of this lemma we didn’t use the fact that G
is a sheaf; therefore if F' is a sheaf and G is a presheaf and we have a map
@: F — G that induces isomorphisms on the stalks, G is a sheaf and the map
is an isomorphism.

Definition 2.14. A sequence F’ = F By F7is exact in F if Im(a) = Ker(5).

Proposition 2.15. F — F — F" is exact if and only if F, — F, — F) is
exact for all x € X.

Ezxample. Since surjectivity of a morphism of sheaves is different from surjec-
tivity of a morphism of presheaves, even if 0 — F' — F — F” — 0 is exact the
global section can lose this property

0— F'(X) = F(X) = F"(X)

2.2 Operations on Sheaves

In this section, we suppose that X is a topological space and {P;};cr is a col-
lection of presheaves

Product We define the product of presheaves as
(IT7) @ =)
icl iel

The product has the following universal property:

If @ is a presheaf, given Vi € I homomorphisms ¢;: Q — P;, then there
exists a unique homomorphism ¢: @ — [], P; such that 7; o ¢ = ¢;, where
mis |1 ; Pj — P; is the canonical projection.

Notice that if the P;’s are sheaves, so is the product Hl P;.



CHAPTER 2. SHEAVES 12

Direct Sum We define the direct sum of presheaves as
iel i€l

It satisfies the following universal property:

If Q is a presheaf, given Vi € I homomorphisms ¢;: P; — @, then there
exists a unique homomorphism ¢: ®F; — @ such that ¢ o ¢; = ¢;, where
€;: P; — @PF; is the canonical injection.

Remark 2.16. If the P;’s are sheaves, it’s not true that 6/9\162 is a sheaf.
sh
If P;’s are sheaves, we define ®;c1P; = (®;erP;) . Since we have the presheaves

inclusion, we obtain

E/E\EQHR’H@HQHR

i€l iel i€l iel

In particular, we can identify the direct sum in the product in this way:

(@Pi)(U):{seHPi(U)|vpeU3LCUs.t. #{isi|v7é0}<oo}

il i€l pe
In this way, the universal property comes from the presheaves’ one. In particular,
€
P —— (@p) — ®F;

&i

we have the injection given by €;. So given a family of homomorphisms ¢;: F; —
G, we get unique maps @P; — G. Since G is a sheaf, there exists a unique
@¢: @ P; — G (for the (-)*" property) such that &; 0 p = ;.

Ezxample. Let X be R and I = N. We consider the functions f; € Cg

\l

such that f;(¢) = 1, fi(x) = 0 if |x — 4| < 1, as in the figure. Then f =
(f1, f2,...) € [IxCr, while f & ®&nCr(R). However, we get f € ®&nCr.
If U C R is bounded, f|y € ®Cr(U) but f & ®nCr(R).

Restriction Let U be an open set of X and let F' be a sheaf on X. We define
the restriction sheaf as
(Flo)(V)=F(V)
where V' is an open set of U. Since U is open, this is well defined.
In this case, given p € U, we have (F|y), ~ Fp.
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Pushforward Lef f: X — Y be a continuous function and F' be a sheaf on
X. We define the pushforward to Y as

(fF)(V)=F(f~1(V))

We notice that this is well defined because the inverse image of an open set is
an open set by the definition of continuous function. If we have a composition

xLy 4z

and F' is a sheaf on X, then (fg).F = ¢.(f«F). What’s more, f: X —» Y
induces a functor f, from sheaves on X to sheaves on Y. Infact, if p: FF — G
is a morphism of sheaves on X, we have the induced morphism

et o — G

As a consequence we get an equality of functors between (fg). and f.g.. The
pushforward also induces a canonical homomorphism between the stalks

(s )y — Fy
(Vys)]  — [(f71(V),s)]

Ezample (Sheaves on a point). There’s an equivalence between sheaves on a
point and abelian groups. Infact, F'(}) = 0 because of the sheaf condition, so
we can only choose F'(X) and every choice is fine.

Ezample. Suppose given f: X — Y (there’s only one map!), where Y is a point,
and a sheaf on X. The pushforward f,. F is a sheaf on a point, so f. F'(Y) = F(X)
and the sheaf is trivial.

Notice that the map
F(X) — F,
s —  Sp

is neither surjective or injective in general.
For example, let X be equal to C' and consider the sheaf Ox of the holomorphic
functions on X. We choose the point 0 € C. Then we have

0\ (0] € e
but the function is not holomorphic on C. So the map is not surjective.
Considering then the sheaf of continuous functions on X = R, we know that
continuous functions can be the same on an proper open set but not everywhere,
so in this case the map is non injective.

Let X be a topological space and Y a subspace. Assume that we have a sheaf
F on Y. Then we can consider the pushforward on X through the canonical
embedding

Y —X

and we have (f.F), ~ F, for all p € Y. Indeed, f induces the map

v (fuF)p — F,
[(U,s)] +— [(f7HU),s)]
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Injectivity. Let [(U,s)] € (f«F), such that ¢[(U,s)] = [(W,0)]. W is an open
subset of Y, so there exists an open subset V of X contained in U such that
V' NY =W. Then [(U,s)] = [(V,0)], which implies injectivity.

Surjectivity.  Let [(V,s)] be an element of F),; this means that V' is an open
subset of Y, so there exists an open subset U of X such that UNY = V. Then
ol(U, s)] = [(V, s)], as desired.

Ezxample. We consider the spaces X =Y = C and the continuous functions

f: C — C
z — 22

Let F = Zx be the sheaf of constant function from X to Z. Let ¢ € Y. We
want to study the stalk of the pushforward in gq.

e If ¢ = 0, then the inverse image of every open set B(0,72) is B(0,7); so
the stalk is the same and (f.Zx ), ~ Z.

o If ¢ #£0, f~1(B(q,7)) (if r is sufficiently small) is the disjoint union of 2
open sets containing the two different square roots of q. So (f.Zx), ~ Z>.
Chosen p € C such that p? = ¢, then the map

Z? ~ (filx)q = (Zx)p = Z
induced by the pushforward is given by the projection.

Observation 2.17. Let X be a topological space and F be a sheaf on X. If {U;}
are the connected components of X, the map

FX) — [IF)
s —  (slu,)q

is an isomorphism. Therefore, given a discrete space, we get an equivalence
between sheaves on X and collection of abelian groups (A4, )pex-

Example. Let X be a topological space and let X be the same set with the
discrete topology. Then f: X — X is continuous. We consider on X the sheaf
Q4 of continuous functions from X to Q. If X =R, then dimg(f*Qy), is very
large.

2.3 The Structure Sheaf

Let A be a ring and let consider the topological space X = Spec(A4). We want
to construct Ox the structure sheaf on X with the following property:

o Ox(X) =A
o Ox(Xy) =~ Af

The first question is: does such a sheaf exist?
Observation 2.18. We notice that the requests imply that Ox , ~ A,. Infact,
we know that the set {X; | f € A} is a bases of open sets for Spec(4). We
consider the map
f: Ox, — 4,
(X, 9)] — s
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where we identify s as an element of A, with the inclusion map Ay — A, which
is well defined because f ¢ p.

Injectivity. If s =0 in A, then s = a/t where t ¢ p and there exists h ¢ p such
that ah = 0 in A. Then [(Xf, S)] = [(th, S)] = [(th,O)].

Surjectivity. If s € Ay, then s = ¢. Then f([(X¢,s)]) = s.

Given U C X an open set, the idea is to consider, as in the case of sheafification,

the ring R
Ox(U) ={f: U = UpevAp | f(p) € Ay Vp € U}

Then we obtain, by restriction,

peEX;CU }

Ox(U)=aeOx(U)|VpelU3IfeAdse A; s.t.
x(0)={acOx(U) [wevafcage, s {vqexfa@:sq

Theorem 2.19. Oy is a sheaf of rings.

Proof. First, we have to prove that Ox (U) is a ring. Obviously, the map that
sends every point of U to the identity in each A, is the identity in Ox (U). We
have to show that if o, 8 € Ox(U) then a + 8, af € Ox(U).

Clearly, a + g € @X(U). Given p € U, by the definition of Oy, there exist
frge Aand s € Ay,t € Ay such that pe Xy = XN Xy and for all ¢ € Xy
we have a(q) = s, and B(q) = t,. So the elements fg € A and s+t € Ay,
satisfy the request, and a + 8 € Ox (U).

A
/N
A —— Ay,

The same proof can be done for the product and so Ox (U) is a ring. It is clearly
a presheaf with the restriction maps

p: Ox(U) — Ox(V)

o — Q)

We have now to show that it is a sheaf. Let U = | J,; V; be an open cover of U and
si € Ox(V;) sections such that s;|v;, = s;|v;,. Define s € Ox(U) as s(p) = si(p)
if p € V;. Clearly, this is well defined: we have to show that s € Ox (U). Let p
be an element of U; for all ¢ such that p € V;, there exists f; € A, t; € Ay, such
that p € Xy, CV; C U and s;(q) = t; 4. So it is enough to choose one of these
indexes i to end the proof. O

We have a homomorphism A — Ox(X) such that a — (p — a, € A4,). We
rename I'(U, Ox) := Ox (U), but we will use both notations.

Theorem 2.20. Let f € A. Then A; — I'(X;,Ox) is an isomorphism. In
particular, A — T'(X, Ox) is an isomorphism.

Proof. We have the map

e Ay — Ox(Xy)
[ — 0

where o (p) = « in Ap. The map is well defined, because f & p for all p € X;.
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Injectivity. Suppose a,(p) = 0 for all p € Xy. This means that x = 0 in A4,
for all p € Xy. Suppose & = a/f"; it means that for all p € Xy it exists ¢, & p
such that t,a = 0 in A. We want to show that

fe(0:a)=1

If this happens, then a/f™ = 0/1 and so injectivity.

Suppose f € I. Then there exists a prime ideal p such that f & p, a € p and
I C p. Then exists t, ¢ p such that t{,a = 0. So t, € I and t, & p; this is
absurd, so ¢ is injective.

Surjectivity. Let a be an element of Ox (Xy). For each p € Xy, by definition of
«, there exist f, € A and s, € Ay, such that a(q) = (sp), forall ¢ € Xy, C X.
This produces an open cover of Xy; by compactness of Xy, we can choose
hi,...,h such that Xy = X3, U---U Xp,. So for each ¢ € {1,...,k}, we
suppose without loss of generality, a(q) = a;/h; € Ap, for all ¢ € Xp,.

B Ry J

We can choose n as the maximum of n;;. Then we have h?h?“ai =a; h?*lh?.

We define a} = a;h}' and b}, = h?*'. Then we still have a;h; = ah;.
Since X = Xp, U+ UXp,, we get f € \/(h1,....hx) =+/(R},... h},), so

k
ey
i=1
We define a = ) b;a}; then we obtain for all j

ahly = " billal =Y bibja) = af f*

So the element = = a/f* is the desired one.

Ezxample.

e Let k be a field; then k[z] is a PID. So, if U is an open set of A} =
Spec(k[z]), U =0 or U = (A})f. Then we have O(U) = I'(U,O) = k[z];.

e Let X = A? = Spec(k[z,y]) and U the open set AZ \ {(z,y)}. We want to
compute I'(U, O). We consider the open sets
Uy = (A?), = Spec(k[z, y].) Us = (A7), = Spec(k[z,y],)

We have U = Uy U Us, because U = X \ {(z,y)} = X \ V(z,y) = X \
(V(x)NV(y)) = (X\V(z))U(X\V(y)). Furthermore, we get U; NUy =
Spec(k[z, ylzy) and T'(U, O) is the kernel of the map

k[‘ray]x@k[x’y]y — k[l’,y}xy
(¢, ) — =

Infact, if ¢ € Ox(U1) and ¢ € Ox(Usz) coincide on the intersection,
because of the sheaf condition they coincide in the union, so an element
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2.4

of the kernel gives rise to an element of I'(U,O). Viceversa, given an
element of T'(U, O), the restriction maps produce elements that coincide
on the intersection, so an element of the kernel. We now want to show
that T'(U, O) ~ k[z,y]. Consider an element of the kernel

ole,y) = 200 ulay) = A2

From the relation ¢ = 1 we obtain

ae.y) _ Ble.y) _

e o oz, y)y" = Bz, y)x

where the implication is due to the fact that the relation on domains is
easier. Noticing that k[x,y] is an UFD and z,y are irreducible, we obtain

y" | Blx,y) = B(x,y) = y"Blx,y)
™ | a(z,y) = a(z,y) = 2"a(z,y)

So, we have

a(z,y)
1

and so @ = § and ['(U,0) = k[z,y]. Analogously, if X = Spec(Z[z]) and
U=X\{(2,2)}, we have I'(U, O) = Z|x].

o(r,y) = Y(z,y) =

Ringed Spaces

Definition 2.21. A ringed space (X, Ox) is a topological space X with a sheaf
of ring Ox; a locally ringed space is a ringed space such that Vp € X Ox , is a
local ring.

Ezxample.

If X = Spec(4), (X,0x) is a locally ringed space.

If Ais a ring and X is a topological space, we consider the constant sheaf
Ax. (X, Ax) is a ringed space and (Ax), ~ A. So,

(X, Ax) is a locally ringed space <= X =) or A is local

If (X,0x) is a (locally) ringed space and U C X is an open subset, the
restriction (U, Ox |, ) is a (locally) ringed space.

If X is a topological space, then (X,Cx) is a locally ringed space
If X is a C* manifold, (X,C$¥) is a locally ringed space

If X C C is an open set, (X,Ox) is a locally ringed space, where in this
case Ox is the sheaf of holomorphic functions

Definition 2.22. Let (X,Ox) and (Y, Oy) be ringed spaces. A morphism of
ringed spaces f: X — Y is a pair (f, f#) where f: X — Y is a continuous map
and f#: Oy — f.Ox is a homomorphism of sheaves of rings.
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In the case of locally ringed spaces, we have a different definition. If A, B
are local rings, a homomorphism f: A — B is local if f=*(Mp) = M4. For
example, the inclusion map i: Z,) — Q isn’t a local homomorphism.

Definition 2.23. Let X,Y be locally ringed spaces. A morphism of locally
ringed space is a morphism of ringed spaces such that Vp € X the composition

#
ff(p)
Oy 1(p) — (f+Ox) ) —— Oxp

is a local homomorphism.

Example. If X is a point and A, B are local rings, we have the locally ringed
spaces (X, A) and (X, B). A morphism of ringed spaces in this case is essentially
a homomorphism of rings f#: B — A. It is a morphism of locally ringed spaces
if and only if B — A is a local homomorphism.

Ezxample. Let X,Y be topological space and f: X — Y a continuous function.
We have the function f#:Cy — f.Cx such that, given ¢ € Cy(V), f#(p) =
pofelx(f~1V). If p€ X, we have the composition

Cy.rp) — (f<iCx)fp) —— Cxp

(4

We have that 9[¢] = [¢o f]. We notice that 9, = {[f] € Cx, | f(p) = 0} is the
maximal ideal of Cx , and so the homomorphism is local. So, this is a morphism
of locally ringed spaces.

Ezxample. Let f: X — Y a C* map between C*° manifolds.

[ —  f.C¥
o = pof

(f, f7) is a morphism of locally ringed spaces.

Theorem 2.24. Let A, B be rings. There is a bijective corrispondence between
homomorphisms of rings ¢: B — A and morphisms of locally ringed spaces
©": Spec(A) — Spec(B).

{QOZ B> A | homomorphism} <£) {f Spec(A) N Spec(B) ‘ morphism of locally}

of rings ringed spaces

Proof. Let ¢: B — A be a homomorphism of rings. The homomorphism induces

a continuous map
fr X — Y
p o ¢ '(p)

So if ¢ = ¢~ !(p) we have the following commutative diagram:
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BL

é

What’s more, ¢, is a local homomorphism. In this way, we have found a way
to associate a local homomorphism ¢, to each point p of the spectrum.

Now, we define a map f#: Oy — f.Ox. By the definition of f,Ox, we have
to send an element of Oy (U) to Ox (f~1(U)). So, given 8 € Oy (U), we define

A
q%AP

Pp

B o) — | 4
pef~1(U)

P — p(B(f(p)

We have the induced maps

Oy, () — (f+Ox) ) —— Oxp

(8

which is a local homomorphism. So (f, f#) is a morphism of locally ringed
space.

Conversely, let (f, f#) be a morphism of locally ringed space. Taking global
sections, we have an homomorphism

FEY): Oy (Y) — £.Ox(Y) ~ Ox(X)

We call this homomorphism ¢: B — A. We have to show that ¢ induces the
morphism (f, f#). We get the diagram:

B—A

#

Oy (Y) —2— 0x(X)

Oy, t(p) Ox p

By ———— 4p

The homomorphism Bj,) — A, is a local homomorphism, so the inverse image
of pis f(p). By the commutativity of the diagram, the same must happen
for . This show that the continuous map induced on the topological spaces
Spec(A), Spec(B) is f. The same is true for f#. O

Proposition 2.25. Locally ringed spaces form a category.
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Proof. The object of the category are obviously locally ringed spaces; the mor-
phisms are morphisms of locally ringed spaces.
First, we have to show that the composition of morphisms is still a morphism.

xLhy 4z

Clearly, g o f is a continuous map on Spec(X) to Spec(Z). We have to show
that the same hold for the morphisms of sheaves f#, g#. So we need a map

(gf)#: Oz — (gf)*(OX) = g*(f*<OX))

The correct map is the composition of

g” g« f#
OZ — g*OY e g*f*OX
Is if W C X is an open subset, we get

N, 0 (57 g™ W) = Ox (a7 (W)

The composition is also associative (easy exercise). We still need to show that
the induced homomorphism on the stalk is local.

OL(W) 255 0y (g7 (W)

Ozgtw) — ((£9)+0x) ) — Oxp

It is true because the composition of local homomorphism is a local homomor-
phism and we obtain the map as the composition:

Ozgrw) — (f *Oy) g() — Ovigp) — (fOx)p Ox p

\_/\/

Finally, the identity function is the couple
idx: X — X id%: Ox — (idx).Ox = Ox
O

We notice that a morphism f: X — Y of locally ringed spaces is an isomorphism
if and only if f is an homeomorphism and f# is an isomorphism of sheaves.
So we get an equivalence between the category of rings and a full subcategory
of the category of locally ringed spaces

Ring”? — LRS
R — (SpeC(R)7 OSpeC(R))

We have shown that this functor is fully faithfully. It is also essentially surjective
on the subcategory, but this is not trivial.
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Observation 2.26. If (X,Ox) is a locally ringed spaces and U C X is an open
subset, we have the restriction sheaf Oy = Ox|y. So (U, Ox) is a locally ringed
space and we have the inclusion map

j:U—=X i Ox = 1.0y

Seen that j~1(V) = U NV, j# is simply the restriction map of the sheaf Ox.
Furthermore, the induced maps on the stalks

jf OU’p — OX,p

is an isomorphism, so j is a morphism of locally ringed space. We have the
following

Proposition 2.27. There is a bijection between the morphisms of locally ringed
spaces Y — U and morphisms ¥ — X such that g(Y) C U.
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Schemes

Definition 3.1. An affine scheme is a locally ringed space which is isomorphic
to the spectrum of a ring.
A scheme is a locally ringed space which has an open cover by affine schemes.

Theorem 3.2. An open subspace of a scheme is a scheme.

Proof. Let X be a scheme and U C X an open subset. Since X is a scheme, X
is covered by open affine subscheme X = UX;; then U = U(X;NU). We need to
show that U N X; is covered by open affine schemes. So we can assume that X
is affine X ~ Spec(A) and U C X is an open set. Let p be a point of U. Then
there exists f € A such that f € P and X; C U, because Xy form a basis of
the topology of Spec(A). Noticing that (Xy, Ox|x,) =~ (Spec(Af), Ospec(a;)),
we have that Xy is an affine scheme. So we have found a open cover of U, as
requested. O

Ezample. Let K be a field and A% = Spec(K|z,y]). Let X be the open set
AZ \ {(x,y)}. Then X is a scheme, but not an affine scheme. Infact, we have
the maps

it X — A% i*: O(A%) — O(X)

and % is an isomorphism. If X was an affine scheme, by Theorem 2.24, it would
induce an isomorphism of rings . However, if ¢ was an isomorphism, ¢ would
be a homeomorphism between the topological spaces, but this is absurd.

Definition 3.3. A morphism of schemes is a morphism of locally ringed spaces
between schemes.

Usually, we don’t want to consider all the possible morphism. In ring the-
ory, given a ring R, we consider R-algebras and homomorphisms of R-algebras
¢: A — B, requiring that the following diagram is commutative:

22
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We require the same for schemes. Given a scheme S, a scheme over S is a scheme
X with a morphism X — S. A morphism of schemes over S is a morphism of
schemes ¢: X — Y such that the following diagram is commutative

S
/ © \
X——mY
If R is a ring, a scheme over R is a scheme over Spec(R).
Ezxample.

e S is a scheme over itself. The only morphism S — S over S is the identity.

e More generally, if X is a scheme over S, exists a unique morphism X — S
over S; in other words, S is a terminal object in the category of schemes

over S.

e Let R be a ring; we consider the scheme A%, ~ Spec(R[z1,...,z,]) as a
scheme over R with the A% — Spec(R) induced by the inclusion R —
R[xl, ce ,$n].

The lifting property of sheaves still holds for morphism:

Theorem 3.4. Let X, Y be locally ringed spaces and let {X;} be an open cover
of X. Suppose we are given for all ¢ morphisms f;: X; — Y such that for all
i,§ filx,; = filx,;+ Xij =Y. Then exists a morphism of locally ringed spaces
f+ X — Y such that f|x, = f; for every 1.

Proof. Clearly, exists a unique f: X — Y continuous such that f|x, = f;. So

we have to find a morphism of sheaves
Oy — f.0x
Clearly, given an open set V', we have the maps

Ov(V)  Ox(f'(V))

N

Ox(f~1(V N X3))

We construct a map f#: Oy (V) — Ox(f~1(V)) using the fact that Ox is a
sheaf. Given g € Oy (V), we consider the images f7(g) = s; € Ox(f~H(V N
X;)). Noticing that s;|x,, = s;|x,,, exists a unique s € Ox (f~!(V)) such that
s|x, = s;; we define f#(g) = s. O

Observation 3.5. The theorem states that the presheaf of sets on X given by

ringed spaces

U — {morphism of locally U — Y}

with the restriction map
fiU=SY w fly: VoY

is a sheaf.
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Corollary 3.6. Let X be a scheme and R be a ring. Given a morphism f: X —
Spec(R), we get a homomorphism of rings

I'(Spec(R),0) ~ R — T'(X,Ox)

This gives a bijection between morphism X — Spec(R) and homomorphisms of
rings R — I'(X, Ox).

Proof. We know this is true when X is affine by Theorem 2.24. So let us suppose
that is is a scheme and let {X;} be an affine cover of X. First, we show the
injectivity of the correspondance. Suppose we are given f,g: X — Spec(R)
such that f# = ¢#: R — I'(X,Ox). We want to show that f = g. We have a
family of maps

f X;: X;—> R

Since f#|x, = g¥|x, by hypotesis and X; is an affine scheme, again by Theorem
2.24 we obtain f|x, = g|x,. So, by the Pasting Lemma for continuous function,
we have f = g, as desired.

We now show surjectivity. Let ¢: R — T'(X,Ox) be a ring homomorphism.
For all 4, ; is the composite

Xivg

R

F()(7 Ox) — F(XZ', Ox)

®i

Since X; is affine, 3!f;: X; — Spec(R) such that fi# = ;. We notice that
filx,; and fj|x,, correspond to the restriction I'(X,0x) — I'(Xy;, Ox), so
they must coincide on X;;. By Pasting Lemma, we have a continuous function
f: X — Spec(R) such that f|x, = fi. We have now to show that f# = ¢.

f#

R

1—‘()(7 Ox) —_— F(XZ‘, Ox)

i =17
The sheaf condition implies that the map

p: T(X,0x) — [[T(X:,0x)
iel

is injective. Since po ¢ = po f#, we obtain ¢ = f#, as requested. O

Corollary 3.7. Spec(Z) is a terminal object in the category of schemes. Equiv-
alently, given a scheme X, there exists a unique morphism of schemes from X
to Spec(Z).

Observation 3.8. If R is a ring and A is an R-algebra, given a homomorphism
p: A — B, there’s a unique R-algebra structure on B which makes ¢ into a
homomorphism of R-algebras.

Given R — T'(X,0Ox), for any open subset U of X there’s a unique R
algebra structure on Ox (U) which makes the restriction Ox(X) — Ox(U)
a homomorphism of R-algebras. This implies that every restriction map is a
homomorphism of R-algebras, so Ox is a sheaf of R-algebras.
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Proposition 3.9. Let X be a scheme. There is a bijection between morphisms
X — Spec(R) and structure of sheaf of R-algebras on Ox.

Let X,Y be schemes and f: X — Y a morphism of schemes over R. The
following diagram commutes

X # Y
N/
Spec(R)

if and only if the following is commutative

f#*
Ox
/
R

and this is equivalent to the fact that f# : O(Y) —» O(X) is an homomorphism
of R-algebras. This happens if and only if f#: Oy — f,Ox is a homomorphism
of sheaves of R-algebras. So we have found a more convenient way of saying
that a morphism of schemes is over R.

Oy

3.1 Gluing Schemes

Let X1, X5 be schemes and U; C X1,Us C X7 be open subschemes. Suppose
given an isomorphism of schemes f: Uy — Us. We want to glue the schemes
along these open sets. As a topological space, we call

X:XluXQ/N r~y = Sz=f(y)

X contains an open subset U C X whose inverse image in the disjoint union
X1 U Xy is Uy UUsy. The maps

U, —-U Uy, > U

are homeomorphisms, so X; — X and X3 — X are open embeddings. We also

have the projection maps
T X1 UXe — X

If we call )~(1, XQ the images of X; and X5 respectively, we have

W_I(Xl):XluUQ W_I(Xg):Ull_ng
X:W(XQ)U’]T(XQ) W(Xl)m’lT(Xl):U
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Theorem 3.10. Let X7, X5 be schemes, U; C X;1,Us C X5 open subschemes
and let f: U; — Us be an isomorphism. It exists a unique scheme X with two
open subschemes X7, X} and two isomorphisms f1: X; — X|, fa: Xo = X}
such that

X =X, UX)} U=X;NnX, N U) =U;

and the following diagram commutes
U, — U,
f 1 | Ul\‘ ‘/fQ |U 2
U

Proof. We have already defined X as a topological space. If V' C X is an open
set, we call V; = f71 (V). So

Ox (V) = {(s1,52) € Ox, (V1) X Ox,(V2) | $111,,v, = € $200,05 }

So (X, Ox) is a scheme with the required properties. Furthermore, X is unique
up to isomorphism. O

Ezxample.

e Let k be a field and let X7 be Spec(k[z1]) and Xs be Spec(k[z2]). We
consider U = Uy = Uy = A} \ {(z)} and ¢ = idy. Then, the scheme X is
“the line with two origins”. However, X is not affine. By definition,

O(X) = {(s1, 2) € k[z] x k[z] | 51 = s2 in k[x]} ~ k[x]

The map X — A} induces an isomorphism O(A}) — O(X). However, the
map X — Al isn’t an isomorphism and so X is not affine.

e We can do the same with X1, Xo = A% and U; = Uy = A% \ {(=,9)}. So
we have X1, Xs C X and X1 N Xy = A%(; this is an example of two open
affine subschemes whose intersection is not affine.

e Let X1 = Xo = AL and Uy = Uy = AL\ {(x)}. We consider the open
subschemes U; = Spec(R[zT]) and U, = Spec(R[z7]) and the gluing map

©: U, — U,
To +—> a:l_l

We get a scheme called PL, which is a scheme over R. Furthermore, we
have

[(PL,0) = {(s1,52) € R[x1] X R[xs] | 51(t) = s2(—t)} ~ R
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Disjoint Union Let I be a set of indexes and suppose we are given a family
of locally ringed spaces {X;};c;. We can easily define, as a topological space

X=|]x
iel
and we have the open embeddings of topological spaces. X; C X. Up to
isomorphism, it exists a unique sheaf of rings Ox such that

Ox

X; = OXi
Moreover, if U C X is an open set, so U = LU N X;

ox(U) =[] ox.(UN X))
il
If f;: X; — Y is a family of morphisms of locally ringed spaces, it exists a
unique f: X — Y such that f|x, = f;. If X; are schemes, X is a scheme too.
Let Ay,..., A, be rings and let X; = Spec(A;). Let A be the product of these
rings. We get

n
Spec(A) = |_| Spec(A;)
i=1
as schemes. So finite disjoint union of affine schemes is affine. A disjoint union

(not necessarily finite) of affine schemes is affine if and only if X; # @ for finite
indexes, because an affine scheme is quasi-compact.

3.2 Proj Construction

Definition 3.11. Let B be a ring. B is graded (in N) if

B:@&

d>0
where each B; is a subgroup and ByB. C Bgje.

If a € By, we say that « is homogeneous of degree d. We notice that 1 € By.
In fact, by the direct sum property, we have

1:€0+61+"'+6m
where each e; lies in B;. Then, given x € By, we have
r=x-1=zeg+ -+ xe, € By

and this is possible if and only if eg = 1. As a consequence, By is a subring of
B. We also notice that B} = @4>1 By is an ideal of B and

©: B — Bo
(ZC(),SL'l,...) —r X

is a well defined surjective homomorphism whose kernel is B;. By the first
homomorphism theorem, we obtain

BO ~ B/B+
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Ezxample.

o If Ais aring, Alxy,...,x,] is naturally graded by deg(z;) = 1. Further-
more, Ay is the set of homogeneous polynomials of degree d.

e We can define a graduation on Afz1,...,x,] in other ways. Given natural

numbers dy, ..., d,, we can define deg(z;) = d; so that deg(z}*...z¢") =

die1+- - -+dyey; in this way, A, is generated as an A-module by monomials
of degree d.

Lemma 3.12. Le B be a graded ring and I an ideal of B. The following are
equivalent:

1. I is generated by homogeneous elements
2. If a € I, every homogeneous component of a lies in [
3. I=®(INBy)

Definition 3.13. Let A be a graded ring and I an ideal of B. I is called
homogeneous if I satisfies one the the condition of the previous Lemma 3.12.

If I is a homogeneous ideal of B, we can define an induced grading on the
quotient. In particular,

(B/I)d = B”V(I N By)

We remark that this equivalence is intended in the sense of groups.

By the definition of homogeneous ideals, we also get that give a family {I)}aea
of homogeneous ideals, both > Iy and NI are homogeneous. The same happens
for the product, but only when A is finite.

Proposition 3.14. Let I be an proper homogeneous ideal of a graded ring B.
Suppose that for all a,b homogeneous elements, if ab € I then either a € I or
b€ I. Then I is a prime ideal.

Proof. The thesis is equivalent to saying that the quotient is a domain. The
hypotesis imply that the cancellation law holds for homogeneous elements in
the quotient. Now let a,b € B/I be nonzero elements. B/I is graded, so we
can write

a=ag+- -+ any b=by+ -+ bn
where a;, b; lies in (B/I); and b, # 0, a,, # 0. By computing the product,

uv = aobo +(a1b0+aob1)+~~+ anan
N~~~ N——

eBne B B/
Since cancellation law holds for homogeneous elements, a,b,, # 0 so ab # 0. [
Proposition 3.15. Let I be a homogeneous ideal of a graded ring B.
e /I is homogeneous

e If for all @ homogeneous element a™ € I implies a € I, then [ is radical.
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Proof. Clearly it suffices to prove the first point. Let a be an element of v/T;
the a = ag + - - - 4+ a,,. By the definition of radical,

a"=ay+ (...) €l

lower order
terms

Since I is homogeneous, ay, € I, so a,, € I. We can apply inductively the proof
on a — a,, € I to achieve the thesis. O

Definition 3.16. Let B be a graded ring. We define
Proj(B) = {p € Spec(B) | (B+ € p) A (p homogeneous)}

As in the case of rings, given I a homogeneous ideal of B, we define V(1) =
{p € Proj(B) | I C p}. They satisfy the axioms for closed sets of a topology on
Proj(B), which is called the Zariski Topology on Proj(B).

Proposition 3.17. Let I be a homogeneous ideal of B. Then

V. (I) ~ Proj (B/I)

Proof. The map
Proj (B/I> — Proj(B)
q — 7 (q)

is a homeomorphism on the image, which is V; (I). O

We remark that V. (I) = V. (V/I); unfortunately, this doesn’t give a bijection
between radical ideals and closed subsets of Proj(B). In fact, if By is radical,

V(By) =V(B) =0

So the corrispondence fails certanly when B, is radical; this happens if and
only if B/By ~ By. So By is reduced if and only if By is radical. In general, if
I is an ideal contained in By, v = N(By) ® VIN B,.

Proposition 3.18. Let I be a homogeneous ideal of a graded ring B. Then
Vil) =Vi(INBy).

Proof. Since I N By C I, we get V. (I) C V4(I N By). Viceversa, let p €
Vi(INBy). Then I N By C p; we want to show that I C p. Since By € p, we
can take f € By \ p. Then for alla € I, af € IN By, so af € p; but f & p, so
a € p. This means that I C p. [

Lemma 3.19. Let I be an ideal of a graded ring B. Then I" = @(I N By) is
the largest homogeneous ideal contained in I. Furthermore, if I is prime so I"
is.

Proof. Clearly, I" is homogeneous (it can be seen as the ideal generated by all
the homogeneous elements of I) and it is contained in I. Let J be a homoge-
neous ideal such that I" C J C I. Since J is homogeneous, it is generated by
its homogeneous elements and therefore all its generators lie in I”, giving the
equality. O
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Proposition 3.20. Let I, J be homogeneous ideals of a graded ring B. Then
Vi) CV.(J) <= JNB  CVI

Proof. The implication < is trivial. By contradiction, let’s assume JNBy Z v/T;
this implies that exists p € Spec(B) such that J N By ¢ p. By the previous
Lemma 3.19, I C P" and J N By € P". Moreover, P* € Proj(B) because is a
homogeneous prime and P" 2 By. So P" € V. (I)\ V4 (J N By), absurd. [

Corollary 3.21. There’s a bijection between closed subsets of Proj(B) and
radical homogeneous ideals I C B such that I N By = N(By).

Proof. Let C be a closed subset of Proj(B). Then

C=Vi(J)=Ve(JNBy) =V (VI NBy)
and so surjectivity. Injectivity comes from the previous proposition. O
Corollary 3.22. Proj(B) =0 < B, CN(B)

Proof. If By C M(B), then obviously Proj(B) = (). Viceversa, if Proj(B) = 0,
then V,(0) C V4 (B), which implies that By C 9(B). O

Corollary 3.23. If By is a field, there is a bijection between homogeneous
proper radical ideals and closed subsets of Proj(B).

3.2.1 Homogeneous Localization
Let B be a graded ring and S a multiplicative subset consisiting of homogeneous
elements. We define as usual the ring of fractions S™!B as the ring
1 a
S B:{—’aeB seS}
s
However, the condition on the multiplicative subset induces a grading on this
ring
(S7'B)g = {g’(a homogeneous) A (deg(a) — deg(s) = d)}
s

We also notice that if B was N-graded, S~'B is Z-graded in this way. In
particular, we are interested in the degree zero elements, so we define

(S)B = (S"'B)o

If f € B, we write B(y) = (By)o and if p € Proj(B), By, = (S, ')B, where S,
is the set of homogeneous elements which don’t lie in p.

Ezample. Let K be a field and consider K|[xo,...,z,] with the usual grading
deg(z;) = 1. The ring of fractions

B,, = K[métl,xl,...’wn]

is a Z-graded ring and By, =~ ®4ecz(By,)a where deg(xal) = —1. We notice
that the subring (B, )¢ is isomorphic to K[z1/xo,z2/Tg, ..., Tn/Z0].
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3.2.2 Proj(B) as a scheme

Let X be Proj(B) and consider f € B} a homogeneous element. We notice that
the subset X := X \ V. (f) is an open set of X. Taken a set of homogeneous
generators {f;} for By, we have found an open cover of Proj(B). Infact,

Uxn =UX\Ve(f) = V(i) =V O () =V (By) =0

Let f € B4 be a homogeneous element and let p € X¢. Then py C By is a
prime and

pn =pr N By = (pro

is a prime in B(y). So we get a map

Xy — Spec(B(y))
p (P£)o

We can also write the inverse function

Spec(B(p) — Xy .
q —  ({homogeneous elements of B | Im,n € N s.t. 7= € q})

Proposition 3.24. The maps written before define a homeomorphism between
Xf and Spec(B(f)).

Guided by the affine case, we want to construct a sheaf on Proj(B). Given
an open set U C X, we define

@X(U) = {a: U — upEUB(p) ‘ S(p) S B(p)}
which is a sheaf of rings on X. The right sheaf to be considered is the following
JfeBihom. pE Xf < v

Ox(U)={secOx(U)|V¥pe UﬂaeﬂB hom. s.t. deg(a) = ndeg(f)
ne Vge Xy s(q) = &

- T
Proposition 3.25. For all p € X, Ox ;, ~ B(,).
Proof. The map
Oxp — By
[s] +— s(p)
is an isomorphism. O

In this way, we have found an isomorphism of locally ringed spaces between
X and Spec(B(y)). So (X, Ox) has an affine open cover and that implies it is
a scheme.

We notice that if f, g € B are homogeneous, the following diagram commutes

Xf L) Spec(B(f))

| J

ng T) SpeC(B(fg))
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where the right inclusion is due to

By — By
a y _ag”
I (fo)m
Furthermore, called a = g3°¢ 7/ f4¢89  we get an isomorphism

(B(s))a ~ B(tg)

Notice that morphisms from X to Spec(By) are in bijective correspondance with
Hom(By, Ox (X)) so X is a scheme over By.

Definition 3.26. If R is a ring, we define P}, = Proj(R[zo,...,z,]) with
deg(z;) = 1. If dy,...,d, are natural numbers, we define P}(d1,....d,) =
Proj(R[zo, ..., x,]) with deg(z;) = d;.

Ezample.
e Let’s consider B = R[z1,...,zy] with the usual grading. Since in this case
By = (zo,...,z,) we have the open sets
U,’ = (P%)xl ~ Spec(R[a:o, . ,xn](wL))
Since
N Ly
Rlzo, ..., 2n](z) = Rlus, ... U,y ...y Uy uj:;

this gives an affine open cover of P} = Ug U --- U U,.
e PV = Proj(R[z]) ~ Spec(R)

e Pl = Proj(R[z¢,z1]), so Pk = Uy UU;. in particular, Uy = Spec(R[u])
where u = x1/x¢ and U; = Spec(R[v]) where v = zo/x1. The intersec-
tion of these open sets Uy N U1 = Spec(R[xo, Z1](z0e,)) =~ Spec(R[v],) =
Spec(Ru]4,)-

Proposition 3.27. T'(P%) is isomorphic to R for all n > 0.

Proof. We have a map

e: L TWU;,0) — Hi,jF(Uij’O))
(Vi)ier (Wi — )iy

Since O is a sheaf, the function coinciding on the intersection give rise to a
function on the union, so we get the equality

['(Pk, O) = Ker(p)

We have to show that the kernel is isomorphic to R. Let’s take ¢ € O(U;) and
1 € O(Uj) such that ¢ = ¢ in the intersection. So we have

Zo T P\Zoy--.,Tn Zo Tn q\xo, - .- Tn

7 . ) ) . m
T; z; x] xj x; 7
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By the equality on the intersection, we obtain

x| p(xo, ..., Tn) x| q(xo, .- Tn)
This implies
p(xo,..., T q(xo,...,x

So, since the equality holds in the intersection, we obtain p = ¢. Since we have

the equality
~ Zo Tn
p(x1,.. )= —,...,—
X z;

©, ¥ must be constant. This holds for every i, j, so every component must be
the same constant. O

Corollary 3.28. P} is not affine if R # 0 and n > 0.

Ezample. Let X be Pg(1,1,2) = Proj(K|[z,y,2]). As usual, we have X =
Xo UX1 UX27 where

Xo = X, X, = X, Xy =X,

The grading causes a change in the usual structure of these open sets. While
for the first two we have the isomorphisms

Xo ~ Spec(K {y’ Z]) X~ Sp€C<K [xa z})
T T yy

About X5, we have the isomorphism

2 2
Xy = Spec(K|z,y, z](»)) ~ Spec (K {xyy T y}) ~ Spec K [u, v, Z]/(w2 — )

z z z

So Pk (1,1,2) is singular in a sense that we will clarify later.

3.2.3 Rational Points

Let K be a field; we want to understand in which sense the projective space we
have just contructed is the natural generalization of the usual projective space
obtained as a quotient of K. We know that the structure sheaf P} on Ox is
a sheaf of K-algebras; in particular the stalks Ox , are K-algebras. For each
p € X we have the residue field k(p) = Ox,,/9M,, which is an extension field of
K.

Definition 3.29. A point € X is rational if the residue field k(p) is K.

Suppose X is affine, so X ~ Spec(A), and let p € X. Since X is affine,
Ox,p ~ Ap and k(p) = A,/pA,. Since localization and quotient commute, we
can also view k(p) as the quotient field of A/p. So we get the inclusions

KQA/pgk(p)

and saying that a point is rational is equivalent to say that A/p = K. So
rational points correspond to maximal ideals 9T such that A/9% = K. These
correspond to homomorphisms of K-algebras A — K (they are the kernels);
from the topological point of view, they are the same of the sections of the map
X — Spec(K):
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X ——  Spec(K)

In particular, rational points are closed.

Suppose now X is a generic K-scheme; in this case rational point are closed
too, because locally closed in an open cover implies closed. So we get the
correspondance

X (K) := {rational points} +— {sections Spec(K) — X}

For example, A% (K) ~ K". Indeed, A% = Spec(K|z1,...,x,]) and by the
correspondance we know

A% (K) +— Homg (K|x1,...,2,], K) =~ K"
On the other hand, we can consider the ring

A= [:El, o }/(flv"'mfk)

and X = Spec(A). The we have the correspondance
X(K) +— Homg (A, K) = {¢ € Hom(K|[z1, ..., 2], K) | ©(f;) = 0 Vi}

However, this homomorphisms are in bijective correspondance with points of

V(fi,---, fr)-

We want now to show that
n Kn+1
P (K) ~ ARl

First, we notice that a morphism of K-schemes sends rational points into ratio-
nal points.

Then, let B be a graded ring and let By = B/By. Then V(B4) ~ Spec(By).
We get a morphism

Spec(B)\V(B4+) =Y — Proj(B) = X

which can be constructed as follows. Let f € B4 an homogeneous element; so
we have the open covers Y = UYy, X = UX;. Remember that Xy = Spec By,
while Yy = Spec By. Since Xy 2 Yy, we have a morphism Y; — X, for all
f € By. Furthermore, they patch togheter

Y, — X,

/ N
Yfg ng
N\ v
Yf —_ Xf

because the diagram commutes. By Pasting Lemma, we obtain a function
f:Y — X. In our particular case, Y = AP\ {0} =Yy U---UY,, where ¥; =
Y, = Spec(K|zg,...,Zn]z,). We know that V;(K) = {a € K" |a; #0}. X
is P and X; = (P% )., = Spec(K|[xo, ..., Tpn](z,)) = Spec(K[zo/2i, . . ., 2n/xi]).



CHAPTER 3. SCHEMES 35

So we have a map Y — X which induces a function on rational points ¢ from
Y(K) to X(K).
ap QAp
@ e Vi(K) — () € X,(K) C PR(K)

a; Q;
We notice that ¢ is surjective and ¢(a) = ¢(b) if and only if it exists A € K*
such that b = Aa. So, as desired, we obtain
n+1
Pi(K) = K\ 0

where the point [(ao, ..., an)] correspond to the ideal (a;z; — a;jz;) € P%.

3.3 Closed Subschemes and Pullback

Definition 3.30. A closed embedding is a morphism of sheaves f: Y — X
such that

1. it is a closed embedding topologically
2. f#: Ox — f.Oy is surjective

We notice that the second condition can be reformulated. In fact, given
q €Y, the map
(f:Oy)q — Ovq
is an isomorphism by the definition of pushforward. What’s more, f,Oy|x\y =
0 because Y C X is closed. So the second condition is equivalent to

2. ForallqgeVY, ff: Ox,q = Oy,q is surjective

Proposition 3.31. Let X, Y be affine schemes, so X = Spec(A), Y = Spec(B)
and let f: Y — X be a morphism of schemes. Let ¢: A — B be the induced
homomorphism of rings. Then

f is a closed embedding <= ¢ is surjective
Proof.

<= Let I be the kernel of ¢. Then A/I is isomorphic to B. Consequently,
since we know that Spec(A/I) is homeomorphic to V(I), it is a closed
embedding topologically. We have now to show that the second condition
holds. Let g be an element of Spec(B); so there exists p € Spec(A) such
that f(q) = ¢~ !(p). Considering the stalks, we have

Ap~Oxp— By~ 0Oy,
which is surjective since surjectivity is a local property.

= We know that there exists a bijective correspondance between morphisms
of affine schemes and ring homomorphisms. In particular, tha induced
ring homomorphism is the composition of the map

T'(A,04) — T(B,0p)

with isomorphisms. Since surjectivity is a local property, we have to prove
that for every localization the induced map is surjective; this follows from
the second condition of the definition of closed embedding.
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O

Definition 3.32. Let f: Y — X and f': Y’ — X be closed embeddings. We
say that f, f’ are equivalent if there exists an isomorphism g: Y — Y such that
the following diagram commutes:

g

Y —— Y

Nr

We notice that it is equivalent to say that f(Y) = f/(Y’) and there exists
an isomorphism of rings §: f.Oy — f.Oy- such that

g
[0y — fi.Oy

f#\(’) /f’#

X

In fact, if Oy = ¢,Oy, then f/Oy = f' 9.0y = f.Oy.

Remark 3.33. f.Oy determines f(Y): indeed, we can look to non-zero stalks
(fsOy)p #0 <= pe f(Y)

So if there exists an isomorphism .0} = f.Oy, then f, f' are equivalent.
We notice that if f: Y — X is a closed embedding, then we can consider the
sheaf of ideals Iy = Ker(Ox — f.Oy) and we have

Ox/1, = £.0y
Definition 3.34. Let F be a sheaf on X. We define
Supp F' = X \ {p € X | 3U,, neighbourhood of p such that F|y = 0}
={pe X |F, #0}

The definition implies easily that Supp F' C Y if and only if F'|x\y = 0. So
if G is a sheaf on Y and j: Y — X is a closed embedding, then Supp j.G =
SuppG CY.

Proposition 3.35. Every sheaf with support contained in Y is isomorphic to
a pushforward j.G

So the functor
J«: Sh(Y) = Sh(X)

is fully faithful and it gives an equivalence between Sh(Y) and the full subcat-
egory of Sh(X) supported on Y.
We want now to take the inverse construction: so given a continuous function
f:Y — X and a sheaf on X, we want to induce a sheaf on Y. The idea is to
follow the stalk construction. So given a presheaf P on X and V' an open set of
Y, we define

Iy = {U C X open subsets | f(V) C U}
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This is a partial ordered set
U<U < UDU'
and inductive.

Definition 3.36. We define the pullback of the presheaf P as

Remark 3.37. f Y = {q} is a point of X, then clearly (fPP), = P,.
We notice that if V' C V', then I, C Iy. Then we get the restriction maps

fPPV') = fPP(V)

So we have a presheaf on Y. Notice that if f is an open map, the pullback is
fPP(V) = P(f(V)). In particular, if Y C X is an open embedding, fPP = P|y.

Proposition 3.38. Let Q be a presheaf on Y and P a presheaf on X. Then
there exists a canonical isomorphism

Homy (fPP, Q) ~ Homx (P, f.Q)

Proof. Let ¢: P — f.Q. Given an open set V C Y, every section s € fPP(V)
comes from some 5§ € P(U), where f(V) C U. Then ¢(5) € ¢.QU) =

QUTHU)) *= V).
Conversely, given 1: fPP — @ and an open set U C X, given s € P(U) we can

find 5’ € fPP(f1(U)). Then v(s') € Q(f~1(U)) = £, Q(U). O
fPP gives a functor from presheaves on X to presheaves on Y. Furthermore,
if
z%y 4 x
are continuous maps and P is a presheaf on X, then there exists a canonical

isomorphism (gf)PP ~ fPgPP. If z € X is a point, then f: z < X has the
property that fPP,) = P, and fPP() = P((). As a consequence, (fPP), =~
Peryy-

)

Ezxample. Let X be a point and f: Y — X a continuous function. The pullback
of the constant sheaf Ax is not a sheaf. In fact,

0ifU=10

fﬁ&dU)z{AiH]#@

Soif A#0and Y # 0, this is a sheaf if and only if Y is irreducible.
Definition 3.39. If F is a sheaf on X, we define the pullback of sheaf

JTUR = (fPF)T

Proposition 3.40. If f: X — Y is a continuous map, F is a sheaf on X and
G is a sheaf on Y, there exists a canonical isomorphism

Homy (f~'F,G) ~ Homx (F, f.G)
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Proof. Tt follows immediately from Proposition 3.38 using the fact that

Homy (f~'F,G) ~ Homy (fPF, G)
for the sheafification property. O
Remark 3.41. If y € Y, then (f~'F), ~ (fPF), ~ Fy(,).

The pullback can be considered as a functor
f7t: Sh(X) — Sh(Y)
once we have shown the following:
Lemma 3.42. If f: Y — X is continuous and P is a presheaf on X, then
(fP Py == (fP(P)™)™"
Proposition 3.43. Let P be a sheaf on X and let
7%y L x
be continuous maps. Then g~ f = F ~ (fg)~'F

Notice that if f: Y — X is a continuous map, F' is a sheaf on X and G is a
sheaf on Y, then there exists natural homomorphisms

.G =G F— f.f'F
In fact, we have the isomorphism
Homyx (f ' £.G, G) ~ Homy (£.G, f.G)

and we have the identity map in the second group. So the inverse image of the
identity is the canonical homomorphism. The same thing can be done in the
other case.

We call the canonical maps just obtained as € and 7. Summing up, given
j:Y = X a closed embedding, we have two functors:

Ge: Sh(Y) — Sh(X) 7 Sh(X) — Sh(Y)

and j~1F(V) locally comes from s € F(U) where UNY C V. Now, let Shy (X)
be the full subcategory of sheaves on X with support contained in Y. Then we
have the functors

Gu: Sh(Y) = Shy(X) 71 Shy (X) — Sh(Y)
Proposition 3.44.
1. If Gis asheaf on Y, j~15,G 5 G is an isomorphism.

2. If F is a sheaf on X such that SuppF C Y, F 2 j,j'F is an isomor-
phism.

Proof. Both j, and j~! preserves stalks. O
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Let f: Y — X be a closed embedding and let Y’ = f(Y).
Ox — f.Oy Oy =j ' f.Oy

So we get a locally ringed space (Y’, Oy/) isomorphic to (Y, Oy). In this way
we have contructed a scheme, canonical representative among all the equivalent
closed embeddings.

In particular, consider X = Spec(A), let I be an ideal of A and let Y be
Spec(A/I). The inclusion map ¥ — X is a closed embedding; given Iy the
sheaf of the kernels of the map, we have the exact sequence

0—>Iy — Ox — f.Oy
We know that taking global section is left exact, so we obtain the sequence
0= Iy(X) — Ox(X) =~ A — £.Ox(X) =4/
So Iy (X) = I; this means that the subscheme determines I.

Theorem 3.45. Every closed subscheme of Spec(A) is isomorphic to a sub-
scheme of this type.

Corollary 3.46. There exists a bijection between closed subschemes of Spec(A)
and ideals in A.

These facts implies that the support of a subschemes is determined uniquely
by the radical, but it can have different subscheme structure.

The last thing we want to remark about closed embedding is that, in a
certain sense, it has a local nature. Indeed, let f: Y — X be a morphism and
let {X; |4 € I} be an open cover of X. Define Y; := f~1(X;), which are open
subschemes of Y. The restriction of the sheaves on Y; determines the restriction
morphism of schemes

7 Ox, = Ox|x, — [.Oy, = .Oy|x,

Proposition 3.47. Y — X is a close embedding if and only if f; is a closed
embedding for all 4.

Ezample. Let X be a scheme over Spec(K), where K is a field, and let f: X —
Spec(K) be a scheme. We know that rational points are equivalent to sections
s: Spec(K) — X of f. Every section is a closed embedding. We know that if
p € X is a rational point, then p is maximal, in the affine case as in the general
case.

3.4 Functoriality of Proj

Let K be an algebrically closed field and let fy,..., f,, be homogeneous poly-
nomials of degree d in K[zg,...,xz,]. The choice of these polynomials induce a
homomorphism

i Klyoroospm] — Kloo..., )
Yi — fi
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Definition 3.48. Let ¢: B — C be a homomorphism of rings. ¢ is a homo-
morphism of graded rings of degree d if ¢(B;) C Cjq4.

So in particular g is a homomorphism of graded rings of degree d. Moreover,
g induces a well defined morphism of schemes

f+ PYEN\NVL(fo, - s fm) — P (K)
[ao,...,an] L [fO(alw"aan)a"'a.ﬁn(an“aan)}

We notice that if ¢: B — C' is a homomorphism of graded rings of degree d
and p < C is a homogeneous prime ideal, then ¢~1(p) is still homogeneous.
Furthermore,

¢~ (p) € Proj(B) <= @(By) Cp
Therefore, we get a function Proj(C)\ Vi (p(B4)) — Proj(B) and we can make

it into a morphism of schemes. Let X be Proj(B) and let Y be Proj(C). We
have X = UX,;, where b € B are homogeneous elements. Then

F7HX) = You) C Y\ Vi(o(By))

The map B — C induces the maps B, — C(,(v)), which corresponds to mor-
phisms Y, — X, . These morphisms are coherent, in the sense that the
following diagram commutes

Yoo — X
/!

Yo
N\
Yoy — Xu

Xy

so we get a morphism of schemes Y \ Vi (¢(By)) — X.

Ezxample.

1. Let B = K[yo,.--,Ym] and let C' be KJzg,...,z,]. Chosen fi,..., fm €
Klxo,...,zs], we get a map F: P% \ Vi (fo,...fn) = PR. Since P} is
covered by U; = (P%),,, we get an open cover of X, given by F~}(U;) =
Spec(K[xo, . . ., Tn](f,))-

By

yo) —

K[Z*yyfm} — Klzo,...,2n](s)

Yi fi
w — o
Looking a rational points, this gives a map
PR\ Va(fo, - fa))(K)  — P (K)
[a07"'an] — [fo(a07'"an)ﬂ"'7fm(a07"'7an)]

Notice that particular cases of this functorial map are the Veronese Maps.

2. Let B be a graded ring and r be a positive integer. We define the graded
ring B(") whose homogeneous components are Bl-(r) = B,,. We notice that
the embedding is a homomorphism of degree r and the image is a subring
of B. Furthermore, we get

@(BY) =N(Bo) ® B+



CHAPTER 3. SCHEMES 41

S0 V+(B(+T)) = (. Therefore, there exists a functorial morphism from
Y = Proj(B) to X = Proj(B()). Surprisingly, this is an isomorphism of
schemes. Indeed, let consider an open cover X3 of X, where b € Bg) are
homogeneous elements and f~1(X;) = Y;. Moreover, B((Z)) — By is an
isomorphism. The following lemma completes the proof

Lemma 3.49. Let f: Y — X be a morphism of schemes. Suppose there exists
an open cover X = UX; and consider the induced open cover of Y given by
Y; = f~1(X;), such that the maps

f

are isomorphisms. Then f is an isomorphism.

X Y = X

Proof. Tt suffices to check the stalks. O

3. Let B be a graded ring and let I < B be a homogeneous ideal. Let C'
be the quotient ring C = B/I. We get the quotient map n: B — C
and m(By) = Cy; functorially, this induces a map Proj(C) — Proj(B).
Topologically, this is a closed embedding and gives a homeomorphism
between Proj(C') and Vi (I). It also gives a closed subscheme; for all
b € By homogeneous elements, the kernel of the map B, — Cr) is the
ideal I(3). Notice that in general it i hard to compute a set of generators
of I(5). An easy example is the following: given an ideal I = (f1,..., fm)
in R[zg,...,xz,], where each f; is homogeneous of degree d;, we have

Uo = Spec(B(z,)) = Spec (R [331) A x"})
To Zo
and Proj(B/I)NUy = Spec(B(xO)/I(wo)). In this case, I(5,) = (fi/xgi)i,
because xy has degree one.

Proposition 3.50.

e Let ¢: B — C be a homomorphism of graded rings of degree 1 an let sup-
pose there exists d > 0 such that <p|BZd: B>gq — C>q is an isomorphism.
Then this induces an isomorphism between Proj(C') and Proj(B).

o If I,J are homogeneous ideals such that Is4 = J>4, then Proj(B/I) is
equal to Proj(B/J) as subschemes of B.

Theorem 3.51. Let R be a noetherian ring, let B be R[zg,...,z,]and I, J < B
be homogeneous ideals. Then Proj(B/I) = Proj(B/J) as subschemes if and only
if there exists d > 0 such that I>4 = J>gq.

3.5 Noetherian, Reduced and Integral Schemes
Definition 3.52. A scheme X is locally noetherian if it has an open covering

X = UU; such that, if U; = Spec(4;), then A; is noetherian for all . X is
noetherian if the cover can be chosen to be finite.
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First of all, we notice that X is noetherian if and only if it is locally noethe-
rian and quasi-compact. If X is noetherian, it is locally noetherian and given
an open cover U;, by definition we can find an affine finite cover V; such that
U; = Spec(A;) where A; is noetherian. Therefore for all j V; N U; is an open
cover of V; and we can find a finite subcover. Picking all the corresponding
U;, we get a finite subcover of the U;. Viceversa, if X is locally noetherian
and quasi-compact, by definition we can find an open cover U; of X such that
U; = Spec(A;) and A; is noetherian. By the quasi-compactness of X, we can
find a finite subcover and these open subschemes satisfy the definition of noethe-
rianity.

Proposition 3.53. An open subscheme Y of a locally noetherian scheme X is
locally noetherian.

Proof. Let X = NU; such that U; = Spec(A;); we have to show that Y N U; is
locally noetherian. This follows immediately from the fact the sets (U;) form a
basis of open sets of U;; in particular, we can choose a family of f; ; such that
WU 5, =Y NU;. So we get

Y= U U Ui fis
i

O

Proposition 3.54. If X is locally noetherian then for every affine open sub-
scheme U C X O(U) is noetherian.

Proof. By the previous Proposition 3.53, we have that U is locally noetherian;
since it is affine, it is quasi-compact and so it is noetherian. Therefore, we may
assume that X = U = Spec(A). Let X = U ,U;, where U; = Spec(4;) is affine
for all 7. For all 7, we have the homomorphism ¢;: A — A;.

We want now to show that every ideal I C A is finitely generated. Since A;
is noetherian for all ¢, the extension IA; is finitely generated, so we can find
Qs - -, ar € I such that their images in A; generates I A; for all i. We call this
ideal as J:

J = (ala"'aar) gI

We notice that if p € X, then there exists ¢ such that p € U; and a unique
pi € Spec(A4;) such that o~1(p;) = p. We get the induced homomorphism

Ap — (Ai)p,

OX,P — O, \Di

and therefore an isomorphism A, — (4;),,. For each p € X TA, = (IA;)p, =
(JA;)p, = JA;; this means that I, = J, for all p € X. Since being zero is a
local property,

IIVJPZOVpEij/JZO

and so I = J. O



CHAPTER 3. SCHEMES 43
Definition 3.55. A topological space X is noetherian if one of the following
equivalent condition holds:

1. Every decreasing sequence of closed subsets stabilizes

2. Every open subset of X is quasi-compact

3. Every subset of X is quasi-compact

It follows immediately from the definition that if X is a finite union of
noetherian subspaces, it is noetherian.

Corollary 3.56. The underlying topological space of a noetherian scheme is
noetherian.

Proposition 3.57. Every noetherian topological space has finitely many irre-
ducible components.

Corollary 3.58. A noetherian topological space is locally connected.

Proof. Let X be a noetherian topological space. Then X is the union of its irre-
ducible components X7, ..., X;,,. We want to show that every p has a connected
open neighbourhood. Let U be the subset

n
U=X)\ U X;
i=1
PEX;
——
Y
We notice that U = Upex; X; \ Y is connected to conclude. O

Example. Let k; be an infinite set of fields and let A = Hiel k;. Consider the
discrete topology on I; we have an immersion

I — Spec(4) = X

This can’t be an homeomorphism since X is compact; indeed, X is the Cech
compactification of I. The Cech compactification is defined by the universal

property:

For every ¢: X — C' continuous function, where C' is compact, there
exists a unique extension X — C to its Cech compactification X.

Let B be a graded ring. We first recall the following
Proposition 3.59.

e fi,...,fn € By homogeneous elements. Then they generates B, if and
only if they generates B as a By-algebra.

e A graded algebra B is noetherian if and only if By is noetherian and B
is finitely generated as a Bg-algebra.
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e A graded ring is finitely generated in degree one if and only if B, is
generated by finitely many elements of degree one. In this case, B is a
quotient of a polynomial ring by an homogeneous ideal.

e If B is a noetherian graded ring, there exists r € N such that B(") C B is
finitely generated in degree one.

Proposition 3.60. If B is a noetherian ring, then Proj(B) is a noetherian
scheme.

Proof. If B = By[z1,...,%,], then Proj(B) = P} can be cover by n + 1 copies
of A% . In general, choose n such that B™ is a finitely generated in degree one.
We have shown (Example 1) that Proj(B(") ~ Proj(B). Therefore, Proj(B("))
is a closed subscheme of Py . O

Proposition 3.61. Let R be a ring. Then the following are equivalent:
e A is reduced
e A, is reduced for all p € Spec(A)
e A, is reduced for all m € Spec M(A)

Definition 3.62. A scheme X is reduced if and only if Ox , is reduced for all
peX.

Proposition 3.63. The following are equivalent:
e X is reduced
e X = UU;, where each U; ~ Spec(4;) and A; is reduced
e For all U open set of X O(U) is reduced

Lemma 3.64. Let X be a scheme and let X = UX; be an open cover. Let
Y; € X, be closed subschemes such that ¥; N X;; = Y; N X;;. Then there exists
a closed subscheme Y C X such that Y N X; =Y; for all 4.

Proof. Tt exists a unique closed subspace Y C X such that Y N X; =Y;.

fi i
Yi — X OX — f*(/)yi
Then we get the sheaves of ideals Iy, = Ker( fZ# ) € Ox. We define the sheaf
Iy(U)={s € Oy(U) | slunx, € Iyv,(Ui N X;)}

Then, the pullback of the quotient sheaf Oy = f~1(Ox/Iy) is the desired
one. O

Theorem 3.65. Let X be a scheme. If Y C X is a closed subset, there exists
a unique reduced subscheme whose support is Y. In particular, there exists a
unique closed subscheme X,.q with support in X.

Proof. In the affine case, it suffices to take the reduced subscheme Spec(A/v/T),
which is unique.
O
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Definition 3.66. A scheme X is integral if for every open affine subscheme
UCX O() is a domain.

Lemma 3.67. If X is a scheme, there is a bijective correspondance between
points and irreducible subset.

X — Closed irreducible of X

p {r}
Proof. Injectivity. Assume that there exist p,q € X such that {p} = {¢} and
let U C X be an open affine subscheme such that {p} N U # @. This implies

that p,q € U; so @U = @U; since we know that the result holds for affine
schemes, p = q.

Surjectivity. If V' C X is closed and irreducible, there exists an open affine
subset U C X such that UNV # 0. Then V =U NV and UNV is irreducible.

Then there exists p € U such that mU = U NV and this implies {p} = V. O

Proposition 3.68. The following are equivalent:

1. For every open non-empty subscheme U, O(U) is a domain
2. X integral

3. X is reduced and irreducible
Proof.
(1) = (2) Obvious

(2) = (3) Clearly, X is reduced. Let’s suppose that X is not irreducible. Then
there exists two open sets U,V such that UNV = (. Then O(UUV) =
O(U) x O(V) and both this are nonzero ring. This gives a contradiction
since a product of non zero rings can’t be a domain.

(3) = (1) Since O(U) # 0, we need to prove that given f,g € O(U), fg = 0 means
f=0o0rg=0. Let A be the set {p €U | f(p) =0} and B be the set
{p € U | g(p) = 0}. These are closed and

AUB={pecU]|f(p)=0V g(p) =0} ={pecU]| fgp)=0}=U

Since U is irreducible, A = U or B = U. Let’s suppose A = U; then
f(p) =0 for all p € U. Since U is reduced, f = 0. Indeed, let V; be an
open affine cover of U; we need to show that f = 0 in O(V;) for all s.
However, in the affine case f(p) = 0 for all p means that f is contained in
all prime ideals; since by hypotesis V; are reduced, f = 0.

O

As an immediate corollary, we obtain that X has a unique generic point,

which we call £. The stalk in £ is a field called K(X), the field of rational
function. This is a field: let U be a non-empty open affine subset of X. The
U =~ Spec(O(U)); since & is dense, £ € U and £ = (0) € O(U). Therefore,
Ox,e = O(U)(q), which is a field.
What’s more, the inclusion map O(U) — K(X) is injective. This is easy to
see in the affine case, since it is the inclusion in the quotient field; since it
is locally injective, it is injective. Notice that Ox, — K(X); furthermore,
OU)=n0x, C K(X).
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3.6 Quasi-compact, Affine and Finite Type Mor-
phisms

Definition 3.69. A continuous map f: X — Y is quasi-compact if for every
V C Y open quasi-compact subset, f~1(V) is quasi-compact.

Notice that we can check this property on a base; so if {V;} is a basis of
open quasi-compact sets of Y and f~1(V;) is quasi-compact for all 7, f is quasi
compact. In the case of schemes, a morphism is quasi compact if for every open
affine subscheme f~1(V) is quasi compact. However, it is not enough to assume
that there is a cover of open quasi-compact subsets whose inverse image is quasi
compact. In fact, let X be Spec(K|[z1,...,2,]) and let F; = V(zy,...,2;).
Then we have a chain

Fi2FR22F3 2F, 2. ..

The intersection NF; is the maximal ideal 9 = (z1,...); so the open set U =
X\ {M} is not quasi compact. Let Y = X Uy X the scheme obtained by gluing
two copies of X along U. We denote by X7 = f(X) be the image of the first
copy of X in Y and X5 the image of the second copy. Then the inclusion map

fIX1—>Y

is a map between quasi compact schemes; however f~!(X5) = U and U is not
quasi compact.

Proposition 3.70. Let f: X — Y be a morphism of schemes and let Y = UV}
be a cover of open affine subsets. If f~1(V;) is quasi compact for all 4, then f
is quasi compact. If Y is affine, f: X — Y is quasi compact if and only if X is
quasi compact.

Proof. Let A be the set of open affine subsets V of Y such that V is contained
in any V;. Then A is a bases of open subsets for Y'; so we have to check that
the inverse image of these subsets are quasi compact. Choose i € I; since
f~1(V;) is quasi-compact, we can cover f~1(V;) with a finite number of affine
open subschemes. So it suffices to show that if X and Y are affine, f: X - Y
is quasi compact. Let X be Spec(A) and Y be Spec(B). We know that a
map of affine schemes induces a ring homomorphism ¢: B — A. We have
Y = UpepYs; furthermore f~1(V3) = Xow) =~ Spec(Xy ), which is quasi-
compact, as desired. O

Definition 3.71. A map of schemes f: X — Y is affine if the inverse image of
every open affine subscheme is affine.

By the previous proposition, an affine map is quasi compact. Furthermore,
a similar property holds but we need some lemmas.

Lemma 3.72. Let X be a quasi-compact scheme and let a, f € T'(X,O0x). If
a=01in Xy, then there exists n € N such that af" =0 in I'(X, Ox).

Proof. Let X = U}, X; be a finite open affine cover of X. Then we can consider
the restrictions f; = f|x, and the hypotesis are equivalent to say that a|x, = a;
is zero in (X;). Let Spec(4;) = X;; then (X;); = Spec((A;)f|y,) and a; is in
the kernel of the map A; — (Ai)flxi' This means that there exists n; € N such
that a;f'" = 0. Taking n = maxn,;, we get the thesis. O
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Lemma 3.73. Let X be a scheme and assume that X = U, X; is an open
affine cover such that X; N X; is quasi compact. Let f € A =T'(X, Ox).

1. Let b € T'(Xy,Ox;). There exists n € N such that f"b is the restriction
of an element in A.

2. Ay ~T'(Xy, Oxf)
Proof.

1. First, we show that it is true in the affine case. So assume X = Spec(A),
fe€Aand be A;. We have to show that there exists n € N such that f"b
comes from an element of A. This is trivial; indeed, since b € Ay, b = c/f*
where ¢ € A and therefore f*b € A. We now consider the general case.
For all i = 1,...,n, we can find k; € N such that f*|x,b|x, comes from
an element of A. We can take k = maxk; and these condition still holds.
We want now to show that these elements lift to a global section. So we
consider i, j and we have to show that the restrictions of these elements
to the intersection is the same. This is trivial and therefore they lift to a
global section.

2. The restriction map A — I'(Xy, Ox,) factors through Ay — I'(Xy, Ox,)
and this is surjective by the previous point. Therefore we only have to
show injectivity, which comes from the previous lemma.

O

Lemma 3.74. Let X be a scheme and assume there exist f1,..., fx € I'(X, Ox)
such that (fi,..., fx) =1 and Xy, is affine. Then X is affine.

Proof. Let A =T'(X,0x). We want to show that Spec(A) ~ X. Notice that
using the previous lemma we get Ay, ~ I'(Xy,, Ox, ) for all i. The thesis comes
from the lemma 3.49. O

We are now ready to show the following:

Proposition 3.75. Let f: X — Y be a morphism of schemes and let Y = UY;
be an affine open cover. If f~1(Y;) is affine for all i, f is affine. If f: X — Y is
a morphism and Y is affine, f is affine if and only if X is affine.

Definition 3.76. A morphism of schemes f: X — Y is locally of finite type if
whenever U C X and V C Y are open affine subschemes and f(U) C V, the
induced homomorphism O(V) — O(U) is of finite type.

Proposition 3.77. Let f: X — Y be a morphism of schemes and X = UU; be
an affine open cover. Let suppose that for all i € I V; are open affine such that
f(U;) CV; and O(V;) — O(U;) is of finite type. Then f is of locally finite type.

Corollary 3.78. Let f: X — Y be a morphism of schemes and suppose Y is
affine, so Y = Spec(B). Let X = UU; be an open affine cover. Then f is locally
of finite type if and only if O(U;) is a finitely generated B-algebra.

Corollary 3.79. If X,Y are affine schemes, then the following are equivalent:

e f: X =Y islocally of finite type
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e O(X) is a finitely generated O(Y") algebra
o f factors through a closed embedding X C A%, — Y, where Spec(B) =Y.

Definition 3.80. A morphism f: X — Yis of finite type if it is locally of finite
type and quasi compact.

For example, the map P, — Spec(R) is of finite type.



Chapter 4

Fibered Products and Base
Change

4.1 Fibered Products: First Properties

We want now to define a sort of product in the category of schemes: this is
called the fibered product, which is defined by the following universal property.
We are considering a category C and two arrows f: X — Sand g: Y — §

The fibered product of f, g consists of an object X xgY € Ob(C) and two
arrows p1: X XgY — X, po: X XgY — Y such that whenever p: T'— X
and ¢: T — Y are arrows such that f o o = g o1, there exists a unique 6
such that the following commutes

For example, let C be the category of sets and let S the set consisting of a

single point, which is a terminal objects. Then, given X and Y, there exists
unique maps f: X — S and g: Y — S. Then, the fibered product X xg Y is
the classical product of sets.
More in general, X xsY = {(z,y) € X xY | f(z) = g(y)}. We can also give to
the fiber the structure of a fibered product. In fact, consider a map f: X — S
and let s be in S. Then f~1(s) ~ X xg {s}; if B is a subset of S, then
f~Y(B) ~ X x5 B in the same way.

Consider now the case of affine schemes. So, let X,Y be Spec(A), Spec(B)
respectively and let S be Spec(S). Since we have a bijection between ring

49
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homomorphisms and morphisms of affine schemes, we get the diagrams:

Y R

B

X—5 A
A ®pg B has a ring structure, given by
(a®b)(a @b) = ad @ bb
Furthermore, we have the canonical maps

a:A— ARr B B:B— A®grB

If C is an R-algebra, given A 2 C' and B KNV, homomorphisms of R-algebras,
there exists a unique morphism of R-algebras : A ® g B — C such that the
following diagram commutes:

=

Therefore, we can define X xgY = Spec(A ®r B) in the category of affine
schemes and this satisfies the universal property. The projection maps are the
schemes morphisms induced by « and 5.

Definition 4.1. Let C be a category. A commutative diagram in C is cartesian
T X
Y S

if T is isomorphic to the fibered product X xg Y.

 —

Proposition 4.2. Consider the diagram and assume that the square on the
right is cartesian:

X" X’ X
Y Y’ Y

Then the square on the left is cartesian if and only if the one on the left is
cartesian:



CHAPTER 4. FIBERED PRODUCTS AND BASE CHANGE 51

X// N X X// N X/
Y// N Y Y// N Y/

For the tensor product, this proposition implies that given a diagram like this,

A A A"

I

B A®B— A"® (A ®B)

then A” @ (A’ ® B) ~ A” ® B.

Ezample.
o AT Xgpec(r) A% = Spec(R[x1, ..., ] @ R[y1, ... yn]) =~ AL™
e Let X, Y be the schemes

Spec (R[m, ... 7$7’L]/(f17 - fk)) Spec (R[yl, ... 7yn}/(g1, N ,gs))

respectively. Then the fibered product X X Y is the scheme

Rlx1,...,Cm, Y1,y Yn
Spec( [1 u y]/(f1®17fr®171®glaal®gs))

Let p € X = Spec(A). Then we can identify p = Spec(k(p)) — X. Let
Y = Spec(B) and let ¢: A — B be a homomorphism of rings. Then we get the
diagram

pXxY —Y

||

P———mX

Proposition 4.3. p xx Y — Y induces a homeomorphism between p X x Y
and the fiber f~1(p)

Proof. If p € A is maximal, then K(p) is isomorphic to A/p and p @x Y =
Spec(K (p) ®4 B), which is isomorphic to Spec(B/pB). We know that there
exists a homeomorphism between f~!(p) and Spec(B/pB), so we have shown
this case. In general, we can localize at p and obtain the diagram

pXxY — Spec(4, ®4 B) —— Y

|

P —— Spec(4,) —— X
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We know that Spec(A,) xx Y = Spec(A4, ®4 B) = Spec(B,), which is home-
omorphic to the set of primes of ¢ € Y whose inverse image is contained in p.
Since p = Spec(K (p)) is maximal in A,, we get

A, xx Y ~ Spec(B, ®4, K(p)) ~ f'(p)
L]

Base Change A particular case of fibered product is the base change, which
is the geometric version of the extension of scalar. First, we need to define a
notion of injectivity in the category of schemes.

Definition 4.4. An arrow S — S’ is a monomorphism if, for any two maps

T 2% S such that fo gy = f o g, then g1 = gs.

For example, the map Spec(C) — Spec(R) is injective but it isn’t a monomor-
phism in the category of schemes. In fact,

) conj
R——CZ__2C
id

More in general, we can consider a field F and a Galois extension E/F. The
scheme map induced by the inclusion can’t be a monomorphism since a non-
identical element o of Gal(E/F) give rise to the same composition as the identity
id but o # id.

We now want to give some functorial examples of monomorphisms in the cate-
gory of schemes. Consider the diagram

Y—S

i

Y/ 5 S/

This induces a map between the fibered products
XxgY — X
~
k X' %s Y — X'

When S = S/, we get a functorial map X xgY — X’ xgY’; when X = X’ and
Y=Y wegetamap X xgY — X xg Y.

Proposition 4.5.
1. The functorial map X xgY — X Xg Y is a monomorphism.
2. If S — S’ is a monomorphism, then X x5S — X x5 Y is an isomorphism.

Example. Closed embedding are monomorphisms in the category of schemes.
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Existence of Fibered Products We have shown some examples and prop-
erties of fibered product, but still we haven’t discussed the existence. We now
give a sketch of the proof. Consider the diagram

X

f

Y —§

and take affine open covers X = UX;, ¥ = UY; and S = UW, such that
f(X;) € W; and ¢(Y;) € W;. Since we have shown the affine case, every
X; Xw, Y; exists; furthermore, X; xw, Vi ~ X, XgY; because W; — S is a
monomorphism. We notice that X;; xgY;; = X; xgY; is an open embedding.

Lemma 4.6. Let X,Y be affine schemes and let U C X and V C Y be open
affine subschemes. Then U xg V is an open subscheme of X xg Y.

Proof. We can complete the diagram on the left with the fibered products and
the map given by the universal property to get a diagram as the one on the
right:

U UxgV ——U
J ~
X X xgy 2

l
L A

V——Y ——

We want to show that the image of 1 is an open subset; this follows from the
fact that Tmv = p; (V) Np; *(U) by the commutativity of the diagram. O

As a consequence, gluing these open subschemes along their intersection
gives the fibered product.

As an example, consider a ring R and let B be a graded R-algebra (so we
have a map R — By). We have the maps

Proj(B) — Spec(By) — Spec(R)

and B ®g S is a graded S-algebra, where (B ® S); = B; ® S. The canonical
homomorphism
v:B—S®rB

is of degree one and ¢(B+)(S ® B) = (S ® B);. By the functoriality of Proj,
we get the commutative diagram

Proj(S ®r B) — Proj(B)

|

Spec(S) —— Spec(R)
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We now want to show that this is cartesian. Because of the universal property,
we get a map Proj(S ® B) — Spec(S) x g Proj(B).

Proj(S @r 1) ‘\

Spec(S) x g Proj(B) —— Proj(B)

Spec(5) Spec(R)

We can cover X = Proj(B) with affine open subschemes X, = Spec(B4)), where
b € By are homogeneous. So we get

Spec(S) x g Proj(B) ~ U Spec(S) xr Xp
b

For every b, o~ (X;) = Spec(S®prB(ys)))- So we need to show that the induced
map S ® (B)) — (S ® B)igp is an isomorphism, which is immediate.

Example. Let S, R be rings and let ¢: R — S be a homomorphism. Then
Spec(S) x g P} ~ P%. In particular, since Spec(Z) is a terminal object in the
category of schemes, we have P}, ~ Spec(R) xz P¥.

Definition 4.7. Let S be a scheme. We define
TSL =S Xz ]P%

Ezample. Let X be the scheme Proj(R[xo, ..., %n]/(f1,.-., fr)), where the poly-
nomials f1,..., f, are homogeneous of positive degree. Let S be a ring; then

Rlxg,...,z, ~Sxo, ..., xn] o - _
§op Blwos-wmnl i, o Slao I]/(fl,...,fr)
So we obtain

Spec(S) xp X = Proj (Skroromlyp g )

Invariance under base change

Proposition 4.8. Consider the following cartesian diagram

Y
X —— X
o
Y’ Y

Then

1. If f is quasi compact, so is f’
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2. If f is locally of finite type, so is f’
3. If f is of finite type, so is f’
Proof.

e We can assume Y,Y” affine. Then X is quasi compact, so X = U ; X;,
where each X; is open affine. Then y~'(X;) = Y’ xy X; is affine and
Y’ xy X =U(Y’ xy X;) is an open affine cover.

O

Let X be a scheme and let p € X be the point p = Spec(k(p)), where
k(p) = Ox p/9M,. There exists a natural morphism Spec(Ox ,) — X; given
an affine open neighbourhood U of p in X, the projection map give rise to this
map. Clearly, it doesn’t depend on the choice of U. Indeed, if V is another
affine open neighbourhood, we get the commutative diagram

//\

oUunVv)— Ox,
\\ /
ow)

So we get a a commutative diagram of schemes:

U
//- N
X «—— UNV « Spec(Ox )

S\

Proposition 4.9. Let f: Spec(K) — X be a morphism of schemes and suppose
that the image of f is exactly p € X a point. Then f factors uniquely through
a map p — X, so giving rise to the following diagram:

Spec(K

\/

Spec(k

Proof. It’s enough to show the affine case; the map Spec(K) — X induces the
commutative diagram

A—— K
N /N
A — k(p)

which proves the statement. O
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Proposition 4.10. Let f: Y — X be a morphism of schemes and let p € X.
Then the map p xx Y — Y induces a homeomorphism between p X x Y and

D).

Proof. We can reduce to the affine case and the use Proposition 4.3. O

Definition 4.11. Let X, Y be schemes. f: X — Y is an embedding if it factors
through
X—=-U—=Y

where X — U is a closed embedding and U — Y is an open embedding.

Summing Up We have discussed some different property of morphisms:
1. Closed embeddings

Open embeddings

Embeddings

Quasi-compact morphisms

Affine morphisms

A

Locally of finite type morphisms
7. Of finite type morphisms
Furthermore, they have some common properties:
1. The composite of morphisms with property P has property P

2. They are local on Y, so if Y = UY; is an open cover and for all i the
morphism f; = f|;-1(y,) has property P, then f has property P

3. If f has property P,

X —X

|

Y —Y

so f’ does.
There is another property:

4. They are local on the domain, so given X = UX; an open cover of X, if
fi = flx, has property P for all ¢, so f does.

For example, being locally of finite type is local on the domain, while being
quasi compact is not. For example, let X,Y be affine schemes and let I be an
infinite set of indexes. Let f: X — Y be a quasi compact map. Then the map

uf: | X —Y
el

is not quasi compact while it is locally quasi compact.
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4.2 Separated Morphisms

We know that for the topological product, the following holds:
Proposition 4.12. Let X a topological space and let

6: X — X xX
z —  (z,x)

Then X is Hausdorff if and only if § is a closed embedding.

This property is rarely satisfied by schemes, since they rarely are Hausdorff
spaces. However, the fibered product allows to give this proposition a sense
even in this case

Definition 4.13. Let f: X — Y be a morphism of schemes. We define the
diagonal map
§: X — X xy X

to be a map such that priod = pryod = id, where pri; and pry are the projection
map given by the fibered product.

We notice that such a map always exists and it
is unique. In fact, from the universal property
of fibered product, there exists a unique ¢ such
that the following commutes and ¢ satisfies all
the property of a diagonal map. Since every other
diagonal map make the same diagram commuta-
tive, we have the uniqueness. First, we discuss
the affine case, so we assume X = Spec(A) and
Y = Spec(B). Then we know that X xy X ~
Spec(A ®p A) and the homomorphism of rings )
that induces the diagonal map ¢ has the property that

S(a®d)=66a®1)5(1®d) = ad

because of the request pri o d = prood = id. So 5 is surjective which implies
that § is a closed embedding.

Proposition 4.14. §: X — X xy X is a locally closed embedding.

Proof. Let Y = UY; be an open affine cover. Then for all i we get the open
embedding
YY) xy, 1Y) —» X xy X

which corresponds to the inverse image of Y; in X xy X. Let’s denote with U
the union Uf~1(Y;) xy f~1(Y;). Then §(X) C U and U — X xy X is an open
embedding. So it is enough to prove that

§: fHY) — U)Xy fTHY)

is an embedding. We can assume that Y is affine; suppose X = UX; is an
open affine cover. We know that X; xy X is an open subscheme of X xy X;
furthermore, §1(X; xy X;) = X;; and we get the closed embedding §: X; —
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X; xy X; for the affine case (which we have already dealt with). Therefore, we
get an embedding

X P8 UX xy X PN X xy X
O

Definition 4.15. A morphism f: X — Y is separated if 6: X — X xy X is a
closed embedding.

We have already shown that every morphism between affine schemes is sep-
arated.

Proposition 4.16. Lef X Ly % Z e morphisms of schemes.
1. If g o f is separated, f is separated.
2. If f, g are separated, g o f si separated.

Proof.

1. We consider the canonical map ¢: X xy X — X x z X; we get the diagram

5X// Xf/z

XXyX4>XXZ

which is commutative. Therefore z/J_l((SX/Z(X)) D dx/y(X). If we
show the other inclusion, we are done. Let s € ¥ !(dx,y (X)) and let
r € X such that ¢(s) = dx/z(z). Let now t = dx/y(z). We want
to show that s = t. We can take affine open neighbourhood U, V, W of
z, f(z), f(g(z)) respectively, such that U C f=3(V) and V C g~ 1(W).
Then ¢|yx,v: U xy U = U xw U is a closed immersion since these are
affine subschemes and s = t, as desired.

2. The diagonal morphism ¢x/y can be seen as amap dx/y: X — X xy X ~
X Xy Y xy X. The other diagonal dy,z can be considered in a product
with the identity maps:

IdXx(Sy/ZXIdxiXXyYXYX—)XXy(YXZY) XyXﬁXXZX

The composite (Idx xdy,z x Idx) o dx/y is exactly dx,;. Since these
map are closed by hypotesis (being closed immersion is invariant under
base change) and composition of closed map are closed, we get that 6x,~
is closed. Since the composite of dx,; (seen as the composition of the
diagonal morphisms) with the projection is the identity, we get injectivity.

O

Corollary 4.17. Lef X Ly % Zbe morphisms of schemes. Suppose g is a
separated morphism. Then g o f is separated if and only if f is separated.
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Corollary 4.18. Let X,Y,Z be schemes and suppose Y, Z are affine. Then
X — Y is separated if and only if X — Z is separated.

Definition 4.19. A scheme is separated if it is separated over Spec(Z).

Corollary 4.20. Let f: X — Y be a morphism of schemes. If X is a separated
scheme then f is separated.

Proof. Remembering that every scheme has a unique map to Spec(Z), we get
the commutative diagram

X # Y
N/
Spec(Z)

and by the previous corollary, X — Z is separated if and only if X Lyis
separated. 0

Lemma 4.21. If X is a separated scheme and U,V are open affine subschemes
of X, UNV is affine.

Proof. Let consider the diagonal map 6: X — X xz X; we know that 61 (U xz
V) =UnNV. By hypotesis, § is a closed embedding and U xz V is affine. So the
inclusion §: UNV — U xzV is a closed embedding. Since any closed subscheme
of an affine scheme is affine, we get the thesis. O

Proposition 4.22. Let f: X — Y be a morphism of scheme and let X = UX;
be an open affine cover. Then X is separated if and only if X;NX; — X; xy X;
is a closed embedding.

We now give an example of an affine scheme which is not separated. Let k
be a field and let X be the scheme

Ay | Ak
ARV{(@)}

By the gluing theorem, X = X; U X5, X1, X5 ~ A}C and X; N Xy ~ A}g \ {(z)}.
X1 N Xy is affine but not separated; the inclusion

X1NXy — Xy XA}C XQQA}C

is not a closed embedding. Let’s now give an example of a separated scheme:
the projective space P%,. Let’s denote with A the ring Ry, ..., z,]. We know
that P is covered by affine open set X; such that X; ~ Spec(A,,)). What’s
more X; N X; >~ Spec(A(z,2;)) € Xi Xspec(r) X;j- So we need to show that the
map

A(z) Or Awy) — A(wiay)

is surjective, which is obvious. So the inclusion X; N X; — X; Xgpec(r) Xj is
closed.

Proposition 4.23. Being separated is invariant under base change. In other
words, given a cartesian diagram
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X —X

o

Y —Y

f is separated if and only if f’ is separated.

Proof. Assume f is separated and notice that X’ = Y’ xy X. The diagonal
map 5X’/Y’: X — X Xy X' =Y Xy X Xy Y’ Xy X ~ (X/ Xy X/) Xy Y’
can be seen as dx//y X Id, which is closed and injective. O

Valuative Criterion for Separation In a certain sense, being separated
is the analogous of being Hausdorff. We know that two continuous function
coinciding on a dense subspace with value in an Hausdorff space must coincide
everywhere. Here we have a similar statement:

Theorem 4.24. Let R be a discrete valuation ring and let K be its quotient
field. Let X,Y be schemes and let f: X — Y be a separated morphism. Let
91,92 be morphisms of schemes from Spec(R) to X such that fog; = fogs
and their restriction to Spec(K) coincide. Then g1 = go.

Proof. The maps g1, g2 give rise to a map g: Spec(R) — X Xy X by the uni-
versal property of fibered product. By the diagonal map, we have a closed
embedding of X into X xy X and g~!(X) is a closed subscheme of Spec(R)
which contains the point Spec(K).

Spec(R) g1
\

X —Y

Since Spec(K) is dense in Spec(R), his closure must be a closed subscheme
supported on Spec(R). However Spec(R) is reduced and therefore g=1(X) =
Spec(R). This means that the image of g is contained in the diagonal of the
fibered product, so g1 = go. O

More generally, suppose given a diagram like the
one on the left and assume that

— 1. g:' Y — Z is separated

f2 '
\ 9 2. There exists an open dense subscheme U C X

VA such that f1|y = folu
3. X is reduced
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then f; = fo. Indeed, we can consider the map s: X — Y xz Y. The diagonal
is closed by hypotesis and therefore the fiber of the diagonal must be a closed
subscheme containing the points p such that fi(p) = fa(p). Since these points
are dense in X, it must be a closed subscheme having X as support. Since X
is reduced, there is a unique structure of closed subcheme on X, and this gives
the thesis.

These hypotesis are essential. For example, we can consider X to be the affine
scheme Spec(K[x,y]/(zy,y?)). We have

(xy, y2) = (y) Ared >~ K[:L', y]/(y) =~ K[x] Xred ~ Ailg
Furthermore, X \ {(x,y)} ~ Spec(4,) ~ K[x],. We get the map

f: A A
T T
Y 0

[l

and ¢ induced by the inclusion map K[x] C A. This give rise to the following
diagram, which is commutative.

As requested, goid = go f and, called U = X \ {(z,y)}, flv = idy. However,
f # id and so the property doesn’t hold.
Given some more hypotesis, the converse hold:

Theorem 4.25. Let X,Y be locally noetherian schemes and let f: X — Y be
a morphism. Suppose that, for all choice of a discrete valuation ring R, two

maps g1, 92: Spec(R) — X such that fog; = fogs and gilspec(x) = 92/spec(k)>
g1 = g2. Then f is separated.

4.3 Proper and Finite Maps

Consider a diagram like the one on the right and suppose

it is cartesian. If Y, Y, X are locally compact Hausdorff X —X
spaces, so X’ is. In fact, X' = X xy Y/ C Y x Y’ (the
last is the product in the category of topological spaces)

and the embedding is closed. Since a subspace of a locally
compact Hausdorff space is a locally compact Hausdorff
space, X’ has the desired properties. In the case of these
spaces, it makes sense define the notion of a proper map, which is a map such
that the inverse image of a compact subspace is compact. We notice that a
proper map is universally closed, so it stays closed under base change to any
locally compact space.

Y —Y

Ezample. The map f: R — {pt} is closed but not universally closed. In fact,
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RxR—R

N

R —— {pt}

the map pry is not closed (the image of the hyperbola is open) while f is closed.

Furthermore, a continuous map on a locally compact Hausdorff space is
proper if and only if it is universally closed. This suggest the following definitions

Definition 4.26. Let XY be schemes. f: X — Y is universally closed if for
every morphism Y’ — Y the projection map pri: Y’ xy X — Y is closed.

Being closed is a local property on the codomain, so it is enough to check
it on an affine open cover. So being universally closed is a local property on
Y. Furthermore, being universally closed is invariant under base change and
composition.

Definition 4.27. Let X,Y be schemes and let f: X — Y be a morphism of
scheme. We say that f is proper if

1. it is of finite type
2. it is separated
3. it is universally closed

The definition may seem strange and it isn’t clear why such a proper map is
the equivalent of the notion of topological proper map. As an example, consider
map X — Spec(C) locally of finite type. We denote as X2 the set of rational
point over C. Suppose X is affine; then locally X C Ag and this give an
embedding of X?" into C™. This embedding induces a topology on X2": we
say that U C X?" is open if and only if U is open in the euclidean topology.
For example, (P%)** ~ P"(C) has the usual euclidean topology. The following
property give a reason why the definition of proper morphism should be the one
given:

Proposition 4.28. Let f: X — Y be a morphism of schemes over C. Then
1. fam: X3 — Y®" is continuous.
2. X is connected if and only if X*" is connected
3. X is separated if and only if X" is Hausdorff

4. If XY are separated, f is proper if and ouly if f*" is proper (in the
topological sense)

The class of proper morphism satisfies the usual properties, such as invari-
ance under base change, composition and being local on the codomain. Obvi-
ously, not all maps are proper. Taking inspiration from the hyperbola in the
case of the projection map, consider the morphism f: A} — Spec(K) induced
by the inclusion K — KJz]. Then we obtain
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AL x AL — Al

N

A} — Spec(K)

Called V =V (zy — 1), we get pr1(V) = A} \ {0}, which is open.

Definition 4.29. A morphism of schemes f: X — Y is finite if it is affine and
for every affine open set V C Y the ring homomorphism O(V) — O(f~1(V)) is
finite (O(f~1(V)) is finitely generated as a O(V)-module.)

Every morphism of affine scheme induced by a finite homomorphism of rings
is finite. f~!(V) is affine since it is isomorphic to Spec(O(V) ®ox) O(Y)), this
tensor product is finitely generated and this shows that it is finite.

V) =y

|

V—X

Proposition 4.30. Let f: Y — X be a morphism of schemes. Let X = UX;
be an open affine cover and assume that f~!(X;) — X, is finite for all . Then
f is finite.

Proof. f is affine by Proposition 3.75. So let V' be an affine open subset of Y and
let V= U, V; be an affine open cover (V is quasi compact) such that for all j
there exists an index i such that V; C X;. We have to show that O(f~'(V)) is
finite over O(V'). Since we have already dealt with the case of an affine scheme,
F71(V;) is affine and O(f~(V;)) is finite over O(V;) for all j. Furthermore,
O(f1(Vy)) = O(V;) ®ovy O(f~1(V)) because the diagram

V) = V) —— Y

|

Vj 1% X

is cartesian and so the sub-squares are. Choose sy, ...,s, € O(f~1(V)) such
that 1®s; € O(V;) Qo) O(f~1(V)) generate O(f~*(V;)) as an O(V;)-module
for all j. We claim that these elements generate O(f~1(V)) as an O(V)-module.
We can check this locally, so we have to show that for all p € V' the elements
(si)p generate O(f~1(V)),. Since V; is open in V, for all p € V; C V there
exists a unique g € Spec(V;) which correspond to p. Notice that

O(V)p = Oy =~ Oy, ,q > O(Vj)q

So we get

R

O(fHV))p = O(V)p, ®ovy O(F (V)
~ O(Vj)q ®ov) O(f7H(V))

which gives what desired. O
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Proposition 4.31. A finite morphism of schemes is proper.

Proof. We can reduce to the affine case; so we need to show that if p: A - B
is a finite morphism of rings, the induced map is closed. The finiteness of B
over A is equivalent to say that the estension is integral; so in this case, by the
Going Up Theorem

FWV() =V(e™(V))
which shows that the map is closed. [

Proposition 4.32. If an affine map is proper, then it is finite.

Valuative Criterion of Properness

Theorem 4.33. Let X,Y be locally noetherian schemes and let f: X — Y be
a morphism of schemes of finite type. Then f is proper if and only if given any
discrete valuation ring R with quotient field k there exists a unique morphism
Spec(R) — X making the following into a commutative diagram:

Spec(k) — X

Spec(R) — Y

Notice that the uniqueness implies that f is separated. We now give an
example when such a map doesn’t exists. First, we have to consider a map f
which is not proper; for example, the projection

f: A} — Spec(k)
We consider then the discrete valuation ring R = k[1/t], ;. We get the diagram

Spec(k(1/t)) — A}

Spec(R) — Spec(k)

However, such a map doesn’t exists.
Theorem 4.34. The map P — Spec(R) is proper.

Proof. Since P}, ~ Spec(R) xzP} and properness is invariant under base change,
it is enough to prove that tha map P§ — Spec(Z) is proper. We use the valuative
criterion; so consider a discrete valuation ring and a diagram

Spec(k) —— P

Spec(R) — Spec(Z)
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We can cover X = P by open affine subscheme X;, which are isomorphic to
Spec(Zzo, . . ., Tn](z;)). By induction, since Spec(k) is a point, we can assume
that the image is contained in the intersection of the X;’s, since P% \ X, is
isomorphic to P*~!. We know that there exists a correspondance

Spec(k) = X; +— Z[ti,... . t}] =k +—al,...d\ €k

Notice that @ = a¥aj, for all i, j, k. Let vg be the valuation of R, defined on K.
We choose the index i such that vg(af) < vg(a9) for all j =1,...,n. Therefore

v(a¥) = v(al) —v(af) > 0 and this means that o’ € R. Therefore we can define

f:ozth,...,t*)] — R

k k
tj —  aj
and this is well define and makes the diagram into a commutative one. O

Observation 4.35. If A is a noetherian ring, the following are equivalent:
e A is artinian
e All prime ideals are maximal
e Spec(A) is finite and discrete
e A has finite lenght
In particular, a finite morphism has finite fiber.

Theorem 4.36 (Chevalley). Let f: X — Y be a proper morphism of schemes
and suppose it has finite fibers. The f is finite.

Definition 4.37. Let f: X — Y be a morphism of schemes.
e f is projective if it factors through
X Py Y
a closed embedding and the canonical projection.
e f is quasi-projective if it factors through
X =Py =Y
a locally closed embedding and the canonical projection.

In particular, a projective morphism is proper. Let X 1o v % 7 be mor-
phisms of schemes. Then if g is not separated and g o f is proper, it is not true
that f is proper. In fact,

Al 5 AT UAT - AY
the composition is the identity while the first map is not closed.

Lemma 4.38. Let P be a property of morphism of schemes such that closed im-
mersion verify P and the property is stable under composition and base change.
Then if f: X =Y, g: Y — Z are morphism such that g is separated and fog
verifies P, then f satisfies P.
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Proof. Let pr: X x;Y — Y be the second projection. By hypotesis, pr verifies
P. Notice that g is separated and therefore (Id, f): X — X x Y is a closed
immersion. Then f = qo (Id, f) verifies P. O

Proposition 4.39. Let X Ly 9 Zbe morphisms of schemes. Suppose g is
separated and g o f is proper. Then f is proper.

Proof. By the lemma, it is enough to show that closed immersion are proper,
that properness is stable under base change and under composition. O



Chapter 5

Local Properties

5.1 Dimension Theory

Definition 5.1. Let X be a topological space. The Krull dimension of X is
the supremum of the lenght of the chains

YoeViGc---CYy
where Y; is closed and irreducible. If p € X is a point, we define
dimp X = inf{dim(U) | p € U C X and U is open}
If A is a ring, dim(A) = dim(Spec(A)).
Proposition 5.2. If Y C X then dim(Y) < dim(X)

Proposition 5.3. dim(X) = sup,cx dim,(X). Equivalently, if X = UX;
dim(X) = sup dim X;.

Definition 5.4. If Y C X is closed and irreducible, the codimension of Y in X
is the supremum

codimy (X)=sup{n | Y =Yy Y1 C---CY, =X}
If Y is closed,
codimy (X) = inf{codimy (X) | V C Y is closed and irreducible}
Proposition 5.5. If Y C X is closed, dim(X) > dim(Y) + codimy (X).

If X is a scheme and = € X is a point, let Y be the closure of the point.
Then we get
codimy X = codimy U

and so, by definition, codimy X = dim Ox . So we get dim(X) = supdim Ox .

Proposition 5.6. Let X be an integral scheme locally of finite type over a field
k. Then dim(X) = trdeg, k(z). If Y C X is closed, dim(Y") + codimy (X) =
dim(X).

67
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5.2 Normal Schemes

First of all, we recall the basic algebraic facts: an integral domain is integrally
closed (or normal) if every a € K in the quotient field integral over A belong to
A. Since a finite extension is integral, we get the following equivalence:

Lemma 5.7. A is normal if and only if every ring B contained in K and finite
over A is equal to A

Furthermore, being a unique factorization domain is a stronger property that
being normal:

Proposition 5.8. If A is a UFD, then A is normal.
Normality is invariant under localization:
Proposition 5.9. Let A be a domain and let K be its quotient field.

e If S C A\ {0} is a multiplicative subset and A is normal, then S™'A is
normal.

e Being normal is a local property.
The algebraic properties give rise to the following definition:

Definition 5.10. Let X be an irreducible scheme. We say that X is normal
if Ox p is normal for all p € X. A scheme is normal if it is a disjoint union of
normal irreducible schemes.

The second definition comes naturally from the first. In fact, let X be a
noetherian scheme with irreducible components Xy,..., X,. Let p € X; N X
be a point of X; then Ox ), has at least 2 distinct minimal primes, so Ox , in
not a domain. In order to be domains, we have to assume that X is a disjoint
union of its irreducible components and this gives rise to the second definition.

We recall this lemma:

Lemma 5.11. Let R be a normal domain. Then R[zy,...,z,] is normal.
Ezxample.
e If R is a normal ring, A%, P’ are normal schemes.

e Let A be the ring
_ Klz,
A=Kl y]/(yz )

Then its quotient field is contained in K (t), where t = y/x. However, ¢t is
integral over A but t ¢ A. Furthermore, the inclusion A C K[t] induces a
homeomorphism A}C — Spec(A). The same holds for the ring

Hot e - a4 )

Again, let ¢ be y/x in the quotient field. Then ¢ is integral over A but
t & A.
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e Let A be the ring

A=Ky, Z]/(Z2 o)

In fact, we have A, = K|z, z] and A, = K[y, 2], which are UFD. Denote
U = Spec(A;) C Spec(A4) and V' = Spec(4,) C Spec(A); then

UUV = (Spec(4) \ V(x)) U (Spec(4) \ V(y)) = Spec(4) \ V(z,y)

Since an ideal containing «, y must contain also z, we get UUV = Spec(A4)\
{(z,y,2)}.
Lemma 5.12. A=A, NA,=0UUYV)

Proof. Let K = K(z,z) = K(y,2) and y = 2% /x. So if f € A, N A,, then

f :Zaijxizj = Zbijyizj
T —

2 )

Jj=0 Jj=0
= E bijl‘_ZZQH—J

i

Jj=0

So we get a;; = 0 unless 2i +j > 0, therefore f is the sum of a polynomial
in x, z and a polynomial in y, z, as desired. O

Since A is intersection of two normal rings, it is normal, as we wish.

If the dimension of the scheme is low, we get the following:

Proposition 5.13. Let X be a locally noetherian integral scheme of dimension
< 1. Then X is normal if and only if for every closed points p € X Ox , is a
discrete valuation ring.

Proof. If X is normal, then Ox , is a local normal ring of dimension 1, so a
DVR. On the other hand, a DVR is in particular a PID and therefore it is
normal. O

Dedekind domains take an important role in this part of the theory:

Definition 5.14. Let A be a noetherian domain. A is a Dedekind domain if
A, is a discrete valuation ring for all p € Spec(A).

Lemma 5.15. Let A be a normal noetherian domain. Let I be an ideal of A,
g be an element of the quotient field K and suppose that gI C I. Then g € I.

Proof. Let B be the set {g€ K | gl CI} C K. If g € B, then we get the map
for 1T — I
T — gz
This gives a homomorphism

B — Homu(I,I)
g = fg
The map is injective since I # 0 and A is a domain. What’s more, Hom 4 (I, I)

is a finitely generated A-module. Since A is noetherian, B is finite over A; A is
normal, so A = B. O
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Theorem 5.16. A noetherian domain is Dedekind if and only if it is normal of
dimension 1.

Proof. Since being normal is a local property, we can check it on A,, p €
Spec(A). Since A is a Dedekind domain, A, is a DVR, so it is a PID and
so it is normal. Moreover, it is of dimension 1, since every localization is a DVR
(so it has dimension 1 and dim(A) = supdim(A4,)).

Let’s now suppose that A is a noetherian normal domain of dimension 1. We
have to show that A, is a DVR; equivalently, we have to prove that the max-
imal ideal 9 is generated by one element. By Nakayama’s Lemma, 9t # 92,
otherwise A, would be a field. So let f € 9/9M?; then A/(f) is artinian and
the nilradical is nilpotent. Therefore, there exists r € N such that 9" C (f). If
r =1 then (f) = M, concluding the proof. So let’s suppose that » > 2. In this
case, we want ot show that (f) 2 M"~L. Let a € M"~L. Then ad C M" C (f).
There are two possibilities:

o If (f~la)M = A, then there exists m € 90 such that am = f and this
gives a contradiction since f & I2.

o If (fta)M C A, then (f~1a)M C M. By the lemma 5.15, f~1a € A.

Theorem 5.17. Let A be a normal noetherian domain. Then

A= () 4

pESpec(A)
ht(p)=1

Proof. Let B = Nyy(p)—14p; then we have the inclusions A € B C K, where K
is the fraction field of A. By contradiction, assume B # A. Given f € B\ A,
we define the ideal

Ip={acAlaf A}

I is proper for any choice of f, since f € A; we can suppose that Iy is maximal
in the set of such ideals by the noetherianity of A. Then p = If is prime; in
fact, if ab € p, then abf € A. If bf € Athen b e p;if bf € A, a € Iy = Iy by
maximality of p and then a € Iy = p.

We notice that f ¢ A,; in fact if f € A, then f = a/s where s & p; by
assumptions, we would have sf € A which is absurd. So f ¢ A, and fp C A is
an ideal. There are two possibilities:

o If fpA, C pA,, we notice that A, is normal and noetherian. Applying
5.15 we get f € A, and this is absurd.

o If fpA, = A,, then pA, = (f~'). Therefore the maximal ideal of A, is
principal; then ht(p) = 1 and A, is a DVR. Since f € B and A, is a DVR,
then f € A, and this is absurd.

O

Corollary 5.18. Let X be a locally noetherian normal scheme and let Z C X
be a closed subset of codimension at least 2. Then O(X) — O(X \ Z) is an
isomorphism.
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Proof. Since the scheme is normal, every connected component is irreducible
and clearly it is enough to show the statement when X is connected. Normality
implies that the scheme is reduced, so X is integral. Then we know that the
restriction map O(X) — O(X \ Z) is injective

O(X) COX\ Z) = Mpex\zAp

Since Z has codimension at least 2, every p € Z has at least height 2. So
O(X\ Z) € Npy(py=14p = O(X)

proving the equality. O

Ezxample. We now give a counterexample to the theorem. We consider the set
A= {f=>az' € K[z,y] | a1 = 0} of polynomials with no linear terms; we
can view A as a K-algebra generated by

A= K[mQ,xy,yQ,CC?’JJQy, 559273/3]

A is not normal since A C KJz,y| is an integral extension. Let X be the
spectrum of A and consider the morphism of schemes m: A2 — X induced by
the inclusion A — Klx,y]. We notice that A2 = Kz, yl,2 = K[z,y],. If
we call U = X2, we obtain an isomorphism 7~}(U) — U. The same can be
obtained inverting y*; we get an isomorphism 7= (V) — V, where V = X.
Let p the maximal ideal (z,y)NA; then UNV = X\ {p}. 71 (X \{p}) = X\{p}
is an isomorphism and so 7 defines a homeomorphism between the topological
spaces. Moreover, since A C K|z,y] is finite, 7 is closed (as a map between
schemes). Let ¢ € X such that ht(q) = 1; then g # p since ht(p) = 2. Therefore

ﬂoX,q = ﬂOA%,q = K[‘T7y] 2 A

Definition 5.19. Let X be an integral scheme. A normalization of X is a
dominating morphism v: X — X such that X is integral and normal and for all
/Y — X dominating (with Y integral and normal) factors uniquely through

X
Y ———X
X
Clearly, if a normalization exists, it is unique up to a unique isomorphism.

Lemma 5.20. Let X be an affine integral scheme. Then X has a normalization
X.

Proof. Let X = Spec(A) and let A be the integral closure of A in its quotient
field. The inclusion A — A induces a morphism of schemes Spec(A) — Spec(A);

we want ot show that it is the normalization. Clearly, Spec(A) is integral
and normal and, as a corollary of the Cohen-Seidenberg theorem, the map

Spec(A) — Spec(A) is surjective (in particular dominating). Now, let ¥ be
a normal scheme and let f: Y — X be a dominating morphism. Since X is



CHAPTER 5. LOCAL PROPERTIES 72

affine, this corresponds to a morphism A — O(Y) (which is injective because
the morphism is dominating). We notice that O(Y) = Ngey Oy, € K(Y). Y
is normal and Oy, is normal for all ¢ and so the same holds for O(Y). By the
injectivity of the map A — O(Y), we get an inclusion map A - K — K(Y)
and so the inclusions A C A C O(Y'). This induces the diagram

concluding the proof. O

Lemma 5.21. Let X be an integral scheme and let v: X — X be a normal-
ization. Let U C X be a non-empty open subscheme. Then the restriction
v~ 1(U) — U is a normalization.

Proof. Let f: Y — U be a dominating morphism (Y normal), let X be the
normalization of X and U = v~}(U). The composite of f with the inclusion
U — X gives a dominating morphism Y — X since X is irreducible (U is
dense). Then we can factor it through X

Y —U—X

N\

and since the image is contained in U we get the desired factorization. O

In general, let X be an integral scheme and let U; be an affine open cover.
Then it is possible to glue the normalization of the open sets in order to obtain
the normalization scheme of X. So we obtain the following:

Theorem 5.22. Every integral scheme has a normalization X % X. Moreover,
v is affine and X is integral.

Ezxample.

e Let X be the scheme

Spec (K[%y}/(ys B :1:‘3)>

=A
Then the map
A — KJt
r s 2
Yy — 3

induces the normalization.
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e Let X be the scheme

Spe (K042 — 20 4 1))

=A
Then the map
A — Kt
r — t2—1

y — t3—t
induces the normalization.

e In A?% we glue the points (0,y) ~ (0, —y). So let A be the set
We obtain the ring B = K|z, y?, ry|, which is isomorphic to

Klu,v, w]/(u% u?)

Then A? = Spec(K|x,y]) is its normalization
A* S X
Let A! = Spec(K[u,v,w]/(u,w)) =~ Spec(K|[v]). Then we have an inclu-

sion map A! — X; however, it isn’t dominating, so it is not obvious that
a lift exists.

A2 T—»K[v]
Al — X K[Qﬁ,y]

Indeed, it can’t exists; the image of y? in K[v] is v and v is not a square
in K[v].

Theorem 5.23. Let X be a scheme of finite type over a field. Then X is finite

over X.

Clearly, it is an algebraic fact; it is enough to prove that if A is a finitely
generated domain over a field k, A is finite over A. We will prove the following
more general statement:

Theorem 5.24. Let A be a finitely generated domain over a field k; let K be
the quotient field of A. Let L be a finite extension of K. The normalization of
A in L is finite over A.

We need some preliminary results:

Lemma 5.25. Let L/K be a finite extension of field. Then trL/K: L = K is
not zero.
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Proof. Let R be a finite K-algebra and let K’ be an extension field of K. Let’s
call R = K' ®k R. Then, the trace map becomes trR// = trR/K ®Idg. Since
K/

L @x K = K™, we can take the first vector of the canonical basis e;. Then
trgn  (e1) = 1; this implies that trz, is not the zero map. O
/i VK

Lemma 5.26. Let A be a finitely generated domain over a field k and let K
be its quotient field. Let L/K be a finite extension and let x be an element of
L. Then there exists an element a € A such that axz € AL,

Lemma 5.27. Let A be a finitely generated domain over a field £ and call K
its quotient field. Let L/K be a finite separable extension of field and B the
integral closure of A in L. Then, given b € B, trr, (b) € A.

Proof. Let n = [L : KJ; fixed an algebraic closure K, there exist n linearly in-
dependent immersions o1, ...,0,: L — K that fix K. Then trL/K(b) =Y 0:(b)

is an element of K because it is fixed by these automorphism and it is integral
over A 0

Proposition 5.28. Let A be an integral normal noetherian domain, let K be
its fraction field and let L be a finite separable extension of K. Then the integral
closure of A in L is finite over A.

Proof. By Noether’s Normalization, there exist x1,...,x, € A algebraically

independent such that A is finite over k[x1,...,x,]. In particular, K is finite
over k(z1,...,x,). By the transitivity of integral extension, the normalization
of A in L coincides with the normalization of k[xy,...,2,] in L. So we may

assume that A is a polynomial ring and we denote the integral closure of A in
L with B
We consider the bilinear simmetric form on L:

B: LxL — K
(r9) — trr, (ay)

which is non-degenerate. We can choose a basis for L as a K-vector space given
by elements of B; in fact, given x € L, there exists an element a € A such that
ax € B and this keeps the set linearly independent. So let ey, ..., e, be a basis
of L over K of elements of B. The choice of these elements gives us the dual
basis ej € L and these elements have the property that S(e;,e}) = d0;;. Given
b € B, we can express it as a linear combination of the element of the dual basis

n
b= Z U; €5 u; € K
=1

Then tr(be;) = u;; € A; this means that B C > | Aef C L; since A is
noetherian, B is a submodule of a finite A-module an therefore it is finite over

A. O

We are ready for the proof in the general case:
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Proof of the Theorem 5.24. We have already seen the separable case; so we as-
sume that L is not separable over K. Then we can find a subfield F C L such

that
purely
inseparable separable

Then we can assume that L is purely inseparable over K. Let p = char(K). Let
€1,...€s € B be a basis of L over K. There exists m € N such that ¢! € K

for all 4. Since they are integral over A, we have efm € A= Klzq,...,2,]. The
Frobenius map gives an automorphism of L (¢ = p™)

— L
—  xd

8

1 1 1
so there exist f1 ..., fs € Asuch that e; = fi(z1,...,2,)9 = gi(z{,...24). Let
K’ be the subfield of L generated by the coefficient of the g;’s. Then K’ is finite
over K; let b € B. Then b can be expressed as

n
b= E a;e;
i=1

1 1

The ¢*" power of b is b7 = Y alf; which lies in K'[z{,...,z;]. This implies
1 1

that AC B C K'[z{,...,z] and so B is finite over A. O

Proposition 5.29. Let X be an integral scheme of finite type over K. Then
the set
{p € X | Oxp is normal}

is open in X.

Proof. Since it is a local property, we may assume that X is affine, so X =
Spec(A). Let K the quotient field of A and let A be the integral closure. We
consider the A-module M = A/A; we get the equality

{p € X |Ox,pisnormal} = {p € X | M, =0}
Since M is finite, the set {p € X | M,, = 0} is open. O

Corollary 5.30. Every reduced scheme of finite type over a field has a dense
open subset of points whose stalk is normal.

Proof. Tt is enough to apply the proposition to every irreducible component. [

5.3 Regularity and Smoothness

Let A be a local noetherian domain and let m be its maximal ideal. We know
that as a corollary of Nakayama’s Lemma, the dimension of m/m? over the
reisidue field coincides with the minimum number of generators of m. The
Krull’s Principal Ideal Theorem implies then that ht(m) < dim(m/m?).

Definition 5.31. A noetherian local ring is regular if the equality holds.
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It’s not hard to show that every regular ring is a domain; we assume the
following theorem:

Theorem 5.32.
e Any regular local ring is a UFD.
e Any localization of a regular local ring is a regular ring.
As a consequence, we can generalize the definition:

Definition 5.33. A noetherian ring is regular if A, is regular for all p €
Spec(A).

Clearly, we could have required the regularity of the localization for maximal
ideals; it would have been the same. The idea of regularity is equivalent to the
one given in classical algebraic geometry. For example, let R be the localization
of the polynomial ring of n variables at the maximal ideal (z1,...,2,). Let A
be the ring

A=Ty)

where f lies in (z1,...,2,) \ {0}. We know that dim(A) = n — 1; let’s call M
the maximal ideal of R and m the maximal ideal of A. Clearly m = M/(f); so
we get the exact sequence

Mi>M—>m—>O

Computing the tensor product — ® g R/M we get

M/M2 A, M/M2 -y 2—0

Since this is a sequence of k-vector spaces, looking at dimensions we obtain
that A is regular if and only if f ¢ M? if and only if it exists 7 such that
6%(0) # 0. Let’s generalize this reasoning. Let k be a field and let R be
klx1,...,2,]. Let A be the quotient R/I, where I = (fi,...,fm). Let p €
Spec(A) a maximal ideal such that A/p = k. So we can write p = M/I,

where M = (z1 — a1,...,2n, — a,) € R, is the maximal ideal. We have the
homomorphism
R™ — M
(al,...,am) — Zazfl

which give rise to the exact sequence
R™"— M —p
Again, the tensor product by k produces the sequence
kK" — M/Mz =M/ 2 =0

The matrix which represents the first map is (0f;/0x;); ;, which is the Jacobian
in a. So the dimension of m/m? is n —rk(J(a)). Then A, is regular if and only
if n —rk(J(a)) = dim,(X).

Let’s consider now the affine case. Let X = Spec(A) C A} and let p € X (k) be
a rational point. Let X1,..., X, be the irriducible components of X. Clearly, if
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p lies in the intersection of two irreducible components, then A, is not a domain;
in particular, it can’t be regular. Notice that the set

{p S Xz(k) | OX,P is regular} g Xl \ (Uj;éin)
so it is an open subset of X;. If d is the dimension of X;, we get
{p € X, | Ox,p is regular} = {p € X, \ (U;2:X,) | k(T (p) > n — d}

and this is open since is defined by non-vanishing of some minors of the Jacobian
matrix. So the set of regular rational points is open in the set of rational points.

Definition 5.34. A locally noetherian scheme X is regular if Ox , is regular
for all p € X.

We have just proved the following:

Proposition 5.35. Let X be a scheme locally of finite type over an algebraically
closed field K. Let X; be the set of closed point. Then the set

{p e Xi | Ox, is regular}
is open in Xj.

Theorem 5.36. Let A be a finitely generated K-algebra, where K is an alge-
braically closed field, and let X = Spec(A). Then the set of regular points is
open in X.

Proposition 5.37. Let X be a reduced scheme of finite type over an alge-
braically closed field K. Then X contains a regular point.

However, things are much more difficult if the field is not perfect. Let K be
a non perfect field and let « € K\ KP. Then we know that 2? — a € K[z] is
irreducible but the field

K'= K[x]/(xp_a) = K(/a)

is purely inseparable over K. Moreover, let X be Spec(K’); since K’ is a field,
X = {¢} and Ox is regular. However, the Jacobian matrix in (0) is the zero
matrix.

More in general, let X be Spec(A), where A = K{[z1,...,2,]/(f1,-.., fr) and
let p € X be a closed point. Then the extension k(p)/k is finite (Nullstellensatz);
chosen K an algebraic closure of K, we consider the fibered product

X = Spec(K) xx X = Spec(K @k A)

We notice that

Kog As Km0

and that the map Xz — X is surjective. There are two different ways to see
this:

e The map correspond to the integral extension A — A which is surjective
by the Going Up Theorem.
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e Being surjective is stable under base change:

Lemma 5.38. Given a cartesian diagram,

/
/f ’
X' —Y

if f is surjective then f’ is surjective.

Proof. Let ¢’ € Y and let ¢ be its image in Y through . Since f is surjective,
there exists p € X such that f(p) = ¢q. We get the diagram

/

pXqq q

N\ /

X/ N Y/

X—Y

/ AN

p q

and since p x, ¢ = Spec(k(p) ®x(q) k(¢')) and this is a tensor product over a
field, the fiber of ¢’ is non-empty by the commutativity of the diagram. O

Let p € Xg be a closed point that maps to the closed point p. Then
p € Xi(K), because K @ k(p) is a finitely generated K-algebra and it is
isomorphic to K.

Definition 5.39. Let X be a scheme over K. X is smooth at the closed point
p if X is regular at the closed point p.

Although the definition seems to depend on the choice of p, we can show
that it is independent on it. Let A = K[zy,...,2,] and X = Spec(A). Let
f=0,...,fr) € K[z1,...,z,] and let Ty = (9f;/0x;) be the Jacobian matrix.
Then, evaluating Jy at p, we get a matrix with values in k(p). If p be a closed
point in the fiber, then p is regular in X if and only if rk(J¢(p)) = rk(J¢(p)).
Since rk(J;(p)) = n — dim, X and A — A is an integral extension, we get
dim,(X) = dim; X and so the equality. So we have shown that smoothness
doesn’t depend on the choice of the point.

Theorem 5.40. Let X be a scheme over k of finite type and let p € X be a
closed point.

1. If X is smooth at p then Ox , is regular
2. If Oxp is regular and k(p)/k is separable then X is smooth at p

Corollary 5.41. If k is a perfect field, p is regular if and only if p is smooth.
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Example. Let k be a non-perfect field of characteristic p and let a be an element
of k\ kP. We consider the quotient

K = k[x]/(xp —a)

and let ¢ be the only point of Spec(k’). Then Spec(k’) is regular at £ but

X}, = Spec (E[x]/(xp - a)) ~ Spec (%M (x — u)”) ~ Spec (Em/ (x”)>

which is not a domain and therefore it can’t be regular.

Summing up, being smooth depends on the field; while regularity is a prop-
erty of the scheme, smoothness is a property of morphisms (X — Spec(k)).

5.4 Flat Morphisms

Proposition 5.42 (Baer’s Criterion). Let A be a ring and M an A-module.
Then M is flat if and only if for all [ ideals I ® 4 M — M is injective.

Let A be a domain, let f € A be a non-zero element.
0—=(f)— A
Computing the tensor product and using the isomorphism (f) ~ A, we obtain
M~ (f)®a M — M

and so being flat implies being torsion free.

Proposition 5.43. Let A be a principal ideal domain and let M be an A-
module. Then M is flat if and only if it is torsion free.

Proposition 5.44. Let M be a flat A-module and let B be an A-algebra. Then
B ®4 M is flat over B.

Proposition 5.45. If S C A is a multiplicative system and M is an S™'A
module, then M is flat over S™!A if and only if M is flat over A.

Proposition 5.46. Let M be an A-module. The following are equivalent:
e M is flat over A
e M), is flat over A, for all maximal ideals p

Corollary 5.47. Let A be a Dedekind domain. Then M is flat if and only if it

is torsion free.

Proposition 5.48. Let B be a flat A-algebra and let M be a flat B-module.
Then M is flat over A.

Definition 5.49. Let M be an A-module. M is faithfully flat if, given a ho-
momorphism N’ — N,

N ®4 M — N ®4 M is injective <= N’ — N is injective
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Proposition 5.50. Let M be a flat A-module. The following are equivalent:
1. M is faithfully flat
2. If N is an A-module, M @ 4 N =0, then N =0
3. For all maximal ideals 9%, M # MM

Proof.

(1) = (2) Given the zero homomorphism N — 0, tensorizing by M we obtain the
homomorphism M ® 4 N — 0 which is injective. Then N = 0.

(2) = (1) Let ¢: N’ — N be a homomorphism of ring and assume N'@M — N@M
is injective. Ker(y) becomes zero if tensorized for M and then Ker(yp) = 0.

(2) = (3) We consider the A-module M/9M. We know it is isomorphic to the
tensor product M ® A/9M; since A/ # 0, we obtain MM # M.

(3) = (2) Since M is flat, a submodule N’ C N corresponds to the submodule
N'®@ M C N® M of the tensor product. So it is enough to prove that for
all the ideals I € A hold M ®4 A/I # 0. Let I be an ideal and let 9t be
a maximal ideal containing I. Then the homomorphism

AL

correspond to the homomorphism

M= Manar
and M/IM =M ® A/I # 0.
]

Proposition 5.51. Let A — B be a flat homomorphism. The following are
equivalent:

1. A — B is faithfully flat
2. Spec(B) — Spec(A) is surjective
3. The image of Spec(B) in Spec(A) contains all the maximal ideals of A

Proof. Let ¢: A — B be a homomorphism of rings and let f: Spec(B) —
Spec(A) be the corresponding morphism of schemes. Given p € Spec(A), we
know that

F71(p) = Spec(B @4 k(p))

is the fiber. If f is surjective, then B ® k(p) # 0 for all maximal ideals p and so
o is faithfully flat. Viceversa, if ¢ is faithfully flat, the ring B® k(p) is non-zero
and so the fiber is non-empty. It is clear that we can check these condition on
maximal ideals. O

Proposition 5.52. Let ¢: A — B be a ring homomorphism. Then ¢ is flat if
and only if for all ¢ € Spec(B) the map A, — By is flat.

Proposition 5.53. A flat local homomorphism of local rings is faithfully flat.
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Proposition 5.54. A faithfully flat homomorphism is injective.

Proof. Let Ker(¢) C A. Then we get the homomorphism Ker(¢) — 0 and the
induced Ker(¢)® B — 0. We notice that Ker(¢)®4 B = Ker(B — B4 B) =0,
so Ker(p) =0 O

Proposition 5.55. Let 0 — M’ — M — M"” — 0 be an exact sequence
of A-module. Let N be an A-module and assume that M" is flat. Then the
sequence

0> N@AM ->NAM—->Nsg M =0

is exact.

Proof. Tt follows from the properties of the derived functor Tor. There’s also a
more elementary proof using the Snake Lemma. O

Proposition 5.56. Let M be a finitely generated flat module over a local
noetherian ring. Then M is free.

Proposition 5.57. Let A be a noetherian ring and let M be a finitely generated
A-module. The following are equivalent:

1. M is projective

2. M is flat

3. M, is free Vp € Spec(A)
4. M, is free Vp € Specm(A)

We can prove the following theorem using the concept of faithfully flat modules.
We recall that given X = Spec(A), the structure sheaf is defined as

Ox(U) = {5: U = LA, | 5(p) € A,%p € U and s et sy |

Theorem 5.58. Let A be a commutative ring. Then the map

¢p: A —s I'X,0x)
a — (pr—a/leAy)

is an isomorphism.

Proof. Clearly, the map A — I'(X,Ox) is injective: if a/1 = 0 in A, for all
p, then a = 0. Let’s show surjectivity. Let s € T'(X,0). Given an open cover
X = UX;, we get an injective homomorphism I'(X, O) — [[T'(X;, O); we can
assume that each open set is of the form Xy, f € A, and, by definition of the
sheaf, we can choose the f;’s to be elements such that s comes locally from an
element of one of the Ay,. We get the diagram

0 A BAy,

00— I'(X,0) = [[T(Xy,,0) — [IT(Xy,4,,0)
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We can continue the sequence and obtain the diagram

0 A @Afi @Af'i fi

0———— F(Xa O) - HF(Xwa) — HF(Xfifj7O)

By the requirement made on the open cover, is enough to show that the sequence
0= A — > Ay — > Ajpy is exact. Let B = [[ Ay,; the homomorphism
A — B is faithfully flat since it is flat and the map on the spectra is surjective.
Moreover, Ay, ®4 Ay, = Ay,y, and so [[ Ay, 5, = B®a B. The corresponding
map is
Yv: B — B®a B
b — b®1-1®b

The thesis follows from the following proposition:

Proposition 5.59. Let ¢: A — B be a faithfully flat homomorphism. Then
the sequence

05A5BY BoaB

is exact.

Proof. First, assume that there exist £: B — A such that £ o = Id4; then ¢ is
injective. Moreover, let b € B such that b® 1 =1 ® b. Then £ induces the map

¢@ld BeaB — A®aB~B
by ®by +— 5(61) ® by =~ (p(g(bl))b2

Therefore, we obtain
b1=1b=£(xI1db®1)=£(x1d(1®b) = p(&((b)) =0b

and b € Im(yp). we have shown in this way that Im(y) D Ker(¢)); since the other
inclusion is trivial, we get the equality and the exactness of the sequence.

We now want to show that we can always reduce to this case. Let f: A — A’
be a homomorphism of rings and let B’ be the tensor product A’ ® 4 B. Then

A ®4 (B®a B) ’:(A/ ®4 B) ®a (AI(X)A B) ~ B ®@a B’

This means that, from the homomorphism B — B ® 4 B, we obtain the homo-
morphism

B — B’ X At B’

bV o— Vel1-10V
by applying the functor A’ ® 4 -. The consequence of this reasoning is that we
can reduce to the previous case if we can find a faithfully flat map A — A’ such
that A" — B’ admits a section. We have an easy choice: A’ = B. O

So s € Im(¢) and this concludes the proof. O

Definition 5.60. Let f: X — Y be a morphism of schemes. Then f is flat if
for all p € X the map Oy s,y — Oxp is flat. We say that f is faithfully flat if
it is flat and surjective.
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In the affine case, the definition implies that the corresponding homomor-
phism of rings is flat.

Proposition 5.61. Let f: X — Y be a morphism of schemes. The following
are equivalent:

1. fis flat

2. For every U C X, V C Y open affine subsets such that f(U) C V,
O(V) = O(V) is flat

3. There exist open affine covers X = UU;, Y = UV; such that f(U;) C V;
and O(V;) — O(U;) is flat.

Corollary 5.62. Let f: X — Y be a morphism of finite type. Then f is flat if
and only if for every closed point ¢ € Y and for every closed point p € X, f is
flat at p.

Proof. We can assume that X,Y are affine and f: X — Y corresponds to a
homomorphism of rings ¢: A — B. By hypotesis, for every maximal ideal
m € Spec M (A) the localization ¢, : A, — By, is flat; since being flat is local,
we get the thesis. O

Proposition 5.63. Flatness is closed under composition, base change and it is
local on the domain.

Proof. First, we show the statement about composition. Let X i) Y %4 Z be
flat morphism; then
Ozgw) = Ovifp) — Oxp

is a flat homomorphism of ring since the composition of flat homomorphism is
flat.
We now want to deal with the base change.

Y
X — X

il

!
—Y
Y‘P

We want to show that if f is flat, so f’ is. We can assume that X,Y,Y” are
affine, so

X =Spec(4) Y =Spec(B) Y’ =Spec(B') X' =Spec(A®4 B’)

Since by hypotesis the homomorphism B — A is flat, B’ -+ A®p B’ is flat and
this is true. O

Corollary 5.64. Being faithfully flat is stable under base change.

Lemma 5.65. Let A L B % C' be homomorphisms of rings and assume that
go f is flat and g is faithfully flat. Then f is flat.
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Proof. Let M, M’ be A-modules and let ¢: M — M’ be an injective homomor-
phism. We want to show that ¢ @Id: M ® 4 B — M’ ® 4 B is injective. We call
N = Ker(p ® Id). Tensoring by C, we get the sequence

03 NRC —-M®sC — M ®,4C

Since g o f is flat, the second map is injective and therefore N ® g C' = 0. Since
g is faithfully flat, N = 0 and therefore ¢ is injective, as wished.
O

Proposition 5.66. Given the cartesian diagram

If 4 is faithfully flat and f” is flat, then f is flat.

Proof. Let p € Y'. Since 1 is surjective , there exists ¢ € X such that ¥(q) =
f(p). Then we get the following diagram:

P
pXq——DP

il

qTf(p)

Let x € p X q; considering the stalk, we get

f#
Oy, rp) = Oy p

d,#‘ %#

OX,q E’ OX’,z

Then ©# o f# is flat and p# is faithfully flat: this implies that f# is flat, as
desired. O

Proposition 5.67. Let f: X — Y be a morphism of integral schemes. If f is
flat then f is dominant.

Proof. Let & be the generic point of X. Then
Ov.je) = Ox.¢ = K(X)

is flat and local and therefore injective. This implies that Oy, () is a field and
so f(&) is the generic point of Y. O
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Proposition 5.68. Let f: X — Y be a flat morphism of schemes and suppose
that X is noetherian and Y irreducible. Then each component of X dominates
Y.

Proof. By deleting the other components, we can assume that X is irreducible.
Let & be the generic point.

Ov,re) — Ox.e

The homomorphism is flat and local and therefore injective; furthermore, Ox ¢
is artinian. This implies that m¢ is nilpotent and therefore m ) is nilpotent.
Then dim(Oy,f)) = 0 and so f(&) is the generic point. O

Proposition 5.69. Let f: X — Y be a morphism of scheme. Suppose X is
noetherian and reduced and Y be regular, irreducible of dimension 1. Then f
is flat if and only if every irreducible component dominates Y.

Proof. We have already proved one implication. So, assume that every irre-
ducible component of X dominates Y and let p € X. Denoting by g € Y the
image of x, we get

[Oo Oyﬂ — OX,p

If ¢ has dimension 0, then Oy is a field and so the morphism is flat.

If ¢ has dimension 1, then Oy,4 is a DVR. Call R = Oy, and A = Ox . It
is enough to prove that A is a torsion free R-module. Let pq,...,p, be the
minimal primes of A. Then ¢~ !(p;) = 0 since every irreducible component of
X dominates Y and therefore ¢ is injective. It is enough to show that every
non-zero element of R maps to a non-zero divisor in A. By hypotesis, A is
reduced and the zero divisors are the union of the minimal primes and so A is
flat, since it is torsion free over a PID. O

Example. We consider the morphism of schemes induced by

Klo) — a=Fll,
x — xT

y?, 1Y)

A is not torsion free over k[x] since y # 0 and xy = 0 and therefore it isn’t flat.

Example. We consider the normalization morphism induced by

_ Klz,

A= [x y] (yQ _ $2($+ 1)) — K[t]
T — 2 -1
Y — 3 —t

This map is not flat; in fact, let m, = (z,y). The map
Am, — K[z]m,
is finite and
f~1(p) = Spec (K[t]/(tz _ 1)) = Spec(K) U Spec(K)

We now consider N with the lower-semicontinuous topology, so that the sets
(n, 00) are open.
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Proposition 5.70. Let A be a noetherian ring and let M be a finite flat module.
Then the map
Spec(A) — N
D —  dimy,) M @24 k(p)

is locally constant.
In order to show this result, we need to do some work:

Proposition 5.71. Let A be a noetherian ring and let M be a finitely generated
A-module. For all p € Spec(A), there exists an open neighbourhood U of p such
that rk,(M) < rk,(M) for all g € U.

Proof. Let n = rk,(M); this means that there exist 1,...,2, € M such that
(i)ps - -+, (%), generate M, as an A,-module. Let ¢ be the map

p: A" — M
€; — x;
and let @ be the cokernel. Since @), = 0 and @) is finitely generated, there exists

f € A\ p such that fQ = 0; therefore @y = 0. The map A’ — My is surjective;
so for all ¢ € Xy A} — M, is surjective and rkq(M) < n. O

Proposition 5.72. Let A be a noetherian ring and let M be a finitely generated
A-module. The following are equivalent:

1. M is flat
2. M is projective
3. M, is a free A,-module for all p € Spec(A)

4. There exist fi,..., f, € A that generate the unit ideal such that My, is a
free Ay, module for all 4

Proof.

(3) = (4) Let p € X = Spec(A) and assume M, = A} and choose z1,...,7, € M
such that (21)p, ..., (zn)p is a basis for M, (Nakayama’s Lemma). We get
the following exact sequence

0—K— A" — M —Q—0
€; — X;

we know that K, @ are finitely generated and K, = @, = 0. This means
that there exists f € A\ p such that Ky = Q5 = 0 and so A? ~ My.
By the quasi-compactness of the spectrum, we can cover X with finitely
many Xy.

O

Corollary 5.73. Let A be a noetherian ring and let M be a finitely generated
flat A-module. Then p +— rk,(M) is locally constant.

Unfortunately, the converse doesn’t hold. For example, consider the ring
A= Klx]/(z%) an M = K as an A-module. Since it is local of dimension zero,
there is only one prime ideal and so the function is locally constant; however, is
isn’t flat.
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Lemma 5.74. Let A — B be a homomorphism of ring and let ¢ € Spec(B).
Then rkqe(M) = rkq(M ®4 B).

Proposition 5.75. Let A be a reduced noetherian ring and let M be a finitely
generated A-module. If the map p — 7k, (M) is locally constant, M is flat.

Proof. Let p € X = Spec(A). We want to show that M, is free over A4,. We
can assume that A is local reduced and p is its maximal ideal. Let n = rk,(M);
we get the following exact sequence:

0—-K—-A"—M—0

Since A is reduced, the intersection of the minimal primes pq, ..., p, is zero and
A, are fields, since they are artinian and reduced. For all 7, localization give
rise to the exact sequence

0— Kp, — Ay, = My, — 0

and My, is free of rank n on Ay, ; therefore K, = 0 for all ¢. Clearly, for all
we have an inclusion map
©;: A— Api

and the kernel is contained in p;; in fact, the kernel is the set Ker(yp;) =
{a € A|3s € A\ p; s.t. sa=0};since 0 € p; and s & p;, this implies a € p;. So
the function

A— A, A, &.. 4,

is injective. In particular, we get a map A™ — @A} ; by restriction,

KKy, oK, ok,

=0

and so K = 0. O

Proposition 5.76. Let A be a Jacobson noetherian ring and let M be a finite
A-module. If the map

SpecM(A) — N
P — dimk(p) M ® k(p)

is locally constant, then the extension to the prime spectrum is locally constant.

Proof. First of all, we notice that Spec(A) is connected if and only if Spec M (A)
is connected. We can assume that Spec(A) is connected. Let p € Spec M (A)
and let n € N be its image. Then the set S = {g € X | rky(M) <n—1} is
closed in X; since Spec M (A) is dense in every closed subset, either S = () or
there exists ¢ € Spec M (A) such that rk, M = n — 1. Since the rank map is
constant on Spec M (A), the second is impossible and therefore S = §. O

Let f: X — Y be a finite map and suppose that Y is locally noetherian and
that X,Y are affine. Then for all ¢ € Y f~'(¢q) = Spec(A,) and A, is a finitely
generated k(g)-algebra; in particular, A, = A ®p k(¢) and in a certain sense
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this counts the number of points in the fiber, counted with multiplicity. For
example, let p € K[t] and consider the homomorphism of rings

K[z] — KJi]
x  — p(t)

It induces a morphism f: A' — Al'; in this case, K[t] is free over K[z] and so f
is flat. If ¢ = (z — a) € AY(K)

£ = spec M) )

which has dimension deg(p) over K. Summing up,we have shown that if f: X —
Y is a morphism of schemes, where Y is locally noetherian and f is flat, then
the map g — dimyq) A, is locally constant. Viceversa, if X is reduced and the
map is locally constant, f is flat. Note that a normalization is almost never
flat. For example, let Y be the spectrum of K[z,y]/(x® — y?) and let X be its
normalization. Then f~!(x,y) = Spec(K[t]/(t?,+3)) = Spec(K[t]/(t?)) which
has dimension two over K; however, the other fibers have dimension one.

Another example of a non-flat morphism is the morphism induced by the map

Klu,v] — Klz,y]
U — x
v — Ty

which is a dominant morphism of integral, noetherian, regular schemes. This
can’t be flat since the restriction to the horizontal line is not flat:

7 (Spec (K[u’v] (v))) ~ Spec (K[I’ y]/(xy))

and the map

Klz,yl,

K] ()

—
u o — x
is not flat (it isn’t torsion free).

Theorem 5.77. Let f: X — Y be a morphism of locally noetherian schemes.
Given p € X, let ¢ = f(p) and let X, = f~!(q) = Spec(k(q)) xy X be the fiber.
Then

dim qu,p Z dim Oxyp — dim OY,q

If f is flat, equality holds.
Let A be Ox 4 and B be Oy,; then

Op-1(g)p = Ovyp @0, k(9) = Brmg
So the proof of the theorem is equivalent to the one of the following lemma

Lemma 5.78. Let f: A — B be a local homomorphism of local noetherian
rings. Then

dim (B/m B) > dim(A) — dim(B)
If f is flat, equality holds.
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Theorem 5.79. Let f: X — Y be a morphism of locally noetherian regular
schemes. If
dim OXq,p Z dim Ox’p — dim Oy’q

for all p € X, then f is flat.

Theorem 5.80. Let f: A — B be a local flat homomorphism of noetherian
local rings.

e If B is regular, then A is regular
e If B is normal, then A is normal

Proposition 5.81. Let f: X — Y be a faithfully flat morphism of locally
noetherian schemes.

e If X is regular, Y is regular
e If X is normal, Y is normal.

Proposition 5.82. Let f: X — Y be a morphism of locally noetherian schemes
and assume
dim Of—l(p)7q = dim OX,q — dim Oym

then f is faithfully flat.

Recall that the map f: Xj — X is always faithfully flat; furthermore, if
p € X is closed, every q € f~1(q) is closed.

Proposition 5.83. Let X — K be a zero dimensional scheme locally of finite
type. Then X has the discrete topology X = UX; and each X; is the spectrum
of an Artinian local ring A;.

Proof. Let U = Spec(A) be an open affine subset; then A is 0-dimensional
noetherian K-algebra and therefore U has the discrete topology. Since U is
open, every point is open in X and X has the discrete topology. Therefore
X = Upex Spec(Ox ;) and this gives the thesis. O

Proposition 5.84. Let K’ be an extension field of K and assume X — Spec(K)
is locally of finite type. Then X is smooth over K’ if and only if X is smooth
over K.

Proof. Let K be the algebraic closure of K in K’. We get the diagram

XK/ XI_(

N\ /

Spec(K') — Spec(K)

/ AN

XKl X




CHAPTER 5. LOCAL PROPERTIES 90

and we know that X is smooth if and only if Xz, is regular. This implies
that X is regular by faithfully flatness and this is equivalent to say that X is
smooth.

Viceversa, assume that X is smooth and affine, so X = Spec(A). Since X is
regular, Ox , is a domain for all p € X and therefore X = LIX;, where every
X is integral. As a consequence, we can reduce to the case of X reduced and
irreducible, so A is a domain of dimension d. Since it is locally of finite type,

A:K[m1,~-~=$"}/(f1,...,fr)

and therefore X C A% . The Jacobian Criterion gives us the equivalence
X smooth <= Vp € X closed, tkJs(p) =n—d

We have to prove that the dimension of every irreducible component of X/
is d. We call ¢ the projection Xz, — X. By base change, we know that
o Y(p) = Spec(k’ @ k(p)). If p is closed, we know that k(p)/k is finite and
therefore ¢ ~!(p) is artinian: this implies that all points ¢ € ¢ ~!(p) are closed.
So dim Oy-1(p) o = 0 and since the map is flat we get the equality dim Ox ) =
dim Ox,, 4. We want now to prove that dim Ox ., , = d forall p € X closed. K’
is trascendent over K and so K’ ® A is a finitely generated domain over K’ and
therefore every maximal ideal has the same height. This gives the thesis. O

Definition 5.85. Let f: X — Y be a morphism of schemes and assume Y is
locally noetherian. We say that f is smooth if f is locally of finite type, flat
and for all ¢ € X, f~1(q) is smooth over k(q).

Proposition 5.86. Being smooth is stable under base change, composition and
it is local on X.

Definition 5.87. A morphism of schemes f: X — Y is étale if it is smooth of
relative dimension zero (the fibers are zero-dimensional).

For example, let X = Spec(K[t]) and let Y = Spec(K|[z]). Let f(t) be a
non constant polynomial and consider the morphism of schemes induced by the
homomorphism

K[z] — K]t
x o f(t)

This morphism is flat since K[t] is free of rank deg(f) over K[z]. We can see
K|t] as the ring K|z, t]/(xz — f(t)); then, given p € Y,

f~'(p) = Spec (K[t’x] (z — f(t)) OK) k(p))
If p is the generic point of X, then k(p) = K(X); so
f~H(p) = Spec (K 1] (z — f(t)) @Kla) K(X )) = Spec (K(z)m/ (z—f (ﬂ))
Since z — f(t) is irreducible, f~1(p) is smooth if and only if (f/(t),z— f(t)) = (1)
if and only if f/(¢t) # 0 (we are assuming that char(K) = 0 or char(K) > 0 and f

separable) if and only if k(t)/k(x) is separable. The morphism A} \ V(f/(t)) —
AL is etale.
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Theorem 5.88. Let f: X — Y be a locally of finite type morphism and assume
that Y is locally noetherian. The map

X — N
p o dim,(f1(f(p)))

is upper semicontinuous.

Proposition 5.89. Let f: X — Y be a morphism of schemes and assume that
X, Y are locally of finite type over k. Suppose that for all closed points ¢ € Y
the fiber X, = f~1(q) is smooth at its closed points. Then f is smooth.

Proof. We have shown that under these hypotesis the map is flat. Furthermore,
we know that X, is smooth if (X,)z is regular at its closed points. Therefore
X, is smooth for every closed point ¢ € Y. We can assume that X, Y are affine.
So we can consider a homomorphism g: A — B. Let g € Spec(A4). We have to
show that f~1(q) = B ® k(p) is smooth over k(p), or equivalently that

FH @5gy = B®k(p) ® k(p) = B ®a k(p)

is regular. By hypotesis, B ® k is regular and k(p)/k is not algebraic; by the
previous proposition, f~1(q) is regular, as wished. O]

Suppose that K is an algebraically closed field and let X be a scheme locally
of finite type over K. Let p € X(K) be a rational point.

Definition 5.90. The tangent space of X at p is

T,X = (mp /m2>
p

Let f: X — Y be a morphism and let g be the image of p. This induces a
morphism over the cotangent space:

I mQ/mg — mp/mi
So we get a map between the tangent spaces, the differential:
dp(f) = (f")": T,X — T,Y

For example, if X = A} and p = (x1 —a1,...,2, —ay), TpA} has a basis formed
by (9/0z;)(a)
Observation 5.91. In the case of a composite, d(fg), = dgs(y) © dfp.

Proposition 5.92. Let f: X — Y be a morphism of schemes and let p € X (K).
J
Let ¢ be the image of p and let X, = f~1(¢) C X. Then we get an exact sequence

afy
05 T,X, — T,X 1y

Proof. Let A= Oy, B=0Oxyp and C = Ox, , = B/maB. So it is enough to
show that the sequence

mA/mzA — mB/sz — mC/m2C —0

is exact. O
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Let X C A™ be a closed subscheme. Then

X = Spec (K[x17""$"]/(f17...,fm))

and let p be a rational point of X. We can consider the map ¢: A" — A™
induced by the homomorphism

Klzy,...,2m] — Klz1,..., 2]

Then f~1(0) = X and dim7,X = n — rk(df,) = n — rk(JT¢(p)).

Proposition 5.93. Let K be an algebraically closed field and let f: X — YV
be a morphism of schemes over K. Assume that X,Y are regular and for all
p € X consider the map df,: T, X — Tj,)Y. Then

e [ is smooth if and only if Vp € X the map df), is surjective
e [ is étale if and only if Vp € X the map df, is an isomorphism

Proof. We know that f is flat if and only if for all closed points p € X we have
the equality dim, f~1(f(p)) = dim, X + dimy(,) Y. Therefore, f is smooth if
and only if the fibers are regular and

dim, £~ (f(p)) = dim, X + dimy(,) Y

We know that dim T, f~'(f(p)) > dim, f~'(f(p)) and we have the equality if
and only if f~1(f(p)) is regular at p; since the field is algebraically closed, this
holds if and only if f=1(f(p)) is smooth at p. Therefore, f is smooth if and only
if
dim T, f 7' (f(p)) = dim, X — dimy(,) Y = dimT,X — dim 7,V

and this is equivalent to say that df, is surjective.

Notice now that a map is etalé if and only if the fibers have dimension zero and
therefore the second statement holds. O



Chapter 6

Coherent Sheaves and
Cohomology

6.1 Quasi-Coherent Sheaves

Definition 6.1. Let (X, Ox) be a ringed space. A sheaf of Ox-modules is a
sheaf of abelian groups F' togheter with a structure of Ox (U)-module on F(U)
for all U C X open subsets such that if V' C U is an open set and s € O(U),

feFU), weget (fs)lv = flvs|v.
Ezxample.
1. Given a sheaf Oy, every sheaf of ideal is an Ox-module.

2. Let X be a topological space, Y a closed subspace and let Cx be the
sheaf of continuous functions. For every open set U, we define the ideal
Iy (U) ={f € Cx | fluny = 0}; this gives a sheaf of Cx-module.

3. Let X be a C*° manifold. The sheaf QfX of i-forms on X is a sheaf of
C%-modules.

We notice that if f: (X,O0x) — (Y, Oy) is a morphism of ringed spaces and
F is a sheaf of Ox-modules, f,F' is naturally a sheaf of Oy-modules. We can also
define presheaves of Ox-modules and they form a category. Furthermore, they
are an abelian category: in fact, given a morphism of presheaves of O x-module
@: F' — G, the kernel, the image and the cokernel have a natural structure of
presheaves of Ox-modules. Sheaves of Ox-modules define a full subcategory;
moreover, the following holds:

Proposition 6.2. Let I be a presheaf of Ox-modules. The sheafification F'*"
has a unique structure of sheaf of O x-modules such that F — F*" is O x-linear.
If F — G is an Ox-linear morphism and G is a sheaf of Ox-modules, then
Fsh — G is Ox-linear.

As a corollary, the category of Ox-modules is abelian.
Let X = Spec(A) be an affine scheme and let M be an A-module. We want to
construct a sheaf M of Ox-modules on X. We want this construction to be in

93
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a certain sense natural, so that if M = A we obtain A = Ox. As in the case of
the structure sheaf on the spectrum of a ring, we consider the presheaf

MU) = {s: U = Uyeuy M, | s(p) € M,, ¥p € U}
We define

ngU }

M={seM|vpeU3fecAmeM st
{s | Vp / m fs {qust(q):mquq

This is a subsheaf of Z\:4(U) of Ox-modules.
Proposition 6.3. Let p € X. Then the map
Mp — M,
[s] +—— s(p)
is an isomorphism.

Lemma 6.4. Let f: A — B be a faithfully flat morphism and let M be an
A-module. Then the sequence

M®AA—>M®AB—>M®AB®AB
is exact.

Proposition 6.5. The map

is an isomorphism.

Operations on Ox-modules Let (F});c;r be a collection of Ox-modules.
Then the product [] F; is an Ox-module. The direct sum Y F; C [[ F; is an
Ox-submodule. They have the usual universal property.

We can also define the tensor product. Let F, G be sheaves of Ox-modules. For
every open set U, we define

(F®ox G)(U) =F({U)®oyw) GU)
If V C U, then we have a bilinear map
FU)xGU) — F(V)xGV) — F(V)®owv)G(V)
By the universal property of the tensor product, we get the restriction map
FU)®@oyw) GU) — F(V) @0y ) G(V)

This gives a presheaf F®e, G; we define the tensor product F ®p, G to be its
sheafification.

Proposition 6.6. Let p be a point of X and let F,G be Ox-modules. Then

(F ®ox G)p = Fp ®ox,, Gp
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Proposition 6.7. Let A be a ring and let M be an A-module. If F' be a sheaf
of Ox = Ogpec(a)-modules then there is an isomorphism

Homo, (M, F) — Homo, (x)(M, F(X))

Proof. First, we want to show injectivity. Let ¢: M — F(X) be an Ox(X)-
linear map and let p € X. We get the diagram

I\

M, —— F,

and since the factorization of M — F), to M, — F} is unique, we get injectivity.
We now want to show surjectivity. Let U C X be an open subset; we get a
map M(U) — F(U). Let s € M(U); then s: U — UM, — UF,. We claim
that the image of s is contained in F'(U) C UF,. Since it is a local problem,
we can assume U = Xy and s € My. The thesis follows from the commutative
diagram:

M*)F(X)*)F(Xf)

O

Definition 6.8. A sheaf of Ox-modules is quasi-coherent if it is isomorphic to
one of the form M.

We have the following criterion to determine if a sheaf of Ox-modules is
quasi-coherent:

Proposition 6.9. Let F' be a sheaf of Ox-modules. The following are equiva-
lent:

1. F is quasi-coherent

2. Forall f € A, F(X); = F(Xy) is an isomorphism
3. Forall pe X, F(X), — F}, is an isomorphism

We have also shown that

Proposition 6.10. Let ¢: M — N be a homomorphism of A-modules. Then
there exists a unique ¢: M — N morphism of Ox-modules such that the fol-
lowing diagram commutes
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The proposition defines a functor from A-module to O x-modules and it gives
an equivalence between A-modules and quasi-coherent sheaves on X.

Proposition 6.11. The functor is exact: if M’ — M — M" is exact, then
M — M — M" is exact.
Proof. Tt is enough to check on the stalks. O

Corollary 6.12. Let p: F — G be a morphism of quasi-coherent sheaves on
X. Then Ker(p), Coker(y), Im(p) are quasi-coherent.

Proposition 6.13. Let (M;);c; be A-modules. Then E/B\]Z ~ ®M,;.

Proof. By sheafification, we get a map @M; — ['(X,@M;). By passing to
stalks, we obtain a map (&M;), — &(M;), which is clearly an isomorphism for
all p. 0

Corollary 6.14. Direct sums of quasi-coherent sheaves are quasi-coherent.

Proposition 6.15. Let M, N be A-modules. Then M/EG?A/N ~ M R0y N.

Proof. By definition of the tensor product, we get amap M@N — I'(X, M®o X
N). On stalks we obtain a map (M ® N), - (M ®o, N), and they are both
isomorphic to M, ®a4, N,. O

Corollary 6.16. Tensor products of quasi-coherent sheaves are quasi-coherent.
Quasi-coherent sheaves are closed under the operations that commutes with

localization. For example, it doesn’t commute with infinite product.

Ezample. Let X = Spec(k[t]) be the affine line; then the sheaf of Ox-modules
O = [[ Ox is not quasi-coherent. In fact, if we consider the stalk on 0, we get

K[ty — (O%)o

The map is not surjective: the element

(i) e

because the powers of the denominators are not bounded (the tensor product
allows only finite sums!).

Notice that we have a bijection between quasi-coherent sheaves of ideals and
ideals in A. Not all sheaves of ideals define a quasi-coherent sheaf:

Ezample. Let X = A} be the affine line an consider the collection of ideals
I, = (t") C k[t]. Then (NI;)(U) = N(I;(U)) defines a sheaf of ideals; however
it is not quasi-coherent. Indeed, (MnL,)(X) = N(t") = (0), while (NI,)(X;) =
O(Xy), since I,(X:) = O(X:) for all n.

Proposition 6.17. Let X = Spec(A) be an affine scheme and let U C X be
an open affine subscheme. Let F' be a quasi-coherent sheaf on X. Then F|y is
quasi-coherent.



CHAPTER 6. COHERENT SHEAVES AND COHOMOLOGY 97

Proof. Let B = O(U); the inclusion U — X induces a homomorphism of rings
A — B. Furthermore, we know that for each p € U the map on the stalks
A, — B, is an isomorphism. Called M = F(X), we want to show that F|y =

M ®4 B. We have the composite map
M — F(X) — F(U)
By extension of scalar, we obtain a homomorphism of B-module
M®a B — F(U)

and our purpose is to show that it is an isomorphism. Localizing at p € U, we
get

(M ®a B)p ~ M, FU), ~ F, ~ M,
and this concludes the proof. O

Proposition 6.18. Let X = Spec(A) be an affine scheme and let F' be a sheaf
of Ox-modules. Let X = UX; be an open affine cover and assume that F|x, is
quasi-coherent. Then F' is quasi-coherent.

Proof. Since X is quasi-compact, we can assume that the cover is finite. We
can reduce to the case X = X3 U X5 and Flx, = MO,F|X1 = M1 are quasi
coherent. Since the restriction of a quasi-coherent sheaf is quasi-coherent and
affine schemes are separated, we can take a module N such that N=F |x0nx; -
We get the maps My — N and My — N. We call M the pullback of these
maps; then M ~ F(X) and therefore F' = M. O

Corollary 6.19. Let X be a scheme and let F' be a sheaf of Ox-modules. The
following are equivalent:

1. For all U C X open affine, F|y is quasi-coherent

2. There exists an open affine cover X = UX; such that F
coherent for all i.

x, 1s quasi-

Definition 6.20. Let X be a scheme and let I’ be a sheaf of Oxy-module. X
is quasi-coherent if it satisfies one of the equivalent condition of the corollary.

Example. Let Y C X be a closed subscheme; so the map Ox i) 7« Oy is
surjective and we have the sheaf of ideal Iy = Ker(j#). Suppose that X is
affine, so X = Spec(A) and Y = Spec(A/I). Then Iy = I. Notice that we are
using the lemma

Lemma 6.21. Let A — B be a homomorphism of rings and let f be the induced
map on the schemes. Let M be a B-module and let M4 be M considered as an
A-module. Then M4 ~ f, M.

Iy is quasi-coherent; this gives a bijection between quasi-coherent sheaves
of ideals and closed subschemes. It is trivial when X is affine; in general, we
consider an open affine cover X = UX;. Then the restriction of the sheaf of
ideals gives a closed subscheme Y; in every X;. Furthermore, Y; N (X; N X;) =
Y; N (X; N X;). This gives a closed subscheme Y C X such that Y N X; =Y.
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The graded case Let A be a graded ring A = $;2,A4;. We recall that a
graded A-module M is an A-module such that

o M = @iezM;
L] AZM] g Mi+j

For example, every homogeneous ideal gives a graded A-module. Given a graded
A-module M and an integer d € Z, we can obtain a new graded module M (d)
by shifting

M(d) =M M(d); = Miq

Similarly to the ring case, we can define the homogeneous localization. Given
S C A a homogeneous multiplicative system, we can consider (S~1)M C
(S7*M)o; if f € A, then Mp) = ({f'})M.

Ezample. Let A = Rz, ...,z,] a graded R-algebra where deg(x;) = 1 for all
i. Given d € Z, we consider the graded module M = A(d). Then

A(d)(z0) = {a:% ’ p € A homogeneous of degree m + d}
0

is a module over R[z1/xg,...,Z,/xo]. In this case, we get the isomorphism

Azgy — A(d(g(m
f — x5 f

Given a graded A-module M, we can construct a sheaf M on X = Proj(A)
in the same manner as the proj. First, we call

M(U) = {S: U — upEUM(p) | S(p) S M(p)}
Then we consider the subsheaf

MU) = {se J\?(U) | locally s comes from some element of M)}

Then M becomes a sheaf of Ox-modules; Mp ~ M, as an A(,)-module and

M\Xf ~ M. This implies that M is a quasi-coherent sheaf on Proj(A). We
can define

P% = Proj(R[zo, . .., xn]) Opr, (d) = Rlzo, . .., z,](d)

Theorem 6.22. The map Ay — I'(P%, O(d)) is an isomorphism, where A =
Rlxo, ..., zp].

Proof. Let X = P% and let

Zo Ln
= (%) () = o e
Ui = (PR)(«,) = Spec (R [% l‘z]>
We know that O(d)|y, = Op,. The map
A(d) — I'(P%, 0(d)) — T'(Uo,0(d))
Do 20) — Blonoza)
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is injective and therefore A(d) C I'(P%, O(d)). Let s € I'(P%, O(d)). Then the
restrictions
— pi(x()v s 7I71)

Ty

S|U

and we are assuming that the power doesn’t depend on ¢ and deg(p;) = m + d.
On the intersection U; N U; = Spec(A(y,s;)) we get

B z'pi (0, - -+ Tn)
S Uij — l‘:n.’lﬁ;n
Therefore
o7 pi(xo, .. Tn)  xPpi(x0,. .., T0)
J o j n -
;I;an';n == ‘/I’.Zn,x;n : :>x:npj(x077xn) *Z'TP»L(I'O,,I”)

It follows that p; = x7"¢; and p; = z7"q;; it means that ¢; = g; for all 7,5. O

We have shown that, given X = Spec(A) an affine scheme, U = Spec(B)
an open affine subset and M an A-module, the resgift/ion of the quasi coherent
sheaf M at U is still quasi-coherent and M |t = M ®4 B. Furthermore, if M is
finitely generated as an A-module, M ® 4 B is finitely generated as a B-module.
The other implication is not always true; however

Proposition 6.23. Let X be an affine scheme and let X = UU; be an affine
open cover, where U; = Spec(B;). Assume that M ®4 B; is finitely generated
over B; for all i. Then M is finitely generated as an A-module.

Proof. We can assume that the open affine cover is finite since the spectrum is
always quasi-compact. By assumptions, for all 7 there exists a finite number of
elements of M that generate M ®4 B;. So we can find a finite subset S C M
whose image in M ®4 B; generate M ®4 B; for all i. Let p € X; then there
exists an index ¢ such that p € U;. We have the isomorphism

Ap = OXJ) = OU'i;P = (Bi)p

and it means that the elements of S generate M), as an Ap-module for all p € X.
This means that S generates M. O

Proposition 6.24. Let X be a scheme and let F' be a quasi-coherent sheaf on
X. The following are equivalent:

1. For every open affine subset U C X F(U) is finitely generated as an
O(U)-module.

2. There exists an affine open cover X = UU; such that F(U;) is a finitely
generated O(U;)-module.

Definition 6.25. A quasi-coherent sheaf F' on X is finitely generated if it
satisfies one of the condition of the proposition. F' is coherent if it is finitely
generated and X is locally noetherian.

Proposition 6.26. Let X be a locally noetherian scheme.

e Quasi-coherent subsheaves and quotient of a coherent sheaf are coherent.



CHAPTER 6. COHERENT SHEAVES AND COHOMOLOGY 100

e If0 - F' - F — F” — 0 is an exact sequence of quasi-coherent sheaves,
then I is coherent if and only if F’, "' are coherent.

Corollary 6.27. Coherent modules over a locally noetherian scheme form an
abelian category.

6.2 Cohomology

Let X be a topological space and let 0 — F/ — F — F” — 0 be an exact
sequence of sheaves on X. We know that 0 — F/(X) — F(X) — F"(X) is
exact; however, the last arrow is often not surjective. We will define abelian
groups H'(X, F) for all i € N such that

e H(X,F)=0foralli<0
o HY(X,F) = F(X)

e given an exact sequence 0 — F' — F — F" — 0, we get an exact sequence

0 — HY(X,F') — H(X,F) —— H°(X,F")

— - H! —

H2 H2 -

::> Hn(X, Fl) ., H”(X, F) - 5 H"(X, F//)

e H'(X,F) is functorial in F
e The connecting homomorphisms ¢ are functorial

e For all sheaves F on X, there exists a sheaf G such that FF C G and
HY(X,G) = 0 for all indexes i

Definition 6.28. A sheaf F' on X is flabby if for all U C X open subsets the
restriction map is surjective

We notice that this implies that all the restriction maps are surjective. In
particular, the restriction of a flabby sheaf to an open subset is still flabby.

Ezample. Let X a topological space and suppose given an abelian group A,, for
all p € X. We can define a flabby sheaf

U»—>{S:U—> |_|Ap|s(p)€Ap}
peU

Proposition 6.29. Let 0 — F/ 5 F By F" 5 0 be an exact sequence of
sheaves. If F” is flabby, the map F(X) — F”(X) is surjective.
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Proof. Let s” € F”(X) be a global section of F”’. We consider the set
S={(U,s)|UC X open s € F(U) B(s) =5"|v}
We define a partial order on S by
(U,s) < (Vit) <= (UC V)N (s=tv)

Since S # @ (the pair (0,0) lies in S), if every chain has an upper bound, we
can apply Zorn’s lemma. So let {(U;, s;)} be a chain in S. Then we can take
U = UU; and there exists a unique s € F(U) such that s|y, = s;. So, by Zorn’s
lemma, S has a maximal element (U, s).

By contradiction, assume that U # X. Then we can pick an element zy €
X \ U and choose an open neighbourhood V' of 2. We can find t € F(V)
such that 5(t) = s”|v. Let u be the difference s|ynv — tluny € F(UNV); by
definition, B(u) = 0 and by the exactness of the sequence, there exists a unique
s € F'(UNYV) such that a(s’) = s — t. By the flabbiness of F’, we can find
s} € F'(V) such that s}|yny = ¢’. Then

(t — a(s))|lunv = sluav

and since F' is a sheaf there exists a unique s; € F(U UV) such that s1|y = s
and s1|ly =t — a(s}). Therefore 8(s1) = s|yuv, contradicting the maximality
of (U, s). O

Definition 6.30. Let F' be a sheaf on X. We define the Godement sheaf GF
to be
GF{U)={s:U—UF,|s(p)e F,¥peU} = HFP
peU

The Godement sheaf is flabby and F' canonically injects into GF":

F — GF
s > (p—sp)

Furthermore, given ¢: F — F’ a morphism of sheaf, it induces a morphism

GF — GF’
s (P ep(sp)

We get a commutative diagram

F—F

GF — GF'
Proposition 6.31. Let I/ — F — F"” be an exact sequence of sheaves. Then
GF' — GF — GF”

is exact as a sequence of presheaves.



CHAPTER 6. COHERENT SHEAVES AND COHOMOLOGY 102

We now want to construct the Godement Resolution of a sheaf F'. We define
GF = GF and G'F = G(Coker(F — GF)). We notice that

GF — Coker(F — GF) - G'F

and therefore the composition gives a map G°F — G'F. In general, we define
for alli > 1 ‘ _ _
G'F = G(Coker(G*2F — G'7%F))

and this gives an exact sequence.
F'F: 0-GF—G'F—G°F— ...
It is exact at all degrees different from zero, where
Ker(G°F - G'F)~ F

Definition 6.32. Let F' be a sheaf and let G'F be its Godement resolution.
We define the cohomology

HY(X,F) = H I'(X,G'F))
By definition,
H°(X,F) =Ker(I'(X,G°F) - T'(X,G'F)) ~T'(X, F) = F(X)

Given a morphism of sheaves ¢: FF — F’, we get a morphism of complexes of
sheaves G'F — G'F’

0 F’ GF/*’COkeI‘(F/%GF/)*)GIF/*)._.
0 F GF — Coker(F — GF) — GIf — - -~

As a consequence, we get a homomorphism I'(X, G F) — I'(X,G F’) and so a
map HY (X, F) — H* (X, F'). This fact gives the functoriality of cohomology.
Let 0 - F — F — F” — 0 be an exact sequence and let

CY% = Coker(F — G°F) C% = Coker(G*'F — G'F)

As a consequence of this fact, we get the diagram

0 F’ F F" 0

O%GOF/%GOF%GOF”%O

0 9, ) o, 0
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using the Snake Lemma. Therefore we get an exact sequence 0 — G'F' —
G'F — G'F” — 0 and so on. The sequence

0-GF —GF—GF'"=0

is an exact sequence of complexes of sheaves, exact at each level as a sequence
of presheaves. We get an exact sequence of abelian groups

0—-T(X,GF)—T(X,GF)—TI(X,GF")—0
which gives the long exact sequence of cohomology groups.

Lemma 6.33. Let 0 -+ F/ — F — F” — 0 be an exact sequence of sheaves. If
F' F are flabby, then F” is flabby.

Proof. Let U be an open subset of X. We can consider the diagram
0 —— F/(X) — F(X) — F"(X) —0
0 — F'(U) — F(U) — F'(U) — 0

The Five Lemma implies that F”(X) — F”(U) is surjective. O
Proposition 6.34. Let F be a flabby sheaf. Then H*(X, F) = 0 for all i > 0.

Proof. First of all, we want to show that C*F is flabby for all i. We proceed by
induction. The sequence

0=+ F—=G'F—=CF—0
is exact and then C° is flabby. In general, we consider the sequence
0= C7'F—GF—CF-=0

and by inductive hypotesis C? is flabby. Now, we consider the diagram

Gz 1F Gz-ﬁ-lF

\/\/

Czl

/\/\

Passing to the global sections, we get the diagram
G F(X) - G'F(X) - GTY(X)F

\/\/

Crl(X)  Chr(X

/\/\
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The sequence is still exact and therefore every cohomology group is zero. O
Definition 6.35. Let F' be a sheaf. A resolution F™* of F' is a sequence
B S s Y J g

such that

e F' =0 for all negative %

e [ is exact in positive degree

o Ker(F' - FYy~ F
We say that a sheaf F' on X is acyclic if H (X, F) = 0 for all i > 0.

Example. Let X be a C*°-manifold and let F' = Rx. There is a famous resolu-
tion, the De Rham Complex. Every term of the complex is the sheaf of i-forms
Qb5 Q% is a resolution of Rx.

Proposition 6.36. If F* is an acyclic resolution of F, then H'(X,F) =~
HY(T(X, F*)) for all i > 1.

Proof. First of all, we consider the case ¢ = 1. We have the sequence of sheaves
0>FLF— 0050
where C° = Coker(f). Passing to the long exact cohomology sequence, we get
0— H(F)— H°(F°) — H°(C°) - HY(F) = 0
Therefore we have the equality
HY(X,F) = Coker(H"(F%) — H°(C"))
On the other hand,

H'(D(X, F')) = Ker(F'(X) — F*(X) _ CO(X)/

)/Im(FU(X) — FY(X)) ™~ FO(X)

and the thesis follows for i = 1.
We now deal with the general case. The long exact sequence gives

H'(F%) — H'(C%) — H*(F) — H™'(F?)
and therefore H*(C?) ~ H*T(F). We now consider the exact sequence
0—-C"!'—F —C' =0

and the cohomology exact sequence gives H'~1(C*) ~ H(C*~!). Therefore
H(C% ~ HY(C?) and this is equal to H°(C?) ~ Coker(F*! — C*H1(X)). As
before, this coincides with H*(I'(X, F*)) and this gives the thesis.

O

We will often use the following theorems:

Theorem 6.37 (Grothendieck). If F' is a sheaf of abelian groups on X then
Hi(X,F) =0 for all i > dim X.

Theorem 6.38. Let X be an affine scheme and let F' be a quasi-coherent sheaf
on X. Then H (X, F) =0 for all i > 0.
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6.3 Cech Cohomology

Let F be a sheaf on a topological space X, let U = U;c;U; be an open cover
and assume that [ is totally ordered. As usual, we will use the convention

0 <tp < --- <ip Uioil...ip = Uioﬂ---ﬁUiP

We define 5
CP(U,F) = H F(Usyi, ...i,)

o <i1 < - <ip

We want to define the differential; the first one is the following

5(f)ioi1i2 = filiz Uigiyio — fioiz Uigiyig + fioil Uigiyio
In general,
p+1
_ k
5(f>i0mip+1 = Z(_l) in---2k~~-ip+l Uig...ipi1
k=0

It’s easy to see that 62 = 0; in this way we have built a complex C'(i, F) and
we define the Cech cohomology as

H{(U,F) = H'U,F)

As a first application, we consider the exact sequence 0 - F' — F — F"” — 0
and let s” € F”(X). We want to find (if it exists) s € F'(X) such that 8(s) = s”
We can complete the sequence of global sections

F(X)— F'"(X)— HYX,F)

Let U = {U, }ier be a cover of X such that s”|y, = B(s;); we call s;; = s; — s;.
Then B(s;;) = 0 in F" and by the exactness of the sequence, s;; = a(s;;), where
si; € F'(Uij). Then, by the definition of the differential,
(si;) = 851 — sig, + 835

and applying o we obtain a(d(s;;)) = sk — s — sk + si +s; — s; = 0. Since
« is injective, it implies that §(s;;) = 0. We want now to show that the class
of sj; doesn’t depend on the lifting. If ¢; € F(U;) is an element such that
B(t;) = §"|u,, then t; — s; = a(s]).

alty;) =t; —t; = s; — si + a(s) — )

and therefore ¢}, = s}, + d(s;). The class of si; is zero if and only if s lifts.

Ezxample. Let M = S be the circle considered as a manifold. We have the De
Rham complex for the sheaf R,

0= Ry —CH — Qb =0
Taking global section, we get
0— R —C>®(S") — Q'(sh

Consider the open cover St = (S1\ {N})U (S'\ {S}). Then H'(U,Rs:) ~ R.
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Definition 6.39. A double complex A** is a Z>-graded abelian group with
differentials

d: AP1 _y APTla §: AP9 —y AP-atl
such that d? = 0, 62 = 0, éd = dé.
Given a double complex A**, we can associate to it a complex in a natural

way. We define
@

ptg=n

and we define the differential D|sre = d 4+ (—1)P§. We call this complex
(Tot(A**), D).

Theorem 6.40. Let X be a topological space and let F' be a sheaf on X.
Consider an open cover U = {U,};c; and assume that I is totally ordered.
There exists a canonical group homomorphism

HPU,F) — HP(X,F)

Furthermore, if H?(Us,..;,.F

) =0, it is an isomorphism.
Proof. Let us consider the Godement resolution
02 G FLGFSGFS
We obtain the double complex AP? = C(U, GPF) with differentials
d: AP1 — APTLa §: AP1 — APaT!

Let K™ be the kernel of A™0 % A™1; this is a subcomplex of Tot*(A). Sim-

metrically, let L" be the kernel of A%" % A" Remembering the definition of
the double complex, we get

K" = Ker(C°(U,G"F) — CY(U,G"F)) = H'(U,G"F) = I'(X,G"F)
and therefore H"(K*) = H"(X, F). In the same way,
L" = Ker(C™"(U,G°F) % C™(U,G'F)) = C™(U, F)

So
H™(U,F) = L™ — H™(Tot*(A*™)) + H"(X,K*) + H"(X, F)

Assume the following facts:
1. If F is a flabby sheaf, H*(U,F) = 0 for all n > 1
2. If AP* is exact for all p in deg > 0, then H*(K*) = H*(Tot*(A**))

Moreover, the second condition implies that if A*9 is acyclic in degree > 0 for all
q > 0, the map L* — T* induces an isomorphism in cohomology. By definition

AP =CIU,GPF) = ] GPF(Ui,..i,)

i0< - <lg
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and therefore

HP(A™) = H H?(Uiy<o<iys Fluig<..ci,)

i0<<ig

The theorem has an important corollary:

Corollary 6.41. Let F' be a quasi-coherent sheaf on a scheme X and assume
that the intersection of every affine open set is affine (for example, X is sepa-
rated). Let U« = UU; be a cover by affine open sets. Then
HU,F)~ H?(X,F)
Ezample. Let X = Pk and we consider the sheaf of Ox-modules F' = Op1(d).
We have the open cover
Up = (]P)}%)Io U = (P}%)Cﬂl

By the previous theorem, HP? (U, O(d)) ~ HP(PL,O(d)). Since dim(Pk) = 1,
H?(U,0(d)) = 0 for all i > 1. We know that H°(P}, O(d)) ~ R so we only
have to compute H'(U,O(d)), which is by definition the cokernel of the map

i A(d)(ze) D Ad)(2y) — A(d) (zyz1)
(p(x) q(:v)) (w?q(x)—pr(x))
xg T o gt o

where deg(p) = deg(q) = m+d. We notice that the map is surjective if d > —1;
if d=—1, we get
HY(PL,O(-2) =~ R
(IoIl)il +— 1

In general, H' (P!, O(d)) ~ R~4 for all d < 0.
Another way to see this is the following. We consider the exact sequence

0—-0(-2) —0(-1)®»0(-1) — Opr —» 0
We get this exact sequence by considering the homomorphism

A(—l)@A(—l) — Azl — 0
(fo, f1) — wofo+a1fi

The kernel is formed by the pairs of polynomials (fo, f1) for which there exists
a o such that

Jo=1z1p J1=—mop
Considering the homomorphism
A(-2) — A(-DH) @ A(-1)
e o (T1p, —1op)
we get the desired exact sequence. Considering the cohomology sequence
0— H'(P',0) — H'(P',0(-2)) — HY(P',0(-1)) & H'(P*, O(-1))

since we know that the first and the last term are zero, we get one again
HY(P', O(-2)) = 0.
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If F is a sheaf of Ox-modules, the groups HP(X, F) have naturally the
structure of Ox (X )-modules. If a € Ox(X), we have the map

F — F
S +=—— as

and by functoriality we get a map HP(X,F) % HP(X,F). Furthermore, if
@: F' — G is a homomorphism of sheaves of Ox-modules, it induces a homo-
morphism of Ox (X)-modules H?(X, F) — HP(X,G).

Theorem 6.42. Let X = P be the projective space and let us consider the
quasi-coherent sheaf F' = O(d). Then

dtn)

e HY(X,F)=0ifd> 0 and R( otherwise
e HP(X,F)=0forallp>0,p#n
e There exists a natural isomorphism H"(X, F') and H*(X,O(—d —n — 1))

Definition 6.43. Let £ be a field and let X be a scheme over k. Given I a
quasi-coherent sheaf on X we define

hY(X,F) == dimy H (X, F)
We define the Euler Characteristic as

X(F) =) (=1)'h' (X, F)

i>0

Theorem 6.44. Let R be a noetherian ring and let X be a proper scheme over
R. Let F be a coherent sheaf on X. Then HP(X, F') is finitely generated over
R for all p.

Corollary 6.45. Let X be a proper scheme over k and let F' be a coherent
sheaf on X. Then yx(F) is well defined.

Observation 6.46. Since (d:") = (—1)”(7d71), we get

n

=@y = (1)

n

Proposition 6.47. Let us consider the exact sequence
0—F -F—=F'"=0

of coherent sheaves on X and assume that X is proper over k. Then x(F) =
A(F") + X(F").

Proof. Is is enough to consider the long exact cohomology sequence and to
remember that the same results holds for dimension of vector spaces. O

Corollary 6.48. Let --- — F,_1 — F;, — F;;1 — ... be a long exact se-
quence of coherent sheaves on X and assume that F; # 0 for finite i. Then

2(=D)x(F) =0.
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Let F' be a homogeneous polynomial of degree d and consider the closed
subscheme
X = Proj (k[l’o, s 7xn]/(F)) C ]P)Z

We call these closed subschemes hypersurfaces.

Remark 6.49. Let X é Y be a closed embedding of topological spaces and F' a
sheaf on X. If G*F is the Godement resolution of F', i,G*F is the Godement
resolution of 7, F'.

Notice that the multiplication for a homogeneous polynomial F' induces the
following exact sequence

0 — A(—d) —>A—>A/(F) -0
which corresponds to
0— Opn(—d) = Opn - Ox =0
Therefore we get the cohomology sequence
0 — H°(Opn(—d)) = H°(Opn) — H°(Ox) — H*(O(—d))

and so H°(X,Ox) = k. In particular, every hypersurface in P" is connected
for n > 2. Consider now the case of two homogeneous polynomial F,G. We get
the sequence

A(—d)® A(—e) —> A — A/(F’ g —0
(. ¥) P+ G

and the kernel is the set of pair such that ¢ = hG and ¢ = —hF. Analogously,
let

¢ =Proj (1)) D =Proj (V)

W (Ocnp) =1 - (‘d2+ 2) - (—e; 2) . (—d —26+2>

6.4 Pullback of sheaves of Ox-modules

Then

Let f: X — Y be a continuous map. We have already seen that, if G is a sheaf
on Y, we can pullback the sheaf to get f~'G which is a sheaf on X.

(filG)(U) = {5: U— qu(p) | s(p)ecf(p) and }

s comes locally from a section of G

f~1 gives a functor from sheaves on Y to sheaves on X. We have shown that if
F is a sheaf on X and G is a sheaf on Y, there exists a canonical isomorphism

Homy (G, f.F) — Homx (f~'G, F)

which is functorial in F' and G.
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Observation 6.50. Let G be a sheaf on Y and let G’,G” be sheaves on X.
Assume that for all F' sheaf on X there exists an isomorphism

Homy (G', F) ~ Homy (G, f.F) ~ Homx (G", F)

that are functorial in F. Then there exists a unique isomorphism ¢: G’ — G”
such that Homx (G', F') ~ Homx (G”, F'). In fact, by hypotesis

Hom(G',G") ~ Hom(G, f.G") ~ Hom(G",G")

In the last group, we have a canonical element: the identity. Its inverse image
in Hom(G’, G”) gives the desired isomorphism.

Let X,Y be locally ringed spaces, let G be a sheaf of Oy-modules and let
f: X = Y be a morphism of locally ringed spaces. Then f, carries sheaves of
Ox into sheaves of Oy-modules; the same doesn’t hold for f~!. For example,
let f: X — {pt} and consider the sheaf of locally constant function on the point
(so they are constant).

Definition 6.51. Let X,Y be locally ringed spaces and let G be a sheaf of
Oy-modules. We define the pullback

fG=f1G®s10, Ox
which is naturally a sheaf of Ox-modules.

First of all, we notice that the construction makes sense: the pullback of the
structure sheaf is the structure sheaf

f*Ox = f'0y ®-10, Ox ~ Ox

Furthermore, if F' is a sheaf of Ox-modules and G is a sheaf of Oy-modules,
there exists a canonical isomorphism

Homo, (G, f. F) ~ Homo, (f'G, F)

which is functorial in F. If ¢: G — f.F is a homomorphism of Oy-modules,
the map f~!G — F is f~'Oy-linear. A homomorphism of sheaves G — f.F is
Oy-linear if and only if f~'G — F is f “!Oy-linear. This characterize uniquely
f*G as an Ox-module.
We now want to consider the stalks. By canonical isomorphisms, we get
(f*G)p = (fT'G @10, Ox)

= (filG)f(p) R0y OXp

= G(p) @0y ;) OXp
f* gives a functor from Oy-modules to O x-modules, because f~! gives a func-

tor from Oy-modules to f~'Oy-modules and ®r-10, Ox gives a functor from
f~1Oy-modules to Ox-modules.

Proposition 6.52. Let X i> Y % Z be morphisms of locally ringed spaces
and let H be a sheaf of Oz-modules. Then there exists a canonical isomorphism

ffg"H ~(gf)"H

which is functorial in H.
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Proof. Let F be a sheaf of Ox-modules. Then

Homoe, (f*g*H, F) ~ Home, (¢*H, f. F )
~ Home, (H, g« [+ F
~ Homo, (H, (9)« )
~ Homop, ((9f)*H, F)

Since this doesn’t depend on F, we get (¢f)*H ~ ¢g*f*H. O

Observation 6.53. Let (Y, Oy) be a locally ringed space and let X C Y be an
open subspace.

j: X —Y
If G is a sheaf of Oy-modules, since j 'Oy = Oy|x = Ox and j7'G ~ G|x,
then j*G ~ G|x.

Proposition 6.54. Let X = Spec(A),Y = Spec(B) be affine schemes and let
G = N be a quasi-coherent sheaf of Oy-modules, where IV is a B-module. Let
f: B — A be a ring homomorphism. Then

fFN~NggA
Proof. Clearly, the map
N~ H(Y,N) — H°(X, f*N)
is B-linear and tensoring by A we get an A-linear map

N ®p A— H(X, f*N)

and therefore a map N ®g A — f*N . We only have to check that it is an
isomorphism on the stalks. Let p € X = Spec(A) and let ¢ = f(p). Then

N,®p, Ap~ (N@pA), =N &g A, — (f*N), ~ N,®o, , Ox, = N,®p, Ap
and this commutes. O

Let f: X — Y be a morphism of schemes and let G be a quasi-coherent sheaf
on Y. We can take affine open covers {U; }icr, {V;}ier of X, Y respectively such
that f(U;) CV;. Let f;: U; — V; be the restriction map. Then

~ f1(Glv;)
~ f7(G(V))
~ G(Vi) ®o(v,) O(Us)

This shows that

Proposition 6.55. Let f: X — Y be a morphism of schemes and let G be a
quasi-coherent sheaf on Y. Then f*G is quasi coherent.
Furthermore, if XY are locally noetherian and G is coherent, f*G is coherent.
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Observation 6.56. Let f: X — Y be a morphism of locally ringed spaces. Then
the functor f* is right exact. In fact, the functor f~! is exact (the stalks are
the same) while the functor ® -1, Ox is right exact. Notice that if f is flat,
it becomes exact (not only right exact).

Exzample. Let f: X — Y be a morphism of schemes and let Y/ C Y be a closed
subscheme, Oy = j,Oy. This correspond to the exact sequence

0—-Iy — 0Oy — Oy —0
f* gives a closed subscheme X’ of X
f*Iy — OX — f*Oyl — 0
Let Ixs = Ker(Ox — f*Oy+). We claim that X’ = Y’ xy X. We can see
this on an open affine cover. Let X = Spec(A), Y = Spec(B), Y’ = Spec(B’) =
Spec(B/I). Then
[ Oy :A®BB"1A/]A

and therefore Iy, = 171, which is exactly Y’ xy X.

6.5 Coherent sheaves on Projective Spaces

Lemma 6.57. Let F' be a coherent sheaf on X and assume that X is locally
noetherian. Then the support of F

SuppF ={pe X | F, # 0}
is closed.
Proof. Let p € X. Then

F,=0 = fo), p =0

and this means that there exists an open neighbourhood of p in X such that
F,=0forallgeU. O

Lemma 6.58. Let f: A — B be a local homomorphism of local rings and let
M be a finitely generated A-module. If M ® 4 B =0 then M = 0.

Proof. Assume M ®4 B = 0. We notice that B/mp is a vector space over
A/m4. Then

Therefore M/msM = 0 and by Nakayama M = 0.
O

Proposition 6.59. Let f: X — Y be a morphism of locally noetherian schemes
and let G be a coherent sheaf on Y. Then

Supp(f*G) = f~"(Supp(G))
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Proof. Let p € X be a point and let ¢ € Y be its image. Then
(f*G);v =Gy Qoy,, Oxp

If G, = 0 then (f*G), = 0 and therefore Supp(f*G) C f~(Supp(G)). Vicev-
ersa, if (f*G), = 0, by the lemma we get G, = 0. O

Let X be a quasi-compact separated scheme over Spec(R) and let R — S
be a homomorphism of rings. We get the cartesian diagram

Y —X

|

Spec(S) — Spec(R)

where Y = Spec(S) xg X. Let F be a quasi-coherent sheaf on X; we have seen
that f*F is quasi-coherent on Y. Then H!(X, F) is a R-module and H*(Y, f*F)
is an S-module.

Proposition 6.60. Let X be a quasi compact separated scheme and assume
that R — S is flat. Then

HY(Y,f*F)~ H(X,F)®gr S

Proof. Let U = {U;}7_, be an affine open cover; since the scheme is separated,
we know that H(X,F) = H'(U,F) = H'(C*(U,F)). We notice that the
hypotesis implies that Y is quasi-compact and separated. We define V;; ;A
f" (Uiy...i,)- Then we get the equality H'(X, f*F) = H'(C*(V,f*F)). By
definition

CP(V, f*F) = @ H’(Vig...i, *F)

o< <ip

Each term of the sum can be written as

f*F(‘/io--»ip)

12

F(Uio---ip) ®OY(U{,O...1LP) OX(‘/Z-O--J;]J)
(Uig...i) ®0y (Usy..i,) O Uig...i,,) Or S

(Uso...s,) ®r S

R

F
F

12

Therefore, C?(V, f*F) = CP(U, F) ®x S for all p and since S is flat over R and
therefore keep exactness, we get

HY(C*(V.f*F)) =~ H'(C*(U, F)) @R S
O

Definition 6.61. Let F' be a quasi-coherent sheaf on P%. We define F(d) as
the sheaf
F @pr, O(d)

We say it is the sheaf I shifted by d.
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It follows immediately from the definition that F(d)[y, ~ F
M, then F(d) = M(d). In fact,

u, and, if F' =
M(d)‘Uo = M|U0 = F|Uo = F(d)‘Uo
and all these morphisms patch togheter.

Theorem 6.62 (Noether’s Theorem or AF + BG Theorem). Let F,G,H €
k[zo, 21, x2] be homogeneous polynomials of degree d, e, m respectively and let
C,D,E C P? be the corresponding curves. Assume that C N D C E, or equiv-
alently, Ir C Ic + Ip. Then there exist A, B homogeneous of degree m — d,
m — e respectively such that H = AF + BG.

Proof. Let R = k[xg, 21, x2]. We have the exact sequence

0 R(-d—¢) " Ry & R(-0) LD R B ) = 0

Shifting by m, we get
0 — R(m —d—e) = R(m —d) ® R(m — ¢) — R(m) —>R/(F’G)(m) —0

and in terms of sheaves,

0 — Opz2(m —d —e€) = Op2(m — d) & Op2(m — €) = Opz(m) — Ocnp(m) — 0

Let now H € Ker(H°(O(m)) — H°(Ocnp(m))). We want to show that H lies
in the image of the map H°(O(m —d)) & H*(O(m — e)) — H°(O(m)) induced
by
Rm—d S Rm—e — Rm
(4,B)  — AF+BG

Notice that Ker(O(m) — Ocnp(m)) = Icnp; we can split the sequence into
two sequences

O%ICQD*)O(m)*)OCQD(m)%O
0—-0m—d—e) > 0O0m—-d)®eO0(m—e¢)— Ichp — 0

Noticing that H*(P?,O(m — d — e)) = 0, we can consider the cohomology se-
quence of the second short exact sequence that we have written

0— H(O(m—d—e)) = H(O(m —d)) ® H*(O(m —e)) = H(Icnp) — 0

and therefore H comes from an element of H°(O(m — d)) & H°(O(m — e)), as
desired. O

Example. Let S C P? be a closed subscheme; we want to find a way to know if S
is contained in a hypersurface of some degree d. Denoting k|[xo, . .., z,] by R and
identifing Is(d) as Ker(H°(O(m)) — H°(Os(d))), we have a correspondance

{F € R| S CProj(R/(F))} «— F € H(Is(d))

given by Noether’s theorem.
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Definition 6.63. Let R be a noetherian ring and let F' be a coherent sheaf on
P%. We say that F' is generated by global sections if for all p € P% the map

H°(F) @r Oppp — Fp
is surjective.

Tensoring for Opr p/mp, We get an equivalent condition since tensor product
preserves surjectivity:

H(F) @ k(p) — F1/, 1,

Ezample. O(d) is generated by global sections if and only if d > 0. In particular,
in this case, it is generated by the monomials z¢, ...

Remark 6.64.
e Since O(0) =0, F(0)=F.
e Since O(d) ® O(e) ~ O(d + ¢), we get the formula F(d)(e) ~ F(d + e).

Theorem 6.65 (Serre). Let R be a noetherian ring and let F be a coherent
sheaf on P%.

e F(d) is generated by global sections for all d > 0
e For all d > 0, the cohomology groups H*(P%, F(d)) are zero for all i > 1

Example. If R = k is a field, the Euler characteristic x (F(d)) is equal to h®(F(d))
for all d > 0.

We now want to establish a bijection between coherent sheaf on the projec-
tive space and a particular class of graded module. Clearly, if M is a finitely
generated graded R-module, M is a quasi-coherent sheaf on P%. Since M,,) is
finitely generated over R,,), it is coherent.

Conversely, let I be a coherent sheaf on P} and let f € H°(O(d)). For every
d € Z, we get a map

0O — 0

s +— sf

Tensoring with F(e),
Fle) — F(e+d)
— sf

Therefore, ®HY(F(d)) give rise to a graded ®H°(O(d)) = R-module.
Proposition 6.66. ©4czH°(F(d)) is a finitely generated R-module.

Proof. Let d € Z be a integer such that F(d) is generated by global section (it
exists by Serre’s theorem) and let p € P%. We can choose s1,...,sy € HO(F(d))
that generate Fj, as an Opr ,-module and find an open neighbourhood U of p
such that s1,...sy generate Fy for all ¢ € U. By the quasi-compactness of the
projective space, we can find finitely many of these s; that generates F. We call
these sections s1,...,sy by abuse of notation. We get a map

oN — F(d)
(fi,oo 0 fN) — vazl fisi
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Shifting, we get a map O(—d)"N — F; let K be its kernel. For all e € Z, we get
an exact sequence

0= K(e) — Oe—d)N — F(e) = 0
Taking direct sums
0 — DeczHY(K(€)) — RN (=d) — ®eczH(F(e)) — @eczH (K (e))

Since R(—d)N and ®@H' (K (e)) are finitely generated R-modules, G.czH"(F(e))
is finitely generated too, as desired. O

Let F be a coherent sheaf on X = P% and let M = ©H°(F(d)). We can
construct a map M — F. In fact, let s/z}} € M(,,), where s € H°(F(m)). Since
1/z8 € H°(Uy, O(—m)), the element s ® 1/xf lies in HO(Uy, F(m)(—m)) ~
H°(Uy, F). This gives a map

Mon _>F‘U0

We can do the same for the other affine subsets U;; they patch togheter giving
a map M — F. These maps are isomorphisms, since they are surjective and

s
fd:()éﬂnENs.t. zhs =0
)

Therefore every coherent sheaf F' comes from the graded finitely generated mod-
ule M = ®@H°(F(d)). To check that this correspondance is bijective, we have
only to show that

Proposition 6.67. The map My, — HO(P",M\(d/)) is an isomorphism for all
d> 0.

6.6 The Hilbert Polynomial

Definition 6.68. Let A be a noetherian ring and let M be an A-module. We
say that p € Spec(A) is associated with M if there exists m € M such that
Ann 4 (m) = p, or equivalently there exists an injective map of A-modules

4, — M

We call Asss (M) = {p € Spec(A4) | p is associated with M}; in the case M = A,
we just say Ass(A) = Assa(A).

Proposition 6.69. Let A be a noetherian ring and let M be an A-module.
1. If M # 0, then Assa (M) # 0.
2. {a € A|az =0 for some x € M} = U, cas,an P € 4.
3. The minimal primes of A lie in Ass(A).
4. If A is reduced, every p € Ass(A) is minimal.

5. If S C A is a multiplicative set, then Assg-14(S~1M) is the inverse image
of Assa(M) in Spec(S~1A).
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6. If M is finitely generated, Ass, (M) is finite.
Proof.

1. Since A is noetherian, the set {Ann(m) |m € M} has a maximal ele-
ment I. We want to show that I = Ann(m) is prime. Let a,b € A
such that ab € I. This means that abm = 0; if bm # 0, it means that
Ann(bm) 2 Ann(m) = I which is maximal in the set of annihilators.
Therefore Ann(bm) = Ann(m) and therefore am = 0.

2. We call B={a € A|ax =0 for some x € M}. Clearly, the containment
B D UpeASSA(M)p holds. On the other hand, let ¢ € B; then we can
consider the set of the annihilators {Ann(m) | m € M a € Ann(m)} and

a maximal element is an associated prime.

3. Let p be a minimal prime ideal; then A, is an artinian ring and it has a
unique prime ideal, pA,. Therefore, since A, # 0, it is the only associated
prime. Recalling that the annihilators commute with localization, we get
the thesis.

4. Tt follows from the fact that the zero divisors are exactly the elements that
lies in a minimal prime ideal.

O
A consequence of the proposition is the following equivalence:

Corollary 6.70. Let A be a noetherian ring and let p € Spec(A). The following
are equivalent:

o p e Ass(A)

e m, € Ass(4,)

e There exists a € A, \ {0} such that am, =0
e dim(4,) =0

Definition 6.71. Let A be a local ring. We say that A has depth zero if
m € Ass(A).

Let X be a locally noetherian scheme. We say that p € X is an associated point
if Ox ;, has depth zero.

Assume that X is noetherian. Then X is the union of its irreducible com-
ponents and dim(Ox ;) = 0 if and only if p is a generic point of an irreducible
component.

Corollary 6.72. Let X be a noetherian scheme. Every generic point of the
irreducible component of X is associated. If X is reduced, the converse holds.

Definition 6.73. Let X be a noetherian scheme and let F' be a coherent sheaf
on X. p € X is associated with F' if m, € Assoy , Fj.

Proposition 6.74. Let X be a noetherian scheme and let F' be a coherent
sheaf on X. Then
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o Assx(F) is finite
o Assx(F) C Supp(F)

e Every generic point of the irreducible component of the support of F' lies
in Assa(M).

Proof. By the proposition, it is clear that Assx (F') is finite, since we can cover
X with a finite number of affine open subset and for each of these, Assy, (F|y,) is
finite. The second statement follows immediately from definition. We only need
to check the third. We can assume that X = Spec(A), F = M, where M is a
finite A-module. Let p € X be a generic point of an irreducible component of X.
It follows from the proposition that the support Supp A, F}, is the inverse image
of the support of F' in Spec(4,). Since A, is zero-dimensional by hypotesis,
we only need to check that m, € Assy, F, C SuppAp F,. By the definition of
support F}, # 0, hence there exists at least an associated prime. O

We want now to introduce an algebraic invariant for coherent sheaves on
projective spaces: the Hilbert polynomial. In particular, we want to show that
given a coherent sheaf X on P}, the map

7 — Z
t — x(F()

is a polynomial. To show this, we need to find a hyperplane that doesn’t contain
a finite set of points.

Let now A be the polynomial ring k[zo, ..., z,] graded in the usual way and let
h € A; \ {0} be a linear polynomial. We can consider the multiplication for h
as a morphism O]pz(*l) — Opyp. This give rise to an exact sequence

0— (’)Pg(—l) — Opp — O — 0

where H = Proj(A/(h)). The fact that h is linear gives an isomorphism A/H ~
K[Yo, .- -,Yn—1) and therefore H ~ P}, Consider now a coherent sheaf F on
Py: we want to understand how multiplication for h behaves on F'. Tensoring
the exact sequence QF', we get

F(-1) % F—Fo0g—0
Let j: H — P} be the closed embedding of H into P}}. Then

Let p € P}. We know that shifting doesn’t change the stalks, so O(—1), ~
Opr , and, called hy, the image of h in O(—1),, the multiplication map for h,
F(-1), ~ F, — F, is injective if and only if h, doesn’t lie in the union of the
associated primes of F), over A,. We have shown the following

Proposition 6.75. Let X = P}, I’ be aa coherent sheaf on X. Let h be a linear
homogeneous polynomial and denote by H the corresponding hyperplane. The
multiplication map ¢y, : F(—1) — F is injective if and only if Asspr (F)NH = §.

Lemma 6.76. Let k be an infinite field and let S C P} be a finite set. Then
there exists h € Ay \ {0} such that V(h) NS = 0.
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Proof. Let p € S; then p corresponds to a homogeneous prime such that p 2
(zo,...,2n). In particular, pN A; # A;. We notice that p N A; is a k-vector
subspace of A;. Since k is infinite,

Upna)#4
pES

Therefore, it is enough to take h € Aq \ Upesp N As. O

Lemma 6.77. Let ¢: A — B be a homomorphism of graded rings of degree
one. @ induces amap f: Proj(B)\V;(¢(Ay)B) — Proj(A). Let M be a graded
A-module. Then

M ©4 Blproj(s)\v (p(A4)B) = [*M

Proof. We have already shown that this is true in tha affine case and the maps
glue togheter. Since it is an isomorphism on the stalks, it is an isomorphism. [

Theorem 6.78. Let k be an infinite field and let /' be a coherent sheaf on P}.

The function
7 — Z

t — x(F(1)
is a polynomial function of degree equal to dim(Supp(F)).

Proof. We proceed by induction on n.

If n = 0, we have P} = Spec(K) and since it is zero-dimensional the cohomology
groups H'(Spec(K), F) =0 for all i > 0. Hence x(F(t)) = h°(F) is constant.
Assume n > 0. By the lemma, we can choose h € H°(O(1)) \ {0} such that

0—F(-1)—F — Flg—0
is exact. Tensoring for O(t), we get
0= F(t—1) — F(t) — F(t)|g — 0

We know that H ~ IP’Z_l and, called j: IP’Z_l — P} the corresponding closed
embedding, F(t)|g = j*F(t) ~ j*F ®o, j*O(t). By lemma 6.77, j*Opn(t) =~
O]szl (t) and therefore

F)|a ~ (Flu)(t)
on H ~ P?~'. Then Supp(F|x) = H N Supp(F) and dim(H N Supp(F)) =
dim(Supp(F)) — 1. By inductive hypotesis, x(F(t)|x) is a polynomial of degree
dim(Supp F') — 1. The addictivity of the Euler characteristic implies that

X(F(t) = x(F(t = 1)) = x(F(t)|n)
A lemma about this relation concludes the proof. O

We want now to obtain the same results over any field. Let k'/k be an
extension of field. By extension of scalars, we get the diagram

Pr, — PP

|

Spec(K') - Spec(K)
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By lemma 6.59, dim(Supp(¢*F')) = dim(Supp F') and ¢*Opr (t) ~ Opr, (t) by
lemma 6.77. Then ¢*(F(t)) = (¢p*F)(t); since k'/k is flat, we can use the
theorem 6.60 and obtain the relation H*(¢*F(t)) = H'(F(t))®xk’ and therefore
X(F(t)) = x((¢*F)(t)). We get the following:

Theorem 6.79. Let k be a field and let F' be a coherent sheaf on P}. Then

7 — Z
t — x(F()

is a polynomial function of degree dim(Supp(F)).

Summing up, if k is a field and F' is a coherent sheaf on X =P}, x(F'(¢)) is
a polynomial function of degree equal to the dimension of the support of F.

d
X(F(t)) = —t™ + lower order terms
m!

We call d the degree of F'. If H C P} is a hyperplane that doesn’t contain any
of the associated points of F', then deg(F|y) = deg(F).

Let X C P} be a closed subscheme and let F = Ox. We say that deg(X) =
deg(Ox); if dim X = 0 then deg X = h%(X,0). If dim X > 0 and H C P is
a hyperplane not passing through any associated point of X, then deg(X) =
deg(X N H) This gives an inductive definition of the degree of X.

6.7 Locally Free Sheaves

Definition 6.80. Let X be a locally ringed space and let » > 0. A sheaf of
Ox-modules L is locally free of rank r if there exists an open cover X = UU;
such that L|y, ~ O[ez". We say that a sheaf is invertible if it is locally free of
rank one.

Example. Opn(d) is invertible on Py.

It follows from the definition that a locally free sheaf on a scheme X is always
quasi-coherent and it is coherent if X is locally noetherian. Furthermore, if
f+ X — Y is a morphism of locally ringed spaces and F' is a locally free sheaf of
rank r on X, f*F is locally free of rank r since locally pullback corresponds to
tensor product and tensor product preserves freeness. In particular, the pullback
of an invertible sheaf is invertible.

Proposition 6.81. Let L be a coherent sheaf on a locally noetherian scheme
X. Then L is locally free of rank r if and only if L, ~ @??Tp for all p € X.

This follows from the algebraic property

Lemma 6.82. Let A be a noetherian ring and let M be a finite A-module.
Let p € Spec(A) such that M, ~ A;‘?’“. Then there exists f € A\ p such that

Mj = A9,

Proof. Let z1,...x, € M such that {(z1)p,...,(zn)p} is & basis for M,. We

consider the map
p: A" — M
e = T



CHAPTER 6. COHERENT SHEAVES AND COHOMOLOGY 121

Let K be the kernel of this map. Then K, = 0 by hypotesis and since K is
finitely generated there exists f € A\p such that fK = 0; therefore ¢ is injective
on Ay. The same holds for the cokernel and the thesis follows.

O

Proposition 6.83. Let X be a reduced noetherian scheme and let F' be a
coherent sheaf on X. Assume that

— F —
rky F' = dimy,p) ’Vmpr =r
for all p € X. Then F is locally free of rank r.

Proof. Tt suffices to use the propositions 5.75 and 5.72, togheter with the pre-
vious lemma. O

We now focus our attention on invertible sheaves. Let L be an invertible
sheaf on a scheme X and let s € H°(X, L). We can evaluate s at every point of
X

s(p) = [s5) € L2/ 1, = k(D)

Definition 6.84. We say that s € H°(X, L) never vanishes or vanishes nowhere
if s(p) # 0 for all p € X or equivalently s, # my,L,,.

Every s € H°(X, L) induces a morphism

OX — L
f — fs

which is a homomorphism of sheaf of Ox-modules. Conversely, given such a
map, we can identify s € H°(X, L) by looking to the image of 1 in the map
between global sections. This gives a bijection Home, (Ox, L) ~ HY(X, L).

Proposition 6.85. The map

Ox—>L
1 +— s

is an isomorphism if and only if s is never vanishing.

Proof. A morphism of sheaves is an isomorphism if and only if it is an isomor-
phism on the stalks and this happens if and only if s is never vanishing. O

Let L be an invertible sheaf and let sg,...,s, € H°(X,L). We say that
they never vanish if for all p € X there exists ¢ such that (s;)(p) # 0. This is
equivalent to say that the map

oyt — L

(an-Hafn) — Z?:o fisi

is injective. For example, if X =P} and L = O(d) (d > 0), we can consider the
global sections
(zd,...,2%) € H(X,0(d))" !

rn

and these never vanish. We now want to relate this n + 1-uples to morphism to
Pr.
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Let X be a scheme over a field k, L be an invertible sheaf on X and let
S0, +.,8, € HO(X, L). We get an open cover X = U ,X,, where

Xo ={pe X |si(p) # 0}
We can construct in this way a map X,, — A} induced by the homomorphism

klz1,...,2,] — H°(X,,, L)
T — sj/si

We can glue these map since they coincide on the intersection and therefore we
can define a map (sg,...,S,): X — Pp.

Observation 6.86. Let L is an invertible sheaf and sy, ...s, lie in HY(X,L).
Assume that there exist two different isomorphism ¢: Ox — Land¢: Ox — L.
(50, - - -, 8n) corresponds to (fo, ..., fn) € Ox(X)"*! via ¢ and to (go, ..., gn) €
O(X)"*! via . We notice that ¢~ o) is an automorphism of Ox and therefore
it must be an isomorphism at the level of global section. Since an automorphism
in this case is a multiplication for an invertible element, there exists s € Ox (X)*
such that sf; = g;.

An alternative way of constructing maps to P is the following. Consider

Gum,r = AR \ Spec(R) = Spec(R[t];)

and the map
AR x AT — AR
(t,zoy...,xn) +— (txo,...,txn)
induced by
R[zo,...,z,] —> RIt,z0,...,Tn]
Z; — tx;

We get the restriction

Gun,r % (A" {0}) — A"F1\ {0}
which induces the commutative diagrams

Gum,r x (A" {0}) — A"\ {0}

| |

A0} —— P

Definition 6.87. Let L,L’ be invertible sheaves on X. Given sq,..., Sy,
to, - . .,t, nowhere vanishing section of L, L’ respectively, we say (L, sg, ..., Sy)
is isomorphic to (L', tg,...,t,) if there exists an isomorphism

p: L — L
s; — i

If there exists such an isomorphism ¢, then (sq,. .., s,) and (¢o, . .., t,) define
the same map X — P%. This follows from the diagram
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X

(¢, 9)
\ mult

Gm,r x (A"TE\{0}) =A™\ {0}

N

AT {0} ———— pr

where f is the map induced by s, ..., s, and g is the map induced by tg, ..., t,.
The diagram commutes and hence the map doesn’t depend on the trivialization.
Notice that if there exists an isomorphism ¢: L — L’ such that ¢(s;) = ¢;, it
must be unique by the commutativity of these diagram

L—— 1

o\ i
Ox

Corollary 6.88. Let X = UU; be an open affine cover of X and assume

(L,So,...,Sn)‘Ui ~ (L/7t07--~7tn)|Ui
Then (L, s0,...,8n) = (L', to, ... tn).

Let f: X — P} be a morphism of k-schemes. Then L = f*Opn(1) is an

invertible sheaf.
f*: H°(0O(1)) — HX,L)
Z; — S;

The induced map has the property that X, = f=(U;).

Theorem 6.89. Let X be a scheme over Spec(R). There exists a bijection
between morphisms of R-schemes X — P’ and isomorphism classes of invertible
sheaves (L, s, ..., s,) as above.

Ezample. Let X = P% and L = O(d), d > 0. Then H°(P%, O(d)) is free over
(":d) monomials. They generated O(d); the corresponding map

n+d)_1

Vy: P — ("

which is called the Veronese embedding, is a closed embedding (it is proper!).

Let X be a scheme over Spec(R) and let L be an invertible sheaf on X.

We have seen that the choice of an n-uple sg,...,s, € H°(X, L) induces a
morphism of R-schemes X — P%. Assume that R = k is a field; then an
element h € A = k[xo,...,2,](1) corresponds to the hyperplane

H = Proj (A/(h)) cpr!

Definition 6.90. A morphism X — P} is non-degenerate if it doesn’t factor
through a hyperplane.
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Proposition 6.91. Let L = f*O(1) and let s; = f*z;. Then f is non degener-
ate if and only if s, ..., s, are linearly independent over k.

Let a = (ag,...,a,) be an element of k"1 \ {0}. The point corresponds to
the hyperplane

— (A n
Ha - PrOJ ( /(aoxo + . + anxn)> g Pk‘

Then f factors through H, if and only if Y a;s; = 0 if and only if f*(3_ a;x;) =
0. It can be seen reducing to the affine case.
Example. Let R be a ring. Consider the product

PR Xspee(r) PR
py YQ
Py Py

Let L be the sheaf of modules priOpn (1) @ priOpm(1). We get a map
H®(Opn (1)) @ H®(Opa (1)) = H®(pr{Op (1)) @ H*(pr3Opn (1)) — HO(L)

The (m + 1)(n + 1) sections of P™ x P™ given by z; ® y; are nowhere vanishing
and therefore induce an embedding

IF)’"L X IP)TL IEDm’IL—n—’H’L

6.7.1 The Picard Group

Let X be a locally ringed space and let Ly, Lo be invertible sheaves on X. Then
Ly ®0, Lo is invertible and this gives the structure of monoid to the set of
invertible sheaves on X.

Definition 6.92. Let F, G be sheaves of Ox-modules. We define the sheaf of
O x-modules
m@){ (F7 G)(U) = HOI’H()X (F|U7 G‘U)

We define the dual sheaf F'V
FY = Hom,,  (F, Ox)
For every open subset U, we get a map
F{U)x FY(U) — 0O(U)
(s, @) —  afs)
which induces a map
F R0y Y —O0
Remark 6.93. Let X be a scheme and let F, G be quasi-coherent sheaves. Then
Hom,  (F, G) is not quasi coherent. For example,
(O%)" = 0%

which is not quasi-coherent.
If X is locally noetherian and F' is coherent, then Hom (F,Ox) is quasi-
coherent.
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Proposition 6.94. Let L be an invertible sheaf on X. Then LV is invertible
and the map L ®0, LY — O is an isomorphism.

Proof. Notice that it is a local statement. Let U be an open subscheme such
that L|y ~ Op. Then LY(U) = Home, (Oy,Oy) ~ Oy and therefore LV is
invertible. O

Definition 6.95. The Picard Group Pic(X) is the set of isomorphism classes
of invertible sheaves on X.

[L1] + [La] = [L1 ® Lo] 0 = [Ox] —[L] = [L"]



Chapter 7

Divisors

7.1 Weil Divisors

Definition 7.1. Let X be an integral, noetherian scheme. We say that X is
regular in codimension 1 if for all p € X such that dim Ox , = 1 the stalk is a
DVR. We denote the set of point of codimension 1 as X ().

We will consider during this chapter only schemes that are regular in codi-
mension 1.
Ezample. If dim X = 0, then X! = (); therefore X is regular in codimension 1.
If X is normal, X is regular in codimension 1. The converse doesn’t hold; we
have the equivalence

X is regular in codimension 1

X normal <= { YU C X Ox(U) = OPEUu)OX,p

Definition 7.2. The group of Weil Divisors is the free abelian group Div(X)
generated by X(1). If D € Div(X) then

where the set {p € X | n, # 0} if finite.

Let p € XW); then Ox, C K(X) is a DVR and it corresponds to a discrete
valuation
v K(X)" — Z

Proposition 7.3. Let f € K(X)*. Then the set
{pe XO | uy(f) # 0}
is finite.

Proof. Since K(X) is a field, f has an inverse f~! and there exists a non-
empty open subset U C X such that f, f~! € O(U) C K(X). This means that
f € OU)* and therefore v,(f) = 0 for all p € UM € XM, The complement
Z = X\ U is a proper closed subset; let p € XM N Z. Then its closure is
an irreducible component of Z; by noetherianity, Z has only a finite number of
irreducible components. O

126
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As a consequence, we get a map

div: K(X)* — Div(X)
f — Zp€x<1>vp(f)]9

which is a group homomorphism since v,(fg) = v,(g) + vp(f).

Definition 7.4. A Weil Divisor is principal if it lies in the image of the map
div. We define the cokernel of the map div as the class group of X

Cl(X) = DiV(X)/Im(div)

If k is a field, since Div(k) = 0, we get Cl(k) = 0.
The same holds if R is a PID, since div is surjective. Given p € R™M), p is
a maximal ideal and so p = (f). Clearly, v,(f) = 1 and v,(f) = 0 for all
q € XM\ {p} and therefore div(f) = p.

Proposition 7.5. Let A be a noetherian domain. Then A is a UFD if and only
if all primes of height one are principal.

Proof. One implication is trivial. Then assume that every prime of height one
is principal. Since A is noetherian, every element is a product of irreducible
element. So it is enough to prove that if f € A is irreducible, (f) is prime.
Let p be a minimal prime ideal of (f). Then the height of p is 1 by Krull’s
Hauptidealsatz and therefore p = (g). This means that f = gh since f € p; f is
irreducible and so h € A*. This means that p = (g) = (f), as desired. O

Let A be a noetherian domain regular in codimension one and let K be its
fraction field. Then A is normal if and only if the set

{f e K" [v,(f) > 0pe AV}
is contained in A, since this is equivalent to say A = Np(p)—=14,-

Definition 7.6. We say that a divisor D is effective (and we write D > 0) if
n, >0 for all p e X,

Let A be a normal domain and let p € AM). We notice that in this case p is
principal (in the sense that it is generated by one element) if and only if there
exists f € K* such that div(f) = p. In fact, div(f) = p if and only if v,(f) =1
and v,(f) = 0 for all ¢ € A\ {p}. Since A is normal, this is equivalent to say
that f € p C A and that if g € p, div(g) > div(f). So gf ! is effective; A is
normal, therefore gf ! lies in A and this means that g € (f) and (f) =p

Proposition 7.7. Let X be an integral normal scheme and f € K(X)*. Then
f € O(X) if and only if div(f) > 0.

Proof. Let f € O(X). Then for every U C X open affine subset f|y € O(U)
and since the scheme is normal we get div(f) > 0. Viceversa, assume that
div(f) > 0. Then since O(U) is normal for every open affine subset, we get
f€O(U) for all U. Then f € O(X) for the gluing property. O

Corollary 7.8. Let A be a normal noetherian domain. Then A is UFD if and
only if CI(A) = 0.
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Proof. If ClI(A) = 0, every prime p € AM) lies in the image of div and since
the scheme is normal every prime of height 1 is principal. Therefore A is UFD.
Viceversa, if A is a UFD, every prime of height one is principal and therefore it
lies in the image of the map div. O

Corollary 7.9. Let R be a UFD. Then CI(A%) =0

Let X be an integral scheme and let U be an open non-empty subscheme.
We can define the restriction map

Div(X) — Div(U)
p peU
0 pgU

It is surjective and since K(U) = K(X) and for every f € K(X)* holds

p

divxfh] = diUUf

As a consequence, we get the induced map between the class groups Cl(X) —
ClIU).

We now consider Z = X \ U; then Z = UZ; is the union of its irreducible
components and codimyz, X > 1. If the equality holds, we can consider the
generic point z; of Z;. Then z; € Div(X).

Proposition 7.10. In this setting, the kernel of the restriction map is generated
by the classes of the z;’s.

Ker(Cl(X) — CL(U)) = ([zi])codimy, x=1

Proof. Let z1,...,zs be the generic points of the irreducible components of Z.
Then certainly
Ker(Div(X) — Div(U)) = (2z1,..., 2s)

We want to show that the same holds for the class group. Let o € C1(X) be an
element such that a|y = 0 in C1(U). By definition, a = [D], where D € Div(X).
Then there exists f € K(X)* = K(U)* such that D|y = divy f. Therefore,

(D —divx f)lu =0
in Div(U) and D — divx f = >_ n;z. Passing to the class group,
a= an [2i]
as desired. O
Corollary 7.11. If codimx\y X > 2, then CI(U) ~ CI(X).

Corollary 7.12. Let k be a field; then CI(P}) ~ Z.
Proof. Let H be the hyperplane

H = Proj (k[xo’ a ’x”}/(xoﬂ
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Then H is irreducible of codimension 1 and P} \ H ~ A}; since CI(A}) =0, it
holds
Cl(Py) = ([H])

We want to show that it is torsion free. Assume d[H] = 0. Then dH = div(f)
where f € K(P?)*. We can assume d > 0; therefore f € H°(P?, O) = k since
the scheme is normal. We get f € k* and d = vy (f) =0. O

We now want to generalize this corollary. Let X be the scheme P™ x - - - xP™r
and consider the projections

pri: X — P
We call L; an hyperplane in the i-th coordinate. Then
Hy =pr (L) =~ P™ x oo X L x -+ x P
H; is integral over k and codimpy, X = 1. Since
XA\ (U H) =[x\ H =[] AY
i=1 i=1 i=1
we get as before C1(X) = (Hy,..., H,).

Proposition 7.13.
QUX) = Z[H]©- - © Z[H,]

Proof. Let aq,...,a, € Z be elements such that [>_ a; H;] = 0. Then there exists
¢ € K(X) such that 3 a;H; = div(p). Then v,(¢) = 0 for all p € (AZ="")®
and it means that ¢ € k[xo, ..., 75 ,,|* = k* and therefore div(¢) = 0. O

7.2 Cartier Divisors

Definition 7.14. Let X be an integral, noetherian, regular in codimension one
scheme, let ¢ be its generic point and consider an invertible sheaf L on X. We
call a rational section an element of L.

Notice that if U C X is open and non-empty, the map

HY(U,L) — L
s —  S¢

is injective. We now want to define a valuation: since L is invertible, for all
p € X there exists an open neighbourhood of p such that L|y ~ Oy and this

gives an isomorphism L, Lo X,¢-

Definition 7.15. Let s € L¢ \ {0} and p € X(M). We define
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The valuation is well defined. In fact, if we choose a different isomorphism,
they differ from the multiplication for an invertible element and the valuation
of an invertible element is 0. The independence follows from the addictivity of
Up.

In the same way, we can define

div(s) = Z vp(s)p

pEX(l)

The sum is taken over a finite set of indexes, since we can restrict to an open
cover where L ~ Oy ; by the quasi-compactness of X, we get that the sum is
finite.

Remark 7.16. If s € H°(X, L) \ {0}, div(s) > 0; if X is normal, the converse
holds.

Definition 7.17. Let (L, s), (L', s’) be invertible sheaves with rational sections.
We say they are isomorphic is there exists an isomorphism ¢: L — L’ such that
pels) = o

A Cartier Divisor of X is an isomorphism class of pairs (L,s) as above. We
denote this set by CaDiv(X).

We want to give to this set a natural group structure. We can consider the
tensor product of two pairs (L, s), (L', s"); indeed, (L ®oy L')e ~ L¢ ®0x L’5
and here we have the element s ® s’. Therefore the tensor product is the pair
(L@ L' s®s"). We define the sum as

[L,s]+[L,s]=[La L s®s]

which is associative and commutative. The zero is clearly the element [Ox,1];
we have to find the inverse element. Let [L, s] € CaDiv(X); then (LY)e = (L¢)Y
(we are considering the dual as a K (X)-vector space). Given s¢ € L¢, we can
identify canonically an element of s’f € Lg. We get the maps

LeLY = Ox Le® Ly — K(X)
s@a  —  als) s®s — 1

Then [LY,sY] is the inverse of [L, s].
We easily get the group homomorphism

CaDiv(X) — Pic(X)
[Lys]  — L]

and obiously it is surjective. By definition, the kernel is given by the elements
[L,s] such that L ~ Ox and s corresponds to some f € K(X)\ {0}. The
homomorphism
K(X)* — CaDiv(X)
fo— 0, f]

has the kernel as image but it’s not injective. The kernel is given by the elements
f € K(X) such that [O, f] = [0, 1]; it happens if and only if there exists an
isomorphism ¢: O — O that sends 1 — f which is equivalent to say that
f € O(X)*. We obtain the exact sequence

0— O0X)" — K(X)* — CaDiv(X) — Pic(X) — 0
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We now want to find a relation between Cartier divisors and Weil divisors.
For all p € XM, we have a trivializing neighbourhood U, which induces an
isomorphism L¢ — Ox ¢. These isomorphisms induces the map div, which is
therefore global on X: We have a map

div: CaDiv(X) — Div(X)
[L, s] —  div(s)

It is a homomorphism since div(s ® s') = div(s) + div(s’). Tt gives rise to a map
between the quotients Cl(X),Pic(X) and we get the commutative diagram

Pic(X) —— CI(X)

Under normality hypotesis, we get the injectivity:

Lemma 7.18. Let X be a normal scheme. Then the map div: CaDiv(X) —
Div(X) is injective.

Proof. We have the equivalences:
[L, s] € Ker(div) <= div(s) =0

— uy(s)=0vpe XV

<= s € H°(X, L) never vanishes

<= (0 >1— s e Lisan isomorphism

O

Theorem 7.19. Let X be a normal scheme. Then the map Pic(X) — CI(X)
is injective.

Proof. Tt follows from the five lemma applied to the following diagram with
exact rows

0

O(X)* — K(X)* — CaDiv(X) — Pic(X) —— 0

0 OX)* — K(X)* — Div(X) — CI(X) —— 0
Ezample. Let A be the ring

A =Clz,y, Z]/(Z2 o)
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and let X = Spec(A). We know that A is normal and then the map Pic(X) —
Cl(X) is injective.

First, we want to compute Cl(X). Let L be the closed subscheme L = V(y).
Then X \ L ~ Spec(4,) = Spec(kly, z],); since Cl(4,) = 0, we get C1(X) = [L].
We want now to determine the order of L; we claim that 2[L] = 0. Indeed, Ay,
has z as a uniformizing parameter and vy, (y) = 2; it follows that 2[L] = 0. So
either C1(X) =0 or CI(X) = Z/2Z. But C1(X) = 0 if and only if A is UFD and
this is false since x, y, z are irreducible.

We want now to compute Cl(X): since Pic(X) — Cl(X), either Pic(X) = 0
or Pic(X) = Z/2Z. We claim that Pic(X) = 0. Assume that there exists an
invertible sheaf M such that M % O. Let p = (z,y,2) € Spec(A); there exists
s € Mg\ {0} such that div(s) = L = V(y). In particular, s € M, and it
corresponds to an element f in A,

M, =~ Oxp=Aayz

s f

Then div(f) is L plus a sum of components not passing through the origin;
this means that div(f?) = div(y) in a neighbourhood of p. Since A is normal,
f? = uy where u is a unit in A,. This can’t happen since these polynomial have
different degree one part and so we get a contradiction. Hence Pic(X) = 0.

We now want to study when the map is surjective.

Definition 7.20. A locally noetherian scheme is locally factorial if Ox , is a
UFD for all p € X.

Clearly, it is enough to check this condition on closed points. We notice that
every regular scheme is factorial while the converse is false. We now want to
prove the following

Theorem 7.21. Let X be a locally factorial scheme. Then Pic(X) ~ Cl(X)
and CaDiv(X) ~ Div(X).

Since being locally factorial implies being normal, we only need to show
surjectivity. We need to prove that for all p € X there exists a Cartier
Divisor [L, s] such that div(L, s) = p. The closure of p is an irreducible subset
V C X and we can consider the reduced structure on it. Then V is closed,
integral of codimension 1. We need to discuss a correspondance between these
closed subschemes and invertible sheaves.

Definition 7.22. A Cartier Divisor [L, s] is effective if s € H°(X, L)

Observation 7.23. As in the Weil Divisors case, it implies that div(s) > 0.

Let [L, s] be an effective Cartier Divisor. The map

Ox—>L
f — fs

is injective and tensoring by ® LV we get

v — 0
a — als)
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which is still injective since LV is invertible. Therefore, LY is a quasi-coherent
sheaf of ideals and we denote by D the corresponding subscheme.

Conversely, let D C X be a closed subscheme such that Ip is an invertible sheaf
and call s: Ip — Ox the corresponding injection. Tensoring by 1), we get in
injection Ox — I}, which identify an element sp € H°(X, I))) (the image of 1).
We have shown the following:

Proposition 7.24. There is a bijection between effective Cartier Divisors and
closed subschemes D in X such that Ip is invertible.

We call these subsets Cartier Divisors by abuse of notation.

Now we come back to our first issue: the surjectivity of the map CaDiv(X) —
Div(X) under the hypotesis of local factoriality. Let V' C X be a closed integral
subscheme of codimension 1. We know it corresponds to a quasi-coherent sheaf
of ideal Iy C Ox; we claim that Iy is invertible. In this case, V would be
an effective Cartier Divisor and it would come from the group CaDiv(X). Let
p € V be a point of V; then Iy, C Ox, is a prime ideal of height one. It is
prime because we have the exact sequence

0—=1Iyy — Oxp —Oyyp —0
It is of height one because

(Oxp)iv, = Oxv

and since the scheme is locally factorial, every prime of height one is principal
and Iy, is principal, hence Ox v is a DVR. This proves that CaDiv(X) —
Div(X) is surjective and therefore, using the five lemma, gives an isomorphism

Pic(X) - CI(X)

We now want to describe the inverse Div(X) — CaDiv(X): this will be useful
when dealing with curves. So, given a divisor D, we want to find a sheaf O(D)
and a rational section s that correspond to D. Let K = K(X) and denote by
K x the locally constant sheaf

K ifU#0

Kx(U) = {0 U =0

Kx is well defined since the scheme is integral and it is quasi-coherent. We
want to find O(D) as a subsheaf of Kx. The only tool we can use to define it is
the valuation map. The following observation is crucial for the understanding
of this:

Observation 7.25. Let [L, s] € CaDiv(X) and denote by D the element div(L, s).
For all U open non-empty subset of X, we get the map
H(U, L) — K=Kx(U)
t — ke

S

which is an injective homomorphism of sheaves L — Kx. Let f € K = Kx(U);
we have the equivalences

f:EforsometeL(U) < fse L(U)C Lg
s

— v,(f) +up(s) >0¥pecUW
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Guided by this observation, given a divisor D = ) n,p, we define the sheaf
O(D) C Kx

0ifU =90

mDWﬂ:{UGKMMﬂz—%\WGWW

It is a sheaf of Ox-modules; given D = div(L,s) we have to show that L ~
O(D). We can check this on an open cover; in this case we have a map

LU) — OD)U)
t — t/s

which is an isomorphism by the observation. Since X is locally factorial, O(D)
is invertible, O(D)¢ ~ K. L is invertible and we have a map

L§—>K
s — 1

Then the pair (L, s) is isomorphic to (O(D),1).

We notice that D > 0 if and only if 1 € O(D)(X). In this case, the effective
Cartier divisors correspond to the effective Weil divisors.

Ezample. Let X = Pi; since X is locally factorial, Pic(X) ~ ClI(X) ~ Z.
Let p € XM and let d = [k(p) : p|. We can identify p as the kernel of the
valuation map K[t] — k(p), where t = z1/x0, p = (¢(t)) and deg(p(t)) = d.
Homogenizing, we get ¢ € K[xzg, 21]4 and therefore

_ - (Klzo,
p=Proj (K021 0 0,)
This gives rise to the exact sequence
0— Op:1(—d) — Opr - O, =0

Therefore, O(—d) is the sheaf of ideals of p. By the correspondance, we get
O(p) = O(=d)" = O(d).



Chapter 8

Curves

In this chapter, we will deal with curves and we will require some hypotesis:

Definition 8.1. A curve is a proper, integral, regular, 1-dimensional scheme
over a field k.

Under these hypotesis, X(!) coincides with the set of closed points of X and

we have the map
pe XM — deg(p) = [k(p): ¥

This extends to a homomorphism

deg: Div(X) — Z
Snpp — Y onylk(p): K]

We want now to prove that the composition deg(div(f)) = > v,(f)[k(p) : k] =
0; we know that this is true in the projective space IE”,l€7 since the degree (as
polynomials) of the numerator and the denominator of a rational function is
the same.

During all this chapter, we will use the following extension property:

Proposition 8.2. Let X be a proper, integral, regular, 1-dimensional schemes
over a field k and let Y be a proper scheme over Spec(k). Let U C X be an open
subscheme and let f: U — Y be a morphism of k-schemes. Then f extends to
a unique morphism X — Y.

Proof. We notice that X \U = {p1,...,p,} is finite. For all these points, Ox p,
is a DVR and K(Ox,) = K(X). By the valuative criterion of properness, we
get the diagram

Spec(K (X)) U > Y

Spec(Oxp;) — X —— Spec(k)

We call g;: Spec(Ox p,) = Y the dashed map. Since the map is of finite type,
for all 4 we can find an extension g;: U,, — Y, where U,, is an affine open

135
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neighbourhood of p;. Let now W be an affine open neighbourhood of g(p;)
and let U’ = f~Y(W) N g~ (W). U’ is non-empty since it contains ¢ and the
homomorphisms Oy (W) — Ox (U’) corresponding to f|y+ and g|y are identical
because the coincide on K(X) C Ox(U’). Since W is affine, we get f|y = g|uv-.
By separatedness, f,g coincide on U N U, and we can glue togheter all these
morphism. O

Geometrically Connected Schemes

Definition 8.3. Let X be a scheme over a field k. We say that X is geometri-
cally connected if X7 is connected

We notice that, since surjectivity is stable under base change, the map Xz —
X is surjective and being geometrically connected implies being connected.
There is a useful criterion:

Proposition 8.4. Let X be a proper smooth scheme over k. Then X is geo-
metrically connected if and only if H%(X,Ox) ~ k

Proof. Using theorem 6.60, we get H(X}, 0) ~ H°(X,Ox) ® k. Therefore it
is enough to show

k~ HY(X,0x) <= H"(X; O)~k

If HO(X,Ox) ~ k, we get H’(Xj,0) ~ k and therefore X} is connected.
Viceversa, assume X7y, is connected. Then the smoothness hypotesis implies that
Xj, is integral and H°(X}, O) is a domain. Furthermore, from theorem 6.44, we
get h0( X}, O) is finite; since k is algebraically closed, we get H*(Xy,0) = k. [

Genus

Definition 8.5. Let k be a field and let X be a smooth projective and geomet-
rically connected scheme of dimension 1. We define the genus g(X) as

g(X) = hr'(X,0x)

Since h%(X,Ox) = 1 and X is one-dimensional, we have the relation g(X) =

1 — x(Ox), because of Grothendieck vanishing theorem.

Ezxample. We have already noticed that a smooth curve X C IP’% is always

geometrically connected. In particular, we have the exact sequence
0—-0(-d)— 0O —0x —0

The addictivity of the Euler characteristic implies

1—9(X):x(<9x):1_wé
8.1 Degree of a map

Let X,Y be curves and let f: X — Y be a morphism of schemes over k. Then
f is proper by the diagram
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X —Y

proper\ / sep

Spec(k)

In particular, f(X) is closed. Since Y is irreducible, we get f(X) =Y or f is
constant.

Proposition 8.6. Assume that f is constant. Then f(X) is a rational point.

Proof. Certainly, it is a closed point since the map is proper. We call ¢ = f(X);
we have to show that k(q) = k. We notice that f~1(q) = X since X is reduced
and therefore there exists a factorization

X — Speck(q) — Y
Taking global section, we get
k— k(q) — k

Since these are homomorphisms of fields, we get k(q) = k. O

Assume now that f(X) = Y. Then f is dominant and it induces a finite
extension of field
KY)— K(X)

Definition 8.7. We define deg(f) = [K(X) : K(Y)].

We notice that f is flat (it is dominant so we can apply proposition 5.69).
We now want to show that it has finite fibers. Let p € Y and let U = Spec(A)
be an open affine neighbourhood. We can cover f~1(U) with finitely many
affine open subsets; let V' = Spec(B) be one of these. Then f corresponds to
a map ¢: A — B (injective since f is dominant) and the fiber of p correspond
to Spec(B/pB). Since B is a one-dimensional, B/pB is an artinian ring and
therefore Spec(B/pB) is finite, as desired. As a consequence, f is finite by
Chevalley’s theorem. Let V' = Spec(B) C Y be an open affine subset and let
U= f~1(V) = Spec(A) (a finite map is affine). Since B — A is flat and finite,
we get that A is a projective B-module. In particular, the rank function is
constant. Let ¢ € V be a closed point and 1 be the generic point; then

rkg(A) = dimyg) 4/, 4 rkyA = dimgy) K(X) = deg f

Therefore 7k, B = deg(f) for all ¢ € V and f~!(q) = Spec(B/qB) is finite over
k.
In particular, let p € X be a closed point and let ¢ = f(p).

f#: Oy)q — OX,p

Since the scheme is regular and of dimension one, we know that these stalks are
DVR. Called t, the uniformizing parameter of m,, we get

f#(ty) € my,

Definition 8.8. The ramification index e,(f) is the valuation at p of f#(t,)
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Then, from the equality

F @) =spec | ] OXaP/(t;pm)

pef~1(a)

we get
deg f = dimy, OXp/ e, (0)
ty
pEf~1(q)
= Z dlmk(q) Xp/(tep(f))
pEf~1(q)
ep(f)
= > dimeg (P,
pef~1(q)
= Z ep(f) dimy(g) ~ X2 (tp)
pEf~1(q)
Therefore

deg(f)= Y ep(Hk(p): k(q)]

pef~1(q)

In particular, if k = k, we get

deg(f)= > ep(f)

pEf~1(q)
Example. Let f € k[t] \ k and consider the map A! — A! given by

klo) —  kt]
z = f()

This extends to a map P}, — Pi by sending u = 1/t to 1/f(1/y). Let ¢ =
(r — a) € AL(k); then

) = Speck[t]/(f(t) —a)
Assume that f(t) —q=g7"...9% and let p; = (g;). Then

ep (f) = vp,(f(t) —q) = &

Noticing that
[k(pi) : k] = deg(g:)

we get the formula
deg(f) =) _ eideg(g:)
i=1
If ¢ is not a rational point, we get

Z ep(f)[k(p) : k(q)] = #{points in the fiber counted with multiplicity}
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Let us consider the point at the infinity co. Then
k(co) =k fHo0) = 00

Then we obtain that e (f) coincides with the degree of f as a polynomial.

We now want to study the pullback of invertible sheaf in this particular
case. So let f: X — Y be a non-constant morphism of k-schemes between
curves. Then we get a map between the Picard Groups:

f*: Pic(Y) — Pic(X)
L] — (/L]
This map lifts to the group of Cartier Divisors. In fact, let £ € X and n € YV
be the generic points and let L be an invertible sheaf on Y. Since the map is
dominant, f(£) = n and this induces a map between the field of rational function
K(Y) - K(X). We have the isomorphisms L, ~ K(Y) and f*L; ~ K(X)
because L and f*L are invertible; therefore we obtain an injection ¢: L, — f*Le.
This defines a map

f*: CaDiv(Y) — CaDiv(X)

[L,s] = [f7L,u(s)]
It is well defined since the choice of a different isomorphism defines the same
class of isomorphism. Since the hypotesis implies that CaDiv(X) ~ Div(X) and
CaDiv(Y) ~ Div(Y), we get a map (that we still call f* by abuse of notation)

f*: Div(Y) — Div(X). We want to study this map.
Let ¢ € Y(U: then ¢ correspond to a Cartier Divisor [L, s] where s has the

property that
_J0 ¢ #q
vg/(s) =

1q=q
Therefore
[f*L, f*s] «+— Z vp(f s)p +— Z
peX peft
and the map becomes
f*: Div(Y) — Div(X)
q — Zpeffl(q) ep(f)p
Passing to the class group, we get f*: CL(Y) — Cl(X).
Let now f € K(X)*. We now that there exists an open subscheme U C X such
that f € H°(U, O); the ring homomorphism
K[t] — H°U,0)
t  — f

induces a map f: U — A}.. One possible choice for U is for example
U={peX|uv(f)=0}
This map extends to a map X — P}, by proposition 8.2. We get

div(f)= Y v(flp= > wv(flp— > ”P(%)p

peEX ) pex® pex®
vp(f)>0 vp(f)<0
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Since
up(f) >0 <= f(p)=0 up(f) <0 <= f(p) =00
it holds
FO= Y ur re)= X (5
vp (f)>0 vp (f)<0

and we get div(f) = f*(0) — f*(c0).
Proposition 8.9. f is an isomorphism if and only if deg(f) =1

Proof. Clearly, if f is an isomorphism, deg(f) = 1. On the other hand, since f
is finite, it is also affine and, given an open affine subset V' = Spec(B) C Y, the
restriction

(SpecA) = f1(V) — V

is an integral extension. Since deg(f) =1, K(X)=K(Y)and BC A C K(X)
implies B = A. Since the map is an isomorphism on an affine open cover, it is
an isomorphism. O

Definition 8.10. We define the degree map

deg: Div(X) — Z
p = [kp): K

Let now f: X — Y be a morphism of curves. Then

deg f* (@)= Y. ep(£)lk(p): K]

pef=1(q)

= Y Nk :kk) : K]

pef~1(q)

= deg(q) deg(f)
Therefore, by linearity, the map f*: Div(Y) — Div(X) gives the formula

deg(f* D) = deg(f) deg(D)
Corollary 8.11. deg(div(f)) =0

Proof. Let f € K(X)\ K. Then we know that div(f) = f*(0) — f*(c0). Com-
puting the degree, we get

deg(div(f)) = deg(f7(0)) — deg(f*(c0)) = deg(f)(deg(0) — deg(oo0)) =0

As a consequence, the map
deg: CI(X) — Z

is well-defined. Notice that if k = k or X (k) # () the map deg: Cl(X) — Z is
surjective. Infact, given p € X (k), deg(p) = 1 and and since deg: Div(X) — Z
is a homomorphism the map is surjective. Hence the map deg: Cl(X) — Z is
surjective.
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Ezample. Let X ~ P}; we know that Pic(P}) = Z[O(1)]. Let 0 be the point
corresponding to the origin in Uy = Spec(K [x;/xo]). Then

degO(1)] = deg[0] =1
Therefore deg in this case is an isomorphism.

Proposition 8.12. Let X be a curve and assume X # P}. Let p,q € X (k) be
two distinct rational point. Then [p — ¢] # 0 in CI(X).

Proof. By contradiction, assume p — g = div(f), where f € k(X) \ k. Then we
consider the associated map f: X — P}; we know that

p—q=f"(0) = f*(0)
Since f*(0), f*(oc0) > 0 and f*(0)Nf*(c0) = 0, we get £*(0) = p and f*(o0) = g.
Therefore deg(f) = deg f*(0) = deg(p) = 1 and f is an isomorphism, which is
absurd. O

Corollary 8.13. If k = k, deg: CI(X) — Z is injective if and only if X ~ P},

8.1.1 Base Change

Let K'/K be a field extension and let X be a curve on K. Then Xg/ =
X Xgpec(r) Spec(K) defines a smooth projective and geometrically connected
scheme and therefore a curve on K'. It is geometrically connected since

K' =K ®, H'(X,0) = H (X, 0)
We notice that the projection map 7: Xg — X gives a map between the Picard
Groups 7*: Pic(X) — Pic(Xk/) which induces a map 7*: Cl(X) — Cl(Xk-).
Let p € X we consider 7~ 1(p) € Xg. Notice that p is a closed point and
7~ 1(p) = Spec(K’ @ K(p)). Since p is an effective Cartier Divisor, 7~ 1(p) is
an effective Cartier Divisor.
[p] € CUX) «+— [Ox(p)] = [I,]] € Pic(X)

Remark 8.14. If f: X’ — X is a flat map and Y C X is a closed subscheme, we
have the sequence
0—Iy -0x -0y =0

Applying 7* and using flatness, we get
0— 7T*Iy — Ox/ — Oﬂ-—l(y) —0
and therefore I —1(y) = "Iy
Since r is flat, we get I.-1(p) = 7*I, and 7°O(p) =~ Or-1(p; in particular
7*[p] = [r~1(p)]. Let ¢, be the uniformizing parameter of Ox , and let 71 (p) =
{q1,--- @} Then I -1y 4. = T, 0x ., 4,5 if we set e; = vy, (1), we get

deg(m*(p)) = Y _ eilk(a) : K]
= dimK/ H OXKM%‘/(I

Wfl(p)yqi)
= dimg- K’ RK K(p)

= dimg K (p)

=degp

We have shown the following:
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Proposition 8.15. 7*: Cl(X) — Cl(Xk/) preserves degree.

Lemma 8.16. Let L be an invertible sheaf on X. Assume that H°(X, L) # 0
and H°(X,LV) # 0. Then L ~ Ox.

Proof. Let s € HY(X, L) and t € H°(X,L"). Then
D =div(s) >0 E =div(t) >0
We get D+ E ~ 0 and

deg(D)+deg(E) =0=D=E=0
>0 >0

Therefore [L] = 0 € Pic(X). O
Proposition 8.17. 7*: Cl(X) — Cl(Xk) is injective.

Proof. Assume that L is an invertible sheaf on X such that 7*(L) ~ Ox,,.
Then

K' @, H'(X,L) = H*(Xg/,7*L) = K’
Therefore HY(X,L) = k. In the same way, H°(X,LY) = k and therefore
L~0. O

Ezample. Let X C P% be a smooth conic. If X (k) # 0, then X ~ Pi. In fact,
assume p = [1,0,0] € X (k) and consider the map

PP\ {p} — P
[z,y,2] — [y,7]

This induces an isomorphism X ~ P;. Assume now that X (k) = 0 and let
L C ]P’i be a line. By Bezout’s Theorem, L N X is an effective Cartier Divisor
of degree 2 and therefore

Im(deg(Cl(X))) D 2Z

Notice that deg: Cl(Xz) — Z is injective since Xz (K) # () and therefore by
composition the map Cl(X) — Z is injective. Notice that C1(X) — Z is an
isomorphism if and only if there exists p € X(*) such that [k(p) : k] is odd. This
can’t happen by the following theorem:

Theorem 8.18 (Springer). Let k be a field of characteristic char(k) # 2. Let
q € k[zo,...,z,] be a non-degenerate quadratic form and let &'/k be a finite
extension of odd degree. If ¢ has a zero in (k)™ \ {0} then it has a zero in

Therefore, [k(p) : k] must be even for all p € X and therefore Cl(X) ~ 27Z.

In general,

Im(CI(X) — Z) = ged{[[k(p) : k] | p € XD}z
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8.2 Differentials

Let X be a differentiable manifold and let C§ be the sheaf of C*°-function and
Q% be the sheaf of 1-forms, which is a C3f-modules. The map

d: g — QL

foo—

is a homomorphism of sheaves but not a homomorphism of CS§f-modules. Fur-
thermore, it satisfies the Leibniz rule, it is R-linear and the differential of a
constant is zero. We want now to adapt this idea in the case of rings:

Definition 8.19. Let A be a commutative ring and let M be an A-module.
A derivation on A is a homomorphism of groups d: A — D such that for all

f,ge A
d(fg) = gD(f) + fD(g)

It follows immediately from the definition that D(1) = 0. In fact,
D(1)=D(1-1)=D(1)+ D(1)

Definition 8.20. Let ¢: R — A be a ring homomorphism. An R-derivation is
a derivation D: A — M which is R-linear too.

The following equivalence holds:

Proposition 8.21. D: A — M is a R-derivation if and only if D(¢(r)) = 0 for
all r € R.

Proof. Assume first that D is a R-derivation. Then

Viceversa, if D(¢(r)) =0, for all a € A we get

D(p(r)a) = ¢(r)D(a) + aD(p(r)) = ¢(r)D(a)
O

Let now M be an A-module. We want to give to A ® M an A-algebra
structure. We define the operations as

(a,m)+ (a',m')=(a+d,m+m') (a,m)(a,m') = (ad’,am’ + a’'m)

Then A® M becomes a commutative ring and we get the projection map pr: A®
M — A which is a homomorphism of A-algebras. We want now to show that
there exists a correspondance between the section of this projection that are
group homomorphisms and the derivations D: A — M.

Let D: A — D be a derivation. This induces the section

Sp: A — A M
a +— (a,D(a))

Viceversa, let S: A — A @ M be a section. Then restricting to the second
component, we get a derivation. The details follow from this lemma:
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Lemma 8.22. D is a derivation if and only if Sp is a ring homomorphism.

Proof. Assume first that D is a derivation. Then

Sp(aa’) = Sp(aad’, D(aa’)) Sp(a+a')=(a+ad,D(a+a))
= (ad’,a’D(a) + aD(a")) = (a+d',D(a)+ D(a"))
= (a,D(a))(a’, D(a')) = (a,D(a)) + (a’, D(a’))
= Sp(a)Sp(a’) = Sp(a) + Sp(d)

and therefore Sp is a homomorphism of rings. Viceversa, if S: A - A® M is
a ring homomorphism,

S(aa") = (ad’, D(aa’))
S(a)S(a’) = (a, D(a))(a’, D(a")) = (ad’,aD(a’) + a’ D(a))

and therefore D(aa’) = aD(a’) + o/ D(a). O

Notice that if R — A is a ring homomorphism, the same fact holds for the
R-derivation; so there exists a bijection

D: A— M R-derivation <+ Sp: A — A@® M morphism of R-algebras
Proposition 8.23. Let A = R[xg,...,2,] and let M be an A-module. Then

for all mq,...,m, € M there exists a unique R-derivation D: A — M such that
D(l‘z) =m;
Proof. Tt is enough to choose
af of
D(f)=— et ==
(f) (9:171 mi + + an s

These certainly defines a derivation with the desired property. We have to
show that it is unique. Let F be a derivation such that F(z;) = m;. We
have to show the it coincides with D on all the monomials; the R-linearity
implies the uniqueness. Notice that the request and the Leibniz rule imply that

F(zh) = xf_lmi. Using this fact, we get

—1
Faf . ..agr) =P F(es? . alr) + i as? . oairmy
n
1 e
— E Ty wl L army
i=1

and therefore such as derivation is unique. O

Notice that the set of the R-derivation Der(A, M) has a natural structure
of A-module. Indeed,

(D1 + D2)(a) = Dy(a) + Da(A) (aD)(f) = aD(f)
Furthermore, it is a Lie algebra:
[D1, D2} = D1D3 — D2Dy
The common rules hold: if a € A* then D(1) = —% and

D (%) _ bD(a) b—2 aD(b)



CHAPTER 8. CURVES 145

Definition 8.24. The module of Kahler differential 24,5 is an A-module with
a R-derivation d: A — Q4 such that for all D € Der(A, M) there exists a
unique homomorphism of A-modules ¢ such that the following commutes

D
A—M

S /o

Qa/r

The universal property gives the homomorphism of A-modules

HOmA(QA/R,M) — DerR(A,M)
[ — <pod

Remark 8.25. Let A, B be R-algebras and let f1, fo: A — B be homomorphisms
of R-algebras. Let J C B an ideal such that J? = 0 and assume that, called
m: B — B/J the projection, mo fi = wo fa. Then D = f; — f5 is a derivation
D: A— J, as follows:

D(adb) = f1(ab) — fo(ab)
= fi1(a) f1(b) — f2(a) f2(b)
= fi(a)f1(b) — fi(a)f2(b) + fi(a) f2(b) — f2(a) f2(b)
= f1(a)(fi(b) — f2(b)) + f2(b)(f1(a) — fa(a))
(a)

1 fa(
= f1(a)D(b) + f2(b)D(a)
Theorem 8.26. (1, exists and it is unique up to a unique isomorphism.
Proof. Consider the map

u: A®rA — A
a®b +—— ab

This map is surjective and we call Ker(u) = J. We define Q4,5 = J/J?, which
is an ideal of A ® A/J? with the structure given by the embedding on the first

factor
A — ARA

a — a®l
Furthermore, the elements a ® 1 — 1 ® a € J. We can define

d: A — J/JQ
a — a®l—-—1®a

We have to show that d is a derivation. Called

oA — A4, poa o ABA
a +—> a®1 a — 1®a

it holds d = f; — fo and since they are the same map (mod J), using the
remark we get that d is a derivation on J/J?. Notice that the set {d(f) | f € A}
generates Q4 p. Given ) a; ® b; € J = Ker(u), it immediately follows that

Zaibi:O.
Zal ®1 —0:>Zaz®b—Zal(1®bl—bz®l)22a1dbl
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We now have to verify that (24, satisfy the universal property. Let D: A — M
be a derivation. There is a unique R-linear map ¢ A ® A — M such that

a®br— aD(b)

and by our structure on A ® A it is A-linear too. We consider ¢ restricted to
J; this factor through .J? and so it defines a map 1: Qa/r — M. So

(f(@) = ¥(1®a—a®1) = D(a) — aD(1) = D(a)

Uniqueness follows from the fact that v is uniquely determined on a set of
generators (d(a), a € A). O

Corollary 8.27. If we call A = R[z1,...,z,], the module
QA/R = <dx17 s ,dl’n>
is free of rank n.

Let f: A — B a homomorphism of R-algebras. We have three different
modules:

Qa/r Qp/r Qp/a

Let dg/a: B — ;4 be the canonical derivation. Then d is an R-derivation
and therefore we can factor it through Qp/r. So we get a map

v:  Qpr  — S
dp/r(b) +— dpa(b)

which is surjective since dg,4 = ¢ odp/r and so ¢ contains in the image all the
elements dp /4 (a), which generates Qp /4.

Observation 8.28. Let D: B — M be a derivation and let ¢: A — B be a
homomorphism of rings. Then ¢ induces a structure of A-module on M and
the composite D o ¢ is a derivation with this structure:

Do g(ab)) = D(p(a)p(b)) = (a) D(p(b)) + ¢(b) D(p(a))

Let dg/r: B — (lp/r be the canonical derivation. By the observation,
dp/ro f: A — Qp/g is an R-derivation on A and therefore it factors through
Q4/R, giving a map

’(ZJ: QA/R — QB/R
dasr(a) +—— dp/r(f(a))

" f

B

Qu/r - 5 Qp/r
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Since §2p /g is also a B-module, we get a map

P B@AQA/R — QB/R
b®@da/r(a) — bdp/r(f(a))

Theorem 8.29. Let B be an algebra over a ring A. The sequence
B®g QA/R i) QB/R i) QB/A —0

is exact.

Proof. We have already shown that ¢ is surjective, therefore we only have to
check it is exact in the middle. The composition

po(b®dasr(a)) = ¢(bdg/r(f(a))) = bdp,a(f(a)) =0

is zero and therefore Im(¢)) C Ker(¢)). We have to show that Ker(v) C Im(3)).
Let @ = Coker(t) and we call ¢: Q@ — Qp/4. The composite

B/R

d
51B—>dQB/R—)Q

is an A-derivation and we get the diagram

)

m

B"QB/Rg’Q

4
¥

Qp/a
This implies the thesis. O
Consider the case B = A/I. Then Qp,4 = 0 and we get the sequence
B®a QA/R ~ QA/R/IQA/R — QB/R -0
We have the composite
Q
I — A — Qur — A/R/IQA/R
f — [df]
Notice that if f € [ and a € A, we get
[d(af)] = ladf + fda] = [adf] = a[df]

and therefore the map

is A-linear and I? is contained in the kernel. Thus we can factor the map
through I/12.
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Theorem 8.30. Let A be a R-algebra, I C A an ideal and let B = A/I. The
sequence

I/IQ — QA/R ®AB — QB/R — 0

is exact.

We want to use this sequence to give a smoothness criterion.
Let A = k[x1,...,2,] and let B = A/I, where I = (f1,..., fs). We know that
Q41 is a free A-module on dry, ..., dr, and

B®aQas = QA/k/IQA/k

is a free B-module with basis [dz1],...,[dz,]. Since I/I? is generated by
[fl]a cey [fs]a we get

[fi] — df; = Zax dzj € B®a Qask
J

Therefore (B L)
_ ®
=T EARAR ap L)

Let p € Spec(B) C Spec(A) be a rational point, p = (z; — a;).

Qi

Qa/n @ k(p) =~ k(p)"
is free on dx1,...,dz,.. So we get the sequence
L2 @ k(p) — k()" — Q@ k(p) = 0

Notice that

dimy,p) Qp/p = r —rk Jy(a) = dimy, mp/m2

p
and
My 2 — Qe @ k(p) — Qypy/p — 0
p N—_——
=0

and therefore

m’/mi ~ Qp/ @ k(p)

Ezxample. In the case k = C and

Clz,y, 2z
B=Cv ey 2y
we get
Bdx @ Bdy @ Bd
Qpjc = TOLWO Z/( dx + ydy + zdz)

Ifp=(z—ay—bz—c)€X(C), we get

2 (a,b,c) #0

dime QB/C ® (C(p) - {3 otherwise
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Corollary 8.31. Let A be a finitely generated k = k algebra and assume that
A has pure dimension d. Then 4/}, is projective of rank d if and only if A is
smooth.

Proof. Let p € Spec M (A); then
dimy,p) Q4 @ k(p) = dimyp) m’/mf, >d

and we get the equality if and only if A is regular at p, which is equivalent to
smoothness. O

Base change Let R — A be a homomorphism of rings and let R — R’ be an
extension. If we call A’ = R’ ®g A, we get the following:

Theorem 8.32.
Qu />~ Qur Or R ~Qup@a A

Proof. Let d: B — (1,4 be the canonical derivation. By base change, we get
a derivation
dl = d@:[d BI — QB/A ®A A/

Notice that
Qpa®@aA =Qpa04A @pB=Qp4@pB
and (Qp/4 ®p B',d’) verifies the universal property of Qp//4/. O
As a consequence, let A be a finitely generated algebra over a field k£ and let
A=K®gA

Since A is purely d-dimensional, we get that A is smooth over K if and only if
A is regular over K if and only if Q4,5 is projective of rank d. This follows
from the fact that A — A is faithfully flat and from the lemma

Lemma 8.33. Let A — B a faithfully flat homomorphism of noetherian rings
and let M be a finite A-module. Then M ® 4 B is projective of rank d if and
only if M is projective of rank d.

To prove this lemma, we can reduce to the local case. In fact, M is projective
of rank d if and only if M, is free of rank d for all p € Spec(A4). Since the
extension is faithfully flat, there exists ¢ € Spec(B) such that ¢~!(q) = p and

M@ABQ@BqEMp@APBq
Then we have to show the following;:

Lemma 8.34. If A — B is a flat local homomorphism of local noetherian rings
and M is an A-module, M is free of rank d if and only if M ® 4 B is free of rank
d.
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Proof. Let K(B) = B/mpB and K(A) = A/maA. Then
M®B®K(B)=(M®®K(A)) @) K(B)
and then M ® K(A) ~ K(A)?. Nakayama’s lemma implies that
0= N—=A" = M -0
becomes

0N®B—B"-M@B~B*-0
Therefore N ® B = 0 and since B is faithfully flat, NV = 0. O

Let now R — A;, R — Ay be ring homomorphisms and consider A =
Ay X As. Then every A-module decompose into a product M; x Ms. Therefore
if D: A — M is a R-derivation, we can split D into Dy : Ay — M; and Dy: Ay —
Ms. Therefore

Qu/r =04, /r D Qayr

Let now E/K be a finite separable field extension. Then, by the primitive
element theorem, we can find § € E such that E = K (). If we call f the
minimum polynomial of 6, we get

and since the extension is sparable, f'(6) # 0. We get the sequence
(f(x))2 — QK[m]/K Qx E — QE/K —0

Notice that, if we choose dx as a base of Q. k, the image of [f(z)] is f'(0)dx,
which is different from zero by hypotesis. Therefore, the first map is injective
and surjective and

(f(%))/(f(g,j))2 ~ Qxf)/x Ok B Qp/xk =0

On the other hand, if f is irreducible but not separable, we get Qp/ g =~
QK[z]/K ®FE ~EFE.

Proposition 8.35. Let R — A be a ring homomorphism and let S C A be a
multiplicative system. Then Qg-14/p ~ S Q4 5.

Proof. Notice that the module on S~™'A corresponds to the module on A such
that every s € S acts as an isomorphism. Then if M is an S~!A-module,
every D: A — M extends uniquely to a derivation S™'A — M. So we get
an isomorphism Homg-14(S71Qa,, M) ~ Hom(Q4/r, M) and therefore an
isomorphism

Derg(A, M) ~ Derp(S~tA, M)

O

Let K be a field; we can now compute Qp(z, . o,)/x- 1If we set § =
K[$17 s axn} \ {0}7 we get

Qk(ar,an)/ K =S Ukl )/
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which is therefore a free vector space with base d%t,...,d5®.

The algebraic theory globalizes to schemes. If f: X — S is a morphism of
schemes, there exists a quasi-coherent sheaf {2x /g such that for all open affine
subset U = Spec(A) C X and V = Spec(R) C S such that f(U) CV

Qx/slv ~Qa/r

If X is a scheme and F is a quasi-coherent sheaf on X one defines a derivation
D: Ox — F as an additive map satisfing the Leibniz rule. If f: X — S is a
morphism of schemes, an S-derivation D: Ox — F is a derivation such that if
u € O(V) D(¢#(u)) = 0. There exists a S-derivation Ox — 2y/s universal
among all the S-derivations Ox — F.

Theorem 8.36. (x5 exists.

Proof. We know that in the affine case such a sheaf exists and it corresponds
to the module J/J?. If U = Spec(A) is an affine open subset, Spec(4 ®r
A) =U xg U and the map A ®r A — A corresponds to the diagonal §: X —
X xg X. We call Ix the sheaf of ideal on X xg X given by the kernel of
the morphism of sheaves induced by the diagonal map §: X — X xg X. If
f: X — § is separated, we define Qx/g: 0"Ix, which corresponds locally to
J/J?; the associated derivation is

d: Ox — QX/S
fo— & (prsf —prif)

If X — S is not separated, we know that § is a locally closed embedding and
there exist an open subset U C X xg X such that § factors as

X3BU-5XxgX

We define (2x,5 = a*Ix and it doesn’t depend on the choice of the open sub-
scheme by uniqueness on affine open subsets. O

Proposition 8.37.

1. Let S be a noetherian scheme and let f: X — S be locally of finite type.
Then Qg is coherent.

2. Let S be a scheme over K. If X is smooth of pure dimension d, Qx/x is
locally free of rank d.

Proof.

1. Since being coherent is local, we can assume X = Spec(A) and ¥ =
Spec(R). Then Q4,5 is a quotient of Qg[,, . 5.1/r ® A and therefore it
is finitely generated.

O

Ezxample. We want to compute QP}{. By the proposition, it is invertible. We
can consider the open cover

Pl = U, U,
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On these sets,
Op1/clv, = duO Qp )k |vy, = dvO

On the intersection, we get

Consider the map deg: Pic(PL) — Z. Then
vp(du) =0 Vp e Uy Voo (du) = —2

Therefore deg({2p1 ;) = —2 and it is isomorphic to Op (—2). We could have
shown also the isomorphism; it holds Qp1 /p = Op1 (—2) for every ring R.
Qpn /¢ is locally free of rank n; given f = % € Opr (U),

of V-
oL 2P o))

This defines a derivation Opn — Opxn (—1). The map

Q]p}tg — O(_l)@(n-‘rl)
of of
f — (Twc)’""aa:”)
is injective but not surjective. We can also consider the map

O(-1)en+) o
(f07"'7f’n) — lefl

Notice that if f € O(U), the Euler Formula implies that szé%i =0.

Proposition 8.38. The sequence
0= Qpn g — O(=1)" — Opn. — 0
is exact.

Proof. Since being exact is local, we can reduce to the case of the open affine
subset Uy = (P% )4, -

s
Uy = Spec(k[ug, - - ., un)) up = —-
Zo
Then Q, /g is free over duy,...,du,. It can be verified that the sequence is
exact. O

8.3 Exterior Powers of Sheaves

Let (X,0x) be a locally ringed space and let F' be a sheaf of Ox-modules.
For every open affine U C X, we know that there exists the O(U)-module
A%(U)F (U) of exterior powers, which has the usual universal property for alter-

nating products. Therefore we can define a presheaf U — A%(U)F (U), where
the restriction maps are given by the universal property. We define the module
of exterior powers A4 F as the sheafification of this presheaf. It is a universal
object among all the d-alternating linear maps.
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Proposition 8.39. Assume that F is locally free of rank n. Then AF is locally
free of rank (7).

Proof. Since the fact is local, we can assume that F' is free. In this case, we
know that AF is free over the base

i, N Aeg, 1<ij<---<ix<n
O

Notice that if f: FF — G is a homomorphism of sheaves, we get an induced
map

Alf: AF — NG

Definition 8.40. Let F' be a locally free sheaf of rank n. The determinant of
F' is the invertible sheaf det(F) := A"F. If f: F' — F is a homomorphism of
sheaves, we define the map det f: det(F) — det(F).

If L is an invertible sheaves, the determinant defines defines an isomorphism

Lemma 8.41.

1. If B is an A-algebra and M is a free A-module, we have a canonical
isomorphism between det(M ® 4 B) and (det M) ® 4 B.

2. Consider an exact sequence of free A-modules

0ssMASNE P

Then
det(N) ~ det(M) ® 4 det(P)

Proof.

1. Let {e1,...,e,} be a basis of M and let e] = e¢; ® 1. We can construct the
homomorphism

Y (det M)®4 B — det(M ®4 B)
(e A+ Nep)®b — (efN...e)b
which is surjective since ] A. .. e}, is a basis of M ® 4 B. This implies that
is injective too, and therefore it is an isomorphism.

2. Let {p1,...,px} and {mq,...,mp} be basis for P and M respectively.
Chosen g; € 87 (p;), and renamed «(m;) = s;, the set {s;,g;} defines a
basis of N. We define a map

E det(M) ® 4 det(P) — det(N)
(mi A Amp)Q@(P1 A Apr) —> SIA--AspAgLA--Agp

1 defines an isomorphism (it is surjective since {s;, g;} is a basis of N and
therefore it is injective too) and it doesn’t depend on the choice of the
basis.
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Proposition 8.42.

1. Let f: X — Y be a morphism of schemes and let F’ be a locally free sheaf
on Y. Then det(f*X) = f*det(X).

2. Let 0 » F/ — F — F” — 0 be an exact sequence of locally free sheaves.

Then
det(F) ~ det(F'") @0 det(F")
Proof.
1. Let U C Y be an open subset such that F|y ~ OF. Then, using the
lemma,

f|}71U(det(F)|U) ~ f_l det(F|U) Qf-1(U) quU
~det(f ! flu @10, Of10)
~ det(f*(F|v))

and these isomorphisms glue togheter.

2. Let {U;} be an open cover such that F'|y, ~ F|y, ~ F"|y, ~ Oy,. By
the lemma and the first part of this proposition, we have a family of iso-
morphisms ¢;: det(F")|y, @det(F")|y, — det(F)|u,. These isomorphisms
agree on the intersection of these open sets since the isomorphism are in-
dependent on the choice of the basis and therefore they lift to a global
isomorphism.

O

Definition 8.43. Let X be a scheme over K smooth of pure dimension n. The
canonical sheaf or dualizing sheaf of X is wx = det(Qx,x)-

Ezxample.
e If n =1, we get wx = Qx/k. In particular, wpr = Qp1 /= 0(-2)
e Using the Euler sequence 0 — Qpn. — O(—1)%"*! — O — 0, we get

n+1
O(-n—1) ~ ®det(0(—1)) ~ det(O(—1)®" 1) ~ wpr. ®o O =~ wpn.
i=1

Suppose that X is smooth over Spec(K) of dimension n and let ¥ 7y X be
a smooth closed subscheme of dimension m. We have an exact sequence

IY/I%/ — QX/K|Y — Qy/K —0
Proposition 8.44. IY/I}z/ is locally free of rank n — m and the map

IY/I%/ — QX/K|Y

is injective.
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Sketch of the proof. Notice that if codimy X =1, then Y is an effective Cartier
divisor on X. Then Iy = Ox(Y) is invertible on X and therefore

b =gty
is invertible. O
As a consequence, we get the exact sequence
01y — 0 — 0 —0
| 15, X/K|Y Y/K
Taking determinants, we get the adjunction formula
wx/kly = wy/k ® det (IY/[%)
Observation 8.45. Notice that if Y is a Cartier divisor, Iy /I3 = Ox(=Y)|y.

Curves in P? Let X C P2 a smooth curve of degree d. Then Iy = O(—d)
and wps >~ O(—3); therefore

Ox(—3) = Wwx ®Ox(—d) => Wx = Ox(d— 3)

Remark 8.46. Notice that deg(Ox (1)) = d; in fact, if L C P2 is a line then
Op2(L) =~ O(1). If s € H°(P2, O(1)) is the section defining L, then

div(s|x)=XNL
and therefore
deg(Ox (L)) = deg(div(s|x)) = x(OxnL) = d
As a corollary, deg(Ox (1)) = ld.

Since g(X) = h!(Ox) = =UA=2) _ dW=8F2 o ot deg(w,) = 29(X) — 2

Ezxample.
e If d=1, then X ~ Pk and wx = Ox(—2)|x has degree —2.

e If d =2, then wx = Ox(—1) has degree —2. If X (k) # () then X ~ PL.
If X(k) = 0 we can make a base change and we know that the degree is
invariant.

o If d=3, wx ~ Ox and deg(wx) = 0.
o Ifd=4, wx ~Ox(1) and deg(wx) = 4.

Ezample. Let X C P? be a smooth curve of degree d. Then wy = Ox(d—3) =
j*O(d — 3). From the exact sequence

0—-0(-d)— 00— 0x —0
we get, tensoring for O(d — 3),

0= O(=3) — O(d—3) — Ox(d—3) =0
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We can therefore consider the long exact sequence:
0— H°(O(-3)) = H°(O(d - 3)) = H*(Ox(d—3)) = 0
and therefore H°(Ox(d — 3)) ~ H°(O(d — 3)).

0ifd <2

HY(Ox(d - 3)) = {(dgl) ifd>1

8.4 Riemann-Roch Theorem

Using the correspondance bewtween Cartier divisors and some closed subschemes
of X, we can find some particular divisors:

Definition 8.47. Let X be a smooth proper geometrically connected curve
over k. A canonical divisor K is a divisor such that Ox (K) corresponds to the
class of the canonical sheaf wy.

Theorem 8.48 (Serre Duality). Let X be a proper, smooth and geometrically
connected scheme over a field k of dimension n. Let L be a locally free sheaf on
X. Then for every i =0, ...,n there exists a canonical perfect pairing

HY(X,L)®, H" (X, LY @ wyx) — H"(X,wx) ~ k
Corollary 8.49.
e Wi(L)=h""(LY @wx) and h'(Ox) = h" *(wx)
e If X is a curve of genus g then g = h%(wy).

Assume now that dim(X) = 1 and let L be an invertible sheaf on X. We
know that L = O(D) where D € Div(X) and h?(D) = h*(L) only depends on
the class of D. Furthermore, given a canonical divisor K, wx = Ox(K) and
LY @ wx = Ox(K — D). Serre Duality gives h'(D) = h°(K — D); we want to
have control over h°(D). We can do this using the following:

Theorem 8.50 (Riemann-Roch). Let X be a curve and let K be a canonical
divisor. For every D € Div(X),

h°(D) — h°(K — D) = deg(D) + 1 — g(X)
Proof. By Serre Duality, we know that h°(K — D) = h'(D) and therefore
h*(D) = h°(K — D) = x(O(D))

If D = 0, we know that O(D) ~ Ox and therefore x(Op) = 1 — g(X) =
deg(D) +1 — g(X).
Let now p € X and consider the exact sequence

0—=+1, —0x —0p—0

We know that I} = O(p) and therefore O(—p) = I, since Pic(X) is a group
and the inverse corresponds to the dual.

0—->0(-p) —Ox — 0, =0
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Tensoring for O(D), we get
0— Ox(D—p) — Ox(D) — Ox(D)® O, — 0

Notice that since O(D) is locally free and O, is supported on a point, Ox (D) ®
O, ~ O, and

0—0x(D—-p) — Ox(D) — O0x(D)®0, =0
We now compute the Euler characteristic of O,; since it has finite support,
X(0p) = h°(P) = dimy, k(p) = deg(p)

We can now compute the Euler characteristic of Ox (D) by the addictivity of
Euler characteristic:

x(Ox (D)) = x(Ox (D — p)) — deg(p)

The last formula holds even in the case of —p

x(O(D)) = x(Ox (D + p)) — deg(p)

We are now ready to conclude the proof. Given a divisor D, we can consider it
as a finite sum of points p € XM and the relations we have found show that
the theorem still holds after adding a point. Since we have shown that it holds
for D = 0, we get the thesis. O

Corollary 8.51 (Riemann formula). h%(D) > deg(D) +1—g¢
Ezxample.
e If D=0, then 1 —h%°K)=1-gand h°(K) =g.
o If D= K, h%(K)—h°0) = deg(K)+1—g and therefore deg(wx) = 29 — 2

Remark 8.52. Notice that if deg(D) < 0 then h°(D) = 0. In fact, h%(D) # 0 if
and only if D is linearly equivalent to an effective divisor.

Corollary 8.53. If deg(D) > 2g — 2, then h°(D) = deg(D) +1—g

Ezample. If g(X) = 0, we get h%(D) = deg(D) + 1 whenever deg(D) > —1.

Assume now that g = 0 and let p € X (k). Then deg(p) = 1 and the corollary
implies h°(O(p)) = 2. So we have

kC H(Ox) € H(O(p))

Hence there exists f € H°(O(p)) \ k such that div(f)+p > 0. This means that
div(f) = q — p, where ¢ € X (k) and q # p. Therefore X ~ P%..

Corollary 8.54. If g = 0 and X (k) # 0, then X ~ P}.

Definition 8.55. Let D € Div(X). We define the linear system of D as

|D| = {E € Div(X) | E~ D E >0}
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The map
H°(O(D))\ {0} — D]
—  div(f)+ D

is trivially surjective and given f,g € K(X)*,
!

div(f) = div(g) <= = €k”

Therefore we get a bijection
H°(O(D 0
|D| +— (OD)\ { }/k*

Assume now g(X) = 2; then h°(wy) = 2 and deg(wyx) = 2. We can find
s,t € H%(wx) linearly independent elements and they give two distinct effective
canonical divisor D, D’. If k = k, D = p + ¢, where p,q € X (k). Notice that

D~ D'=3f € K(X)* s.t. div(f) = D — D" = Supp(D) N Supp(D’) =0

In fact, if Supp(D) N Supp(D’) # 0, since D # D', there exist p,q € X (k) such
that p ~ ¢ and therefore X ~ Pk, against the hypotesis. Therefore, there exists
f: X =Pl

div(f) =D — D" = f*(0) — f*(o0)
and f*(0) = D, f*(oc0) = D', which means that deg(f) = deg(f*(0)) = 2.
Corollary 8.56. Every curve of genus 2 has a map to P} of degree 2.

Let X be a smooth projective geometrically connected curve over k and let
D € Div(X). We recall that there exists a bijection between maps to P and
classes of isomorphism of tuples (L, sg, . . ., s,) where L is an invertible sheaf on
X and s, ..., s, generates L. Indeed, the set

Xo ={pe X |sip) #0}

is open in X and these sets form an open cover of X. Therefore, to a map
f: X — P" we can associate the tuple (f*O(1), f*zo,..., f*x,). Viceversa,
given a tuple we can construct a map on the X, given by gluing the morphisms
induced by

R[I—l...‘”—"] — H'(X,.0)

T4 T4

Zq Sq

Let now X be a curve and D € Div(X). Given p € X (k), we get the exact
sequence
0—Ox(-p) — Ox — 0, =0

Tensoring for O(D) we get
0— H(Ox(D —p)) — H°(Ox(D)) — H°(0,(D)) ~ k
We can distinguish two cases:
1. h°(D) = h°(O(D — p)) and s(p) = 0 for all s € H°(O(D))
2. h%(D —p) = h°(D) — 1 and there exists s € H*(O(D)) such that s(p) # 0
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Lemma 8.57. If k = k, Ox (D) is generated by global sections if and only if
h%(D —p) = h9(D) — 1 for all p € X (k).

Proof. Assume first that h®(D — p) = h%(D) — 1 for all p € X (k). Then for all
p € XM there exists s € H°(O(D)) such that s(p) # 0 for the second condition,
which means exactly that O(D) is generated by global section. On the other
hand, if there exists p € X such that h%(D — p) = h%(D), s(p) = 0 for all
s € H°(Ox(D)); hence Ox (D) is not generated by global section. O

If Ox(D) is generated by global section, we can use a basis of H’(O(D)) to
define a map X — P% where n = h°(O(D)) — 1. This map is unique up to a
linear transformation of P}.

Remark 8.58. Let X be a separated quasi-compact scheme over k and k'/k
be a field extension. If L is an invertible sheaf on X, we get a projection
m: X — X. Then L is generated by global section if and only if n*L is
generated by global section. To show this, it is useful to use tha fact that
HO(Xpy, 7 L) ~ K @ H(X,L).

Assume k = k and let D € Div(X). If Ox (D) is generated by global sections,
we get a map f: X — P" and f*O(1) ~ Ox(D) since f*: H°(Opn (1)) —
H°(Ox (D)) is an isomorphism.

Theorem 8.59. f is an embedding if and only if for all p,q € X (k) h°(D —p—
q) = h%(D) — 2.

Proposition 8.60. Let X,Y be schemes over k£ and let f: X — Y be a mor-
phism. If k¥'/k is a field extension, then f is a closed embedding if and only if
frr: X — X is a closed embedding.

Corollary 8.61. Let X be a curve over k of genus 0 and let D € Div(X). If
deg(D) =d > 1, H*(O(D)) defines an embedding X C P?.

Proof. By the proposition, it is enough to do this after base-changing to k. If
p,q € X(k), then h°(D —p—¢q) = d—1 = h°(D) — 2. We get a morphism
f: Xz — P? and by the proposition it is an embedding. O

Proposition 8.62.
1. If deg(D) > 2g, then O(D) is generated by global sections
2. If deg(D) > 2g + 1, O(D) defines an embedding.

Observation 8.63. Let X be a curve and D € Div(X). Let f: X — P" be
the map induced by H°(O(D)), where n = h°(O(D)) — 1, and assume it is an
embedding. So we can identify (X,Ox) as a closed subscheme of P"; we can
relate the degree of the divisor to the degree of Ox. The Hilbert polynomial of
OX is
X(Ox(t) =1—g+dt

where d = deg(X) in P{. On the other hand, the Riemann-Roch theorem gives
us

X(Ox (1)) = deg(Ox(t)) +1—g =tdeg(D) +1—g
Therefore deg(D) = deg(X).
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Example. Let X be a curve of genus 1 over an algebraically closed field k.

e If X has a divisor D of degree 2, we get a map f: X — P! of degree 2
(not necessarily an embedding).

e If X has a divisor of degree 3, X is isomorphic to a cubic in P?

e If X has a divisor of degree 4, X corresponds to a quartic in P3.
Curves of genus 0 Let X be a curve of genus 0. We can distinguish two
cases:

o If X(k)#0,let D=pe X(k). Then deg(D) =1, X CP! and X ~P!.

e If X (k) =0, a canonical divisor K has degree —2; therefore deg(—K) = 2
and X C P? and X is a conic by the previous observation.

Summing up:

Theorem 8.64. Every curve of genus 0 over a field is either a conic in P? or
isomorphic to Pj.

8.4.1 Complete intersection

Let S1, S, C P? be hypersurfaces of degree d;,dy respectively and assume that
51,52 have no common components. We want to study the intersection X =
S1 NSy, which has dimension dim(X) = 1. We have the exact sequence

0— O(*dl — dg) — O(*dl) D O(*dg) — 0 — OX —0

and we get
dida(dy +da — 4
\(Ox (1)) = dyayt - BB FEZY

We could have computed this in a different way. Assume X is smooth: we get
the sequence

0— IX/I§< — Qpsjplx — Qx — 0
Then wx = Ox(—4) ® det(Ix/I%)V. If we consider the exact sequence
0— O(—dy —dz) — O(—d1) ® O(—d2) — Ix — 0
and apply ®Ox we get
Ox(—dy — dy) =% Ox(—dy) ® Ox(—dy) —> Ix/e o0

Therefore Ix /1% ~ Ox(—d;) ® Ox(—dz) and

\
det (IX/I)Q() = Ox(dy + do)

We have shown that if X is smooth wx ~ Ox(d;+ds—4). Notice that the degree
as coherent sheaf on P" of X is exactly deg(X) = dyds. This follows from the
fact that we can find an hyperplane not passing through the associated points
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of S1,.55 and by Bezout’s theorem the intersection with Sy N .Ss is exactly given
by dids points.

deg(X) = dldg 29 —2= deg(wx) = dldg(dl + d2 — 4)

So a smooth intersection of two quadrics in P? is a curve of genus 1. In a certain
sense, the converse holds:

Lemma 8.65. Let X,Y be closed subschemes of P and suppose X C Y. If
X(Ox(t)) = x(Oy(t)) then X =Y.

Proof. We consider the exact sequence
0—-1—0y —0Ox—0

and we get

x(I(t)) = x(Oy (1)) — x(Ox(t)) =0
and therefore dim(Supp(7)) = 0. This means that I = 0. O
Observation 8.66. Let f € klxo,x1,22,23] be a homogeneous polynomial of
degree d and let S be the corresponding hypersurface. Given a closed subscheme

Y of P3, we have a map H°(O(d)) — H°(Oy(d)) and Y C S if and only if f
goes to 0 in H°(Oy (d)).

Theorem 8.67. Let X C IP3 be a smooth curve of genus 1 and degree 4. Then
X =51 NSy, where S, S> are quadrics.

Proof. Let Ix be the sheaf of ideals associated to X.
0—-Ix — 0 —0x—0
We tensor for O(2) and consider the exact sequence of cohomology
0— H(Ix(2)) — H°(O(2)) — H°(Ox(2)) — ...
We get
h’(Ix(2)) > h°(0(2)) —h"(0x(2))
=10

We apply Riemann-Roch to estimate h?(Ox(2)), noticing that deg(K — D) =
20—-2-4<0:

RO(Ox(2)) = deg(2D) +1—g=38
Therefore h®(Ix(2)) > 2 and there exist fi, fo € H(Ix(2)) linearly indepen-
dent. Hence we get that the corresponding quadrics S7,S2 contain X. Notice
that f1, fo are irreducible since X is not contained in a plane and a reducible

quadric is the union of planes. Indeed, a smooth curve of degree 4 contained in
]P’% has genus 3. Then

X(Os,ns, (1) = 4t = x(Ox (1))

and so X = 57N Ss. O
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8.5 Hyperelliptic Curves

Definition 8.68. Let k£ be an algebraically closed field and let X be a curve
over k of genus g > 2. We say that X is hyperelliptic if there exists a map
f: X — P} of degree 2.

We saw that every curve of genus 2 is hyperelliptic but we haven’t seen an
example of an hyperelliptic curve. In fact, every smooth plane curve has genus

and therefore we have no examples in P2.
Let X be a curve of genus g > 2 and let p € X (k). Then h%(p) = h°(O(p)) = 1
and given a rational point ¢ € X (k) we get h%(p+q) = 1 or h°(p + q) = 2.

Lemma 8.69. Let X be a curve of genus g > 1 and let E be a divisor of degree
1. Then h°(E) < 1

Proof. Assume by contradiction that h°(E) > 1. Then the linear system |E|
contains more than one effective divisor and therefore there exists p,q € X (k)
such that p ~ ¢, which is absurd by 8.12. O

Proposition 8.70. Let X be a curve over k = k of genus g > 2. The following
are equivalent:

1. X is hyperelliptic
2. There exist p,q € X (k) such that h®(p+q) =2
3. There exist E € Div(X) of degree 2 such that h%(D) = 2

Proof. First, observe that
Rp+q)=2 < |p+q={DeDiv(X)|D>0D ~p+q} #{p+q}

(1) = (2) Assume that X is hyperelliptic. Then there exists f: X — P} of degree
2. If t € PL(k), f*(t) is effective of degree 2 and all the fibers are linearly
equivalent. We get f*(0) = p+q and h°(p+q) > 1 and therefore h(p+q) =
2.

(2) = (1) We call D = p+ q and let r € X(k).By the lemma, h°(D —r) = 1 and
therefore O(D) is generated by global sections. Then we have seen that
hO(D) defines a map X — P} of degree 2.

(2) = (3) Trivial.
(3) = (2) We can prove this in the same way of (2) = (1).
O
Corollary 8.71. If E € Div(X) is a divisor of degree deg(F) > 1 then h°(E) <
deg(E).
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We want now to apply Riemann-Roch theorem. Let K be a canonical divisor
and let p € X (k).

Wp)—h'(K—p)=1+1-g=h"(K—-p)=g-1

and therefore H'(wy) is generated by global section and defines a map f: X —
]P’iil, called the canonical map.

It is natural to ask whether this map defines an embedding. We know that it
is an embedding if and only if h°(K —p — q) = g — 2 for all p,q € X (k). By
Riemann-Roch, we get

KWp+q)—h(K—p—q)=3-—g=h"(K—-p—q) =g-3+hr°(p+q)

So f is an embedding if and only if h%(p + ¢) = 1 for all p,q € X(k), which
means that X can’t be hyperelliptic. However, if X is hyperelliptic, we can
factor this map through the Veronese embedding

deg 2 Veronese —1
X P Py

Genus 3 Let now g = 3; we have seen that there are examples of curves
having this genus, for example a quartic in ]P’i. Let X be a smooth curve. If X
is not hyperelliptic, wx defines an embedding X — P? of degree 4. Conversely,
if X C P? is a smooth curve of degree 4 we know that wx = Ox(1). We have
the exact sequence

0— Op2(—3) — Op2(1) — Ox (1) = 0
By the cohomology exact sequence, we get
RO(O(-3)) = 0 (O(1)) =3 BH(O(~3)) = 0

and therefore h°(Ox (1)) = 3. Notice that deg(wx) = 29 — 2 = 4 and we get
an embedding X C P2. As a consequence, X is not hyperelliptic since we know
that such plane curves are not hyperelliptic.

Genus 4 Let X be a curve of genus 4 and assume that X is not hyperelliptic.
Then X admit an embedding X — P% of degree 6. Let Si,S> C P3 be two
hypersurfaces of degree dq,ds. We know that X = 57 NS, is a smooth curve.

 dydy(dy + dy — 4)
o 2

In the case d; = 2 and dy = 3, we get a curve of degree 6 of genus 4 which is
not hyperelliptic.

+1

wx = Ox(dy +dz —4) 9(X)

Proposition 8.72. Any curve of genus 4 is either hyperelliptic or the intersec-
tion of a quadric and a cubic in P3.

Proof. Assume X is not hyperelliptic: then X C P3 is a curve of degree 6.

e First, we show that X is contained in a quadric in P3. This happens if and
only if H°(O(2)) — H°(Ox(2)) is not injective. Notice that h°(O(2)) =
(*1?) = 10 and by Riemann-Roch applied on —K we get h%(Ox(2)) = 9.

Therefore X is contained in a quadric S7, which is irreducible since by

hypotesis X is not contained in a hyperplane.
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e Now, we show that such a quadric is unique. Assume that there ex-
ists a different quadric Sy such that So O X. Then X C S; NSy and
X(Os,ns, (t)) = 4t. We know that x(Ox (t)) = 6t — 3; since X C 51N S,
we get an exact sequence

0 = Ker(¢) — Og,ns, 2 Ox — 0

Then x(Os,ns, (1)) = x(Ox(t)) + x(Ker(¢)(t)) and since the leading co-
efficient of the last polynomial is positive we get a contradiction.

e We now want to find a cubic that contains X; so we need to find an
element of HY(O(3)) that lies in the kernel of

Y HY(O(3)) — H(Ox(3))

We notice that h°(O(3)) = 20 and h°(Ox(3)) = 15 by Riemann-Roch.
Therefore dim Ker(v)) > 5. Let f1 € k[zo, 1, 22, 23] such that S1 = V(f1).
The map
e HOO() — HO(Ker(s))
l — Al

is linear and injective and therefore dim H°(O(1)) = 4. Since dim Ker(¢)) =
5, there exists fo € Ker(¢) \ Im(n). f1, f2 are relatively prime and, if we
call Sy = V(fz) we get X C S; N Ss. Since they have the same Hilbert
polynomial, we get the equality.

O

Let now k be an algebraically closed field and assume char(k) # 2. Let
f € k[z] be a polynomial of degree d with distinct roots.

0 = Spee (00132 _ pa) € 42

is a smooth integral curve of degree d in P? and we have a map U — A! finite
of degree 2. We consider the projective closure U and its normalization X. The
inclusion U — A! extends to a morphism f: X — P! of degree 2. Furthermore,
f~YAY) = U. Indeed, U is proper and A® is separated; therefore U is both
open and closed in f~1(A).

X is hyperelliptic; we would like to find the genus of X. This can be computed
with the Riemann-Hurwitz formula. Let X,Y be curves over k = k and let
f: X =Y be a morphism of degree d, d = [K(X) : K(Y)].

Definition 8.73. f is separable if K(X)/K(Y) is separable.

Lemma 8.74. Let X be an integral scheme and L, M be invertible sheaves on
X. If p: L - M is a morphism then ¢ = 0 or ¢ is injective.

Proof. We can check this property locally, so assume that X = Spec(A) is
affine and L ~ M ~ ©; in particular, L = N and M = P. Consider the map
@: L — M; these corresponds to a homomorphism of A-modules f: N — P and
both of them are free of rank one. Therefore the map is either zero or injective,
as desired. |
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Observation 8.75. This lemma implies that if a morphism of invertible sheaves
is injective on a stalk, it is injective globally.

We now consider the sequence
f*QY/k — QX/k — Qx/y —0

Assume first that char k = p and f is not separable; notice that Qx, f*Qy are
invertible, so the first map is either injective or zero by the lemma. If £ € X is
the generic point,

([ Qy/r)e — (Qx/p)e — Qx/v)e =0
and since f is not separable, the first map is zero.
Example. We consider the morphism f: A' — A! given by the homomorphism

kly] — Klz]
y +— P

Then Qx = k[z]dz, Qy = k[y]dy and the map f*Qy — Qx corresponds to
klzldy —  klz]dx
dy — daP =0

Assume now that f is separable. In this case, the first map is injective and
we get the sequence

0— f*Qy/k — QX/k — QX/Y —0

Notice that {2x,y is a coherent sheaf supported on finitely many closed points.
Remark 8.76. If X is smooth of dimension d, Qx is locally free of rank d and
given p € X (k), we have a map
My 2 — Qxp @E(p)
P
N =

If fi,..., fa € my generate mp/mg as a vector space, {lx j is free on dfy, .. ., df4.
In particular, if dim(X) =1 and ¢, is a uniformizing parameter, Qx , is free on
dt,.

We now want to use this remark in the case of curves. Let p € X (k) and ¢ =
f(p) € Y (k). We can choose unformizing parameter t,,tq of m,, mq respectively.

Then f*(t,) = utfg”(f), where u € OF, . In particular, we get a map
(f*QY)p = Ox pdty — Ox pdty

and f*(dt,) = @dt,. We define the valuation e/

»(f) = vp(). Notice that

F*(dty) = d(f* (t5)) = d(ut D)) = D du + e, (Fyuter O dt,

Therefore, if char(k) = 0 or char(k) { e,(f) we get e,(f) = ep(f) — 1. If
char(k) | €,(f), then e, () > e, (f) — 1.

Corollary 8.77. e,(f) =0 <= e,(f) =1
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Notice that (Qx,y)p =~ Ox,p/m;p(f) and the lenght lo, , (Qx/v,,) = €,(f)-
Since we know that (2x,y has finite support,

Corollary 8.78. If ¢ € Y (k), f~!(q) has d points with finitely many exceptions.

We know that degrees behave well under pullback, so
deg(Qy) =29(Y) — 2 = deg(f"Qy) = d(29(Y) — 2)

Let ¢: L — M be a non-constant morphism of invertible sheaves on X. We
know that Supp(M/L) is finite and given p € X (k), we get an injective map
wp: L, — M,. Since these sheaves are invertible, this corresponds to a map
P: Oxp — Ox,p. We define €,(p) = v,(¢(1)) and €,(¢) = 0 if and only if
¢p: Ly — M, is an isomorphism.

Coker = (L ~ Oxp ep
(p) ( /M)p Y (@)
and so

ep(p) = lox, (L/M)p = dimy, (L/M)p
Lemma 8.79. deg(M) = deg(L) + > x &(¢)

Theorem 8.80 (Riemann-Hurwitz). Let f: X — Y be a non-constant separa-
ble morphism of curves. Then

29(X) —2=d(g(Y) = 2)+ 3 e(f)
peX
Furthermore, if char k = 0 or char k > d then
29(X) =2 =d(g(Y)=2)+ > _(ep(f) — 1)
peX
We now want to see some application of this theorem.

Definition 8.81. p € X is a ramification point if e,(f) > 1.
q €Y is a ramification value if it is the image of a ramification point or equiv-

alently |f~1(q)| < deg(f).
If f has no ramification values, we say that f is unramified.

Let f € k[z] be a polynomial of degree d with distinct roots and let
= Spec (1004 _pa) — &

We get a map f: X — P! of degree 2 ramified at the d roots of f(x), where
X is the normalization of the projective closure of U. We don’t know if it is
ramified at the point at infinity: the Riemann-Hurwitz formula gives us the
answer. Indeed, let Y = P!; then g(Y) = 0 and

D (ep(f)=1)=dord+1

peX
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The formula gives us

29(X)—2=—-4+ {d

and therefore if we know g(X) we can obtain the number of ramification point
and viceversa if we know the number of ramification point we can get the genus
of the curve. In particular,

Corollary 8.82. There exist hyperelliptic curves of every genus g > 2.

Corollary 8.83. If f: X — Y is separable then g(X) > ¢g(Y). Furthermore, if
g(X) =g(Y) > 2, f is an isomorphism.

Proof. If d = 1, we know that f is an isomorphism and therefore equality holds.
Since e,(f) > 0, we get
2g(X) —2=d(29(Y) = 2) + D _ €,(f) > d(29(Y) - 2)
peX

e If g(Y) =0, then the genus of a curve is always positive and the thesis is
trivial.

o If g(Y) =1, then we get

29(X)—-2>20=g(X)>1

o Ifg(Y) =2,
29(X) —224d(29(Y) = 2)>29(Y) =2 = g(X) > g(Y)
and the equality holds if and only if d = 1.
O

Corollary 8.84. Let f: X — P! be a non-constant separable map of degree
d > 2. Assume that char(k) = 0 or char(k) > d. Then f has at least 2
ramification values.

Proof. Since

29(X)—2=-2d+ > e€,(f)

peX
there is at least one ramification point. Since f is separable,

29(X) —2=-2d+ > (ep(f)—1)

peX
By contradiction, assume that f has ¢ € P*(k) as unique ramification value.

Then
def)=1= > e(f)-1=d-|f (gl <d

pEX pef~1(q)

Hence
29(X)—-2<-2d+d=—-d=d<2-29(X) <2

and this is absurd. O
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Example. We now give a counterexample to this corollary, omitting the charac-
teristic hypotesis. Assume char(k) = p and k = k. We consider the homomor-
phism of k-algebras

xr +— tP—t

Then we get a map f: Al — Al of degree [k(t) : k(z)] = p, since this the
minimum polynomial of ¢t — ¢ is y? — y — x. Furthermore, for the derivative
criterion, f is unramified. This extends to a separable map f: P! — P! and
f(c0) = co. By definition, deg(f) = p and Riemann Hurwitz implies

“2=-2pt+e(f) = e (f)=2p-2>p-1
and there is only one ramification point. We now write f around co. We get

0 ==

and the differential gives

— DuPtP—24y
df (u) = (p(ll)upl)2d
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