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Preface

This text is based on the lecture notes of the Mastermath course Algebraic Geometry given during the
Spring of 2009 at the UvA by Bas Edixhoven and Lenny Taelman. Those notes were typed, as the course
went on, by Michiel Kosters.

In this version for the course in the Spring of 2011 given by Bas Edixhoven, we have included the ex-
ercises, an index and a bibliography, and we have incorporated suggestions by Michiel Vermeulen, Remke
Kloosterman, Ariyan Javanpeykar, Samuele Anni, Jan Rozendaal.... We have also spent time on better
typesetting and on improving minor issues. We thank all those who have contributed to this version.

The reader will see that this course does not give a systematic introduction to algebraic geometry. In-
stead, we have chosen a clear goal, André Weil’s proof of the Riemann hypothesis for curves over finite
fields using intersection theory on surfaces. Our approach has the advantage that it gets somewhere, but
also the disadvantage that there will be gaps in the exposition, that the reader will have to accept or fill.
Nevertheless, we think that this text is a good introduction to algebraic geometry. A student who will not
continue in this matter will have seen beautiful mathematics and learned useful material. A student who
will continue in this area will be motivated for reading the tougher treatments (ideally, he/she should of
course read all of [EGA]], and much much more, a quantity of material for which there is unfortunately
not enough time in all mastermath courses together), and will have a bigger chance of not getting stuck in
technicalities. More seriously, we hope that in the near future a more advanced course in algebraic geom-
etry will be organised in the context of WONDER, the Dutch graduate school in mathematics (Wiskunde
Onderzoeksschool), for which both this course and [Looij] are sufficient as background.

This syllabus is divided into 14 lectures. The first two lectures are meant as motivation: the generalisa-
tion of Riemann’s zeta function to zeta functions of rings of finite type, and the statement of the Hasse-Weil
inequality from which the Riemann hypothesis for curves over finite fields follows. After that the theory
of algebraic varieties over algebraically closed fields is developped, up to the Riemann-Roch theorem and
Serre duality for curves. Lecture 12 establishes. Lecture 13 treats intersection theory on surfaces, and in
Lecture 14 this is used to prove the Riemann hypothesis for zeta functions for curves over finite fields.

The prerequisites for this course are the standard undergraduate algebra courses on groups, rings and
fields (see for example the syllabi [Stev] (in Dutch), or [Lang]), and some basic topology. No prior knowl-
edge of algebraic geometry is necessary.
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Lecture 1

Introduction: zeta functions and the
Riemann hypothesis

1.1 The Riemann zeta function

We start with the definition of the classical Riemann zeta function.

Definition 1.1.1 We define the Riemann zeta function as ((s) = >, ,n~°.

We have some facts about this function.
Fact 1.1.2 The Riemann zeta function {(s) converges absolutely for R(s) > 1. This can be easily deduced
from the fact that for s = a + bi with a,b € R we have that [n™°| = |n~¢| and the fact that > _ n™"

converges (absolutely) for a > 1.

Fact 1.1.3 The Riemann zeta function ¢(s) extends (uniquely) to a holomorphic function on C\ {1}. This
extension has the property that {(—2n) = 0 forn € Z.

Conjecture 1.1.4 (Riemann hypothesis) All other zeros s € C of the Riemann zeta function ( satisfy
R(s) =1/2.

Remark 1.1.5 We also have an Euler product formula for the Riemann zeta function. For s € C with

R(s) > 1:
1
(s) = p|>|0 a=p>)

This last expression will be generalized to define the zeta function of a ring of finite type.

1.2 Rings of finite type

Definition 1.2.1 Let R be a ring. A generating subset of R is a subset S such that for all rings R’ C R
with S C R’ we have that R’ = R.

Definition 1.2.2 A ring R is said to be of finite type, or finitely generated, if it has a finite generating
subset.
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Examples 1.2.3 Here are some examples of rings of finite type:
i. Z (take S = 0);
ii. Any finite ring R (take S = R);
iii. If R is aring of finite type then so is R[X] (take S’ = S U {X});

iv. If R s of finite type and I C R an ideal then R/I is finitely generated (take S’ = {5 : s € S}, where
5 denotes the image of s in R/I).

Examples 1.2.4 Not all rings are of finite type:

i. Z[X1, X2,...] is not of finite type (given a finite candidate generating set S let {X;,,..., X, } be
the finite set of variables occurring in the polynomials in S. Then S is contained in the strict subring
Z[X Xik] OfZ[Xl,XQ,...]);

TEEEEE

ii. Q is not of finite type (given a finite candidate generating set S let N be the least common multiple
of the denominators of the elements of S. Take R’ = Z[1/N] = {a/N® : a € Z,b € N}. Then
SCR CQ)

Theorem 1.2.5 Let R aring of finite type which is a field. Then R is a finite field.

For a proof, see [Eis|l, Theorem 4.19. Chapter 4 of this reference provides the proper context for this result:
integral dependence and Hilbert’s Nullstellensatz. See also [Looij].

Corollary 1.2.6 Let R be a ring of finite type and m C R a maximal ideal. Then the quotient R/m is a
finite field.

1.3 Zeta functions of rings of finite type

Definition 1.3.1 Let R be a ring of finite type. The zeta function of R is defined as follows (for s € C with
R(s) sufficiently large):

1
o= M

m maximal ideal
Examples 1.3.2
L ¢(Z,5) = ((s);
ii. ({0}, s) = 1 (since there are no maximal ideals);

iii. Let k be a field of ¢ elements. Then ((k, s) = (1 — ¢~*)~! (since 0 is the unique maximal ideal).

Fact 1.3.3 Let R be a ring of finite type. Then there is a p € R such that (R, s) converges absolutely for
R(s) > p.

Remark 1.3.4 From now on we will manipulate certain products and series without carefully looking at
convergence. We implicitly assume that these manipulations are done in the domain of absolute conver-
gence.
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Proposition 1.3.5 Let R be a ring of finite type. Then

(Ros)= JI  <(B/(@)s)

primes pEZxo

Proof Letm C R be a maximal ideal of R. Since R/m is a finite field, it has a finite characteristic p > 0.
This gives us the element p = > ©_, 1 € m. Moreover, we have the following bijection, where we only
consider maximal ideals:

{mcRlpem} <5 {w' CR/(p)}
m —  m/(p)
m' +(p) — w
Now recall that
R/m = B/(P) [/ (p),

so they have the same number of elements. U

In general one has the following conjecture (Riemann hypothesis for rings of finite type).

Conjecture 1.3.6 Let R be a ring of finite type. Then s — ((R, s) extends to a meromorphic function
on C, and for every s in C at which {(R, —) has a pole or a zero we have 2R(s) € Z.

For R = 7 this conjecture is equivalent to the Riemann hypothesis, as the zeros and poles of {(Z, —) with
R(s) > 1 or R(s) < 0 are known. The main result of this course implies the conjecture for R that are an
IF,,-algebra (for some prime number p) generated by two elements.

1.4 Zeta functions of [F,,-algebras

For p a prime number we denote by ), the finite field Z/pZ. A ring R in which p = 0 has the property that
the ring morphism Z — R factors as Z — I, — R. Such rings are called [F,,-algebras. Proposition
allows us to express the zeta function of a ring of finite type as a product of zeta functions of [F),-algebras.

If R is an Fj-algebra of finite type and m C R a maximal ideal then R/m is a field with ¢ = p"
elements for some n € Z>;. We write deg(m) = n.

Definition 1.4.1 Let R be an IF,,-algebra of finite type. We define Z(R, t) as follows:

Z(Rt)= [] %ezw.

mCR
m maximal ideal
Remark 1.4.2 Note that ((R,s) = Z(R,p~?).

Here is a deep theorem of Bernard Dwork and Alexander Grothendieck that we will not use, nor prove.
See [Dwork] and [SGASJ].

Theorem 1.4.3 Let p be a prime number and R an IF,-algebra of finite type. Then there exist f and g in
Z[t] such that Z(R,t) = f/g.

This implies the meromorphic continuation of Conjecture for IF,-algebras of finite type. Pierre
Deligne has proved Conjecture for IF,-algebras of finite type; see [Dell].

Now let IF,, — IF,, be an algebraic closure of F,, and for n in Zq let F» be the unique subfield of I,
of p™ elements, that is, F» is the set of roots in F of X P" _ X. For R an IF,-algebra of finite type we let
vy, (R) be the number of ring morphisms from R to F,n.
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Remark 1.4.4 Let p be prime and R = F,[X1,...,X,]/I with I the ideal generated by polynomials
fis---, fm- What are the ring morphisms R — F,»? We first note that a ring morphism is completely
determined by its values at the generators X;. Suppose a ring morphism sends X; to z; € Fy,». Since a
ring morphism sends 0 to 0, it follows that f;(z1,...,2,) = 01in Fp» for all j. On the other hand, if we
have (z1,...,x,) in F},. such that f;(z1,...,z,) = 0 for all j, the ring morphism from ;[ Xy, ..., X;]
to IF» that sends X; to x; factors through R. Hence we get:

vn(R) = #{(z1,...,2;) €Fpu t fiz1,...,2) =0fori=1,...,m}.
Definition 1.4.5 The logarithm (of power series) is defined as the map

log : 1+ 2Q[[x H - Q[[]]
1—ael+2Q[x Zf

n>0

Remark 1.4.6 Note that this sum converges to a formal power series: since  divides a, only finitely many
terms contribute to the coefficient of 2™ in log(1 — a).

Fact 1.4.7 The logarithm is a group morphism from the multiplicative group 1 + xQ[[z]] to the additive
group Q[[z]].

The following theorem gives a very convenient expression for Z (R, t).

Theorem 1.4.8 For p prime and R an I ,-algebra of finite type, we have:

log Z(R,t) = i @.

n=1
Proof First of all we have the following bijection:

{ring morphisms 3: R — Fn } LU {(m, ) : o aring morphism R/m — Fpn }

B — (ker(B),B: R/ker(3) — Fpn)
R—R/m5F  — (mR/m ST

Let now m be a maximal ideal of R. Note that R/m has degm embeddings in F', and that the image of
each embedding is [Face(m). Recall that the subfields of Fy» are the F,« with d dividing n. Hence the
number of ring morphisms R/m — Fpn is deg(m) if deg(m) divides n and is zero otherwise. This gives
us:

vn(R) =Y d-#{m C R| deg(m) = d}.

d|n

Now we just calculate:

1 e deg(m)
IOg Z(R t 10gH W Zlog (1 — tdeg(m)) Z ZO
mo >
t deg(m) "
CE I = 3 S )= = 3 )
m >0 n=1 d|n
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1.5 Exercises
Exercise 1.5.1 Let n be a positive integer. Compute ((Z/nZ, s).

Exercise 1.5.2 Let g be a prime power and R = F[X,Y]/(XY — 1). Compute Z(R,t) and show that it
is a rational function of ¢.

Exercise 1.5.3 Same as the previous one but with R = F,[X,Y, Z]/(X + Y? + Z3).

Exercise 1.5.4 Same as the previous one but with R = F3[X,Y]/(X? + Y2 + 1).

In the following exercises you may assume that R(s) is sufficiently large so that all occurring infinite
products are absolutely convergent.

Exercise 1.5.5 Let R; and Rs be rings of finite type. Show that Ry x Ry is of finite type and that
C(R1 x Ra,s) = ((R,s)C(Ra, ).

Exercise 1.5.6 Show that ((Z[X]/(X™), s) = ((Z, s).
Exercise 1.5.7 Let R be a ring of finite type. Show that R[X] is of finite type and that
C(R[X],s) =C(R,s—1).

Exercise 1.5.8 Let R be the ring Fo[X,Y]/(Y? +Y + X3 + 1). Later in this course we will show that

there exists an o € C with a (1 )
—at —at
Z(R.t) = —— /-

(R,t) T

In this exercise you may assume this. Denote the number of solutions of y? + y + 23 + 1 = 0 with x and
y in the field Fan by v),.

i. Show that v, = 2" — o™ — & for all positive integers n;
ii. compute v; and v5 and use this to determine «;

iii. compute v3 by counting solutions and verify that the formula obtained in (i) and (ii) is correct in
these cases;

iv. determine all the zeroes of (R, s) = Z(R,27%).

Optional exercise: use a computer algebra package to do (iii) for v,, with larger values of n.
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Lecture 2

Hasse-Weil inequality and some
compact Riemann surfaces

This week is still intended as introduction to the subject; the real work starts next week.

2.1 The Hasse-Weil inequality

The goal of this course is to present a proof by Weil of the Riemann Hypothesis for curves over finite fields.
The main step in this proof is to establish the Hasse-Weil inequality, as in exercise V.1.10 of [Hart]. The
statement is as follows (the terminology will be explained later).

Theorem 2.1.1 (Hasse-Weil inequality) Let C' be a projective non-singular absolutely irreducible curve
over a finite field F,. Then:

N

[#C(Fg) — (g + 1] <2-9(C) - q>.

Remark 2.1.2 This inequality does not look at all like the Riemann Hypothesis, which is about the zeros
of (-functions. However, to deduce the Riemann Hypothesis for {(C, s) from the Hasse-Weil inequality
together with rationality and a functional equation for {(C, s) is not hard. It is one of the exercises in at the
end of this lecture, and is the same as exercise 5.7 of Appendix C of [Hart].

Remark 2.1.3 The terminology used in Theorem will be explained during the course; g(C) is the
genus of C, an integer greater than or equal to zero. The aim of this lecture is to give some explicit examples
of Theorem [2.1.1] and give you some idea what such a C can be, and what its genus is.

Example 2.1.4 (of Theorem|2.1.1) Let ¢ be a prime power, n € Z>1. Let f € Fy[z,y, 2], be a homoge-
neous polynomial of degree n. Write

7 a k
f= E fijrer'y z
i,j,k>0
i+j+k=n

and assume that f, 0f /0x, Of /0y, 0f /0= have no common zero in Fz — {0}. In this case the genus is
equal to (n — 1)(n — 2)/2. Then we have:

#{(a,b,c) e F3 — {0} : f(a,b,c) = 0}
q—1

—(qg+1) SQ.W\/&

15
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Here one should really think of P?(F,) = (F3 — {0})/F, the set of lines through 0 in F3; the “projective
plane”.

Note that for n equal to 1 or 2 the theorem gives an equality that we can check, and it also shows why
we need the “points at co”, that is, why we must “compactify”. Indeed, for n = 1 we have a non-zero
linear homogeneous polynomial. In Fg — {0} we find ¢ — 1 points satisfying the equation given by £, and
indeed (¢ — 1)/(q — 1) = g + 1. For the case n = 2 one has to think of parametrising a conic using a
rational point.

Projective spaces will be discussed later in more detail. Now, we want to discuss some examples which
should clarify the concept “genus” a bit more.

2.2 The Riemann sphere

Consider Clz] = {f: C — C : fis polynomial}. Notice that the polynomial z is the identity function
on C. We want to view, for some non-zero f in Clz], its degree deg( f) as the “order of the pole of f at co”.

We do this as follows. For f = fo 4+ fix + ...+ fqz® with f; # 0 and z € C with z # 0 we have
f(1/2) = fo+ fiz7t+ ...+ faz=% s0 2z — f(1/2), C* — C, has a pole of order d at 0. What we are
doing can be explained in the following diagram:

(C D) (CX ;CX C (C
w w w
f 2 le———2z 0 is the pt. oco.
C fz7h),

We now make a geometric object P! (C) using the isomorphism C* = C*, z +» 271,

As a set we take the quotient g: C[[C — P*(C) of the disjoint union C[[C = C x {0, 1} by the
equivalence relation ~ given by: (z,4) ~ (w, j) if and only if (i = j and z = w) or (i # j and zw = 1)).
For z # 0 the element (z, 1) is equivalent to (1/z,0). The set C x {0} [[{(0,1)} is a set of representatives
for ~, and so ¢ is a bijection from that set to P!(C). Hence we can write P!(C) = C][{oco}.

We give P!(C) the quotient topology: for U a subset of P}(C) we let U be open if and only if
¢ 'U c CJJC is open. Here C][JC = C x {0,1} has the product topology, where {0, 1} has the
discrete topology.

We also have a notion of holomorphic functions. Later we will describe “regular” functions on “open”
subsets of P1(C) for a topology to be defined. On C these regular functions will just be the polynomial
ones.

A nice visualisation of P1(C) is as follows. We define Dy = {z € C : |z| < 1} in the first chart
C x {0}, and Do, = {z € C : |z| < 1} in the second chart C x {1}. Then the quotient map ¢ glues these
two discs along their boundaries via the map z — z~1. As a topological space P*(C) is isomorphic to the
two-dimensional sphere S2. See Wikipedia (Riemann sphere) for more information.

Let u: C — C, z — z be the “standard coordinate” on the C that contains the point at co. Then,
on C* C C, we have u = x~!. So in this second chart, on replacing = by u~', we get the function
fo+ fiu=t 4+ ...+ fqu~? This function has a pole of order d at the origin of this second chart, that is at
oo: ordeo (f) = —d.

Note that C[z] = @,~, C-z" is an infinite dimensional C-vectorspace. Now the philosophy is that on
a compact space, such as P! (C), imposing suitable conditions at all points gives finite dimensional vector
spaces of functions. These dimensions will mean something (we will see this later).
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In this case, for m € Z>¢, the C-vector space
{f € Clz] : ordeo (f) > —m}

is the space C[z]<, of polynomials of degree at most m. It has a basis (1,z,...,2™). It has dimension
m + 1. Note that there are no gaps in the sense that for all m in Z>¢ there is an f in C[z] such that
ords(f) = —m. This relfects the fact that the genus of P!(C) is zero: it is a sphere with zero handles
attached to it.

2.3 A family of compact curves

In this section we construct some more complicated compact surfaces.
Letn € Z>a. Let f, := —y™ + 2"~ — 1 € C[z, y|. We consider f,, as a function from C? to C. Now
let
C:={(a,b) € C*: fu(a,b) =0} = {(a,b) € C* : b" = a" ' — 1}.

We give C' the topology induced by the (usual) topology on C2. On this C' we have the projection = on the
first coordinate induced from the projection of the first coordinate on C2. This projection has the following
property for a € C:

iy [ noifamt £
o a} _{ 1 ifanl=1.

In particular, C is not bounded (as a subset of C?) and hence not compact.
We compactify C' as follows. We start with the equation y” = 2"~ — 1. If we replace x by u~! and y

by u~ v we obtain the equation v™ = u — u™, which corresponds to the curve C”. In a diagram this looks
as follows:
c 5 CN(C*xC)—=0C'N(C*xC) < C":={(c,d) € C?|d" =c—c"}
N N N N
CxC > C*xC—————C*xC c CxC

(a,b) ——— (a7, ba™ 1)

(¢t de™t) ¢———i (c,d)

On the C x C at the left in the diagram we have coordinates x, y, and on the C x C at the right we have
coordinates u, v. These coordinates are related by z = v, y = vu~ ' and v = ™!, v = y2~'. Notice
that (—y" + 2" ! — 1)a™" = —(y/x)" + 1/z — 1/2™ = —v™ + u — u™. We obtain a map to P!(C) as
follows:

c = (C 1u C) /)~
PY(C) = (C 1 C) /v

This map « is well defined since if a # 0 then the point (a, b) on the first chart is mapped to @ on the first
chart of P!(C), and the corresponding point (a~*, a~1b) is mapped to a~! on the second chart of P!(C),
and these points coincide in P! (C).
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Let us prove that C is compact: C is covered by the two sets
{(a,b) : 0" =a" ' —1,]a| <1} and{(c,d):d"™ =c—c", || <1}.

Both are closed and bounded in C?, hence compact.

Also notice that C' is non-singular: f,,, df,/0x, and 0f, /0y have no common zeros in C2, and simi-
larly for the equation on the second chart, —v™ + u — u™, 1 — u"~ !, and no" !,

Note that z7'{oo} = uw'{0} = {(0,0)} =: com. And as n > 2, the curve C’ with equation
—v" 4+ u — u™ = 0 is tangent to the v-axis.

In order to proceed, we must know the order at oo of the functions z, y, v and v. We start with v. We
find the zeros of v on C’ by solving the equations v = u — u™ and v = 0. Substituting v = 0 in the first
equation gives u(1 — u™~1) = 0, which has 0 as a solution with multiplicity one. Hence v has a simple
zero at 0o: ord. (v) = 1. Likewise, to find the zeros of u on C’ we solve the equations v" = « — u™ and

u = 0. Substituting © = 0 in the first equation gives v™ = 0, which has 0 as solution with multiplicity n.
1

)

Therefore, ordso(u) = n. Now we recall that z = u~?, hence ordo(z) = —n. And asy = vu~
Ordoo (y) =1-—n.
We can now look at the dimension of some vector spaces again. We look at
{f:C —C| fregular’} = Cla,y)/(—y" + 2" = 1)
= @ C - iyl
0<i

0<j<n

In the last step we did division with remainder by —y" + 2"~ ! — 1 in C[z][y], hence viewed as monic
polynomial in y with coefficients in C[z].
For m € Zx( we define

1(C,m-00) :=dimc{f: C — C “regular” : orde (f) > —m}.
Notice that — ords (z'y?) = in + j(n — 1), and that all these values are distinct:
in+jin—1)=in+jn-1) <= n(i—i)=n-1)0G" - 7).
This implies that n|(j' — j) and hence j = j' and ¢ = i’. So
I(C,m-o0) = #{(i,§) € Z*|0<i, 0 < j <n, in+j(n—1) <m}.
Before we actually compute this number for m >> 0, we do a few examples.

e n=2: —orde(x) =2, — ords(y) = 1. Observe that (1,2) = {0,1,2,3,4,5,...}, so there are no
gaps and hence [(C, m-00) = m + 1.

e n = 3: We have (2,3) = {0,2,3,4,5,6,...} so thereis 1 gap and I(C,m-0) =m+1—1=m
form > 1.

e n = 4: We have (3,4) = {0,3,4,6,7,8,...}. This time we have 3 gaps 1,2, 5, so form > 5 we
have [(C,m-o0c) =m+1—-3=m —2.

We will now compute the general case:
I(C,m-oo) = #{(i,j) €Z*:0<i,0<j<n—1,ni+ (n—1)j <m}.

The reader is strongly advised to draw a picture of the region in R? defined by these four inequalities.
First a bit of notation: for z € R write = |z + () with || € Z and () € [0,1). For z € Z and
n € Z~o we have (x/n) = (z mod n)/n.
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Assume that m > n(n — 1). We then obtain:

(Coms0) = 5 (1=t )

<.

n

:nJrimej(nfl)J
j=0

n
7=0 3=0
_1 1 n .
L mo sl L SR m ot mod(n)
n 2 ; n
7=0
n—ll7
_ _ _1\2 _ J
=m+n (n—1) Zn
7=0
5 1
=m+n—-(n-1) —§(n—1)

:m—f—l—%(n—l)(n—Q)

This (n — 1)(n — 2)/2 is the genus of C.

It is a fact that the series of gaps depends on the point of C (we used oo here), but the number of gaps
depends only on C. One of the exercises below shows that the number (n — 1)(n — 2)/2 is determined by
the topological space of C (C is a sphere with g = (n — 1)(n — 2)/2 handles attached to it).
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Exercises

Exercise 2.4.1 Let n € Z>9, and let C, C’ and C be as in Section The aim of this exercise is
to understand where the topological space C of this lecture lies in the classification of compact oriented
connected surfaces. The purpose is to see the relation between the genus of C (as in the lecture) and the
topology of C'. If you have not much background in algebraic topology, then don’t worry: these exercises

are there for illustrative purposes only.

i.

ii.
iii.

iv.

Vi.

vii.

Show that the maps z: C — C, (a,b) — aand u: C’ — C, (¢,d) — c are compatible with the
gluing isomorphism, and give a map x: C' — P(C).

For each point P in P! (C), determine #z~{P}.
Convince yourself that C' is a compact, oriented connected surface.

Let R C P1(C) be the set of P with #2~1{P} < n. Give a triangulation of P!(C) such that its set
V of vertices contains R.

Convince yourself that C is triangulated by the closures of the connected components of the 27! f°,
where f runs through the faces of your triangulation and where f° denotes the interior of f.

Let V, E, and F denote the sets of vertices, edges and faces of the triangulation of C'. Compute #\7,
#E, and #F, and the Euler characteristic of C.

For g € Z>(, compute the Euler characteristic of the sphere with g handles.
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viii. Conclude that C is a sphere with (n — 1)(n — 2)/2 handles, and note that this number is the genus
of C as in the lecture.

Exercise 2.4.2 This is exercise 5.7 of Appendix C of [Hart] (the very last exercise of the book!), with some
explanations added. It shows how the Riemann hypothesis for the zeta function of (non-singular, projective,
absolutely irreducible) curves over finite fields follows from the Hasse-Weil inequality, plus rationality and
functional equation. You do not need to know what a curve is, for this exercise.

Let ¢ be a prime power, g € Z>1, a1, ..., a2, € Candlet Z(t) in C(t) be the rational function with:

2(t) = a_ff)((f)_qt) A0 = [10 - o)

i. Define the complex numbers v,, (n > 1) by:

Show that v, = ¢" +1 — 329 .

1=

ii. Assume thatforalln > 1:|¢" +1—v,| < 2¢q™/?. Prove that for all n > 1:

29
n
>
i=1

iii. (This is the essential step!) Prove that for all i: |o;| < ¢'/2. Hints. There are at least two strategies.

First, you can consider the power series expansion of Zfi L oit/(1 — a;t) and use a little bit of

complex function theory. Or as follows, by contradiction: assume that for some 7 one has |a;| > q'/>.

Renumber the «; such that the first m are non-zero, and the others are zero. Let

B=(ar/laal,.. . am/lam]) € (8™

be the m-tuple of arguments of the «;. Show that the sequence (3"),>1 has a convergent subse-
quence. Show that it has a subsequence that converges to 1 = (1,.. ., 1). Get a contradiction.

iv. Assume that Z(t) satisfies the following functional equation:
Z(1/qt) = q' I L(2).

Prove that for all ¢ € {1,...,2g} thereisa j € {1,...,2¢g} such that a;&; = ¢. Deduce that for
all i: |a;| = ¢*/?, and that all the zeros of ((s) := Z(q~*) have real part equal to 1/2.



Lecture 3

Affine space and algebraic sets

In this lecture we will basically treat Section 1.1 of [Hart]. Let £ be an algebraically closed field. Note that
k is not a finite field.

3.1 The Zariski topology

Definition 3.1.1 For n in N we define affine n-space, denoted by A", as k™. Elements of A™ will be called
points. Furthermore, A! is called the affine line and A? is called the affine plane.

Let A = k[z1,...,z,]. We can view an element f of A as a function from A" to k by evaluating f at point
of A™.

Definition 3.1.2 We define the zero set of an f in Atobe Z(f) = {p € A" : f(p) = 0}. For S C A we
define Z(S) ={pec A" :Vf e S, f(p) =0}.

Example 3.1.3 Let S be the subset {23 + 23 — 1,21} of k[z1, z2]. Then Z(S) = {(0,1), (0, —1)} C A2

Remark 3.1.4 Let S C A and I C A be the ideal generated by S. Then Z(I) = Z(S), by the following
argument. Since S C I, we obviously have Z(I) C Z(S). On the other hand, letp € Z(S) and f € I.
Write f as a finite sum f = ) o fos with f; in A. Then f(p) = > fs(p)s(p) = 0. Hence pisin Z([).
Therefore we also have the other inclusion Z(I) C Z(S).

Definition 3.1.5 A subsetY C A™ is called algebraic if there exists some S C A suchthatY = Z(S). By
the previous remark we can replace “some S C A” by “some ideal I C A” without changing the meaning.

Example 3.1.6 We consider the case n = 1. Since A = k[x] is a principal ideal domain (every non-zero
ideal is generated by its monic element of smallest degree; use division with remainder), the algebraic
subsets are of the form Z((f)) = Z(f) for some f in A. If f = 0 we get Z(0) = AL, If f # 0 then f has
only a finite number of zeros, hence Z(f) is a finite set. On the other hand for every finite subset Y of A!
we have Y = Z([] ¢y (z —p)). This shows that the algebraic subsets of A" are A' itself together with the
finite subsets of Al

Proposition 3.1.7 Letn be in N.
i. LetYy,Ys C A™ be algebraic sets. Then Y1 U Y5 is an algebraic set.

ii. If{Y,}q is a collection of algebraic subsets of A™, then N, Y, C A™ is algebraic.

21
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iii. A" is algebraic.
iv. () is algebraic.
Proof i. We claim that for S; and S, subsets of A we have
Z(S1)U Z(S3) = Z(5152), where S152 ={fg:f €51, g€ S2}.

Obviously we have Z(S1) U Z(S2) C Z(S51S2). For the other inclusion, assume that p € Z(51.52)
and p € Z(S1). Then there is an f in S; such that f(p) # 0. But we have for all g in Sy that

0=(fg)(p) = f(p)g(p). Since f(p) # 0, we get that g(p) = 0 for all g € Sy, and hence p € Z(Ss).
ii. We obviously have Z(UySa) = NaZ(Sq).
iii. Note that Z(0) = Z(0) = A
iv. Note that Z(1) = (). O

Corollary 3.1.8 The algebraic subsets of A™ are the closed subsets of a topology on A™. We will call this
topology the Zariski topology.

Remark 3.1.9 By Example m the Zariski topology on A is equal to the co-finite topology on A'.

Definition 3.1.10 On a subset Y C A™ we define the Zariski topology as the induced topology from the
Zariski topology on A™.

Definition 3.1.11 A topological space X is irreducible if (1) X # () and (2) if X = Z; U Z5 with Z; and
Z5 closed subsets of X then Z; = X or Z5 = X.

Examples 3.1.12 The affine line Al is irreducible, since A! is infinite. The real line R with its usual
topology is not irreducible, because R = (—o0, 0] U [0, 00).

Remark 3.1.13 Let Y be a non-empty subset of A”. Then Y is irreducible if and only if for all closed
subsets Z1 and Z, of A" withY C Z; U ZyonehasY C ZiorY C Zs.

3.2 The Nullstellensatz

Let n be in N and A = k[xy,...,2,]. Recall that k is an algebraically closed field. In the previous
subsection we defined a map:

Z : {subsets of A} — {closed subsets of A"}.

We would like to “invert” this map Z. Note that Z is surjective, but not injective, not even when we restrict
to the set of ideals: for example Z((z)) = Z((2?)) C A!. The problem comes from the fact that if
f™(p) = 0 for some f € Aand m > 1then f(p) = 0 as well.

Definition 3.2.1 We define the following map:

I: {subsetsof A"} — {idealsof A}
Y o I(Y)i={feA:WpeY, f(p) =0}

Definition 3.2.2 A ring R is reduced if its only nilpotent element is 0 (examples: integral domain, fields,
products of integral domains, subrings of reduced rings). An ideal I in a ring R is radical if for all @ in R
and m in Z> such thata” € I, aisin I.
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Remark 3.2.3 Let R be aring and I an ideal in R. Then [ is radical if and only if R/T is reduced.

Example 3.2.4 In the ring k[z] the ideal () is radical but (x2) is not.

For any subset Y of A™ the ideal I(Y") is radical. Hence the image of the map I in Definition is
contained in the set of radical ideals. Hilbert’s famous Nullstellensatz says that when we restrict to this set
of ideals, the maps Z and I are inverses of each other.

Theorem 3.2.5 (Nullstellensatz, Hilbert, 1893) Letn be in N. The maps Z and I above, when restricted
to the set of radical ideals in k[z1, ..., x,] and the set of closed subsets of A™ are inverses of each other.
They reverse the partial orderings on these sets given by inclusion: for I and J radical ideals in A we have
IcJe Z(I)D>Z(J).

We encourage the reader to see [Eisl], Chapter 4, Theorem 1.6, or see [Looij] for a proof. The two ingredi-
ents that go into the proofs given there are the (immediate) generalisation of Theorem to k-algebras
of finite type, plus the basic fact that if R is aring and f in R is not nilpotent, then the ring R[z]|/(zf — 1)
is not zero.

Definition 3.2.6 An integral domain is aring R such that (1) 1 # 0 in R and (2) fora # 0 and b # 0 in R,
ab # 0. A prime ideal of aring R is an ideal I of R such that R/I is an integral domain.

Remark 3.2.7 Let I be an ideal in aring R. The following two properties are each equivalent with I being
prime:

i. I # Randforallz,y € Rwehavethatzy € I = x€lory €[,
ii. I # R and for all ideals J, K C Rwehavethat JK CI = JClorK CI.

We let the reader verify that maximal ideals are prime, and prime ideals are radical, and show by examples
that the converse statements are not true.

Proposition 3.2.8 LetY C A" be closed. Then:
i. I(Y) is a maximal ideal if and only if Y consists of a single point;
ii. I(Y') is a prime ideal if and only if Y is irreducible.

Proof We start with i. Assume that I(Y) is a maximal ideal. Then Y # (, since the radical ideal that
corresponds to the empty set under the bijection from the Nullstellensatz is A. So by the Nullstellensatz Y
is a minimal non-empty algebraic set. Since points are closed, Y is a point.

Now assume that Y is a point, say Y = {p}. The evaluation map A — k, f — f(p) is surjective, and
its kernel is I(Y"), by definition. Hence A/I(Y) = k and I(Y") is a maximal ideal.

Now we prove ii. Assume that I(Y") is a prime ideal of A and that Y C Z; U Z, with Z; and Zo C A™
closed. Then

I(Z)I(Zy) C I(Z1)NI(Z2) = I(Z1 U Z) C I(Y).

Hence by Remark[3.2.7]1(Z1) C I(Y) or I(Z3) C I(Y). SoY C Zy orY C Zs. So, Y is irreducible.
On the other hand suppose that Y is irreducible, we show that I(Y) is a prime ideal. Suppose

fg € I(Y). ThenY C Z(fg) = Z(f) U Z(g). Hence Y C Z(f) or Y C Z(g) by the irreducibil-

ity of Y. Sowe have that f € I(Y) org € I(Y). So, I(Y) is a prime ideal. O

Corollary 3.2.9 A" is irreducible.
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Proof The ring A = k[zy,...,x,] is an integral domain, so (0) C A is a prime ideal, hence by the
previous proposition A™ = Z((0)) is irreducible. O

Definition 3.2.10 Let Y C A”™ be a subset. We define A(Y') tobe A/I(Y).

If f and g are elements of A with f —g € I(Y) then f(p) = g(p) forallp € Y. So elements of the quotient
ring A(Y") can be interpreted as functions from Y to k. We note that if Y is irreducible, then A(Y") is an
integral domain.

3.3 Decomposition of closed sets in A"

Definition 3.3.1 A ring R is called Noetherian if every ideal of R is finitely generated, or equivalently, if
for every chain of ideals I; C I C --- thereisanrsuchthat I, = I,.4q =---.

Theorem 3.3.2 (Hilbert basis theorem) If R is Noetherian, then so is R[z].

See [Eis|, Chapter 4, or [Looij|] for a proof. The main ingredient of the proof is the “leading term” of a
non-zero element of R|[x].

Corollary 3.3.3 The A = k[z1,...,x,] is Noetherian.

IfY; DY, D Y3 D ... are closed subsets of A™, then there is an » > 0 such that I(Y;) = I(Y,q1) = -+ -
so by the Nullstellensatz we conclude that Y, =Y, ; =---.

Proposition 3.3.4 If Y C A™ is closed then Y = Y; U ... UY; for a finite collection of closed and
irreducible Y; C A™.

Proof Assume Y is not a finite union of closed irreducibles, in particular Y is not irreducible. So we can
write Y = Z; U Zywith 2y, C Y, Zy C Y and Z,, Z> closed. Hence at least one of Z;, Zs is not a finite
union of closed irreducibles, say Z;. Put Y7 = Z; and repeat. This gives us an infinite strictly decreasing
chain, a contradiction. O

Proposition3.3.5 If Y = Y, UY, U --- U Y, with Y; closed, irreducible and with the property that
Y; CY; = i = j, then the Y; are uniquely determined by Y up to ordering.

Proof LetY C A™ beclosed. Assume Y/ U---UY! =Y =Y, U---UY; with Y; and Y/ irreducible,
closedandY; CY; = i=jandY/ C Yj' —> ¢ = j. Assume that the two decompositions are
different. Without loss of generality we may assume that there is an ¢ with Y; # Yj’ for all 5. Then we have
Yi=Y;NY =(Y;NY{)u---U(Y;NYY). Since Y; is irreducible we obtain ¥; C (¥; NY}) for some
7. S0Y; C Yj’ . Now repeat the above argument to find a k such that Yj’ CY. SoY, C Yj’ C Y3, hence
Y; =Y, and Y; = Y/, contradiction. O

3.4 Dimension

Definition 3.4.1 If Y C A" is irreducible, then dim(Y") is the biggest integer m such that there is a chain
Y=Y, 2Ym_12 - 2Y,={pt} withY; CY irreducible and closed (in ).

Example 3.4.2 dim A! = 1, since the longest chain is A* 2 {pt}.

Theorem 3.4.3 Letn beinN andY an irreducible subset of A™. Then dim(Y") is the transcendence degree
of the field of fractions of the integral domain A(Y') as extension of k. In particular, dim(A™) = n.
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See [Eisl], Chapter 13, Theorem 13.1 and Theorem A.

Proposition 3.4.4 LetY C A™ be closed and irreducible. Then dim(Y') = n — 1 ifand only if Y = Z(f)
for some irreducible f € A.

Warning 3.4.5 One may be tempted to believe that something more general is true: that for every closed
irreducible Y C A" of dimension d there are f1,..., fn—q € AsothatY = Z((f1,..., fn—a)). Thisis
wrong in general.

Definition 3.4.6 A closed irreducible algebraic subset Y is called a hypersurface in A™ if dim(Y) = n—1
or equivalently Y = Z(f) for some irreducible f € A. An irreducible algebraic subset Y C A™ of
dimension 1 is called an affine curve. An irreducible algebraic subset Y C A" of dimension 2 is called an
affine surface.

3.5 Application: the theorem of Cayley-Hamilton

Theorem 3.5.1 (Cayley-Hamilton) Let a be an m by m matrix over k and let P, € k[X] be its character-
istic polynomial, then P,(a) = 0.

Lemma 3.5.2 If a has m distinct eigenvalues, then P,(a) = 0.

Proof Assume that a has no multiple eigenvalues. Then a is diagonisable, so a = gdg~"' for some
invertible matrix q and a diagonal matrix d. We find that P, (a) = ¢P,(d)qg~* = 0. O

Proof (of Theorem[3.5.1) Put n = m? and view A™ with the set of all m by m matrices over k by ordering
the coefficients in some way.

Let Z; C A™ be the subset of all matrices « that satisfy P,(a) = 0. Note that Z; is closed since it is
defined by n polynomials in the entries of a.

Let Zo C A" be the subset of all matrices @ that have multiple eigenvalues. Also Z is closed since
a € Zy if and only if the discriminant of P, is zero, and the discriminant of P, is a polynomial in the
entries of a.

The lemma shows that A™ = Z; U Zy. Also A™ # Z, since there exist matrices without multiple
eigenvalues. By the irreducibility of A™ (Corollary we conclude that A™ = Z;, which proves the
theorem. (]

3.6 Exercises

Exercise 3.6.1 LetY = {Py,..., P.} C A" be a finite set consisting of r distinct points. Give generators
for the ideal I(Y') C k[x1,. .., z,].

Exercise 3.6.2 ([Hart, I.1.1])

i. Let Y C A? be the zero set of y — z2. Show that A(Y) is isomorphic to a polynomial ring in one
variable.

ii. Let Y C A2 be the zero set of zy — 1. Show that A(Y’) is not isomorphic to a polynomial ring in
one variable.

Exercise 3.6.3 Let Y C A? be the zero set of 72 + > — 1. Show that A(Y") is not isomorphic to a
polynomial ring in one variable if the characteristic of & is different from 2. What is A(Y) if k is of
characteristic 2?
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Exercise 3.6.4 Let X C A"™ be an irreducible closed subset. Show that X, endowed with the Zariski
topology, is connected.

Exercise 3.6.5 Show that the map A" — A! defined by a polynomial f € k[z1,...x,] is continuous
when both A" and A! are endowed with the Zariski topology.

Exercise 3.6.6 ([Hart, 1.1.3]) Let Y C A3 be the common zero set of the polynomials 22 —yz and zz — .
Show that Y is the union of three irreducible components. Describe them and find their prime ideals.

Exercise 3.6.7 ([Hart, 1.1.4]) If one identifies A% with A! x A in the natural way, show that the Zariski
topology on A2 is not the product topology of the Zariski topologies on the two copies of A

Exercise 3.6.8 Assume that the characteristic of k is not 3. Show that the common zero set in A3 of the
polynomials 22 — yz and y? — zz is the union of four irreducible components. Describe them and find their
prime ideals.

Exercise 3.6.9 Let X C A" be an irreducible closed subset and let U C X be a non-empty open subset.
Show that U is dense in X.

Exercise 3.6.10 ([Hart, I.1.5]) Show that a k-algebra B is isomorphic to A(Y") for some algebraic set Y’
in some affine space A" if and only if B is a finitely generated k-algebra that is reduced.



Lecture 4

Projective space and its algebraic sets

In this lecture we discuss a part of Section 1.2 of [Hart], although rather differently, putting more emphasis
on the origin of the graded rings that enter the stage. The reader is advised to read that section of [Hart]
separately. As in the previous lecture, we let k be an algebraically closed field.

4.1 DP"asaset

In this section, we do not need the assumption that k is algebraically closed.

Definition 4.1.1 For n € Z>( we define the projective n-space P™ as the quotient of k"*1 — {0} by the
equivalence relation ~, where a ~ b <= 3\ € k* such that b = \a.

Remarks 4.1.2 i. ~ is the equivalence relation given by the action of £* on k"1 — {0}: (\,a) — X - a.
Soa ~b <= aand b are in the same orbit under this action of k™.

ii.a~b < k-a=k-b < aandb lie on the same line through the origin. So we can view P"
as the set {k - a : a € k"1 — {0}} of 1-dimensional k-vector spaces in k" *1.

Remark 4.1.3 If £ = R, then P" = S"/ ~ where a ~ b <= a = +b, so we identify antipodal points.

Notation 4.1.4 Let ¢: k"1 — {0} — P" be the quotient map. For a = (ao,...,a,) in k"™ — {0} we

write ¢(ag,...,a,) = (ag : --+ : a,). These are the so called homogeneous coordinates, and the
(colons) express the fact that we are dealing with ratios.

Examples 4.1.5 In these examples, we will discuss P” for certain n.
i. PO = (k' — {0})/ ~ = {(1)}, PV is a 1-point set.
ii. P! = {(ag,a1) € k? : (ag,a1) # (0,0)}/ ~={(a:1):ack}u{(1:0)} =AU {oo}.
iii We can generalise the procedure for n = 1 to the general case as follows:

P* = {(ap: :an-1:1):a0,...,an—1 €k}U{(ag: - :ap-1:0):0%# (ag,...,an—1) €L"}
— A" Pn—l
= A"UA™ U UATUAL
Remark 4.1.6 We can even make the decomposition of for example P! visible in a picture. For this first
draw the affine plane A? with coordinates zo and z;. Now P! is the set of lines through the origin. We

now fix some line not passing through the origin, say the line given by the equation z; = 1. Now a point
on this line, say (ag, 1) gives rise to a line through the origin, Z(z¢ — apx1), and if we vary ag we get all

27
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the lines through the origin, except the one line which is running parallel to the chosen line (in this case
with the equation 21 = 0), this is our point at infinity.

Fori € {0,...,n}, consider the following diagram:

Ui ={(ag::ap)€P?|a; 40} = {(ao:-:ai—1:1:ai41:--:1an)|a; €k}
®i (ag:-:ap)

An (%7"'7ai717ai+17"'7h)'

Notice that ¢; is a bijection, its inverse is given by

(boy -y bic1,big1y ooy bn) > (oo by i 1t bigpg o0 by).

4.2 [P" as a topological space

Let A = k[xo, ..., z,)], the k-algebra of polynomial functions on k"1 = A"+1,

We have ¢: A"t — {0} — P, where q is the quotient map previously defined. We give A"+ — {0}
the topology induced from the Zariski topology on A" *1: a subset U of A"*1 — {0} is open if and only if it
is open as subset of A", We give P" the quotient topology induced via g. Let Y be a subset of P". Then
Y is closed if and only if qilY C APt — {0} is closed, that is, if and only if there exists s closed subset
Z of A" such that ¢'Y = Z N (A" — {0}). Since a point is closed, this is equivalent to ¢~1Y U {0}
being closed in A”t1,

So we have the following bijection:

{closed subsets of P"} = {closed k*-invariant subsets of A" "' containing 0}
Y — q¢'Yu{o}

Recall that we have the Nullstellensatz:

{closed subsets of A""'} AL {radical ideals I C A}

Y — I(Y)
Z(I) <« I
We now ask the following question: what does the property k> -invariant become on the right hand side?
The group k> acts on A"*1: an element A\ € k* acts as the multiplication map A-: A"t — An+L

a — M-a. Now k* also acts on the set of functions from A”*! to k as follows. Let a € A™t!. Then
((A)*f)(a) := f(Xa). This means that we have the following commutative diagram:

Ant+1 % Ant+1

f
(A-)*f_fx J

k.

The set {f: A"*!1 — Ek} of functions from A"*! to k is a k-algebra: (f + g)a = fa + ga and
(f9)a = (fa)-(ga) (we prefer not to write unnecessary parentheses, such as in f(a)). For each A in
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k> the map (A\-)* from {f: A"T! — k} to itself is a k-algebra automorphism (its inverse is (A~*-)*). For
example, we check the additivity. Let f and g be functions A™+! — k, then

(M) (F+9)a=(f+9)(a) = fF(Aa) + g(Aa) = ()" fla+ ((A)g)a = (M) + (A)"g)a.

As this is true for all @ in A"*1, we have (\-)*f + (\-)*g.

Recall that A = k[, ..., x,]. Itis a sub-k-algebra of {f: A"T! — k}. We claim that it is preserved
by the k*-action: for f in A and X in k*, the function (\-)*f is again in A. Indeed, for f = >_. fiz’
(multi-index notation) the function (A\-)* f: A" — k is given by

a— Aa— f(la)= Z figoon, in)\ioago c Ningln = Z fioo.o., in)\i°+"'+i’La6° ceain,
1050 sln 005 esln

Hence we see that
A= figuoanNOH Fingly o ain € A,

$0yeenyin
We conclude that each (\-)*: A — A is a k-algebra automorphism, with inverse (A~!-)*. So £ acts on
the k-algebra A.
Now observe that for f in A, Xin k%, and a in A”*! we have:

a€Z(A)f) = (M) fila) =0 <= f(Xa)=0 <= Xac€ Z(f).
So: Z((A)*f) = A1-Z(f). And for S C A we have Z((\-)*S) = A~1.Z(S). Hence restricting the

bijection from the Nullstellensatz on both sides to the subset k> -invariant subsets gives the bijection:

. . 1:1 . . . .
{closed k*-invariant subsets «— {k*-invariant radical ideals a C A
of A"*! containing 0} witha C (zg,...,2n) = Axg+ -+ + Az, }
We now want to know which ideals are k> -invariant. For this, we first decompose A into eigenspaces for

the action of k™. An eigenspace under the action of £ is exactly the set of homogeneous polynomials of
a certain degree together with the 0 polynomial: A is graded as a k-algebra. This means that

A=PAs, Au= P kalo-al, fedsgeAd = fg€ A
d>0 do+--+d,=d

The sub-k-vectorspace A4 of A is called the space of homogeneous polynomials of degree d. For f € A
we can write f = >, fq with fg € Ag, and such a decomposition is unique. The f; are called the
homogeneous parts of f. Then for A € k> we get (A\-)*f = >, A% f4.

Definition 4.2.1 An ideal a is homogenous if for all f in a the homogeneous parts f; are also in a.

Proposition 4.2.2 Let a C A be an ideal. Then a is k* -invariant if and only if a is homogeneous.

Proof <: Assume a is homogeneous. Let f € a, A € k*. Then (A\)*f = >, A% fy € abecause fy € a
for all d.
=-: Assume a C A is a k*-invariant ideal. Let f € a. Write f = fo + - -- + fn with f; € A; for some

N € Z>q. Take N, ..., Ay € k™ distinct (we can do this since & is algebraically closed, hence infinite).
We have: a > (\;-)*f = fo + Xifi + -+ + AN fx. In matrix form this gives:

(Ao)* f L X A5 - A fo

(An-)"f L Ay Ay o AR In
Now use that this Vandermonde matrix is invertible to get fy, ..., fx in a (we can express f; as a k-linear

combination of the (\;-)* f in a). O
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Theorem 4.2.3 (Homogeneous Nullstellensatz) The following maps are inverses:

{closed subsets of P } AL {homogeneous radical ideals a C A witha C (zo,...,Zpn)}
Y e Ig'Yu{op
q(Z(a) = {0})  «— a

and under this bijection we have that Y is irreducible if and only if I(q~'Y U {0} is prime and not equal
to (zo, ..., T,).

Proof The proof of the first part follows from the previous observations. The proof of the second part is
one of the exercises below. U

4.3 A more direct description of the closed subsets of P"

Definition 4.3.1 For a homogeneous element f in some A; C A we define

Zproj(f) :=={(ag : -+~ 1 an) €P": f(aog,...,an) =0}
Note that the condition makes sense, as it is independent of the chosen representative (ag, ..., a,) of
(ag : -+t ap). Infact, Zproi(f) = q(Z(f) — {0}) where Z(f) C AnF1.

The following proposition is a direct consequence of the results of the previous section.

Proposition 4.3.2 The closed subsets of P are the Zproi(T) = (\per Zproj(f) for subsets T of the set
Abem = <, Aq of homogeneous elements of A.

We first consider a special case: T' C Aj, the case of linear equations. These Zproj(T) are called linear
subspaces of P". Using linear algebra you can say a lot about them. For example two lines in IP? are equal
or intersect in exactly one point, see exercise [.2.11 of [Hart]. A hyperplane is a Z(f) with 0 # f € A;.
We also have coordinate hyperplanes : H; = Z(x;) for 0 < i < n. Also we have the standard affine opens:
U =P"—H,={a€P":q; #0}.

Proposition 4.3.3 Fori € 0,1,...,n the map ¢;: U; — A",

G G G
(ap : .an)»—>(ai,...7 o g ,...,ai)

is a homeomorphism.

Proof We have already seen that ¢; is bijective. Now consider the following diagram:

At — {0} > ¢ U = A" — Z(x)
J J N)
q q
P" > U; — A"
We first claim that p;0q: a — (ag/a;, . ..,a;—1/a;,ai+1/a;, ..., a,/a;) is continuous. It suffices to show

that for any f be in k[y1, ..., y.] the set (p; 0 )1 Z(f) is closed. So, let f be in k[y1, ..., yn], of degree
at most some d in N. Then, for a in ¢~ Uj, the following conditions are equivalent:

a€(pioq) ' Z(f)

f((piog)a) =0

flao/as, ... ai—1/ai,aip1/as, ..., an/a;) =0

alf(ao/ai, ... ai—1/a;, ais1/ai, ... a,/a;)) =0

a€ Z(xff(xo/xq;, e L1 [T Ty 1 [Ty T ).
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Hence (¢; 0 q) ' Z(f) = Z(x{f(xo/xi,. .. i1 /@i, Tig1 /2, ... 20 /2;)) N g~ U;. Hence @; o q is
continuous. Since U; has the quotient topology for g, ¢; is continuous.
On the other hand, the map s;: A" — A"t — Z(z;) = ¢~ 1U;,

(boy ..., bi—1,biy ..., by) = (boy -y bim1, L biga, ., by)

is continuous because for any b = (bg,...,b;_1,b;,...,b,) and any f in k[zo,...,z,] we have that
f(si(b)) = 0 if and only if f(bg,...,b;—1,1,bi41,...,b,) = 0, hence s;(b) € Z(f) if and only if
be Z(f(x1,...,®i—1,1,®i41,...,2,)). Hence <pi_1 = g o s; is continuous. O

4.4 How to administrate P"

On A"*! we have the coordinate functions z,...,x, and the k-algebra k[zo,...,r,] generated by
them. Now ¢; is given by n functions on U;: x5, 0 < j < n, j # i, with z; j 0 ¢ = :1cj/:1cZ So
(pZ(P) = (.’L‘Z',Q(P)7 Ceag e 7xi,i—1(P)>xi,i+1(P)7 e 7xz,n(P))

Now for f € Ay we have that 7 f is a k*-invariant function on ¢~'U;, and it is a polynomial in the
xi j,J # 1. We have: ¢;(Zproi(f)) = Z(xi_df).

Example 4.4.1 Let f = 2 — 20" 'zy + 28 € k[xo, x1,2],. Then:

@O(Zproj(f) NUp) = Z(ISJ — X2+ 1'372)
@1 (Zproj () NUL) = Z(1 — 2y wr o + 2l o)
992(Zpr0j (f) N U2) Z(mg,l - xg,al + 1)

These equations were already introduced in the second lecture.

Vice versa: For g € k[{z; ; : j # i}] of degree d you can “homogenise” to go back to k[zo, ..., z,]: just
replace z; j by x; /x; and multiply by z¢.

4.5 Exercises

We recall: k is an algebraically closed field. We also recall that a topological space X is irreducible if and
only if first of all it is not empty and secondly has the property that if U and V' are non-empty open subsets
of X, then U NV is non-empty.

Exercise 4.5.1 Let X and Y be topological spaces, f: X — Y continuous. Assume that X is irreducible
and that f is surjective. Show that Y is irreducible.

Exercise 4.5.2 Let X and Y be topological spaces, f: X — Y a map, not necessarily continuous, and
Z C Y. Assume that f is open: for every open U in X, fU is open in Y. Show that f: f~1Z — Zis
open, if Z and f~'Z are equipped with the topologies induced from Y and X.

Exercise 4.5.3 Let X and Y be topological spaces, f: X — Y continuous. Assume that f is open and
that for every v in Y the subset f~1{y} of X, with its induced topology, is irreducible. Assume that Y is
irreducible. Show that X is irreducible.

Exercise 4.5.4 Let X be a topological space, and € X. Assume that X is not equal to {z}, that {z} is
closed, and that {z} is not open. Show that X — {x} is irreducible if and only if X is irreducible.



32 LECTURE 4. PROJECTIVE SPACE AND ITS ALGEBRAIC SETS

Exercise 4.5.5 Letn € Z>o, and ¢: A"*! — {0} — P as in todays lecture. Show that ¢ is open and that
for all P € P", g~ '{P} is irreducible.

Exercise 4.5.6 Let n € Z>o. Let Y C P” be a closed subset. Let I C A = k[xo, ..., x,] be the ideal of
q~ 'Y U {0}. Show that Y is irreducible if and only if I is prime and not equal to (g, . . ., Zy,).

Exercise 4.5.7 Let P1 = (0,0), P2 = (1,0), P3 = (O, 1) and P4 = (1, 1) LetY = {Pl’P27P37P4} and
let I C k[z,y] be the ideal of Y.

i. Show that the affine coordinate ring A(Y) = k[z,y]/I of Y has dimension 4 as k-vector space.
Hint: consider the k-algebra morphism k[z,y] — k* sending f to (f(Py), f(P2), f(P), f(Py)), or
use the Chinese Remainder Theorem.

ii. Show that I = (f,g), where f = 22 — z and g = y? — y. Hint: show that (f,g) C I, then that
(1,z,y,zy) gives a k-basis for k[z,y]/(f, g) using divisions with remainder, then that the natural
morphism k[z, y]/(f,g) — A(Y) is an isomorphism.

iii. Draw a picture of Y, Z(f) and Z(g).

Exercise 4.5.8 We assume now that k 7 Fy. Let Z = { Py, P», P3} C A2, with the P; as in Exercise
Let J C k[x,y] be the ideal of Z. Our aim is to show that J can be generated by two elements. We view
A? as a standard open affine subset of P? via (a,b) — (a : b: 1). Let Py = (1 : 1:0) € P2, and let
Y = {P17P2,P3,P41} c P2,

i. Draw a picture of Y, the lines P, P>, P3P;, P, P; and P, Pj, and the line at infinity.

ii. Give linear equations for the lines Py P, P3P, P; P3 and P> P, and deduce from this your two
candidate generators f and g for J.

iii. Show that J = (f,g). Hint: same strategy as in Exercise {.5.7}ii; dimy, A(Z) = 3; show that
zy € (f,9)-

Remark 4.5.9 Later it will be easier for us to show that J = (f, g), by decucing it from the fact that
Z(f)N Z(g) =Y, with “transversal intersection”. More generally, there are standard algorithms based on
the concept of Grobner basis, with which one can compute in quotients such as k[z, y]/(f, g).



Lecture 5

Geometry in projective space

Let k be an algebraically closed field.

5.1 Points and lines in P2

In this section we do not need the assumption that & is algebraically closed. First recall the following (see
the previous lecture):

P? = (k% — {0})/k* = {lines in k> through 0} = A? P!

In this last description, A? is the set of points of the form (a : b : 1), and P! is the set of points of the form
(c:d:0)with (¢,d) # (0,0). A line in P? is Z(f) where f = az + by + cz with (a, b, c) # (0,0,0). A
line in A? is Z(f) where f = az + by + ¢ with (a,b) # (0,0).

Let 1,1y C A? be distinct lines. Then the intersection I, N I is empty if I; and Iy are parallel, and
otherwise it consists of one point. In IP? the situation is much nicer: two distinct lines always intersect in
a unique point. Indeed, this follows from a dimension argument from linear algebra. The lines {; and [y
as seen in A? = k3 are just two distinct linear subspaces of dimension 2, whose intersection is then of
dimension one, which corresponds to a point in P2,

Using projective space, many theorems in affine geometry become easier to prove. Here is an example:

Proposition 5.1.1 In the following configuration (say in R?), the points A, P, Q lie on a line.

Proof First consider this problem in P? instead of A%. After a linear change of coordinates we may
assume that A = (1: 0:0)and B = (0 : 1:0). Indeed, A and B are distinct 1-dimensional subspaces
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of k3, hence we can take a basis of k> with these lines as the first two coordinate axes. The line AB is then
the line at infinity, and therefore the two lines that intersect in A are parallel in A2 and similarly for the two
lines that intersect in B. So we then have the following picture.

But in this case, the result is obvious, and so we are done. O

5.2 Curves in P2

Remark 5.2.1 From now on, £ is again assumed to be algebraically closed.

We have seen that the intersection of two distinct lines in P? consists of one point. The following classical
theorem from projective geometry generalizes this.

Theorem 5.2.2 (Bézout) Let fy and f5 in k[x, y, z] be homogeneous irreducible polynomials of degrees dy
and dg, respectively. Assume Z(f1) # Z(f2). Then #Z(f1) N Z(f2) = d1ds “counted with multiplicity”.

Only later in this course we will be able to define the “multiplicity” occurring in the statement, but let
us remark already now that it should be thought of as an “order of contact”. So if the multiplicity of an
intersection point is higher than one, this means that the curves are “tangent” to one another in that point.

Already the case dy = dy = 1 illustrates that it is important to work in the projective plane, instead of
the affine plane. Below is another illustration.

Example 5.2.3 Assume that 2 is nonzero in k. Let f; = 22 +y? — 22 and fo = (v — 2)? +y? — 22. Here

is a (real, affine) picture:

From the picture one can immediately read of two intersection points, namely (1/2 : v/3/2 : 1) and
(1/2 : —/3/2 : 1), and by putting z = 0 we find two more intersection points on the line at infinity:
(1:+/~=1:0)and (1: —+/—1 :0). These two points at infinity correspond to the asymptotes. These
asymptotes are not visible in the real affine picture, but become visible in C2.

5.3 Projective transformations

For n in Z>( we denote the group of invertible n by n matrices with coefficients in k& with matrix multipli-
cation by GL,, (k). It is the automorphism group of the k-vector space k™.
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Let n be in Z>(. Since a linear map sends 0 to 0, the group GL,, 11 (k) acts on k"™ —{0}. Since matrix
multiplication commutes with scalar multiplication, this induces an action of GL,, 11 (k) on the quotient P

The normal subgroup k* of scalar matrices in GL,,11(k) acts trivially on P™. Therefore the action of
GL;,11(k) on P™ induces an action of the quotient PGL,, 1 (k) := GLj,41(k)/k* on P". An element of
PGL,,11(k) is called a projective transformation.

For f in k[xo, ..., x,], viewed as function from A" to k, and for g in GL,, ;1 (k), the function

g f A" Sk P f(gP)

is again in k[zg, ..., x,]. This operation is an action of GL,,;1(k) on the k-algebra k[xo, ..., 2,]. The
polynomial ¢g* f is homogeneous of degree d if and only if f is homogeneous of degree d. Also, given
a homogeneous polynomial f € k[xg,...,z,] and a point P € P" we have P € Z(f) if and only if

g 1P € Z(g* f). It follows that GL,,; 1 (k), and hence also PGL,,;1(k), act on P" by homeomorphisms.

Remark 5.3.1 The proof of Proposition [5.1.1] could have started with “There exists a projective transfor-
mation g € PGLg such that gA = (1:0:0) and gB = (0 : 1 : 0), so we may assume that A = (1:0: 0)
and B=(0:1:0).

5.4 Affine transformations
Definition 5.4.1 We define the group of affine transformations as follows:

a b

Aff, = Aff, (k) = {( 01 ) ca € GL,,be k;"} C GL, 41 .

It is the stabiliser in GL,, ;1 of the element z,, in k[zo, . . . , x,], and therefore it stabilises all the hyperplanes
Z(xy, — a), with a € k. The group Aff,, acts on P™. This action of Aff,, on P" induces a morphism of
groups Aff,, — PGL,,. This morphism is injective and its image is the stabiliser in PGL,, of Z(z), the

hyperplane at infinity. This means that Aff,, acts on P* — Z(z,,) = A" and on Z(x,,) = P"~! as well.

Example 5.4.2 Consider the case where n = 1. An element of Aff,, has the form g = (&%) with a € k*
and b € k. Now let P € A be the point with coordinate p € k. In P! this point has homogeneous
coordinates (p : 1) and it is mapped by g to (ap + b : 1), so gP € A! has coordinate ap + b.

In the same way as before there is a compatible action of Aff,, on k[xzy, ..., x,_1]. Explicitly:

_(a b
9= o0 1
sends the polynomial f, viewed as function on k™, to g* f := (z — f(ax + b)). Note that P lies on Z(f)
if and only if g~ P lies on Z(g* f). In particular it follows that Aff,, acts as homeomorphisms on A™.

Remark 5.4.3 The dimension of Aff; is 2, but that of PGLs is 3. Hence the projective line has more
symmetry than the affine line. In general Aff,, has dimension n? 4 n (we can pick n? entries for the linear
part, and then we can pick a vector to translate over, this gives an extra n) while PGL,, ;1 has dimension
(n+1)2 —1=n?+2n.

5.5 Pascal’s theorem

In this section, we will prove Pascal’s theorem. We first state a Euclidian version of it.
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Theorem 5.5.1 Suppose that X is a circle and A, B,C, A’, B',C’ € X are distinct points on this circle.
Let P = BBCNBC',Q = AC'nNCA’, R = A’B N AB’, assuming these intersections exist (see the
picture below). Then P, Q), R lie on a line.

To prove this it is convenient to generalize this to a projective statement.

Theorem 5.5.2 (Pascal) Let X = Z(g) with g € k[x1, x2, 23] homogeneous of degree 2 and irreducible.
Let A,B,C,A’, B',C" € X be distinct points. Let P = B'CNBC’',Q = AC'NCA'’, R=A'BN AB'.
Then P, @, R lie on a line.

Proof Note that no three of the six points A, B, C, A’, B’, C’ can lie on a line, for otherwise this would
contradict Bézout’s theorem (together with the irreducibility of X).

So, without loss of generality we may assume that A’ =(1:0:0),B"=(0:1:0),C"=(0:0:1).
We now write down the equation for X:

g = gnzf + 922~T§ + 933173 + 9127122 + g13T123 + g23T223.

Since A’ = (1 : 0 : 0) lies on this quadric, we see that g(1,0,0) = g1; = 0. In the same manner, one
obtains g2 = g3z = 0. So

g = g12T1%2 + §13T1T3 + g23T2T3.

Note that none of gj2, g13, g23 are zero, for otherwise our g would be reducible. After applying the
projective transformation

g3 O 0
0 913 0 S PGL2
0 0 g2

we may assume that

g = T1T2 + Tox3 + T3X71.

Note that A’, B” and C" are fixed under this transformation.

Now let A, B, C be the points (a; : as : asz), (by : by : b3) and (¢ : ¢g : c3), respectively. Let us
compute the coordinates of the point P = B’C' N BC'. The line B'C is given by csxz; = ¢i21, and BC'
is given by box; = x2b1. So we find that P = (1 : ba /by : ¢3/c1). Note that by is not zero, since B lies
on X and B is distinct from B’ and C’, similarly a;, b;, ¢; are all non-zero. By symmetry, we find that
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Q = (a1/az:1:¢3/co)and R = (a1 /ag : ba/bs : 1). To check that P, @Q and R lie on a line, it is enough
to show that
1 bg/bl 63/61
det al/a2 1 03/62 =0.
al/ag bz/bg ].

But this is true. The sum of the rows is zero, this follows since A, B and C'lie on our quadric. For example,
for the first coordinate:

a; a1 aza3+aiaz+aiaz  glai,az,as
1 + —+— = = ( ’ ’ ) = O
ag as aza3 aza3

5.6 Exercises

Exercise 5.6.1 Consider Y; = Z(y — 2%) and Yo = Z(xy — 1) in A2. Denote by i : A? — P? the map
(a,b) — (a:b:1). Let X; and X5 be the closures of ¢Y; and ¢Y5, respectively.

i. Show that there is no affine transformation « such that aY; = Ys;
ii. give equations for X; and Xo;
iii. describe X5 — iY5 and X7 — iY7;
iv. show that there is a projective transformation (3 such that 5.X; = X5.

Exercise 5.6.2 Let Py, P, and P; be three distinct points in P'. Show that there is a unique projective
transformation that maps P; to (1:0), P, to (0: 1), and Psto (1:1).

Exercise 5.6.3 Let P;, P, P3 and P, be four points in P? such that there is no hyperplane in P? containing
all four of them. Show that there is a unique projective transformation that maps P; to (1 : 0 : 0), P> to
(0:1:0),P3t0(0:0:1),and Pyto (1:1:1).

Exercise 5.6.4 ([Hart, 2.14]) Given positive integers r and s consider the map
((a1,...,ar), (by,...,bs)) = (a1by : arba : -+ : aybs)
from (A" — {0}) x (A® — {0}) to Prs~L,
i. Show that the map factors through P"~! x Ps~1;
Denote the resulting map from P"~! x P~1 to P"s~! by W,
(b) Show that W is injective;
(c) Show that the image of W is closed in P™*~1.

The map W is called the Segre embedding of P*—1 x P5~! in P51,

Exercise 5.6.5 ([Hart, 2.15]) Consider the Segre embedding ¥ : P! x P! — P23, Let Q C P? be the image
of U,

i. Give equations for Q.

ii. Show that for all P € P! the images of {P} x P! and P! x {P} are lines in P? lying on Q.
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iii.

iv.

Vi.

Vii.
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Show that all lines in P? lying on ) can be obtained in this way (hint: choose points (A7, A3) and
(B1, B2) in P! x P! and verify that the line through W((A;, A3)) and ¥((By, Bs)) lies on @ if and
only if A; = B or A; = By).

For any pair of lines L;, Lo lying on () determine their intersection Ly N Lo.
Draw a picture of Q.
Describe all closed subsets of P! x P! with the product topology.

Show that W is not continuous when P! x P! is equipped with the product topology and @ is equipped
with the induced topology from P3.

In fact, as we will see later, the topology on (), and not the product topology, is the “right one” for the
product P! x P!,



Lecture 6

Regular functions and algebraic
varieties

In this lecture we discuss Section 1.3 of [Hart], and more. We advise the reader to read that section for
her/himself. As usual, % is an algebraically closed field.

6.1 Regular functions on closed subsets of A"

It is now time to make geometric objects of the closed subsets of A™ and P™ that we have seen so far: until
now they are just topological spaces, and moreover, the topology is quite weird. The difference between
topology and differential geometry comes from the kind of functions that are allowed: continuous versus
differentiable. In algebraic geometry, the functions chosen are called “regular.”

Lemma 6.1.1 For f € k[z1,...,z,] weset D(f) :={P € A" | f(P) # 0} = A™ — Z(f), so the D(f)
are open in the Zariski topology. The set of all D(f) actually is a basis for the Zariski topology on A™.

The proof is left to the reader in Exercise[6.4.1]

Definition 6.1.2 Let n € Z>o, Y C A" closed, V' C Y open (for the induced topology on Y’), and
f:V — kafunction. Then, for P € V, f is called regular at P if there is an open subset U C A"™ with
P € U, and elements g, h € k[xy,...,2,] such that for all Q € U, h(Q) # Oand forall Q € UNV:
f(@) =g(Q)/h(Q). A function f: V — k is called regular if it is regular at all P € V.

The set of regular functions on V' C Y is denoted by Oy (V). It is a k-algebra for point-wise addition and
multiplication. We have made the topological space Y into a “ringed space.”

Lemma 6.1.3 Let X be a topological space, and Y a subset of X. ThenY is closed if and only if X can
be covered by open subsets U; C X such that for all t, Y N U; is closed in U;.

Proof IfY is closed, just take the the covering { X }. Conversely, if Y N U; is closed in U; for all 4 then
every point in the complement X — Y has an open neighborhood in X — Y, hence Y is closed in X. [

Lemma 6.1.4 Letn beinN,Y C A" be closed, V C Y beopen,and f € Oy (V). Then f: V — k = Al
is continuous.
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Proof Since k has the co-finite topology, it is enough to show that for any a € k, f~*{a} C V is
closed. By the previous lemma it is enough to give for every P € V an open U C A™ with P € U such
that f~*{a} N U is closed in U N'V. So let P € V be given and take an open U C A" and g and h
in k[z1,...,zy] as in Definition Then for Q € U NV the condition f(Q) = a is equivalent to
Q € Z(g—ah).So f~H{a}NU = Z(g —ah) N (UNV), hence closedin U N V. O

Corollary 6.1.5 LetY C A™ be closed and irreducible, V' C Y open, non-empty, f and g in Oy (V') such
that f|y = g|u for some open nonempty U C V. Then f = g.

Proof Note that f — g is regular, hence continuous by the previous lemma. So (f — ¢)~1{0} is closed.
As (f — g)~1{0} contains U and V is irreducible, (f — g)~1{0} is dense in V, hence equal to V. O

The following theorem generalizes Theorem 3.2(a) of [Hart].

Theorem 6.1.6 Let n be in Z>o and let Y C A™ be closed. Then the k-algebra morphism ¢ from
A = k[zy,...,2,] to Oy (Y) that sends a polynomial to the function that it defines is surjective and
has kernel 1(Y'), the ideal of Y. Hence it induces an isomorphism from A/I(Y) = A(Y) to Oy (Y).

Proof By definition ker(¢) = {f € A: VP €Y, f(P) =0} = I(Y). So we only need to prove the
surjectivity of , the rest follows immediately.

Let f € Oy (Y). We want to show that f is in im(¢), or, equivalently, that its class f in the quotient A-
module Oy (Y')/im(¢p) is zero. Let J C A be the annihilator of f, thatis, J = {h € A : p(h)f € im(p)}.
Then J is an ideal. We want to show that 1 € J, or, equivalently, J = A. Note that I(Y") C J since for
he I(Y)wehave hf = ¢(h)f =0-f =0.

Suppose that J # A. Take m C A a maximal ideal such that J C m. By the Nullstellensatz there is a
P € A" such that m = mp, the maximal ideal corresponding to P. So I(Y) C J C mp, hence P € Y.
Since f is a regular function on Y we can take hq, ho, g2 in A such that

o Pc D(h),
e forall Q@ € D(hy) we have ha(Q) # 0,

e forall @ € D(h1)NY we have f(Q) = g2(Q)/h2(Q).

Then ¢(hs)f = p(g2) on D(hy) NY. Hence ¢(h1hs)f = ¢(h1g2) on' Y (both are zero on Y N Z(hy)),
and hiho f is inim(p). So hihe € J. But (h1hs)(P) = hi(P)ha(P) # 0 (by construction), this gives a
contradiction. Hence J = A and we are done. ]

6.2 Regular functions on closed subsets of P"

We also make closed subsets of P™ into ringed spaces. First we do this for P™ itself. Let A = k[zo, ..., 2]

Definition 6.2.1 Let U C P" be open, f: U — k, P € U. Then f is called regular at P if there exists a
d € Z>0, g, h € Ag such that h(P) # 0 and f = g/h in a neighborhood of P. (Note that for Q € A™*+!
with h(Q) # 0 and A € k*: (g/R)(AQ) = 9(AQ)/h(AQ) = Ng(Q)/Nh(Q) = (g/R)(Q).) Also, f is
called regular if f is regular at all P € U. Notation: Op» (U) = {f: U — k : f is regular}

Definition 6.2.2 Let Y C P" be closed, V C Y open, f: V — k,and P € V. Then f is called regular at
P if there exists an open U C P™ and g € Op~ (U) suchthat P € U and forall Q € VNU : f(Q) = g(Q).

Remark 6.2.3 For Y C A”™ closed we could have done the same thing: first define Oy~ and then continue
as above.
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Theorem 6.2.4 (Generalises Theorem 1.3.4(a) of [Hart]). LetY C P" be closed. Then
Oy(Y)={f:Y — k: fislocally constant.}

Proof The proof will be given later. O

6.3 The category of algebraic varieties

Now we get at a point where we really must introduce morphisms. For example, we want to compare
U; C P™ via the map ¢;: U; — A™ and we would like to call ¢; an isomorphism, so both ¢; and
4,0;1 should be morphisms. We know that ¢; and @;1 are continuous. The idea is then to ask for a
continuous function to be a morphism, that, by composition, it sends regular functions to regular functions.
‘We formalize this as follows.

Definition 6.3.1 A k-space is a pair (X, Ox), with X a topological space, and for every U C X open,
Ox(U) C {f: U — k} a sub-k-algebra such that:

i. forall V' C U (both open) and for all f in Ox(U), f|y isin Ox(V);

ii. for all U open and for all f: U — k, f is in Ox(U) if and only if for all P € U there is an open
Up C U such that P € Up and fly, isin Ox (Up).

We call this Ox the sheaf of admissible functions. The second condition in Definition [6.3.1means that the
“admissibility” condition is a local condition: a function verifies it if and only if it does so locally.

Examples 6.3.2 The (Y, Oy ) as defined above for closed subsets Y of A™ or P™ are k-spaces (they obvi-
ously satisfy both properties).

Definition 6.3.3 Let (X, Ox) and (Y, Oy) be k-spaces. A morphism from (X, Ox) to (Y, Oy) is a map
@: X — Y such that:

i.  is continuous;
ii. forall U C Y open, forall f € Oy (U), ¢*f: = fop: ¢ U — kisin Ox (o 1U).

The k-spaces and their morphisms form a category: k-Spaces. This us the notion of an isomorphism:
a morphism ¢ from (X, Ox) to (Y, Oy) is an isomorphism if there is a morphism ¢ from (Y, Oy) to
(X,0x) withip o o = id(x,0x) and ¢ o ¢ = id(y,0,.). For further theory on categories, one can read
Lang’s Algebra [Lang].

Remark 6.3.4 This category k-Spaces, which looks rather ad hoc, is also used by Springer in [Spri].

For (X, Ox) a k-space and U an open subset of X we define Ox|y, the restriction of Ox to U, by: for
V C U open, Ox |y (V) = Ox (V). We can now define what (very abstract) algebraic varieties are.

Definition 6.3.5 Let k be an algebraically closed field. An algebraic variety over k is a k-space (X, Ox)
such that for all x € X there is an open U C X with € U such that (U, Ox|y) is isomorphic (in
k-Spaces) to a (Y, Oy) with Y C A™ closed for some n, and Oy the sheaf of regular functions (that is,
is an affine algebraic variety over k). If (X, Ox) and (Y, Oy) are algebraic varieties over k, a morphism
from (X, Ox) to (Y, Oy) is just a morphism in k-Spaces. The category of algebraic varieties over k is
denoted vaVar(k). A variety is called projective if it is isomorphic to a (Y, Oy ) with Y a closed subset of
some P" and Oy its sheaf of regular functions. A variety is called quasi-projective if it is isomorphic to an
open subvariety of a projective variety.
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Remark 6.3.6 Our notion of variety in vaVar(k) is much more general than that in the first chapter
of [Hart]: those must be irreducible (which we don’t suppose) and quasiprojective (open in a closed
Y C P, which we don’t suppose either). For those who would rather do schemes: vaVar(k) is equivalent
to the category of k-schemes that are reduced, and locally of finite type.

Proposition 6.3.7 (1.3.3 in [Hart]) Letn € Z>q,i € {0, ...,n}, U; C P" as before, and ¢;: U; — A™ the
map (ag : -+ : ap) to (ag/ai,...,a;—1/a;,aix1/ai,...,a,/a;). Then p; is an isomorphism in vaVar (k).
Hence P" is an algebraic variety.

Proof We have already seen that ¢; and its inverse are continuous. It remains to be shown that the
conditions “regular at P and “regular at ¢; (P)” correspond, that is, for f: U — k with U a neighborhood
of p;(P), f is regular at o;(P) if and only if ¢} f is regular at P.

Let P be in U;, and U C A™ open containing ¢(P), and f: U — k a function. Then f is regular
at ;(P) if and only if there exist g, h € k[{x;; : j # i}] such that h(p;(P)) # Oand f = g/hina
neighborhood of ;(P).

And ¢} f is regular at P if and only if there exist d € Z>¢ and ¢',h’ € k[zo,...,2,]q such that
K (P) # 0 and ¢f f = ¢’/h’ in a neighborhood of P.

Suppose that f is regular function at ¢;(P), locally given by g/h. Let d = max(deg(g), deg(h)) and
notice that for a in a neighborhood of P

(i (g/M)(ag < -+ an) = g(pi(ao : -+ : an))/h(@i(ag : -+ : an))
= 9((a;/ai)jzi) /h((aj/ai) i)
= afg((aj/ai)jz)/aih((a;/ai)jz)
=(g'/h")(ao : -+ : an)
where ¢’ = 28g((zj/x;)j2:) and B = 2¢h((x;/2;);:) are in k[zo, . . ., ¥,]q4. Hence o} f is regular at P.
Suppose now that ¢ f is regular at P, locally given as ¢’/h’ in k[zo, . .., Z,]q for some d. Then f is
locally given by g/h with g = x;%g’ and h = x; “h’, showing that f is regular at @;(P). O

Corollary 6.3.8 LetY C P™ be closed, then (Y, Oy ) is an algebraic variety.

Proof This follows since locally (V;, Oyly,) with Y; = U; N'Y is an algebraic variety by the above
theorem. g

We will now prove some things which will be useful later.

Proposition 6.3.9 (1.3.6 in [Hard]) Let X be an algebraic variety, Y C A™ closed, ¢: X — Y a map of
sets. Foriin {1,...,n} letv; = pr; o ¥, hence for all P in X, ¥(P) = (¢1(P),...,¥n(P)). Then ¢ is
a morphism if and only if for all i, v; is in Ox (X).

Proof Assume that ¢ is a morphism. Let ¢ be in {1,...,n}. The restriction of the function z;: A™ — k
to Y is in Oy (Y") and we denote it still by x;. Then ¢; = ¢*(x;) is in Ox (X).

Assume that all v; are regular. We have to show that ¢ is a morphism. We start with showing
that ¢ is continuous. For f in k[x1,...,z,], ¥* f is the function P — f(¢1(P),..., ¥, (P)), hence
v*f = f(41,...,1,), the image in Ox(X) of f under the k-algebra morphism that sends z; to ;.
Hence for all f in k[z1,...,z,] we have:

VTZ(f) ={P € X | f(¥(P)) =0} = (")~ {0}.

Now ¢* f € Ox(X) is continuous, because continuity is a local statement and Lemma Now we show
that ¢ is a morphism. Let U C Y be openand f € Oy (U). We must show that¢* f: ¢»~1U — kisregular.
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This is a local condition by the second part of Definition By Definition we may and do assume
that X is an affine variety, embedded as closed subset in A™, say. We must show that for all P in ¢~ 'U,
* f is regular at P. So let P be in ¢»~1(U). Write f = g/h in a neighborhood of 1)(P), with g and h
ink[xy,...,x,]. Then *f = g(¢1,...,%n)/h(¢1,...,1y,) in a neighborhood of P, hence a quotient of
the two elements g(¢1,...,¥,) and h(¢, ..., ¥y,) in Ox(X), with (A(¢1,...,1¥,))P = h(y(P)) # 0.
Hence, by Definition[6.1.2] ¢* f is regular at P. O

We have the following theorem, which is needed for the exercises below. The proof will be given in the
next lecture, see Corollary [7.1.6]

Theorem 6.3.10 LetY C A™ be closed, h € k[x1,...,x,], and let V the intersection Y N D(h) then
(V, Oy |v) is an affine variety, that is, isomorphic to a closed subset of some A™ with its regular functions.

6.4 Exercises

Exercise 6.4.1 Prove Lemmal6.1.1]

Exercise 6.4.2 Letn € N. Ford € Nand f € A;(A = k[xo,...,zp))let Dy (f) := {a € P"| f(a) # 0}.
Show that the set of all D (f) is a basis for the topology on P".

Exercise 6.4.3 Let pt = A®. Let X be a variety. Show that all maps of sets pt — X and X — pt are
morphisms.

Exercise 6.4.4 Let X be a variety, and U C X an open subset, equipped with the induced topology. Show
that (U, Ox|y) is a variety and that the inclusion map j: U — X is a morphism. (Hint: you can use
Theorem ) We call U an open subvariety of X. Let (Z, Q) be a variety and f: Z — U a map of
sets. Show that f is a morphism if and only if j o f is a morphism.

Exercise 6.4.5 Let (X, Ox) and (Y, Oy) be varieties, and f: X — Y a map of sets. Show that f is a
morphism if and only if for each z € X there are open subsets U C X and V C Y such that z € U,
fUCV,and fly: (U,Ox|v) — (V,Oy|y) is a morphism.

Exercise 6.4.6 Letn € N, and letay, . . ., a, be distinct elements of k. Show that the union of {z° : i € N}
and {(z—a;)~':j€{l,...,n} andl € Z~(}isak-basis of Op1 (Al —{as,...,a,}). Give also a k-basis
for Op1 (P! — {a1,...,a,}).

Exercise 6.4.7 Let X be a variety, and Y C X a closed subset, equipped with the induced topology. For
V CYopen, f: V—k,and P € V, we define f to be regular at P if and only if there is an open U C X
andag € Ox(U) suchthat P € U,and forall Q € V NU, f(Q) = g(Q). Notation: Oy (V). Show that
(Y, Oy ) is a variety and that the inclusion map i: Y — X is a morphism. We call Y a closed subvariety
of X. Let (Z,0z) be a variety and f: Z — Y a map of sets. Show that f is a morphism if and only if
i o f is a morphism.

Exercise 6.4.8 Do Exercise 1.3.4 of [Hart] for n = 1 and d = 2. Hint: do not do all of [Hart], Exer-
cise 1.2.12, but use as much as you can the exercises above (6.4.4} [6.4.5]and [6.4.7). So, just show that the
image Y of p: P! — P? is closed (by giving equations for it), and show that the inverse ¢: Y — P!, on
suitable standard open subsets, is given by the inclusion followed by a projection.
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Lecture 7

The category of varieties (continued)

Here are some references for categories, functors, equivalence of categories:
i. the wikipedia pages category, functor, equivalence of categories;
ii. the section “categories and functors” in Lang’s book “Algebra”;

iii. The chapter “Categorieén en functoren” in [Stev].

7.1 Affine varieties

Definition 7.1.1 A variety (Y, Oy) is called affine if there is an n € Z>( and Z C A™ closed such that
(Y,Oy) = (Z,0z) where Oy is the sheaf of regular functions on Z.

Suppose ¢: (X,0x) — (Y, Oy) is a morphism of k-spaces. Then we obtain a map ¢* from Oy (V) to
Ox(X), f — f o. This ¢* is a morphism of k-algebras, for example, for every P in X,

(" (f+9)P = (f+9)(pP) = f(¢P) + g(pP) = (¢" )P + (¢"g) P = (¢" f + ¢ g) P.

This procedure is a contravariant functor from the category k-Spaces to that of k-algebras, sending an
object (X,0x) to Ox(X), and a morphism ¢: X — Y to ¢*: Oy(Y) — Ox(X). Indeed, for
v: (X,0x) = (Y,Oy)and ¢: (Y,0y) — (Z,0z) in k-Spaces, we get (1) o ¢)* = ¢* o p*.

Proposition 7.1.2 Let X be a variety and Y an affine variety. Then the map
HomvaVar(k) (Xa Y) - Homk—algebraS(OY (Y)7 Ox (X))7 o "
is a bijection.

Proof We may and do assume that Y a closed subset of A", with its sheaf of regular functions, as Y
is isomorphic to such a k-space. We construct an inverse of ¢ +— ¢*. So let h: Oy (Y) — Ox(X)
be a k-algebra morphism. We have k[x1,...,z,] — Oy (Y), surjective, and with kernel I := I(Y),
see Theorem Let h: k[z1,...,2,] — Ox(X) be the composition of this morphism with h. Let
¥; := h(x;). Let¢: X — A™ be the map P — (¢1(P), ..., 1, (P)). Then ¢ is a morphism of varieties
by Proposition[6.3.9] We claim that ¢)(X) is contained in Y. Indeed, for P € X we have the following
commuting diagram (where eval p is the k-algebra morphism which evaluates a function from X to k in P):

klxy, ..., zn] LN (X,0x)

~ eval p
evalpoh

k.

45
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We see that evalp o & is the composition of two k-algebra morphisms, hence a k-algebra morphism. So as
x; — P — P (P), fink[zy,...,z,] goes to f(1(P),..., ¥, (P)). Hence for f in I(Y) and and P in
X we have:

f@W(P)) = f(1(P),...,¥(P)) = (evalp o iL)f = evalp(iLf) = evalp(0) = 0.

We will now check that the two given maps are inverse to each other. We will write vy, for the map
1 : X — Y obtained in the previous part of this proof for h: Oy (Y) — Ox (X).
Let ¢ : X — Y be a morphism in vaVar(k). Then we have, for all P € X:

Vor (P) = ((¢*21) P, ..., (¢"2n) P) = (21(¢P), ..., 2n(pP)) = ¢(P).
This shows that 1)« = ¢.
For h in Homy _ajgebra(Oy (Y), Ox (X)) and P € X we have, writing «; for its image in Oy (Y'):
(Yr2i)(P) = zi(YnP) = z;((hx1) P, ..., (hxn P)) = (hx;)P.

Hence (¢,)* and h have the same value on each z;, hence are equal (the z; generate Oy (Y)). O

Remark 7.1.3 Let (X, Ox) be an affine variety, closed in some A™. Then Ox(X) = A(X) by The-
orem Hence the k-algebra Ox (X)) is reduced and finitely generated. On the other hand, by Ex-
ercise every reduced finitely generated k-algebra occurs as A(Y") for some closed Y in some A™.
Actually, we have a bit more, as the following theorem tells us.

Theorem 7.1.4 We have the following anti-equivalence of categories:

{affine varieties} — {reduced k-algebras of finite type}
(X,0(X)) — Ox(X)
p = @
Proof For the reader who knows some category theory: a functor is an equivalence of categories if and

only if it is fully faithful and essentially surjective. By Proposition [7.1.2] we see that the functor is fully
faithful, and the remarks above tell us that it is essentially surjective. O

This theorem basically tells us that “the only categorical difference between the two categories is the
direction of the arrows”.

Now let f be in k[z1,...,x,] and consider D(f) := {P € A™ : f(P) # 0} = A™ — Z(f). By
Exercise D(f) becomes a variety (D(f), Oan|p(s)) where for U C D(f) open (hence open in A™)
we set Op(5)(U) = Oan(U). The following theorem says that this is an affine variety.

Theorem 7.1.5 Let f € k[x1,...,zy]. Then (D(f), Opn

D(y)) 18 an affine variety.

Proof Consider the closed subset Z := Z(x,,.1f — 1) C A"+, Then we have the following maps:
()~ 2, ) 1
— ey Qp) ey Oy
’ “ ¢ “ ¢ f(alv"'7an)

and
Z_>D(f)7 (ala"'va‘nva‘n-‘rl)'_)(ala"'aan)

These maps are inverses of each other. Both maps are morphisms since they are given by regular functions
(Proposition|6.3.9). So D(f) is an affine variety and Op () (D(f)) = k[x1, ..., 2ni1]/(@na f —1). O

We now easily obtain the following corollaries:



7.2. PRODUCTS OF VARIETIES 47

Corollary 7.1.6 Let X = Z(g1,...,9-) C A" be a closed subset, and Iet f be in k[z1,...,x,]. Then
(X N D(f),O|xnp(y)) is an affine variety isomorphic to Z(g1, ..., gr, Tnt1f — 1) C A" with its
regular functions.

Corollary 7.1.7 Every variety has a basis for the topology consisting of affine open subvarieties.

7.2 Products of varieties

This is a special case of Theorem I1.3.3 of [Hart]. We will first construct products in the affine case. Let
X Cc A" andY C A" be closed. Let I = I(X) and let fi,..., f, in k[z1,...,2,,] be a system of
generators. Similarly, let J = I(Y") with system of generators g1, ..., gy in k[y1, ..., ynl.

Lemma 7.2.1 In this situation, X x Y C A™'™ is closed, and I(X x Y) is generated by the subset
{fiy o s fa, g1, gp} OFK[T1, oo, T, Y1y -+ - s Yn)-

Proof Wehave X xY = (X x A") N (A™ x Y). Hence X x Y is closed, and I(X x Y) is equal to
I(X xA™)+1(A™ xY). Hence (by symmetry) it is enough to show that I (X x A™) = (I) = (f1,. .., fa),
equality of ideals in k[x1,...,y,]. Solet h € I(X x A™). Write h = >_ h;y’ with h; € k[zy,..., 2]
(multi-index notation). Then Va € X, Vb € A™: 0 = h(a,b) = >, hi(a)b®, hence Va € X, >, hi(a)y® is
zero on A"™. This shows that Va, Vi, h;(a) = 0. Hence Vi, h; € I. O

Definition 7.2.2 For closed subvarieties X € A™ and Y C A™ as above, we let Ox«y be the sheaf of
regular functions on X x Y induced from those on A™*™. This makes X x Y into an affine variety.

Example 7.2.3 Consider A™ x A" = A™*"_ Note that the Zariski topology is larger than the product
topology. For example, the diagonal in A? is not closed in the product topology on A2 = A x Al

Remark 7.2.4 In the situation of Definition[7.2.2] we have:
OXXy(X X Y) = ]{1[1‘1, ey Ty Y1y e ,yn]/(fl, - 7fa,gl, - ,gb) = Ox(X) Rk Oy(Y)

Remark 7.2.5 The projections px: X xY — X, and py: X XY — Y are morphisms. This follows
from Proposition[6.3.9]

Theorem 7.2.6 (Universal property of the product) Let X and Y be affine varieties and Z a variety. Let
f:Z — X andg: Z — Y be morphisms. Then there exists a unique morphism h: Z — X XY such that
px o h = f and py o h = g. This means that we have the following commuting diagram:

X
f
/
727 X xy
K
g
Y.

Proof For h as a map of sets, there is a unique solution, namely for P € Z we set h(P) = (f(P), g(P)).
This map is a morphism by Proposition [6.3.9] O

Corollary 7.2.7 The topology on X x Y and the sheaf Ox «y do not depend on the embeddings of X and
Y in affine spaces.
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Proof The proof goes as follows. Suppose we have another product with the same universal property,
say (X x Y')’ with projections p’y and p}-, obtained from other closed embeddings of X and Y in affine
spaces. This means that (X x Y') is, as a set, X X Y, but with maybe another topology and another sheaf
of regular functions. We apply the universal property in the following situation:

X
px /
pPx
(XxY) My xxy
K
Py v

and conclude that the identity map of sets of X x Y to itself is a morphism of varieties from (X x Y')’ to
X x Y. By symmetry, the same holds for the identity map of sets from X x Y to (X x Y. d

Now let X, Y be arbitrary varieties. We will construct X x Y. As a set, just take X x Y. As a topological
space, we do the following. We now let a basis be the open sets of W C U x V (as defined before) where
V C X and U C Y are open and affine (we leave it to the reader to show that this indeed gives a basis, we
still need to show that W N W’ is a union of such W"). We still need to define the regular functions. We
only need to define this on the basis above (since a function is regular iff it is locally regular). A function
W — k (with W as above) is regular if it is regularon W C U x V.

Theorem 7.2.8 The projections px and py are morphisms and the product X x Y with its projections has
the universal property (as in the affine case).

Proof Apply Exercise[6.4.5]to see that we only need to prove it locally. The local case follows by Theo-
rem[7.2.6] O

Theorem 7.2.9 The product of projective varieties is a projective variety.

Proof Exercise g

7.3 Separated varieties

(Compare with Section I1.4 of [Hart].)

Lemma 7.3.1 Let X be a topological space, and A C X x X be the diagonal, that is, A is the subset
{(z,z) : 2 € X} C X x X. Then X is Hausdorff if and only if A C X x X is closed (where X x X has
the product topology).

Proof Letz,y € X with z # y. Then (z,y) € A has an open neighborhood U with U N A = () if and
only if there are V. C X, W C X open withz € V,y € W with V. x W N A = {) (since the sets of the
form V x W with V. W C X open form a basis of the product topology). Note that V' x W N A = ) if
andonly if VW = (. O

We take this description of the Hausdorff property in the case of a variety.

Definition 7.3.2 A variety X is separated if A = {(z,x) : * € X} is closed in X x X (product of
varieties).
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Examples 7.3.3 A" is separated. Indeed, A C A™ x A" is the zero set of (1 — y1,...,Zn — Yn). Let
X C A™be closed. Then X is separated. Indeed, let X = Z(f1,..., fr). Then Ax C X x X C A" x A"
isgivenby Z(f1,..., frs f1,--, [, x1 — Y1, ..., Ty — yn) Where the f; are the polynomials in the x;, and
the f/ the corresponding polynomials in the y;. Even all quasi-projective varieties are separated (exercise).

7.4 Exercises

Exercise 7.4.1 Show that P" is not affine if n > 0. (Use Theorem[6.2.4])

Exercise 7.4.2 Let f: X — Y be a morphism of affine varieties and assume that the corresponding mor-
phism of k-algebras f*: Oy (Y) — Ox(X) is surjective. Show that f is injective, that f X is closed in Y’
and that f defines an isomorphism of X to the closed subvariety fX of Y.

Exercise 7.4.3 Let f: X — Y be a morphism of affine varieties and assume that the corresponding mor-
phism of k-algebras f*: Oy (Y) — Ox(X) is injective. Show that fX is dense in Y. Give an example
with fX #Y.

Exercise 7.4.4 Consider the open subvariety X = A2 — {0} of AZ. Denote the embedding by i: X — A2
Show that i*: Oy2(A%) — Ox(X) is an isomorphism of k-algebras and deduce that X is not an affine
variety. Give a presentation of X (see Section [8.3).

Exercise 7.4.5 Let q and n be positive integers. Show that
[:P" =P, (ag:-:ap)— (ad:-:al)

is a morphism of varieties. Assume now that k has characteristic p > 0 and that ¢ = p? for some integer
d > 0. Show that f is bijective but not an isomorphism of varieties. Find all P € P such that f(P) = P.

1 n

Exercise 7.4.6 Let X C P2 be the curve given by y" = zz"~ ! — 2™
presentation of this variety. Give a presentation of the product X x X.

In the lecture we have seen a

Exercise 7.4.7 Let U: P! x P?~! — Pmn—1 be the Segre map (of sets):
((ay - i am),(by -+ :by)) — (arby s - amby).
Let X C P land Y C P" ! be closed.
i. Show that U(P™~1 x P"~1) is closed in P~ 1,

ii. Show that W is an isomorphism from the product variety P~ x P"~! to the projective variety
\IJ(Pm_l % Pn—l).

iii. Show that W restricts to an isomorphism from the product variety X x Y to the projective variety
U(X xY).

iv. Show that the diagonal Apn—1 is closed in P"~1 x Pn—1,

v. Show that projective varieties are separated.



50

LECTURE 7. THE CATEGORY OF VARIETIES (CONTINUED)



Lecture 8

Presentations, smooth varieties and
rational functions

8.1 Separated varieties (continued)

Recall that a variety X is separated if and only if Ax = {(z,z) : € X} C X x X is closed.

Example 8.1.1 In the previous lecture, and in the exercises, we have already seen that affine and quasi-
projective varieties are separated. Exercise gives an example of a variety which is not separated. This
variety “looks” like:

Proposition 8.1.2 Let X be a separated variety, and let U and V C X be open and affine. Then U NV is
open and affine.

Proof Consider the following diagram:

UnvV —=UxV)NAx c X xX
N N

X — 3 Ay c X x X.

The map from X — Ax just sends a point x to (z,x), and one can show that this is an isomorphism
(using the universal property, use the identity morphisms on X and for the inverse use a projection). This
isomorphism restricts to an isomorphismon U NV — U x VN Ax. Now U x V N Ax is closed in the
affine space U x V, hence it is affine. O

8.2 Glueing varieties

We now want to construct new varieties from varieties that we already have. The process will be similar to
the construction of topological spaces in topology by glueing. Assume that:

i. I aset;
ii. Vi € I, X; is a variety;
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iii. Vi,j € I, X;; C X, is an open subvariety;
iv. Vi,j €I, p;5: X5 = Xj; is an isomorphism of varieties.
Assume moreover that these data satisfy the following compatibility conditions:
V. Vi, g,k €1, 0i5( X N Xix) = Xji 0 X
vi. Vi, j, k € I, pji 0 vij = @i on X5 N Xyps

vii. Vi € I, X;; = X, and Vi = idXi.

Example 8.2.1 Let X be a variety, and let X; C X be open subvarieties for some set I. Now let
Xi; = Xi N Xj and let ;51 X;; — X, be the identity.

We construct a variety from these glueing data. The first step is to define the disjoint union X" :=| |, ; X;
of the X; as a variety. As a set it is simply the disjoint union, and for every i in I we have the inclusion map
Ji+ X; — X'. We give X the quotient topology for the maps (j;);cr: a subset U of X" is open if and only
if for each 4 in I the subset j, LU of X; is open. This simply means that all the j; are open immersions, that
is, 7;(X;) is open in X’ and j; is a homeomorphism from X; to j;(X;) with the topology induced from X".
For U C X’ we define Ox/(U) as the set of functions f: U — k such that for all ¢ in I the function j} f
from j;'U to k is in Ox, (j; 'U). We leave it to the reader to check that (X', Ox) is a variety and that
the j;: X; — X' are open immersions. The pair ((X’, Ox-), (j;)icr) has the following universal property:
for any variety Y and any set of morphisms f;: X; — Y, there exists a unique morphism f: X' — Y
such that for all 7 in I, f; = f o j;. Note that up to now we have only used the set I and the collection of
varieties (X;)ier-

The second step is to define a quotient ¢: X’ — X as a set. In order to simplify our notation we view
X; as a subset of X, that is, we omit the inclusion maps j;. We define a relation ~ on X’ by:

(x ~ ) if and only if (there exist ¢, j € I such that x € X;;, y € X;, and goij(x) =Y).

The reader is asked to check that this is indeed an equivalence relation. This gives us the quotient
q: X' — X as a map of sets. The third step is to make X into a topological space. We simply give
it the quotient topology.

The fourth and last step is to define the notion of regular functions on X. For U an open subset of X
we define Ox (U) to be the set of functions f: U — k such that ¢* f: ¢~ U — kisin Ox/(¢~1U). Then
Oy is a sheaf of k-algebras on X.

We state without proof:

Proposition 8.2.2 The k-space X is a variety and the j;: X; — X are open immersions.

Example 8.2.3 We construct P! by glueing two copies of Al. So let Xg = A; and X; = A;. Let
Xoo = Xo, X171 = X7 and Xg1 = Al — {0} C Xpand X9 = Al — {0} C X;. Let oo and @11 be the
identities, g1 : Xo1 — Xi0,t +— t~ %, and @10 := @g;. Then X = A U A,/ ~ = P'. (Compare with
Section[2.2])

8.3 Presentations of varieties
We want to give presentations of varieties, that is, we want to be able to write down a variety in a finite

amount of data, so that for example it can be put into a computer. We assume that we can write down
elements of k. This is not a trivial assumption: k£ might be uncountable!
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For an affine variety we can just write down equations defining the variety (we can take a finite set of
equations, since k[x1, . .., x,] is Noetherian). We can also use the equivalence of categories between affine
varieties and finitely generated reduced k-algebras (which basically amounts to the same).

Here is a more general case. Let X be a variety and assume that X = (J,.; X; with I a finite set, X
open affine and X;; = X; N Xj affine. (The last condition is implied by the other ones if X is separated
by Proposition[8.1.2). Then X is determined by the following data, called a presentation of X:

i. Vi € I, the finitely generated reduced k-algebra Ox (X;);
ii. Vi,j € I, the finitely generated reduced k-algebra Ox (X;;);
ili. Vi,j € I, the restriction morphism Ox (X;) — Ox(X,;) coming from the inclusion X;; — X;;

iv. Vi, j € I, the isomorphism (identity map, in fact) of k-algebras O x (X;;) = Ox(X,;) coming from
the identity map X;; — Xj;.

Indeed, using the equivalence between affine varieties and finitely generated reduced k-algebras these
determine glueing data for X.

Example 8.3.1 Let X = P2. Write X = X U X; U X, with X; = D(z;) = U, the standard open affine
cover. Then, asin Section OX (Xo) = k:[:z:m, .1?02], OX (Xl) = k‘[xlo, .’Elg] and OX (XQ) = k[xgo, 31‘21].
We describe for example Ox (Xp1) and its maps to Ox(X7) and Ox (X3). By Theorem we know
that Ox (Xo1) = k[zo1, Zo2, Z10, Z12])/(To1210 — 1, Zo1212 — Zo2). We can now directly describe the map
from say Ox (Xo) to Ox (Xo1), which just sends xo1 to zg1 and xg2 to zo2 and analogously for the other
map(s).

8.4 Smooth varieties

One often sees other terminology for the word smooth: regular, non-singular. See also Section 1.5 of [Hart],
and Section 16.9 in [Eisl].

To define this notion, we need the concept of partial derivatives of polynomials. For n in N and f
in k[z1,...,x,] the partial derivatives df/dx; in klx1,...,z,] are defined formally, that is, the par-
tial derivatives 0/0z;: klx1,...,x,] — klx1,...,2,] are k-linear, satisfy the Leibniz rule and satisfy
d(x;)/0x; = 1if j = i and is zero otherwise. For example, for m € N, d(2}*)/0x1 = ma*~*. Thisis a
purely algebraic operation on k[x1, . .., x,] and there is no need to take limits of any kind. But note that in
characteristic p we have 9(z?)/dx = pxP~1 = 0.

Definition 8.4.1 Let X be a variety and d in N. For P in X, X is smooth of dimension d at P if there is
an open subvariety U of X containing P and an isomorphism ¢: U = Z(f1,..., fn—a) C A" for some n
and f1,..., fn—d, such that the rank of the n by n — d matrix over k:

(gg@ﬂ)m

equals n — d. The variety X is smooth of dimension d if it is smooth of dimension d at all its points. The
variety X is smooth at P if it is smooth of dimension d at P for some d. Finally, X is smooth if at every
point P it is smooth of some dimension dp.

Remark 8.4.2 The matrix of partial derivatives of the f; at the point P is called the Jacobian matrix. For
those who have learned some differential topology (manifolds) it should be a familiar object. The Jacobian
matrix at P has rank n — d if and only if the map f = (f1,..., fn_q) from A" to A"~ % has surjective
derivative at ¢ P, that is, is a submersion at ¢ P, if and only if the fibre of p P, f~1{ foP} is smooth at o P.
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In other words, X is smooth of dimension d at P if locally at P, X can be given as the zero set of n —d
equations in n variables, for some n, such that the gradients of the equations are linearly independent at P.
For linear subspaces of A™ this linear independence is indeed sufficient and necessary for the dimension to
be d.

In Lecture 9] we will see how the Jacobian matrix arises naturally from the definition of the tangent
space of X at P: the tangent space is the kernel of k" — k"%, v — Ju, with .J the Jacobian matrix. This
will prove that for X a variety, P in X and U any affine open neighborhood of P, and ¢ an isomorphism
of U with a closed subset Y of A™, and (f1, ..., fm) a set of generators of I(Y), the integer n — rank(.J),
where J is the Jacobian matrix at ¢ P, is the dimension of the tangent space of X at P and hence does not
depend on the choice of U nor .

Finally, there are relations with the dimension of varieties as in Section [3.4]them we state in the follow-
ing theorem.

Theorem 8.4.3 Let X be a variety.

i. If X is connected and smooth of dimension d, then X is irreducible and its dimension as a topological
space is d.

ii. If X is irreducible and of dimension d, and P is a point of X, then X is smooth at P if and only if
the dimension of the tangent space of X at P is d.

iii. The set of P in X such that X is smooth at P is a dense open subset.

iv. The variety X is smooth of dimension d if and only if for all P in X the dimension of the tangent
space of X at P is d.

Example 8.4.4 The affine space A? is smooth of dimension d. Indeed, it is given by zero equations as
subset of A<,

Example 8.4.5 Consider X := Z(zy) C A% We have the following picture of X:

We see that X is the union of the = and y axes, and it appears to have a 1 dimension tangent space at
all points except at the origin (where it is 2-dimensional). Later we will see more about the connection
between the tangent space and smoothness.

It is easy to check that X is smooth of dimension one at all P # (0, 0). Theorem [8.4.3|shows that X
is not smooth of any dimension at (0, 0) because every open neighborhood in X of (0, 0) is connected but
not irreducible.

8.5 Rational functions
Definition 8.5.1 Let X be a variety. Now let

K(X):={(U,f):U C Xisopenanddense and f € Ox(U)}/ ~

where (U, f) ~ (V,g) if and only if there is an open and dense W C X such that f = g on W (or
equivalently f = g on U N V). Elements of K (X)) are called rational functions on X.
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Remark 8.5.2 The set K (X) is a k-algebra, because addition and multiplication are compatible with ~:
we just define (U, f) + (V.g) = (UNV, f+g)and (U, f) - (V,9) = (UNV, f - g).

Proposition 8.5.3 Let X be a variety.
i. IfU C X is open and dense then K(U) — K(X): (V, f) — (V, f) is an isomorphism;
ii. If X is irreducible and affine then K (X) is the field of fractions of Ox (X);

iii. If X is irreducible then K (X) is a field (which we will call the function field of X).

Proof i. We have an obvious inverse, namely K (X) — K(U), (V, f) — (V NU, flvav).

ii. Suppose X C A" is affine and irreducible. Let A = k[x1,...,z,] and I(X) = I which is prime
(since X is irreducible). Then Ox(X) = A/I. Hence A/I is a domain and it has a field of fractions
Q(Ox(X)) = Q(A/I). We now have the map Q(A/I) — K(X) given by g/h — (X N D(h),g/h),
where of course h ¢ I. Notice that X N D(h) is dense (every non-empty open set in an irreducible space
is dense) and g/h is regular on D(h) C A™ by definition. This map is a k-algebra morphism, and it is
automatically injective since Q)(A/I) is a field. We just need to show that it is surjective. That it is surjective
follows from the definition of a regular function on an open part of an affine variety (Definition [6.1.2)).

iii. Use i. and ii. ]

8.6 Exercises

Exercise 8.6.1 Let X = Z(zy) C A2. Show that K (X) is not a field.

Exercise 8.6.2 Let X be the variety obtained from the following gluing data: X; = X, = A! and
X2 = Xo1 = A — {0} with 12 = id. Give the presentation of X corresponding to this glueing data.
Describe the topology on X and the sheaf of regular functions on X. What is the diagonal Ax C X x X?
What is the closure of the diagonal? Conclude that X is not separated.

Exercise 8.6.3 Consider the open subvariety X = A? — {0} of A2. Denote the embedding by i: X — A2,
Show that i*: Oy2(A?) — Ox(X) is an isomorphism of k-algebras and deduce that X is not an affine
variety. Give a presentation of X.

Exercise 8.6.4 If X is smooth of dimension m and Y smooth of dimension n show that X x Y is smooth
of dimension m + n.

Exercise 8.6.5 Let n be in Z~; an integer and k an algebraically closed field. Let X C P? be the curve
given by " = za" "1 — 2" (see Lecture . Give a presentation of X using an index set of 2 elements. Is
X smooth? (The answer can depend on both n and the characteristic of £.)

Exercise 8.6.6 Let X be a variety and d a positive integer. Assume given for alli € T := {1,...,d} an
open X; C X, such that X = U;c;X;. Put X;; := X; N X;. Consider the diagram of k-vector spaces

Ox(X) 2 [T ox(x:) 2= [T 0x(xy)
with
bo: fr— (fix,)i and d1: (fi)i— ((fi)x,, — (fj)‘Xij)ij.

Show that dy is injective and that its image is the kernel of 6; .
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Now let X C P? be the curve given by y™ = zaz"~! — 2", let d = 2 and let X; and X5 be the two
open affines that you used in the previous exercise.

Show that Ox (X) = k.

Show that the dimension of the cokernel of ¢; is (n — 1)(n — 2)/2. (Hint: work with bases for
the infinite-dimensional vector spaces Ox (X1), Ox(X2) and Ox (X12) that are as simple as possible.)
Compare with Lecture

(Note that the same argument works for any curve of degree n, as long as it does not contain the point
(0:1:0).)



Lecture 9

Tangent spaces and 1-forms

9.1 Tangent spaces of embedded affine varieties
See also Exercise 1.5.10 of [Hart].

Definition 9.1.1 Let X C A" be an affine variety and let I C A := k[xy,...,x,] be its ideal. Let
(f1,--., fr) be a system of generators for I. For a € X we define the tangent space of X at a as:

Tx(a)={vek™:Vf eI, \— f(a+ A\v)has order > 2 at 0}

={vek™:Vfel, %(a):: <Ci\f(a+)\v)>(0):0}
B " ofi (. _
={vek .w,%jaxj(a) v; =0}
@) - $a)
= ker . K" — k"
(@ - (a)

Example 9.1.2 Assume that k 2 Fy. Let X = Z (22 +y? —22) C A3; note that 2% + 2 — 22 is irreducible,
so I = (2% +y? — 2?2). Itis a good idea to make a drawing of X: it is a cone. Let P = (a,b,c) € X. Then

we obtain:
Tz(P) = {(u,v,w) € k* : 2au + 2bv — 2cw = 0}

Sodim Tx (P) = 2if P # 0, and dim T'x (0) = 3.

9.2 Intrinsic definition of the tangent space

Notation as in Definition We let m = m, C A be the maximal ideal of a = (a1, ...,a,) € X C A",
som = (1 — a1,...,%n — ayp). Let B := A/ = Ox(X), letm = (x1 —aq,...,Z, — a,) be the
maximal ideal in B of a. This gives us the following exact sequences:

0—-I—-A—-B—0, and 0—>1—->m—m—0.

The image of m? in B equals M2, so the inverse image in m of m? is I + m?2. This gives us the following

exact sequence:
0— (I +m?)/m?> - m/m?> - m/m?> - 0.
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Now consider the following map:
. of
b imx B~ ke (10~ (5) (@)

Lemma 9.2.1 The map (-,-) is bilinear and induces a perfect pairing {(-,-) : m/m? x Tyn(a) — k of
k-vector spaces (“perfect” means that each side is identified with the dual of the other side).

Proof The map (f,v) — (f,v) is obviously linear in f. Itis linear in v as (f,v) = 3_;(9f/0z;)(a) - v;.
Hence it is bilinear. Now (-,-) gives a map m — Tun(a)¥, f — (f,-). The kernel of this map is
{f € m:Vi, (0f/0x;)(a) = 0}. By translation, we may assume that a = 0. Let f be in the kernel. We
write f = ). f;, with f; homogeneous of degree i. Since f(0) = 0, the constant term f; is zero and since

all the partial derivatives at 0 vanish, f; is zero as well. This shows that f € (x4, ... ,xn)Q =m?2. So we
have an injection m/m? — Ty« (a)V. Note that Ty~ (a) = k™ and that (71 — ay, ..., o, — a,) is a k-basis
of m/m?, so since the dimensions agree, our map is surjective and hence we have an isomorphism. O

Proposition 9.2.2 The pairing (-, -) induces a perfect pairing m/m> x Tx (a) — k.
Proof Remember that we have the following exact sequence:
0 — (I +m?)/m? - m/m?> —» m/m*> — 0
By Lemma[9.2.1] we have the perfect pairing (-, -) : m/m? x Tyn (a) — k. By definition:
Tx(a) ={vek™: (f,v) =0forall f<c (I +m?)/(m?) Cm/m?}

So we get a perfect pairing between T'x (a) and the quotient (m/m?)/((I+m?)/m?), which is /m? by the
short exact sequence above. Here we have used that if (-, -) is a perfect pairing between finite dimensional
k-vector spaces V and W, and W’ is a subspace of W, then we get an induced perfect pairing between
V/V' and W', with V' the orthogonal complement of W”'. O

Definition 9.2.3 For X a variety, z € X, we define Ty (x) = (m/m?)V, where U C X is an affine open
containing z and m C Ox (U) is the maximal ideal of z (this is independent of the chosen affine open U).

9.3 Derivations and differentials

See also Section II.8 of [Hart|] or [Serrel]. In this section we introduce differential forms. We will use the
pairing (-, -) of the previous section, although we will change the order of its arguments.

Let X be an affine variety and let A := Ox(X). Forz € X and v € Tx(z) we have a map (notice
that f — f(z) em): 0, : A — k, f — 0,f := (v, f — f(x)). These maps 9, are k-linear and satisfy the
Leibniz rule: 9,(f - g) = f(z)dyg + g(x)d, f. Indeed:

(v, fg = f(@)g(2)) = (v, (f = f(x))g + f(x)(g — 9(2)))
= (v, (f = f(@))(g = g(2)) + (f = f(2))g(x) + f(2)(g — g(x)))
=

v,9(x)(f = f(@))) + (v, f(2)(g — g(x)))
= f(x)0vg + g(x)0y f.

In order to define the algebraic analogue of C'°°-vector fields on manifolds we introduce the concept of
k-derivations of A-modules. Recall that A = Ox (X).

Definition 9.3.1 Let M be an A-module. A k-derivation D : A — M is a k-linear map D : A — M such
that for all f,g € A: D(fg) = fD(g) + gD(f). We denote the set of those derivations by Dery (A, M).
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Remark 9.3.2 Notice that D(1) = D(1-1) =1-D(1) +1- D(1). Hence D(1) = 0 and by k linearity
we see for ¢ € k that D(c) = 0.

Example 9.3.3 Let x € X, A - k = A/m;: f — f(x). This makes k into an A-module and
Dery (A, A/m) = Tx(x) (Exercise[9.6.3).

Proposition 9.3.4 There is a universal pair (Y, d): QY is an A-module, d: A — QY is a k-derivation,
such that for any A-module M and any derivation D: A — M there exists a unique A-linear map ¢
making the following diagram commute:

A—1s 0l
e
B
M

Proof Let N be the free A-module with basis the symbols da for all a in A: N = @, 4, Ada. Let
N’ C N be the submodule generated by the relations d(Aa) = X - d(a), d(a + b) = d(a) + d(b) and
d(ab) = a-db+b-daforalla,b € A /X € k. We claim that we can take 2} to be N/N’ with d which
sends a to da € N/N'. Indeed one easily checks that (N/N’, d) satisfies the universal property. O

Example 9.3.5 For A = k[z1,...,z,])/(f1,--., fr) one has:

Q) = (@Adfﬂi)/(A~df1+-~+A~dfr)
i=1

where df; = 3 (9fi/0x;)dx;. Hence QY is presented as follows:

of1/0xy -+ Ofr/0x
A"LA"—>Q}4—>O, where J = : :

A proof is given in Exercise

Remark 9.3.6 Let o: A — B be a morphism of k-algebras and M a B-module. Then M becomes an
A-module via @: a-m := @(a)m. This gives a map Dery (B, M) — Dery(A, M), D — D o ¢. Indeed,
we check the Leibniz rule (where the last part follows from the A module structure on M):

(Dow)(fg) = D(e(fg))

D(e(f)e(g))
(f)D(e(9)) + ¢(9)D(e(f))
ID(¢(9)) + gD(p(f)).
0t

() making the following diagram commute:

In particular we have a unique A-linear map

A——

J%"J

Ay

For morphisms of k-algebras ¢;: A; — As and p1: A1 — Ay one has Q! (3 0 1) = QL (p2) 0 QL (i01).
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9.4 1-forms on varieties

Let X be a variety, obtained from glueing data:

<I, (Xi)ieb (%‘,j : Xi,j = Xj,i), ) )
i,5€l

in which all X; and X ; are affine (this is no restriction if the variety X is separated). Then we define the
Ox (X)-module of 1-forms on X:

Q% (X) = {(wi € Qo (x,))ier : Vi, j, X (¢}): wilx, . = wilx,, }-

More precisely, the compatibility condition between the w; is that for all 7 and j in I, the images of w;
and w; in Q}Q(Xi ) and Q}Q(X,- ) obtained by applying Q! to the restriction maps O(X;) — O(X, ;) and
O(X;) — O(Xj,;) correspond to each other via the isomorphism Q' (g7 ;) from Q}o()g oo Qé(x, )

It is a fact that Q% (X) does not depend on the choice of presentation of X.
Remark 9.4.1 For simplicity of notation we will sometimes omit the subscript “X” in O x (U) and Q% (U).

Example 9.4.2 Let X be an affine variety. Then we have Q4 (X) = Qéx (x)" Forx € X, Examplew
gives:

Tx(z) = Dery (Ox (X), Ox (X) /m,) = Homo, (x)(V (X), k) = (2 (X)/mk (X))

Example 9.4.3 For X = A™: QYA") = {30 fidz; : fi € k[zq,...,2,]}; itis a free k[zq, ..., z,)-
module with basis {dz1,...,dz,}.

Example 9.4.4 Letn € Zso, X = Z(—y™ + 2"~ — 1) C A? and suppose that n(n — 1) € k*. Let
A= Ox(X) = k[z,y]/(f) where f = —y™ + 2"~ 1 — 1. Then:

QY =(A-deaA-dy)/(—ny" 'dy + (n — 1)z" 2dx)

-2

On D(y) C X we have: dy = %Z,l dz, so Q*(D(y)) is free over Ox (D(y)) with basis dz. On

D(x) ¢ X: de = 2 Y"_ dz. Hence QY(D(z)) = Ox(D(z))dy (so it is free again). Note that

n—1zn—2

X = D(x) U D(y). We say that Q1 is locally free of rank 1.

Remark 9.4.5 For X a variety, and for varying U C X open, U — Q!(U) is a sheaf, denoted QY. It is
a “coherent sheaf of O x-modules”. For X smooth of dimension d, Qﬁ( is locally free of rank d. If X is
moreover irreducible, then the equivalence classes of (U, w) with U C X non-empty open and w € Q! (U)
form the d-dimensional K (X)-vector space of “rational 1-forms”, Q. (x)"

9.5 1-forms on smooth irreducible curves

Definition 9.5.1 Let X be a smooth irreducible curve. Hence for all z € X, dim(m,,/m2) = 1.

i. For0 #w € Q}((X) and x € X we define v, (w) € Z as follows. Let U > x be an affine open and
t € O(U) such that t € m,, t ¢ m2. Then there is a unique g € K (X) such that w = g-dt in Q}((X). We
put v (w) = v, (g); this is independent of the choice of ¢. Such a t is called a parameter or uniformizer
at x.

ii. Forw € Q}((x) and z € X we define res,(w), the residue of w at z, as follows. Write
w = g-dt with t a parameter at z. If v,(g) > 0, then res,(w) := 0. If v,(g) = —n withn > 1,
write ¢ = a_,t " + -+ +a_1t"! + h with h € K(X) regular at z. Then res,(w) := a_;. This is
independent of the choice of ¢. See II1.7.14 in [Hart] for more details.
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Remark 9.5.2 To compute the a; for i in {—n, ..., z1}, writt t"g = a_,, + a_py1t +--- + a_1t" 1in
O(U)/m2O(U), using that dimy, (m’, /mi+!) = 1, with basis 7".

9.6 Exercises

Exercise 9.6.1 Let k be a field, A a k-algebra and M an A-module. Show that Dery, (A4, M) is an A-module
for the addition and multiplication defined by (D1 + D2)g = D19 + D2g, (fD)g = f(Dg).

Exercise 9.6.2 Show that if ¢: A — B is a morphism of k-algebras and D € Dery (B, M), then D o ¢ is
in Dery (A, M) (what is the A-module structure on M?).

Exercise 9.6.3 Let k be a field, A a k-algebra and m C A a maximal ideal such that the morphism
k — A — A/m = k is an isomorphism.
i. Let D € Dery(A, A/m). Show that D is zero on m?, and hence factors through a derivation
D: A/m?* — k.
ii. Show that the map Dery (A, A/m) — (m/m?)¥, D — Dl,, > is an isomorphism of A-modules.

Exercise 9.6.4 Let k be a field, A = k[zy,...,z,]. Show that (dz1,...,d=,) is an A-basis of O, and
give a formula for df, where f € A.

Exercise 9.6.5 Let k and A be as in the previous exercise. Let I = (f1,..., f.) be an ideal in A, and let
qg: A — B := A/I be the quotient map.

i. Show that, for any B-module M, ¢*: Dery(B, M) — Dery(A, M) is injective and has image the
set of those D such that for all ¢ one has D(f;) = 0.

ii. Use the universal property of QY to show that d: B — QL /(A-dfi + --- A-df,) is a universal
derivation.

Exercise 9.6.6 Consider the rational 1-form z~'dz on P'. Compute its order and residue at all P € P*.

Exercise 9.6.7 Prove that for all rational 1-forms w on P* we have 3, resp(w) = 0, where the sum is
over all P € PL. Hint: write w = f-dz, with f € k(z), and use a suitable k-basis of k().

Exercise 9.6.8 Let n € Zso, X = Z(—a} 4+ 2§ 'xa — 23) C P2 Assume that n(n — 1) is in k*. We
have already seen that X is smooth. You may now use without proof that X is irreducible (in fact, Bezout’s
theorem implies that reducible plane projective curves are singular). Let U := X N A2. Then U = Z(f)
with f = —y? + 271 — 1.

i. Show that in Q! (U) we have (n — 1)z" 2dz = ny"~‘dy.
ii. We define a rational 1-form wy by:

dx dy
wo = = .
0 nyn—1 (n—1)an—2

Show that wg has no poles on U. Hint: U = (U N D(x)) U (U N D(y)).

iii. Show that wy has no zeros on U. Hint: both dx and dy are multiples of wy, and, for each P € U, at
least one of dz and dy is a generator of Q' (U)/mpQ(U). Hence (you do not need to prove this)
QL(U) is a free O(U)-module, with basis wy.
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iv. Let P = X N Z(x2) be the point at infinity of X. Compute vp(wp).

v. For n € {2, 3,4}, give a basis (and hence the dimension) of Q! (X) (hint: use computations from
Lecture 2; do not do these computations again, just give the result).



Lecture 10

The theorem of Riemann-Roch

10.1 Exact sequences

In the next sections, we use the concept of complexes and exact sequences of k-vector spaces and some
properties of these.

Definition 10.1.1 A sequence of k-vector spaces is a diagram of k-vector spaces

@o (63} a2 a3

Vi Va V3

with k-vector spaces V; and linear maps «; indexed by ¢ in Z. Such a sequence is called a complex if for
all 7 in Z, ai;41 o a; = 0, and most often the maps «; are then denoted d;. A complex is called exact or an
exact sequence if for all 7 in Z, ker(;11) = im(c;). When writing sequences, terms that are omitted are
zero. A short exact sequence is an exact sequence of the following form:

[e 7] [e%% a2 a3
0 Vi

Vs 0.

Vs
In other words, this means that «; is injective, im oy = ker ap and a5 is surjective. In still other words:

V3 is the quotient of V5 by V.

Lemma 10.1.2 Let
e

0 Vi Va

be an exact sequence of finite dimensional vector spaces. Then

a1 a2 Qp—1 (e 7%

Vi 0

> (=1)"dim(V;) = 0.

i=1
Proof For all ¢ define V; = ker o; = im «v;_1 and choose a subspace V;” C V; such that V; = V/ & V.
Then o; restricts to an isomorphism V;” — V/,; hence dim V;” = dim V}/,; for all i. Together with the
identity dim V; = dim V;/ + dim V; for all ¢ this proves the lemma. O

10.2 Divisors on curves

From now on in this syllabus, the meaning of the word “curve” is as in the following definition. We do
not assume curves to be smooth. The reason is that in Lecture |13 we need the generality of this section for
treating divisors on surfaces. As we do not even discuss local rings at points on varieties and therefore we
cannot use that these rings for smooth curves are “discrete valuation rings,” this greater generality is not
felt at all.
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Definition 10.2.1 Let £ be an algebraically closed field. A curve over k is a quasi-projective algebraic
variety over k all of whose irreducible components are of dimension one.

Let X be an irreducible curve. Let P € X and f € K(X)*. We want to define an integer vp(f), the order
of vanishing of f at P. Intuitively it should satisfy:

vp(f) =0 if f(P) # 0,00,
< 0 if f has apole at P,
> 0 if f has a zero at P.

We will now give an example, which one can justify with the definition given later (see Exercise[10.5.1]

Example 10.2.2 Let X = P!. By Proposition 8.5.3) K(P!) = K(A') = Q(k[z]) = k(x). Let
f € K(PYH%, so f = g/h with g,h € k[z] both non-zero. Let P be in Al. Then we can write
g=(z—P)lg’and h = (z — P)"™}/ for ¢, b’ € k[z] with ¢’(P), ' (P) # 0 and we set vp(f) =1 — m.
For the point P = (1 : 0) = oo, we set voo (f) = deg(h) — deg(g).

Definition 10.2.3 Let X be an irreducible curve, P € X and f € K(X)*. If there exists an affine open
U C X with P € U such that f|y € Ox(U) and f has no zeros on U — { P}, then we define:

vp(f) = dimg Ox (U)/(flv).

Proposition 10.2.4 In the situation of Definition[10.2.3| and with g satisfying the same conditions as f,
we have:

i. vp(f) < oo;
ii. vp(f) does not depend on U ;
iii. vp(fg) =vp(f) +vp(9)-

Proof i: P corresponds to a maximal ideal m C Ox (U). We have \/(f) D m. Write m = (f1,..., f;)
with f; € Ox (U) (recall that Ox (U) is Noetherian). Since m is maximal, it follows that either f is a unit
orm = +/(f). It follows that there exists a; € Z>1 such that f € (f). Now leta = Y_'_, a;, then by
the pigeon hole principle m® C (f). And this gives:

dim Ox (U)/(f) < dim Ox (U)/m® = dim Ox (U)/m + dimm/m? + - -- + dimm®~* /m?.

Notice that Ox (U)/m = k. It is enough to show that dim m® /m**! < oo (for any b € Z>). First observe
that m® /mb*1 is a finitely generated Ox (U) module (Noetherianity). Now m C Ox (U) acts trivially on
m?/m®+! (indeed, if #+ € m® and y € m, then zy € m¥*1). So m®/mb+! is even a finitely generated
Ox (U)/m-module, hence a finite dimensional k-vector space. So dimy Ox (U)/(f) < oo.

ii: Left to the reader. Hint: let U and V' be two such opens; reduce to the case where V' C U; consider
the multiplication by f on the short exact sequence 0 — Ox(U) — Ox(V) — Ox(V)/Ox(U) — 0,
prove that multiplication by f on Ox (V)/Ox (U) is an isomorphism, and use the five-lemma.

iii: Consider the following short exact sequence:

0—— Ox(U)/(g) —= Ox (U)/(fg) — Ox(U)/(f) — 0,

where f- is multiplication f. Lemma[10.1.2)gives Ox (U)/(fg) = dim Ox (U)/(f) + dim Ox (U)/(g),
thatis, vp(fg) = vp(f) +vp(g). O
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Definition 10.2.5 Let X be an irreducible curve, P € X and f € K(X)*. Then choose U affine open
containing P, and g, h € Ox (U) such that f = g/h (Proposition [8.5.3) such that g and h have no zeros
on U — {P} and define vp(f) = vp(g) — vp(h).

Definition 10.2.6 Let X be a curve. A divisor on X is a Z-valued function D on X such that for at most
finitely many P in X, D(P) # 0. In other words, it is a function D: X — Z with finite support. The
Z-module of divisors is Z(X), the free Z-module with basis X. Often a divisor D is written as a formal
finite sum D = ), D(P)-P. The degree of a divisor D is defined as deg(D) = >, D(P).

Example 10.2.7 A typical element of ZX) looks something like 2P + 3Q — R for some P,Q,R € X.
The degree of this divisor is 4.

Lemma 10.2.8 Let X be an irreducible curve, and f in K (X)*. Then the set of P in X withvp(f) #0
is finite.

Proof Recall that our standing assumption is that curves are quasi-projective. Hence X can be covered
by finitely many nonempty open affines U;, such that for each of them, f|y, = g;/h; with g; and h; in
Ox (U;), both non-zero. For each 4, as U; is irreducible and affine and of dimension one, hence Z(g;) and
Z(h;) are zero-dimensional affine varieties, hence finite. O

Definition 10.2.9 Let f € K (X)*. Then we define the divisor of f as div(f) = > pc x vp(f)P.

Theorem 10.2.10 Let X be an irreducible curve. The map K(X)* — ZX), f s div(f), is a group
morphism.

Proof This is a direct consequence of Proposition[10.2.4] iii. O

Definition 10.2.11 Let X be an irreducible curve, and D and D’ divisors on X . Then we say that D < D’
if forall P € X, D(p) < D'(p). This relation “<” is a partial ordering.

Example 10.2.12 Let P, (Q and R be disctinct points on X. Then P — 3Q) + R < 2P — 2Q) + R. Note
however that P + @ £ 2Q) and that 2Q) £ P + @, so the partial ordering is not a total ordering.

10.3 H°and H!

Definition 10.3.1 For X an irreducible curve, D a divisor on X, and U C X open and non-empty, we
define
HY(U,0x(D)) :== {f € K(X)* : div(f|v) + D|v > 0} U {0}.

We will often abbreviate H°(U, Ox (D)) to H°(U, D) and H°(U, Ox(0)) to H°(U, Ox).

Example 10.3.2 Let X be an irreducible curve, U C X open and non-empty, and P in X. If P is not in
U then H°(U, P) is the set of rational functions f with no pole in U. If P is in U, then H°(U, P) is the set
of rational functions f with a pole of order at most 1 at PP and no other poles in U.

We will state the following result without proof.

Proposition 10.3.3 Let X be an irreducible curve.
i. If X is projective then H°(X, D) is a k-vector space of finite dimension.

ii. IfU C X is open, non-empty and smooth, then H*(U, Ox) = Ox (U).
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Example 10.3.4 Let A be the sub-k-algebra k[t?, 3] of k[t]. It is finitely generated and it is an integral
domain. Let X be the affine variety such that Ox (X) = A; it is irreducible. Then H°(X, Ox) = kl[t],
which is strictly larger than A. Note that X is not smooth: it is the curve Z(y? — %) in A? (the morphism
k[z,y] — A, x — t2, y > t3 is surjective and has kernel (y? — x3)).

Corollary 10.3.5 Let X be a smooth irreducible projective curve. Then Ox (X) = H°(X,0) = k.

Proof Proposition says that Ox(X) = HY(X,0), and that this is a finite dimensional k-vector
space. It is a sub-k-algebra of K (X), hence an integral domain. Hence it is a field (indeed, for f nonzero
in O(X), multiplication by f on O(X) is injective, hence surjective, hence there is a g in O(X) such that
fg=1.So, k — O(X) is a finite field extension. As k is algebraically closed, k¥ = O(X). O

Let X be an irreducible smooth curve. Then there exist nonempty open and affine subsets U; and Uy of X
such that X = U; U Us (see Exercise(10.5.4). In Exercise we saw that Ox (X) = H(X, Ox) is the
kernel of the map 6: H°(Uy, Ox) @ H(Us, Ox) — HO(UyNUs, Ox), (f1, f2) — filv,nvs — f2lu,nvs,-
In the same way, one can verify that H°(X, D) is the kernel of the map:

(10.3.6)  &: H(U1, D) ® H°(Uz, D) — H*(Ui N U2, D), (f1, f2) = filvirws — Falornos,-
Definition 10.3.7 Let d be as in (10.3.6). We define H!(X, D) := coker(§).

Facts 10.3.8 i. H'(X, D) does not depend on the choice of U; and Us. For example, if U] and U} are
non-empty open affines contained in U; and Us, respectively, and cover X, then the restriction maps induce
a map from coker(d) to coker(d”). The claim is that such maps are isomorphisms and that all open affine

covers can be related via common refinements, resulting in unique isomorphisms between the coker(d)’s.
ii. If X is affine, then H! = 0.

Definition 10.3.9 Let X be a smooth irreducible projective curve. Then dim H!(X,Ox) is called the
genus of X.

Example 10.3.10 We have already calculated the genus of a particular curve; see Exercise[8.6.6

10.4 The Riemann-Roch theorem

Theorem 10.4.1 Let X be a smooth, irreducible projective curve. Let g be the genus of X and D a divisor
on X. Then dim H°(X, D) — dim H'(X, D) = 1 — g + deg(D).

Proof Note that the statement is true for D = 0, as dim H°(X,0) = 1 and dim H!(X,0) = g. It now
suffices to show that for all D and all P € X, the statement is true for D if and only if it is true for
D':=D+P.

We have the following two exact sequences (with the notations from above):

0— H°(X,D)— H°(Uy,D) ® H* (U, D) — H°(U; N Uy, D) — HY(X,D) — 0

0— H°(X,D'") - H(U,,D') ® H*(U, D) — H*(U; NUy, D) — H(X,D') — 0

We also have the following inclusions:

a: H(U,,D)® H(Uy,D) — H°U,,D')® H(Us, D')
G:H (U NUy, D) — H°(U NUs, D)

Now we can form a large diagram as follows (with exact rows and columns):
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HO(X, D) H(X,D") A

0 —— H°(Uy,D) ® H°(Uy, D) —*— H°(Uy,D") ® H*(Uy, D') —— A ——0

5 5 v

00— HYU, NUs, D) ——2 s HO(U, N Uy, D) B 0
H'(X, D) HY(X,D') B
0 0 0

In this diagram A and B are the cokernels of « respectively [3; -y is the map induced by the §’s above it and
A’ and B’ are the kernel and cokernel of , respectively.

We can now apply the snake lemma (see for example Wikipedia), and we obtain the following exact
sequence:

0— HX,D) — H*(X,D') - A' - HY(X,D) — H'(X,D') - B' — 0.
We apply Lemma([T0.1.2]a few times. From the last column of the large diagram, we see:
dim B’ — dim A’ = dim B — dim A.
From the exact sequence obtained from the snake lemma and from the previous line we get:

(dim H°(X, D) — dim H*(X, D)) — (dim H°(X, D') — dim H*(X, D"))
=dim B’ — dim A’
= dim B — dim A.

So it suffices to show that dim A and dim B are finite and that dim A — dim B = 1. We claim that for
U C X open affine and non-empty:

0 ifPgU

dim coker (H°(U, D) — H°(U,D")) = { L HPeU

If P ¢ U, the claim is obvious as D|y = D'|y.

Suppose that P € U. Let us first argue that the cokernel of H°(U, D) — H°(U, D’) has dimension
at most one. Let t € Ox (V') be a uniformiser at P, with V open in U. Let n := —D’(P). As in Defini-
tion[9.5.1)and Remark[9.5.2] each element f in H°(U, D') can be written uniquely as f = a, (f)t"+t"*1h
with a,,(f) in k and h in K (X) regular at P. Such an f is in H°(U, D) if and only if a,,(f) = 0. Hence
H°(U, D) is the kernel of the map H°(U, D’) — k, f,~ a,(f). Hence the cokernel has dimension
at most one. To prove that it is one, it suffices to show that there is an f in H°(U, D’) that is not in
H°(U,D). We put g := t". Then g is in K(X)*, and vp(g) = n = —D’(P). We claim that there
exists an h in Ox (U) such that h(P) = 1 and f := h-gisin H(U,D’). A element h # 0 in Ox(U)
has this property if and only if 2(P) = 1 and for all Q in U, vg(h) > —vq(g9) — D’(Q). This means
that h(P) = 1 and at a finite number of distinct points Q1, ..., Q., and elements n; in N, we must have
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vg,(h) > n;. This is a consequence of the Chinese remainder theorem, that says that the morphism of
k-algebras Ox (U) — Ox(U)/mp x [],_, Ox (U)/mg, is surjective. This finishes the proof of the
claim.

Using the claim, we can now finish the proof. From the claim we get:

| dimA  dimB
PeUNU, 2 1
PcgU NU; 1 0
So indeed dim B — dim A = —1, and we are done with the proof. O

10.5 Exercises

Exercise 10.5.1 Consider the standard affine A! C P!, and denote by oo the point (0 : 1), so that
P! = A!' U {oo}. Let g and h be nonzero elements of k[z] = Ou1(Al). Verify using the definition
that v (g/h) = deg(h) — deg(g).
Exercise 10.5.2 In this exercise we consider divisors on P!

i. Compute dim(H°(P!, O(nco)));

ii. Show that for every P € P! there exists an f € K (P') with div(f) = P — oo;

iii. Show that the dimensions of H°(P!, O(D)) and H'(P!, O(D)) depend only on the degree of D.
Give formulas for these dimensions.

Exercise 10.5.3 Let X be a smooth projective and irreducible curve and P a point of X . Use the Riemann-
Roch theorem to show that Ox (X — {P}) is infinite-dimensional.

Exercise 10.5.4 Let X C P™ be a projective curve. Show that there exists hyperplanes H; and Hy in P”
such that H; N Hy N X = {). Deduce that X is the union of two open affine subsets. Now generalise this

as follows (quite a lot harder): for X C P" a quasi-projective curve there exist hypersurfaces Z(f1) and
Z(f2) inP™ such that Z(f1) N Z(f2) N X = 0 and X N D(f;) is closed in D(f;) for both i.

Exercise 10.5.5 Let X be a smooth, projective and irreducible curve. Let f: X — P! be a morphism of
varieties.

i. Show that f is either constant or surjective (hint: use that all morphisms from X to A! are constant);

ii. Let U be the complement of f~*((1 : 0)) and assume that U is non-empty. Show that f|;;, seen as a
map to A = k defines an element f of K(X);

iii. Show that f — f defines a bijection between the set of morphisms X — P! whose image is not
{(1:0)} and K(X).

iv. Let X = P! and f: X — P! an isomorphism. Show that there exist a,b,c,d € k such that

f = (az+b)/(cx+d), where we have identified K (P*) with the field of fractions of k[z] = Op: (A1).
Deduce that PGLy (k) is the group of automorphisms of the variety P*.

Exercise 10.5.6 Let X C A? be the curve defined by 23 — 2.
i. Show that X is irreducible;
ii. Show that X is not smooth;

iii. Let P be the point (0, 0). Show that there is no pair (U, f) with P € U C X open affine, f € Ox(U)
and vp(f) = 1. (Hint: consider k[z, y]/m? with m = (z,y).)



Lecture 11

Serre duality, varieties over I, and
their zeta function

11.1 Serre duality

Let X be an irreducible projective smooth curve and let D = ), D(P)P be a divisor on X. For
w€E Q}(( x) & non-zero rational 1-form on X we define:

div(w) = Z vp(w)P.

pPeX

We define:
HO(X,Q'(=D)) := {0 # w € Q(x) : div(w) — D > 0} U {0}
={0#we Q}((X) :VP e X, vp(w) > a(P)}U{0}.
Fact 11.1.1 H°(X, Q!(—D)) is finite dimensional.
Recall that we have the following map for X = U; U U, Uy, Us affine open:
§: H(Uy,D) & H* (U, D) — H*(Uy N Uy, D), (f1, f2) = filvinvs — foluinus-
The cokernel of this map was defined to be H' (X, D). We define the following pairing:

(11.1.2) () HO(Uy N Uz, D) x HY(X,QY(=D)) = k, (g,w) > > resp(gw).
PeX—Us

Theorem 11.1.3 Let X be a smooth irreducible projective curve. The pairing in (11.1.2) induces a perfect
pairing
HY(X,D) x H(X,Q'(-D)) — k.

It does not depend on the choice of the pair (U1, Us) in the same sense as in Facts

Remark 11.1.4 We have chosen to sum over residues at the points missing Us. One can also decide to do
it for the points missing U, and this would change the pairing by a factor —1. To see this, first notice that
U NU$ = () and by definition g-w is regular at the points of U; N Us. Furthermore, one can show that for
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all € Q) one has 3 ¢ y resp(6) = 0. This gives:

0= Z resp(g-w)

Pex

= Z resp(g-w) + Z resp(gw) + Z resp(g-w)
PeX—U, PEX—Us PeULNU;

= Z resp(g-w) + Z resp(g-w).

PeX—U, PEX—Us

Corollary 11.1.5 Let X be a smooth irreducible projective curve. Then H°(X, Q') and H* (X, Ox) are
both of dimension g, the genus of X .

Proof By Theorem|l1.1.3|the finite dimensional k-vector spaces H%(X, Q') and H!(X, O ) isomorphic
to eachother’s dual, hence they have the same dimension. O

Using Riemann-Roch and Serre duality, one obtains the following theorem.

Theorem 11.1.6 Let X be a smooth irreducible projective curve, and D a divisor on X . Then
dim H°(X, D) — dim H°(X,Q'(-=D)) = deg(D) + 1 — g.

Definition 11.1.7 Let X be a smooth irreducible projective curve. For wy € Q}(( x) hon-zero, the divisor
div(wy) is called a canonical divisor.

Remark 11.1.8 Let X be a smooth irreducible projective curve. For w = f-wg with f € K(X)* and wy
as above, div(w) = div(wp) + div(f), so two canonical divisors differ by a principal divisor.

Lemma 11.1.9 Let X be a smooth irreducible projective curve. For D a divisor on X, consider the fol-
lowing map ¢: K(X) — Q}((X), f — f-wo. This map induces an isomorphism of k-vector spaces
H°(X,div(wg) — D) — H°(X,QY(—D)).

Proof Notice that:

fwo € H(X,QY(=D)) < div(f-wy) —D >0
< div(f) + (div(wp) — D) > 0
— fe H(X,div(wg) — D).

Theorem 11.1.10 Let X be a smooth irreducible projective curve.

i Letwy € Q}(( x) be non-zero. Then deg(div(wo)) = 2g — 2. In other words, every canonical divisor
on X has degree 2g — 2.

ii. Let f be in K (X)*. Then deg(div(f)) = 0. In other words, every principal divisor has degree zero.

iii. Let D be adivisoron X. Then H°(X, D) = {0} ifdeg D < 0, anddim H°(X, D) = deg D+1—g
ifdeg D > 2g — 2.

Proof i. We use Theorem [11.1.6| with D = div(wp) in combination with the above lemma and Corol-
lary We get:

deg(D) = g—1+dimH*(X,D) —dim H(X,Q'(-D))
= g—1+dim H°(X,0'(0)) — dim H°(X,0)
= g—1+g-1

= 2g—2.
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ii. Let f bein K(X)*. Take w € Q}K(x) nonzero. Then div(f-w) = div(f) + div(w). Hence div(f) is
the difference of two canonical divisors and therefore it has degree zero.

Here is another proof. Let D be a divisor on X, and let D’ = D — div(f). Then multiplication by
f induces an isomorphism from H°(X, D) to H°(X, D’) and from H'(X, D) to H'(X, D'). Riemann-
Roch now gives:

deg(D)+1—g = dimH°X,D)—dim H (X, D)
= dim H%(X,D') — dim H*(X, D)
= deg(D')+1—g
So deg(D) = deg(D’) = deg(D) — deg(div(f)). Hence deg(div(f)) = 0.

iii. The first case follows directly from ii. For the second case, notice that H(X, Q'(—D)) = {0} and
apply Theorem|[TT.1.6] O

Remark 11.1.11 We note that 2 — 2g is the Euler characteristic of the sphere with g handles attached to it.

11.2 Projective varieties over [,

Let IF, be a finite field with #F, = ¢ elements. Let F, — [F be an algebraic closure. Now consider
0:F —T,aw a9 Then o is an automorphism of F and F, = {a € F : 0(a) = a}.

Let X C P" = P™(FF) be closed and let I C F[zg, ..., x,] be its ideal; I homogeneous and radical. As-
sume that [ is generated by elements in Fy[xo, ..., x,], thatis, I = (f1,..., fr) with f; € Fglzo, ..., zy]
for all <. We say: “X is defined over IF,. ” This gives X some extra structures.

i. The g-Frobenius endomorphism Fx: X — X,a= (ag: - : a,) — (ad : --- : a2). This is a mor-

phism of varieties over F. Note that for a in X, F'x (a) = aifand only if a € X (F,) :=P"(F,)NX.
ii. An affine presentation of X “defined over F,.” Let X; = Z(f;1,..., fi,r) C A" with
fike = fe(Tio, - Tin) € Fo[{mwsj 1§ #i}]
and X; ; = D(x; ;) N X; with ¢; ;: X; ; = X ; where ¢; ; is defined by polynomials over F,.

Definition 11.2.1 The category of projective varieties over I, has as objects the pairs (X, F'x) as above,
and as morphisms the f: X — Y (morphisms of varieties over F) such that Fy o f = f o Fx.

Remark 11.2.2 We will not use the morphisms very often, but the definition is given because the authors of
this syllabus like it. However, do not try to use such a definition in the more general context of IF,-schemes,
because Frobenius endomorphisms kill nilpotents.

11.3 Divisors on curves over [,

Let X, := (X, Fix) be a projective variety over ¢, with X irreducible and smooth of dimension 1 (so X
is a smooth irreducible projective curve).

Definition 11.3.1 A prime divisor on X of degree d is a divisor D = x1 + - - - + x4 on X with the z; in
X distinct and transitively permuted by F'x. We let deg(D) = d.

Example 11.3.2 If X, = (P!, Fp1) and D is a prime divisor on X, then either D = oo or there is an
irreducible f € F,[z] such that D is the sum of the zeros of f in F.

Note that dimp, (F4[2]/(f)) = deg(f) = deg(D). So the prime divisors are closely related to prime
ideals of a certain ring, and this motivates our next definition.
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Definition 11.3.3 We define the zeta function of X as

1
Z(Xo,t) = H HTgD € Z[[t”
D prime

Remark 11.3.4 This product indeed converges because for all > 1, X (Fy) C P"(F,-) is finite. So the
number of F'x-orbits of length r is finite.

Definition 11.3.5 Let P be the set of prime divisors on Xj. We define the group of divisors on X as
Div(Xy) := Z), and Div(X)* := N(P), the subset of effective divisors.

Proposition 11.3.6 We have Z(Xo,t) = 3,5 dn - 1", with d, = #{D € Div(Xp)" : deg(D) = n}.

Proof This is the same argument as used for establishing the Euler product for the Riemann zeta function:

25000 =TT f=gammy = L 00 = Y dor”

DeP DeP n>0 n>0

O

We want to study Div(Xy) using finite dimensional FF,-vector spaces H°(Xy, D). We take the shortest
route to define these: via the action of o on K (X).

Let U C X be a nonempty open affine subset, defined over F: U isclosedin A™, I(U) = (f1,..., fr),
with f; € Fylz1,...,2z,). Then o acts on Flzy,...,z,], g = >, g;x* is mapped to og := Y, (0g;)x".
Note that o(I(U)) = I(U), since the f; are fixed by 0. So we even have an induced action of o on
O(U) = Flzy,...,2,]/I(U). One can show that this action of o on O(U) is independent of the chosen
embedding in A™.

Now recall that K (X) = Q(O(U)) (the fraction field), so we have an action on K (X) as well. We put
K(Xo) = K(X)? ={f € K(X) : o(f) = f}. For D € Div(Xy) we have an induced action of ¢ on
H°(X, D) and we put H%(X,, D) := H°(X, D)°.

Theorem 11.3.7 In this situation, dimg, H°(Xy, D) = dimy H°(X, D).
Now consider the following exact sequence (where Pic(X() := coker(div)):
0—F — K(Xo)* % Div(Xo) — Pic(Xo) — 0

We also have the degree map deg: Div(Xy) — Z. Since the degree of an element coming from K (X()*
is zero, this factors through Pic(Xy), so we obtain a map deg: Pic(Xy) — Z.

Theorem 11.3.8 The map deg: Div(Xy) — Z is surjective.

Proof We use the Hasse-Weil inequality, which will be proved later, but not using the results of this lecture
and the next.

If there is a point in X(IF,), then we directly find an element with degree 1, and we are done. So
suppose that this does not happen. Let r be prime, and large enough such that ¢" + 1 — 2g-¢"/2 > 0. Then
by the Hasse-Weil inequality X (Fq-) # (), hence there is a prime divisor of degree r. Now take two such
primes r to find divisors which have coprime degree and hence our map is surjective. (]
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11.4 Exercises

Exercise 11.4.1 Let X be an irreducible affine curve, z € X, t € O(X) := Ox(X) non-zero with
div(t) = z, and m C O(X) the maximal ideal of x.

i. Show that m = (¢). Hint: we have (¢) C m; consider O(X)/(t) — O(X)/m.
ii. Show that for f € O(X) with f(x) = 0, there is a unique g € O(X) with f = tg.

iii. Let f € O(X) be non-zero, with div(f) = na for some n € Z>(. Show that there is a unique
invertible element g € O(X) such that f = t"g.

Exercise 11.4.2 Let X be an irreducible smooth projective curve, let f € K(X)* and D € Z(X),

i. Let Uy and Us be open affine subsets of X such that X = U; U U,. Put D' = D — div(f).
Show that f-: K(X) — K(X) (multiplication by f) induces isomorphisms of k-vector spaces
H°(U;, D) — H°(U;, D), H*(U; nU;,D) — H°(U; NU;, D'), and H°(X, D) — H°(X, D").

i. In the situation of the previous part, show that f- induces an isomorphism H' (X, D) — H'(X, D).

—-

iii. Use Riemann-Roch to show that deg(div(f)) = 0.
iv. Suppose that 0 # f € H(X, D). Show that deg(D) > 0.

v. Suppose that 0 # w € H°(X, Q' (—D)). Show that deg(D) < 2g — 2.

Exercise 11.4.3 Letn € Zxg.
i. Compute a k-basis for H! (P!, —n-0).
ii. Compute a k-basis for H(P!, Q!(n-0)).

iii. Give the Serre duality pairing explicitly.

Exercise 11.4.4 Let X and D and g and w be as in (11.1.2). Show that },_ ;; resp(gw) does not
depend on the choice of representative g in the class g, i.e., for gy € H°(Uy, D) show that

Z resp((g + g1)w) = Z resp(gw),

PeX—-U> PeX-U;>

and similarly for go € H°(Us, D). Here, you can use that for any n € Q}((x) onehas ),y resp(n) = 0.
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Lecture 12

Rationality and functional equation

12.1 Divisors of given degree

Let F, — [ be an algebraic closure, X C P" = P™(FF) be closed, irreducible, smooth of dimension 1
and defined over F;. Let Xy = (X, Fix) be the corresponding variety over ;. We introduce some more
notation concerning (effective) divisors and divisor classes. Let Div(X()*t C Div(Xy) be the space of
effective divisors (that is, those divisors D > 0). Let ¢: Div(Xy)™ — Pic(Xj) be the map that sends an
effective divisor to its class in the Picard group.

Definition 12.1.1 For n € Z, let Div"(X() := deg™'{n}, the set of divisors of degree n. Also, let
Div™(Xo)*" := Div"(Xo) N Div(Xy)" and Pic™(Xo) := deg™*{n}.

The zeta function of X is Z(Xo,t) = >, <o dnt", where d,, = # Div"(X,)".

Remark 12.1.2 As the degree map is a surjective morphism of groups, there are bijections, for all inte-
gers n, Div®(X() — Div"(Xj) and Pic®(X,) — Pic™(X).

Now comes an important lemma.

Lemma 12.1.3 Letn € Z, D € Div"(X,). Write D for the image of D in Pic"(Xy). Then the map

(H°(Xo,D) —{0}) /F} — ¢ {D}, [ div(f)+D
is a bijection.

Proof For f € K(X()* we have f € H°(Xy, D) if and only if div(f) + D > 0. For f1, fo € K(Xg)*
we have div(fi1) = div(fz) if and only if f; = Af; for some A € F. Lastly, observe that ¢ YD}
consists precisely of the E € Div"(X()* such that D — E = div(f) for some f € K(Xo)*. O

Corollary 12.1.4 For alln € 7Z, we have
h*(D) _ q
q
d, = E —_—
=~ q—1
DePic™ (Xo)

where h°(D) = dimg, H°(Xo, D).

Corollary 12.1.5 For alln > 2g — 1, we have
n+l—g _ 1

dn = (#Pic"(Xy)) £ p—

The group Pic®(Xy) is finite.
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12.2 The zeta function of X,

We are now ready to prove the rationality of the zeta function.

Theorem 12.2.1 There is a P € Z[t|<24 such that

P(t
Z(Xo,t) = ®) .
(1=1)(1—qt)
Proof This is now a direct computation:
Z(Xo,t) =) _ dnt"
n>0
292 n+l—g __ 1
=Y dut" + (#Pic(Xe) Y T
q—1
n=0 n>2g—1
2g9—2 -0
= Z dntn + #PIC (XO)t2g71 < qg _ 1 > .
= qg—1 1—qt 1-1t

O

The next step is to use Serre duality to deduce the functional equation for Z(Xo,t). Let w € Q}(( Xo)
non-zero. Then the involution D — div(w) — D on Div(Xy) induces for every n € Z bijections

Div"(Xp) — Div?927"(Xy) and Pic"(Xp) — Pic* 27" (X).
From Serre duality we know that h°(D) — h?(div(w) — D) = deg(D) + 1 — g.

Lemma 12.2.2 For all n € 7Z we have

qn+1—y -1
dn — q”+1_gd2g72fn = 1 #PICO(XO)
q—
Proof Let D € Div"(Xj). Recall that
h*(D) _ q
1, q
D)= ——
#o (D) p—

and h°(div(w)—D) h(D)—( )
iv(w)—D —1 D)—(n+1l—g -1
#e™! (@iv(w) = D) = =1

q—1 a q—1
From this we see that
o qn—i-l—g -1
47! (D) — ¢ 0o (@) - D) = T
q-—
The result follows by summing over all classes in Pic" (X). d

For the rest of the proof of the functional equation we will do our bookkeeping in the Q[¢, #~1] module

Q[it,t 71 = {Zant" :Vn€Z, a, € Q} :

nez

Despite the notation, this object is not a ring. It contains Q[[¢]] and Q[[t~]].
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Note that d,, = 0 for n < 0, so we have Z(Xo,t) = >, ., dnt" and

Z(Xo,(at)"") =D dulgt) " =y d_ng"t".

nez nez

Hence we have

anﬂ_gdz;;—%nt" = (t?q)*" Z(Xo, (at) ™).
nez

So in Q[[t,t~1]], we have

. 0
Z(Xo,t) — (£2)7 2(Xo, (qt) ) = T (X0) §2 bty _ yym

q_l neEZ

The sum on the right-hand side splits as

Y - Yo

nez nez
The first sum is annihilated by 1 — ¢t and the second one by 1 — ¢, so in Q[[¢,t~!]] we have
(1—t)(1 —qt) (Z(Xo,t) — (t*q)? " Z(Xo, (¢t)™")) = 0.
Rearranging the terms, we see that
(1= = gt)Z(Xo,t) = (1 = t)(1 — qt)(t*q)? "' Z(Xo, (qt) ).

The left-hand side is in Q[[t]] and the right-hand side is in t29Q[[t~!]]. It follows that both sides are in
Q[t]<24 and are equal. This not only gives us the functional equation, but also proves the rationality in a
different way. In conclusion, we have proven the following theorem.

Theorem 12.2.3 In Q(t), we have Z(Xo,t) = (t,/9)?92Z(Xo, (qt)").

Corollary 12.2.4 We have P(t) = (t,/q)*P((qt)~*). That is, if we write P(t) = Pyt + - -+ + Pyyt?9,
then Pyy_,, = ¢9 " P,.

Corollary 12.2.5 There are oy, ...,y € C such that

Pt)=(1—oaat) - (1 —agt)(1 —(g/a1)t)--- (1 — (g/ay)t).

12.3 Exercises

Exercise 12.3.1 Let k£ be an arbitrary algebraically closed field, and X an irreducible projective variety
over k, smooth of dimension one, and of genus zero. Let P, ) and R in X be distinct.

i. Using RR+SD, show that there is a unique f € K (X)* such that div(f) = P — Rand f(Q) = 1.

ii. Show that the morphism of k-algebras k[x] — Ox (X — {R}) that sends z to f is an isomorphism.
Hint: use that Ox (X — {R}) is the union of the H%(X,n-R),n € N.

iii. Similar for k[z 1] — Ox (X — {P}), 2~ — f~L.

iv. Show that f gives an isomorphism X — P*.

Exercise 12.3.2 Let k£ be an arbitrary algebraically closed field, and X an irreducible projective variety
over k, smooth of dimension one, and of genus one.
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. Show, using RR+SD, that the map of sets X — Picl(X), P — P, is bijective.

ii. Let O € X. Show that the map ¢: X — Pic’(X), P — P — O is bijective.

Deduce that given P and ) in X there is a unique R in X such that (R+ O) — (P + Q) is a principal
divisor, and that the map (of sets) ®: X x X — X, (P,Q) — R defines a group law on X with O
as neutral element.

Exercise 12.3.3 Let F, — F be an algebraic closure. Let X = Z(22xy + x123 + 23 + 23) C P2(F); itis
defined over F5 and we let X denote this variety over Fo. You may assume that 23z + 2123 + 23 + 23
is irreducible in F[zo, 21, 72]. The intersection X N D (z2) C A? (notation as in Exercise[6.4.2) is given
by the equation y? +y = a3 + 1, where = x /xo and y = 1 /x2, hence this is the affine curve studied
in the first homework set. Note that X has exactly one point co := (0 : 1 : 0) on Z(z3).

i.

ii.

iii.

vi.

Vii.

viii.

Show that X is smooth of dimension 1.

Show that the rational 1-form w := dz = x~2dy has no poles and no zeros on X. Deduce that the
genus of X is 1.

List the elements of X (F3) and X (FF,). Use the following notation for Fy: Fy = {0, 1, 2, 21}, with
22 +2+1=0.

Show that Z(Xo,t) = (1 + 2t2)/(1 — t)(1 — 2¢).

Compute # Div?(X() ™" by expanding Z(Xo, t) in Z[[t]] up to order 2.

List all the elements of Div?(X,)". For example, 200 and (0, z) + (0, 2~ ') are two of them.
Compute the divisors of the functions z, z + 1, y,y + 1,z +yand y + x + 1.

Give explicitly the map Div*(X)t — Pic*(Xy), D ~— D; you may use without proof that
Pic’(Xo) = {0, (1,0) — oo, (1,1) — oo} (this works as in Exercise|12.3.2).




Lecture 13

Curves on surfaces

In this lecture, for closed curves Z; and Z5 on a smooth irreducible projective surface X, we will define
their intersection number Z; - Z5. This intersection product will be important for the proof of the Hasse-
Weil inequality.

13.1 Divisors

Let X be a connected, quasi-projective variety, smooth of dimension d. So in particular X is irreducible.
Definition 13.1.1 A prime divisor on X is a closed irreducible subset Z C X of dimension d — 1.

Definition 13.1.2 A divisor is an element of the free abelian group generated by the prime divisors. We
denote this group by Div(X).

So divisors are formal expressions of the form ), n;Z with Z ranging over the set of prime divisors, and
with the nz integers, all but finitely many zero. We state without proof the following proposition (which
uses the smoothness of X).

Proposition 13.1.3 Let X be a smooth, connected, quasi-projective variety. Let Z C X be a prime
divisor. Then there is a finite open affine cover {U,}; of X, such that there are nonzero f; € Ox (U;) with
the property that [(Z NU;) = (f;) as ideals in Ox (U;).

Now we want to associate a valuation to a prime divisor. Let Z C X be a prime divisor. Use an affine
cover {U; : i € I'} as in the above proposition. Then choose an ¢ with Z N U; # 0. For 0 # f € Ox(U;)
we define:

vz(f) := the largest integer n such that f € (f]").

Such a largest integer exists and it does not depend on the chosen cover {U; : i € I} and the particular
choice of ¢. This vz has the property vz (fg) = vz(f) + vz(g). As usual we extend this to a morphism
vz: K(X)* — Z.

Definition 13.1.4 Let X be a smooth, connected, quasi-projective variety. Then we define the divisor map

div: K(X)* — Div(X), fediv(f)= Y vz(f)Z.

Z prime

To see that the sum occurring in div(f) is finite, first reduce to the case that X is affine (it has a cover by
finitely many), then write f as g/h and note that nonzero coefficients only occur at Z that are irreducible
components of Z(g) or Z(h).
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Definition 13.1.5 For X a smooth, connected, quasi-projective variety we define the Picard group as
Pic(X) := Div(X)/div(K(X)*), that is, the quotient of Div(X') by the subgroup of principal divisors.

Example 13.1.6 We determine the Picard group of X = A?. Recall that the prime divisors of A% are
the Z(f) for f € k[z1,...,z4] irreducible. But then every prime divisor is principal, hence hence
Pic(Ad) = 0.

Proposition 13.1.7 Let X = P? withd € Z>. Then Pic(P?) = 7Z, generated by the class of a hyperplane.

Proof We first determine the prime divisors of P4. These are the Z(f) where f € k[z,...,zq] is
homogeneous and irreducible. We now define deg(Z(f)) = deg(f) (indeed, Z(f) determines f up to
scalar multiple). We extend this to a morphism of groups and obtain a map deg as follows:

deg: Div(X) — Z, » nzZw Y nzdeg(Z).
Z Z

We now claim that ), nzZ is principal if and only if deg(}",nzZ) = 0. Indeed, consider a divisor
div(f) for some f € K(X)* and write f = g/h with g and h in k[x, . . ., 24] homogeneous of the same
degree. Decompose ¢ and h into irreducibles, g = [[, g;"* and h = [[, h"*", then

K3

deg(div(f)) = Z n; deg(g:) — Z m; deg(h;) = deg(g) — deg(h) = 0.

On the other hand, if deg(>_n;Z;) = 0, then let Z; = Z(f;) and consider f := [] f"*. By construction
deg(f) =0andso f € K(X)* anddiv(f) = > n;Z;.

So the degree factors through an injective map Pic(X) — Z. The map is also surjective, since for
example deg Z () = 1. O

13.2 The intersection pairing on surfaces

Let X be a smooth projective surface. In this section we define the intersection pairing on Div(X), show
that it factors through Pic(X), and derive Bézout’s theorem for P? as a very simple consequence.

For prime divisors Z; and Zs on X the intersection number Z;-Z in Z is defined as the degree on Z;
of a locally free Oz, -module of rank one, Ox (Z5)|z,. As we have not defined these notions (lack of time)
we give the procedure that produces Z1-Z5 in terms of concepts that we have defined, and that one would
use even if one had the notions that we did not define. This definition of Z;-Z5 does not assume that 2
and Z5 are distinct.

Definition 13.2.1 Let Z; and Z; be prime divisors on X.

i. Choose open subsets (U;);er (I = {1,...,r} for some r) in X and f; in Ox (U;) such that the U;
cover Zs, each U; meets Zs, and such that div(f;) = Z; NU; on U;. In particular, I(Z, NU;) = (f;)

(as in Proposition[13.1.3).

ii. Since f; and f; generate the same ideal of Ox (U;;) there are unique f;; in Ox (U;;)* such that
fi = fijfj in Ox(UZJ) Note that .fij'fjk = fik on Uijk = U1 n Uj n Uk.

iii. Define g; := fil S 022 (Z2 N Uﬂ)x. Remark that g; = 1 and that g; = fijgj in 022 (ZQ N UU)

This shows that g; # 0in O, (Zy NUyp). For P € Zs and i such that P € Uj, the number vp(g;)
depends only on P. We finally define:

Zy-Zy =Y _ vp(gip), whereip € I suchthat P € Uj,.
PeZ,
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As promised, we will show that this really is a good definition. We will make frequent use of the following
fact, which we will not prove. Note that we did see a proof in the smooth case.

Proposition 13.2.2 If f is a rational function on an irreducible projective curve X then degdiv(f) = 0.

Lemma 13.2.3 The integer Z1-Z> does not depend on the choice of the f;.

Proof Assume that f/ for i in [ satisfy the same conditions as the f;. Then f/ = u, f; withu; € Ox (U;)*,
and f;; := f]/f; = (ui/u;) fij and g; = (u;/u1)gi. This then gives (we use that vp (u;) = O forall P € U;
and that the degree of a principal divisor is 0):

(Zl'ZQ)/ = Zl'ZQ —+ va(uip/ul) = Zl’ZQ —+ deg(dlv(l/ul)) = Zl'ZQ.
P

g
Lemma 13.2.4 The integer Z1-Z> does not depend on the choice of 1 in {1, ..., r} in step iii.
Proof Assume that we use Us instead. Then g} = fia = fi1 f12 = gif12. Hence:
(Z1-Z3) = Zy-Zy + deg(div(f12)) = Z1-Z>
d

Lemma 13.2.5 The integer Z;-Z5 does not depend on the choice of the open cover {U; : i € I}.

Proof Given two covers {U; : i € I} and {U] : j € J}, one can consider a common refinement (given
by for example the open {U; N U} : i € I,j € J}). So it is enough to show that the lemma holds for a
refinement, and this is just a calculation which we leave to the reader. O

IRk

As Div(X) is the free Z-module with basis the set of prime divisors on X, the map
and obtain a bilinear map:

extends bilinearly

< Div(X) xDiv(Z2) — Z, (Z1,Z2) — Z1-Zs.

Proposition 13.2.6 Let Z; # Z5 be prime divisors. Then Z1 N Zs is finite. For all P in Z1 N Zs there is
an open affine Up C X with P € Up such that Up N Z1 N Zy = {P} and f1,p and fo p € Ox(Up) such
that I(Z, NUp) = (f1,p) and I(Z2 N Up) = (fo,p). For such a collection of Up we have:

Z1-Zy = Z dim Ox (Up)/(f1,p;s f2,p)-

PeZiNZs

Proof As Z; N Z is closed in the projective curve Z1, and not equal to Z1, it is finite. The existence of a
collection of (Up, f1,p, fa,p) as in the proposition follows from the fact that the set of open affines in X is
a basis for the topology, together with Proposition[I3.1.3] But note that Z; N Z, may be empty. We extend
this collection of (Up, f1 p, f2,p) to one (Ui, f1,i, f2,i), ¢ € I, such that the U; N Z; N Z3 have at most one
element and are disjoint, and the conditions in step i of Definition [I3.2.1]are met: the U; cover Z3 and all
meet Z5. For P in Zs, let ¢p be an ¢ € I such that U; contains P; this ip is unique if P isin Z; N Zs.

As Zy and Z3 are distinct all f1; € Ox(U;) are not identically zero on Zy N U;, and give nonzero
rational functions on Zy, regular on U; N Zy, that we still denote by f; ;. Definition gives

Zy-Zy = Z vp(fiip/f1,1)-

PcZy
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As for every i we have Oz, (U;NZ3) = Ox (U;)/(f2,:), and the degree of a principal divisor on a projective
curve is zero, and for ¢ € I such that U; N Z1 N Zs is empty, Ox (U;)/(f1,4, f2,:) = 0, we get:

ZyZy = Z vp(fiip) — Z vp(fi1) = Z dim Oz, (Z> N Uip)/(frip)

PeZ, PeZ, PeZy

=Y dimOx(Ui,)/(faip: frir)

PcZ,

= Z dimOX(UiP)/(fl,ipaf27iP)'

PecZiNZy

Corollary 13.2.7 If Z, # Z are distinct then Z1-Z5 > 0.
Remark 13.2.8 If Z; = Z,, then Z;-Z, can be negative, as can be seen in Exercise[13.3.1]

Corollary 13.2.9 The intersection pairing -: Div(X) x Div(X) — Z, (Z1, Z2) — Z1-Z is symmetric.
Proof In view of Proposition [13.2.6]this is now obvious. O

Proposition 13.2.10 Situation as in Proposition[I3.2.6| If Z # Z5 and for all P in Zy N Z5 the tangent
spaces Tz, P and Tz, P are distinct (as subspaces of Tx P), then Z1-Zy = #(Z1 N Z3). In this case we
say that Z1 and Zs intersect transversally.

Theorem 13.2.11 The intersection pairing -: Div(X) x Div(X) — Z factors through Pic(X) x Pic(X).

Proof It suffices (by symmetry) to verify that Z;-Zy = 0 for Z; = div(f) for some f € K(X)* and
Zy a prime divisor. Write Zy = ), Z1(Z)Z with Z ranging over the set of prime divisors on X. We
take an open cover {U; : i € I} such that for all the Z with Z1(Z) # 0 and for each ¢ in I we have an
fi.z € Ox(U;) such that Ox (U;)- f; z is the ideal of Z N U; (take a common refinement if necessary).
Then for each ¢ there is a u; in Ox (U;)* such that [, ffé(z) = wu; f. Linearity in Z7, Definition ,

the fact that vp(u;,, ) = 0, and Theorem|11.1.10}ii, give

o i _ N, (Heliz o (e f
Al ZQ—ZZ:Zl(Z)Z P(flmz/flaz) Z P(HZ 1";) Z P(“lf)

PcZy PeZ, PecZ;

= Z vp(Uip/ur) = — Z vp(ur) = — deg(div(ui|z,)) = 0.

PeZs PeZ>

Corollary 13.2.12 (Bézout) Let Z; and Zo be prime divisors in P?, then Z-Z5 = deg(Z1)- deg(Zs).

Proof By Theoremthe intersection pairing is given by -: Pic(P?) x Pic(P?) — Z. The degree
map deg Pic(P?) — Z is an isomorphism by Lemma The induced bilinear map -: Z X Z — Z is
determined by the value of (1, 1). So it suffices to prove that there are two lines Z; and Z5 in P? such that
Z1-Zo = 1. Take the lines Z; = Z(x1) and Zy = Z(x2), and apply Proposition O
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13.3 Exercises

Exercise 13.3.1 Assume that the characteristic of k is not 3. Let X C P3 be the surface given by
3 — 23 + 23 — 23 = 0. Verify that X is smooth. Let Z C X be the line consisting of the points
(s:s:t:t)with (s,t) € k? — {0}. Compute the intersection number Z-Z.

Exercise 13.3.2 Show that any morphism f: P2 — P! is constant. Hint: if not show that f is surjective
and that f=1(0: 1) and f=1(1 : 0) are curves. Use Bézout to obtain a contradiction.

Exercise 13.3.3 Assume that 3 is invertible in k. Let C' C P? be a smooth curve given by a homogeneous
polynomial f € k[, 21, 2] of degree 3. Given a point P € C denote by Lp C P? the tangent line in P
to C.

i. Show that L p intersects C' in only the point P if and only if Lp-C = 3. If this is the case P is called
a flex-point of C'.

ii. Show that P = (po : p1 : p2) is a flex point if and only if the determinant of the matrix (82 f /0x;0x;)
is zero at ($, Y, Z) = (pOaplaPZ)'

iii. Show that C has 9 flex-points.

Exercise 13.3.4 Consider X = P! x P! and use coordinates = : y on the first factor and « : v on the
second factor.

If f € k[z,y,u,v] is polynomial which is homogeneous of degree d in x, y and homogeneous of degree
e in u, v then we say that f is bihomogeneous and has bidegree (d, €). For example, z3u + xy?v — y3v is
bihomogeneous of bidegree (3, 1).

Denote the prime divisors {(0: 1)} x P! and P* x {(0: 1)} by H and V/, respectively.

i. Show that H is equivalent with H' = {(1: 1)} x P! and deduce that H-H = 0. Same for V-V.
ii. Show that H-V = 1.

iii. If f is irreducible and bihomogeneous of bidegree (d, e) show that
Z(f) = {((ao : a1), (bo : br)) € P x P! : f(ao, a1,bo, br) = 0}

is a prime divisor on P* x P! which is equivalent with dH + eV

Exercise 13.3.5 Now assume moreover that & is of characteristic p and that q is a power of p. Let
F:P' =P (ag:a1)~ (af:af)

be the g-Frobenius endomorphism. Let A C P* x P! be the diagonal and let I = {(P, F(P)) : P € P'}
be the graph of the ¢-Frobenius.

i. Show that A = Z(f) for some f which is irreducible and bihomogeneous of bidegree (1, 1).
ii. Show thatT" = Z(f) for some f which is irreducible and bihomogeneous of bidegree (g, 1).

iii. Compute the four by four symmetric matrix whose entries are the intersection products of all pairs
of divisors in {H,V, A, T'}.
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Lecture 14

Proof of the Hasse-Welil inequality

14.1 Introduction

Recall that the goal of this course is to prove the Riemann Hypothesis for curves X over finite fields. In the
exercises in Lecture we have shown that the Riemann Hypothesis follows from the rationality of Z (X t),
the functional equation of Z(X,t), and the Hasse-Weil inequality. The rationality of Z(X,t) is given by

Theorem 12.2.1] and the functional equation by Theorem [12.2.3| In this lecture we prove Theorem |14.1.1}
the Hasse-Weil inequality, using the Hodge index theorem (that we admit without proof) and intersection

theory on the surface X x X.

Theorem 14.1.1 Let X/F, be a smooth projective irreducible (as a variety over F,) curve of genus g.
Then:

[#X(Fy) — (¢ + 1) <2g9/q

14.2 Self-intersection of the diagonal

(here we assume that k is any algebraically closed field) In this section we will sketch a proof of the
following theorem:

Theorem 14.2.1 Let X be a smooth irreducible projective curve, g its genus, and A C X x X the diagonal.
Then A-A =2 — 2g.

Remark 14.2.2 Note that 2 — 2g is minus the degree of a canonical divisor, and we will give a proof
relating A-A with the degree of such a canonical divisor.

We start with some affine geometry. Let Y be an affine variety and A(Y') = k[z1,...,z,]/(f1, ..., fs) its
coordinate ring. Then the coordinate ring of Y X Y is

A(Y X Y) = k[x7y]/(f1(:v), LR fs(x)7 fl(y)v R fs(y))v
where z = (x1,...,2,) and y = (y1,...,yn). The projection pr;: Y x Y — Y, (P,Q) — P gives the
k-algebra morphism pri: A(Y) — A(Y xY). Itsends Z; in A(Y) toZ; in A(Y xY). It makes A(Y xY)
into an A(Y")-algebra. We also have the diagonal embedding:
A:Y —Y xY, P (PP),

85
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giving us a k-algebra morphism in the other direction:
A" AY XY) — AY), x;— x4 Y — .

Let I be the kernel of A*. This is the ideal of A. It is an A(Y")-module via prj, and it is generated by the

(¥; — Ti)1<i<s-

Proposition 14.2.3 The map D: A(Y) — I/I?, f — prif —prif is a derivation, and the induced
morphism of A-modules Qi}(y) — I/I? is an isomorphism.

Proof For fin A(Y) we have A*(prif — prif) = f — f = 0, hence pr} f — prif € I. We claim that
D is indeed a derivation. That D is k-linear is obvious. We check that the Leibniz rule is satisfied:

D(fg) = (prif)(prig) — (pr3.f)(prag)
= (prif)(prig) — (pr2f)(prag) + ((prif) — (pr2f))((prig) — (pr39))
= (prif)((prig) — (pr39)) + (prig)((prif) — (pr2f))
=f-Dg+gDf.

As D: A(Y) — I/I?is a k-derivation, there is a unique morphism of A-modules ¢ : qu(y) — I/I? such
that D = p od.

We give an inverse to ¢. Let ¢: k[z,y] — qu(y) be the k-linear map that sends, for all f and g in k[z],
(prif)(prig) to — f-dg; to see that this exists, use the k-basis of all monomials. Then for f in I(Y"), and
gin k[z], ¥ ((pryf)(prig)) = 0 and ¥((prig)(prsf)) = 0, hence ¢ factors through k[z,y] — A(Y xY).
The resulting k-linear map ¢: A(Y xY) — 9,14(3/) is a morphism of A(Y')-modules. We claim that v is
zero on I2. As 1) is k-linear, even A(Y')-linear, and I is generated as ideal by the pr f — pri f, it suffices
to show that ¢ is zero on all elements of the form (prjf — prsf)(prig — prig)prsh, with f, g, and h
in A(Y"). This computation is as follows. We have

(prif—pr3f)(prig —prag)prsh = (pri(fg))(prah) — (prif)(pra(gh)) — (prig)(pra(fh)) +prs(fgh).

Under 1, this is sent to:

— fg-dh + f-d(gh) + g-d(fh) — d(fgh)
= —fg-dh+ fg-dh + fh-dg + gf-dh + gh-df — gh-df — fh-dg — fg-dh = 0.

So, we have our morphism: /1% — 9,14(3/)’ and, for fin A(Y'), itsends pr} f — pr3 f to 0—(—df) = df.
Therefore, this v is the inverse of . O

Remark 14.2.4 The notation and some arguments in our proof of Proposition[14.2.3| would be much sim-
pler if we used the tensor product, A(Y xY) = A(Y)®; A(Y), and even more simple and very conceptual
if we had developed relative differentials. So, the reader should not be worried by the complicated notation
here, and by the seemingly meaningless computations.

Proposition 14.2.5 Let P be in X, andt € Ox(U) a uniformiser at P, regular on U. Then there is an
open neighborhood V of (P, P) in X x X such that prit — prit is a generator for the ideal f ANV

Proof By Proposition there is an open affine neighborhood V' of (P, P) on which the ideal of A is
generated by some f in Ox x x (V). By intersecting with U x U, we may and do assume that pri¢ — prit
is regular on V. As prit — prit is zero on A, there is a unique g in Ox x x (V') such that prjt — prit = gf.
Leti: X — X x X be the map Q — (Q,P). Then, under i*: Oxxx(V) — Ox(i~'V) we get
t = (i*g)-(i* ). But t is not in m?, where m is the maximal ideal of P, and i* f is in m, so0 i* g is not in m.
Hence g(P, P) # 0, and g is a unit on a neighborhood of (P, P). O
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Proof (of Theorem|[14.2.1) We follow the procedure in Definition|13.2.1] By Proposition there are
an r in N, non-empty affine opens V; in X x X, covering A and all meeting A, open affines U; in X and

t; in Ox (U;), such that the ideal of A N U; is generated by prit; — prit;. Then we have:

prit;, — prat;
AA=D " urp <itp —
Pex Prity — pratly

) , where (P, P)isinV;,.
A

Let w be the rational one-form dt; on X. Then we have:

deg(div(w)) = Z vp(w)

PeX
= Z vp <d:) > (dt;,, generates Q% at P by Proposition|14.2.3)
Pex ip

B ( prity — prit;
=Y ver | e

* *
PeX prltiP - pr2tiP

==Y ver (pri‘tip — priti,
Pt ’ prit1 — praty

—A-A.

) (w = dt; and Proposition|14.2.3))
A

J

14.3 Hodge’s index theorem

Hodge’s index theorem is discussed in Theorem V.1.9 and Remark V.1.9.1 in [Hart]. Let .S be a con-
nected smooth projective surface over an algebraically closed field k. We have the intersection pairing
-+ Pic(S) x Pic(S) — Z. It is symmetric and bilinear. Let N be its kernel:

N = {z € Pic(S5) : Yy € Pic(S5), z-y = 0}.

Let Num(S) := Pic(S)/N. Then the intersection pairing on Pic(S) induces a non-degenerate symmetric
bilinear pairing -: Num(S) x Num(S) — Z. It is a theorem by Néron and Severi (see the discussion
in [Hart]) that Num(.S) is finitely generated as Z-module. Hence it is free of some finite rank d, because
the intersection pairing injects it into Homg poq(Num(S), Z). Choosing a Z-basis b = (by,...,bq) of
Num(S) gives the intersection pairing as a symmetric d by d matrix with coefficients in Z and with non-
zero determinant. One can take a basis ¢ of Q ® Num(S) such that the matrix of the intersection pairing
with respect to c is diagonal. The diagonal coefficients of ¢ are then non-zero, and it is a well-known
result in linear algebra (over R if you want) that the numbers of positive and of negative coefficients do not
depend on the choice of the basis c¢. Hodge’s index theorem tells us what these numbers are.

Theorem 14.3.1 (Hodge index theorem) The intersection pairing on Q ® Num(.S) has exactly one +.

Remark 14.3.2 Another way to state Hodge’s index theorem (without using Néron-Severi first) is that for
any morphism of Z-modules f: Z? — Pic(S), the symmetric bilinear form on Z¢ given by sending (z, y)
to (fx)-(fy) has, after extending scalars to R and diagonalisation, at most one +, and there are f for which
there is exactly one +.

14.4 Hasse-Weil inequality

Let X/FF, as in the statement of the Hasse-Weil inequality (Theorem [14.1.1)) and let F': X — X be the
Frobenius map. We now work with four prime divisors, each isomorphic to X and we will calculate the
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matrix of the intersection pairing for the subspace generated by these four prime divisors. The divisors are:

H={(z,pt):x € X}, V={(pt,z):2e€X},
A={(z,z): 2 € X}, T={(z,F(z)):2€ X}

We calculate the tangent spaces at the point (P, Q) (assuming that it lies on the divisor), as seen as a
subspace of Tx (P) x Tx (Q) = Tx xx (P, Q). One then finds:

TH(PaQ) :k(110)7 TV(P7Q) :k(071)7 TA(P7Q) :k(171)
For the tangent space to I" consider the two projection maps to X . The first one
prIZFHXa (PaF(P))_)P

is an isomorphism (an inverse is given by P — (P, F'(P))), so induces an isomorphism on tangent spaces.
If we use pr; to identify I' with X then pr,, is the same as the Frobenius map F': X — X. The Frobenius
map induces the zero map on tangent spaces since the derivative of any p-th power of a function is zero.
So we get:

Notice that I' is not constant horizontal, but its tangent direction is everywhere horizontal. (Compare with
the function x — 29 which is non-constant, but its derivative is 0).
We compute the intersection matrix. Here we have to do 10 calculations (by symmetry):

e H-H=0.If H= X x {pt}, then find a divisor D on X with D ~ {pt} such that D and {pt} are
disjoint. Then H-H = H-(X x D) =0, since H N X x D = ().

e H.V = 1. Indeed, we have one intersection point and the intersection is transversal there (see the
calculation of the tangent spaces).

e H-A = 1. Again, we have a transversal intersection.

e H.T' = q. This requires some computation. We have one intersection point since F': X — X is a
bijection, but we don’t have a transversal intersection here, so we need to do more computations. In
the end one has to calculate dim k[, y]/(y, 27 — y) = ¢ (a basis consists of 1,z,...,z971).

e V.V =0. By symmetry, V-V = H-H.
e V.-A =1. By symmetry, V-A = H-A.

e V.I'=1. Since F': X — X is a bijection, we have one intersection point, but this time we have a
transversal intersection.

e A-A =2 — 2g. This is Theorem [[4.2.1]

o AT =#X(F,) := N. We have a transversal intersection again. We calculate:
AT =#ANT =3{(z,y) & =y, F(r) =y} = #X(Fy).

e I'l" = ¢(2 — 2g). This is again a harder case (it uses some techniques which we don’t have yet).
Consider (F,id): X x X — X x X. This inverse image under this map of A is I'. One then
obtains (from a general theorem) that I''I' = deg(F,id)-(A-A). This degree is the degree of the
corresponding extension of function fields, and one can show that this degree is ¢ in our case.
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We put these calculations in a matrix with respect to H, V, A, I'. One then gets:

0 1 1 q
10 1 1
1 1 2-2g N
g 1 N q2-29)

Now one can make some entries 0 by choosing some other divisors (by some linear invertible transforma-
tion), namely H, VA — V — H,T' — ¢V — H. With these divisors one gets the following matrix A:

0 1 0 0

1 0 0 0
A=

0 0 —2g N-1—¢q

0 0 N—1—g¢q —2gq

Remark that this matrix consists of two diagonal blocks. There are now two cases to consider. In the first
case H,V, A T are dependent in Num(X x X). Then det(A) = 0. In the other case, H,V, A, T are
independent in Num(X X X). Then Theorem tells us that there is at most 1 positive eigenvalue.
Notice that the eigenvalues of the first block are 1 and —1. Hence the second block has determinant > 0.
In other words:

4g%¢— (N —1—¢)? > 0.

Hence [N — 1 — ¢q| < 2g¢,/q. This finishes the proof of the Hasse-Weil inequality.

Corollary 14.4.1 All zeros s of ((X/Fy,s) = Z(X,q~®) satisfy R(s) = 1/2.
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