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1. NOTATION

Throughout the notes: N = {0,1,2,...} (the set of natural numbers); Z = NU —N
(the set of integers); Q = {a/b : a,b € Z,b # 0} (the set of rational numbers); R is
the set of real numbers, and C := R + iR is the set of complex numbers; here 2 = —1.
All fields are commutative. For k a field, k[z1, ..., z,| denotes the polynomial ring with
coefficients in k.

2. WHAT IS ALGEBRAIC GEOMETRY 7

The strict definition of the algebraic geometry is the study of solutions of polynomial
equations. But very rarely equations are explicitly written in a problem one may solve.
More often, we know that some set of equations exist, and based on this we obtain
information about the given questions. Here are some examples:
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e (Bezout’s theorem) Consider two plane curves, given by polynomials of degree a
and b. How many intersection points can they have ? (Answer: One expects ab
points, but there may be fewer.)

e (Enumerative Geometry) Consider a cubic surface in space (i.e., given by a poly-
nomial of degree 3). Does it contain any lines ? If yes, how many ? (Answer:
for a sufficiently general cubic polynomial, there are 27 lines.)

o (Rationality) When can we expect to have a parametrization ? (E.g., for curves
this says that all points are of the form =z = z(t),y = y(t), where ¢ is the
parameter, and z(t),y(t) are rational functions in t).

As an example, z(t) = t%y(t) = t* is a parametrization of the plane curve
given by equation z® — y? = 0. However, the curve 2° — y? = 1 has no such
parametrization.

e (Dimension count) What is the ‘dimension’ of the solution set given by d polyno-
mials in the n-space 7 One may expect that this is n —d (each equation decreases
the degree of freedom by 1). However, this may not be the case. For instance,
consider the space curve given parametrically by

C={(z,y,2) =t ¢°): t € C} c C.

This may also be described by equations

2 =yz
C=y*=uz
2 = 22y

Note that there are three equations, so we would expect only two equations.
However, if we leave out the last equation, the z-axis satisfies the first two;
similarly we cannot remove any of the other two equations.

Further, one may actually show that the common locus of

3

3 =yz
y? = a2
Z2=x’y+e

for small € € C is actually 0 dimensional.

e (Index theorems) Cut an algebraic object by sufficiently many hyperplane sec-
tions, until we get to a curve. What can we say about this curve 7 (Is it connected
? Can we write a parametrization ? What is its genus ?)

e (Changing the field of definition) What happens if we look for solutions of a
system of equation over a specific field ? For instance, consider the plane curve
given by equation:

2 +y? = 1.
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Can we find complex solutions ? Real solutions ? Rational solutions 7 (i.e.
solutions over Q). What if we change the equation to ® + y*> = 1 ? (This is
essentially Fermat’s Last Theorem.)

e (Borel-Weil-Bott theorem) Consider an (irreducible) representation V' of the
group SLo(C) (2 x 2 matrices with complex coefficients and determinant 1).
Is there a way to naturally obtain V' as functions on a space where SLs acts ?
(Yes, V is the global sections - a.k.a. generalized functions - of a certain bundle
on the complex projective line P*.)
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3. AFFINE ALGEBRAIC VARIETIES

In this section we define affine varieties and the Zariski topology. Then we use the
Hilbert’s Nullstellensatz to give a dictionary between affine varieties and ideals in poly-
nomial rings.

3.1. From algebra to geometry. Let k be a field. The (n-dimensional) affine space
is defined by

A" =AY ={(ay,...,a,) : a; € k}.
Point-wise it is the same as the k-vector space k™, but unlike in the vector space situation,
0 will not play a special role. The most basic object in algebraic geometry is the affine
(algebraic) variety, defined next.

Definition 3.1. Let S be a nonempty subset of klxy,...,x,]. The affine (algebraic)
variety V(S) is defined by

V(S)={a=(ay,...,a,) € A" : P(a) =0 VP €S}
If S={P,..., P} then we denote V(Py,...,Py) :=V({P,...,P}).

One may think of V' (.5) as the common solutions of the system of polynomial equations
with elements from S. Some examples of affine algebraic varieties:
e ) =V(1) and A™ =V (0);
e The solutions of a system of linear system is an algebraic variety;
e If n = 1, then the only possibilities for affine algebraic varieties are: ), A', and a
finite collection of points (cf. [Lemma 3.1)).
e If n = 2 then in addition we may also have curves, of the form V(P), P € k[z,y].
For instance:
— A parabola in the plane: V(y — z?);
— A cusp V(2% — ¢®);
e For n = 3 we may have surfaces such as V(2% + y* + 22 — 1) (a sphere).

Lemma 3.1. Let X C k be an algebraic variety. Then either X = k or X consists of
finitely many points.

Proof. This follows because any nonzero univariate polynomial has finitely many roots.

O

Proposition 3.2. Let V and W be affine varieties. Then VUW and V NW are also
affine varieties.

Proof. Let V.= V(S;) and W = V(Ss) for some Sy, Sy C k[xy,...,x,] (not necessarily
finite). We claim that
VAW =V(S1US,),
VUW =V(fg: fe€S,geS,).
The first equality is immediate from definition. For the second, observe that the inclusion
C is clear. We need to prove the opposite inclusion. It is equivalent to proving that if
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a ¢ VUW, thena & V(fg: f € Si,g € 52). lf ag¢ VUW then there exist f € S
and g € Sy such that f(a) # 0 and g(a) # 0. Then f(a)g(a) = (fg)(a) # 0, and we are
done. 0

Example 3.3. (An example of a space which is not an algebraic variety.) Let
C = {(z,sin(z)) : € R} C R

If this were an affine variety, then C is the common zero locus of some polynomials
P(z,y) € klx,y]. But then C N {(x,0) : € R} is also an algebraic variety, with
equations Py(x,y) = 0 and y = 0 (by [Proposition 3.2). Observe that this intersection
consists of the infinite discrete set {(km,0);k € Z}. On the other side, the zero locus
of the system Pi(x,0) = 0 is either (), the whole x-azis, or finitely many points on the
x-axis. This is a contradiction.

(A shorter way to say this is that C N R is an affine variety in R, identified to the
z-azis. But we know the affine varieties in R from[Lemma 3.1, and C NR is not of that
form.)

Consider the function
Vi { subsets of k[zy,...,x,]} — { subsets of A"}; S — V(S).
We study some properties of V.

Proposition 3.4. (1) The function V is decreasing, i.e. for Sy C Sy, V(S1) D V(953).
(2) Let (S) be the ideal generated by S. Then V(S) =V ({S)).
(3) Let S be a nonempty subset in klxy,...,x,|. There exist finitely many elements
Py, ..., P €S such that V(S) =V (Py,..., Ps).
(4) For sets S; € klxy,...,x,] (i€ 1), NV(S:) =V(US:).
(5) For finitely many sets Sy, ..., S, C k[z1,...,x,],

V(S UV(Ss)U...UV(S,)

15 an affine variety.

Proof. Part (1) follows by definition: if we impose more equations, the resulting variety
will be smaller.

For part (2), S C (S), therefore V((S)) C V(S). Conversely, take z € V(S) and
f € (S). Then f is a finite combination f = >  a;P; for some P; € S (by definition),
therefore f(x) = 0, proving the reverse inclusion.

Part (3) utilizes the Hilbert Basis Theorem [Theorem 26.1} the ideal (S) = (P, ..., Ps)

for some P; € S, therefore
V(S)=V{S))=V({P,...,P)) =V (P,...,P).

For part (4), observe that since V'(S;) D V(U S;) (by part(1)), it follows that (V' (.S;) D
V(U S;). We prove the reverse inclusion. If 2 € V(|J.S;), then for any ¢ € I, and any
P € S;, P(x) =0. Then x € V(S;), and since i is arbitrary, it is also in the intersection

AV(Si).
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Part (5) follows by induction from |[Proposition 3.2 O

Corollary 3.5. Any finite set is an affine variety.

Proof. One point is an algebraic variety. Then apply [Proposition 3.4} part (5). O

Definition 3.2. Consider the collection of sets:

[Proposition 3.4] implies that these sets satisfy the properties of closed sets of a topology
on A", called the Zariski topology.

If X C A™ is any subset, we will consider it as a topological space with induced
topology.

Remark 3.1. The Zariski topology is very different from the classical ‘Euclidean’ topol-
ogy. For instance:

o The Zariski topology is not Hausdorff. In fact, if k is infinite, then any two open
sets in A" intersect. (This will come up later, in relation to irreducibility.)

e The Zariski topology does not behave well with respect to products. For instance
A? = A x A but the Zariski topology on A? is not the product topology. (Exer-
cise.)

A basis of open sets for the Zariski topology is given by distinguished open sets:
for f € klxy,...,z,], define

Dy :=A"\V(f)={a=(a1,...,a,) : f(a) # 0}
3.2. From geometry to algebra. We defined the map V sending
S Cklzy,...,x,] — V(S) C A"
We now define a map in the opposite direction. For ¥ C A" (subset) define
I(X)=A{P € k[zy,...,x,] : P(x) =0 Vx € ¥}.

Clearly I(X) is an ideal in k[z1, ..., z,]. Further, the ideals arising in this way must be
radical: indeed if f* € I(X) then f(x)" =0 for all x € X, thus f(z) =0 on X.
There we defined a map

I : { subsets of A"} — { radical ideals in k[zq,...,2,]}; X C A" — I(2).

We would like to study I and the relation between I and V. This will lead to a ‘dic-
tionary’” between geometry (affine varieties) and algebra (radical ideals in a polynomial
ring), which sits at the foundation of Algebraic Geometry.

Example 3.6. (a) I(0) consists of all polynomials which vanish at © = 0. Any such
polynomial must satisfy P(0) =0, giving that 1(0) = (z1,...,x,).

(b) If k is infinite, then I1(A™) = (0). (Ezercise.)

(c) Let k = T, the field with p elements. Then for any x € AL, 27 —x = 0, but
obviously xP — x 1s not the zero polynomial.



LECTURE NOTES FOR ALGEBRAIC GEOMETRY 9

The next proposition gives the first properties of the map 1.

Proposition 3.7. (a) I is decreasing, i.e. if X1 C 3o, then I(31) D I(3,).
(b) When restricted to affine varieties, V ol =id, i.e. for any affine variety X C A",
V(I(X))=X.

Proof. Part (a) follows from definition. For (b), again from definition, X C V(I(X)). To
prove the reverse inclusion, let X = V/(.5), for some S C k[z1, ..., z,]. Then (S) C I(X),
therefore V(I(X)) C V(S) = X. O

Corollary 3.8. When restricted to algebraic varieties, the function ¥ — 1(X) is injec-
tive.

Proof. This follows from |Proposition 3.7 0J

Remark 3.2. In general. the map I — V(1) is not injective. For instance, take k = R.
Then

V({2 + 1)) = V(1) = 0.
The issue here is that R is not algebraically closed; we will see that I is bijective for k

algebraically closed.

3.3. Hilbert’s Nullstellensatz: statement and consequences. Recall that the rad-
ical of an ideal I C k[zy,...,x,] is defined by VI = {f € I : In € N, f* € I}. An ideal
is radical if I = /1.

The main result of this section is the following:

Theorem 3.1 (Hilbert’s Nullstellensatz). Let k be algebraically closed. Then for any
ideal I C klzy,...,x,],

(V1) =V1.
Before we prove this theorem, we list some consequences.
Corollary 3.9. The functions
V' |{ radical ideals in klzy,...,x,]} — { affine varieties in A"}; T — V(J);
I :{ affine varieties in A"} — { radical ideals in k[z1, ..., x,]}; X — I(2).

are inverse to each other, i.e. for any radical ideal J, I(V(J)) = J and for any affine
variety X, V(I(X)) = X. This gives a one-to-one, inclusion reversing, correspondence,
between radical ideals in k[xy, ..., z,] and affine algebraic varieties in A™.

Proof. We already proved in [Proposition 3.7|that V' (1(3)) = X. The fact that [(V(J)) =
J for radical ideals J is a consequence of the Nullstellensatz (Theorem 3.1J). U

Remark 3.3. One may wonder if there is a more general correspondence, where the
ideals are not necessarily radical. That leads to theory of (Noetherian) affine schemes.
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Remark 3.4. Once we know about morphisms of affine varieties, we will see that the
equivalence above may be upgraded to an equivalence of contravariant functors between
the category of

{ finitely generated k-algebras } = {k[xy,...,x,|/1}

to
{ (reduced) affine varieties with morphisms} = {Spec(k[z1,...,x,]/1)}.

Corollary 3.10. There is a one-to-one correspondence between mazimal ideals in klxy, . ..
and points in A™. Any mazimal ideal is of the form (x1 — ay,...,x, — a,) for some
(ay,...,a,) € A", and the correspondence is given by

(x1—ay, ..., Ty —ay) < (ag,...,a,).
Proof. By [Corollary 3.9] the maximal ideals corresponds to minimal, non-empty, affine
varieties, i.e. single points. These ideals are precisely of the form stated. 0

Example 3.11. Let n = 1, and let I C k[z] be an ideal. Since any ideal in k[x] is
principal, I = (P(z)). Because k is algebraically closed

P(z)=(z—a))™ ... - (x —as)™,
for some n; € N. Then the Nullstellensatz says that

I(V(P))=I({a1,...,as}) ={((x —ay) ...  (x —as)) = /(P).

Example 3.12. Taken = 2. If P(x,y) € klz,y] is a non-constant irreducible polynomial
then I(V(P)) = (P) and V(P) is a curve. (We will see this curve is irreducible.)

3.4. Proof of the Nullstellensatz. We start by proving a weaker version of Nullstel-
lensatz.

Theorem 3.2 (Weak Nullstellensatz). Let k be algebraically closed and let I be an ideal
such that I # klxy,...,x,]. Then V(I) # 0. Further, if I is maximal, then V(I) is a

single point in A",

The theorem has the following interpretation. Consider a system of polynomial equa-
tions

Pl(xl, e ,.fl:'n)

Pz(Il, e ,ZL‘n)

0
0

Py(xq,...,2,) = 0.

If there exist aq,...,as € k[z1,...,x,] such that > a;P; = 1, then obviously the system
has no solution. The theorem says that the converse is also true.

7xTL
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Proof of [Theorem 3.2, Since I # k[zi,...,2,], we may find a maximal ideal J which

contains /. Since V(1) D V(J), we may assume [ is maximal to start with. Define:
K = klxy,...,x,]/1.
This is a k-algebra and since [ is maximal K D k is also a field.

Lemma 3.13. K = k.

Proof. (In the case k is uncountable.) We will prove this in the case when k is uncount-
able. The main steps for the general proof are outlined in below.

If the extension K D k is algebraic, we are done, since k is algebraically closed.
Therefore we assume that there exist ¢t € K which is transcendent over k. Then we have

field extensions P@)
t

We claim that the elements
1
={—: k k(t
{;——ack} Ck(t)

are linearly independent over k. Indeed, assume that there exists a non-trivial finite

combination -
Z . = O; c; € k.
t— a;

We may assume that a;’s are distinct (otherwise collect the like terms). Consider a
coefficient ¢;,, and multiply both sides by {=t=0=0:) k1] t6 obtain

tfaio

(3.1) Cio(t —ay) ..o (t—a—1)(t — ajgr1) - .. (t —as) = (t —a;))H(t),

where H(t) € k[t]. Since t is transcendental, there is a well defined evaluation k-algebra
homomorphism 1 : k[t] — k sending ¢t — ¢;,. Applying ¥ to both sides gives ¢;, = 0.
This proves the linear independence claim.

On the other side, by the definition of K, it is a finitely generated k-algebra, therefore
as a vector space it must have a countable basis. Therefore it cannot contain the linearly
independent set S, which contains uncountably many elements. This implies that there
are no elements ¢ € K which are transcendental over k. This finishes the proof of the
Lemma. 0

Since k = klxy,...,x,]/1, it follows that x; + I = a; for 1 < i < n, and a; € k.
Equivalently, x; — a; € I, implying that (z; — a4, ..., z, —a,) C I. Since both ideals are
maximal, this forces equality, and finishes the proof of the theorem. 0

Remark 3.5. (A high-brow proof of |Lemma 3.]51, for arbitrary k = k.) By Noether
normalization Lemma (see |Theorem 26.2 below), if trdegyK/k = N there exist alge-
braically independent elements y, ..., yn such that k C klyi,...,yny] C K and K/k C
klyi,...,yn] is an integral extension.
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Now we use another result in commutative algebra, stating that for an integral exten-
sion of integral domains A C B, if B is a field, then A is also a field; see[Lemma 26.1]
We apply this to the integral extension klyi,...,yn] C K; then kly, ..., yn| is a field.
This forces N = 0, thus K/k is an integral extension, and since k is algebraically closed,
k=K.

Proof of the strong Nullstellensatz [Theorem 3.1, We need to show that v/J = I(V(J)).
The inclusions v/.J € I(V(.J)) follows from definition.

To prove the converse, let J = (f1,..., fs) for some f; € k[xy,...,2,]. We need to
prove the following. Let g € k[z1,...,z,); if g(a) = 0 for any a such that fi(a) =...=
fs(a), then gV € J for some number N. Define the ideal:

B = <f17“'7f871_g'rn+1> C k[%l,...,l’n,l’n_i_ﬂ.

We first show that we must have that B = k[xy,..., 2, 2pq1]. Indeed, if B # (1),
then there exists a maximal ideal m D B. By the Weak Nullstellensatz [Theorem 3.2] it
follows that

m= (21 —ay,..., Ty — Qp,Tpi1 — Gpi1)-
Then
filay,...;a,) = ... = fslas,...,a,) =1 —api19(aq,...,a,) =0.
But the first s equalities imply that g(as,...,a,) = 0, which is impossible.
We now consider the situation when B = k[z1,...,2,, Z,41] = (1). Then there exist

h; € klz1, ..., x,41] such that

hsi1(@, Tni1) (1 = Tprg(2)) + th‘(ﬂﬁ7$n+1)fi($) =1

This is an identity in k[zy, ..., 7., 2,41]. We specialize to z,,11 = -+ to obtain

9(z)
1

After clearing denominators (which are simply powers of g), we obtain an identity of the

form
> hi@) fi(w)g(@)™ = g()N.
This shows that ¢V € (fi,..., fs) = J, and we are done. O

3.5. Irreducibility. Let k£ be an arbitrary field. In this section we explore the first
properties of affine varieties, in relation to the algebra/geometry dictionary. We start
with the following definition.

Definition 3.3 (Coordinate ring). Let X C A" be an affine variety and I := I(X). The
Ting
I(X) = klxy, ..., 2, /1

is called the coordinate ring of X.
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In a sense which will become precise later, I'(X) is the ring of (algebraic) regular
functions on X. Some examples (to avoid arithmetic issues, here we assume k is of
characteristic 0):

o '(A™) = k[zy, ..., x,];
o If C, = V(y —2%) C A? is a parabola, I'(C}) = k[x,y]/{y — 2?);
e If Cy is the union of z and y axes in A?, then ['(Cy) = k[z,y]/(zy).

The parabola and the union of lines are somehow different: the parabola is made of
‘one part’, the other is a union of two parts. We want to make this precise.

Definition 3.4. A topological space X is called reducible if it can be written as
X = X1 U Xy where X1,Xo C X are closed subsets. If X s not reducible, it is called
irreducible.

e The real affine line A! = R with Euclidean topology is reducible: R = (—oo, 0] U
[0, 00);

e The affine line A} over any infinite field with Zariski topology is irreducible.
(Because the non-trivial closed sets are just finite sets of points.)

e The union of lines C5 from above is obviously reducible, but one can show that
the parabola is irreducible.

Proposition 3.14. Let X be an irreducible space. Then the following hold:
(1) If ) #U C X is an open subset, then U is dense in X .
(2) Any two nonempty subsets in X intersect.
(3) Any non-empty subset U C X (with induced topology) is irreducible.

Proof. Write X = UU(X \U). Since X is irreducible one of the two closed subsets must
be X, forcing X = U.
We leave (2) and (3) as exercises. O

Proposition 3.15. Let X C A" be an affine variety (with Zariski topology) and let
I(X). Then the following are equivalent:
(1) X is irreducible;
(2) The ideal I(X) is a prime ideal;
(3) The coordinate ring of X, I'(X) is an integral domain.
Proof. Obviously (2) < (3), so we will prove (1) < (2).
”=" Assume that X is irreducible, and take f, g € k[zy,...,x,] such that fg € I(X).
Then (fg) C I(X), therefore X = V(I(X)) C V(fg) = V(f)UV(g). It follows that
X =& nV()uXnVig)).
By irreducibility it follows that either X C V(f) or X C V(g), i.e. f € I(X) or
g€ I(X).
7<= Assume that (X) is prime, and write X = X; U X, where X;, X, are closed.
First observe that

(3.2) I(X; UX,) = I(X,) N I(Xy)
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=

X # X;, by injectivity of the map I m it follows that there exists
F, € I(X;) \ I(X). Then

F1F2EI(Xl)ﬂI(XQ):I<X1UX2> I( )
and by hypothesis this implies that either F} or F; is in 1(X), a contradiction. 0

As a consequence of [Proposition 3.15, the parabola V(y — 2?) C A? is irreducible,
since (y — x?) is a prime ideal.
Any affine variety is a finite union of irreducible components:

Theorem 3.3. Let X be an affine variety. Then X can be written as
(3.3) X=XjU...UX,

where each X; C X is closed and irreducible affine variety. If we require that X; € X;
for any pair i, 7 then the decomposition 1S unique up to permuting factors.

Proof. Exercise. O

The (unique) varieties X; from the decomposition are called irreducible com-
ponents and the decomposition itself is the decomposition into irreducible components.
In commutative algebra, the analogue of this decomposition is called the primary de-
composition of an ideal. For explicit ideals I, there are algorithms to obtain this, and
there is software which will find the primary decomposition.

3.6. Morphisms (part I).

Definition 3.5. Let X C AP.Y C A® be two affine varieties and F = (f1,..., fs) :
X —Y a map between them, where f; : X — k. We say that F is a is a morphism, if

fi € T(X). We say that F is an isomorphism if there ezists a morphism G : Y — X
such that F oG =1idy and Go F = 1idx.

In other words, morphisms F' : X — Y are restrictions of morphisms F : A? — A®
such that F'(X) C Y. This may sound rather restrictive; it is, in other categories, but
it turns out to be fine in the algebraic category.

An equivalent way to state this definition is to require that f;’s are polynomials in
k[xy, ...,z such that for any Q € I(Y) C k[zy,..., 24,

(3.4)
Qfi(z1,...,xp), .., fs(x1,...,2)) =0 Y(z1,...,2,) € X <= Q(f1,..., f5) € I(X).

This definition implies that F' is continuous in Zariski topology.
For a morphism F' = (fi,...,fs) : X C AP - Y C A® we may define a k-algebra
homomorphism F* : T'(Y) — I'(X) by

F*(7) = fi, V1<i<s,

where the bars mean that we’re taking images inside the corresponding quotient rings.



LECTURE NOTES FOR ALGEBRAIC GEOMETRY 15

Observe that this morphism is well defined. For that, it suffices to show that F*(Q) €
I(X) for any Q € I(Y). Utilizing that F* is an algebra homomorphism, and
tion (3.4)| we obtain

FH(Q) = Qh(x), ..., [u(z)) € [(X),
as needed. We denote by Hom(X,Y') the set of morphisms from X to Y.
Given a k-algebra homomorphisms ¢ : I'(Y) — I'(X) we may define a morphism
F,: X =Y by
Fo(z) = (fi(@), ..., fi(x))
where f;(z) are any lifts to k[zi,...,x,] of ¢(x;). Clearly, F}; = ¢.
Lemma 3.16. The assignments ' — F* and ¢ — F, are compatible with composition,
i€
(FoGQ) =G "o F*, Fpy=Fy0F,.
Proposition 3.17. Let X C AP,Y C A® be two affine varieties. There is a one-to-

one correspondence between morphisms F = (f1,...,fs) € Hom(X,Y) and k-algebra
homomorphisms Homy_q,(L(Y),T'(X)) given by F — F*.

Proof. One needs to check that for any F' € Hom(X,Y), Fp+ = F, and that for any
¢ € Homy_ay(D'(Y),I(X), F; = . We already checked the second equality. For the

first, take z € X, and assume that F' = (f1,..., f,). Then F*(7;) = f; and

FF*(:E) = (F*(x1>7 e ,F*(ZL‘S)) = (fl(x)’ S 7fs(x)) = F(:L')
0

Remark 3.6. For k algebraically closed, |Proposition 3.17 says that the contravariant
functor T' from the category of affine varieties and morphisms to finitely gener-
ated, reduced, k-algebras and k-algebra homomorphisms, sending X — I'(X)
s an equivalence of categories.

We now record some algebraic properties of morphisms which correspond to geometric
information. To start, |[Proposition 3.17| implies that:

Corollary 3.18. A morphism F : X — Y is an isomorphism if and only if F* : T'(Y) —
['(X) is a k-algebra isomorphism.

In examples below we take char k£ = 0.

Example 3.19 (Add picture). Consider the parabola C := V(y — x?) C A2?. There
is a morphism F : A' — C defined by F(t) = (t,t*). This is an isomorphism, with
inverse G(z,y) = x. In fact, F' induces the isomorphism F* : klx,y]/{y — 2?) — kl[t],
F(z)=t, F(y) =t

Example 3.20 (Add picture). Consider the cusp C = V(y* — %) and F : A' — C
defined by F(t) = (t2,t3). This is a bijective morphism which is not an isomorphism.
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The bigectivity statement is clear. To prove it is not an isomorphism, observe that
F* : T(C) — k[t] is given by F(z) = t*, F(y) = t3. Therefore the image of F* is the
subring k[t?, 3] C k[t], showing that F* is not surjective.

In fact, one may show that the rings I'(C') and k[t] are not isomorphic. Indeed, klt]
is integrally closed, as it is a PID, but T'(C) is not. To see this, first observe that F*
above induces a ring isomorphism T'(C) ~ k[t?,#3]. The fraction field of T'(C) is k(t)]
Now t € k(t) is a solution of the monic polynomial X — t* € k[t?, t3][X], showing that t
is integral over k[t?,t3]; but t is not in k[t t3].

Geometrically, the cusp has a singularity at (0,0), while A' is non-singular. So they
cannot be isomorphic in any category where a reasonable notion of smoothness is defined.

A morphism F: X — Y is called dominant if F(X) is dense in Y, i.e. F(X) =Y.

Proposition 3.21. Let X,Y be two affine varieties, and F : X — Y.
(a) F is dominant if and only if F* : T(Y) — I'(X) is injective.
(b) If X is irreducible and F is dominant then'Y is irreducible.

Proof. (a) Assume that F' = (f1,..., fs). Forany P(x) € I(Y), F*(P(z)) = P(f1,. .-, fs)-
Then P(z) € ker(F*) if and only if P(fi,...,fs) € I[(X), i.e. forall z € X, F(x) €
V(P)NY.

If F* is not injective then P may be chosen outside I(Y'), therefore the open set
Dp =Y \ V(P) is non-empty, and disjoint from the image. Conversely, if the image is
not dense then we can find an open set U C Y such that Im(F) C Y \ U. The latter is
a nonempty closed subset not equal to Y, therefore there exists P € I(Y \ U) \ I(Y).
Then 0 # P € ker(F*).

To prove (b), observe that by (a) I'(Y') is a subalgebra of I'(X'). Since X is irreducible,
['(X) is a domain, therefore so must be I'(Y'). O

3.7. Exercises. 1. Prove that the topology on A? = A! x Al is not the product topology.

2. Prove that the distinguished open sets D form a basis of open sets for the Zariski
topology.

3. (a) Prove that if k is infinite, then I(A™) = (0). Find a counterexample for this in

a finite field different from k£ = F,, from above.
(b) Fix a € A™. Find I(a).
(c) Let k = F, (the field with p-elements. Find I(A}). Is it prime ?

4. A topological space X is called Noetherian if every descending chain of closed sub-
sets X 2 X7 D Xy 2 ... 1is finite. Prove that every affine algebraic variety is Noetherian.

IThis means that C' and A! are birational.
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5. Prove [Theorem 3.3] (One proof relies on the fact that affine varieties are Noether-

ian.)
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4. PROJECTIVE ALGEBRAIC VARIETIES

In the development of algebraic geometry, it quickly became apparent that projective
varieties are much better behaved than the affine varieties. This is (partially) due to
the fact that compact spaces behave better than non-compact ones. We start with the
most basic projective variety.

4.1. Projective spaces and subspaces. Let V' be a vector space over the field k.
n € Z~o. The projective space P(V') is defined by

P(V)={¢CV:¢CV vector subspace ,dim ¢ = 1}.
If we identify V ~ k"*! (i.e. we choose a basis for V'), then P(V) is denoted by P". In

this case P" may also be regarded as the set of equivalence classes [z : ... : x,] where
(0,...,2n) € K"\ 0 and (zg,...,7,) =~ (Axg,...,Ax,) for A € k*. The coordinates
X, ..., %, are called projective coordinates. If dimV = n + 1, then we define the

dimension of P(V') to be dimP(V') = n.

A linear projective (sub)space of P(V) is a subset of the form P(W) where W C V
is a vector subspace. If dimW = 1 then P(WV) is a point; if dim W = 2 then P(W) is
called a projective line; if dim W = 3 then P(WV) is a projective plane, and so on.

Lemma 4.1. Let P(V}),P(Va) C P(V) be projective subspaces. Then P(Vy) NP(Va) =
P(Vi NVa). In paricular, if dimP(V}) + dimP(V) > dimP(V), then P(V;) N P(V3) is

nonempty.

Proof. By definition, P(V}) NP(V5) is the set of lines £ C V) NV, ie. P(V; N V3). If the
dimension condition is satisfied then dim V; +dim V5 > dim V' + 1, giving dim V; N'V4, >
1. O

A projective change of coordinates is any transformation v : P(V) — P(V)
given by a linear transformation v € GL(V'). For such transformations it is clear that
u(P(W)) = P(u(W)), thus it sends a projective subspace to one of the same dimension.

By definition, the projective space is the set of lines in a vector space V. The set
P*(V') of hyperplanes H C V is also a projective space, called the dual projective
space. Indeed, the inclusion H C V determines a line in V* as the kernel of the
projection ker(V* — H*). This shows that the dual projective space is just the usual
projective space P(V*).

4.2. Covering by affine spaces and Zariski topology. Take V = k"', For 0 <
1 < n, define

Up={[zo:...:x; .. .x,) s 1 # 0}

Lemma 4.2. (a) The sets U;, for 0 <i <n, cover P", i.e. P" = J._, U;.
(b) There are bijections p; : Uy — A" defined by
Ty Ti1 Ti—q L,

[:UO:...:Ii:...xn]H(I—i,..., 7 o, ,...,xi).
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The inverse is given by
(X1, oymp) = [zt oo,
Proof. Immediate from definitions. O

We may define the Zariski topology on P" by identifying U; ~ A", then require that
a set U C IP" is open iff U N U; is open for each 7. In particular, each U; will be open in
P".

4.3. Projective algebraic varieties. A non-zero polynomial F' € k[xo,...,x,] is ho-
mogeneous if

F(Axo, ..., xn) = N F(xg, ..., 2,), Y\ € k*.
If F' is homogeneous, the integer d is the degree of F'. Any non-zero polynomial F' may

be written (uniquely) as F' = Fy + ...+ Fy where F;’s are homogeneous. We start with
the following simple lemma.

Lemma 4.3. Let F' € k[xg, ..., x,] be a polynomial with F' = Fy + ...+ F, the decom-
position into irreducible components. Let & = [xg : ... : x,| € P". Then F(xz) =0 for all
representatives of T if and only if F;(x') =0 for all i, and ' is any representative of T.

Proof. The <= direction is clear. For the other direction, observe that any A € k* is a
root of the polynomial equation

0= F(\2) = Fy(a') + AF (2) + ... 4+ M Ey ().
Since k is infinite, this forces that Fy(z') = ... = Fy(z') = 0, as required. O

The Lemma suggests that if one wants to look at zeros of polynomials which are inde-
pendent of choices of projective coordinates, then it suffices to restrict to homogeneous
polynomials.

Definition 4.1. Let S C k[zo, ..., x,] be a subset consisting of homogeneous polynomi-
als. Define

Vo(S) == {[zo,...,xn) : Fzo:...:2,) =0,VF € S}.
A projective algebraic variety is any subset of P™ of the form V().

The function V), sending S +— V,(S5) has properties very similar to those from the
affine case:

e Vp is decreasing;

o V,(S) =V,((5)); in particular we may assume that S is finite;

o Vp(0) =P

e intersections of projective varieties are projective; finite unions of projective va-
rieties are projective
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The last property allows us to (re)define Zariski topology on P, by requiring that V,(.5)
are closed subsets.

One difference is the behavior with respect to (homogeneous) maximal ideals. Let
m = (zg,...,%,) C k[zo,...,2,]. Then

Vy(m) = 0.
Because of this, we will call (zg,...,x,) the irrelevant ideal. In the affine case, the
irrelevant ideal is maximal, and it corresponds to the point (0,...,0) € A", One may

ask what are the ideals corresponding to points. Let [ay,. .., a,] € P", and pick a; # 0;
w.l.o.g. a9 # 0. Then

aq Qp, aq Qp,
gy ..y lp| =1:— ... —| =V, (x1 — —x9,...,2, — —T0).
[ao =1 ” Go] p(21 i a0 0)
One may go from an affine variety to a projective variety, by the process called ho-
mogenization. If f(xy,...,z,) € k[xy,...,z,], then we may define

).

Note that this is a homogeneous polynomial. Then one may homogenize each of the
generators of the ideal of the affine variety.

To illustrate, consider the parabola P = V(z2—z;) and the hyperbola C' = V (z 25—1).
Recall that P and C' are not isomorphic when regarded as affine varieties (because their
coordinate rings are not isomorphic - see homework). The homogenizations of the two
equations are:

T T
F(zo,...,x,) :xgegff(x—o,...,x—z

F = :Eg — 1o, Fh=x129 — x%.
Since Fy, Fy are the same up to rearranging labels, V,(F7) will be isomorphic to V,(F).
Therefore, the projective completion of the parabola is the same as the projectiviza-
tion of the hyperbola. But let’s see what are the points at infinity are added in each
case. We have

VE)N (20 =0)={[0:1:0]} :V(E)N(wg=0)={[0:1:0],]0:0:1]}.

4.4. Ideals of projective varieties. For any subset IV C P", the ideal of V is
L(V)=A{F € klzo,...,z,) : F(z) =0 Vx eV}

Clearly I,(V) is a homogeneous ideal, i.e. it is generated by homogeneous polynomials.
As in the affine case, it is easy to check that the function I, sending V' + I,(V') has
the following properties:

o [,(V) is a radical ideal;

e [, is decreasing;

o V,(I,(V)) =V, in particular I, is injective;

e V is irreducible if and only if [,(V') is a prime ideal.
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4.5. Cones and projective Nullstellensatz. For a projective variety X C P™ there
is the associated cone C'(X). If 7 : k"™ \ 0 — P" is the projection, then

C(X):=n"YX)u{o}.
More generally, a subset X C A"*! is called a cone if
(Toy ..y xn) € X = ANxg, ..., 2,) € X, VA €K™

Lemma 4.4. (a) Let I C k[xo,...,x,] be a homogeneous ideal and X = V,(I). Then
C(X)=V(I) in A"

(b) Let O # X = V,(I,(X)) C P (i.e. the projective variety X is given by the ideal
I,(X)). Then I(C(X)) = 1,(X), i.e. the ideals of X and the cone over X coincide.
Proof. Exercise. O

emma 4.4] gives a one-to-one correspondence between projective varieties and cones
over projective varieties, in such a way that the ideals of the sets in question are pre-
served.

Theorem 4.1 (Projective Nullstellensatz). Let I C k[xo, ..., x,]| be a homogeneous ideal
and k be algebraically closed.

(a) I Vy(I) # 0 then L(Vy(D)) = V/T.
(b) If V,(I) = O then VI D (g, ..., x,). Thatis, either [ = (1) or I = (g, ..., 2,).

Proof. Let X =V,(I). If X # 0, by [Lemma 4.4]
L(X) = I(C(X)) = [(V(])) = VI,

where the last equality is from the affine Nullstellensatz (Theorem 3.1)). This proves (a).

For (b), if X = ) then since I is homogeneous, the variety V (I) C A" is either empty
or the single point (0,...,0). If V(I) = () then I = (1) by the affine Nullstellensatz. If
V(I)=(0,...,0) then again by the affine Nullstellensatz,

I(V(I) = VI = (xg,...,2,).
O

4.6. Projective coordinate ring. If X = V,(I) C P” then in analogy to the affine
case one may associate the projective coordinate ring

I'y(X) = k[zo, ..., x,)/1.

Since I is a homogeneous ideal, it follows that I',(X) is a homogeneous ring. We may
choose the grading
where p : k[xg, ..., 2z, = klzo,...,x,]/] is the natural projection. (But there are many
other gradings, e.g. obtained by shifting this one.)

Another significant difference from the affine case is that the projective coordinate
ring depends on the ambient projective space P".
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Example 4.5. Consider the map vy : P! — P? defined by
(2o : 1] = [2] : 2oy © 3).

(This is a particular case of the Veronese embedding.) It is easy to see that vy is injective,
and we will see later that P ~ vy(P'). Further,

va(P') = V(2] — zoz2);
(a smooth conic in P?). But
Tp(P') = k[u, v] % k[zo, 21, 2] /(] — wo22) = Tp(12(C)).

Indeed, the left is a polynomial ring, thus a UFD, while the second ring is not (x? has
two factorizations). Geometrically, the affine variety of the left hand side is A?, but the
right hand side s a cone over a smooth conic, which is singular at the origin.

Definition 4.2. Let 0 # F € I',(X) of degree > 0. The distinguished open set
D} C X is defined by

D :={xeX:F(x)+#0}.
Clearly D} is a non-empty open set in X.

As an example, D} = U; ~ A" from §4.2]

Lemma 4.6. The distinguished open sets D} form a basis for the Zariski topology of
X C P". In fact, any open subset of X is a finite union of distinguished open sets D}..

Proof. Exercise. O

4.7. A word about morphisms of projective varieties. A natural way to define
a morphism ¢ : P" — P™ is to specify an (m + 1)-tuple of homogeneous polynomials

Fo,...,Fy € k[xg,...,x,] of the same degree. If in addition the only common zero of
the Fi’s is (0,...,0), then
(4.1) o : P =P p(x) = [Fo(x) ... Fu(x)]

is a well defined map, and it is a morphism. Here are same examples:
The Veronese embedding v, : P* — P¥ is defined by

(4.2) Valwo s imy] = cade . ade ],

where Y d; = d.
The Segre embedding v, : P? x P* — P+Dt+)=1 ig defined by
(4.3) Vap([Zo: oot xal, (oo tw]) =1ty o]

It is not hard to see that the images of both v; and v, are projective varieties. For
example, the image of

vg : Pt = P [xg:m] e [ al ey .,
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is given by

va(PY) ={[Zy:...: Z,] : rank (g? g; ZE:) <1}
A similar determinantal description may be given for the image of the Segre embedding.
TODO.

Further, both maps are injective, and in fact are isomorphisms onto their images (to
be proved later). As a consequence, the product of projective spaces is a projective
variety.

However, asking for all morphisms to be of this form is too strong. For example,
consider a potential map

0 :P? =Pl g2y @] > [Fo(z) : Fi(w)],

where Fy, Fy € k[xg,x1, 23] are homogeneous polynomials of the same degree. We will
see later that codim V,(Fo) NV, (F1) < 2; in other words the common zero locus of Fy, F}
will be nonempty in P2. A similar argument implies that there are no non-constant
morphisms P? — P!, In practice, we will write morphisms form any projective variety
¢ : Z — P™ as in [Equation (4.1)| above; we will allow common zero loci, but then we
need to analyze whether one can use other relations (e.g. the equations of Z) to resolve
the indeterminacies.

In general, a morphism will be defined by local data, i.e. ¢ : Z — P™ is a morphism
iff for any affine covering V; of P" and any affine covering U; of Z, the restrictions of ¢
to o 1(V;) NU; — U; give a morphism of affine varieties. More on this is discussed in
below.

This leads us to the next section.

4.8. Exercises. 1. Prove [Lemma 4.4
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5. SHEAVES, RINGED SPACES, AND AFFINE ALGEBRAIC VARIETIES

In this section we introduce the main objects of the ‘classical’ algebraic geometry, in
their natural context. A wariety will be a pair (X, Ox) of a topological space X and
a sheaf Oy of regular functions on X, which is locally isomorphic to an affine variety.
The affine varieties and and projective varieties are examples of these, but so will be any
open subset of these. This generality is required to define basic objects such as regular
functions of projective varieties, and morphisms of these.

We start with a simple example, that of defining a global regular function on P!
Write P! = Uy U Uy, where U; = {[zo : =] : x; # 0}. A regular function on Uy is
a polynomial P(t) = > a;t', where t = L. Similarly a regular function on U; is a
polynomial Q(1/t) = > b;(1/t!) € k[1/t]. To define a global regular function, the two
functions must agree on the common domain Uy N Uy, given by ¢ # 0. The condition
that P(t) = Q(1/t) forces that P(t) = Q(t) = ao, i.e. both are a constant.

This shows that to define a meaningful notion of regular functions on P! we need to
take into consideration local data. This is achieved by the notion of a sheaf.

5.1. Sheaves.

Definition 5.1. Let X be a topological space. A presheaf F on X is given by the
following data:

e For each open set U C X, a set F(U);
o For every pair of open sets V- .C U in X, a restriction map ryy : F(U) — F(V),

such that these satisfy the following compatibility conditions:

(1) If W CV CU are open sets, then rwy = rwyrvu;

(2) Tvu = idf(U).
Denote by fiv = rvu(f). The presheaf F is a sheaf if in addition it satisfies the
following gluing property:

e (patching axiom) For any open set U such that U = |JU; is covered by some
open sets U; and for any f; € F(U;) (i € 1) such that

(fi)\UmUj = (fj)|UiﬁUj/7
there exists a unique f € F(U) such that fiy, = f;.

An element f € F(U) is called a section over U.

Example 5.1. If X s a topological space, then the assignment
Uw—A{f:U— K: fcontinuous function on U},

defines a presheaf of K-valued functions, denoted by Fun(X; K).
More generally, if X, Y are topological spaces, then we may define a presheaf Fun(X;Y)
by
Fun(X,Y)U)={f:U =Y : fcontinuous function on U}.
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The restriction map rvy is given by the usual restriction of functions. Both are in fact
sheaves, as a map [ : U =JU; =Y is continuous if and only if all fy, are continuous.

A morphism of presheaves ¢ : F — G is a collections of maps oy : F(U) — G(U)
which commutes with restrictions:

FU) == g(U)
(5.1) lT’VU lrw
FV) 25 g(V)

Example 5.2. (A presheaf which is not a sheaf.) The sheaf of constant K -valued func-
tions on a topological space X is a presheaf, but in general not a sheaf. Indeed, if X
1s disconnected, then constant sections over the components may not glue to a global
section, unless all section values are the same.

Definition 5.2. (Stalks) Let F be a sheaf on X and x € X. The collection F(U), with
x € U forms an inverse system. Define

F, = lim F(U).

zelU

This is called the stalk of F at x.

Example 5.3. If F s the sheaf of continuous functions f : U — R, then the stalk at x
consists of germs of continuous functions. Two functions f, g have the same germ at x
if f =g in a neighborhood of x.

Definition 5.3. (Sheafification) For simplicity, let’s assume that F is a presheaf of K-
valued functions on X. Then there exists a sheaf F* D F, called the sheafification of
F, defined by gluing local data, as follows:

FrU)={f:U—K:Yze U3V CU open ,x €V, and g € F(V) s.t. fiy =g}

This will be a sheaf, by definition. One may actually show that F*+ is the ‘best possible
sheaf obtained from F’, in the sense that if p : F — G is a morphism to a sheaf G, then
it extends uniquely to a morphism ot : Ft — G. (Ezxercise!)

5.2. Ringed spaces. Among the most important sheaves are the sheaves of regular
functions. These are sheaves of rings, or, more precisely, sheaves of k-algebras. This
means that the restriction maps 7y, and the maps ¢y from diagram [5.1], are homomor-
phisms of k-algebras.

Definition 5.4. A ringed space is a pair (X, Ox) where X is a topological space, and
Ox s a sheaf of k-algebras. The sheaf Ox s called the structure sheaf of X.

Assumption. From now on, we assume that k is algebraically closed, and that Ox
is a sheaf of k-valued functions containing the constant functions.
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Definition 5.5. (Morphisms of ringed spaces.) Let (X,Ox) and (Y, Oy) be two ringed
spaces. A morphism of ringed spaces ¢ : (X,0x) — (Y,Oy) is given by a continuous
map ¢ : X =Y such that

YV CY open, and Vg € Oy (V), gop e Ox(p (V).
For V-CY open, denote by

¥y 1Oy (V) = Ox(e™'(V)); g gop.

This is a homomorphisms of k-algebras.
Remark 5.1. The assumption that Ox s a sheaf of functions means that the algebra

homomorphisms wy commute with restriction homomorphisms, i.e. for any V C U, the
following diagram commutes:

Oy (U) —22s Ox(p~1(U))

wal(vm*w)l TVUl

Oy (V) 22 Ox(p~1(V))

Without this assumption, the commutation of the diagram will be part of the data of
what it means to be a morphism of ringed spaces.

Example 5.4. If we consider (X,Ox) to be a differential manifold endowed with the
sheaf of C* functions on X, then the condition that ¢ : (X,0x) — (Y,0y) is a
morphism is equivalent to requiring that ¢ is a differentiable map.

5.3. Affine algebraic varieties as ringed spaces. Let X = V(I) C A™ be an affine
variety, where [ is a radical ideal. We would like to define a sheaf of regular functions Ox
so that (X, Ox) is a ringed space. We already know what the global regular functions
should be:

In order to define the regular functions in Ox(U) for U C X arbitrary open set, the
strategy is to cover it by distinguished open sets,

U=DyU...UDy,

define regular functions Ox(Dy,), then ‘glue’ these functions to give regular functions
on U. To make this precise we need a lemma.

Lemma 5.5. Let X be a topological space, U a basis of open sets in X, and K a set.
Assume we are given an assignment:

U—FU)=A{f:U— K: functions }, YU elU

such that:
o (Restriction) If V_.C U are inU, and s € F(U), then sy € F(V).
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o (Gluing) If U € U is covered by open sets U; € U, and s : U — K is a function
such that sy, € F(U;), then s € F(U).

Then there exists a unique sheaf of K -valued functions F such that
FU)=FU), VUEeU.
Proof. Any open set U C X is covered by open sets U; € U. For U = | J,.; U;, define
FU)={s:U = K :Vi,s;y, = si}.

It is not hard to check that this assignment is independent of the way we write U = |J U,
and that this is a sheaf. 0

Let X = V/(I) be an algebraic variety, considered as a topological space under Zariski
topology. It has a basis of open sets

D= X\V(f) = {z e X: f(z) £0}

for f € I'(X). allows us to define a sheaf by specifying its values on the sets
Dy. Recall that Fun(X; k) defined by

Fun(X;k)(U)={f:U — k: continuous }
denotes the sheaf of continuous k-valued functions.

Theorem 5.1. Let X = V(I) C A™ be an affine algebraic variety. Then there exists a
unique sheaf of k-algebras on Ox on X, called the structure sheaf of X, such that for

any 0 7& f S F(X);
Ox(Dy) =T(X); = {f—i . Pel(X), n>0}

Further, there is an injective map of sheaves of k-algebras Ox — Fun(X; k), sending
P P(x)
— ,
fro fla)e
(For a brief review of definitions about localized rings, see §26.1L More details are
given in [AM69, Ch. 3].)

Proof. We will apply [Lemma 5.5 To start we will show that for 0 # f € I'(X) there is

a well defined ring homomorphism

erDf.

P P(z)

— .

ARG

To show well-defineness, we need to show that for each 0 # f € I'(X), the elements of

['(X); are functions on D;. This follows because - = £2 as elements in I'(X); if and

freo fre
only if

Ox(Dy) = {f: Dy — k: continuous },

ElpEN fp<P1fn2 —ngnl)ZGEF(X)



28 LEONARDO CONSTANTIN MIHALCEA

Regarding f = f(z) as a k-valued function on Dy, and since f(x) # 0 on Dy, this implies
that

(5.2) Pi(x)f(x)" — Pao(z)f(x)"™ =0 Vx € Dy,

therefore
Pi(z)  P(z)
fla)m — fla)m
Next we show that this map is injective. Assume that
Py(x) _ Py(x)
fla)m — fla)m

Then [Equation (5.2)| holds for all + € Dy, and regarding f, P, P, as polynomials in
klxi,...,x,], we obtain that

f@)(Pi(x)f(x)"™ — Py(x) f(x)") =0 VoeX.
Then the Nullstellensatz implies that
F(PL™ = Pof™) e VI =1 <= f(PLf™ = Pof") =0 € I(X).

€ Fun(X;k)(Dy).

€ Fun(X;k)(Dy).

The last condition means precisely that
P B

fro g
Next we show that the restriction and gluing conditions from hold.
Restriction condition. Let 0 # fi, fo € I'(X) such that Dy, C Dy,. This is equivalent

to V(f2) C V(f1), giving
fi € IV(f1) C I(V(f2)) =V {fa),

by Nullstellensatz. Then fI = gf; in I'(X) for ¢ € T'(X) and some positive integer p.
Clearly, g € Dy,. For any P € I'(X), this gives the following identity in I'(X):

Pffngfz-

e (X)y.

Therefore, as functions on Dy,

Plx)  Pr)g(zr)  P(r)g(z)

folz)  gl@)fole)  filz)p
showing that the restriction of f—i to Dy, is an element of I'(X), .
Gluing condition. Let U = Dy = J!_, Dy, be an open set, where 0 # f, f; € T'(X). It
follows that

(5'3) V(f) - X\Df = V(fl) ﬂ...ﬂV(fp) = V(flw"?fp)'
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(See[Proposition 3.4(iv).) Let s : U — k be a continuous function such that s; := s;p, €
I'(X)s,. We need to show that s € I'(X ). Write

P
fi
The intersection Dy, N Dy, = Dy,y;, and the equalities on the overlaps mean that
Pr) _ Pya)
filwyrs fi(z)

Possibly by multiplying the numerators by some powers of f;’s, we may assume that
n; = n; = N for all 4, j. Then

Py(x) fi(x)" = Py(x) fi(x)" =0 VYa € Dy,

S; =

e I'(X)y,.

3

VLUEDfifj, \V/Z,j

implying that
fil@) fi(@)(Pi(x) f;(2)" = Pi(a) fi(x)¥) =0 Vo € X.
As before, the Nullstellensatz implies that

(5.4) (if)(Pf}Y = BifiY) =0 € T(X).
We are looking for P € I'(X) and m € N such that over Dy,,
P P P
Si

By Nullstellensatz and [Equation (5.3)|applied to the ideal V(f1,..., f,) = V(fi ™, ..., fit),
there exists m € N such that
fm — Z bifil—HV-

Take P := > P;b;f;. Then for a fixed iy we have

PN =" 0i(fifi) Pty =Y 0 fifi) P fY = Piofio i N = P fio /™
where the second equality follows from [Equation (5.4)] This implies that in Dy, ,

P(z) _ Pyla)
T@r ~ Fol@)®

Remark 5.2. [t is possible that Dy, = Dy, for different fi, fo € I'(X). Then

m:v<f2>

and as in the beginning part of the proof above one checks that I'(X) s =T'(X),.
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Remark 5.3. Finding sections of Ox(U) for arbitrary U is in general much more subtle.
For instance, one can show that

Op2(A%\ 0) = Op2(A?).

This corresponds to the classical fact from complex analysis that a multivariable analytic
function may be extended over sets of codimension > 2.

5.4. Affine algebraic varieties, revisited. We are now in position to re-define, and
slightly extend, the notion of affine algebraic variety from the beginning of the notes.

Definition 5.6. An affine algebraic variety is a ringed space (X, Ox) isomorphic
(as ringed spaces) with (V, Oy ), where V.=V (I) C A" is an ‘old’ affine variety together
with its structure sheaf.

A morphism of affine algebraic variety is a morphism of ringed spaces.

One advantage to viewing affine algebraic varieties as ringed spaces is that this is
an intrinsic notion, independent of coordinates. The next proposition shows that when
viewed this way, the set of ‘new’ affine varieties is strictly larger than the ‘old’ set of
affine varieties.

Proposition 5.6. Let V =V (I) C A" be an affine algebraic variety, and let 0 # f €
(V). Then (Dy,(Oy)p,) is an affine algebraic variety.

Proof. Consider a representative f € k[xy,...,z,] for the element f € T'(X). Let
I=(f1,...,fy), and define an ideal J C k[z1,..., 2y, Typt1] by

J = <f1, .. '7fp7 1 — $n+17>.
Define ¢ : Dy — V(J) by

1
( 1, 9 n) ( 1, ) n7f(:1]1,...71’n))
Observe that ¢ is a continuous bijection. (One way to see continuity is to restrict to
the basis of distinguished open sets.) The inverse is the projection 7 : V(J) — Dy,
(21, ..o, Ty Tpy1) = (21, .., 2,), which is obviously continuous; thus ¢ is a homeomor-
phism. In particular, as sets, ¢(Dy) = V(J). We now need to show that J is a radical
ideal. To do that we define a ring homomorphism

: 1
O klxy, ., ]/ =TV 2= (1 <i<n); 2y — ?
This is induced from a similar ring homomorphism k[z1, ..., ¥y, Tnia]/J — klx1, ... 207,
and it is easy to see it is well defined and surjective. We prove it is injective. Let
P(zy,... 20, Tny1) € klxy, ..., Tpy1] and write

P(xy, ..., &n, Tpg1) = szH-l]Dj(xla e X))
J
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Let x = (z1,...,2,) and let N be the largest power of the powers of xZLH. Assume that
O (P(x1,...,Tp, Tnr1) = 0, ie.

f(x)NijPJ’(x) _ 6 c F(X) .
2T !

This means that
f@) Y f@)NP(a) = Y ai(x) filx) € L.
J
Regard this as an identity in k[x1,...,2,41]. After multiplying by =%, and working
modulo the ideal J (where z[7 f(2)N =7 = 27 ), this shows that the left hand side
is in J, as claimed.
Now observe that I is radical if and only if I'(V') has no nilpotent elements. Then

I'(V'); has no nilpotent elements (cf. [Lemma 26.4), showing that .J is radical.

Finally, it remains to show that ¢ is an isomorphism of ringed spaces. This is left as
an exercise. (Idea: reduce to distinguished open sets.) O

Example 5.7. Let S := {p1,...,px} C A! be a finite set of points. Then Al \ S is
affine. (Apply |Proposition 5.6 to f = [](x — p;).)

Example 5.8. The group GL,(C) is an affine algebraic variety, as it may defined as
the distinguished open set M, (C)get-

5.5. The equivalence between morphisms and coordinate rings. For an affine
algebraic variety (X, Ox), denote by

['(X) = Ox(X)

the coordinate ring of X.

Let (X,Ox) and (Y, Oy) be affine algebraic varieties and ¢ : (X,0x) — (Y,Oy) a
morphism. By definition, ¢} : T'(Y) — I'(X) is a k-algebra homomorphism, sending a
regular element g € I'(Y') to ¢3.(g9) = g o ¢.

Conversely, assume we are given a k-algebra homomorphism F* : I'(Y) — I'(X). We
show that this induces a morphism of algebraic varieties F# : (X, Ox) — (Y, Oy). First,
as in we obtain a continuous map ¢ : X — Y such that ¢* = F*. Next, if
feT(Y) with f:= F*(f) € I'(X), then we have an induced homomorphism
This induces homomorphisms Oy (Df) — Ox(D5). As in this data extends
uniquely to data giving a morphism of ringed spaces.

This argument proves:

Proposition 5.9. Let X, Y be affine varieties. There is a one-to-one, direction revers-
ing, correspondence
Homy(X,Y) +— Hom(T'(Y),T'(X)),
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between morphisms of affine algebraic varieties and k-algebra homomorphisms of coor-
dinate rings.

Example 5.10. Consider U = A?\ 0. One may show that
OA2 (A2 \ 0) — OA2 (AQ)

From this it follows that A® \ 0 is not an affine variety. (If it were, the inclusion
A%\ 0 — A? would be an isomorphism, but it is not.)
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6. ALGEBRAIC VARIETIES
6.1. Definition and basic properties.

Definition 6.1. A topological space X is quasi-compact if any open covering has a
finite subcover.

Note that we do not require that the space is Hausdorff: a quasi-compact space which
is Hausdorff is called compact.

Lemma 6.1. (a) Closed subsets of a quasi-compact space X are quasi-compact.
(b) Finite unions of quasi-compact sets are quasi-compact.

Proof. Same as for the ‘compact’ situation, thus omitted. 0

Example 6.2. Affine algebraic varieties are quasi-compact but in general they are not
compact.

Lemma 6.3. Any affine algebraic variety X is quasi-compact. (But in general it is not
Hausdorff, thus not compact.)

Proof. Exercise. O

Lemma 6.4. Let X be an affine algebraic variety and U C X open. Then U is quasi-
compact.

Proof. We may assume X C A". Take X \ U = V(f1,...,f,) for fi € I'(X). Then
U= Dy U...UDy,. Each of Dy, is affine by [Proposition 5.6 thus quasi-compact. Then
the claim follows from [Lemma 6.1l O

Definition 6.2. An algebraic variety is a quasi-compact ringed space (X, Ox) which
1s locally isomorphic to an affine variety, in the following sense:

For any x € X there exists an open set U containing x such that (U, (Ox)v) is an
affine variety.

If U C X is an open set which is isomorphic to an affine algebraic variety then U is
called an affine open set.

To simplify notation, when we speak about varieties, affine varieties, etc, instead of
writing (X, Ox) we will simply write X, and we omit the associated sheaf of regular
functions.

Lemma 6.5. Let X be an algebraic variety. Then the affine open sets form a basis of
open sets for the topology of X.

Proof. Let U C X be open. We need to show that U may be written as a union of
affine open sets. By definition X = |JU; where each U; is affine, thus U = |J(U N U;).
It suffices to show that U N U; is a union of affine algebraic varieties. W.l.o.g. we may
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assume that U; C A" is a (closed) subset. Then U; \ (U; N U) is again closed in A", thus
given by some equations fi,..., f; € ['(U;). We deduce that
J
UNU=UA\(V(A) N0 V() = WA V)
i=1

Each U; \ V(f;) is a distinguished open set, thus affine by [Proposition 5.6| O

Next two propositions show that open sets and closed sets of varieties are varieties.

Proposition 6.6. Let X be an algebraic variety and U C X is open. Then (U, (Ox)\v)
18 an algebraic variety.

Proof. Quasi-compactness is an exercise. The restriction of a sheaf to an open set is
always a sheaf, which finishes the proof. 0

Example 6.7. [Proposition 6.6 and |[Ezample 5.10 shows that A?\ 0 is a variety which
1s not an affine variety.

Proposition 6.8. Let X be an algebraic variety and Z C X be a closed subset. For
V C Z open, define

Oz(V) :={f:V—=ok:3UCX openand g:U — k, st. V=UNZgyv = f}.
Define Oz(V) :== OF (V) (the sheafification of Oz(V)'). Then (Z,0z) is an affine

variety.

Remark 6.1. In general O is only a presheaf: two restricted sections agreeing on an

overlap Vi N'Vy may not agree on the intersection Uy N Uy of the corresponding open sets
U, CX.

Before starting the proof, we recall the definition of the sheafification in the case at
hand. If V C Z open,

Oz(V):={f:V =k:VYxeV,aU C X open ,x € U, and g € Ox(U) s.t. fiunv = gunv}-

Proof. Since Z is closed, it is quasi-compact (Lemma 6.1)). Clearly (Z, Oy) is a ringed
space. It remains to show that if U C X is open affine then (U N Z, (Oz)|wnz) is affine.

For this, we may assume that X C A" is affine and Z C X is closed. We have two
sheaves defined on Z: the sheaf Oy above, and the usual sheaf of regular functions on
Z (regarded as a closed subset of X), which we temporarily denote by Rz. We need to
show that

OZ - Rz.
As in the proof of [Lemma 6.5 one can show that the distinguished open set Dy N Z,

where f € T'(X), form a basis of open sets for the topology of Z. Then from
it suffices to show that the two sheaves agree on these distinguished open sets.
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To start, take f € I'(X) and f its image in I'(Z) = Rz(Z). If fiz = 0, there is nothing
to do, as Dy = (). Otherwise,

Ru(D5) = {% ca € T(2)} C O4(D5).

Conversely, take V' C Z open and 5 € Oz(V). Since the distinguished open sets form a
basis for the topology of Z, it follows that locally 5 is given by restrictions of sections

Si € OX(D_%) = F(X)9i7
where V =U(Z N D,,) and g; € I'(X). The restrictions of s; give sections 5; of O over
Dg, = Dy, N Z. By definition, the restrictions 3; = (s;)|p, nz are in Rz(Dg,), and since
both Oz and R are sheaves, it follows that
Oz(V) C Rz(V)
This finishes the proof. U

Remark 6.2. We shall see later that the proof above shows that there is a surjective
homomorphism of sheaves Ox — Oy. The proof checks surjectivity on stalks of these
sheaves.

Example 6.9. Let Z C P? given by equations rory = 0,20(x9 — 23) = 0. Then Z =
Z1 U Zy has two components, where Z; ~ P! is given by xo = 0 and Zy = {[1:0: 1]}.

Take any open set U C P? such that Z C U. This is equivalent to requiring that
P2\ U C P2\ Z, in particular, (P*\ U) NV (xg) = 0. By Bézout this implies that P?\ U
is a finite set, implying that

Op2(P* \ U) = On(P?) = k,
1.e. constant sections. This implies that the restriction
Op(P*\U) = Oz(Z)
is not surjective. (Indeed, Oy contains more than constant sections, e.g. sections con-

stant on each of the components.)

Proposition 6.10 (Irreducible decomposition). Let X be an algebraic variety. Then
X = X jU...UX, where X; 1s a closed irreducible algebraic variety and no X; is included
in another X;.

Proof. Since X is quasi-compact, it can be covered by finitely many affine varieties

U;. Each U; has a decomposition by irreducible components (Theorem 3.3|). After
taking closures, and possibly removing redundant components one obtains the claimed

decomposition. O

Definition 6.3. A closed subset of a variety with its induced sheaf of functions is called
a subvariety.
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Remark 6.3. The notion of subvariety differs among authors. In English circles, a
subvariety is usually closed and irreducible, while in textbooks such as that of Perrin, it
is simply an intersection of an open and closed subset of a variety (with induced ringed
space structure).

6.2. Local rings. The sheaf of regular functions of an algebraic variety may be defined
as an intrinsic object. The main tool to do this is the notion of local ring, which will
turn to be closely related to the notion of stalks, and to rings of fractions.

Definition 6.4. Let (X,Ox) be an algebraic variety, endowed with its sheaf of regular
functions. Fix x € X and consider the set of pairs (U, f), where x € U C X is open and
f € Ox(U). Define the equivalence relation

(U, f)~(V,g) = JzeW CUNV open s.t.fw = gw-

The equivalence class of (U, f) is called the germ of f at x, denoted by f,.
The set of all germs f, is denoted by Ox ,, and it is called the local ring of X at x.

From a topological point of view, the set Oy, is clearly ‘local’, as it depends only on
the neighborhood of x. Algebraically, the ‘local’ terminology is justified by the following
proposition.

Proposition 6.11. The set Ox, is a local k-algebra. More precisely, it is a k-algebra
with the unique maximal ideal

m, = {f, € Ox,: f(x) =0}.
Furthermore,
(’)X@/mx ~ k.
Proof. Clearly Ox, has a ring structure given by adding and multiplying germs:

(One should check these operations are well defined; this is left as an exercise.) Note
that the 0 of this ring is represented by a germ of the function identically 0 on some
neighborhood of x. There is a surjective ring homomorphism:

The kernel of e, is ker(e,) = m,, and by the first isomorphism theorem
Ox../ker(e;) = Ox . /my, >~ k.

This implies that m, is a maximal ideal.

Furthermore, any element in f, € Ox, \ m, is invertible, with inverse (1/f),. Indeed,
we may choose an open affine set © € U such that f is defined on U (cf. .
The hypothesis that f(z) # 0 means that x € Dy. Then the inverse 1/f € Oy(Dy) is a
regular function on Dy, and it determines the germ (1/f),. This implies that m, is the
unique maximal ideal, and finishes the proof. O
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Recall from that if & is algebraically closed, there is a one-to-one corre-
spondence between points z € A" and maximal ideals m, C k[X1,..., X,] given by

r=(x1,...,2p) — (X7 —xq,..., X, —x,).

If J is any ideal in k[Xy,..., X,], the ideals in the quotient ring k[X7, ..., X,]/J are in
one-to-one correspondence to the ideals in k[X, ..., X,] containing J. Combining the

two gives a one-to-one correspondence between points x € V(J) and maximal ideals in
k[Xi,...,X,]/J given by

xeV(J])+—m,/J Ck[Xy,...,X,]/J.

Proposition 6.12. Let X be an algebraic variety, x € X, and let v € U C X be any
affine open set, with coordinate ring R := T'(U). Let m, C R be the mazximal ideal
corresponding to x. Then the following hold:
(a) There is an isomorphism Ry, — Ox ., which is local, i.e. it sends the (unique)
maximal ideal in Ry, to m, C Ox .
(b) There are one-to-one correspondences between the following three sets:
e irreducible (closed) subvarieties X containing x;
e prime ideals of Ry, ;
o prime ideals p C m, C R.

Proof. W.l.o.g. we may assume that U C A" and that x = (x1,...,2,). Elements of Ry,,
are (classes of) rational functions of the form g where P,Q € k[X1,...,X,] and Q ¢ m,.
This last condition means that Q(z) # 0; in particular, the germ @), is invertible in Ox .
Then we may define a ring homomorphism

Py

0.

I leave it as an exercise to check that ¢, is an isomorphism. Furthermore,
P
Q

This shows that the isomorphism preserves the maximal ideals, therefore it is local.

To prove (b), note that the set of irreducible subvarieties of X containing z is in bijec-
tion to the set of irreducible subvarieties of U containing x. (This bijection is obtained
by intersecting with U, and the inverse by taking closure in X.) By Nullstellensatz, the
latter is in bijection to the set of prime ideals p in R = I'(U) such that p C m,. The
last equivalence follows from the description of ideals in rings of fractions; see [AMG69,
Prop. 3.11]. O

P
Ozt R, = Oxa; @ —>

gogl(mx) ={—= € Ry, : P(x) =0} C m,Ry,,.

Proposition 6.13. Let f : (X,0x) — (Y, Oy) be a morphism of varieties. Let v € X
andy = f(z). Then f induces local homomorphism of local rings f# : Oy, — Ox., i.c.
a homomorphism such that (f#)~'(m,) =m,.
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Proof. Exercise. (The definition of f# follows from the diagram
[y =V
# > F j(p
Fre)=pof ~ !
where y € V C Y is open.) O

Remark 6.4. |Proposition 6.12 and |Proposition 6.15 will be part of definitions of local
rings of schemes, and morphisms of schemes.
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7. PROJECTIVE ALGEBRAIC VARIETIES, REVISITED

The goal of this section is to put a variety structure on zero loci of homogeneous
polynomials. The resulting structure will be called again a projective algebraic variety.

7.1. Graded rings and modules. A central notion in the study of projective varieties
is that of graded ring and graded module. We briefly recall these, following [AMGI,
Ch. 10].

A graded ring R is a ring together with a family of subgroups (R, ),>0 of the additive
group R such that

o Rz : Rj C Ri+j-

The hypotheses imply that R, is a subring and that each R, is an Ry-module. If
Ry :=@,., R, then R, is an ideal of R.

Example 7.1. (a) The polynomial ring k[x, . .., x,] is a graded ring, with grading given
by total degree.

(b) For J a homogeneous ideal, the quotient klzo,...,x —n|/J is a graded ring. If
F is a homogeneous polynomial F € k|xq, ..., x,], then the degree of the image of F' in
k[xo,...,x —n]/J is the minimal degree achieved by a representative of F.

A graded module M over a graded ring R is an M-module R together with a family

of subgroups (M,,),>0 such that
o Rl . Mj C Mi+j-

Each M, is an Ry-module. An element z € M is called homogeneous if ©+ € M, for
some n; then n is the degree of x. Any y € M can be written uniquely as a finite sum
Y =), Yn; the y,’s are called the homogeneous components of y.

For M, N graded R-modules, a homomorphism of graded R-modules is an R-module
homomorphism f : M — N such that f(M,) C N, for all n > 0.

If R is a graded ring and f € R is a homogeneous element then we may define a
grading on the localized ring R, by setting

r

"= deg(r) — k deg(f),

whenever r is a homogeneous element. Denote by Ry the subring of elements in R; of
degree 0.

deg

7.2. The sheaf of regular functions on a projective variety. Let X :=V,(J) C P"
be the zero locus of a homogeneous (radical) ideal J. The coordinate ring I',(X) :=
klxo,...,x,)/J is a graded ring. For a homogeneous polynomial F' € k[xg,. .., x,]

Df :={zx € X :F(zx) #0}.

This is an open set in X, called (as before) a distinguished open set.
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Definition 7.1. Let X :=V,(J) C P" and F € k[xo,...,z,] of degree > 0. There exists
a unique sheaf of k—valued functions on X, denoted by Ox, such that

P — _
Ox(Dg) :==Tp(X)(r) = {F:T : P homogeneous and deg P = r deg(F')}.

Proof. The proof is based again on [Lemma 5.5 and it follows the outline of
tion 5.6 The only observation to make is that elements in I', (X)) are indeed functions
on X, independent of choices of representatives of points in P”. O

Remark 7.1. The condition that deg(F') > 0 is needed. Indeed, if F' is a constant,
let’s say F' =1, then T'(X)p) contains only constants, so Ox(D}.) consists of constant
sections. But this does not lead to a sheaf (e.g. X may be disconnected and there are
functions constant on each of the connected components).

Proposition 7.2. Let X :=V,(J) C P". Then the ringed space (X, Ox) is an algebraic
variety.

Any ringed space which is isomorphic with (V,(.J), Oy, () is called a projective
variety.

Proof. We first reduce the statement to the situation when X = P", therefore we assume
for now that (P, Opr) is an algebraic variety. Then any closed subset X of P is quasi-
compact.

Next we need to check that X is covered by affine open sets. Clearly

P":Q)D;.

We will prove in |Proposition 7.5| below that each (D7, (Opn) p+ ) is isomorphic to the

affine variety (A", Opn). Then X N D with restricted sheaf of functions is (isomorphic
to) a closed variety of A™.

One subtlety is that one needs to check that the restriction of the sheaf Ox to D}
coincides with the sheaf of regular functions on X N D; when regarded as a subvariety
in Dji. This follows because the sheaf Oy is the sheafification of the restriction sheaf of
regular functions Op» (as in [Proposition 6.8)). O

7.3. From affine to projective and back: homogenization and dehomogeniza-
tion. Consider the polynomial ring k[zo, ..., x,] and fix an indeterminate, x for sim-
plicity. We will define two operations (depending on x):
e (dehomogenization) For a homogeneous polynomial F' € k[z, ..., z,| the de-
homogenization is

F,:=F(1,21,...,2,) € klxy,...,2,)].

This is a ring homomoprhism k[xo, ..., x,] = k[z1,...,x,] (since the evaluation
map is a ring homomorphism). One may also apply this to ideals: if J = (F; :
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i€lI)C k[zo,...,z,] is a homogeneous ideal, its dehomogenization is
Jy = ((P)y i €I) Cklxy,...,z,).
e (homogenization) Let f € k[xy,...,x,] be a polynomial of total degree d,

written as f = f;+ fso1 + ... + fo and f; is homogeneous of degree i. The
homogenization of f is

_ x
fr=affo+ ol hit o+ =l (= ).
To o
Observe that (fg)* = f*¢*, but in general (f+g)* # f*+g¢% in fact, the latter may
not even be homogeneous. Thus homogenization is not a ring homomorphism.
For an ideal I C k[zy,...,x,] the homogenization is defined by:

I*:=(P":Pcl).
Example 7.3. Let f = 22 — 22 — 1 € k[zy,15). Then f* = 22 — 22 — 22 and (f*), = f.

Tn

Example 7.4. More generally, (f*), = f and any homogeneous element in F € k[x, . .., x,]
may be written as F = x3f*, for some f € k[zy,...,x,], where 3 is the largest power
of xo dividing F'.

Consider the set Uy = D C P" defined by z¢ # 0. There is a bijection

A" = Uy (T1,...,xn) = [Tz 1)

with inverse . .
Uy = A [xoz...:xn]H(—l,...,—").

Lo Zo

The next proposition completes the proof of |Proposition 7.2

Proposition 7.5. The map ¢ : (A", Ogn) — (Uy, (Opn) 1) is an isomorphism of (affine)
varieties.

Proof. We need to show that ¢ is a homeomorphism (in Zariski topology), and that
¢ and ! are morphisms of ringed spaces. Observe that as in the affine case, the
distinguished open sets form a basis for the respective topologies. Therefore all the
‘local’ statements will be proved when restricted to these sets.

First observe that if F' € k[xo, ..., z,| is homogeneous, then

o (D} NUy) = D,
and for f € k[xq,..., 2],
o(Dy) = D}'ﬁ N Uy.
Since
(f*) = f and (B = F/(x)
(for appropriate degree d), we deduce that ¢ is a homeomorphism. We now show that

¢ and ¢~! are morphisms of ringed spaces, i.e. they send regular sections to regular
sections.
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Using that D N D} = D7 ., one may check (exercise!) that:

xoF»

*< P(zg,...,x,) )_P(l,xl,...,xn)
(xoF(xg, ..., 2n))" F(l,aq,...,z,)"

To define the map (p~')* observe that any fraction of the form %
completed to a unique fraction of the form W of degree 0, where P*|P and r’ > r.
(Multiply the denominator with appropriate power of zof*, then the numerator with
appropriate power of xy. Then

can be

((’0_1)*<(P(m1,...,xn) ) P(zg,...,x,)

flzy, .. xn))" (:Uof(i—(l),...,i—g))r"
and that
degPP 1 Tn
(¢—1>*( P(xb s vwn) > _ x’/‘deg(f)—deg(P) Lo (xo’ T Io)
(f@s,. s za))” " (mgegff(i_év'-wz_;;))r
This finishes the proof. 0

Corollary 7.6. P" is irreducible.

Proof. This follows because [, D} is open and dense in each D} ~ A", thus it must
be irreducible, and its closure is the whole P". O

Remark 7.2. Using the Veronese embedding we will show later that if X is a projective
variety and D}, C X is a non-trivial distinguished open set, then D} is affine.

Remark 7.3. We will also show later that if X is an connected projective algebraic
variety then Ox(X) =k, i.e. the only global reqular functions are the constants.

We have seen that if J C k[zo, ..., x,] is a homogeneous ideal, then V (J)NUy = V (.J,).
The next result gives a geometric interpretation of the homogenization of an ideal.

Proposition 7.7. (Homogenization yields projective closure.) Let I < k[xq,...,x,],
X =V(I) C A™ and X C IP" its closure, where A" is identified to the distinguished open
set Uy. Then the following hold.

(a) X = Vy(I);

(b) If I = (f) is a nonzero principal ideal, then X = V,(f*).

Proof. Obviously V,(I%) is closed and it contains X, thus X C V,(I*). We now show
that it is the smallest closed subset containing X. Let Y C P" be any closed subset such
that Y D X. Write Y = V,,(J) for some homogeneous ideal J C k[zo, ..., z,|. We claim

that J C v/I%; this will imply that
Vo(IF) cV(J) =Y
proving that V,(I*) = X.
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To prove the claim, take F' € J and as in [Example 7.4f write F' = m&fjj for some
f € klxy,...,x,]. Since 2df* =0 on X C Y it follows that f =0 on X = X N Uy, i.e.
feI(X) = 1(V(I) = VI
by the Nullstellensatz. Then f? € I for some p € Z>, and
(fP)f = (el
thus f* € VIt It follows that F = rdft e VT, giving that J C V%, as claimed.
To prove (b), we observe first that

(N)F={(f9) = fig* 1 g € Kl ... za]}) = (f).
Then by (a), V() = V(f). O
Example 7.8. (Homogenization does not commute with generation.) Let I = (x1, x5 —
2?) C klzy, m3). The associated variety is V(I) = {(0,0)} and by [Proposition 7.7,
V(I ={[1:0:0]} C P~
However, the ideal generated by homogenizations J = (x1, xoxg — 23) has zero locus
V() = {[1:0:0],0: 0 1]} £V, (F9).
Geometrically, V(I) is the transversal intersection of a conic Q) with an affine line L;

this intersection contains one point, but QL C @Q N L, since the latter contains a
second point at infinity.
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8. MorpHisMS (II)

The goal of this section is to give some examples of morphisms to affine varieties, and
morphisms between projective varieties.

8.1. Morphisms to affine varieties. Let ¢ : (X,Ox) — (Y, Oy) be a map.

Proposition 8.1. The condition that ¢ is a morphism s local:
e © is a morphism if and only if there exists an open cover Y = |JV;, and for each
i, an open cover ¢ Y (V;) = JUj;, such that the restriction p; : Uy — V; is a
morphism.

Proof. Immediate from definition, using that sections over U;; glue to a section of
Ox (¢~ 1(V;)); cf. [Definition 5.5| O

Informally, this says that if we have a globally defined map ¢ : X — Y, the fact that it
is a morphism may be checked in local charts. (This is similar to what happens in other
situations, such as differentiable maps, or holomorphic functions.) One can simplify this
statement in case Y is affine.

Proposition 8.2. If (Y, Oy) is an affine variety, then it suffices to check the morphism
condition for global sections in I'(Y') = Oy (Y):

e  is a morphism if and only if for all f € T(Y), o*(f) = fop € Ox(X).

Proof. If X is affine, this follows from [Proposition 3.17] In general, cover X by affine
varieties, and apply the previous proposition together with the affine situation. 0

Example 8.3. The projection p : A"\ 0 — P" is a morphism. (All components are
global sections on A"\ 0, with no common zeros.) Note that we cannot extend this
morphism over 0.

In the simplest case, when n = 1, this map is sending a point (x,y) € A? to the line
[z : y] € P'. One may take a modification A2 — A? which over (0,0) has fibre all
possible slopes of lines through (0,0); in other words, replace (0,0) € A? by a P'. This
will lead to the notion of the blow-up of a point, and to a morphism A2 — P! estending
A% — P! over (0,0).

Remark 8.1. If ¢ : (X,0x) — (Y,0Oy) is a morphism and V. C X, W C Y are
subvarieties such that o(V)) C W, then the restriction ¢ : V. — W is a morphism.

8.2. Morphisms to projective varieties. Many morphisms between projective vari-
eties arise from the following construction.

Consider b+ 1 homogeneous polynomials of the same degree Fy, ..., Fy, € k[xg, ..., x,].
Then there is a well defined map:
@ PNV (Fo, ..., Fy) = P 2. 2] = [Fo(x) 1 ... Fy(2)].

Proposition 8.4. The above map ¢ is a morphism.
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Proof. Cover the image P’ with the standard affine open sets: P’ = | J D} . The preimage
o ' (Df) = D\ Vy(Fo, ... Fy)

is an open set in the distinguished open set D} A global section on D is of the form

x% where G € k[xg, ..., ] is homogeneous of degree r. The pull-back via ¢ is
*(Q)_G(F(]?yFb)
/o K
which is clearly on Opa(D}, ). O

Example 8.5 (Projections). Let p € P" be a point and let H C P" be a hyperplane such
that p ¢ H. Then we may define the projection from p onto the hyperplane H to
be the map

m, :P"\{p} = H; q—pgnH.
For example one may take H be given by equation x, =0, and p=1[0:...:0:1]. Then
the line containing p and a point ¢ = [xo : ... : x,] is of the form

P({(zo, ..., ), (0,...,1))) = {{azg, ..., azn_1,az, +b) : [a: b] € P'},
and the projection is defined by
TplTo oty =[T0ot .ot Tl

(Note that not all z;’s may be 0, as the points p,q are distinct.)
One may use elimination theory to show that if X C P" is closed and p ¢ X, then
mp(X) C Pt s closed.

Example 8.6 (Conics). Let ¢ : P! — P? be defined by
ployl =% 12y
By |Proposition 8.4 this is a well defined morphism. Its image is the conic
C:=1Im(p) =V, (Y* - XZ) C P?

where X, Y, Z are the coordinates on P2. It is easy to check that ¢ is injective; in fact,
s an isomorphism onto its image.

We construct the inverse using ‘stereographic projection’. Let Uy = {X # 0} and
U, = {Z # 0}, two distinguished open sets in P2. Observe that:

C=(CNU)U{0:0:1]}=(CnNU)U{[1:0:0]}.
Let Pt = Vo U V4, the usual decomposition into affine varieties. Then also observe that
e CNT) =Vo; ¢ H(CNTL) =T

Further,
ell:s]=[1:5:5; @ls:1]=[s":5:1].
Define f; : CNU; = V; (i=0,1) by

foll:s:8%]=[1:s]; fi[s?:s:1]=[s:1].
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In the chart Uy, s =Y /X, therefore using the equations of C,
1:s5:8%]=[1:Y/X :Y?/X?*|=[1:Y/X:XZ/X?|=[X:Y:Z.
In other words, in the chart C N Uy, fy is defined by
fH[X:Y: Z]=[X:Y].
A similar argument shows that in the chart C NUy, s =Y/Z, and f is given by
[X: Y Z]=[Y:Z].

Note that fy is not defined at [0 : 0 : 1], while fi is not defined at [1:0:0]. We need to
show that fo and fy glue, i.e. they agree on the overlap CNUyNU; = CN{XZ # 0} =
CN{XYZ #0}. To this end, observe that for [X :Y : Z] € CN{XYZ # 0},

X :Y]=[XY:Y)=[XY:XZ]=]V:Z]

This proves that ¢~ exists as a morphism, and it is given by gluing of fo and f;.
Warning: FEven though ¢ : P — C is an isomorphism, it does not induce an iso-
morphism of projective coordinate rings. In fact, it induces the morphism:

[,(0)=k[X,Y,Z))(Y? = XZ) = klz,y] = T,(P'); Xw—2% Yooy Zey

Not only that this is not an isomorphism (it is not surjective), but the two rings are
actually not abstractly isomorphic, e.g. because k[X,Y, Z]/(Y? — X Z) is not a UFD.

1

Example 8.7 (Veronese embedding). One may generalize the previous example as fol-
lows. Fiz d € N and define

(8.1) vg Pt =PV pag s = calo e ade],

where Y d; = d. Here N equals the number of monomials of total degree d in n + 1

variables, i.e.
N (n + d)
n

This is a morphism, and as in the previous ezample a local calculation shows it is actually
an isomorphism onto its image. This image equals V,(J) C PN71, where

J=ker(v; =k[Zo:...: Zny_1] = k[xo: ... :xn)); Zivsald-...-ain
for > i; =d. The variety V,(J) = v4(P™) is called the Veronese variety.

Example 8.8 (Veronese curves). If n = 1, vy : P* — PV is an ezample of a determi-
nantal variety:

Zo Ly ... Ly
va(PY)y ={[Zy:...: Z,] : rank (ch) Z; an) <1}
For example, for d = 3, one recovers the twisted cubic v3(P!) C P3:

v v Z

{[U:V:Z:T]:rank(v 7T

> <1} =V,(UZ-VXUT -VZ VT - Z%).
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Example 8.9 (Veronese surfaces). Take vy : P2 — P°. The image of vo may be realized
as a determinantal variety as follows. Consider symmetric matrices

Zo Zs Za

M= |23 Z, Zs

Zy Zs Zy
Then the Veronese surface is given by the condition that rank M = 1. More generally,
the image of the Veronese variety vo(P") C T giwen by the vanishing of the
2 x 2 minors of the (n + 1) x (n+ 1) symmetric matriz with entry Z;_y j_1 in position

(i,7). See [Harris].

Example 8.10 (Coordinate free Veronese). There is also a coordinate free description
of the Veronese embedding. If P" = P(FE) for some vector space E, and for a fized degree
d,

ve: P(E) = P(Sym?E); v — v,
where Sym?(E) is the d-th symmetric power of E.

An important property of the Veronese embedding is that any hypersurface V,(F') C
P" where F' is homogeneous of degree d is the pull-back of a hyperplane via vg: if
F=>a; iz -... -ar, then

(8.2) Vo(F)=vg'(Hp) where Hy=Yai i, Zi..i,-

This observation is utilized to prove the following projective analogue of [Proposition 5.6,

Proposition 8.11. Let F' € k[zg,...,x,] be a homogeneous polynomial of degree d.
Then D}. C P is an affine variety.
Furthermore, if X C P is a closed projective subvariety, then X N D}, is affine.

Proof. From [Equation (8.2)|it follows that D} = v;'(D}; ), where Hy is a linear form.
Up to a projective change of coordinates, V,(H;) C PN~ is a coordinate hyperplane,
thus Dy, is affine. Since 4 is an isomorphism over the image, it follows that D} is
isomorphic to a closed subset of an affine variety, thus again affine.

Same argument also proves the statement involving the closed subvariety X C P*. [

8.3. Images of morphisms. Let f : X — Y be a morphism of varieties. Assume for
simplicity that XY are irreducible. (Note that if X is irreducible, then so is the image
f(X).) A natural question is what type of object is the image of a morphism ? For
example, is it always a subvariety of Y 7 (Note: We will discuss preimages later on this
class, in relation to systems of parameters, and expected dimension.)

The first is the following result, whose proof is deferred.

Proposition 8.12. Let f : X — Y be a morphism of projective varieties. Then f is
closed, i.e. for any Z C X closed, f(Z) is closed.



48 LEONARDO CONSTANTIN MIHALCEA

There is a more general version of this, where f is only assumed to be proper; a
morphism of projective varieties is proper.

However, consider the morphism f : A? — A% (z,y) — (z,7y). The horizontal line
y = Yo is sent to the line spanned by (1, ), and the image of f is

f(A?) = (A*\ {y — axis}) U{(0,0)}.
This set is neither open, nor closed, around the origin. It is an example of a con-
structible set, defined next.

A locally closed set of a variety X is an intersection of an open set and a closed set
in a variety X. A constructible set is a finite union of locally closed sets. One may
check that equivalently, the class of constructible sets is the smallest class of objects
containing open sets, closed sets, and finite intersections and complements of such.

Theorem 8.1 (Chevalley). Let f : X — Y be a morphism. Then f(X) is constructible.
Furthermore, f sends constructible subsets to constructible subsets.

Proofs may be found in Mumford’s ‘Red Book’, pag. 51, or in Harris’ ‘Algebraic
Geometry’, pag. 39, in the particular case when Y = P".
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9. PrRODUCTS

In this section we define the product of two varieties. We certainly want that A" x A® =
A™5_ but recall from a previous homework problem that the topology on A" is not
the product topology. It turns out that the correct way to define products is to use the
categorical notion of product.

9.1. Categorical product. Let C be a category; this consists of a class of objects
Ob(C), morphisms F': X — Y for X, Y € Ob(C) together with the abillity to compose
morphisms so we recover the usual properties of composition (identities, associativity,
etc). Let now X,Y,Z € Ob(C) be three objects. Given two morphisms f : X — Z
and g : Y — Z, a product X Xz Y is any object in C equipped with two morphisms
x X XzY = X, my : X Xz Y — Z, such that the following universal mapping
property holds:

e For any object W and morphisms px : W — X and py : W — Y so that
f opx = gopy there exists a unique morphism p : W — X xz Y such that

Tx op = px and Ty o p = py.

The product X x Y, if it exists, is unique up to an isomorphism commuting with the
projections.

Example 9.1. Toke C = Sets the category of sets and maps between sets. Take A, B,C'
setsand f: A— C,g: B— C. Then the product is

AxcB={(a,b): f(a) =g(b)},
together with the projections to A and B respectively.

There is also the (dual) notion of categorical coproduct, which satisfies a similar
universality property, except that all arrows are reversed.

Example 9.2. Let C =k—Alg be the category of k-algebras (k a field), and k-algebra
homomorphisms. Let A,B,C,D be k-algebras and maps A — B,A — C,B — D
and C' — D such that the resulting diagram commutes. (In other words, B,C,D are
A-algebras.) The morphisms B — D and C' — D induce an A-bilinear k-algebra homo-
morphism B x C'— D. The coproduct B x o C' is the algebra tensor product B @4 C.
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(See e.g. [Lang, Ch. XVI, §6.)

9.2. Products of varieties. The main theorem of this section is the following:
Theorem 9.1. Any two algebraic varieties X, Y have a product (as an algebraic variety).

Note that there is no choice for what should be the underlying set of X x Y: it’s just
the set theoretic product of X and Y. We need to realize this as a ringed space, locally
isomorphic to an affine variety. To do this, the idea is to construct first products of
affine varieties, then ‘glue’ these to get a variety structure.

Remark 9.1. One may also ask where is Z from X Xz Y: in this case, Z is a point,
regarded as an (affine) algebraic variety. Any variety maps to pt, and X X, Y is denoted
simply by X X Y.

Proposition 9.3. Let X,Y be affine algebraic varieties with coordinate rings I'(X) and
[(Y). Then the following hold:

(1) There is a product X x Y which is an affine algebraic variety with coordinate
ring T(X) @, D(Y);
(2) A basis for the topology of open sets is given by the distinguished open sets Dy,

where
=Y fi@)gy); fi €T(X),g; €T(Y).
(3) The local ring Ox xy,(zy) is the localization of I'(X) @, T'(Y') at the maximal ideal
m, @ (YY) +T'(X) @m,.

Proof. Let X = V(f1,...,fn) CA" and Y = V(g1,...,9m) C A®. Then the set X x
Y C A"t is the zero locus of the polynomials f;, g; regarded in k[xy, ...,z y1,. .., Ys].
Furthermore,

kln, g sl fisg5) = Kl 2] /() @kl - sl (g5) = T(X) @, T(Y).
(There is a natural bilinear map

kloy, ..o ] /(fi) X< klys, - ysl/(g5) = Ko, .o 2y, 8] /(fis g5)

which by the universal property induces a map from the tensor product. The latter
is an isomorphism when regarded as k-vector spaces, so it must be an isomorphism in
general.)

We now prove that X x Y is a categorical product. Obviously there are projections
x : X XY — X and 1y : X xY — Y, corresponding to maps I'(X) — I'(X x Y),
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f(z) — f(x) ® 1 and similarly for Y. Let now px : Z — X and py : Z — Y be any
morphism. Regarding X XY as a product in Sets, we obtain a unique mapp : Z — X xY
which satisfies the required commutations. We need to show that p is a morphism. Since
X xY is affine, by [Proposition 8.2 it suffices to show that p*(f(x)®g¢(y)) € I'(Z). Since
['(X x Y) is generated (as an algebra) by elements of the form f(z) ® 1 and 1 ® g(y),
it suffices to consider these elements. But then

P (f(z) ® 1) =p'rx (f(2)) = pk (f(x)) € T(Z),
since px : Z — X is a morphism. Same argument applies to 1 ® g(y). This proves (1)
and (2) at the same time.
We now turn to (3). By [Proposition 6.12{ we know that Ox v, (z,,40) is the localization
of I'(X) ® I'(Y') at the maximal ideal m,, ,,) of functions vanishing at (z,y). Clearly

Mg, @L(Y) +T'(X) ®@my, C mg,y,). Conversely, let h =3 a;(x) ®b;(y) € M(z,y,) such
that CL»L'((L’()> = O, b](y()) = 63'. Then ZOQ‘ & ﬁj = 0, and

= 2 (o) — e @bi(y) + 3 ® (g5(0) = )

the last quantity is in m,, ® ['(Y) + I'(X) ® m,,. This finishes the proof. O
Corollary 9.4. A" x A = A""5,

Proof. This repeats the first part of the proof: the projection morphisms from A" to
A" and A® induce a (unique) map f: A" — A" x A®. At the level of coordinate rings
this gives an isomorphism k[z1, ..., 2] ® kly1,...,ys] ~ k[z1, ..., 2r1s), thus the desired
isomorphism. 0

Theorem 9.2. Any two varieties X XY have a product.

Proof. The idea is to cover X and Y by affine varieties, then ‘glue’ the result, to form
X xY. First of all X xY exists as a set. We wish give it a variety structure.

To start, we give X x Y a topology as follows: for any U C X and V C Y open
affine, consider the distinguished open sets Dy, C U x V, where f; € I'(U),g; €
['(V). We declare these to give a basis for the topology of X x Y. (Observe that if
U’ C X and V' C Y are other open affines, and functions ) f/gj, then we may find
U cUNnU and V" C VNV’ such that D5 )5 119y Is a distinguished set on
U'xV"C (UNU")x (V xV").) Note that when restricted to products of affines U x V,
this recovers the topology of that product. Furthemore, we may also define a ringed
space structure on X X Y by declaring that for Dy, CU XV,

OXXY(DZfin) = (F(U) ® F(V))ijgj’

One may check that the conditions from are satisfied, and this gives a ringed
space structure to X x Y. This space X x Y is quasi-compact, as X X Y may be written
as a finite union of quasi-compact spaces U; x Vj, for U;, V; affine.
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We now need to check that the resulting ringed space X x Y is the categorical product
X x Y. Take any morphisms px : Z — X and py : Z — Y which satisfy the required
commutativity requirements. We need to show that the induced set-theoretic map p :
Z — X xY is a morphism. By |Proposition 8.1} it suffices to check that for each U C X,
V C Y affine, the restriction p : Zyy := p (U x V) — U x V is a morphism. Since
U x V is affine, by |[Proposition 8.2| it suffices to check that for any s € I'(U x V),
Py (s) € Oz(Zyy). This follows as in the proof of [Proposition 9.3 because I'(U x V')
is generated by f® 1 and 1® g for f € ['(U), g € I'(V), and since py;y (f x 1) = px(f),
Py (1 x g) = py-(g) are elements in Oz(Zyy). O

Remark 9.2. In addition, one may show the following:

(1) If U x X is open, then U x Y will be an open subset of X X Y.

(2) If Z C X is a closed subvariety, then Z x'Y will be a closed subvariety of X x Y.
(For this, it suffices to show that for any U C X and V. C Y open affine,
(ZNU) XY is closed in U x V.)

For a,b € N define v, : P* x P? — PO+ 1y

(9.1) Vap([mo: oo txal, (Yoo cwm]) =1ty o

Note that this is a well defoned map, and an analogous proof as the one from
this is a morphism, called the Segre embedding. (Note that here P* x P’ is
already given a product variety structure.)

Lemma 9.5. (a) The image of v,y is given by the determinants of 2 x 2 minors in the

matrix:
Z0,0 ZO,l e ZO,b
Zl,() Zl,l . Zl,b
Zao Zaa - Zap

where Z; ; is the coordinate corresponding to x;y;. (This is another example of a deter-
minantal variety.)

(b) Let Sqp = vap(P* x P?) C PeFVGHD=1 pe the image of the Segre embedding. Then
Vap : P* x P — S, is an isomorphism.

Proof. Exercise. 0
Theorem 9.3. The product of two projective varieties is projective.

Proof. If X C P* and Y C P are closed then so is X x Y C P x P (cf. [Remark 9.2)).
By P x P® is isomorphic to a projective variety, thus it is projective. [

9.3. Separated varieties and the Haussdorff axiom. The following is the analogue
of the Haussdorff condition in algebraic geometry.
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Definition 9.1. An algebraic variety X is called separated if for all varieties Z and
f

all morphisms Z ___ X the set {z € Z: f(z) = g(2)} is a closed subset of Z.
g

Consider the diagonal map A : X — X x X given by x +— (z,x). This is the morphism
induced by the universality property, where p;,ps : X X X — X are the projections:

X X —X
p2
.
X — =t
If X is separated, then by definition
A(X) ={(a,a) € X x X} ={(a,b) € X x X : p1(a,b) = pa(a,b)}
is closed in X x X. The converse is also true:

Proposition 9.6. Let X be a variety. Then X is separated if and only if A(X) C X x X
15 closed.

Proof. We only need to show that if A(X) is closed, then X is separated. Let f,¢g: Z —
X be two morphisms. Then there is an induced morphism (f,g): Z — X x X, and

{z€Z: f(2) = g(2)} = (f x 9)7 (A(X)).
The latter is a closed set by hypothesis. O

Example 9.7 (A non-separated variety: the line with 2 origins). The projective line P!
may be seen as the as gluing two copies Uy, Uy ~ A' along A'\ {0} by the map z +— 1/x.
We have checked that P is an algebraic variety, and, for example, Op (P') = k.

We may also glue along A'\ {0} by x — x; this gives a different variety structure.
We call it X, and we may visualize it as ‘the line with 2 origins’. For example, T'(X)
will contain non-constant global sections.

/\
\/

The variety X is not separated; indeed, take iy,i5 : A* — X be the compositions. Then

{x € Al iy (2) = iy(x)} = AM\ {0},
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which is not closed in Al.

Proposition 9.8. The following hold:

(1) Closed subvarieties of separated varieties are separated.
(2) Products of separated varieties are separated.
(3) Let f: X =Y be a morphism with Y separated. Then the graph of f

Ly={(z,y):y=f(x)} CX xY
is closed.

(4) Affine varieties are separated.
(5) Projective varieties are separated.

Proof. Part (1) follows from definitions, and part (2) from [Remark 9.2

For part (3), consider the morphism (f,id) : X x Y — Y x Y. Since Y is separated,
the diagonal A(Y) is closed (cf. by [Proposition 9.6). Then T'y = (f,id) ' (A(Y)) is also
closed. @

From the construction of products of affine varieties, it follows that the diagonal is
closed, thus proving part (4).

For part (5), it suffices to assume that the projective variety X is a projective space,
X = P". Then for any x,y € P", there exists a hyperplane H C P" such that x,y €
P" \ H. Since P" \ H is affine, the conclusion that P" is separated follows from the
[Cemma 9.9 below. O

Lemma 9.9. Let X be an algebraic variety. Assume that for all x1,x5 € X there exists
an open affine U C X such that x1,x9 € U. Then X is separated.

Proof. Let f,g:Y — X be two morphisms, and let Z :={y € Y : f(y) = g(y)}. Take
z€ Z,and x1 = f(2), 72 = g(z). By assumption there exists an open affine set V C X
such that 1,29 € V. Let U := f~1({U)Ng (V) C Y. Then z € U, and U is open. The
restrictions of f,g: U — V are again morphisms. Since V' is affine, it is separated, thus
ZNU is closed in U, in particular, ZNU = ZNU. Then z € ZNU, thus z € Z, proving
that Z is closed. OJ

For further reading on separated varieties, close to approach from these notes, I rec-
ommend [Mum99, §6].

2As an aside, observe that 'y = Image((id, f) : X — X x Y). Further, the restriction of the first
projection from X x Y to X gives an isomorphism I'y — X.
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10. DIMENSION

The purpose of this section is to introduce the notion of dimension for algebraic vari-
eties. We will then utilize it to study the expected dimensions of systems of polynomial
equations, and dimension of generic fibers of morphisms.

10.1. Topology. We start with the following definition.

Definition 10.1. Let X be a topological space. The dimension of X is the supremum
n such that there exists a chain

D#XCX C...C X, CX

where each X; 1s irreducible and closed in X.
If Y C X is a subspace, the codimension codimyxY :=dim X —dimY.

We will denote by dim X the dimension of X. In many proof we will use the following
properties of irreducible sets.

Lemma 10.1. Let X be a topological space, U C X an open, nonempty subset, and
Y C X. Then the following hold:

o If X is irreducible then U is dense, and any two nonempty open sets intersect.
o IfY 1is urreducible, then Y 1is irreducible, and Y NU is irreducible.

Example 10.2. One may show that for A™ with the FEuclidean topology, dim A™ = 0.
(Because the only irreducible closed sets are points.)

Proposition 10.3. Let Y C X. Then dimY < dim X. Further, if Y 1is closed, irre-
ducible and Y # X, then dimY < dim X.

Proof. Let Fy C F; € ... C F, =Y be a chain of closed irreducible subset of Y. Then
each F; is irreducible, and we have a chain of closed subsets Fy C Fy C ... C F}), =
Y C X. Observe that F; = Y N F;, thus the chain is strictly increasing, and it gives
k< dimX. If Y is closed an irreducible then to any chain as above we may add X,
proving that k£ < dim X. OJ

It is also easy to show that if X = J X, is a union of closed subsets X;, then dim X =
supdim X;. One such union is obtained when X;’s are the irreducible components of X.

10.2. Krull dimension and dimension of algebraic varieties. We now turn to
algebra and algebraic varieties. Let R be a ring. Recall that the Krull dimension of
R is the maximum number n such that

Po &P & & P

where each p; is a prime ideal in R. We will use the same notation dim R for the Krull di-
mension. A fundamental theorem in algebra calculates the dimension as a transcendence
degree.
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Theorem 10.1. Let R be a finitely generated k-algebra which is an integral domain. Let
K be the fraction field of R. Then the Krull dimension of R is the transcendence degree
K/k.

Proof. See ADDREF. O

Example 10.4. The Krull dimension of k[x1,...,x,] equals to n. A chain of prime
ideals is given by 0 C (x1) C (x1,m9) T ... T (x1,...,Ty).

=

Definition 10.2. Let X be an irreducible affine algebraic variety. Then the coordinate
ring I'(X) is an integral domain, and the function field K (X) is defined to the fraction

field of T'(X).
By the function field of X coincides with the function field of any dis-

tinguished open set in X.
Proposition 10.5. Let X be an irreducible algebraic variety, and U C X a nonempty
open set. Then the following hold:

(1) If X 1is affine then

dim X = dimI'(X) = trdeg, K(X) < oo.

(2) For an arbitrary (irreducible) X, dim X = dimU < oo.
Proof. The equality dim X = dim I'(X) follows from the Hilbert’s Nullstellensatz, which
gives an order reversing correspondence between closed irreducible subvarieties of X and
prime ideals in I'(X). The second equality, and the finiteness conclusion, follow from

[Theorem 10.1l

We prove the second part in several steps. First, assume that X is affine. Then we
can pick a distinguished open set Dy C U C X. Since K(Dy) = K(X), it follows from
part (1) and [Proposition 10.3| that

dim X = dim Dy < dimU < dim X.

For arbitrary X, this also proves that any two open affine open sets U;, Uy C X must
have the same dimension. Indeed, their intersection is non-empty, and one can find an
open set V' C U; N Usy; this satisfies:

dimU; = dimV = dim Us.

Let r := dim V for any () # V' C X open, affine. Find an open affine V' such that V' C U.
Then

r=dimV <dimU < dim X,
and it suffices to show that dim X = r.

Take a chain of closed irreducible subsets in X: Fy C F; C ... C F, = X, and take
V open affine such that V N Fy # (). Intersecting with V' gives a chain Fob NV C ... C
F,NV =V. Each F; NV is closed and irreducible in V' (since F; are irreducible), and
the sets F; NV are distinct and non-empty, because F; = F; N'V. This implies that
dim X < dimV and we are done. O



LECTURE NOTES FOR ALGEBRAIC GEOMETRY 57

Corollary 10.6. (a) dim A" = dimP" = n.
(b) Any variety of dimension 0 is finite.

Proof. The function field of A™ is k(x1,...,x,), which has transcendence degree n over
k. To calculate the dimension of P", we may take one of the distinguished open sets
U; ~ A", then apply [Proposition 10.5]

For part (b), w.lo.g. we may assume that X is irreducible, and we will show that
X consists of a single point. Take a nonempty open affine set U C X; then U is also
irreducible and dimU = 0. By the Nullstellensatz it follows that U corresponds to a
maximal ideal in a polynomial ring, thus it must be a point. Then X = U is also a
point, and we are done. 0

10.3. Expected dimension of systems of equations. The main result of this section
is the following:

Theorem 10.2. Let X be an irreducible variety, U C X open, 0 # g € Ox(U) and Z
an irreducible component of {x € U : g(x) = 0}. Then dim Z = dim X — 1.

Proof. Take Uy C U open affine such that Z N U, # (). Then Z N U, is closed and
irreducible in Uy. By irreducibility and by the Nullstellensatz it corresponds to a prime
ideal p which contains the restriction f := g|y, € R :=I'(Up), and it is minimal with this
property. Since the Z NUy # Uy, f # 0. The result follows from Krull’s Hauptidealsatz
theorem, stated next. O

Theorem 10.3 (Krull’s principal ideal theorem / Krull’'s Hauptidealsatz). Let R be
a finitely generated algebra over k which is an integral domain. Let f € R and let
p containing [ which is minimal among prime ideals containing f (this is called an
isolated prime for f). If f # 0 then

dimR/p =dim R — 1.
Proof. TODO: ADDREF. O

Definition 10.3. Let X be an irreducible variety and let Z C X be a closed subset. We
say that Z has pure dimension r if all its irreducible components have dimension 7.
Similar for pure codimension r.

With this terminology, [heorem 10.2| states that the zero locus of g has pure codi-
mension 1.

Here’s a converse to [Theorem 10.2]

Proposition 10.7. Let X be an irreducible variety and let Z C X irreducible, closed, of
codimension 1. Then for any open U C X such that ZNU # 0, and for any f € Ox(U)
such that f =0 on Z, Z N U is an irreducible component of V(f).

Proof. Take W be an irreducible component of V(f) such that W > ZNU. Then
dimX >dimW >dimZNU =dim X — 1.
Since Z N U is closed in W, it follows that W = Z N U. 0
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Example 10.8. The hypothesis that X is irreducible is essential. For instance, take
X =V (xy) C A?; this is the union of the coordinate azes. Now take

f=ax(ex+y+1) e T(X) = k[z,y]/{zy).
Then V(f) =V (x) U{(—1,0)}; this is not pure-dimensional.

Corollary 10.9. Let X be an irreducible variety and let Z be an irreducible component
of V(fi,..., fr), with each f; € Ox(X). Then codim Z <r.

Proof. Induction on r. The case r = 1 follows from [Theorem 10.2l Let Z’ be an
irreducible component of V(fi, ..., f,_1). By induction, codimZ’ < r—1. By hypothesis
Z is an irreducible component of Z' NV (f,) C V(fi,...,f.). If f. does not vanish
identically on Z’; then dim Z = dim Z’ — 1, as claimed. 0J

Proposition 10.10. Let X be an affine irreducible variety and let Z C X be a closed
subvariety of codimension r. Then there exist fi,..., f. € I'(X) such that Z is a com-

ponent of V(f1,..., fr).
Proof. See [Mum99,, Cor. 1.7.4]. O

A subvariety Z C X of codimension r which is given by r equations is called a
complete intersection. Being a complete intersection is a rather strong constraint.
For example, if X = P* and Y = V,(F},..., F, has codimension r then by Bezout
theorem the degree of Y must be

r=deg(Y) =deg(Fy) - ... deg(F}).
This degree may often be calculated by other cohomological methods.

Example 10.11. The degree of the twisted cubic C := v (P') C P? equals to 3. Since C
is not included in a hyperplane, it follows that I(C') cannot be generated by 2 equations.

Example 10.12. Consider the variety of matrices:

a b ¢

MI::{A:(d . f):rk(A)gl}CA5.

One may projectivize My, and P(M,) is the image of P* x P! — P° under the Segre
embedding. In particular, codim M; = 2. One may show that deg(P(M;)) = 3, which
implies that I,(P(My)) cannot be generated by 2 equations. Then I(My) (the cone over
P(M)) cannot be generated bby 2 equations.

These results show that a codimension 1 irreducible variety may be realized as a
component of the zero locus of a single equation. But does it equal to V(f) ? This is
not always possible; the next result gives a sufficient condition for this to hold.

Proposition 10.13. Let X be an affine irreducible variety such that I'(X) is an UFD.
let Z C X be closed of pure codimension 1. Then there exists f € T'(X) such that
Z=V(f).
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Proof. We start by observing that since R := I'(X) is an UFD, any minimal nonzero
prime must be principal. (Proof: Let p C R be a minimal prime, and let f € p. Since
R is an UFD, we may decompose f as a product of prime factors. The fact that p is
prime implies that it must contain one of the prime factors of f, say f’. But the ideal
(f") is prime and (f’) C p, thus (f') =p.)

Now the components of Z correspond to minimal prime ideals in R, generated by
some prime elements fi,..., f. in R. Then Z =V (f;-...- f,) and we are done. O

10.4. Projective versions. All these results have projective versions, involving projec-
tive coordinate rings and homogeneous polynomials. For instance, the following are the
analogues of [['heorem 10.2| and [Proposition 10.13]

Theorem 10.4. Let X be an irreducible projective variety with projective coordinate ring
I',(X) and F € klzo,...,x,] be a homogeneous, non-constant polynomial such that F
does not vanish identically on X. Then X NV,(F) is nonempty and of pure codimension
1, unless dim X = 0.

Sketch of the proof. Except for the non-emptiness, the claim follows from [Theorem 10.2|
To prove non-emptiness, assume that dim X > 1 and let X* C A™*! be the cone over
X. By definition, the cone is the affine variety given by the homogeneous ideal I,(X).
One may prove that dim X* = dim X + 1. (Exercise!) Then 0 € X* N V(F), and by
dim X*NV(F) > 1. In particular X* NV (F') contains other points except
for the origin, and since it is k*-stable it must contain a full line through the origin. We
deduce that X NV, (F) is non-empty. O

Proposition 10.14. Every closed subset of P" of pure codimension 1 is a hypersurface,
i.e. it is given by the vanishing of a single homogeneous polynomial.
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11. THE FIBRES OF A MORPHISM

For the proofs of the results in this section we refer to [Mum99, S 8§].

Let X,Y be two varieties and f : X — Y a morphism. The morphism f is called
dominant if f(X) is dense in Y, ie. f(X) =Y.

The following is a generalization of [Proposition 3.21|

Proposition 11.1. Let X be an algebraic variety, and let f : X — Y be a dominant

morphism. Then Z = f(X) is irreducible and and f induces an injective map f* :
k(Z) — k(X).

Recall the definition of ‘pure dimensional” from |[Definition 10.3l The main result of
this section is the following:

Theorem 11.1. Let f : X — Y be a dominant morphism of irreducible algebraic
varieties. Then the following hold:

(a) Let W CY be an irreducible subset and let Z C f~1(W) be an irreducible compo-
nent of f~Y(W) that dominates W. Then

codimy Z < codimyW.
(b) There exists an open set U C'Y such that:
o UC f(X);
e For any irreducible W C Y such that W NU # 0, and for any component
Z C f7Y W) such that Z N f~1(U) # 0,
codimy W = codimy Z.

Among the most important consequences is the following corollary:

Corollary 11.2. Let f : X — Y be a dominant morphism of irreducible algebraic
varieties. Let r:= dim X —dimY. Then for anyy € Y, the fibre f~*(y) either empty,
or each irreducible component has dimension > r.

Further, there exists an open set U C Y such that for any y € U, f~'(y) is pure
dimensional of dimension .

Proof. We apply [Theorem 11.1| to the case when W = {y}. Observe that codimy W =
dim Y, therefore the condition codimy W > codimyZ translates into dimY > dim X —
dimZ, ie. dimZ >dimX —dimY =r. O

Example 11.3. Consider the projection ps : X XY — Y sending (x,y) — y. Clearly
all fibres are isomorphic to X. In particular, this shows that

dimX XY =dim X +dimY.

Example 11.4. Consider the hyperbola C := V(xy — 1) C A% Since C is closed, The
second projection restricted to C' is a morphism f : C — A'. This is not surjective, but
it is dominant (the image is A*\ {0}.) The fibre f~*(y) is a single point unless y = 0,
when f~1(0) = 0. This illustrates |Corollary 11.2
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Example 11.5 (Ramified covers). Consider f : P? — P? defined by [xg : x1] — [z3 : 23]
By |Proposition 8.4 this is a morphism. The fibers over z # [0 : 1],[1 : 0] are two points,
while the fibres over [0 : 1], [1 : 0] are a single point. The latter is called the ramification
locus of f.

It is typical for a surjective map f : X — Y where X,Y are projective and dim X =
dimY to have a ramification locus where the fibre changes behavior.

Example 11.6. (The blowup at a point.) Consider the morphism f : A* — A? defined
by (z,y) — (z,zy). This is a surjective morphism. The fibre over (0,0) is

F710,0) = {(0,9)} =~ A
(thus positive dimensional), while the fibre over a point in the open set U = A%\ {(0,0)}
a single point. This gives another example illustrating (Corollary 11.2,

Example 11.7. (Line - plane incidence) Recall that the dual projective plane (P?)Y
parametrizes two-dimensional vector spaces in k3. Consider the incidence:
X :={(Lc PcC®: linear subspaces such that dim L = 1,dim P = 2} C P? x (P*)*
This is also called the flag variety for C3. There are projections p; : X — P? and
pa: X — (PY)*. The fibres are all isomorphic to PL:

pi (L) =P(C°/L); py'(P)=P(P).
We claim that X is a projective variety.

To start, observe that we may cover (let’s say) (P?)* by affine open sets U; such that
py (U) =~ U; x P*. For instance, take Uy = {X + aY +bZ = 0} C (P*)* where
(a,b) € A% The projective line X + aY + bZ = 0 corresponds to a two-dimensional
vector space V,p C k3, and one can find a basis vi,vs C Vyp. (Of course this basis
depends on a,b.) We identify Vo, with (a,b). The fibre

pyt(a,b) = {([u: 0], (a,)) : [u:v] € P(Vip)}
The coordinate ([u : v], (a,b)) may be regarded as the line uvy + vvy C V. This gives a
bijection
p;l(Uo) ~ UO X ]P)l.

Such sets cover X and they may be glued to give an structure of an algebraic variety on
X. This is closed in P? x (P?)*, because it is closed in any of these sets. For instance,
Py (Uo) N X ~ Uy x P! C Uy x P? = py 1 (Up) N (P* x (P?)).

FEither from this description, or from[Theorem 11.1, one deduces that dim X = 3.
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12. SHEAVES OF MODULES

We have seen in that sheaves sit at the foundation of the definition of
algebraic varieties. In particular, an algebraic variety (X, Ox) is equipped with a sheaf
of regular functions on it. However, a variety carries more structure on it than just the
regular functions. For instance:

e There is a correspondence between affine varieties and their coordinate rings. Is
there a geometric interpretation of modules over coordinate rings 7

e We would like to include homogeneous polynomials on the projective coordinate
rings as global sections of a certain sheaf;

e Inspired from differential topology, we would like to associate sheaves to (local
sections of ) vector bundles;

e We want to be able to talk about extensions of (generalized) functions from a
subvariety to an ambient variety.

12.1. Definitions.

Definition 12.1. Let (X, Ox) be a ringed space. An Ox-module is a sheaf F such that
for any U C X open, F(U) is a Ox(U)-module, and the restriction homomorphisms are
maps of modules, i.e. for anyV C U,

F(U) —==F(V)
]
Ox(U) —= Ox(V)

Here Ox (V) and F(V') become Ox(U)-modules via the restriction maps.

A homomorphism of Ox-modules ¢ : F — G is given by the data of Ox(U)-
module homomorphisms gy : F(U) — G(U) for any open set U C X, compatible with
the restriction maps.

Definition 12.2. Let (X, Ox) be a ringed space and ¢ : F — G a homomorphism of
Ox-modules.

e The kernel of p, denoted by ker(yp), is the sheaf given by the assignment
U — ker(pp).

e The image of ¢, denoted by Im(yp), is the sheafification of the presheaf
U — Im(pu).

o A sequence of sheaves and sheaf homomorphisms

0 F——G—H 0
is (short) exact if ker(u) = 0 (the zero sheaf), Im(v) = H and Im(u) = ker(v).
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Example 12.1 (The exponential sequence). The following sequence of sheaves of abelian
groups s short exact:

6271'7,2

0 z O¢ Or 0

Here Z be the sheaf given by locally constant Z-valued functions, Oc is the (additive) sheaf
of holomorphic functions on C, and OF is the (multiplicative) sheaf of non-vanishing
holomorphic functions. All these are sheaves of abelian groups.

Consider the non-vanishing holomorphic function f(z) = z on C* = C—0. Using that
the complex logarithm is defined on any simply connected open subset of C*, we see that
z 1s in the image of the exponential map over any such domain. However, z is not in the
image of any single holomorphic function defined on the whole C*. (The fundamental
group of C* is Z.) This shows that sheafification is needed in the definition of the image.

Definition 12.3. Let f : X — Y be a morphism of algebraic varieties, and F a sheaf
on X. The direct image of F is the sheaf on Y, denoted by f.JF, and defined by

Vs F(fH(V)).

Example 12.2. Let i : Y — X be a closed subvariety and let Fy be the sheaf of k-
valued functions on Y. There is a morphism of Ox-modules r : Ox — Fy defined by
sending s € Ox(U) to its restriction on U NY . By definition, the image of this sheaf
Im(r) = Oy, regarded as a Ox-module. (Again recall that the definition of Oy required
the use of sheafification.)

The kernel of v is an ideal sheaf i.e. a sheaf Ty on X where Iy (U) is the ideal of
sections on U C X wvanishing of Y NU. (In particular this is an Ox-module.) We have
another short exact sequence

(12.1) 0 IY OX i*Oy ~ Oy —0

Remark 12.1. As we shall see later, the sequence from |Equation (12.1)| may be also
be realized by gluing “local data”. if one assumes that Y, X are affine and Y C X 1is
closed, this is the sequence associated with the short exact sequence of T'(X)-modules
0— Iy - I'(X) = T(Y) = 0 where Iy is an ideal of Y in X.

Definition 12.4. Let F,G be two Ox-modules. The tensor product F ®o, G s the
sheafification of the presheaf

Uw— FU) Qo () Ggu).

12.2. Quasi-coherent sheaves on affine varieties. Let X C A" be an affine algebraic
variety and let R := ['(X) = Ox(X) be its coordinate ring. For any sheaf F of Ox-
modules there is an associated R-module M := F(X); we will also use the notation
['(F) = F(X). In other words, taking global sections gives a map:

(12.2) I": ( sheaves of Ox-modules ) — (I'(X') — modules)
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The purpose of this section is to perform the inverse construction: associate a O x-module
for any R-module. Recall that for an R-module M and f € R, the localization

Mf:M®RRf:{%:m€M,SEZ}/:

L — 22 if and if only if there exists f* such that f*(f*2m;—

The equivalence is given by 7} = 73

f'ms) =0in M.

Definition 12.5. Let M be an R-module. Define the Ox-module M as the unique sheaf
given by

M(Df) = Mf = M®R Rf.

As usual, the fact M defines uniquely a sheaf a Ox follows because the distinguished
open sets Dy form a basis of open sets for X.

Example 12.3. If M = R, then M = Ox. More generally, if I = /I C R is an ideal,
then I = Iy, the ideal sheaf of Y =V (I).

Remark 12.2. Observe that F(M) = M, giving an inverse of the map from
tion (12.2)]

This is the main theorem of this section.
Theorem 12.1. Let X be an affine algebraic variety. The correspondence
(Ox(X) — modules) — ( sheaves of Ox-modules ); M M

is functorial with respect to maps of I'(X)-modules, it is exact, and it commutes with
direct sums and tensor products.

Proof. As before, set R := I'(X). We start with the proof of functoriality. Take ¢ :
M — N a map of R-modules. For any f € R, this induces a map s : My — Ny of
Rf-modules, defined in an obvious way:

m, _ p(m)
@f(fs)_ fs :

This determines a map M(Dy) — N(Dy), which extends to the required map M — N
of Ox-modules.

We now prove that the assignment preserves exactness. Consider a short exact se-
quence of R-modules

We need to prove that




LECTURE NOTES FOR ALGEBRAIC GEOMETRY 65

is exact, where u/,v" are the induced maps. To check exactness, it suffices to show
exactness when restricted to distinguished open sets. For this, it suffices to show that
the localized sequence

vf

0—> M; —> Ny~ Py — 0

is exactﬁ Clearly vy is surjective, and vy o uy = 0, therefore Im(uys) C ker(vy). We need
to prove the converse inclusion, and also that uy is injective.

Let 75 € ker(vy). Then ”J(f;) = 0 in Py. Then there exists a nonnegative integer k such

that ffv(n) = v(f*n) = 0. It follows that f*m € ker(v) = Im(u), so there exists m € M
such that u(m) = f*n. Then
n_ nff  u(m)
F T fkts T fhts
We now prove that uy is injective. Let 7 € ker(uy). Then fFu(m) = 0 for some
nonnegative integer k. This implies that f*m € ker(u), i.e. f*m = 0in M. This implies
that % = 0 in My, as claimed.
Finally, we need to show that the assignment preserves direct sums and tensor prod-
ucts. This follows from the standard facts that

(M&M)y=M;& My (M®r M) =M @p, M.

€ Im(uy).

O

Example 12.4. Let X C A" be an affine variety, and let Y C X be a closed subvariety
such that Y =V (I). We have an exact sequence of T'(X)-modules

00— —TX)—T%)=1(X)/I —=0
If one takes the associated sequence of Ox-modules one recovers the sequence from[Equa]

ion (12.1)]

Definition 12.6. Let X be an affine variety. A Ox-module F is called quasi-coherent

it F = M for some IT'(X)-module M. The Ox-module F is called coherent if in addition
M s finitely generated over T'(X).

Example 12.5 (A non quasi-coherent sheaf). Let X be affine and p € X. Define a
presheaf F on X by
FU) = Ox(U) z.fa ¢U
0 ifaeU.

This is actually a sheaf. Observe that F(X) = 0, thus if F were quasi-coherent then F is
the zero sheaf. However, it is clear that F has non-zero local sections. (See [Hartshorne],

[Perrin].)

3Equivalently, Ry is a flat R-module.
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Proposition 12.6. There is an equivalence of categories
Modr ~ Modo,

where Modp, is the category of R-modules and R-module homomorphisms and Mody . s
the category of Ox-modules and Ox-module homomorphisms.

Proof. This follows from definitions of the objects involved and [T'heorem 12.1] O

Definition 12.7. Let X be an algebraic variety and F a sheaf of Ox modules. We
say that F is quasi-coherent (respectively coherent if there exists a covering by affine
varieties X = |J U; such that for each i, Ox (U;) = R; and F|y, ~ M; for some R;-module
M; (respectively a finitely generated R;-module).

If in addition the modules M; are free over R; of the same rank, then F is called
locally free.

Remark 12.3. One may prove that if X is an affine algebraic variety and F a sheaf of
Ox modules, then F is (quasi-)coherent) in the sense of |Definition 12.6| if and only if it
is (quasi-)coherent in the sense of |Definition 12.7.

Remark 12.4. One may prove that there is an equivalence between locally free sheaves
on X and vector bundles on X.

12.3. Quasi-coherent sheaves on projective varieties. The construction of quasi-
coherent sheaves on affine algebraic varieties generalizes to the projective case, provided
the grading is taking into account. This is analogous to the construction of the coordinate

ring of a projective algebraic varieties.
We recall few things from §7.1] Let R = @R, be a graded ring, and let M = &M, be
a graded R-module. If f € R, is a homogeneous element, then

My = {% : m homogeneous and deg(m) = kdeg(f)}.

This is an additive subgroup of My; more importantly, it is a module over R(s), the
subring of Ry consisting of fractions of total degree 0.
Let X C P" be a projective subvariety with projective coordinate ring R := I',(X).

Definition 12.8. Let M be a graded R-module. Define the Ox-module M as follows:
if f € R is homogeneous of degree > 0, define M(D;E) = M.

Example 12.7. Of course, R =Ox.

Remark 12.5. The sheaf M is quasi-coherent; furthermore, if M is finitely generated,
it is coherent. Indeed, we may cover X by distinguished open sets D;[. Then observe

that DY is affine and that ]T/[/](D}r) = ]\//[\(;). (Note that T(D}) = (y(X))(p), and that
My is an (I'p(X))(p)-module.)
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Proposition 12.8. The correspondence M + M is functorial, it preserves exact se-
quence, and it commutes with direct sums and tensor products.

Sketch of the proof. Essentially the same as the proof of [[heorem 12.1] except for the
proof of the statement that it commutes with tensor products. First, if M, N are graded
R-modules, the tensor product M ®g N is given the grading

(M R N)k = @i+j:]gMi R Nj.

Then one constructs as isomorphism of Ox-modules M® & N> M® rN. U

For further use we record the following lemma. (It may also be used for the exactness
statement in the previous proposition.)

Lemma 12.9. Let ¢ : M — N be an R-module homomorphism of degree 0. If ¢ :
M,, — N, is surjective for n >0 then @ : M — N is surjective.

Proof. Choose a distinguished open set DJr C X, where f is homogeneous of degree > 0.
It suffices to show that ¢y : M — N( s is surjective. To do this, observe that any
element 2 + € N(y) may be written as fn +, and deg(f™y) may be made arbitrarily large.

The hypothesis implies that such elements are in the image of ¢; the claim follows from
this. ]

Example 12.10. As in the affine case, if Y C X is closed, the sequence 0 — I —
I,(X) = T,(Y) =T,(X)/I — 0 gives the natural sequence from |Equation (12.1)| asso-
ciated to Y.

We now come to the main difference from the affine case: the ability to re-define the
grading on a graded module.

Definition 12.9. Let R be a graded ring and let M = @, ., be a graded R—module.ﬁ
Fiz d € Z. The module M(d) is the graded module M, but with the shifted grading

M(d)n = Md+n.

Definition 12.10. Let X C P" be a projective algebraic variety and let R := I',(X) be

the projective coordinate ring. Define the sheaf Ox(d) := R(d). If F is any sheaf of
Ox-modules, define
F(d) := F Roy Ox(d).

The sheaves Ox(d) are coherent (in fact, locally free of rank 1), and they depend
fundamentally on the grading on I',(X'). Sometimes these are called the Serre twisting
sheaves. Observe also that if M is a graded R-module then by commutativity of tensor
products

—_~—

M(d) = M ®0, Ox(d) = M(d).

“We are grading over Z, but this does not make a difference.
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Proposition 12.11. Let R :=T',(P") = k[xo, ..., z,] graded by degx; = 1, and let Ry
be the degree d part of R. Then
Ry ifd > 0;
F O n d - -
(Op(d)) {O otherwise .

In particular, T'(Opn) = k.
Proof Let P be a global section of Opn(d). Its restrictions to U; := D are of the form

d where P; € R is homogeneous and deg P, = d; + d. W.l.o.g. we may assume that z;

does not divide P;. The restrictions must agree on the overlaps U; N U; = D
equalities of the form

r_n
—dj
J

Tz glVlIlg

4
Z;

d di
x P =xP; € k(xo,..., 7).

Since z; does not divide P, nor z;, it follows that (all) d; = 0. Therefore P = P, is a
homogeneous polynomial of degree d. This proves the claim. 0

A natural question is whether we can recover the graded R-module out of the quasi-
coherent sheaf 7 = M. The answer is more subtle that in the affine case. First, define

=PrFu

ez
This may be given a graded R-module structure by: s € Ry = I'(Opn(d)) and t €

I'.(F(d")) then one may multiply: s.t € I'(F(d+d’)). A geometric fact which currently
is outside our reach is the following (cf. [Hartshorne, Ch.5 and Ex. 11.5.9]):

Theorem 12.2. Let M ~ F be a quasi-coherent module. Then the following hold:

(a) There ezists an isomorphism of Ox-modules I',(F) ~ F
(b) There exists a graded R-module homomorphism M — T'.(F) such that for d > 0,
My ~T(F(d)) as k-vector spaces.
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13. HILBERT POLYNOMIALS AND BEZOUT’S THEOREM

13.1. The Hilbert function and the Hilbert polynomial. Let F be a coherent
Ox-module. The global sections of F may be considered as generalized functions on X,
which carry much geometric information. If X is a projective variety, then it may be
proved that I'(F) is a finite dimensional vector space. (This is not always the case for
affine varieties.) A fundamental problem is to determine I'(F), or at least its dimension.
In general this is very difficult, but it turns out that the sections of a large enough twist
F(d) are easier to calculate. The reason for this (with details which are beyond the
scope of this course) is that in this case

dim T'(F(d)) = x(X; F(d)),

where the latter is the sheaf cohomology Euler characteristic. Various methods allow
for the determination of the Euler characteristic[]

Here we pursue a slightly different approach, based on commutative algebra tech-
niques. It leads to explicit calculations, and algorithms implemented in mathematical
software such as Maple, Mathematica, Macaulay?2 etc.

We start with the following definition. As usual R := k[zo, ..., z,| which we regard
as a graded ring with degz; = 1.

Definition 13.1. Let M be a graded R-module. The Hilbert function is defined by
Now let X C P" be a projective algebraic variety. The Hilbert function of X is defined

by
hx = hr,x)

The fundamental theorem about Hilbert functions is that their asymptotics is given
by a single (Hilbert) polynomial.
Theorem 13.1. Let M be a finitely generated graded R-module. Then there ezists a
(single) polynomial Py(x) € Q[z] such that

Py(d) = hp(d) for d > 0.
Furthermore, deg Py = dim V,,(Ann(M)) where Ann(M) is the annihilator
Ann(M) :={re R:rm=0,Ym € M}.

Proof. TODO in Spring semester. 0J

Corollary 13.1. Let X C P be a projective algebraic variety with projective coordinate
ring I';y(X). Then there exists a polynomial Px € Q[d] such that for all d > 0,

Py (d) = dim, T(Ox(d)).
5Among the most popular is the Atiyah-Bott localization theorem. For an equivariant sheaf on a

variety with a group action, the Euler characteristic is a sum of ‘localized’ data coming from the fixed
loci of the group.
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This polynomaial is of the form:
deg(X)

' d"™ + lower order terms
n!

Px(d) =
where n = dim X, and deg(X) is an integer called the degree of X.

Proof. From [Theorem 12.2|it follows that I'(Ox(d)) ~ (I',(X))4 for d > 0. Since R is a
domain, the annihilator of the R-module I',(X) = R/I,(X) is precisely I,(X). Therefore

the Hilbert polynomial of X has degree dim V,,(1,(X)) = dim X. O

13.2. Examples of Hilbert polynomials; arithmetic genus. Throughout this sec-
tion, R := k[x,...,z,|. We start with the following short exact sequence associated to
a hypersurface in P".

Lemma 13.2. Let F' € k[zo,...,x,] be a homogeneous polynomial of degree d > 0.
Then there exists a short exact serquence graded R-modules:

(13.1) 0 — R(—d) -5~ R——= R/(F) —=0

If in addition F' has no multiple factors, let X = V,(F'). Then we have a short exact
sequence of coherent Opn-modules:

-F

Proof. The polynomial F' gives a degree 0 map of graded modules:

F

R(-d)—E~R

This map is clearly injective, and its cokernel is R/(F'). By the Nullstellensatz, (F') =
I,(X), thus R/(F) = I',(X). This gives the first short exact sequence of graded R-
modules. Taking the associated short exact sequence of coherent Opn-modules proves
the statement. O

For an indeterminate 2z define

(Z> S DY S

T rl

Example 13.3. The Hilbert polynomial of P is

1
Pon(2) = (Z N n) = "+ lot.

n

In particular, degP™ = 1.
Example 13.4 (Two points in P'). Consider I = (xoxy) C k[rg,z1] and let S :=

klxg,x1]/I. Then
1 d=0
hs(d) =
s(d) {2 d>0
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Therefore Ps(x) = 2. We may also consider the ideal I = (x3) (a double point). The
Hilbert polynomaial is the same. In particular the degree of 2 distinct points equals the
degree of one double point.

Example 13.5. While proving |Corollary 13.1| we will also show that if dim X = 0 (i.e.
if X is consists of finitely many points) then hx(z) = dimy I'(X). Here we utilize that
any such X is affine, and one may show that if dim X = 0 then its coordinate ring I'(X)
is a finite dimensional vector space (i.e. dimy I'(X) < 00).

Next we calculate the Hilbert polynomial of a hypersurface.

Proposition 13.6. Let F' € k[x,...,z,| be a homogeneous polynomial and let M =

Klzo, ..., )/ (F). som\ (2 degFin
PM(Z>:<H)_< n )

In particular, if F is reduced (i.e., multiplicity free), then degV,(F) = deg F'.

Proof. Taking degree d components in [Equation (13.1)] we obtain the short exact se-
quence of vector spaces

0 —= (R)idegr ——= Rag—= (R/(F))q —0

Then hp(d) = (d+") — (d_deg(F )+”). The result follows after performing the algebraic

N n n
calculations. O

Example 13.7 (A conic). Consider the conic C := V,(y* — xz) C P?. By

(z+2)(z+1) z2(z-1)

po(z) = 5 i =22+ 1.
Alternatively, one may calculate directly from the definition that
1 d=0
he(d)=43 d=1
5 d=3

Again this shows that ho(z) = 2z + 1.

Example 13.8 (A cubic curve in the plane). Consider a cubic curve C := V,(F) C P?
where F is a multiplicity free homogeneous polynomial of degree 3. Again by

tion 15.6

pe(z) = (z + 2)2(2 +1) B (z — 1)2(2 —2) 3.

Definition 13.2. Let Y C P" be an irreducible projective variety. The arithmetic
genus of Y s defined by

pa(Y) = (=1)" ¥ (Py(0) - 1).
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It may be proved that the arithmetic genus is independent of the embedding.

Example 13.9. The arithmetic genus of a plane conic p,(Cs) = 0; the arithmetic genus
of a plane cubic p,(C) = 1.

13.3. Bézout’s theorem. Recall that R = k[xo, ..., z,|. We start with a generalization

of [Lemma 13.2]

Lemma 13.10. Let X C P" be a projective variety and let F € k[zo,...,x,] such
that dim(X NV, (F)) = dim X — 1. Then there ezists a short exact sequence of graded
R-modules:

0 —— (R/I,(X))(~deg F) —— R/I,(X) — R/(I,(X) + (F)) —=0

Proof. Write X = X; U...U X, the decomposition into irreducible components. Then
I(X) =(,_, I(X;) and each I(X;) is a prime ideal. By [Theorem 10.4] the hypothesis
that dim(X NV, (F)) = dim X — 1 implies that F' does not vanish identically on each of
the X;, i.e. that F' ¢ I(X;), for 1 < j <r. This implies that the map I',(X) — I',(X)
obtained by multiplication by F' is injective. The rest follows from definitions. 0

Theorem 13.2 (Bézout). Let X C P" be a projective variety and let F' € k[xy,. .., x,]
such that dim(X NV, (F)) = dim X —1 and the ideal I,(X)+(F) (i.e. the ideal generated
by I,(X) and F) is radical. Then

deg(X NV, (F)) = deg(X) - deg(F).
Proof. From |Lemma 13.10| we obtain the short exact sequence
-F
00— R/I,(X) — R/I,(X) —= R/(I,(X) + (F)) —0

Since J is radical, it follows that J = I,,(X N V,(F)) (exercise!) Taking degree d homo-
geneous components implies that

PXOVP(F)(d) = Px(d) — Px(d — deg(F))
Let r := dim X. Write Px(d) = “8Xd" + ¢,_d"~' + l.o.t. Then
pXﬂVp(F) (d) = Px(d) — Px<d — deg(F))

X
= deg' d"+co_1d"t +lot. — (d—deg(F))" — co_1(d — deg(F)) ! — Lo.t.
7!
deg(X
= (¢ + egr(, )Tdeg(F) —c_)d "t + ot
_ deg(X) deg(F)dr—l + l Ot
B (r—1)! R

O

Remark 13.1. The hypothesis on J being radical may be removed, but then we need to
consider the scheme X NV, (F), associated to the ideal J.
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Corollary 13.11. Let F,G € k[z,y, z] be multiplicity free homogeneous polynomials
without common factors. Assume that (F,G) is a radical ideal. Then

deg(V,(F) N V,(G)) = deg(F) deg(G).

Proof. The hypotheses imply that 1,(V,(F)) = (F), I,(V,(G)) = (G) and I,(V,(F) N
V,(G)) = (F,G). Then apply Bézout’s theorem. O

Theorem 13.3. Let X C P" be an wrreducible projective subvariety of codimension r.
Then deg(X) equals the number of points in the intersection X N Hy N ... N H, where
H;’s are general hyperplanes in P".

Here ‘general’ means that there exists an open set U € (P")* x ... x (P™)* (r compo-
nents) such that (Hi, ..., H,) € U. To prove this we need two preparatory results.

Lemma 13.12. Let X C P" be a closed subvariety. Then there exists a hyperplane
H C P" such that no component of X is included in H.

Proof. 1t suffices to show that there exists a nonempty open set U C (P™)* such that
for all H € U, X is not included in H. We will abuse notation and identify H with the

linear form which determines it. Let I,(X) = (Fi,..., F,) where F; are homogeneous.
The condition that X C H amounts to (F;)z = 0 for all ¢, i.e. H|F; for all 7. Since each
F; can be divided by only finitely many linear factors, the claim follows. 0

We also need the following generalization of [Lemma 13.12] which is currently outside
our technology.

Theorem 13.4 (Bertini’s theorem). Let X C P™ be a projective variety. Then there
exists an open set U C (P™)* such that for oll H € U, HN X has codimension 1 and
I,(X) + H is radical.

Proof of [Theorem 153.3. Choose H as in Bertini’s theorem. Then the claim follows by
induction from Bézout’s theorem, since deg(X N H) = deg(X). O

13.4. Degree of the union of two projective varieties. We now turn to the degree
of a union of projective subvarieties.

Lemma 13.13. Let I}, Iy be two homogeneous ideals in R = k[x,...,x,]. Then there
exists a short exact sequence of graded R-modules

0—R/(LNL) -T2 R e R/LY"L RI(1 + 1,) —0

where the first morphism is the diagonal, and the second sends (f,g) € R/1; ® R/I, to
f—g€R/(L+ 1)

Proof. Clear from definitions. O
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Proposition 13.14. Let X, Xo C P" be two closed subvarieties of the same dimension
r, and such that dim X1 NXy < r. Let Iy = I,(X;) and Iy = I,(X3). Assume that [y N1
and I + Iy are radical (equivalently, I; N Iy = I,(X;7 U Xy) and I + I, = 1,(X; N X3).
Then the following hold:

deg(X; U Xy) = deg X; + deg Xo.
Proof. Recall I,(X; U Xy) = I(X7) N I(X3). From [Lemma 13.13| we get a short exact

sequence
O —— Fp(Xl U XQ) ——— Fp(Xl) D Fp(Xg) —— Fp(Xl N XQ) —— 0

Then Px, + Px, = Px,nx, + Px,ux,, and since deg Px,~x, < r, the leading term of
Px,ux, must be the sum of the leading terms of Py, and Pk,. 0

END OF SEMESTER 1
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14. START OF SEMESTER 2: GOALS

The goal in semester 2 is to introduce basic notions in intersection theory, and work
out some applications from enumerative geometry. For this, we will need to work with
schemes, define flat and proper morphisms, Weil and Cartier divisors, line bundles
and vector bundles, and Chern classes of vector bundles. We will use the projective
spaces, and, more generally, Grassmannians, as the basic models of schemes which will
be utilized to set up and solve problems in enumerative geometry. Examples of such
problems are:

e Find the numbers of lines meeting 4 given lines in P3. (Answer: 2.)
e Find number of conics meeting 8 general lines in P3. (Answer: 92.)
e Find number of lines on a general cubic surface in P3. (Answer: 27.)

All these may be answered just by analyzing the intersection theory of Gr(2,4), the
Grassmannian of subspaces of dimension 2 in C* (This is the same as the space
parametrizing lines in P3.)

Unlike the first semester, where (almost) all statements have been given a complete
proof, we will need to take some statements by heart. However, I aim to give rigorous
definitions of all notions we are going to utilize.

Throughout the notes from now on, k£ will denote an algebraically closed field. As
usual, all rings are commutative with 1 and all rings are Noetherian.
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15. SCHEMES
Even if one wishes to work with algebraic varieties, the appearance of schemes is
unavoidable. For example:

e the intersection of a conic and a line tangent to it is a double point.
e Consider a degree 2 morphism f : P! — P! eg. [z :y] — [2? : y?]. Then a
general fibre has 2 points, but there will be fibres which are double points.

To understand better what we are generalizing, recall that an algebraic variety is (by
definition) covered by affine algebraic varieties, each of which being inside of some affine
space A". Recall the correspondence:

{Affine algebraic varieties X C A"} «» { radical ideals I C k[xy,...,z,]}

We may generalize this correspondence in several directions:

(1) We may allow the ideals I to be non-radical, leading to non-reduced schemes.

(2) We do not have to consider ideals in a polynomial ring, leading to schemes which
are non-necessarily embedded in an affine space.

(3) We may remove the requirement that I (or the polynomial ring) is finitely gen-
erated. This leads to the theory of schemes of infinite type. We will not work in
this generality.

15.1. Spectrum of a ring. In this section we largely follow Mumford’s treatment from
[Mum99].

Definition 15.1. Let R be a ring. The spectrum of R is
Spec(R) ={p C R :p is a prime ideal }

Example 15.1. If R = K is a field then Spec(K) = (0). More generally, (0) € Spec(R)
whenever R is an integral domain.

We make Spec(R) into a topological space by defining its closed sets to be of the form
V(I):={p € Spec(R) : p D I}

where I C R is an ideal. Note that V' (I) may also be defined by requiring that ¢(p) =0
for all f € I. This topology is again called the Zariski topology.

Proposition 15.2. The closed sets form a topology on Spec(R) such that the corre-
sponding topological space is paracompact. Furthermore, the following hold for any ideals

I,J,I, C R:

® V(Us IS) = ﬂs V(Is);
« V(INJ) =V UV(J)

Proof. Homework! O
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As usual, if f € R, we denote by V(f) = V((f)).

Spec(R) will be the underlying set of the points of an affine scheme. The points in the
previous notion of affine variety correspond to the maximal ideals in R, but in this new
context we have many more points than before. The interpretation of p € Spec(R) is
that it corresponds to a (closed) subscheme of Spec(R), namely V' (p), and if p is smaller,
then the subscheme is larger. In this context the following notion is useful:

Definition 15.2. Let Z C Spec_(R) be an irreducible closed subset. A point z € Z 1is
called a generic point of Z if {2z} = Z, i.e., for any open set U C Z, z € U.

Example 15.3. If R is an integral domain, its only generic point is (0). More generally,
if z € Spec(R), then (homework!)

{z} = {p € Spec(R) : p D 2} = V(2).
In particular, the only closed points in Spec(R) are the maximal ideals, and, furthermore,

Spec(R) is not T7.

Example 15.4. TODO. Describe Spec(Clz,y]) and the generic points of irreducible
subsets.

The following gives an idea of what to expect when two closed sets are equal. Recall
that the radical of an ideal is the intersection

Vi= ] »

pDI;p is prime

Lemma 15.5. Let I,J be ideals in R. Then V(I) = V(\/I). If in addition I,.J are
radical then V(I) =V (J) if and only if VI = /J.

Proof. The equality V(I) = V(+/I) follows from the definition of the radical. This also
implies that V(I) = V(J) for I, J radical. Conversely, if V(I) = V(J) then

Vi= (Y p= () p=VJ

peV(I) peV(J)

Proposition 15.6. Let p € Spec(R). Then the following hold:

(a) V(p) is irreducible and p is its unique generic point.

(b) Every irreducible closed subset of Spec(R) is of the form V(p) for some p €
Spec(R).

Proof. Write V(p) = Z; U Z3 some closed sets Z;, Zy. If p € Z; then m C Z; = Z;, thus
equality must occur. If there is another generic point q then since {p} = {q} it follows
that p C q and q C p, thus p = q. This proves (a).

Now take Z = V(I) C Spec(R) closed and irreducible, where I C R is an ideal.
By V(I) = V(VI), therefore we may assume that I is radical. We will
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prove that I is prime. Take f,g € R such that fg € I, and define B := I + (f) and
C =1+ (g).

We claim that I = B N C. Clearly the inclusion C holds. To prove the reverse
inclusion, take h := a1 + af = as + g € BN C where ay,a, € I and o, 5 € R. Then

W = (a1 + af)(az + Bg) = aras + a18g + asarf + affg € 1.

Since [ is radical, it follows that h € I, which proves the claim.
From the claim, V(I) = V(B)UV(C), and since V(1) is irreducible it follows (w.l.o.g.)
that V(1) = V(B). Then

Bc(p=p=VI=1,
pOB pDI
therefore B C I, hence thus f € I, which proves that [ is prime. O

The distinguished open set in Spec(R) associated to f is defined by

Dy :={p € Spec(R) : f ¢ p} = Spec(R) \ V(f).
Then Spec(R) \ V/(I) = U<, Dy, showing that the distinguished open sets form a basis

for the topology of Spec(R).
We will also need the following;:

Lemma 15.7. (a) Spec(R) = J,cq Dy, if and only if the ideal (fs : s € S) = R.
(b) Spec(R) is quasi-compact, i.e. from any cover we may extract a finite subcover.

Proof. Let J be the ideal generated by fs. If J = R, then for any p € Spec(R), one of
the f,’s cannot be in p. Conversely, if Spec(R) = |J,.q Dy, then each prime ideal must
be in some Dy, , i.e. not all the f,’s are contained in any single prime ideal. Then J = R.

For part (b), take a cover Spec(R) = |J Dy,. Then f, generate R, and there must be
finitely many of them which still generate; these give the finite subcover. O

In general one may prove that D; is quasicompact. But arbitrary open sets U may
not be.
We also record the following properties of the distinguished open sets:
(a) Dy N Dy, = Dy, (homework!).
(b) Dy D D, if and only if g € \/(f).

Proof. We have \/(f) = (¢, b, therefore g € \/(f) iff g € p for any prime p
with f € p. The statement follows by negating this. U

Observe that the second statement implies that Dy = D, if and only if \/(f) = \/(g).

Remark 15.1. The inclusion Dy D D, gives a partial order <; on the elements of R
by f <1 g iff Dy D D,. This is a directed set, in the sense that for any f,g € R,
D¢y, = DyNDy, thus f,g <1 fg. By (b) above, this is isomorphic (as a directed set) to the
partial order on R given by f <o g iff g = f[f" for some f" € R. Then (R, <;) ~ (R, <3)
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as partial ordered sets, and we identify the two orderings. The limits over subsets of
elements in R will be taken with respect to these limits.

15.2. The structure sheaf of Spec(R). In this section we will define the structure
sheaf Ogpec(r). We will be associating Dy — Ry for each f € R, and we need to check a
number of compatibilities.

Lemma 15.8. Let f,g,h € R.
(a) If D, C Dy then there is a natural (restriction) map Ry — R,. Furthermore, if
Dy, C D, C Dy, then there is a commutative diagram given by restriction maps

Ry — R,
Ry,
(b) The assignment Dy — Ry is well defined, i.e., Ry ~ Ry if Dy = Dj.
(¢) Let p € Spec(R). Then the localization R, is the direct limit
R,= limy Ry = lim Ry.
feR\p pED;

Proof. If D, C Dy then g € \/(f), i.e. ¢" = hf for some positive integer n and h € R.
Then the map Ry — R, is given by

a . ah

foog
If Dy = D, then we get maps Ry — R, and R, — Ry which are inverse to each other.
(Check!) We leave part (c) as an exercise. O

We will see that the localization R, is the stalk at p of the structure sheaf Ogpecr and
part (c) is the analogue of the fact that germs of functions a point p have representatives
in a neighborhood of p.

We are ready to define the structure of Spec(R). We utilize the same idea as in
Lemma 5.5 The field K from this lemma is replaced by Hpespec( R) R,.

Definition 15.3. The structure sheaf Ospecr is defined as follows. Let U C Spec(R) be
open. Then Ogspecr(U) is the set of tuples (s,) € HpeU R, such that for each q € U there
exists a distinguished open set Dy, C U with the property that for all p € Dy,, and all
(Sp)vep,. , there exists s; € Ry, such that s, is obtained by the restriction Ry, — Ry

If V_.C U are open sets, then the restriction map pyv : Ospecr(U) = Ospecr(V) is the
natural projection.

It is easy to check that each Ogspecr(U) is a ring,.

Theorem 15.1. (a) Ogpecr is a sheaf.
(b) Ospecr(Dy) = Ry.
(¢) The stalk (Ospecr)p = R,-
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In order to prove the theorem we will need two lemmas.

Lemma 15.9. Assume Dy =|J, Dy, for some f;. If g € Ry has image 0 in all Ry, then
g=0.

Proof. Write g = fi and define the annihilator ideal A = {c¢ : ¢b = 0}. The following

statements are equivalent:

® g — 0 in Rf;

e There exists m such that f™-b =0 in R;

o fEVA

e If a prime ideal p D A then f € P.
Assume now that g # 0. Then we may choose a prime ideal p D A such that f ¢ p, i.e.,
p € Dy. Since f ¢ p and Dy = |J Dy, we may choose 7 such that p € Dy,. Consider the
commutative diagram

Rf - Rfi

N\

i,
The image of g in R, factors through Ry,, thus it is equal to 0 € R,. Then there exists

¢ € R\ p such that ¢b = 0, i.e. ¢ € A. But then ¢ € A C p by assumption, which is a
contradiction. U

Lemma 15.10. Assume Dy = |, Dy, for some f;, and assume we have elements g; € Ry,
such that the restriction to Ry, coincide. Then there exists g € Ry such that the
restriction to each Ry, 1s g;.

Proof. Similar to proof of the gluing property in [Equation (5.3)| above; see [Mum99, p.
70, Lemma 2]. O

We are now ready to prove [['heorem 15.1}

Proof of [Theorem 15.1. To prove (a), by [Lemma 5.5, it suffices to show the restriction

and gluing property for the basis of open sets. It is clear that the restriction maps pyyv
satisfy the required compatibilites. The gluing property follows from [Lemma 15.10
To prove (b), there is a natural map

Ry = Ospecr(Dy) € [ Bo =[] Bo
pED; fép
obtained by projections Ry — R,. This map is injective by and surjective
by [omma T5.10

To calculate the stalk at a point p, we may consider the elements of the basis of open
sets which contain p. Then

(Ospecit)y = iy Ospeci(Dy) = lim Ry = F,.
p€Dy fép
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U

Remark 15.2. Note that the stalks of Ospecr are R,, and these are local rings. Then
(SpecR, Ogpecr) s called a locally ringed space.

Remark 15.3. The fact that we have stalks at non-closed points gives an additional
structure. If p; C po are two prime ideals in R, then ps € {p1}, therefore any neighbor-
hood U of py contains p1. Then

Rpg = (OSpecR)pg = hg OSpecR<U) — h& OSpecR<V) = (OSpecR)pl = Rpl-

poclU prev

In particular, germs of functions at closed points restrict to germs of functions at generic
points of larger closed subsets. Algebraically, this corresponds to the natural map R,, —
Ry, .

Compare this to the fact that in the previous world of varieties, we had natural maps
between the stalk at a closed point xo € X and the function field on some irreducible
variety X. The map was simply § — 5 where g(xg) # 0 for f,g regular functions in
some neighborhood of xg.

We may still regard elements in R as functions, except that not in the same field. 1f
p € Spec(R) then define recall that R, is a local ring, with maximal ideal pR,. Define
the residue field k(p) = R,/pR,. Since quotient and localization commute [AMG69,
Cor. 3.4], k(p) = (R/p) (0 (the fraction field of R/p).

Then any r € R may be regarded as a function

¢ : Spec(R) — U k(p); p+— image of f under R — R,/pR, = k(p).
peSpec(R)

Observe that if R = k[zy,...,x,]/] and p is maximal then (e.g., by Nullstellensatz)
k(p) = k. This recovers our previous point of view that elements in the coordinate ring
of an affine variety may be regarded as functions to the ground field. But if R is an
integral domain, then (0) is prime in R, and k({0)) = Frac(R), the fraction field of R.

However, assume that an element r € R satisfies ¢,(p) = 0 for all p € Spec(R). Then
r € pforall p C R prime, thus r € (Vg eer) P = Nil(R) (the nilradical of R). In other
words, r must be nilpotent.

Example 15.11. Let R = k[z]. Then

)k ifp=(r—a), a€C;
k(p)_{m) ifp=0.

Example 15.12. Consider R = k[z]/{x?). Then Spec(R) = {(z)} consists of a single
point, but R is not a field. Observe that the residue field is k({x)) = k. The functions 0
and x in R have the same value on Spec(R), but they are different as functions.

The global functions on SpecR are just R = klx]/(z?), i.e. functions f € k[x] modulo
functions vanishing on the second order at x = 0. We will see later that the natural
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projection map k[x] — R gives an embedding SpecR — A'. At the level of functions,
the restriction of f € k[x] to R remembers the information about its value of f at 0 and
also its derivative. From this point, one may interpret embeddings of Spec(R) as a point
together with a tangent direction at it.

Proposition 15.13. Let R be a ring and f € R. Then there is an isomorphism of
ringed spaces
((SpeCR)f7 O(SpecR)f> = (SPGC(Rf), OSpech)a

where (Spec(R))y is the distinguished open set corresponding to f.
For the proof, we need the following lemma (cf. [AM69, Prop. 3.11(iv)]:

Lemma 15.14. Let R be a ring an let S C R be a multiplicative set. Then there is a
one to one correspondence between the prime ideals in Rg and the prime ideals ¢ C R
such that SN q = (. The correspondence is given by extension and contraction of ideals:

gCR—S'qCc SR, qCS'R—i (1),

where i : R — ST'R is the natural morphism.

Proof of [Proposition 15.15 By|Lemma 15.14] there is a bijective map between (SpecR); —
Spec(Ry) sending p — pRy. Furthermore, for any g € R, the same lemma implies that
there is a bijection

(SpecR) 4 > (SpecRy),.
(Check!) This bijection induces a ring isomorphism at the level of sections over these
distinguished open sets, because both rings equal to Ry,, by [Theorem 15.1(b). This
implies that the bijection (SpecR); — Spec(Ry) is a homeomorphism. O

15.3. Preschemes and morphisms of preschemes.

Definition 15.4. An affine scheme is a ringed space isomoprhic to (SpecR, Ospecr)
for some ring R.

A prescheme is a ringed space (X, Ox) such that there exists an open cover X = | X;
such that (X;, (Ox)|x,) is isomorphic to an affine scheme.

Note that if X is a prescheme and U C X is open then (U, (Ox)|v) is also a prescheme.
Indeed, cover X by affine schemes X;. Then U = | J(U N X;) is an open cover, and each
U N X; is open in the affine scheme X;. By |Proposition 15.13|it follows that U N X is
covered by some distinguished open sets in X;, therefore U N X is a prescheme, and so
is U.

Morphisms of preschemes are the same as morphisms of locally ringed spaces. To
define these we recall few facts from commutative algebra.

A ring (R, m) is local if it contains a unique maximal ideal m. The most important
example for us is R,, where p C R is a prime ideal. A homomorphism of local rings
¢ : (R,m) — (S,n) is called a local ring map if

(a) p(m) C n, or, equivalently,
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(b) ¢~ (n) = m.
(The nontrivial implication (a) = (b) uses that ¢ ~'(n) is a prime ideal containing the
maximal ideal m, thus they must be equal.)

Example 15.15. Let ¢ : R — S be a ring homomorphism. Let ¢ C S be a prime ideal
and p := ¢~ 1(q). Then the induced map @, : R, — Sy is a local ring map.
Furthermore, in this case ¢ also induces a map k(p) — k(q) between the residue fields.

Definition 15.5. Let (X,Ox) and (Y,Oy) be two preschemes. Then a morphism f :
(X,0x) — (Y, Oy) of preschemes is a morphism of locally ringed spaces, i.e.:

o A continuous map f: X —Y;
o A collection of ring homomorphisms for each U C'Y open

i Oy (U) = Ox(fH(V));

This data satisfies the following conditions:

e they are compatible with restrictions, i.e., for any V C U, the following diagram
commutes:

f*
Oy(U) —= Ox(f~1(U))
Tesf*w)f*lml T@SUVl

Oy (V) L Ox(F1(V))

o Let f(p) = q. By taking limits, the homomorphims ff; induce a homomorphism

f; Oy (U) = Oy = lim  Ox(f7(U)) = Ox,.

aev pef~H(U)

We require that this is a local ring map, i.e.,

(f;)_l(pOX,p) = q0x,q < (fp)«(40x4) C pOx,.

The definition of morphisms is slightly different from the one for algebraic varieties
from the previous semester. A key distinction is that if X is an algebraic variety, the
structure sheaf consisted of rational functions a : U — k, where k is a fixed field. For a
continuous map f: X — Y and U C Y open, there is a diagram

o) v
f*(a):aof\\ l/a
k

N

Therefore one can easily pull back rational functions. However, in the case of preschemes,
the pull backs are now part of the data.
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Proposition 15.16. For any rings R, S there is a bijection
Scheme morphisms f : (SpecR, Ogpecr) — (SpecS, Ogpecs) ¢—
ring homomorphisms f*:S — R

This gives a contravariant equivalence of categories
Sch — Rings
between the category of affine schemes and the category of (commutative) rings.

Proof. If f: (SpecR, Ospecr) — (SpecS, Ogpecs) is a morphism of affine schemes then by
definition and [Theorem 15.1| there is a ring homomorphism f* : Ogpecs(SpecS) ~ S —
Ospecr(SpecR) >~ R.

Conversely, assume that we are given a ring homomorphism ¢ : S — R. Then for any
prime ideal p € R, q := ¢ !(p) is a prime ideal in S. (Check!) The map ¢ induces a
map f : SpecR — SpecS defined by p — ¢~!(p). This map is continuous because

FRVE) ={p: 07 (0) D} ={p:p D ()} = V({())))-

For q = ¢~ !(p), ¢ also induces a local ring map ¢, : S; — R,. The sections over open
sets U C SpecS and V' C SpecR are tuples in the local rings R, and Sy, and one may
check that the homomorphisms ¢, glue to give the required ring homomorphisms f;.
Finally, one needs to check that the two constructions are inverse to each other - this
is left as an exercise. U

Example 15.17. All morphisms of varieties from the previous semester are morphisms
of locally ringed spaces. Homework!

Example 15.18. Let R = k[z](,_q), i.e the local ring at a closed point in Ay. (This

is an example of a discrete valuation ring; cf. [AMG69, Ch. 9]. More generally, R could

the local ring at a closed point of a nonsingular curve - in this case the mazximal ideal is
principal).

Then Spec(R) = {0,m}, m is closed, and 0 is open and dense in Spec(R). Let K =

Ry be the fraction field of R. We wish to define a morphism f : Spec(K) — Spec(R):

o At the level of points, send f(0) = 0. This is continuous, as (0) € SpecR is open.

o We need to define the ring homomorphisms [ : Ospec(r)(U) = Ospec)(f ~HU))

at the level of rings of sections. Observe that there are two open sets:
— U = Spec(R). Then Ogpec(r)(U) = R and define

* .
fSpeCR:R—>K7 re=r.

— U = (0). Then U = D, is a distinguished open set for any 0 #r € m. In
this case
o, =R —K; rw—r.

In other words, this is induced by the natural inclusion R — K.
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At the level of stalks, we need to check that the map
Ospec(r),0 = R0y = Ospec(i)o = K

is a local ring map. Observe that since m is a principal ideal Rgy = R, for any0 # r C m
(since any element outside m is already invertible). Then the map Ry — K is the
identity map, it sends 0 — 0 and the claim follows: this is a morphism of locally ringed
spaces.

We may also define the map f : Spec(K) — Spec(R) by requiring that f(0) = m and
gwen by the inclusion R — K at the level of sheaves. This is a morphism of ringed
spaces, but not of locally ringed spaces. (Since the inclusion Ry, — K is not a local
ring map.)

One may also prove a more general version of [Proposition 15.16| (cf. [Mum99, §2,
Thm.1]):

Theorem 15.2. Let X be any prescheme, and R any ring. Then there is a bijection
Homgen (X, Spec(R)) «— Hompings(R, Ox (X)),
which associates to any f : X — Spec(R) the ring homomorphism f* : R ~ Ogspecr(Spec(R)) —
Ox(X).
Applying this theorem for R = Ox(X) and the identity map R — R, we obtain the

following corollary:

Corollary 15.19. (a) There exists a canonical morphism X — Spec(Ox(X)).
(b) Let S be any ring and fix a morphism f : X — Spec(S). This morphism factors
through the previous morphism:

X Spec(95)

o~

Spec(Ox (X))

Remark 15.4. In some situations Ox(X) is very small. E.g., if X is a projective
k-variety, then Ox(X) = k (This will be shown later.) Therefore it follows that any
morphism from a projective scheme to an affine scheme must be constant!

Corollary 15.20. Spec(Z) is a final object in the category of preschemes, i.e. for any
prescheme X there is a unique morphism X — Spec(Z).

Corollary 15.21. Let X be a prescheme and let x € X be an arbitrary point with
residue field k(x). Then there exists a canonical morphism i, : Spec(k(x)) — X sending
0 .

Proof. Take U = Spec(R) to be an open affine neighborhood of z. There is a natural
inclusion U — X, and using this we may assume X = Spec(R) is affine. Let p, C R be
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the prime ideal corresponding to x. Then the morphism 7, is given by the natural map

R — R,, — k(). O

To relate preschemes to the algebraic varieties from the previous semester we give the
more general definition:

Definition 15.6. Let R be a ring. Then a prescheme X over R is a morphism mx :
X — Spec(R). A morphism f: X — Y is a morphism of preschemes over R if there is

a commutative diagram
k /

Spec(R)

There is a category of preschemes and morphisms over R. There is an analogue of
[Proposition 15.16| which establishes an equivalence between the category of affine R-
preschemes and morphisms to ring homomorphisms of R-algebras. There is a further
generalization of [['heorem 15.2| to the context of R-preschemes. The most important
situation is when R = k and the sheaves of sections satisfy a finite generation condition.
In this case, the schemes over k correspond to the algebraic varieties we studied in the
prior semester.

We also record the following useful lemma:

Lemma 15.22. Let X be a prescheme and Z C X a non-empty closed irreducible subset.
Then there exists a unique point z € Z such that {z} = Z. (This is called the generic
point of Z.)

Proof. Let U be any affine open scheme which intersects Z. Then Z N U must be dense
in Z, and any dense point in Z must be in Z N U. Observe that the latter is closed
and irreducible in the affine scheme U. By |[Proposition 15.6, there exists a unique point
dense in Z N U (the generic point), and this finishes the proof. O

Definition 15.7. Let R be a ring. The n-dimensional affine space over R s the affine
scheme

A%} = Spec(R[x1,...,Ty)).
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16. PRODUCTS OF PRESCHEMES

Our next goal is to define schemes; these will be separated preschemes, i.e. preschemes
X such that the image of the diagonal morphism X — X x X is closed. For this, we
first need to discuss products of preschemes.

We adapt the notation and defintions from above to the category of preschemes.
If f: X - Zand g:Y — Z are morphisms of preschemes, a product is a prescheme
X Xz Y equipped with two morphisms px : X Xz Y — X and py : X Xz Y — Y such
the following universality property is satisfied:

e For any prescheme W and morphisms py : W — X and py : W — Y so that
f opx = gopy there exists a unique morphism p : W — X Xz Y such that

Tx op = px and Ty o p = py.

The product X xg Y, if it exists, is unique up to an isomorphism commuting with the
projections. The following is the main result of this section:

Theorem 16.1. (a) Let R, S be T-algebras. Then SpecR Xspecr Spec(S), together with
natural projections, exists in the category of T-preschemes and it is isomorphic to Spec( RQ
S).
(b) Given any preschemes px : X — Z and py : Y — Z, a fibre product X x5 Y
er1sts.

Proof. In the category of affine schemes, part (a) follows from the universality property
of tensor products (see [Example 9.2)), together with the correspondence between rings
and affine varieties from [Proposition 15.16. The proof of (a) in the larger category of
preschemes follows by reducing to the affine case, utilizing that any morphism X —
Spec(R @7 S) factors through Spec(Ox (X)) — Spec(R ®71 S); see [Corollary 15.19]
Part (b) follows by covering X and Y by affine schemes, taking fibre products of these,
then proving that they ‘glue’ to a prescheme X X Y. For details please consult e.g.,
[Har77, Thm. 2.3.3] or [Mum99, Thm. I1.2.3(b)]. O

16.1. Examples of fibre products. Some important situations of fibre products are
the following.

16.1.1. Fibres of morphisms.

Definition 16.1. Let f : X — Y be a morphism of preschemes, and a (possibly not
closed) point y € Y with residue field k(y) and canonical morphism i, : Spec(k(y)) — Y.
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The fibre f~1(y) is the prescheme k(y) xy X defined by the fibre diagram below:
Fy) = k(y) xy X —= X

| K

k(y) —— Y

This is naturally a prescheme over the residue field of y.

Example 16.1. Let f : AL — AL defined by f(x) = 2%. Let a € AL be a closed point,
corresponding to the mazimal ideal m, = (t — a) C C[t]. The residue field is k(a) =
Clx]/m, ~ C. Note that f is induced by the C-algebra homomorphism f* : C[t] — C|x]
defined by t — x2.

Then

£71(a) == Spec(Cla] @y Clt)/ma) = Spec(Clal/(a* — a))

The prescheme f~'(a) consists of two reduced points if a # 0; if a = 0 then Clz]/{x?) is
non-reduced, and the fibre f~1(0) is a single non-reduced point.

Consider now the generic point 0 € Spec(C[t]). The residue field is C[t]o) = C(t) (the
fraction field of C[t]). Then

F71({0)) = Spec(Clz] ®@cjg C(t)) = Spec(Claepzpo)-

(This uses that for a multiplicative set S in a ring R and an R-module M, we have
M &g (ST'R) ~ S™'M as S~'R-modules; see [AMGI, Prop. 3.5].) Note that Clz]c[z2)\o
is a C(t)-vector space of dimension 2, with basis 1, .

16.1.2. Base change. More generally, consider the fibre diagram
Y xy X — X

F

Y’ Y

This is called a base change, or base extension (from Y to Y’). It is the natural
algebraic analogue of the pull-back of a vector bundle from topology. It also leads to
the notion of extending the field of a definition. For example, for any ring R,

A’y = A7 Xgpee(z) Spec(R).

This follows because R ®z Zlz1,...,x,] = R|x1,...,2,]. In other words we're base
changing from coefficients in Z to coefficients in an arbitrary ring.

One important property of the base extension is that f, f/ have the same fibres, and
have the same geometric properties (preserves flatness, properness, etc.)

Remark 16.1. The fibre product X Xz Y depends on the base prescheme Z, and in
general there is no injective map to the set theoretic product. For instance, Spec(C x¢
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C) = Spec(C) is a point. However,
Spec(C x C) = Spec(C xg C) = Spec(C) |_| Spec(C)

is a disjoint union of two points. (The two points are given by the prime ideals generated
by (1,0) and (0,1); note also the idempotent %ﬂ@i in the tensor product, showing
that Spec(C ®@gr C) must be disconnected.) Thus the base extension may not preserve
connectedness.

However, the set theoretic and fibre product will coincide for the reduced, irreducible
preschemes of finite type over algebraically closed fields. (See below or [Mum99,
Ch. II, §3, Prop. 5].)

16.1.3. The diagonal map and intersections. Assume we are given a morphism f : X —
Y. The diagonal A : X — X Xy X is the unique morphism given by the universality
property of fibre products:

(16.1)

Now take Y = Spec(k) (k a field) and consider X;, Xo C X closed sub(pre)schemes with
inclusions i; : X < X and iy : Xo < X. (Technically, we did not talk about how these
inclusions are defined, but we have some expectations from the 1st semester; this will
be done later.) The intersection X; N X is the prescheme given by the fibre product:

X1 N Xy —— X1 Xgpec(k) X2

-

X 2 X xX

Equivalently, one may also define it from the fibre diagram

XlﬂX2—>X1

)

X, —2 X

Of course, the intersection X; N X, may not have good properties (e.g. expected
dimension, singularities etc.)
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16.2. Preschemes and algebraic varieties.

Definition 16.2. A prescheme X over R is of finite type over R if X is quasi-compact
and for any U C X open, affine, Ox(U) is a finitely generated R-algebra.

Warning: In general, this does not imply that Ox(X) is a finitely generated R-
algebra.

Definition 16.3. A prescheme X if reduced if for any U C X open, Ox(U) has no
nilpotent sections. FEquivalently (check!) the stalks Ox, have no nilpotents, or there
exists a cover X = |JU; with U; ~ Spec(R;) open affine and R; are reduced rings.

The notion of a variety in the following theorem is the same as the one from
inition 6.2 In particular, at this time we do not require that an algebraic variety is
separated.

Theorem 16.2. Let k be an algebraically closed field. Then there is an equivalence of
categories between:
(a) Category of reduced, irreducible, preschemes of finite type over k, and k-morphisms;
(b) Category of irreducible algebraic varieties over k and morphisms of these.
Furthermore, if X, Y are preschemes over k as above, then the fibre product X Xgpec(k)
Y in the category of preschemes coincides with the product X x Y n the category of
algebraic varieties.

Rough idea of proof - see [HarTT, Prop. 11.2.6] . One needs to define functors in both
directions.

(a) = (b): If X is a prescheme, take X to be the set of closed points of X'. Then
one may prove that if f: X — ) is a morphism of k-varieties, it takes closed points to
closed points. (Homework!) Therefore it will also define a map X — Y, which one
may check it will be a morphism of varieties.

(b) = (a) Take X be a variety. We need to define the points of a scheme X. We
take X’ to be the points in X union the symbols [Z] for any Z C X which is closed and
irreducible. If f: X — Y is a morphism, then we send z € X to f(z) € Y, and [Z] to
[f(Z)]. Again one checks that this satisfies the required properties. O
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17. Proj(R) AND PROJECTIVE SCHEMES
17.1. Proj(R) and its structure sheaf.

Definition 17.1. Let R = @ ., R? be a graded ring, and denote by R, = ,., R* the
ideal of elements of positive degree. We define by

Proj(R) = {p C Spec(R) : p is homogeneous and R, € p}.
For I C R homogeneous ideal, define
Vo(I) :={p € Proj(R) : p D I}.

The next lemma is the projective analogue of |Proposition 15.2f with almost the same
proof.

Lemma 17.1. The following hold for any homogeneous ideals I, J, I; C Proj(R):

o VU, L) = N, Vp(L);
o V,(INJ) = V(1) UT,()).

In particular, the sets V,(I) form the closed sets on a topology of Proj(R), called
again the Zariski topology. Next we define a sheaf of functions on Proj(R), by adapting
the definition of Ogpec(r) to the projective situation, in analogy to the definition of the
structure sheaves on projective spaces from the first semester. First, for the graded ring
R = ®R, and p € Proj(R), define

Ry = {5 : f,g € R*some d,g ¢ p} C R,.
This is a subring of R,. Next, let U C Proj(R) be an open set. Define Ox(U) by
Ox(U) = {s = (sp)pev € H R

peU

s. t. s is locally given by i, f.g € RY
g

In other words, for any p € U there exists V C U open and f,g € R? such that
sg="1 € Ry forallqge V.

Proposition 17.2. (a) Op.jr) is a sheaf.
(b) For any p € Proj(R), the stalk Opyoj(ryp = Rep)-
(c) Let f € Ry = ®ygsoR? be a homogeneous element and consider the open sets
Dy = Proj(R) \ V,(f) = {p € Proj(R) : f ¢ p}.
Then the following hold:
e The sets Dy cover Proj(R);
e Fach D]T is an affine scheme. More precisely, D]T ~ Specli(y), where

Ry = {% :a is homogeneous and dega = ndeg f} C R,.
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In particular, Proj(R) is a prescheme.
Proof. Homework! O

For any graded ring R, we denote by P% = Proj(R[xq, ..., Z,]).

17.2. Projective subschemes. From now on we will take R = k|xy, ..., z,], for k alge-
braically closed. As in the case of projective algebraic varieties (from the first semester),
we would like to have a correspondence between the closed subschemes of P and ideals
of R.

Definition 17.2. Let I be a homogeneous ideal in k[xo,...,x,]. The saturation of I

is
I ={Pcklry,...,w,): Im s.t. 2"P €IV0<i<n}

We say that I is saturated if I = I.

Example 17.3. (fxq, fz1,..., fx,) = (f). In other words, the saturation removes the
part coming from the ‘irrelevant ideal’ (zg, ..., Ty).

Proposition 17.4. Let I,J C klxo,...,x,| be homogeneous ideals. Then the following
hold:

(a) The saturation I is a homogeneous ideal; B

(5) Proj(K[a. ... ,]/1) = Proi(klzo. ...}/ T); o

(c) Proj(k[xg,...,xz,)/I) = Proj(klzo, ... ,z,]/J) if and only if [ = J.

(d) I = T ford >0, i.e., an ideal and its saturation are the same for degree d large
enough.

Proof. To prove (a), let P € I. Then 27"P € I for some m and each 0 < i < n. Then
the graded pieces

(2 P) D = gmpld-m) ¢ T
therefore by definition P ¢ I.

For (b), the inclusion Proj(k[zo,...,x,]/I) D Proj(k[zo,...,,]/I) is obvious from
definition. Let p € Proj(k[xo,...,x,]/I). Its preimage is a prime ideal q C k[zo, ..., x,]
which contains I. If q does not contain I then there exists P € I\ q. By definition,
there exists a positive integer m such that z]"P € I C q. Since P ¢ q it follows that

(x0,...,T,) C q, which is a contradiction.
To prove (c¢), we need to recover the ideal I from Proj(k[x,...,z,]/I). For this,
consider the cover by the open affine sets D;j . By |Proposition 17.2|,
. Lo L1 Ln
D* A Proj(kfxo, ..., 0] /1) = Spec(k[22, ZL . Irmypy,
5 P Pro(Klea. ... anl/1) = Speek{ 22 2 221/
where I; is an ideal. One may recover I; as the kernel of the morphism &[22, 2L o] —
J J J
k[ze,zi ., 2e]/1;. Then (homework!),
J J J

P
I'=({P € klzo, ..., x;] homogeneous : ——% € [;,0 < j <n}).
T

J
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For (d), it suffices to show that T' ¢ I for d > 0. Since T is finitely generated, take
Py, ..., P; be aset of homogeneous generators. Take Dy large enough such that z{P; € I
ford> D; and all 0 <i<n, 1< 5 <s. Take Dy the maximum degrees of P;. Now let

d > Dy + (n+1)D; and let P be any element in 7%, and write

P=> aP,

for some homogeneous a;. Then dega; > d — Dy = (n + 1)D;. This shows that each
term of a; contains a factor which is a multiple of 2" for some i. Then a;P; € I and
we are done. U

Obviously Proj(k[zo,...,x,]/I) = V,(I) is closed subset of P}; this is called a pro-
jective subscheme. (We will see in the next section the precise meaning of the word
‘subscheme’; roughly, this means that we have a locally ringed space with an induced
topology, and surjections at the level of stalks, induced from stalks of the structure sheaf
of the ambient space.)

Corollary 17.5. There is a one-to-one correspondence between projective subschemes
of P" and saturated ideals in k[zo, ..., x,]. The correspondence associates the saturated
homogeneous ideal I to Proj(k[x, ..., z,)/I).
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18. MORE PROPERTIES OF SCHEMES

In this section we gather several results we’ll need later. Most of these are not proved
in these notes; a good reference is [Har77, Ch. 3 , Ch. 4].

18.1. Integral schemes; open and closed embeddings. We start with two defini-
tions:

Definition 18.1. Let X be a prescheme.

e X is connected if X is connected as a topological space.
e X isintegral if for any open set U C X, Ox(U) is an integral domain.

Example 18.1. Let X = Spec(R) be an affine scheme. Then (homework!):
o X is reduced iff Nil(R) = 0;
e X is irreducible iff Nil(R) is prime.
o X is integral iff R is an integral domain.

More generally, one may prove the following:
Proposition 18.2. A prescheme is integral if and only if it is irreducible and reduced.

Definition 18.2. A prescheme X is locally Noetherian if it can be covered by affine
open sets Spec(R;) where R; is a Noetherian ring; it is Noetherian if it is locally
Noetherian and quasicompact. (Equivalently, X 1is Noetherian if it may be covered by
finitely many open affines Spec(R;) with R; Noetherian.

Remark 18.1. One can show that if Spec(R) is a Noetherian prescheme then Spec(R)
is Noetherian as a topological space (i.e., every descending chain of closed subsets stabi-
lizes). However, the converse is not true. For example, take

R = kl[x1,29,...] /(23,25 ...,).

The only prime ideal is the (maximal) ideal m = (x1,x9,...,). Therefore Spec(R) is a
Noetherian topological space. But R is not Noetherian, since m is not finitely generated.

The following shows that the property of being (locally) Noetherian is independent of
the choice of the cover.

Proposition 18.3. A prescheme X is locally Noetherian if and only if for every open
affine Spec(R;) C X, the ring R; is Noetherian. In particular Spec(R) is Noetherian if
and only if R is Noetherian.

Proof. See [Har77, Prop. 11.3.2]. O

Definition 18.3. An open sub(pre)scheme of a prescheme X is an open prescheme
U C X equipped with the restriction structure sheaf (Ox ). An open embedding if a
morphism i : Y — X such that i(Y') C X is open and the restriction Y — i(Y') is an
1somorphism.
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Definition 18.4. A closed embedding is a morphism of preschemes f : Y — X such
that f(Y) is a closed subspace of X, f induces a homeomorphism'Y — f(Y), and the
induced map f*: Ox — f.(Oy) of sheaves is surjective. (Equivalently, if f(p) = q, then
the induced map of stalks f : Oxq — Oy, is surjective.)

A closed subprescheme of a prescheme X is an equivalence class of closed embed-
dings, where f:Y — X and 'Y’ — X are equivalent if there is a diagram

" Y
NS
X
where i : Y —'Y is an isomorphism.

Example 18.4. (Closed subschemes of affine schemes.) Let X = Spec(R) and I C R be
an ideal. The projection i* : R — R/I induces an injective morphism i : Spec(R/I) —
Spec(R). This is a closed sub(pre)scheme, because the map i* induces surjective maps
after localization.

In particular, observe that for any closed subset V(J) C Spec(R) there are many
closed subscheme structures corresponding to ideals I such that V(I) = V(J). The
smallest such subscheme corresponds to the largest such ideal, which is necessarily v/J.
This gives V(v/J) the reduced (induced) scheme structure.

Y/

Definition 18.5 (Dimension). If X is a prescheme, dim X is the dimension when re-
garded as a (locally) ringed space. In other words, if X is irreducible, then dim X = n
if there is a mazimal chain of irreducible closed sets

lCcXeCX;C...C X, =X.

If X is not irreducible, then dim X is the supremum of dimensions of the irreducible
components of X.

Example 18.5. If Spec(R) is irreducible, then dim Spec(R) = dim R (the Krull dimen-
sion of R).

18.2. Separated morphisms; schemes.

Definition 18.6. Let f : X — Y be a morphism of preschemes. The diagonal mor-
phism is the unique morphism Ay : X — X Xy X induced by universality property of
the fibre product X xy X; see|Fq. (16.1)|

The morphism f is separated if Ay is a closed embedding. In this case X is said to
be separated over Y. A prescheme is called a scheme if it is separated over Spec(Z).

Remark 18.2. Most often we will work with schemes separated over a field k. It follows
from below that if X is separated, then X is separated over k.

Example 18.6. A prescheme which is not separated is the affine line with two origins;

see above.
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Proposition 18.7. Any morphism of affine schemes f : Spec(S) — Spec(R) is sepa-
rated. In particular, any affine scheme is separated.

Proof. By |Proposition 15.16 the diagonal Ay is induced by the ring homomorphism
A% 1 S®g S — S obtained by multiplication: a ® a’ = aa’. This is obviously surjective,
therefore the induced map Ay is a closed embedding. O

Corollary 18.8. A morphism f : X — Y is separated if and only if the image of the
diagonal map Ay : X — X xy X is closed.

Proof. If f is separated the the image of Ay is closed by definition. To prove the
converse, we need to show that Ay is a closed embedding, i.e. that Ay : X — Ap(X) is
a homeomorphism and that Oxy, x — A*(Ox) is surjective. Note that by definition

prloAf :pTQOAf:idx,

therefore the restrictions of the projections prq,pro to Ag(X) agree. We denote by
pr: Ap(X) — X the common restriction. To show that Af is a homeomorphism, we
show that pr: Ay(X) — X is a continuous inverse. Consider the diagram

Since pr o Ay = idy, it follows that all diagrams commute. Then by the universality
property of the fibre product it follows that Ay o pr = ida,(x), thus Ay is a homeomor-
phism.

The surjectivity of sheaves is a local question. We need to show that there is a
surjective map of sheaves Oxx, x — (Af).(Ox). This amounts to showing surjectivity
at the level of stalks. Further, observe that the stalk (Ay).(Ox)a;@) = Ox,. and that
the induced map is the same as (Ay); : Oxxyx,8;) — Ox,o- Take z € X and let U be
an open affine neighborhood. We may take U to be small enough so that f(U) C V is
included in some open affine subscheme. Then U Xy U is an open affine neighborhood
of Ag(x), and by [Proposition 18.7 Ay : U — U xy U is a closed embedding. Then the
pull-back map at the level of sheaves is surjective. O

Here is a list of properties which guarantee separatedness; cf. [Har77, Cor. 4.6].

Theorem 18.1. Assume all preschemes are Noetherian. Then the following hold:
(a) Open and closed embeddings are separated.
(b) Composition of separated morphisms is separated.
(c) Separated morphisms are stable under base extension.
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(d) A morphism f : X — Y is separated if and only if Y may be covered by open
subsets V; such that f~Y(V;) — V; is separated for each i.

18.3. Proper morphisms.

Definition 18.7. A morphism f : X — Y of preschemes is locally of finite type if
there exists a covering of Y by open affines V; = Spec(S;) such that for each i, f~1(V;)
may be covered by open affines U;; = Spec(R;;) where each R;; is a finitely generated
Si-algebra.

The morphism f is of finite type if the covering of each f~1(V;) may be taken to be
finite.

The morphism f is finite if in addition each f~'(V;) = Spec(R;) is affine and R; is
a finitely generated S;-module.

Definition 18.8. A morphism f : X — Y is proper if it is separated, of finite type,
and universally closed.

Here a morphism is closed if for any Z C X closed, f(Z) C Y is again closed; it is
universally closed if it is closed and for any morphism Y' — Y, the base extension
f' X Xy Y' =Y is a closed morphism.

Example 18.9. The line A; over a field k is separated, but not proper. Indeed, consider
the base extension  : A}, X Spec(k) A} — A}, It is induced by the k-algebra homomorphism
klx] < klx,y|, and at the level of closed points, this is simply the first projection. This
is not a closed map: for instance the image of the hyperbola xy—1 = 0 is given by x # 0,
which 1s not closed.

Theorem 18.2. Assume all preschemes are Noetherian. Then the following hold:

(a) Closed embeddings are proper.

(b) Composition of proper morphisms is proper.

(¢) Proper morphisms are stable under base extension.

(d)If f: X =Y and g: Y — Z are two morphisms such that g o f is proper and g
separated, then f is proper.

Proof. See [Har77, Cor.4.8]. O

Theorem 18.3. Let f : X — Y be a morphism of Noetherian schemes. Then the
following are equivalent:

(a) f is finite;
(b) [ is proper with finite fibres.

Proof. See Lemma 30.21.1 in The Stacks Project. O

Definition 18.9. If Y is a scheme, define the projective n-space over Y as Py :=
P" Xgpecz Y. A morphism of schemes f : X =Y is projective if it factors as

X =Py =Y
into a closed embedding followed by the projection.
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The morphism f is quasi-projective if it factors into an open embedding X — X'
followed by a projective morphism g : X' =Y.
Example 18.10. Let A be a ring, R be a graded ring with Ry = A and which as an A-
algebra is finitely generated by Ry. Then Proj(R) — Spec(A) is a projective morphism.
Indeed, since R is a finitely generated over Ry, it means there is a surjective A-algebra
homomorphism Alzo, ..., x,] — R. This induces a closed embedding Proj(R) < P% and
the morphism Proj(R) — Spec(A) factors through P7.

Example 18.11. Let i : X C P} be a projective subscheme of some projective spaces
and f : X — Y any morphism. Then any morphism f : X — Y s projective. Indeed,
the morphism f factors as:

X Y

(4:f) pr2
IP)Z X Spec(Z) Y

Definition 18.10. A scheme X over a field k is called complete if the morphism
X — Spec(k) is proper. The scheme is called projective if X — Spec(k) is a projective
morphism; equivalently, there is a closed embedding X — P}.

A key property of projective morphisms is that they are proper:

Theorem 18.4. A projective morphism if Noetherian schemes is proper. A quasi-
projective morphism of Noetherian schemes is of finite type and separated.

Remark 18.3. A consequence of the theorem is that any projective morphism is closed.
This is an instance of the elimination theory: assume we have a system of equations

filzo, - Tuiy1, -, Yp) =0
folzo, - s Tniyn, oo, yp) =0

fs(x()a"'axn;ylv"'7yp) :0

where f;’s are polynomials in x’s and y' over some field k, and such that they are ho-
mogeneous in variables x. Then there exist polynomials g1(y1,...,Yp),--- (Y1, -, Yp)
such that

Gy, yp) == gy, Yp) = 0.
In other words, one may ‘eliminate’ the variables x from the system above. This follows
from the fact that pry : P" Xgpec(ry AP — AP is projective, thus it is proper, and thus the
mmage of any closed subset under pro is closed.

If k is algebraically closed, it turns out that (quasi-)projective algebraic varieties from
the first semester correspond to (quasi-)projective schemes over k, in the sense above.
This is proved in [Har77, Prop. 11.4.10]. From now on, a variety will mean a
separated, integral scheme of finite type over an algebraically closed field k.
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19. RELATIVE DIFFERENTIALS

19.1. (Quasi-)coherent sheaves. Let X = Spec(R) be an affine scheme, and let M
be an R-module. Then one may associate a sheaf of Ox-modules M in a similar way to
the definition of Oy: if U C X is open then M(U) is the module over Oy (U) given by
tuples (my) € [,y M, which are ‘locally given’ by elements of the form m;/f;" € Mj,.
The proof of the following lemma follows closely the proof for properties of Ox:

Lemma 19.1. M is a sheaf of Ox-modules with the following properties:
(a) The sections M(Xf) = My;
(b) The stalk M, = M,.
in particular, one may recover M from M by taking global sections: M = M(X)

Furthermore, the assignment M — M gives an equivalence of categories:

Proposition 19.2. The assignment M — M gives an equivalence between the category

of R-modules and the category of Ox-modules of the form M.

This equivalence preserves exactness, in the sense that the sequence of R-modules
0—= M — N — P — 0is exact if and only if the corresponding sequence of Ox-modules
0— M — N— P —0 is ezact.

Furthermore, the equivalence is compatible with taking direct sums, tensor products,
duals.

Proof. Homework! O

Definition 19.1. Let X be a (pre)scheme and F a sheaf of Ox-modules. The sheaf F
is called quasi-coherent if X may be covered by open affine schemes U; = Spec(R;)

such that F|y, ~ ]\Z for some R;-module M,;.
If in addition each M; can be taken to be a finitely generated R;-module then F is
called coherent.

As usual, the check of (quasi-)coherence may be done for one/any affine cover of a
(pre)scheme X. More precisely, the following holds:

Theorem 19.1. Let X be a scheme and F an Ox-module. The following are equivalent:

(1) For any U C X open, affine, F|y =~ M for some Ox(U)-module M.

(2) There exists an open affine cover U; of X such that F|y, ~ M; for Ox(U;)-modules
M;.

(8) For all x € X, there exists a neighborhood U of x and an exact sequence of
(Ox)|u-modules

(Ox>®I|U — (Ox)®J|U — .F’U — 0.
(4) For allV-C U affine, the canonical map
F(U) RPoy (V) Ox (V) — F(V)

18 an isomorphism.
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Proof. See [Mum99, §II1.1]. O

All this admits a ‘projective’ version, generalizing in the obvious way the content from
§12.3| above.

Definition 19.2. A sheaf F is called locally free of rank r if there is an open cover
{U;} of X such that F|y, ~ (Ox)®"|u,. A locally free sheaf of rank 1 is called invertible.

19.2. The module of relative differentials. In this section we define a quasi-coherent
sheaf to any morphism f: X — Y.

Fix ¢ : A — B be a homomorphism making B an A-algebra. Define the B-module
of relative differentials (25,4 as the quotient of the free B-module with symbols

{dp : p € B} modulo the following relations:

(1) d(Br + B2) = dBr + dPs;
(2) (Leibniz rule) For a, 8 € B, d(af) = adf + fda;
(3) d(p(a)) =0 for any a € A.

For any B-module M, an A-derivation is a B—module map D : B — M which satisfies
the 3 conditions above.

Lemma 19.3. There is a one-to-one correspondence HomB(QB/A, M) to the module of
A-derivations D : B — M.

Proof. If T € Homp(§2p/a, M) then an A-derivation is defined by D.(3) = 7(df3). Con-
versely, if D : B — M is an A-derivation, define 7 by

TD(Z Oéz'dﬁz') = Z aiD(Bi)'

One checks that the two operations are inverse to each other. 0

Remark 19.1. An important situation is when A = M = k with k algebraically closed,
and B is a finitely generated k-algebra. Consider X = Spec(B) and a closed point
x =m, € X with k = k(z) a structure of a B-module given via the natural map
B — B/m, ~ k. Then

QB/k@)" = Homp(Qp)kw), k)
1s the same as the vector space of k-derivations D : B — k. The localization at x will
be the stalk of the tangent sheaf of X at x.

The module of relative differentials behaves well with respect to localization: if S C B
is a multiplicative system, then

ST Q54 = Qs-1p/a.

We give next two explicit realizations for {2p,4, first in the ‘global’ case, then in the

‘local’ case. Consider the ring homomorphism

(19.1) 0:B®4B— B; [B1® By B1fs.
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Define I := ker(d); this is a B ® 4 B-module. Then I/I? is a (B ®4 B)/I-module, and
observe that for any x := Y a,®b; € I, and any § € B, the element (1®5)k—(6®1)k €
I?. This gives I/I? a structure of a B-module by

f.r=(1®pP).k
Proposition 19.4. I/I? is isomorphic to Qp/a.
Proof. Define a module map ® : Qg4 — /I by sending d — f®1—1® . One

needs to check that this is well defined. Clearly condition (1) (additivity) holds, and
since 1 ®4a =a®4 1 for any a € A, condition (3) holds. For condition (2), we have

af®1l-—1®af=afR1l—aF+aR -1 af
=a®1Rl1-105)+10F(a®l-1®a)

This shows that ®(d(af)) = a®(df)+ FP(da). One can prove that ® is an isomorphism
- see [Mum99, §III.1]. O

Example 19.5. Take A =k and B = k[zy,...,x,]. Then Qp/a is a free B-module with
basis dxq, . ..,dx, and

dP = op dz;.
= O
More generally, consider B = k[x1,...,2,)/(f1,... fs). Then Qpa is generated (as a
B-module by dxzy, . ..,dx, subject to relations
df; =Y ——dz; =0.
g = Ozi ’

Theorem 19.2. Let K be a finitely generated field over some field k. Then dimg Qg >
trdegi, K and equality holds if and only if K s separably generated over k.

Theorem 19.3. Let (B,m) be a local ring which contains a field k isomorphic to the
residue field B/m. Consider the map

5’:m/m2—>QB/k®Bk; m—=dm & 1.
Then ¢ is a vector space isomorphism.

Let k be algebraically closed and perfect, i.e. either char(k) = 0 or if char(k) = p
then « — z” is a field automorphism. A Noetherian local ring (B, m) is a regular local
ring if the minimum number of generators of m equals the Krull dimension of B.

Theorem 19.4. Let (B,m) be a local ring which contains a perfect field k isomorphic to
the residue field B/m. Assume further that B is the localization of a finitely generated
k-algebra. Then Qg is a free B-module of rank dim B if and only if B is a regular local
Ting.
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19.3. The sheaf of relative differentials. Consider a separated morphism f: X — VY
and the associated closed embedding A : X — X xy X. Recall that if X = Spec(B)
and Y = Spec(A), then A is determined by the morphism § from [Equation (19.1)|above.
Let Z be the ideal sheaf of A(X) inside X xy X.

Definition 19.3. Q1x/y is the quasi-coherent Ox-module obtained by carrying the Ox ., x /Z-
module Z/Z? from X xy X to X via A.

If M is an R module and I C R is an ideal then M ®x R/I is an R/I-module. The
projection R — R/I induces the closed embedding Y := Spec(R/I) — X := Spec(R).
If F = M is the quasi-coherent O x-module determined by M, then the restriction of M
to Y is simply
(19.2) (M)|ly = M ®g (R/I).

Recall that varieties are separated integral schemes of finite type over an integrally
closed field k.

Definition 19.4. A variety X is called non-singular at z if the local ring Ox, is a
reqular local ring. It is non-singular if X is non-singular at every point.

One may show that being non-singular is an open condition, i.e. if X is non-singular
at x then there exists an open set U containing x such that U is non-singular.
The main theorem of this section is the following:

Theorem 19.5. Let X be a variety. Then X is non-singular if and only if the sheaf of
reqular differential Q2x . 1s a locally free sheaf of rank n = dim X.

Proof. See [Har77, Thm. I11.8.15]. O

Definition 19.5. Let X be a non-singular variety of dimension n. The tangent sheaf
is defined as the dual Tx = Q}/k. The canonical sheaf wx is defined as wx := N"x.
Fach is a locally free sheaf, of rank n, respectively, rank 1.

The geometric genus of X is defined as p, := dimy wx (X).

Key tools to understand the sheaves of differentials are the following two theorems.
(We prove the second one.)

Theorem 19.6. Let X be a non-singular variety, and let Y C X a closed subvariety
defined by the sheaf of ideals T. (le., Y — X is a closed embedding.) Then Y is
non-singular if and only if:

(a) Qx/y s locally free, and,

(b) There is a short exact sequence of Oy -modules:

(19.3) 0—Z/T% = (Qxm)ly = Qv — 0.

Here the first map is induced by the natural map T /T* ~ Qx/y — Qxyi, and the second
is the restriction. (Both maps may be defined locally.)

If this is the case then T is locally generated by ¢ := codim(Y, X) elements, and I /I*
is locally free sheaf of rank c.
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The locally free sheaf Z/Z? is called the conormal sheaf of Y in X.

Remark 19.2. We will prove later on that there is a one-to-one correspondence between
locally free sheaves and vector bundles. Then the sequence above is the dual of the usual
sequence defining the normal bundle of a submanifold Z C M :

Corollary 19.6 (Adjunction formula). Leti:Y C X be a closed embedding of codimen-
sion ¢ of non-singular varieties. Then there is an isomorphism of locally free sheaves of
rank 1 on'Y:

(wx)|y ~ wy @ A“(Z/T?).

Proof. It 0 — Vi — Vo — V53 — 0 is a short exact sequence of free R-modules of ranks
a, b, c respectively, then there is a canonical isomorphism

ANVI@ AV — AVay (erAvoed) @ (LA Af) et Acea NfIA NS,

where f] € V5 are any elements mapping to f;. This induces a global map of locally free
Oy-modules wy @ T /I2 — wx which is a local isomorphism, therefore it is also a global
isomorphism. 0

The next result shows how the sheaf of differentials on P = P} is related to standard
sheaves on the projective space. In what follows we will use the notation from §12.3
about quasi-coherent sheaves on projective varieties associated to graded modules.

Proposition 19.7 (Euler sequence). There is an exact sequence of locally free sheaves
on P":
0 — Qpn g — Opn(—1)®0F) 5 Opn — 0,
Taking duals, one obtains the Euler sequence:
0 = Opn — Opa (1)) 5 Tp 5 0.

Proof. Let S := k[xyg,...,z,] regarded as a graded module with degz; = 1. Let E :=
S(—1)"*! be the free S module of rank n + 1 with a basis e, ..., e, in degree 1. (Le.,
this is simply the S-module S™!, but with basis shifted to degree 1.) Define a degree 0
module homomorphism

p:E—=S;, er—ax; (0<i<n).

Let M := ker(y); this is a graded module, and it fits into an exact sequence of graded
modules
0—-M-—>FE—S

Note that the last map is not surjective, as Sp = k is not in the image. However,
FE, — S, is surjective for n > 1. Therefore the induced map on sheaves is surjective,
giving a short exact sequence

0= M — Opn (=12 5 Opn — 0.
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We need to show that M ~ Qpn . For that, we define local isomorphisms, and we need to
check that these glue to a global isomorphism. Cover P by the standard affine open sets
U; = Spec[22, ..., %2] ~ A" for 0 <4 < n. Observe that the induced homomorphism of

free S,,-modules E,, — S,, is surjective, with kernel the free module of rank n generated
by e;— i—jei. Then the restriction of M|y, is a free module of rank n generated by sections

€
ZT; X

(2
(we need the extra factor of z; in the denominator to get elements of degree 0; see §12.3

above). Recall from [Example 19.5 that Qn /x is locally free of rank n with basis given
by sections dx; for 1 < 7 < n. Then define

’gbi : QUZ/k — M|U.L d(—]) = _ —262‘.

Since both are free modules of the same rank, this is an isomorphism. We need to prove
these isomorphisms glue over the intersections U; N Uy, i.e.,

) = gu(d(2Ey).

(d
¢]( (5Uz T
To this aim, observe that in Opn (U; N Uj),

T LT Ty
Z; i Xy

Then
Lhyy oy (a( kL
) = (G- )
A T A T
= () + )

= 5 ) + ).

J Lj

Observe also that 2 . 22 = 1, therefore on U; N Uj,
j i

ZT; T ZT;

() + a2y = 0 = d(H2) = —ZLa(2).

T ZT; ZT; T ZT; X €T
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Then
Ty Ty Z; Z; T
d(ZEY = 25y (d(EY) + T (a2
BA) = T ) + )
5 e ) + a2
T; Xy J T ZT; J T
_ YTk G Ty i Gk Tk
a2 (xj x?eﬂ)—i_xi(xj 3 i)
= —x—gei + Ch
x; ;
Ty
= ¢i(d(—))
One deduces that the morphisms 1;,; coincide on a set of module generators of {pn
over U; NU;. This finishes the proof. O

Lemma 19.8. Let I C R be an ideal in a ring R. Then there is a canonical isomorphism
of R/I-modules

(19.4) I)I? - I®pR/I; a+I*—a®l.

Proof. Consider the short exact sequence of R-modules 0 — I — R — R/I — 0. By
[AMG9, Ex. 2.2], tensoring with the R-module I preserves exactness, giving

0P~ I®pl >1~1®zR— 1%z R/I—0.

The statement follows from the first isomorphism theorem applied to the second map.

O

This isomorphism is key to study the important special case when X = P" and
Y = V,(F) C P" is a hypersurface given by a homogeneous polynomial F' of degree d.

Denote by ¢ : Y < P" the inclusion. The ideal sheaf I= (F') induces the standard exact
sequence

(19.5) 0—=Z — Opn — 1,0y — 0.

On the other side, let S := k[zy,...x,| and consider the short exact sequence of graded
S-modules

0—=S(—d) L+ §——~ S/(F) —=0
giving the sequence of Opr-modules
(19.6) 0 — Opn(—d) = Opn — 1,0y — 0.
Proposition 19.9. (a) There is an isomorphism of locally free Opn-modules

7~ O[Pn(—d)
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(b) Assume in addition that Y = V,(F) is non-singular in P*. Then there is an
tsomorphism of locally free Oy -modules of rank 1,

T2 = (Opn(—d))]y-

Proof. The first isomorphism follows from comparing the sequences ((19.5)) and ((19.6)).
The second part follows because the restriction corresponds to tensoring by ®e,. Oy,
then using the isomorphism ((19.4]). O

The following are the first explicit calculations of canonical sheaves.
Corollary 19.10. The following holds:
wpn =~ Opn(—n — 1).
More generally, if Y = V,(F) is a non-singular hypersurface in P of degree d, then
wy =0y(d—n—1)=(Opn(d—n —1))|y.

Proof. The first sequence follows by taking top exterior powers in the short exact se-
quence from [Proposition 19.7, The second follows from the adjunction formula (Corol-|
lary 19.6) combined with part (b) of [Proposition 19.9, O

Recall the definition of the arithmetic genus p, from |[Definition 13.2, One may show
that if Y is non-singular, then p,(Y") = py(Y’) (the geometric genus).

Example 19.11. Let C C P? be a non-singular plane curve given by a polynomial of
degree d. Then

Wo = Oc(d — 3)
We have the following special cases:

o [fC is aline (d=1) then we = Oc(—2) (the restriction of Op2(—2) to C).

e If C is a conic (d = 2) then wec = Oc(—1). Recall that C ~ P, but the
isomorphism is given by the (restriction of) Veronese embedding vy : P' — P2,
of degree 2. By taking the corresponding map of graded modules, one may prove
that

v3(0c(-1)) = Op1(-2),
in agreement to the line case.
o [fC is an elliptic curve (d = 3), then we ~ O¢ is trivial.

These calculations eventually lead to a classification of non-singular curves. For exam-
ple, the knowledge of w¢ leads to knowing what is the topological Euler characteristic:

Xtop(c) =2 an
where g is the genus of C'; see [Definition 13.2] For example, if C' is a non-singular curve

of degree d, one may use the Hilbert polynomial techniques to show that g = (dgl),
giving

Xtop(C) =2 — (d —1)(d — 2).
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Therefore a line and a conic have Euler characteristic 2, a cubic has Euler characteristic
0 etc. This is (of course!) consistent with the ‘real picture’ of these curves: complex lines
and conics are homeomorphic to a (real!) sphere S?; an elliptic curve is homeomorphic
to a torus S! x St etc.
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20. LOCALLY FREE SHEAVES AND VECTOR BUNDLES

20.1. Definition and equivalence to locally free sheaves and vector bundles.
We follow the definition from [Mum99, II1.2].

Definition 20.1. Let X be a scheme. A vector bundle 7 : E — X of rank r is a
scheme E together with the ‘projection” morphism m which satisfy the following proper-
ties:

There exists an open covering (‘trivialization’) U; and isomorphisms of schemes v, (U;) ~
U; x A" over U;:

r N (U;) Uy X AT

\ pr1

such that for all v, 7, the restriction

wioiﬂ;lZ(UiﬂUj>XAT—>(UiﬂUj) x A"

of morphisms over U; N U;

(Uz N U]) x A"

K
pri pri

1s of the form
%‘Olﬂj_l ZidX@bi’j; ¢i,j A" X (UzﬂU]) — A" x (UZHU])
and 1); ; is determined by a linear isomorphism (with coefficients in Oy, (Us NUj) ):

Vi Ovnw, (Ui NU) @y ko, . 0] = Ouno; (Us N U;) @ k[, oo 2n);
Uiian) = Yo (e
k=1

In other words, 7 ; is an element of GL,(Oy,qv, (U; N Uj)).

Proposition 20.1. There is a one-to-one correspondence between vector bundles of rank
r and locally free sheaves of rank r.

We explain this correspondence next.
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20.1.1. From vector bundles to locally free sheaves. Let m : E — X be a vector bundle
of rank r. We define a sheaf £ on X by taking local sections of E: for any open set
UcX,

EU)={s:U—E:mos=1idy}
We need to make &€ into an Ox-module. The sections over the trivializations E|y, ~
U; x A" are given by morphisms s : U; — A", i.e. by k-algebra homomorphisms

s* k[xy, ..o,z = O, (Uh)); 2 = fx € Ou, (U;).

(See also [Theorem 15.2\) The fibres E, = 7 '(x) over points * € X are k-vector
spaces of dimension r, and because of linearity of the transition maps, the vector space
structures arising from different trivializations are the same. Therefore the space of
sections over U has a Ox(U)-algebra structure. This may be enlarged to an Oy-module
structure by taking trivializations over U;’s (i.e., the trivializations ensure that sections
may be multiplied by regular elements in Ox(U;)). Furthermore, there are Ox(U;)-
module isomorphisms

E(U;) =~ Ox(U)®"; s+ (s*(z1),..., 5 (x)),

which are again compatible under restriction to intersections U; N U;. This makes £ a
locally free sheaf of rank r.

20.1.2. From locally free sheaves to vector bundles. Conversely, if one is given a locally
free sheaf £, then it must have trivializations

E(U:) = Ox(Un)*s fe (fr,--o o),

where f; € Ox(U;). These are maps of Ox(U;)-modules, and determine sections s; :
U; — A" obtained from s}(x;) — f;. We obtain ‘trivial vector bundles’ U; x A” — Uj,
and one needs to prove that these glue over the intersections U; N U;. The key fact is
that over U; N U, the two structures of Ox-modules are given by Ox(U; N U;)-module
isomorphisms, i.e. precisely by matrices

(gi;) € GL(Ox(U; N U;)).

This is the same data which determines trivializations of vector bundles.

Finally, we note that if £ is a locally free sheaf of rank 1, then the evaluation map
gives an isomorphism of locally free modules L* ®p, £ ~ Ox. (At the level of transition
functions, (¢;;(£*) = ¢;;(£)"".) Because of this, line bundles are sometimes called
invertible sheaves.

Generally speaking, if o; : £(U;) = U; x A" and

9ij =Piop;
then local sections f; € O(U; x A") have to transform under the law

f;
f:gi,j = f;=9i;fi
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In what follows we will need the following notion. Let X be a scheme and U =
Spec(R) C X open affine. Define K(U) to be the localization Rg, where S is the
multiplicative set of non-zero divisors. These form a presheaf of rings on X, and we
denote by Kx its sheafification. It is called the sheaf of total quotient rings.

20.2. Example: Line bundles on P". As usual, let S = k[xo,...,x,] be the polyno-
mial ring, graded as usual, and let U; be the standard affine cover. The graded modules
S(d) determine locally free sheaves of rank 1. Locally,

— P
S(d)(U;) = {E : deg P = s + d homogeneous }.

(2

Let Sz, = k[$2,..., 7] be the submodule of S;, consisting of degree 0 elements. Then

S(d)(U;) is a free, rank 1, S(;,)-module with basis ¢ (regarded as a fraction).
For example, if d < 0, then if

_ Po Pi
P = E RIS AN o < 1) WO

p
PNy ab Lo
xld-‘rs P05 Pn xfo I;i xg;n ?

and the right hand side is an element in w%_lS(mi). To find transition maps, write isomor-
phisms L

or 3

(Stei)@;) = S(aiay) S(d) (i) (S @) = Swiay)

To describe the transition maps, we distinguish between the cases d > 0 and d < 0:
o If d > 0 then

d d
(85 0 (6D 7)) = 6 () = 91 (af =) = 2.
e If d <0 then
* *\—1 o x 1 Kk 1Ij_d_xj_d
(¢j o(¢;7) )(1) = (bj(F) = (bj(x'—d m—d) I

% J 7 7

In other words, we proved that for any d the transition matrix is

SH

€T~

(20.1) 9i,5(Opn(d)) = ¢ 0 (7)) = =5

xj

~

In particular, since transition functions are inverses to each other,

Opn (d) ®(9Hm Opn(—d) ~ O[pm.
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20.3. Example: Line bundles from hypersurfaces in P" (Cartier divisors I).
Assume now that d > 0 and consider F' € S; a homogeneous polynomial of degree d.
The multiplication by F' gives an inclusion of sheaves

Opn(—d) L Opn .

We analyze this inclusion when restricted to standard open sets. The sections

P
Ui:{ﬁ:degP:s}

)

Opn (—d)

The inclusion is given by
P FP

s+d s+d
Z; Z;

Opn(—d)

v, = Opn;

Observe that the image is the ideal in S(,,) generated by F; := z%, the dehomogenization

of F. Utilizing this, we can identify Opn(—d)|y, with the ideal sheaf Zr, the ideal sheaf
of V,(F'). In other words, we proved

IVp(F) ~ Opn (—d)

The collection of dehomogenizations of F' gives a collection D := {(U;, F;)} called a
Cartier divisor. Such a collection D determines an invertible sheaf Lp together with
a global section s € Lp(X), as follows: let Lp(U;) given by the

(20.2) Lo(Us) = %oﬂm c K.

In other words, Lp is the invertible subsheaf of the sheaf of total quotient rings given
by the isomorphism

;! 1
One calculates the transition maps by

F
. 1 F1\ F o
wi=ed =0 (F) -0 (Fg)-F-2 -5
' v A

Comparing to the transition functions from [Equation (20.1)| this shows that we have an
isomorphism of invertible sheaves

Opn(d) =~ L1

As a ‘reality check’, note that the ‘local sections’ F; € Opn(U;) (corresponding to 1 €
Lp(U,;)) satisfy

Fy = gi;Fi
therefore they glue to a global section s = F.
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21. CARTIER DIVISORS

Let X be a scheme. Recall that we defined the sheaf of total quotients Kx by Kx (U) =
Rp, where U = Spec(R) C X is open affine and P C R is the subset of non-zero divisors
in R.

Example 21.1. The following are homework exercises:

o If X is integral then Kx is a constant sheaf: for any U C X open, Kx(U) = K,
where K is the fraction field of any open affine subset of X.
® ,CAH = l{?(l’l, .. In)

o Kpn = {ggg o } where P, Q) are homogeneous polynomials and deg P = deg ().

In what follows we will need the following notion. Let X be a scheme and U =
Spec(R) C X open affine. Define K(U) to be the localization Rg, where S is the
multiplicative set of non-zero divisors. These form a presheaf of rings on X, and we
denote by Kx its sheafification. It is called the sheaf of total quotient rings.

denotes the sheaf of total quotient rings. We denote by O%, respectively K%, the
sheaves of multiplicative groups given by the invertible elements in Ox and Kx.

Definition 21.1. e A Cartier divisor on X is a global section of K% /O%. In
other words, a Cartier divisor is given by a collection (U, f;) where U; cover X,
fi S ’C(Ul)*, and fz/fj € OX(UZ N UJ>*

o We say that a Cartier divisor is principal if there exists a global section f €
Kx(X)* such that each f; is the restriction of f. (Since the restrictions have to
agree in KC* /O, this means that f|y, = cf; where c € O*(Uj;).)

o Two Cartier divisors (U;, f;) and (U;, g;) are linearly equivalent if (U;, fi/g:)
1s principal.

By convention, we use additive notation for operations on Cartier divisors. For ex-
ample, if Dy, Dy are given by (U, f;) and (U, g;), then Dy + Dy is given by (U, fi - ¢:),
while Dy — D5 is given by (U;, fi/g:)-

Example 21.2. The following are homework ezxercises:
o Any Cartier divisor in A™ is principal.
o If F.G € klxg,...,x,| are homogeneous polynomials such that deg P = deg @
then the dehomogenization of F/G over each of the standard affines induces a
principal divisor.

o IfF € k[xg,...,x,] is a homogeneous polynomial, then its dehomogenization over
each standard affine is a Cartier divisor, but it is not principal unless F' = ¢ (a
constant).

Consider now a Cartier divisor D = (U;, f;). To it we associate an invertible subsheaf
,CD — K X by
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(Le., this is the rank 1 module over Ox generated by 1/f;.) As before the transition
function is given by

.= e} ’.k_l — . l — . &l)zﬁ
gl,] ¢J (¢z) (1) ¢] (fz) ¢] (fz fj fl

We need the following lemma.

Lemma 21.3. Let R be a ring and T' C R the subset of non-zero divisors. Let M be
a free rank 1 R-module generated by an element my. Assume that there is an injective

R-module homomorphism ¢ : M — Ry and let p(mg) = §. Then ¢(myg) is invertible.

Proof. 1t suffices to show that a € T. If not, take » € R\ 0 such that ra = 0. Then
o(rmg) = 0, contradicting injectivity. d

Proposition 21.4. Let X be a scheme.

(a) There is a one-to-one correspondence D < Lp between Cartier divisors and in-
vertible Ox-modules which are subsheaves of Kx.

(b) LleDg ~ £D1 ® EB;

(¢) D1— Dy is a principal Cartier divisor if and only if Lp, ~ Lp, as abstract invertible
sheaves, i.e., not as subsheaves of Kx.

Proof. To prove (a), we need to show that we can recover the Cartier divisor D out of
the invertible sheaf Lp together with its embedding in Kx. Take f; to be the inverse
of a local generator of Lp(U;) C Kx(U;) as a Ox(U;)-module. Two such choices must
generate the same module, therefore they must differ by an element in Ox (U;)*. As such,
they give the same element of Kx (U;)*/Ox(U;)*, and thus the same Cartier divisor.
Part (b) follows from the formula for the transition functions. Finally, to prove (c),
we utilize part (b). Then it suffices to show that D is principal if and only if Lp ~ Ox.
If D is principal, then it is given by a global section f € Kx(X)*. This global section
generates Lp, in the sense that its restriction to each U; generated Lp(U;). Then we
obtain a global isomorphism Ox — Lp by sending 1 — f~!. Conversely, assume that
we are given an isomorphism Ox — Lp and consider the image of 1 € Ox(X). This
must be a global section f in Lp, Since Lp is a subsheaf of Cx, f must be an invertible
element in Kx(X)*, and this element determines a principal divisor on X. O

There are many common situations when every invertible sheaf on a scheme X is a
subsheaf of x. Some examples are:

e X is integral (see [Har77, Prop. 11.6.15]);
e X is projective over a field.

In all these situations, the (additive) group of Cartier divisors on X modulo equivalence
is isomorphic to the (multiplicative) group of invertible sheaves. This is called the
Picard group of X, denoted by Pic(X).

One can prove that Pic(P") = Z (generated by Opn(1)), and that Pic(A") = 0.
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Definition 21.2. Let D = (U, f;) be a Cartier divisor. We say that D is effective if the
‘local equations’ are regular functions, i.e., f; € Ox(U;). For an effective Cartier divisor
D one may associate a codimension 1 subscheme Y C X given locally by the equations
fi = 0. Sometimes we denote by Ox (D), respectively by Ox(—D), the invertible sheaf
corresponding to an effective divisor D, respectively —D (the inverse of D).

If D is an effective divisor, then Ox (D) has a canonical global section sp, which under
the isomorphism Ox(D)|y, = %(’)X(Ui) is defined locally by the equations (sp)y, = fi €
Ox(U;). Indeed,

f;
fi=Ffi=gifi
showing that this satisfies the required glueing properties.

Example 21.5. If X = P" and F' is a homogeneous polynomial of degree d, it determines

a Cartier divisor D = (U;, r—l";) The corresponding line bundle Lp has a section sp = F,

with vanishing locus V,(F) c P,
The following follows from definitions:

Corollary 21.6. Let D be an effective Cartier divisor on a scheme X which determines
the codimension 1 subscheme Y. Then Ox(—D) ~Zy.

Definition 21.3. Let D = (U;, f;) be a Cartier divisor on a scheme X. The support of
D, denoted by supp(D), consists of those points x € X with the property that the image
of fi in the local ring (Ox », my) is in my.

One can show that the support of a closed subset of X. If U = X \ supp(D), then
Ox (D) has a section sp € Ox(D)(U) which does not vanish anywhere. This section
extends to a section of Oy (D) which is ‘meromorphic’, with poles on the locus where D
is not effective.

Often one can write f; € Kx(U;)* as f; = % where a;,b; € Ox(U;)* and such that
A = (U;,a;) and B = (U;, b;) are Cartier divisors. Then the Cartier divisor D = (Uj, f;)
may be written as a difference of two effective divisors: D = A — B. This will allow us
to define the first Chern class

c1(Lp) = cr(La) —ar(Lp) = [V(sa)] = [V(sp)]
where s4, sp are the canonical sections.
Definition 21.4. Let D be a Cartier divisor on a scheme X. A meromorphic section
of Ox(D) is any global section of Ox(D)®o, K% . In other words, a meromorphic section

is not required to have local equations as reqular functions in Ox (U;), but in a localization
of it.

From definition, it follows that sp = (f;) is a meromorphic section of Ox (D). The
divisor D is effective precisely when sp is a (‘holomorphic’) section of Ox (D).
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22. RATIONAL EQUIVALENCE AND THE CHOW GROUP
Recall that we use variety to mean a reduced and irreducible scheme.

22.1. Rational equivalence. Let X be a variety and V C X a codimension 1 subva-
riety. Consider A := Ox v, the localization at the generic point of V. There is a well
defined group homomorphism

ordy : Kx(X)" = Z

called the order of vanishing. It satisfies ord(rs) = ord(r) + ord(s). If we write
r € Kx(X)" asr = ¢ with a,b € A, then

ord (%) = ord(a) — ord(b).

An important example is when X is smooth at V', i.e. if (Oxy, my) is the local ring,
then dimmy /m? = 1. In this case Oxy is a discrete valuation ring (DVR) and my
is principal. Then for any r € Kx(X)*, we can write (its image) as r = at™ where
a € Oy In this case

ordy (r) = m.
More generally the order function may be defined as the length £4(A/(r)) of the A-
module A/(r); see [Ful84, App. A].

Lemma 22.1. For a fized r € Kx(X)*, there are only finitely many V'’s such that
ordy (r) # 0.

Proof. See [Ful84, App. B]. O
Example 22.2. Assume X is a smooth curve. Then Oxy = Ox, are local rings at the
points in X, and the image of v in Ox , corresponds to the evaluation at x. For all but
finitely many points, this evaluation is non-zero.

Example 22.3. Let X = P? and r = 2. Let H; = Vj(2;) C P? be the standard
hyperplanes. Then Ox g, = {W cdeg P = degQ,Q ¢ (x;)} and the mazimal

20,%1,T2)

1deal 1s generated by x;. It follows that
ordgy,(r) = —1; ordy,(r) =1; ordg,(r) =0.
We now define the analogues of the fundamental classes from topology.
Definition 22.1. Let X be a scheme. A k-cycle is a finite formal combination Y n;[V;]
where V; C X are irreducible subvarieties of dimension k. A k-cycle is effective if each

coefficient n; > 0.
We denote this by > n;[Vi] > 0. The (additive) group of k-cycles is denoted by Zx(X).

Let r € Kx(X)* and W C X a k + 1 dimensional subvariety. There is an associated
cycle in Z,(X) defined by

div(r) = Z ordy (r)[V],

Vcw
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where the sum is over subvarieties V' of dimension k.

Example 22.4. An important example of this construction is when X is smooth in
codimension 1, i.e. every codimension 1 subscheme is locally given by a single equation.
(In technical terms, ‘every Weyl divisor is Cartier’.) Then everyr € Kx(X)* determines
a Cartier divisor
div(r) = Y ordy(r)[Y] € Pic(X),
Ycx
where the sum is over codimension 1 subschemesY . For a Cartier divisor D one defines:

H(X,0x(D)) = {f € Kx(X)* : div(f) + D > 0},

1.e. the vector space of meromorphic sections with ‘poles of order at most the order of
D’. If D is an effective divisor, then H°(X,Ox (D)) = Ox(D)(X) (the global sections of
Ox(D)). Studying this vector space is closely related to the Grothendieck-Riemann-Roch
theorem.

Definition 22.2. A k-cycle « is rationally equivalent to 0 if there exist finitely many
subvarieties W; with dim W; = k + 1 and elements r; € Ky, (W,;)* such that

o= Z[div(ri)].
The (k-th) Chow group is defined as
Ap(X) = Zp(X)/Bi(X)

where By(X) is the subgroup of cycles rationally equivalent to 0. The Chow group is
defined to be
Au(X) = Br0AR(X).

Example 22.5. A scheme X and its induced reduced structure X,.q have the same
subvarieties, therefore A (X) = Au(Xyea)-

Example 22.6. Assume X = |JX; is a union of irreducible schemes. Then Zy(X) =
®Z1(X;) and Ap(X) = BAL(X;). (homework!)

Example 22.7. Assume dim X = n. Then A,(X) = Z,(X) is the free abelian group
on the n-dimensional irreducible components of X.
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23. PROPER PUSH-FORWARD AND FLAT PULL-BACK

23.1. Proper push-forward. Recall from |Definition 18.8| the definition of a proper
morphism. Examples of proper morphisms are closed embeddings, morphisms of pro-
jective varieties, and base changes of proper morphisms.

If f: X — Y is a proper morphism of schemes, then for any (closed) subvariety
V' C X, the image f(V) C Y is closed. Since the restriction f: V — W := f(V) is a
dominant map of irreducible schemes, it induces an injective map f*: Ky — Ky.

Lemma 23.1. The field extension Ky — Ky is finite if and only if dim V' = dim W.
If this is the case, then f:V — W s generically finite.

If, furthermore, k is algebraically closed, then the general fibre is a zero dimensional
scheme with deg(ICy : Kw) reduced points.

Proof. Refer to [Ful84, App. B2]. O

Define
deg(Ky : Ky) if dimV = dim W;

d _
es(V/W) {o it dimW < dim V.
Define f, : Z,(X) — Zp(Y) by

(23.1) FlV] = deg(V/F(V)LF V)],

extended by linearity. A fundamental result is that rational equivalence is preserved by
taking proper push-forward.

Theorem 23.1. Let f : X — Y be a proper morphism of schemes, and let a € Ay(X)
such that a ~ 0. Then f.(a) ~ 0.

In particular, |Fquation (23.1)| gives a well-defined push-forward (group homomor-
phism) f @ Ap(X) — Ap(Y).

A key particular case is when X is a complete scheme over a field k. Then by definition
the morphism p : X — Spec(k) is proper, and there is a degree map

deg = /X cA(X) = Z; aw pa(a).
If k& is algebraically closed and o = > np[P] € Ay(X) then p.[P] = [p(P)]; in general
p«[P] = [ [P] = deg(K(P) : k)[p(P)].

One may extend the degree morphism to [, : A.(X) — Z by sending o + 0 for
a € A;j(X), i > 0. Observe also that if f: X — Y is a proper morphism and X, Y are

proper, then
/oz:/f*(oz).
X Y

(This is a special case of functoriality, and an analogue of the chain rule from calculus.)
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Example 23.2. Let [ : P! — P! define by [zg : x1] — [23 : 23]. Then

f.[P1=2[P"];  f.[pt] = [pt].
Example 23.3 (Gauss-Bonnet; assumes knowledge of Chern classes). Let X be a com-
plex, projective manifold, with tangent bundle Tx. Then

[ o =xx),

the Euler characteristic of X. Here c(Tx) is interpreted as a non-homogeneous class in
A (X).

Example 23.4 (Enumerative invariants; assumes knowledge of the intersection prod-
uct). Let X be a complex projective manifold, and let My(X) be the ‘moduli space of
stable maps’ which compactifies the (scheme!) of morphisms f : P* — X of some fived
class f.[P'] = d € A;(X). Let ev; : My(X) — X be the evaluation maps, obtained by
evaluating at 0,1,00. For subvarieties 21,5, Q3 C X define

<Ql, Qg,Q3>d = / [evl_lﬂl] . [ev2_1§22] . [QV?Tng].
X

These count the (virtual) number of curves f : P1 — X of degree d that pass through
subvarieties 2y, 9, (23; Gromov-Witten invariants are examples.

23.2. Fundamental class of a subscheme. We defined the group Z(X) of cycles
on a scheme X as formal combinations of classes of irreducible subvarities. However,
we we need to defined analogues of fundamental classes for possibly reducible, possibly
non-reduced schemes. The construction below provides this construction.

Let X be a pure dimensional scheme with irreducible components Xi,..., X,. The
local rings Ox x, have dimension 0. Define the geometric multiplicity of X is defined
by m; = Loy « (Ox,x,). If k is algebraically closed, then

m; = dlmk Ovai.
The cycle associated to X, or the fundamental class of X is
[X] = Zml[Xz] € AdimX(X)-

More generally, if X C Y is closed in some larger scheme Y, then we regard [X] as a
class in A,(Y'), via the natural closed embedding.

23.3. Flat pull-back. Tt is known from commutative algebra (cf. e.g., [AM69] Prop.2.18])
that if M; — My — M3 — 0 is a short exact sequence of R-modules, then for any R-
module N, M @ N — My ® N — M;® N — 0 remains exact.

Definition 23.1. An R-module N s flat if for any short exact sequence 0 — M; —
My — M3 — 0, the sequence

0—>M N —>My@N — Ms® N — 0

remains exact.
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Definition 23.2. Let f : X — Y be a morphism of pure-dimensional schemes. The
morphism f is flat if for any open affine sets U C X,V C Y such that f(U) C V,
Ox(U) is a flat Oy (V')-module.

We say that f has relative dimension n if for any subvariety Z C 'Y, f~YZ) is
pure dimensional of dimension dim Z + n.

Theorem 23.2. Assume f : X — Y s flat and that Y is irreducible and X is pure
dimensional. Then f : X — Y has relative dimension n := dim X —dimY’, and all base
extensions X Xy Y — Y are flat of relative dimension n.

Proof. See [Har77, I11.9], especially Cor. 9.6. O

Example 23.5. Here are some examples of flat morphisms:

o An open embedding i : U — X where U C X is open.

e The projection from a vector bundle 7 : E — X, or from the projectivization of
a vector bundle P(E) — X.

e The projection X XY — X.

o Any dominant morphism X — C from an irreducible subvariety of dimension
dim X > 1 to a non-singular curve.

Let f: X — Y be a flat morphism of relative dimension n. Define a pull back

We extend this definition by linearity.
For any closed subscheme, let f~!(Z) denote its inverse image, defined as the fibre
product
XxyZ——X

L

Theorem 23.3. Let Z C Y be any closed subscheme. Then there is a well defined
pull-back homomorphism f*: Ap(Y) = Apin(X) defined by:

121 =1f1(2)] € A(X).
Proof. See [Ful84, Theorem 1.7]. O

Proposition 23.6. Consider a fibre diagram

x 2 x
Lf’ Lf
vy sy
where g is flat and f is proper. Then ¢ is flat, f' is proper and for any o € Z,.(X),
filg) (@) = g fu(@) € Z.(Y).
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23.4. An exact sequence.

Proposition 23.7. Let Y be a closed subscheme of a scheme X and let U := X \ Y.
Denote by i : Y — X and j : U — X the inclusions. Then we have a short exact
sequence

A(Y) = Ap(X) L= A (U) — 0.
Proof. The analogous sequence of cycles is exact:
Zi(Y) —> Zj(X) -~ Zx(U) —=0 |

showing surjectivity. It is also clear from definitions that j*i.(/) = 0. It remains to show
that any « € ker(j*) is in the image of i,. Write j*(a) = Y _ div(r;) for some W; C U
subvarieties. By taking closures of W;, and observing that K(W;) = K(W;), we obtain

Jla=> div(F) =0 € Z(U),

where 7; are extensions of r; to W;. Then a — 3. div(7;) = i,(B) for some 8 € Zy(X),
and we are done. O
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24. CHERN CLASSES OF LINE BUNDLES

In this section we will define the first Chern class of a line bundle £ over a scheme
X, as an operator ¢1(L) : Ax(X) — Ax_1(X). The idea is the following. Take V C X
be a k-dimensional subvariety. The restriction of £ to V' determines a Cartier divisor
Dy = {(U;, f;)}, up to linear equivalence. Then

Of course, one needs to prove that this construction is independent of choices of repre-
sentatives in a linear equivalence class of Cartier divisors.

One can actually give a stronger statement in the case L is given by a Cartier divisor
D on X. In this case, the class is supported on Ay_1(V N |DJ) where |D| is the support
of D. A key technical point is that occasionally V' C |D|. To deal with the situation
when L restricted to V' one needs to

24.1. Cartier divisors, Weil divisors, pseudodivisors. Assume for now that X is a
variety of dimension n. (Later it will be a scheme.) In particular, there is a well defined
function field K(X). A Weil divisor is an element of Z,_1(X).

If D= {(U;.fi)} is a Cartier divisor, and V' C X is a subvariety then one defines

ordy (D) := ordy (f;).

This is well defined since f;/f; is invertible on the overlaps. Using this, the Cartier
divisor defines a Weyl divisor

[D] = ordy(D)[V],

where the sum is over all codimension 1 subvarieties V' C X. Observe that if two
Cartier divisors D ~ D’ are linearly equivalent then D — D’ is a principal divisor, i.e.,
D' — D = div(f) for some f € K(X). But then the associated Weyl divisors [D']
and [D] are rationally equivalent (by definition). This implies that we have a group
homomorphism
CaCl(X) - Ap1(X); D~ [D].
Recall that if D = {(U;, f;)} is a Cartier divisor, its support is defined to be
|D| = {z € X : some f; is not a unit}

(Observe that f; is in general a rational function, i.e. an element of (X )*. The invertible
elements 0%, C K(X)* are a subset of this. Therefore it makes sense to ask whether f;
is in the smaller subset, although f; may not have a well defined image in Ox_,.) The
support is a closed subset of X.

Also recall that D is effective if each f; € Ox(U;) and it is not a zero divisor.

Definition 24.1 (Pseudovisors). Let X be a scheme. A pseudodivisor on X is a triple
(L, Z,s) where L is a line bundle, Z C X is closed and s is a section of L over X \ Z
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which does not vanish. Equivalently, s provides an isomorphism (i.e., a trivialization)
Lx\z ~ (Ox)|x\z-

The data (L', Z',s") defines the same pseudodivisor if Z = Z' and there is an isomor-
phism o : L ~ L' such that the restriction o\x\z sends s to s'.

We call L, Z, s the line bundle, support, respectively the section associated to (L, Z, s).

According to this definition, a pseudodivisor (L, X, s) with support X is simply an
equivalence class of line bundles.
The pseudodivisors form an abelian group with the following operations:

(L, Z,s)+ (L', Z',s) = (L L, ZUZ s®s); —(L Z,s)= (L1 2Z1/s).
If f: X' — X is a morphism, then one can pull-back a pseudodivisor by

f1(L,Z,s) = (f*(L), f1(2), [*(s)).
These operations agree with those involving Cartier divisors, whenever objects are de-
fined.

An important source of pseudodivisors comes from Cartier divisors. Recall (cf.
above) that a Cartier divisor D determines a line bundle £p. Then D de-
termines a pseudodivisor (Lp, |D|, sp) where |D| is the support of D, and sp = (f;) is
the canonical meromorphic section of D; cf. [Definition 21.4] and after. The section sp is
nowhere vanishing outside the support |D|.

Definition 24.2. A Cartier divisor D represents a pseudodivisor (L, Z,s) if |D| C Z
and there is an isomorphism L ~ Lp such that, outside Z, sends s — Sp.

For example, a Cartier divisor D represents any pseudodivisor (£, X, ) where £ ~ Lp,.
The main result about pseudodivisors is the following:

Theorem 24.1. Let X be a variety. Then any pseudodivisor (L, Z, s) is represented by
a Cartier divisor. Furthermore,

o If 7 £ X, then D is uniquely determined.

o [fZ =X, then D s determined only up to linear equivalence.
Proof. Later, if there is time; see §2.2, [Ful84]. O

The following is the main definition underlying the construction of Chern classes via
intersection products.

Definition 24.3. Let D = (L,|D|,s) be a pseudodivisor on an n-dimensional variety
X. The associated Weyl divisor class

[D] € Apa(X)

is defined as follows. Take any Cartier divisor D which represents D.

e If|D| # X then by D is uniquely defined, and [D] is the associated
Weyl divisor, regarded in A,_1(|D|).

e If |D| = X then D is only defined up to linear equivalence, but the associated
Weyl divisor [D] € A,—1(X) is well defined.
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24.2. Intersections by divisors and the first Chern class. We are now ready to
define intersections by divisors and the first Chern class of a line bundle. Assume X is
a scheme, D = (L, |D|,s) a pseudivisor on X, and V C X a k-dimensional subvariety
with inclusion j :=— X. Then define an intersection product

D.[V]:=[j*D] € Ap_1(V)
In other words:
o If V ¢ |D| then D restrict to a unique Cartier divisor Dy on V', and D.[V] =
[Dv];
e If V C |D|, then restrict Lp to V', and take any Cartier divisor Dy corresponding
to this restriction. Then D.[V] = [Dy].

One extends this product by linearity to define an intersection product
D «c€ Akfl(X)
for any a € Ax(X).

Definition 24.4 (First Chern class). Let L — X be a line bundle over a scheme X.
Define the group homomorphism c;(L) N _: Ap(X) = Ap—1(X) by

a(L)n[V]=[c],
where C' is the Weil divisor associated to the line bundle L|c.

If L = Lp is the line bundle associated to a pseudo-divisor D, then ¢(L)N[V] = D-[V].
We will list formal properties of the Chern classes later ADDREF, once we define Chern
classes of any order; those would be essentially the same as those defined in topology.

Example 24.1. A homogeneous polynomial F € k[zo, ..., x,] of degree d determines a
Cartier divisor with corresponding line bundle Opn(d). Since the Cartier divisor associ-
ated to F is linearly equivalent to that for any x¢, it follows that

¢1(Opn(d)) = dey (Opn(1)).
Furthermore, if V.C P™ is a subvariety such that F|y, # 0,

Example 24.2 (Chow group of P"). One may use|Proposition 25.7 to show that Ag(P™)
is generated by [Ly], the fundamental class of a k-dimensional plane. We prove that

[Li] # 0 in Ag(P™). From it follows that
c1(Opn (1))F N [Ly] = 1.[pt] € Aog(P™).

One can use again the sequence from |Proposition 23.7 to get that [pt] # 0. (Remove
hyperplanes to reduce to Ag(pt) = Z.) This implies that [Ly] # 0.

Example 24.3 (Degrees). Let a € Ai(P") ~7Z. The degree of o is

deg(a) = /n c1(Opn (1) N a.
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Let D be an effective Cartier divisor. We abuse notation and denote by D C X

the associated codimension 1 subscheme (given by the local equations of the Cartier
divisor). Let i : D < X be the (closed) embedding.

Definition 24.5 (Gysin maps for divisors). Define
i* T Ag(X) = A1 (D); [V] = D - o
(intersection product with the divisor D).

Note that i* is arrow reversing, although 7 is not flat. These types of (arrow reversing)
morphisms in a ‘homology theory’ are called Gysin morphisms in topology.

We list some useful properties of this pull-back, including a version of the self-
intersection formula.

Proposition 24.4. The morphism i* satisfies the following properties:
(a) For any o € Ak(X),
ixi*(a) = c1(Lp) Nav.
(b) (The self-intersection formula for divisors) If a € Ax(D), then
i*i.(a) = 1 (" Lp) N«
(Note that, at least if D, X are smooth, then i*Lp is the normal bundle of D in X; cf.
[Proposition 19.9.)
(c) If X is pure-dimensional, then i*[X]| = [D].
(d) For any line bundle L — X,

i*(al(L)Na) =1 (") Ni*(«).

Example 24.5 (Bezout). Let Zy = V,(F1), Zy = V,(Fy) C P? be plane curves given
by homogeneous polynomials of degree dy respectively ds. Both Zy and Zy are Cartier
divisors. We can utilize the intersection with divisors product to calculate [Zy] - [Zs].
Since [Z,] = di[H] and [Zy] = do[H] (H any hyperplane), it follows that

deg([Z1] - [Z]) = dyds / (H]2 = dydy.

[P)Q
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25. CHERN CLASSES OF VECTOR BUNDLES

We are now ready to define higher Chern classes. Let £ — X be a vector bundle
of rank e + 1 over a scheme X. To it, we associate the projective bundle (or the
projectivization) P(E) — X. This is defined as follows. If F ~ X — A®"! is trivial,
then P(E) = X x P°. In general, one glues these local schemes.

The projectivization is endowed with a projection 7 : P(E) — X, with the property
that 7! (X) = P(E,), where E, is the fibre of E — X over z. Of course, 7 is flat (this
is a local property, so it suffices to check it locally). It is also proper, since P" is proper,
and locally it is a base change from P" — pt.

Recall that over P" there is a tautological sequence of vector bundles:

0= Opn(—1) = O™ — Q — 0.

The fibre of Opn(—1) over a line ¢ C k"' is simply the line ¢. By pulling back, then
gluing, this gives a tautological sequence of vector bundles on P(E):

0—Op(—1) > 7mE - Q—0.

(We abuse notation and denote the quotient bundle again by Q.) The fibre of Og(—1)
over a point [(,] € P(E) corresponding to a line ¢, C E, is {,.

Definition 25.1 (Segre classes of vector bundles). Let i > 0. The i-th Segre class is
the group homomorphism s;(E) N _: Ag(X) = Ax—i(X) defined by

si(E) Na = . (c; (Op(1)T N7 ().
Consider the formal power series
i>0

The Chern polynomial ¢,(E) = 3., ¢(E)t" is the (formal) inverse of this power
series: -

Explicitly,
c(E)=1; ci1(E)=—s1(E); c(E)=s(E)*—s:(E),...
Here are the formal properties of Chern classes (cf. Thm. 3.2 in [Fulton, IT] ADDREF.)

Theorem 25.1. Let E — X be a vector bundle of rank e over a scheme X. The Chern
classes satisfy the following properties.

(1) (Vanishing) ¢;(E) =0 fori > e;

(2) (Commutativity) ¢;(E) N (¢;(E) Na) =¢;(E)N(¢(E)Na);

(3) (Projection formula) For any proper morphism f:Y — X,

L (e(B)) Na) = ci(E) N fula).
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(4) (Pull-back) For any flat morphism f:Y — X,

a(f*(E)NfH(a) = fH(a(E) Na).
(5) (Whitney formula) Consider a short exact sequence 0 - F — E — G — 0 be a
short exact sequence of vector bundles on X. Then

(E) = ci(F)e(G).

(6) (Normalization) If E is a line bundle such that E ~ Ox (D) for a Cartier divisor
D on X, then
a(E) N [X] = [D].
More generally, if E has sections and s € H°(X; E) is a general section with
zero locus Z(s) C X, then

(25.1) ce(E) N [X] = [Z(s)].

The class
c(EY=14c(E)+...+c(E)
is called the total Chern class of E. 1t can also be regarded as the Chern polynomial
ci(E) evaluated at t = 1.

25.1. Chern roots and the splitting principle. One can actually show that the
properties above determine the Chern classes. The idea is as follows. The splitting
principle states that if £ — X is a vector bundle, then there exists a flat map f : X' — X
such that:

e The pull back f*: H*(X) — H*(X’) is injective;

e The pull back bundle f*FE has a filtration

OCE,CEy,C...CE.=fF

such that E; — X’ is a vector bundle on X’ of rank .
By the Whitney formula, it follows that

C(Ee) = C(El) . C(EQ/El) ot C(Ee/Ee—l)-

Since each quotient E;/FE;_; is a line bundle, the normalization formula (applied only
for line bundles) calculates each class ¢(E;/F;_1). Therefore the linear operator ¢(f*E)
is calculated. Now by injectivity the class ¢(E) N« may be identified to c¢(f*E) N f*(a).
(A subtlety: in the topological category one needs to ensure that f*(«) is well defined.
For instance this happens if the Poincaré dual of « exists, e.g. if X is non-singular.
This is not needed if one works in the algebraic category, and uses Chow groups; in this
case flatness ensures that pull-backs exist.) To construct f : X’ — X with the required
properties, one may take X’ = FI(FE). This is the variety parametrizing complete flags
of vector bundles Fy C Fy, C ... C E. = E, equipped with its natural projection to
X. For instance, if X = pt, then F is just a vector space, and this is the complete flag
variety FI1(E). For details, we refer to [Ful84, §3.2].
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The splitting principle allows one to formally define the Chern roots of a vector bundle.

If rank(E) = e, these are formal indeterminates z1, ..., z. such that
o(B)=(L4+z)(lta) .- (L+x) =Y eflrr,... z).
i>0

Then the Chern class ¢;(FE) = e;(x1,...,z.). The idea is that z;’s are only formal, but
their symmetrizations are actual classes. By the splitting principle, one may actually
1dent1fy xTr; = Cl(Ei/Ei—l)-

The Chern roots are very useful tools relating Chern classes of vector bundles. I will
list several properties below - all follow from the judicious use of the splitting principle.

Lemma 25.1. In all statements x4, ...,z are the Chern roots of E. Then the following
hold:
e (Dual bundles) The Chern roots of the dual bundle EY are —xq,...,—x.. In
particular,

o (Tensor products) Let ' — X be a vector bundle with Chern roots yi,...,ys.
Then the Chern roots of E® F are x; +y;, for1 <i<e, 1 <5< f.

o (Symmetric powers) The Chern roots of SymPE are x;, + %, + ... + x;, where
1§21§22§§2p§6

e (Euterior powers) The Chern roots of \' E are z;, + i, + ... + x;, where 1 <
1 <ip<...<1i,<e.

We illustrate this by some examples.

Example 25.2 (The Chern classes of the tangent bundle of P"). We use the Euler
sequence

0 Opn Opn (1)20+D) Tpn 0.

to calculate the Chern classes of the tangent bundle on P*. Let H = ¢(Opn(1). By
the normalization property this is the class of a hyperplane in P™. From the Whitney
formula we obtain that the total Chern class

(O)e(Tpn) = c(Opn (1) = ¢(Opn (1)) = (1 + H)™

Since c(O) =1, it follows that
c(Tpn) = (1+ H)"! = (" Z 1) H*.
k=0

For instance, ¢, (Tpr) = (n + 1)[pt], reflecting the fact that the topological Euler charac-
teristic of P is n+ 1. (This is an instance of the Gauss-Bonnet theorem.)
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Example 25.3 (The degree of Gr(2,4).). Consider the Grassmannian Gr(2,4) parametriz-
ing linear subspaces of dimension 2 in C*. We have seen in a previous problem (Fall
final exam!) that this is a quadric hypersurface in P5. More precisely, if

[ m by o di
A= (GQ by 2 dz)
and if we denote by p; ; the determinant of the 2 x 2 minor in columns i, j, then

D12P34 — D13P2a + P1apas = 0.

Let D :={V € Gr(2,4) : dim V N Fy > 1} where Fy = (e, e2). You also proved that this
variety is given by the equation psy = 0 (even scheme theoretically). This says that D is
in fact the intersection of the hyperplane divisor psy = 0 in P° by the quadric Gr(2,4).
Then

deg(Gr(2,4) = /

]P?S

1 (Ops (1)) 1 [Cr(2, 4)] = / e1(Ops (1)) 1 261 (Ops (1)) = 2.

PS5
This has the following enumerative interpretation. The product c1(Ops(1))* represents

the intersection [D|*. Since D is the variety of projective lines in 3 meeting the line

P(Fy). To calculate [D]*, we are allowed to take divisors which are linearly equivalent
to D, then intersect. In particular, we may move the ‘reference line’ P(Fy) and define
4 linear equivalent Cartier divisors D; by taking 4 lines ‘sufficiently general’. Then we
are saying that there are 2 lines in P? meeting meeting 4 given lines in general position.

Example 25.4 (Lines on cubic surfaces). Let ¥ C P? be a general surface, i.e. ¥ = Z(F')
where F is a general homogeneous polynomial of degree 3 in variables xq, x1,x9, x3. We
are interested in how many lines are included in P3. The space of lines in P2 is the same
as the Grassmannian Gr(2,4). Let S be the tautological subbundle. The polynomial F
is a section of Sym3(C*)*, and the condition that a line P(V) € Gr(2,4) is included in
Z(F) means that F|y = 0. In other words, F gives a (general) section

s € H°(Gr(2,4), Sym?(S*)), Vi Fly.
We are interested in the zero locus of this section. By the normalization property (25.1])
[¥] = [Z(s)] = ¢ (Sym?3(S*)) N [Gr(2,4)],

where v = rank(Sym3S*) = 4. Let x1, x5 be the Chern roots of S*. Then by Lemma
Lemma 25.1| the Chern roots of Sym3S* are 3x1,2x1 + T2, 11 + 229, 3T5. It follows that

ca(Sym>S*) = 9x1xo(2y + 229) (221 + 22)
= 91129 (20% + 5x129 + 223)
= 97129(2(71 + 29)* + 2179)
= 18z1w9(21 + 12)* + 9(2129)?
= 18¢3(S5*)e1(S*)? + 9cy(S*)2.
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Using the intersection theory of Gr(2,4), one may prove that
c2(S*)e1(S*)? N [Gr(2,4)] = c2(S*)* N [Gr(2,4)] = [pt].
Therefore
ca(Sym>S*) N [Gr(2,4)] = 18[pt] + 9[pt] = 27[pt].
The enumerative geometry interpretation of this is that a general cubic surface will con-
tain 27 lines.

25.2. Some answers to enumerative geometry questions. You might enjoy think-
ing about these numbers:

e 2: number of lines passing through 4 given lines in P?;

e 92: number of conics in P? meeting 8 lines;

e 1: non-singular conics tangent to 5 given lines;

e 3264: number of conics tangent to 5 given conics;

e 4407296: number of conics tagent to 8 general quadrics surfaces;

e 2875: number of lines on a quintic threefold in P*;

e 5819539783680: number of twisted cubics tangent to 12 quadrics in P3. (This

was found by H. Schubert in 1870’s.)

THAT’S ALL FOLKS!
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26. APPENDIX: RESULTS FROM COMMUTATIVE ALGEBRA

Theorem 26.1 (Hilbert basis theorem). Let k be a field. Then any ideal I in the poly-
nomial ring klxy,...,x,] is finitely generated, i.e. there exist polynomials Py, ..., Ps €
klxy,...,x,] such that
I=(P,..., P.
In particular, from any subset S C I such that (S) = I, one may extract a finite
subset S" C S such that (S") = I.

Proof. See e.g. [CLO15, §2.5]. O

Theorem 26.2 (Noether normalization lemma). Let R be an integral domain, finitely
generated over a field k. Assume that the transcendence degree of R over k equals to n.
Then there exists elements y1,...,y, € R such that:

® Y1, ..., Y, are algebraically independent over k;
e R is integrally dependent on the subring k[y1, ..., Yn).
Proof. See a proof in [Mum99, §.1] (attributed to Nagata). O

Lemma 26.1 (A consequence of Cohen-Seidenberg ‘Going Up’). Let R be a field and
S C R a subring such that R s integrally dependent on S. Then S is a field.

Proof. Let 0 # a € S. Then 1/a is a root of a monic polynomial with coefficients in S,
meaning that
(1/a)" + cp_1(1/a)" P4 ... +c=0

n—1

in R, with ¢; € S. After multiplying by a"~" we obtain that

1

-1
— = —Cp_1 — Cpoa — ... —coa"" " €8S.
a

O

26.1. Rings and modules of fractions; localization. Let R be a commutative ring
with 1, and M an R-module. A set S C R is called —bf multiplicative if 1 € S and for
any a,b € S, the product ab € S.

There are two important examples of multiplicative sets.

Example 26.2. Let f € R. Take S = {f" :n € Z>o}.
Example 26.3. Let p C R be a prime ideal. Then S := R\ p is multiplicative.

For a multiplicative set S C R and an R-module M one may define an equivalence
relation on M x S by

(my,81) ~ (Mg, $2) <= 3Is € S s(symg — somy) = 0.

The equivalence class of (m, s) is denoted by ™. Denote by

S™IM = {%:mGM,SGS}.
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Then S™'R is a ring and S™'M is a S™'R-module. There is a natural ring homomor-
phism

R— SR 1.

This may not be injective. (E.g., if f is nilpotent, then Ry = 0.)
There is a similar module homomorphism M — S~'M.

Lemma 26.4. Let R be a ring and 0 # f € R. If R has no nilpotents then Ry has no
nilpotents.

Proof. Let fia € Ry such that

n

(=
fa fom
Then fPr™ = 0 in R for some p, implying that (fPr)" = 0. Since R has no nilpotents,

this implies that fPr =0, i.e. ]Z"—a = 0 in Ry. This proves the claim. 0

26.2. Primary and irreducible ideals. The main reference for this section is [AM69,
Ch.4 and Ch. 7].

Definition 26.1. Let R be an arbitrary ring and I # R an ideal. The ideal I is primary
if

xyel=uxecl ory"el.
The ideal I is called irreducible if
Izllm[2:>1211 OT'IZIQ.

Proposition 26.5. Let I be a primary ideal. Then the radical /I is prime and it is the
smallest prime containing I.

Proof. See [AMG9, Prop. 4.1]. O

Proposition 26.6. Let R be a Noetherian ring.
(a) Any ideal I is a finite intersection of irreducible ideals.
(b) Any irreducible ideal is primary.

Proof. See Lemmas 7.11 and 7.12 in [AMG69). O

26.3. Topology. Let X be a topological space. A basis for the topology of X is a
collection U of open sets such that every open set in X is a union of basis elements in

Uu.

26.4. Limits, stalks, and localization. TODO.
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