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§1. Syllabus

§1.1. Prerequisites. An introductory course in algebraic geometry includ-
ing algebraic curves, projective varieties and divisors (e.g. based on Ful-
ton’s "Algebraic Curves" or Shafarevich’s "Basic Algebraic Geometry").

§1.2. Course description. A moduli space is a space that parametrizes all
geometric objects of some sort. For example, a plane triangle is uniquely
determined by its sides z, y, z, which have to satisfy triangle inequalities.
So the moduli space of all triangles is a subset of R? given by inequalities

O<zx<y+z O<y<z+z 0O0<z<zx+y.

zZ<Xx+y

A guiding principle is that a nice moduli space should have geometry
similar to geometry of parametrized objects. For example, the moduli space
of convex triangles is itself a convex cone, which is connected and simply-
connected. This implies that every triangle can be continuously deformed
into another and any two such deformations are homotopy equivalent. So
knowing the moduli space is useful! One can also compactify this moduli
space by making all inequalities non-strict — points of the boundary will
correspond to “degenerate” triangles.

We will focus on moduli spaces of algebraic varieties such as elliptic
curves. They are classified by the j-invariant, so the moduli space of elliptic
curves is the line (with coordinate j). More generally, there exists a moduli
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space M,, which parametrizes all projective algebraic curves of genus g
(equivalently, all compact Riemann surfaces of genus g). Connectedness of
M, is a deep theorem of Deligne and Mumford, who also introduced its
compactification Mg, the moduli space of stable curves.

An example of a different kind is the Jacobian, which is a moduli space
that classifies complex line bundles of degree 0 on a fixed Riemann surface.
One can consider moduli spaces of vector bundles, coherent sheaves, etc.

The study of moduli spaces is an old branch of algebraic geometry with
an abundance of technical tools: classical algebraic theory, geometric in-
variant theory, period domains and variation of Hodge structures, stacks,
etc. But I believe that a lot can be learned by studying examples using min-
imal machinery, as a motivation to learn more sophisticated tools. We will
start with the Grassmannian G(2, n), the moduli space of projective lines in
the fixed projective space P" !, and use it as a template to introduce various
constructions of moduli spaces. We will discuss how to use global geome-
try of the moduli space to extract information about families of geometric
objects. For example, we will see that G/(2,4) is a quadric hypersurface in
P> and therefore there exist exactly two lines in P? that intersect four given
general lines - can you prove this without moduli spaces?

§1.3. Course grading and expectations. The course grade will be based
on two components, the homework (5-6 biweekly sets) and the project pre-
sented at the end of the semester.

§1.4. Tentative topics.

(1) Grassmannian.
(2) Representable functors and fine moduli spaces.
(8) Coarse moduli spaces. J-invariant. Elliptic fibrations.
(4) Moduli space of stable rational curves.
(5) Quotients by finite groups. Quotient singularities.
(6) Linear algebraic groups.
(7) Reductive groups. Hilbert’s finite generation theorem.
(8) Geometric and categorical quotient.
(9) Weighted projective space.
(10) GIT quotients and stability.
(11) Hilbert-Mumford criterion. Stability of smooth hypersurfaces.
(12) Hilbert scheme.
(13) Riemann-Roch analysis for families of algebraic curves.
(14) Moduli spaces of algebraic curves.
(15) Jacobians. Moduli spaces of vector bundles.

§1.5. Textbooks. There is no required textbook and I will provide lecture
notes. We will draw heavily from the following sources, which are recom-
mended for further study. Many of them are freely available on-line.

REFERENCES

[D] I. Dolgachev, Lectures on Invariant Theory

[GH] P Griffiths, J. Harris, Principles of Algebraic Geometry
[HM] J. Harris, I. Morrison, Moduli of Curves

[Ha] R. Hartshorne, Algebraic Geometry
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Mu]  S. Mukai, An introduction to Invariants and Moduli

M1]  D.Mumford, Curves and their Jacobians

M2] D. Mumford, Geometric Invariant Theory

MS] D. Mumford, K. Suominen, Introduction to the theory of moduli

PV] V. Popov, E. Vinberg, Invariant Theory

R1] M. Reid, Surface cyclic quotient singularities and Hirzebruch—Jung resolutions
R2] M. Reid, Graded rings and varieties in weighted projective space

St] B. Sturmfels, Algorithms in Invariant Theory
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§2. Geometry of lines

Let’s start with a familiar example. Recall that the Grassmannian G(r,n)
parametrizes r-dimensional linear subspaces of C". For example,

G(1,n) = P!

is the projective space. Its point, a 1-dimensional subspace L C C", can
be represented by any non-zero vector (z1,...,z,) € L, which is defined
uniquely up to rescaling (multiplying by a non-zero constant). Thus every
point of P"~! has homogeneous coordinates [z : ... : z,,] which are not all
equal to zero and defined uniquely up to rescaling:

[T1 1.t mp] = [Azr . Az

It is also easy to understand G(n—1,n), the set of hyperplanes in C". Indeed,
every hyperplane is given by a linear equation

a1x1+ ...+ apx, =0.

The corresponding covector (a1, . . ., a,) is defined uniquely up to rescaling.
Thus G(n — 1,n) is also a projective space, the dual projective space (P"~1)*.

The first non-trivial example is G(2,4). What is it? Almost by definition,
projectivization gives a bijection between r-dimensional linear subspaces
of C" and (r — 1)-dimensional projective subspaces of P"~!. Thus

2.0.1. PROPOSITION. G(r,n) is the set of all (r — 1)-dimensional projective sub-
spaces of the projective space P" L.

For example, G(1,n) is the set of points in P"~! and G(2, n) is the set of
lines in P"~!. In particular, G(2,4) is the set of lines in P3.

§2.1. Grassmannian as a complex manifold. Thinking about G(k,n) as
a set is not very useful, we need to introduce geometric structures on it.
A distinguished feature of algebraic geometry (and difficulty for beginners)
is abundance of these structures. Paraphrasing Claire Voisin, algebraic ge-
ometry involves studying the variety of perspectives from which one can
see the same object, and using the “constant moving back and forth several ge-
ometries and several types of tools to prove results in one field or another.” We
will embrace and try to understand this diversity of approaches such as
complex analytic geometry, geometry of algebraic varieties, etc.
A basic object of complex analytic geometry is a complex manifold:
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2.1.1. DEFINITION. A complex manifold is a topological space! X with a
covering by open sets X; called charts homeomorphic to open subsets of C™:

Coordinate functions on C™ restricted to ¢;(X;) are called local coordinates

in the chart. On the overlaps X; N X; we thus have two competing systems
of coordinates, and the main requirement is that the transition functions

pj0p !t ¢i( XN X;) — ¢j(X; N X;)
between these coordinate systems are holomorphic functions.

2.1.2. EXAMPLE. The projective space P" ! is covered by n charts

Xi:{[azl:...:mn], (L‘Z‘#O}C]P’nil.
The coordinate maps ¢; : X; < C"~! are given by
Gi([xr .o vx]) = (k1 /iy ooy n 2)

(here and thereafter the sign indicates omission of something). In fact ¢; is
a bijection, X; ~ C™ ! with the inverse map d)i_l given by

(Zl, . ,anl) —> [21, ce ey Zi—1, 1721', A ,Zn].

The transition functions ¢; o ¢; ' : ¢;(X; N X;) — ¢;(X; N X;) fori < j are
as follows

(21,...,Zn_1)—> [21,...,Zi_l,l,Zi,...,Zn] —

— (Zl/Zj, R Zi—l/zj, 1/Zj,Z7;/Zj, o ,Zj/Zj, .. .,Zn/Zj)
Components of this functions are holomorphic functions, which means by
definition that transition functions themselves are holomorphic.

In this example (and in general) the structure of a topological space on X
can be introduced simultaneously with constructing charts: a subset U C X
is declared open if its intersection with every chart U N X; is open. We will
leave it as an exercise to check that P" ! is indeed a second countable Haus-
dorff topological space.

Let’s generalize homogeneous coordinates [z : ... : z,] and charts X;
for the Grassmannian G(r,n). Every r-dimensional subspace U C C" is a
row space of a r x n matrix A of rank r. This matrix is not unique but we
know from linear algebra that matrices A and A’ of rank r have the same
row space if and only if there exists an invertible » x r matrix A such that

A" = AA.
Let [n] denote the set {1, ...,n}. For every subset I C [n] of cardinality r,
let A; denote the r x r submatrix of A with columns indexed by I and let
pr = det Ay

be the corresponding minor. These numbers p; are called Pliicker coordinates
of U. When 7 = 1 we recover homogenous coordinates on P~ L.

Since rank A = r, we can find some subset I such that p; # 0. Then
A" = A;'Ahas a special form: A’ is the identity matrix E.

1Technically speaking, it has to be second countable, i.e. admit a countable basis of open
sets, and Hausdorff, i.e. any two distinct points have disjoint neighborhoods.
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2.1.3. LEMMA-DEFINITION. G(r, n) is a complex manifold covered by (') charts
X indexed by subsets I C [n] of cardinality r:

Xr={U € G(r,n) | U =rowspace(4), A;=EFE.}

Each subspace in X is a row space of a unique matrix with Ay = E, in particular
we have bijections ¢r : X1 — Cr("=7) Local coordinates on X are just entries of
the matrix A such that A; = E.

Proof. We have to check that transition functions between charts X; and X/
are holomorphic. Let U € X7 N Xp. In the chart X7, U is represented by a
matrix A with A; = E. The matrix representing U in X will be (A ) LA,
Its matrix entries depend holomorphically (in fact rationally) on the matrix
entries of A. O

§2.2. Moduli space or a parameter space? One can argue that G(2,n) is
not truly a moduli space because all lines in P"~! are isomorphic. So maybe
it’s better to call it a parameter space: it doesn’t classify geometric objects up
to isomorphism but rather it classifies sub-objects (lines) in a fixed ambient
space (projective space). This distinction is of course purely philosophical.
A natural generalization of the Grassmannian is given by a Hilbert scheme,
which parametrizes all algebraic subvarieties (more precisely subschemes)
of the projective space. As a rule, parameter spaces are easier to construct
than moduli spaces. But then to construct a moduli space M, one can

e embed our objects in some ambient space;

e construct a “parameter space” H for embedded objects;

e Then M will be the set of equivalence classes for the following
equivalence relation on H: two embedded objects are equivalent
if they are abstractly isomorphic.

In many cases there will be a group G acting on H and equivalence
classes will be just orbits for the group action. So we will have to learn
how to construct an orbit space M = H /G and a quotient map H — M that
sends each point to its orbit. These techniques are provided by the invariant
theory — the second component from the title of this course.

For example, suppose we want to construct M3, the moduli space of
curves of genus 3. These curves come in two flavors, they are either hyper-
elliptic or not. The following theorem is well-known:

2.2.1. THEOREM.

o A hyperelliptic curve of genus 3 is a double cover of P! ramified at 8 points.
These points are determined uniquely upto the action of PGLy ~ PL,

o A non-hyperelliptic curve of genus 3 is isomorphic to a smooth quartic
curve in P2, Two smooth quartic curves are isomorphic as algebraic vari-
eties if and only if they belong to the same PGL3-orbit.

Let H3 C M3 be the set of isomorphism classes of hyperelliptic curves
and let M3 \ #H3 be the complement. We can construct both of them as
quotient spaces:

Hs = [P(Sym®C?) \ D] / PGLy
and
M3\ Hs = [P(Sym*C*) \ D] / PGL;.
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Here D is the discriminant locus. In the first case it parametrizes degree

8 polynomials in 2 variables without a multiple root (and hence such that

its zero locus is 8 distinct points in P!) and in the second case degree 4

polynomials in 3 variables such that its zero locus is a smooth curve in P2.
An easy dimension count shows that

dimH3 = dimP(Sym® C?) — dimPGLy =7 -3 =5
and
dim M3\ H3 = dimP(Sym* C?) — dimPGL3 = 14 — 8 = 6.

It is quite remarkable that there exists an irreducible moduli space M3
which contains H3 as a hypersurface. We will return to this example later.

§2.3. Stiefel coordinates. It’s interesting that one can construct the Grass-
mannian as a quotient by the group action. The motivating idea is that
G(1,n) is a quotient:

Pt =[C"\ {0}]/C".
Coordinates in C" are the homogeneous coordinates on P"~! defined uniquely
up to a common scalar factor A € C*. As we have already seen above, there
are two ways to generalize them to r > 1, Stiefel coordinates and Pliicker
coordinates. Let

Mat?vn C Mat,.,

be an open subset (in Zariski or complex topology) of matrices of rank r.
We have a map

U . Matgvn — G(r,n) (2.3.1)
which sends a matrix to its row space. ¥ can be interpreted as the quotient
map for the action of GL, on Mat?m by left multiplication. Indeed, two
rank r matrices A and A’ have the same row space if and only if A’ = AA
for some matrix A € GL,. Matrix coordinates on Mat?m are sometimes
known as Stiefel coordinates on the Grassmannian. The are determined up
to a left multiplication with an invertible » x r matrix A.

§2.4. Complete system of (semi-)invariants. Let me use (2.3.1) as an ex-
ample to explain how to use invariants to construct quotient maps.

2.4.1. DEFINITION. We start with a very general situation: let G be a group
acting on a set X. A function f : X — Cis called an invariant function if it
is constant along G-orbits, i.e. if

flgz) = f(x) foreveryx € X, g€ QG.

We say that invariant functions f1, . .., f, form a complete system of invariants
if they separate orbits. This means that for any two orbits O; and O, there
exists at least one function f; fori = 1,...,r such that f;|o, # filo,-

2.42. LEMMA. If fi,..., fr is a complete system of invariants then the map
F:X—C', F(z)=(fix),...,fr(x))
is a quotient map (onto its image) in the sense that its fibers are exactly the orbits.

Proof. Indeed, if z1,22 € X belong to different orbits then f;(z1) # fi(x2)
for somei =1,...,r and so 1 and z3 belong to different fibers of F'. O
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Often we want to have a quotient map with target P rather than C".
Thus we need the following generalization:

2.4.3. DEFINITION. Fix a homomorphism (called character or weight)
x: G—C".
A function f : X — Cis called a semi-invariant of weight x if

flgz) = x(g9)f(x) forevery x € X, ge€Qq.

(An invariant function is a semi-invariant function of weight x = 1). Sup-
pose fo, ..., fr are semi-invariants of the same weight x. We will call them a
complete system of semi-invariants of weight  if

e for any x € X, there exists a function f; such that f;(z) # 0;
e for any two points z, 2z’ € X not in the same orbit, we have

[fo(z) ...t fr(@)] # [fo(@") ... x fr(2))].
The first condition means that we have a map
F:X =P, F@)=[folx):...: ()]
which is clearly constant along G-orbits:

[folgz) o ..ot fr(go)] = [x(9)fo(z) : ... x(9) fr(@)] = [folz) ..ot fr()].

The second condition means that F'is a quotient map onto its image in the
sense that its fibers are precisely the orbits.

§2.5. Pliicker coordinates. Let G = GL, act by left multiplication on Mat,97n.
Consider the r x r minors p; as functions on MatQJL.

2.5.1. PROPOSITION. The minors pr form a complete system of semi-invariants
on Maty,, of weight
det : GL, — C".

Proof. For any A € Matg,n, at least one of the minors p;’s does not vanish.
So we have a map

F: Mat?, — P()!
given by (") minors p;. We have
pr(gA) = det(g)pr(A) forany ge GL,, A€ Matgjn.

It follows that p;’s are semi-invariants of weight det and therefore the map
F is GL,-equivariant, i.e. constant on orbits.

It remains to show that fibers are precisely the orbits. Take A, A’ € Mat?,
such that F/(A) = F(A’). We have to show that A and A" have the same row
space, i.e. are in the same GL,-orbit. Fix a subset I such that p;(A) # 0, then
of course p;(A’) # 0. By acting on A and A’ by A} ' (resp. (A})™!), we can
assume that both A; and A’ are identity matrices. To show that A = 4, it
suffices to prove the following claim:

2.5.2. CLAIM. Suppose Ay is the identity matrix. Then every matrix entry a;; of
A is equal to the minor A for some subset J of cardinality r. In particular, if
F(A) = F(A")and Ar = A is the identity matrix then A = A’
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Without loss of generality, we can take I = {1,...,r}. In particular,
pr(4) =pr(4) =1

Since F(A) = F(A’), we now have

ps(A) =ps(A") for every subset J.
It remains to notice that if

J=A{1...;r}\{iF U {j}

then a;; = £A;. O
2.5.3. DEFINITION. The inclusion

i: G(r,n) = Matg’n /GL, — p(7)-1
is called the Pliicker embedding.
2.5.4. PROPOSITION. This embedding is an immersion of complex manifolds.

Proof. We have already proved that ¢ is an inclusion of sets. Let x; be ho-

mogeneous coordinates on P()~1 for all subsets I C [n] of cardinality .
Each chart p; # 0 of the Grassmannian is mapped to the corresponding
affine chart x; # 0 of the projective space. The map i in this chart is given
by the remaining r x r minors of a matrix A such that A; is the identity
matrix. These minors are of course holomorphic functions. By definition,
this means that i is a holomorphic map of complex manifolds.

To show that ¢ is an immersion of complex manifolds, we have to verify
more, namely that the Jacobian matrix of this map has maximal rank (equal
to the dimension of G(r,n)) at every point. Without loss of generality we
can work in the chart p; ., # 0 of the Grassmannian. Local coordinates
are given by 7 x (n — r) matrix entries a;; for j > r of a matrix A such that
Aq,..r is the identity matrix. Local coordinates in the chart z; ., # 0 of the
projective space are (') — 1 coordinates x5 for J # {1,...,7}.

By the Claim 2.5.2, every matrix entry a;; is equal to a minor p;(A) for
some J. Therefore all local coordinates of the chart p; ., # 0 are some
of the components of the map 7 and so its Jacobian matrix contains the
identity submatrix of rank r(n — r). So the Jacobian matrix has maximal
rank r(n — r). O

§2.6. First Fundamental Theorem. Why the minors p; are a natural choice
for a complete system of semi-invariants? Let’s consider all possible semi-
invariants on Mat?m which are polynomials in matrix entries. By continu-
ity, this is the same as polynomial semi-invariants on Mat,.,,. Let

OMat, ) = Clajjli<i<r, 1<j<n

be the algebra of polynomial functions on Mat, ,. It is well-known that
the only holomorphic homomorphisms GL,(C) — C* are powers of the
determinant.

Let

R; = O(Mat,.,,)SLr

det?
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be a subset of polynomial semi-invariants of weight deti. Notice that the
scalar matrix ¢Id, acts on R; by multiplying it by det’(t1d,) = t". On the
other hand, if f € O(Mat,.,) is a polynomial of degree d then

J(E1d, - A) = f(tA) = t*f(A).
It follows that all polynomials in R; have degree d = ri, in particular
R; =0 fori<0, Ry=C.
We assemble all semi-invariants in one package (algebra of semi-invariants):
R =P R; C O(Mat,.,,).
i>0

Since the product of semi-invariants of weights y and y’ is a semi-invariant
of weight x - X/, R is a graded subalgebra of O(Mat,.,).

2.6.1. THEOREM (First Fundamental Theorem of invariant theory). The alge-
bra R is generated by the minors py.

Thus considering only minors p;’s makes sense: all semi-invariants can’t
separate orbits any more effectively than the generators. We will skip the
proof of this theorem. But it raises some general questions:

e is the algebra of polynomial invariants (or semi-invariants) always
finitely generated?

e do these basic invariants separate orbits?

e how to compute these basic invariants?

We will see that the answer to the first question is positive under very gen-
eral assumptions (Hilbert-Mumford finite generation theorem). The answer to
the second question is typically negative but a detailed analysis of which
orbits are separated is available (Hilbert-Mumford’s stability and the nu-
merical criterion for it). As far as the last question is concerned, the situation
is worse: the generators can be computed effectively and explicitly only in
a handful of cases.

§2.7. Equations of the Grassmannian. How to describe the image of the
Grassmannian in the Pliicker embedding? We will show that it is a projec-
tive algebraic variety and describe its defining equations.

We are going to focus on G(2,n), the Grassmannian of lines in P"~1.

2.7.1. DEFINITION. Let fi1,..., f, € Clzo, ..., z,] be homogeneous polyno-
mials (possibly of various degrees). The vanishing set

X =V(fi,....fy) = e € P"| fila) = ... = fy(x) = 0}
is called a projective algebraic variety.
2.7.2. REMARK. We will frequently do calculations in charts: for each chart
Up={x; #0} CP", U; ~A",
X NU; C A™ is an affine algebraic variety given by vanishing of polynomials
fj = fi(zo, .. @i, L,xiqr, ..., 2p), j=1,...,m

These polynomials are called dehomogenizations of f1,..., fr.
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2.7.3. THEOREM. i(G(2,n)) is a projective algebraic variety in p(2)-1 given by
vanishing of the following polynomials called Pliicker quadrics:

TijThl — TikT51 + TiTjk, 1< j< k<l
Here we use homogeneous coordinates z;; for 1 <i < j < n.

Proof. Let U be a row space of a matrix

In order to show that the Pliicker quadrics vanish along the image of the
Grassmannian, it suffices to show that minors of the matrix A satisfy the
relation

pij (A)pri(A) — pir(A)pji(A) + pu(A)pjr(A) = 0,
which can be verified directly. A more conceptual approach is to consider
a bivector

b= (aner+ ...+ apen) A(ag1e1 + ...+ agpepn) = Zpij(A)ei Nej € A2C™.
i<j

If we identify P(3)~1 with the projectivization of A2C", the Pliicker embed-

ding sends a subspace U € G(2,n) (spanned by vectors u,v € C") to the

line AU C A%C" (spanned by u A v). Bivectors of this form are called

decomposable. We see that the image of the Pliicker embedding is the projec-
tivization of the subset of decomposable bivectors. Notice that we have

bAb=(uAv)A(uAv)=—-uAuAvAv=0.
On the other hand,
bAbL=2 Z (Pijpri — PikPji + Papjk)ei N ej Aex Aey.
i<j<k<l

Thus Pliicker quadrics indeed vanish along i(G(2,n)).
Next we have to show that the vanishing set

X = V(xijxkl — TikT 4] + LUilLUjk) C ]P)(g)_l

does not contain any other points. We can do this in affine charts of p(2)-1,

Without loss of generality it suffices to consider the chart Uy = {z12 = 1}.
What are the equations of X NU;2? Taking Pliicker quadrics with ij = 12

and dehomogenizing gives equations

Tpl = T1pTo — T1Tok, 2< k<l <n. (274)

It follows that homogeneous coordinates of any point x € X N Uy are
minors of the matrix

A= 1 0 —T23 —X24 ... —Tn
01 T13 T14 “. T1n )
It follows that x corresponds to the row space of A. O

2.7.5. COROLLARY. i(G(2,n)) is a compact complex submanifold ofIP’(g)_l.
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Proof. Every projective algebraic variety is closed and hence compact in the
Euclidean topology. Since we already know that the Pliicker embedding i is

an immersion, i(G(2,n)) is a compact complex submanifold of ()L O

2.7.6. REMARK. In general, not every complex algebraic variety X is a com-
plex manifold simply because it can have singularities. But if X is a non-
singular complex algebraic variety then it admits a structure of a complex
manifold of the same dimension denoted by X**. A remarkable fact is
a Chow’s theorem: every compact complex submanifold of the projective
space is a projective algebraic varierty.

§2.8. Homogeneous ideal. By Th. 2.7.3, the Grassmannian G(2,n) is the
vanishing set of Pliicker quadrics. We would like to describe all homoge-
nous polynomials in () variables z;; that vanish along G(2,n), in other
words the homogeneous ideal I C Clxz;;] of G(2,n). The following theorem

was classically known as the second fundamental theorem of invariant theory.
2.8.1. THEOREM. The ideal I of the polynomial ring is generated by Pliicker quadrics
TijThi — TikTj5 + TiZjk, 1< <k<l.

Proof. The proof consists of several steps.

Step 1. One can think about elements of I as relations between 2 x 2
minors of a general 2 x n matrix A. Indeed, by (2.3.1), G(2,n) is the image
of the map

U Matgvn — G(2,n).
Thus I is the kernel of the homomorphism of polynomial algebras
¥ 1 Clzgjlicicicn = Claw, azili<i<n,  ij > pij(A).
We proved in Prop. 2.7.3 that Pliicker quadrics are in I. Let I’ C I be the
ideal generated by the Pliicker relations. The goal is to show that I = I".
Step 2 is called the straightening law. It was introduced by Alfred Young

(who has Young diagrams named after him). We encode each monomial
Tiygy - - Tipg, € Claij] as a Young tableaux

[i.l 2 Z’“] (2.8.2)
g1 J2 o Jk

Note that entries in the columns of this matrix are increasing, i, < j, for
every r. The Young tableaux is called standard if the entries in each row are
non-decreasing:

i1 <ig < ... <idx and j1 <j2< ... <k

In this case the corresponding monomial z;,j, ... x;,, is called a standard
monomial. We claim that every monomial is equivalent modulo I’ (i.e. mod-
ulo Pliicker quadrics) to a linear combination of standard monomials.

Suppose x = x;,j, . .. Zj, j, is a non-standard monomial. Then it contains
a pair of variables x4, x4 such that a < cbut b > d. Then we have

a<c<d<b.

We have
TabTed = Tacldh — LadTep mod I'. (2.8.3)
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We can plug-in the right-hand-side into x instead of x4,z .qand rewrite it as
a sum of two monomials. We can continue this procedure every time one
of the remaining monomials in the sum is still not standard. However, we
need show that this straightening algorithm terminates.

To every monomial x = x;,, . .. %4, j,, We associate a sequence of positive
integers

J1 =,y Jk = Uk,

reordered in non-increasing order. We order all monomials by ordering
these sequences of integers lexicographically (and if monomials have the
same sequences, for example monomials 12 and x34, order them randomly).
We argue by induction on lexicographical order that every non-standard
monomial is equivalent modulo Pliicker quadrics to a linear combination
of standard monomials. Suppose this is verified for all monomials smaller
than x = x;,5, ... 2. Do the substitution (2.8.3) and notice that ¢ — a,
b—d, d— a, and b — c are all strictly less than b — a. Therefore both of
these monomials are smaller than x in lexicographic order and so can be
re-written as linear combinations of standard monomials modulo I’ by the
inductive assumption.

Step 3. Finally, we claim that standard monomials are linearly indepen-
dent modulo 7, and in particular I = I'. Concretely, we claim that

{(x) | x is a standard monomial}

is a linearly independent subset of Clay;, a2;]1<i<n- A cool idea is to order
the variables as follows:

a1 < ape<...<app<ag <agg <...<ag,

and to consider the corresponding lexicographic ordering of monomials in
Cla1i, azili<i<n. For any polynomial f, let in( f) be the initial monomial of f
(i.e. the smallest monomial for lexicographic ordering). Notice that in( f) is
multiplicative:

in(fg) = in(f) in(g) (284)
for any two (non-zero) polynomials. We have
inp;; = ayaz;,
and therefore
in((x)) =iy - - - Pirje) = @iy Qg - - - A3y, Q251 G2 - - - A2j -

Notice that a standard monomial x is completely determined by in((x)).
Now we argue by contradiction that the set of polynomials {¢(x)}, for all
standard monomials x, is linearly independent. Indeed, consider a trivial
linear combination

M) + o Ab(ag) = 0

where all \; # 0. Then the minimum of initial terms in(¢(x;)), i = 1,...,r
should be attained at least twice, a contradiction with the fact they are all
different. O

Many calculations in commutative algebra can be reduced to similar ma-
nipulations with polynomials by considering different types of orderings of
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monomials. Computer algebra packages like Macaulay 2 run on Groebner
bases algorithms based on these ideas.

§2.9. Hilbert polynomial. Equations of a projective variety are usually not
known so explicitly as in Theorem 2.8.1 for the Grassmannian. But some
numerical information about them is often available and sufficient.

We start with a general situation: let X C P" be a projective variety
and let I C Clxo,...,xy] be a homogeneous ideal of polynomials that van-
ish along X. The algebra R = Clxy,...,x,]/I is known as a homogeneous
coordinate algebra of X. Note that R is graded by degree of polynomials

R — @ R], RO — (C,
j=20
and R is generated by R; as an algebra. The function
h(k) = dim Ry,

is called the the Hilbert function of X . Notice that knowing h(k) is equivalent
to knowing dim I, for every k:

k
h(k) + dim T, — (”Z )

Recall the following fundamental theorem:

2.9.1. THEOREM. There exists a unique polynomial H(t) such that
h(k)=H(k) for k> 0.
It is called the Hilbert polynomial. It has the following form:

-t + (lower terms),
r!

where 1 is the dimension and d is the degree of X, i.e. the number of points in the
intersection of X with a general projective subspace of codimension r.

The word “general” here is used in the standard sense of algebraic ge-
ometry: there exists a dense Zariski open subset W C G(n +1 —r,n + 1)
(the Grassmannian of all projective subspaces of codimension r) such that
X N L is a finite set of d points for every projective subspace L € .

2.9.2. EXAMPLE. Let P! C P" be a projective subspace, for example given
by ;41 = ... = z, = 0. Restricting polynomials in n 4 1 variable to this
subspace gives an exact sequence

0 — I — Clzog, ...,z = Clzg,..., 2] =0,

where I = (2,1, ...1,) is the homogeneous ideal of P! and R = C[x, . . ., 7/]
is its homogeneous coordinate algebra. The Hilbert function is

h(k) = dim Clzo, . . ., 2]y, = <l;"") _

k(k—=1)...(k—=1+1) 1
I il
This agrees with the fact P! has degree 1 and dimension .

Kb
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It is not difficult to show that projective subspaces are the only projective
varieties of degree 1. In particular, G(I+1, n+1) parametrizes all projective

subvarieties of P with Hilbert polynomial H (k) = (H,;k) More generally,
fix a polynomial H (t). There exists a projective scheme

Hilb g ;) P"

called the Hilbert scheme that parametrizes all projective subschemes of P"
with Hilbert polynomial H (t). Of course one has to define “schemes”, ex-
plain the meaning of “parametrize” and prove existence and projectivity —
all deep accomplishments of Grothendieck.

2.9.3. PROPOSITION. Let n > 3. The Hilbert function of G(2,n) in the Pliicker

embedding is
n+k—1\2 n+k\/n+k—2
h(’f)—( ) > —<k+1>< Lo > (2.9.4)

The degree of G(2, n) in the Pliicker embedding is the Catalan number

1 <2” _4> —1,2,5,14,42,132, . ..

n—1\n—2

Proof. While proving Theorem 2.8.1 we have already established that A (k)
is equal to the number of standard monomials of degree £, i.e. to the num-
ber of standard Young tableaux with k columns. Let N; be the number of
non-decreasing sequences 1 <73 < ... <73 <n. Then

n+l—1
Nl:< l )

Indeed, this is just the number of ways to choose [ objects from {1,...,n}
with repetitions (so it is for example equal to the dimension of the space of
polynomials in n variables of degree [). The number of all tableaux

[il io ... i
Ji o J2 - Tk

is then

], I<su<...su<n l<p<...<jp<n

To prove (2.9.4), it suffices to prove the following

2.9.5. CLAIM. The number of non-standard tableaux is

n+k\/nm+k—2
k+1 k—1 '

More precisely, there is a bijection between the set of nonstandard tableaux and the
set of pairs (A, B), where A is a non-decreasing sequence of length k + 1 and B is
a non-decreasing sequence of length k — 1.

Proof of the Claim. Suppose that [ is the number of the first column where
i1 > j;. Then we can produce two sequences:

N <<y <...<i
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of length k£ + 1 and
i1 < < < i <<k
of length £ — 1. In the opposite direction, suppose we are given sequences
i1 <. <1 and g1 << g1

Let [ be the minimal index such that i; < j; and take a tableaux

JU oo Ji-1 Ugr Uy .. Ok
(S T 7 A | R | |
If i, > j; for any [ < k — 1, then take the tableaux
JUoee Je—1 ik
(ST P
This proves the Claim. O

After some manipulations, (2.9.4) can be rewritten as

n+k—1 2_ n+k\/n+k—2 _
n—1 n—1 n—1 -

n+k—-12...(k+1)2? m+k)...k+2)(n+k—-2)...k

(n—1)12 (n—1)! (n—1)!
n — n — 2... 2
(ktn—1)(k+ (n_2)1>!2 27k +D b 1)+ 1) — (0 + k)]
(n_1)!1(n_2)!(k+n—1)(k:+n—2)2...(k+2)2(k:+1).

This is a polynomial in k£ of degree 2n—4 with leading coefficient m
Thus the degree of G(2,n) is equal to (2n — 4)! multiplied by the leadmg

coefficient of h(k), which is indeed the Catalan number.

§2.10. Enumerative geometry. Why study moduli spaces? To extract in-
teresting information. For example, let’s relate the degree of the Grassman-
nian (i.e. the Catalan number) to geometry of lines.

2.10.1. THEOREM. The number of lines in P"~' that intersect 2n — 4 general®
codimension 2 subspaces is equal to the Catalan number

1 2n —4
n—1\n—-2)’

the degree of the Grassmannian in the Pliicker embedding.

’The precise meaning of the word “general”, as before, is the following. There exists a
dense Zariski open subset

UCGn—2,n)x...xG(n—2,n) (2n— 4 copies)
such that for every (2n — 4)-tuple of codimension two subspaces
(VV17 ey W2n74) eU,

the number of lines that intersect W1, ..., Wa,_4 is the Catalan number.



18 JENIA TEVELEV

For example, there is only one line in P? passing through 2 general points,
2 lines in P? intersecting 4 general lines, 5 lines in P* intersecting 6 general
planes, and so on. This is a typical problem from enumerative geometry,
which was described by H. Schubert around 1870s as a branch of algebraic
geometry concerned with questions like: How many geometric figures of
some type satisfy certain given conditions? The enumerative geometry of
lines, or more generally projective subspaces, can be reduced to questions
about the Grassmannian known as Schubert calculus, which is nowdays
more or less understood. Enumerative geometry of curves of higher de-
gree is encapsulated in theory of Gromov-Witten invariants which had many
recent advances in moduli theory and physics.

In order to show that the degree of the Grassmannian solves an enumer-
ative problem, we need some preparation.

2.10.2. DEFINITION. Let X C P"~! be a subvariety of codimension . A Chow
form (or an associated hypersurface)

Dx Cc G(I,n)

is the locus of all projective subspaces P!~! C P"~! that intersect X. For
example, if X is a hypersurface (I = 1) then Dx = X. An amazing fact is
that Dy is always a hypersurface in the Grassmannian and X is uniquely
determined by Dx. An equation of Dy in Pliicker coordinates of the Grass-
mannian is a convenient way of presenting X.

The simplest example is the following: let W C P! be a projective
subspace of codimension 2, then

Dy C G(2,n)
is the locus of all lines that intersect W. Incidentally, Dy is also the most
basic example of a Schubert variety. We claim that Dy can be described as
the intersection with a hyperplane:
Dw = G(2,n) N Hy,  Hy c PG,
Indeed, without loss of generality we can take
W = {:El = X9 :O}:]P<63,...€n>.

Lines intersecting W are projectivizations of 2-dimensional subspaces U
that intersect a linear subspace (e, . . . e,) nontrivially. Let 7 : C" — (e, e2)
be a linear projection with kernel (e, ...e,). Then U € Dy iff Ker 7|y # 0
iff dim Im 7|y < 2 iff the Pliicker minor p12(U) = 0. So Dyy is precisely the
intersection of G(2, n) with the hyperplane

Hyy = {z12 = 0}.
We will show that if
Wi, ..., Wapg CP*
are sufficiently general codimension 2 subspaces then the intersection
Dw, N...N Dw,, , =G(2,n)N (Hw, N...N Hy,,_,)

is a finite union of the Catalan number of points. We are going to see that
Hw, N...NHy,, ,isacodimension 2n — 4 projective subspace and would
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like to invoke the definition of the degree. The problem, however, is that
this subspace is not going to be “general”. So we need a refined notion of
the degree that can be verified for a specific subspace.

§2.11. Transversality. Recall that any algebraic variety X carries a structure
sheaf Ox: for every Zariski open subset U C X, Ox(U) is the ring of all
regular functions on U. If x € X, then we also have

The local ring Ox ,, of functions regular at .

mx , C Ox , is the maximal ideal of functions vanishing at .

o T%, = mx,/m% , is the Zariski cotangent space of x. For every func-
tion f € my,, its coset f +m% , € Tk, is called the differential df.
This is a usual differential if X = A",

Txz=(Mmxz /m_%m)* is the Zariski tangent space of x.

We say that X is smooth (or non-singular) at x if
dimc Ty, = dim X

(and otherwise dim¢ T’x; > dim X). The locus of all smooth points is called
the smooth locus of X. It is Zariski open and dense. Its complement is called
the singular locus.

Let Y C X be an algebraic subvariety defined by a sheaf of radical ideals

Iy C Ox.

Namely, Zy (U) C Ox(U) is the ideal of functions that vanish along Y N U.
For every y € Y, we have the following.

e Oyy = Oxy/Lyy.

e Ty, C Tx, is a vector subspace defined by vanishing of differen-
tials df € T of all functions f € Zy,y,.

e If X is smooth at y and codimx Y = r then Y is smooth at y if
and only if one can find r functions fi,..., f, € Zy,, with linearly
independent differentials dfi, ..., df, € 1%, (the Jacobian criterion).

For example, let’s consider Dy = G(2,n) N Hy, where Hyy = {z12 = 0}.
Let’s describe this intersection in charts of the Grassmannian. Dyy is exactly
the complement of the chart Uj2 C G(2,n). In charts Uy; and Us; fori > 3,
the minor p;2 reduces to a linear equation, so intersection of Dy with any
of these charts is non-singular. In the remaining charts, Dy is given by a
quadric ajjage — ajzaz; = 0. Its singular locus is

{a11 = az2 = a12 = ag =0},

a codimension 4 linear subspace. We see that Dy is irreducible and its
singular locus has codimension 4.

2.11.1. DEFINITION. Let X be an algebraic variety with subvarieties Y and Z.
We say that Y and Z intersect properly if Y N Z is either empty or

codimx (Y N Z) = codimy Y + codimx Z.

These subvarieties intersect transversallyatx € Y N Z if X and Y and Z are
smooth at z and

TX,a: = TY,x + TZ,J;-
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One can prove that in this case Y N Z is smooth at x and
TYﬂZ,ac = TY,ac N TZ,J:-

2.11.2. LEMMA. The Grassmannian G(2,n) intersects the hyperplane Hy, prop-
erly. The intersection is transversal away from the singular locus of Dyy.

Proof. This is essentially the same argument as above. The intersection is
not transversal at some point z if and the only if the tangent space to G(2, n)
at x is contained in the tangent space to Hyy at . One can work in the

affine charts x;; # 0 of P(2)~! and the corresponding charts p;; # 0 of the
Grassmannian. The tangent space to Hyy is a hyperplane H = {x;2 = 0}.
The tangent space to G(2,n) is contained in this hyperplane if and only
if the differential of the restriction of z12 to the Grassmannian vanishes.
But this restriction is the Pliicker minor pio and its differential vanishes
precisely along the singular locus of Dyy . O

We are going to invoke a powerful

2.11.3. THEOREM (Kleiman-Bertini). Let G be a complex algebraic group acting
regularly and transitively on an algebraic variety X°. Let Y, Z C X be irreducible
subvarieties. Then, for a sufficiently general* g € G, subvarieties Y and gZ inter-
sect properly. Moreover, if x € Y N gZ is a smooth point of both' Y and gZ then
these subvarieties will intersect transversally at x.

2.11.4. COROLLARY (Bertini’s Theorem). An irreducible subvariety Y C P"
intersects a general hyperplane H C P™ (or a general projective subspace of fixed
dimension) properly and transversally at all smooth points of Y.

Proof. Apply Kleiman—Bertini to X =P", G = GL,41,and Z = H. O

2.11.5. REMARK. In the set-up of Bertini Theorem one can prove more: Y N
H is non-empty (unless Y is a point) and irreducible (unless Y is a curve).

Applying Bertini’s theorem repeatedly, we see that if X C P" be a projec-
tive variety of dimension r then a general projective subspace of codimen-
sion r intersects X transversally in all intersection points. The following
refined definition of degree is a special case of a general principle called
“conservation of number”.

2.11.6. THEOREM. Let X C P" be a projective variety of dimension r. If L is a
projective subspace of codimension r that intersects X transversally in all inter-
section points then X N L is a finite union d points, where d = deg X.

Proof of Theorem 2.10.1. We need to show that for sufficiently general codi-
mension 2 subspaces
Wi, ...,Wop_4 C ]mel,
the subspace
L=Hw,N...0Hy,, ,c P!
has codimension 2n — 4 and the intersection G(2,n) N L is transversal at all
intersection points. Arguing by induction, it suffices to show

3We are going to discuss algebraic groups and their actions later. The only relevant case
for now is the transitive action of G = GL,(C) on X = G(k,n), for example on P" .
“There exists a dense Zariski open subset U C G such that this is true for every g € U.
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2.11.7. CLAIM. Let
X; =G(2,n) N Hy, N...N Hy,,

then X; and Hyy,,  intersect properly and transversally in P() L gt all points of
an open Zariski dense subset of X 1.

Equivalently, we need to show that X; and Dy, , intersect properly and
transversally in G(2, n) at all points of an open Zariski dense subset of X, 1.
We note that GL,, acts transitively on G(2,n) and

gDWi+1 = DgWi+1
for every g € GL,,. By the Kleiman-Bertini theorem, not only X; N Dy, ,
but also the intersections X;NSing Dyy,, , and Sing X;N Dy, , will be proper
for a sufficiently general subset W, ;. In particular, they will have higher
codimension than X; N Dy, ,, and therefore X; and Dyy,,, will in fact be

smooth (and hence intersect transversally) at all points of an open Zariski
dense subset of X; N Dy, ,. O

§2.12. Homework 1.

Problem 1. (2 points) Show that G(k, n) (as defined in the lecture notes)
is a second countable Hausdorff topological space.

Problem 2. (2 points) Let L1, Ly, L3 C P? be general lines. (a) Show
that there exists a unique smooth quadric surface S C P3 which contains
L1, Lo, Ls. (b) Use the previous part to give an alternative proof of the fact
that 4 general lines in P3 intersect exactly two lines.

Problem 3. (1 point) Identify C(2) with the space of skew-symmetric nxn
matrices in such a way that G(2, n) becomes the projectivization of the set
of skew-symmetric matrices of rank 2 and Pliicker quadrics become 4 x 4
sub-Pfaffians of an n x n skew-symmetric matrix.

Problem 4. (2 point) For any line L C P3, let [L] € CS be its Pliicker
vector. The Grassmannian G(2,4) C P9 is a quadric, and therefore can be
described as the vanishing set of a quadratic form ), which has an associ-
ated inner product such that Q(v) = v - v. Describe this inner product in
coordinates and show that [L;] - [L2] = 0 if and only if L; and L intersect.

Problem 5. (3 points) In the notation of the previous problem, show that

five given lines L, ..., L5 all intersect some line if and only if
0 [La] - [Lo] [La] - [Ls] [La]-[La] [La]-[Ls)]
[La] - [L1] 0 [Lo] - [Ls] [Lo] - [L4] [La] - [Ls]
det |[Ls] - [L1] [L3]-[L2] 0 [Ls] - [La] [Ls]-[Ls]| =0
[La] - [L1] (L] - [L2] [L4] - [Ls3] 0 [La] - [Ls5]
[Ls] - [L1]  [Ls] - [L2] [Ls]-[Ls] [Ls] - [La4] 0

Problem 6. (2 points) Find a point of G(3, 6) with exactly 14 non-vanishing
Pliicker minors.

Problem 7. (2 points) Prove multiplicativity of initial terms

in(fg) = in(f)in(g)

of polynomials in lexicographic ordering.
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Problem 8. (1 point) Let C C P? be an irreducible curve of degree d.
Compute its Hilbert function and Hilbert polynomial.

Problem 9. (1 point) Let p1, p2, p3 € P? be different points which (a) don’t
lie on a line or (b) lie on line. Compute the Hilbert function and the Hilbert
polynomial of the union X = {p1, p2, p3}.

Problem 10. (2 points) Let Li,Ly C P3 be skew lines. Compute the
Hilbert function and the Hilbert polynomial of the union X = L U Lo.

Problem 11. (3 points) Let X C P" be a hypersurface and let F'x C
G(2,n) be the subset of all lines contained in X. Show that Fx is a pro-
jective algebraic variety.

Problem 12. (3 points) For any point p € P? (resp. any plane H C P?3)
let L, C G(2,4) (resp. Ly C G(2,4)) be a subset of lines containing p
(resp. contained in H). (a) Show that every L, and Ly is isomorphic to
P? in the Pliicker embedding of G(2,4). (b) Show that any P? contained in
G(2,4) C P° has a form Ly, or Ly for some p or H.

Problem 13. (4 points) Consider the Segre map
¢ PP x P PP = P(Maty,,),

Yzt Y1t ym]) = [Ty Ty T

Its image is called the Segre variety. (a) Show that this map is an embedding
of complex manifolds. (b) Show that the homogeneous ideal of the Segre
variety in P(Mat,, ,,) is generated by 2 x 2 minors a;jax; —a;ax;. (c) Compute
the Hilbert polynomial and the degree of the Segre variety.

Problem 14. (1 point) Let the symmetric group S,, act on C" by permut-
ing coordinates. Show that the elementary symmetric functions

o1 =Z1+...+%p, ..., Op=2=2T1...2%p

form a complete set of invariants for this action.

Problem 15. (2 points) An alternative way of thinking about a matrix

X — r11 ... Tin
xro21 ... Xon
is that it gives n points pi,...,p, in P! (with homogeneous coordinates

[11 : @21, ..., [T1n : T2,]) as long as X has no zero columns. Suppose n = 4
and consider the rational normal curve f : P! < P3.

(a) Show that points f(p1),..., f(ps) lie on a plane if and only
le xilxgl xumél 3721
FOO=det | 18 By ouasly o] =©
ol ahras Ty, 13,
(b) Express F'(X) as a polynomial in 2 x 2 minors of the matrix X.
Problem 16. (3 points) Let V; = (e1,...,¢;) CC'fori =0,...,n,
0=VcWc...cV,=C".
Fix integers n — 2 > a > b > 0 and define the Schubert variety
Wap C G(2,n) consists of all subspaces U such that
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0 if kE<n—-1-a
dim(UNVy) =<1 if n—1—-a<k<n-0»
2 if n—-b<k.

(a) Show that W g is Dy, .....e,,_») from the lecture notes.
(b) Show that W, ; is isomorphic to C2(n=2)=a=b,
(c) Use part (b) to compute the topological Euler characteristic of G(2, n).

§3. Fine moduli spaces

In this section we introduce a functorial (or categorical) language for
dealing with moduli problems. First we remind basic definitions.

§3.1. Categories. Most mathematical theories deal with situations when
there are some maps between objects. The set of objects is usually some-
what static (and so boring), and considering maps makes the theory more
dynamic (and so more fun). Usually there are some natural restrictions on
what kind of maps should be considered: for example, it is rarely interest-
ing to consider any map from one group to another: usually we require this
map to be a homomorphism. The notion of a category was introduced by
Samuel Eilenberg and Saunders MacLane to capture tsituations when we
have both objects and morphisms between objects. This notion is a bit ab-
stract (hence the moniker abstract nonsense), but extremely useful in moduli
theory. Before we give a rigorous definition, here are some examples of
categories. For each category we describe objects and morphisms:

3.1.1. EXAMPLE.

e Sets: objects are sets, morphisms are functions between sets.
e Groups: groups, homomorphisms of groups.

e Ab: abelian groups, homomorphisms of abelian groups

¢ Rings: rings, homomorphisms of rings.

e Vect,: k-vector spaces, linear maps.

e Modpg: R-modules, homomorphisms of R-modules.

e Top: topological spaces, continuous functions.

e Mflds: smooth manifolds, differentiable maps

e CpxMflds: complex manifolds, holomorphic maps

e Var,: algebraic varieties over a field k, regular maps

In all these examples composition of morphisms is well-defined and as-
sociative (because in these examples morphisms are functions and compo-
sition of functions is associative). Associativity of composition is a sacred
cow of mathematics, and essentially the only axiom of a category:

3.1.2. DEFINITION. A category C consists of the following data:

e The set of objects Ob(C). Instead of writing “.X is an object in C”,
we can write X € Ob(C), oreven X € C.

e The set of morphisms Mor(C'). Every morphism f is a morphism
from an object X to an object Y. It is common to denote a morphism

by an arrow X Ly Formally, Mor(C) is a disjoint union of sub-
sets Mor¢(X,Y) overall X, Y € C.
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e Composition law for morphisms, i.e. a function
MorC(X,Y)XMorC(Y,Z)%MorC(X,Z), (fag)Hgof

which takes X 25 Y and Y -2 Z to the morphism denoted X 9, 7
even though it doesn’t have to be composition of functions.
e For each object X € C, we have an identity morphism X N5 x.
These data should satisfy the following axioms:
e Composition is associative.

e Composition of any morphism X Ly with X 9% x (resp. with
Yy 9% vy is equal to f.

Beginners typically focus on objects, but morphisms are more important.
In fact, one can define very interesting categories with just one object:

3.1.3. EXAMPLE. Let G be a group. Then we can define a category C' with
just one object (let’s denote it by -) and with

Mor(C') = Mor(-,-) = G.

The composition law is just the composition law in the group and the iden-
tity element Ido is just the identity element of G.

3.1.4. DEFINITION. A morphism X ¥ is called an isomorphism if there
exists a morphism Y 74 X (called an inverse of f) such that

fog:Idy and gof:IdX.

In the example above, every morphism is an isomorphism. Namely, an
inverse of any element of Mor(C') = G is its inverse in G. A category
where every morphism is an isomorphism is called a groupoid, because ev-
ery groupoid with one object corresponds to some group G. Indeed, axioms
of the group (associativity, existence of a unit, existence of an inverse) trans-
late into axioms of the groupoid (associativity of the composition, existence
of an identity morphism, existence of an inverse morphism).

Of course not every category with one object is a groupoid and not every
groupoid has only one object.

3.1.5. EXAMPLE. Fix a field k¥ and a positive integer n. We can define a
category C with just one object (let’s denote it by -) and with

Mor(C') = Maty, , .

The composition law is given by the multiplication of matrices. The iden-
tity element Ido is just the identity matrix. In this category, a morphism is
an isomorphism if and only if the corresponding matrix is invertible.

Here is an interesting example of a category with a different flavor:
3.1.6. EXAMPLE. Recall that a partially ordered set, or a poset, is a set I with

an order relation < which is

o reflexive: i < iforanyi € I,
e transitive: ¢ < j and j < k implies ¢ < k, and
e anti-symmetric: ¢ < j and j < ¢ implies i = j.
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For example, we can take the usual order relation < on real numbers, or
divisibility relation a|b on natural numbers (a|b if a divides b). Note that in
this last example not any pair of elements can be compared.

Interestingly, we can view any poset as a category C. Namely, Ob(C) = I
and for any ¢,j € I, Mor(i, j) is an empty set if i A j and Mor(4, j) is a set
with one element if ¢ < j. The composition of morphisms is defined using
transitivity of <: if Mor(¢, j) and Mor(j, k) is non-empty then i < j and
j = k, in which case i < k by transitivity, and therefore Mor(3, k) is non-
empty. In this case Mor(i, j), Mor(j, k), and Mor (i, k) consist of one element
each, and the composition law Mor(4, j) x Mor(j, k) — Mor(i, k) is defined
in a unique way. Notice also that, by reflexivity, ¢ < 7 for any ¢, hence
Mor (%, i) contains a unique morphism: this will be our identity morphism.

3.1.7. EXAMPLE. Let X be a topological space. Let I be the set of open sub-
sets of X ordered by inclusion of open sets U C V. This is a poset. The
corresponding category is denoted by Top(X).

§3.2. Functors.

3.2.1. DEFINITION. A covariant functor F' from a category C to a category D
is a rule that, for each object X € C, associates an object F'(X) € D, and

for each morphism X N Y, associates a morphism F'(X) ) F(Y). Two

axioms have to be satisfied:
e [(Idx) = Idp(x) forany X € C.

e I preserves composition: for any X sy and Y i> Z, we have
F(fog)=F(f)oF(g).

3.2.2. DEFINITION. A contravariant) functor F' from a category C to a cate-
gory D is a rule that, for each object X € C, associates an object F/(X) € D,

and for each morphism X N Y, associates a morphism F(Y') ) (X).

Two axioms have to be satisfied:
e [(ldx) = Idp(x) forany X € C.
e [ preserves composition: for any X 23V and Y L, Z, we have
F(feg)=F(g)o F(f).

3.2.3. REMARK. One can avoid discussion of contravariant functors by defin-
ing an opposite category D°P which has the same objects as D and all arrows
are reversed: Morpor(X,Y) := Morp(Y, X). A contravariant functor from
C to D is the same thing as a covariant functor from C to D°?. However,
the most important functor we are going to be interested in (the functor of
points) is contravariant so we prefer to use this terminology.

3.2.4. EXAMPLE. Let’s give some examples of functors.
¢ Inclusion of a subcategory, for example a functor
Ab — Groups
sends every Abelian group G to itself (viewed simply as a group)

and every homomorphism G L H of Abelian groups to itself (viewed
as a homomorphism of groups).
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e More generally, we have various forgetful functors C — D. This is
not a rigorous notion, it simply means that objects (and morphisms)
of C are objects (and morphisms) of D with some extra data and
some restrictions on this data. The forgetful functor simply “forgets’
extra data. For example, a forgetful functor Vect, — Sets sends
every vector space to the set of its vectors and every linear map
to itself (viewed as a function from vectors to vectors). Here we
‘forget’ that we can add vectors and multiply them by scalars, and
that linear maps are linear!

e The duality Vect;, — Vect; is a contravariant functor that sends
every vector space V' to the vector space V* of linear functions on V..
Alinear map L : V — U goes to a linear map L* : U* — V*, which
sends a linear function f € U* to a linear function v — f(L(v)).

e A similar contravariant functor is a functor Var; — Rings that
sends an algebraic variety X to its coordinate ring k[X| and a reg-

ular map X 14 ¥ to the pull-back homomorphism f* : k[Y]| — k[X]
(just compose a function on Y with f to get a function on X).

e Here is an important variation: fix an algebraic variety X and con-
sider a functor Top(X) — Rings that sends every Zariski open
subset U C X to the ring Ox(U) of functions regular on U. For
every inclusion U C V of open sets, the pull-back homomorphism
Ox (V) = Ox(U) is just the restriction of regular functions.

e A contravariant functor Top(X) — Sets (or — Ab, — Rings, ...)
is called a presheaf of sets (of abelian groups, of rings, ...) on the
topological space X. For example, Ox is a presheaf. In fact it satis-
fies additional gluing axioms of a sheaf.

§3.3. Equivalence of Categories. It is tempting to consider a category of
all categories with functors as morphisms. Indeed, we can define compo-

sition of functors C' —— D and D -%+ E in an obvious way, and we have

identity functors C 196 ¢ that do not change objects or morphisms. There
are set-theoretic issues with this super category, but we are going to ignore
them. An interesting question though is when to consider two categories
C and D equivalent? Categories C' and D are isomorphic if there exist func-

tors C - D and D -%5 C that are inverses of each other. However, this
definition is too restrictive to be useful. Here is a typical example why:

3.3.1. EXAMPLE. Let D be a category of finite-dimensional k-vector spaces
and let C' be its subcategory that has only one object in each dimension n,
namely the standard vector space £" of column vectors. Notice that

Morc (K", k™) = Mat, »

in the usual way of linear algebra. The categories C' and D are not isomor-
phic, because D contains all sorts of vector spaces in every dimension and
C contains only k™. However, the main point of linear algebra is that C' is
sufficient to do any calculation, because any n-dimensional vector space V'
is isomorphic to k™ “after we choose a basis in V”. It turns out that this
reflects the fact that C' and D are equivalent categories.
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3.3.2. DEFINITION. A covariant functor C' —— D is called an equivalence of
categories if

o [ is essentially surjective, i.e. every object in D is isomorphic to an
object of the form F'(X) for some X € C.
o F'is fully faithful, i.e.

Mor¢ (X, Y) = Morp(F(X), F(Y))
for any objects X,Y € C.

3.3.3. EXAMPLE. Consider “linear-algebra” categories above. We claim that
an obvious inclusion functor F' : C' — D is an equivalence of categories.
To show that F' is essentially surjective, take V' € D, an n-dimensional
vector space. Then V is isomorphic to k", indeed any choice of a basis
et,...,ep € V gives an isomorphism V' — k™ which sends v € V to the
column vector of its coordinates in the basis {e; }. Notice that F' is also fully
faithful: linear maps from k™ to k™ are the same in categories C' and D.
So F'is an equivalence of categories.

Our definition is not very intuitive because it is not clear that equivalence
of categories is an equivalence relation! We postpone the general statement
until exercises and just look at our example: is there an equivalence of cat-
egories G : D — C? For every n-dimensional vector space V, there is only
one obvious candidate for G(V'), namely £"”. Are we done? No, because
we also have to define G(L) for every linear map L : V — U. This has to
be a matrix, but to write a matrix of L we need to make a choice of a basis
in every vector space V. In other words, let’s choose a linear isomorphism
Iy : 'V — k™ for every n-dimensional vector space V. Then we can define
G(L): k™ — k™ as the composition

—1
vy Gy duygm,
In more down-to-earth terms, G(L) is a matrix of L in coordinates associ-
ated to our choice of bases in V and in U. It is immediate that G is essen-
tially surjective (in fact just surjective) and fully faithful: linear maps from
V to U are identified with linear maps from k" to £"". This shows that there
is no “canonical” choice for G: unlike F', G is not unique!

3.3.4. EXAMPLE. A similar example from algebraic geometry is equivalence
of the category of irreducible affine algebraic sets X C A" and the cate-
gory of finitely generated k-algebras without zero-divisors and homomor-
phisms between them. Recall that a morphism from X C A" toY C A™
is simply the restriction of a polynomial mapping F' : A" — A™ such that
F(X) C Y. In one direction, the functor associates to X C A" the coor-
dinate ring k[X] = k[z1,...,2,]/1(X) and to morphism f : X — Y the
pullback homomorphism f* : k[Y] — k[X]. It is straightforward to see
that this functor is essentially surjective and fully faithful, and therefore
an equivalence of categories. To construct an equivalence in the opposite
direction, one needs to make a choice of generators in every finitely gen-
erated k-algebra R without zero-divisors. This choice allows to present R
as the quotient of the polynomial algebra k[z1, ..., z,] by some ideal I, the
algebraic set X will be V (1), the vanishing set of that ideal.
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§3.4. Representable Functors. Now we got to the core of applications of
categories to moduli problems and to algebraic geometry in general: a bril-
liant idea of Grothendieck to study any object X € C by poking it with
other objects of C. As a motivation, if X is an algebraic variety then we can
easily recover the set of points of X as

Morvar(pt, X).

But of course we will lose all geometric information about X. As it turns
out, one can recover all of it by considering morphisms from all algebraic
varieties Y to X, not just the point. A morphism from Y to X is called a
Grothendieck’s Y-point of X. This is packaged into the functor of points hx:

3.4.1. DEFINITION. A contravariant functor of points hx is a functor
hx : C — Sets
that sends every Y € C to the set of morphisms Morc(Y, X) and every
morphism Y; i> Y5 to the function
Mor(Y2, X) — Mor(Y1,X), aw— aof.

The main game in town is to start with a contravariant functor and try to
guess, is it a functor of points of some object X?

3.4.2. EXAMPLE. Take a functor Var, — Sets that sends every algebraic

variety X to its coordinate ring k[X] and every regular map X L¥ to
the pull-back homomorphism. Is it a functor of points of some algebraic
variety? A regular function f on X is the same data as a regular map f :
X — Al Tt follows that the functor is functor of points of A'!

§3.5. Natural Transformations. As Maclane famously said: "I did not in-
vent category theory to talk about functors. I invented it to talk about natu-
ral transformations." So what is a natural transformation? It is a map form
one functor to another! Let’s start with an example that explains why we
might need such a thing.

3.5.1. EXAMPLE. Recall that for every vector space V, we have a “natural”
linear map

ay: V=V
(in fact an isomorphism if dim V' < oo) that sends a vector v € V to the
linear functional f — f(v) on V*. What’s so “natural” about this map?
One explanation is that ay does not depend on any choices. But this is a
“linguistic” explanation, can we define naturality mathematically?

Let’s study the effect of ayy on morphisms. Let U L.V be a linear map.
We also have our “natural” linear maps ayy : U — U™ and ay : V —

. . . . L**
V**. By taking a dual linear map twice, we have a linear map U** — V**.
To summarize, we have a square of linear maps:

U 2%

L\L J/L** (3.5.2)

V— V**
oy
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A key observation is that this diagram is commutative. Indeed, pick u € U.
Then we claim that

ay(L(u)) = L™ (av (u))-
Both sides of this equation are elements of V**, i.e. linear functionals on V*.
The functional on the LHS takes f € V* to f(L(u)). The functional on the
RHS takes f € V* to

ag(u)(L*(f)) = L*(f)(w) = f(L(w)).

If this calculation looks confusing, just redo it yourself!
Now let’s give a general definition.

3.5.3. DEFINITION. Let F,G : C' — D be two covariant functors. A natural
transformation o : F' — G between them is a rule that, for each object X €

C, assigns a morphism F(X) 2% G(X) in D such that for any morphism

X i> X» in C, the following diagram is commutative:
F(X1) 2% G(Xy)

F(f)i J/G(f) (3.5.4)
F(X2) = G(X2)

If ax is an isomorphism for any X then « is called a natural isomorphism.
Natural transformation of contravariant functors is defined similarly.

3.5.5. EXAMPLE. Let Vect), be the category of vector spaces over k. Con-
sider two functors: the identity functor Id : Vect;, — Vect; and the “dou-
ble dual” functor D : Vect;, — Vect that sends every vector space V
to V** and every linear map L : U — V to a double dual linear map
L* . U* — V**. We claim that there is a natural transformation from Id
to D (and in fact a natural isomorphism if we restrict to a subcategory of
finite-dimensinal vector spaces). All we need is a rule oy for every vector
space V: it should be a morphism, i.e. a linear map, from Id(V) = V to
D(V) = V** such that (3.5.4) is satisfied for any morphism U — V. This is
exactly the linear map constructed above.

3.5.6. DEFINITION. Let F' : C' — Sets be a contravariant functor. If F'is
naturally isomorphic to a functor of points hx of some object X € C' then
we say that F is representable by X.

3.5.7. DEFINITION. A moduli functor is a contravariant functor

M : Var; — Sets.
If this functor is representable by an algebraic variety M, we say that M is
a fine moduli space of the functor M.

§3.6. Yoneda’s Lemma. A powerful general resultis that hy determines X
up to isomorphism. The following is a weak version:

3.6.1. LEMMA. Let X,Y be two objects in a category C. Suppose we have a nat-
ural isomorphism of representable functors o« : hx — hy. Then X and Y are
isomorphic, in fact « gives a canonical choice of such an isomorphism.
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Proof. Indeed, « gives, for any object Z in C, a bijection
az: Mor(Z,X) — Mor(Z,Y)

such that for each morphism Z; — Z> we have a commutative diagram

Mor(Z1, X) 2 Mor(Z,,Y)

T ?

Mor(Z2, X) — Mor(Z3,Y)
Z3

where the vertical arrows are obtained by composing with Z; — Z,. In
particular, we have bijections

Mor(X, X) 25 Mor(X,Y) and  Mor(Y, X) 25 Mor(Y,Y).
We define morphisms
f=ax(dx) € Mor(X,Y) and g=ay'(Idy) € Mor(Y, X).

We claim that f and g are inverses of each other, and in particular X and
Y are isomorphic via f and g. Indeed, consider the commutative square
above when Z; =Y, Z; = X, and the morphism from Y to X is g. It gives

Mor(Y, X) 25 Mor(Y,Y)

Mor(X, X) — Mor(X,Y)
ax

Let’s take Id x € Mor(X, X ) and compute its image in Mor (Y, Y') in two dif-
ferent ways. If we go horizontally, we first get ax(Idx) = f € Mor(X,Y).
Then we take its composition with ¥ % X to get f o g € Mor(Y,Y). If
we go vertically first, we get g € Mor(Y, X). Then we get ay(g9) = Idy,
because g = ay' (Idy). So we see that f o g = Idy. Similarly, one can show
that f o g = Idx,i.e. f and g are inverses of each other. O

3.6.2. COROLLARY. A moduli functor can have only one fine moduli space up to
(canonical) isomorphism.

Even better, one has the following full version of Yoneda’s lemma:

3.6.3. LEMMA. Let C' be a category. For every object X of C, consider its functor

of points hx : C — Sets. For every morphism X i> X, consider a natural
transformation hx, — hx, defined as follows: for any object Y of C, the function

ay : hx, (Y) = Mor(Y, X1) 2% Mor(Y, Xa) = h, (V)

is just a composition of g € Mor(Y, X1) with X, i>X2. This gives a functor
from C' to the category of contravariant functors C' — Sets (with natural trans-
formations as morphisms). This functor is fully faithful, i.e. the set of morphisms
Morc (X1, X2) is identified with the set of natural transformations hx, — hx,.
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Proof. Suppose we are given a natural transformation o : hx, — hx,. Ap-
plying ax, to Idx, € Mor(X;, X;) gives some morphism f € Mor(X7, X3).
We claim that this establishes a required bijection between Mor(X, X3) and
natural transformations hx, — hx,.

Start with f S MOI“(Xl, XQ) Then ax, : MOI‘(Xl, Xl) — MOI‘(Xl, Xg) is
obtained by composing with f. In particular, ax, (Idx,) = f.

Now let us start with a natural transformation o : hx, — hx,. Then

f:= ax, (IXm) S MOI‘(Xl,XQ).

This morphism in turn defines a natural transformation 3 : hx, — hx,.
We have to show that o = f, ie. that for any ¥ € C, the map ay :
Mor(Y, X1) — Mor(Y, X3) is just a composition with f. The argument is
the same as in the previous Lemma. Start with any ¢ € Mor(Y, X;) and
consider a commutative square

Mor (Y, X1) —> Mor(Y, X»)

T T

MOI‘(Xl, Xl) ? MOI‘(Xl, XQ)
X1

where the vertical maps are compositions with ¥ 9 X,. Take Id x, and
chase it along the diagram. We get

(03
g—=>ay(g)=fog

R

ldx, —> f
axg
So ay (g) is exactly what we want: composition of f with g. O

Constructing morphisms of algebraic varieties X — Y can be tricky.
Yoneda’s Lemma shows that if we have a good grasp of hx and hy, we
can instead construct a natural transformation o : hx — hy. This is espe-
cially useful for constructing morphisms between fine moduli spaces.

§3.7. Grassmannian as a fine moduli space. Let’s re-examine the Grass-
mannian as a fine example of a fine moduli space. What is the correspond-
ing moduli functor? A point of G(k,n), i.e. a morphism

pt — G(k,n)

is given by a k-dimensional subspace of C". Likewise, we would like to
think about a Grothendieck’s point of G(k, n), i.e. a morphism

X — G(k,n)

as a a “family” of k-dimensional subspaces of C" parametrized by X. To
make this rigorous, let’s recall the definition of a vector bundle.

3.7.1. DEFINITION. A trivial vector bundle over an algebraic variety X with
the fiber C" is the product X x C" along with the projection

m: X xC" = X.
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More generally, an r-dimensional vector bundle over an algebraic variety X
is an algebraic variety £ and a surjective morphism

m: FE— X

with the following additional data and properties:

e There exists a covering X = | J U, called an atlas and
e isomorphisms (called trivializations)

1/)04: 7T_I(Uoz)_>Uoz XCT, p20'¢a:ﬂ'

e Such that transition functions, i.e. functions

o gl
(Ua NUs) x €225 (U N UG) x C7
over overlaps U, N Ug are Ox-linear, i.e. take

(2,v) = (2, pap(x)v),
where ¢,3(z) is an invertible r x r matrix with entries in O(U,NUp).

An atlas is of course not unique, for example any covering finer than an
atlas is also an atlas. The number r is called the rank of a vector bundle.
A vector bundle of rank 1 is called a line bundle.

3.7.2. REMARK. Given an atlas X = |J U, and regular functions
¢aﬁ : Ul N Ug — GL,,

a vector bundle with transition functions ¢,z exist if and only if they satisfy
the cocycle condition

¢6~/ © Qboaﬁ = ¢a’y
on all triple overlaps U, N Ug N U,.

3.7.3. DEFINITION. Vector bundles on an algebraic variety X form a cate-
gory with morphisms defined as follows: a map of vector bundles

is a regular map of underlying algebraic varieties L : £ — F which com-
mutes with projections
TE O L=nx E
and such that L is given by linear transformations in one (and therefore
any) atlas {U, } which trivializes both E and F.
Concretely, if 1o : 75" (Us) = Uy x C" and ¢4, : 75" (Un) — Uy x C* are
trivializations of £/ and F' then the map

paoLoypt: Uy xC" — U, x C*
takes
(z,v) = (x, Lo(x)v),

where L, (z) is an s x r matrix with entries in O(U,). If E C F and the
inclusion is the map of vector bundles then E is called a sub-bundle of F'.
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3.7.4. EXAMPLE. The universal (or tautological) bundle of rank k on the Grass-
mannian G(k,n) is defined as follows:

U = {([U],v)|ve U} C Gk,n) x C".

Its fiber at a point that corresponds to a subspace U C C" is U itself.
We claim that I/ is a vector bundle, in fact a subbundle of the trivial bun-
dle with fiber C". Indeed, it is trivialized in standard affine charts U; of the
Grassmannian where the Pliicker coordinate p; # 0. For example, let’s take
k = 2 and consider the chart U = Uj2 defined by pi2 # 0. At any point of
this chart, rows (v1, v2) of the matrix

A— V1 _ 1 0 aiz aig ... Qip
() 0 1 as23 a4 ... Q9pn

give a basis of the corresponding subspace in C". The trivialization of { is
defined as follows:
o7l UxC? = r YU,
(u, 21, 22) = (u, 2101 + 22v2) € U x C".
In the matrix form,
(2’1, 2’2) — (2:1, ZQ)A = (2’1, ZQ)Al_lA.

The last formula has an advantage that we don’t have to assume that the
matrix A has a standard form with A; = Id. What are the transition func-
tions? Trivialization in the chart p; # 0 has form

(4:25) = (25, ) AT'A.
Therefore, the transition functions are
(21, 22) — (Zi, Zé) = (21, ZQ)Al_lAJ, AI_1AJ € GLs.

To the define the Grassman functor, we also need the notion of pull-back
for vector bundles:

3.7.5. DEFINITION. Let 7 : E — Y be a vector bundle and f : X — Y
a morphism of algebraic varieties. We define the pull-back vector bundle
on X as follows:

F'E = {(z,v)| f(x) = 7(v)} € X x E.

The projection map f*r : f*E — X is induced by the first projection pr; :
X x E — X. To see that f*F is indeed a vector bundle, we can first assume
that E is trivial (by trivializing it), in which case f*E is clearly also a trivial
vector bundle of the same rank. A trivializing atlas for f*FE can be obtained
by taking preimages of open sets in a trivializing atlas of ' and transition
functions for f*E are pullbacks of transition functions for E. If £ C F'is a
subbundle then f*FE is also naturally a subbundle of f*E.

3.7.6. DEFINITION. A contravariant Grassmann functor
G(k,n): Algebraic Varieties — Sets

sends every algebraic variety X to the set G(k,n)(X) of all rank k& subbun-
dles E of the trivial vector bundle X x C". A morphism f : X — Y gives
a function G(k,n)(Y) — G(k,n)(X), namely the pull-back E — f*E.
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Notice that as sets
Gk, n) = G(k,n) (point)
because both sides parametrize k-dimensional subspaces of C".

3.7.7. PROPOSITION. G(k, n) is represented by G(k,n). Thus the Grassmannian
is a fine moduli space of the Grassmann functor.

Proof. Let E be a rank k subbundle E of the trivial vector bundle X x C".
Then we have a map of sets

fe: X = Gk,n), zw—az)cC"

What are the properties of this map? Let U C X be a trivializing chart with
trivialization ¢ : 7,*(U) — U x C*. Composing ¢~! with the embedding
of E into X x C" gives a map of trivial vector bundles

UxCF=UxcCr,

which is given by an k£ x n matrix A with coefficients in Ox (U).

In other words, restriction of the map fr : X — G(k,n) toU C X fac-
tors as the composition of the map U — Mat’(k, n) given by the matrix A
and the map Mat®(k,n) — G(k,n) which sends a matrix to its row space.
In particular, fg|y is a morphism of algebraic varieties, and therefore the
same is true for fg.

It is clear from the definitions that fr completely determines E, specifi-
cally E is the pull-back of the universal bundle of the Grassmannian (inside
the trivial bundle):

E=fpdCXxC"
To summarize, given a k-dimensional subbundle (E, 7) of a trivial bundle
X x C", there exists a unique map fr : X — G(2,n) such that ;U = E as
a subbundle of the trivial bundle X x C" = f} [G(2,n) x C"].

By definition of an isomorphism of functors, we have to associate to ev-
ery algebraic variety X a bijection

nx : Mor(X,G(k,n)) — G(k,n)(X).
This is exactly what we have done above: nx(f) := f*U. This bijection
should be such that, for every morphism g : X — Y, we have
Ny © haen(g) = G(2,n)(g) o nx,
which translates into (f o g)*U = g* f*U. O
3.7.8. EXAMPLE. Let’s re-examine the projective space P" = G(1,n+1) from
this point of view. The universal line bundle is denoted by
Opn(—1) = {(L,v)|v € L} C P" x C"*1,
So IP" represents a functor
Algebraic Varieties — Sets

which sends every algebraic variety X to the set of all line sub-bundles L
of the trivial vector bundle X x C"*!. Given this subbundle, we have an
obvious map X — P" which sends x € X to the fiber of L over z (viewed
as a line in C"*1). And L is then a pull-back of Op«(—1) inside the trivial
line bundle X x C"*1.
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In algebraic geometry it is more common to use an isomorphic functor.
To define it, we need the following standard definitions.

3.7.9. DEFINITION. Let 7 : E — X be a vector bundle on an algebraic va-
riety. A morphism s : X — FE is called a global section if m o s = Idx. All
global sections form a C-vector space denoted by HY(X, E). Any linear
map of vector bundles L : £ — F on X induces a linear map

HY(X,E) - H°(X,F), s+ Los.

3.7.10. DEFINITION. A line bundle 7 : L — X is called globally generated if
for every z € X there exists a global section s € H%(X, F) such that

s(z) #0.
3.7.11. THEOREM. P" represents a functor
Algebraic Varieties — Sets
which sends every algebraic variety X to the set of isomorphism classes of data
{L*;s0,...,5n},
where L* is a globally generated line bundle on X and
50,-..,5n € H'(X, L")

have the property that for every x € X, there exists at least one s; such that
si(z) # 0. The universal family on P" is given by {Opn(1); 20, ..., 2n}

Given a datum {L*; sq, ..., sp} on X, the corresponding morphism to P" sends
x € X to a point with homogeneous coordinates [so(z) : ... : sp(z)], where we
identify the fiber of L* over x with C linearly.

Proof. We just have to construct an isomorphism of the new functor with
our old functor of all possible inclusions i : L < X x C""l. First we
dualize the inclusion to obtain the surjection of vector bundles

a: X x (CvHhy* o 1

(surjection on each fiber!). Given a, we can define n + 1 global sections
50, - - - » S of L* by taking images of constant global sections of X x (C"*1)*
which send every point z € X to 2o, ..., z, € (C"1)*, standard coordinate
functions on C"™!. And vice versa, suppose we have global sections

50,...,8n € HO(X, L*)

such that for every z € X we have s;(z) # 0 for some i. Then we can define
a by sending (z, 2;) to (z, s;(x)) and extending linearly. O

3.7.12. EXAMPLE. Let’s re-examine the Pliicker embedding from the functo-
rial point of view. According to Yoneda’s lemma, constructing a morphism

G(k,n) — P

is equivalent to describing a natural transformation from the Grassmann
functor to the projective space functor. Thus, for every algebraic variety X,
we have to construct a function ny that sends every rank k£ subbundle E of
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the trivial bundle X x C" to a line subbundle of the trivial bundle X x C(x).
This is given by the top exterior power of the vector bundle

A*E c AFC™.
Indeed, applying this to the universal bundle of the Grassmannian takes a

point U € G(k,n) given by a k x n matrix A to the top exterior power of its
row space (the fiber of the universal bundle). Concretely, A goes to

(a11€1 + ...+ amen) Ao A (agre1 + ... + agpen) = z:p[(A)ei1 Ao Negy,
I

which is exactly the Pliicker embedding.

So far we defined moduli functors as arbitrary contravariant functors
M . Algebraic Varieties — Sets,

which is the only possible rigorous mathematical definition. In practice,
M(X) is usually the set of isomorphism classes of “families of geometric
objects” parametrized by X, which often (but not always) mean morphisms

m: F— X

such that “fibers” of 7 are geometric objects of interest. Typically there are
various additional assumptions on 7 and E. In the case of G(k, n), E has to
be a subbundle of the trivial bundle C". For a morphism f : X — Y, the
corresponding function

M(f) : M) = M(X)
is often called the pull-back and denoted by f*. Specifically, in many cases,
ffE=X xy E={(z,e)| f(z)=7(e)} C X X E

is the fiber product, which we will discuss in detail later. We can recover the
set of isomorphism classes of our objects as M (point). If this set-up, the fine
moduli space M (if it exists) should have a “universal” family &/ € M(M)
such that every family E on X is a pull-back of ¢/ with respect to a unique
morphism f: X — M.

3.7.13. EXAMPLE. For a simple example of a moduli functor without a fine
moduli space, consider the functor

P : Algebraic Varieties — Sets

which sends every algebraic variety X to its Picard group Pic(X) of all
line bundles on X modulo isomorphism. To a morphism f : X — Y we
associate a pull-back of line bundles f* : Pic(Y) — Pic(X), which turns
P into a functor. We claim that it is not representable. Indeed, suppose it
is representable by an algebraic variety P. The set of points of P will be
identified with Pic(point), which is just a one-element set, the trivial line
bundle C on the point. So P = point. But then every line bundle on every
X will be a pull-back of the trivial line bundle on the point, i.e. will be
trivial, which of course is not the case.

3.7.14. REMARK. The same argument will work for every moduli functor of
families with isomorphic fibers, for example for the functor of isomorphism
classes of vector bundles, P!-bundles, etc.
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3.7.15. REMARK. I am not assuming familiarity with schemes, in fact I will
use moduli problems as an excuse to introduce schemes. But if you know
what they are, notice the argument above will be a bit harder if one works
with algebraic schemes instead of algebraic varieties. Indeed, there is only
one algebraic variety with one point, but there are plenty of schemes with
one point, for example Spec C[t]/(t*) for every k > 0.

After the projective line P!, the easiest algebraic curve to understand is
an elliptic curve (a Riemann surface of genus 1). Let

M, = {isom. classes of elliptic curves}.

We are going to assign to each elliptic curve a number, called its j-invariant
and prove that as a set

My = Aj.
We will define the moduli functor M; of families of elliptic curves and
show that it has no fine moduli space! We will discuss various ways to fix

this. For example, we will show that Al is a coarse moduli space of M.
More generally, we introduce

M, = {isom. classes of smooth projective curves of genus g}

and

M- isom. classes of smooth projective curves C' of genus g
o with n distinct points p1,...,p, € C

In order to understand these spaces, we need to study GIT. The only excep-
tion is My, which is very easy to describe. Indeed, it is well-known that
every 3 distinct points p,,—2, pn—1, pn. € P! canbe send to 0, 1, co by a unique
automorphism of P! (fractional linear transformation » ‘Cljig). Thus M,
can be identified with an open subset of (P1)"~3 of points (p1,...,pn—3)

such that p; # 0,1, co for every ¢ and p; # p; for every i # j.

§4. Algebraic curves and Riemann surfaces

We start with a review of basic facts about projective algebraic curves.
Over complex numbers, the theory is equivalent to the study of compact
Riemann surfaces and we frequently use both approaches.

§4.1. Elliptic and Abelian integrals. The theory of algebraic curves has its
roots in analysis. In 1655 Wallis began to study the arc length of an ellipse

X2 y?
az B

The equation can be solved for YV’

Y = (B/A)V(42 - X?),

—BX
AV X2

=1.

differentiated
Y =
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squared and put into the integral L = [ /1 + (Y”)2dX for the arc length.
Now the substitution 2 = X /A results in

XA 1 242
LJA= =
/ /0 1 — a2 a,

e=+/1—(b/a)?

is the eccentricity. We can rewrite this integral as an elliptic integral

1— 2.2
/ c dx = /u(fc,y) dz,
V(1= e2z?)(1 — 22)
where u(z,y) is a rational function and y is a solution of the equation
v = (1 —e22?)(1 — 2?),

which defines an elliptic curve in A%. More generally,

where

4.1.1. DEFINITION. An algebraic function y = y(x) is a solution of an equation
y" Far(x)y" . Fan(r) =0, (4.1.2)

where a;(z) € C(x) are rational functions. Without loss of generality, we
can assume that this polynomial is irreducible over C(z).°
An Abelian integral is an integral of the form

/u(:):, y) dx

where y = y(z) is an algebraic function and u(z, y) is a rational function.

§4.2. Finitely generated fields of transcendence degree 1. All functions of
the form u(x, y), where v is a rational function in 2 variables and y = y(z)
is a solution of (4.1.2), form a field K.

4.2.1. LEMMA. K is finitely generated and has transcendence degree 1 over C.
Every finitely generated field K with tr.deg.c K = 1 can be obtained in this way.

Proof. Since x and y are algebraically dependent and z is transcendental
over C, we have tr.deg.cC(z,y) = 1.

Now let K be any finitely generated field of transcendence degree 1
over C. Choose any z € K transcendental over C. Then K/C(z) is a finitely
generated, algebraic (hence finite), and separable (because we are in charac-
teristic 0) field extension. By a theorem on the primitive element, we indeed
have K = C(z,y), where y is a root of an irreducible polynomial of the
form (4.1.2). O

Notice that of course there are many choices for x and y in K, thus the
equation (4.1.2) is not determined by the field extension K /C. But it turns
out that this choice is not important from the perspective of computing
integrals because we can always do substitutions: any integral of the form

SLet us point out for clarity that after Abel and Galois we know that for n > 5 not every
algebraic function is a nested radical function like y(x) = ¥/z3 — Tz\/x.
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[ fdg for f,g € K is an Abelian integral. On a purely algebraic level we
should study the moduli problem

M = {isom. classes of f.g. field extensions K/C with tr.deg.c K = 1.}
Clearing denominators in (4.1.2) gives an irreducible affine plane curve
C={f(z,y) =0} C A®

and its projective completion, an irreducible plane curve in P2. Recall that
the field of rational functions C(X) on an irreducible affine variety X is the
quotient field of its ring of regular functions C[X]. The field of rational
functions on an arbitrary algebraic variety X is the field of rational func-
tions of any of its affine charts. In our case

C[C) =Clz,y]/(f) andso C(C)=K.

Recall by the way that the word curve means “of dimension 1”7, and di-
mension of an irreducible affine or projective variety is by definition the
transcendence degree of its field of rational functions. So we can restate
our moduli problem as

M = {birational equivalence classes of irreducible plane curves.}
Here we use the following definition

4.2.2. DEFINITION. Irreducible algebraic varieties X and Y are called bira-
tional if their fields of rational functions C(X) and C(Y") are isomorphic.
Equivalently, there exist dense Zariski open subsets U C X and V C Y
such that U and V are isomorphic.

More generally, we can consider arbitrary irreducible affine or projective
curves because every curve C is birational to a curve in A2 by Lemma 4.2.1.°
Thus our moduli problem is equivalent to the study of

M = {birational equivalence classes of irreducible algebraic curves.}

4.2.3. THEOREM. For any algebraic curve C, there exists a smooth projective
curve C" birational to C.

Sketch. One can assume that C' is projective by taking the projective closure.
There are two ways to proceed. A constructive argument involves finding
a projective plane curve C birational to C' and then resolving singularities
of C by consecutively blowing-up P? in remaining singular points of the
proper transform of C. The difficulty is to show that the process terminates:
the proper transform is eventually non-singular. Nevertheless, this is the
only approach known to work in higher dimensions. Hironaka'’s celebrated
resolution of singularities theorem states that, for every projective algebraic
variety X C P" in characteristic 0, there exists a sequence of blow-ups of P"
(but not only in points of course, one has to blow-up smooth subvarieties of
higher dimension) such that eventually the proper transform of X is non-
singular (and birational to X). The proof is quite involved and its existence
in characteristic p is still an open question.

®A constructive approach to find a birational model of C in P? is to take the image of C
after a general linear projection P™ --» P?. How is this related to the standard proof of the
primitive element theorem?
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Another approach is to construct the normalization of C. Recall that if
X is an irreducible affine variety then its normalization X has coordinate
algebra given the integral closure of C[X] in its field of fractions C(X) (the
fact the integral closure is finitely generated is non-trivial). If X is arbitrary
then one can cover X by affine charts, normalize the charts, and then glue
them back together using the fact that the integral closure commutes with
localization. One can show that if X is a projective variety then X is also
projective (despite apriori being defined abstractly, by gluing charts). It
turns out that the singular locus of a normal variety has codimension at least 2.
In particular, an algebraic curve C' is normal iff it is non-singular. O

Thus our moduli problem can be restated as the study of
M = {birational equivalence classes of smooth projective algebraic curves.}

So far everything we said could have been done in any dimension. But
the last step is specific for curves. It is known that

4.2.4. THEOREM ([?, 2.3.3]). If X is a smooth algebraic variety and f : X — P"
is a rational map then the indeterminancy locus of f has codimension 2.

Thus if C' is a smooth curve and f : C' — P" is a rational map then f is
regular. Suppose now that C' and C” are birational projective curves. Then
we have a birational map C' --» C’, which has to be regular by the above
theorem. So birational curves are in fact isomorphic,

To summarize, we have the following

4.2.5. THEOREM. There is a bijection between
M = {isom. classes of smooth projective algebraic curves}
and
isomorphism classes of finitely generated
field extensions K/C with tr.deg.cK =1/’
which sends a curve C to its field of rational functions C(C).

§4.3. Analytic approach. Instead of complex algebraic curves, we can con-
sider compact Riemann surfaces (one—dimensional compact complex man-
ifolds) instead of algebraic curves. It turns out that this gives the same
moduli problem:

M {biholomorphic isom. classes of compact Riemann surfaces} .

Even better we have the following theorem:

4.3.1. THEOREM. Categories of smooth projective curves and of compact Riemann
surfaces are equivalent.

Indeed, if X is a smooth projective algebraic curve then X" is a compact
Riemann surface and any morphism X — Y of smooth algebraic curves
gives a holomorphic map X" — Y ". Thus we have a functor, the analyti-
fication, from one category to another.

4.3.2. LEMMA. Analytification is fully faithful, that is every holomorphic map
f+ X — Y between two smooth projective algebraic curves is a regular morphism.
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Sketch. Let G C X x Y be the graph of f. We embed X C P", Y C P, and
GC X xY CPnxPmncprmtntm

by the Segre embedding. Thus G is a complex submanifold of P +n+m,
But very general Chow embedding theorem [GH] asserts that every complex
submanifold of PV is algebraic’. Thus G C X x Y is algebraic and therefore
themap f: X — G — Y isregular. O

4.3.3. EXAMPLE. Every meromorphic function f on a smooth projective alge-
braic curve C can be viewed as a holomorphic map from C to P!. Thus f is
in fact a rational function.

A difficult part is to show that analytification is essentially surjective: any
compact Riemann surface is biholomorphic to a smooth projective curve.
It is hard to construct a single meromorphic function, but once this is done
the rest is straightforward. It is enough to find a harmonic function (why?).
Klein (following Riemann) “covers the surface with tin foil... Suppose the poles
of a galvanic battery are placed at the points Ay and As. A current arises whose
potential u is single-valued, continuous, and satisfies the equation Au = 0 across
the entire surface, except for the points Ay and Ag, which are discontinuity points
of the function.” A modern treatment can be found in [GH].

§4.4. Genus and meromorphic forms. In the language of Riemann sur-
faces, an Abelian integral is the integral of a meromorphic form. Indeed, it
turns out that all meromorphic forms are rational:

4.4.1. LEMMA. Every meromorphic form w on a smooth projective algebraic curve
(viewed as a complex Riemann surface) is rational, i.e. can be written asw = f dg,
where f and g are rational functions.

Proof. This follows from Example 4.3.3. Indeed, let g be a non-constant
rational function on C'. Then dg is a non-zero meromorphic form. So we can
write w = f dg, where f is a meromorphic function. But all meromorphic
functions are rational. O

In particular, the vector space of holomorphic differential forms, i.e. mero-
morphic differential forms without poles is the same as the vector space of
regular differential forms, i.e. rational differential forms without poles. The fun-
damental result is that this space is finite-dimensional and its dimension is
equal to the genus g, the number of handles on a Riemann surface.

Another way to compute the genus is to use the genus formula:

2g — 2 = (number of zeros of w) — (number of poles of w) (4.4.2)

of any meromorphic (=rational) differential form w = f dg.

4.4.3. EXAMPLE. Consider a form w = dx on P!. It has no zeros or poles in
the z-chart of 0. In the y-chart at infinity we have

dr = d(1/y) = —(1/y*)dy.
So it has a pole of order 2 at infinity, which shows that g(P!) = 0 by (4.4.2).

7In fact the theorem says that every analytic (i.e. locally given as a vanishing set of
holomorphic functions) subset of PV is algebraic. It doesn’t have to be a submanifold.
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4.4.4. EXAMPLE. A smooth plane curve C' C P? of degree d has genus

d—1)(d—2
RUESES) 445
In algebraic geometry, it is more natural to write this as
29 —2=d(d—3) (4.4.6)

because this can be generalized to an adjunction formula which computes
the genus of a curve on any algebraic surface S, not just P2.

There is a nice choice of a holomorphic form on C: suppose C' N A2 is
given by the equation f(z,y) = 0. Differentiating this equation shows that

_dr_ dy
fy ot

along C, where the first (resp. second) expression is valid where f, # 0
(resp. fr # 0), i.e. where x (resp. y) is a holomorphic coordinate. Thus w
has no zeros or poles in C' N A2, We will show that w has zeros at each
of the d intersection points of C' with the line at infinity and each zero has
multiplicity d — 3. Combined with (4.4.2), this will give (4.4.6). Indeed,
switching from the chart (z,y) = [z : y : 1] to the chart (z,2) = [z : 1 : 2]
gives

W

dy di dz d_3 dz
—_ —_ = =z —

folzy)  fo(20) 22idg(w,2) 9(w, 2)
where we can arrange homogeneous coordinates from the start so that at
every point at infinity g doesn’t vanish and z is a holomorphic coordinate.

w =

§4.5. Divisors and linear equivalence. A (Weil) divisor D on a smooth pro-
jective curve C' is an integral linear combination ) | a;P; of points P; € C.
Divisors form an Abelian group, denoted by Div C, freely generated by
classes of points. There is a homomorphism deg : DivC — Z, called the

degree, namely
deg D = Z a;.
4.5.1. DEFINITION. A principal divisor of a rational function f on C'is
(f) = ordp(f)P,
pPeC
where ordp(f) is the order of zeros or poles of f at P.
Analytically, if z is a holomorphic coordinate centered at P then in some
neighborhood of P
f(z) = 2"g(2),
where g(z) is holomorphic and does not vanish at p. Then ordp(f) = n.
Algebraically, instead of choosing a holomorphic coordinate we choose

a local parameter, i.e. a rational function z regular at P, vanishes at P, and
such that any rational function f on C' can be written (uniquely) as

f=2"g,
where g is regular at P and does not vanish there (see [?, 1.1.5]). This is
an instance of a general strategy in Algebraic Geometry: if there is some
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useful analytic concept (e.g. a holomorphic coordinate) that does not exist
algebraically, one should look for its desirable properties (e.g. a factoriza-
tion f = 2"g as above). Often it is possible to find a purely algebraic object
(e.g. a local parameter) satisfying the same properties.

A local parameter at = can also be described as follows:

o a uniformizer of the DVR O¢ p (with valuation ord);

e any element in m¢, p \ m¢, p;

e a coordinate of an affine chart A" such that the tangent space TpC
projects onto the corresponding coordinate axis;

e arational function z such that ordp(z) = 1.

4.5.2. DEFINITION. A canonical divisor of a meromorphic (=rational) form w
is defined as follows:

(w)= > ordp(w)P,

where if 2z is a holomorphic coordinate (or a local parameter) at P then we
can write w = f dz and ordp(w) := ordp(f).

We can rewrite (4.4.2) as
deg(w) =29 — 2.

4.5.3. DEFINITION. Two divisors D and D’ are called linearly equivalent if
D — D' is a principal divisor. Notation: D ~ D’.

For example, any two canonical divisors are linearly equivalent. Indeed,
if w and W’ are two rational forms then w = guw’ for some rational function g
and it is easy to see that (w) = (g) + (w’). A linear equivalence class of a
canonical divisor is denoted by K¢.

The quotient of the divisor group Div C by a subgroup of principal divi-
sor is called the Picard group Pic C.

§4.6. Branched covers and Riemann-Hurwitz formula. Theorem 4.2.5 can
be upgraded to a (contragredient) equivalence of the category of smooth
projective algebraic curves with non-constant morphisms and the category
of finitely generated field extensions K/C of tr.deg.c K = 1. Morphisms
in this category are inclusions of fields over C. A non-constant map f :
C — C’ of smooth projective algebraic curves is called a branched cover. The
corresponding field extension C(C’) < C(C) is just the pull-back f*.

4.6.1. LEMMA-DEFINITION. The degree of the branched cover can be computed

e topologically: number of points in the preimage of a general point.
e algebraically: degree of the field extension C(C)/C(C").
o with multiplicities: if f~*(P) = {Qu,...,Q,} then

deg f = Zecg“

i=1
where
eq, = ordg, f*(2),
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where z is a local parameter at P. The multiplicity e, is called the rami-
fication index. If e, > 1 then P is called a branch point and Q); is called
a ramification point. The divisor

R=> (eq-1Q)
QeC
is called the ramification divisor.

In particular, viewing a rational function f on Casamap f : C — P!, its
degree is equal to both the number of zeros and the number of poles of f
(counted with multiplicities), and so

deg(f) = (deg f) — (deg f) =0 for every f € k(C).

In particular, linearly equivalent divisors have the same degree and there-
fore we have a degree homomorphism

deg : PicC — Z.
For example, deg gives an isomorphism Pic P! ~ Z because any two points
P, @Q € P! are linearly equivalent using a Mébius function Z:S € C(Ph).

z

We extend the map [P] — ) eq,[Q;] by linearity to a homomorphism
i=1

f*: DivC’ — DivC.

If « € C(C”) then we have a suggestive formula
fH(a) = (fa)

because every zero (or pole) P of o contributes to a zero (or pole) Q of f*«
with multiplicity eq for every @ € f~!(P). In particular, f* sends principal
divisors to principal divisors and thus induces a homomorphism

f*: PicC" — PicC.
Moreover, deg f*D = (deg f) deg D for every divisor D on C".
4.6.2. THEOREM (Riemann-Hurwitz). For every branched cover f : C — C’,

Ko ~ f*Ker + R.
and comparing the degrees and using (4.4.2),
2(C) —2 = (deg f)(29(C") — 2) + 3 (eq — 1):
QeC

Proof. Choose a meromorphic form w on C’ without zeros or poles at branch
points. Then K¢ = (w) and K¢ = (f*w). Every zero (resp. pole) of w
contributes to deg f zeros (resp. poles) of f*w. In addition, if ¢ is a local
parameter at a ramification point () and z is a local parameter at P = f(Q)
then f*(z) = t°@g, where g is regular at (). Then

fH(dz) = d(t°Qg) = eqt®@ ' gdt + t°Q dg,
which shows that each ramification point is a zero of f*w of order eg — 1.
So
(f'w) = f @+ 3 (g -1IA,

QeC
which proves the Riemann-Hurwitz formula. O
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§4.7. Riemann-Roch formula. The divisor D = )" a;P; is called effective
(notation D > 0) if a; > 0 for every .
4.7.1. THEOREM (Riemann-Roch). For every divisor D on C, we have
(D) —i(D)=1-g+degD,
where
[(D) =dim £L(D), where L(D)={feC(C)|(f)+D >0}
and
i(D) =dim K (D), where K(D)= {meromorphic forms w|(w) > D}.

4.7.2. EXAMPLE. If D = 0 then /(D) = 1 and therefore i(D) = g. Notice that
K (0) is the space of holomorphic differentials.

Here [(D) = 1 because the only rational functions which are regular
everywhere are constants. Analytically, this is Liouville’s Theorem for Rie-
mann surfaces (see also the maximum principle for harmonic functions). Al-
gebraically, this is

4.7.3. THEOREM. If X is an irreducible projective variety then the only functions
regular on X are constants.

Proof. A regular function is a regular morphism X — A!. Composing it
with the inclusion A! — P! gives a regular morphism f : X — P! such
that f(X) C A'. But the image of a projective variety under any morphism
is closed, thus f(X) must be closed in P! and so f(X) must be a point. [J

4.7.4. EXAMPLE. If D = K then L(D) is the space of holomorphic forms and
K (D) is the space of holomorphic functions. So in this case Riemann-Roch
gives the genus formula (4.4.2).

4.7.5. EXAMPLE. Suppose g(C) = 0. Let D = P be a point. Then RR gives
I(P)=i(P)+2>2.

It follows that £(D) contains a non-constant rational function f, which then
has a unique simple pole at P. This function gives an branch cover C — P*
of degree 1, therefore an isomorphism. So

Mo = {pt}.
§4.8. Linear systems.
4.8.1. DEFINITION. A linear system of divisors
IDI={(f)+D|fe€LD)}={D"|D"~D, D" >0},

consists of all effective divisors linearly equivalent to D. Note that D’ de-
fines f uniquely up to a constant, therefore

ID| ~ PL(D).

More generally, if L C £(D) is a vector subspace then an incomplete linear
system |L| C |D| consists of all divisors of the form {(f) +D| f € L}.



46 JENIA TEVELEV

Choosing a basis fo, ..., f, of £L(D) gives a map

¢D :C — PT, ¢D($) = [ny--~7fr]-

Since C'is a smooth curve, this map is regular. More generally, we define a
similar map ¢, for every incomplete linear system L.

4.8.2. DEFINITION. Let D be an effective divisor. Its base locus is the inter-
section of all divisors in the linear system |D|. Its fixed part is a maximal
effective divisor E such that D’ — E > 0 for every D’ € |D|. Notice that £
is a sum of points in the base locus with positive multiplicities.8

4.8.3. LEMMA. We have
|D| = |D - E| + E,
L(D)=L(D-E)
and
¢p = ¢p-E-
4.8.4. LEMMA. D has no base points iff (D — P) = (D) — 1 for every P € C.

Proof. If P is in the base locus then [(D — P) = (D). If the base locus is
empty then |D — P| + P is strictly contained in | D| and so /(D — P) < I(D).
Thus we can assume that D is effective and doesn’t contain P. In this case,
we can identify £(D—P) with a hyperplane in £(D) of all rational functions
that in addition vanish at P. U

If we are interested in maps ¢p then we can always assume that D is
effective and base-point-free, i.e. its base locus is empty. In addition, D is
called very ample if ¢p is an embedding C' C P". One has the following very
useful criterion generalizing the previous lemma.

4.8.5. THEOREM. A divisor D is very ample if and only if
e ¢p separates any points P,Q € C,ie. (D — P — Q) =1(D) — 2
e ¢p separates tangents, i.e. [(D —2P) = (D) — 2 for any point P € C.

4.8.6. PROPOSITION. Every morphism ¢ : C' — P" is given by a base-point-free
linear system (possibly incomplete) as long as ¢(C') is not contained in a projective
subspace of P (in which case we can just switch from P" to P® for s < r).

Proof. Indeed, ¢ is obtained by choosing rational functions

fo,...,fr (S k(C)

Consider their divisors (fp), . . ., (fr) and let D be the smallest effective divi-
sor such that ( f;)+ D is effective for every i. Then of course every f; € L£(D)
and D is base-point-free (otherwise it’s not the smallest). O

Divisors (fo) + D, ..., (fr) + D have very simple meaning: they are just
“pull-backs” of coordinate hyperplanes in IP". More precisely, suppose h is
a local parameter at a point P € C, which contributes nP to D. Then ¢ (in
the neighborhood of P) can be written as

[foh™ ... frh"],

8This is a special feature of algebraic curves as in higher dimension the base locus is not
necessarily a divisor.
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where at least one of the functions does not vanish. So pull-backs of coor-
dinate hyperplanes near P are given by divisors (fy) +nP, ..., (f;) +nP.

§5. Moduli of elliptic curves
§5.1. Curves of genus 1. Let us recall the following basic result.

5.1.1. THEOREM. Let C' be a smooth projective curve. TFAE:
(1) C has a plane model in A? given by the Weierstrass equation

y2:4x3—g2x—gg, A:g§—27g§7£0.

(2) C is isomorphic to a cubic curve in P2,
(3) C admits a 2 : 1 cover of P ramified at 4 points.
(4) C has genus 1.

In addition, every cubic curve in P2 has a flex point and admits a unique (up to
scalar) reqular form w. Moreover, this form has no zeros.

Proof. Easy steps.

(1) = (2). Itis easy to check that the projective closure is smooth at all
points including [0 : 1 : 0], which is the only point at infinity. The line
at infinity z = 0 is a flex line (or inflection line): it intersects the curve at
[0 : 1 : 0] with multiplicity 3. The curve has genus 1 by the formula for the
genus of a plane curve.

(2) = (3) A double cover can be obtained as a linear projection P? --» P!
from any point p € C (projecting from points away from C gives a triple
cover). Use Riemann-Hurwitz to find the number of branch points.

(3) = (4) Use Riemann-Hurwitz to compute the genus. Then L(K) is
one-dimensional. Let w be a generator. Since deg K = 0, w has no zeros.

Riemann-Roch analysis. Assume (4). Let D be a divisor of positive
degree. Since deg D > deg K, we have i(D) = 0 and

I(D) = deg D.

It follows that D is base-point-free if deg D > 2 and very ample if deg D > 3.
Fix a point P € C. Notice that L(kP) C L(IP) for k <[ and that L(kP) -
L(IP) C L((k +1)P). Thus we have a graded algebra

R(C,P) =@ L(kP) C C(C).
k>0
L(0) = L(P) is spanned by 1. £(2P) is spanned by 1 and by some non-

constant function, which we will call z. Since 2P has no base-points, we
have a2 :1map

Yop : C — P!

given by [z : 1]. This shows (4) = (3). P is one of the ramification points.
L(3P) is spanned by 1, z, and a new function, which we will call y. Since
3P is very ample, we have an embedding

P3p: C — P2,

given by [z : y : 1]. The image is a curve of degree 3. Moreover, P is a flex
point. This shows that (4) = (2).
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Notice that £(6P) has dimension 6 but contains seven functions
Lz,y,a® wy,2®, 2.

Thus, they are linearly dependent. Moreover, 2° and 42 are the only func-
tions on the list that have a pole of order 6 at P. Therefore, they must both
contribute to the linear combination. After rescaling them by constants, we
can assume that the equation has form

y2 + axy = 4z3 — glx2 — §oT — g3.

After making the changes of variables y — y — Sz and = — = + 3,
the Weierstrass form. This shows that (4) = (1).

Logically unnecessary but fun implications:

(2) = (1). Prove existence of a flex point directly, by intersecting with the
Hessian cubic. Then move a flex point to [0 : 1 : 0] by a change of variable,
then make the line at infinity z = 0 the flex line, etc. (this is analogous in
spirit to the Riemann-Roch analysis above but more tedious).

(1) = (3). Project A2 , — Al. Three ramification points are at the roots of

423 — gox — g3 = 0, the last ramification point is at oo. O

we get

From the complex-analytic perspective, we have the following

5.1.2. THEOREM. Let C be a compact Riemann surface. TFAE:

(1) C is a smooth projective cubic curve in P2
(2) Cis a compact Riemann surface of genus 1.
(3) C is biholomorphic to a complex torus

C/A, where A~Z & Zr,ImT > 0.

Proof. (1) = (2). Apply analytification and genus formula.

(3) = (2). C/A is topologically a torus and has a structure of a Riemann
surface induced from a translation-invariant complex structure on C. Also
notice that dz descends to a non-vanishing holomorphic form.

(3) = (1). One can invoke a general theorem about the equivalence of
categories here, but it's more instructive to show directly that every com-
plex torus is biholomorphic to a projective cubic curve. Let P € C/A be
the image of 0 € C. From the Riemann-Roch analysis, we should expect to
find a meromorphic function in with pole of order 2 at P and holomorphic
elsewhere. Its pull-back to C will be a doubly-periodic (i.e. A-invariant)
meromorphic function on C with poles only of order 2 and only at lattice
points. Luckily, this function was constructed explicitly by Weierstrass:

o T ()

YEA, v#0

Notice that ¢’(z) has poles of order 3 at lattice points, and therefore
{1, 9(2), ¢ (2)}
should be a basis of L(3P). Indeed, one can check directly that the map
C—C? zw[p(2):¢(2):1]
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gives an embedding C' C P? as a cubic curve. In fact it is easy to see that g’
and p satisfy the Weierstrass equation

(9)? = 4p° — g2 — g3,
which explains a traditional factor of 4.
Periods. (2) = (3). Let’s assume that C' is compact Riemann surface

which has a nowhere vanishing holomorphic form w and topological genus 1.
We fix a point P € C' and consider a multi-valued holomorphic map

m: C — C, z»—>/ w.
P

It is multi-valued because it depends on the choice of a path of integration.
Notice however that near every point z € C' we can choose a branch of 7
by specifying paths of integration (say connecting P to z and then z to a
nearby point by a segment in a holomorphic chart) and this branch of = is
conformal (because w has no zeros and [ dz = z.)’

Topologically, we can obtain C' by gluing opposite sides of the rectangle,
in other words we have a homeomorphism C/Z? — C which sends seg-
ments «, § C C connecting the origin to (1, 0) and (0, 1) to generators of the
first homology group H1(C) = Zo + Z3. We can then define periods

A:/w and B:/w.
a B

They generate a subgroup A C C. Integrals along paths in C' are uniquely
defined modulo A.

5.1.3. LEMMA. A and B are linearly independent over R.

Proof. If not then we can assume that A C R (by multiplying w by a con-
stant). Then Im 7 is a single-valued harmonic function, which must be con-
stant by the maximum principle because C' is a compact Riemann surface.
This is a contradiction: a branch of 7 is a local isomorphism near P. O

So A is a lattice and 7 induces a holomorphic map
f:C—CJ/A.

Notice that its composition with a homeomorphism C/Z? — C' is a home-
omorphism C/Z? — C/A. Indeed, it is induced by the integration map
C — Cwhich sends a — A and 3 — B. Thus f is bijective. O

5.1.4. REMARK. An important generalization is a beautiful Klein—-Poincare
Uniformization Theorem: a universal cover of a compact Riemann surface is
o Plif g =0;
e Cifg=1,
o H (the upper half-plane) if g > 2.

If C is a cubic curve in the Weierstrass normal form then w = ‘i—f (see Example 4.4.4)
and so these integrals are elliptic integrals

/ dz
\/4x3 7g233'7g3.
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In other words, every compact Riemann surface of genus > 2 is isomorphic
to a quotient of H by a discrete subgroup

I' C Aut(H) = PGLy(R),
which acts freely on H.

§5.2. J-invariant. Now we would like to classify elliptic curves up to iso-
morphism, i.e. to describe M; as a set. As we will see many times in this
course, automorphisms of geometric objects can cause problems for con-
structing moduli spaces and so it’s good to know what they are. A curve of
genus 1 has a lot of automorphisms: a complex torus C/A admits transla-
tions by vectors in C. These translations are biholomorphic, and therefore
regular, automorphisms. In fact C/A is an algebraic group:

5.2.1. DEFINITION. An algebraic variety X with a group structure is called
an algebraic group if the multiplication X x X — X and the inverse X — X
maps are morphisms of algebraic varieties.

In a cubic plane curve realization, this group structure is a famous “three
points on a line” group. We can eliminate translations by fixing a point.

5.2.2. DEFINITION. An elliptic curve is a pair (C, P), where C' is a smooth
projective curve of genus 1 and P € C. Itis convenient to choose P to be
the unity of the group structure on C'if one cares about it.

Of course as a set we have
My = M ;.

Every pointed curve (C, P) still has at least one automorphism, namely
the involution given by permuting the two branches of the double cover

¢2p: C—)Pl.

In the complex torus model this involution is given by the formula z — —z,
which reflects the fact that the Weierstrass p-function is even.

Let’s work out when two elliptic curves are isomorphic and when the
automorphism group Aut(C, P) is larger than Z /2Z.

5.2.3. THEOREM. (1) Curves with Weierstrass equations y*> = 43— gox — g3
and y* = 42® — ghx — g4 are isomorphic if and only if there exists t € C*
such that g, = t2go and g} = t3gs.

(2) Two smooth cubic curves C and C" are isomorphic if and only if they are
projectively equivalent: C = A(C") for some A € PGL3(C).

(3) Let C (resp. C") be a double cover of P* with a branch locus py, ..., ps
(resp. py,...,py). Then C ~ C" if and only if there exists g € PGL2(C)
such that

{p1, 92,05, P4} = 9{p1, P2, 3, Pa}-
In particular, we can always assume that branch points are 0, 1, X, co.

(4) C/A ~C/N ifand only if A = oA’ for some o € C*. If A = Z @® Z7 and
N =Z @ Zr" with Im 7,Im 7" > 0 then this is equivalent to

, ar+b
T =

a b
e for some [c d} € PSL»(Z) (5.2.4)
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There are only two curves with special automorphisms:
Aut(y? =2° +1) =Z/6Z and Aut(y? = 2> + 2) = Z/4Z.

Their lattices in C are the hexagonal and the square lattices. These curves are
double covers of P! branched at 0, 1, \, oo, with A = es and —1, respectively.

Proof. Let C be and C’ be two plane smooth cubic curves, which are ab-
stractly isomorphic. Let P € C and P’ € C’ be flex points. Then embed-
dings C < P? and C’ < P? are given by linear systems £(3P) and L(3P’),
respectively. After translation by an element C’, we can assume that an iso-
morphism ¢ : C' — C’ takes P to P'. Then L(3P) = ¢*L(3P’). Applying
projective transformations to C' and C’ is equivalent to choosing bases in
the linear systems. If we choose a basis in £(3P’) and pull it back to the
basis of L(3P), we will have

¢3p = P3pr © P,

i.e. C' and C’ are equal cubic curves. This proves (2). In the Weierstrass
form, the only possible linear transformations are = — ¢tz and y — +3/2y,
which proves (1).

A similar argument proves (3). Notice that in this case Aut(C, P) modulo
the hyperelliptic involution acts on P! by permuting branch points. In fact,
A is simply the cross-ratio:

(pa — p1) (P2 — p3)

(p2 — p1) (pa —p3)’

but branch points are not ordered, so we have an action of S4 on possible
cross-ratios. However, it is easy to see that the Klein’s four-group V' does
not change the cross-ratio. The quotient S;/V ~ S5 acts non-trivially:

A= AT = N1/ (A= 1)/AN A (A —1),1/(1 — M)} (5.2.5)

A=

Special values of A correspond to cases when some of the numbers in this
list are equal. For example, A = 1/)\ implies A = —1 and the list of possible
cross-ratios boils down to —1,2,1/2 and A = 1/(1 — \) implies A\ = €75,
in which case the only possible cross-ratios are 3 and e . To work out
the actual automorphism group, we look at the Weierstrass models. For
example, if A\ = —1 then the branch points are 0, 1, —1, oo and the equation
is y> = 2% — 2. One can make a change of variables = — iz, y — €>™/*, then
the equation becomes
SR

as required and the branch points now are 0, %, —%,00. An automorphism
of P! permuting these branch points is # + —x. To keep the curve in the
Weierstrass form, we also have to adjust y — iy. This gives an automor-
phism of C' and its square is an automorphism z — z, y — —y, i.e. an
involution permuting branches of the double cover.

(4) Consider an isomorphism f : C/A’ — C/A. Composing it with trans-
lations on the source and on the target, we can assume that f(0+A’) = 0+A.
Then f induces a holomorphic map C — C/A with kernel A/, and its lift to
the universal cover gives an isomorphism F : C — C such that F((A’) = A.
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But it is proved in complex analysis that all automorphisms of C preserving
the origin are maps z — az for a € C*. So we have

Z+ 7t =o(Z+ 77,
which gives
ar' =a+br, a=c+dr,
which gives (5.2.4). O
5.2.6. THEOREM. We can define the j-invariant by any of the two formulas:
(A2 —X+1)°
A2(A—1)2

The j-invariant uniquely determines an isomorphism class of an elliptic curve. The
special values of the j-invariant are j = 0 (for Z2/6Z) and j = 1728 (for Z/4Z).

Proof. 1t is easy to see that the expression 256% does not change

under the transformations (5.2.5). Thus, for fixed j, the polynomial

j =1728g3 /A = 256 (5.2.7)

1
A= A+1)° = — A (A — 1) 1
(2 =X+ 1P = (- 1) (1)
has 6 roots related by transformations (5.2.5). So the j-invariant uniquely
determines an isomorphism class of an elliptic curve. The rest is left to the
homework exercises. U

§5.3. Monstrous Moonshine. Trying to compute the j-invariant in terms
of the lattice parameter 7 produces some amazing mathematics. Notice that
j(7) is invariant under the action of PSLy(Z) on #. This group is called the
modular group. It is generated by two transformations,

S:zw——-1/z and T:z—2z+1

It has a fundamental domain (see the figure). The j-invariant maps the
fundamental domain to the plane A'.

Since the j-invariant is invariant under z — z + 1, it can be expanded in
a variable ¢ = €>™":

j=q " + 744 4 196884 + 21493760¢> + . .

According to the classification of finite simple groups, there are a few infi-
nite families (like alternating groups A,) and several sporadic groups. The
largest sporadic group F} is called the Monster. It has about 10°* elements.
Its existence was predicted by Robert Griess and Bernd Fischer in 1973 and
it was eventually constructed by Griess in 1980 as the automorphism group
of a certain (commutative, non-associative) algebra of dimension 196884.
In other words, the Monster has a natural 196884-dimensional representa-
tion, just like S, has a natural n-dimensional representation. This dimen-
sion appears as one of the coefficients of j(¢) and In fact all coefficients in
this g-expansion are related to representations of the Monster group. This
is a Monstrous Moonshine Conjecture of McKay, Conway, and Norton proved
in 1992 by Borcherds (who won a Fields medal for this work).
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FIGURE 1. Modular group.

§5.4. Families of elliptic curves. We would like to upgrade M, and M,
to moduli functors. What is a family of smooth projective curves? It should
be a morphism f : X — B such that every fiber of f is a smooth projective
curve. We have to impose a technical condition: the morphism f must be
smooth and proper. We postpone definitions until later and focus on the
following good properties, which are sufficient for most applications and
will allow us to define the moduli functor.

5.4.1. THEOREM.

o If X — B is a smooth morphism of algebraic varieties then all fibers are
non-singular and have the same dimension dim X — dim B. If B is non-
singular then X is also non-singular.

o Let f: X — B be a morphism of non-singular complex algebraic vari-
eties. Then f is smooth if and only if the induced map of analytifications
X — B is a submersion of complex manifolds, i.e. its differential is
surjective at every point.

e Let f : X — B be a smooth morphism and let g : B’ — B be any
morphism of algebraic varieties. Consider the fiber product

X xp B ' ={(z,V)] f(x) =g(t)} C X x B'.
Then X xp B' — B’ is a smooth morphism of algebraic varieties.

5.4.2. THEOREM. Let f : X — B be a morphism of non-singular algebraic vari-
eties. Then f is proper iff the corresponding map of analytifications X" — B"
is a proper holomorphic map, i.e. the preimage of every compact set is compact.
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5.4.3. DEFINITION. A family of smooth projective curves of genus g is a
smooth proper morphism of algebraic varieties f : X — B such that all
fibers are smooth projective curves of genus g. The moduli functor

Mg . AlgebraicVarieties — Sets

sends every algebraic variety B to the set of isomorphism classes of families
f: X — B of smooth projective curves of genus g and every morphism
B" — B a pull-back function M ,,(B) = Mg ,(B'), X — X x B'.

Likewise, a family of smooth projective curves of genus g with n marked
points is a family f : X — B of smooth projective curves of genus g with n
disjoint sections, i.e. morphisms si,...,s, : B — X such that fos; =1Idp
for every i and such that s;(b) # s;(b) for every b € B and i # j.

The moduli functor

Mg o AlgebraicVarieties — Sets

sends every algebraic variety B to the set of isomorphism classes of families
f+ X — B of smooth projective curves of genus g with n marked points
and every morphism B’ — B a pull-back function M, ,(B) — M, ,(B’),
X — X x B'. (Try to define the pullback of sections s, ..., s, yourself.)

5.4.4. DEFINITION. A family of smooth projective curves of genus 1 with a
marked point is also called an elliptic fibration.

It would be nice to have a better structure theory of elliptic fibrations.
We will later show the following:

5.4.5. THEOREM. A morphism = : X — B with a section 0 : B — X is
an elliptic fibration if and only if every point b € B has an affine neighborhood
U = Spec R such that =1 (U) is isomorphic to a subvariety of U x P[Qx:y:z] given
by the Weierstrass equation

vz = 4dad — gg(u)m22 — gg(u)zg,

where g2, g3 € R = O(U) are reqular functions such that A = g3 — 27g3 € R*
is invertible. Moreover, g» and gs are defined uniquely up to transformations

g2 tlga, g3 — %3 (5.4.6)

for some invertible function t € R*.

5.4.7. REMARK. Dependence on ¢ comes from the following basic observa-
tion: multiplying y by #* and = by ¢? will induce transformation (5.4.6).
Notice that if t € O*(pt) = C* then we can take a square root /¢ and mul-
tiply by it instead. This gives Theorem 5.2.3 (1). But if ¢ is a non-constant
regular function in O(U) then the square root may not exist. For example,
take ¢ to be a coordinate in A} \ {0}.

§5.5. The j-line is a coarse moduli space. We are going to see that the
functor of elliptic fibrations M ; doesn’t have a fine moduli space. Indeed,
if M is a fine moduli space then its points should bijectively correspond
to isomorphism classes of elliptic curves, i.e. to different values of the j-
invariant. In other words, M should be bijective to Al with coordinate j.
Moreover, the identity map M — M should come from the universal fam-
ily #: U — M with a section o : M — U such that every elliptic fibration
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is a pull-back of the universal family. In particular, every elliptic curve
should appear as exactly one fiber of the universal elliptic fibrations. As a
first approximation, let’s show

5.5.1. LEMMA. There is no elliptic fibration over A} such that the j-invariant of
the fiber over j is j.

Proof. Suppose this fibration exists. Then Theorem 5.4.5 would be applica-
ble to it and so locally at every point jo € A! we would have

95()
95(7) — 2793(j)
for some rational functions g2, g3 € C(j) regular at jo. Taking jo = 0 gives
a contradiction because j has zero of multiplicity 1 at 0, whereas the RHS

has zero of multiplicity divisible by 3. Taking jo = 1728 gives another
contradiction:

j = 1728

2793 (4)
95(j) = 2793(j)
The LHS has simple zero at 1728 (multiplicity 1) but the RHS has a zero of
even multiplicity. O

j— 1728 = 1728

To turn lemons into lemonade, let’s show that A! is a coarse moduli space
of the functor of elliptic fibrations.

5.5.2. DEFINITION. We say that an algebraic variety M is a coarse moduli
space of the moduli functor M : Algebraic Varieties — Sets if

(1) We have a natural transformation of functors M — hjy; (but not
necessarily an equivalence), which induces a bijection of sets

M (point) = Mor(point, M) = M.

More concretely, points of M correspond to isomorphism classes of
objects and every X-point £ € M(X) induces a morphism X — M.
(2) Suppose M’ is another algebraic variety satisfying (1). There is an
obvious map M — M’ because points of both varieties correspond
to the same isomorphism classes. We require that this map is a
morphism of algebraic varieties. This condition guarantees that the
coarse moduli space is unique up to an isomorphism (if it exists).

If M admits a fine moduli space M then M is also a coarse moduli space.
Indeed, by Yoneda’s lemma any natural transformation M ~ hyr — hyy
comes from a morphism M — M’, which gives (2).

5.5.3. THEOREM. The j-line A" is a coarse moduli space for M ;.

Proof. Suppose we have an elliptic fibration 7 : X — B. Then we have a
function jp : B — A! which sends every b € B to the j-invariant of 7~1(b).
We have to show that this function is a morphism of algebraic varieties.
This can be checked in affine charts on B, and thus by Theorem 5.4.5 we
can assume that the fibration is in the Weierstrass normal form. But then
jB can be computed by the usual formula (5.2.7). Since g, and g3 are regular
functions in the chart, jp is a regular function as well.
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A tricky part is to check the second condition in the definition of a coarse
moduli space. Suppose we have another variety Z and a natural transfor-
mation Mj; — hz such that points of Z are in 1-1 correspondence with
isomorphism classes of elliptic curves. Every elliptic fibration 7 : X — B
then gives a regular morphism jz : B — Z. We want to show that it fac-
tors through a morphism A} — Z. Letl C Z x A} be the locus of pairs
corresponding to curves with the same j-invariant. It is a bijective corre-
spondence between Z and Al. Suppose we know that I is closed. Then
both projections I — Z and I — Ajl- are bijective morphisms of closed al-
gebraic sets. Since Ajl- is irreducible, I and Z are irreducible as well. It
follows that both projections I — Z and I — Ajl- are bijective morphisms
of algebraic curves. But AJI- is a smooth curve, and therefore I — A} is an
isomorphism. Thus I is a graph of a morphism A! — Z.

It remains to show that I is closed. For this we need to remind

5.5.4. DEFINITION. Recall that a morphism of algebraic varieties 7 : X — Y
is called finite if for some (and therefore any) affine covering ¥ = U;U;,
every pre-image V; := n~1(U;) is an affine variety and k[V;] is a finitely
generated k[U;] module. Equivalently, k[V;] is generated (as a k-algebra) by
finitely many elements which are roots of monic polynomials with coeffi-
cients in k[U;]. The basic properties of finite morphisms include:

(1) afinite morphism has finite fibers.

(2) afinite morphism is surjective.

It is easy to construct an elliptic fibration X — B over a smooth algebraic
curve such that every elliptic curve appears as one of the fibers. Just take
B =P\ {0,1,00} and define X C B x P[Qx;y;z} by the Weierstrass equation

vz =z(x — 2)(x — A\2).
The j-invariant in this case is the map
P\ {0,1, 00} = SpecC [A, % 1_1J — Aj
given by (5.2.7). Notice that this morphism is finite. Indeed,

"A1-A
and ) is a root of a monic polynomial (1) with coefficients in C[j], with other
roots given by (5.2.5), which include } and ;. By one of the homework

k:[]P’l\{O,l,oo}]:k[)\ L }

problems, jz x j: B = Z x A} is also finite and therefore its image I is
closed. 0

§5.6. The j-line is not a fine moduli space.
5.6.1. PROPOSITION. M 1 does not admit a fine moduli space.

Proof. Indeed, if M ; admits a fine moduli space then it should be Ajl, be-
cause a fine moduli space is also automatically a coarse one. But the uni-
versal family over A} can’t exist by Lemma 5.5.1.

There are other ways to reach the same conclusion. Let B = A! or more
generally let B = MaxSpec R, where R contans an element s without a
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square root (for example take R = C[s]). Consider any elliptic fibration
f: E — B with Weierstrass equation

y? = 4a® — gox — g3
and let E' — B be a “twisted” fibration with Weierstrass equation
y? =423 — Pgox — 3.

These fibrations have isomorphic fibers (over every b € B) hence give the
same maps into the coarse moduli space B — A]l. However, they are not
isomorphic. If they were, we would have

241 B0

S S

for some t € R by Theorem 5.4.5. Thus s = t?, a contradiction. O
§5.7. Homework 2.

Problem 1. (2 points) Using a birational isomorphism between P! and
the circle {22 + y? = 1} C A? given by stereographic projection from (0, 1),
describe an algorithm for computing integrals of the form

/P(:c, V1—22)de
where P(z,y) is an arbitrary rational function.

Problem 2. (3 points) The formula j = 256%

Pl — ]P’}. Thinking about P! as a Riemann sphere, color P} in two colors:
color the upper half-plane % white and the lower half-plane —# black.
Draw the pull-back of this coloring to P}.

gives a 6 : 1 cover

Problem 3. (1 points) Let F' : Sets — Sets be a contravariant functor
that sends a set S to the set of subsets of S and any function f : S — S’ to
a function that sends U C S’ to f~1(U) C S. Show that F is representable.

Problem 4. (2 points) Let F' be a contravariant) functor from the category
of topological spaces to Sets which sends a topological space X to the set
of open sets of X and any continuous function f : X — X’ to a function
that sends U C X’ to f~1(U) C X. Is it representable?

Problem 5. (2 points) Let S C R be a multiplicative system in the com-
mutative ring R. Consider the covariant functor from commutative rings
to sets that sends a ring A to the set of all homomorphisms f : R — A such
that f(s) is a unit for any s € S (describe its action of homomorphisms
A — A’ yourself). Show that this functor is representable.

Problem 6. (2 points) Let F' : AlgebraicVarieties — Sets be a functor
which assigns to each X the subset S C O(X) of all regular functions f
which an be written as a square f = g° of a regular function. Describe the
action of £ on morphisms X — Y of algebraic varieties. Is F' representable?

Problem 7. (2 points) Let X and Y be irreducible quasi-projective va-
rieties with fields of rational functions C(X) and C(Y). Show that these
tields are isomorphic if and only if there exist non-empty affine open sub-
sets U C X and V' C Y such that U is isomorphic to V.

Problem 8. (3 points) Let C be an algebraic curve. Then one can describe
morphisms C' — P" either using Theorem 3.7.11 (line bundles) or using
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Proposition 4.8.6 (linear systems of divisors). Explain how these methods
are related.

Problem 9. (2 points) Compute j-invariants of elliptic curves
(@)’ +y=a3+z; (b)y? =z + b3+ cx.
Problem 10. (1 point) Show that every elliptic curve is isomorphic to a
curve of the form y? = (1 — 22)(1 — e222).
Problem 11. (2 points) Show that the two formulas in (5.2.7) agree.

Problem 12. (3 points) Let (C, P) be an elliptic curve. (a) By considering
a linear system ¢p4p|, show that C' embeds in P3 as a curve of degree 4.
(b) Show that quadrics in P? containing C form a pencil P! with 4 singular
fibers. (c) These four singular fibers define 4 points in P!. Relate their cross-
ratio to the j-invariant of C.

Problem 13. (2 points). (a) Compute the j-invariant of an elliptic curve

2oy =2a— 36 T — L
o= q—1728" " g— 1728

where ¢ is some parameter. (b) Show that Ajl- \ {0, 1728} carries a family of
elliptic curves with j-invariant j.

Problem 14. (2 points) Solve a cross-word puzzle.

§6. Families of algebraic varieties

Our next goal is to sketch the proof of Theorem 5.4.5 following [MS].
Recall that our goal is to describe explicitly any smooth proper morphism
m : X — B with a section o such that all of the fibers are elliptic curves.
In order to do that, we have to introduce a more advanced viewpoint on
families of algebraic varieties. For starters, we can shrink B to an affine
open neighborhood of a point b € B and assume that B is an affine variety
with ring of functions R = k[B]. We can think about X as “an elliptic
curve over the ring R” generalizing “an elliptic curve E over the field C”.
Eventually we will write a Weierstrass equation for it with coefficients in R.

We adopt the same strategy as in the proof of Theorem 5.1.1, namely the
Riemann-Roch analysis of linear systems £(kP) on E. But we will have to
upgrade our technology so that we can work with a family over the base B
and with a section A = ¢(B) C X instead of a single point P € E.

We will go back and forth between introducing general techniques and
filling the gaps in the proof of Theorem 5.4.5.

§6.1. Short exact sequence associated with a subvariety. Let X be an al-
gebraic variety and let Z C X be a subvariety. Algebraically, it is given by
a sheaf of (radical) ideals Z; C Ox. Namely,

Zz(U) ={f € Ox(U) | flznv =0} C Ox(U)

for every open subset U C X. These sheaves sit in the following very useful
short exact sequence of sheaves

0—>7Z; - 0Ox —1i,.0z7 — 0, (2)
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wherei : Z — X is the inclusion map and i, is the push-forward of sheaves
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10

15 |

17 18

24 |

Across

A linear system that corresponds to a
proper subset of a basis in L(D) is
called ...

Theorem of zeros

A friendly giant hiding inside the
j-function

All effective divisors linearly
equivalent to a given one

An algebraic curve over C is also
known as a ...

He coined a term "coarse moduli
space"

A cross-ratio is also known as an ...
ratio

Word used by Riemann for a number
of parameters

An attribute of a divisor contributing
to the Riemann-Roch formula
Example of a fine moduli space
Dimension of the space of
holomorphic differentials on the
algebraic curve

Something you can do with families
An algebraic variety is called ... if it is
not a union of two proper closed
subsets

A normal form of a cubic curve is
named after him

Down

Type of an algebraic curve most
revered by number theorists

Divisor of a meromorphic form

An algebraic geometer's analogue of a
holomorphic coordinate

He made important contributions to the
study of integrals of algebraic functions
A fancy word used by algebraic
geometers instead of "compact"
Holomorphic map with surjective
differential

The best kind of a moduli space

Image of a ramification point

The second best kind of a moduli space
A divisor with non-negative
multiplicities is called ...
An”e\c/jerywhere defined rational map is
called ...

10

If U € X is an affine open subset with ring of functions R = k[U] then
I =7,(U)is anideal of R and R/I is a coordinate ring of Z N U. Taking
sections of sheaves in (2) over U gives a short exact sequence

0—-1—-R—R/I—O.

10Recall that if X — Y is a continuous map of topological spaces and F is a sheaf on X
then the pushforward f.F has sections f. F(U) = F(f~*(U)) for every openset U C Y.
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For example, if P € C'is a point of a smooth curve then (2) becomes
0—=Zp = Oc—Cp—0, 3)
where Cp is the skyscraper sheaf of the point P.

§6.2. Cartier divisors and invertible sheaves.

6.2.1. DEFINITION. A Cartier divisor D on an algebraic variety X is an (equiv-
alence class of) data

(Uom fa)7 o€ Ia
where X = UU, is an open covering and f, € C(X) are non-zero rational
functions such that f,,/ fs is an invertible function on each overlap U, N Ug.
A Cartier divisor is called effective if f, € Ox(U,) for every a.

We can think about a Cartier divisor D as a divisor given by equation
fa = 0in each chart U,. The fact that f,/f3 is invertible on every overlap
makes this consistent. More precisely, we have the following definition:

6.2.2. DEFINITION. Suppose the singular locus of X has codimension at
least 2'!. Then an associated divisor is

S ordg(fo)H],

the summation over all prime divisors (=irreducible hypersurfaces) H C X
and ordg(f.) is the order of zeros—poles along H. The order is defined
using any f, such that H N U, # 0. The fact that f,/fs is invertible on
U, N Ug makes this definition independent of o. The sum of course turns
out to be finite.

In general, not every prime divisor is Cartier: locally the former corre-
spond to prime ideals of height 1 and the latter to locally principal ideals.

If X is non-singular then every divisor is Cartier'.

6.2.3. EXAMPLE. Suppose n1 P +...+n, P is a divisor on a curve C. Choose
a covering C = Up UU; U ... UU,, where Uy = C'\ {Py,...,P.} and U; is
defined as follows: choose a local parameter g; for P; and define U; to be C
with removed points P;, j # ¢ and removed zeros and poles of g; except for
its simple zero at P, Finally, define f; = g;".

A Cartier divisor D has an associated line bundle X = Lp, which has trivi-
alizing atlas UU,, and transition functions f,/fz. In algebraic geometry we
often bypass this line bundle and work with its sheaf of sections, denoted
by Ox (D). One can define it directly: for every open subset U C X,

Ox(D)(U) ={f € C(X) | ffa € Ox(UNUa).

The sheaf Ox (D) is invertible, i.e. every point of X has a neighborhood U
such that Ox (D)|y ~ Op. Namely, for every a,

1
Ox(D)|v, = +Oxlu.-

o

HRecall that this is always the case if X is a normal variety.

124 difficult step of the proof is that non-singular varieties are locally factorial, i.e. every
local ring is a UFD. It is easy to show that on locally factorial varieties all divisors are Cartier.

BB1n the analytic category one can take U; to be a small neighborhood of P; and g¢; a
corresponding local coordinate.
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6.2.4. EXAMPLE. One very useful application is a special case of the exact
sequence (2) when Z = D is a prime divisor, which happens to be Cartier:

0— Ox(—D) — Ox —i,0Op — 0.
For example, the exact sequence (3) can be rewritten as
0— Oc(—P) = Oc — Cp — 0.

6.2.5. EXAMPLE. The linear system £(D) in this language is the space of
global sections:

L(D) =T(X,0x(D)) = H(X, Ox(D)).
§6.3. Morphisms with a section. A section is always a subvariety:

6.3.1. LEMMA. Suppose a morphism of algebraic varieties 7 : X — B has a
section o : B — X. Then A = o(B) is a closed subvariety isomorphic to B.

Proof. It suffices to show that A is closed because then 7|4 and o give a
required isomorphism. Arguing by contradiction, take z € A\ A. Let
b = n(z). Theny = o(b) # =z. Since X is quasiprojective, there exists an
open subset U of X, which contains both x and y, and a function f € O(U)
such that f(z) = 1 and f(y) = 0. But this gives a contradiction: the function

f-fooon
vanishes identically along A, and therefore has to vanish at = € A but its
value at z is equal to f(z) — f(y) = 1.1 O

§6.4. Morphisms with reduced fibers. Let 7 : X — B be a morphism of
algebraic varieties, b € B. What are the equations of the fiber X}, = 7—1(5)?
Notice that # € X, if and only if 7*f(z) = 0 for every function f on B
regular and vanishing at b. Therefore the ideal J C Ox, of the fiber is
equal to the radical of the ideal in O , generated by 7*(mp ).

6.4.1. DEFINITION. The fiber X, is reduced at x € X if J = Ox ,7*(mpy)is a
radical ideal. We say that X, is a reduced fiber if it is reduced at every point.

6.4.2. EXAMPLE. Let f : C — D be a non-constant morphism of algebraic
curves. For every point of a curve, its maximal ideal in the local ring is gen-
erated by a local parameter at that point. Thus the fiber f~!(y) is reduced
at z if and only if f is unramified at .

6.4.3. LEMMA. Under the assumptions of Lemma 6.3.1, let z € A, b = m(x).
Suppose that the fiber X, is reduced. Under the restriction homomorphism

OX,J: — OXb,an

the maximal ideal my, , C Ox, , is the image of the ideal I C Ox , of the section.

14The proof reflects the fact that every quasi-projective algebraic variety is separated.
Moreover, an algebraic variety is separated whenever any two points z,y € X are con-
tained in an open subset U which admits a regular function f € O(U) separating « and y,
i.e. such that f(z) # f(y). It is easy to construct an unseparated variety by gluing affine
open varieties. A simple example is an affine line with two origins X obtained by gluing
two copies of A' along an open subset {z # 0} using the identity map. The two origins
cannot be separated by a function. Notice by the way that a projection map X — A' has a
section with the non-closed image! In the category of manifolds, the “separation of points
by a continuous function” property is equivalent to Hausdorffness.
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Proof. It is clear that I restricts to the ideal I C Ok, . contained in my, ;.
So it suffices to prove that Ox, ,/I = C. Since the fiber is reduced, we have
Ox,« = Ox/J, where J = Ox ,m*(mp ). Thus it suffices to show that

Ox./(J+1)=C.
And indeed, doing factorization in a different order gives
Oxo/(I+J) = Ona/7" (mpy) ~ Opp/mpy = C.

This proves the Lemma. O

If all fibers of 7 are curves then
dimA =dim B =dim X — 1,
i.e. the section A is a divisor. We claim that it is a Cartier divisor if = has

reduced fibers and all of them are smooth curves.

6.4.4. LEMMA. Let m : X — B be a morphism with a section o, reduced fibers,
and such that all fibers are smooth curves. Then A = o(B) is a Cartier divisor.

Proof. We have to show that every point z = o(b) € A has an affine neigh-
borhood U such that Z4(U) is a principal ideal. It suffices to prove that its
localization, I := 74, C Ox, is a principal ideal. Let J := 7y, , C Ox, be
the vanishing ideal of the fiber.

By Lemma 6.4.3, the maximal ideal my, , of x in the fiber is equal to the
restriction of I. Since the fiber is a non-singular curve, my, , is generated
by a local parameter z (algebraically, Oy, , is a discrete valuation ring and
z is a uniformizer). Choose f € I that restricts to z € my, .

We claim that I = (f), or equivalently I/(f) = 0. Since I/(f) is a finitely
generated module of the local ring Ox ., Nakayama’s lemma applies, and
thus I/(f) = 0 if and only if

I/(f) =mx.I/(f),
ie.
I=(f)+ mx 1.

Choose o € I and choose gf € (f) which has the same restriction to the
local ring Oy, , of the fiber as a. Then o — ¢ f restricts trivially, i.e. belongs
to J. Thus it suffices to prove that I N J C mx /. In fact we claim that

InJ=1J.
The pull-back by 7* and by ¢* give an isomorphism of Op; modules
Ox,=71"0pp+ 1.
Since the fiber X} is reduced, we have
J=0xgn*mpy =1 "Oppn*mpy + In"mp, = 1w mp + 1J.
Thus if & € I N J then, modulo I.J, we can assume that o = 7*. But then
B=oc"1"B=0"a=0

because « vanishes along the section. Thus o = 7*3 = 0 as well. O
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§6.5. Flatand smooth morphisms. Let’s finally define smooth morphisms.

6.5.1. DEFINITION. A morphism f : X — Y of algebraic varieties is called
flat if Ox , is a flat Oy,,-module for every point z € X and y = f(x).

6.5.2. DEFINITION. A morphism f : X — Y of algebraic varieties is called
smooth if it is flat, has reduced fibers, and every fiber is non-singular.

Let X — B be an elliptic fibration, i.e. a smooth proper morphism with
a section A = o(B) such that all fibers are elliptic curves. We would like to
write down Weierstrass equation of X, possibly after shrinking B. When B
is a point, the argument will reduce to the previous calculation with linear
systems

L(E,kP) = H°(E,Op(kP)).
Recall that if F is a sheaf of Abelian groups on an algebraic variety X
then we can define higher cohomology groups H*(X, F) in addition to the

group H%(X,F) of global sections. There are several important facts to
know about these groups.

6.5.3. THEOREM. For every short exact sequence of sheaves
0->F—=>F —-F"=0,
we have a long exact sequence of cohomology groups
.= HYNX,F) - HYNX, F)) - HNX, F") = H* 'YX, F) —» ...,

functorial with respect to commutative diagrams of short exact sequences

0 F F F —— 0
L |
0 g g’ G" —— 0

6.5.4. DEFINITION. A sheaf F on an algebraic variety X is called locally free
of rank r if every point has a neighborhood U such that 7|y ~ Of". Equiv-
alently, F is a sheaf of sections of some vector bundle 7 : F' — X, i.e.

FU)={s: X > F|mos=Idx}.

For example, a locally free sheaf of rank 1 is nothing but an invertible sheaf,
a sheaf of sections of a line bundle.

6.5.5. THEOREM. Let X be a projective algebraic variety and let F be a locally free
sheaf on X. Then all cohomology groups H*(X, F) are finite-dimensional vector
spaces which vanish for k > dim X°. Their dimensions are denoted by h*(X, F).

If X is a smooth projective curve'® then we also have

6.5.6. THEOREM (Serre duality). Let D be any divisor on X and let K be the
canonical divisor. Then we have duality of vector spaces

H'(X,0x(D)) ~ H'™(X,0x (K — D))".

BMore generally, one can reach the same conclusion if F is a coherent sheaf.
1611 fact much more generally but we won't need that.
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In particular,
i(D) = dim K(D) = h°(K — D) = h'(D)
and we can rewrite Riemann—Roch theorem in a (less useful) form
h(D) — h'(D) =1 — g+ deg D.

Now let 7 : X — B be an elliptic fibration with section A = ¢(B) and
consider invertible sheaves Ox(kA) for k > 0. We would like to under-
stand the space of global sections H°(X,Ox(kA)), but since we need a
freedom to shrink B, it is better to study the push-forward 7.Ox (kA). Its
sections over an open subset U C B is the space of global sections

H(r~Y(U), 0x (kA)).

Recall that this is the space of rational functions on X regular at any point
x € 7~ 1(U) \ A and that can be written as g/ f* at any point = € A, where g
is regular and f is a local defining equation of the Cartier divisor A.

§6.6. Pushforwards and derived pushforwards. If F is a sheaf of Abelian
groups on an algebraic variety X and 7 : X — B is a morphism then one
can define derived pushforward sheaves R*m.F on B in addition to the
push-forward R'm.F := m,F. When B is a point, 7.F = H°(X,F) and
RFr.F = HY(X, F). The analogue of Theorem 6.5.3 is the following:

6.6.1. THEOREM. For every short exact sequence of sheaves
0 F—=>F =F =0,
we have a long exact sequence of derived push-forwards
... Rt F = Rbn, F' —» REm, F' — RF I, F — ..,

functorial with respect to commutative diagrams of short exact sequences

0 F F Fl —— 0
b
0 g g G —— 0

6.6.2. REMARK. Suppose F is a locally free sheaf on X and let7: X — B
be a morphism. Notice that 7,F is not just a sheaf of Abelian groups but a
sheaf of Op-modules. Indeed, for every open subset U C B,

. F(U) = F(r~'U)
is an Ox (7 ~1U)-module but we have a homomorhism of rings
f*:0p(U) = Ox(x~tU)

which makes its a Op(U)-module as well. In particular, the stalk (m.F);
atb € Bis a Opj-module. Derived pushforwards are also sheaves of Op-
modules, generalizing the fact that cohomology groups are vector spaces.

Here’s the analogue of Theorem 6.5.5:
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6.6.3. THEOREM. Let 7w : X — B be a proper morphism of algebraic varieties and
let F be a locally free'” sheaf on X. Then all derived push-forwards R*m,F are
sheaves of finitely generated O g-modules.

§6.7. Cohomology and base change.

6.7.1. DEFINITION. Take any vector bundle £ — X and a subvariety Z C X.
The restriction E|z of E is a vector bundle on Z. If F is a (locally free) sheaf
of sections of E then the sheaf of sections F|; of E|; can be described as
follows: if U C X is an affine open set then
FlzUn 2) = F(U)/Zz(A)FU).

In other words, we have an exact sequence of sheaves on X

0 =2z F = F = i.Fz —0, 4)
obtained by tensoring the short exact sequence (2) with F.

6.7.2. EXAMPLE. Suppose 7 : X — B is a morphism with a section A =
o(B) such that all fibers are reduced curves. We can apply the previous
definition either to the fibers of 7 or to the section.

The restriction of an invertible sheaf Ox (kA) (its local sections are ratio-
nal functions on X with poles of order at most k£ along A) to every fiber is
the sheaf

Ox,(kA) = Ox, (kP)
(its local sections are rational functions on X; with poles of order at most &
at P =o(b).)

Another very useful short exact sequence for us will be the sequence (4)
with Z = A. It goes as follows:

0= Ox((k — 1)A) = Ox(kA) -5 i, 04(kA) — 0. )
What is the meaning of the last map 1)?

6.7.3. CLAIM. At any point x € A, a local section o of Ox (kA) looks like a/f*,
where f is a local equation of A. Then
v(g/f*) = gla.
We call ¢(«) the principal part of .

6.7.4. DEFINITION. We would like to compare 7, F, which is a sheaf on B,
with the vector space of global sections H(X;, F|x,). For every neighbor-
hood b € U, we have a restriction homomorphism
mF(U) = F(x'U) — H°(X,, Fx,).
These homomorphisms commute with further restrictions b € V' C U, and
therefore give a homomorphism from the stalk of the push-forward
(7r*.7-_)b — HO(Xb,]:|Xb).

This stalk (7.F)p is a module over the local ring Op;. If f € mp, then
every section in f(m,F), restricts to X trivially. Thus we have a canonical
homomorphism

iy« (mF)p ® C — H(Xy, Flx,),

17Or, more generally, a coherent sheaf.
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where C ~ Op ;,/mp ;. More generally, we have canonical homomorphisms
it : (R*1.F)p ® C — H*(Xy, Flx,)-

An ideal situation would be if R¥m, F were a locally free sheaf of sections
of some vector bundle F* n B. Then (R*r,F), ® C would be identified
with the fiber of F* at b € B. The canonical homomorphism would give a
linear map from the fiber of F* to H*(X;, F|x,). If that linear map were an
isomorphism, we would be able to interpret R*r,.F as a sheaf of sections of
a vector bundle with fibers given by cohomologies of fibers H*(X;, F|x, ).
This is not always the case (for example, dimensions of these cohomology
groups can jump in special fibers), but there is a powerful cohomology and
base change theorem, which gives a necessary condition.

6.7.5. THEOREM. Let w : X — B be a proper flat morphism of algebraic varieties
with reduced fibers and let F be an invertible or locally free sheaf on X.

(1) If ¥ is surjective for some k and b € B then it is bijective.

(2) Suppose (1) is satisfied. Then R*r.F is locally free in a neighborhood of b
if and only if ilg_l is surjective.

(3) If H* (X, Flx,) = 0 then if is an isomorphism.

The following corollary is the most often used form of cohomology and
base change:

6.7.6. COROLLARY. If HY(Xy, F|x,) = 0 for some b € B then 7. F is locally free
in a neighborhood of b and i is an isomorphism.

§6.8. Riemann-Roch analysis. Consider an elliptic fibration 7 : X — B
with a section A = o(B). The key players will be invertible sheaves Ox (kA)
for £ > 0 and their push-forwards

Fi = m.O0x(kA).

6.8.1. LEMMA. Fy, is a locally free sheaf of rank k for every k > 1. Also,
Fo=m.0x ~Op

(a canonical isomorphism via pull-back 7).

Pushing an exact sequence (5) forward to B gives a long exact sequence

0= Frot — Fi -2 £ -5 R, Ox ((k — 1)A),

where

L :=m0,04(A) ~0*Ox(A)
is an invertible sheaf and v is the principal parts map.
6.8.2. LEMMA. For k > 2, this gives a short exact sequence

0— Fr1 — Fr — L% =0
For k = 1, we get is an isomorphism Fy ~ F; ~ Op.

Let B = Spec R. Then
H°(B,Fy) = H'(B,F1) = R.
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Since L is invertible, we can shrink B to a smaller affine neighborhood
so that £ ~ Op. We are going to fix a trivialization of £. Everything that
follows will be determined up to making a different choice of trivialization,
i.e. up to multiplying it by an invertible function A € R*.

Shrink B further to get short exact sequences

0— Fr1(B) = Fe(B) = LZ*(B) = 0

for every 2 < k < 6, or, equivalently, given our trivialization of Z,

0= Fo1(B) — Fu(B) 25 R — 0,

where 1) is the principal parts map.
The following easy lemma is left as a homework exercise.

6.8.3. LEMMA.If0 - M — N — K — 0 is an exact sequence of R-modules
and M and K are free then N is also free.

By induction, in our case we see that F;(B) is a free R-module of rank
k for every 2 < k < 6. Its generators can be obtained by choosing any
generators in Fj,_(B) along with any element which maps to 1 by 1.

Thus F3(B) is a free R-module generated by 1 € F;(B) = R and some
element x such that ¢»(z) = 1. Also, F3(B) is a free R-module generated
by 1,2 € F2(B) and some y such that 9)3(y) = 2. An annoying renormal-
ization “2” is here by historical reasons. As functions on X, z has a pole
of order 2 and y has a pole of order 3 along A. Notice that  and y are not
uniquely determined: we can add to x any R-multiple of 1 € 7(B) = R
and we can add to y any linear combination of 1 and = € F,(B) .

Arguing as in the case of a single elliptic curve, we see that

6.8.4. CLAIM. 1,z,y, 22, xy, 23 freely generate F¢(B).

But 32 is also a section of F4(B), thus it can be expressed as a linear
combination of these generators (with coefficients in R). Since 4(y?) = 4
and v6(23) = 1, and 15 sends other generators to 0, the linear combination
will look like

y? =42 + a + bz + cy + dz® + exy,
where a, b, c,d,e € R. By completing the square with y and then the cube
with z, we can bring this expression into the Weierstrass form

y® = 42’ — gow — g3, (6)
where g2, g3 € R. This eliminates any ambiguities in choices of x and y.

Functions x and y map X \ Ato A2 | x B, and the image lies on a hyper-
surface given by equation (6). Projectivizing, we get a morphism

X P2 xB,

x?y7z
and the image lies on a hypersurface £ with equation

ylz = 43 — gonz® — g32°.

It remains to show that the induced morphism o : X — £ is an isomor-
phism. It restricts to an isomorphism on every fiber X;, — &, in particular
it is bijective. Let’s use one of the versions of Zariski main theorem:
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6.8.5. THEOREM. A morphism of algebraic varieties X — & with finite fibers can
be factored as an open embedding i : X — U and a finite morphism g : U — £.

In our case, U must be equal to X. This follows from the following basic
property of proper morphisms:

6.8.6. LEMMA. Let f : X — B be a proper morphism and suppose it can be
factored as X — U — B. Then the image of X in U is closed.

Thus X — £ is a finite morphism. To show that it is an isomorphism, it
is enough to check that the map of local rings

o OE,a(p) — OX,p

is surjective (and hence an isomorphism) for every p € X. Since we know
that this is true on every fiber, we have

Oxp=a"(O¢ o) +mBpO0xp = a*(Og app)) + " (Mg o)) Ox p-

Thus we can finish by Nakayama’s lemma which applies, because X — &
is finite, and therefore Ox , is a finitely generated Og¢ ,(,)-module.

§6.9. Homework 3.

Problem 1. (3 points) Let M be the set of isomorphism (=conjugacy)
classes of invertible complex 3 x 3 matrices. (a) Describe M as a set.
(b) Let’s define the following moduli problem: a family over a variety X
is a 3 x 3 matrix A(z) with coefficients in O(X) such that det A(z) € O*(X),
i.e. A(x) is invertible for any x € X. Describe the corresponding moduli
functor. (c) Show that this moduli functor has no coarse moduli space.

Problem 2. (1 point) Show that a coarse moduli space (of any moduli
functor) is unique (if exists) up to an isomorphism. Show that a fine moduli
space is always also a coarse moduli space.

Problem 3. (1 point) In Definition 5.4.3, explain how to pullback sections.

Problem 4. (2 points) Let f be a rational function on an algebraic curve
C such that all zeros of f have multiplicity divisible by 3 and all zeros of
f — 1728 have multiplicities divisible by 2. Show that C'\ {f = oo} carries
an elliptic fibration with j-invariant f.

Problem 5. (2 points) Let E be an elliptic curve and consider the trivial
family P! x E over P!. Now take two copies of this algebraic surface and
glue them along {0} x E by identifying £ with E by identity and along
{o0} x E by identifying F with E via a non-trivial involution. This gives
an elliptic fibration over a reducible curve obtained by gluing two copies of
P! along 0 and co. Show that all elliptic curves in this family are isomorphic
but the family is not trivial.

Problem 6. (3 points) Let (C, P) be an elliptic curve. Let I' C C be the
ramification locus of ¢jzp|. (a) Show that I' ~ Zy X Zj is precisely the 2-
torsion subgroup in the group structure on C. (b) A level 2 structure on
(C, P) is a choice of a basis {Q1,Q2} € I' (considered as a Zy-vector space).
Based on Theorem 5.4.5, describe families of elliptic curves with level 2
structure. Define a moduli functor of elliptic curves with a level 2 structure.
Show that P} \ {0,1,00} carries a family of elliptic curves with a level 2
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structure such that every curve with a level 2 structure appears (uniquely)
as one of the fibers.

Problem 7. (2 points) Is ]P’}\ \ {0, 1, 00} a fine moduli space for the moduli
functor of the previous problem?

Problem 8. (3 points) Consider the family of cubic curves
C, = {w3+y3+23+axyz:()} C P2

parametrized by a € Al. (a) Find all a such that C, is smooth and find its
inflection points. (b) Compute j as a function on a and find all a such that
C, has a special automorphism group.

Problem 9. (3 points) Let (C, P) be an elliptic curve equipped with a
morphism C' — C' of degree 2. By analyzing the branch locus ¢2p, show
that the j-invariant of C has only 3 possible values and find these values.

Problem 10. (2 points) Let X be an algebraic variety. Recall that it is
called normal if it can be covered by affine open sets X = U;U; such that
every O(U;) is integrally closed in its field of fractions. Show that X is
normal if and only if every birational finite map ¥ — X is an isomorphism.

Problem 11. (2 points) Let f : X — Y be a finite morphism of algebraic
varieties and let g : X — Z be an arbitrary morphism. Show that f x g :
X — Y x Z is a finite morphism of algebraic varieties.

Problem 12. (1 point). Prove Claim 6.7.3
Problem 13. (1 point). Prove Corollary 6.7.6
Problem 14. (2 points). Prove Lemma 6.8.1
Problem 15. (2 points). Prove Lemma 6.8.2
Problem 16. (2 points). Prove Lemma 6.8.3.
Problem 17. (2 points). Prove Claim 6.8.4.

§7. Invariants of finite groups

In the second half of the course we are going to study invariant theory
and orbit spaces more systematically. We will start with a finite group G
acting linearly18 on a vector space V and discuss the quotient morphism
m : V. — V/G to the orbit space (or the quotient space) V/G. There are
several reasons to isolate this case:

e The quotient space V/G is typically singular. Singularities of this
form (called quotient or orbifold singularities) form are very common.

e Globally, moduli spaces can often be constructed as quotients X/G
of algebraic varieties by reductive group actions. Most of the results
generalize to this set-up but new subtleties arise.

e Locally, near some point p, moduli spaces can often be modeled on
the quotient V/G, where V' is a vector space (a versal deformation
space of the geometric object that corresponds to p) and G is an au-
tomorphism group of this object, which is often finite.

18Recall that a linear action is given by a homomorphism G — GL(V). In this case we
also say that V' is a representation of G.
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§7.1. First examples.

7.1.1. EXAMPLE. Let G = S,, be a symmetric group acting on C" by permut-
ing the coordinates. Recall that our recipe for computing the orbit space

calls for computing the ring of invariants
C[l’l, e ,xn]S”.

By the classical theorem on symmetric functions, this ring of S,-invariant
polynomials is generated by elementary symmetric polynomials

o1 =21+ ...+ 2Zp,

O = E Ly -« Ty,

11 <...<tp

Op = X1 ...Tnp.
Thus the candidate for the quotient map is
m: A" 5 A" (x1,...,x0) = (01, .., 00).

This map is surjective and its fibers are the S,-orbits. Indeed, we can re-
cover xi, ..., T, (up to permutation) from oy, . .., o, because they are roots
of the polynomial 7" — oy T + ... + (-=1)"0,, = 0.

7.1.2. EXAMPLE. A linear action of a finite group G on C is given by a char-
acter, a homomorphism G — C*. Its image is a subgroup 4 of d-th roots of
unity. Let ¢ be the primitive d-th root of 1. Thus

It is clear that 2¢ separates orbits because every non-zero orbit has d ele-
ments z,(z, . ..,(% 'z. The quotient morphism in this case is just

7 Al 5 Al e 2l

7.1.3. EXAMPLE. Let Z? act on A? by (z,y) — (—=, —y). Invariant polyno-
mials are just polynomials of even degree, and so

Clz,y)™ = Cla?,y*, ay].
The quotient morphism is
T AT = A% (2,y) = (2% 07, 2y).

It is clear that invariants separate orbits. It is also clear that the quotient
map is surjective onto the quadratic cone

(uv = w?) C A3,

The quadratic cone is the simplest du Val singularity called A;.
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§7.2. Quotient singularity %(17 a) and continued fractions. Computing the
algebra of invariants can be quite complicated but things are much easier if
the group is Abelian. Let’s look at an amusing example of a cyclic quotient
singularity 1(1,a). It is defined as follows: consider the action of y, on C?,
where the primitive generator { € i, acts via the matrix

b &

How to compute the algebra of invariants C[z, y]*~? Notice that the group
acts on monomials diagonally as follows:

C-atyl = (I,
So a monomial z%y/ is contained in C[z, y]*" if and only if
i+ ja=0 mod r.
7.2.1. EXAMPLE. Consider 1(1,r — 1). Notice that this is the only case when
tr C SLs. The condition on invariant monomials is that
1=7 modr
(draw). We have
Clz,y]t = Clz", zy,y"] = C[U,V, W]/ (V" —UW).
We see that the singularity %(1, r — 1), also known as the A,_;-singularity,
is a hypersurface in A? given by the equation V" = UW.
7.2.2. EXAMPLE. Consider %(1, 1). The condition on invariant monomials is
1+7=0 modr
(draw). We have
Clz,y]* = Clz", 2" Yy, 2" %2, ..., y"].
The quotient morphism in this case is
A% = AT () e (27 2y Ry,
The singularity 1(1,1) is a cone over the rational normal curve

r T r—2

[y a2y P

7.2.3. DEFINITION. Let > b > 0 be coprime integers. The following ex-
pression is called the Hirzebruch-Jung continued fraction:

1
r/b=a; — ——— = [a1, a2, ..., a1].

as—...

Hirzebruch-Young continued fractions are similar to ordinary continued
fractions but have minuses instead of pluses. For example,

5/1=[5],
5/4=12,2,2,2],
5/2 = [3,2].

Here’s the result:
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7.2.4. THEOREM. Suppose p, acts on A% with weights 1 and a, where (a,r) = 1.

Let - = [a1, a2, ..., a| be the Hirzebruch-Jung continued fraction expansion19.

Then Clz, y|*" is generated by

fozﬂfr, fl:'xr_aya f27 SRR fk:a fk-l—l:yrv
where the monomials f; are uniquely determined by the following equations:
fi—lfi—i—l = flal for i= 1, ey k. (725)

7.2.6. EXAMPLE. An example is in Figure 2.

FIGURE 2

7.2.7. REMARK. We see that the codimension of A% //T" in the ambient affine
space A**2 is equal to the length of the Hirzebruch-Young continued frac-
tion. This is a good measure of the complexity of the singularity. From
this perspective, 1(1,1) (the cone over a rational normal curve) is the most
complicated singularity: the Hirzebruch—Young continued fraction

r/(r—1)=12,2,2,...,2] (r—1 times)

uses the smallest possible denominators. It is analogous to the standard
continued fraction of the ratio of two consecutive Fibonacci numbers, which
has only 1’s as denominators.

Proof of Theorem 7.2.4. Invariant monomials in Clz, y|/ are indexed by vec-
tors of the first quadrant

{(i,4) 4,5 >0} c Z?
which are in the lattice

L={(i,5)]i+aj=0 modr}CZ>

ONotice that we are expanding r/(r — a) and not /a.
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This intersection is a semigroup and we have to find its generators. We
note for future use that L contains the sublattice rZ* and can be described
as the lattice generated by

1) )

The semigroup of invariant monomials is generated by [6] , [S] , and by

the monomials inside the square {(4,) |0 < 4,7 < r}, which are precisely
the monomials

((r—a)j modr, j), j=1,...,7r—1.
Of course many of these monomials are unnecessary. The first monomial in
the square that we actually need is [T I a] . Now take multiples of [T B a] .

1
The next generator will occur when (r — a);j goes over r, i.e. when

r

j=l—l=a

(in the Hirzebruch-Young continued fraction expansion for

——). Since

(r—a)ay modr=(r—a)ag —r,
the next generator is

(r—a)a; —r
al ’

Notice that so far this confirms our formula (7.2.5). We are interested in the

remaining generators of L inside the r x r square. Notice that they all lie

1 “1. So we can restate our problem: find

generators of the semigroup obtained by intersecting L with points lying

above the line spanned by [r R

in the first quadrant and above the line spanned by [T I a} .

Next we notice that

el

It follows that lattice L is also spanned by [S] , {(r B aa)al B r] ,and [T I a] .
1

We are interested in generators of the semigroup obtained by intersecting
this lattice with the “angle” spanned by vectors [S] and [r I a] .

Consider the linear transformation ¥ : R? — R? such that

b= ol]=[%)
Then we compute

¢m _ [TEQ]’ w[r;a} _ [rga}’ ¢[(T—aa)1al—r} _ [(T—a%al—r].
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So we get the same situation as before with a smaller lattice. Notice that if

T 1
r—a q

then
o r—a
C i aa
so we will recover all denominators in the Hirzebruch-Jung continued frac-
tion as we proceed inductively. O

§7.3. Finite generation.

7.3.1. THEOREM. Let G be a finite group acting linearly on a vector space V. Then
the algebra of invariants O(V)© is finitely generated.

7.3.2. REMARK. Since G acts on V, it also acts on the polynomial algebra
E[V] = O(V). The right way to do it is as follows: if f € k[V] then

(9 f)(@) = flg~ " 2).
This is how the action on functions is defined: if you try g instead of g~!,
the group action axiom will be violated.

We split the proof into Lemma 7.3.4 and Lemma 7.3.5. The second Lemma
will be reused later to prove finite generation for reductive groups.

7.3.3. DEFINITION. Let G be a group acting on a C-algebra A by automor-
phisms. A linear map

R: A— A
is called a Reynolds operator if
e R(1)=1and
e R(fg) = fR(g) forany f € A% and g € A.
In particular, the Reynolds operator is a projector onto A%:

R(f)=R(f-1)=fR(1)=f forevery fe A,
7.3.4. LEMMA. The Reynolds operator R : A — AY exists if G is a finite group.

Proof. We define the Reynolds operator R as an averaging operator:

1
R(a) = el Z g-a.
Gl 4=
It is clear that both axioms of the Reynolds operator are satisfied. This
works over any field as soon as its characteristic does not divide |G|. U

7.3.5. LEMMA. Let G be a group acting linearly on a vector space V' and possessing
a Reynolds operator R : O(V) — O(V)%. Then O(V)< is finitely generated.

Proof. This ingenious argument belongs to Hilbert. First of all, the action
of G on O(V) preserves degrees of polynomials. So O(V)% is a graded
subalgebra of O(V). Let I C O(V) be the ideal generated by homogeneous
invariant polynomials f € O(V)% of positive degree. By the Hilbert’s basis
theorem (proved in the same paper as the argument we are discussing),
I is finitely generated by homogeneous invariant polynomials fi, ..., f, of
positive degrees. We claim that the same polynomials generate O(V)“ as
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an algebra, i.e. any f € O(V)% is a polynomial in f1, . . ., f,. Without loss of
generality, we can assume that f is homogeneous and argue by induction
on its degree. We have
=Y afs
i=1

where a; € O(V'). Now apply the Reynolds operator:
f=R(f) = R(ai)fi
i=1

Each R(a;) is an invariant polynomial, and if we let b; be its homogeneous
part of degree deg f — deg f;, then we still have

fF=Y bifi
=1

By inductive assumption, each b; is a polynomial in fi,. .., f,. This shows
the claim. O

§7.4. Properties of quotients.

7.4.1. DEFINITION. An algebraic group G is a group and an algebraic vari-
ety such that both the multiplication map G x G — G, (9,9') — g4’ and
the inverse map G — G, g — g~ ! are morphisms of algebraic varieties.
Likewise, an action of an algebraic group on an algebraic variety is called
algebraic if an action map G x X — X is a morphism. All actions we
consider will be algebraic.

7.4.2. DEFINITION. Let G be an algebraic group acting algebraically on an
affine variety X. Suppose O(X)¢ is finitely generated. The categorical quo-
tient X //G is defined as an affine variety such that

O(X)G) = O(X)¢

and the quotient morphism 7 : X — X//G is defined as a morphism such
that the pull-back of regular functions given by inclusion

™ O(X)Y C O(X).
Concretely, choose a system of generators f,..., f, of O(X )¢ and write
Clzty .y 2| /T ~ O(V)G, zi > fi
We define X /G as an affine subvariety in A" given by the ideal I and let
m: X > X)G—= A", v fi(v),..., fr(v).
A different system of generators gives an isomorphic affine variety.

For example, we can define the quotient of a vector space by a finite
group action, due to the finite generation theorem. To show that this defi-
nition is reasonable, let’s check two things:

e Fibers of 7 are exactly the orbits, i.e. any two orbits are separated by
polynomial invariants.
e All points of V/G correspond to orbits, i.e. 7 is surjective.

7.4.3. THEOREM. Any two G-orbits are separated by invariant polynomials.



76 JENIA TEVELEV

Proof. The proof relies significantly on finiteness of the group. Take two
orbits, S1, S2 C V. Since they are finite, there exists a polynomial f € O(V)
such that f|s, = 0 and f|g, = 1. Then the average

1
F=R<f>=mg€§;g-f

is an invariant polynomial but we still have F'|s, = 0 and F|g, = 1. O
Now surjectivity:

7.4.4. THEOREM. Let G be an algebraic group acting on an affine variety X and
possessing a Reynolds operator O(X) — O(X)%. Suppose O(X)% is finitely
generated. Then the quotient map = : X — X /G is surjective.

7.4.5. LEMMA. A reqular map m : X — Y of affine varieties is surjective if and
only if O(X)n*(n) # O(X) for any maximal ideal n C O(Y).

Proof. For every point y € Y (i.e. a maximal ideal n C O(Y')) we have to
show existence of a point z € X (i.e. a maximal ideal m C O(X)) such that
f(z) =y, equivalently (7*)~!(m) = n. So we have to show that there exists
amaximal ideal m C O(X) that contains 7*(n). The image of an ideal under
homomorphism is not necessarily an ideal, so the actual condition is that
the ideal O(X)n*(n) is a proper ideal. O

Proof of Theorem 7.4.4. Letn C O(X)“ be a maximal ideal. We have to show
that

O(X)n # O(X)
(recall that a pull-back of functions for the quotient map 7 : X — X /G is

just the inclusion O(X)% C O(X)). Arguing by contradiction, suppose that
O(X)n = O(X). Then we have

Zaifi =1,

where a; € O(X) and f; € n. Applying the Reynolds operator, we see that

D bifi=1,
where b; € O(X)®. But n is a proper ideal of O(X )¢, contradiction. O

This argument only uses the existence of a Reynolds operator, but for
finite groups we can do a little bit better:

7.4.6. LEMMA. Let G be a finite group acting on an affine variety X. Then O(X)
is integral over O(X)C. In other words, the quotient morphism 7 : V — V|G is
finite (and in particular surjective) for finite groups.

Proof. Indeed, any element f € O(X) is a root of the monic polynomial
[[T-9-p.
geG

Coefficients of this polynomial are in O(X)% (by Vieta formulas). O
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7.4.7. REMARK. This argument relies on surjectivity of finite morphisms.
Interestingly, this fact can be demonstrated in the spirit of Theorem 7.4.4!
Indeed, suppose 7 : X — Y is a finite morphism of affine varieties and Y
is normal. Algebraically, the inclusion O(Y') — O(X) is integral and O(Y")
is integrally closed in its field of fractions k(Y"). The extension of fields
E(Y) < k(X) in this case is finite, and hence we have a k(Y")-linear trace
map Tr : k(X) — Ek(Y) which sends every element of k(X) to the first
coefficient of its minimal polynomial (with a minus sign), i.e. to the sum of
roots of the minimal polynomial. We claim that

Tr(O(X)) = O(Y).

Indeed, all roots of the minimal polynomial of o € O(X) are integral over
O(Y), hence Tr(a) is also integral over O(Y), but it also belongs to k(Y).
Since O(Y) is integrally closed, in fact Tr(a) € O(Y'). Notice that the trace
map has all the properties of the Reynolds operator: it is a O(Y)-linear
projector onto O(Y'). Hence the argument from the proof of Theorem 7.4.4
applies.

7.4.8. REMARK. In Remark 7.4.7, the extension k(Y) < k(X) doesn’t have
to be a Galois extension.

§7.5. Chevalley-Shephard-Todd theorem. When is the algebra of invari-
ants a polynomial algebra? The answer is pretty but hard to prove:

7.5.1. THEOREM. Let G be a finite group acting linearly and faithfully on C".
The algebra of invariants Clzy, . .., z,| is a polynomial algebra if and only if G
is generated by pseudo-reflections, i.e. by elements g € G such that the subspace of
fixed points {v € C" | gv = v} has codimension 1.

In other words, g is a pseudo-reflection if and only if its matrix is some
basis is equal to diag[¢,1,1,...,1], where ( is a root of unity. If { = —1
then g is called a reflection. For example, if S, acts on C" by permuting
coordinates then any transposition (ij) acts as a reflection with the mirror
x; = x;. Further examples of groups generated by reflections are Weyl
groups of root systems. On the other hand, the standard action of g on C
is generated by a pseudo-reflection z — (z, which is not a reflection (for
d > 2) but the algebra of invariants is still polynomial. The action of Z, on
C? by +1 is not a pseudoreflection (a fixed subspace has codimension 2).

Groups generated by pseudo-reflections were classified by Shephard and
Todd. There is one infinite family which depends on 3 integer parameters
(and includes S,,) and 34 exceptional cases.

Sketch of the proof in one direction. Suppose C[z1, ..., x,]“ isa polynomial al-
gebra. Then the quotient morphism is the morphism 7 : X — Y, where
both X and Y are isomorphic to C". By Theorem 7.4.3, 7 separates orbits.
Let U C X be the complement of the union of subspaces of fixed points
of all elements of G that are not pseudo-reflections. Then U is G-invariant
and its complement has codimension at least 2. Let V == (U) C Y.

We can endow complex algebraic varieties X and Y with Euclidean rather
than Zariski topology, i.e. view them both as a complex manifold C". Since
the complements of V and U in C" have codimension at least 2,

m(U) =m (V) =0.
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Then it is clear that the action of G on U can not be free: a simply connected
manifold does not admit a non-trivial covering space! In our case, having
a fixed point in U is equivalent to being a pseudoreflection, because fixed
points of all other elements were removed by construction of U.

To finish the proof, we can use a lemma from geometric group theory:

7.5.2. LEMMA. Let T be a discrete group of homeomorphisms of a linearly con-
nected Hausdorff topological space U. Suppose the quotient space U/T is simply
connected. Then I is generated by elements having a fixed point in U.

It is instructive to re-examine a quotient C?/uy by the action (z,y)
(—x,—y) which is not generated by a pseudo-refection. In this case the
quotient is a quadratic cone Y = (AB = C?) C A3 and the map

C*\ (0,0) = Y\ (0,0,0)
is the universal covering space. Thus 71 (Y) = 71 (Y \ (0,0,0)) = po. O
§7.6. Eg-singularity.

7.6.1. DEFINITION. Let I be a finite subgroup of SLy. The quotient singu-
larity C2/T is called du Val or ADE or canonical singularity.

Three of the finite subgroups of SO3 are groups of rotations of platonic
solids. For example, A5 is a group of rotations of the icosahedron (or do-
decahedron). Thus Ajs acts on the circumscribed sphere of the icosahedron.
This action is obviously conformal (preserves oriented angles), and so if we
think about the sphere S? as the Riemann sphere P! (by stereographic pro-
jection), we get an embedding As C PSLy (since it is proved in complex
analysis that conformal maps are holomorphic). The preimage of As in SLo
is called the binary icosahedral group I'. It has 2 x 60 = 120 elements. The
orbit space C? /T is called an Eg du Val singularity.

In order to describe the Fs singularity, we have to compute Clz,y|'.
There is a miraculously simple way to write down some invariants using
three special orbits of A5 on P!:

e 20 vertices of the icosahedron,
¢ 12 midpoints of faces (vertices of the dual dodecahedron),
¢ and 30 midpoints of the edges.

Let fi2, fo0, and f30 be polynomials in z, y (homogeneous coordinates on P
that factor into linear forms that correspond to these special points. These
polynomials are defined uniquely up to a scalar multiple. We claim that
these polynomials are invariant. Since I' permutes their roots, they are
clearly semi-invariant, i.e. any v € I' can only multiply them by a scalar,
which will be a character of I'. Since they all have even degree, the element
—1 € I" does not change these polynomials. But I'/{£1} ~ A5 is a simple
group, hence has no characters at all, hence the claim.

7.6.2. THEOREM. (C[l’, y]F = (C[f12, fo0, fgo] o~ (C[U, V, VV]/([]5 + V34 W2)

Proof. Let’s try to prove this using as few explicit calculations as possible.
The key is to analyze a chain of algebras

Clz,y] D Clz,y]' D Clf12, f20, f30] D Clfi2, f20)-
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7.6.3. CLAIM. C[f12, f20] C Clz,y] (and hence all other inclusions in the chain)
is an integral extension.

Proof. In other words, a regular map
A* 5 A% (z,y) = (fi2, fo0) (7.6.4)

is a finite morphism. Since fi2 and f29 have no common zeros in P!, Null-
stellensatz implies that

V (f12, f20) = (z,9),

ie. 2", y" € (fi2, f20) for some large n. Thus C[z, y] is finitely generated by
monomials z'y for 7,7 < n as a module over C[f12, f20]. O

Now let’s consider the corresponding chain of fraction fields

C(z,y) D Quot (Clz,y]") D C(f12, f20, f30) D C(fi2, f20)- (7.6.5)

Here are some basic definitions, and a fact.

7.6.6. DEFINITION. Let f : X — Y be a dominant map of algebraic varieties
of the same dimension. It induces an embedding of fields

[T C(Y) c C(X).
We define the degree of f as follows?’:
deg f = [C(X) : C(Y))].

7.6.7. DEFINITION. An affine variety X is called normal if O(X) is integrally
closed in C(X). More generally, an algebraic variety is called normal if
every local ring Oy , is integrally closed in C(X).

7.6.8. THEOREM. Let f : X — Y be a finite map of algebraic varieties. Suppose
that Y is normal. Then any fiber f~1(y) has at most deg f points. Let

U={ycY | f'(y) has exactly deg f points }.
Then U is open and non-empty.

Let’s see how to apply this theorem in our situation. First of all, any UFD
is integrally closed, hence C[z, y] and C|f12, f20] are integrally closed.

Secondly, C[z,y]" is integrally closed. Indeed, if f € QuotC[z,y]' is
integral over C[z,y]" then it is also integral over Clxz,y], but the latter is
integrally closed, hence f € C[x,y], and so f € C[z,y]".

It follows that [C(z,y) : Quot Clx,y]'] = 120 because fibers of the quo-
tient morphism are orbits and the general orbit has 120 points.21 The fibers
of the map (7.6.4) are level curves of fi2 and fy9, and therefore contain at
most 240 points by Bezout theorem. One can show geometrically that gen-
eral fibers contain exactly 240 points or argue as follows: if this is not the
case then we can conclude from (7.6.5) that Quot C[xz, y]' = C(f12, fo0) and
therefore f3o € C(fi2, f20). But f39 is integral over C[f12, f20], and the latter

20The dimension is equal to the transcendence degree of the field of functions, so

C(X)/C(Y) is an algebraic extension, hence finite (because C(X) is finitely generated).

2Lif we knew that the second field is C(z, y)', the formula follows from Galois theory.
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is integrally closed, so f3p € C[f12, f20]- But this can’t be true because of the
degrees! So in fact we have

Quot Clz,y]" = C(fi2, f20, f30) and  [C(fi2, f20, f30) : C(f12, fa0)] = 2.

The latter formula implies that the minimal polynomial of f3y over C( f12, f20)
has degree 2. The second root of this polynomial satisfies the same integral
dependence as fa, and therefore all coefficients of the minimal polynomial
are integral over C[fi2, f20], by Vieta formulas. But this ring is integrally
closed, and therefore all coefficients of the minimal polynomial are in fact
in C[f12, f20]. So we have an integral dependence equation of the form
I3 + afso +b =0, where a,b € C[f12, fao]. Looking at the degrees, there is
only one way to accomplish this (modulo multiplying fi2, f20, and f3o by
scalars), namely

fla+ f30 + f30 = 0.
Note that we can’t have, say, fi, + f2, = 0 because these polynomials are
coprime.

It remains to prove that C[z,y]' = C[fi2, f0, f30]- Since they have the
same quotient field, it is enough to show that the latter algebra is integrally
closed, and this follows from the following extremely useful theorem that
we are not going to prove, see [?, page 198]. O

7.6.9. THEOREM. Let X C A™ be an irreducible affine hypersurface®* such that
its singular locus has codimension at least 2. Then X is normal.

For example, a surface S C A? with isolated singularities is normal. It
is important that S is a surface in A3, it is easy to construct examples of
non-normal surfaces with isolated singularities in A*.

Proof of Theorem 7.6.8. Lety € Y and choose a function a € O(X) that takes
different values on points in f~!(y). The minimal polynomial F(T') of a
over C(Y') has degree at most deg f. Since Y is normal, all coefficients of the
minimal polynomial are in fact in O(Y'). Thus f~!(y) has at most n points.
Since we are in characteristic 0, the extension C(X)/C(Y') is separable, and
hence has a primitive element. Let a € O(X) be an element such that its
minimal polynomial (=integral dependence polynomial) has degree n:

F(T)=T"+b0T" 4. .+ ba, b € O(Y).

Let D € O(Y) be the discriminant of F(T) and letU = {y € Y |D # 0
be the corresponding principal open set. We claim that f has exactly n
different fibers over any point of U. Indeed, the inclusion O(Y')[a] C O(X)
is integral, hence induces a finite map, hence induces a surjective map. But
over a point y € Y/, the fiber of

MaxSpec O(Y)[a] = {(y,t) € Y x AL | "+ by (y)t" L 4 ... + bu(y) = 0}
is just given by the roots of the minimal polynomial, and hence consists of

n points. Thus the fiber f~!(y) also has n points. O

22More generally, X can be a complete intersection, or Cohen—-Macaulay, or just satisfy
Serre’s property So
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§8. Quotients by algebraic groups

Let G be an algebraic group acting algebraically on an algebraic vari-
ety X, i.e. the action map G x X — X is a morphism of algebraic varieties.

8.0.10. EXAMPLE.

§8.1. Properties of actions. We will use without proof various properties
of algebraic actions (some of them are homework exercises).

8.1.1. THEOREM. For every x € X, the stabilizer G, is a (Zariski) closed sub-
group of G and the orbit Gz is a locally closed (i.e. open in its Zariski closure)
subset of X. We have the formula

dim Gz + dim G, = dim G.

The structure of an orbit as an algebraic variety is completely determined
by the stabilizer:

8.1.2. THEOREM. For every Zariski closed subgroup H C G, there exists a tran-
sitive action of G on an algebraic variety X such that H is the stabilizer of a point
x € X. This variety, called the homogeneous space G /H, is unique up to an iso-
morphism. Furthermore, suppose an algebraic group acts transitively on algebraic
varieties X and Y and G, C G, for some points x € X,y € Y. Then there exists
a unique morphism X — 'Y sending x to y and commuting with the G-action.
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§8.2. Linear algebraic groups. We have a theorem of Chevalley:

8.2.1. THEOREM. Let G be an algebraic group. The following are equivalent:
(1) G is an affine algebraic variety.
(2) G is isomorphic to a (closed) subgroup of G L, (C) for some n.

A group satisfying these properties is called a linear algebraic group.

Examples:

GL,, = D(det) C Mat,; SL, =V (det—1) C GL,,

the maximal torus of GL,, (diagonal matrices in GL,,),

the Borel subgroup of GL,, (upper-triangular matrices in GL,,),
On, SO,, Sp,,

finite groups.

Non-examples:

e SL(Z) and other infinite discrete groups.
e SU,, C SL,(C) and other infinite compact linear Lie groups.

8.2.2. DEFINITION. A finite-dimensional representation of a linear algebraic
group is called algebraic (or regular) if the corresponding homomorphism
G — GL(V) is a regular morphism. An arbitrary representation V' of a
linear algebraic group is called algebraic (or regular) if every vector v € V' is
contained in a finite-dimensional algebraic representation.

8.2.3. LEMMA. If a linear algebraic group G acts on an affine variety X then an
induced representation of G in the algebra of reqular functions O(X) is algebraic.

Proof. The actiona : GxX — X is given by homomorphism of C-algebras.
a*: OX) = O0GxX)=0(G)®0(X).
Let f € O(X). Then

a(f)=3 h®fi, hicO(G), fieOX).

We claim that the G-orbit of f in O(X) is contained in a finite-dimensional
subspace, namely the linear span of f;’s. Indeed

(g- @) = flg7"e) = a*(F)lg™ " 2) = Y hilg™") filw).

It follows that the linear span of the G-orbit of f is finite-dimensional, and
obviously preserved by G. The formula above also shows that the matrix of
every g € G acting on this vector space depends polynomially on g, i.e. this
finite-dimensional representation is algebraic. O

§8.3. Reductive groups.

8.3.1. THEOREM. An algebraic group G is called reductive if it satisfies any of the
following equivalent conditions:
(1) Every algebraic representation V of G is completely reducible, i.e. is a di-
rect sum of finite-dimensional irreducible representations.
(2) Every algebraic representation V of G admits a unique G-equivariant lin-
ear projector my : V. — V.
(3) For every surjective linear map A : V. — W of algebraic G-representations,
the induced map V¢ — W is also surjective.
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Proof. (1) = (2). We claim that we have a unique decomposition
V=VSan,

where 1} is the sum of all non-trivial irreducible subrepresentations. The
projector V' — Vi then should be the projector along V4.
Indeed, decompose V' into irreducible representations:

V=V

acl

Let J C I be the subset of indices such that V, is trivial. Let U C V be an
irreducible subrepresentation. By Schur’s lemma, its projection on every
V, is either an isomorphism or a zero map. It follows that U is contained in
either @ V,or @ V,. Thus p V,, = V& and PBVe=W
acJ agJ acJ agJ

(2) = (3). It is enough to prove this for finite-dimensional V' and .
Suppose the induced map V¢ — W¢ is not onto. Choose w € W& not in
the image of V¢ and choose any projector W& — (w) that annihilates the
image of V. Then the composition

VAWM WE S (w) =C

is a surjective G-invariant linear map f : V' — C that annihilates V. After
dualizing, we have a G-invariant vector f € V* which is annihilated by
all G-invariant linear functions on V*. However, this is nonsense: we can
easily construct a G-invariant linear function on V* which does not annihi-
late f by composing a G-invariant projector V* — (V*)¢ (which exists by
(2)) with any projector (V*)& — (f).

(3) = (1). We will check this if V' is finite-dimensional and leave the gen-
eral case to the homework. It is enough to show that any sub-representation
W C V has an invariant complement. Here we get sneaky and apply (3) to
the restriction map of G-representations

Hom(V, W) — Hom (W, W).

The G-invariant lift of Id € Hom(W, W) gives a G-invariant projector V' —
W and its kernel is a G-invariant complement of W. O

§8.4. Unitary trick. Let’s show that SL,,(C) and C* are reductive.

8.4.1. LEMMA.

o The circle S* = {|z| = 1} is a Zariski dense subgroup of C*.
o The special unitary group SU,, is a Zariski dense subgroup of SL,,(C).

Proof. The first claim is clear because S* is infinite.

Let f be a regular function on SL,,(C) that vanishes on SU,,. We have to
show that f is identically 0. In fact any function holomorphic in a neigh-
borhood U of the identity Id € SL,,(C) will vanish in U if it vanishes on
U N SU,. Indeed, consider the exponential map

2

exp : Mat,(C) - GL,(C), A~ exp(4)=1d+ A+ A? + ...
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This map is biholomorphic in a neighborhood of 0 (the inverse map is given
by matrix log) and (locally) identifies SL,,(C) with a complex vector sub-
space sl, of complex matrices with trace 0 and SU,, with a real subspace
su,, of skew-Hermitian matrices such that A + A* = 0.

So g = f(exp(A)) is a holomorphic function near the origin which van-
ishes on su,,. But since su,, + isu,, = sl,, this function vanishes identically
by Cauchy-Riemann equations. O

8.4.2. THEOREM. SL,, and C* are reductive groups.

Proof. We use a unitary trick of Weyl (and Hurwitz). We let G = SL,
(resp. C*) and K = SU,, (resp. S!). An algebraic representation V of G
induces a continuous representation of K. Any sub-representation of K in
V is a sub-representation for G by Lemma 8.4.1. So it is enough to show that
every continuous complex representation of K is completely reducible.”

8.4.3. CLAIM. V has an K-invariant positive-definite Hermitian form h.

Given the claim, every complex sub-representation U C V has a comple-
mentary sub-representation, the orthogonal complement U+ with respect
to h. We can keep decomposing V' into pieces until each piece is irreducible.
To prove the claim, we need the lemma:

8.4.4. LEMMA. Let S C R, is a convex subset preserved by a compact subgroup K
of the group of affine transformations (i.e. compositions of linear transformations
and translations) of R". Then K has a fixed point on S.

Proof. We can assume that S is both convex and compact. Indeed, since
K is compact, any K-orbit in S is compact (being the image of K under a
continuous map). The convex hull S’ of this K-orbit is a compact, convex,
and G-invariant subset of S. A fixed point in S’ will be a fixed point in S.

We can also assume that S spans R". Indeed, take the minimal affine
subspace R¥ containing S. Since K preserves S, it also preserves R* and
acts there by affine transformations.

Now let p be the center of mass of S with coordinates

. f S ZT; dV
T sav
(here dV is the standard measure on R™). Since S is convex, the Riemann

sum definition of the integral shows that p € S and that p is preserved by
any affine transformation of R” that preserves S. So, p is fixed by K. O

bi

Back to the claim, consider the action of K on the real vector space of all
Hermitian forms (-,-) on V. Let S be the subset of positive-definite forms.
The action of K preserves the set S, which is convex because every positive

230ne approach is to construct an equivariant projector V. — VX for every finite-
dimensional continuous representation. Just like in the case of finite groups, one can take
any projector p : V' — V¥ and then take its average
v) d,
(o) = Jic plgv) dp
J, K dp

Here p should be an equivariant measure on K (called Haar measure). We follow a different
approach which doesn’t use Haar measure.
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linear combination of positive-definite Hermitian forms is positive-definite.
So we are done by the Lemma. O

§8.5. Geometric Quotient. Let X be an algebraic variety with an algebraic
action of an algebraic group G. The most obvious way to construct the
quotient Y = X /G would be

e As aset, Y should be the set of G-orbits on X.

e Topology on Y should be the quotient topology.

e For every open subset U C Y, functions in Oy (U) embed, via pull-
back, into G-invariant functions in Oy (7~'U). And vice versa, G-
invariant functions in O x (7~!U) should descend to functions on U.
Thus we can ask for

OY(U) = OX(’]T_IU)Ga
ie. Oy = (W*Ox)G.

In addition, note that 7 has to be an open map. Indeed, if V' C X is open
then 7—1(7(V)) is the union of G-translates of V, hence open. Therefore
(V') is open by definition of the quotient topology. The same argument
shows that 7 is closed if G is a finite group. In general, it shows that the
image of a G-invariant closed set is closed.

Of course (Y, Oy ) defined this way does not always exist as an algebraic

variety. If it does, we say that Y = X/G is a geometric quotient. One can also
characterize the geometric quotient as follows:

8.5.1. LEMMA. Let X be an algebraic variety with an algebraic action of an alge-
braic group G. A morphism 7 : X — Y is a geometric quotient if and only if the
following properties are satisfied:

(1) m is surjective and the fibers are precisely the orbits;
(2) mis open;
(3) Oy = (m.0x)C.

The geometric quotient rarely exists. For example, it doesn’t exist in both
cases of Example 8.0.10 (unless we remove some orbits).

§8.6. Categorical quotient.
8.6.1. DEFINITION. Let G be an algebraic group acting on an algebraic vari-
ety X. Amorphism 7 : X — Y is called a categorical quotient if

e 7 is constant along G-orbits and
e any morphism 7’ : X — Z constant along G-orbits factors through Y.

If it exists, the categorical quotient is clearly unique up to an isomorphism.
Mumford proved the following theorem, some parts of which we will

prove and other leave as an exercise.

8.6.2. THEOREM. Let G be a reductive group acting on an affine variety X. Then

e There exists a categorical quotient X /G, namely MaxSpec O(X ).
o X/ G is a geometric quotient if and only if all orbits are closed (for example
if G is a finite group).

We start by proving finite generation of the algebra of invariants.
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8.6.3. THEOREM. Consider an algebraic action of a reductive group G on an affine
variety X (for example an algebraic representation of G in a vector space V). Then

e There exists a unique G-equivariant Reynolds operator O(X) — O(X)¢.
e The algebra O(X)C is finitely generated.
o The quotient morphism w : X — X /G is surjective.

Proof. By Lemma 8.2.3, the induced action of G on the algebra of regular
functions O(X) is algebraic. By Theorem 8.3.1, there exists a unique G-
invariant projector R : O(X) — O(X)¢.

8.6.4. CLAIM. R is the Reynolds operator, i.e. R(fg) = fR(g) for f € O(X)C.

Indeed, R(fg) = fR(g) for every g € k[X]“ and both sides vanish if
g € k[X]o because k[X]o is preserved by multiplication with f € O(X)®.

Next we show that O(X) is finitely generated. The algebra O(X) is
finitely generated by a finite-dimensional subspace V' C O(X). Let S*(V)
be the symmetric algebra of V. The homomorphism S*(V) — O(X) is
surjective, and therefore the homomorphism S*(V)¢ — O(X)¢ is also sur-
jective by one of the characterizations of reductive groups (Theorem 8.3.1).
So it suffices to prove that the algebra S*(V)¢ is finitely generated. But

S* (V) = O(V*)

and G acts on V* linearly. So the theorem follows from Lemma 7.3.5.
Surjectivity of the quotient map follows from Theorem 7.4.4. O

Although the categorical quotient does not necessarily separate all or-
bits, it does separate closed orbits:

8.6.5. THEOREM. Let G be a reductive group acting on an affine variety X. Take
two orbits O and O'. Then their closure are disjoint (O N O' = ) if and only
if they are separated by invariants. In particular, every fiber of m : X — X//G
contains exactly one closed orbit.

Proof. One direction is clear because every G-invariant regular function is
constant along every orbit and its closure. For an opposite direction, let
I,I' C O(X) be the ideals of O, O’. By Nullstellensatz,

I+1I'=0(X),

i.e.wecanwritel = f + g, where f € Tand g € I'.
Now apply the Reynolds operator: R(f) + R(g) = 1.

8.6.6. CLAIM. R(f) € I (and similarly R(g) € I').

Given the claim, R(f) is an invariant function which is equal to 0 on O
and 1 on O/, i.e. they are separated by invariants.
To prove the Claim, it suffices to demonstrate a commutative diagram

OX) —— 0(0)

which we leave as an exercise.
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Finally, why is there a closed orbit in each fiber of 7? Take some orbit O.
By Theorem 8.1.1, O is open in its closure O. If it’s closed, we are done. If
not, pick an orbit in O \ O, which will have smaller dimension, etc. O

8.6.7. THEOREM. Let G be a reductive group acting on an affine variety X. Let
U C X /G be an open subset (not necessarily affine). Then

Oxyc(U) = Ox(x~H(U))“,
ie. Ox)q = (m.Ox)C. Moreover, X |G is a categorical quotient.

Proof. This is clear for principal affine open sets D(f) C X/G for f €
E[X]C:

kU] = (k[X]9); = (K[X]) = k[= (@)
But this implies the general case because principal affine open sets form the
basis of Zariski topology.

Now let’s show that X /G is a categorical quotient. Suppose we have a
morphism f : X — Z constant on G-orbits, i.e. equivariant if we endow
Z with trivial action. We have to show that f factors through w. This is
clear set-theoretically: since f is constant on G-orbits and every fiber of 7
contains a unique closed orbit, every fiber of 7 is mapped by f to the same
point of Z. On the level of varieties, this is clear if Z is affine: in this case f
is determined by f* : k[Z] — k[X], which has to factor through k[X].

In general, take an affine chart U C Z. Let V = f~Y(U). Since f is
constant on G-orbits and every fiber of 7 contains a unique closed orbit,
we have 7~!(7(V)) = V, in particular 7(V) is open. Note that V is not
necessarily affine but the morphism to an affine variety U is uniquely de-

termined by the pull-back k[U] — k[V] which has to factor through k[V]%,
which is equal to k[7 (V)] by Ox )¢ = (m.O x)¢. Thus we have a morphism
©(V) = U C Z which glue and give a morphism X /G — Z. O

How to compute the algebra of invariants? Here’s one technique and an
example.

8.6.8. LEMMA. Let G be a group acting linearly on a vector space V.. Let L C V
be a linear subspace. Let

Z={9eCGlygle =ML}, N={geGlg(l)CL}, andW =N/Z.
Then we have a natural homomorphism w : k[V]% — k[L|W, which is injective if
G-L=V.

8.6.9. EXAMPLE. Let G = SO, (C) be an orthogonal group preserving a
quadratic form f = 22 + ... + 22. We claim that C[z1,...,2,]¢ = C[f].
Indeed, we can apply Lemma 8.6.8 to L = Cey).

§8.7. Homework 4.

Problem 1. (2 point) Let F': A™ — A" be a morphism given by homoge-
neous polynomials fi, ..., f, such that V/(f1,..., f,) = {0}. Show that F'is
a finite morphism.

Problem 2. (1 point) Let G be a group acting by automorphisms on a
normal affine variety X. Show that the algebra of invariants O(X)¢ is in-
tegrally closed.
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Problem 3. (2 points) For the cyclic quotient singularity %(1, 3), compute
generators of C[z,y]*” and compute generators of the ideal of A%/j7 as an
affine subvariety of A’ (use computer algebra for the second part).

Problem 4. (2 points). (a) Let G be a finite group acting linearly on a
vector space V. Show that C(V)¢ (the field of invariant rational functions)
is equal to the quotient field of E[V]¢. (b) Show that (a) can fail for an
infinite group.

Problem 5. (3 points) Let G be a finite group acting linearly on a vec-
tor space V. Show that the algebra of invariants O(V)¢ is generated by
polynomials of degree at most |G|.

Problem 6. (2 points) An affine variety X is called a cone if its coordi-
nate algebra R = k[X| admits a grading R = ), Ry such that Ry = k.
Show that the cone X is non-singular if and only if R is isomorphic to a
polynomial algebra.

Problem 7. (1 point) Let G — GL(V') be a representation of a reductive
group and let 7 : V' — V//G be the quotient. Show that the following
properties are equivalent (2 points):

e V//G is non-singular at 7 (0).
e V//G is non-singular.
e O(V)% is a polynomial algebra.

Problem 8. (3 points) Let G = GL,, be a general linear group acting on
Mat,, by conjugation. (a) Let L C Mat,, be the space of diagonal matrices.
Show that G- L = Mat,,. (b) Show that k[Mat,]“ is generated by coeffi-
cients of the characteristic polynomial.

Problem 9. (2 point) (a) In the previous problem, find all fibers of the
quotient morphism 7 : Mat, — Mat, /G that contain only one orbit.
(b) Find a closed orbit in very fiber of .

Problem 10. (2 points) Prove Theorem 8.1.1
Problem 11. (2 points) Prove Lemma 8.5.1

Problem 12. (2 points) (a) Let G be a reductive group and let¢ : X — Y
be an equivariant map of affine varieties with G-action. Show that we have
a commutative diagram of morphisms

X 2. vy

le le

X)G —— Y)G

(b) Let G be a reductive group acting on an affine variety X. LetY C G
be a G-invariant closed subset. Show that 7x(Y") is closed in X//G and
isomorphic to Y/ G.

Problem 13. (3 points) Let V, be the space of degree 4 polynomials in 2
variables. Show that k[V;]5 is a polynomial algebra generated by invari-
ants of degrees 2 and 3. Hint: apply Lemma 8.6.8.
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Problem 14. (3 points) Consider the action of SL; on homogeneous poly-
nomials in = and y of degree 6 written as follows:

Cor% + 6C12°%y + 15Gaty® + 20G2%y? + 15¢r?y* + 6¢2y® + Coy®.
Show that the function

G G ¢ ¢
G G G G
G 3 G G
G G G G

belongs to the algebra of invariants k[(o, (1, - - . , Co]32.

det

§9. GIT quotients and stability

§9.1. Weighted projective space. Fix positive integers ay, . . . , a,, (Weights)
and consider the action of C* on A"*! defined as follows:

t-(xoy...,xn) = (t"xg,...,t"x,) forevery te& C*.
The weighted projective space is the geometric quotient
P(ap, ... an) = (A" {0})/C,
which we are going to construct. For now we define it as the set of orbits.
For example, P(1,...,1) =P™.
9.1.1. EXAMPLE. Recall that any elliptic curve has a Weierstrass equation
v =42" — gor — g3, A =g} 2795 #£0

and coefficients g2 and g3 are defined up to admissible transformations

g2 = thgs, g3+ t0gs.

So the moduli space of elliptic curves is P(4,6) with one point removed
(which corresponds to the C*-orbit {A = 0} of singular cubics). Of course

1
]P)(4, 6)[ ]P)[jll]’

where j = 1728¢3 /A by the usual formula (5.2.7). But thinking about M ;
as P(4, 6) has its advantages. For example, one can refine the structure of
an algebraic variety P(4, 6) to construct an algebraic stack P(4,6), which in

appropriate sense “represents” the functor of elliptic fibrations M ;.

g2:93] =

9.1.2. EXAMPLE. Let’s construct P(1, 1, 2) by hand. Take the map
T A%y,Z \ {0} — IP’?A:B:C;D], (z,y,2) — [22 2y 9? : 2].

It is easy to see that it separates orbits, i.e. w(z,y, z) = (¢/, v/, 2’) if and only
if there exists t € C* such that

¥ =tr,y =ty, ¥ = t2z.

The image is a quadratic cone AB = C? in P3.
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Now let’s discuss the construction of P(ay, ..., a,) in general. The ring
of invariants

Clzo, ..., x,]¢ ~C

and the categorical quotient A"*1//C* is a point. This agrees with the fact
that there is only one closed orbit — the origin. We will remove it. Another
idea is that there are many rational invariant functions C(xo, . . ., z,)¢", which
are constant along G-orbits wherever they are defined.

Concretely, we cover A"*1\ {0} by principal affine open sets

D(z;) = (z; #0) ~ A"

and take the quotients
D,, = D(x;)//C*.

All C*-orbits in D(z;) are closed, and therefore ; : D(z;) — D,, is a geo-
metric quotient by Theorem 8.6.2. Then we would like to glue these quo-
tients to obtain the quotient

7 A"\ {0} — P(ao, ..., an)

just like in the definition of the standard projective space. Before doing
that, let’s try to understand D, better. Notice that

1
O(D(x;)) =C [mo, ey Ty, x} C C(xo, .., xn)
3
and that D(z;) is an affine variety. To compute its categorical quotient, we
take the algebra of invariants and its spectrum:

O(D) = 0D = {5 | peClan...canl, dogp = k).

fractions of degree 0 (here and after the degree deg is our weighted degree).
There are two cases: if a; = 1 then we just have

xo In

O(Dlz) =C |:@7"'7 {lnj| 2(C[yla"'ayn]-

Ly 2

The chart D,, ~ A", just like for the standard P". In the general case, let’s
restrict discussion to the weighted projective plane P(ag, a1, az).

9.1.3. CLAIM. Dy, is the cyclic quotient singularity %(al, as).

Proof. First an informal argument. If ag = 1 then we can kill the C*-action
by setting 7o = 1 and identify D(x¢)/C* with A%, In the weighted case
ap > 1 setting z; = 1 does not eliminate the C*-action but reduces it to the
action of a subgroup ., C C*. Thus

Dy = D(x0)/C* ~ A? /14, = MaxSpec C[z1, 2] 0,

where 1,4, acts with weights a1, as.
More formally, we would like to have an element of weight 1, which can
be achieved by considering a cyclic field extension

(C(l‘o, X1, 3}2) C C(Zg, X1, .’L‘Q),
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where zg = z;°. Then we have

O(DZ‘Z) = {zﬁ)k | pE (C[l'(]aml»xQ]a degp = kaO} —
0

i J
Il ) . . €Ty X2
E (lij —ar “as | (1124‘(12] =0 mod ag C(C a1 _as | -
20 20 2o %

We get a subalgebra in C[y;, y2| spanned by all monomials y}y% such that
aii + azj =0 mod ao, the algebra of functions of a CQS %(al, az). O

9.1.4. EXAMPLE. A projective quadratic cone P(1,1,2) is covered by two
copies of A? and (1, 1), which is isomorphic to an affine quadratic cone.

§9.2. Projective spectrum. Instead of showing how to glue charts D, to
get the weighted projective space, we give a more general construction.

Let R be any finitely generated graded integral domain with Ry = C.
We define an algebraic action of C* on R by setting that ¢- f = t" f for every
f € R of degree n. Then C* acts on R by automorphisms of this algebra,
and therefore defines an action on

X = MaxSpec R.

One of the points is special: the linear span R, of elements of positive
degree is a maximal ideal and hence defines the point, which we call 0 € X.
We are going to define an algebraic variety, the projective spectrum of R,
which in our special case of a graded polynomial algebra is P(ay, ..., an).
As a set, we define
Y = Proj R
to be the set of non-zero C*-orbits on X2,

9.2.1. REMARK. A geometric way to see the action of C* on X is to choose
homogeneous generators for R (say of degrees ao, ..., a,) and to use them
to embed X into A""!. The group C* then acts on A"*!: an element t € C*
sends z; — t%x;. This action preserves X. The special point 0 € X is just
the origin 0 € A”. This also shows that Y is a subvariety of P(ay, ..., a,).

Rational functions on Y are defined as C*-invariant rational functions
on X, i.e. ratios of polynomials of the same degree:

C(Y) = (Quot R)o,

where the subscript means that we are only taking fractions of degree 0.
We call a function regular at some point if it has a presentation as a fraction
with a denominator non-vanishing at this point. It is clear that Y is cov-
ered by affine charts D, for each homogeneous element f € R of positive
degree, where

O(Dy) = O(D(f))*" = R[1/flo.
What is the gluing? Given D and Dy, notice that

Df N Dg = ng,

24Technically speaking, it’s better to call it MaxProj because we are not going to enhance
it to an algebraic scheme.
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is a principal open subset in both D (where it is a complement of a vanish-
deg f
ffdeﬁ

speaking, we have to check that in C(Y) we have

ing set of a regular function ) and D, (where we use gje%). Formally

fdeg g

rit/falo = R/ |y | ©22)

which we leave it as an exercise.

9.2.3. REMARK. We can recast the structure of a graded algebra in the lan-
guage of semi-invariants. Every homogeneous element z € R, is a semi-
invariant for the C*-action of weight d (i.e. t € C* acts by multiplying this
element by t?). Invariant rational functions are rational functions of degree 0
(with respect to the grading):

(Quot R)p C Quot R.
§9.3. Abstract algebraic varieties.

9.3.1. DEFINITION. An algebraic pre-variety X is given by the following data:
e A finitely generated field extension K of C. This will be a field of
rational functions on X.
e Topological space X.
e For each open subset U C X we need a subalgebra Ox (U) C K.
It should satisfy the condition

Ox <U Ui> = [ Ox(Ui).
i€l i€l
Ox is called the structure sheaf.

e Finally, X should admit a finite cover {U;} such that each U; (with
an induced topology) is an affine variety (with Zariski topology)
with function field K and for each open subset V' C U;, Ox (V) C K
is the algebra of rational functions regular on V.

An algebraic variety is a separated algebraic pre-variety, i.e. the diagonal
morphism X — X x X has a closed image.

Algebraic pre-varieties can be constructed by gluing affine varieties. Sup-
pose A and B are affine varieties with the same function field K. In addi-
tion, we are given another affine variety C' and open immersions

ig: C—A and ig: C < B.

Then we define the topological space X = A Uc B by identifying points
ia(z) with ip(x) for any € C and by declaring a subset U C X open if
UNAand U N B is open. Finally, we set

Ox(U)=04UNA)NOB(UNB)
It is easy to generalize this to several affine charts: given affine varieties
Uo, ..., U,
with the same function field and, for each pair U;, U}, affine open subsets
UjcU;, UjcCU;
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and an isomorphism
(bij : Uij — Uji.

satisfying

[ ] (;57/] = ]_Zl’

e ¢ij(Ui NUi) = Uji N Ujy, and

® ¢ip = ¢ji o @iy on Uiy N Uy,
wecanglue X = Uy U... UU,.
9.3.2. LEMMA. Proj R is an algebraic pre-variety.

Proof. We have K = (Quot R)j. For any homogeneous f € R we have an
affine variety

D¢ = MaxSpec R[1/ f]o.
To get a finite atlas, take only homogeneous generators of R. To see the glu-
ing condition, notice that Dy, is a principal open subset in both Dy and D,.
The compatibility conditions on triple overlaps are of set-theoretic nature,
and are clearly satisfied. O

§9.4. Veronese embedding. We now have two models for P(1,1,2): as a
weighted projective plane defined by charts and as a quadratic cone in P3.
What is the relationship between these models? We are going to show that
in fact every Proj R is a projective variety (and in particular separated).

9.4.1. DEFINITION. If R is a graded ring then its subring R(Y) = 2 djn In is
called the d-th Veronese subring.

For example, for P(1,1,2) the second Veronese subring is generated by
x?, 2y,y?, and 2, subject to a single quadratic relation. So
R(Q) = (C[Au Bv C7 D]/(AC - B2)7
which explains why Proj R is a quadratic cone in P?. The basic fact is:

9.4.2. LEMMA. Proj R = Proj R\ for any d.

Proof. First of all, we have (Quot R)y = (Quot R(),. Indeed, any fraction
a/b € (Quot R)o can be written as ab?1/b¢ € (Quot R(D),.
Let fi,..., fr be homogeneous generators of R We claim that

ProjR=| Dy, and ProjR® =| | Do
i=1 i=1
The first claim is clear. For the second claim, note that f¢,..., f¢ € R@
do not necessarily generate R(?). However, if all f¢ vanish at some point
p € Proj R then every function in the radical of the ideal (f#) c R@
vanishes at p as well. We claim that this radical is equal to RS:Z). Indeed, let
g € R be a homogeneous element of positive degree. It can be expressed
as a polynomial in f1,..., f;, and therefore a sufficiently high power of g
belongs to the ideal (f%) C R(@.

The basic local calculation we need is that charts Dy, of Proj R and D

of Proj R can be identified, i.e. that
RD[1/ % o) ~ R/ fl0)
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for any homogeneous element f of R. But indeed, as soon as dj > i we

have
g _[Y7yg
i
So Proj R and Proj R% have the same charts glued in the same way. O

9.4.3. LEMMA. For a sufficiently large d, R'Y) is generated by Rg.

Proof. Let aq,...,a, be degrees of homogeneous generators fi, ..., f, of R.
Leta =1.c.m.(ay,...,a,) and let d = ra. We claim that this d works, which
we leave as a homework exercise. O

9.4.4. COROLLARY. Proj R is a projective variety.

Proof. By Lemmas 9.4.2 and 9.4.3 we can assume without loss of generality
that R is generated by R; by passing to the Veronese subalgebra.. Then
R = Clyo, - ..,yn]/I, where I is a homogeneous ideal. We claim that

ProjR=V(I) c PV.

Indeed, the description and gluing of affine charts V(1) N AY,i=0,...,N
matches the description of charts D,, of Proj R. O

§9.5. GIT quotients. So far we discussed quotients of affine varieties and
examples of gluing them. How about quotients of projective varieties?

9.5.1. EXAMPLE. Here is a preview: what is the quotient of P? by the action
of the symmetric group S3 that acts by permuting x1, z2, x3?

We can realize P? as the quotient of A\ {0} by the action of C* which
commutes with the action of S3. Let’s change the order of taking quotients:
first take the quotient of A3 by the action of Sj:

MaxSpec Clz1, 22, 23]°* = MaxSpec Cloy, g9, 03] = A,

where 01, 02, 03 are the elementary symmetric functions. Next take the quo-
tient of A3\ {0} by the action of C* but notice that o1, 72, 03 have weights
1,2, 3 for the C* action! So the quotient morphism is

7 P2 = P(1,2,3),

[xl 1XT9 {E3] — [wl + X9+ X3 x1T2 + To2x3 + T1X3 : $1w2$3].
The quotient space is the weighted projective plane P(1, 2, 3) with two du
Val singularities,

1 1 1
;L3 =5 =4 and (1,2) = 4.

More systematically, the procedure is as follows. Let G be a reductive
group acting on a projective variety X. We are going to make two choices:
e Write X = Proj R, where R is a finitely generated graded algebra
(choice of polarization).
¢ Find an action of G on R that preserves the grading (if it exists) and
which gives back our action on X (choice of linearization).

Then we can form the GIT quotient

X //cirG = Proj RC.
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9.5.2. EXAMPLE. In the example above, P? = ProjC|z1, 29, 23] and we lift
the action of S5 to a standard action on C3 on C[x1, 22, ¥3]. Then

P2/ gitS3 = Proj Clzy, xa, 73] =
= Proj Clz1 + 2 + x3, x122 + xox3 + 2123, T12973) = P(1,2,3).

9.5.3. DEFINITION. A polarization is a choice of an ample divisor D on X,
equivalently an ample line bunde L = O(D). The coordinate algebra of D
is the graded algebra

R= H*(X,0(nD)) = P HO(X, LE™). (9.5.4)

n>0 n>0

A linearization is an action of G on the total space of the line bundle L
such that, for every point of x € X and g € G, g takes the fiber L, to the
fiber Ly, and the induced map L, — Ly, is linear. A line bundle with a
linearization is called a linearized (or equivariant) line bundle. Notice that G
acts naturally on the space of global sections of any linearized line bundle.

9.5.5. EXAMPLE. Consider the action of GL(V') on the vector space V' and
induced action on P(V'). We claim that the tautological line bundle O(—1)
admits a natural linearization. Indeed, by the definition its total space L
embeds into the product P(V') x V and the natural action of GL(V') on this
product preserves L. More geometrically, we can also identify L with the
blow-up of V' at the origin. This also shows that O(—1) is linearized for
every algebraic subgroup of GL(V') (for example SL(V)).

9.5.6. DEFINITION. A tensor product of linearized line bundles and a dual
of a linearized line bundle are naturally linearized. Thus linearized line
bundles (modulo isomorphism) form a group with respect to ® denoted by

Picg(X).

In particular, every tensor power L®" is linearized. Thus G acts naturally
on the graded algebra (9.5.4). The induced action on Proj R gives back the
original action of G on X.

9.5.7. REMARK. In practice one can pass to the Veronese subalgebra of R by
substituting an ample divisor D for nD for some integer n. Thus we can
assume that R is generated by R;. Then Proj R embeds equivariantly into
the projective space PV = Proj(Sym® R;). The GIT quotient Proj RY will
then embed in the GIT quotient Proj(Sym® R;)¢ of PV.

The case of a finite group action, as in the example P? — P(1,2, 3) above,
is special. In general, the GIT quotient 7 : X --» X/ cirG is not defined
on the whole X: some orbits have to be removed. More generally, if S C R
is a finitely generated graded subalgebra then the map Proj R --» Proj S
is only a rational map. Where is it not regular? We always have a map
Spec R — Spec S but recall that points of Proj R correspond to non-zero
C*-orbits in Spec R. So the map Proj R --» Proj S is not defined at orbits
that map to the zero orbit of Spec .S, i.e. at points where every function
f € S of positive degree vanishes. In our case, this leads to the following
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9.5.8. DEFINITION. A point x € X is called unstable if all functions in R of
positive degree vanish at . Let X,s C X be the locus of unstable points.
Not unstable points are called semistable. Let Xss = X \ X, be their locus.

9.5.9. DEFINITION. The GIT quotient is the map
7 X4 — X/ arrG = Proj R

induced by the inclusion R C R. Concretely, choose homogeneous gen-
erators fi,..., f, for R®. Let Dy, C Proj RC (resp. Dy, C Proj R) be the
corresponding principal affine open sets. Then

T T
JDs =Xe and | Dy, =ProjRE.
i=1 =1

We have
- 1 1
O(D;) =R [] and O(Dy,) = R [} :
fi 0 fz 0
where the subscript 0 denotes elements of degree 0. The map 7 : Dy, — Dy,
is dual to the inclusion of algebras

1 1
HEETIER

fi 0 fz 0
9.5.10. EXAMPLE. Let X = P3 = ProjC|x1, 22,91, ¥2]. Let’s take the action
of G = C* on X induced by the following action on C*: every t € C* acts
by

(w1, 22, Y1, y2) = (b1, twa, t Y1, 0 ).
The fixed points of this action are the two lines
Ly ={z1 =22 =0}, Ly ={y =y2 = 0}.

Every other orbit is isomorphic to C* and its closure is isomorphic to P!,
with one point on L; and another on L;. Geometrically, orbit closures are
just lines connecting a point of L to a point of L. It is clear that

Clz1, z2,y1,y2)¢ = Clz1y1, 12, T2y1, T2y2] = C[A, B, C, D]/(AD — BC).
So the GIT quotient is the quadric
Q = Proj Clay, x2,y1,y2]¢ = {AD — BC =0} c P2
The quotient map 7 : X --» @ sends
(21 : 22 0 y1 2 Yol = [T1y1 2 T1Y2 ¢ T2y1 T2yl
It is undefined at points of the unstable locus
Xus = {z1y1 = 21y2 = ®2y1 = @2y2 = 0} = L1 U Lo.

If we use an isomorphism @ ~ P! x P! with homogeneous coordinates
[1 : 22| and [y : y2] then the quotient map is simply

P3\ (L U Ly) — P! x P!,

[z1 @2 1 2 2] = ([0 0 2], [91 2 w2])-
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§9.6. More on polarization and linearization. The map forgetting a lin-
earization gives a homomorphism

Pice(X) — Pic(X).
We would like to understand its kernel and image (uniqueness and exis-
tence of linearizations).
9.6.1. LEMMA. Suppose L — X is a linearized line bundle with the action
GxL—L, (g,0)—g-l.

Then every other linearization of L is obtained as follows: choose a homomorphism
X : G — C* (a character) and define a new action

(9,1) = gxl=x(9)(g-1).

Proof. 1t is clear that g % [ is indeed a linearization. Now suppose that we
have two linearizations, g - [ and g x [. We have a function x : G x L — C*
defined as follows:
gxl=x(9,0)(g-1)

and it is clear that x(g, ) is a character of G for any fixed I. The claim is that
characters of G can not deform, i.e. x(g,!) is locally constant in / and so in
fact only depends on g.

Characters of G are the same as characters of the abelianization G/[G, G],
a commutative linear algebraic group. These come in several flavors:

e Algebraic tori (C*)". Their characters are given by

(21, 0y 20) = 200 ke
for a fixed vector (ki,...,k,) € Z" — see Lemma 9.6.2 below.

e Vector groups C". They don’t have non-trivial characters, in fact C”
obviously doesn’t have any non-constant invertible functions!
e Finite abelian group A. Their characters form a “Pontryagin dual

group” A, non-canonically isomorphic to A.

It turns out that every commutative linear algebraic group is either a prod-
uct A x (C*)" x C* of groups as above or its quotient by a finite subgroup
I' € A x (C*)". In particular, every function x(g,!) is locally constant with
respect to the second argument. O

9.6.2. LEMMA. An algebraic torus T is a linearly reductive group. In fact, every
algebraic representation of T' is diagonalizable and is isomorphic to a direct sum of
one dimensional irreducible representations given by algebraic characters x : T —
GL;(C) = C*. Any character has a form

mn

(21w 2n) = 20" 2]

for some vector m = (my, ..., my) € Z".

Proof. This can be proved using unitary trick like in Theorem 8.4.2 - the
analogue of S! (or SU,,) is the real torus (S!)" C (C*)". Just for fun, let’s
give a different proof. We have

O(T) = Cl2FY, ..., 231,
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the algebra of Laurent polynomials. Let ;© C C* be the subgroup of all roots
of unity. Being infinite, it is Zariski dense in C*. And in fact, u* C (C*)"
(the subgroup of all torsion elements) is also Zariski dense. Indeed, if

flz1,.. 0y 2m) = Zgi(zl, ey 1)
i

vanishes on " then all functions g; must vanish on "', hence they are
identically zero by inductive assumption.

Every representation 7 — GL(V') restricts to a representation ;" —
GL(V). The image consists of commuting matrices of finite order, hence
can be simultaneously diagonalizable. But then the image of T is diagonal-
izable in the same basis since p" C (C*)" is Zariski dense.

For the description of one-dimensional representations, notice that a char-
acter 7' — C* is a non-vanishing regular function on 7. We can write it as
a Laurent monomial multiplied by a polynomial f(z1, ..., z,) which does
not vanish in (C*)". Therefore, its vanishing locus in A" is a union of co-
ordinate hyperplanes. By factoriality of the ring of polynomials (and Null-
stellensatz), it follows that f is a monomial multiplied by a constant. Since
f(1,...,1) =1, this constant is equal to 1. O

Let’s address existence of linearizations. For simplicity, let L = O(D) be
a very ample line bundle on X. If L admits a linearization then G acts on
HY(X, L) and on the projectivization of this vector, the linear system |D]|.
In particular, for every g € G, the divisor ¢*D is linearly equivalent to D.
Equivalently, the image of Picg X in Pic X is contained in (Pic X)%, the
subgroup of G-invariant divisor classes.

9.6.3. EXAMPLE. If Sy acts on P! x P! by permuting two factors then the
only polarizations that can be S>-linearized are O(d, d) for some d.

9.6.4. EXAMPLE. If G is a connected linear algebraic group (like SL,,) then
(Pic X)¢ = Pic X. Indeed, the map

G —PicX, g~ [g*L]

must be a constant map. Indeed, Pic X contains an abelian variety (a pro-
jective algebraic group like an elliptic curve) such that Pic X/ Pico(X) is
discrete. Therefore the image of G belongs to one of the cosets, which is
isomorphic to an abelian variety. Abelian varieties do not contain any ra-
tional curves but G is covered by them, so the map G — Pic X must be
constant. Of course this is only a sketch of the proof, one needs to check
that various maps are in fact regular, etc.

Suppose L € (Pic X)%. Then G acts on the projective space |D| = P(V)
and G is linearized if and only if this action can be lifted to the action on V.
Indeed, in this case O(—1) and therefore O(1) on P(V') are G-linearized
but L is just a pull-back of O(1). So we reduce to a classical problem of
representation theory: given a homomorphism G — PGL(V'), when it can
be lifted to a homomorphism G — GL(V)? This is not always the case
can be done if G is simply-connected in complex topology, for example if
G = SL,,. Indeed, let G be the preimage of G in SL(V). Since the kernel
of the homomorphism SL(V) — PGL(V) is a finite group, G is a finite
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cover of G. Since G is simply-connected, the connected component of G is
isomorphic to G and thus the action lifts.

§9.7. More general GIT. The weighted projective space is the “quotient”
of the affine variety given by Proj of the algebra of semi-invariants and
the GIT “quotient” of a projective variety is given by Proj of the algebra of
invariants of the homogenous coordinate algebra. What'’s the relation?

In fact is a more general GIT construction which covers both cases. In-
stead of giving full details, let’s explain the basic idea. Suppose G acts on
an affine variety X. Regular functions on X can be identified with global
sections of the trivial line bundle L = X x C. We have

HO(X,L®") = O(X)
for every n and assembling these pieces into a graded algebra gives

PHEI(X L) = 0(X) 2 O(X) D O(X) ...~ O(X) @ C[

n>0
with the grading by powers of t. Note however that the degree 0 part is
no longer C! From the general theory of projective spectrum, Proj R is not
a projective variety if Ry # C but rather admits a projective morphism to
Spec Ry, which in our case is the identity map:

Proj (O(X) ® C[t]) = Spec O(X) x ProjC[t] = Spec O(X) = X.

The trivial line bundle has an obvious linearization (given by the trivial
action on C). Tensor powers of L are then also trivially linearized and

HO(X,L®™)% = 0(X)“.
Assembling these spaces into a graded algebra gives

PE (X L% =0(X)" 0 0(X)? e 0(X)¢ @ ...~ OX)° & C[t]
n>0

and
Proj (O(X)G ® Cl[t]) = Spec O(X)% x ProjC[t] = Spec O(X)% = X//G.

In this case the GIT gives the Mumford’s categorical quotient.
Let’s change the linearization by a non-trivial character x : G — C*.
Then
HY(X,L)® ={f: X = C| f(gz) = x(9)f (x)},
semi-invariants of weight y 1. It follows that

R = @HO(X, L®n)G
n>0

is a graded subalgebra of O(X) of semi-invariants of weights 1, x ™1, x 72, . . ..

Note that the degree 0 part is the algebra of invariants O(X)®. Thus
X//cirG = Proj R admits a projective morphism to X//G = Spec O(X)%,
which is a point only if O(X)“ = C. This was the case for the weighted
projective space and also in the case of the Grassmannian G(k, n), which
in this language is the GIT quotient of A* = Mat(k,n) by GLj, with po-
larization given by the trivial line bundle and linearization given by the
determinant. The unstable locus is the set of matrices of rank less than &.
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§9.8. GIT moduli space of n points in P!. Consider the action of G =
PGLy on X = (P!)". We have Pic X ~ Z" and polarizations are line bun-
dles L = O(dy,...,d,) such that d; > 0 for every i. We identify the space
of global sections H°(X, L) with the space of polynomial in 2n variables,
which we arrange in a 2 x n matrix

rT ... In
yi oo Yn|’
of degree d; in variables in the i-th column (homogeneous coordinates on

the i-th copy of P!). The space of global sections of all line bundles (known
as the Cox ring) of X is nothing but

R= P HUX,0(di,... dn)=0OMatyy).
di,...,dn>0

The coordinate ring of L = O(d;, ..., dy,) is the following subring :
= P H'X,O(kd,... kd,))C R

A PGLg-linearization of L induces a unique SLsy-linearization and the
matrix —Id will act by (—1)d1+"'+d". Since PGLy = SLy /(+Id), a PGLo-
linearization exists if and only if dy + ... + d,, is even. We have

RFGl2 — RS2 ¢ B2 — O(Matg,, ).

By the first fundamental theorem of invariant theory, this ring is generated
by 2 x 2 Pliicker minors

O(Mats,,)%? = C[A;;]/(Pliicker relations). (9.8.1)
Thus we have proved the following theorem:

9.8.2. THEOREM. The GIT quotient of (P1)™ by PGLy with respect to polarization
O(dz, ... ,dy) is the projective spectrum of a subring R of the ring

C[A;;]/ (Plucker relations)
of polynomials of multidegree (kd1, ..., kdy) in variables (z1,y2), ..., (Tn, Yn)

9.8.3. REMARK. Note that (9.8.1) is the coordinate ring of the Grassmannian

R(G(2,n) = @ H(G(2,n), L"),
k>0

where L is the Pliicker polarization. Note that we have a torus T' = (C*)"
acting on G(2,n) and £ has a natural linearization coming from the action
of T on C", which can be changed by a character 2 ... z0». We leave it to
the exercises to prove Gelfand—Macpherson correspondence: GIT quotients of
(P1)" by PGL, (with respect to different polarizations) are isomorphic to
GIT quotients of G(2,n) by (C*)" (with respect to different linearizations).

As an example, suppose n = 4 and consider the polarization O(1,1, 1, 1).
Using the Pliicker relation

A13A24 = A12Aszq + A14A93,
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we can rewrite any polynomial of multidegree (di, d2, d3, d4) as a polyno-
mial in all minors A;; except Ay3. Denoting by d;; the degree with respect
to A;j, we see that

dy +d3 = 2d13 + di2 + dy4 + dog + d34 > dig + di2 + dog + d3g = do + dy
with equality only if di3 = 0. Therefore every invariant polynomial of mul-
tidegree (d, d, d, d) is a polynomial in A3, Asy, A14, Agz. Moreover, since

di = dy2 + dyy = dy2 + daz = da
and d = di = dy, in fact we have di4 = do3 and analogously di2 = d34,
i.e.every invariant polynomial of multidegree (d, d, d, d) is in fact a polyno-
mial in A14A93 and A12A34. In short,
R¢ = @ H(X,0(d.d,d,d))% = k[A14As3, A3 Agy].
d,d,d,d
Therefore, the GIT quotient is
Proj k[A14003, A1aAsy] = P!

and the quotient is given by

I Ty
> [A14A93, A1aAgy].
0 y4] [A14A23, A1aAgy]
More concretely, representing a point in (21, 29, 23, 24) € (P!)* by a matrix
(1 1] (a2 (- 2)
[”1 .-+ 24 (22 — 21)(24 — 23)7

the cross-ratio.

§10. Hilbert-Mumford criterion

§10.1. Case of a linear action. Computing invariants explicitly is a daunt-
ing task that can be achieved only in a few special cases. Therefore it is
important to have an efficient algorithm to describe semi-stable orbits in-
stead of relying on Definition 9.5.8. We first explain it in a special case
when a reductive group G acts on the projective space P(V') and the action
is induced by a linear action of G on V.

10.1.1. DEFINITION. Let G be a connected reductive group. An algebraic
subgroup T' C G is called a maximal torus if T' ~ (C*)" and T' is maximal by
inclusion among algebraic subtori of G.

10.1.2. THEOREM. All maximal tori in G are conjugate.

10.1.3. EXAMPLE. We won’t prove this theorem but the result is clear for
G = GL,. Indeed, any algebraic torus 7' C G acts on C™ hence is diagonal-
izable in some basis of C". Equivalently, after conjugation by a change of
basis matrix, 7" is contained in a subgroup

diag(z1,. .., 2n)-

It follows that this subgroup is a maximal torus and every other maximal
torus is conjugate to it. The same argument applies for SL,,: every maximal
torus is conjugate to the standard torus

diag(z1,...,2n), wherez...z, =1.
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The Hilbert-Mumford criterion consists of two parts: reduction from G
to T and analysis of stability for torus actions. First the reduction part.

10.1.4. THEOREM. Let G — GL(V') be an algebraic finite-dimensional represen-
tation of a reductive group. Let T' C G be a maximal torus, and let v € V.
The following are equivalent:

(1) v is unstable, i.e. every homogeneous polynomial f € O(V)Y of positive
degree vanishes at v.

(2) The G-orbit of v contains 0 in its closure.

(3) There exists u € Gv such that the T-orbit T'u contains 0 in its closure.

Proof. 1t is clear that (3)=-(2)=-(1). Theorem 8.6.5 shows that (1)=-(2).
We will explain a difficult implication (2)=-(3) only for G = GL,,. Recall
that every matrix A € GL,, has a polar decomposition

A=UP,

where U is a unitary matrix and P is a positive-definite Hermitian matrix.
Let K := U, be the unitary group. By the spectral theorem, P has an
orthonormal basis of eigenvectors, so we can write

P=UDU),

where U’ € K and D € T is a diagonal matrix. Combining these facts, we
get a useful Cartan decomposition

G=KTK.

Analogous decomposition holds in any connected complex reductive group,
where K is its maximal connected compact subgroup (which is defined
uniquely up to conjugation). For example, K = SU,, for G = SL,,.

By hypothesis, 0 € Guv (Zariski closure). Since Gv contains Gv as a
Zariski open subset, in fact we also have 0 € G (closure in the Euclidean
topology). Since K is compact, this implies that

0 € TKv
(closure in the Euclidean topology). Consider the quotient map
mr: V= V)T

and let
0= TFT(O).

As any morphism of complex algebraic varieties, 77 is continuous in Eu-
clidean topology (since polynomials are continuous functions), so we have

OEFT(TKU) = OETFT(TKU):WT(KU)
(closure in the Euclidean topology). But by compactness,
WT(KU) = WT(KU),

and so there exists g € K such that 7p(gv) = O, i.e. 0 € Tu foru = gv. [
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§10.2. Unstable locus of torus linear actions. Let ' = (C*)" be an alge-
braic torus and let M ~ Z" be its lattice of characters. For every m =
(m1,...,my,) € M, the corresponding character is

mMp
n

Xm: T —C" z=(z1,...,2,) = 2" =2" ...z
Consider any finite-dimensional representation 7' = (C*)" — GL(V). Let
V=P Vn
meM
be the decomposition of V' into T-eigenspaces.
10.2.1. DEFINITION. For any u € V, let u = ) u,, be the decomposition of
u into T-eigenvectors. Then
NP(u) = Convex Hull{m € Z" | u,, # 0}

is called the Newton polytope of w.
10.2.2. THEOREM. Let (C*)" — GL(V) be a finite-dimensional algebraic repre-
sentation. Let v € V. TFAE:

(1) v is unstable.

) 0 ¢ NP(v).

Proof. There are two “dual” ways to study convexity: using positive linear
combinations and using supporting hyperplanes. We need the following
lemma, known as Farkas Lemma, Gordan Theorem, etc.

10.2.3. LEMMA. Let S C R" be a convex hull of lattice points mq, ..., my € Z".
Then

o 0 & S if and only if there exists u € Z" such that u - m; > 0 for every .
o 0 € S ifand only if there exist integers o, . .., oy, > 0 such that

O:Zaimi and Zai > 0.

Now we can prove the Theorem. If 0 ¢ NP(v) then by Lemma we can
choose a vector u = (u1, ..., u,) € Z" such that u-v; > 0 for any i. Consider
a subgroup x(t) = (t*1,...,t"*) C T. Then we have

x(t)-v= Z X(t) - v = Ztm'“vm.
mezZ" m
Therefore 0 € T'v because

%g%x(t) v =0.

On the other hand, let’s suppose that 0 € NP(v). By Lemma 10.2.3, we can
choose integers «,,, > 0 (indexed by m such that v,,, # 0), not all of them
equal to 0, such that

0= Z QM

'U7n7£0
Set a,,, = 0 if v, = 0. Choose coordinates f,, on V dual to the basis of
eigenvectors for the (C*)"™ action. Consider the function

I=T]rem



104 JENIA TEVELEV
Then I(v) # 0 and I is T-invariant:
1t-0) = [ Lo o) = TTam (¢ o) = [T (87 0m)

=tz omm I T fom (vn) = [ [ fam (v) = I(v),
where notation ¢ stands for z{"' ...z for t = (z1,...,2,) and m =
(m1,...,my). So 0 is not in the closure of T'v. O

10.2.4. EXAMPLE. Consider the action of SLy on the space V; = Clz, y|q of
binary forms of degree d. The maximal torus 7" in SLy consists of diagonal

matrices
z 0
0 21

and the weights of the monomials are

z_d, z_d+2, RN 4.

The unstable locus S for the T-action is the union of two components:
S (resp. S_) is a linear span of monomials z™y4~"™ (resp. z¢~™y™) for
m > d/2. By the Hilbert-Mumford criterion, the unstable locus for the SLs-
action is SLj -S. Concretely, it is the set of binary forms with a multiple root
of multiplicity m > d/2.
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10.2.5. EXAMPLE. Consider the action of SL3 on degree 2 polynomials in
three variables. The following analysis illustrates that the unstable locus
consists of reducible conics. In fact O(V5)5L is generated by a single in-
variant, namely the discriminant.

§10.3. General case. Now consider any action of a reductive group G on a
projective variety X with a G-linearized ample line bundle L.

10.3.1. DEFINITION. A 1-parameter subgroup of GG is a homomorphism
A:C" =G, t= A1)

Suppose x € X is a MA-fixed point. Since L is linearized, A then acts on the
fiber L|, over = by a character

A(t) - L]o = t°L]s.

The number w is called the weight of A at x, denoted by wty L|,. Let Z) be
the union of points such that wty < 0. Let ¥ be the union of points x € X
such that

li Zy.
tgr(l))\(t)me A

Finally, let
Sy=G- Xy

10.3.2. THEOREM. The unstable locus X, is the union of strata S for all one-
parameter subgroups A\, which can be taken up to conjugacy.

10.3.3. EXAMPLE. Let G = PGLy acting on X = (P!)" with a G-linearized
ample line bundle £ = O(d,, . .., d,), d; > 0 for every i and ) _ d; even.
Up to conjugation, a 1-parameter subgroup A : C* — PGLy has the form

A@:[étﬂ].

Its fixed points in P! are 0 = [0 : 1] and oo = [1 : 0]. We have

1 if p=0
WUQMUm={_1ﬁ sz

The A-fixed points in (P1)" have the following description: fix a subset
K C{1,...,n} and consider

- 0 ifi¢ K
= ) witnp= { O HEEL

o0
It follows that
wt ) £|ZK = Z d; — Zdz
i€eKe icK
The weight is negative if
dodi> Y ds. (10.3.4)
ieK ieKe

Take any point p = (p1,...,pn). Then

li =
lim At)p = 2z
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if and only of p; = oo for i € K and p; # oo for i € K¢. Thus

#£o0o ifi¢g K }

Let Ak be a diagonal in (P!)" consisting of points (p1, .. ., p,) such that
for all i € K the points p; are equal. Let Sk C Ak be a locally closed
diagonal (the complement to the union of other diagonals). Then

Sk =G-3g.
The unstable locus is the union of diagonals A such that (10.3.4) holds.
If the polarization is symmetric (d; = ... = d,,) the condition just means

that more than half of the n points are equal.

Proof of Theorem 10.3.2. We only sketch the proof and leave details to ex-
ercises. By considering a high tensor power of £ (which doesn’t change
neither the unstable locus nor the sign of weights of one-parameter sub-
groups), we can assume without loss of generality that £ is very ample
that the coordinate algebra R of L is generated by R;. Choose generators
70, -.,7n. Then we have a surjection

Clxo,...,zn] > R
which induces a G-equivariant embedding
X < P
Since G is reductive, we also have a surjection
Clzo, ..., zn]¢ = RY,

which shows that the unstable locus of in X is the intersection of X with
the unstable locus in IP". It remains to interpret the definition of 3 in terms
of Lemma 10.2.3, which we leave as an exercise. O

§10.4. Stability of smooth hypersurfaces.

10.4.1. DEFINITION. For a reductive group G acting on an affine variety X,
we call a point of X stable if its orbit is closed and its stabilizer is finite.

10.4.2. THEOREM. Let 7 : X — X//G = MaxSpec O(X)Y be the quotient for
an action of the reductive group on an affine variety. Let

XcX
be the set of stable points and let
ZCcX

be the subset of points such that G is not finite. Then Z is closed, X* is open
and X is the complement of 7= (7 (Z)). The quotient 7 induces a 1 — 1 bijection
between G-orbits in X* and points in w(X?*).

Proof. Consider the map
GxX—XxX, (9,x) — (gz, ).
Let Z be the preimage of the diagonal. It is closed. But
Z ={z € X | dim(m|;) ' (z) > 0}.
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Thus Z is closed by semi-continuity of dimension of fibers. Since Z is
clearly G-invariant, 7(Z) is also closed (a HW exercise).

Now suppose = € 7 (7(Z)). Then the fiber of 7 through = contains a
closed orbit with a positive-dimensional stabilizer. Thus either Gz is not
closed or G, is positive-dimensional. In any case z is not stable.

If v ¢ 7~ (n(2Z)) then G, is finite. If Gz is not closed then a closed
orbit in the closure of Gz also does not belong to 7—!(7(Z)), which is a
contradiction. So in fact z is stable. O

We would like to prove a classical theorem of Matsumura, Monsky and
Mumford that smooth hypersurfaces are GIT stable. Specifically, consider
the representation of SL,,;; in the vector space

Vn,d _ Symd(cn+1)*
which parametrizes polynomials of degree d in n + 1 variables. Let
Un,d - Vn,d

be the locus of polynomials F' such that the corresponding hypersurface
V(F) C P"is smooth. Let D,, 4 be the complement, the discriminant set.

10.4.3. THEOREM. D, 4 is an irreducible hypersurface. Its defining equation D, 4
(called the discriminant) belongs to O(de)SLn-‘rl_

Proof. The proof is by dimension count. Consider the incidence subset
Z C P(V™d) x P"

of pairs (F, z) such that z € Sing(F = 0). This is a closed subset defined
by vanishing of partial derivatives of F. All fibers of the projection of Z
onto P are projective spaces of dimension dimP(V,, 4) — n — 1 (why?) .
Therefore Z is irreducible (in fact smooth) and

dim Z = dimP(V,, 4) — 1

by the theorem on dimension of fibers. Notice that the projectivization of
D, 4 is the image of Z. Thus D, 4 is irreducible and to count its dimension
it suffices to show that a general hypersurface singular at z € P" is singular
only there: this would imply that the first projection

7 — Dan

is birational (giving resolution of singularities of the discriminant locus).
But this is easy: just take the cone over any smooth hypersurface S C P~ 1.
The only singular point of a cone is the vertex. O

10.4.4. THEOREM (Matsumura-Monsky-Mumford). Every smooth hypersur-
face of degree d > 3 is stable.

Proof. The main point is that every point F' € U, 4 has a finite stabilizer in
SL,,+1. Given that, we claim that F is stable, i.e. its orbit is in fact closed.
Indeed, if F’ is the closure of the SL,-orbit of F' then F’ has positive-
dimensional stabilizer. On the other hand, the discriminant of F has to be
equal to the discriminant of F, so it’s not equal to 0. Thus (F’ = 0) is also
smooth, contradiction. For a simple proof that the stabilizer is finite, see
my book Projective duality and homogeneous spaces. O
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As the main application, we can now consider the GIT quotient

P(Vpa)/ arr SLn+1,

which by what we have just proved compactifies the principal open subset

(P(Vn,d) \Dn,d)// SLn+17

the moduli space of non-singular hypersurfaces.
What kind of moduli spaces one can get this way?

10.4.5. EXAMPLE. Let n = 1, d = 29 + 2 > 6. The GIT quotient compactifies
the moduli space of unordered d-tuples of distinct points in P*. A double
cover of P! ramified at these points is a hyperelliptic curve of genus g by the
Riemann-Hurwitz formula. One can show that every hyperelliptic curve of
genus g > 1 can be written as a double cover of P! uniquely. Thus the GIT
quotient in this case is the compactification of Hy;, the coarse moduli space
of hyperelliptic curves.

10.4.6. EXAMPLE. Let n = 2, d = 4. The GIT quotient compactifies the
moduli space of smooth quartic curves in P?, or equivalently M3 \ Hs, the
coarse moduli space of non-hyperelliptic curves of genus 3.

10.4.7. EXAMPLE. Let n = 2, d = 6. The GIT quotient compactifies the
moduli space of smooth sextic curves in P2. A double cover of P? branched
along a sextic is a polarized K3 surface. The GIT quotient compactifies
one of the components in the moduli space of polarized K3 surfaces, of

dimension
6+ 2
—1-8=19.
< ! ) 8= 19

10.4.8. EXAMPLE. Let n = 3, d = 4. The GIT quotient compactifies the
moduli space of smooth quartic surfaces, another component in the moduli
space of K 3 surfaces, of dimension

<4—§3>—1—15:19.

§10.5. Homework 5.

Problem 1. (1 point) Check (9.2.2).
Problem 2. (2 points) Finish the proof of Lemma 9.4.3.

Problem 3. (2 points) A weighted projective space P(ao, ..., a,) is called
well-formed if no n of the weights ay, ..., a, have a common factor. For
example, P(1,1, 3) is well-formed but P(2, 2, 3) is not. Consider the poly-
nomial ring R = Clxo,...,z,]|, where z; has weight a;. (@) Let d =
ged(ag, . . -, an). Show that R = R and P(ay, . . ., an) ~ P(ao/d, ..., a,/d).
(b) Let d = gcd(ay,. .., a,) and suppose that (ag,d) = 1. Compute R
and show that P(ao,...,an) ~ P(ag,a1/d...,a,/d). Conclude that every
weighted projective space is isomorphic to a well-formed one.

Problem 4. (2 points) Compute Proj C[z, y, 2]/(z° + y3 + 2?). Here x has
weight 12, y has weight 20, and z has weight 30.
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Problem 5. (2 points) Let C' C P9 be a rational normal curve of degree d,
let C C A% be the affine cone over it, and let C C P%*! be its projective
closure. Show that C is isomorphic to P(1, 1, d).

Problem 6. (2 points) Let P € E be a pointed elliptic curve. Consider the

graded algebra R = @ H°(E,O(kP)). Find all d such that the Veronese
k>0

subalgebra R is generated by R,.

Problem 7. (2 points) Let G be a reductive group acting on a projective
variety X with a G-linearized ample line bundle L. Let X** be the set of
semistable points. Show that the GIT quotient X /q;rG is a categorical
quotient of X** by G in the sense of Mumford. Moreover, X/ qirG is a
geometric quotient if all G-orbits in X*¢ are closed.

In problems 8-11, we consider linear actions of algebraic groups with a
standard linearization.

Problem 8. (2 points) Use the Hilbert-Mumford criterion to show that a
degree 3 polynomial in 3 variables in Sym? C? is semistable for the action
of SL3 if and only if the corresponding cubic curve is smooth or nodal.

Problem 9. (2 points) Use the Hilbert-Mumford criterion to describe the
unstable locus for the action of GL3 on Mat3 3 by conjugation. Then com-
pute generators of the algebra of invariant polynomials and their common
zero locus. Why is the answer the same?

Problem 10. (3 points) Show that a degree 4 polynomial in 3 variables in
Sym? C3 is semistable for the action of SLj if and only if the corresponding
quartic curve in P? has no triple points® and is not the union of the plane
cubic and an inflectional tangent line.

Problem 11. (3 points) Show that a degree 3 polynomial in 4 variables in
in Sym?® C* is semistable for the action of SL, if and only if all points of the
corresponding cubic surface S C P3 are either smooth, or ordinary dou-
ble points, or double points p such that (after a linear change of variables)
the quadratic part of F(z,vy, 2,1) is xy and the line z = y = 0 is not con-
tained in S. Show that (after a holomorphic change of variables) the last
singularities are A singularities.

Problem 12. (2 points) In Example 9.5.10, describe all possible polariza-
tions and linearizations for the action of G on X. For every choice, describe
the unstable locus, the GIT quotient and the quotient map.

Problem 13. (2 points) Describe unstable locus for the action of (C*)™ on
G(2,n). Use Pliicker polarization and symmetric linearization.

Problem 14. (2 points) Prove Gelfand—-Macpherson correspondence of
Remark 9.8.3.

A hypersurface F(zo,...,2,) C P" has a point of multiplicity d at p € P" if the
following holds. Change coordinates so that p = [0 : ... : 0 : 1]. Then F(zo,...,Zn-1,1)
should have no terms of degree less than d. A point of multiplicity 2 (resp. 3) is called a
double (resp. triple) point. A point p is called an ordinary double point (or a node) if p is a
double point and the quadratic part of F'(zo, ..., %n-1, 1) is non-degenerate.



110 JENIA TEVELEV

Problem 15. (2 points) Prove using theorem 9.8.2 (but without using the
Hilbert-Mumford stability criterion) that the unstable locus of the GIT quo-
tient of (P1)" by PGL; with respect to a symmetric polarization O(d, ... ., d)
consists of n-tuples of points such that more than half of them are equal.

Problem 16. (3 points) Prove using theorem 9.8.2 that the GIT quotient of
(P1)" by PGLy with respect to the symmetric polarization O(1,...,1) is a
cubic hypersurface in P*. What is its equation? Use computer if necessary.

Problem 17. (2 points) Describe the unstable locus for the action of PGL3
on (PP?)%. Use “symmetric” polarization O(d, d, d,d, d).
Problem 18. (2 points) Finish the proof of Theorem 10.3.2.

§11. Genus 2 curves.

Our next goal is to study the moduli space M, of algebraic curves of
genus 2. Incidentally, this will also give us the moduli space A; of prin-
cipally polarized Abelian surfaces, talgebraic surfaces isomorphic to C2/A,
where A ~ Z* is a lattice. So Abelian surfaces are naturally Abelian groups
just like elliptic curves. We will see that M3 embeds in A, as an open subset
(via the Jacobian construction) and the complement Ay \ M parametrizes
split Abelian surfaces of the form E; x Ej, where E; and E» are elliptic
curves. The map M, — A, can be constructed in any genus (its injectivity
is called the Torelli theorem) but the dimensions are vastly different:

glg+1)
7

The characterization of M, as a sublocus of A, is called the Shottky problem.

dimMy; =3¢9g—-3 and dimA,; =

§11.1. Genus 2 curves: analysis of the canonical ring. Let’s start with a
basic Riemann—-Roch analysis of a genus 2 curve C. We fix a canonical
divisor K. We have

degK=2x9g—2=2 and [(K)=g=2.

So we can assume that
K>0
is an effective divisor. by Riemann—Roch, for any point P € C,
I(K-—P)—l(K—(K—-P))=1-2+deg(K — P)=0.
Since I(P) = 1 (otherwise C is isomorphic to P!), we have (K — P) = 1.
So | K| has no fixed part, and therefore gives a degree 2 map
qb‘K‘ :C — Pl.

By Riemann-Hurwitz, it has 6 ramification points called Weierstrass points.
We also see that C' admits an involution permuting two branches of ¢
It is called the hyperelliptic involution.

Now consider |3K|. By Riemann—-Roch, we have [(3K) = 5 and (3K —
P — @) = 3 for any points P, @ € C. It follows that |3K| is very ample and
gives an embedding

C — P
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To get a bit more, we observe that most of geometry of C is nicely en-
coded in the canonical ring

R(K) = @ L(nK).
n=0

We can give a more general definition:

11.1.1. DEFINITION. Let D > 0 be an effective divisor on a curve C. Its
graded algebra is defined as follows:

R(D) =P L(nD).
n=0

This is a graded algebra: notice that if f € £L(aD) and g € L(bD) then
(fg9)+ (a+b)D = (f) +aD+ (g9) +bD >0,
so fg € L(a+b)D.

11.1.2. REMARK. We have only defined divisors on curves in this class, but
in principle it is no harder to defined a graded algebra of any divisor on an
algebraic variety of any dimension. The canonical ring R(K') of a smooth
variety of dimension n was a subject of a really exciting research in the last
30 years which culminated in the proof of a very important theorem of Siu
and Birkar-Cascini-Hacon-McKernan: R(K) is a finitely generated alge-
bra. This does not sound like much, but it allows us to define Proj R(K),
the so-called canonical model of X. It is easy to see that it depends only on
the field of rational functions C(X). In the curve case, C is uniquely deter-
mined by its field of functions, by in dimension > 1 it is easy to modify a
variety without changing its field of rational functions (e.g. by blow-ups).
So it is very handy to have this canonical model of the field of rational func-
tions. There exists a sophisticated algorithm, called the Minimal Model
Program, which (still conjecturally) allows one to construct the canonical
model by performing a sequence of basic “surgeries” on X called diviso-
rial contractions and flips.

We can compute the Hilbert function of R(K') by Riemann-Roch:

1 if n=0
2 if n=1
hn(R(K))=1l(nK)=1<¢3 if n=2
5 if n=3
\2n—1 if n>2.

Let’s work out the generators. £(0) = C is generated by 1. This is a unity
in R(K). Let x1, z2 be generators of L(K). One delicate point here is that
we can (and will) take z; tobe 1 € C(C), but it should not be confused with
a previous 1 because it lives in a different degree in R(K)! In other words,
R(K) contains a graded polynomial subalgebra C|z1], where any power z7
is equal to 1 as a rational function on C.

Any other element of first degree has pole of order 2 at K (because if it
has a pole of order 1, it would give an isomorphism C ~ P
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A subalgebra S = C[z1, z2] of R is also a polynomial subalgebra: if we
have some homogeneous relation f(z1,x2) of degree d then we have

d
f(xl,xg) = H(O&il‘l + /leg) =0 in (C(C),
i=1
which implies that a;z1 + B;z2 = 0 for some 4, i.e. that 1 and z are not
linearly independent, contradiction.
The Hilbert function of S is

1 if n=0
2 if n=1
hn(S)=<3 if n=2
4 if n=3
n if n>2

\

So the next generator we need for R(K) is a generator y in degree 3.
What happens in degree 4? We need 7 elements and we have 7 elements

'/ELlLu i(}i’mg, x%x%, x1x§7 x%a Yxy, yxa.
We claim that they are indeed linearly independent, and in fact we claim:
11.1.3. LEMMA. There is no linear relation in C(C') of the form

yfe(r1,22) = fras(z1, 22),

where the lower index is the degree. In particular, R(K) is generated by 1, x2, y.

Proof. Suppose the linear relation of the form above exists. Then y, as a
rational function on C, is a rational function f(x1,x2). One can show that
this is impossible either by an elementary analysis of possible positions of
roots of y and this rational function f(z1, z2) or by simply invoking the fact
that as we already know 3K is very ample, and in particular functions in
|3K | separate points of C. But if y is a rational function in ; and x5 then y
takes the same values on two points from each fiber of ¢/ (]

It follows that

11.1.4. LEMMA. R(K) is isomorphic to a polynomial algebra in x1, 2,y modulo
a relation
y* = fo(w1,22),

where fg is a polynomial of degree 6.
Proof. We already know that R(K) is generated by x1,z2,y, and that y ¢
C(x1, ). It follows that y?, yClx1, 22]3, and Clxy, 22)¢ are linearly depen-
dent in R(K )¢ and this gives the only relation in R(K):

y* = yfa(z1,22) + fo(a1, 22).

We can make a change of variables v/ = y — % f3 to complete the square,
which brings the relation in the required form. O
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§11.2. Graded algebra of an ample divisor. Now let’s interpret these al-
gebraic results geometrically. The basic fact is:

11.2.1. LEMMA. If D is an ample divisor on a curve C' then Proj R(D) = C.

Proof. If D is very ample and R(D) is generated by R(D); then R(D) is
isomorphic to a a polynomial algebra in zo,...,zxy € L£(D) modulo the
relations that they satisfy, i.e. R(D) = C[zo,...,zn]/I, where I is a homo-
geneous ideal of C' C PV. So in this case clearly Proj R(D) = C. In general,
if D is ample then kD is very ample for some k£ > 0. Also, we know by
Lemma 9.4.3 that the Veronese subalgebra R(ID) = R(D)") is generated
by its first graded piece for some I > 0. So klD is a very ample divisor
and R(kID) = R is generated by its first graded piece. Then we have
Proj R(D) = Proj R(klD) = C. We are not using here that C'is a curve, so
if you know your divisors in higher dimension, everything works just as
nicely. O

As a corollary, we have

11.2.2. COROLLARY. Let C be a genus 2 curve. Then R(K) induces an embedding

C cP(1,1,3)
and the image is defined by an equation
y? = fo(z1,22). (11.2.3)

The embedding misses a singularity of P(1,1,3) (where x; = x2 =0,y = 1).
In the remaining two charts of P(1, 1, 3), the curve is given by equations

v’ = fo(l,z2) and y* = fo(a1,1).
The projection onto ]P’[ 1] 150 bicanonical map ¢\, | and roots of fe are branch
points of this 2 : 1 cover. In particular, fe has no multiple roots and any equation

of the form (11.2.3) defines a genus 2 curve.
The tricanonical embedding C C P* factors through the Veronese embedding

4 3.2, 2. 3.
P(1,1,3) = P*,  (x1,m2,23,y) — [x] : z122 : 125 : x5 1 Y],
where the image is a projectivized cone over a rational normal curve.

This sets up a bijection between curves of genus 2 and unordered 6-
tuples of distinct points py,...,ps € P! modulo PGLy. We are going to
use this to construct Ms. The classical way of thinking about 6 unordered
points in P! is to identify them with roots of a binary form fs(x1,z2) of
degree 6. Let Vs be a vector space of all such forms and let D C P(V%)
be the discriminant hypersurface (which parameterizes binary sextics with
multiple roots). Thus we have (set-theoretically):

My = (P(Vs) \ D)/ PGLz.

§11.3. Classical invariant theory of a binary sextic. We have to describe
the algebra R = O(V;)%™2 of SLy-invariant polynomial functions for the
linear action of SLy on Vi. The classical convention for normalizing the
coefficients of a binary form is to divide coefficients by the binomial coeffi-
cients:

fo = ax® + 6bx’y + 15ca*y? 4 20dz>y> + 15ex?y* + 6 fxy® + gyb.
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Explicit generators for R were written down in the 19-th century by Cleb-
sch, Cayley, and Salmon. We are not going to prove that they indeed gen-
erate the algebra of invariants but let’s discuss them to see how beautiful
the answer is. Let p1,...,ps denote the roots of the dehomogenized form
fe(z, 1) and write (i5) as a shorthand for p; —p;. Then we have the following
generators (draw some graphs):

L=d® Y (12)%(34)*(56)
fifteen
Iy =a") (12)%(23)%(31)%(45)%(56)%(64)°
ten
I =a5 ) (12)%(23)%(31)%(45)*(56)%(64)% (14)(25)*(36)
sixty
D = I = a" [ [ (i)

1<j

Ls=a'® 7 ((14)(36)(52) — (16)(32)(54)).
fifteen

Here the summations are chosen to make the expressions Sg-invariant. In
particular, they can all be expressed as polynomials in C[a, b, ¢, d, ¢, f, g], for
example

Iy = —240(ag — 6bf + 15ce — 10d?). (11.3.1)

Here is the main theorem:

11.3.2. THEOREM. The algebra R = O(V)3™2 is generated by invariants I, 14,
Is, Iho, and I5. The subscript is the degree. Here D = Iq is the discriminant
which vanishes iff the binary form has a multiple root. The unique irreducible
relation among the invariants is

I%S = G(I27 I47 I67 IIO)-
Now we use our strategy to construct Mo:
e Compute V5//SLy = MaxSpec R first. By 19-th century, this is
C[Ia, Iy, Is, Ino, I5) /(115 = G(Is, 14, Is, I10)).

e Now quotient the result by C*, i.e. compute Proj R. Here we have
a magical simplification: Proj R = Proj R(®) but the latter is gen-
erated by I, I, Is, I1o, and I%. Since I7; is a polynomial in other
invariants, in fact we have

Proj R® = ProjClly, Iy, Is, I10] = P(2,4,6,10) = P(1,2,3,5).

e To get M», remove a hypersurface D = 0, i.e. take the chart Dy, of
P(1,2,3,5). This finally gives

M2 == A3/M57
where pi5 acts with weights 1, 2, 3.
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e One can show that C[A, B, C]#5 has 8 generators. So as an affine
variety, we have
My = (P(Vg) \ D)/ PGLy — A3,
I3 BI, LI} I3 I3l LI3 I} I,
{yzzf('r)}'_)<2> 2 ’ 47747 2 ) 2673?7)'
Lo Lo o iy T Iiy Iiy o

This of course leaves more questions then gives answers:

(1) How do we know that points of M> correspond to isomorphism
classes of genus 2 curves? In other words, why is it true that our
quotient morphism

P(Vs)\ D — A%/ pus

is surjective and separates PGLy-orbits? It is of course very easy
to give examples of quotients by infinite group actions that do not
separate orbits.

(2) Can one prove the finite generation of the algebra of invariants and
separation of orbits by the quotient morphism without actually com-
puting the algebra of invariants?

(3) Is M3 a coarse moduli space (and what is a family of genus 2 curves)?

(4) Our explicit description of M, as A®/us shows that it is singular.
Which genus 2 curves contribute to singularities?

(5) Our construction gives not only M3 but also its compactification by
Proj R. Can we describe the boundary Proj R \ M>?

(6) Are there other approaches to the construction of M5?

Let’s summarize where we stand. We want to construct M as an orbit

space for
SLe acting on P(Vg)\ D.

We use our standard approach using invariants. The classical invariant
theory tells us that O(Vg)S2 is generated by Iy, 14, Is, [10 = D, and I;5 with
a single quadratic relation 1125 = g(Is, I4.1s, I1p).

So our natural candidate for the quotient is Proj O(V;)3"2, and the quo-
tient map is

fe[L(f) ... Ii5(f)] € P(2,4,6,10,15).

Here we got lucky: since Proj R = Proj R(?), we can also write the quotient
map as

f=1L(f):...: Lin(f)] € P(2,4,6,10) = P(1,2,3,5).
Since there are no relations between I, . .., I;o we actually expect the quo-
tient to be IP(1, 2, 3,5).
If we throw away the vanishing locus of the discriminant, we get the
affine chart

{D # 0} C P(1,2,3,5).
So our hope is that
My = A%/ pis,
where 115 acts with weights 1, 2, 3. We’ve seen that if we want to embed this
cyclic quotient singularity in the affine space, we need at least A%.
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Of course this construction alone does not guarantee that each point of
A3 /5 corresponds to a genus 2 curve and that different points correspond
to different curves: this is something we are trying to work out in general.

Surjectivity of the quotient map implies

11.3.3. COROLLARY. Any point of A3/ 5 represents a genus 2 curoe.
Now we can finally describe M:

11.3.4. THEOREM. There are natural bijections (described previously) between

(1) isomorphism classes of genus 2 curves;
(2) SLg orbits in P(Vg) \ D;
(3) points in A3/ s acting with weights 1,2, 3.

Proof. The only thing left to check is that all SLy orbits in P(Vg) \ D are
closed. But this is easy: for any orbit O and any orbit O’ # O in its clo-
sure, dim O" < dim O. However, all SL; orbits in P(Vg) \ D have the same
dimension 3, because the stabilizer can be identified with a group of projec-
tive transformations of P! permuting roots of the binary sextic, which is a
finite group if all roots are distinct (or even if there are at least three distinct
roots). O

This gives a pretty decent picture of the quotient P(V5)/ SLo, at least in
the chart D # 0, which is the chart we mostly care about. To see what’s
going on in other charts, let’s experiment with generators 1o, 14, I, I1o (de-
fined in §11.3). Simple combinatorics shows that (do it):

o if f € V5 has a root of multiplicity 4 then f is unstable.
o if f € Vg has a root of multiplicity 3 then all basic invariants vanish
except (potentially) I>.

So we should expect the following theorem:

11.3.5. THEOREM. Points of P(Vs)/ SLe = P(1, 2, 3,5) correspond bijectively to
GLy-orbits of degree 6 polynomials with at most a double root (there can be several
of them) plus an extra point [1 : 0 : 0 : 0], which has the following description.
All polynomials with a triple root (but no fourtuple root) map to this point in the
quotient. The corresponding orbits form a one-parameter family (draw it), with a
closed orbit that corresponds to the polynomial x3y3.

To prove this theorem, it is enough to check the following facts:

(1) Any unstable form f has a fourtuple root (or worse). In other words,
semistable forms are the forms that have at most triple roots.

(2) A semistable form f € P(V;) has a finite stabilizer unless f = 23y3
(this is clear: this is the only semistable form with two roots).

(3) Any semistable form f without triple roots has a closed orbit in
the semistable locus in P(Vs), and hence in any principal open subset
D, (I) it belongs to, where I is one of the basic invariants. Notice
that we do not expect f to have a closed orbit in the whole P(V5), in
fact one can show that there is only one closed orbit there, namely
the orbit of 2°.

(4) If f has a triple root then it has the orbit of 23y? in its closure. In-
deed, suppose f = z3g, where g = y3 + ay’x + byx? + cx? is a cubic
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form (it has to start with 33, otherwise f has a fourtuple root). Let’s

é tgl] . We get 23y + at?y?x + bttya® + ct525.
Soast — 0, we get 2°y? in the limit.

acton f by a matrix {

§11.4. Homework 6.

Problem 1. Show that I5 (see (11.3.1)) is indeed an SLo-invariant polyno-
mial. (2 points)

Problem 2. Using the fact that M, = A3 /s, where ps acts with weights
1,2, 3, construct M as an affine subvariety of A® (1 point).

Problem 3. Show that any genus 2 curve C can be obtained as follows.
Start with a line [ C P3. Then one can find a quadric surface Q and a cubic
surface S containing [ such that @ NS = [ U C (2 points).

Problem 4. Assuming that M, = A3/ s set-theoretically, define families
of curves of genus 2 (analogously to families of elliptic curves), and show
that M5 is a coarse moduli space (2 points).

Problem 5. Assuming the previous problem, show that M5 is not a fine
moduli space (2 points).

Problem 6. Find a genus 2 curve C such that Aut C contains Zs and
confirm (or disprove) my suspicion that this curve gives a unique singu-
lar point of M5 (2 points).

Problem 7. An algebraic curve is called bielliptic if it admits a 2 : 1 mor-
phism C' — E onto an elliptic curve; the covering transformation is called a
bielliptic involution. Let C' be a genus 2 curve. (a) Show that if C'is bielliptic
then its bielliptic involution commutes with its hyperelliptic involution. (b)
Show that C is bielliptic if and only if the branch locus py, . .., ps € P! of its
bi-canonical map has the following property: there exists a 2 : 1 morphism
[+ P' — P! such that f(p1) = f(p2), f(p3) = f(pa), and f(ps) = f(ps). (c)
Show that (b) is equivalent to the following: if we realize P! as a conic in P*
then lines p1p2, P3pa, and pspe all pass through a point (3 points).

§12. Jacobians and periods

So far we have focussed on constructing moduli spaces using GIT, but
there exists a different approach using variations of Hodge structures. 1
will try to explain the most classical aspect of this theory, namely the map

My — Ay, C— JacC.
Injectivity of this map is the classical Torelli theorem.
§12.1. Albanese torus. Let X be a smooth projective variety. We are go-

ing to integrate in this section, so we will mostly think of X as a complex
manifold. Recall that we have the first homology group

Hi(X,7).

We think about it in the most naive way, as a group generated by smooth
oriented loops v : S! < X modulo relations 71 + ... + v = 0 if loops
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1, .., bound a smooth oriented surface in X (with an induced orienta-
tion on loops). We then have a first cohomology group

HY(X,C) = Hom(H;(X,Z),C).
This group can also be computed using de Rham cohomology

_ {complex-valued 1-forms w = ) f; dz; such that dw = 0}

1
Hir(X,C) {exact forms w = df }

Pairing between loops and 1-forms is given by integration

v

which is well-defined by Green’s theorem. The fact that X is a smooth pro-
jective variety has important consequences for the structure of cohomology,
most notably one has Hodge decomposition, which in degree one reads

Hip(X,C)=HYY & H™,

where H? = HO(X, Q1) is the (finite-dimensional!) vector space of holo-
morphic 1-forms, and H 0.1 — H10 is the space of anti-holomorphic 1 forms.
Integration gives pairing between H; (X, Z) (modulo torsion) and H%(X, Q1),
and we claim that this pairing is non-degenerate. Indeed, if this is not the
case then fvw = 0 for some fixed non-trivial cohomology class v € H;
(modulo torsion) and for any holomorphic 1-form w. But then of course
we also have f7 @ = 0, which contradicts the fact that pairing between

H;(X,Z) (modulo torsion) and H'(X, C) is non-degenerate.
It follows that we have a complex torus

_ HO ( X, Ql ) *

- Hy(X,Z)/Torsion
called the Albanese torus of X. A is called the period lattice and
q = dim H(X, Q")

is called the irregularity of X. If we fix a point py € X, then we have a
holomorphic Abel-Jacobi map

Alb(X) = V/A=C/7%

P
pw: X = Alb(X), p— .
po
The dependence on the path of integration is killed by taking the quo-
tient by periods. Moreover, for any 0-cycle ) a;p; (a formal combination
of points with integer multiplicities) such that > a; = 0, we can define

w(> a;p;) by breaking > a;p; = > (g — ;) and defining

(> aips) = Z/q .

Again, any ambiguity in paths of integration and breaking the sum into
differences disappears after we take the quotient by periods.

When dim X > 1, we often have ¢ = 0 (for example if 7 (X) = 0 or at
least Hi(X,C) = 0), but for curves ¢ = g, the genus, and some of the most
beautiful geometry of algebraic curves is revealed by the Abel-Jacobi map.
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§12.2. Jacobian. Let C'be a compact Riemann surface (= an algebraic curve).
The Albanese torus in this case is known as the Jacobian

_ HYC,K)*
TaclC) =T @2y

The first homology lattice H; (C, Z) has a non-degenerate skew-symmetric
intersection pairing 7 - 7/, which can be computed by first deforming loops
v and 7/ a little bit to make all intersections transversal and then comput-
ing the number of intersection points, where each point comes with + or —
depending on orientation of v and 4/ at this point. In the standard basis of
a and 3 cycles (draw), the intersection pairing has a matrix

73

H!-(C,C) also has a non-degenerate skew-symmetric pairing given by

/w/\w’.
C

We can transfer this pairing to the dual vector space H;(C,C) and then
restrict to H;(C, Z). It should come at no surprise that this restriction agrees
with the intersection pairing defined above. To see this concretely, let’s
work in the standard basis

=V/A=C9)2%

517"'75251:ala'-'aagaﬂla"wﬁg

of a and f cycles. We work in the model where the Riemann surface is
obtained by gluing the 4g gon A with sides given by

-1 -1
a17/817a1 7/81 y Q2,0

Fix a point pg in the interior of A and define a function n(p) = ]f; w

(integral along the straight segment). Since w is closed, the Green’s formula

shows that for any point p € «;, and the corresponding point ¢ € «; !, we

have
(o) = 7(p) = | w

For any point p € 3; and the corresponding point g € 3; ', we have

ﬂ@—ﬂM—A”w——Aw-

7

Then we have

/ wAw' = / dr Aw' = / d(mw") (because w’ is closed)
C A A

= / 7w’ (by Green’s formula)

OA
= / mw + E / Tw =
OéiUOt;]’ iUﬁ;]“

=[S o] v
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which is exactly the pairing dual to the intersection pairing®®
Specializing to holomorphic 1-forms gives Riemann bilinear relations

12.2.1. PROPOSITION. Let w and w' be holomorphic 1-forms. Then

O R R
L R R

We define a Hermitian form H on H°(C, K) by formula

i/w/\w’
c

(notice an annoying ¢ in front) and we transfer it to the Hermitian form
on V := H°(C, K)*, which we will also denote by H. The imaginary part
Im H is then a real-valued skew-symmetric form on H%(C, K) (and on V).
We can view V and H°(C, K) as dual real vector spaces using the pairing
Re v(w). Simple manipulations of Riemann bilinear relations give

5 o ) (o ) (1 ) e ) e

i.e. we have

and

12.2.2. COROLLARY. The restriction of Im H on A := Hy(C,Z) is the standard
intersection pairing.

The classical way to encode Riemann'’s bilinear identities is to choose a

basis wy, ...,w, of H(C, K) and consider the period matrix
fa1w1 agwl fﬁlwl fﬁgwl

Q= : : : :
Joywa -+ fag wy Jswg - fﬁg Wy

Since H is positive-definite, the first minor g x g of this matrix is non-
degenerate, and so in fact there exists a unique basis {w;} such that

= [d|Z],
where Z is a g x g matrix. Riemann’s bilinear identities then imply that
Z =2' and Im Z is positive-definite.

12.2.3. DEFINITION. The Siegel upper-half space S, is the space of symmet-
ric g X g complex matrices Z such that Im Z is positive-definite.

To summarize our discussion above, we have the following

26Note that a general rule for computing dual pairing in coordinates is the following:
if B is a non-degenerate bilinear form on V, choose bases {el} and {&;} of V such that
B(ei, €;) = &;;. Then the dual pairing on V* is given by B*(f, f') = >_ f(es) f'(€;:). It does
not depend on the choice of bases. In our example, the first basis of H1(C, Z) is given by cy-
clesai,...,aq,B1,..., By, and the second basis is then given by g1, ..., By, —au, ..., —ay.
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12.2.4. COROLLARY. Let C be a genus g Riemann surface. Let Jac(C') = V//A be
its Jacobian. Then V. = H%(C, K)* carries a Hermitian form H =i [w A &',
and Im H restricts to the intersection pairing on A = H;(C,Z). Any choice of
symplectic basis {6;} = {co;} U {B;} in A determines a unique matrix in S,.

Different choices of a symplectic basis are related by the action of the
symplectic group Sp(2g, Z). So we have a map
My — Ay :=5,/5p(29,7).
It turns out that A, is itself a moduli space.

§12.3. Abelian varieties.

12.3.1. DEFINITION. A complex torus V/A is called an Abelian variety if car-
ries a structure of a projective algebraic variety, i.e. there exists a holomor-
phic embedding V/A — PV,

One has the following theorem of Lefschetz:

12.3.2. THEOREM. A complex torus is projective if and only if there exists a Her-
mitian form H on V (called polarization) such that Im H restricts to an integral
skew-symmetric form on A.

It is easy to classify integral skew-symmetric forms @ on Z%:

12.3.3. LEMMA. There exist uniquely defined positive integers 61|02| . ..|dq such
that the matrix of Q) in some Z-basis is

_ 5 -
s

01
92

O

Proof. For each A € A = Z%, let d, be the positive generator of the prin-

cipal ideal {Q(\, o)} C Z. Let ;1 = min(d)), take A1, A\j41 € A such that

Q(A, Ag+1) = d1. Those are the first two vectors in the basis. For any A € A,

we know that §; divides Q (A, A1) and Q(A, Ag+1), and therefore

QA1) QA Ag+1)
o1 o1

Now we proceed by induction by constructing a basis in (A1, \g41)7. O

A+ Ag41 + A€ (M, Agi1)7-

12.3.4. DEFINITION. A polarization H is called principal if we have
i=...=0=1

in the canonical form above. An Abelian variety V//A endowed with a prin-
cipal polarization is called a principally polarized Abelian variety.

So we have

12.3.5. COROLLARY. A, parametrizes principally polarized Abelian varieties.
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In fact A, has a natural structure of an algebraic variety. One can define
families of Abelian varieties in such a way that A, is a coarse moduli space.

§12.4. Abel’s Theorem. Returning to the Abel-Jacobi map, we have the
following fundamental

12.4.1. THEOREM (Abel’s theorem). The Abel-Jacobi map AJ : Div°(C) —
Jac(C') induces a bijection

p: Pic%(C) ~ Jac(C).

The proof consists of three steps:

(1) AJ(f) = 0 for any rational function f € k(C'), hence A.J induces .
(2) pis injective.
(3) p1is surjective.

For the first step, we consider a holomorphic map IP’[I/\:M] given by

(A ul = AT(Af + ).

It suffices to show that this map is constant. We claim that any holomorphic
map r : P! — V/A is constant. It suffices to show that dr = 0 at any
point. But the cotangent space to V/A at any point is generated by global
holomorphic forms dz,...,dz, (Where z1, ..., z, are coordinates in V. A
pull-back of any of them to P! is a global 1-form on P!, but Kp1 = —2[o0],
hence the only global holomorphic form is zero. Thus dr*(dz;) = 0 for
any ¢, i.e. dr = 0.

§12.5. Differentials of the third kind. To show injectivity of 1, we have to
check that if D = Y a;p; € Div’ and pu(D) = 0 then D = (f). If f exists

then
1 df

= 5 —dlog(f) = i [

has only simple poles, these poles are at p;’s and Res,,, v = a; (why?) . More-
over, since branches of log differ by integer multiples of 27, any period

/VEZ
.

for any closed loop . And it is easy to see that if v with these properties
exists then we can define

v

f(p) = exp(2mi /p v).

bo
This will be a single-valued meromorphic (hence rational) function with
(f) = D. So let’s construct v. Holomorphic 1-forms on C with simple
poles are classically known as differentials of the third kind. They belong to
the linear system H°(C, K + p; + ... + p,). Notice that we have an exact
sequence

0— HC,K) = HYC.K +p1 +... +p;) -5 C,

where 1) is given by taking residues. by Riemann—Roch, dimensions of the
linear systems are g and g +r — 1. By a theorem on the sum of residues, the
image of ¢ lands in the hyperplane ) a; = 0. It follows that v is surjective
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onto this hyperplane, i.e. we can find a differential 7 of the third kind with
any prescribed residues (as long as they add up to zero). The game now is
to make periods of 7 integral by adding to 7 a holomorphic form (which of
course would not change the residues). Since the first ¢ x g minor of the
period matrix is non-degenerate, we can arrange that A-periods of 7 are
equal to 0.
Now, for any holomorphic 1-form w, arguing as in the proof of Prop. 12.2.1,

we have the following identity:

Z(Liw/i”_/iw/aiﬂ :izr;aﬂ(pi)zizr:a,-/p:iw.

1

Indeed, we can remove small disks around each p; to make 1 holomorphic
in their complement, and then compute [ w A 7 by Green’s theorem as in
Prop. 12.2.1. This gives

Z/ (.U/ U—zr:ai/piw.
Qg i =1 Po

Since pu(D) = 0, we can write the RHS as f7 w, where v = > m;0; is an
integral linear combination of periods. Applying this to the normalized
basis of holomorphic 1-forms gives

e

i

Now let
g

/
W =n= mgirwr.
k=1

/ 77/ = —Mg+ti

a;

/n/:/wi_zmg-i-k/ W =
i ol Bi

ka/ Wz‘"‘zngrk/ wi_zngrk/ W = M
oy Bk Bk

§12.6. Summation maps. To show surjectivity, we are going to look at the
summation maps

Then we have

and

C? = Pic? — Jac(C), (p1,---spa) — p(p1+ ...+ pa— dpo),
where py € C'is a fixed point. It is more natural to define
Sym?C = C?/8,,
and think about summation maps as maps

bq : Sym? C — JacC.
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It is not hard to endow Sym?C with a structure of a complex manifold
in such a way that ¢, is a holomorphic map®. We endow Sym? C with a
quotient topology for the map 7 : C? — Sym?C, and then define com-
plex charts as follows: at a point (p1,...,pq), choose disjoint holomor-
phic neighborhoods U;’s of p;’s (if p; = p; then choose the same neigh-
borhood U; = Uj). Let z;’s be local coordinates. Then local coordinates on
m(Uy x ... x Ug) can be computed a follows: for each group of equal points
pi, © € I, use elementary symmetric functions in z;. ¢ € I instead of z;’s
themselves.
The main point is absolutely obvious

12.6.1. LEMMA. For D € Pic?, u='(D) = |D|. Fibers of i are projective spaces.

To show that p is surjective it suffices to show that ¢, is surjective. Since
this is a proper map of complex manifolds of the same dimension, it suffices
to check that a general fiber is a point. In view of the previous Lemma this
boils down to showing that if (p1,...,py) € Sym? is sufficiently general
then H°(C,py + ...+ py) = 1. For inductive purposes, lets show that

12.6.2. LEMMA. For any k < g, and sufficiently general points p1,...,pr € C,
we have H*(C,py + ... +pp) = 1.

Proof. By Riemann-Roch, we can show instead that
HYC.K —p1—...—p) =g~k

for k < g and for a sufficiently general choice of points. Choose an effective
canonical divisor K and choose points p; away from it. Then we have an
exact sequence

O—-LK-pr—...—pr) > LIK—p1—... — pr—1) = C,
where the last map is the evaluation map at the point p;. It follows that
either |K —p; — ... —px| = |K — p1 — ... — pp_1] or dimensions of these
two projective spaces differ by 1, the latter happens if one of the functions

in L(K — p1 — ... — pg—1) does not vanish at p;. So just choose py, to be a
point where one of these functions does not vanish. O

12.6.3. COROLLARY. We can identify Pic® and Jac by means of yu.
§12.7. Theta-divisor.

12.7.1. COROLLARY. The image of ¢4—1 i a hypersurface © in Jac C.
12.7.2. DEFINITION. O is called the theta-divisor.

12.7.3. EXAMPLE. If g = 1, not much is going on: C' = JacC. If g = 2, we
have ¢; : C' — JacC: the curve itself is a theta-divisor! The map ¢» is a
bit more interesting: if h°(C, p+ ¢) > 1 then p + ¢ € | K| by Riemann—Roch.
In other words, p and ¢ are permuted by the hyperelliptic involution and
these pairs (p, q) are parametrized by P! as fibers of the 2 : 1 map ¢ g
C — P So ¢ is an isomorphism outside of K € Pic?, but ¢, ' (K) ~ PL.
Since both Sym? C' and Jac C' are smooth surfaces, this implies that ¢ is a
blow-up of the point.

1t is also not hard to show that Sym? C' is a projective algebraic variety. Since Jac C'is
projective by Lefschetz theorem, it follows (by GAGA) that ¢4 is actually a regular map.
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12.7.4. EXAMPLE. In genus 3, something even more interesting happens.
Notice that ¢, fails to be an isomorphism only if C' carries a pencil of degree
2, i.e.if C is hyperelliptic. In this case ¢, again contracts a curve E ~ P!, but
this time it is not a blow-up of a smooth point. To see this, I am going to use
adjunction formula. Let E C C' x C be the preimage. Then £ parametrizes
points (p, ¢) in the hyperelliptic involution, i.e. E ~ C but not a diagonally
embedded one. We can write a holomorphic 2-form on C' x C as a wedge
product pri(w) A prj(w), where w is a holomorphic 1-form on C. Since
deg Ko = 2, the canonical divisor K on C x C can be chosen as a union of
4 vertical and 4 horizontal rulings. This K - FE =8, but

(K+FE)-E=2g(F)-2=4

by adjunction, which implies that E- E = —4. Under the 2 : 1 map C'x C' —
Sym?C, E 2 : 1 covers our E ~ P!. So E? = —2. This implies that the
image of ¢2 has a simple quadratic singularity at ¢2(E). So the Abel-Jacobi
map will distinguish between hyperelliptic and non-hyperelliptic genus 3
curves by appearance of a singular point in the theta-divisor.

§12.8. Homework 7.

Problem 1. Generalizing the action of SL(2,Z) on the upper-half plane,
give formulas for the action of Sp(2g,Z) on S, (1 point).

Problem 2. In the proof of Lemma 12.3.3, show that indeed we have
91|02 ... ]dg
(1 point).
Problem 3. Show that Sym? P! = P? (1 point).

Problem 4. Let C be an algebraic curve. Define Sym? C' as an algebraic
variety (1 point).

Problem 5. Show thatif ¢ (C) C Jac C'is symmetric (i.e. ¢1(C) = —¢1(C))
then C is hyperelliptic. Is the converse true? (1 point).

Problem 6. Show that either the canonical map ¢, is an embedding or
C'is hyperelliptic. (1 point).

Problem 7. Let C be a non-hyperellptic curve. C' is called trigonal if it
admits a 3 : 1 map C — P!. (a) Show that C is trigonal if and only if
its canonical embedding ¢ has a trisecant, i.e. a line intersecting it in (at
least) three points. (b) Show that if C' is trigonal then its canonical embed-
ding is not cut out by quadrics®. (2 points).

Problem 8. Show that the secant lines of a rational normal curve in P"
are are parametrized by the surface in the Grassmannian G(2,n + 1) and
that this surface is isomorphic to P? (2 points).

Problem 9. Consider two conics C, Cy C P2 which intersect at 4 distinct
points. Let £ C C; x (3 be a curve that parametrizes pairs (z, y) such that
the line L,, connecting = and y is tangent to (5 at y. (a) Show that F is an
elliptic curve. (b) Consider the map ¢ : £ — FE defined as follows: send
(x,y) to (z,y’), where 2’ is the second point of intersection of L, with C;

28This is practically if and only if statement by Petri’s theorem.
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and L,/ is the second tangent line to C through 2’. Show that ¢ is a trans-
lation map (with respect to the group law on the elliptic curve). (c) Show
that if there exists a 7-gon inscribed in C; and circumscribed around C>
then there exist infinitely many such 7-gons, more precisely there is one
through each point of C (3 points).

Problem 10. Let C be a hyperelliptic curve and let R = {po,...,p2g+1}
be the branch points of the 2 : 1 map C — P'. We choose p as the base
point for summation maps ¢4 : Sym? — Jac. For any subset S C R, let
a(S) = ¢i5/(5). (a) Show that ag € Jac[2] (the 2-torsion part). (b) Show
that ag = age. (c) Show that a gives a bijection between subsets of B, of
even cardinality defined upto S <+ S¢ and points of Jac[2] (3 points).

Problem 11. A divisor D on C' is called a theta-characteristic if 2D ~
K. A theta-characteristic is called vanishing if h(D) is even and positive.
Show that a curve of genus 2 has no vanishing theta characteristics but a
curve of genus 3 has a vanishing theta characteristic if and only if it is a
hyperelliptic curve (1 point).

Problem 12. Show that a nonsingular plane curve of degree 5 does not
have a vanishing theta characteristic (3 points).

Problem 13. Let E = {y? = 423 — gox — g3 be an elliptic curve with real
coefficients g2, g3. Compute periods to show that £ ~ C/A, where either
A =7Z+T1iZor A = Z + 7(1 + i)Z (with real 7) depending on the number
of real roots of the equation 42 — gox — g3 = 0 (3 points).

Problem 14. Consider a (non-compact!) curve C = P'\ {p1,...,p,}.
Since P! has no holomorphic 1-forms, lets consider instead differentials of
the third kind and define

V:=H'PLK+p +...4p)".

Show that A := H,(C,Z) = Z"~!, define periods, integration pairing, and
the “Jacobian” V/A. Show that V/A ~ (C*)"~! and that C embedsin V/A =~
(C*)"~! by the Abel-Jacobi map (2 points).

Problem 15. Let C be an algebraic curve with a fixed point py and con-
sider the Abel-Jacobi map ¢ = ¢; : C' = Jac. For any point p € C, we have
a subspace d¢(1,C) C Ty, Jac. By applying a translation by ¢(p), we can
identify Ty, Jac with Ty Jac ~ CY. Combining these maps together gives
amap C — P91, p — d¢(T,C). Show that this map is nothing but the
canonical map ¢|g| (2 points).

Problem 16. Let F', G be homogeneous polynomials in Clz,y, z]. Sup-
pose that curves F' = 0 and G = 0 intersect transversally at the set of points
I'. (a) Show that associated primes of (F,G) are the homogeneous ideals
I(p;) of points p; € I'. (b) Show that every primary ideal of (F, G) is radical
by computing its localizations at p;’s (c) Conclude that I(T') = (F,G), i.e.
any homogeneous polynomial that vanishes at I" is a linear combination
AF + BG (2 points).



