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MATH 232A XINWEN ZHU LECTURE 1

1. September 1

1.1. Algebraic sets. We start with an algebraically closed field k. First define the
affine space

DEFINITION 1.1. A? = {(a1---a,) : a; € k}

DEFINITION 1.2. An algebraic set X C A" is the set of common zeroes of a collec-
tion of polynomials fy--- f, € klxy---x,]. We denote this set V(f1--- fn). That is,
V(fi-fo) ={la1---an) : filar---an) == fm(ar---ay) = 0}.

But there might be some other polynomials g; - - - g, such that V/(f1--- fn) = V(g1 gn)-
In general, this set is determined by the ideal generated by the polynomials f;, or g;. So
if I = (fi--fn), we can write V(f1--- fn) = V(I) = {(a1..an) € A" : f(a1---a,) =
0 Vf € I}. Since the polynomial ring is Noetherian, every ideal is finitely generated, and
so every V(I) can be written as V(fi -+ f,) for some finite collection of f;.

The following relations are really useful, and are not hard to check.

LEMMA 1.3. The sets V(I) act like closed sets in a topological space, in the following
sense:

If Iy C I, then V(Il) D) V(IQ)

V(Il) U V(IQ) = V(Il N _[2) = V(Il . _[2)
NaV(la) = V(Za 1)

V(H{0}) =A" and V(k[zy---z,]) =0

Therefore, we can define a topology on this affine space.

DEFINITION 1.4. The Zariski topology on A" is given as follows:

The closed subsets are algebraic sets (i.e. sets of the form V(I) for some ideal I defined
as above).

ExamMpLE 1.5. Consider A}c. I claim that the algebraic sets are finite sets, as well as all of
A' and the empty set. Algebraic sets are zeroes of polynomials in some ideal. In this case
we are considering ideals in k[z], which is a PID, so those ideals all look like (f). Our field
is algebraically closed, so write f = a(x — 1) --- (x — o). So all the closed sets look like
V(f) = {a1---an}. (And, of course, for every finite set we can find a polynomial where
those are the only roots, so every finite set is closed.)

EXAMPLE 1.6. Now consider A2. Obviously, we have A% and () are algebraic sets. Also,
we have things that are plane curves: V(f). However, not every ideal is generated by one
polynomial: we also have the ideals V'(f1, f2). Suppose f; is irreducible, and fy is not
divisible by fi. Then V(f1, f2) is a finite set. Why? (Homework.) But every other set is
some union of sets of the form V(f’) and V(f, g).
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MATH 232A XINWEN ZHU LECTURE 1

Of course, we can write A2 = A! x A!. But this does not work topologically. Why?
(Homework, again.)

DEFINITION 1.7. /T = {f € k[x1---x,] : f7 € I} is the radical of the ideal I. A radical
ideal is a set whose radical is itself.

EXAMPLE 1.8. Consider I = (f) where f = (zx —1)3. Thenx —1¢ I but z —1 € I.
However, if I = (f) where f does not have any repeated roots, then /T = I.

THEOREM 1.9 (Hilbert’s Nullstellensatz). Let X = V(I). Then
{f€klzr--ay) : fp)=0 Vpe X} =T

We already had a mapping I — V(I) from ideals to sets. The theorem motivates defining
a map from sets to ideals:

X=I(X)={f: flp)=0 Vpe X}

COROLLARY 1.10. There is an order-reversing bijection between radical ideals in k[z1 - - - xy]
and algebraic sets in A™.

Let f = 2y and consider V(f) C A?; this is the union of the two coordinate axes, and so
we can write V(zy) = V(x) UV (y). This suggests a question: what algebraic sets cannot
be written as the (nontrivial) union of two algebraic sets? More precisely,

DEFINITION 1.11. Let X # () be a topological space. We say X is irreducible if X cannot
be written as the union of two proper closed subsets.

Zariski-land is really different from what we’re used to in R", where the only irreducible
closed sets are single points. Here, something as big as A! is irreducible: we just said that
closed subsets consist of finitely many points, and we were assuming that k is infinite.

PROPOSITION 1.12. There is a 1-1 correspondence between irreducible algebraic sets (with
the induced topology) and the prime ideals in klxy - - - x,]. In addition, every algebraic set
can be written as the union of its irreducible components, by which we mean irreducible
closed subsets. (For example, V(zxy) is the union of two irreducible components.)

PROOF. We have already shown a bijection between radical ideals and irreducible
algebraic sets. We want to show that V' (I) is irreducible iff I is prime.

(=) Assume that I is not the whole thing, or empty. We want to show that if fg € I,
then either f or g is in I. Consider the ideal generated by fg; this is in I. By the first
lemma, V(fg) > V(I). Now, V(I) € V(f)UV(g). V(I) = (V(/) V(D) U(V(g) V(D).
By irreducibility, either V(I) = V(f) NV (I) or V(I) =V (g) NV (I). So V(I) C V(f) or
V(I) C V(g), which implies f € T or g € I.

(«<=) By contradiction. Write V(I) = V(I;) UV (l2) = V(I1 N I2). The intersection of
radical ideals is radical. So I = I; N Iy implies I = I; or I = I>. =
5
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Any radical ideal can be written as the intersection of finitely many prime ideals (by
commutative algebra): I = By N---N B, with B; minimal prime ideals containing I.
Therefore, V(I) = V(By) U---UV(B,) for B; prime. So each piece is an irreducible
component of V(I).

DEFINITION 1.13. An affine algebraic variety is an irreducible algebraic set in A", with its
induced topology. (So it’s an irreducible closed space). A quasi-affine variety is an open
subset of an affine variety.

ExXAMPLE 1.14. Examples of affine varieties.

(1) We have seen that Al is an affine variety. In fact, so is every A™: use the fact
that A™ = V(0), and zero is prime in the polynomial ring.

(2) Linear varieties: let ¢; - - - £, be independent linear forms of x; - - - z,,. (These are
linearly independent homogeneous polynomials of degree 1.) Let aj---a,, € k.
Then V(41 — ay,le —ag, -+ , by — ay,) € A™ is an affine variety, which we call a
linear variety of dimension n —m. For example, if { = ax + by then V(¢ —¢) is
just the line ax + by = c.

(3) Points are affine varieties. Use ¢1 = 1,02 = x93, -+ ,{, = x, in the previous
example. Then V(z; — a1, -+ ,x, — ay) is exactly the point (aj---ay,). (Two
points are an algebraic set, but are not irreducible.)

(4) Consider f € k[zy---xy] such that (f) is prime. Then V(f) is usually called a
hypersurface in A", and is an algebraic variety.

(5) If f € k[z,y] then V(f) is usually called a plane curve: for example, think about
the graph of y? = 2 (this has a cusp at the origin). 3? — 23 — 22 passes the
origin twice, and is called nodal. y? — x® — x is called an elliptic curve (it has two
disconnected components). If k is the complex numbers, this curve is a torus.

(6) Parametrized curves. Given fi(t)--- fo(t) € k[t], then z; — fi € k[t,z1--- ]
and we can consider V(zy — f1---2, — fn) C A"l For example, we have
V(z—1t2y—t3) C A3. It looks like 42 — 22 if you project to the xy plane.

1.2. Morphisms between quasi-affine varieties. Recall that an affine variety is
a special case of a quasi-affine variety.

DEFINITION 1.15. Let X C A" be a quasi-affine variety. A function f : X — k is
considered regular at p € X if there is some set U > p open in X, and f1, fo € k[z1 - -z
such that

(1) folq) #0for q ¢ U
f

(2) f=H onU

(Basically, it agrees with a well-defined rational function on a neighborhood.)

f X — k is called regular if it is regular at every point in X.

Observe that the set of regular functions on X form a ring, denoted by O(X). For example,
klzy - x,] C O(A™), but you can actually prove equality.
6
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So now we have a notion of functions on A”. Are they continuous?

LEMMA 1.16. Let f : X — k be a reqular function. Regard it as map f : X — A,lc naturally.
Then f is continuous.

COROLLARY 1.17. Let f be a regular function on a quasi-affine variety X. If f =0 on
some open subset U C X, then f =0 on X. (So there are no bump functions.)

PROOF OF COROLLARY. Consider Z = {p € X : f(p) = 0}. This is closed, because f
is continuous and points are closed. We can write X = Z U (X\U). These are two closed
subsets, and X is irreducible, so one of them must be all of X. But X\U is not X, which
implies that X = Z. ==

PROOF OF LEMMA. In fact, it is enough to show that f~1(0) is closed. Why? We
want to show that, for every closed subset of A", the preimage is closed. But the closed
subsets of A™ are either the whole set, the empty set, or finite sets. But since this is a
ring, to show that f~!(a) is closed, it suffices to show that (f —a)~1(0) is closed.

For every p, we need to find some neighborhood U > p such that f~1(0)NU is closed. By
definition of regular functions, we can choose U such that f = % on U, with f1 and fo

polynomials. But f~1(0)NU = f;1(0) N U = V(1) NU, which is closed in U. =

2. September 6

RECALL that a set is quasi affine if it is open in an affine variety (irreducible algebraic
set). Let X be a quasi-affine variety over a field k, and let O(X) be the ring of regular
functions on X. (A function is regular at a point if it agrees with a well-defined rational
function on a neighborhood.)

PROPOSITION 2.1. If f : X — k is reqular, then f : X — Al is continuous with respect to
the Zariski topology.

COROLLARY 2.2. If f=0 on U € X open, then f =0 on X.

COROLLARY 2.3. O(X) is an integral domain.

PRrROOF. If fg = 0, then if Z; = {z : f(z) = 0} and Z» = {z : g(x) = 0}, then
Z1 U Zs = X. Since X is irreducible, then one of the Z; = X, and so one of f or g is
Z€ero. =

DEFINITION 2.4.
(1) The field of rational functions on X is the fraction field of O(X), denoted by

K = k(X).
7
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(2) Let p € X. The local ring of X at p is given by Ox ) = lim O(U). (For every
U>p
V C U there is amap O(U) — O(V), and that is where the direct limit is taken.)
For every p define an equivalence relation on O(X), where two reqular functions
are equivalent if they agree on some neighborhood of a point. Then Ox , = O/ ~.
Our ring s local because it has a unique mazximal ideal: m is the set of functions
that vanish at 0.

REMARK 2.5. Let f € k(X) be a rational function f = %, for fi, fo € O(X). Therefore,
f defines a regular function on U = X — {f2 = 0}. Conversely, if f € O(U) then we
claim that f can be regarded as a regular function. Why? Choose p € U. There is some
open neighborhood V' C U such that f = % on V, where fi and fy are polynomials. In
particular, f; € O(U). So f € K, at least in this neighborhood. However, we want this to
be well-defined over all p. If you choose any p’ € V' C U, and write f = f—é on V', then

2

Lohonvnv. So f1fy = fifa on VNV’ But since all the f; and f/ were well-defined

f2 ;
everywhere, we can write % = % € K. So we've just gotten an injective map O(U) — K
2

which is in fact a ring homomorphism. You end up getting a sequence
O(X) = 0U) = Oxp — K =k(X)=k(U)

To clarify the first inclusion, note that O(X) contains functions that agree with rational
functions on X, whereas in O(U) they only have to agree on the smaller set U.

If X is affine, it is defined by some prime ideal: X = V(). Can we determine the regular
functions in terms of B?

THEOREM 2.6. Let X = V() C A™ be affine. Then

(1) There is a natural isomorphism A(X) = k[z1---x,]/PB — O(X) (all regular
functions are restrictions of polynomials).

(2) There is a 1-1 correspondence between points on X and mazimal ideals of A(X).
We will denote the maximal ideal corresponding to {p} as m,. These are the
functions that vanish at the point p.

(3) The localization A(X )w, is isomorphic to Ox .

We call A(X) the coordinate ring of X.

PROOF. (2) Obvious. All the nonempty irreducible algebraic sets correspond bijec-
tively to prime ideals. If Y C X is a nonempty irreducible algebraic set, it corresponds
bijectively to a containment I(Y) D I(X) = B. In particular, points in X correspond
to maximal ideals that contain 9. [Points are closed by Example 1.14, and are certainly
irreducible.] These are the same as the maximal ideals of A(X).

(3) There is a natural map k[z;---x,] — O(X) that factors through klz; ---z,]/P: all
the polynomials that vanish on X are exactly the elements of 8. On the other hand, we
have a natural inclusion O(X) — Frac(A(X)), by the same argument as we saw earlier:
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any regular function on some open subset, can be written as f = % (We showed that
this is well-defined.) So we have inclusions

A(X) = O(X) = Frac(A(X)) =K
(K is the fractional field of O(X), but O(X) C Frac(A(X)).)
A(X)C O(X)¢C Frac(A

~—

—~

X))

A(X )m,C Ox p© K

P

The map A(X)m, — Oxp is given by writing things in A(X) as fractions on an appropriate
open set. However, we claim it is an isomorphism. It is a fact from commutative algebra
that every integral domain is the intersection of its localizations. We have

AX) = (AX)w = O, p)

p

O(X) is contained in any local ring, so it is contained in the last intersection. Since
Oxp= hgq O(U), we can write these as rational functions and shrink the open set, to get
rational functions that do not vanish at p.

So we get an isomorphism for the infinite intersections, which makes A(X) = 0O(X). B

DEFINITION 2.7. Let X and Y be two quasi-affine varieties. A morphism ¥ : X — Y is a
continuous map such that for any V' C Y open and f : V — k regular,

fop:9¢ Y V) =k

is regular.

The collection of quasi-affine varieties, with morphisms defined as above, forms a category.

DEFINITION 2.8. A morphism ¥ : X — Y is called an isomorphism if there is some
1Y — X such that ¥ = ¥y = Id.

DEFINITION 2.9. A quasi-affine variety is also said to be affine if it is isomorphic to an
affine variety.

EXAMPLE 2.10. A'—{0} is a quasi-affine variety. But later we will see that it is isomorphic
to V(zy — 1) C A% So it is also an affine variety.

Here is an easier way to see what things are morphisms.

LEMMA 2.11. Let ¥ : X — Y C A" be a map with X quasi-affine and Y affine. Then ¢ is
a morphism iff x; o ¥ is reqgular (where x; is any coordinate function on Y : a restriction
to the it" coordinate).

PROOF. z; is certainly a regular function, so if ¥ is a morphism, then so is z; o .

Conversely, if x; o ¥ is regular for any x;, we need to show

9
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(1) ¥ is continuous;
(2) For any open V C Y and f € O(V), the composition f o ¢ is regular on ¥~1(V).

Now let’s prove these things.

(1) Let f € k[x1---x,]. We can write a generic closed set as Z = V(f1)N---NV(fn).
So the goal is to show that ¢~'(V(f)) is closed. This is the set of = such that
f(®(x)) = 0. So it suffices to show that f o ¢ is continuous. In fact, we claim
that it is regular. Write

fOQOZf({LjOSO,'--’:EnOSD)

and recall that, on an affine space, regular functions are rational functions. Sub-
stituting the regular ( = rational) functions x; o ¢ into the variables of the
regular ( = rational) function f still produces a rational function.

(2) (Now since V need not be affine, we cannot directly use the trick that regular =
rational. But we can still do this if we say things are rational in a neighborhood.)
IfV CcY and pe U CV we want to show that ¥ is regular at p. At ¥(p) we

can write f = %, where f; and fy are polynomials and fa(p) # 0. Around p,

foy= QSZZ’ numerator and denominator are regular functions, so f o ¢ is also

regular at p.

=

EXAMPLE 2.12. Gy, := A' =0 = V(zy — 1) C A? where t ~ (¢, !). Composing with
x1 gives a regular function, as does composition with xs. Conversely, you can give a map
(z,y) — zy backwards. This gives an isomorphism of quasi-affine varieties; and now we
can say that A! — 0 is an affine variety.

PROPOSITION 2.13. Let X be quasi-affine and Y be affine. Then there is a natural iso-
morphism

Hom(X,Y) = Hom(O(Y),O(X))
where Hom(X,Y') is the set of all morphisms X — Y. (Note that O(Y) = A(Y).)

PROOF. There is clearly a forwards map. Any ¥ : X — Y induces a pullback map
©*:0(Y) = O(X), where f — fo®. We want to construct an inverse map:

Homgg(A(Y),0(X)) = Hom(X,Y)

Let Y C A". Start with a map ¢ : A(Y) — O(X), construct ¥ : X — A", where
Y p— (Y(x1)(p),Y(z2)(p), - ) sends any function in the ideal defining Y to zero. So
the previous map sends p into Y. So send p — p(¥(x)). To check it is a morphism, we
have to look at the coordinate functions. But we constructed it so that we knew what
they were: x; o ¥ = 1p(x;). =

COROLLARY 2.14. There is a contravariant equivalence of categories between affine vari-
eties and finitely-generated integral k-algebras. A morphism between X and Y is the same
as a morphism between their coordinate rings, by the previous proposition.

10
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Given any finitely generated k-algebra k[zy---xz,]/9, since A is integral P is a prime
ideal, and A is exactly the coordinate ring of V (B).

In the homework, you will see that A2 —{(0,0)} is not an affine variety, but its coordinate
ring is the same as k[z,y]. So the coordinate ring is not really enough to determine the
variety.

DEFINITION 2.15. Let A — B be a homomorphism of commutative algebras, and M a
B-module. We define the derivations

Dery(B,M)={D : D: B — M satisfying (1) and (2)}

(1) D(bib2) = b1 D(b2) + baD(b1)
(2) D(a)=0Vac A

EXAMPLE 2.16. If A =k and B = k[z1---x,). Then M = k is a B-module, defined by
the map B — k taking every x; — 0.

We have:
Dery(B,k) = {D = Z)\ D\ €k}

By definition, 8 -(z5) = d;j.

Also note that k = Ox ,/m. This is because the map A(X) — k given by evaluation at p
has, by definition, kernel m,,...and so does the map Ox j, = A(X)n, — k.

DEFINITION 2.17. The Zariski tangent space of X at p is defined as
TpX = Derk((’)x,p, k)

Observe that the space of all derivations Der4(B, M) is a B-module. (Adding and scalar
multiplication by b also makes a derivation.) Therefore, T, X is a Ox p,-module. But this
factors through m, making it a k-vector space.

LEMMA 2.1R.
T,X = (m/m?)>

Note that the x means dual space!

Proor. Given a derivation D : Ox, — k, we can restrict to m and get a map
m — k. But this vanishes on m?: D(fg) = fD(g) + gD(f) but because f,g € m, when
you mod out by m you have D(fg) = 0 € m/m?. Given such a map, the derivation is
uniquely determined. As a k-vector space, Ox, = k @ m. By definition this tangent
space is the k-derivations Deri(Ox p, k). You can easily check that this gives a bijective
correspondence. B

Exercise: Show m/m? is a finite-dimensional k-vector space.
11
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We will prove the following theorem next time:
THEOREM 2.19. Let X be quasi-affine. Then there is some non-empty Zariski-open subset
U C X such that dimg Dery(K, K) = dimy T, X for allp € U.

This number is called the dimension of X.

3. September 8

Next week no class. After that, class is at 2:30 - 4:00.

3.1. Smooth points.
THEOREM 3.1. Let X be a quasi-affine variety over k. Let K = k(X)) be the function field.

(1) For all p € X, dim Dery(K, K) < dimy T, X
(2) There is a nonempty open subset U C X such that

dimy, T, X = dimg Dery(K,K) VpeU

This motivates a definition:

DEFINITION 3.2.

dim X = dimg Dery (K, K) = m1)r{1 dimy, Tp X
pE

DEFINITION 3.3. p € X is called non-singular (or smooth) if dim7,X = dim X. Other-
wise, p is called a singular point of X. X is called smooth or nonsingular if every point
on X is smooth.

On a smooth manifold, the dimension of the tangent space is always the same. But here,
we can have points that are not smooth.

PROOF OF THEOREM. We can assume that X is affine. (Otherwise take the Zariski
closure, and the function field does not change.) There is a natural map obtained by
restriction:

Dery(K, K) — Deri(O(X), K)
Because the fraction field is in O(X), this is an isomorphism. If X = V() C A", then

Derp(O(X),K) = {D = Z)\ A €K : D(f)=0Vf €P}

If we choose a set of generators fi - - fm for I we can rewrite the above as

ZA PN ER Y Aig fj—OV}

12
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If it vanishes on x;, then it vanishes on the whole ideal: D(fg) = fD(g) + gD(f). This is

the kernel of the map K™ — K™ by the derivation g—ifi. So the dimension of the derivations
is just n — rkxJ, where J is the matrix of partials described above.

All the entries of this matrix are polynomials, so you can evaluate at p. By the same
reasoning, dimy T, X = n — rkxJ(p). We want to show that

o vk J(p) < rkgJ
e there is some nonempty subset U such that rkgJ(p) = rkxJ

Assume rkgJ = r. Then there are invertible n x n matrices A, B with entries in K such
that you can write AJB as a block matrix with I, in the upper left and zeroes elsewhere.
Write A = Ag/a, B = By/5 such that o and 5 € O(X) and Ay and By have entries in
O(X). Let f = afdet Ap - det By. This is something in O(X) which is not zero (since
none of the terms is zero). Just consider U = X — V(). This is nonempty. You can write

ApJBy = af <IOT 8) So for all p € U, rkiJ(p) = 7. =

LEMMA 3.4. The function p — dimy, T, X is upper semicontinuous. That is,
Xe={pe X : dmT,X > ¢}
is closed. So dimT,X >n —r for allp € X.

An open subset of X has dimension exactly n — r. Others have dimension > this.

PROOF. dim T}, X = n — rky( g;j; (p)).
Xy =V (P + the ideal generated by all (n — ¢+ 1) x (n — £+ 1) minors of J)

So this is a closed subset. =

EXAMPLE 3.5. Assume k does not have characteristic 2. Remember y? = 3 has a cusp,
y? = x3 + 22 intersects itself at the origin, and y? = 23 4 2 has two connected components.
Since these are plane curves, we hope they have dimension one.

In the first case, take f = y? — x3. Taking the partials, we find f, = —322, f, = 2y # 0.
So J = (—322,2y). Consider J(p). We know J(0,0) = 0. The Zariski tangent space at
this point is two-dimensional, so it is a singular point. You can check that any other point
on the curve is smooth.

In the case of f = y% — 2% — 22, we find J = (2x,2y), and again J(0,0) = 0 and the origin
is singular.

13
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In the case of f = y? — 2% — z, we have J = (=322 — 1,2y). We find that the rank of J(p)
is always 1. This comes from solving the equations:

v =2+
322 -1=0
2y =20

There are no solutions. So all the points are smooth.

EXAMPLE 3.6. dimA"™ = n and dim* = 0

3.2. Facts from commutative algebra.

DEFINITION 3.7. Let K/k be a field extension. We say that K is separably generated over
k if there is some L with k¥ C L C K such that L/k is purely transcendental and K/L is
a finite separable algebraic extension.

THEOREM 3.8. If K/k is finitely separably generated, then
dimg Dery (K, K) = tr.d. ;K
(where tr.d. is the transcendental degree).

THEOREM 3.9. Let k be a perfect field (e.g. k = k). Then every finitely-generated K /k is
separably generated.

For example, in A", if K = k[x; - z,] we know that the transcendence degree is n. But
we could also find this by calculating the dimension of the Zariski tangent space.

ProproOSITION 3.10. Let X be an affine variety. Then dimX = n — 1 if and only if
X =V(f) for some irreducible f € k[x1---x,]. (We call such V(f) a hypersurface.)

REMARK 3.11. If dim X = n — 2, then it is not necessarily true that I(X) is generated by
two elements.

PROOF. Suppose X = V(f) is a hypersurface. We want to show that dim X =n — 1.
The rank of g—i is at most 1, so dimX = n — rk(g—i) > n — 1. We want to show that

rk(%) # 0. Remember that this is going on in a space in which we have modded out by

f. Otherwise, é% lands in the ideal generated by f (i.e. f divides this); but the degree

is smaller, which can only happen if é% = 0 (here zero is in k). This can happen if

the field has characteristic p > 0, and you can write f = g(z,25,--- ,2%). (Note that
in characteristic p, 2P has zero derivative.) Since k is algebraically closed, we can write
g =gi(z1 - x,)P (we're using the formula (a + b)P = a? 4 b’ mod p; write axP + byP). We
assumed X was irreducible, so this is a contradiction.

Now assume dim X = n — 1. We want to conclude that X is a hypersurface. Let g € 3 =
I(X). We have X C V(g). We could assume that ¢ is irreducible. If g is a product of
things, at least one is in 8 because P is prime. We already know that dim V' (g) =n — 1.

So now the proposition will follow from a lemma:
14
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LEMMA 3.12. Let A be an integral domain over k, and 3 C A be a prime ideal. Then
tr.d A/P < trdiA

with equality iff P = 0 or both are infinity.

REMARK 3.13. By definition, tr.d.;A/B = tr.d.yFrac(A/RB).

From this lemma, we can conclude that hypersurfaces have dimension 1.

PROOF. Assume the contrary: that n = tr.d.x A. Then there is some 1 - - - x,, € A such
that 77 - - - T, are algebraically independent over A/B. Let 0 # y € P. Since we assumed
the transcendental degree of A is n, there exists a polynomial P € k[Y, X - - - X,,] such that
P(y,x1---x,) = 0. But A is an integral domain, so we can assume that P is irreducible.
If P factors as the product of two polynomials, then this relation still holds for one of
them (this is by integrality). Note that P is not a multiple of Y if you plug in y, it is not
zero. Therefore, P(0,Z; - - - T,) is an algebraic relation in A/B. Contradiction.

=

Here is a theorem that says how to construct affine varieties containing certain smooth
points.

THEOREM 3.14. Let fy--- f, € k[z1---xy) have no constant term (i.e. all the polynomials

vanish at the origin), and have independent linear terms. (That is, if you write f; =
Yoajjxj+ -, thenrk(ay;) =71.) Let P = (fr--- fr)OanoNEk[z1---x5]. Then

(1) B is a prime ideal
(2) X =V(PB) has dimension n —r, and 0 € X is smooth
(3) V(fi...fn) =X UY for some algebraic set Y not containing zero

COROLLARY 3.15. Let X be an affine variety of dimension n — r in which 0 is a smooth
point. Then there is some f1--- f. € I(X) such that

I(X) = (fir-- fr)Oano Nk[z1..20]

Of course, we can transform any point to be the origin. Then this says that our variety
X is defined by r equations (even if the original variety is not defined by r equations: it
is X UY for Y not containing the chosen point).

PROOF OF THE COROLLARY. We need to find » polynomials with independent linear
terms; then we can apply the theorem. Let m = (z1---xy,) C k[z1---x,] and mg be the
maximal ideal of O(X) corresponding to zero. We have a sequence

0—->P->m—>myg—0

0— (P+m?)/m? - m/m?> = mg/m3 — 0
1
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m/m? has dimension n, (f + m?)/m? has dimension r, and my/mZ has dimension n — 7.
Choose an arbitrary basis (fi...f,) for B + m?/m?, and that lifts to a basis of . So
fi1--- fr has independent linear terms. (m? has a basis, which means that there are linearly
independent terms.) From the theorem,

PB=(fi-fr)OanoNklxy---xy]

is a prime ideal.

T={> fkg : ki(0) #o,zggi € klwr- 2]}

This is inside of I(X), because it vanishes on X. (Note that gi,fi is a regular function,

except where the denominator vanishes.)

We have Y = V() D X. By the theorem, dimY = n—r. By assumption, dim X =n—r.
But if they have the same dimension, they have to be equal. So, locally around a point
the ideal is always generated by r polynomials. B

PROOF OF THE THEOREM. Let (A, m, k) be a local ring. Then A := @A/m”. Recall
that we have an inverse system

Lo Am = A/m? - A/m=k
We have Opn o = k[z1 - Tn](2)...00,)- SO then
Opn o = kl[w1 -+ ]
where we now allow infinite polynomials (a.k.a. power series).
O(A™) = k:[xl o xn] COpnp = k[T1 - Tn](zy.mn) C K[[T1 - 20]]

(Rational functions like 1= f have power series.) Remember P = (f1--- fo)Oan oNk[z1 - - 2]
was defined as before. Now define

B = (f1- fr)Oanp
and
B = (fr fr)kl[z1 - an]]

The ring homomorphism of the pullback of a prime ideal is always prime.

It is enough to show two things:

(1) P” is prime in k[[xq - - 4]
(2) B"NOpno =P

The second fact comes from commutative algebra. By definition,

m/ C ‘13" NOpng = {Z gifi + gi € k[[z Zngz € klzy - xn](xlxn)}
(P’ + m")

N=0
16
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If we just truncate this, then the remaining terms will be in ' + m"V. That is, if g; =
>aen &+ R then Rf; € mY and f; Y- a® € P

The second part is proven by the following theorem from commutative algebra
THEOREM 3.16 (Krull Theorem). If (A, m, k) is Noetherian local, then for any ideal I,

oo

I= () +m")

N=0

4. September 20

4.1. Finishing things from last time.

THEOREM 4.1. Let fi--- f, € k[x1---xy,] be polynomials with no constant term and inde-
pendent linear terms. Then the ideal of the local ring

(’I; — (fl .. 'f’I‘)OA",O ﬂ k[ajl .. xn]
is prime. dim V() = n—r and zero is a smooth point on V(B). Moreover, V(f1--- fy) =
V(P)UY when — ¢ Y is some algebraic set.

Last time, we prove a corollary: If we have a smooth point, then locally this variety is cut
out by r equations.

PROOF. k[zy---2n] Ck[T1- Tn)(z).0) = Oano C K[[z1 - 20]] = 5An70. Consider
P =(fr- fr)Oang

B = (fr- fr)klzr - zn]]
It is enough to prove that 9" is prime, and that P’ = PB" N Opn o.

To prove the second thing, note that
P CP N Oung=1{nOung : f=D hifi, hi €klfwr---2n]]}.
Suppose m is the maximal ideal of Oyn .
0= m = Opng — Opng/mY =0

We can show that the last term is just k[zy---,]/(21- 2n)Y. So Opng = mV @
{polynomials of degree | N} as a k-vector space. (Every element in the local ring can
be written as a polynomial of small degree plus something in a power of the local ring.)

We can write f = f’+remainders, where f’ is a polynomial of degree < N. So going back
to the expression of " N Oan o we have

h; = h + degree > N terms
17
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Then f — Y hifi = (f — Y. RLfi) + mNOpn o) Look at the first term; it has degree > N.
All of this is in mNOAnp. So

BN OpnoC [P +m")
N>0

which is equal to 3’ by Krull’s theorem.

Now we want to show that " is prime. We need:

PROPOSITION 4.2. (Formal inverse function theorem) Let f = Y ax;+ higher terms
€ kllx1---xy]] and a; # 0. Then any g € k[[z1---xy]] can be uniquely written as g =
u-f+h(xgxp)

PRrOOF. Easy. Expand uw and h and show you can solve for all the coefficients. =

COROLLARY 4.3.
k1 @]l /(f) & K[z - - xn]]

COROLLARY 4.4. Let fy--- f, be r power series. Write
fi= Z ai;x; + higher terms
If det((aij)1<; j<,) # 0, then
klley 2]l /(fr- - fr) € Kllorira,]]

Proor. Induction. =

Back to the theorem. If fi--- f, have independent linear terms, then

kw1 @all/(fre - fr) & Kl[@ri1ea,])
This shows that 9" is prime, which in turn shows that 93 is prime.

AV (R)) = klzr---2nl /B = Kllzr - 2]l /B = Kl[nt1- 2]

They are algebraically independent because they are algebraically independent in the
power series map.

We used commutative algebra to relate that dimension of a variety to the transcendental
degree. Therefore, dim V() > n — r. By definition

T,V (B) = (my/my)*
0= P/( B+ (z1---20)%) = (x1---20) /(@1 25)* = mp/mg -0
T,V (B) is cut out by the linear terms of fi--- f, in T,A". Because the linear terms are
independent, we have that dim 7,V () = n — r. We know that the dimension of the
tangent space is > the dimension of the variety. But this tangent space is exactly n — r,

which is the upper bound anyway, so dim V() = n — r and p is smooth. We want to
show that

V(i fr) =V(BUY
18
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where Y does not contain the origin. P is not necessarily generated by f;--- f,; this is
only true of the local ring Ox ;. So let g; - - - gs be a set of generators of P (recall this is
finite because everything is Noetherian).

€ (fr-- fr)OpnoNklxy -y
Equivalently, there are some h; not vanishing at the origin such that h;g; € (f1--- fr).

Let h = [[ hi. Then AP C (f1--- fr) and V(f1--- fr) C V(hP) = V(h) [ V(B). In other
words, V(fi--- fr) =V (fi--- fr,h) UV (P). Slnce h(0) #£0,0¢ Y.

=

COROLLARY 4.5. Let p = (0,---,0) € X = V(B) be a smooth point of X with dim X =
n —r. Choose f1--- f, with independent linear terms. You can always do this because of
the short exact sequence

0—B/(B+ (a:lxn)Q) — (mlxn)/(xlccn)Q — mp/mf; -0
Then B = (f1--- fr)Oan o Nk[z1...25]. (The idea is that locally the ideal is generated by r

functions.)

COROLLARY 4.6. Let X be quasi-affine with dimension r. Let p € X be a smooth point .
Then o
OXJ, = k[[l’ll‘r]]

If we are in this situation B = (f1 - fr)Oan o N k[x1...2y] then the complete local ring is
just the power series ring.

Note that this is false if we consider the local ring instead of its completion.

4.2. More general definitions.

DEFINITION 4.7. Let k = k be a field. A (pre)variety over k is a connected topological
space together with a covering Y = {U,} and homeomorphisms ¥, : U, — X, with X,
quasi-affine, that plays well on overlaps:

g0t 00Uy NUg) — 5(Uy NUp)

is a morphism of quasi-affine varieties. In addition, we require this covering U to be
maximal; i.e., if Y is quasi-affine V' C X is open and v : V = Y quasi-affine such that

Po ot i Yp(UaNV) = Ca(UaNV)
is a morphism, then V € U.

EXERCISE 4.8. Prove that this is irreducible.

DEFINITION 4.9. A function f: X — k is called regular if for every «a,

fopl: Xy —k
19
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is regular. We denote O(X) to be the ring of regular functions on X. We can also define
the local ring at the point p to be
Oxp= lim O).
U>p open
DEFINITION 4.10. k(X) is defined to be any k(X,): you have a covering by quasi affine

varieties, so you can talk about the rational functions. But for every piece, there might
be a different set of all such. But these are canonically identified.

REMARK 4.11. k(X) is not necessarily the fractional field of O(X).

We also have dim X, 7}, X, smoothness, ...

DEFINITION 4.12. Let X be a (pre)variety. An irreducible closed subset Y C X with
the canonical variety structure is called a closed subvariety of X. If you have a closed
irreducible subset, it is connected. Restrict the covering to this subset, and you get a
covering if this closed subset; restrict the homeomorphism and it will map to a closed
subset of a quasi-affine variety. You can check that the transition maps work out.

X Y
Z—V
If Z C X is closed the bottom map is a morphism.

EXERCISE 4.13.

[

DEFINITION 4.14. Let X,Y be two varieties. A continuous map ¥ : X — Y is called a
morphism if for any p € X, U 3 ©(p), f € O(U), we have

fove O (U))
(Continuity is needed, because we want ¥~ (U) to be an open set.)

4.3. Projective varieties.

DEFINITION 4.15. The projective n-space P" is the set
kn+1 - {07 70}/ ~
where (ag - --ap) ~ (Aag, -+, A\a,) where \ € k*.

REMARK 4.16. P" can also be regarded as the set of 1-dimensional subspaces in k1.

An element p € P" is called a point (even though it’s just an equivalence class). Any
(ag---ay) € pis called a set of homogeneous coordinates of p. We need to give a natural
variety structure; first we define the topology.

DEFINITION 4.17. An algebraic set in P™ is the set Z of zeroes for a set of homogeneous
polynomials f1 -« f,:
Z=V(fi-- fr)={p€P": *holds:}
20



MATH 232A XINWEN ZHU LECTURE 5

(*) If (a1 - - ay,) are homogeneous coordinates of p
then fl(a0"'an) = ... = fm(ao’... 7am) =0.

Let I = (fi---fr). Then I is a homogeneous ideal of k[zg---z,]; i.e. if f € I and
f =2 qfathen fqg € I. Thereis a result of commutative algebra that said that any ideal
of homogeneous polynomials has a finite set of homogeneous generators.

So an algebraic set in P" is given by homogeneous polynomials.

LEMMA 4.18.

o V(klzy.. 1)) = V(x1...2y) =0, and V(0) = P"
o V(Unln) =NaV (1)
° V(Il N IQ) = V(Il U V(IQ))

Unlike the affine case, you can have two radical ideals corresponding to one set.

DEFINITION 4.19. (Zariski topology on P") We need to choose a set of subsets that are
closed: these are the algebraic sets.

THEOREM 4.20 (Hilbert’s Nullstellensatz). For all homogeneous I and all homogeneous f
with deg(f) > 1, then

feVI < f vanishes on V(I)

COROLLARY 4.21. Algebraic sets in P™ are in 1-1 correspondence with homogeneous radical
ideals. contained in (Xo---X,) = S4+.

PROPOSITION 4.22. Let I be a homogeneous ideal in S = k[xg...xy] (this will denote a ring
with a grading; the un-graded ring will be denoted k[zg...zy]). From commutative algebra,
VT can be written as an intersection of minimal prime ideals containing this radical:

V=100,

Then the P; are homogeneous.

PRroor. Exercise. =

COROLLARY 4.23. V(*B) is irreducible iff B is a homogeneous prime (in S ). Furthermore,
every algebraic set in P™ can be uniquely written as the union of its irreducible components.

DEFINITION 4.24. A projective variety is an irreducible algebraic set in P". A quasi
projective variety is an open subset of a projective variety.

PROPOSITION 4.25. P together with the Zariski topology has a natural variety structure
over k. (So every projective variety has a natural variety structure.)

21
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5. September 22

RECALL that we had introduced the projective n-space
P" = {(ag---an) € k"™ =0}/ ~

We can define the Zariski topology on P", where the closed subsets are V' (I) where I is a
homogeneous ideal.

PROPOSITION 5.1. There is a natural variety structure on P™.

PRrROOF. The idea is to cover it with some cover, each of which is isomorphic to an
affine variety (not just a quasi-affine). Let H; = {(ap---an) : a; = 0}/ ~= V(z;). This
is closed. Let U; = P™ — H; this is open, and the collection of these cover the whole
projective space. Now define ¢; : U; — A™ where (ag---an) = (52, - ,%, o, ). This
is a bijection. We need to show

(1) ¥; is a homeomorphism
(2) Yio SDj_l is a morphism

Because it’s bijective, we just need to show that closed subsets go to closed subsets. Let
I C S be a homogeneous ideal (remember S is the polynomial ring of n + 1 variables, but
regarded as a graded ring). Without loss of generality take i = 0. Then we need to show
Yo : UpNV(I)— A™ goes to a closed thing. Define

I ={f(1,---xn) : feTI}Cklxy..2n)

But

a an i
UonV(I) ={(ao---an) : flao-+ an) =0Vf €I}t {(ao---ay) : g(a*;,‘-' ") =0vge '™}
Note that (gt ---¢2) = (1, % -~ ¢2) because things are homogeneous. On the other hand,

let I C k[z1...x,,] be any ideal. We define I" C S where

d I €z
"= {ays (22 e )

Zo

?i(UonV(IM) = V(I)

Now assume ¢ =n, j = 0.
oyt i AM\{x +n #0} = A"\ {x1 # 0}
1 al an,l)

(alan)p_)(i —_— .
This pulls back coordinate functions to regular functions, by definition:

ay,’ Gn G
.
((pn o QOO_I)*(xO) _ i+1

n

This is the ratio of two polynomials, so it is a regular function.

22
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In particular, every “projective variety” (i.e. V() C P") is actually a variety.

EXAMPLE 5.2. V(zy — 22) C P2

Up = {(2,y,2) : & # 0} = A?
Vizy —2)NU, = V(y - 2%)
This is a parabola. [ think that you can take x =1 because x # 0 and we’re working with

homogeneous coordinates. So choosing which “thing to set to 17 is basically like choosing
charts.

U, ={(z,y,2) : z#0} = A?
V(zy —22)NU, = V(zy — 1) C A?
This looks like a hyperbola. So in projective geometry, there is no difference between a
parabola and a hyperbola.

the homogeneous
S. (The ideal is a

Let Y = V() C P" be a projective variety. We denote S(y) =

coordinate ring of Y. So S(Y) is a graded ring given by the degree o
homogeneous ideal, so the grading descends.)

SY)=®4S(Y)a

By the equivalence of categories in the affine case, the coordinate ring is the same as
the variety. But this does not work in the projective case. You could have isomorphic
projective varieties with non-isomorphic coordinate rings.

v—h‘B\CD

This coordinate ring determines Y, but you could have different S(Y) for the same Y (777).
Let B’ be a homogeneous prime ideal of S(Y). In other words, you have a homogeneous
prime ideal containing B and its quotient is ’. We denote

S ) = {ch : f,9, homogeneous, degg = deg f,g ¢ P’}

PROPOSITION 5.3. Let Y = V() be a projective variety, p € Y and my, the homogeneous
mazximal ideal corresponding to p. Then

Ovp = S(Y)(m,
(2) K=Fk(Y) = S( Yoy = {I-{meqd} - fog € S, deg f = degg,g ¢ B}
oY)=k

Rational functions can always be written as a quotient of fractions where the denominator
does not vanish in the localization. This is the same as requiring g ¢ my,.

PROOF. Let Y; = Y N U; where U; was the open subset {(ag---a,) : a; # 0} from
before. Observation: there is a natural isomorphism

23
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Assume i = 0. Thereis amap k[z1 -+~ zn] = S(z,) given by f — f(3L---2). Wail...aren’t

2 o ’
we supposed to be dividing by everything that’s not zo? Via this map, P — BS(0)-
So Yy = V(B).

Now (1) and (2) folow from the corresponding facts for affine varieties. That is, we can
assume p € Uy NY =Y. So

Oyvp = Oypp = AY0)min = (S(Y) (ap))

Po(my) = mpS(Y) ()

The localization is transitive, so this is S(Y )m,.

Now we will do part (3): we want to show that O(Y) = k. Let f € O(Y) — k(Y) =
S(Y) ) C L, where L is the fractional field of S(Y’). Recall that Y is covered by Y; (which
are each Y N U;). Each regular function on Y gives a regular function on Y;:

oY) — ﬁ OY3)
=0

But O(Y;) = A(Y;) = S(Y)(4,)- So for each i there is some N; such that
XVifesy)

Now let N > > N;. Then S(Y)n - f C S(Y)n. This is because every element in S(Y') is
spanned by monomials: z(°,--- Now watch the degrees (?) So for all m, S(Y)n - f™ C
S(Y)n. Each S(Y)n is a finite-dimensional vector spaces. f is a map S(Y)ny — S(Y)n.
There is some m such that

" arf" P4 am=0:SY)y = SY)n
implies f™ 4+ a;f™ ' 4---4+a, =0in L.

(S (Y)(O) requires that the denominator is always homogeneous; this is not a requirement
in L.) k is algebraically closed in L, which implies f € k. This proves that every regular
function on a projective variety is a constant. H

5.1. Product of two varieties.

DEFINITION 5.4. Let X,Y be two varieties. The product X xj Y is a variety together
with two morphisms X x Y — X, X xY — Y (projections), such that for any other
variety Z the natural map Hom(Z, X x Y) — Hom(Z, X) x Hom(Z,Y') is a bijection. So
we have a diagram

Z=XXxXY X xY

pry
p

X Y

THEOREM b5.5. The product of X andY exists, and is unique up to a unique isomorphism.
24
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PrOOF. Uniqueness is clear.

Existence: there is a natural variety structure on the set X x Y, making it the product
X Xk Y.

(1) If X and Y are affine, then U; X Y exists.
(2) Let {U;} be a cover of X, and each U; X} Y exists, then X xj Y exists.

This proves the theorem, because you can cover X by affines X = UU; and Y = UV;.
Then each U; X}, Y exists, because (by (2)) each U; x; V; exists (by (1)). Applying (2)
again says that X X Y exists.

{ affine varieties over k} = {f.g. integral k-algebras}

In the forwards direction, X — O(X) = A(X). In the backwards direction, write
Spec(A) <+ A.

LEMMA 5.6. Let Z be any variety, and X be affine.
Hom(Z, X)) — Homy_q4(O(X),0(Z))

is bijective. (We proved this for quasi-affine varieties, but now we claim it for all varietes.)

Proor. Cover Z = UU; by quasi-affines. Then Hom(Z, X) — [[, Hom(U;, X) by
restricting the elements of Hom(Z, X). We can further restrict them to the intersection
of two quasi-affines:

Hom(Z, X) — [ [ Hom(U;, X) = [ [ Hom(Ui n Uj, X)
The middle set is the equalizer. Hom(Z, X) is the equalizer of
[[Hom(U;, X) = [[ Hom(U; nU;, X)
i

Concretely, this means: a morphism ¥ : Z — X is an equivalence to ¥; : U; — X such
that

Wi‘UmUj = SO,]’UZQUJ
o(z) - [[ow) = [[owinuy)
(A function on Z is the same as a function on U; that coincides on the intersection.)

Hom(Z, X) [[Hom(U;, X) [[Hom(U; N U;, X)

- . 5

Hom(O(X), 0(Z)) — [ Hom(O(X), O(U;)) —= [[ Hom(O(X), O(U; N U;))

Check the injectivity /surjectivity by diagram chasing. (Exercise.)
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Back to (1). Let X,Y be affine. A = O(X), B = O(Y). Then A ®; B is a finitely
generated integral k-algebra.

A=klzy-x]/(f1 fm)

B =Fklyr---ysl/(g1--- gt)
Then
A®kB:k[xl"'mmyl"'ys]/(fl"'fmygl"'gt)
You can show that

Spec(A® B) =V (f1--- fm,g1---g1) C A"
The underlying set is the underlying set of X times the underlying set of Y.
CLAM 5.7. Spec(A®, B) =X X, Y

Hom(Z, Spec(A ® B)) = Hom(A ®; B,0O(Z)) (by the lemma) as k-algebras. By the
definition of tensor products,

..+ = Hom(A, O(Z)) x Hom(B, O(Z)) = Hom(Z, X) x Hom(Z,Y)

=

EXAMPLE 5.8. A" x;, A™ = A"*™_ But the topology on A" x A™ is not the same as the
product topology on A™ x A™,

Rest of the proof: homework.

=

EXAMPLE 5.9. P" x;, P™ exists. What is it? We know that P" = U;U;, P™ = U;V;. We
have a lemma, which is proven in the homework.

LEMMA 5.10. If U C X open, then U X Y is equal to U x Y C X X Y with the induced
topology.

P" x, P = U(ZjZ Xk ]P)m)
= Ui,j(Ui Xk Uj)

where each piece is isomorphic to A™m.

6. September 27

6.1. Products of projective varieties. Last time we defined the product of two
varieties. Consider P x; P™. If we write P" = UU; and P™ = UV; where each U; and V;
is isomorphic to the affine space, then we have an open cover

P" x, P = Ui,jUi Xk V}
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where U; x Vj & A™ xj A™ = A™T™,

LEMMA 6.1. The topology on P™ x; P™ can be described as follows: closed subsets are of
the form V(f1--- fn) where f; € k[xo - Tn, Yo - yn] that are bi-homogeneous; i.e. we can
write

nb m
fi= > (coef f)zfe - airyle - yby

a0+"'+an:d
b0++bm:€

We call (d,e) the bi-degree of f;.

Proor. We know the topology on U; x V;, because we have an isomorphism

P,xP,
Ui x Vi 7557 AT s A™ = AT

where the LHS has the Zariski topology. (When we write A" x; A™ we mean the topology
inherited from this particular construction of product, not the usual product topology.)
It suffices to show that

(P x @) (Ui x V) NV (f1--- fN))

are the algebraic sets in A"™™. This is the same as when we showed that ¥; : U; — A" is
a homeomorphism.

=

Our next goal is to show that P™ x P™ is a projective variety: it is isomorphic to some
projective variety (a closed subvariety of some P¥).

DEFINITION 6.2. Let ¥ : X — Y be a morphism of (pre)varieties. (So far when we
say “variety” we mean “prevariety”; we will remove this later by imposing an additional
condition.) We say that ¥ is a closed embedding if ¥ is one-to-one on to an irreducible
closed subset ¥(X) C Y (therefore ¥(X) has a variety structure) and ¥ : X — ¢(X) is an
isomorphism.

THEOREM 6.3. Let N = mn + m +n. Then there is a natural closed embedding
s: P x; P — PV,

called the Segre embedding.

COROLLARY 6.4. Let X,Y be projective. Then X X Y is projective.

PROOF OF COROLLARY. This follows from the theorem and the following lemma:

LEMMA 6.5. Let ¢ : X' — X, ¢ :Y' =Y be closed embeddings. Then @ x 1) : X' x, Y —
X Xk Y.

=

PROOF OF THE THEOREM. We will define the map (ag---an),(bo---bm) — (aibj)
where 1 <7 <n+1,1 <b < m+ 1. First, we show that it is a morphism. This is
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a local condition, so we can check on each piece of an affine open cover. Suppose P" has
coordinate functions g - - - 2,,, P™ has coordinate functions yg - - - Y, and PV has coordi-
nate functions z;;. Let U;; = PN — H;j where H;; = {z;; = 0}.

UZ' X V} ® Ui‘
i(toiXSOj icpw

An X Am Amn+m+n

where the left vertical map takes (ao -+ an)(bo - -+ bm) = (32 -+, Z:z ), (2—2 e bb—’;l). The
right vertical map takes (¢;;) — (J22 ... fmn) Then the bottom map is ¥;gj, © s 0 (P4 X

CigJo CigJo
®j,)1. When you restrict s to U;, x Vj, it’s not hard to see that it goes to the right place.
Yoooso(Pox¥o) = (1 xn) (Y1 yn) = (T Tny Y1 - Yo TiYi)

is a morphism.

We want to show that s is injective. Suppose s(a,b) = s(a,b"). This means that a;b; =
Aaéb} (they represent the same point in projective space), for any 4,j. So there are some
io, jo such that a;, # 0 and bj, # 0. So (a,b) € Ui, x Vj. 0 # a;pbj, = Aa; b, and so
(a’,b’) € U, X Vj()'

big
bjo

Let p= Zfo and v =

10

. A=p-v. From
a;bj, = )\a;b;b = a; = pa;, = a=ad.

Similarly, b = b'.

Let B = ker(k[z;;] = klxo - Tn,Y0 - ym]) where the map takes z;; — x;y;. You can
check that 3 contains the ideal

B = (zijzree — ziezk;)
Obviously, s(P"™ x P™) C V() C V(P'). We now prove that the map is onto this closed
subset: s(P" x P™) = V(). In particular, V() = V(). So the radical of P’ is P.
(Actually, B’ is the same as P.)

Let (cij) € V/(P'); this means that ¢;jcpe = ciocr;j. This means that there is some ¢;j, # 0.,
Ci g, Cing
and hence (c¢;;) € Usj,. Let a; = ﬁ € P" and b; = ﬁ e P™. So
Cor Co i CoiCh
s(a,b) = (aibj) — ool _ U_ZO]O (Cij) S ]PN

2
Ciojo

From this argument we have that s‘l(Uij) =U; x3 Vj.

Finally, we show that
s: P xp P — V(m)
is an isomorphism iff

sTLV(R) — P ox, P
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is a morphism. But we only need to check on affine opens.
sl V(B) NUipjo — Uig X Vi
We need to check this is a morphism. Consider 7o = jo = 0. We have

g1

st V(B)N Uigjo — Uiy X Vjy

m{ coords

Amn+m+n o Uiojo
The vertical map is a closed embedding, and hence a morphism. The composition is then a
morphism. We are done. The reverse direction of the diagonal map is (aq - - - apn, b1 - - - by,) —

(a1 -+ an, by b, byj).

6.2. An important class of projective varieties.

DEFINITION 6.6. A hyperplane in P" is defined by a linear polynomial V (agzo+: - - .+anxy)
(a hypersurface where the defining polynomial is linear). A linear variety in P™ is the
intersection of hyperplanes. A linear variety of dimension 7 is also called an r-plane.
1-planes are called lines. For example, H; = {x; = 0}.

LEMMA 6.7.

(1) Let X C P™ be an r-plane. Then X = P" and I(X) can be generated by n —r
linear polynomials. (i.e. the intersection of planes is a plane!)

(2) There is a natural bijection between (r+1)-dimensional sub-vector-spaces in k™
and r-planes in P". (Just consider L — X = {(ag---a,) € L = {0}}/ ~; this
turns out to be a bijection.)

DEFINITION 6.8. The Grassmannian G(r,n) is the set of all r-dimensional subspaces in
k™ (equivalently, the (7 — 1)-planes in P"~!). For example, G(1,n) = P"~ 1,

NOTATIONS 6.9.

e G(r,n) is also denoted as G(r — 1,n — 1).

e Let V be a finite-dimensional k-vector space. Then G(r,V) is the set of all -
dimensional subspaces in V. (No need to choose a basis.) In particular, G(1,V)
is denoted by P(V).

THEOREM 6.10. G(r, V') is naturally a smooth projective variety of dimension r(n —r),
where n = dim V.

PRrROOF. We could try to embed this in a projective space. Or, we could give it a cover
which gives it a variety structure, and then embed into projective space. We will do the
latter.
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Let {e1---e,} be a basis for V. For each I C {1---n} of cardinality n — r consider
k' = span{e;,i € I} C V. Let
Vi={LCV :dimL=r LNkl =0} c G(r,n)
Notice that
¢rv)= |J w

Ic{1--n}
[I|=n—r

We claim that there is a natural bijection ¥; : Vi = A=) Ip fact, there is a natural
bijection
Vi = Hom(V/E! KT)
where the second thing is = M, _,)x,(k), the set of (n —r) x r matrices = A=17 (and
I¢ means the complement of ). The thing on the left is r-dimensional, therefore we can
take the graph. The backwards mapis ¥ — V = k" ®k! D ['p. The other direction takes
L to the map
LcV >k Lcv kA

Explicitly, this means each L C V; determines uniquely
(vp-vy) = (€1 en)
Each L C v; is uniquely given by a basis as follows: have the matrix A where the top half

is the identity matrix and the bottom is

Qr41,1 -~ Qrylp
a/n71 .. a]n7’r‘

It is not hard to show ¥ ;o 901_1 is a morphism. Therefore, there is a variety structure on
G(r,n).

We want to construct a closed embedding 1 : G(r,n) — P¥. There is a natural closed
embedding; this is called the Pliicker embedding. Let W = A"V. Then W is a vector
space with dim W = (’;‘) For each L € G(r,n) we can associate a vector, up to scalar.
Namely, we choose a basis vy - -- v, € L (for example, the standard basis). This gives us
a vector v A --- Av, € W. This depends on the basis, but the difference depends on the
determinant of the transition matrix. So it is unique up to scalar. We can define a map

Y:G(ry,n) = P(W) Le—uvA---Avp = [L]

This is called the Pliicker embedding. Consider ¢ : Vi — P(W), where I = {r +1---n}.
We have standard coordinates (ay) with J C {1---n} and |J| = r. Every element in W

can be written
Zajejl N Nej,
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where J = {j1 < --- < j.}. We have
(Ul"'v'r):(el"'en)A

where A was the matrix from earlier; the map takes this to the » x r minors. ay is the
determinant of something, where the rows are chosen according to J. This is a polynomial
map.

Next, we show that ¢ is injective. We can recover L by its image.
L={veV :vA[L]=0in A"V}
In other words, L is the kernel of A[L] where A[L] : A""!V is the map that takes v — vA[L].

Now we want to characterize its image: it is an irreducible closed subset in W, but we
will not write down the generators of the basis. Let w € W.

QUESTION 6.11. When can w be written as w = v; A --- A v,.? (When this happens, we
say it is decomposable.)

Obvious condition: the kernel of Aw has dimension > r, where
AV — ATV
We have the following easy lemma:

LEMMA 6.12. Let w # 0 € W. Then dimker(Aw) < r, and equality holds iff w is
decomposable.

PROOF. Use linear algebra. =

We have
§:W — Hom(V,A""'V) > {¢ : rk¥ <n—r}
and ¥(G(r,n)) is exactly 6 1{¥ : rk¢ <n —r}.

7. September 29

We continue to study the Grassmannian, G(r, V') = {r — planes in V'}. We constructed a
map

Y G(r,n) — P(W)
and showed that it was injective. We want to describe the image of ¢. Let w € W — {0}.
When does w =v1 A+ Av, <= w € Y(G(r,n))? (If w has this property we say that it
is decomposable.) Then if Aw : V — A"V then

w € Imy <= dimker(Aw) >r

Consider
§: W — Hom(V,A""'V)  w s Aw
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A linear map induces a map between projectivizations of vector spaces. So A induces a
map
§: P(W) — PHom(V, A"H1V)
Let Z,.(V,A""'V) C PHom(V, A""1V) be the set
{p: Vo AV ke <n—r}
Then $(G(r,n)) = 5~ (Zuo(V, A™1V).

Digression. In general, let V7, V5 be two vector spaces, and let Z4(V1, Vo) C PHom(V;, V3)
be defined as {¥ : Vi — Vo : rk¥ < d}. Then Z;(Vi,Va) is an algebraic set in
PHom(Vi, Vo). In fact, Z;(V1, Va) is a projective variety called the determinantal variety.
(It is the variety generated by the (d+1) x (d+ 1) minors.) This shows that ¥'(G(r,n)) is
closed, and we have characterized the image as (G (r,n)) = 6 1 (Z,_,(V,A""1V)). (When
d =1 Z; is smooth; otherwise it is singular.)

REMARK 7.1. Recall we have defined the embedding s(P™ x P""). This is exactly the deter-
minantal variety Z;(k"*!, k"*t1). (We wrote down quadratic polynomials that generated
the variety. . .)

determinant

We want to show that ¢ : G(r,n) — (G(r,n)) is an isomorphism of varieties. First
we need the target to be a variety. (Why is it irreducible?) First we need it to be a
homeomorphism, and you get the variety structure from there. In fact, it is an isomorphism
of projective varieties.

It is enough to cover this with open affines, and show that each piece works out. So take
the restriction

v : Vi > Ur=P(W)—{a; =0}
Elements in W can be expressed as ) aje;, where e; = ej A--- Aej, for j; < --- < j,
and J ={Jy---Jy}. Also, U C {1,2,--- ,n} and |I| = n — r. Recall that elements can be
expressed as a matrix

1
1
Gr41,1 o Qryln
am’ .y

Take the 7 xr minors of this matrix; take one row upstairs and one row downstairs (uhhh?).
Let a; = the set of r x r minors for J, where J = {1,2,---4,--- , 7} U j. aj = aj;. We
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have
Vi ——=UrNyG(r,n)

|~

Ur

Somehow this shows that ¢~! is continuous and in fact a morphism.

Now we can say that the Grassmannian is a projective variety.

REMARK 7.2. The ideal of

YG(r,n)
can be generated by quadratic polynomials, called the Pliicker relations.
DEFINITION 7.3. A correspondence from varieties X to Y is a relation given by a closed
subset Z C X X} Y. (Since X and Y are varieties, now we know that the product exists,
and that it is a closed subset.) Assume X,Y quasi-projective. Z is said to be a rational
map if Z is irreducible and there is an open subset Xy C X such that every point z € X
is related to exactly one point in Y.

7 is said to be birational if Z C X x, Y and Z7! = {(y,2) € Y x, X : (2,y) € Z} C
Y X X are both rational.

REMARK 7.4. From now on we will always write X X Y to mean X x; Y.
NOTATION 7.5. A rational map from X to Y is also denoted by f: X --» Y.

EXAMPLE 7.6. Let X be projective, and f € k(X) be a rational function. Then f gives
rise to a rational map f : X --» P!. The rational functions are:

E(PY) = k(t) = k(X) z+— f
k(U) is the fractional field of O(U). k(X) — {0} is the same as k-algebra homomorphisms
k(t) — k(X). Because X is projective, f can be written as a ratio of two homogeneous
polynomials of the same degree: f = { for g,h € k[zg---x,] (¢ must be invertible; it
cannot map to zero.) Define

Xo=X-({g=0}n{h=0})
Now define

F:Xo—=P' pr (9(p), h(p))

This is well-defined because we were assuming degg = degh = d. Now let yg,y1 be the
homogeneous coordinates on P'. Then V (yoh — y1g) C P" x P! where the things inside V'
are bi-homogeneous of degree (d, 1). Let

Z =V(yoh —yig) N X.
Over Xy, the intersection
prY(zo) N Z inside X x P!
is just the graph of F, i.e.
pr Y zo)NZ = {(z,F(z)) : = € Xo}

In fact, pr : Z Npr~Y(zo) — o is an isomorphism. There is a map backwards by the

universal property of the product.
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Now let Z* be the closure of Z Npr—!(zg) in X x P!. When you restrict to Xg, you have
a graph; but it could be more complicated (not irreducible) outside Xy. But inside Xj,
Z N pr~1(Xp) is irreducible. Taking the closure Z* is irreducible and Z* N pr—1(Xy) =
Z N pr~1(Xgy). Therefore, Z* is a rational map. Every point x over Xy is related to
F(x) € P! by Z*.

If £(Y) C k(X) then we get a rational map X --» Y.

ExAMPLE 7.7 (Projection from a point, blow up). Let O = (0,0,---,1) € P". Let
p:P"—{0} — P" ! take (ag, - ,an,) — (ag, -+ ,an_1) be the projection. p is a morphism.
p~(p(x)) is the line joining O and z, without the point O. You can show that there is a
unique line through two points in projective space.

Consider Z = V(x;yj — yi%j)o<ij<n—1 C P x P"" L Z =TpUpr~1(0) =TpUP" L. The
whole fiber is always inside Z. Call the embedded P"~! = E. By definition, Z is closed.

CLAIM 7.8. Z is irreducible.

PROOF. Z Npr~1(P® — {0}). This is nothing but the graph T'p = {(z,p(z)) € (P" —
{0}) x P»~1}. Then I'p is irreducible. To prove the claim, it is enough to show that
Z = Tp. (The closure of an irreducible topological space is irreducible.) Let ¢ € P! let
l, =p Hq)U{0}. tisalineinP". ¢, C P"x{q} C P"xP" !and (¢{,—{0})x{} CcI'p C Z.
In particular, (O, ¢)¢; x {g} lands in the closure I'p. (The point is in the closure of the
graph.) E = {O} x P"~! ¢ T'p implies Z C I'p. =

So Z is irreducible, and is a projective variety called the blowup of P at O. When you
restrict pr : Z — P", then

prtO)=z Pl =F
where E is called an exceptional P*~! divisor, and pr : Z—FE — P"is 1-1. (You replace the
origin by P"~1.) (Imagine turning a pair of intersecting curves into a helix; the crossbars
are the ¢, x {q}.)

DEFINITION 7.9. Let X C P"! be quasi-projective. Assume O € X. The blowup of X
at Ois pr—3(X —0) C Z.

X -{0}—=X—»7Z
l lpT’ lp'l’
X -—{0}—— X——P"
where X = pr 1 (X — O) € Z. The Z in the top right is the blow up of P" at O.
Now, for arbitrary quasi-projective variety containing this point, we can define the blow

up as the preimage of X — {0} in Z7
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EXAMPLE 7.10. y? = 23 + 22 C A% C P? contains the point O = (0,0,1) € X. Let X
be the blow up of X at O. (Remember, this has a loop at the origin.) Let (u,v) be
coordinates on P'. Then the blow-up is given by

Z =V(zu—yv) C P? x P!
Now take the blowup of X. Let
pri(X) c P2 x P!
The whole preimage is given by
V(y?z — a3 — 222)
Look at pr~'(X) N Z > X. To get the intersection, we want to solve

e —ax3 —2%2=0

Just cover P! by two affines: u # 0 and later v # 0. That is if we have we are solving the

equations
zu—y =0 Y = TU
=
{y2—$3—$2:0 {:UQ(uz—a:—l)

This is not irreducible; it is given by two components
Viy—z,2*u? —2—1) =V(y —zu,u® —z — 1) UV (u— zu,z?)
(We're trying to calculate pr=!(X) N Z.) The second thing is the exceptional locus £ N

(A% x A'). The first thing is X, because when you map to X it is an isomorphism away
from zero. (The second one is totally contained in E.)

E U X is the preimage of X. We can remove E because it isn’t in the closure of
...something? We will see that X is smooth. pr—1(0) is given by z = 0,y = O;u =
lLLv=1Lx=0y=0u=—-1,y=1.

8. October 4

We will show that the class of algebraic varieties contains all the quasi-projective varieties.
Here is a corrected definition:

DEFINITION 8.1. A rational map is a correspondence Z C X x Y irreducible, such that
there is some Xo C X open and prx(Z Npry (Xo)) — Xo is an isomorphism.

(The previous definition works only when the characteristic is zero. Example: consider
the Frobenius map F : A — Al, where z — aP. The graph I'r C A x Al; the projections
are bijections. However, this is not a birational map; we will see that birational maps
induce an isomorphism of the function field. This does not: k(X) — k(X) is an injective
map of fields, but not an isomorphism. The graph is always isomorphic to the domain,

but the projection to Y is not an isomorphism.)
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Let O = (0,---,0,1) € P". We have a projection: p : P"—{0} — P"~1. We get the blowup
Blo(P") = Z C P* x P*~! that has projections to each factor. If we have a subvariety
X 3 O, then take pr~!(X —{0}) and take the Zariski closure; this is BlpX. The preimage
of O is called E, which was called an exceptional divisor; it is isomorphic to P*~!. (For
example, the blowup of a nodal curve was the union of the exceptional divisor, a copy of
P!, and the curve whose singular point had been separated into another dimension. The
original curve was not smooth, but after blowing up it is smooth.)

8.1. Resolution of singularity problem. Given an algebraic variety X, find
Y — X a birational surjective morphism with ¥ smooth.

Answer: Yes, if the characteristic is zero (Hironaka). Unknown, if char(k) > 0, unless the
dimension is 1 or 2. A common technique is to blow up the singular locus many times,
and we hope that we get something smooth.

EXAMPLE 8.2 (Incidence correspondence). Let C' C G(r,n) x P"™. Define
C={(L,z) : x €L}

We claim that C'is a correspondence. In fact, C' is a smooth projective variety of dimension
(r+1)(n—r)r.

PROOF. First, why is it closed? P* =P(V), dimV =n+1. Let ey - - - e, be a basis of

V. Let W = A"t'V. We had constructed the Pliicker embedding:
G(r,n) x P" vp P(W) x P*  where (L, z) — ([L],x)
Yoarer € W, I C {0,---,n} with cardinality r + 1. = € [L] iff [L] Az = 0, ak.a.
> arer A xie; = 0; this is a bihomogeneous polynomial of degree (1,1). This gives an
equation F(ar,z) = 0. So we can write
C=V(F)N @(G(v,n)) x P")
We need to show that it is irreducible and smooth. To do this, we claim that for each
I c{0,---,n} with cardinality n — r we have
pr_l(V[) NC==V; xPr

(It has an open cover such that the open subset is smooth. Check that the RHS is
irreducible smooth of dimension (r + 1)(n — 7) 4 r; use the homework that dim X x Y =
dim X +dimY".) I parametrizes coordinates in an n — r dimensional vector space; we get
amap I — k.

You can get a (n —r — 1)-plane k! /Image := M C P" so M = {(0,--- ,0,a1 - aGp_r_1)}
We get a rational map

py P —P" where (ag---ap) — (ag---ay)
and py/ (y) is an (n — r)-plane. I want to construct a map

Crpr ' (V) = Vi x B (L,z) = (L par(a))
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Remember LNk! = {0} sox € L = x ¢ M. (M =P(k"), and you get an isomorphism
between P and P(L).) =

DEFINITION 8.3. A morphism f: X — Y is called dominant if f(X) contains an (open)
dense subset. (Equivalently (7) require that the image is dense). A rational map Z C
X xY is called dominant if pry : Z — Y is dominant.

In the homework we have another notion of rational maps: if U C X is open, and f : U —
Y is a morphism. We call this

Maps(X,Y) " ={(U,f) : UCX,f:U =Y}
There is an isomorphism from this to Maps(X,Y )" given by taking the closure of the
graph of f. In the homework, we see that this is injective. But using the new definition, we
see that it is bijective. If there is some Xy C X such that the restriction pr—1(Xo)NZ — X

is an isomorphism, construct U = Xy and f to be the composition of this map with the
map to Y. The dominant condition just means: Z is dominant iff f : U — Y is dominant.

If f: X --»Y isrational, then f* is the induced map k(Y) — k(Y). If g € k(Y) then g
is a regular function of some open V C Y: g € O(V). Then go f € O(f~1(V)) C k(X).

ProproOSITION 8.4. Consider the functor
F : (alg.var)+(dominant rational maps) — (f.gen. field extn of k)+(k-alg. homomorphisms)

Then F' is an equivalence of categories.

Proor. We have a natural map
Maps(X,Y) %™ s Homy, qy(X,Y)

We need first to show that this is bijective; we do this by constructing an inverse. Let
0 : k(Y) — k(X). The function field of a variety is the same as the function field of any of
its open subsets. So we can let Yy C Y, Xg C X be affine opens, and Yy C A", etc. There
are some coordinate functions (yi ---yn). So 6(y;) is a rational function on X. 0(y;) is a
rational function, so 6(y;) = % for f; € O(Xp) and fo #0. Let U = X — {fo = 0} # 0.

0(y;) € O(U). A morphism U — Y that is affine is equivalent to a map O(Yp) — O(U).
This gives a map in the other direction.

(We claim that this is dominant: image dense <= image contains an open dense subset.
If U — Yp factors through Z C Y then choose f € I(Z) C O(Yy). Z C V(f). If it
vanishes on a set, then it vanishes on the pullback.) H

REMARK 8.5. The birational maps correspond to isomorphism; they are the invertible
morphisms in these categories.

Let K = k(xy---z,) be a finitely generated field over k. Take A = k[z1---z,] C K, a
finitely generated ring. Under the equivalence of categories, denote the image of A as
Spec(A); k(X) = K.

COROLLARY 8.6. Every algebraic variety X is birational to a hypersurface in P™.
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PROOF. Let K = k(X) be finitely generated over k. From commutative algebra, k is
algebraically closed so it is perfect. Therefore, K /k is separably generated. That is, there
are some 7 - - - 2, transcendental over k such that K/(k(x1---x,)) is finite and separable
(and hence generated by one element). So there is some y € K such that

K =Fk(zy---zp)(y).

y has some minimal polynomial y™ + ay(z1---2,)y" ' + -+ + ap(z1---2,) = 0; each a;
is an element of the field k(z1 - - - z,,) of rational functions, and so they can be written as
the ratio of two polynomials. So we can write f(z;---z,,y) =0 for f € k[x1---z,,y].

We have V(f) € A™*! an affine variety of dimension r and the function field k(V (f)) = K.

Therefore, X is birational to V(f), and therefore to V(r) C P"*!. (Birationally, every
variety is the same as a hypersurface.) =

THEOREM 8.7. The projection P™ x P™ B pm s g closed map. That is, if every Z C P"
is closed, then pa(Z) is closed.

We will prove this next time. But this is not the same as for affine varieties.

REMARK 8.8. We claim that A' x A' 23 A is not closed. For example, consider zy = 1:
V(zy —1) — Al — {0}.

COROLLARY 8.9. Let X,Y be projective varieties. Let Z C X XY be a correspondence.
Then pry(Z) is closed.

COROLLARY 8.10. Let Z C G(r,n) be a closed subvariety. Then the union

ULce

LeZz
18 a projective variety.

PROOF. C has projections to Z C G(r,n) and to P". Since Z is irreducible, pri*(Z)
is irreducible. UL C P™ = pop; H(2). =

COROLLARY 8.11. Let X C P* — {0}. Then po(X) is a projective variety in P"~1. We
have Z = BlgP"™ with maps to P* and X C P™. its image p;*(X) is still closed. The
projection is exactly the projection po(X); hence closed.

9. October 6

THEOREM 9.1. pg : P x P™ — P™ s closed.

DEFINITION 9.2. An algebraic variety X is called complete if for any algebraic variety Y,
X xY =Y is closed.

The theorem implies: projective varieties are complete. (But it’s not obvious.) Let X, Y, Z
be projective.
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COROLLARY 9.3. If Z C X XY is a correspondence, then pry(Z) is closed.

COROLLARY 9.4. Let AC X xY, BCY x Z be correspondences. Then
C=BoA={(z,2) e XxZ: yeY,(x,y) € A,(y,z) € B}

is a correspondence. (So you can compose correspondences.)

(If A and B are graphs of morphisms, then C' is the graph of the composition.)

PROOF. Consider X x Z "*"27 X % Y, X x Z,Y x Z. Then C = pi3(pt(A4) N
1
Dos (B)) s

COROLLARY 9.5. Let X C P™ be projective, with O ¢ X. Then po(X) is projective
and pg : X — po(X) = X' has finite fibers. In addition, dim X = dim Py(X) and
S(X)S"/1(X) is a finite module over S(X') = S"1/I(X").

PRrOOF. For any point y € P!, pi (V) = Al and therefore p;*(y) N X is closed in
Al. Tt can’t be the whole A'; X does not contain O. So py*(y) N X is finite. (What are
the closed things in A!!)

Say O = (0,---,0,1). Because O ¢ X, there is some f € I(X) such that f(0) # 0 and

f=2%+ai(zo---2p1)xdt + - +ag(zo- - 2n_1). So S(X) is generated over S(X') by

1,2, - ,2¢ 1 (It’s a finite module.) So S(X) is finite over S(X’), which implies
tr.d.pS(X) = tr.d. S(X")

Transcendental degree over an integral domain means the transcendental degree of the

fraction field. In the homework we defined the cone as a projective variety. But if we

remove one hyperplane, we can consider this as the affine cone; the coordinate ring is
exactly the affine coordinate ring. So the previous formula is

tr.dpS(X) "2 dim O(X) = dim O(X') = tr.dyS(X') = dim X = dim X’

=

COROLLARY 9.6 (Noether’s normalization lemma). Let X" C P™ be a projective variety.
(The superscript X" means its dimension is r.) Then there is some (n —r — 1)-plane
L such that X N L = 0 and pr, : X" — P" has finite fibers, and S(X") is finite over
S" = S(P") (homogeneous polynomial ring of r + 1 variables.)

If L =(0,---,0,ar41-" ,a,) then the projection P; means you project to the first r
coordinates.

PROOF OF COROLLARY. By induction. Choose one point, and use induction on n —r.

If n — r = 1 then there is nothing to do: choose a point, and do the projection py : X —
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Py(X) C P*~L. The target space is closed, and has the same dimension of X; therefore,
they coincide. In general, choose a point 0 ¢ X, and do the projection
Py:X - Py(X)=X cpv!
Choose some (n — 1) — (r — 1) plane L' € P"~!. Then
Py : X' = P, Py o Py = Pypan(1/.0)

But L is the unique linear variety containing L’ and the point O. =

PROOF OF THEOREM. Let Z — V(f1--- f;) be an algebraic set of P x A™. Closed
subsets in this product are given by polynomials which are homogeneous in the first
coordinates, and not in the second half of the coordinates. Let f; = fi(x1 - Tn,y1- - Yn)
be homogeneous of degree d; in X. pa(Z) b < {fi(x,b)} do not have common zeroes
in P". Equivalently, there is some N such that (zg---z,)" C (fi(x,b)--- f(z,b)) (the
radical). Let

Uy ={beA™ : (zg- - x,)" C (fi(2,b) - fr(x,b))}
A™ —po(Z) = Nn>1Un. It is enough to show that Uy is open. Let S = k[xo..z)] =
@D~ Sa- For b € A™ define a map Tb(N) :SN—d, D D Sn_g, — Sy that sends

(g1, gr) = > gifi(z,b)

This is a k-linear map between two k-vector spaces. This is given by some matrix; the
entries of this can be expressed as polynomials of b. Therefore, we get a map

T AT — Homy(Sn_q, ® - ® Sn—a,,SN)

and b e Uy <— Tb(N) is surjective. In terms of b, TN ) is a morphism of affine varieties.
Originally, we defined the determinantal variety as Z, C P(Hom(V,W)); now we have to
consider the affine version of this. Here, the cone is the affine cone.

Observations:

(1) T™) is a morphism of affine varieties.

(2) Let D = dim Sy —1. Then consider Zp the determinantal variety, which consists
of matrices of rank < D. This is a closed projective variety; it might not be
irreducible. Consider the affine cone

C(ZD) C HOIH(SN_GZ1 D---D SN—dT,SN)

is closed
(3) Therefore, A™ — Uy = (T'"N)~1(C(Zp))

We saw an example that A x A! — Al might not be closed. (?)

PROPOSITION 9.7. Let ¥ : X" — Y® be a morphism of (quasi-projective) varieties, r > s.
Lety € ¢(X7), and let W C ¢~ 1(y) be an irreducible component. (The fiber is closed, but
not necessarily irreducible; choose any irreducible component.) Then dim W > r — s.
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PRrROOF. By Noether normalization Y* C Y C P™ — P*
X' =Y > P°
It is enough to assume Y® = P® D A® because Y® — P? has finite fibers. We can assume
that Y = A% and y = 0. Let f; = y; o ¥ be the pullback of a coordinate function. Then

PH0) =V (f1-- fo)
It is enough to show: if X C A" (some arbitrarily large space) is affine then every ir-
reducible component of X" N V(f) has dimension > r — 1. (When we're all done with
the coordinate function y;, use induction). Assume S ¢ V(f). We want to show that
each irreducible component of X N V(f) has dimension r — 1. (It can’t have dimension
1, because we proved earlier that any subvariety has dimension < that of the original.)
Replace X,V (f) by their closures in P" D A™ (we're reducing to the projective situation.)

Then V(f) = V(F), where F is some homogeneous polynomial of some degree d.

Now consider the d-uple embedding; we can assume deg F' = 1. (The hypersurface be-
comes a hyperplane.) So V(F) = H is a hyperplane. (F' is the homogenization of f,
fdesf ¢ (i—é e %)) We want to say that each projective variety reduces the dimension
by one. We know this is true if the projective variety is projective space. Let O € H
with O ¢ X N H. Consider the projection Py : P* — P"~! (since we've used the d-uple
embedding, n might be different).

Py: P - P!
(H=P" ! - Py(H) = P" ')  where X --» Py(X)
Observation: Py(XNH) = Py(X)NPy(H). C is obvious. To get the other direction, let
W C X NH be an irreducible component. Py(W) is irreducible in Po(X)NPy(H). (Po(W)

is an irreducible component; need to check this.) By induction on n — r, dim Py(W) =
dim Py(X) — 1 =dim X — 1. But dim Py(W) = dim W.

Next consider if r = s. From the proposition we know that the fiber has dimension to
> 0; in this case we claim that the fiber has dimension zero. We know how many points
are in the fiber.

DEFINITION 9.8. Let ¥ : X — Y be a dominant morphism. We say that ¥ is separable
if k(X) is separably generated over ¥*(k(y)): it is a composition of a finite separable
extension and a purely transcendental extension. (¥ induces an inclusion from k(Y) —
k(X); regard this as a subfield.) This is not automatic: the field is not a perfect field.

ExXAMPLE 9.9. Let F': X — X be the Frobenius morphism. Then F'is dominant but not
separable. For example, X = Al; if you look at k(X) — k(X) the power map z + P,
this is not a separable field extension.

REMARK 9.10. From now on, assume every variety is algebraic. You can reduce the general
case to the affine case in the following.

PROPOSITION 9.11. Let ¥ : X" — Y" be a separable morphism of varieties of the same
dimension. Then there exists Yo C'Y open such that ¢~ (y) is finite, and

#97H(y) = [k(X) : k(Y)]

for y € Yy. Each fiber has one point; but the extension is not degree 1.
41



MATH 232A XINWEN ZHU LECTURE 10

Let’s start with a special case: k(Y) = k(X). We want a Zariski open subset in Y such
that the fiber has just one point. We can assume X,Y are affine (exercise). Let Y C A™,
X C A™. Let x1 - - - x,, be coordinate functions on A". ¥* induces an isomorphism.
e Hay) = :Ifl for f; € O(Y)
0

Consider Yy = Y — V(fy). The preimage of Yy contains only one point. Then ¥~1(y) =

(% e 5@’;((3))), for y € Yy (there is no other choice of point).

10. October 11

ProOPOSITION 10.1. If f : X" — Y* is a morphism (i.e. an r-dimensional variety to an
s-dimensional one), then for any y € Y*, and component W C ¥~ 1(y), dim W > r — s.

We reduced to proving this for affine varieties. Moreover, we can reduce to proving the
following claim. (Assume X, Y affine; replace Y by an affine space by Noether normaliza-
tion. A map x — Y is given by regular functions. Given one regular function, use the
d-uple embedding to make it into a hyperplane.)

Cram 10.2. If X C P™ projective, dim X = r, H a hyperplane. If X ¢ H then every
component of X N H has dimension r — 1.

Use induction. n = r is OK, because X is all of P and X N H 4s a hyperplane. In
the case r = n — 1, X = V(f) is a hypersurface. So X N H is a hypersurface defined
by f(zo, - ,Zn-1,0) (this polynomial might not be irreducible). Each component has
dimension n — 2 =1r — 1.

Now suppose n—1 > 2. Let O € H— X N H and consider the projection Py : P* --» Pn=1,
Then last time we said

Py(XNH)=P((X)NP(H)
Then Py(H — 0) is a hyperplane in P*!. Let W C X be a component. If Py(W)
is a component, of Py(X) N Py(H — 0) then we are done by induction. (By induction,
dim W = dim Py(W) = r — 1.) The claim is that if we choose the projection in a good
way, we can always choose Py(W) to be a component.

Cramm 10.3. Fiz W C X N H to be a component. We can find O € H\X N H such that
Py(W) is a component of Py(X) N Py(H — 0).

Say XN H = WUW?* where W* = Wy U--- U W, is the union of other irreducible

components. Then it’s enough to show that there is some point O such that Py(W?*) ¢

Py(W*). (We already know that Po(X N H) = Py(W) U Py(Wy) U --- U Py(Wy,).) Pick
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x € W\W*. Consider Py 'P,(W*) = C(P,(W*)). What is the dimension of W*?
dimW; <dimX —-1=r-1
Therefore, dim C'(P,(W;)) <r <n—1=dim H. The cone is inside H, because z and W*
are. So we can find a point
Oe€eH-C(P,(W")-W

It’s not inside the cone, nor inside W. Now do the projection Py : P* --» P! and we
find that

Po(X) ¢ Po(W™)
otherwise Py(x) € Py(W*) would imply that O is in the line joining = and a point in W*,
which would imply that O is in the cone C(P,(W*)). This is a contradiction, so we are
done.

What if X and Y have the same dimension?

PropoOSITION 10.4. Let ¥ : X" — Y7 be separable. Then there is some Zariski open
Yo C Y such that #971(y) = [k(X") : k(Y™)] for all y € Yy.

REMARK 10.5. This is not true if the separability assumption is removed. For example,
the Frobenius morphism from last time. Actually, the cardinality of the preimage is always
equal to the separable degree, and if the field extension is separable, then separable degree
= degree.

THEOREM 10.6 (Primitive element theorem). Let L/K be a finite separable extension.
Then L is generated over K by one element. In addition, if B1--- B, form a set of gener-
ators, then the generator can be taken to be

a:ZAiﬂi )\Z'EK

PROOF. First we can assumeX, Y affine. Now, we can assume
k(X) = k(Y)plf1, f € O(X)
©*: k(Y) — k(X). Consider
1
XAy xalhy

where z — (¥(x), f(z)) = @(x) and Z = 9(X). Then k(Y) C k(Z) = k(X), where the
second map is an isomorphism because k(Z) contains the preimage of the generator f of
k(X). Apply the case from earlier: there is some Zy C Z open such that #y~!(z) = 1
for z € Zy. Therefore, we can replace X by Z and assume X C Y x Al. Let P(t) be the
minimal polynomial of f.

P(t) =t"+ait" '+ 4 ap
for a; € k(Y). The a; are rational functions, but if we replace Y by the open subset Yy,

we can assume that they are regular functions. P(f) = 0; because it is separable (?) P(t)
and P’(t) do not have common zeroes. Let W C Y x Al be defined by

W={(yt) : 3 aily)r =0}

X C W. But what if there are other things in W7 Call these X*, so W = X U X*.
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We claim that #(X*) C Y. (So the image of the other components X* doesn’t take over
the image.) That is, there is some Y3 C Y open such that W Nn¢=1(Y) = X n¥~1(13).
The picture is

XY x Al
X lm
Y
In fact, let f; € kly, t] be the generators of I(X)
I(X) C kly, ] O(Y)[t] O(f)
k(Y)[t]/p(t) = k(X)
There is some byi(y) € O(y) such that b;(y) fi(y,t) C > ci(y, t)p(t) + I(Y).
Yi=Y - {Hbz(y) =0}

If (y,t) e W <= Y a;(y,t)t" % = 0, then b;(y)fi(y,t) = 0 = (y,t) € X, because
bi # 0 (so f has to be zero there). Therefore, the image must land inside the closed subset
defined by []bi(y).

Note that we can replace X and Y by open subsets, because the complement would have
lower dimension.

Summary: We know that k(X) = k(Y)[t]/p(t). This is basically saying that there is
some open subset Y; C Y such that this works on the level of coordinate rings:

O~ (V1) N X) = O(V1)H]/p(t)
Something (?) on the right is the same as P(W N ¢~1(Y7)).

Now replace Y by Y;. We can assume
O(X) = O(Y)[t]/p(t)
In other words,
X ={(y,t) : Y x Al : Zai(y)t”_i =0}
For fixed y, this is a degree n polynomial; it has n solutions. But all the roots might not
be distinct. #%~1(y) is just the number of roots of the polynomial > a;(y)t"~! = 0. p(t)

and p/(t) do not have common zeroes in k(y)[t]. This implies that there exist a(t), b(t) in
k(y)[t] such that a(t)p(t) + b(t)p'(t) = 1. Eliminate the denominators, so we can assume

a(t)p(t) + () (1) = e(y)
where @ and b are in O(y)[t] and 0 # ¢ € O(y). Over
Yo={yeY : c(y) #0}
p(t) and p'(t) do not have common zeroes. So for y € Y, the roots of )" a;
This implies #9~1(y) = n, where n = [k(X) : k(Y)].
44
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=

10.1. Separable morphisms. Let ¥ : X — Y be a morphism, ¥(X) = Y. This
induces a map of local rings
w* Oy@ — OX@
This pulls back a function vanishing on my,, to one vanishing at mx ,. In particular, ¥
induces a map d¥, of tangent spaces:

T,X T,Y

T

(mg/m3)* —— (m,/m})*

DEFINITION 10.7. The morphism ¥ is smooth at z if
(1) z (respectively ¥(z)) is smooth in X (respectively in V)
(2) dp, : T, X — T,Y is surjective

ProOPOSITION 10.8. Let ¥ : X" — Y*® be a dominant morphism .Then the following are
equivalent:

(1) ¥ is separable
(2) there is some Xy C X open such that ¥ is smooth at x € X
(3) there is some point x € X such that ¥ is smooth at x

If ¥ is the Frobenius morphism, then there is no point at which this is smooth.

PRrROOF. We can assume that X C A" and Y € A™ are affine.
X <—Tp——=A" x A"

N

So we can just assume

Let g1 --- gp € I(Y) be generators. ¥*(g1)---¥*(gp), f1,- - , fq are generators of I(X). For
reXandyeY

31 Of; af;
;X = {(glfner) € k"™ J §j+’n =0, Z / f] +Z J §j+n =
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This is the definition we gave at the beginning of this course. There is a projection of this

to
dgi
TyY:{(O""70a€n+1"'€n+m) . 875]‘5‘”:0}
Yj
The kernel of this projection d¥, is
~ Af;
{(élgn) : aif] :O}
— Jx;
7=1

This is just the kernel of the matrix (g:f; ) Now ¥ is smooth at z iff dimker d¥, = r — s.

Assume X and Y are smooth to prove the proposition. The dimension of the kernel is
always > r —s. (A linear map from r-dimensional space to s-dimensional space has kernel

with dimension > r—s.) This is equivalent to having rkg—ii > n—(r—s). This determines
an open subset of X. If this is nonempty then the second condition is satisfied. This shows
(2) < (3). Next time: (1) <= (2).

11. October 13

From last time, we were trying to prove the following proposition:

PRrROPOSITION 11.1. Let ¢ : X = Y be a dominant morphism. Then TFAE:

(1) ¥ is separable
(2) there exists Xo C X open such that ¥ is smooth for every point xz € X
(3) there is some x € X such that ¥ is smooth at x

Assume X,Y affine. We have already shown (2) <= (3). By replacing X by its graph,
we can assume X C A™ x A™. Also assume that X and Y are smooth. Then the map ¥
is just

XC—— A" x A™

T

Y— A™
(91---9gp) = 1(Y). We can choose f; such that (f1--- fg,%*g1---¥*gp) = I(X). Then the

tangent space is

Via d¥, this maps to T,Y = {(n1 -+ - ) : (g—z)n = 0} So the kernel of d¥, is {(&1--- &) -
(8L)¢ = 0} ¢ is smooth at z iff dimker(d®,) < r — s. Equivalently, rk(%) >n—r+s.

oz
{peX: rk(g)(x)Zn—r—l—s}CX

ox
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is open. (We know that the set of smooth points is open.) It is nonempty, so there is an
open subset where this is true. This shows (2) <= (3).
By the same trick used to get Dery(k(X), k(X)):
Deryyy(k(X), k(X)) = Deryy)(k(X) @o(x) O(Y), k(X))
={De De?“k(y (k(Y)[z1---2n], k(X)) : Dfi =0}

0 fi
= {(6 &) e (X Z%j;.

k(YY) ® O(X) = k(Y )[z1---an]/(f1- fq)
where I(Y) is generated by the f;. So

We used:

0
dimn Dery ) (K(X). (X)) = n = rhy ()

By the same argument as used in the smoothness proof, there is some Xg C X open such
that of of
TkR(x) 7 B Tk‘k(a (7))

for all x € Xg. We can multiply this by a matrix to eliminate denominators.

We want to show (1) = (2). Assume k(X)/k(Y) is separable. By a fact of commutative
algebra, this is equivalent to

dimyxy Derpyy(k(X), k(X)) =7 —s
where r = dim X and s =dimY. If L/K is a finitely generated field extension, then L/K
is separably generated iff dimy, Dery(L,L) = tr.d.;,/x. We used this earlier with K = k

and L = k(X). Now we use K = k(Y) and L = k(X). So there’s an open subset where
the rank of the matrix is n — r + s. So the points here are smooth.

REMARK 11.2. If ¥ : X — Y is smooth over Xy C X, then ¥ is dominant. (So the
assumption of dominant-ness in the proposition is not necessary.)

X LX) LY
APy — diy(x) o dipy
(X)) contains an open smooth subset Z of SO(X ). This is possible because the smooth
points are an open sets, and the image contains a smooth subset. (Open sets are dense.)
Z = ¢(X). I think we’re using the homework: the image of a constructible set contains
an open set. We get a factorization
db, T, X =>T,Z —=T,Y

The second map can’t be an isomorphism, because the dimension is greater on the right.
d¥, is not surjective; contradiction.

COROLLARY 11.3 (Sard’s lemma for varieties / Generic smoothness). Let char(k) = 0,

¥ : X — Y dominant. Then there is some nonempty Zariski-open subset Yy C Y such
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that

90‘80*1(}/0)@_1()/0) - Sing(X) =Y
is smooth. (We have to exclude the singular points of X.) (This is wrong for the Frobenius
morphism in characteristic p; it is dominant but nowhere smooth.)

PROOF. Assume X and Y are smooth. (We have already excluded the singular points
explicitly, so assume it was this way to start with.) Let Xy C X be the open subset such
that ¥ is smooth at x € Xy. X( is always nonempty, because we are in characteristic zero:
any dominant map is separable, since any field extension is separable. Let Z = X\ Xj.
We just need to show that ¥ = ¥|z : Z — Y is not dominant. The image of Z lies in a
proper closed subset; the complement of this subset is going to be Yy. If not, ¢ : Z — Y
is dominant, and there exists some Zy C Z open such that ¢|z, : Zop — Y is smooth.
(Again, dominant morphisms are separable.)

z5x 5%y
where the composition is 1. Choose z € Z;
dp, 2 ToZ — Tyz)(Y)
is surjective. This factors through 7, X via di, : T.X — T,z Y; but dip should not be
surjective. By definition, this is the point where the morphism is not smooth. B

PROPOSITION 11.4. Let ¥ : X — Y be smooth at x € X. Then there exists a unique
component Z of P~ (¢(X)) passing through . In addition, Z is smooth at x and dim Z =
dim X — dimY.

For example, consider X = (zy = t) C A3; this maps to Al by sending (z,y,t) — =.
Away from the axis, the fibers are hyperbolas; at the origin, the image is the union of two
coordinate axes, and is not smooth.

PROOF. Again, assume X and Y are two smooth varieties that are affine. Assume

X CA"xA™and Y C A™. (This is a statement about local things.) Choose g; - -+ gm—s €

I(Y) with independent linear terms. (X and Y have dimensions r and s, respectively.)

Let f1,--+, fo—r+s € I(X) such that f1--- frn—rts,91, -, gm—s have independent linear
terms. Because it’s smooth at the point, dimker d¥y =7 — s so

of

rk g

and so fi(z,0),- -, fn—r+s(x — 0) have independent linear terms. Consider the algebraic

set V(f1+ fa—rtss 91, s gm—s) = XUX' where 0 ¢ X’ (this was from. . . lecture 3-ish. . .)

Also consider

V(i faorg1 - Gm—ss 91+ Ym) =5 (0) N (X UX") =71 0) U (3 (0) N X) #0
But the set on the left is

(0,0)=n—r+s

A" D V(fl(:l:a 0) T 7f7l77“+8(x70))
Think of this A™ as A™ x {0}; this set is exactly ZU Z’ and 0 ¢ Z’. Comparing the

two sides, Z C ¥~1(0) is the unique component passing through zero. Z is smooth at
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zero, and so the dimension is the number of equations necessary to define it, which is
n—(nm—r+s)=r—s.

=

THEOREM 11.5 (Zariski’s main theorem, smooth case). Let ¥ : X — Y be a birational mor-
phism of quasi-projective varieties. Assume Y is smooth. Let Yo = {y € Y : #¢~1(y) =
1} (We know that there is an open subset of Y inside Yp.)

(1) @\8071(?40) : 7Y yo) — Yy is an isomorphism
(2) For any y € Y\Yy and a point x € ¢~1(Y) there ezists a subvariety E C X of
dimension r — 1 passing through z, and dim P(E) < r — 2. In particular, for any
y € Y\Yy, there exists a component in Y~ 1Y) of positive dimension.
Such E is called the exceptional divisor. (This is a generalization of the
exceptional divisor associated with the blowup.)

(AKA: If the preimage is not one point, then the preimage is a component of positive
dimension.) The assumption that Y is smooth is necessary: consider the map of Al to the
cuspidal curve y2 — 3. Every point has a unique preimage, but it is not an isomorphism.

PRrROOF. Let x € X and y € Y. ¥ induces a morphism of local rings
Y*: Oyy = Ox 4
that reduces to a morphism k(Y) — k(X). There are two cases. Let
Vi={yecY : Jzcv(y), ¢ : 0y, > Ox.}
Yo={yeY : Jzce (y),¢ : Oy, C Ox, Ve L (YV)}
Cramm 11.6. Y7 C Yy and Yo C Y\Yy. (All of this implies Y1 = Yy, Yo = Y\Y).)

Let y € Y. We have Oy, = Ox, for some point z € X. If 2/ € ¢=}(Y) is another point,
then

Oz,a: = OY,y C OX,x’
The claim follows from the following lemma:

LEMMA 11.7. Let X be quasi-projective, x and x' two points such that Oxz C Oxa C
k(X). Then z =12’

By some old homework, if there is an isomorphism between local rings, then there is an
isomorphism on open subsets.

PROOF OF LEMMA. Assume X C P” is projective: take its closure. Choose some
appropriate hyperplane that does not pass through z and z’; we can assume that X
is affine. (For quasi-projective varieties, every two points are contained in one affine

subvariety.) Now there is a 1-1 correspondence between points of X and maximal ideals
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of O(X). If one is contained in the other, then there is an inclusion of maximal ideals;
but since they’re mazimal ideals, then they are the same. That is,

OX@ - OX,/:E = My DO My
A, Ck(A)D Ay . =

We want to show that Yo C Y'\Yy. Take y € Y3, and consider the preimage. Let f € Ox
be such that f is in Oy,: that is, f = ¢*() for a,b € Oy,. (We're using the fact it’s
birational.) b(y) = 0. We need the following theorem:

THEOREM 11.8. If y € Y is smooth, Oy, is a unique factorization domain. (Using
smoothness!)

Proof: commutative algebra.

Now, because Oy, is a UFD, we can assume that a,b are coprime in Oy,,. Let b = gb’
where 8 is prime. Now P = O(Y) N 8Oy, is a prime ideal. Let E be a component of
V(¥*B) N X. The set of zeroes of this contain the point z. 3 is prime, so it will vanish at
y. So ¥*f will vanish at x.

dimE = r — 1 (we proved before that a component is cut out by one equation, as it
has dimension r — 1). ¥*(a) = f¥{(b) = f*(8)¥*(b1) which implies that ¥*(a) vanishes

on E. This implies a,$ vanish on ¥(E). But a,b coprime implies a ¢ . Therefore,
P(E)CVEP) QY and so dimP(E) <r —2.

y € Ys imlies dim ¥~!(y) > 0 implies y € Y'\Yp.

12. October 18

THEOREM 12.1 (Zariski main theorem, smooth case). Let ¥ : X — Y be birational, with Y
smooth. There is some Yo CY open and ¥ : 8071(Yb) 5 Yy and for every y € Y'\Yo, there
exists a subvariety E of dimension r — 1 through x € ¢~ (y) such that dim¢(E) < r — 2

¢:F— ¢(E) = dim¢ (y) >1

Recall the blowup of the point in the plane: V(zu — yv) = Z C A2 x P'. E is the
exceptional divisor. Choose O = (0,0) and P = (0,0,0,1) € E. (There is a map of local
rings Oz, <= Op1 o @ ¥* that is not an isomorphism.) Setting v = 0, we get the subset
V(zu —y). u € Ozp and you can write u = ¥*(¥) so in the proof x is an irreducible
element in the local ring. Choose E = V(¥*z) C Z — {v = 0} defined by = = 0. E is
defined by the pair zu —y = 0 and z = 0 so = y = 0; this is exactly the exceptional

divisor. = determines a variety of codimension 1 on the base copy of A?: this is what we
50



MATH 232A XINWEN ZHU LECTURE 12

denoted V(B). Since y does not vanish, the image of E is not the whole y axis: it is just
one point. The image of Z — {v = 0} is A2 — {# =0} U {(0,0)} (this is constructible: not
open or closed, or locally closed).

In the proof, we used the result that the local ring at a smooth point is a UFD. (Not
proven here; final project?)

12.1. Divisors. Let X be a smooth algebraic variety.

LEMMA 12.2. Let X be affine, and x € X. Let f € Ox, be an irreducible element (a
prime element, and in particular fOx , is a prime ideal). fOx, N O(X) =P is prime,
and X' =V (B) is a subvariety of dimension r — 1 containing x.

Conversely, if X' C X is a subvariety of dimension v — 1 and v € X' then there is some
irreducible element f € Ox 5 such that X' = V(B) and P = fOx, N O(X). In other
words, [(X") - O(X,z) = - O(X, z).

PROOF. By shrinking the affine variety a little bit, I can assume that f € O(X).
There exists some open U C X such that V(f)NU = V(P) N U. (Like in lecture 3, f
generates this locally (but maybe not globally).) Each irreducible component of this has
dimension r — 1 (it’s given by one function).

Conversely, choose f € I(X'). Then f is not a unit in Ox, (because it vanishes at a
point). Because it is a UFD, you can factor f into prime divisors, and then assume that
f is really a prime element. X’ C V(f) but they have the same dimension, so it is exactly
one component of V(f). So X’ = V(P). =

DEFINITION 12.3. Let X’ C X" of dimension r — 1. Let € X;. An element f € Ox, is
called a local equation of X’ at z if f- Ox = I(X') - Ox 4.

We showed that every smooth variety of dimension » — 1 has a local equation. Let X be
a smooth algebraic variety. The divisor group Div(X) is the free abelian group generated
by the codimension 1 subvarieties. (The codimension 1 subvarieties form a set; consider
the free abelian group over this set.) For example, elements in Div(X) can be written as

a formal sum
Sz

Z;CX
Zi codim. 1

where all but finitely many of the n; are zero.

DEFINITION-LEMMA 12.4. There exists a natural group homomorphism k(X )* — Div(X)
taking f — (f).
51



MATH 232A XINWEN ZHU LECTURE 12

CONSTRUCTION. Write (f) = > nzZ and we need to define ny € Z. Choose any
point x € Z. In Ox , choose a local equation f7. Then we can write

f= %fg g,h € Ox , and gh, f7 are coprime

Define ordz ,(f) = r for r € Z. (This is independent of the choice of local equation,
because these differ by a unit. Why? If f; and fo are two, then they divide each other,
because look at where they vanish. Up to multiplication by a constant, primes are in
1-1 correspondence with codimension-1 subvarieties.) Therefore, this is well-defined. We
claim that this does not depend on the choice of : more precisely, « — ordz ,(f) is locally
constant on Z and is therefore independent of the choice of x. (Z is irreducible, hence
connected, so we can drop the “locally” in the “locally constant.”)

In a neighborhood of x in X, UNZ =V(fz)NU so fz is a local equation for every point
y € Z. Because f = {f} (assume both g and h are regular functions on some open set
U), assume we have moved x to any point y € U. Also (gh, fz) = 1 because if fz|gh then
this would vanish on Z. ordz,(f) =r =ordz,(f) forally e UN Z.

CLAIM 12.5.

o ordz(fg) =ordz(f)+ ordz(g)
o ordz(f +g) > min{ordz(f),ordz(9)} if f+9#0

PRrROOF. Exercise. B

CrLAamM 12.6. Fiz f € k(X)* (nonzero rational function); then for all but finitely many Z,
ordz(f) =0.

PROOF. We can assume that X is affine: there are only finitely many closed subvari-
eties of codimension 1 in the complement; so we can ignore them. Almost all varieties of
codimension 1 intersect this open affine. f = { for g,h € O(X). ordz(f) #0 = Z C
V(gh) but the latter has only finitely many irreducible components. =

ordz(f) measures the vanishing order of f on this variety. If it’s a rational function, it
measures the order of the pole on the variety.

Finally, we can define nz = ordz(f). So define

() =S ords(f)- 2
=

If it’s a function over C there is a similar situation. Around the origin, you can always
write g = 2"; this is the same r as defined above.

DEFINITION 12.7.
Div’(X) = Im(k(X)* — Div(X))
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is called the group of principal divisors.
Pic(X) = Cl(X) := Div(X)/Div’(X)

is called the Picard group, or divisor class group, of X.

EXAMPLE 12.8. If X = A", then Pic(X) = 0. This is implied by the following fact: every
subvariety of codimension 1 is a hypersurface (we proved this a while ago). So each Z is
a principal divisor, and every divisor is in the image of this map.

If X is affine, then O(X) is a UFD iff Pic(X) = 0. Equivalently, a ring of integers is
a UFD iff its class group is zero. Assume that O(X) is a UFD. We need to show that
every subvariety of codimension 1 is defined by one equation. Use the trick from before:
let Z C X be codimension 1. f € I(Z) is not a unit, because it vanishes somewhere.
Factor f into prime divisors; we can assume that f is irreducible. We know Z C V (f)
but because f is irreducible, f is prime and (f) is a prime ideal. V(f) is an irreducible
subset, and it has the same dimension of Z; therefore, Z = V(f) (it’s a component, and
V(f) is connected since it’s irreducible).

Conversely, assume that Pic(X) = 0; we want to show that O(X) is a UFD. So every
subvariety is a principal divisor: Z = (f) . f € k(X). This implies that ordz f = 0
if Z/ £ Z and 1 if Z/ = Z. But in fact, f € O(X): it is enough to show that f €
Niex Ox.e = O(X). Every f can be written {; factor g and h into primes. The order of
fis > 0 for any Z, the denominator does not contain a prime factor. This shows that h
will not contain a prime element.

We are trying to show that O(X) is a UFD. If another function g € O(X) is irreducible,
then V(g) is irreducible. So V(g) is irreducible. Why? If Z C V(g) then we know that
Z = V(f) for some f, which implies that f|g. But g is irreducible, so f and g differ by a
unit. Therefore, this is a UFD. If g|fh then V(g9) C V(fh) = V(f) NV (h). Because V(g)
is irreducible, it is contained in one of the components. This implies that g|f or g|h.

ExXAMPLE 12.9. Say Z = P". We have the degree map deg : Div(X) — Z, where
Z =V (f) > deg(f) := deg(Z). The map is surjective, because you can take a hyperplane,
that maps to 1. The group Div®(X) of principal divisors is in the kernel of the degree

map: these contain ratios g where f,g have the same degree (these are homogeneous

n o
polynomials). If % where f; and g; are irreducible. The divisor associated to
e

this rational function is exactly > n;V(f;) — >_m;V(g;). These define a subvariety of
codimension 1. This goes to zero, because the degrees of the numerator and denominator
are the same. We know that

k(X)* — Div(X) S 7 — 0

is exact. The kernel is exactly the image of the principal divisors. If we have a constant
function, the associated divisor is zero. Let’s complete the exact sequence:

1= & — k(X)* = Div(X) 94 Z - 0
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If I have a divisor that maps to zero in Z I want to show that it is principal. Let D = > n;Z;
such that deg D = 0. Each Z; can be written as some V(f;). We can rewrite

;i 1_[7L>sznZ
fiZ: - “n;
H Hnj<0fj ’

where D = (%) All the things that were not really explained are an exercise.

Q =

ProprosiTIiON 12.10.
deg : Pic(P") 5 Z
and H — 1 where H is the hyperplane.

13. October 20

DEFINITION 13.1. A prime divisor is D = Z where Z is a subvariety of codimension one.
(i.e. a generator.)

An effective divisor has the form D = Y n;Z; with all coefficients positive.

PROPOSITION 13.2. Let f € k(X)*. Then (f) is effective iff f € O(X).

We proved this last time. Assume X is affine. It’s in the local ring if it’s in every coordinate
ting. Then ordzf > 0 implies f € O,y for all x € X.

COROLLARY 13.3. Let X be smooth (actually, you can just assume normal), F C X closed
of codimension > 2. Then O(X)=0O(X — F).

If T remove a subvariety of codimension 2, the divisor group will not change. Any function
f € O(X — F) defines a rational function on X, but the associated divisor is still effective,

so f € O(X).

REMARK 13.4. If U C X is open, then there is a natural restriction Div(X) — Div(U).
If X =UUV, then

0 — Div(X) — Div(U) ® Div(V) — Div(UNV)

is exact. In order to define the divisor on X, you just have to specify the divisors on U
and V that coincide on their intersection.

NoTATION 13.5. If a divisor D is effective we write D > 0.
DEFINITION 13.6. Assume X is projective. Let D € Div(X). Define
LD)={fe€k(X): f=0or (f)+ D is effective }

L(D) is a k-vector space. Last time we said that

ordz(f + g) > min{ordz(f),ordz(g)}

Also define
|D| = {effective divisors of the form (f) + D}
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This gives a natural identification |D| = P(L(D)). (By definition, this is the set of 1-
dimensional subspaces of £L(D).) If (f) + D = (g) + D then (f) = (g), or equivalently

(5) = 0. By the remark, this means 5 € O(X)*. But this is a projective variety, so

O(X)* = k*. We will see that £(D) is finite-dimensional. So B(L(D)) has a natural
structure as an algebraic variety.

DEFINITIONS 13.7. A linear subvariety of |D] is called a linear system. A linear system is
called complete if it is of the form |D|, for some D.

If D => n;Z; then Supp(D) = ﬂnﬁéo Z.

Let L be a linear system on X. The base points of L are defined to be
() Supp(D)

DelL

REMARK 13.8. One of the most important questions in additive function theory is to
calculate the dimension of a complete linear system.

EXAMPLE 13.9 (Some linear systems on a projective variety). Let X C P" and S(X)
be the homogeneous coordinate ring. Define a linear system on X as follows. Write
S(X) = ®S(X)4. Let f € S(X)4. The elements here are not really functions (they’re
only defined up to constant multiples because we are in projective space), but they do
make well-defined divisors. We want a divisor on X N (P"* — H;) where H; = V (z;). The

associated divisor (ﬁ) is an effective divisor on X N (P™ — H;). When you restrict to an

intersection X N (P" — H; — H;) of open subsets, the difference is given by the principal

d
. . xX,; . . . . . . . o . .
divisor —7 but this is invertible on the intersection, and its divisor is zero. Therefore, there
j

exists an effective divisor (f) =: X -V(f) on X whose restriction to X N(P™ — H;) is (%)

2

Another definition of (f): consider X NV (f) = Z;. (The intersection doesn’t depend on
the lifting.) Each of its irreducible components has codimension 1, so Z; has codimension
1, and X - V(f) = >_n;Z;. Let xy(; be coordinates such that Z; ¢ Hjgy. Then n; =

f
””(Ifu)
n; has nothing to do with the choice of k(i), and that the two definitions are the same.

ordg, . Top and bottom are homogeneous functions of degree d. You can check that

In this way, we defined a map from S(X); — Div(X). The claim is that the image is a
linear system. Why? It is easy to check: (f) = (¢) + <£>3 this is well-defined because f

and g have the same degree. So (f) and (g) are in a linear system.

If you fix g, then every other element (f) is of the form (f) = (g) + (5) You can add

the rational functions: if /
=+ (L)

=+ (2)
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then (%) + (9) = (f1 + f2). So the image has a linear structure.

To summarize, this linear system, which Mumford denotes by Lx(d), is isomorphic to
P(S(X)a)-

REMARK 13.10. If two divisors are linearly equivalent — that is, if D1 — Dy = (f) — then
they define the same linear systems: |Dq| = |Ds|. If |D1| = (g) + D1 then this can also be
written (gf) + Do.

THEOREM 13.11. For d >> 0, L,(d) is complete.

COROLLARY 13.12. Every complete linear system is finite dimensional. That is, {(D) <
00.

PrOOF. If |D| # 0 then we can assume that D is effective. Therefore we can write
D = > n;Z; with n; > 0. Choose a homogeneous polynomial F; € S(X)4, of degree d;
such that Z; C X NV(F;), but X ¢ V(F;). (Z; is cut out by homogeneous polynomials;
choose one that does not vanish on all of X.) Let F' = [[F/" of degree e = Y n;d;.
F does not vanish identically on X, because each F; does not. (F) = G € Lg(e) can
be written as D + D’ where D’ is effective. (Each F; is Z; + some effective divisor.)
(F') = 3" ni(F;) = D+ effective thing.

Therefore, from the definition, if an effective divisor is the sum of two effective divisors,
then £(D) C L(G) which implies £(D) < ¢(G). Replacing G by some multiple mG if
necessary, we can assume that e is very large, so that Lx(e) is complete. Therefore,
¢(G) = dim Lx(e). But the latter thing is finite-dimensional, as it is the projectivization
of a homogeneous complement. =

Let ¢ : X --» P" be a rational map such that ¥(X) is not contained in any hyperplane. We
will construct a linear system Ly on X as follows. First, the rational map is given by some
correspondence Z = 7@ with projections p; to X and ps to P*. Z — X is birational.
According to the Zariski main theorem, let F' C X so that p; is not an isomorphism;
then codimF > 2. If p; is not an isomorphism, then the fiber is positive-dimensional
(always assume X is smooth). Therefore, dimp;'(F) < r — 1 if X has dimension r.
(On a birational map, there is an isomorphism on an open set, and the fiber has positive
dimension.)

dim pfl(F) < r — 1 but because the fiber has positive dimension, by the Zariski main
theorem we have dim F < r — 2.

Let H C P™ be a hyperplane. We define a divisor ¢*H on X is follows. (The divisors
on X are the same as the divisors on X — F. But on X — F' the rational map is really a

morphism.) So ¢*H on X — F — ¢~1(H;) is (¢* (1,%)) Pull back on

X - F-¢lm) Sp - H
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to get an effective divisor on X — F — ¢~ (H;). But

v* <€> | p_p-1 (H; U Hj) = (¢ (fj)”X—F—‘PI(Hi U Hj)

Zo
Therefore there exists ¥*H on X — F' (and hence on X).

It is easy to see that if H = V(¢) and H' = V(¢') then $*H = ¥*H' + (¥* %)). This

(
implies that the ¥*H form a linear system denoted by L = Gn—-1,P") =P .

PROPOSITION 13.13. The base points of Ly are just F.

PROOF. If z ¢ F then ¥(x) € P there is some hyperplane H such that ¥(z) ¢ H.
Therefore, © ¢ ¥~ 1(H) = SuppP*H|x_r. SO any base point of the linear system is
contained in F. Now we want to show that, in fact, every point in F' is in the support of
this linear system. Let H C P™ be a hyperplane. We need to show that F' C Supp¥*H.
Without loss of generality, if I take a linear change of coordinates I can assume that
H = Hj (the hyperplane given by the first coordinate plane). Then observe that ;—é is a
rational function whose pullback is a rational function on X, and the associated divisor is
exactly ¥*H;—%*Hj (as before). Therefore, on X —Supp¥*H, the principal divisor <<P*;—é>
is effective. This means that @*i—é is a regular function on X — Supp¥*Hy. Therefore,
Plx _suppp* 1, 1S @ morphism given by

po @ (2o (2 )

The rational map is not single-valued in F'. So F' C Supp¥*Hy. =

THEOREM 13.14. There is a 1-1 correspondence between:

(1) a linear system on X, with base point of codimension > 2, and an isomorphism
v: LS ﬁ”;

(2) a rational map ¥ : X --» P", such that the image P(X) is not contained in any
hyperplane.

In addition, this correspondence is PG Ly 11-equivariant: namely, on the projective space
there is a natural action of PGLyy1 by linear change of coordinates. If there is an action
of PGLy+1 on the projective space, it also acts on the dual projective space. So there is
an action on the data (a).

In other words, given a linear system L on X with base points of codimension > 2, there
exists a rational map ¥ : X --» L = G(n — 1, L) not contained in any hyperplane.
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14. October 25

Recall that there is a natural isomorphism from V — VVV. But there is a canonical iso-
morphism P(VY) = (P(V))", and there is a canonical isomorphism P(V) = (P(V))¥Y Let
X be smooth and projective, and L a linear system on X, with base points of codimension

at least 2. We want to construct a rational map ¥ : X --» L.

SKETCH OF PROOF. Fix ¢ : L = (P™)V. Let D; = ¢~ (H;), where H; = V(x;). We
want to use this divisor as coordinates of our variety. (Rational functions are principal
divisors; you can regard divisors as functions, up to constant. So you can think of D;
as a function.) Write D; — Dy = (f;) where f; € k(X). fi € O(X — Supp(Dy)): on
X — Supp(Dy) it is effective, and is hence given by a regular function. There is a map

X = Supp(Do) = P™  x— (1, fiz), -+, fm(z))
... but this doesn’t appear to be well-defined, since f; are only defined up to constant.
Oops? B

ExXAMPLE 14.1. Consider X = P", and consider L C Lx(1), which is the linear system
of hyperplanes (P")V. Given a linear system, the rational map ¥, : X — LY, which
we claim is just the projection Py — LY, where M = Nper H. If dimL = 7 then
dimM =n—r—1.

Conversely, given any linear subvariety M C P" of dimension n —r — 1, you can construct
L={H¢e (P") : H>M}
This is a linear subvariety, hence gives a linear system. So ¥y = Pj;. More generally, if
Ly C Ly C (P™)Y, then there are maps
Ly
SDL2 /1 |

'

EXAMPLE 14.2. If X = P" and L = Lx(d) then the rational map ¥, : X --» LV is just
the d-uple embedding. This linear system has no base point, so the rational map is a
regular map.

THEOREM 14.3. For large enough d, the linear system Lx(d) is complete.

PROOF. Wrong in Mumford! Let D — dH; € Lx(d). There are elements (Xfl), where
the corresponding divisor is d - H;. Then D — dH; is a principal divisor. So f; € k(X).
You can consider the divisor

Ji

24
<f]> = (D =dH;) — (D —dH;) =dH; — dH; = (é)
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Therefore, in the fractional field L of S(X), zdf; = x;-l fj (up to constant). Because the
choice of f; is determined up to constant, you can choose the constant to make x;-i fi= x;-l fi
an actual equality, for all 7 and j. So we obtain a well-defined element F' € L, given by
F = :c? fi for any 4. The divisor (f;)|pn_g, is effective: away from H; this is the same as
D which is effective. This f; € O(X — H; N X). For each i, you can find some N large
enough such that z¥ f; € S(X). Therefore, 22 4F = zN~%zdf; € S(X)n.

Define S, C Lby S, ={{z € L : 3N,zVs € S(X)nta Vi}} Let S’ = @D o0 S; Then
this is a graded ring containing S(X). Now F € §'. Saying D € Lx(d) is equivalent to
saying F' € S(X). (Remember F = z¢f; and D = (f;) + dH;.) To show that the linear
system is complete for d large enough, it suffices to show that S, = S(X)4 for d large
enough.

To do this, fix s € S, with d > 0. Because z.¥'s € S(X) N, if we take o = N(n+1) then

S(X)es C S(X)pqq for £ > €y (since £ > N(n + 1),at least one power in the monomial

goes to N). Likewise, S(X);- 59 C S(X) for all ¢ > 0. For example, consider z? € S(X)

forg > 0. s? € %OS(X) for all ¢ > 0. (This is like proving all the regular functions on a
Zo

projective variety are constant.)

Consider M = %OS (X) C L, where M is a finitely generated S(X)-module. By some

commutative algxcf)bra fact, this implies that there exists some polynomial relations
sq—}—als‘”l—k---—i—aq =0

where a; € S(X). We say that s is integral over S(X). So S’ is integral over S(X).

THEOREM 14.4. Let A be a finitely-generated integral k-algebra, and K = Frac(A). Let

L/K be a finite field extension. Then the integral closure A" of A in L is finite over A
and A" is also a finitely generated k-algebra.

Proor. Commutative algebra. =

So S is finite over S(X). We can choose a set of homogeneous generators. Let s1,- - , Sm,
be a set of homogeneous generators of degree d;. There exists £y such that S(X)ss; €
S(X)¢4q, for any £ > £y. Therefore, S, = S(X)q if d > max{d;} + £y. Elements in S/, can
be written as combinations ) S(X)4—d, S

(F=azlf;, If F € S(X)g then Lx(d) > (F) = (2%) + (fi) = dH; + (f;) = D.) =

14.1. Canonic divisors. Right now, it’s hard to construct linear systems on a va-
riety. Of course, there’s 0 € Div(X). If we know there’s a map X --» P", then we can
make a linear system. But we would like to do the reverse: start with a linear system,
and try to get an embedding of X into projective space.

DEFINITION 14.5. Let A — B be a (commutative) ring homomorphism. The Kéhler
differential (2p/4,d) is a pair, where Qp/4 is a B-module, and d is a derivation in
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Dera(B,{p/4), that satisfies the following universal property: for any B-module M,
the natural map Homp (g, 4, M) — Dera(B, M) given by ¥+ ¥ o d is an isomorphism.
(Recall from before Der4(B, M) is really a B-module.)

LEMMA 14.6. (Qp/a,d) exits and is unique up to a unique isomorphism.

PROOF. Uniqueness is clear from the universal property. We need to show existence.
Define Qp/4 be the free B-module {db : b € B}/ ~ where the relations ~ are da = 0,
d(bl + b2) — db1 — de = 0, d(ble) — bldbg — b2db1 and d : B — QB/A by b — db. These
relations are created by making it a derivation. It is easy to check that this satisfies the
universal property. Starting with D : B — M, then ¥ : Qg/u — M by ¥(db) = D(b).
Therefore, Hom(Q2p /4, M) = Dera(B, M). =

ExAMPLE 14.7. Let A=k, B = k[z1,--- ,z,]. Then Qp 4 = Bdz1 © - - © Bdzy,.

COROLLARY 14.8. If B/A is finitely generated as an A-algebra, with generators by,--- ,by.
Then Qp,4 is finitely generated over B with generators dby - - - db,.

REMARK 14.9. “A is finite over B” means A is a finite module over B; “finitely generated”
refers to algebras.

LEMMA 14.10. Let S C B be a multiplicative set. Then S*IQB/A = Qg-1p/a-

PROOF. There is a natural map by restriction. Der(S™!B, M) = Der4(B.M) for any
S~!B-module of M. =

COROLLARY 14.11. Let X/k be an algebraic variety. Then Q@X’I/;C s a finitely generated
Ox z-module.

NoOTATION 14.12. If X/k is affine, denote
Qoxye = x and Qo k= Qxa
REMARK 14.13. If X is not affine, then we denote {2x by the functor
{Affine opens on z} — {Ab: U — Qp}

PROPOSITION 14.14. Let X/k be an algebraic variety. Then X is smooth at = iff Qx 4 is
a free module over Ox ; of rk =dim X =r.

PROOF. Qx, ®oy k is a k-vector space: the cotangent space Th X = (T, X)V. Why?
We want Homy(Qx » ®oy, k,k) to be the tangent space. This is Homo, , (x4, k); by
the universal property, this is just Dery(Ox 4, k) = T, X.

Now, if Qx , is free of rank r then dimy Qx, ® £ = r. This is the same as dim 7T, X =
r = dim X, which implies that X is smooth at z. Conversely, suppose X is smooth at z.
Then dim; Qx , ® k = r. On the other hand, dimg Qx , ® K = r (where K = k(X)).
This is because

Hom(Qx . ® K, K) = Hom(Qg , K) = Dery(K, K)
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(Taking the differential commutes with localization. But we know the dimension of
Dery (K, K) is r, because this is how we defined dimension.)

Now we are in the following situation: we want to show the following lemma.

LEMMA 14.15. Let (A,m,k = A/m) be a Noetherian local domain with fractional field K,
and M be a finite A-module. If dimp M @ k = r = dimg M then M is a free A-module of
rank r.

LEMMA 14.16 (Nakayama lemma). Let (A,m, k) be a Noetherian local ring, and M be a
finite A-module. If M @ k =0, then M = 0.

Proor. Commutative algebra. =

Proor oF 14.15. Let mq, -+ ,m, € M s.t. my---m, mod m form a basis of M ® k.
Then consider the map of A-modules

A" — M where e¢; — m;
We claim that this is an isomorphism. If not, then it has a cokernel, N
A" M —-N—=0

Tensor with k:
A"k > Mok —>N®k—0
But M @k is generated by m;, so N ® k = 0, which implies NV = 0 by Nakayama’s lemma.
Therefore, A — M — 0 is surjective. Consider the kernel
0>N—>A"—>M—0
If we tensor with the fractional field we get
0> NK->A"9K—>MK —0

But this is surjective, and N ® K = 0. This is a contradiction, because N is a submodule
of a free module. N ® K = 0 means: for all n € N there exists some a € A such that
an = 0. (N ® K is basically the localization.) This is impossible, because n is in a free
module A", in which no element is torsion.

(We're using the fact that localization preserves short exact sequences.) =

15. October 27

PROPOSITION 15.1. Let V and W be two (finite-dimensional) vector spaces. Suppose there
s an isomorphism
Y :P(V) = P(W)
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Then there is a lifting
YV SW

of vector spaces. In addition, {ﬁv is unique up to a non-zero multiple.

Let L be a linear system on X. Suppose we choose an isomorphism ¢ : L = (P™)Y.
L =P(V); V is a subspace of a complete linear system L(D) for D € L. Then

OV — k{zo, - ,Tm}
(Recall (P™)" is the space of all hyperplanes in P, and hence the projectivization P(k{zo, -+ ,zm}) =
P(S1).) We can define f; = ¢~ (z;) € V C L(D) C k(X)*. So we get a map
X --» P where z — (fo(x), -, fm(x))

that is well-defined because 1; is unique up to constant multiple. The codimension 2 base
points are not used.

PROPOSITION 15.2. x € X is smooth iff Qx ;. is free of rank r over Ox .

In the proof, we showed that Qx , ® k 5 TrX = m/m2. More explicitly, we have

me——— OX,JU QX@
m, /m2 = Ox. 2k
In particular, if {x1,---,z,} C m such that x1,---,2, mod m? form a basis of m/m?,
then dzq,--- ,dz, form a basis of Qx, over Oy . (If they form a basis mod m?, then
the dx; ® k form a basis of {1x, ® k. Using Nakayama’s lemma, if there are elements
dxy,--- ,dz, that form a basis mod k, then they form a basis of Qx,.) Such z1,---, 2,

are called local parameters of X at x.

Then for every f € Ox g,

af = gj;da:i

€ Homoy , (2x2, Ox2) = Dero, ,(Ox .2, Ox )

0
8:&
Observation: For X affine, every element in (x can be regarded as a map from X —
UT¥X. Namely, let w € Qx. Since the map commutes with localization:

Q, — QX@ — QX@ Rk = T;X
W Wy — w(T)
There are many such maps; we claim that this one is algebraic. If f € O(X) then df € Qx.
Regard df as a map like above:

df - X — UT} X where x +— f — f(x)modm?
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m/m? is the cotangent space; f — f(x) is map that vanishes at x. This does not require
the definition of 2x. In the spirit of defining regular functions on X,

QO(X)/k =0x = {w X = leexT;X : Vpe X3V epopen, fi,g; € O(V)S.t.w = Zfzdgz}

We know that (Qx is generated over O by those relations; this automatically gets an
inclusion C. It is an exercise to show that this is actually an equality. Unlike our other
definition, this makes sense for all varieties, not just affine ones.

DEFINITION 15.3. Let X be a smooth variety of dimension 7.
wxz = Nox, dxe
is a free Ox ,-module of rank one, with a basis given by
drxi N -+ Ndx,
If {z], .., 2.} is another set of local parameters then dz},--- , dz] is another basis, and the
oz} Ydz1 A -+ Adz,. Remember det(gié) € Ox,

ox; j
that is invertible, because both the z;’s and z/’s are bases.

difference is given by the determinant det(

DEFINITION 15.4.
Wik = N Qg
is a 1-dimensional K-vector space. Elements in wg ; are called rational r-forms.

DEFINITION-CONSTRUCTION 15.5. Let w € wgp — 0.
Wik 2 wxz oy, K = w= f(de1A--- Ndx,)

Define (w) = > n;Z; where n; = ordgz, f. For each i, the definition depends on z €
Z;. You can show that, in fact, everything is well-defined: the dz; are defined on open
neighborhoods.

EXERCISE 15.6. n; does not depend on the choice of x € Z; and local parameters {x1, -+ ,2,} €
Ox . (This is similar to the proof of the definition of principal divisors.)

If f € K then (fw) = (f) + (w), by definition. This implies that
{w) : wewgy —0}

is a well-defined divisor class called the canonical divisor [class]; this is usually denoted
by Kx.

Likewise, we define the n-fold canonical class as follows. Let w € wg/,®n (recall wi/y,
is a one-dimensional vector space over K, but is infinite-dimensional over k). Locally,
w= f(dz1 A--- Ndz,)", where (w) =Y n;Z; and n; = ordz,(f) for z € Z;.

Obvious fact: Ifw; € w’}(l/k and wy € w?/k then (w1 ®ws) = (w1)4(w2). This immediately
implies that if w € w. , then (w) ~nKx.
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Now assume X is projective. If w € w?}?k then consider the complete linear system

L(w)={feK: f=0or(f)+(w) =0}
={wewyy, : (W) =20}
=: L(nKx)
DEFINITION 15.7.
P,(X) =4(nKx)
is called the n'" plurigenera of X. In particular, P(X) = Py(X) is called the geometric
genus of X.

D,~o L(nKx) has a k-algebra structure, where multiplication is given by the tensor
product, which preserves effectiveness. If w; € L£L(n1Kx) and we € L(nyKx) then wi ®@ws €
L((n1 4+ ne)Kx). This is called the canonical ring of X. Here is a quite recent theorem:

THEOREM 15.8 (Siu, Hacon-McKernan,...). The canonical ring is a finitely generated
k-algebra.

ExXAMPLE 15.9. X = P". (The divisor class group is isomorphic to Z; the divisors are
multiples of hyperplanes.)

CrAmm 15.10. Kx = —(n+1)H where H is a hyperplane. This is not effective; P,(P™) = 0.

Let xq,--- ,x, be homogeneous coordinates y; = i—é, and ¥y, , Y, are coordinates of
P — Hy 22 A

w=dyi A\ Ndyp
These form a basis at every point. (w)|pn_pg, = 0. Therefore, there is some multiple m
such that (w) = mHp. We need to show that m = —(n + 1). To do this, represent w in a

different coordinate system. Define z; = j—; fori=0,---,n—1. yo= % and y; = j—é for
1<i<n-—-1.
z Zn— 1
w=d(Z)A AL A (=)
20 20 20
1
== iwdzo VANCEWAN dZn_]_

The dx; are independent; this is determined by the coefficients z“% So (w) = —(n+1)H,.
0

EXAMPLE 15.11. X = V(y?z = 2% + x22) C P? where char(k) # 2. 1 claim that Ky = 0,
and so the genus is P,(X) = 1.

(P2 H)NX =X = V(y? =2 + a).
Qe = Kdo + Kdy/(2ydy — (32> + 1)dx)

o
For (a,b) € X, Qx (ap) @ k = kdx + kdy/(2bdy — (3a® + 1)dz). (The tangent space is
given by the thing you’re modding out by; this is how you get the cotangent space.)
Homework. . .
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dx # 0 in Qx (qp) @ k if b # 0 implies that z is a local parameter at (a,b) is b # 0.

_dx _ _da . . . . .. ) .
Let w = T This is a rational differential. The restriction (w)|X_(y:0) is zero,
because it is invertible away from y = 0. This is almost the whole curve, just missing the

points where y = 0, and the point at infinity. In Qg /,, 2ydy = (322 4 1)dx so df = 312%1.

At (a,b) if 3a®> + 1 # 0 then dy # 0 in Qx (ap) @ k and this implies that y is a local
parameter at (a,b) if 3a% + 1 # 0, i.e.

@lg_

Two closed subsets do not have an intersection on the curve; that is, these two open affines
cover the curve:

(3241=0)

X=(X—{y=0})U(X - {32 +1=0})

o
s0 (w)=0on X. Now X — X = X N Hz =p(0,1,0). So there is one more point to deal
with.

First get local parameters at p. Using the affine coordinates X =X- (X NHy) =
V(z = 23 + 22%). Now Qx, ® k = kdx + kdz/(dz = 32dx + 2%dz + 2z2dz). At this
point, x = 0 and z = 0, so you only have to mod out by dz (but the relation dz = 0
only holds at the point p, and not necessarily in a neighborhood; below, you will need to
make the whole expression well-defined there before plugging in the relation). Therefore,
x is a local parameter at p. Write w = fdr around p. w = %””; changing coordinates
(z,y,1) = (2,1, 2) means you're doing z — £ and y +— ¥. So this differential is
d(%)  zdr —axdz

w = v = e EQK/k

In Q. we have dz = 322dx + 2% + 2z2dz. So we can solve for dz:

32 2
ds = 28 T2
1—2xz
We get
2 2
b e 3T

3 .
Remember z = 1‘3 + CCZ2. % =1 — xz so we can rewrite

w:d:c—?—i_xzda:
1—2xz
3—3xz+ xz

=dx — d

x 1—2zz v

-2

=dx 3 xzdx
1—2xz

2

1 —2z2

But this is invertible in the local ring (it takes the value 1 at the point), so the order is
zero. That is, (w) =0 on X.
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PROPOSITION 15.12. If X, Y are birational then P,(X) = P,(Y).

ProoOF. If X and Y are birational, then there are neighborhoods such that X D> U =
V C Y. By Zariski’s main theorem, X\U and Y'\V have codimensions > 2. Removing a
codimension 2 variety doesn’t affect divisors. Birationality means k(X) = k(Y). wy(x)/n =
Wr(y)/k- All of this implies that there is a canonical isomorphism

ﬁ(nKx) = E(’I?,Ky)
COROLLARY 15.13. X = V(y? = 23 + x) is not birational to P

(This was proved differently in the homework.)

16. November 1

If : X — Y is a morphism, define the pullback ¥* : Qy — Qx. If X,Y are affine,

we get a pullback ¥* : O(Y) — O(X). Suppose A — B g C is a chain of maps of
commutative rings. (B represents O(Y'), and C represents O(X).) We claim that there is
a natural map ¢*: Qg4 @p C — Q4. For any C-module M (which is necessarily also

a B-module), Homp(Qp/4, M) = Ders (B, M) restgiction Der4(C, M) = Hom¢ (Qcya, M).
Take M = Q¢ /4 and take the identity map in Home (20 4, M). Then we get
©* =restr(ld) : Qg/a ®p C = Qcya

REMARK 16.1.

(1) This map commutes with the derivation d associated with Q: ¥*(df) = d(¥* f).
(2) The kernel is Derg(C, M) so there is an exact sequence
0 — Derg(C, M) — Dera(C, M) — Der (B, M)

which gives
QB/A ®pC — QC/A — QC/B —0

Geometrically, ifw € Qy thenwisamap Y — UyeyT;Y and ¥*wisamap X — UpexT; X
which takes z — (d®)Y(w(¥(z))) € T} X where

d \
x»ﬁ@(m)gT*Y(ﬁ) T:X

It’s easy to see that if w = df then ¥*(df) = d(¥*f) = d(f o ¥) Therefore if locally on Y’
w =Y fidg; then locally on X

Prw =" (fio®)d(gio¥)
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Now consider the case A =k, B =k(Y), C = k(X). Then ¥* : k(Y) — k(X) is induced
by a dominant morphism ¥ : X — Y.
Qv /e @ k(X)) = Qxye = Qx)mey)y = 0

If ¢: X — Y is separable (the dimension is the same as the degree of the transcendental
field extension, and Dery (K, k) = Homg (2, K) is the dual space )

So the right exact sequence is also left exact, by dimension reasons. In particular, if

Last time we had define wyyy/, = /\dim(Y)Qk(y)/k then

O Wiy ke Py BX) = wixy/k
Let w € wy(y)/k (a rational top form on Y). We could associate two divisors on X. We
could consider ¥*(w® 1) (which we will write ¥*(w)). On the other hand, we get a divisor

won Y, and we can get a divisor on X ¢~!(w). These are not the same, but it turns out
that the difference is an effective divisor.

LEMMA 16.2. Let ¢ : X" — Y be separable. B := (¥*(w® 1)) — ¥~ Y(w) is an effective
divisor, called the branched divisor.

Recall =1 : Div(Y) — Div(X) which takes a divisor D = Y n;Y; = 71D =Y n;7 (V).
Write ~1(Y;) = Y. m;Z;. Let z € X; and a local equation for Y; at ¥(z). Locally, Y; is
just (f) around ¥(z). m; = ord,; *(f) is shown to be well-defined in the homework.

PROOF. Write w = fdy; A---Ady, where (y1,- - ,y,) are local parameters at y = ¥(z)
(we can always represent a rational differential this way). Then ¥*w = (f o ¥)d(y1 o ¥) A
- ANd(yro®). If x1,--- ,z, are local parameters at x, then this is

(f o ®) det (8(% °¥)

>da:1/\~-/\dmr
85[,‘]'
This determinant is in Oy ;.

O(yi o ¥)
6.%']'

)

(P*w) — ¢~ (w) = (f o ¢) det( )= (fo¥)

8.7}]'

In other words,

Supp(B) = {x € X : (det 0(%1090)) ¢ Ox .}
Ty

If this element is a unit, then the associated divisor is zero. The condition that the
determinant is not in O% . is the same as it being in m,. So

Supp(B) = {x € X : (d¢,)" : T{E(I)Y — T X not an isomorphism}

If these are two vector spaces of the same dimension, this is equivalent to requiring that
AP, : T, X — Tip )y is not surjective. (It has to be injective, maybe because the variety
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is smooth(?)) Supp(B) is sometimes called the branched locus of ¥. (Geometrically, think
about the places where the tangent is vertical: the size of the fiber is anomalous).

=

EXAMPLE 16.3. Let X = (y?z = 23 + 2?) in characteristic # 2. There is a projection
Po1,0) ¢ (z,9,2) = (x,2). There is a rational map P2 ——» P!; but since this is a smooth
curve, it extends to a morphism.

Let (z,y,2) be homogeneous coordinates on P2 and (u,v) be homogeneous coordinates
o o

on P!, Then ¢ : (x,9,2) — (z,2) isamap ¥ : X — Al = {v # 0} (where X is the

affine piece). Then ©* : k[u] — klx,y]/y? — 2% — x is u — z the projection to the first

coordinate. Let du € Qp1)/;. By last time, u is a local parameter on the entire affine

line, so ¢~1(du) = 0 but ¥*du = dz. z is a local parameter on X - {y = 0} is a local
parameter. Around {y = 0} = {(1,0),(0,0),(—1,0)}, dx is a local parameter (no zeroes
or three anomalous points. But at all of these three points, 322 + 1 # 0; and y is a local

parameter so the vanishing order is 1. Therefore, (dz) on X = (1] + [0] + [—1].

There is a point at infinity. Consider the blowup X C P! x P2. There is an isomorphism
X — X, and a projection to P!.

vl = 23 4+ x2?
v = zu

These two equations cut out an algebraic set with two components, one of which is the
blowup X, and the other is the exceptional divisor. In the case y # 0 and v # 0 (we're in
A% x A') this turns into

rv = 2

{z = 23 + 122
XN (AZxA!) is given by k[z, z,v]/zv = z. Combine the equations above as zv = 2 +z22.

The exceptional. divisor corresponds to = 0 in the first of the equations above. Outside
of the exceptional divisor, we can divide this by .

Remember that the rational differential w is du. This is given by w = —g—g. Ifpe Xn{y #

0}, then there is a p € XN (A2 x A1), z is a local parameter around p. Therefore, B

around p or (p) is given by the local parameter 8%’;?0). Last time, we showed that x is a

local parameter around p. X NP? is given by z = 23+ x2?%; = is a local parameter because
the a-derivative is nonzero. So B around p or p is given by 3d(vo¥)/dx = det(dyo¥/0x;).

_ .2 2,2 _ 2 2 : : dv _ 2x4+2z0% . 24202
v =2z +y“v° and dv = 2zdx + 2zv°dr + 2z vdv which gives - = S95-5- = x - 75 .

So this function has vanishing order exactly one at p. So B = [1] + [0] 4+ [—1] + [o0].

Alternatively, write z = and map (z,y, z) — (1, yz%zz), and do some calculations.

68

y2=xz



MATH 232A XINWEN ZHU LECTURE 17

The point is that an elliptic (cubic) curve can be written as a double cover of P! with
branching at four points.

16.1. Hilbert polynomial.

THEOREM 16.4 (Hilbert). Let M be a finitely generated graded module over the graded
polynomial ring S = klxo, -+ ,xy]. Then there exists a polynomial pps(t) € Q[t] of degree
at most n such that pyr(d) = dimg My for d sufficiently large.

PRrOOF. By induction. If n = —1 this is trivial, because S = k and the module M is a
finite-dimensional k-vector space. So My = 0 for d sufficiently large; this implies pp;s = 0.

Now, suppose the theorem holds for < n. Let
N ={meM : x,m=0}
N" = M/anM
Then N’ and N” are finitely generated graded k[xg,- - ,2,—1]-modules. By induction,
there is a Py/(t) € Q[t] and Pyn(t) € Q[t] such that Py/(d)dimg N} and Pyv(d) =
dimy N/]. We have the following short exact sequence:
0— Nj— Mg=3 Mgy1 — NJy —0
This implies that
dide+1 —dim My = dlmNC/l,Jrl — dlmNC,l = PN//(d—I— 1) — PN/(d)
Observe that R(t) := Py (t+ 1) — Pni(t) € Q[t] is of degree < n — 1 by induction.
LEMMA 16.5. Let f(t) € Q[t] be of degree m. There exists g(t) € Q[t] of degree 1 such
that g(t+ 1) — g(t) = f(t). Therefore, there exists p(t) € Q[t]] such that p(t + 1) — p(t) =

pnv(t+1) —pye(t) = dim Myyq —im My for d large enough. This implies that dim Mgy, —
p(d+1) = dim My —p(d). Then dim My — p(d) = constant and dim My = p(d) + constant

pum(d)

for d large enough.

17. November 3

THEOREM 17.1. If M s a finitely generated graded S = k[zg, - ,zy]-module, then there
exists a polynomial Py € Qt] of degree < n such that Py(d) = dimg My for d large
enough. In particular, let M = S/I1(X) where X is an algebraic set in P". Then Px =
Ps/1(x) is the Hilbert polynomial of X.

EXAMPLE 17.2.
69



MATH 232A XINWEN ZHU LECTURE 17

(1) Let X =P". Then M = S, Sy is the set of homogeneous polynomials of degree
d, and the dimension dimy Sy = ("Zd). Therefore, the Hilbert polynomial for P
is

Ppn(t) = <

This is %t” + lower terms.
(2) Now suppose X = V(f) C P" is a hypersurface. S(X) = S/(f). Suppose
deg f = d. Then there is a short exact sequence

t+n> _ (t+n)t+n—1)---(t+1)

n n!

S L Sva = S(X)ms1 — 0

So dimy S(X)maq = dimg Sppqg — dimg S, = (m+g+”) - (m:{”) for m > d. So
the Hilbert polynomial is

Py(t) = <t—|—n> B (t d+n)
n n
This is ﬁt”*1+ lower terms.
(3) X ={p1, - ,pm}- We can assume that p; ¢ Hy = V(Xj) (there is a hyperplane
that does not intersect any of the finite set of points). We get a short exact
sequence

0—>I(X)d—>5dg>k’m

fe (f (pl)--"};(pm)>

d
) Lo

where

A priori this is just left exact (the RHS might not be surjective). But for d large
enough, there exist f; where deg f; = d, and fi(p;) # 0 iff ¢ = j. Specifically,
fi= H#i(ajxo —x1). So for d large enough, ® is surjective. So for large enough
d, S(X) = k™ and Px(t) = m.

REMARK 17.3.

(1) If X is smooth an projective, Lx(d) = P(S(X)) and dim Lx(d) = Px(d) — 1 for
d large enough. But we also showed that this is complete, for d large enough. So
we can write this as dim |dH| = Px(d) — 1, and Px(d) = ¢(dH).

(2) Let X be smooth and projective. Then consider the graded ring @@ -, L(dKx).
You can show that there exists some polynomial P(t) such that P;(d) = £(dKx)
for d large enough. (This does not follow from our theorem.) The degree of this
polynomial is called the Kodaira dimension of X, and is in the range [—1, dim X].
(—1 is for the zero polynomial.)

DEFINITION 17.4. Let X" C P™ be projective. The arithmetic genus of X is

Fo(X) = (=1)"(Px(0) = 1)
THEOREM 17.5.
(1) If X 2Y as varieties, then P,(X) = P,(Y).
(2) If X,Y are smooth and birational, then P,(X) = Py (Y).
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This is hard; no proof.
EXAMPLE 17.6. (1) P,(P") =0, because Ppn(0) =1

(2) Pa(V(f))-
Py(t) = <t—;n> _P<t+Z—d>
Py(0)=1-— (n_d>

n

nfn—dy JO d<n
Pa(X) = (=1) ( n >_{(dn1) d>n

(3) Pu(y?z = 23) = Pu(y?2 = 2% + 222) = P,(y*2 = 23 + 222) = 1 because these are
all smooth projective rational curves, and hence isomorphic to P!

THEOREM 17.7 (Serre duality). If X is a smooth projective curve, then P,(X) = P,(X).

Note that geometric genus was only defined for smooth varieties, but algebraic genus is
defined for any variety.

PROPOSITION 17.8. Let X" C P be projective. Then the Hilbert polynomial Px (t) = %t"+
lower terms, where d € Z~q.

DEFINITION 17.9. d as used in the previous proposition is called the degree of X. (This
coincides with the degree of a hypersurface.)

PRrROOF. We know that this is true if X is a hypersurface. Now let (n — r — 2)-plane.
Then
Py : X — X' := Py(X) cprtt

is birational (homework). We know that

(1) S(X) is a finite S(X’) module (proven before)

(2) k(X) = E(X') because they’re birational. But this implies Frac(S(X)) =
Frac(S(X'")), because Frac(S(X)) = k(X)(xo), and Frac(S(X')) = k(X’)(zo)
can be written as transcendental extensions. Why? Elements are the ratio of ho-
mogeneous polynomials of the same degree. But 5 € Frac(S(X)) can be written

as
a B
E )\a$ = E >‘\gj = E )\a/l‘gﬁ E Aﬁiﬁxxa xgﬁ

g
Let f1,---,fs be the generators of S(X) over S(X’). Because they have the
same fractional field we can write f; = ,gl—i for g;,h; € S(X'). If h =[] h; then
S(X) C +5(X’). This is equivalent to saying that hS(X) C S(X’). Decompose h
into homogeneous components: h =" ,. Each component is in S(X’). So we can
assume that there is some h € S(X’) homogeneous such that h - S(X) C S(X')
homogeneous of degree dy. Therefore,
dim S(X)g < dim S(X)g < dim S(X) 44,
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Therefore,

Px:(d) < Px(d) < Px/(d+ dp)
for d large enough. So Px — Py is a polynomial of degree < deg Px/. But we
know that Py/(t) = %tr +---. So Px = %tr—k lower terms.

17.1. Introduction to intersection theory.

PROPOSITION 17.10. Let Z™ be an affine variety and X", Y?® be closed subvarieties. Let
r e X"NY*S. Assume that X is smooth in Z™ and write X" NY* =W U---UW,, UW*
where W; are irreducible components and W* is some algebraic set that does not contain
z. Then dimW; > r +s —n.

COROLLARY 17.11. Let X", Y*® C P" be projective and r + s > n. Then X" NY*® # ().

PROOF OF COROLLARY. Take the affine cone C(X"),C(Y?) Cc A"+l
C(X")NCY*)>0

where dim C'(X") = r+1 and dim C(Y®) = s+1. The proposition implies that dim C(X")N
CY$)>(r+1)+(s+1)—(n+1)>1. So X"NY* #£0. =

PROOF OF PROPOSITION. X NY = (X xY)NA where A : Z — Z x Z is the diagonal
embedding. X x Y has dimension r + s. Once the intersection is cut out by n equations,
each component has dimension > r + s — n. It is enough to show that around (z,x), A is
cut out by fi1, -+, fn € O(Z x Z). Each time you cut out a variety by one equation, the
dimension drops by at most one.

Let z1,--- ,x, be local parameters at x (we're assuming that z is a smooth point). By
shrinking Z, we can assume that x; is actually in O(Z). Consider f; =2, ® 1 —1®z; €
O(ZxZ). filp,p') = zi(p) —xi(p) for (p,p’) € Z x Z. Clearly, fi|a = 0. But I claim that
dfy,- - ,dfy are linearly independent in the cotangent space T(*z@)(Z xZ)=TrZaT:Z.
This is because
M(pa) =Mz ® O(Z) + O(2) @ my

implies that 21 ® 1, , 2, ® 1,1 ® 21, -+ ,1 ® x,, form local parameters at (z,x). df; =
d(z; ® 1) — d(1 ® x;) are linearly independent. Consider the regular map

SOz(fla"' afn):ZXZ_)An(ylv"' 7yn)
which is smooth at (z,z). ¥*(dy;) = dfi. We can write f~1(0) = Z* U Z**, where
Z* > (z,z) and Z** ¥ (z,2). dim Z* = n, Z* is smooth at (z,z). A C f~1(0) implies
Z*=Aie. A=V(f1,---, fn) around (z,z). =

THEOREM 17.12. Let X" C P be of degree d (i.e. degree defined by the Hilbert polynomial).
Then there is an open subset U C G(n — r,P™) such that for any L € U, #L N X" = d.
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PrOOF. Recall the incidence correspondence
C
>N\
G(r,n) pr
C B8 P" is smooth with fibers isomorphic to G(n —r—1,n—1). Why? We proved that 7
is a fiber bundle with fiber = projective space. In this case, if we consider m : w5 YUy —
U; =P" — H; then
T (U) 2 Ui x G(n —7 — 1,n — 1)

in which (x,L) € 7, '(U;) maps to (x, L N H;). You can check that this map induces an
isomorphism. Therefore,

my H(X)
SN
G(n —r,n) X

where 7, 1 (X) is irreducible of dimension r+r(n—r) = r(n—r41), since the Grassmannian
has dimension 7(n — r + 1). The claim is that 7 is separable. If this is separable, then
there is an open subset of the Grassmannian such that the fiber is the transcendental
degree; identify this with d. B

18. November 8

THEOREM 18.1. Let X" C P™ be projective of degree d. Then there exists an open U C
G(n — r,P") nonempty such that for any L € U

L4 XTﬁL:{plv 7pk}
e For anyp; € X"NL, X", L are smooth at p; and T,, X" + T, L =T,,P". Equiv-
alently (by dimension reasons) T, X" N1y, L =0

In this case, k = d.
(So degree is the number of intersection points of a “generic” hyperplane.)

PrROOF.
C
p2
RN
G(n—r,n) pr

p1 is smooth with fibers isomorphic to P*~", and ps is smooth with fibers isomorphic to
G(n —r —1,n —r). Consider the preimage p,*(X) C C where X C P". Then p,'(X)
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is irreducible of dimension (n — r 4+ 1)r. For any L, p;*(L) Npy ' (X) = X N L which is
nonempty, so p; is surjective, and in particular it is dominant.

Smooth at a point <= separable. We claim that p; : pQ_I(X) — G(n—r,n) is separable.
Equivalently, there exists (z, L) € p,'(X) such that p; : p; (X) — G(r,n) is smooth at
(z,L). Equivalently there exists (x,L) € py(X) such that p,*(X) is smooth at (x,L)
and dp; : T(%L)pQ_I(X) — Tr.G(n—r,n) is surjective. Locally on P" C' — P" is a fibration,
with fiber G(n —r —1,H). If z € X N (P™ — H) has preimage (z, L) then

Typy (X) 2 TX @ TG(n— 1 —r, H) = dpy (T X)

So p, 1(X) is smooth at (x, L) iff X is smooth at .
(Note: kerdp(, 1) = T(x,L)pfl)

What is the kernel of dp; : T(, 1)C — TrG(r,n)?
dpo(ker(dpy)) =T, L

(The kernel are the vectors tangent to L.) dps : ker(d[l)ﬂT(x’L)pgl(X) 5 T,LNT, X Injec-
tivity means this kernel is zero: i.e. T, L NT, X = 0 is equivalent to dp; : T(I,L)pgl(X) —»
T1G(n — r,n). Now choose x € X such that X is smooth at x. Choose x € L™ " C P"
such that T, X NT,L = 0. Then dp; : p,(X) — G(n — r,n) is smooth at (x,L). But we
proved that once there is one point where the map is smooth, there is an open set where
it’s smooth. But these spaces have the same dimension, and we don’t need char = 0 to
say: there exists U C G(n—r,n) non-empty and open such that p; : pfl(U) ﬂpgl(X) —U
is smooth.

Forall Le U, LN X ={p1,---,pr} (it’s smooth, and the relative dimension is zero).
T.LNT, X =0 <— T,L+T,X =T,P"

We need to show that & = d. Reduce to the case where X is a hypersurface. Let L € U.
Let L € U. Let x € L such that ¢ |Jp;p; (the union of the lines through the p;).
pe : P — P"! induces a birational morphism X — po(X). deg X = deg P.(X) (last
time we proved that birational projection does not change the leading term of the Hilbert
polynomial.) Also, X N L = p,(X) N p.(L)

Therefore, we reduce to the case X is a hypersurface in P" of degree d. Set X = V(f).
L is a line pg; X N L contains the zeroes of f(Ap + pg) = 0, and this is homogeneous of
degree d. The condition T, X NT,L = 0 is equivalent to f and f’ not having common
zeroes; i.e. f has distinct roots. Since this is an equation of degree d there are exactly d
solutions.

=

DEFINITION 18.2. Let X", Y*® C Z™ where Z is smooth. Let X"NY* = [ J W; where W, are
irreducible components. We say that X and Y intersect at W; properly if dim W; = r+s—n

(the minimum). We say that X, Y intersect transversely if there exists © € W; such that
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X,Y are smooth at z and T, X + T,Y = T, Z (so the intersection of these vector spaces
has dimension r + s — n).

LEMMA 18.3. If X, Y intersect transversely at W and x € W is a point as in the definition
then W is smooth at x.

PrOOF. X NY =X x Y NA, since Z is smooth, the diagonal is locally cut out by n
equations. So X NY = ¥71(0) where ¥ : X x Y — A" is smooth at (x,z). B

THEOREM 18.4 (Bézout’s Theorem). Let X", Y*® C P™ are projective varieties. Assume
that X NY transversely. Then

deg X -degV =) deg  wexry Wi

irred. components

PROOF.

NoTATION 18.5. For W; let W/ C W; be the open subset consisting of x such that X,Y
are smooth at x and T, X +T,.Y = T, P™.

Case 1: Y*® = L*® is an s-plane. X" N L* = |JW; where dimW; = r + s — n. Choose a

plane M?"~"=5 such that M N W; transversely for any i.
#XN(LNM)=#XNL)NM =) #W,NM=> degW,

Since L N M is an (n — r)-plane, the expression on the left is deg X.

Case 2: r+s =n. Consider X C P* C P?"*! where the map P" — P?"*1 has coordinates

(ag, -+ ,an) + (ag, - ,an,0,---,0). Y C P* C P?"*! with the embedding (bo,- - - ,b,) —
(0,---,0,bg, -+ ,by). The Hilbert polynomial does not change in this embedding.

DEFINITION 18.6. J(X,Y) = U,cx yey Y- In other words,
J(X7Y) = {(CLO,"' 7a2n+1) : (CLO?'” ,an,O,-” 70) € X7 (07 707an+17"' 7a2n+1) € Y}

In terms of coordinate rings, S(J(X,Y)) = S(X) ® S(Y); the homogeneous ideal is S ®
I(Y)+I(X)®S. dimS(J(X,Y)), = 325, dim S(X); dim S(Y)y_;.

dim S(X); = %z +o(i") = (2 j[ T) + o(i")

dim S(Y),_; = <€ a i+ S> +o((¢ —i)*)
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E itr . —i+s Ny
;<<t >+o(z)) <<€ S+ )—i—o((é—z)))
dzdy g (Z _; 7’) (e - i+ S) + 0(£T+8+1)

) 1
dxdy t+r+s+ +0(£7‘+S+1)
r+s+1

dim S(J(X,Y)),

Therefore,

dxd
Prxy)(t) = ( T gras+l + lower terms

r—+s+1)!
ie. J(X,Y) is of dimension r + s + 1 and deg = d,d,.

Take L = (20— Tpt1,T1 — Tny2, "+ , Tn —Tont1) (an n-plane). Then LNJ(X,Y) = XNY.
XNY is transverse means that LNJ(X,Y) is transverse. Then #XNY = #LNJ(X,Y) =
dyd,.

General case. Choose a plane M?"~"=% that intersects each W; transversely. Then #M N
(XNY)=#Mn(JW;) =>_ deg W,;. On the other hand, MN(XNY) = XN(YNM). We
want Y N M to be transverse. Let x € YNM. Then T, W; +T, M = T,P" and this implies
that T,,Y = T, M = T,P" which shows that Y N M transversely. Therefore, Y N M = |JY;.
Finally, #X N (Y N M) = #X N (UY:) = > #(X NY;). But Y; has dimension n — r, by
transversality. We reduce to case 2, which gives --- = > deg X degV; = deg X (>_degV;)
which is deg X degY by case 1.

19. November 10

THEOREM 19.1 (Bézout’s theorem). If X", Y® C P" intersect properly and transversely

(i.e. X andY are smooth at a point and their tangent spaces together span the tangent
space of P"), and X NY = |JW; then

deg X - degY =) degW;

In particular, if X and Y are plane curves in P2 of degree d and e respectively, then
#X NY =de.

We introduced a new variety J(X,Y) C P?"*+! the union of all the lines joining a point of
X with a point on Y. By calculating the Hilbert polynomial we know that deg J(X,Y) =
deg X -degY. #X NY = #J(X,Y) N L for some plane L. This eventually reduces to
the case where Y is a plane. In the general case, we had X NY = UW; where W] C W;
is open. Look at the points where X and Y intersect transversely. If X ad Y intersect

transversely, then there is only one component through that point. We can always find
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a plane M?"~"=% such that M N W; = {p1,...,pr, }- Then Y degW; = #(X NY)N M =
#XN(YNM)=degX -degY.

Now we want to drop the restriction that the varieties intersect transversely; what if they
only intersect properly?

CLARIFICATION 19.2. T'wo varieties intersecting transversely means that for every compo-
nent there is a point at which they intersect transversely. (If the intersection has multiple
components, usually the intersection will not be transverse in the intersection point of the
intersection variety.) In this case, transverse intersection implies proper intersection.

Assume X", Y% C Z" are smooth and intersect properly. So each irreducible component
has dimension 7+ s —n. Let X NY = |JW;. Then one can define the intersection number
i(X,Y,W) of X, Y along W;. The definition will not be given here. But here is a special
case: if X = V(f) and Y = V(g) are plane curves in A2 or P2 and p € X NY then
i(X,Y,W;) is the length of Oy2,,/(f,g) as an Op2 ,-module.

THEOREM 19.3 (Bézout’s theorem, general case). If X, Y C P" intersect properly then

deg X -degy = Y i(X,Y,W;)degW;
W, exXny

19.1. Curve theory.
DEFINITION 19.4. An algebraic curve is an algebraic variety of dimension one.

LEMMA 19.5. Let X be a smooth curve and Y be a projective variety. Then every rational
map ¥ : X --+Y s a morphism.

This is basically Zariski’s main theorem, but there we require X to be at least quasipro-
jective. But here, look at the graph I'p with projections to X and Y. We need to show
that I'p — X is an isomorphism. But F¢|U = p~1(U), so we can reduce to the affine case.
So L'gy,, is quasiprojective and we can use Zariski’s main theorem.

COROLLARY 19.6. Let X,Y be two smooth projective curves. If X, Y are birational, then
they are isomorphic.

So classifying smooth projective curves up to birational isomorphism is the same as clas-
sifying them up to actual isomorphism. Note that this is not true for surfaces: take a
surface and blow up at a point.

Now suppose we have X — k(X) where tr.d.k(X)/k = 1. Can we find a smooth projective
curve with function field k£(X)? (If there is one it’s unique by the corollary.(So classifying
smooth projective curves up to birational isomorphism is the same as classifying them up
to actual isomorphism.))

DEFINITION 19.7. A function field K /k is a finitely generated field over k of transcendental

degree 1.
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QUESTION 19.8. Given K can we find a smooth projective curve with k(X) = K? (You
can always find a curve with the right function field, but is it birational to something
smooth and projective?) Equivalently, given any curve Y can we find a smooth projective
X birational to it?

THEOREM 19.9. Given K there exists such X.

DEFINITION 19.10. A variety X is called normal if for every x € X, Ox, is integrally
closed in k(X).

Fact 19.11. If X is affine, then X is normal iff O(X) is integrally closed in k(X).

PROOF. Suppose O(X) is integrally closed; we want to show each local ring is inte-
grally closed. let u € k(X) where

up +au” P+ .. +a,=0

for a; € Ox 5. Write a; = % where b;, ¢; € O(X) and ¢; ¢ m,. Multiplying out denomina-
tors,

dou™ + diu™ + ... +d, =0
for d; € O(X) and if v = dou, V" +e1v" L+ ... + e, =0 for ¢; € O(X). So v € O(X) and
u = ;70 S OX@.

Now suppose X is normal. Let u € k(X).
Wt a4+ a, =0
for a; € O(X) C Ox . So u € Ox . etce. =

Let X be an algebraic variety. Then the normalization of X is X normal, together with
a morphism 7 : X — X such that if ¥ is normal and f : Y — X is dominant, then there
exists a unique f :Y — X making the diagram commute:

Y—f>5(:

N

Fact 19.12. The normalization exists and is unique.

PROOF. If X is affine, then let A be the integral closure of O(X) in k(X), and X =
Spec(A). By the previous fact, X is normal, because A is integrally closed.

Let f :' Y — X be dominant. Because X is affine, this corresponds to a map f* :

O(X) — O(Y), which produces an injective (because the morphism is dominant) map

E(X) — E(Y). Write Y = UY; for Y; an affine open. SO k(Y) D O(Y;): But now the
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composition map naturally factors through A:

O(X) O(Yi)
\A
/

k(X) k(Y)

If u € k(X), u € A then
W+ a4+ a, =0
for a; € O(X). So
ffw)" + ...+ f(an) =0
which implies f*(u) € O(Y;). So f factors through its normalization:

Y, — X

|,

Y — X

In the general case, X = J X; where X; are affine. You can make the maps factor through
the intersection, and glue all the X,’s to get a X:

X;

el

X;NX; — X; N X

AN

X;

2

=

The intersection of two affine varieties is still affine, because it is X x Y N A, and the
product of two affine varieties is affine and A is closed by assumption.

THEOREM 19.13. If X is smooth, then X is normal.

But the converse is not true: zy = 22

k[z,y, z]/2* — zy is integrally closed.)

is normal but not smooth. (Exercise for you:

Fact 19.14. If Ox . is a UFD then it is integrally closed.

PROOF.
W4 a4 .t a, =0
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fora; € Ox . u= g and (f,g) =1

P +agf" '+ ... +ag" =0
Let P be a prime divisor of g. Then B 1 ™, which is a contradiction. =

THEOREM 19.15. If X is normal, then Xging has codimension > 2.

PROPOSITION 19.16. Let X be normal and Y C X be a closed subvariety of codimension
one. Then there exists some open subset U C X withUNY #0 andY =V (f) on U.

PROOF OF THEOREM, GIVEN PROPOSITION. Suppose Xing has codimension 1. That
is, there exists a subvariety Y C Xg;;,4 of codimension one. By shrinking X we can assume
that Y = V(f). Let y € Y be a smooth point (of Y, not X of course!). Let y1,...,yn—1
be local parameters of Y at y. That is, y1, ..., y,—1 generates the maximal ideal my,. But
the y; are regular functions on Y that can be lifted to regular functions on X.

0= (f)=1Y)->0X)—>0))—=0

SO Y1, --sYn—1, [ generate my,. So dyi,...,dy,—1 generate mx,y/mg(y. This is a contra-
diction: this vector space has dimension > n because X is singular there. =

PROOF OF PROPOSITION. We will prove the proposition for dim X = 1; the higher
dimensional case just requires more definitions. ¥ = {y} € X. If X is normal, then
we claim that this is defined by one equation on some open neighborhood of X. We
can assume X is affine. Let f € O(X) such that f(y) = 0. By shrinking X we can
assume that the zero locus of f is just {y} (if there are other zeroes can just throw them
away). By Hilbert’s Nullstellensatz, \/(f) = m,. Therefore, there exists some 7 such that
my C (f) C my (the last inclusion is automatic because f vanishes at y). Let r be the
smallest integer such that my = (f).

To be continued... =

20. November 15

Presentations: December 1-3, 20 minute presentations. Proofs only if there is time. Maybe
examples. Written survey due later: 5-10 pages.

PROPOSITION 20.1. Let X be a normal variety, Y C X of codimension 1. Then locally on
X, Y is defined by one equation. That is, there is some open U C X such that UNY # ()
and I(UNY) C O(U) is generated by one element.

PROOF. First do the case where dim X = 1. Let Y = {z}. By shrinking X we can
find f € O(X) such that x is the only zero of f. In Ox,, m}, C (f) C m,. Choose r
such that m?~! ¢ (f) and m’, C (f). Then there are some ay,--- ,a,_1 € m, such that

g=ay,--- 7a’r‘—l¢(f) andgm:tc(f)
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Let u = % ¢ Ox , but umy C Ox ;. I claim that um, ¢ m,. Otherwise, u : my — m, is
an Ox y-module homomorphism. So there exists F' € Ox ,[t] monic such that F'(u) = 0,
which means that u is integral over Ox ;. But Ox, is integrally closed. So u € Ox 4,
which is a contradiction. Therefore, um, = Ox .. This implies that m, = (%) We are
done: we were trying to prove that the ideal is generated by one element.

REMARK 20.2. In fact, what we showed is that if X is a normal curve, Ox ; is in fact a
principal domain.

Now do the general case. Recall that if x € X is a point, then we have defined Ox , =
lim O(U). Now if U C X is a closed subvariety, we can define Oxy = lim = o).
U>szx Uuny =0

It is easy to see that Oxy is a local ring with residue field £(Y) and maximal ideal

mxy = hg I(UﬁY).
UNY #0

Now the proof is the same if we replace O , in the 1-dimensional case with Ox y. Namely,
(1) there exists some open set U C X such that UNY # 0 and UNY is set-theoretically
defined by one equation; and (2) Ox y is integrally closed (proof is the same as the fact
that in the affine case X normal <= Ox, is integrally closed). =

For normal varieties, the singular locus has codimension > 2. So normal curves are smooth.

THEOREM 20.3. For any finitely-generated function field K/k, there is some smooth variety
such that k(X) = K.

PROOF. Let K/k be a function field; i.e. tr.d.K/k = 1. Choose any projective curve
X such that k(X ) = K: take any finitely generated k-algebra B C K (whose fraction field
is K), and take U = Spec(B) affine, embed this in P and take the closure. However, the
point is that this might not be smooth.

Now let X be the normalization of X. Then X is smooth. Cover X by affine opens U;
such that any two points of X are contained in some U;. By construction, X = UUl,
where U; is the normalization of U;. The U; are affine smooth. Let U; be the closure of
Ui in some projective space; each U; is projective. There is a rational map U — U;, and

ﬁi - )Nf, so this extends to a rational map from X f> U;. Let ¢ : X — [1U;, and X be
the closure of the image of ¥. So we have

X N Y closed HUZ

X—>XC—>HU

J closed l
U;

=~ open

U;
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Now I claim that ¥ is an isomorphism (this implies the theorem). It is clear that ¥ is
injective. If #,y € X, there is some U; such that z,y € U;. If ¢(z) = ¥(y) then z = y by
diagram chasing. (Same in U; means same to begin with.)

To show that ¥ is surjective, we need a lemma:

LEMMA 20.4. Let m: X — X be the normalization of a variety. Then 7 is surjective.

PROOF. By construction, it is enough to show that this is true if X is affine. (The
whole thing is made by gluing together affine pieces.)

A=0(X)C B=0(X) C k(X)

Let x € X; then m, C A. It is enough to show m;B # B. If B is integral over A then
it is finite over A. By Nakayama’s lemma, if B is a finite A-module and m, B = B then
B=0.

(If X is smooth, then the closure of its image is smooth and projective.)

~l

Let X be the normalization of X. X is a smooth normal variety that maps to X via a
dominant morphism. I claim that ¥ is an open embedding; this will be proved at the end.

X can be regarded as an open subset of X. We can extend X — X to get a morphism
X — X. This is dominant, and factors through a unique morphism X — X.

X X—X
The morphism X — X extends X — X because X is projective and X is smooth. Since
X is the normalization of X, it factors as

(]

Y. X
Now let € X, and choose 2’ € bX a lift of . Then z = (') € X s0 ¥ : X — X is
surjective.

il
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So it remains to show that ¥ is an open embedding.
X—X C Hﬁl

At the level of local rings we have

(@ O,

- =
Ui,.?: ~
*

The isomorphisms and injections in this picture force O5 (<'0— Ox P to be injective.

=

DEFINITION 20.5. Let ¥ : X — Y be a morphism of algebraic varieties. Then ¥ is
called finite if for any affine open V C Y, ¢=1(V) =: U is affine and O(U) is a finite
O(V)-module.

PROPOSITION 20.6. Let ¥ : X — Y be a non-constant morphism of smooth projective
curves. Then ¥ is finite.

PROOF. ¥ is surjective and therefore dominant: the image is closed, it is not a point,
and is connected, so it must be all of Y. Let V' C Y affine. Consider A = O(V) C k(V)

A=0(V) B
E(Y)e——— k(X)
where B is the integral closure of A in k(X). Let U = Spec(B). U is integrally closed,

hence normal, hence smooth. In terms of varieties, this is
V~—2U
i Plu |
!
y

Y<—X
2

Where U --» X is the natural rational map that is induced. But this extends to a
morphism because U is smooth and projective.

B is finite over A by general commutative algebra, so we are done if we show ¢~1(V) = U.

Suppose this is false. Then there is some yp € V' and xg ¢ U such that ¥(z¢) = yo.
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Sub-claim: there is some f € k(X) such that f has poles at =g, and f € O(U). 1 first
show that, if true, this leads to a contradiction. f € B = O(U) so
ftaf ™ e tan =0
for a; € O(V) = A. So
as an
But f having poles at xp means % = Ox 4, because Ox 4. (If you choose a local parameter

you can write f = ux” for r < 0, so % is a regular element.) This is a contradiction.

Now I prove the sub-claim. Let ¢~!(y9) = {zo, -+ ,7n}. Let fbe any function regular
on {x1, - ,x,} NU, but with poles at xy. This is possible, because there’s an affine open
such that xg, - - - ,z, are in the affine open. So choose some rational function on the affine
open that is regular on the other z; but has a pole on zg. If fhas no poles in U, we are
done (function is regular on U and has a pole on z). Otherwise, let 2/ € U. fhas a pole
at 2/, f is regular on z; so &’ is not one of these z;. So P(z') =y € V for y # yo. Choose
h € O(V), h(yg) # 0, where h vanishes at 3’ with sufficiently high order. (You can do
whatever you want, over an open affine.) Take f = f@*(h). Then f will have no pole at
2’. Continue: if fhas more than one pole, then do this finitely many times.

21. November 17

If ¥: X — Y is a nonconstant projective morphism, and X and Y are smooth, projective
curves, then ¢ is a finite morphism: i.e. for V' C Y affine open, U = ¢~(V) is affine open
and O(U) is a finite O(V)-module.

DEFINITION 21.1. If X is a smooth projective curve, recall the prime divisors are just
points. Define the degree map

deg : X — 7Z where D = Znipi — deg(D) = Zm

THEOREM 21.2. If X is a smooth projective curve and D = (f) is principal, then deg D =
0.

COROLLARY 21.3. The degree map descends to a map
deg : CI(X) = Pic(X) = Div(X)/Div’(X) — Z
DEFINITION 21.4.
Pic’(X) = ker(deg : Pic(X) — 7Z)

PROPOSITION 21.5. Let ¥ : X — Y be a dominant (i.e. nonconstant) morphism of smooth
projective curves. Let D € Div(Y'). (We defined the pullback ¥*D € Div(X): you just
have to define it by prime divisors, which are locally given by one equation. Pull back this
equation and take the degree; this defines a divisor.) Then deg¥*D = deg D - deg ¥ where
deg® = [k(X) : k(Y)].
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PROOF OF THEOREM. Let f € k(X); this can be regarded as a rational morphism ¥ :
X --» P! but we can extend this to a morphism. This is nonconstant if f is nonconstant.

Exercise: (f) = #*([0] — [oc]). Then deg(f) = deg® - deg([0] — [o0]). =

COROLLARY 21.6. Let X be a smooth projective curve. If there are x,y € X and x —y is
principal, then X = P

PROOF. If z—y = (f), ¥ : X — P! then 2 = ¥*([0]). So deg¥ = 1. So ¥ is birational;
if it’s birational, we have proved before that it is an isomorphism. H

PROOF OF PROPOSITION. (Use the natural embedding k(Y') C k(X ).) We can assume
that D = p. Write ¢~!(p) = {p1,--- ,p¢} C X.Let y be a local parameter at p € Y. In
Oxpi, Y = ulx:’ where u; is a unit of Ox,,. Then ¥*D = > r;p;. We want to show
that > r; = deg®. Let V 2 p be an affine open. Define A = [(V), U = ¢~ 1(V)
(affine), B = O(U). Then B/A is a finite A-module. Let m, C A be the maximal ideal
corresponding to p. By localization, there is a map Oy, = Ay, — By, where By, is a
finite Ay, -module. But By, is a free. Ay, is a principal domain; any module over one
of these is free, plus some torsion module. The torsion could only happen in y; but y is
not torsion on B. Alternatively, this is an integral domain so it has no torsion. So we can
write By, = AZ", where n = deg®. Bw, ® k(Y') = k(X). Therefore, dimy By, /y is an
n-dimensional vector space. (y generates the maximal ideal m,By,,, so we are here just
modding out by the maximal ideal.)

Claim: By, = (1 Ox p,- The inclusion C is obvious; we prove the other direction.

B, — {!{j g€ OV).g(p) #0.f € B=O(U)}

Let h € (VOx p,. hisregular away from g2, ,qm, ¢ #pj- pE W =V —=P(q1, -+ ,qm) C
V' (the ¢; are the places where h is not regular: these are not any p;). [If the ¢; are defined
by f, then O(W) = [(V)}. h € O(@~1(W)) = O(W) @) OU).]

h e OU)®owy O(W) C B,

We can write y — u(z]" - - - z]»). We have

Bmp/y = H OX,pz’/x?
This implies that dimy Bw,/y = > dimg [y /i = 37 B

EXAMPLE 21.7 (Calculating Pic’(X)). Pic?(P!) = 0.

Let X be the elliptic curve defined by 3%z = 3 — x2z2. Consider the divisor class given
by a hyperplane section Lx(1). We can consider the hyperplane {z = 0} =: H,. Take
po = (0,1,0) to be the origin, and note that Hz N X = pp; around this point, the local
equation is z = 2> — x22. x is a local parameter at py. By the non-Archimedean property
of ord, ordy, z = ordy, #3 — x2? > min{ord,, 3, ord,, 22} > 3. Since ord,, (v2%) > 7,
ordy, z = ordy, (¥3 — 22%) = 3. So 3py € Lx(1). Define a map AJ : X — Pic’(X) sending
p— p—pg. I claim that AJ is injective: if p—pg ~ ¢—po then p ~ ¢. But by the corollary,

85



MATH 232A XINWEN ZHU LECTURE 21

if two points are equivalent, then your curve is P!. But this curve is not P! (for example,
they have different genuses). So this is a contradiction.

Now I claim that AJ is surjective. Let D € Div(X), where deg D = 0. Because D has
degree zero, it can be written | n;p; with > n; = 0, we can write thisas D = ) n;(p—po).
All the n; can be assumed to be positive: given x € X, consider the line Zpg which intersect
X in x, pg, and somewhere else, say y. Then Lx (1) > x+po+y ~ 3pg. Then x—py ~ po—y.
So if one of the n; were negative, we could replace = with y, which is linearly equivalent,
and switch the sign.

If > n; = 1 we are done. Otherwise, write D = (p1 —po) + (p2 —po) + . Pip2 N X =
{p1,p2,4}.
Lx (1) > p1+ 02 =q~ 3po
p1—Po+p2—po~po—q~q —po
where ¢’ is the other point on the line through ¢, pg. We have reduced > n; by one; after
continuing this procedure sufficiently many times, we will eventually get D ~ p — pg.

So here is the Abel-Jacobi map:

AJ: X 5 Pic®(X)
Since the RHS is a group, this gives a group structure on X. More precisely, pg is the
identity element. Addition is given as follows: p; + pa = AJ Y (AJ(p1) + AJ(p2)) =
AJ Y (p1 —po) + (p2 — po). This is just ¢’. So in other words, take a line through p; and
p2, find where else ¢ it hits the curve. Now find the other point ¢’ on the line through ¢

and pg. ¢ is the desired sum. To get —p;, take the line through p; and pg, and find where
else it intersects the curve.

THEOREM 21.8. Let X be an elliptic curve. The multiplication map m : X x X — X and
the inverse s : X — X are morphisms of algebraic varieties.

PrOOF. Push points around. H

Let x = (a,b,1) € X. The line Zpy is given by az — 2 = 0. Therefore,

—r=0
X = {az x -
Yoz = T° + T29
There should be three solutions: (0,1,0), (a,b,1),(a,—b,1). So s : (a,b,1) — (a,—b,1).
This shows that this is a morphism when you restrict to this affine open.

DEFINITION 21.9. A group wariety is an algebraic variety G together with an element
e € (G, and regular morphisms m : G x G — G and s : G — G, such that (G, e, m, s) form
a group in the usual sense.

A group variety is called an abelian variety if G is projective. If G is projective, then the
group structure is necessarily abelian. Unfortunately, the converse is false.
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COROLLARY 21.10. X defined by xy? = x3 — 222 is an abelian variety.

REMARK 21.11. In fact, if char(k) # 2,3 then every (geometric) genus one projective
curve is isomorphic to a cubic curve in P? of the form 3?2z = w3 + azz? + bz3, with
4a3 4 27b% # 0. This is called the Weierstrass normal form. By the same argument, X is
an abelian variety, choosing (0, 1,0) as the “infinity point.”

Suppose k = C. Write w = d—;; this is a regular differential. In the elliptic case, this is

dx
Va3+azr+b’
a lattice, by taking p — [ ;; w. This does not give a well-defined map X — C; it’s possible

and was called the elliptic integral. Let’s construct a map X — C/L where L is

to choose a path from pg — p; (i.e. one containing a non-contractible loop) that makes a
different integral. These are called periods. So to make this map well-defined, you have to
mod out by the lattice generated by the periods (in this case, there are only two periods,
which is good, since that way you get a two-dimensional R-lattice inside of C). This map
ends up being an isomorphism, so X turns out to be isomorphic to a torus.

EXAMPLE 21.12 (Linear affine algebraic groups). GL,, = {A € M, «, : det A # 0}. Since
the determinant is a polynomial, this cuts out a linear variety.

PGL, = {GL,/k*I,} has a group structure. You can also show that this is an affine
variety.

G,, = GL1 = Al — {0} is a special case of GL,,. This is a commutative group...but we
don’t call it an abelian variety.

Gq = (A',+) is A! with the natural addition structure.

Given a quadratic form on your space, you can construct SO, the subgroup of GL,
preserving your form. Every linear affine algebraic group can be realized as a subgroup of
GL,.

But the situation is different for projective varieties:

THEOREM 21.13. Fvery abelian variety is abelian.

Elliptic curves are examples here. In general, if X is a smooth projective curves of genus
g, Pic®(X) is an abelian variety of dimension g. (This is just a group, but it has a natural
algebraic variety structure.)

In fact, every algebraic group G is an extension
0->N—->G—-A—1

where A is an abelian variety and N is a linear algebraic group (any closed subgroup of
GL,).
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22. November 22

22.1. Riemann-Roch.

THEOREM 22.1 (Riemann-Roch Theorem). Let X be a smooth projective curve over k of
geometric genus g*, and D a diwvisor on X. Then

D) —¥¢K,—D)=1—-g+degD

Both sides depend only on the divisor class group of D. All the regular functions on X are
constant, so £(0) = 1. Also, ¢(D) = 0 if deg D < 0, because (f) +D >0 = degD > 0.
Substituting D = K, in Riemann-Roch gives

COROLLARY 22.2.
deg K, =29 — 2

COROLLARY 22.3. Ifdeg D > 2g — 1 then ¢(D) =1— g+ deg D.

Proor. If deg(K, — D) < 0 then (K, — D) = 0. =
COROLLARY 22.4. If deg D > 2g then {(D — p) = ¢(D) — 1.

COROLLARY 22.5. If deg D > 2g then |D| has no base point; in particular, the rational
map X --» |D|* (the dual projective space (|D|)V) is a morphism. (The base points are
exactly where the rational map cannot be extended to a morphism.)

PROOF. If p were a base point, then ¢(D — p) = £(D), contradicting the previous
corollary. ==

THEOREM 22.6. Let D be a divisor on X. If p,q € X such that {(D —p—q) = {(D) — 2
then Zp| : X — |D|* is a closed embedding.

COROLLARY 22.7. Ifdeg D >2g+ 1 then Zp| : X — |D|* is a closed embedding.
REMARK 22.8. |D|* is noncanonically isomorphic to P4¢& P9,

COROLLARY 22.9. Let g > 2. Then Z3k,|: X — P59-6 s o closed embedding.
PrROOF. deg3K, =6g9g—6>2g+1 B

If you fix the genus, then every curve of genus g can be embedded into a projective space
of dimension 5g — 6. This is how you construct the moduli space of curves.

PROOF OF THEOREM 22.6. Easy fact: ¢(D)—{¢(D —p) < 1, which implies /(D —p) =
£(D)—1. So | D] has no base points. Consider ¥ = Z|p| : X — |D|*. Then ¥ is injective: if
Y(p) = ¥(q) = x € |D|*. Let H be a hyperplane of |D|* then ¥*H € |D|, and all elements

Lrecall g — £(K,) and £(D) = dim £(D) where £(D) = {f € k(X)* : (f)+D >0}uU{0}
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in the linear system |D| are obtained in this way. If x € H then supp(¥*(H)) D {p,q};
otherwise, supp(¥*H) # p,% q. But L(D —p —¢q) € L(D —p) € L(D). So there is
f e E(D —p\L(D —p—¢q) and (f) + D € |D| where p € supp(( ) + D) (because
(f)+ D >p) but q ¢ supp((f) + D). Contradiction.

Let X’ = ¥(X) C |D|*. We need to show that ¥ : X — X’ is an isomorphism. (The image
is closed because we are mapping from projective varieties.) We know it’s injective; so it
suffices to show that it induces an isomorphism on the local rings. We have

x4 x < D)
The second map is a closed embedding, hence a finite morphism. The first map is also
finite, because it is a nonconstant map of curves. Suppose V C |DI|* is affine. Then

A= O(V) comes from B = O(U) where U = ¢~1(V). Recall z € V is in ¢(X) if for any
f€eOU). X' is defined by

VX ={z:¢f=0 = f(z) =0}

So O(VNX') =Im(A — B) and I(VNX') = ker(A — B). (We can always factor a map as
a surjection followed by an injection; in this case, we have produced A - O(VNX') < B.)

Let p € X. Then Ox ) is finite over OX,7¢(p) (it was finite to begin with, and then we
localized).

Claim: ¥ is injective on tangent spaces. On the level of local rings, this says My O —
mx,p/mg(p is surjective.

If the claim is true then we’re done. This condition means it’s surjective on the cotangent
space; dually, it’s injective on the tangent space. Let &/ = mX/7¢(p)Ox,p so &/ C mx .
From the claim, &/ contains a local parameter of X at p. So & is exactly the maximal
ideal mx,, (it’s a principal ideal generated by any local parameter).

Now consider the maps of Ox/ ¢,)-modules O/ () = Ox,p. So the map

OX',SO(p)/mX/,SO(p) - OX,p/mX/}P(p)OXm - N/mX/.SO(p) —0

i% ) ig l%

k — OXJ;/UIX’pgk 0 0

By Nakayama’s lemma, Oy, ¢,y = Ox p is a surjection of Oy, ¢,-modules.

* * * / *
T@(p)|D| — T(p(p)X =T, X
so it is enough to show that
TcZ(p)\DI* — Tp(X)

is surjective. Let xg,---,x, be coordinates on |D|*, where ¥(p) =

(1,0,---,0). Let’s
recall what rational functions look like. Let (fo,--- , fn) be a basis of L(D).

Then P(p) =
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(fo(p), -+, fu(p)). Then 90*;—3 = % € Ox p; this is actually in mx ), because f; vanishes
at p, since each % vanishes at ¥(p). But the z; span the cotangent space Té(ﬂ)l D If we
define g = 0 then the rest are local parameters at that point.

To show T;;(p)|D]* — Ty (X) = mx,p/mg(,p is surjective, it suffices to show that there is
some ¢ for which % ¢ m%QP.

L(D—2p) € L(D—p) S LD)
Let f € L(D — p)\L(D — 2p). Choose p ¢ Supp(D) such that (f) + D = p+ D. Then

f—{) = Ao + /\1le) + 4 )\n% implies that % has a zero of order 2 at p, which is a
contradiction.

Summary: use p = ¢ case to show that ¥ is injective on tangent spaces; then use commu-
tative algebra to show it is a closed embedding. H

What is Z|g,| : X --» P9~1? Let’s consider g = 2. We get ¥ : X — P!: a map between two
curves. Assume characteristic zero. Exercise: show that ¥ is separable (this is equivalent
to it being nonconstant). If ¥ is a separable map, then K, —¥* Kp: is the branched divisor.
Also, ¥*(]0]) = Kx. By taking degrees, we get deg® = 2g — 2 = 2; taking degrees in the
previous equation gives deg B — 6 where B is the branched divisor. So the morphism is
generically a double cover, which means [k(X) : k(P')] = 2. So you can write this as a
quadratic extension

K(X) = k(X)ll/y* — f(2)

Exercise: The support of the branched divisor B consists of the points over the zeroes
of f(x) of odd order, and the points over oo if deg f is odd. For example, if f has simple
zeroes at six points, then these points are all the branched points.

DEFINITION 22.10. A curve X is called hyperelliptic if there exists ¥ : X — P! of degree
2.

COROLLARY 22.11. Ewvery genus 2 curve is hyperelliptic. If g > 3, most curves are not
hyperelliptic.

ExXaAMPLE 22.12. Let g > 3. If X is not hyperelliptic then the morphism
Zigyt X — P91

is a closed embedding. (You have to check that this linear system satisfies the conditions
of the theorem.)

THEOREM 22.13 (Riemann-Hurwitz formula). Let ¥ : X — Y be separable of degree n.
Let Kx — ¢*Ky = B be the branched divisor. Then

29x —2=n(2g9y —2) +degB

Let z € X, y = ¥(z) € Y. Let t,,t, be local parameters. Then ¥*(t,) = t5*u where e,

is some power called the ramification index of ¥ at x, and y € O% , is some invertible
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element. In general, the branched divisor is a determinant of the Jacobian matrix. But
here, we can just take

dP i, 9 du
— te tez
ar, e U
DEFINITION 22.14. ¥ is said to be tame at x if char(k) t e.

COROLLARY 22.15. If ¥ is tame at x then ord, (dft;y> = e—1. This gives the coefficients

of the branched divisor. So if ¥ is tame everywhere, then B =3 (e, —1) and

deg B = Z(ex —1).
rzeX

23. November 29
Presentations Thursday 2:30-4, Friday 2-4, SC 530, papers due December 10

23.1. Sketch of the proof of Riemann-Roch. Let X be a smooth projective
curve over k. If z € X then consider Ox , = k[[t]], where we can choose t to be a local
parameter. Then the maximal ideal m, , corresponds to tk[[t]]. Let K, be the fractional

field of @X,x. (Write Ox 5 =: O, because the curve will be fixed here.) IA(I = k((ty)) is
the set of Laurent series Y75y a;t".

0, k(X)=K

0, —— K,
These morphisms are given by taking the Taylor expansion of a function in O,.
DEFINITION 23.1. The adeles of X is
!/
Ax = H K,
zeX

where H is the restricted product: more premsely, elements in Ay are (fy)zex, where
fz € K and all but finitely many f, are in (’)

First observe that there is a natural k-algebra homomorphism K — Ax given by using
the inclusion of f in each K, and then taking f — (f3)zex. Let D = )" n,-p be a divisor
on X. We defined

AX(D) = {(f$)x€X € HI?:B : f:c € a;nz@$} C A,

(There are only finitely many x such that n, # 0.) If m, = t, - k[[t.]] =C O, then we can
find ;! = t;1 k[[t.] C K, such that m, -, = O,. If D < D’ then Ax (D) < Ax(D')
and AX = IEA)(( )

<
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Given D consider K@Ax (D) %8 Ay where (£,0) — (fo)zcx and (0, (fo)zex) = (— fa)aex
(aside from the minus sign, we'’re just using the natural embeddings here). The kernel is

kerdp = £(D) = {f € K* : (f)+ D >0} U{0}

The cokernel is a vector space which we call H'(X, D).

If D < D’ then we have a natural commutative diagram
0 0

d
K @ Ax (D) —2> Ax

dp

KEBA)((D/) —— Ay

v

0

where V' is the cokernel of the first vertical chain of maps, and dimy V = deg D’ — deg D.
Now use the snake lemma to get a sequence

0——>kerdp —=kerdp —=V —= HY(X,D) — HYX,D') —=0

The key point is to prove that H'(X, D) is a finite-dimensional vector space. We know
that kerdp is finite, because it is just £(D). Let D,, € Lx(m) = P(S(X);). We can
choose D,, for m € Z such that D,, < D,,+1. Now, if m > 0 consider the short exact
sequence

0 — L(Dw) = L(Dpy1) =V = HY(X,D,,) = HY(X, Dy — 0)

dimg V' = deg Dy, 41 — deg D,,, = deg D1 = deg X (note that D,, € |m - D] and therefore
deg D,, = m - deg D1, as degree does not change under linear equivalence). If m is large
enough, then the linear system is complete, and ¢(D,,+1) = Px(m + 1), and ¢(D,,) =
Px (m) so the difference is

U(Dpt1) — €(Dp,) = Px(m+1) — Px(m) = deg X
(The last equality is because the Hilbert polynomial is Px(t) = (deg X)t + (1 — pg).) In
particular, the canonical map H'(X, D,,) = H'(X, Dy, 1) is an isomorphism.

CLAIM 23.2. For m large enough, H (X, D,,) = 0.

PROOF. Let (f;) € Ax — HY(X,D,,) :== Ax/K @& Ax(D,,). We just said that this
maps isomorphically to Ax /K @ Ax(Dp+1). We can choose n, and Dy, 4, € Lx(m + n)
such that f, € Ax(Dyt1). Then (f) = 0in HY(X, Dytm), 50 (fz) = 0in HY(X, D,,). B
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Summary: We have proved: if m > 0 then for any D,, € Lx(m) and D41 € Lx(m+1)
such that Dy, 11 > Dy, then H'(X, D,,,) & H'(X, D,,41). Now we have claimed that these
spaces are zero.

COROLLARY 23.3. For any divisor D, dimy H' (X, D) < co.

ProoF. Find some D,,, > D with m sufficiently large.
V — HY(X,D) - H (X, Dy,) — 0
H'(X, D,,) = 0, so because V is finite-dimensional, so is H(X, D). =
DEFINITION 23.4. X(D) := {(D) — dimy H'(X, D)
THEOREM 23.5 (Cheap Riemann-Roch).
X(D)=1-p,+degD

ProoF. If D' = D + x, then we have a sequence
0— £L(D)— L(D') -V — HX,D) - H'(X,D') = 0

This implies X(D’) = X(D) + 1. So it suffices to prove this for hyperplane sections D,
for m very large. We have already done this. For D,,,

X(Dy) =€(Dy) = Px(m) =1—p, +m-deg X =1 —p, + deg Dy,

COROLLARY 23.6.
pa = dimy H'(X, D = 0)
In particular, pg > 0.

The other part of Riemann-Roch follows from Serre duality:

THEOREM 23.7 (Serre duality). There is a canonical isomorphism H'(X, D)* = L(Kx —
D) where Kx is the canonical divisor.

COROLLARY 23.8. p, = g (geometric genus)
PrOOF. Use D = 0. Also, X(D) = ¢(D) — (K, — D) so we get Riemann-Roch. B

Finally, we will give a sketch of the proof of Serre duality.

DEFINITION 23.9. Let Qf@ = Qg QK IA(x. Then Q@ = @ = Qo, R, @x. Elements of
this are f(t)dt for f(t) € k[[t]], and elements of Q7 have the form f(¢)dt for f(t) € k((2)).
THEOREM 23.10. There exists a k-linear map

resy : Qf(z — k

that satisfies:
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(a) reswlgégc =0
(b) resy(f™df) =0 for all f € K* and alln # —1
(¢) resy(f~'df) = ord.(f)

COROLLARY 23.11. Ifw € Qp , then w =} a;t;dt with res,w = a_.

This is hard in characteristic p. If Kk = C, then res,w = ﬁ $ w. In this case, it is clear
that a_; is independent of the choice of local coordinates. In general:

THEOREM 23.12 (Residue theorem). Let w € Qg . Then

Z res,w =0

(This is due to Tate.)

NotATION 23.13. If D is a divisor, then
Qx(D) = {w € Qg : (w) +D > 0} = [,(KX +D)

Consider the pairing Qx (—D) x Ax — k that sends (w, (fz)) = > cx resz(fzw). Clearly,
this k-bilinear map factors through Qx(—D) x A, /K ® Ax (D) — k (that is, it vanishes
on K @ Ax(D)). Since K @ Ax(D) = H'(X, D), we get

Qx(-D)® H'(X, D)
The claim is that this is a perfect pairing:

THEOREM 23.14. This pairing induces H*(X, D)V = Qx(—D).

All of this is contained in a paper of Tate.

THE END.
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