Adventures in Algebraic Geometry
by Lev Borisov

1 Preface.

It is a truth universallylzr] acknowledged that algebraic geometry deals
with solution sets of systems of polynomial equations. However, it has be-
come significantly more abstract, and study often bifurcates between very
basic examples and rigorous treatment in the language of schemes. I don’t
think either approach is ideal for an introductory course in the subject, and
these notes are an attempt of providing some meaningful algebraic geometry
content while avoiding or suppressing many of the technical details. They
are loosely based on the introductory course in algebraic geometry run at
Rutgers University in the Spring of 2024. The intended audience are ad-
vanced undergraduate and beginner graduate students who are interested
in algebraic geometry, as well as researchers of all levels in adjacent areas.
When it comes to mathematical background, I am assuming basic knowl-
edge of commutative algebra and complex analysis. Some familiarity with
differential geometry and algebraic topology is also helpful.

The defining feature of these notes is the liberal use of hand waving ar-
guments where precise arguments would use too much technique, such as
schemes and cohomology, or just where I get lazy. Thus, it is not meant
to serve as a substitute of thorough study of standard texts such as Robin
Hartshorne’s book [20] or Ravi Vakil’s notes [28]. Instead, it is a highly id-
iosyncratic attempt to highlight some of the beautiful examples of algebraic
geometry and to introduce the reader to the vast expanse of the field.

Most of the time, we will be working over the field C of complex numbers,
so that intuition and ideas from complex analysis and differential geometry
can be applied. Occasional references are made to varieties over other fields
of characteristics zero, but we really don’t venture into positive characteris-
tics. Each section roughly corresponds to one 80 minute lecture; two sections
can be covered in a week. Exercises after each section are meant to be rather
easy, with few exceptions.

These notes are intended to be a free resource and will be available on the
arXiv and on my home page. Comments and suggestions are appreciated.
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2 Algebraic subsets of C" and Hilbert’s Nullstel-
lensatz.

We start with some examples of systems of polynomial equations that have
been studied by algebraic geometers.

e zy—1=0inC2% o z2—9y?>=1in Q2%
xt—yz =0

° rz—y*=0 in C2 o y>—y=2a>—2in Q*R? or C%
yt — 22 =0

o 22 =19%in C2% {detA—O i ’

trA=0 n €

all 3 x 3 minors of skew — symmetric n X n matrices are zero, in C~ 2

Typical questions that one can ask about these equations and their solution
sets include the following.

e Find all solutions.

e Given two solution sets, are they “the same”? Similar?

If the solution set is a (real or complex) manifold, what is its topology?

e What are the automorphisms of the solution set (in the appropriate

sense)?
1
We will now focus on C™ and the ring of polynomial functions C[zy,. .., x,]
on it.
Definition 2.1. For a subset S of Clxy,...,x,], we define its set of zeros

by

Z(S) :={(a1,...,an) € C", such that Vf € S there holds f(ai,...,a,) = 0}.

We list some easy properties of Z(S) below. The reader is encouraged to
prove these assertions on their own.

2.1 There are a lot of horizontal lines in these notes to remind the reader to take a sip
of their drink of choice.



Z(S) depends only on the ideal I = (S). Thus, one can always replace
S by its finite subset without changing Z(S), because C[x1, ..., x,] is
a Noetherian ring.

If 1 C J then Z(I) D Z(J).
Z(I+J)=Z({I)NZ(J). More generally, Z(}_, Io) =, Z(1a)-
For ideals I and J there holds Z(INJ) = Z(IJ) = Z(I)U Z(J).

e We can moreover restrict to the case of radical ideals. Recall that
VI ={feClzy,..., ], such that f* e I for some k > 1}

and an ideal I is called radical if v/I = I. There holds Z(v/1) = Z(I),
and the ideal v/T is radical by Exercise 1.

Examples. C" = Z({0}); 0 = Z(Clz1,...,z,]) = Z({1});
{(at,...;an)} =Z((x1 —a1,...,xy — ap)).

We can also go back, from subsets of C™ to ideals in Clzq,...,zy].
Definition 2.2. For a subset V- C C™ we define the ideal

I(V):={f € Clxy,...,z,], such that f(p) =0 for all p e V}.

Remark 2.3. For any point p = (ai,...,a,) € C" the kernel of the evalua-
tion map f € Clx1,...,zy] — f(p) € C is the mazimal ideal (x—ay, ...,z —
an). Thus, I(V') is the intersection of all mazimal ideals that correspond to
pointsp € V.

Definition 2.4. We define Zariski topology on C™ by declaring sets Z(I) to
be its closed sets.

This is indeed a topology because finite unions and arbitrary intersections
of Z(I) are also sets of this form. Note that Zariski topology is very weak, in
the sense that it does not have a lot of closed or open sets. For example, when
n = 1, proper Zariski closed subsets of C are precisely the finite subsets.
In particular, it is (horribly) non-Hausdorff, i.e. one can not find disjoint
open neighborhoods of distinct points. Still, Zariski topology provides an
important conceptual viewpoint.

Remark [2.3|in fact describes all maximal ideals of Clxzy, ..., z,].

Theorem 2.5. (weak Hilbert’s Nullstellensatz) All mazimal ideals of the
ring Clxy,...,z,] are of the form (x — a1,...,x — ay).



Corollary 2.6. For an ideal I of Clx1,...,x,] we have
(Z(I) =0) <= (I =(1))

Proof. 1t is a standard consequence of Zorn’s lemma that an ideal [ is proper
if and only if it is contained in some maximal ideal. This ideal corresponds
to a point in Z(I) by Theorem O

We do not give a proof of Theorem [2.5| but refer the reader to [11] instead.
The statement fails for fields which are not algebraically closed, already for
n = 1. As a consequence of the weak Hilbert’s Nullstellensatz, the set
Z(I) can be identified with the set of maximal ideals of C[z1,...,x,] which
contain I, which in turn are in natural bijection to the set of maximal ideals
of the quotient ring Clzy,...,x,]/I.

Theorem 2.7. (regular strength Hilbert’s Nullstellensatz) For any ideal I
in Clxy,...,xzy] there holds

I(Z(I) = V1.

Proof. If f € /I, then f* € I for some k > 1, therefore f*(p) = 0 for all
p € Z(I). Thus f(p) =0 for all p € Z(I), so f € I(Z(I)). This proves D

inclusion.

The other direction is harder. We will use what’s known as the Rabi-
nowitz trick, which is a particular case of localization. Consider 0 # f €
I(Z(I)). In C[z1,...,zp,t] the ideal

I=(ft=1)+(I)

has no zeros. Here (I) denotes the ideal in the ring C[x1, ..., zy, t] generated
by I. Indeed, any point (ai,...,a,,b) in the set of zeros of I must have
(a1,...,ay) in the set of zeros of I. Then ft — 1 takes value 0b — 1 # 0 on

(ai,...,an,b), contradiction.

By Corollary the ideal I is the whole ring, and in particular it con-
tains 1@ In other words, we have in Clzy,...,zy, ]

1= (f(xla e 7xn)t - 1).90(‘T15 e 7$n7t) + Zf’i(xlw . 'axn)gi(xla e ,l’n,t)

22 It is a common trick to replace the statement that an ideal is equal to a ring by the
statement that this ideal contains 1. If you study commutative algebra long enough, you
will get sick of it.



where f; € I. Consider the image of this equality in the field of rational

functions in n variables C(x1,...,x,) under the algebra map
Clry, ..., zp, t] = Clx1, ..., 2p)
which sends x; to z; and t to f(z1,...,2,)" . Then the above equation
becomes i )
i\ L1y...,Tn
1=0+ filxy, ... xy) 0
Zi: Z( n)f(xla"'vxn)kl
for some polynomial h; and some k; > 0. After clearing denominators, we
conclude that f* lies in I, which proves the C inclusion. O

As a corollary of Theorem we see that Zariski closed subsets Z(I)
of C" are in bijection with the radical ideals of C[zy,...,z,] (including the
whole ring).

Exercise 1. Prove that VI = /1.

Exercise 2. Prove that Z(I(V)) =V (the closure in Zariski topology).

Exercise 3. Find counterexamples to Theorems and Corollary
for C replaced by R.

3 Irreducible components. Dimension theory. Pro-
jective spaces. Algebraic varieties.

Let I be a proper ideal in the polynomial ring C[zy,...,z,] and let Z(I) be
the corresponding nonempty Zariski closed subset in C".

Definition 3.1. We call Z(I) reducible if it can be written as a union of
two proper closed subsets Z(I) = Z(11) U Z(Iy) with Z(1;) # Z(I). It is
called irreducible otherwise.

For example, for n = 2 and I = (z122) we have
Z(I) = {(al,ag), ajas = 0} = Z(Il) @) Z(Iz)
where Iy = (z1) and Iy = (x2).

We remark that while disconnected algebraic sets are always reducible,
the converse is not true, as the below picture indicates.
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irreducible reducible, connected reducible, disconnected

Theorem 3.2. Every closed subset Z(I) can be uniquely written as a dis-
joint union of irreducible closed subsets of Z(I) none of which is contained
in another one.

Proof. In the existence direction, we start with Z(I) and keep decomposing
it into disjoint unions of smaller subsets. If we could keep doing this indefi-
nitely, we would get a decreasing chain of closed subsets which are properly
contained in one another. This would correspond to an increasing chain of
ideals of C[z1,...,xy], in contradiction with it being Noetherian. Thus, we
can write Z(I) as a finite union of irreducible subsets, and it remains to
remove the subsets that are contained in others.

In the uniqueness direction, suppose we have two finite decompositions

z( =J2.) = 2Z(1s).
a B

For each v we have

Z(Ia) = U(Z(Iﬁ) NZ(Ia)).
B
By irreducibility of Z(1,), one of Z(Ig) N Z(I,) must equal Z(I,). This
implies that for every « there exists  such that Z(I,) C Z(I3). Of course,
the same is true for each 3, so we get Z(I,) € Z(Ig) € Z(ly). Then
Z(I,) € Z(I1,) implies « = o and we get Z(I,) = Z(Iz). Since this
works for each a (and for each (8 in the other direction), we have proved
uniqueness. ]

Remark 3.3. The decomposition of Z(I) into irreducible components is a
particular example of the commutative algebra statement that for any ideal
I in a Noetherian ring, the radical /I can be uniquely written as

ﬁzmm

where p; are a finite set of minimal primes that contain I. See [2] for details,
or just trust mePEI

31 1 am building up your tolerance for accepting random technical claims.



We will now discuss the concept of dimension of algebraic subsets Z(I) of
C™. If Z(I) is irreducible, we will also call it an algebraic subvariety of C™.
We have a concept of dimension for smooth complex manifolds, and algebraic
subvarieties are not that far from them, so it is natural to expect some kind
of definition here. The technical arguments in commutative algebra that
one needs in order to prove the following claims are rather formidable, but
we will just take it for granted that dimension works as one expects.

Definition 3.4. For an irreducible Z(I) the ideal I is prime (see Ezercise
1) so one can look at the quotient ring A = Clx1,...,xy,]/I. Its quotient
field QF (A) is a finitely generated field extension of C and we define

dime Z(I) := tr.deg.c QF(A)

where tr.deg. stands for the transcendence degree of the extension.

Definition 3.5. The quotient field QF(A) is called the field of rational
functions on X = Z(I).

Clearly, dimension of C” is the transcendence degree of the field of ra-
tional functions C(z1,...,x,) which is n. Furthermore, every chain of irre-
ducible subvarieties can be enhanced to a chain that has exactly one member
of each dimension.

point C curve C surface C --- C C"

The corresponding property of the chains of prime ideals in Clzy,...,z,]
goes under the name of catenary.

Warning 3.6. Algebraic geometers have a very annoying habit of drawing
complex varieties of dimension n as objects of real dimension n, with the
notable exception of Riemann surfaces (complex dimension one) which are
sometimes drawn as real surfaces. Pictures below are illustration of that. Of
course, once the dimension is three or higher, the paper itself is a limitation.

/

C Also C The rising C
(sorry, couldn’t resist)
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C? {22 +y? =22} cC? cCcc?cc?

Unfortunately, there is not much we can do about it. It is still better than
trying to draw complex surfaces as real 4-dimensional objects that they are.

We now turn our attention to projective spaces and projective varieties.

Definition 3.7. A complex projective space CP" is defined as the set

(C™ I\ {0})/ ~
of nonzero (n + 1)-tuples of complex numbers under the equivalence
(Xoy .y p) ~ (Axo, ..., Axp), A€ CF.

In other words, CP" is the set of orbits of the scaling action of the multiplica-
tive group C* on C"™1\ {0}. Points on CP"™ are denoted by (zo: ... : Ty)
with the colons used to distinguish them from points in C"H1,

As stated, CPP" only has a structure of a set, but it is easy to see that it is
in fact a complex manifold. Specifically, for each i € {0,...,n} we consider
a subset U; of CP"™ with x; # 0. Points of U; can be uniquely scaled to

<xoz...:1:...:xn>
ZT; €Ty

so U; can be identified with C™. One can then use this covering to get CP"
the structure of a complex manifold, since transition functions can be easily
seen to be holomorphic.

The transition functions are in fact rational, and this gives CP" a struc-
ture of an algebraic variety. Wait, what?

We have not yet defined complex algebraic varieties, what are they? I will
avoid putting down a formal definition, but one should think of them as sets
glued from a finite number of charts U;, with each of these charts identified
with an algebraic subvariety Z(I;) in C* for some k;. The intersections

10



U;NU; should be Zariski open subsets in the induced topologies on U; and U;
and should themselves be identified with some irreducible subsets Z(I;;) in
C*ii. The transition functions should be induced from ratios of polynomials
on CFis | with denominators that are nonzero on U;NU. jg Complex algebraic
varieties come with two topologies, the usual (a.k.a. strong) one and the
Zariski one, both induced from the corresponding topologies on ambient C*:
on the charts U;.

As one expects, morphisms of algebraic varieties should be Zariski locally
given by some ratios of polynomials. Overall, one should think of complex
algebraic varieties as being very similar to complex manifolds, but with
some singularities allowed. However, the morphisms are more restricted
than those of complex manifolds. For example, the map C — C? given by

f(z) = (z,€")

is holomorphic but not algebraic and its image is not an algebraic subvariety
of C2. The reader is warned that some smooth complex manifolds can not be
given an algebraic structure. In the other extreme, there exist nonisomorphic
smooth complex algebraic varieties which are biholomorphic to each other,
see [20].

Remark 3.8. One can show that two different closed subvarieties Z(I) C C"
and Z(J) C C™ are isomorphic as algebraic varieties if and only if the cor-
responding finitely generated algebras Clzy,...,x,|/I and Clzy,...,xm]/J
are isomorphic. It is a natural statement, since points are in bijections with
mazximal ideals in these rings. We think of them as just the same variety in
two different realizations. Such varieties are called affine.

Remark 3.9. It is possible to show that for an algebraic variety X covered
by U; = Z(I;), the quotients fields of Clz1, ..., zk,]/I are the same for each i.
This associates to every algebraic variety a field of rational functions on it.
You should think of this as an algebraic analog of the field of meromorphic
functions on a complex manifold.

The main advantage of CP" as compared to C" is the following.

Theorem 3.10. CP" is a compact complex manifold.

Proof. We can take the quotient by C* in two steps, first by R<¢ and then
by S! = {z € C*,|2| = 1}. We immediately see that (as real manifolds)

(C"\ {0})/Rsg =2 {(20, ..., 2n) € C"L |zo|? + ...+ |z, |> = 1} =2 §20 L,

32 A remark for the specialists is that we ignore the issues of separatedness.

11



Then CP” is an image of the compact set S?"*! under a continuous map
and is therefore compact. O

Let us look at small examples in more detail. For n = 1 we have CP! =
C'UC!. As aset, it is C U {oo}. The two open sets Uy and U; have
coordinates z = i—é and 27! = i—? respectively. It is often called the Riemann
sphere.

CP!
Ui Uo

@]
CP! CP! CP?

For n = 2, CP? is not just C? U {point}. Rather, we have to add a
whole line at infinity, because the complement to CP?\ Uy consists of points

(0 : @1 : x2), which is a copy of CP!. In fact, more generally we have
CP" = C* U CP L.

The reason why algebraic geometers like CP™ so much is because it is
the “smallest” way to compactify C™ to a compact complex manifold. In
contrast, if we just wanted a compactification as a real manifold, we could
do it with adding a single point.

Now we will talk about algebraic subvarieties in CP™. Consider the ring
Clxo, . .., zn] equipped with the grading by the total degree of monomials

deg (zg” - ... apr) =ag+ ...+ an,
in other words, each z; is homogeneous of degree 1.

An ideal I C Clzo,...,x,] is called homogeneous if for all f € I all
of the homogeneous components of f lie in I. Equivalently, an ideal [ is
homogeneous if it has a set of homogeneous generators. Similarly to the
case of C", for a homogeneous ideal J we define the set Z(J) C CP"™ of
its zeros and for a set V' € CP" we define the homogeneous ideal I(V') of
polynomials that vanish on V. As in the case of C", the sets Z(J) define
Zariski topology on CP™ (these sets are declared to be closed).

12



The relationship between ideals and sets is now more complicated. The
ring Clzg,...,z,] has a unique maximal homogeneous ideal (xq,...,z,)
called the irrelevant ideal@ The zero set of the irrelevant ideal is empty.
Points in CP™ correspond instead to homogeneous ideals given by n linearly
independent degree one generators. For example

(x1 — @120, . . ., Ty, — Ax0), (Q1,...,0p) € C"
gives a point in Uy C CP™.

We conclude by writing several examples of algebraic varieties in projec-
tive spaces.

o {zow2 — 22 =0} C CP2. We will later see that it is isomorphic to CP!.

e {x0w3 — x179 = 0} C CP3. This one is isomorphic to CP! x CP!.

o {woro — 2% = 2013 — 1179 = 1173 — 23 = 0} C CP2. Twisted cubic,
isomorphic to CP!.

o {y? —42® — gox 2% — g323 = 0} C CP? with coordinates (z : y : 2).
Elliptic curve.

o {23y+y3z+232 = 0} C CP2. Klein quartic; it has 168 automorphisms.

e Variables x;; for 1 < ¢ < j < n are homogenous coordinates in
n(n—l)i

CP 1. The equations are TijT — TigTj + xyxs, = 0 forall 1 <0 <
J < k <l <n. This is the Grassmannian Gr(2,n) in its Pliicker embedding.

Exercise 1. Prove that for a proper ideal I C Clxy,...,z,] the set
Z(I) C C™ is irreducible if and only if /T is a prime ideal.

Exercise 2. Prove that Z(I) is reducible if and only if it contains a
proper nonempty subset which is both open and closed in the induced Zariski
topology.

Exercise 3. Verify that the transition functions for the cover of CP” by
U; are indeed holomorphic.

33 As the reader may guess, the irrelevant ideal is in fact very important, although we
will not really see it in these notes.
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4 Hilbert polynomial. Statement of Bezout’s The-
orem on intersections of plane curves.

The algebraic manifestation of CP"™ and closed subsets Z(I) C CP" being
compact is that the graded ring

C[.’L‘o,...,xn]/f

for a homogeneous ideal I has finite-dimensional (as C-vector spaces) graded
components. This observation should be contrasted with the C™ case where
Clx1,...,xp]/I is just an infinite-dimensional C-vector space. Moreover, it
turns out that the integers

aq 1= d1m(c((C[$o, ey :En]/l)deg:d

satisfy a number of fascinating properties. We will first state these proper-
ties, then give examples, and then prove them.

Theorem 4.1. For a homogenous ideal I, the numbers aq defined above
satisfy the following.

o There exists a one-variable polynomial P with rational coefficients such
that for all large enough d we have P(d) = aq. This P is called the
Hilbert polynomial of Clxg,...,x,|/I or of Z(I).

e Degree of P is equal to the dimension of Z(I).

e The Hilbert function f(t) := 450 aqt? is a rational function of the

form )
t
f(t) - (1 _ t)gd(imZ(])-l-l

with a polynomial g(t) such that g(1) # 0.

The first example to consider is I = {0}. Then a4 equals to the number
of monomials of total degree d in n 4 1 variables, which in turn equals to
the number of ways of picking n separators among n + d dots. So we get for
alld >0

0y = < n+d>:;!(d+n)...(d+1)

n

14



which is clearly a degree n polynomial in d. The generating function

#d td
Zﬁ(d—i—n)...(d—i—l): > —(d+n)..(d+1)

>0 d>—n

:V;<;>n<1it>:(1—;m4

so the claims of Theorem [.1] hold.

Our next example is a curve in CP2. Let f(xo,21,72) be a homogeneous
polynomial of degree k without repeated factors@ Let I = (f). Since
multiplication by f is an injective map in C[zg, z1, 2], we have

(Clzo, 1, 2] /1) deg=d = (Clzo, 21, T2]deg=d)/(Clxo, 1, Z2]deg=d—k)

and

2 9

(d+2)(d+1) if0<d<k.

{ (@d2)(d]) _ (@dhedoktl) - g > g
aq
2 )

Consequently, for d large enough we get

k(k—3
o=~ HE=D
which is linear in d. For the generating function we get

1 D Yy}

t) = — =
IO=a=p g~ a-0
so again the conditions of Theorem hold.

We will now discuss the proof of Theorem 4.1} First of all, it is convenient
to consider not just C[xzo, ..., x,]|/I but all finitely generated graded modules
M over Clzg,...,z,). We will also introduce the grading shift notation:
For a graded module M, the graded module M (r) has the same module
structure, but the grading is redefined by

M(T)deg=k = Mdeg:kJrr .

Then for any graded module M, multiplication by z,, gives a map of graded

moduled?Z
M(-1) =% M.

41 As in the C™ case, we want our ideal I to be radical.
42 Tt is good for one’s mental health to only consider degree zero maps of graded modules,
and use grading shifts when needed.

15



The kernel and cokernel of this map are whimsically denoted by K and C
respectively. The exact sequence

0K —-M-1)2M—-C—=0

induces exact sequences at each degree, so we ge@ for the generating func-
tions

() = fau—) () + fu(t) — fe(t) = 0. (4.1)
We then observe that fy_1)(t) = tfu(t) and we get

(I =t)fm(t) = fo(t) — fx(t).

It remains to argue that K and C' are finitely generated modules over
Clxo,...,Tn—1] and apply induction on n (with n = 0 case just graded
finite dimensional vector spaces) to see that f(t) is a rational function with
denominator that is a power of (1 —¢). The relation to dim Z(I) is signifi-
cantly more difficult to prove and the interested reader is referred to [2] or
[12].

Remark 4.2. One can compute the field of rational functions on Z(I) in
a manner analogous to the affine case (Remark . Specifically, for a
prime homogeneous ideal I we consider the graded integral domain A =
Clxo, ..., zn]/I and the field of degree zero fractions, i.e. fractions of homo-
geneous elements of the same degree:

Rat(Z(I)) = {g;, deg g1 = degga, 91,92 € A} C QF(A).

We will now talk about the Bezout’s theorem. To begin with, one can
show that all algebraic curves C in CP? are given by a single homogeneous
polynomial equation f(xg,z1,22) = 0 of some degree degC, with f not
having any repeated irreducible factors. Irreducible factors of f correspond
to the irreducible components of the curve.

Theorem 4.3. (Bezout’s theorem) Let C1,Co C CP? be curves with no
common components. Then the number of intersection points of Cy and Cs,
counted with multiplicities, is equal to (deg Cy)(deg Ca).

We will delay the proof of Theorem [4.3] until the next section, but before
we even start, the statement of the theorem makes no sense without us
defining the multiplicity of intersection of two curves. For simplicity, let

43 This is Exercise 2.
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us assume that C7 and Cy intersect at a point (1 : 0 : 0). We will write
their equations in the open set Uy as polynomials f and g in C[y;, y2] where
Yi = ;C—é. Consider the subring R of the field of rational functions C(y1, y2)
given by

F(y1,2) }
R={42W0Y2) - ioh that F,G € Cly, o), G(0,0) £0 5 . 4.2
{ G, st tha 1,12, 60,0 # (12

Consider R/(f,g)R. Because f and g have no common factors, it turns
oudzzl to be a finite-dimensional vector space over C, and we define

multy0.0)({f = 0} N {g = 0}) = dim¢ R/(f, g) R. (4.3)

Let us now do some examples of intersection multiplicities to confirm
that they do what we would like them to do.

First, we will check that two distinct lines intersect with multiplicity one.
Without loss of generality, we may assume that these lines are {x; = 0}
and {xo = 0}. Then the ideal generated by y; and yy in R is precisely
the kernel of the evaluation map R — C with sends F(y1,y2)/G(y1,y2) to
F(0,0)/G(0,0), and thus the quotient is one-dimensional.

Now let us look at the intersection at (1:0:0) of {z2 = 0} and {xozs —
2?2 = 0}. In the affine coordinates y1, y2 on Uy this becomes the intersection
of the line {y2 = 0} and the standard parabola {ys — y? = 0}. We will
take the quotient of R by y2 and y2 — y? in two steps. At the first step,
we mod out by ys to get the subring of the field C(y;) which consists of all
rational functions with denominators that are nonzero at y; = 0. Then we
need to further take a quotient by y? (since yo — 47 is now simply y3) which
gives us a two dimensional space, with basis being the images of 1 and ;.
So we see that the horizontal line and the standard parabola intersect with
multiplicity 2, which makes sense.

Exercise 1. Prove that for a sequence of integers ag4, d > 0 the first two
conditions of Theorem are equivalent to the last condition of it.

Exercise 2. Prove (4.1J).

Exercise 3. Prove that the intersection multiplicity of {y2 = 0} and
{9(y1,y2) = 0} at (0,0) is the multiplicity of the zero of g(y1,0) at y; = 0.

44 We will actually see it as part of the proof of the Bezout’s theorem in the next section.
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5 Proof of Bezout’s Theorem on intersection of
plane curves.

In this section, we will give a proof of Bezout’s theorem along the lines of the
first chapter of [20]. Some commutative algebra concepts will be explained
as we go along.

As in the statement of Theorem [4.3] we have two homogeneous polyno-
mials f1(xg,x1,22) and fa(zg, z1,22) without common factors, which give
plane curves C1 = {f1 = 0} and Cy = {fo = 0}. The main idea is to consider
the ring Clxg, x1,x2]/(f1, f2) as a graded module over C[xg, 1, x2].

Proposition 5.1. For every nonzero finitely generated graded module M
over a graded Noetherian ring A there exists a finite filtration

0=MyCMC...C My=M

so that for each i € {1,...,k} the quotient module M;/M;_1 is isomorphic
to (A/pi)(d;) where p; is a homogeneous prime ideal in A and d; € Z is a
grading shift.

Proof. We first observe that it is enough to show that every nonzero module
M has a submodule M; isomorphic to (A/p)(d) for some homogeneous prime
ideal A and some degree shift d. Indeed, by the Noetherian property of M
there exists a maximum graded submodule M’ of M for which the filtration
of Proposition [5.1] exists. If this submodule is not M, then there would be
a submodule in M /M’ isomorphic to (A/p)(d) and then its preimage in M
would contradict maximality of M’.

To find a submodule of M isomorphic to (A/p)(d), let us ask ourselves
what this means. Such isomorphism would send 1 € (A/p)(d) to some
element m € M. The degree of 1 in (A/p)(d) is, by the definition of the
grading shift,lﬂ equal to (—d), and the ideal p can be recovered as

p = Ann(m) := {a € A, such that am = 0}.

Conversely, given any nonzero homogeneous element m € M, the submodule
(m) C M generated by m is isomorphic to (A/Ann(m))(— degm).

So now we are simply looking for a nonzero homogeneous element m € M
whose annihilator is prime. As with many things in mathematics, we will

51 Never trust any signs in any mathematical text ever!
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try to find such m by imposing on it some maximum or minimum property.
As it happens, the right thing to consider is nonzero homogeneous m such
that Ann(m) is maximum among all such annihilators, in the sense that
there are no nonzero homogeneous m’ with Ann(m’) 2 Ann(m). Existence
of such m is assured by A being Noetherian. Now suppose that the ideal
Ann(m) is not prime. It means that there exist a,b € A with abm = 0,
am # 0, bm # 0. Then Ann(bm) contains Ann(m) and it is strictly larger
because it contains a while Ann(m) does not. This finishes the proof. [

Filtrations of Proposition [5.1|are typically non-unique, see Exercise 1. We
also remark that the same statement applies to finitely generated modules
over usual (non-graded) Noetherian rings, and the argument is essentially
the same.

Returning to the Bezout’s theorem, what primes can appear in a filtration
of M = Clzo,x1,x2]/(f1, f2)? The annihilator of any element of M contains
(f1, f2), so we have p O (f1, f2). Dimension theory then implies that these
are primes that correspond to intersection points of {f; = 0} and {f = 0}
or the irrelevant ideal (zg, 21, x2).

We will now exploit the fact that when we have a filtration of finitely
generated graded modules as in Proposition [5.1], the Hilbert polynomial of
M is equal to the sum of the Hilbert polynomials of (A/p;)(d). The Hilbert
polynomial of Clzg,x1,z2]/(f1, f2) can be computed from the short exact
sequenc

0 — Clzg, 1, 22]/(f1)(— deg fo) <2 Clzo, x1,22)/(f1) = Clao, @1, @2)/(f1, f2) — 0.

By the computation of the previous section, the Hilbert polynomial P(k) of
Clxo, x1,x2]/(f1) s k(deg f1) + ¢ for some constant c¢. Therefore, the Hilbert
polynomial of Cxg, z1,x2]/(f1, f2) is

(kdeg f1 + ¢) — ((k — deg fa) deg f1 + ¢) = (deg f1)(deg f2).

Let us now compute the Hilbert polynomials for (C[xo, z1, z2]/p)(d) where p
is either the irrelevant ideal or the ideal of a point. For the irrelevant ideal,
we get Clxo, z1, z2]/ (20, 21,22) = C, located in degree zero. Regardless of
the shift, the Hilbert polynomial is zero. For an ideal that corresponds
to the point, we can take a linear change of variables and then look at

52 Fxercise 2 shows that the multiplication map by fa is injective on C[zo, 21, z2]/(f1).
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Clxo, z1,x2]/(x1,x2) = C[xo]. The Hilbert polynomial is 1, which is again
unchanged under shifts.

Consequently, to prove Bezout’s theorem, it suffices to argue that the
ideal p of a point in CP? appears exactly as many times in the filtration of
Proposition for M = Clzg, z1, z2]/(f1, f2) as the multiplicity of intersec-
tion at that point. This is a straightforward calculation if one is comfortable
with the concept of localization in commutative algebra, which we will now
review.

Detour: Localization of commutative rings and modules. The
idea of localization is to look at a ring A and then ask “what would happen
if such and such elements of A were invertible”? It is a common theme in
algebra to ask for something and then see if there is some universal way
of accomplishing it. For example, the quotient ring is the universal way of
setting some elements of a ring to zero.

It turns out that it is indeed possible for any subset .S of A to find a ring
Ag together with the ring homomorphism@ A — Ag such that every ring
homomorphism A — B that sends elements of S to invertible elements of B
uniquely factors through A — Ag.

For the actual construction, if we are asking for elements of a set S to be
invertible, we might as well ask it for their products. So we will assume that
the set S is closed under multiplication. Elements of Ag are then formal

fractions ¢ with a € A and s € S, up to an equivalence relation

a sa
a 24

s s's
for alla € A and s,s" € S.

I lied, but only a little bit. The above ~ is not an equivalence relation,
rather we need to take the smallest equivalence relation that it generates. If
A is an integral domain, then we can say Cs”—i ~ ‘S’—z if and only if sjas = ssaq,
but if S has some zero divisors, this would still not be enough to ensure
transitivity of the relation, and the correct definition of equivalence is

al a9

< ~ > <= (ds3 € S, such that s3(sjas — sea1) =0).
S1 S9

53 In this setting all rings are commutative and associative with 1 and ring homomor-
phisms send 1 to 1.
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What’s even better is that we can localize not only rings but modules
over rings. If we have a module M over a ring A with a multiplicatively
closed subset S, then we define the module Mg as the set of fractions

with m € M,s € S up to the equivalence relation

<7:1 ~ 7:2) <= (ds3 € S, such that s3(syma —samq) =0). (5.1)
1 2

Then Mg is an Ag-module, and localization of modules is a functor from the
category of A-modules to that of Ag-modules that preserves exact sequences.

These are not entirely trivial statements, and the reader may want to look
in [2] or [12] for more details.

We now go back to the proof of the Bezout’s theorem.

We have a filtration of M = C[zo,x1, z2]/(f1, f2) from Proposition
and we want to find the number of times the ideal p = (x1,x2) appears in
M;/M;_1 = (A/p;i)(d;). Let us consider the multiplicatively closed set S

S = {homogeneous elements of C[zg,x1,z2] which are not zero at (1:0:0)}.

In particular, S contains zg, and if we localize C[xg,x1,x2] at it first we
obtain C[i—é, ﬁ—i,waﬂ] (Laurent polynomials in zp over the polynomial ring
Cly1,y2] for y; = 7t). When we localize further by the image of S in
ClL, 22, z3'] we end up with the Z-graded ring R[zZ'] where the ring R is

defined in ([@.2). If we localize the module M, we end up with (R/(f1, f2))[z2"]

where f; = % is the dehomogenization of f;. We can then take degree
o

0 part of this space to get exactly R/(f1, f2) that was used to define the
multiplicity of the intersection at the point (1:0:0).

So we will take the filtration of M from Proposition [5.1{ and observe that
the operations of taking localization in S and degree 0 parts preserves the
filtration property, with the associated graded objects changing accordingly.
If we localize M = Clxg, x1,x2]/(z0, 21, 22) in S we get 0, because xy both
annihilates Mg and is invertible. Similarly, localization of C[zg,x1,z2]/p
for a prime ideal that corresponds to a point p other than (1 : 0 : 0) is
zero because there is an element in S which is zero at p but not at (1 :
0: 0) and is therefore both zero and invertible on the localization. Finally,
(Clxo, 1,22/ (21, 22))s = ClzE'] and the degree zero of any grading shift of
it is a dimension one vector space over C. Thus, the number of occurrences
of the ideal of (1 : 0 : 0) in the filtration is exactly equal to the dimension
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of R/(f1, f2) which is the multiplicity of the intersection at this point by
([4.3). The same is true for all other points in CP2, which finishes the proof
of Bezout’s theorem.

Exercise 1. Consider the graded ring C[t] with ¢ homogenous of degree
one. Consider M = C[t] as a module over itself. For any k > 1, construct a
filtration of Proposition of length k.

Exercise 2. Show that under the assumption that fi, fo € C[xg, 21, x2]
have no common irreducible factors, the multiplication by fo map is injective

on Clzg, 1, z2]/(f1).
Exercise 3. Show that (5.1]) defines an equivalence relation.

6 Line bundles and vector bundles.

We will now talk about a very important concept that will follow us through-
out these notes, that of a vector bundle. We will mostly do this in the setting
of complex manifolds rather than algebraic varieties, with an honest assur-
ance that the algebraic case is essentially the same.

Let X be a complex manifold. Informally, a rank r vector bundle W over
X is another complex manifold, with a map 7 : W — X such that:

e For each p € X the fiber 7—!(z) has a structure of a dimension r
complex vector space.

e This vector space structure varies holomorphically as x changes.

Now let us look at the formal definition.

Definition 6.1. A vector bundle W on a complex manifold X is the a com-
plex manifold equipped with a holomorphic map m: W — X and a structure
of a complex vector space on each fiber, that satisfies the following property.
For every x € X there exists an open set U > x and a biholomorphism
7Y (U) =2 C" x U, such that the diagram
aI(U) = C"xU
N (6.1)
U

commutes and is compatible with the complex vector space structures on the
fibers.
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Remark 6.2. A wvector bundle W — X of rank r = 1 is called a line
bundle. If a bunch of mathematicians are talking, you can recognize algebraic
geometers by how frequently they say “line bundle”. It is really important in
algebraic geometry, for reasons we will see shortly.

Remark 6.3. Morphisms of vector bundles over X are defined as holomor-
phic maps that commute with projections to X and are linear maps on each
fiber. A wvector bundle W — X of rank r is called trivial if it is isomorphic
as a vector bundle to C" x X — X with the projection mapF’El One can
think of arbitrary W — X as being locally trivial, i.e. there is a cover of X
such that the restriction of W — X to each open set of the cover is trivial.

Remark 6.4. If X has a structure of an algebraic variety, then a vector
bundle W — X must be locally trivial in Zariski topology. Otherwise, the
same definition applies, with holomorphic maps replaced by maps of algebraic
varieties.

Another way of thinking about a vector bundle is in terms of its tran-
sition functions. Suppose we have two open sets U and V in X with the
biholomorphisms as in . Restrictions to U NV give a commutative
diagram

Cx(UNV)2r (UnV)=C x(UNV)
N 3 e
unv

and therefore an automorphism of C” x (U N V') which is compatible with
the projection to U NV and the vector space structure on the fibers of this
projection. Such automorphisms are precisely of the form

(w, z) = (A(2)w, 2)

where A is a holomorphic function from UNV to GL(r, C). These functions
A must satisfy a certain cocycle condition for triple intersections. Con-
versely, given such functions with the appropriate compatibility on triple
intersections, we can use them to glue together copies of C" x U to build a
vector bundle.

Remark 6.5. In the algebraic setting, the transition functions must be given
by matrices whose entries are rational functions with denominators that have
no zeros on UNV.

If X is a point, then a rank r vector bundle over X is simply a dimension
r complex vector space. So it is not too surprising that whatever one can

61 Nothing is quite as disheartening as not understanding what something “trivial” is.
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do with vector spaces one can also do with vector bundles. For instance, we
have direct sums, tensor products, symmetric and exterior powers, duality,
and fiber-wise homomorphisms. Some basic properties of these constructions
are listed below.

. rk(W1 D Wg) =1k Wi +rk W,
° rk(Wl & WQ) = (l"k Wl)(rkWQ)

o tk(Sym*W) = ( rszk_l )

o tk(AFW) = < tk W >

k
o tk(WV) =rk(W)
o Hom(Wy, W) = Wo @ W)/

Did I mention that line bundles were of special interest?

Definition 6.6. Picard group Pic(X) is the (abelian) group of line bundles
on X, up to isomorphism (as line bundles). The product is &, the identity
is the trivial line bundle C x X — X, and the inverse is W — WV.

Remark 6.7. The Picard group of a manifold X is an important invariant
of X. It is a close relative of the class group of a number field.

An important construction that we will use later is that of a pullback
of vector bundles. Suppose we have a vector bundle 7 : W — Y and a
holomorphic map p : X — Y. Then the pullback p*W — X is defined as
the fiber product X xy W, i.e. the subvariety in X x W of pairs (z,w) that
map to the same point in Y under p and 7. In elementary terms, the fiber
of u*W over z € X is naturally identified with the fiber of W over u(z). We
have a commutative diagram

ww — W
1 lm
X 4 vy

of complex manifolds. Of course, rk u*W = rkW. The construction also
works in the algebraic setting.

We also need to talk about sections of line bundles2 For a line bundle
m: L — X we define a section s of L as the holomorphic function s : X — L

6-2The same applies to vector bundles, but we will focus on the line bundles.
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such that mwos = idx. In very simple terms, we are picking one point in
each fiber of L — X, in a holomorphic fashion.

The simplest example of a section is the zero section. This means that
in every fiber we pick the well-defined element 0 of the corresponding vector
space structure. For some line bundles this is the only (holomorphic) section.

When we pull back a line bundle, sections pull back with it. Namely,
suppose we have 7w : L — Y, p : X — Y and the pullback commutative
diagram below.

WL — L
1 I
X A vy

Then to any section s : Y — L we can associate a section pu*s : X — p*L

by
ps x> (x,s(pu(zr)) € X x L. (6.2)

We observe that (x, s(u(z)) lies in u*L C X x L because s is a section, see
Exercise 1.

We can also consider sections not for the whole L — X but only over
some open subset U C X, i.e. the sections of the restriction of L. — X to
771U — U. Spaces of such sections are sometimes denoted by I'(U, L). If
U is all of X, the space I'(X, L) is often called the space of global sections
of L.

We will also introduce some natural bundles on smooth manifolds which
will be used later. Namely, for any smooth manifold X we can construct its
holomorphic tangent bundle T X — X. Sections of this bundle on U are the
same as vector fields on U. Its dual TX" — X is called the cotangent bun-
dle. Sections of the cotangent bundle over U are precisely the holomorphic
1-forms on U 3
Definition 6.8. The top exterior power of the cotangent bundle A XT XV
is called the canonical line bundle of X. Sections of it over U are holomor-
phic n-forms on U.

Exercise 1. Verify that (6.2)) defines a section of p*L.

63 When I was learning calculus, the symbol dz really confused me. Was it a function
of two variables? Of one variable? I only found peace when it became clear that dzx is a
section of the cotangent bundle.
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Exercise 2. Show that sections of a vector bundle W — X have a
natural structure of a vector space over C.

Exercise 3. Verify that sections of the line bundle C x X — X are in
natural bijection to holomorphic functions on X.

7 Line bundle O(1) on CP". Maps to projective
spaces.

We will now learn exactly why line bundles are so ubiquitous in algebraic
geometry — they are used to define maps to projective spaces.

We start by defining a very important line bundle on CP™ which I will
denote by O(1). Recall that CP™ can be viewed as a set of lines through
the origin in C"*!. To set our notations, a point p = (zg : ... : z,) € CP"
corresponds to the line I, = {(tzo, ... ,tz,),t € C}. We define as a set

O(1) = {(p, ), where p e CP",p €1/}

with the projection map 7 : O(1) — CP" given by (p,¢) — p. While
we immediately see that fibers of 7w are l;,/ and thus have a natural one-
dimensional vector space structure, we have not yet given O(1) any complex
manifold structure. However, observe that over an open set Uy = {z¢ # 0}
there is a natural bijection

7T_1U0 =2Cx U (7 1)
(o oo ian),0) = (L2, 22), (o 1 oo 2 ). '

In plain words, we can nicely pick a point in [, for p € Uy and evaluate ¢ at
that point. Of course, we can do the same for every index i and then verify
that the transition functions are holomorphic and rational, see Exercise 1.

We now observe that the geometric meaning of the homogeneous coor-
dinates xo, ..., z, is that they are sections of the line bundle O(1) — CP".
Indeed, each z; is a linear function on C**! and thus restricts to a linear
function on l,. It is also clear that x; is holomorphic (by looking at it on
each Uj). It is in fact true that

T(CP",0(1)) = Cao @ - - - ® Carn,

see Exercise 2.
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Using the group operations of line bundles, we can define O(k) — CP"
for all k € Z as k-th power of O(1) in the Picard group Pic(CP™). Notably,
O(0) = C x CP" is the trivial bundle and O(—1) has fiber over p naturally
identified with .

We are now ready to discuss maps to CP”. If we have a holomorphic
map f: X — CP", we can consider the pullback diagram

fro) — o)
\ i
X — CcPr

and note that sections z; of O(1) — CP"™ pull back to holomorphic sections
si = f*x; of f*O(1) — X. An important observation is that for every point
p € X at least one of the sections f*x; does not equal zero in the fiber
of f*O(1) — XE Indeed, the fiber of f*O(1) — X at p is the fiber of
O(1) — CP™ at f(p) and we know that not all x; are zero at f(p).

In the other direction, if we have n + 1 holomorphic sections sq,..., s,
of a line bundle L — X, which are not simultaneously zero at any point of
X, we can define a map X — CP™ by

p= (so(p) : ...t sn(p))

Note that this map is well-defined and holomorphic. The easiest way to see
both is to appeal to a local biholomorphism with C x U. While not unique,
it is defined up to a holomorphic invertible scaling of the fiber, so all s;(p)
are multiplied by the same factor.

These two constructions also work in the algebraic setting, and are in-
verses of each other. I.e., we have the following bijection.

{X — CP" with coords xg,...,z,} +—

{line bundle L — X, with sections sq, ..., s, with no common zeros}

We do not prove this claim, because the proof is about as enlightening as
filing one’s taxes, but a motivated reader is welcome to do so.

We will now look at some examples.

"1 We can not make sense of a value of a section, because identification of the fiber with
C is not canonical, but we can ask whether the value is zero, since the fiber has a natural
vector space structure.
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e Consider CP! with the homogeneous coordinates (yo : y1). Note that

Y2, Yoy1,y3 can be viewed as sections of the line bundle O(2) = O(1)%2.
Then we can use them to define a map CP' — CP? by

(o :y1) — (Y5 : o1 : Y1) (7.2)

The image of this map is a smooth curve in CP? given by woxs — 27 =

0. In fact, any smooth coni@ in CP? is isomorphic to this one.
(Quadratic forms in three complex variables are uniquely determined
by their rank; rank two conics are unions of two lines, all rank three
conics are as above.) The fact that a conic curve can be parametrized
by a line is something that we have already seen in the rationalizing

substitution )
2t t“—1
D.y0) = (7 77 )
@O0 = (777 77

which parametrizes the circle 22 4+ y? = 1. It is useful in computing
certain indefinite integrals and in classifying Pythagorean triples.

This map is the simplest case of the so-called Veronese embedding.

Consider the map CP! — CP! given by

(yo : y1) = (W5 = vi)-

This map is well-defined, because 32 and y? are never simultaneously
zero. It can be viewed as the extension of the map C — C given by
2+ 2% to CP! by sending oo to co. It is a holomorphic map of degree
two, i.e. most points have two preimages.

Consider the product CP! x CP! with two projections 71, 72, and the
line bundle

O(1,1) := 71O(1) @ T50(1).

Holomorphic sections of O(1,1) are homogeneous polynomials of bide-
gree (1,1) in two sets of homogeneous coordinates. They define the
map from CP! x CP! to CP? by

((yo : y1), (20 = 21)) = (Y020 : Yo21 : Y120 : Y121) (7.3)

The image is a degree two surface in CP? given by zgzr3 — z122 = 0.
As in the CP? case, all maximum rank degree two (called quadric)
surfaces in CP? are isomorphic to it.

7.2

a curve given by a quadratic equation
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We can see these two rulings on a real quadric in the case of the
hyperboloid of one sheet. It can be obtained by rotating a line around
the axis, and this provides one of the rulings. There are also such
rulings on the hyperbolic paraboloid — these surfaces are projectively
the same after compactification in RP3.

e More generally, one can use sections of O(1,1) to embed CP™ x CP™
into CP(m+D(+1)-1 Tt i5 called the Segre embedding.

We are now ready to define ample and very ample line bundles.

Definition 7.1. Let L — X be line bundle over an algebraic variety X.
We call L very ample, if its global sections can be used to embed X as a
subvariety of some projective space. We call L ample if some positive tensor
power L% k> 1 of L is very ample.

There is a coordinate-free version of CP™ and the maps to it. Let
V be a complex vector space of dimension n 4+ 1. Then we denote by
PV = (V \ {0})/C* the space of lines in V. It comes with natural com-
plex and algebraic structures. Of course, PV is isomorphic to CP", but the
isomorphism depends on the choice of a basis of V.

If we have a line bundle L — X and a map
w:W —=TI'(X,L)

from a finite-dimensional complex vector space W to the space of holomor-
phic sections of L, then for any p € X we consider the subspace W, C W
of w € W such that p(w) is zero at p. Provided that the subspace W), is
always proper (this is the coordinate-free analog of s; not having common
zeros) the codimension of W), is 1, and we get a map

X = PWY, pr Ann(W,) € PWY

which sends p to the line in WV which is the annihilator of W,. This map
is always holomorphic in the complex manifold setting and is a map of
algebraic varieties in the algebraic variety setting.

Remark 7.2. If the map W — I'(X, L) is not injective, then the image of X
in PWYV sits in a projective subspace of PWY and vice versa. For ezample,
the map

(yo:y1) = (3 : yi:yi)

gives a degree two map from CP' to a line {x1 — x3 = 0} in CP2.
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Later we will use the following result about automorphisms of CIP".
Proposition 7.3. The automorphism group of CP" either as a complex
manifold or as an algebraic variety is naturally identified with PGL(n+1,C).
In the coordinate-free language, automorphisms of PV are identified with the
group PGL(V') of vector space automorphisms of V' up to scaling.

Proof. An invertible (n 4+ 1) x (n 4+ 1) complex matrix A gives a linear
change of coordinates and thus an automorphism of CP". This gives a
group homomorphism

GL(n+1,C) — Aut(CP")

whose kernel are the constant diagonal matrices AId, A # 0. Analogously,
we get an injective group homomorphism PGL(V) — Aut(PV). To prove
surjectivity, we need to argue that for every automorphism p : CP" — CP"
the pullback of O(1) is isomorphic to O(1). We delay the verification of this
fact until Remark 8.3 O

Exercise 1. Verify that transition functions for the identification of
(but for all U;) are holomorphic and rational on U; N U; and thus give O(1)
the structure of a line bundle over CP" in both holomorphic or algebraic
settings.

Exercise 2*. Prove that every holomorphic section of O(1) — CP"
is a linear combination of homogeneous coordinates. Hint: for any such
section define the map f : (C"*!\ {0}) — C and show f is holomorphic.
Use Hartogs’ Lemma to extend f to a holomorphic function on C"*! and
use Taylor expansion and f(Az) = Az. The same argument shows that
holomorphic sections of O(k) — CP™ are zero for k < 0 are are homogeneous
polynomials of degree k for k > 0.

Exercise 3. Prove that the maps (7.2)) and (7.3) are embeddings of

complex manifolds.

8 Weil and Cartier divisors and class groups.

In this section, we will talk about certain abelian groups associated to a
complex algebraic variety, known as groups of Weil and Cartier divisors. The
term “divisor” goes back to nineteenth century and is ultimately related to
divisors of natural numbers, although this will not be immediately apparent.
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We start with the Weil divisors. Let X be an algebraic variety. We
consider the group of Weil divisors WeilDiv(X), defined as the free group
generated by elements [Y] for each codimension one subvariety ¥ C X. In
other words, elements of WeilDiv(X) are finite formal linear combinations

Z a;i[Yi]

where a; € Z and Y; are codimension one subvarieties of X.

If that were all there was to it, we would just have some huge free group,
with an uncountable generating set, with nothing interesting to show for it.
However, the key to this is that to any rational function f on X one can
associate a Weil divisor divf. The concept of a rational function, introduced
in Definition [3.5] and Remark is an algebraic analog of the concept of a
meromorphic functionlszl and the two notions coincide for smooth complex
projective varieties, although this is far from obvious. We will construc@
divf in a second but will now make two important definitions.

Definition 8.1. A Weil divisor on X is called principal if it is equal to div f
for some rational function f. It is easy to see that principal divisors form a
subgroup of WeilDiv(X). The quotient group C1(X) of the group of all Weil
divisors by the subgroup of principal Weil divisors is called the class group

of X.

For a meromorphic function of one variable, we can look at its zeros
and poles, with multiplicities, and this is exactly what divf is meant to
generalize. We will now get simultaneously vague and technical.

For simplicity, we will talk about Weil divisors on projective varieties
X C CP". Let I be a prime homogeneous ideal in Clxy, ..., zy], other than
the irrelevant ideal. Consider (cf. Remark a nonzero element f of the
field of degree zero fractions in the quotient field of A = C[xy,...,z,]/1, i.e.

g1
f==
92

where g; are homogeneous elements of A of the same degree. We would like
to define

divf = ap[Yi]
K

81 Meromorphic functions of several variables are defined as functions which can be
locally written as ratios of holomorphic functions.
82 sort of
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under certain assumptions on Z(I).

By a commutative algebra result known as Krull’s Principal Ideal theo-
rem, the minimal prime ideals I}, of A that contain g; correspond to codimen-
sion one subvarieties of Z(I). These will be the Y}, for divf, but the question
remains how to define ay. It turns out that if Z(I) is smooth in codimension
on@ then the ring Ay which is the degree zero part of the localization of A
by homogeneous elements not in [ is what’s known as a DVR@ (discrete
valuation ring). This implies that there is a group homomorphism v from
QFy(A)* to the additive group of Z, and we define

dive =Y ()Yl
k

If you feel that you are getting a run-around here, you are not entirely wrong.
Still, it is good to know that a prototypical case of a DVR is the ring C|[[t]]
of formal power series in one variable, and the corresponding valuation v
from its field of fractions, the field of Laurent formal power series C((¢)),
sends f(t) to the degree of its leading term. So in this case it picks up the
orders of zeros and poles at ¢t = 0 of a meromorphic function in ¢.

Let us look more specifically at the case I = {0}, i.e. Z(I) = CP".
Codimension one subvarieties of CP" are in one-to-one correspondence to
irreducible positive degree homogeneous polynomials in Clzg,...,zy] up to
scaling. It is not an obvious statement, rather it follows from Clzy, ..., x,]
being a unique factorization domain. Any rational function on CP™ can be
written, uniquely up to a nonzero multiplicative constant, as

f= HE(xo,...,mn)a"

where a; are nonzero integers and F; are irreducible homogeneous polyno-
mials, such that

ZaidegFi =0.

1

Then the Weil divisor of f works out to be

divf = Zai[{Fi = 0}]. (8.1)

83 There is a Zariski open subset U of Z(I) where the equations define a complex
submanifold, such that dim¢ Z(I) — dime(Z (1) \ U) > 2.

84 1 am old enough to remember when this abbreviation acquired another meaning, by
now already archaic.
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It is easy to see that the condition ), a; degY; = 0 is the only condition on
> ; a;[Y;] being a divisor of a rational function on CP". Therefore, we have
Cl(CP™) = Z, with the long exact sequence

1 — C* — Rat(CP")* — WeilDiv(CP") 2% 7 — 0

where the degree map sends [Y] to degY. Indeed, a divisor of a rational
function is zero if and only if the function is a nonzero constant.

Remark 8.2. If we pick a hyperplane H, for example {xo = 0}, we get a
natural splitting of the surjective map deg which sends k to k[H].

Remark 8.3. In the proof of Proposition 7.3 we needed the statement that
for an automorphism p : CP™ — CP™ the pullback of O(1) is isomorphic to
O(1). Since O(1) generates Pic(CP™), the pullback of O(1) must be O(£1).
However, O(—1) does not have any nonzero holomorphic sections and is
thus excluded.

There is another kind of divisors, namely Cartier divisors which we will
now describe. At a first glance, they have little to do with Weil divisors,
but we will soon see that the two notions often coincide.

Definition 8.4. A Cartier divisor on X is a collection of (Uy, fo)acs where
X =Uuer Ua is a Zariski open cover of X and fo are rational functions on

Uy which are holomorphic on Uy, such that for any «, B the function % 18

invertible on Uy NUg. In particular, for every x € X the functions fo for U,
that contain x differ by an invertible function. We moreover identify Cartier
divisors (Un, fo)acr and (Uy, fo)acs if they are compatible, i.e. the union
(Uas fa)actug is a Cartier divisor on X. Cartier divisors form a group,
with the operation given by products of fo on the common refinement of the
covers.

Here we are assuming that all U, are some Zariski open subvarieties in
C"™, and the concept of rational function from Definition [3.5]is applicable.

Compared to the definition of Weil divisor, the definition of a Cartier
divisor is rather complicated. However, there is a natural way to associate
to any Cartier divisor a Weil divisor. Namely, to any divisor (Uy, fa)acr we
assign the unique Weil divisor on X which restricts to divf, on each U,. In
other words, we are reading off the zeros and poles of the rational functions
fa, with multiplicities. The condition that % is invertible on U,NUpg assures
that these Weil divisors on U, coincide on the intersections. Therefore, they
can be glued together to a unique Weil divisor on X.
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Remark 8.5. If we are working with smooth varieties X, we can also go
from a Weil divisor to a Cartier divisor. Indeedffl every codimension one
subvariety Y C X can be Zariski locally written as a divisor of a rational
function. We can take these local descriptions and put them together to form
a Cartier divisor. Then ratios % will have no poles or zeros on U, N Usg,

which will make them invertible on them. I am suppressing the technical
details.

As with the Weil divisors, there is a concept of a principal Cartier di-
visor. It is simply given by (X, f) for a rational function f. Clearly, these
are identified with principal Weil divisors. In short, we have the following
diagram of abelian group@

1 — InvRat(X) — Rat(X)* — CartierDiv(X) — CaCl(X) — 0

| | ! I (8.2)
1 — InvRat(X) — Rat(X)* - WeilDiv(X) — CIX) —0

where the maps CartierDiv(X) — WeilDiv(X) and CaCl(X) — CI(X) are
isomorphisms for smooth X. Here the rows are exact sequences, the notation
InvRat(X) stands for invertible functions on X (equal to C* for projective
X), with the operation of multiplication, and Rat(X)* means nonzero ra-
tional functions.

Remark 8.6. We can similarly talk about Weil and Cartier divisors on
complex manifold, with Zariski topology replaced by the usual one.

When X is not smooth, but has some singularities, the concepts of Weil
and Cartier divisors are no longer equivalent. Both groups are well-defined
for varieties X with so-called normal singularitiesE] which means that X is
built out of integrally closed integral domains (see [2]). However, when X is
only normal, but not smooth, the maps CartierDiv(X) — WeilDiv(X) and
CaCl(X) — CI(X) are only injective. Surjectivity fails if there are subvari-
eties of codimension one which are not given locally by a single equation.

Exercise 1. Find the Weil divisor divf for the rational function on C?

:U:{’xQ

f(xla x2) —

2 3 :
m1+x2_1}2

85 Tt is not at all obvious, but true!

8:6 T have debated whether to write 1 or 0 on the left, but chose 1 to honor the multi-
plicative nature of InvRat(X).

8.7 Mathematicians clearly have some unresolved psychological issues, hence the word
“normal” is used in far too many unrelated settings: normal vector, normal distribution,
normal subgroup, normal linear operator, etc.
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Hint: 1t is a very simple problem, do not overthink it.

Exercise 2. Find a Cartier divisor on CP! so that the corresponding
Weil divisor is 5[0] — [i]. Hint: Use the cover of CP! by Uy and Uy.

Exercise 3. Consider the quotient of the ring of formal power series in
three variables
R = C[[x1, x2, x3]] /(x122 — 22).

Show that the ideal I = (x1,23) C R is not principalligl Hint: Look at the
dimension of I/(x1,x2,x3)I.

9 Cartier divisors as meromorphic sections of line
bundles.

In this section we will connect the concepts of Cartier and Weil divisors
with the previously considered concept of line bundles. The main idea is
that one can interpret every Cartier divisor as a meromorphic{gi-] section of
an appropriate line bundle, up to isomorphism. For reasons that are not very
clear to me, it is difficult to find this viewpoint in the literature without the
language of sheaves. I am choosing to avoid the language of sheaves, and to
muddle through anyway.

Let X be a smooth complex manifold. Recall from Section [6] that a line
bundle 7 : L — X is a holomorphic map from a smooth complex manifold L,
with the fibers 7! (x) given a structure of a one-dimensional complex vector
space. The simplest example is that of a trivial line bundle C x X — X and
all line bundles are glued from C x U — U for some open subsets U C X.

Recall that holomorphic sections of 7 : L — X are holomorphic maps
s: X — L such that mros =idyx. If L = C x X — X is a trivial line
bundle, then holomorphic sections of it are in bijection with holomorphic
functions X — C. Similarly, we can talk about meromorphic sections of line
bundles. Indeed, locally every line bundle is (non-canonically) isomorphic to
Cx U — U and we would be looking at meromorphic functions on U (ratios
of two holomorphic functions). If we change to another identification of

88 This is an infinitesimal version of the statement that the Weil divisor on the surface
x122 = x3 given by [z1 = x3 = 0] can not be locally given as divf.
91 or rational, in the algebraic category
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71U with C x U, we simply multiply by an invertible holomorphic function,
so meromorphicity of sections is well defined.

The analog of meromorphic sections in the case of smooth complex alge-
braic varieties is that of rational sections. It is basically the same thing, but
now everything is algebraic. The key observation is that to any nonzer
rational section s of a line bundle . — X one can naturally associate a
Cartier divisor as follows.

Definition 9.1. Let s be a nonzero rational section of a line bundle m : L —
X. Pick an open cover X = Uael U, such that L s trivial over each U,
and choose one isomorphism 11U, = C x U, of line bundles over each U,.
Under this isomorphism, s becomes a rational function f, and we can see
that (Uy, fo) form a Cartier divisor (see Exercise 1.)

Remark 9.2. Observe that if we multiply a rational section s of a line
bundle L — X by an invertible rational function on X (which we can do
because fibers of L — X have a vector space structure), the corresponding
Cartier divisor from Definition|9.1| is unchanged. One can think about it as
a particular case of the statement that if an isomorphism of vector bundles
L1 and Lo sends a rational section s1 of Ly into a rational section sy of Lo,
then the corresponding Cartier divisors are the same. Therefore, we see that
rational sections of line bundles, up to isomorphism, give Cartier divisors.

Proposition 9.3. If we have two line bundles Ly — X and Ly — X,
with two nonzero rational sections s1 and so, then we can define the tensor
product s1® 89 as a rational section of the tensor product line bundle L1 ® Ls.
This gives an abelian group structure on the set of line bundles with nonzero
rational sections up to isomorphism, and the map of Definition|9.1|is a group
homomorphism.

Proof. The identity of the group structure is given by the trivial line bundle
C x X — X with the section x — (1,z), and it is easy to check group
properties. When checking that the map is a homomorphism, we can work
on a cover X = |J, U, for which both L and Ly have trivializations. Then
tensor product of sections gives rise to the product of the corresponding
functions f,,1 and f,2, which corresponds to the product of the Cartier
divisors. O

We can in fact reverse the construction of Definition[0.1} To every Cartier
divisor we will associate a line bundle, with a rational section, unique up

92 je. not identically zero
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to an isomorphism. This will provide Cartier divisors with a nice geometric
meaning.

Definition 9.4. Suppose we are given a Cartier divisor (Uy, fo)acr- Take
a copy of C x Uy for each o and glue them together by the following identi-
fication. We consider the equivalence relation of the set | |,(C x Uy) with

fs(@)
fa(7)

forallz € UyNUg and allt € C. It is easy to see that this is an equivalence
relation. The set of equivalence classes L then has a structure of a complex
manifold (or algebraic variety), with a natural projection to X, and it has a
line bundle structure. Also observe that since

(fa($)7x) ~ (fﬁ(x)a 'r)

we can use fo, to define a rational section of L — X.

(Can)B(t,x)~< t,x)E(Cng)

Note that if two Cartier divisors are equivalent, then the resulting line
bundles are isomorphic, with the isomorphism identifying the natural ratio-
nal sections. It is also easy to see that the constructions of Definitions [9.1
and [9.4] are inverses of each other.

Remark 9.5. For a rational function f on X, the principal Cartier divisor
divf corresponds to the trivial line bundle C x X — X with the rational
section identified with f, i.e.

s(x) = (f(x), ).

Proposition 9.6. For a smooth complex manifold X the class group Cl(X)
is isomorphic to the group Pic(X) of line bundles on X.

Proof. Two different nonzero rational sections s; and se of the same line
bundle L — X differ by a global rational function g on X, i.e. so(x) =
g(z)s1(x). Therefore, forgetting the section s and just remembering the line
bundle gives a map

Pic(X) — CaCl(X)

from the group of isomorphism classes of line bundles to the group of Cartier
divisor classes on X, which is easily seen to be an isomorphism. Then we use
the identification of Carter and Weil divisor class groups from the previous
section. [
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We will now illustrate this construction with an example. Consider the
line bundle O(1) — CP? where we use (zo : 1 : 22) to denote the homoge-
neous coordinates on CP? and a holomorphic section z¢ of O(1). Recall the

standard cover CP? = Uy U Uy U Uy where U; = {x; # 0}. Each of the Uj is
isomorphic to C2, with coordinates

1 T2 Tro X2 Trog X1
900’960’ 1‘17961’ 362’562

respectively. Recall that O(1) is defined as the set of linear functions on
lines A(zg : 1 : x2). For the points on Uy, we can identify the fiber of O(1)
over them with C by looking at the values at the standard point (1 : £- : £2),

xo © X0
This means that the first coordinate (=section zg) gives fy = 1. For the
points on Uy, the standard point is given by (i—‘; : 1 %), so the section

gives f1 = ;—‘1) We similarly get fo = ﬁ—g To summarize, the Cartier divisor
that corresponds to the section x( is therefore

{(Uo, 1), (Un, %), (Us, g)}

We can easily verify that the above description fits the definition of Cartier
divisor. For example, the ratio % = i—i is an invertible holomorphic function
on Uy NUs. The corresponding Weil divisor is built from the zeros and poles
of f; and is the line [{z¢g = 0}] on CP?, with coefficient 1.

We will now compute the canonical line bundle K of CP?, which we
constructed in Definition [6.8] Rational sections of K are rational differential
2-forms, so we can pick one of them and compute the corresponding Cartier
divisor. More precisely, a form that locally looks like f(z1,22) dz1 A dzo will
correspond to the function f(z1,22), and these functions together will give
us a Cartier divisor. Let us start with the form

w:d<xl)w(x2>.
i) i)

It is precisely dz; A dzs for the coordinates on Up, so the corresponding
function is fo = 1. We now wish to compute it on Uj, where the local
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coordinates are g—‘f and i—f We compute
70\ To T
w=d (%) na(2E))
z1 T1 T1
20\ 2 x 20\ T T 20\ 2 T
(@) () ) -G ) (@)
x1 T x1 x1 T x1 I
() (@) na(z):
1 x1 z1

-3
This gives us f1 = (;—‘;) (signs, or more generally invertible functions

-3
do not matter) and similarly fo = (%) . Then the corresponding Weil
divisor is —3[{x¢ = 0}], and therefore the canonical line bundle over CP? is

isomorphic to O(-3).

We finish this section with an extremely useful result, known as the
adjunction formula.
Proposition 9.7. Let X be a smooth complex algebraic variety and let
D C X be a smooth subvariety of codimension one. Let Kx be the canonical
line bundle on X and let O(D) be the line bundle on X that corresponds to
the Weil divisor [D]. Then the canonical line bundle Kp is isomorphic to

p(Kx ® O(D))
where p* is the pullback of line bundles via the embedding map p: D — X.

Proof. We will not present the actual prooff3| but rather the main idea
behind it. Holomorphic sections of Kx ® O(D) correspond to meromorphic
top differential forms on X which have pole of order at most 1 along D and

no other poles. Then taking a residue at D gives top differential forms on
D. O

Exercise 1. Verify that Definition [9.1] defines a Cartier divisor. Further
verify that different choices of isomorphisms 771 (U,) = C x U, define the
same Cartier divisor.

Exercise 2. Verify that the relation ~ in Definition is indeed an
equivalence relation.

93 Shocking, I know.
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Exercise 3. Check that the canonical line bundle of CP" is isomorphic
to O(—n — 1), for any n > 1.

10 Cubic curves in CP?. Group law.

We are switching gears now, as we will do a lot in these notes, to go on a
long detour into the wonderful world of elliptic curves.

Recall that an irreducible curve in CP? is the zero locus of an irre-
ducible homogeneous polynomial f(xg,x1,z2) in the homogeneous coordi-
nates zg,x1,x2. If the degree of f is equal to 1, then {f = 0} = {apzo +
ayxy + agwe = 0} is a line. After a coordinate change, we may assume that
it is {x9 = 0}, so it is isomorphic to CP!. If the degree of f is equal to 2,
then f is a nonzero quadratic form in three complex variables. If the rank
is 1 or 2, then the corresponding polynomial 22 or 22 + 27 is not irreducible.
If the rank is three, then after a change of basis we get {zory — 23 = 0},
which is isomorphic to CP! in its Veronese embedding, which we considered
in Section [7l

The next case is deg f = 3, which is what we will focus on now. A general
cubic curve is given by

Z Cijk xéx{xé‘ =0
i+j+k=3,1,5,k>0
and is thus determined by its ten coefficients c;j.

Proposition 10.1. Generic choice of coefficients c;ji gives a smooth Rie-
mann surface.

Proof. Let us try to understand what it means for {f = 0} to be singular
at (1:0:0). This point lies in the open set Uy and we can dehomogenize

f=0to '
w1\ [(x2\*
Z C(3—j—k)jk ;0 ;0 =0 (10.1)

J+k<3,5,k=0

in Uy. In order for the curve to pass through (1 : 0 : 0), we need
to have no constant term, i.e. we need c3g9 = 0. Moreover, if any of the
linear terms is nonzero, we get smoothness at (1 : 0 : 0) by the inverse
function theorem. This means that we need co19 = c291 = 300 = 0. Thus
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the subspace of the coefficient space C!0 for which the curve is singular at
(1:0:0) is of complex codimension three.

As we vary the point p € CP?, we get a family of 7-dimensional subspaces
of C'°, and their union is then at most 9-dimensional (everything is algebraic
here, so dimension works like it should). Picking c;j; generically simply
means staying away from this “bad” locus. O

Remark 10.2. If a complex curve is smooth, then it is necessarily irre-
ducible by Bezout’s theorem. Indeed, a union of two curves would have
intersection points, and will be singular there.

Remark 10.3. All smooth cubic curves are diffeomorphic as real manifolds.
To see that, observe that the “bad” locus in the coefficient space is of real
codimension at least two, so the complement is connected. Thus any two
collections of coefficients that give a smooth cubic can be connected by a
path so that all of the intermediate Riemann surfaces are smooth. Locally,
small changes in coefficients clearly don’t affect the topology.

Remark 10.4. There is nothing special about the degree 3 here. In fact,
everything we discussed so far works for hypersurfaces of any degree in any
CP™. We leave the parameter count as Exercise 1. We also remark that it
further generalizes to the statement known as the Bertini’s theorem — given
a smooth subvariety of CP™, a generic hypersurface cut of it is also smooth.

So what is the topology of a smooth complex cubic curve? This is a
Riemann surface, which means that it is an orientable real surface. It is
also compact, since CP? is compact. Any such surface is homeomorphic to a
sphere with g handles, where g is called the genus of the surface. So we can
rephrase the question as asking what is the genus of a smooth cubic curve
in CP2.

We will be using homogeneous coordinates (z : y : z) on CP?, to match
some traditional notations. We pic@ a cubic curve E of the form

Y22 = (z — a12)(z — an2)(z — a32) (10.2)

where o; are distinct complex numbers. We can try to visualize E by sketch-
ing the corresponding real curve in the case of a; being real numbers, in the
open subset z # 0.

10-1 Byery smooth cubic can be written in this form after a coordinate change, but we do
not need this fact here.
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Let us check that £ is smooth. Note that the restriction of the above

equation to the line 2 = 0 gives 0 = 23, so (0 : 1: 0) is an inflection point of
xr Zz

E. In the local coordinates (7, 2) at (0:1:0) the curve E is given by

0= Z_ higher degree terms
Y

which shows that F is smooth at (0:1:0).

For the points with z # 0, we might as well dehomogenize by setting
z = 1. Then singularity is governed by f(z,y,1) = 0, %f(:z:,y, 1) =0 and
a%f(a:, y,1) = 0 which gives

Y2 —(z —a1)(z — ag)(z — a3) =0,
—(z—)(z—a3) — (x—a1)(x —a2) — (x — a1)(x — ag) =0,
2y = 0.

We then see that y = 0, so by the first equation © = «; for some ¢ which
then does not fit the second equation since «; are all different.

We can think of our Riemann surface E given by (10.2)) as

SUCEICICY

which we view as a double cover of CP! with coordinates (z : z). This
double cover is ramified at a1, ao, ag and oo, which means that a small loop
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around these points leads to an opposite branch of the square root. Thus, if
we make two cuts, one between a; and g and another between a3 and oo,
we will have two disjoint branches of the square root on the complement.
We visualize the two branches and the rules of going from one to another as
you cross the cut as follows.

We then flip the top part and extend the shores of the cuts.

After we glue the tentacles together, we get the real torus, a.k.a. sphere
with one handle. So the genus of the cubic curve is g = 1.




What’s fascinating about the cubic curves is that they come with a group
structure! More precisely, let O be a point on E. It is common to pick O to
be an inflection point of F, but then one would have to prove that such point
exists, and I can not be bothered to do so. For points A, B € E consider
the line AB (this would be the unique tangent line to E at A if A = B).
By Bezout’s theorem!9-2| this line intersects E at three points, counted with
multiplicities. Two of these intersection points are A and B, and we call the
third one X. Then we similarly consider the line OX and denote the third
intersection point with £ by Y. We declare

Y=A+B

for the newly defined addition operation +. We claim that it gives £ a
group structure, which is of course abelian by construction, since lines AB
and BA are the same.

We will almost prove associativity, which is rather miraculous. Suppose
we want to prove (A+ B) +C = A+ (B + C). It is easy to see that the
operation is continuous, so it suffices to assume that A, B and C are general
points on the curve and then just take limits. In particular, we never have
to worry about tangent lines. We denote Y = A+ B and W = B+ C. Then
the following lines “compute” L = (A+ B)+ C and R=A+ (B+C).

ABX, XOY, YCZ, OZL,
BCW, OWV, AVU, OUR.

Clearly, L = R is equivalent to Z = U.

Consider homogeneous cubic polynomials in x,y, z which vanish on the
eight points
A, B,C. X,)Y,W V, O. (10.3)

Since this vanishing is 8 linear conditions on the space C!© of the polynomi-
als, it is reasonable to expect that these conditions are linearly independent
and cut out a 2-dimensional space of polynomials. This is why this is only
an “almost” proof — it takes a fair bit of annoying arguments to establish
this linear independence. Now observe that the three cubic curves

E, ABXUOwWvuYCZ, BCWUOXY UAVU

10-2 This is an overkill here, because the restriction of a cubic polynomial to a line will
have three roots.
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pass through all eight points . This means that there is a linear rela-
tion among the corresponding polynomials. Since these curves are pairwise
distinct, this linear relation involves all three polynomials. Therefore, if two
of these curves pass through a point, so does the third one. In other words,
the nine intersection points of £ with ABX UOWYV UYCZ coincide with
the nine intersection points of E with BOCWUOXY UAV U, and this implies
Z =U.

It is easy to check (Exercise 3) that O is the identity of the group law.
When O is an inflection point, then the inverse of a point A € E is given
by looking at the third intersection point of the line AO with E. More
generally, the inverse is found as follows. Consider the tangent line to E at
O. Tt intersects E at O twice and at some other point O’ (which is O in the
inflection case). Then the inverse of A is the third point of intersection of
AO’ with E, see Exercise 3.

Exercise 1. Extend the count of the codimension of the bad locus to
arbitrary hypersurfaces of degree d in CP" by again figuring out what it
takes to be singular at (1:0:...:0).

Exercise 2. For the curve E given by and O = (0: 1:0) compute
explicitly the sum A+ B for A = (21 :y; : 1) and B = (z2 : y2 : 1) (you
can assume x1 # xg). Verify that the operation is associative. Hint: write
a parametric equation of the line AB, restrict the equation of F to it and
then use the Vieta’s formula for the sum of three roots of a cubic polynomial.
Don’t be shy about using software for algebraic manipulations.

Exercise 3. Verify that O is the identity of the group law on E. Verify
that the inverse B of A € FE is the third intersection point of the line AO’
with E.

11 Cubic curves as complex Lie groups. Lattice
description. Elliptic functions.

Recall that a cubic curve F was shown to be a compact Riemann surface,
equipped with an abelian group structure. It is not hard to see that the
group operation is holomorphic, which makes E into a complex compact Lie
group. Universal cover of F is then a one-dimensional simply-connected Lie
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group and is therefore isomorphic to (C, —|—)ln_7| Then E must be a quotient
of C by a discrete additive subgroup. Compactness of E implies that it must
be given, as a compact Riemann surface, by

P = (C/(Z'yl + Z")/Q)

where v and o are nonzero complex numbers such that % ¢ R. We will
denote the subgroup Zvy; + Zv2 by L and call it a lattice.

Remark 11.1. [t is possible to scale C and pick the generators of the lattice
so that L = 7 + Z7 with ITm(7) > 0.

We will now work on the complex manifold C/L. We want to show that
for any lattice L we can embed C/L into CP?, as a complex submanifold.
Our treatment is very similar to that of [22].

We are interested in meromorphic functions on C/L, which we can think
of as meromorphic functions f on C which are periodic with respect to L:

f(z+1)=f(z), foralll € L.

These functions are called elliptic. Before finding meaningful examples of
such functions, we will investigate their properties.

Let f be an elliptic function for the lattice L. Since poles of f have no
accumulation points, there must be a finite number of them modulo L.

Proposition 11.2. For any elliptic function f there holds

Z Res.—wf(2) = 0.

weC/L

Proof. Consider the fundamental domain D of L given by a parallelogram
(see picture below). It is shifted by some complex number zg so that it does
not pass through the poles of f.

11 1f you are not familiar with Lie groups, either complex or real, this paragraph probably

doesn’t make much sense to you. Hopefully, it will motivate you to learn these topics. I
learned this stuff from [29], but there are many other viable sources.
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20tV 20+ 71+ 72
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N 20+ M

The sum of residues in D is the counterclockwise integral | ap f(2)dz. By
periodicity of f, the contributions of the opposite sides of D cancel. O

Proposition 11.3. For a nonzero elliptic function f, the number of zeros
modulo L equals the number of poles modulo L, counted with multiplicities.
Proof. If f(z) is a nonzero elliptic function, then so is g(z) = ! ,((ZZ)). It
remains to observe that poles of g occur at zeros and poles of f, and the
residues of g are equal to the order of the zero or pole (the latter with a
negative sign). Then we apply Proposition to g and get the desired
result. O

Proposition 11.4. Let w; be the zeros/poles of a nonzero elliptic function
f, one for each coset modulo L. We denote by m; the multiplicity of the
zero (positive) or pole (negative) of f at w;. Then

> mjw; € L. (11.1)
7

Proof. Before starting the proof, we remark that changing w; to w; + [ for
I € L does not affect the conclusion. So we may again pick a fundamental
parallelogram D and write the sum in (11.1)) as

EaC)
27 Jon” (2)

Because of the term z which is not periodic, we will not quite have cancel-
lation for the opposite sides of D. Rather, the sum of the integral over the

dz.
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top and the bottom segments will be

1 z=z0+71 f’(z) 1 z=z0+71+72 f’(z)
— z z — — dz
2mi 2=20 f(Z) 2mi z2=z0+72 f( )

1 z2=z0+71 (4 e + 1 z=z0+71 (4
L (£ am et g L O
2mi z=z0 f(Z) ( + 72) 271 z=2z0 f(Z)

z=z0+M
:—7—2, dlogf(z)eLQ_(QwiZ)EZych
271 J =z 2mi
and similarly for the other pair. O

Having discovered these wonderful properties of elliptic functions, it
would be great to actually construct some non-trivial examples. An ur-
ban legend claims that once there was a PhD student who has been finding
the most fascinating properties of some class of functions, introduced by
their advisor. And just before the defense, they finally proved that all of
these functions were identically zero. Are we going to meet the same fate?
No!

If we have an elliptic function f which is holomorphic, then it must be
constant, by virtue of being a holomorphic function on a compact manifold
(otherwise, the image of f is compact, but it also has to be an open set).
Of course, constant functions are elliptic, but that’s not very interesting.

So we are forced to allow some poles. If we allow only one pole of order
1, up to lattice shifts, then by Proposition the residue at this pole
would be zero, so it would not be a pole at all!l So we should either have at
least two different poles of order one or one pole of order two. This makes
it reasonable to look for an elliptic function f on C that has a pole of order
2 at z = 0 and no other poles modulo L.

We know that the residue at z = 0 must be 0, so our first attempt at
finding such f is

This obviously fails, because Z% is not L-periodic.

Undeterred, we are going make it periodic. Consider
f(z) = Z _ 1
=ACE
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Great, this looks periodic. But, we have a slight problem — the series does
not have absolute convergence. Indeed, the number of lattice points [ of
size approximately k is on the order of ck for some constant ¢, so we have
roughly ck terms of size %, and the harmonic series diverges (although
rather slowly).

There is a nice trick that we can use to deal with it. Namely, for a fixed z
and [ large enough, ﬁ is approximately l% So we may reasonably hope

that ) )
)= <(Z_7l)2 - l—2> (11.2)

leL

will be an absolutely convergent series. And since we are just subtracting
constants, we should still have the periodicity.

We are very close. The only problem is that we have a 0% term in the
series, which prompts the following definition.

Definition 11.5. The Weierstrass elliptic functio@ P(z) is defined by

1 1 1
0#£leL

We will now work to verify that P(z) is an elliptic function with pole of
order two at z € L and no other poles. It is actually rather straightforward.
We first claim that P(z) converges uniformly and absolutely on any compact
set Ain C\ L. Indeed, for 0 #1 € L and z € A we have

#_l‘_
(z—0)2% 121

z(20 — z) ‘ < ‘COHSt‘
(z=0221—1 3

and since the number of | € L of size roughly k is at most constk (see
Exercise 1), we get absolute and uniform convergence.

It is easy to see that the poles of P(z) are of order two and at z € L only.
For example, all of the terms other than Z% together converge absolutely
and uniformly in a small neighborhood of z = 0, by the same argument as
above. Thus, it remains to verify that P is L-periodic. This is not exactly

11-2 We will usually drop the adjective “elliptic”, but it should not be confused with the
continuous nowhere differentiable monstrosity also known as the Weierstrass function.
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surprising, given how we gradually constructed P, but let’s do it. Pick a
nonzero lattice element m. Then for z ¢ L we have

1 1 1

P(z+m):mW+O;L(W—l)2_l2>
1 1

:(z+m) ; m2+z(z—|—m 27172)

1#0,m

+ ) ( 2 l,+1m) )ZP(2)+ 3 <(l,1)2—(l,+1m)2>:73(z).

U'#£—m,0 l'#—m,0

In the last equality we used that the change of variables I’ — —m — I’ sends
S = Zl’;ﬁ—m,o ((l/l) (l’+ ) ) to ( S), which lmphes S = 0.

We also observe that P(z) is an even function, i.e.

which follows from making a change of summation index [ — (—!) in the
definition of P.

Proposition 11.6. For every a ¢ 3L the even elliptic function P(z) —P(a)
has zeros at amod L and —a mod L with multiplicity one, and no other zeros.
For a € 3L\ L the function P(z) — P(a) has zeros of order two at amod L
and no other zeros.

Proof. The function P(z) — P(a) has a pole of order two at L and no other
poles. Therefore, by Propositions and it has two zeros (with mul-
tiplicity, up to L) which add up to Omod L. One of these zeros is a, so the
other is (—a). The situation with 2a € L is special, because then we have
a = —amod L and a double zero. O

Theorem 11.7. Every even elliptic function f(z) is a ratio of two polyno-
mials in P(z) with constant coefficients.

Proof. For a nonzero f(z), its zeros and poles come in pairs (a, —a) modulo
L. Moreover, the multiplicity of zero/pole at a with 2a € L is even, see
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Exercise 2. Then we consider

9= =1z I PE-Pa) ][I P& -Pa) ™.

2a€L,a¢L (a,—a),2a¢L

By construction, g(z) has no zeros or poles, except for 0 mod L. Because the
total number of zeros and poles is zero, this means that g(z) has neither,
and is therefore a nonzero constant. This implies that f(z) is a ratio of
polynomials in P(z). O

Exercise 1. Prove that for every lattice L there exists a constant ¢ such
that the number of [ € L with k < |l| < k+ 1 is at most ck for all £ > 1.
Hint: Argue that the union of fundamental parallelograms of L centered at
such [ lies in a certain annulus and thus has smaller area.

Exercise 2. Prove that for any even elliptic function f and any a € %L
the order of pole or zero of f at a is even. Hint: Consider the Laurent power
series of f at a and use f(2a — z) = f(—z2) = f(2).

Exercise 3. Prove that every elliptic function can be uniquely written
as a sum of an even and an odd elliptic functions.

12 Weierstrass embedding of C/L into CP?.

Theorem [11.7] provides a good handle on even elliptic functions, but can
we find an odd elliptic function? No problem at all. Since P(z) is even,
its derivative P’(z) is odd. Since as we saw in Exercise 3 of the previous
section, every elliptic function is a sum of an even and an odd one, we now
have a pretty good understanding of all elliptic functions. Specifically, we
see that every elliptic function can be written as

f(P(2)) +P'(2)g(P(2))
where f and ¢ are rational functions of one variable.

Observe that since P’(2)? is even, it can be written as a rational function
in P(z). But we can be a lot more precise than that, it is a polynomial of
degree 3 in P(z). We will prove it by looking at the Laurent expansions at
z=0.
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We start with the Laurent power series expansion
1 2 4
P(z) = §+O+az +b2"+ ...

where we can only have even powers because P(z) is even and the 2° term
is zero by Exercise 1. The constants a and b depend on the lattice L, but
we will not need explicit formulas for them. We differentiate and square to
get the following.

2
P'(z) = —Z—3+2az+4bz3+...

18
P’(z)2=$—;§—16b+...

We also compute P(z)? as

1 3a
P(z)3:5+?+3b+...

which gives
20a
P(2)? —4P(2)® = ——5 — 28+

and
P(2)> —4P(2)> +20aP(z) = —28b+ ....

Now observe that P’(2)? —4P(2)3 +20a P(z) is an elliptic function with no
poles, so it must be a constant, which implies

P'(2)? = 4P(2)% — 20aP(z) — 28b. (12.1)
Doesn’t it look suspiciously like the cubic curve (10.2]) in CP2?

We will in fact show that the Riemann surface C/L is biholomorphic to
a smooth cubic curve in CP?.
Definition 12.1. Consider the map u: C/L — CP? given by

(2) = { (P(2): P'(2): 1), if z# 0mod L,

a 0:1:0), if z = Omod L.

Proposition 12.2. The map p is holomorphic.

Proof. Clearly, p is well-defined, because P and P’ are L-periodic. Holo-
morphicity outside of z = 0mod L is immediate, since P has no poles there.
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To show holomorphicity at z = 0 observe that near z = 0 we can rewrite
the top line of the definition of u as

(Pl , 1
u(z) = <73’(z) (1 P’(z)) (12.2)

P(z) 1

and the elliptic functions ) and Pz are holomorphic near z = 0 and

have limit 0 as z — 0. UJ

Theorem 12.3. The map p is an embedding of complex manifolds. The
mmage s a smooth cubic curve given by

rry = 4x3 — 20a zox3 — 28b 3.

Proof. The first order of business is to prove that u is injective. It is clear
that 2 = Omod L and z # Omod L map to different parts of CP?, since
the former has nonzero last coordinate in its image. Suppose now that
w(z1) = p(z2) with nonzero z; # z2 mod L. This implies

7)(21) = P(ZQ), 'P/(Zl) = P/(ZQ).

Observe that by Proposition we must have z9 = —z3mod L and z;
can not be a 2-torsion point, i.e. 2z; € L. Then since P’ is odd, we get
P’(z2) = —P’(z1) which means P’(z1) = 0. However, one can easily show
that P’(z1) = 0 occurs only at the three nonzero 2-torsion points of C/L
(this is Exercise 2), which proves p is injective.

This injectivity is not enough to prove that we have an embedding@
We also need to show that tangent vectors do not map to zero. For z & L,
this means to show that at least one of the derivatives of P and P’ is nonzero
at z. To see that, observe that P’(z) = 0 implies 2z € L by Exercise 2. Then
P”(z) is nonzero, again by Exercise 2, because the multiplicity of the zero
of P'(z) is one. Finally, the map u is an embedding near z = 0, because in

(12.2)) the function
P(z) Z%+a22+bz4+... 1 n
= =——z+...
P'(z) —Z%+2az+4bz3+... 2

has a nonzero derivative at z = 0.

We now know that the image is smooth. It also satisfies the above cubic

equation because of ((12.1]). O

121 The map t — (t2,t*) from C to C? is injective but is not an embedding of complex
manifolds.
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We will now compare the group law on C/L with that on the cubic curve
of Theorem where we use O = p(0) = (0 : 1 : 0) to define the group
structure geometrically. The idea is simple: if we have a line agxg + a1x1 +
agxe = 0 (for simplicity assume that a; # 0) then the intersection points of
it with u(C/L) are images under u of the three roots of the function

aoP(2) + a1P'(2) + as.

Since the three poles of this function are all at O mod L, the sum of these
zero is 0mod L by Proposition Similarly, for a; = 0, but ag # 0, the
line intersect ;(C/L) at p(0) and two other points that add up to zero. If
we start with A = pu(z1), B = u(z2), then the third intersection point of
AB with p(C/L) is p(—2z1 — 22), and then the point A + B corresponds to
p(z1 + 22), so the two group laws are matched under ,u@

Let us now interpret the map p in terms of sections of line bundles.
If we start with a Weil divisor 3[0 mod L], (a multiple of the codimension
one subvariety which is the origin in C/L), then it gives us a line bundle
O(3[0mod L]) and a global holomorphic section s of it (unique up to nonzero
scalar), which has locally a zero of order three at 0 mod L under a trivial-
ization. All other meromorphic sections of O(3[0 mod L]) are of the form sf
for an elliptic function f; they are holomorphic if and only if f has a pole
of order at most three at 0 mod L and no other poles. Such f are uniquely
determined by the coefficients a_3,a_2,a_1,ag in their Laurent expansion
f(2) =3~ _sarzk, and we also have a_; = 0, as this is the only residue of
f. Thus f lies in the linear span of

1, P(z), P'(2)
Then sections sP(z),sP’(z),s give us the map u. See also Exercise 3 for

what happens for the Weil divisor 2[0 mod L].

Remark 12.4. One should think of the Weierstrass embedding i as provid-
ing C/L, which is initially only a complex manifold, with the structure of a
smooth algebraic variety.

Remark 12.5. The term “elliptic” comes from the fact that the “inverse”
of 1 is obtained by integrating the form
J dP(z) dz
z = =
P'(z)  V4x3 —20az — 28b

12.2 We are ignoring various issues of multiple roots, or one of A or B or A + B being
equal to (0:1:0). These can be handled by continuity, or directly.
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where x = i—g and y = i—; These types of the integrals, with square roots

of cubic (or degree four) polynomials historically occurred in the problem of
computing the arc length of ellipses.

Exercise 1. Use the definition of P(z) to prove that it has zero constant
term in its Laurent series expansion at z = 0.

Exercise 2. Prove that P’(z) has zeros exactly at the three points
zmod L such that 2z € L but z € L, each with multiplicity one. Hint: Use
that P’ is odd to prove that it has zeros at these points. Use Proposition
to prove that there are no other zeros or higher multiplicities.

Exercise 3. Prove that the space of global holomorphic sections of the
line bundle O(2[0 mod L]) is two-dimensional and that the resulting map to
CP! is a 2 : 1 map ramified at points z with 22 = 0mod L.

13 Jacobi theta function and divisors on elliptic
curves. Elliptic curves over Q.

We have proved in Proposition that that if f is an elliptic function for
a lattice L C C, then for zeros/poles z; € C/L with multiplicities m; there
holds

> mi=0, > mjz =0modL. (13.1)

We will argue in this section that the converse is true, i.e. for a set of points
z; € C/L and integers m; that satisfy (13.1)) there is a unique up to scaling
elliptic function f with poles and zeros at z; with multiplicity m;.

Uniqueness is clear because the ratio of two functions with the same
multiplicities of zeros and poles is holomorphic on C/L and thus constant.
Existence is harder to prove — we will do it with the help of the Jacobi theta
function which is a holomorphic function on Cx H, where H = {7, Im7 > 0}
is the upper half plane.

Definition 13.1. We define a function of two variables (z,7) € C x H by

oo
9(27 7_) _ e7ri7-/2 2sin 12 H 27r1l7' eQTri(lT—f—z))(l o eQTl’i(lT—Z))'
=1
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Remark 13.2. There is no universally agreed upon set of notations when
it comes to the Jacobi theta functions. One can find other formulas in the
literature. However, they are all related to 0 that we define by some simple
coordinate changes.

It is easy to see that the infinite product in the definition of 6 con-
verges uniformly on compacts in C x H and thus defines a holomorphic
function of two variables. The key to this is the equality |e*7(7+2)| =
le=2mImz||e=2mIm7|l Tt i also easy to prove that

0(—z,7) = —0(z,7), 0(z+1,7) = —0(2,7), 0(z+7,7) = —e 25770 (2, 1),
(13.2)
see Exercise 1.

Because of the convergence of the product, zeros of 6(z, 7) occur precisely
where the factors vanish.

{9(277-) = 0} - {Sin T2 = 0} U U{l = eQﬂ-i(lTiz)}
>0
=ZU| J{zeFlr+Z} =Z+Zr.

>0

We also see that the vanishing is of first order, so in particular if we fix 7,
the function 6(z) = 6(z, 7) has simple zeros at L = Z+ Z7. This can be also
proved using the transformation properties ((13.2)), see Exercise 2.

Proposition 13.3. Suppose that we have a finite set of points z;, € C and
integers my such that

ka = 0, kazk =0.
k k
Then f(z) =[], 0(z — 2k, 7)™ is an elliptic function for L =7 + Zt.
Proof. By (13.2) and assumptions on z; and my,

flz+1) = fE [0 = f(2),

k

f(Z + T) — f(Z) He(ﬂ'i72ﬂ‘iz+2ﬂ'izk7ﬂi7)mk — f(Z)

k
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Theorem 13.4. For any set of points z, € C/L with integers my, that satisfy
ka:O, kazk:OmodL
k k

there ezists a unique up to scaling meromorphic function on C/L whose Weil
divisor div f is given by Y, myzy.

Proof. By scaling C and L by a complex number, we may assume that
L=7+47Zr.

We lift zj to C. We would like to be able to do it so that ), myz; = 0,
but a priori we can only get ), myz, € L, if none of the my, is equal to £1.
However, we can also split some my; into m; — 1 and 1 and do a separate
lift for 1 to get the sum to be exactly zero. Now the elliptic function f from
Proposition defines a meromorphic function on C/L with prescribed
zeros and poles. (Note that we did not assume in Proposition that zg
are pairwise distinct modulo L.) O

Remark 13.5. The Jacobi theta function 0(z, ) has a number of miraculous

b > € SL(2,Z) there holds

properties. For example, for any ( CCL d

z ar +b 1 miez?

9 _ — d ct+d 9
<c7‘+d’c7‘—|—d> slor+d)te N

where € is some 8-th root of 1 which depends only on a, b, c,d. Another great

result is the Jacobi triple product identity which leads to

0(z,7) = —iZ(—1)ne”i((”+%)27+(2"+1)2).
nez

Proofs of these results, while not terribly difficult, lie outside of the scope of
these notes, see [9].

It is also worth mentioning that for a fized T the second logarithmic

derivative )

dz?
is elliptic. By looking at the Laurent expansion at z = 0, we see that it
equals a constant minus the Weierstrass function.

log 0(z)
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Now that we know that conditions precisely describe the location
and multiplicity of zeros and poles of meromorphic functions on C/L, we
can use it to find Pic(C/L), which we know to equal the Weil class group
CI(C/L).

Theorem 13.6. The class group of C/L is isomorphic to C/L & Z.

Proof. The isomorphism is induced by the map WeilDiv(C/L) - C/L ® Z

given by
Z mylzk] — (Z Mgk, Z mk> .
k k k

By Theorem the kernel is exactly the subgroup of principal divisors on
C/L. O

When we have a cubic curve F whose coeflicients are rational numbers,
it is meaningful to ask about divisors on it that are defined over Q (it is
equivalent to looking at the group of points on E with rational coordinates).
By a theorem of Mordell (1922) this group has finite rank, i.e. it is

Z™ & Torsion.

The torsion is well-understood, but the rank is harder. For example, it is
unknown whether the rank n is bounded from above. The current world
record of n = 28 was achieved by Elkies in 2006, see [13].

Another interesting topic is generalizations of C/L to higher dimensions.
For example, we may want to consider the complex manifolds C?/L where
L = 74 is a discrete subgroup. Remarkably, for a generic choice of L the quo-
tient C2/L is not an algebraic variety! For some, well-understood, conditions
on L the quotients are algebraic, and are referred to as abelian surfaces.

We would be amiss not to mention the Frey elliptic curves which play a
crucial role in the proof of Fermat’s Last Theorem. For a putative integer
solution to

a™ +b" =",

Hellegouarch [21] and then Frey [16] 17] considered the elliptic curve

Y2z = (x —a"2)x(z + b"z)
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and proved that it would have some weird properties. This put FLT squarely
into a well-studied area of elliptic curves over Q and eventually lead to Wiles’

proost_Tl
Exercise 1. Prove (13.2).

Exercise 2. Prove that 0(z) has zeros of first order at L = Z + Z7 by

; e 0(2)
integrating 6] along the boundary of a fundamental parallelogram of L.

Exercise 3. Prove that the function

] Z(_1)ne7ri((n+%)2’r+(2n+1)z)
nez

is well-defined and holomorphic, and satisfies the transformation properties
(113.2).

14 Genus of complex algebraic curves and Riemann-
Hurwitz formula.

Let X be a compact connected Riemann surface. Since it is an oriented real
surface, it is homeomorphic to a sphere with g handles.

For g = 0, the onlyin_j-l such surface is CP!. For g = 1 these are elliptic
curves. They form a one-parameter family (basically 7 in L = Z + Z1). A
general picture for g > 2 is something like:

A nontrivial theorem implies that X has a unique structure of a complex
algebraic curve. The difficult part is to show that there is a meromorphic
function X — CP!.

13-1 T was still in high school when Frey’s paper discussing the connection between FLT
and modularity conjecture appeared, but a mathematician I knew correctly predicted that
because of it FLT will now be proved sooner rather than later.

14-1 Uniqueness is not obvious.
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Let us discuss nonconstant holomorphic maps between Riemann surfaces.
Suppose we have one such map f : X — Y. For a point p € X consider
g = f(p). If we consider local charts at p and ¢ with coordinates z and ¢
respectively (so that z = 0 corresponds to p and ¢t = 0 corresponds to ¢q)
then the map is given by

t:f(z):clz+0222—|—...

and we will call the smallest k such that ¢ # 0 the multiplicity of f at p.
One can think of the multiplicity of f at p as the number of solutions to
f(2) = € in the neighborhood of z = 0 for small ¢, see Exercise 1. We also
note that there are only finitely many points in X where the multiplicity of
f is larger than one. Indeed, by compactness of X, we would otherwise have
an accumulation point which would lead to an accumulation point of the
zeros of the derivative, thus making f constant by analytic continuation.

Proposition 14.1. For ¢ € Y the number of preimage points p € X,
counted with multiplicities
> om, (14.1)

p,f(p)=¢q

1s finite and is independent of q. We call it the degree of the map f.

Proof. We will sketch the proof and the reader is welcome to fill in the
details.

Finiteness is obvious due to compactness of X, since an accumulation
point would imply that f is locally (and hence globally) constant. Now
suppose that pi,...,pr map to ¢ € Y with multiplicities mq,...,myg. Let U
be a small neighborhood of ¢ and consider connected components of the open
set f~1(U \ {¢}). By compactness of X, every such connected component
must have one of x; in its closure, since we can find an accumulation point
of a sequence of points in X whose values approach q. We can pick a small
enough neighborhood U of ¢ so that preimages of U near x; are close enough
to z; (in some metric) to be disjoint. This means that that for ¢ in this U
all of the preimages are close to z; and by Exercise 1, the total number in
(14.1) is locally constant and hence constant. ]

Remark 14.2. The invariant deg f has an algebraic meaning. The fields
of meromorphic functions on X and Y are transcendence degree one field
extensions of C and the pullback under f induces a field extension

Mer(Y') € Mer(X).
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Then this extension is finite and deg f is its degree, i.e. dimyjey(yy Mer(X).
We do not prove this claim, but see Fxercise 2.

Proposition has an important corollary.

Corollary 14.3. For any nonzero meromorphic function f on X with ze-
ros/poles at points x; € X of multiplicities m;, there holds ), m; = 0.

Proof. If f is a nonzero constant, then the sum is empty. Otherwise, we
can think of f as a nonconstant holomorphic map X — CP'. The sum of
positive m; is precisely the degree of f computed via preimages of 0 € CP*
and the opposite of the sum of negative m; is the degree of f computed via
preimages of co € CP!. O

Another proof of Corollary can be obtained by integrating

1 / 1 [df
27i J, 2mi ), f

over a contour v which is the boundary of a region U that contains all zeros
and poles of f. Now observe that 7 is also the boundary (with the wrong
sign) of the complement of U which now has no zero or poles of f and thus
the integral is zero.

Corollary implies that the map WeilDiv(X) — Z which sends
D malpi] = )
k k

induces a map Pic(X) — Z, which is understandably called the degree map.
Isn’t it nice how there are terms “the degree of a map” and “the degree
map” which are quite different but sufficiently related to cause confusion?

Remark 14.4. The kernel of the degree map is called Pic®(X). For g = 0
we have Pic’(CPY) = {0}. For g = 1 we saw that

Pic’(C/L) = C/L.

More generally, for any compact Riemann surface X of genus g the group
PicO(X) has a natural structure of an algebraic variety of dimension g. In
fact it is isomorphic to CI/L for some lattice L = 729. We do not prove
these statements.

We will now talk about a wonderful result known as the Riemann-Hurwitz
formula.
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Theorem 14.5. Let f : X — Y be a nonconstant holomorphic map of
compact connected Riemann surfaces. Then

2gx — 2= (deg f)(2gy —2) + Y _(my — 1)
peX

where my, is the multiplicity of f at p.

Proof. First of all, Zp is really just a finite sum since we only need to worry
about the points where m, > 1. We call points in X with m, > 1 the
ramification points of f. We pick a triangulation Ty of Y in such a way that
all images of ramification points of X are among the vertices of Ty. Then
we compare the triangulation Ty with its preimage Tx on X. Note that
each triangle A in Ty gives rise to deg f triangles in T'x because the map
f~H(A) = A is unramified, and the same is true for the edges. For vertices,
a vertex ¢ € Y of Ty gives rise to

Z 1= Z my — Z (mp—1) =deg f — Z (mp —1)

p,f(p)=q p,f(p)=¢ p,f(p)=q p,f(p)=q

vertices in Tx. We know that the Euler characteristics of X (resp. Y') is the
number of triangles minus the number of edges plus the number of vertices
of Tx (resp. Ty). It remains to combine the observation about the numbers
of triangles, edges and faces of T'x and Ty with well-known formulas for the
Euler characteristics x(X) =2 — 2¢gx, x(Y) =2 — 2gy. O

We will illustrate the Riemann-Hurwitz formula with a couple of exam-
ples.

e Let X be an elliptic curve and X — CP' be the degree two map
ramified at 4 points (see Section [L0). The Riemann-Hurwitz formula
reads

2:1-2=2(2-0-2)+4x (2—1).

e Let f: CP! — CP! be the map (zg : x1) = (28 : 2}) which is a
compactification of the map z — 2™. Then the degree of f is n and
there are two ramification points (0 : 1) and (1 : 0) with m, = n each.
The Riemann-Hurwitz formula reads

2:0-2=n(2-0—-2)4 (n—1)+ (n—1).
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For a dimension one complex manifold X, the holomorphic cotangent
bundle is the canonical bundle of X. If X is compact, it makes sense to ask
about the degree of the corresponding Weil divisor class Kx, and Riemann-
Hurwitz formula allows us to compute it.

First, we note that in the case of X = CP! the degree of Kx_, is (—2).
Indeed, if we look at the differential form dz which has no zeros/poles in C,

it has a second order pole at infinity, because dz = — (%)_2 d (%) near oo.

Proposition 14.6. For a smooth compact Riemann surface X we have
degKX = 2gX — 2.

Proof. For any nonconstant map f : X — Y we have
deg Kx = (deg f)deg Ky + Z(mp —1). (14.2)
peX

Indeed, if we take a meromorphic form on Y and compare its zeros and
poles with zeros and poles of its preimage, we will get additional (m, — 1)
for every ramification point, because dz* = kz*¥~1 dz.

Because every X has a holomorphic map f : X — CP!, we combine
Riemann-Hurwitz formula for f with (14.2) to get the desired result. O

Let us now talk about automorphisms of compact Riemann surfaces.

For g(X) = 0, we have Aut(CP') = PGL(2,C), given by the Mdbius

: az+b
transformatlons Z = cotd-

For ¢g(X) = 1, the automorphism group of X = C/L is a semidirect
product of C/L with a finite group, which could be Z/27Z, Z/4Z or Z/6Z.
The normal subgroup C/L is obtained by parallel transports ¢, : 2 — 24w,
and the finite group comes from scalar multiplications that preserve the
lattice L. It is usually just {£1}, but it is {1,1, —1,i} if L = Z + Zi and it is
the group of sixth roots of 1 for the hexagonal lattice L = Z + Z(% + @1)
We do not prove this, but it is not too hard to derive from what we know
about elliptic curves.

For g(X) > 2, the automorphism group of X is always finite. One
way to prove it (we omit details) is to argue that X can be embedded
into a projective space in a way that automorphisms of X extend to the
ambient space. Then the automorphism group of X will be an algebraic
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subgroup of some PGL(n,C), so it will have a finite number of connected
components. Finally, the identity component must be just a point, otherwise
X would admit a nonzero holomorphic vector field, which would contradict
deg Kx > 0.

There is an even stronger statement with a surprisingly simple proof.
Theorem 14.7. Let X be a compact connected Riemann surface of genus
g>2. Then

[Aut(X)| < 84(g — 1).

Proof. Let G be the automorphism group of X. One can show['>?] that the
set of G-orbits of X can be given the structure of a Riemann surface so that
X — Y = X/G is a degree |G| holomorphic map. An orbit of G with a
stabilizer of size n contributes |G|/n points of multiplicity n to the set of
ramification points of X — Y. Therefore, the Riemann-Hurwitz formula

gives
ny — 1 nog — 1 ne — 1
29 —2 =|G|(2g9y —2) + |G| + |G| +...+ G|
ni n9
for some integers nq,...,n that encode stabilizer sizes of the action of G.

If gy > 2, then we have 2g — 2 > |G| 2, and the claim follows. If gy =1,
then we have

k
1
29 -2=1G|> (1- —).
i=1 ¢

Since the left-hand side is positive, the sum on the right is nonempty. Each
of the terms is at least |G|3, so |G| < 4(g —1).

If gy = 0, we see that

29 — 2 1
A 1——).
c +2.0-0)

i=1
So it remains to observe that the smallest possible positive value of the right

hand side is 4—12, achieved by

_24'_1_’_2_’_?
2 37

see Exercise 3. O

14-2 We will indeed show this later in Corollary[16.3] although a motivated reader can try
to do it now.
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Exercise 1. Prove that for a nonconstant holomorphic function f with
f£(0) = 0 the number of solutions to f(0) = ¢ is equal, for all small nonzero
€, to the smallest k such that the k-th derivative of f at z = 0 is nonzero.
Hint: Since f'(z) is holomorphic, there is a neighborhood where f’(z) has
no other zeros than perhaps z = 0. Thus any zeros of f(z)—e will be simple.
Then you can count the their number in a circle |z| < a by

1y,
2mi ﬁ:a f(z)—¢ dz.

It is continuous in ¢ for & close to 0 and is equal to 5 f‘z| . f((ZZ)) dz.

Exercise 2. Check the claim of Remark for the map f : CP! — CP!
that sends (x¢ : 1) to (zf : 1) for some positive integer n.

Exercise 3. Prove the last claim of the section. Hint: First argue
that for k > 5 the right hand side is at least % Then for k = 4 the right

hand is positive, so at least one of n; is 3 or more, which gives at least

-2+ % + % + % + % = L If k < 2, the right hand side is negative, so we

6
must have k = 3, etc.

15 Blowup of a point in C2. Birational equivalence
of algebraic varieties.

We are now switching gears to talk about phenomena that appear in complex
dimension two and higher. We start with a wonderful and initially puzzling
construction of the blowup of a point in C2.

Consider the subset S C C? x CP' defined by
S = {(z,y) x (u:v) € C* x CP', such that zv — yu = 0}.
Proposition 15.1. The set S is a smooth complex algebraic surface.

Proof. Recall that CP! is covered by two copies of C!, with points (2:1)
and (1: 7). This gives a covermg of C? x CP' by two copies of C3. In the
first open set, when using z = 7+ as the third coordinate, we get

SNC3 = {(z,y,2) € C3, such that z — yz = 0}
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which is isomorphic to C? (we can solve for ). Similarly, in the second open

set we get
v
() v
U

and we can solve for y. It is also clearly algebraic, for example because it is
given by a polynomial equation in C? x CP2. O

Whenever we have a subset in a product, it is natural to consider the
two projections of it. We will first look at the projection
S — CP!

that forgets (x,y). The fiber of S over (u : v) is the set of all (z,y) such
that zv = yu. Since (u,v) # 0, this is equivalent to (x,y) = A(u,v) for some
A € C. We can see from this that S is the line bundle O(—1) over CP!.

The other projection
7:8 — C?

is even more interesting. We get

7T_1(a b) — { {(aab) X (CL : b)}a if (CL, b) 7& (070);
’ {(0,0)} x CP*, if (a,b) = (0,0).

So we have drastically different fibers — a single point everywhere except
(0,0) and a whole CP* over (0,0).

How should we visualize the blowup surface S7 It is important to realize
that the naive picture on the left in the figure below

s s b

C? '(07 0) C? )@5

— — - -
H

is wrong, because S would not be smooth. The correct way of thinking
about it is the picture on the right, where I also indicate that approaching
the origin along different directions gives different limiting points on S.
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Terminology: The map S — C? is called the blowdown map or the
blowdown morphism, and S is called the blowup of C? at (0,0) because that
point is “blown up” to a (C]P’lP-EI

The construction generalizes, of course. First of all, we can blow up a
point in C". Consider S ¢ C" x CP"~! given by

S={(z1,...,2n) X (Y1 : ... yn), such that rk< Lo o > =1}
yr o Yn
Since not all y; are zero, the rank of the matrix is at least one, so S is cut
out by all 2 x 2 minors of the matrix, i.e.
riy; — 2y =0, 1 <i<j<n.
We claim that S is smooth. Indeed, suppose we are working in the chart of
CP"! where y, # 0. Then the rank condition is equivalent to

1 Yn—1
Tlyeeo,Ty) = A, ..., ,1).
( ) (yn Yn )

This means that A\ = x,, and then in this chart S is isomorphic to C™ with

coordinates
Y1 Yn—1
Tpy ==\ ..., )

Un Yn

Looking at the fibers of 7 : § — C™, we see that

77_1(331,...,xn):{ {(z1,.. . xn) X (1 .. i xy) ), if (xl,...,:zn);z:é(07,,_

{(0,...,0)} x CP"1, if (x1,...,25)

so the point (0,...,0) € C" is blown up to CP"~!,
Remark 15.2. In general, it is possible to blow up a smooth subvariety Z
i a smooth variety X to get a blowdown morphism

mT:Bl(ZCX)—>X
with the following properties.

e Bl(Z C X) is a smooth algebraic variety.

o Fibers of m over points in X \ Z are points, i.e. m induces an isomor-
phism m~ Y (X \ Z) — X\ Z.

15-1° Algebraic geometers waiting for their flight in the airport should refrain from dis-
cussing blowing up the plane at any number of points.
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e The morphism n~'Z — Z can be naturally identified with the map
PN(Z C X) — Z. Here N(Z C X) is the normal bundlf{rfl to Z in
X and PW means the space of lines in the fibers of a vector bundle
wW.

In other words, a subvariety Z gets blown up to the projectivization of its
normal bundle.

Even more generally, one can blow up arbitrary (i.e. singular) subvari-
eties of arbitrary varieties, but then there is no guarantee that the result is
smooth. In fact, it usually isn’t.

The blowup construction inspires the concept of birational equivalence
of algebraic varieties.

Definition 15.3. We call complex algebraic varieties X and Y birationally
equivalent, if their fields of rational functions are isomorphic as field exten-
sions of C.

Remark 15.4. An equivalent, more geometric, definition is that X and Y
are birational if and only if there exist Zariski open subsets U C X and
V CY with U isomorphic to V' as a complex algebraic variety. We also
call a morphism of algebraic varieties X — Y a birational morphism if it
induces an isomorphism of Zariski open subsets.

The second definition makes it clear that blowups (and blowdowns) do
not change the birational equivalence class. Study of birational equivalence
is known as birational geometry and is a big active area of Algebraic Geom-
etry, with multiple Fields medals awarded for it (Hironaka, Mori, Birkar). A
major part of birational geometry is the so-called Minimal Model Program
which aims to find a “nice” representative in each birational class. Some
singular varieties naturally occur in the Minimal Model Program.

I will state some accessible results of birational geometry, without proof.

e For every, possibly singular, complex algebraic variety X there exists
a smooth complex algebraic variety Y with a birational morphism
Y — X (Hironaka). This also holds over other fields of characteristic
zero, but is a very famous open problem in positive characteristics!

e dim = 1. Two smooth complex projective algebraic varieties X and
Y of dimension one are birational to each other if and only if they are

15:2° A fiber of this bundle at a point z € Z is the quotient of the tangent space to X at
z by the tangent space to Z at z.
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isomorphic.

e dim = 2. Two smooth complex projective algebraic varieties X and
Y of dimension two are birational to each other if and only if they are
connected by a sequence of blowups of points followed by a sequence
of blowdowns, as indicated below.

X+ —Z—-=>Y (15.1)

e dim = any. (Weak Factorization Theorem, by Abramovich, Karu,
Matsuki, Wiodarczyk, see [I]) Two smooth complex projective alge-
braic varieties X and Y of any dimension are birational to each other
if and only if they are connected by a sequence of blowups and blow-
downs of smooth subvarieties as indicated below

X=Xpg¢--2»Xj¢=-> - e—-2 X, 1¢->X,=Y

where each «---» is either a blowup or a blowdown morphism@ It is
an open problem, even in dimension 3, whether the weak factorization
statement can always be upgraded to strong factorization, as in (15.1)).

When one has a birational morphism 7 : X — Y, one can talk about the
exceptional locus Exc of m, which are the points x € X where 7 is not an
isomorphism in any neighborhood of z. One is also interested in the image
m(Exc) in Y. If Z is any closed subset of Y which is not contained in 7 (Exc)
then the proper preimage of Z is defined as the closure

71 (C’\ cn W(EXC))). (15.2)

This construction could be used to desingularize algebraic varieties by look-
ing at their proper preimages in carefully chosen blowups of some ambient
varieties.

Exercise 1. Check that the blowup S of C™ at the origin can be identified
with the line bundle O(—1) — CP"~1.

Exercise 2. Let W be the subset of CP? x CP? given by the conditions
that the points (xg : 1 : x2) X (yo : y1 : y2) satisfy

ToYo = T1Y1 = T2Y2.

15-3 The precise statement is stronger but a bit more technical.
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Prove that W is a smooth surface. Verify that the projection maps W —
CP? are birational and find the image of the exceptional locus (i.e. points
in CP? with more than one preimage point). Remark: W is the closure of
the graph of the Cremona transformation (zg : 21 : x) +— (= : L : L),

To T w1 " X2
Exercise 3. Let 22 — 32 = 0 be a singular curve on C2. Compute its
proper preimage (15.2)) on the blowup S of C? at (0,0) and verify that it is

a smooth curve. Hint: Work in the coordinate charts on S.

16 Finite group actions on affine algebraic vari-
eties and complex manifolds. Subgroups of

SLy(C).

Let X C C" be an affine complex algebraic variety. Suppose that a finite
group G acts on X, i.e.

G C Autc_alg(Clz1, ..., 2] /1)

where [ is the defining ideal of X. What can we say about the set of G-orbits
X/G? The following beautiful result goes back to at least Hilbert.

Theorem 16.1. The set X/G has a natural structure of an affine algebraic
variety. More precisely, the subring of G-invariant elements

(Clay, ..., x.] /D¢

1s a finitely generated C-algebra, and its maximal ideals are in a matural
bijection with G-orbits on X.

Proof. Consider the elements y;r = g;(xy) for all g; € G and all 1 < k < n.
We can use this set of generators to write X as an algebraic subvariety
of C"Cl, so that the action of G comes from a permutation action on the
coordinates of C™. Then we have

(Clz1,. .. xa) /1) 2= (Clyr, ...,y /)Y = Clyr, ...,y /TC.

In the second isomorphism we used the fact that every element r of the
invariant ring (Cly, ..., %]/J)¢ can be lifted to an element 7 of C[yy, . . ., ]
and then )

@l Zg(f) = rmod J.
geG
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Thus, to prove that (Clxy,...,z,]/I) is a finitely generated C-algebra, it
suffices to prove it for Clyy, ..., y]¢, with the permutation action of G. We
actually don’t care too much that the action is a permutation action, but
we will use a weaker statement that the action of G on A = Clyy,...,y]
preserves the natural grading on A by the total degree in y;.

Consider the ideal AAf C A which is generated by all homogeneous
elements of A of positive degree. Since A is Noetherian, we can find a
finite set of generators fq,..., fi of AAE, and we can even assume that all
fi are G-invariant homogeneous elements of A. We will now prove that f;
generate the ring A® as a C-algebra, by induction on degree.

In degree zero, we have Ay = AS = C, and there is nothing to prove.
Suppose we have proved that every homogeneous element of A® of degree at
most d can be written as a polynomial in f1, ..., fr with constant coefficients.
Then for a homogeneous element f € A of degree d 4+ 1 we use f € AAf

to write i
f=> aifi
i=1

where a; are some elements of A of degree d + 1 — deg f;. We will now use
the averaging trick

|G‘Zg Zzgalfl - Zzgal

i=1 geG i=1 geG

:;fi @l Zg a;) Z;fihi

geG

where h; are G-invariant elements of degree d + 1 — deg f;. By induction
assumption, h; can be written as polynomials in f1, ..., fi, therefore so can
be f.

Now that we have established that (Clz1,...,z,]/I)¢ is finitely gen-
erated, let us prove the bijection between its maximal ideals and the set
of orbits of G-action on the set of maximal ideals of Clzy,...,x,]/I FB_TI
In one direction, to any maximal ideal m C R we associate the ideal

16-1 Recall that points in X correspond to maximal ideals in R = C[z1,...,x,]/I by
Hilbert’s Nullestellensatz.
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m& =mNRY C R®. The ideal m“ is maximal because for any z € R%\m®

there exists y € R such that xy = 1 mod m. Then the element

[T =g@y) =0 -=29(w) =123

geG geG

(with G-invariant §) lies in m®, which shows that 2 modm® is invertible.
G

It is clear that different m in the same G-orbit give the same m®.
In the other direction, for a maximum ideal I C RS consider the ideal
RI that it generates in R. If RI contains 1 then there holds

1= Zrimk

%

with x;, € I. Averaging gives 1 = ), (\TZIT’) zy € I, contradiction. There-

fore, RI is contained in some maximal ideal m. It is clear that m© contains
I and is therefore equal to it, since I is maximal.

It now suffices to show that if m; and msy satisfy m? = mg, then mg
and mg are in the same G-orbit. Consider It = () c5g(m1) and I =
Ngeq 9(m2). If It + I were contained in a maximum ideal m, we would

have
m 2 () glm), m2 () glona)
geG geG

If m is not equal to any g(m1), then there are elements x4 € g(m1), 24 € m,
and their product is in (| ¢ g(m1) but not in m. Similarly, m must be equal
to one of g(mz), and this is impossible, since m; and mg are in different g-
orbits. Therefore, I; + Io = R and@

1=a1+ao, a; € I,.

Moreover, since I; are G-invariant, when we average over G, we may as-
sume that a; are G-invariant. However, this means that a; € miG, which
contradicts 1 ¢ m§ = m§. O

Remark 16.2. The invariant rings are also finitely generated when the
group G is a linear reductive group. However, they don’t have to be finitely
generated in the non-reductive case, see a famous counterexample to the
Hilbert’s fourteenth problem given by Nagata [25].

162 You have been warned.
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We will now discuss finite group actions on smooth complex manifolds.
Suppose a finite group G fixes a point p € X. Then locally we have a
surjective map of G-representations

Hol’(p) % (TX)Y — 0

where Hol’(p) denotes the infinite-dimensional space of holomorphic func-
tions near p which are zero at p. This surjection has a G-invariant splitting.
To see this, a person nervous around infinite-dimensional vector spaces, can
lift a basis of (T'X )X, look at the span of the G-translates of it and thus
reduce the problem to that of surjective finite-dimensional representations
of G. The G-invariant splitting then endows X near p with analytic coordi-
nates on which G acts linearly.

Corollary 16.3. In dimension one, all actions that fix a point p locally
analytically look like z — az, o™ = 1, and the quotient is given by z —
2" =w.

Proof. Locally near p, we have an action of GL(1,C) = C*, and all finite
subgroups of C* are given by groups of n-th roots of 1. O

Corollary 16.4. For any finite group G of automorphisms of a complex
manifold X, the fized locus X© is a disjoint union of complex submanifolds
of X.

Proof. Since the action is locally linear, it suffices to look at G C GL(n,C)
acting on X = C". Then X¢ is the linear subspace (C"). O

We will now focus on dimension two, and more precisely on the action of
finite subgroups G' C SL(2,C) on C2. (We could have considered GL(2,C)
but it is more complicated.)

We first remark that any such G can be conjugated to lie inside the
unitary group SU(2). Indeed, G C SU(2) iff G fixes the standard Hermitean
on C2. We can take a positive definite Hermitean form on C? and average
it over G to prove that GG preserves some positive definite Hermitean form.
Since all such forms can be written as the standard form in some basis, this
change of basis makes a conjugate of G unitary@ We put a matrix version
of this statement in Exercise 2.

16-3 This is a particular case of the Weyl’s unitarian trick.
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Recall that

SU(2) = {( ‘; _2 ) lal? + V| = 1}

is a real 3-sphere. We can also think of it as the length one quaternions
v € H acting on H = C? by left multiplication v : w + yw.

Now consider the conjugation action

w ’yw’y_l
of SU(2) on H. It preserves the trace zero part of H (see Exercise 3) and
the norm

lw|* = ww

on it. This gives a group homomorphism SU(2) — SO(3,R), whose kernel
is {£1}. Finite subgroups of SO(3,R) are classically known. They include
two infinite series (rotation symmetries of a regular pyramid and a regu-
lar bipyramid) as well as rotational symmetries of the regular tetrahedron,
cube/octahedron, and icosahedron/dodecahedron. This allows one to clas-
sify all finite subgroups G C SL(2,C).

In the future sections we will study in detail the singular quotients C?/G
for these groups G and their resolutions of singularities.

Exercise 1 (Molien series.) Let V be a complex finite-dimensional
representation of a finite group G. It induces a grading-preserving action of
G on Sym*(V) = C[zy,...,x,]. Prove that the Hilbert series of the ring of
invariants Sym*(V) can be computed by

> G 1 | 1
di Sym(V d— _—_ — = N det(1 —tg)?
> ime (Sym(v))” ¢ IGIQEZGZ-HJ—W 'GIQEZG et(1 — tg)

where Ay 1,..., Ag,n are eigenvalues of g on V. Hint: For a finite-dimensional
G-representation W we have dime W& = ﬁ > gec Tr(g, W). Then use the
result that all finite order elements in GL(V') are diagonilizable.

Exercise 2. Let M be a Hermitean form on C" given by (v, w) = w! Mv.
Prove that an endomorphism

g:v— Av
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satisfies (Av, Aw) = (v, w) for all v and w if and only if ATM A = M. Prove
that if for some invertible matrix S we have M = ST'S, then SAS™! is a
unitary matrix.

Exercise 3. Prove that the conjugation action of quaternions preserves
the subspace Ri + Rj + Rk and the norm on it.

17 Resolutions of A, and D, singularities.

Let us now look at some specific examples of finite subgroups G of SL(2, C)
and the corresponding quotients C?/G.

The first series of examples comes from the action of the cyclic group of
order n > 2 which necessarily{"-]| looks like

G=<g>, glx,y) = ¢z, 'y) (17.1)

where £ = €2™/7 As a consequence of the definition, the actio of the
generator g on the monomial z%° is

g(zy’) = &7 ay’
which implies that the invariant ring C[z, y]G is the linear span of monomials
z%P with the property @ = bmodn. Some prominent examples of such
monomials are u = z", v = y" and w = zy. We claim that every G-
invariant monomial z%® can be written as a product of these three. Indeed,
we can use u and v to reduce to the case a,b < n, and then we must have
a = b. It is also clear that u, v, w satisfy

uv —w" =0, (17.2)

so the ring of invariants C[z, 3] is isomorphic to Clu, v, w]/(uv — w™), and
the quotient C2/G is a surface in C3 given by the equation . By
looking at partial derivatives, we see that the only singular point of this
surface occurs at the origin (0,0,0). It is known as the A,_; singularity,
and we will soon see why.

17-1 Exercise 1.
172 There is an evergreen issue of the action on points versus the action on functions.
We consider the action on the ring Clz, y].
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We will first look in detail at the A; singularity given by
uv —w? =0 (17.3)

This is the simplest hypersurface singularity in complex dimension two, in
the following sense. If we have a function f(u,v,w) with £(0,0,0) = 0, we
can consider its Taylor series

f(u,v,w) =0+ linear + quadratic + higher order.

If the linear term is nonzero, then f(u,v,w) = 0 is smooth at (0,0,0). If
the the linear term is zero, then we can ask about the quadratic term. If
the rank of the corresponding form is the maximum possible 3, then we get
an A; singularity.

We will now resolve the surface (17.3) by blowing up the ambient C? at
(0,0,0) and looking at the proper preimage of the surface uv = w?. Here
is the intuitive picture of what will happen, where we indicate in blue the

preimage of the singular point.

>0 — L

{uv = w?} C C3 ScC3

Let us see this with all the gory details, in the coordinate charts. Recall
that the blowup C? is a submanifold of C3 x CP?, given by {(u,v,w), (u; :
v1 : wy)} such that there exists A with (u,v,w) = A(ui,v1,w;). As a result,
C3 is covered by three open charts, each one isomorphic to C3.

In the first open chart w; # 0, we have C? with coordinates w o w and
the map to the original C? is given by

(u,v,w) = (w <E> W (%) ,W). (17.4)

w

Remark 17.1. You may be concerned with such a bizarre notation for
the coordinates. Shouldn’t they be variables? Yes, of course. Let’s say
that we have C® with coordinates t1,ts,t3 which maps to the original C* by
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(t1,t2,t3) — (u,v,w) = (t1ts, tats, t3). But then we think about what the co-
ordinate functions t; look like as rational functions in u,v,w and we recover
. At which point we forget about t;-s and accept a somewhat weird
notation. It does have advantages of being easily able to write the transi-
tion functions, although one has to be careful figuring out which subsets in
the three open charts are glued together. Fortunately, we will not worry too
much about it.

What is the preimage of S = {uv—w? = 0} in the chart with coordinates
L L w? We rewrite the equation of S as

W w?

U v uy\ /v

0=(G)w (@) e = ((3) (Z)-1)

w w w/ \w
and see that the preimage has two components: w = 0 and (%) (%) —1=0.
The first component is the preimage of (u,v,w) = 0, a.k.a. the exceptional
divisor, and the second component is the proper preimage of S. Or, more
precisely, these are the intersections of the exceptional divisor and the proper
preimage of S with this coordinate chart. Observe now that the proper
preimage of S is smooth in this chart.

Let us now look at the coordinate chart with coordinates u,, . We

o= (2= (2 = () - (%))

and again we see that the proper preimage 0 = (%) - (%)2 is smooth.

Obviously the vy # 0 chart is handled similarly.

We thus see that the proper preimage S of S is smooth. It is also in-
structive to look at the fibers of S — S. Outside of (0,0,0), the fibers are
of course points. The preimage of (0,0,0) is a subvariety of the exceptional

divisor, given by (u1 : v1 : w1) € CP? with ujvq — w? = 0, so it is a CP.
For example, in the coordinate chart w; # 0, we have = 1“0—11, v = :;11
U v

0= (—) (—) — 1 matches ujv; — w% = 0 in the appropriate chart on CP2.

w w

Now let us look at the A, 1 case, i.e.
S = {uv —w" =0}.

As before, we blow up C? and see what happens on the three coordinate
charts, two of which are similar due to u <> v symmetry. On the chart with
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coordinates X w we get

e () (2) )

so we may still have a singular point at the origin, but the value of n has
decreased by 2. Also note that the intersection of the proper preimage of S
with the exceptional divisor is given in this chart by

w =0, (3) (3> w2 =0, (17.5)

w w

w’w’

so we get two lines w = > = 0 and w = = 0. In the other two charts
the proper preimage is smooth (Exercise 2) They also compactify the lines
- ) from C to CP'. In short, we get a map S — S with the preimage of
(0,0,0) being a union of two CP!-s, which intersect as coordinate lines at
an A,_3 singularity, where Ay is by definition smooth.

S S

An—l n—3

We repeat the process. Each time, the power n decreases by 2 and two
new CP'-s spring out. A paranoid reader can verify that under the blowup
the previous CP'-s separate and two new lines intersect them transversely.
The last step is either unnecessary (if n is odd, and we reduce to uv = w)
or we only have one CP' (if n is even and we reduce to Aj-singularity). In
both cases we end up with a resolution of singularities S — S such that the
preimage of the singular point is a chain of (n — 1) transversal CP'-s

%V&

L5 as lines L_s as spheres

Neither of the above pictures is entirely correct, since the Riemann spheres
intersect transversely. At any rate, we will consider the dual graph that
encodes the components of the exceptional locus of S — S as vertices and
their intersections as edges. It is

Oo—o—:+—0—0
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with n — 1 vertices, which is the A,_; Dynkin diagramln_?"l

Now let us look at the next case. Here we have a subgroup G of SL(2, C)
generated by

(xay) = (£$7£_1y)7 (xvy) = (—y,:ﬁ) (176)
If we apply the second operation twice, we get (x,y) — (—z,—y), so we

might as well assume that £ is the primitive (2n)-th root of 1.

Let us first compute the ring of invariants. The cyclic subgroup is normal,

so we will first take the quotient by that to get v = 2?*,v = y*",w = zy

with the ring
Clu, v, w]/(uv — w?™).

The symmetry (x,y) — (—y,z) now becomes the involution (u,v,w)
(v,u,—w). We can take the invariants first and then the quotient. The
action of this involution on C? has positive eigenspace u 4+ v and the A;-
type action on v — v and w, so the ring of invariants is generated by

tir=u4wv, tg=(u—0v)% t3=w? t; = (u—v)w
with relations tot3 = t3. We then have
Clz,y]® = Clt, ..., ta]/(tats — t3, %(t% — 1) — t%)
> Clty, t3, ta]/ (13 — 42tz — t3).
We rescale and rename the variables to get this into the standard form of
{u? + wo? +w"t =0} c C?

called the D, o singularity. Note that the extra w in the second term makes
it different from the A,, singularities.

Looking at the group generators or the equation of the quotient, we see
that n = 1 case simply gives A3z singularity, see Exercise 3. We will now
consider the simplest new case n = 2, i.e. the D, singularity

u? + wo? 4+ w? = 0.

17-3 There is, of course, more to this notation. Appropriately understood intersection
pairing matrix of the components is up to the sign the Cartan matrix of A,—1. We will
not try to define it now, but will comment on it in Section @
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It is easy to see that the only singular point occurs at (0,0,0). This is
also apparent from the quotient description, since nonidentity diagonalizable
elements of SL(2, C) can not have eigenvalue 1 and thus act freely away from
the origin. Now we blow up C? at (0,0, 0) and see what happens.

In the open chart with coordinates (21, 22, 23) = (5, v, %) we getlﬂ

0 =u? +wv® +w® = 2323 + 2523 + 2525 = 23(23 + 2023 + 2223)

and the proper preimage is given by 0 = 22 + 2923 + 2223. Vanishing of
partial derivatives gives

21 =0,23+ 25 = 0,29(1 + 323) =0,

which gives three singular points (0,0, 0), (0,1,0), (0, —i,0). Local analysis of
these points show that all three are of the type A;. We skip the calculations
for the two other charts, but we claim that we do not see any new singular
points. So the Dy singularity blows up to a CP' with three type A; singular
points on it.

S S
° — — e & & —
D, Ar A A

When we further blow up these three points, we obtain a resolution of sin-
gularities S — S with four CP!-s in it which intersect transversally in the
D, Dynkin diagram (one central Riemann sphere intersects three others).

O —O0 —2O0O

(¢]

Exercise 1. Prove that every cyclic subgroup of SL(2,C) can be conju-

gated to the one in (17.1]).

Exercise 2. Verify that the proper preimage of uv — w™ in the chart

with coordinates u, 7, ¥ is smooth.

Exercise 3. Check that the D3 case is the same as the Ag case in two
ways, by looking at the group action, and by making a change of variables
in u? + wo? + w? = 0.

174 3o having raised a stink about using letters for the variables, we are now doing it.
Enjoy!
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18 More resolutions of ADFE singularities.

Let us now discuss the general D, o case
S = {u* +wv® + w" ™ =0} c C
for n > 2.

As always, we blow up the origin in C3. On the open chart with coordi-

nates %, v, ¥ we get
v

o= () +e (5 + ()" )

with the second factor giving the proper preimage of S. Let us find singular
points of 2% + yz + 2"y~ = 0. We have to solve the equationd™ |

22 =0, 24+(n—1)2"Ty" 2 = 0, y+(n+1)2"y" ! =0, 2?+yz+2"Ty" 1 = 0.

We can multiply the second equation by (n + 1)y and the third one by
(n— 1)z, subtract them and get yz = 0. Since n > 2, we use the second and
third equations to deduce that both y and z are 0. So the only singular point
in this chart is (0,0,0), which corresponds to (0 : 1 : 0) on the exceptional
CP? of C® — C? (we are in the chart v; # 0). For n > 2, we see that the
singularity at this point is of type A, because we can ignore higher degree
terms. The intersection with the exceptional locus v = 0 is given by = 0,
i.e. we have the line (0 : * : ) on the exceptional CP? of C3 — C3.

Let us look at the u, =, 3 chart. There, the proper preimage is given by

1 () (o ()

and the exceptional locus is u = 0. Therefore, this chart of S does not
intersect the exceptional locus and is automatically smooth (one can also
check it directly).

u

The last chart has coordinates , o, w. There we get

0= (E>2w2 4 <3)2w3+wn+1 _ 2 ((U)2+w (3)2 +wn1) .
w w w w

18-1 Yes, algebraic geometry is about solving polynomial equations.

81



Clearly, we have a D,,_s singularity at the origin, which corresponds to the
point (0:0:1).

Combining the information from the three charts, we see that a single
blowup gives us a map from the proper preimage S to S so that the excep-
tional locus is CP! with two singular points on it. One of these points of
type A1 and the other is of type D,,_s. By resolving the A; singularity, we
replace D,, by two transversal CP'-s with a D,,_o point on one of them.

«— —— — — ®

[ ]
Dn Dn—2 Al Dn—2

When we repeat the process, skipping details, we eventually get to D4 or
D3 = Az and the resulting dual graph is given by the D,, 12 Dynkin diagram.

O—o0—O0—:++—0

(e]

As you may deduce from the title of the section, there are three more
cases to consider, which correspond to the remaining three Dynkin diagrams
FEg, E7 and FEg, so that cumulatively these singularities are referred to as
ADE surface singularities@ The corresponding groups are Z/27 central
extensions of the groups of rotational symmetries of the regular tetrahedron,
cube and dodecahedron, respectively.

We will not write down the group generators, but will list the equations
below.
Eg: v>+v3+w*=0
E;: W?+v3+0uwd=0
Es: w4+ v3+w’=0

There is another way of looking at the resolutions of D, singularities.
The group G given by has a cyclic subgroup G = Z/2nZ. We can first
take the quotient of C? by G1, then resolve the resulting As,_; singularity
to get a smooth surface S, then take the quotient by G/G1 = Z /27 to get a

18:2 They are also called du Val singularities, canonical singularities, simple surface sin-
gularities, Kleinian singularities, and rational double points. This should tell you how
ubiquitous these singularities are.
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singular surface Ss and then further resolve to get a resolution S3 of C?/G,
see the commutative diagram below.

2 S Ss
NN
C2/G, S5

N\ e
C2/G

Specifically, we have the As,_1 singularity given by
w — w?™ =0

and the action of G/G = Z/27Z which switches u and v. The resolution S}
has a chain of (2n — 1) Riemann spheres

oO—o0o—:+—0—0

which intersect transversely, and the involution of G/G; switches the op-
posite spheres. Because we have an odd number of spheres, this involution
will preserve the middle CP'. It acts by switching two intersection points
with two adjacent CP'-s. We can call these points 0 and oo and observe
that every such involution can be written in the form z — %, see Exercise
1. Then we have two fixed points z = 1. Since these are isolated points,
the eigenvalues of the action on the tangent space must be (—1,—1), so the
quotient will have an A; singularity there. Therefore, the image of the chain
of (2n—1) lines on Sy will be n lines, with the first line having two additional
Aj singularities on it. Blowing up these A; singularities, we get S3 with the
(n + 2) lines in D, 2 configuration.

We can similarly get the Fg singularity as the quotient of the Dy singular-
ity by a Z/3Z action. Then if you resolve the Dy singularity to get a surface
with a D, configurations of projective lines, the group can be seen rotating
the three “outside” lines while fixing the middle one. By Exercise 2, any
order three automorphism of CP! can be written in the form z — e27/3z,
so it will have two fixed points 0 and oco. It is then possible to compute that
the quotient will be the As singularity, so we get S — S with Eg singularity
replaced by two lines with two As singular points on one of them.

/(2/32) 42

_—

Ao
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When we resolve them, we get the Fg diagram below, with the colors match-
ing the colors of the above picture.

O—O0 —O0—0 —o0O

(¢]

Similarly, the Er singularity is a Z/2Z quotient of the Fg singularity@
After resolving the singularity, the action on the E; configuration of lines
is by switching the opposing ends. So we get four lines, C1, Cy, Cs, Cy,
connected in a chain, and there are three A; singularities: one one C7, one
on the intersection of C7 and Cy and one elsewhere on Cs.

/(Z/2Z) Al A

When we resolve these A; singularities, we get the Fr diagram

O—0 —0—0 —0—0

(¢]

with the matching colors.

Unfortunately, the group of symmetries of the regular dodecahedron is
not solvable, so one can not obtain the Eg resolution by this process. We
can however blow up the origin in C3 and look at the proper preimage of

the surface u? 4 v3 +w® = 0 in it. We get in the o> w»Ww coordinate chart

U\ 2 v\3
0 = w? <<) + (—) w+w3>
w w
which is the F; singularity. We see in Exercise 3 that the proper preimage
has no singularities in other coordinate charts. The intersection with the
special fiber is a line 3 = u = 0, and one can see, with some effort, that

after resolving that Er singularity we get the Fg diagram.

o—0 —O0—0—0—0— 0

(¢]

18:3 The set of eight vertices of the cube naturally splits into two sets of four vertices of
a regular tetrahedron, and the group of rotational symmetries of the tetrahedron is an
index two subgroup of that of the cube.
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Exercise 1. Prove that every involution of CP!' that sends 0 to oo can
be written in the form z +— £ for some nonzero constant c. Then argue that
by scaling z we can rewrite it as z — %

Exercise 2. Prove that every order three automorphism of CP! can be
written as z — €2™/32 in some coordinates. Hint: Consider the correspond-
ing element in PGL(2,C) and its eigenvalues (up to common scaling).

Exercise 3. Check that the proper preimage of u? +v3 +w® = 0 has no
singular points in the coordinate charts with coordinates u, i, © and ¥, v, %.

19 Overview of intersection theory. Surfaces.

In this section we will talk about intersection theory. Even for these notes,
this section is unusually hand-wavy, with many of the claims partially or
totally unsubstantiated. Sorry, not sorry!

Let X be a smooth complex algebraic variety or a complex manifold. We
can view it as an orientable real manifold and associate to it two collections
of abelian groups, namely its integral simplicial homology groups H; (X, Z)
and cohomology groups H*(X,Z) for 0 < i < dimg X = 2dimc X. All of
these are finitely generated for algebraic varieties X. Moreover, H*(X,Z)
is an associative graded, super—commutative[m_T] ring with identity with the
multiplication operation cup-product U. The homology H,(X,Z) is a graded
module over H*(X,Z). The groups H* and H, are also related by the
Universal Coefficient Theorem, but we will not use it in these notes.

The nicest case occurs when X is a smooth and compact (for example,
projective) algebraic variety. In this case we have the Poincaré duality

natural

HY(X,Z) = Higime x—i(X, 7).

Under Poincaré duality, 1 € HY(X,Z) corresponds to the class of [X]
in Hsqime x(X,Z), but the more interesting statement is that the class

of the point in Hy(X,Z) corresponds to a special element P.D.(point) in
H"P(X,Z) = H?*dmc X (X 7). In fact, we have

H™P(X,Z) = ZP.D.(point),

19.1 'S'uper-comm'ut_ativity means that for a € H* (X,Z)and b € H?(X,7) we have aUB =
(-1)YBUa e HH(X,Z).
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and this gives us a concept of the intersection number.

Definition 19.1. Let Y and Z be algebraic subvarieties of X, of comple-
mentary dimension, i.e.

dim¢ Y + dim¢ Z = dim¢ X.
Consider the product of Poincaré duals
P.D([Y]) UP.D([Z]) = aP.D.(point) € H"*P(X,Z).

The integer « is called the intersection number of Y and Z and will be
denoted by Y - Z.

Remark 19.2. If Y and Z intersect transversely at k points, thenY -Z =k
(in particular, Y - Z =0 if Y N Z =0). More generally, if Y N Z is a finite
set, then Y - Z is a sum of local contributions, each of which is positive.
However, the definition makes sense even if Y N Z is positive-dimensional,
or even Y C Z! In these cases, we just know that Y - Z is integer but can
make no claims about the sign of it. Philosophically, we can deform Y as
a real cycle to some Y' with the same homology classes [Y'] = [Y] so that
Y intersects Z transversely, and we add up (+1) at each intersection point,
depending on the orientations.

The simplest nontrivial example is provided by X = CP?. If Y and Z
are complex curves in X, we have dim¢ Y + dim¢ Z = dim¢ X, so their
intersection product makes sense. The cohomology groups of X are given
by

HY(X,Z)=H*(X,Z) =0, H'(X,Z) = H*(X,Z) = HY(X,7) 2 Z

with the generators of the latter three groups given by 1, the Poincaré dual
of the class [I] of a line, and the Poincaré dual of the class of a point,
and we have P.D.[[JUP.D.[l] = P.D.(point)@ The class of the curve Y
is (degY)[l], and therefore Y - Z = (degY)(deg Z). This is essentially the
Bezout’s Theorem [4.3] that we discussed rigorously in Sections [] and
although to make the connection precise we would need to talk about the
intersection multiplicities in the non-transversal case.

Now let us consider the blowup of CP? at one point. We get X — CP?
with E the exceptional divisor on X.

19-2 This is a very fancy way of saying that two lines in CP? intersect transversely at a
point.
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X

E
i g
l
cp? /<

We have the following curves of interest on X: E, L, L'. The curve E
was already discussed, the curve L is the preimage of a line in CP? that
does not pass through the point we blew up and the curve L’ is the proper
preimage of line that does pass through a point of blowup.

The key observation is that L ~ L'+ E, in the sense that [L] = [L'] 4 [E]
in Hyo(X,Z). Indeed, more generally there is a map of Weil divisors to
Hy(X,Z) which passes through the class group. Another way of saying the
same thing is that a divisor of a rational function is always homologically
trivial. And there is a rational function (the ratio of the equations of the
equations of the two lines) which has simple zeros at E and L" and poles at

L3 We also have
I?=1, L-E=0,L' -E=1,L-L'=1 (19.1)

based on the transversal intersections of the corresponding curves. This
implies that

0=L-E=('+E)-E=L'""E+E-E=1+E?

so we get
E? = —1.

What? This certainly looked weird to me the first time I saw it. How can a
curve intersect itself negatively?

Actually, there is no problem. This curve E can not be deformed holo-
morphically, but you can deform it as a real 2-cycle on X to some E which

19-3 In this particular case can think of the family of smooth preimages of lines in CP?
degenerating into a singular curve E U L'.
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intersects F at one point transversely with the “wrong” orientation. In
general, for a smooth curve C' on a smooth projective surface X the self-
intersection C? is equal to the degree of the normal bundle to C in X, where
by the degree of a line bundle I mean the degree of the corresponding Weil
divisor class.

In a footnote to Section we indicated that the trees of lines in the
resolutions of ADE singularities have an intersection matrix which is nega-
tive of the Cartan matrix of the corresponding Dynkin diagram. Since these
diagrams are simply-laced, this simply means checking that for each of these
lines E there holds E? = —2. We will not do this in full generality but will
address the case of the resolution of A; singularity. In this case, we have a
surface S in C? given by uv —w? = 0, and we blow up C? at the origin. The
proper preimage X of S is then smooth and the map

T: X —> 8

contracts a single line F to the origin.

Remark 19.3. If you object to doing intersection theory on a non-compact
surface X, you are not alone. To avoid this issue, we will compactify C3 C
CP? and consider the closure of S in it, given by

w — w2 =0

in homogeneous coordinates (t : u : v : w) of C>. We end up adding a
smooth conic in the plane t = 0, and it is easy to see that there is still only
one singular point and the blowup of CP3 in it still induces a resolution of
singularities. We will still use S and X as our notations. Alternatively,
one can argue that all we are trying to do is to understand the degree of the
normal bundle of E in X, and this does not require any compactification.

Consider two lines C] and Cs on S given by u = w =0 and v = w =0
respectively. Their proper preimages on X intersect E transversely at one

point each.
N x _p<G
b

Co /:41 D ! D

We also see that the rational function % has divisor

[C1) + [E] +[Co) — [D]
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where D is the preimage of the conic at infinity {uv—w? =t = 0}. Therefore,
we have [E] = [D] — [C{] — [C}] in Hy(X,Z) and

E’=D-E-C,-E-Cy-E=0—-1—-1= -2

since DN E = () and C; intersect F transversely at a single point.

Remark 19.4. [t is possible to do intersection theory purely algebraically,
over any field k, even if k is not algebraically closed or has positive char-
acteristics. One needs to replace the (even) homology groups H, with the
so-called Chow groups A.(X). As a matter of fact, A.(X) provide more
refined invariants, compared to H,. A very good, but also quite advanced
reference for it is the Fulton’s book [1])].

Exercise 1. Use (19.1) to check that on the blowup X of a point in CP?
there holds (L')? = 0. What is the geometric meaning of it?

Exercise 2. Let C' be a smooth curve on a smooth projective surface
S and let X — S be the blowup of S at a point p € S. Denote by C’ the
proper preimage of C' in X. Prove that (C’)2 = C? — 1. This generalizes
the example of Exercise 1.

Exercise 3. Let X be a blowup of CP? in 5 points p,...,ps in general
position. Prove that the proper preimage of any line through two of these
points has self-intersection (—1). Prove that the proper preimage of the
unique conic that passes through all five points also has self-intersection

(—1).

20 Rational surfaces. Del Pezzo surfaces.

We will now discuss arguably the simplest class of complex algebraic sur-
faces, namely the rational surfaces.

Definition 20.1. A complex algebraic surface X is called rational if and
only if it is birational to CP? or, equivalently, the field of rational functions
on X is isomorphic to the field of rational functions in two variables.

This definition makes sense in arbitrary dimension, to give us a notion
of a rational algebraic variety. In some sense, rational varieties are what
we would wish all varieties to be: their points, at least most of them, are
precisely encoded by free variables. In higher dimension, it is a highly non-
trivial problem to determine if a variety is rational, but in dimension two
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it is usually quite manageable due to the following theorem of Castelnuovo,
which we will not attempt to prove.

Theorem 20.2. Let X be a smooth projective complex algebraic surface.
Then X is rational if and only if the square of the canonical line bundle
K§2 — X has no nonzero holomorphic sections.

As was mentioned before, every two projective algebraic surfaces which
are birational to each other are obtained by successive blowups of points and
blowdowns. Thus, it is natural to define minimal rational surfaces as smooth
projective rational surfaces which are not isomorphic to a blowup of any
other surface. Since blowdown decreases the rank of the second cohomology
group, one can not do them indefinitely, so every rational surface is obtained
by a repeated blowup of a minimal one.

Prominent examples of minimal rational surfaces are Hirzebruch surfaces.

Definition 20.3. Let n be a nonnegative integer and let W = O @ O(—n)
be a rank two vector bundle over CP' [T We define the Hirzebruch surface

H, =PW
as the set of lines through the origin in the fibers of W.

Each of the two summands O and O(—n) of W gives a line in the fiber of
W and thus a point in the fiber of PW. As fibers vary, we get two smooth
curves in H,, which are sections of H,, — CP! in the usual sense of the word.
We call these curves Sy and S_,,. In addition, we will be interested in the
fiber Fy and F. over the two points of CP!.

] S .
—— S« |

FO Foo
/,E@//
P
0 R

201 A theorem due to Grothendieck states that any vector bundle over CP! is a direct
sum of line bundles. This is a very peculiar property of CP'.
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It is easy to see (Exercise 2) that
H,\ (SoU Fy) = C2. (20.1)

One can show that every Weil divisor on C? can be given as a divisor of a
rational function. Therefore, the class group of H, is generated by [Sp] and
[Fp]. Let us find their intersection numbers.

Proposition 20.4. The intersection pairings of Sy and Fy on H, are given

by
F2=0, FpSo=1, S = —n.

Proof. The rational function ;—(1’ on CP' gives a rational function on H,, with
divisor [Fy| — [Foo]. We thus get

F? = FyFy =0,

since Fy N F, = (). The curves Fy and Sy intersect transversally at a single
point, thus FySy = 1.

The computation for S3 is a bit more subtle. We claim that there is a
rational function on H,, which has divisor

[So] — [S—n] + n[Fo]. (20.2)
This would imply that [So] = [S_n] — n[Fo] in CI(H,,), so
52 =505 _,, —nSgFy =0—n = —n.

To construct such rational function, we write O(—n) — CP! in coordinate
charts as being glued from two copies of C x C — C over the two charts C

on CP! via
T o

(to, (1: =) ~ ((55)™t1, (= : 1)) P02

Zo T 1
Then W — C is glued from two copies of C?> x C — C via
Zo Zo

(0.0, (12 20)) ~ (51, (50", (5 £ 1)).

0 x1 x1

202 1f you are like me and struggle with signs, one way to see that you should have n
and not (—n) in this formula is by noticing that section to = 1 in the first chart becomes
t1 = (%)7" in the second chart and thus does not extend to a section on all of CP'. This
is consistent with O(—n) not having nonzero sections. If a different sign were chosen, we
would get O(n) which does have such sections.
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Then H,, = PW is glued from two copies of CP! x C — C via

z

itg), (1:—)) ~ S (—)™1), (— :1)).

((s0 < to), ( $o>) ((s1+ ()"0, (= + 1)
The curve Sy is defined by tg = 0 in the first chart and ¢; = 0 in the second
chart. Similarly, S_,, is sp = 0 in the first chart and s; = 0 in the second
chart. The curve Fj is the complement of the first chart and is defined by

%(1) = 0 in the second chart.

The rational function
to _t oy

S0 S1 1

has divisor [Sp] — [S—y] in the first chart and [So] — [S_y] + n[Fp] in the
second. ]

The following result, which we will not prove, describes all minimal ra-
tional surfaces.
Theorem 20.5. Minimal rational surfaces are either CP? or Hirzebruch
surfaces Hy, forn =0 ormn > 2.

Remark 20.6. The Hirzebruch surface Hy is simply CP! x CP'. The reason
that the Hirzebruch surface Hy is not included in the list is that it is actually
isomorphic to the blowup of CP? at one point. The Hirzebruch surface Ho
is the resolution of the Ay singularity of the singular quadric zow1 = 23 in
CP3.

Some of the most fascinating examples of rational surfaces are the so-
called del Pezzo surfaces. Recall (see Definition that a line bundle
L — X is called ample if global sections of some positive tensor power of it
define an embedding of X into a projective space.

Definition 20.7. A smooth projective surface X is called a del Pezzo sur-
face, if the anticanonical line bundle K3, = NTX — X is ample.

The simplest example of a del Pezzo surface is CP2. The anticanonical
line bundle on CP? is O(3), its sections are cubic polynomials in the ho-
mogeneous coordinates, and they define an embedding of CP? into CP?, a
particular case of the Veronese embedding. So the anticanonical line bundle
is very ample. Similarly, the anticanonical line bundle on CP! x CP! is very
ample.

It can be shown that all del Pezzo surfaces are either CP' x CP! or
blowups of at most 8 distinct points p1, ..., pr on CP?, provided that these
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points are in a sufficiently general position (for example, three points can
not be collinear). An interesting feature of a del Pezzo surface is its set of
(—1)-curves, which are the smooth curves of genus zero that can be blown
down to get another del Pezzo surface. We will comment on these below.

e k = 1. Blowing up one point on CP?, we get the Hirzebruch surface
H,. It has a unique (—1)-curve, namely the exceptional curve of the
blowdown morphism.

e k = 2. When we blow up two points p; and ps on CP2?, we get three
(—=1)-curves: two exceptional curves F; and Fy that blow down to
p1 and po respectively, and the proper preimage [ of the line pips C
CP?. We can blow down [, and the resulting surface turns out to be
isomorphic to CP! x CP'. The reader can try to prove it now, or wait
until we talk about toric varieties in Section 29

e k = 3. Since points can not be collinear, we might as well choose to
blow up (1 : 0:0), (0:1:0) and (0 : 0 : 1). There are now six
(—1)-curves in X, connected to each other like vertices in a hexagon.
They are three exceptional curves and three proper preimages of the
coordinate lines. In fact, we have seen this surface in Exercise 2 of
Section

e k = 4. There is only one such surface, since every four points on CP?,
no three of which are collinear, can be moved to (1:0:0), (0:1:0),
(0:0:1) and (1:1:1) by the action of PGL(3,C). This surfaces has
ten (—1)-curves: 4 exceptional curves and 6 proper preimages of the
lines through two out of 4 points.

e k = 5. There is now a two-dimensional family of surfaces, which we
looked at in Exercise 3 of Section There are 16 (—1)-curves: 5 ex-
ceptional curves of the blowup, 10 proper preimages of lines and one
proper preimage of the conic through pq,...,ps. Sections of the anti-
canonical line bundle on X can be identified with cubic polynomials
in the homogeneous coordinates of CP? which are zero on py,...,ps.
This is a five-dimensional space, and it gives an embedding of X into
CP?, so that the ideal of X is generated by two degree two equations.

e k = 6. This case is a bit more famous than the others. There are 27
(—=1)-curves of X, which come from 6 exceptional curves, 15 proper
preimages of lines and 6 proper preimages of conics through 5 out
of six points we blow up. All such surfaces are embedded into CP3
by the sections of Ky and the image is given by one cubic equation.
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The (—1)-curves become lines in CP? in this embedding. Conversely,
every smooth cubic surface in CP? is del Pezzo, has 27 lines on it,
and any collection of pairwise disjoint lines on it can be contracted to
get CP2. We do not prove these classical results, but we will see how
the expected number of lines can be deduced using calculations in the
cohomology ring of the Grassmannian of lines in Exercise 3 of Section

e k = 7. In this case, the surface X always has an involution, so that
the quotient is CP? and the map X — CP? is ramified over a smooth
curve of degree 4. There are 56 (—1)-curves on X. In addition to the
7 exceptional curves, proper preimages of 21 lines through two of the
blowup points and 21 conics through five of the points, there are also
proper preimages of 7 cubic curves in CP? which pass through 6 out
of seven points of the blowup and are singular at the 7-th point. The
anticanonical line bundle is not very ample, i.e. sections of Ky do not
define an embedding.

e i = 8. There are 240 (—1)-curves. Specifically, there are 8 exceptional
curves, 28 and 56 proper preimages of lines and conics respectively
and 64 proper preimages of cubic curves which are singular at one of
the points and pass through six points of the blowup. Furthermore,
there are proper preimages of 56 degree four curves which are singular
at three points and pass through the remaining five points, and 28
degree five curves which are singular at six points and pass through
the remaining two. The anticanonical line bundle is not very ample.

Remark 20.8. Another interesting family of surfaces is obtained by blowing
up 9 points on CP? which are the intersection points of two smooth cubic
curves fi = 0 and fo = 0. The resulting surface is not del Pezzo, but its
anticanonical line bundle defines a map to CP'. The generic fiber of this map
1s an elliptic curve, and these surfaces are called rational elliptic surfaces.

Exercise 1. Prove that for any vector bundle W — X and a line bundle
L — X we have
P(W ® L) = PW.

Conclude that the projectivization of O(a) @ O(b) — CP! is isomorphic to
the Hirzebruch surface H),_y).

Exercise 2. Show that the complement H \ Fy is isomorphic to CP! x C.

Use it to prove that (20.1)).
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Exercise 3. A (—1)-curve in a smooth surface X is, by definition, iso-
morphic to CP! and satisfies E? = —1. Use adjunction formula to prove
that it satisfies K - E = —1 where K is the Weil divisor that corresponds to
the canonical line bundle Kx — X.

21 Kodaira dimension and classification of alge-
braic surfaces.

We will now discuss a very important invariant of algebraic varieties known
as the Kodaira dimension.

Let X and Y be compact smooth n-dimensional algebraic varieties which
are birational to each other, i.e. they contain isomorphic Zariski closed
subsets X DO Ux = Uy C Y. Because Y is compact, there exists an open
subset V' C X that contains Ux such that

e codimg(X \ V) > 2.
e There is a birational holomorphic map p: V — Y.

This is often phrased as “birational equivalences are isomorphisms away from
a set of codimension one and are morphisms away from a set of codimension
two”. We will not prove this statement'T] but will illustrate it by an
example.

The algebraic surface CP? and its blowup at a point p are birational to
each other, because they contain isomorphic Zariski open subsets, namely
the complement of the point and its preimage. If we take Y to be the blowup
of CP? and X to be CP2, then V = CP?\ {p} maps to Y. On the other
hand, if we take X to be the blowup of CP? and Y to be CP?, then we can
take V' to be all of X, although the holomorphic map V — Y is no longer
an inclusion.

Now let w € T'(Y, A"TY") be a global holomorphic n-form on Y. When
we pull it back to V we get u*w € T'(V, A"T'X"), a holomorphic n-form on V.
We now invoke a statement knowns as the Hartogs’ Lemma: a holomorphic
section of a line bundle defined outside of the locus of complex codimension

211 1t is related to the valuative criterion of properness, [20].

95



2 or higher can be uniquely extended to a holomorphic section'?] Thus,
our assumption of V implies that p*w can be extended to an element of
['(X,A"TXV). This gives us a pullback-then-extension linear map

I(Y,A"TY") = T'(X,A"TX").
Naturally, we also have the pullback-then-extension map in the other direc-
tion

I'(X,A"TXY) = T(Y,A"TY")
and these two maps are inverses of each other, because the compositions (in
the appropriate order) preserve the forms on Uy and Uy.

Recall that the line bundle A"T' X" is called the canonical line bundle of
X and is denoted by Kx. A similar argument works for any positive tensor
powerP 1] of Kx so we see that

D(X,K$™)

is an invariant of birational equivalences between smooth compact algebraic
manifolds. Moreover, the graded ring

R=PTr(X KF")
m>0

is a birational invariant. One of the great achievements of birational geom-
etry is the proof in 2010, by Birkar, Cascini, Hacon and McKernan [5, 6]
that R is finitely generated (over its degree zero part which is always C). 1
believe this is still an open problem over the fields of positive characteristics,
and I am not willing to venture any guesses if it is true there or not.

Warning 21.1. For m < 0, the vector space
I(X,KY™)

18 not a birational invariant. The proof that works for m > 0 is not appli-
cable, because vector fields do not pull back. For instance, for m = —1,

dime I'(CP?, Kpe) = dime T(CP?, O(3)) = 10

but for the blowup X of CP? at a point p we get dimc (X, KY) = 9 as
these correspond to homogeneous cubic polynomials in three variables that
are zero at p.

212 Tt is often stated for functions rather than sections of line bundles, but there is no
difference locally.

213 Just because we can’t integrate expressions like g(2) (dz1 A --- A dz,)®™, it doesn’t
mean that they don’t make sense. They can also be pulled back for m > 0.
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Kodaira dimension concerns the “size” of R. More precisely, R is always
an integral domain, and its quotient field is a field extension of C of finite
transcendence degree.

Definition 21.2. We define Kodaira dimension of X by

[ tr.deg.(Q.F.(R)) — 1, if Ry #0.
M) = { —c0. if Rog - 0.

Remark 21.3. Kodaira dimension of X is a birational invariant which
takes values in
{=00,0,1,...,dim¢c X}.

After the dimension, it is arguably the most important invariant of an alge-
braic variety. Occasionally, k(X) = —oo is denoted by k(X) = —1, but the
—oo notation is preferable, because it satisfies

KX xXY)=r(X)+ k()
in the appropriate sense.

In dimc X =1 case, birational equivalence of smooth compact Riemann
surfaces implies isomorphism, and Kodaira dimension separates all Riemann
surfaces into three classes that we have already seen in Section [14]

e k(X) = —oo. This is the case of genus g = 0, and X = CP! is the only
example. The universal cover of X is CP'. The automorphism group
is PGL(2,C).

e k(X) =0. We have g = 1, X is an elliptic curve, the universal cover
is C. The automorphism group is one-dimensional.

e x(X) = 1. Here g > 2, the universal cover is the unit disc (equivalently,
upper half plane). The automorphism group is finite.

We will now talk about the next case, dim¢ X = 2. The situation is a
lot more complicated. We will make no attempts at proving anything.

First let’s talk about x(X) = —oo. Examples include all of the rational
surfaces, such as CP?, CP! x CP', Hirzebruch and del Pezzo surfaces. In
addition, this class contains products CP' x Y for a curve Y, and more
generally ruled surfaces (X — Y with generic fiber isomorphic to CP!).

The next case of k(X ) = 0 is arguably the most fascinating. In this case
either the canonical line bundle K x or some positive tensor power of it is
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trivial. Examples include abelian surfaces, so-called hyperelliptic surfaces,
K3 surfaces and Enriques surfaces.

Abelian surfaces are topologically equivalent to (S')* and are isomorphic
to C2/L for certain lattices L = Z* They form countably many three-
dimensional families inside of a four-dimensional family of complex manifolds
(see Exercise 1), most of which are not algebraic.

dim 4

You try drawing infinitely many
three — dimensional loci inside
a four — dimensional space!

Hyperelliptic (a.k.a. bielliptic) surfaces are quotients (E x F')/G of cer-
tain products of elliptic curves by certain finite group actions. There are
seven families of such surfaces.

K3 surfaces have been studied by many authors, but they were named as
such in 1958 by Weil, to honor Kummer, Kéhler and Kodaira, as well as the
K2 mountain in the Himalayas. Similarly to the abelian surfaces, they form
countably many 19-dimensional families inside a 20-dimensional family of
complex surfaces. In what follows, I will describe some of these families and
give a (non-rigorous) count of the parameters.

e Consider the double cover X — CP? ramified over a smooth de-
gree 6 curve f(zg,z1,22) = 0 which roughly means looking at t? =
f(xo,x1,x2) in some appropriate space, see Exercise QFEI The pa-
rameter count goes as follows. We have a 28-dimensional space of
homogeneous polynomials of degree 6, which gives 27 parameters up
to scaling. Moreover, we should subtract the dimension of the auto-
morphism group of CP2, which is dim PGL(3,C) = 8. Thus, we get
27 —8=19.

e The next case is that of degree 4 hypersurfaces X in CP? that one can
view as a direct generalization of cubic curves in CP2. Note that by

214 We do not explain why Kx — X is trivial in this case.
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the adjunction formula of Proposition [9.7] we have
Kx = p*(Keps © O(X)) = 45 (0(—4) ® O(4)) = " O

is trivial. The space of polynomials of degree 4 is of dimension 35 and
we get as before

35—1—dimPGL(4,C) =35—1—15=19.

e Now let us consider the surfaces X in CP* whose homogeneous ideal is
generated by one quadratic and one cubic equation. We can think of X
as an intersection of a quadric @ and a cubic C in CP4. The canonical
class of X is trivial by a repeated application of the adjunction formula,
first going from CP* to C and then going from C to X. The space of
quadratic polynomials in 5 variables is of dimension 15, so we get a
dimension 14 parameter space of Q. The space of equations of C' is of
dimension 35, but we need to not only account for the scaling (subtract
1) but also for adding any products of the equation of @ and a degree
one polynomial. And let’s not forget about the automorphisms of CP*.
All in all, we get

14+ (35— 1 —5) — dim PGL(5,C) = 14 + 29 — 24 = 19,

Remark 21.4. We do list one more family in Fxercise 38 and there are,
as I mentioned earlier, infinitely many families, but the description gets
more complicated further on. One really needs Hodge theory for the proper
treatment of K38 surfaces. What is remarkable, and not at all obvious, is
that all of the above are diffeomorphic to each other as real manifolds!

To finish the x(X) = 0 case, Enriques surfaces are quotients of certain
special K3 surfaces by Z/27Z that acts without fixed points. They form a
single 10-parameter family.

In the case of kK(X) = 1, the surfaces in question have a structure of
elliptic fibration, i.e. there is a map X — Y, where Y is a curve, and most
fibers are smooth curves of genus 1. There is a detailed classification of what
kind of special fibers could occur, due to Kodaira.

The case of k(X) = 2 is that of surfaces of general type. It includes in
particular products C x Cy where both C; are curves of genus at least two.
Other simple examples are smooth surfaces in CP? of degree at least five.

99



Overall, we are nowhere near classifying surfaces of general type, although
there are multiple very interesting constructions of some of them with small
Betti numbers. My hobby over the last eight years or so has been trying to
construct explicit equations of a very special type of such surfaces, known
as fake projective planesm For a review of related surfaces, I highly rec-
ommend [4].

Exercise 1. Count the parameters of rank 4 lattices in C2, up to linear
transformations of C? to show that they form a four-dimensional family.

Exercise 2*. The weighted projective space WP(1,1,1,3) is defined as
the quotient of C*\ {(0,0, 0,0} with coordinates (zg,x1,2,t) by the action
of C* given by (g, 21, 72,t) — (Axo, Ax1, AT2, A3t). As a set, WP(1,1,1,3)
can be covered by the charts U; = {z; # 0} and U; = {t # 0} which gives it
a structure of a (singular) algebraic variety. Prove that Up 12 are in natural
bijection to C* and U; is in bijection to the quotient of C? by the group
7, /37 that acts by scaling coordinates by the third roots of 1. Prove that
the surface

t? = x§ + 28 + 2§

is smooth and maps 2 : 1 to CP?, with ramification divisor given by

0=af+af+ 5.

Exercise 3. One more accessible example of K3 surfaces is that of
surfaces X in CP° cut out by three quadratic equations. Do the rough
parameter count, taking into account that only the linear span of the three
equations matters. Hint: Count the ordered bases of the space of generators,
which overcounts the parameter space by dim GL(3,C) = 9. If you know the
formula for the dimensions of Grassmannians, that could be used as well.

22 Chern classes of vector bundles. Chern char-
acter. Euler sequence.

Let X be a smooth complex manifold and W — X be a rank r holomorphic
vector bundle. Then it is possible, although not easy, to construct the total

215 They have been classified as 100 group quotients of a two-dimensional ball by [§],
following [26], but this does not provide explicit equations.
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Chern class of W

(W) =1+c1(W)+ (W) +...+c(W) € H(X,Z) = P H* (X, Z)
where 1 € H%(X,Z) and ¢;(W) is an element of H*(X,Z). The individual
terms ¢; (W) are called the i-th Chern classes of W.

The case of line bundles L — X is of particular interest. Here the
only nontrivial Chern class is ¢;(L). If L corresponds to the Weil divisor
D = ) ,a;D;, the class ¢i(L) turns out to be the Poincaré dual of the
homology element [D] in H3 dime x—2(X,Z). So in this sense we can think
of Chern classes as some kind of higher rank invariants that generalize the
correspondence between line bundles and Weil divisor classes.

Chern classes carry a number of properties, which we list below, obviously
without proof.

o ¢ ,(W)=0for k >rkW.

e (Functoriality) For a morphism f : X — Y and vector bundle W — Y
there holds

cx(f*W) = [ (e (W)

for all k. On the left hand side we have the Chern class of the pullback
of the vector bundle, and on the right we have the cohomology pullback
H?(Y,7) — H?**(X,7Z) of the Chern class.

e For a short exact sequence of vector bundleg®> ]|
0—->W; > Wy = W3—0

on X there holds
C(Wg) = C(Wl)C(Wg).

As the corollary of the last statement, if a vector bundles W is a direct
sum of line bundles
W20 &La®...P Ly,

then
cW)=0+cr(L1)1+er1(L2)) ... (L+ e (Ly)).

221 This means we have maps of vector bundles that induce short exact sequences in each
fiber.
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Now I want to explain how one can work with Chern classes. A typical
problem might be the following. Suppose we have a rank 2 vector bundle
W with the total Chern class ¢(W) =1+ ¢1 + ¢2, and we want to compute
the Chern class of the third symmetric power Sym?(WW).

Because Sym?(C?) = C*, the vector bundle Sym?(W) has rank 4. Sup-
pose for a moment that W is a direct sum of line bundles

W = L& Lo,
in which case
Sym3(W) = LY @ (LY? @ Ly) @ (Ly ® LY?) @ L§3.

If we denote c1(L1) = 21, c2(La) = x2, then we have ¢; = z1+x9 € H*(X,7Z)
and co = 1290 € H 4(X ,Z). Since tensor product of line bundles corresponds
to the addition of the corresponding Weil divisor classes, we get

c(Sym3(W)) = (1 + 321) (1 + 221 + 22)(1 + 21 + 222) (1 + 3x2).

On the right, we have a symmetric function in x1, x2, which we can write in
terms of its elementary symmetric polynomials ¢; and ¢y as

c(Sym®(W)) = 1+46¢1+ (11§ +10c2) + (6¢5 +30c1c2) + (18¢Tca+9¢a) (22.1)

The black magic known as the splitting principle then says that c(Sym?(W))
is given by the formula even if W is not isomorphic to a direct sum
of line bundles! This allows us to compute Chern classes of vector bundles
that are constructed from given vector bundles.

An important terminology convention is to write

rk W
c(W) = [T +z(W))

i=1
and call z;(W) the Chern roots of W. If W is a direct sum of line bundles,
then its Chern roots are just their first Chern classes. More generally, the
Chern roots themselves are not assigned a precise meaning, but their ele-
mentary symmetric functions are the Chern classes of W. As a consequence,
a degree k symmetric polynomial in the Chern roots of W is a polynomial
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in the Chern classes of W, and is an element of H?*(X,Z). A particular
case is that of the tangent bundle T'X — X, where we write

dim¢e X

o(TX)= ] (t+=)

i=1

and call z; the Chern roots of X [27]

Let us now do an important example. We would like to compute the
total Chern class of the tangent bundle to CP™.

Proposition 22.1. There is a natural sequence of vector bundles on CP"
0— O — 012+ 5 TCP" — 0
usually called the Euler sequence.

Proof. 1 will only sketch the proof. The key to this is the presentation
CP" = (C*™1\ {0})/C*.

We can think of vector fields on CP"™ as C*-equivariant vector fields on
C™ 1\ {0} of “weight 17, up to the vector field Y 1 $ia%i along the fibers
of the quotient map. O

As a consequence of the Euler sequence, we get

c n+1 n+1
o(TCP") = (OC((l(;)) = “tfé = (1+H)"*"!

where H = ¢1(O(1)) is the standard generator of H2(CP",Z). Note, how-
ever, that it would be wrong to claim that H, ..., H (n+ 1 times) are Chern
roots of TCPP", because that would give the wrong rank.

We will now discuss a very important way of packaging the Chern class
information, known as the Chern character.

Definition 22.2. Let W be a rank r vector bundle on X with

T

(W) = [t +w)

=1

22:2 T have also seen these more properly referred to as the Chern roots of the tangent
bundle to X. Perhaps this will become the common convention in the future.
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where y; are the Chern roots. Then we define the Chern character of W by
1 1
ch(W) := ¥ +e¥%2 4 ... 4 e¥r :r+(y1+...yr)+(§y%+...+§y3)+---

in HV"(X,Q). We have to use the coefficient ring Q because of the de-
nominators in the exponential. Note that the formal power series of €Y can
be truncated to a polynomial, since H>24mcX (X Q) = 0.

Remark 22.3. People these days plug everything into the exponential func-
tion! My personal favorite is €X, which is the disjoint union of properly
understood quotients of the products of n copies of a manifold X by the
symmetric group of permutations.

Remark 22.4. The standard notations ch(W') and ¢(W) are close enough
to be somewhat confusing at first reading, even though total Chern class and
Chern character have very different properties.

The following properties of the Chern character can be deduced from
those of the total Chern class and the splitting principle.

e The H(X,Q) part of ch(W) is always the rank of W.

e For a short exact sequence
0—->W; > Wy —W3—0

there holds ch(W3) = ch(W7) + ch(W3).

e For f: X — Y and vector bundles W on Y there holds ch(f*(W)) =
[ (ch(W)).
° Ch(W1 &® Wg) = Ch(W1)0h<W2).

The last property is perhaps the most useful, it is much simpler than the
corresponding statement for the total Chern classes.

As a corollary, we can use the Euler sequence on CP" to get
ch(TCP") = (n+ 1)efl —1.

There is also some strange but important class called the Todd class of
X. It is defined as follows.

Definition 22.5. Let x; be the Chern roots of T X, i.e.

C(TX):1+01+02+...:H(1—|—mi).

i
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Then

dimc X
Td(X) = :
(X) H 1 —e %
=1
where we expand == as a formal power series in x. It can be explicitly
written as )
Cc1 ]+ co C1C9
Td(X)=1+ — —_— 4. 22.2

see Exercise 3.

Exercise 1. Verify (22.1))

Exercise 2. Prove that the first Chern class ¢1 (W) of a vector bundle
W is the first Chern class of its top exterior power AWV,

Exercise 3. Prove that the coefficients of the Todd class of X can
be written as polynomials in the Chern classes of T'X, without using the
dimension of X, and verify (22.2]). Hint: By looking at

Ine(X) = Zln(l + z;),

. dime X
we can write the sums Y 507 zF

InTd(X).

as polynomials in ¢;. Then consider

23 Cohomology of vector bundles and Hirzebruch-
Riemann-Roch formula. Example: x(CP", O(k)).

Recall that for a vector bundle 7 : W — X on a smooth complex algebraic
variety, sections s of it are maps s : X — W such that mos = idx. Sections
of W have a natural structure of a complex vector space, which we (for now)
denote by T'(X, W).

Suppose that we have a short exact sequence
0—->Wy ->Wy W30

of vectors bundles on X, which means that we have this short exact sequence
of vector spaces in each fiber. Any section of W7 induces a section of Wy
and a section of W5 induces one of W3 and we have the following result.
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Proposition 23.1. There is a left exact sequence

0— DX, W) = [(X,Ws) = I'(X, Ws)

Proof. The fact that I'(X, W7) — I'(X, W) is injective is obvious, since a
zero in a fiber of W5 is also a zero in a fiber of W;. For the exactness in
the middle, suppose that s : X — W is a section of Wy — X which maps
to the zero section of W3 — X. This means that for every x € X the image
of s(z) in the fiber of W3 — X is zero. But this means that s(z) actually
lies in the fiber of Wy inside that of W5, and s is an image of a section s; of
W, — X. ]

As you may have guessed, there is generally no right exactness. In other
words, a surjective map of vector bundles

W2—>W3—>0

may or may not induce a surjective map of the corresponding spaces of
sections. The issue here is that given a section s : X — W3, we may always
pick a lift to W5 at each fiber, but we may not be able to do it in a consistent
(say, holomorphic) fashion over all of X. We provide a specific example of
non-surjectivity below.

Let X = CP". Consider the Euler sequence
0= 00— 00 5 TXx 0.
We can dualize it to get
0= (TX)V - O0(-1)%"" 5 0 0.

The line bundle O is the trivial bundle C x X — X, whose global sections
are the holomorphic functions on X, which are constants. So I'(X, O) = C.
We claim that the line bundle O(—1) — CP" has only zero holomorphic
sections. One way of seeing it is that the coordinates xg, ..., x, on CP" are
sections of O(1), so for any section s € I'(CP"™, O(—1)) the tensor product
s®xq is a section of O and is therefore a constant. Since it is zero at xy = 0,
we see that it must be a zero constant. This is implies that s is zero for
g # 0 and is thus zero everywhere by continuity.

It turns out that there is a way of working with the lack of exactness on
the right, other than just giving up. Specifically, for a short exact sequence

0—->W =>Wy >W3—0
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of vector bundles on X there exists a long exact sequence
0—-ID(X, W) - TI(X,Ws) - I'(X,W3) —
— HYX, W) — HY(X,Ws) — HY(X,W3) — (23.1)
— HY(X, W) — -
where H'(X, W) are certain cohomology vector spaces which depend func-
torially on W.

Remark 23.2. From now on, we will use H*(X, W) = I'(X,W) to make
the long ezact sequence (23.1)) look more uniform.

While we don’t have the tools needed to define H(X,W) (the hardest
part are the so-called connecting homomorphisms H*(W3) — HTY(W7)) we
will list some of their properties.

e HY(X,W) =0, unless 0 < i < dim¢ X.
e For X compact, H'(X,W) are finite-dimensional.

e (Serre Duality) For a smooth projective variety X, for all vector bun-
dles W and all ¢ we have a natural duality

HZ(X, W) ~ Hdimc )('—i()(7 WV ® KX)V
where K x is the canonical line bundle on X.

e (Kodaira vanishing theorem) Let L — X be an ample line bundle
on a smooth projective complex variety X, see Definition [7.1. Then
H{(X,L® Kx) =0 for all i > 0.

Definition 23.3. For any vector bundle W on a smooth projective variety
X we define the Euler characteristics of W by
dim X
X(X, W)= Y dime H (X, W) = dimg H*(X, W)—dime H' (X, W)+ - .
i=0

The main property of the Euler characteristics of a vector bundle is that
it is additive on short exact sequences. More precisely, for any

0—->Wy =>Wy > W30

there holds x(W2) = x(W1) + x(W3), see Exercise 1. This is why it is
often much easier to compute x (X, W) than the more geometrically mean-
ingful dimc H°(X, W). Fortunately, in some cases of interest Kodaira van-
ishing or other similar theorems allow one to conclude that x(X,W) =
dime HO(X, W).
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Additivity of x on short exact sequences should remind you of the ad-
ditivity of the Chern character. Not coincidentally, the famous Hirzebruch-
Riemann-Roch formula allows one to compute (X, W) if one has a good
understanding of ch(W), Td(X) and the product in H**"(X, Q).

Theorem 23.4. Let X be a smooth projective complex algebraic variety. We
define [ : H**"(X,Q) — Q as reading off the coefficient at the Poincaré
dual of the point in the top cohomology H>3™c X (X, Q). Then for any vector
bundle W on X we have

(X, W) = /X ch(W) Td(X).

We have no intention of proving Theorem but we will look at some
of its corollaries.

e tk = 1, dimc X = 1. We will denote the line bundle by L. Since
H>2(X,Q) =0, we get

ch(W) = e ) =1 4 ¢/(L) = 1 + (deg L)P.D.(point).
We also have Td(X) = 1+ 5¢1(TX) = 1+ 1(2—2¢)P.D.(point) where
g is the genus of X. Therefore, we have

X(X,L) = /X(l—i—(deg L)P.D.(point)+(1—g)P.D.(point)) = deg L+1—g.

Here we used Proposition that the degree of the canonical line
bundle is 2g — 2, and the fact that T X is the dual of the canonical line
bundle.

e tk =1, dimc X = 2. We have

1 1 2+
ch(L) =14 c1(L) + 5cl(L)Q, Td(X) =1+ g1 + 112 2

where ¢; denotes ¢;(TX). This gives

1 1 1 A+ e
X, L) = ~cy(L)? + =c1(L — 1 )
X( ) ) 201( ) + 261( )Cl+ 201"‘ 12

In the particular case L = O we get the Noether’s formula® 1]

c%—l—cz
12

23-1 1¢ is worth mentioning that cf is the self-intersection of the canonical divisor and c2
is the topological Euler characteristics of X, i.e. the alternating sum of its Betti numbers.

x(0) =
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Then for general L that corresponds to a Weil divisor D we get

(X, L) = %D(D — K) 4 x(0).

e X = CP" and L = O(k). The cohomology ring of CP" is generated
in degree two by the Poincaré dual H of a hyperplane, with H" =
P.D.(point) being the generator of the top cohomology.

H*(CP",Z) = H**(CP",Z) =C®CH & - - - & CH™.

We have ch(L) = ¢ but the computation for the Todd class is a bit
more complicated. We have

o(TX) = (1+ H"™,

but these are not the Chern roots. Nevertheles§? |

Td(X) = <1_Z_H>n+l

so Hirzebruch-Riemann-Roch formula says

kH ryn+1 kH ryn+1
e H e H
X.0k)) = —_— = ff.at H" | ——————
0000 = [ g = oo st 2 (= )
kH kH
e 1 e
=R — = —— ——— —dH
€SH=0 (1 — e_H>n+1 27 %Hla (1 _ e—H)n+1

t:l_e—Hljg (1—t)_k’_1dt_(k+1)(k+2)-...-(k+n)
- 2mi |t‘:5 thrl - n'

where we treat H as a complex variable in the second line. In the last
identity we used that it is the coefficient at ¢t of the Maclaurin series
of (1 —t)7%=1. We will see the more elementary reason behind this
formula in Exercise 3.

Exercise 1. Prove that Euler characteristics is additive on short exact
sequences. Hint: Use (23.1)) and the general statement about alternating
sum of dimensions of vector spaces in a long exact sequence.

Exercise 2. Use Kodaira vanishing theorem to show that for all £ >
—n — 1 we have H>°(CP", O(k)) = 0. Hint: Use Exercise 3 of Section @

232 One can define Todd classes of vector bundles in a way that’s multiplicative for short
exact sequences and then use the Euler sequence.
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Exercise 3. One can show (see Exercise 2 of Section [7]) that for k£ > 0
the global sections of O(k) on CP™ are homogeneous polynomials of degree
k in the homogeneous coordinates on CP". Together with Exercise 2, show
that this is consistent with the above calculation of x(CP"™, O(k)).

24 Introduction to Grassmannians.

In the next two sections we will talk about the Grassmannian varieties.

Definition 24.1. Let V be a complex vector space of dimension n. For
each k € {0,...,n}, the Grassmannian Gr(k,V') is defined as the set of all
dimension k vector subspaces of V.. We also use Gr(k,n) notation for it if
we don’t particularly care about the nature of V.

Clearly, for k = 0 or k = n the set Gr(k,V) consists of one element.
For k = 1 we have Gr(k,V) = PV = CP"!. For k = n — 1 we have
Gr(k,V) =PVY = CP" . This makes Gr(2,4) the first interesting case.

It is reasonable to expect that Gr(k,n) has a natural structure of an
algebraic variety and a complex manifold. Indeed, this is the case. As with
projective spaces, we can define it by using coordinate charts. We will think
of V as the space of length n row vectors. Then a dimension k subspace W
of V', together with a choice of a basis can be regarded as a k x n matrix M
of rank k. Different choices of said basis of W are related by invertible row
transformations of M. Thus we get, as sets,

Gr(k,n) = {max rank k x n complex matrices}/GL(k, C)

for the left multiplication action of GL(k,C). Note, that in the k = 1 case,
this perfectly reproduces the definition of CP"~!.

Recall that M has rank k if and only if it has a nonzero minor. This
inspires us to consider, for each set of indices

1§i1<i2<---<ik§n,

the subset Uj, 4,,...4, of Gr(k,n) such that

k

det M;, .. 4. #0

where the determinant is that of the square submatrix of M made from
columns 41,12, ...,%. Note that this property is preserved under invertible
linear row transformations.
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Let us look in detail at the particular case of Uy o, ;. This means that
the first minor of M is invertible, so Gaussian elimination gives

1 0 0 * *
Mo~ 0 1 0 * *
0 0 1 * *

with the unique reduced row echelon form. This is just a fancy way of saying
that we multiply M by M1_ 21k to get the first submatrix to be identity.
The entries of the remaining k x (n — k) matrix can be arbitrary complex
numbers, so we can identify U . with Ckn=k)  For arbitrary iy < --- < i,
the chart U;, . ;, can be identified with Ck(n—k) by looking at the entries of

;1- , M outside of the 7;-th columns.
1,255k

On the intersection of U;, . ; and Uj, . j, , the transition functions are
clearlyPEl rational and holomorphic, which gives Gr(k,n), and more gener-
ally Gr(k, V) the structure of a smooth complex algebraic variety.

Remark 24.2. Compactness of Gr(k,n) is also fairly easy and is proved
similarly to that of CP™. FEvery k-dimensional subspace W of C" has an
orthonormal basis with respect to the standard Hermitean form on C". The
space of such bases is a closed subset of (S?"~1)* (given by the orthogonality
conditions) and is therefore compact. It maps continuously and surjectively
onto Gr(k,n), which proves compactness.

We will now embed Gr(k,V) into some projective space. The idea is
rather elegant: given a dimension k subspace W C V we get

AW C APV
Since dimc A¥W = 1, we naturally associate to each W a point in the
projective space PA*V (of dimension ﬁlk)' —1). So we get a map

p: Gr(k, V) — PA*V.

Remark 24.3. [t is not a particularly mysterious map. If we think of
Gr(k,n) as the quotient as before, then the map is induced by

M (det My, i)y <y cooocipn -

241 To make it even more clear, we ask the reader to find this change of variables explicitly
in Exercise 1.
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Indeed, left multiplication by a matriz A scales all of the above determinants
by det A, so the map is well-defined. It is also clear from this description
that w is holomorphic (and algebraic).

Remark 24.4. [t can be seen from the same construction that the map is
an embedding. If two points go to the same point in the projective space,
then they must have the same nonzero minor, which we can for simplicity
assume to be My . We can assume that M is in the reduced form and
observe that determinants of minors that use (k — 1) of the first k columns
pick up precisely the coordinates of the reduced form of M. It is also easy
to see that tangent vectors do not collapse under p.

Another, more abstract, way of thinking about injectivity is that
vAANW)=0e ALY —= vew,

so AFW determines W uniquely.

This embedding p is called the Pliicker embedding of the Grassmannian
Gr(k, V) and the homogeneous coordinates on PA*V are called the Pliicker
coordinates. I now want to discuss the equations that cut out Gr(k,V) in
terms of Pliicker coordinates. Hmm, what should we call them?

But, first, let us talk about the exterior algebra A*V. If eq,..., e, form
a basis of V, then A*V is spanned by e;; A--- Ae;, with the associativity
rules, and e; A e; = —e; Ae;. In fact, up to one measly sign, the rules are
the same as those for the polynomials in e;, and the exterior algebra can be
viewed as a ring of polynomials in odd (in physics terminology “fermionic”)
variables. Just as one has partial differentiation operators acting on the
polynomial ring, there are odd analogs of them here, known as contractions.
Specifically, for o € VV we can define linear maps contr, : AV — A1V
with the property that for any vi,...,v,, € V there holds

contry (V1 A+ Avp) = a(v))ve A A vy,
—a(v2)vr Avg A AU + ...+ (—l)mfla(vm)vl A AU
(24.1)

Suppose we have a point in Gr(k, V) C PA*V or, equivalently, a decom-
posable element w = vy A --- A vy C A¥V. Then by (24.1)), for arbitrary
ag,...,ax_1 € VY we see that

contry, , o ---ocontry, (w)
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is a linear combination of vq, ..., v, so we have
(contry, , o+ ocontry, (w)) Aw=0¢e AV

We can further restate it by saying that if w is decomposable, then for all
a1, ...,a0, € VV there holds the following Pliicker relation.

contra,, o -« - o contrg, ((contra, , o---ocontrg, (w)) Aw) =0 (24.2)

We comment that it suffices to pick «; in among the basis elements
of V'V, so we have a finite and easily computable set of quadratic equations
in coefficients of w. It is true, though definitely not obvious, that Pliicker
relations cut out exactly Gr(k, V). As a matter of fact, they generate
the homogeneous ideal of Gr(k, V) in PA*V.

Let us compute the smallest interesting example, that of Gr(2,4). We
have a vector space V with the basis e1,...,es and we want to characterize
the decomposable elements w € A2V. Every w € A2V can be written as

w==x12e1N\ex+xT13€1Ne3+T14e1/Neqg+xo3eaNes+xogea/Nesg—+x34 €3N e€y,

and we think of x12, ..., 234 as the homogeneous coordinates of CP?. Since
the dimension of Gr(2,4) is 4, its image under the Pliicker embedding is
a hypersurface in CP?, so we expect a single quadratic equation. More
precisely, if we take o to be the dual basis vector ey, then we have

contry, w = ri2€9 + 13 €3 + T14 €4.
We wedge it with w to get

(contrg, w) Aw = (z12€2 + 1363 + T14€4) A (T12€1 A €2 + -+ - + T34€3 A €4)
= x12x13€2 Ne1 Nes+ T1ox14€2 Nep Neg+ T1oT34€2 N ez N ey
+ x13x12€3 N ey Neg+ x13x19€3 N e1 N eqg+ x13T24€3 N ea N\ ey
+Z14x12 €4 N €1 Aex + 214213 €4 N1 A eg + T1aT23€4 Ne2 N €3

= (x12%34 — T13T24 + T14%23)€2 A €3 A €4.
Therefore, the equation of Gr(2,4) C CP is
0 = 212734 — T13%T24 + T14723,

and Gr(2,4) is a smooth (rank 6) quadric hypersurface in CP°.
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Exercise 1. Find explicitly the change of variables from U; 3 to Uz 4 in
Gr(2,4).

Exercise 2. Verify that in the special case of Gr(2,4) one can write the
Pliicker relation as w A w = 0.

Exercise 3. Give an example of an element w in A3C% with w A w = 0
which can not be written as w = v1 A v2 A v3.

25 Grassmannians continued. Number of lines that
intersect four given lines in CP3.

In this section we continue our discussion of the complex Grassmannians

Gr(k,n).

The singular cohomology ring H*(Gr(k,n),Z) of Gr(k,n) is well-studied
but is intricate. Cohomology only occurs in even degrees and has a free
generator set given by the Poincaré duals of the so-called Schubert cycles
which are described as follows.

Let us think about points of Gr(k,n) as full rank k£ X n matrices up to
row transformations and recall that every such matrix has a unique reduced
row echelon form. Such reduced row echelon form is characterized by the
location of the pivot columns, and the Schubert cycle is defined as the closure
of the locus of M whose reduced row echelon form has given pivot columns.
Instead of setting up general notation, we will illustrate this in the particular
case of Gr(2,4). We can think of the points in Gr(2,4) as parameterizing
lines | = CP! in the three-dimensional projective space CP3, instead of
C?c (C4F5_T] There are six possible choices of pivot columns, and we list the

25-1 This leads to a competing convention where what we call Gr(2,4) is called Gr(1, 3),
but I believe that ours is more widely used.
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Schubert cycles below, together with their geometric descriptions.

1 0 * * 1 % 0 = 1 % % 0
<01**>’ (001*)’ (0001>
all of Gr(2,4) IN{0:0:%:%)}#0 (0:0:0:1)€l

01 0 = 01 x 0 0 010
(001*>’ (0001)’ (0001)
IC{(0:*:%x:%)} (0:0:0:1)elC{(0:*x:x:%)} [=(0:0:%:%)

(25.1)

Remark 25.1. There is an equivalent description of Schubert cycles in
terms of dimensions of the intersection of the subspace W with elements
of a complete flag on V', see [19].

There is a very nice alternative description of the cohomology ring of
Gr(k,n) in terms of the Chern classes of certain vector bundles. Specifically,
we have a natural exact sequence of vector bundles on Gr(k,n)

0—=S— 0% —=Q—0. (25.2)

All fibers of O®™ are naturally identified with C", the fiber of S — Gr(k,n)
over the point that corresponds to W C C™ is W, and the fiber of @ over
this point is C"/W. We call S and @ the tautological subbundle and the
tautological quotient bundle respectively.

From the properties of Chern classes, we have
IL=c(8)c(@)=1+s1+s2+-+sp)I+qa+q+ - +qur)

This gives relations on s; and ¢; and there is a beautiful result that states
that H*(Gr(k,n),Z) is generated by s; and g; subject to these relations.

We will illustrate this in the case of Gr(2,4). We have (1 + s1 + s2)(1 +
q1 + q2) = 1. Therefore,

si+q =0, siq1 +s2+¢2=0, 5192+ s2q1 =0, 522 = 0. (25.3)
The quotient of Z[s1, s2, q1, g2] by the relations (25.3)) is isomorphic to

Z[sq, sﬂ/(s:{’ — 251589, 5%52 — 5%),
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3

see Exercise 1. This implies s153 = s3s9 = 25153, 50 8153 = s3s9 = 0. From
here we get that s1s3 = s3 = 0 and s = 0. As the result, we get

H°(Gr(2,4),2) = Z, H*(Gr(2,4),Z) = Zs1, H'(Gr(2,4),7) = Zs? & Zso,

H®(Gr(2,4),Z) = Zsys, H3(Cr(2,4),Z) = Zs3.

The geometric meaning of the s; classes is the following.

The g1 = —s1 class is the Poincaré dual of the Schubert cycle of lines
in CP? that intersect a given line (the second entry in ([25.1))). To see
that, we dualize the short exact sequence of vector bundles (25.2)) to
get

0= QY — (0% = 8YV = 0.

Linear functions on C* give sections of the bundle SV by looking at
their restrictions on the fibers of S. Then the Pliicker coordinates give
sections of A?2SY, and one can see that this Schubert cycle is given
by z12 = 0. The Poincaré dual of the divisor that corresponds to a
section of A2QQ is therefore ¢;(SV) = —c1(9) = —s1.

The s9 class is the Poincaré dual of the Schubert class of lines inside a
given plane in CP? (the fourth entry). To explain this, we invoke the
general claim the top Chern class of a vector bundle is equal, under
some transversality conditions, to the Poincare dual of the zero locus
of a section. In our case, with a section given by a coordinate on C?,
and the vanishing locus is that of lines [ that lie in the corresponding
plane.

The (—s1)s2 class is the Poincaré dual of the Schubert class of lines
that contain a given point and lie inside a given plane in CPP? (the fifth
entry). Indeed, we can think of this condition as lying in a given plane
and intersecting a line.

The class 53 is the Poincaré dual of a point. Indeed, we can think of it
as intersection of the two Schubert cycles that correspond to sz, but
for different planes and use that two distinct planes in CP? intersect
transversely in a line.

We also note that the Poincaré dual of the Schubert class of lines that
contain a given point (the third entry), is given by s — so. To explain
thisFiTI we look at the Poincaré dual of (—s1)? as the locus of lines

25-2 That’s not exactly a proof.
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that intersect two given lines l; and lp in CP3. If I; and Iy intersect

at a point p, then [ that intersects both [; and I3 come in two flavors:

lines in the span of {1 and ls (dual to s2) and lines through p.
Remark 25.2. The fact that (—s1)* = 2(—s1)%sy = 253 = 2P.D.(point) is
the manifestation of Gr(2,4) being a degree two hypersurface in CP5. Indeed,
(—s1) is the pullback of the hyperplane class in CP° and for a submanifold
of complex dimension d in CP", the d-th power of this class measures the
degree of the submanifold.

We end our discussion of Grassmannians with the following interesting
calculation. Let [, 12, 13,14 be four lines in CP? which we assume to be in
general position. How many lines [ in CP? intersect all /;? Clearly, this locus
is the Poincaré dual to the intersection (—s;)%, so we should get two points,
so we have two lines [ that intersect all of /;. One must always be careful in
algebraic geometry with various transversality issues, but it works out fine
here.

Remark 25.3. There is another argument for the same statement that does
not involve Grassmannians. The space of quadratic polynomials in homoge-
neous coordinates of CP? has dimension 10, and the conditions of vanishing
on a given line l; is that of vanishing of three coefficients of the restriction.
Thus, for general l1,la,13 there is a unique quadric surface X in CP3 that
contains all three. If the lines are genmeric, the quadric will have a full rank
and X will be isomorphic to CP! x CP! in its Segre embedding. The lines on
X are precisely the fibers of two projections to CP! (see Exercise 8) and since
1,12, 1l3 are disjoint, they must be coming from the same projection. The line
ly intersects X in two points p1,ps. Any line l that intersects ly,1s,13 has at
least three intersection points with X . Therefore, [ lies in X, since a nonzero
quadratic polynomial can not have three different roots. Thus | must the the
fiber of the second projection that passes through either p1 or po.

Exercise 1. Prove that the quotient of Z[s1, s2,q1, ¢2] by the relations
(25.3)) is isomorphic to Z[s1, s2]/(s3 — 25152, 5252 — 53).

Exercise 2. Give a geometric meaning to the relations (s — sg)sg = 0
and (s? — s9)? = P.D.(point) in terms of intersections of the corresponding
Schubert classes.

Exercise 3. Let X C CP? given by zgx3 — 122 = 0. Prove that all lines
in X are either

lap = {(z0 : 1 : w2 x3) = {(ayo : ay1 : byo - byn), (yo: 1) € CcP'}
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or

/!

ap = (w0 w1 1221 23) = {(ayo : byo : ay1 : by1), (yo:v1) € CcP'}
for some (a,b) # (0,0).

26 Mirror Symmetry.

In this section, I will give a brief introduction into an active area of algebraic
geometry known as Mirror Symmetry. It is a rather recent development,
starting in the early 90-s. As opposed to other sections, I have earned the
right to present a highly subjective overview of the field, as this has been
my primary research area over the last three decades.

We start with the classical example of the smooth quintic threefold?® ]
in CP*. Given a homogeneous polynomial F(zg,...,x4) of degree 5 in the
homogeneous coordinates of CP*, we consider

Q := {F(zy,...,r4) =0} C CPL

It is a simple three-dimensional example a so-called Calabi-Yau variety, in
particular Ko = O by the adjunction formula of Proposition

We will ask the following question: How many lines in CP* lie in Q?
This is a reasonable question, in the sense that the dimension of the space
of lines in CP* is dim Gr(2,5) = 6 and for each line

(xo:...:x4) = (aou+bov : aqu+ byv : ... : agu + byv), (u:v)E(CIP’l

the condition of being in () is the condition that the coefficients of the re-
striction of F' to [ are all zero. There are six coefficients in a homogeneous
polynomial of degree 5 in u and v, so it is plausible that, at least for gener-
ically chosen F', there are finitely many lines in Q).

Remark 26.1. Why would anybody care about the number of lines in Q¢ It
s a very long tradition to look for some nice subvarieties in a given variety
and it doesn’t get nicer than lines. Finding them may be difficult, so one
can settle for finding their number.

261 The terms “threefold” is an amalgamation of “three” and “manifold”. It simply
means a three-dimensional algebraic variety. There are also fourfolds, fivefolds, etc.
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Let us try to compute it. We have the usual short exact sequence of
vector bundles on Gr(2,5)

0285 —>C'xCr(2,5) =-Q—0
which we dualize to get
0— QY — (C%Y x Cr(2,5) = SV — 0.

Each z; for i = 0,...,4 gives a section of SV and F(zo,...,r5) gives a
global section sp of the rank 6 vector bundle Sym®(SY). In simple terms,
the fibers of Sym®(SY) encode the degree five homogeneous functions on
lines I. The section sg encodes the restrictions of F' to the lines. For for a
point p € Gr(2,5) that corresponds to the line | € CP* we have

(lcQ) < sr(p) =0.

We can use Chern classes to figure out the number of zeros of a section.
For a rank r vector bundle W — X on an r-dimensional variety X we
have ¢, (W) = nP.D.(point) where n is the expected number of zeros of
a global section of W. We do not prove it, but in the special case where
W =L1&---®L, and L; have sections t;, the zeros of the section (t1,...,t,)
of W occur at the intersection of the zeros of ¢;, which matches ¢, (W) =

c1(Ly) -+ e1(Ly).
The short exact sequence 0 — S — 0% — Q — 0 gives
(I+si+s2)(l+qa+ag+g)=1
for the Chern classes of S and ). We can compute
(14 s1+s2) " =1—(s1452)+ (s1+52)° — (s1+52)° + (s1+52)" — ...

which allows us to compute g; in terms of s1 and so. It also gives us relations
on s; by looking at the coefficients of degree 4, 5 and 6.

52 — 3595y + 57 = —3s155 + 4359 — 57 = —s5 + 65753 — Bsisa + 55 =0
After some boring linear algebra, we use these equations to get

8 = 53%, 5189 = 23%’, s%s% = s%’.
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We also note that s3 is the Poincare dual of a point. Indeed, a section of
Sy gives the lines inside a CP3 C CP*, and intersection of three generic
hyperplanes in CP* is a line.

We have ¢(SY) =1—s1 +s2 = (1 + a)(1 + ) for the Chern roots a, 3,
and
¢(Sym®(8Y)) = (14 5a)(1 +4a+ B) --- (14 50)

SO

c6(Sym®(SV)) = 25a5(4a + B)(a + 48)(3a + 28)(2a + 3)
= 2559(4(57 — 259) + 1752)(6(s7 — 2s9) + 13s2)
= 2559(45% + 959) (657 + 59)
= 600s] + 14505759 + 22555
= (1200 + 1450 + 225)s3 = 2875 P.D.(point)

from which we conclude that we expect 2875 lines in Q.

Remark 26.2. The reason we only “expect” this number of lines has to do
with the transversality. To know that this is the precise number, we need to
ensure that image of sy intersects the zero section of Sym®(SY) transversely,
which we will not do. Note also that there exist smooth quintics () which
have infinitely many lines in them, see Exercise 1.

One can similarly ask about the number of degree two Riemann spheres
in Q. What we mean by this is looking at smooth conic curves in some
CP? c CP*. The space of CP%-s inside of CP* is a Grassmannian Gr(3,5)
of dimension 6, there is a dimension 5 family of conics in each CP?, and the
restriction of F' to the conic is a polynomial of degree 10, with 11 coefficients.
So the expected dimension of the solution space is zero, and we expect a
finite number. Indeed, this number has been found to be 609250. There is
a similar number ny for every integer degree d > 0, at least conjecturally.

In the early 1990s physicist@ came up with, at the time, a completely
weird way of computing ng, [7]. It involved looking at some hypergeomet-
ric functions which are solutions of certain linear ODEs, and doing some
strange change of variables in formal power series. In particular, they pre-
dicted n3 = 317206375, which was confirmed by mathematicians by a much
more complicated calculation. This has lead to an explosion in mathemat-
ical research inspired by string theory. It goes under the moniker mirror

26-2 We call string-theorists physicists, but not all physicists agree.
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symmetry for the following reason. There are certain invariants of algebraic
varieties known as Hodge numbers, and for the smooth quintic ) they are

while the ODEs come from looking at the mirror manifolds with Hodge
numbers:

1
0 0
0 101 0
1 1 1 1
0 101 0
0 0
1

So the Hodge numbers are flipped across the diagonal line, hence the term
“mirror”. I want to stress that this is a very strange phenomenon — some
invariants of the tangent bundle on one manifold are equal to the same
invariants of the cotangent bundle on another manifold.

I will now briefly mention different avenues of research inspired by this
calculation.

e Gromov-Witten invariants. This is a way to rigorously define
counts of curves in algebraic varieties which have certain properties,
for example passing through a given number of points or lying in some
subvarieties. The main technical tool is Kontsevich’s moduli spaces of
stable maps, see [23], [I8]. In particular, Givental in 1996 proved the
original physicists’ statement about counts of curves in a quintic.

e More examples of mirrors. In 1992 Batyrev [3] realized that the
original quintic example has a combinatorial underpinning in terms of
so-called reflexive polytopes. The geometric way of thinking about it
is passing from hypersurfaces in CP* to hypersurfaces in related, but
more complicated, spaces known as Gorenstein toric Fano varieties,
encoded by the so-called reflexive polytopes. In dimension two, there
are 16 reflexive polytopes, up to equivalence, but the numbers grow
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fast. There are 4319 such polytopes in dim = 3, there are 473800776
of them for dim = 4 (computed by Kreuzer and Skarke [24]), and
dim = 5 case seems hopeless. However, the fact that there are so many
in dimension four (these give Calabi-Yau threefolds) was a surprise,
and not a pleasant one, as it was originally hoped that there would be
relatively few Calabi-Yau threefolds, and their special properties would
indicate that string theory constraints lead to some highly constrained
geometry and thus some simple description of the physical world.

My contribution to this subject was to extend the construction from
hypersurfaces to complete intersections in toric varieties. Jointly with
Batyrev, we proved the duality of appropriately deﬁned@ Hodge
numbers for these complete intersections.

e Classifying Calabi-Yau threefolds. It is currently unknown if
Calabi-Yau threefolds fall into a finite number of topological types,
or even have a bound on their Euler characteristics, although some
important special cases have been settled positively. Also, after allow-
ing certain conifold transitions, one may hope that all of these three-
folds are connected to each other, this is the so-called Miles Reid’s
dreamFEl As far as I know, this is wide open, and it is not clear if we
have the tools to make progress, although all our current constructions
only lead to finitely many families.

e Open strings. There is a version of mirror symmetry that deals, from
the physical point of view, with open strings propagating on Calabi-
Yau manifolds. It was proposed by Kontsevich that the boundary
conditions on these strings should be the so-called derived category
of coherent sheaves on one side and the derived Fukaya category on
the other side. The statement that these triangulated categories for
mirror manifolds are equivalent, and the area of research that aims
at clarifying it, are known as the Homological Mirror Symmetry. It
is the most active current area in mirror symmetry, combining ideas
from algebraic and symplectic geometry.

e Generalized varieties. Constructions of mirror symmetry natu-
rally lead people to consider some generalizations of varieties, such as
Deligne-Mumford stacks, Landau-Ginzburg models, and various fla-
vors of noncommutative geometry.

263 These Hodge numbers were defined by Batyrev and Kontsevich.
26-4 T have also seen it attributed to Hirzebruch.
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Exercise 1. Prove that the Fermat quintic threefold {z§ +...+ 23} =0
is a smooth subvariety of CP*. Verify that for any point (a : b : ¢) on the
curve {a® + b + ¢® = 0} C CP? the line

(xoz...:x4):(u:e%u:av:bv:cv), (u:v) € CP!
lies in the Fermat quintic.

Exercise 2. Follow our method to deduce that one expects to find 27
lines on a cubic surface ' = 0 in CP3. In fact, in this case every smooth
complex cubic surface has exactly 27 lines on it. We have seen this from
another perspective in Section

Exercise 3. A (generic) degree d rational curve in CP* is given by

(zo: ... 2z4) = (folu,v) ... : fa(u,0)), (u:v) e CP!

where f; are generically chosen homogeneous polynomials on degree d in
variables u and v. Give a rough count of the dimension of the space of
such curves and show that it is equal to the number of coefficients of the
restriction of the quintic equation to the curve, thus giving us an expected
finiteness of the number of curves. Hint: Take into account scaling of the
variables and the automorphisms of CP!.

27 Schemes.

Since we are getting close to the end of these notes, we might as well talk
about the language of schemes. It is the standard rigorous framework of
algebraic geometry, introduced by Grothendieck and his collaborators. We
will do the best we can within the constraints of one section.

We start with the definitions of presheaves and sheaves.
Definition 27.1. Let X be a topological space. A presheaf F of abelian
groups is a contravariant functor from the category of open sets in X together
with inclusions to the category of abelian groups. In more concrete terms,
the data of F are:

e abelian groups F(U), one for each open set U C X,

e group homomorphisms pycy @ F(U) — F(U) for all inclusions V. C
U, with the property that for W CV C U there holds

PWCU = PWCV O PVCU-
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We also require pycu = id ().
Remark 27.2. The abelian groups F(U) are called the groups of sections of
F on U. The maps p are called the restriction maps. Because the notation
18 somewhat heavy, we will just say which open set we want to restrict to and
mean by this the image of the corresponding map of the groups of sections.

Definition 27.3. A presheaf of abelian groups F is called a sheaf if it sat-
isfies the following gluing property. For any open set U C X and any open

cover
U=V,

and any collection of sq € F(Uy) such that for all o, 5 the restrictions of
sq and sg to Uy NUg are the same, there exists a unique s € F(U) that
restricts to all sq € F(Uy).

Remark 27.4. It is common to put a condition F (D) = 0 for both presheaves
and sheaves. Technically, since we can do an empty cover of an empty set,
the uniqueness of gluing implies this statement for Sheaveslm_jl

Here are some examples of sheaves.

e Let X be a real manifold. For each open set U C X we define F(U) to
be the space of continuous real-valued functions on U. The restriction
maps are, obviously, the restriction maps. It is a sheaf, because any
collection of continuous functions on open subsets U, which is com-
patible on the intersections naturally glues to a continuous function

on U, Ua-

e Let m: W — X be a holomorphic vector bundle over X. We denote
by F(U) the space of holomorphic sections of 771U — U, and the
restriction maps are again the restriction maps.

Remark 27.5. An example of a presheaf that is not a sheaf on a real man-
ifold X can be given by constant functions. The problem is that if we have a
disjoint union U = U1 LUy then constant functions on Uy and Uy do not glue
to a constant function on U. On the other hand, locally constant functions
do form a sheaf.

Grothendieck’s idea. For any commutative (associative, with 1) ring
A one can construct a topological space Spec A with a sheaf of rings O on

27-1 This reminds me of the statement that the determinant of a 0 x 0 matrix is 1, because
it is the sum of 0! = 1 terms, the term is a product of 0 entries (so it is equal to 1), and
the sign of the term is positive because there are zero inversions.
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it. As a set,
Spec A = {prime ideals of A}.

The topology is given by the Zariski topology, i.e. for any subset (equiva-
lently, ideal) I of A the set

V(I) = {p € Spec A,p D I}
is declared a closed set.

We will now construct the sheaf O on Spec A. For any prime ideal p we
can consider the localization A, of A which is the set of formal fractions ¢

with a € A and s & p, up to the equivalence relation

a a
(1 ~ 2) <= (there exists s3 & p, such that s3(sjas — sga1) =0).
S1 52

There is a ring homomorphism A — A, called the localization map, which

sends a to . Informally, O is the “sheaf of collections of elements in A,
which are locally given by a fraction”. The precise definition is the following.

For a Zariski open subset U C Spec A we define

collections of oy, € A, for all p € U,
O(U) := ( such that for each p € U there exists p € Uy C U, a1,s1 € A,
so that for all ¢ € Uy there holds ag = ¢+ € A,.

In particular, in the above definition % makes sense in A, i.e. 51 & ¢ for
all ¢ € Uy.

It is clear what the restriction maps are — we just use the same vy, but for a
potentially smaller Zariski open subset. It is also clear that each O(U) comes
with a ring structure, induced from the ring structure of the localizations,
see Exercise 1. What is not at all clear is how one can compute any groups
O(U), for example O(Spec A). The following key proposition answers this
in a very satisfactory way.

Proposition 27.6. For every a € A, the collection of elements ¢ in Ay for
all p gives a section of O on Spec A. The resulting map A — O(Spec A) is

a ring isomorphism. In particular, one can recover the ring A back from the
data (Spec A, O).

Proof. The proof is left to the reader of Hartshornd® 2| O

272 20, Proposition 11.2.2]
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It is important to define morphisms of schemes. If we have a ring homo-
morphism f: A — B, we get the map of sets

Spec B — Spec A

which sends the prime ideal p C B to the prime ideal f~!(p) C A@ This
is a continuous map of topological spaces, see Exercise 2. There is also
some additional data that mimics the pullback of holomorphic functions for
holomorphic maps of complex manifolds.

We will not get into the technical details, but one defines schemes as
topological spaces X with sheaves of rings Ox on them which locally look
like (Spec A, ), and morphisms are defined in such a way that scheme
morphisms from Spec B to Spec A are in natural bijection with ring homo-
morphisms A — B.

Here are some notable examples of schemes.

e SpecC. This is my favorite. It consists of just one point, namely the
prime ideal {0} C C. The sections of O on it are C.

e Speck for any field k. This is also just a single point, but the sections
of O are now k.

e SpecClxy,...,z,]. Algebraic geometers often denote this scheme by
C™, but in addition to the usual points on C" which correspond to max-
imal ideals of C[zy, ..., x,] we have all sorts of other points that encode
prime ideals. Note that the ring homomorphism C — Clzy,...,zy]
gives a scheme map Spec C[z1,...,x,] — SpecC. This is a particular
case of a “scheme over C”, which is equivalent to saying that all of the
rings are in fact C-algebras. One can recover the usual points of C”
as maps Spec C — Spec C|x1, ..., z,] of schemes over C.

e SpecC[t]/(t?). Again, as a topological space, it is just a single point,
but it is what’s called a “fat point”. Maps from it to a C-scheme
X are in bijection to tangent vectors to X. This example is a good
motivation for allowing arbitrary rings and not just integral domains.

Where there are rings, there are modules. To every module M over a
commutative ring A one can associate a sheaf of O-modules over Spec A,

273 Preimages of prime ideals are prime, while the same can not be said about the
maximal ideals. This is a good reason why we want to include all prime ideals into Spec.
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denoted by M. It is built from localizations of M in the same way as O but
with numerators of fractions now in M instead of A. Then one defines a
quasi-coherent sheaf on a scheme X as a sheaf of Ox-modules that locally
look like .

We can in particular look at locally free quasi-coherent sheaves of finite
rank r as analogs of sheaves of sections of vector bundles over a smooth
complex manifoldlw_zl There is also a concept of cohomology groups of
arbitrary sheaves, which we will not go into.

The richness and flexibility of working with arbitrary commutative®" |
rings give scheme theory an advantage over the more naive point-based
formulations. The disadvantage is a layer of bureaucracy that takes some
getting used to. There is obviously a lot more one can say about this topic,
but hopefully this section gives the reader a flavor of the language of schemes,
and a bit of a preview, if they are to go on to study algebraic geometry in
rigorous detail.

Exercise 1. Prove that for two sections (oy)per and (5,)pev of O(U)
their sum and product (oy, + Bp)pev, (0pfp)per are also sections of O(U).

Exercise 2. For a ring homomorphism f : A — B, prove that the map
Spec B — Spec A which sends p C B to f~'(p) C A is continuous in Zariski
topology.

Exercise 3. Give an example of a commutative ring homomorphism so
that the preimage of a maximal ideal is prime, but not maximal.

28 Modular curves and modular forms.

As we know by now, elliptic curves are given by C/L where L is a discrete
rank two additive subgroup of C. For any choice of free generators (I1,l2) of

L, exactly one of the fractions % and % has a positive imaginary part. We

call the ordered pair (I1,l2) an oriented basis if Im(%) > 0, in other words,
l5 is located counterclockwise from [j.

274 This is why we have been using calligraphic © in our O(k) notation for line bundles
on CP".

275 Noncommutative rings are not entirely hopeless, but localization does not seem to
work very well unless denominators are central, or at least normal. This really limits
attempts of extending the theory.
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For any oriented basis (I1,l2) of L, we define 7 = % in the upper half
plane # = {Im 7 > 0} and observe that

C/L=C/(Z+ L),

with the isomorphism induced by the multiplication by I} L Conversely, if
we scale L to make it in the form Z + Zt, the preimages of 1 and 7 form an
oriented basis.

What happens to 7 if we pick another basis? Different oriented bases are
related by the group SL(2,Z) of orientation-preserving automorphism of Z?2.

H (5)-(0(2)

, l’2_al2+bl1_a%+b at +b

then

"W dhtdh crtd cer+d

Therefore, the action of SL(2,7Z) on the upper half plane that sends 7 to
ZIIS preserves the isomorphism class of the elliptic curve C/(Z + Z7). The
converse is also true, see Exercise 1. Thus we see that the set of all elliptic
curves up to isomorphism is the quotient of the upper half-plane H by the

above action of the group SL(2,7Z).

It is possible to explicitly describe a fundamental domain of this action,
see the picture below.

We do not prove that this is the fundamental domain but instead refer
to Chapter 7 of [27]. Most points of H have the stabilizer {£Id} which
corresponds to the Kummer involution z +— (—z) on C/L. For 7 = i, the
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0 1
-1 0
to the square lattice of Gaussian integers with the extra automorphism that
is the multiplication by i. Of course, we have conjugate stabilizers in the
SL(2,Z) orbit of 7 = i. Similarly, for 7 = e%, the stabilizer is Z/6Z,

11
generated by < 10

integers, again with more automorphisms.

stabilizer is isomorphic to Z/47Z, generated by ( . This corresponds

). The lattice is the hexagonal lattice of Eisenstein

We will now define modular forms.
Definition 28.1. A holomorphic function f : H — C is called a modular
form of weight k for the group SL(2,Z) if it satisfies the following properties.

For every < CCL b ) € SL(2,Z) there holds

d
F(550) = e v atseo.

This means in particular that f(r + 1) = f(7), so f can be written as
a Laurent power series in ¢ = €*™7 at ¢ = 0. We furthermore assume
that f extends to a holomorphic function in a neighborhood of ¢ = 0, i.e.

(1) =00 ane™inT,
We remark that the weight of a nonzero modular form for SL(2,Z) has
to be even, because —id € SL(2,Z) implies that f(7) = (—=1)*f(7).

Examples of modular forms are provided by the coefficients of the Weier-
strass function P (for the lattice L = Z + Z7). Recall that

1 1 1
Pe=5+ 3 (2 m)

Coefficients at z* in the Laurent are found by integrating z—*~1P(z) over a
small circle around the origin, so absolute uniform convergence of the series
implies that one can simply add up the corresponding coefficients of the
expansion. We have

1 1 2k
(z—02 12 é(k—F Ve

Thus, the coefficients of P at z* for k > 1 are, up to constant factor, given

by
1 1
Z = Z (mr + n)kt2’
170 (m,n)#(0,0)
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This prompts the following definition.
Definition 28.2. We define the Eisenstein series

1
G = Y ——
(mamyz0 T T

for k> 3.

Proposition 28.3. The FEisenstein series Gy, is zero for odd k. For even
k>4, Gy is a modular form of weight k for SL(2,Z).

Proof. 1t is easy to see that the series E} is absolutely convergent. We have

ar +b 1 (er +d)*
Gk ( > = Z at+b k - Z k
cT+d (i Z(0.0) (Mm% +n) (m0.0) ((ma 4 ne)T + mb + nd)

which equals (er + d)*G(7) by reindexing the summation. The first state-
ment then follows from modularity (or just observing that (m,n) and (—m, —n)
terms cancel out). O

It is common to normalize the series Gy, to give it the constant term 1.
Moreover, one can write explicitly the g-expansions.

Gr(T 4k 1
CU i AR

where ¢ = e®™7, ((k) = > on>1 nik and By are the Bernoulli numbers@ In
particular, we have

Eo(r) =1+240) > d*q", Eg(r)=1-504) > d°q".  (28.1)

n  dn n  dn

The ring of modular forms has a remarkably simple structure.

Theorem 28.4. Every modular form is a polynomial in E4(T) and Eg(T)
with constant coefficients.

Proof. We will only sketch the argument, see [27]. If we denote by m, the
order of vanishing of a nonzero weight k modular f(7) as a power series in
Q, and by m,, order of vanishing of it at a point p € H, then we have

k

1 1 -
Moo + 515 + FManyss + me,, =15 (28.2)

281 We do not prove it in general, but treat the k = 4 case in Exercise 3.
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where 2 is the sum over other zeros of f in the fundamental domain. This is
not too hard to prove by integrating fT over the boundary of the fundamental
domain.

Then one can prove that EZ — E3 is not vanishing anywhere on H and
has a simple zero at ¢ = 0. One can use this to argue that the dimension of
the space of weight k 4+ 12 modular forms is one larger than that of weight
k modular forms, and the rest is fairly easy. O

The set of orbits of SL(2,Z) on H can be mapped to CP' by

T (Eg(T) : Ei’(T)) (28.3)

at+b
cTt+d?

(cr + d)'2. We can also argue that (E3 : E2) determines the elliptic curve
uniquely, up to isomorphism, for example by looking at the equation of the
curve in its Weierstrass embedding into CP2. This identifies H/SL(2,Z)
with CP!\ (1 :1). We compactify H/SL(2,Z) to CP! by adding the cusp
g =0 (a.k.a. ic0).

Remark 28.5. The map looks suspiciously like mapping to CPN
using sections of a line bundle. Indeed, one can think of modular forms
as sections of line bundles, but not on a variety but rather on a so-called
Deligne-Mumford stack. This is beyond what we could cover in these notes.

Indeed, when you change 7 to both Eg and E3 acquire a factor of

One is often interested in quotients of the upper half plane by other
groups. The following are the most well-studied. They are given by matrices

v= < Z Z ) in SL(2,Z) with certain properties modulo a fixed integer n.

Specifically, we have subgroups I'(n), I'1 (n) and I'g(n) of SL(2,Z) given by
the conditions

1 0 1 * * %
7—(0 1>modn,7—<0 1)m0dn,’y—<0 *>m0dn

respectively. One can, and does, talk about modular forms of weight k£ with
respect to these groups. The quotients of H by these groups are compactified
by adding a finite number of cusps, corresponding to the orbits of the group
on QU {ico}. The resulting curves X (n), Xi(n) and Xo(n) have genus g
that grows roughly as ¢n?, ¢cn? and cn respectively.

We finish this section by a couple of fascinating observations that connect
the theory of modular forms with that of the largest sporadic finite simple
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group M of size approximately 8103, known as the Monster. Consider the

j-invariant

s I}

J(1) = (12)° —4——.
()= (12) B - B2

It has a Laurent power series expansion in ¢ = ™7

J(1) = (11 + 744 + 196884 q + 21493760 ¢* + . ..
and a remarkable observation, due to John McKay, is that the coefficients
at small positive degrees of ¢ are small positive linear combinations of di-
mensions of the irreducible complex representations of M! For example,
the smallest irrep of the Monster, other than the trivial one-dimensional
representation, has dimension 196883.

Another interesting relation is the following. The involution wy, : H — H

defined by

1
T ——
nrt

normalizes I'g(n) and thus acts on the modular curve Xo(n). Then for prime
n the quotient Xo(n)t = Xo(n)/(wy) has genus zero if and only if n divides
the size of M, i.e.

n e {2,3,5,7,11,13,17,19,23,29, 31, 41,47, 59, 71}.

Remarkably, both of these observations have something to do with so-called
vertex operator algebras, which is an algebraic construction inspired by
string theory.

It is fair to say that the theory of modular curves and modular forms
is a fascinating topic, on the intersection of algebraic geometry, arithmetic
geometry, analytic number theory, and even string theory. We barely scratch
the surface here.

Exercise 1. Prove that if two elliptic curves C/L and C/L’ are isomor-
phic as complex manifolds, then there exists A € C such that L' = A\L. Hint:
Argue that the space of holomorphic one-forms on C/L is one-dimensional.
Then (after arranging that the isomorphism preserves 0) compare the pull-
back of the differential form dz on C/L’ with dz on C/L and use t = fg dz.

Exercise 2. Prove that G4(e?™/?3) = Gg(i) = 0.
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Exercise 3. Prove the formula for Fy in (28.1)). Hint: The constant term
in Ga(7) is 2¢(4) = Z—g. By splitting the sum in Definition into sums for

fixed m, it suffices to show Y, _, m = % 12073277 which follows
by differentiation from the well-known formula ., (:v+1n)2 _ Sinfm =

—47T2 Zr>0 Te27r1rx‘

29 Toric varieties.

In this section we will talk about the topic that is dear to my heart, that of
toric varieties. They are a special class of algebraic varieties which are en-
coded by the combinatorial data of lattices and convex cones and polytopes.
As always, we will work over the complex numbers.

Throughout this section, by a lattice M we will simply mean a free
abelian group M. It naturally sits inside a real vector space Mr := M ®zR.

Definition 29.1. A rational convex polyhedral cone o C Mg is defined to
the positive span
> Rov
i

of a finite number of elements v; € M.

Remark 29.2. One can equivalently define a convex polyhedral cone as an
intersection of a finite number of rational subspaces

m{v € Mg, ,ui(v) > 0}

where u; are elements of the dual lattice Hom(M,Z) in the dual vector space
My It is rather tedious to prove that these two concepts are equivalent, so
we will not do that. The equivalence is clear in dimension two, which will
be our primary focus in this section.

To every rational polyhedral cone ¢ we can associate an affine toric va-
riety as follows.

Definition 29.3. The set 0 N M has a natural semigroup structure. We
denote by Clo N M] the corresponding semigroup ring. It is a vector space
with a basis indexed by m € o N M. We denote the basis elements by [m]
and define the multiplication by [mi][ms] = [m1 + my], naturally extended
to the whole semigroup ring.
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It is easy to see that if o = Mg, then cN M = M = Z**M and Clo N M|
is isomorphic to the Laurent polynomial ring in rk M variables. One can
view all C[o N M] as subrings of this ring.

Proposition 29.4. The semigroup cNM 1is finitely generated, and therefore
Clo N M] is a finitely generated C-algebra.

Proof. By Definition every lattice element m € 0 N M can be written
as a nonnegative linear combination of the generators v; of o

Kk
m = E [07X% %)
i=1
which we will rewrite as

m

k k
1=

Laijvi + {ai}fui.
1 =1

The set Zle[o, 1)v; is bounded, so the set of elements in o N M that can

be written as Zle{ai}vi is finite. This set, together with all of v;, is then
seen to generate the semigroup. O

Definition 29.5. The affine toric variety associated to the cone o is defined
as

A, := SpecClo N M].

If someone does not want to use the language of schemes@ they should
think of A as the set of mazimal ideals in Clo N M| or, even better, as a
subvariety in C" obtained by looking at r generators of Clo N M| and the
ideal of their relations.

We will illustrate the construction with a few examples. In all of them,
we will have M = Z2.

e Consider g = ]RQZO. The semigroup cNM = ZQZO is freely generated by
(1,0) and (0,1). Therefore, the semigroup ring C[o N M] is isomorphic
to Clx1, z2] with 27 = [(1,0)] and z2 = [(0,1)], and A, = C2.

e Consider o = R>(1,0) + Rx>¢(1,2), see picture below.

291 That would be us.
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The semigroup o N M is generated by (1,0), (1,2) and (1,1). The
corresponding generators v = [(1,0)], v = [(1,2)], w = [(1,1)] satisfy
uv —w? = 0, so we get precisely the singular surface in C3 with the
Aj singularity at the origin.

More generally, if 0 = R>0(1,0) + R>g(n — 1,n), then Clo N M] is
generated by u = [(1,0)], v = [(n — 1,n)], w = [(1,1)] which satisfy
the relation uv — w™ = 0, and we get

A, = {uv —w" =0} C C3,

which is a surface C?/(Z/nZ) with the A,,_; singularity at the origin,
considered in Section [l

Remark 29.6. The connection to (the beginning of) Section is even
more clear if one considers a different lattice M, namely

{(a,b) € Z*, a=bmodn}

and the cone RZ,. More generally, for any finite abelian subgroup G of
GL(n,C), the quotient C"/G is an affine toric variety. Indeed, one can
diagonalize the action of G, and consider the lattice M of multi-degrees of
G-invariant Laurent monomials, and the cone o = RY.

The real power of toric geometry comes from being able to glue affine
toric varieties to get more complicated toric varieties, for example projective
spaces. The relevant data is that of the fans in the dual space.
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Definition 29.7. Let N C Ng be a lattice. A fan X in N is a nonempty
finite collection of rational polyhedral cones in Nr which satisfy the following.

o All cones o € ¥ satisfy o N (—o) = {0}.
e For all 01,09 € 3, the intersection o1 Nog is a fac@ in each o;.

e For any o € X, all faces of o are in X. In particular, {0} € 3.

The stereotypical example of a fan is the following. The lattice is Z2, and
the fan X consists of seven cones: three of dimension 2, three of dimension
1 and the zero cone {(0,0)}, namely

(—1,-1) + R>0(1,0),

Rzg(l,O)—l-Rzo(O,l) R>O( 1)+R>0( 1, - ) R >0
—1), {(0, )}

R>0(1,0), R>0(0,1), Rxo(-1
(29.1)

),0)

The precise definition is a bit bothersome, but to every fan ¥ one can as-
sociate a toric variety Py; obtained by gluing affine toric varieties Spec C[o¥'N
M], o € ¥ where M is the lattice dual to N and oV is the cone of linear
functions that are nonnegative on . We will now give, obviously without
proof, several examples to indicate how some of the varieties we have seen
are in fact toric.

e Consider the lattice N = Z and the fan ¥ = {R>¢,R<q, {0}}.

292 A face of a cone o is an intersection of o with the boundary of a linear halfspace that
contains it.
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The corresponding toric variety Py, is naturally isomorphic to CP!.
The three Spec C[o¥ N M] are (in the usual notations) zo # 0, z1 # 0
and their intersection.

e For the fan of (29.1)), we have Py, & CP2. The maximum dimensional
cones correspond to the usual charts x; # 0, and the rest correspond
to their intersections.

e Consider the fan in Z? that consists of the cones R>o(1,0)+Rxo(1,1),
R>0(1,1) + R>0(0,1) and their faces.

(0,0)

The corresponding variety P, is the blowup of C? at the origin.

Remark 29.8. For o = {0}, the dual cone is Mg, so the affine toric variety
is simply Spec C[M], which is isomorphic to (C*)'™*N. The latter is known
as the algebraic torus because it is homotopic to (Sl)rkN. Moreover, the
group structure on (C*)'™*N extends to the action of it on Px. This is where
the term toric comes from.

Some maps between toric varieties can be be described combinatorially.
Suppose that we have a map of lattices u : N’ — N which induces the
map N} — Ngr which we also call u. Suppose we have fans ¥’ and 3 in
respective lattices. If for every cone o’ € ¥’ there exists a cone o in 3 such
that p(o’) C o, then there is a natural map Pyy — Py. For example, the
maps from the blowup of C? at the origin to C? and to CP! can be described
in this way.
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/(0, 0) (0,0)

Another example of a toric morphism is the following. Consider the fan
in Z3 with seven cones
Rzo(l, 0,0) + RZO(O, 1, O), Rzo(o, 1, 0) + RZO(O, 0, 1),
Rzo(o, 0, 1) + Rzo(l, 0, 0), Rzo(l, 0, O), RZO(O, 1, O), R20(07 0, 1), {0}
(29.2)
The map Z3 — Z? given by (a, b, c) = (a—c,b—c) sends these cones exactly
into the same cones for the CP? fan, see the very instructive picture below.

A 4

Cc®\ {0} CP?

The trick it to view the picture on the left as three-dimensional (the proper
faces of the positive octant), while viewing the picture on the right as flat.
The corresponding morphism of toric varieties is the natural quotient map
C3?\ {0} — CP2. This idea of mimicking cones of a fan as some set of
faces of the positive octant generalizes to the homogeneous coordinate ring
construction of Cox [10].
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When the map i : N' — N is an isomorphism, as in the case of the blow-
down morphism above, the map Psyy — Py is a birational morphism. This,
in particular, allows one to find resolutions of toric singularities. Namely, a
toric variety Py is smooth if and only if every cone o € ¥ is generated by
a part of an integral basis of V. As a result, a resolution of singularities
of Py, is given by subdividing all cones of ¥ into smaller cones that happen
to satisfy the above smoothness property. The best example of this is the
resolution of the A, singularity. The dual cone to ]R2>0 with the lattice

{(a,b) € Z*, a =bmodn}
is the cone R%O with the lattice
1 1
N=7Z*>+7Z(=,—>).
n n
The corresponding subdivision of the cone is given in the picture below, and
corresponds precisely to the resolution of A,_1 singularities by successive

blowups that we considered in Section The blue rays introduced in the
middle of the cone correspond to the exceptional CP'-s on the resolution.

(0,1)

(0,0) (1,0)

Remark 29.9. Among the ADE singularities, only A, singularities are
toric. The groups in Dy>4, Eg, E7, Eg cases are not abelian, so the quotients
are more complicated.
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Toric varieties provide some natural examples of various pathologies. For
instance, they can give examples of Weil divisors that are not Cartier. There
are also compact toric varieties that can not be embedded into a projective
space. We refer the interested reader to the Fulton’s book [15].

Exercise 1. Let 0 = R>((1,0)+R>0(1,v/2) be a non-rational polyhedral
cone. Prove that the semigroup o N Z? is not finitely generated. Prove that
the semigroup ring Clo N Z?] is not Noetherian.

Exercise 2. Prove that the blowup of P? at two points is isomorphic to
the blowup ot CP! x CP! at one point using toric geometry. Hint: Subdivide
the second and third cone in (29.1)) to blow up two points on CP2,

Exercise 3*. Consider the action of G = Z/7Z on C? with the generator

(z,y) — (Ex, %)

where &€ = e>™/7 is the seventh root of 1. Compute C? /G as a toric variety,
and find its toric resolution of singularities.

30 Final comments.

In this section I want to list several topics that unfortunately did not make
it into these notes but could perhaps be included in an introductory course
in algebraic geometry.

e Probably the most important topic omitted here is Hodge theory. One
can use it to talk about polarizations of abelian varieties. Torelli the-
orem can definitely be stated.

e Moduli spaces of curves could be briefly covered without too much
trouble. One could even try to hint at the concept of Deligne-Mumford
stack, probably in its differential geometry incarnation as an orbifold.

e I have not touched upon the positive characteristics phenomena, but
an expert could likely introduce them.

e While I talked about rationality, the related concepts of unirationality
and rational connectedness were omitted. One could definitely make
a lecture out of that.

140



References

1]

[11]

[12]

D. Abramovich, K. Karu, K. Matsuki, J. Wlodarczyk, Torification
and factorization of birational maps, J. Amer. Math. Soc.15(2002),
no.3, 531-572. https://arxiv.org/abs/math/9904135

M. Atiyah, I. Macdonald, Introduction to commutative algebra.
Addison-Wesley Ser. Math. Westview Press, Boulder, CO, 2016.

V. Batyrev, Dual polyhedra and mirror symmetry for Calabi- Yau hy-
persurfaces in toric varieties, J. Algebraic Geom.3(1994), no.3, 493-
535. https://arxiv.org/abs/alg-geom/9310003

I. Bauer, F. Catanese, R. Pignatelli, Surfaces of general type with
geometric genus zero: a survey. Complex and differential geom-
etry, 1-48. Springer Proc. Math., 8, Springer, Heidelberg, 2011.
https://arxiv.org/abs/1004.2583

C. Birkar, Caucher, P. Cascini, C. Hacon, J. McKernan, Existence
of minimal models for varieties of log general type. J. Amer. Math.
Soc.23(2010), no.2, 405-468.

C. Birkar, Caucher, P. Cascini, C. Hacon, J. McKernan, Ezistence of
minimal models for varieties of log general type. II. J. Amer. Math.
Soc.23(2010), no.2, 469-490.

P.Candelas, X. de la Ossa, P. Green, L. Parkes, A pair of Calabi-Yau
manifolds as an exactly soluble superconformal theory, Nuclear Phys.
B 359 (1991), no. 1, 21-74.

D. Cartwright, T. Steger, Enumeration of the 50 fake projective
planes, C. R. Acad. Sci. Paris, Ser. I 348 (2010), 11-13.

K. Chandrasekharan, FElliptic functions. Springer-Verlag, Berlin,
1985.

D. Cox, The homogeneous coordinate ring of a toric variety, J.
Algebraic Geom. 4 (1995), no. 1, 17-50. https://arxiv.org/pdf/alg-
geom /9210008

D. Dummit, R. Foote, Abstract algebra. John Wiley & Sons, Inc.,
Hoboken, NJ, 2004.

D. Eisenbud, Commutative algebra. With a view toward algebraic ge-
ometry. Grad. Texts in Math., 150, Springer-Verlag, New York, 1995.

141



[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

[23]

N. Elkies, Three lectures on elliptic surfaces and curves of high rank,
https://arxiv.org/abs/0709.2908

W. Fulton, Intersection Theory. Springer-Verlag, Berlin, 1998.

W. Fulton, Introduction to toric varieties. Princeton University Press,
1993.

G. Frey, Rationale Punkte auf Fermatkurven und getwisteten Mod-
ulkurven, J. reine angew. Math., 331, 185-191.

G. Frey, Links between stable elliptic curves and certain Diophantine
equations, Annales Universitatis Saraviensis. Series Mathematicae, 1
(1): iv+40.

W. Fulton, R. Pandharipande, Notes on stable maps and quantum
cohomology. Algebraic geometry — Santa Cruz 1995, 45-96. Proc. Sym-
pos. Pure Math., 62, Part 2, American Mathematical Society, Provi-
dence, RI, 1997. https://arxiv.org/abs/alg-geom /9608011

P. Griffith, J. Harris, Principles of algebraic geometry. Wiley Classics
Lib. John Wiley & Sons, Inc., New York, 1994.

R. Hartshorne, Algebraic Geometry, Grad. Texts in Math., No. 52
Springer-Verlag, New York-Heidelberg, 1977.

Y. Hellegouarch, Yves, Points d’ordre 2p" sur les courbes elliptiques,
Polska Akademia Nauk. Instytut Matematyczny. Acta Arithmetica,
26 (3), 253-263.

N. Koblitz, Introduction to elliptic curves and modular forms, Grad.
Texts in Math., 97, Springer-Verlag, New York, 1993.

M. Kontsevich, FEnumeration of rational curves via torus ac-
tions. The moduli space of curves (Texel Island, 1994), 335-368.
Progr. Math., 129 Birkhauser Boston, Inc., Boston, MA, 1995.
https://arxiv.org/abs/hep-th/9405035

M. Kreuzer, H. Skarke, Complete classification of reflexive polyhedra
in four dimensions, Adv. Theor. Math. Phys.4(2000), no.6, 1209-
1230.

M. Nagata, On the fourteenth problem of Hilbert. Proc. ICM Edin-
burgh (1958), 459-462.

142



[26] G. Prasad, S.-K. Yeung, Fake projective planes, Invent. Math. 168
(2007), 321-370; Addendum, 182 (2010), 213-227; Addendum. Invent.
Math. 168(2007), 321-370.

[27] J.-P. Serre, A course in arithmetic. Grad. Texts in Math., No. 7.
Springer-Verlag, New York-Heidelberg, 1973.

[28] R. Vakil, The rising sea. Foundations of algebraic geometry.
https://math.stanford.edu/ vakil/216blog/FOAGfeb2124public.pdf

[29] A. Onishchik, E. Vinberg, Lie groups and algebraic groups. Springer
Ser. Soviet Math., Springer-Verlag, Berlin, 1990.

143



	Preface.
	Algebraic subsets of Cn and Hilbert's Nullstellensatz.
	Irreducible components. Dimension theory. Projective spaces. Algebraic varieties.
	Hilbert polynomial. Statement of Bezout's Theorem on intersections of plane curves.
	Proof of Bezout's Theorem on intersection of plane curves.
	Line bundles and vector bundles.
	Line bundle O(1) on C¶n. Maps to projective spaces.
	Weil and Cartier divisors and class groups.
	Cartier divisors as meromorphic sections of line bundles.
	Cubic curves in C¶2. Group law.
	Cubic curves as complex Lie groups. Lattice description. Elliptic functions.
	Weierstrass embedding of C/L into C¶2.
	Jacobi theta function and divisors on elliptic curves. Elliptic curves over Q.
	Genus of complex algebraic curves and Riemann-Hurwitz formula.
	Blowup of a point in C2. Birational equivalence of algebraic varieties.
	Finite group actions on affine algebraic varieties and complex manifolds. Subgroups of SL2(C).
	Resolutions of An and D4 singularities.
	More resolutions of ADE singularities.
	Overview of intersection theory. Surfaces.
	Rational surfaces. Del Pezzo surfaces.
	Kodaira dimension and classification of algebraic surfaces.
	Chern classes of vector bundles. Chern character. Euler sequence.
	Cohomology of vector bundles and Hirzebruch-Riemann-Roch formula. Example: (C¶n,O(k)).
	Introduction to Grassmannians.
	Grassmannians continued. Number of lines that intersect four given lines in C¶3.
	Mirror Symmetry.
	Schemes.
	Modular curves and modular forms.
	Toric varieties.
	Final comments.

