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Introduction

Invariant theory is a classical subject in both algebra and geometry.
Especially after the introduction of projective coordinates at the beginning
of the nineteenth-century, mathematicians became interested in properties of
plane curves that were invariant after linear change of coordinates. As time
went on, they realized that such a property can be formulated as the invari-
ance under an action of a group, usually SL, or GL,. Since the geometric
objects were defined by polynomial equations, the problem turned out to be
the following one: given a “nice” action of a group G on the polynomial ring
S = k[xq,...,x,], find the elements of S that are invariant under GG. The
subalgebra of invariant elements is denoted S, and they noted that in some
cases S was finitely generated.

At the end of the century, one of the main problems was to find the invari-
ants of the natural action of SLy(C) on C|xg, z1]4, the so called “Problem of
invariants of binary forms of degree d”. A great contribution was given by
David Hilbert, who proved that the ring of invariants is finitely generated
in many cases, such as the one of binary forms. This led to the formulation
of Hilbert’s 14th problem, asking whether the ring of invariants is always
finitely generated: this was solved by Nagata in 1959, with a negative an-
swer. However, Nagata himself proved that the ring of invariants is always
finitely generated if we make a stronger assumption on the group G, that is,
if G is geometrically reductive.

Geometric invariant theory (GIT) is a method for constructing quotients for
the actions of algebraic groups on varieties and it is frequently used in the
context of moduli. The starting point is Nagata’s result, so that GIT is con-
cerned with the action of geometrically reductive groups. A moduli problem
is essentially a classification problem: we would like to classify geometric
objects up to some notion of equivalence. A key example is given by the
classification of degree d hypersurfaces in P" up to projective equivalence,
which is the core of this thesis.

Given an action of an algebraic G' on a variety X, the set of orbits cannot
be structured as a variety in general, because the action typically has non-
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closed orbits. However, we can relax our hypotesis of having an orbit space,
in order to get a quotient with better geometrical properties: this leads to
the definition of good quotient. Geometric invariant theory, as developed by
Mumford in [13], shows that for a linear action of a geometrically reductive
group on a projective variety X, there always exists an open subset U of the
variety and a good quotient for the action of G on U. Moreover, the quotient
is itself projective.

The thesis is divided into three chapters.

In Chapter 1 we give the definition and the main examples of algebraic groups
and discuss their actions on varieties. We present the notion of geometrically
reductive groups, which is of great importance in the context of GIT. Finally,
we give the statement and the proof of Nagata’s Theorem.

In Chapter 2 we first show how to construct GIT quotients in the affine
case, and we give some examples of explicit constructions. Then we focus
our attention on the projective case: this leads to the definitions of stable
and semi-stable points of a projective variety under a linear action of a ge-
ometrically reductive group. Finally, we present Hilbert-Mumford criterion,
a very useful tool in order to determine (semi-)stability of a point under a
given action. We give a proof of the criterion in the particular case where
the group is SL,.

The third chapter is the central part of the thesis. Here we study the natural
action of SL, ., on the space of projective hypersurfaces of degree d in P",
which we denote by Hyps(n). This is precisely the moduli problem of the
classification of projective hypersurfaces up to projective equivalence.

First, we emphasize the role of smooth hypersurfaces, then we study in detail
some particular cases for small values of d and n using the Hilbert-Mumford
criterion. We start with the case of quadric hypersufaces in P™ and the one
of binary forms of degree d. Great emphasis is given to the case of plane
cubics, where we give a complete description of the stable and semi-stable
locus.

Then we deal with stability of plane quartics and cubic surfaces, from which
we can deduce that a breakdown in stability is always due to “bad” singu-
larities of the hypersurface.

The main references for this thesis are [11] and [15] for the results in the
first two chapters, while in the third chapter we mainly refer to [5], [12] and
[13]. Finally, for the last example where we deal with cubic surfaces, the
main references are [3] and [6].



CONTENTS 4

Notations and conventions

Throughout the thesis we fix an algebraically closed field k£ of any charac-
teristic, unless otherwise specified: for instance, in chapter 3 we will assume
char k£ # 2 when we study projective quadrics. By a variety, we mean a
separated prevariety over the field k, i.e. a ringed space (X, Ox) where X is
irreducible and Oy is a sheaf of k-valued functions, which admits an open
cover by finitely many affine varieties, such that the diagonal A is closed in
X x X. In particular, we always assume that varieties are irreducible.

If X is an affine variety, we will denote by A(X) (instead of Ox (X)) its ring
of regular functions.



Chapter 1

Actions of algebraic groups

In this chapter we will introduce the notion of algebraic group and discuss
the actions of algebraic groups on varieties, which will allow us to construct
quotients for these actions. Finally, we will define geometrically reductive
groups and give a proof of Nagata’s Theorem, which asserts that under a
rational action of a geometrically reductive group on a finitely generated k-
algebra, the subalgebra of invariants is always finitely generated.

The main references here are [11] (Sections 3.1 and 3.2) and [15] (Sections
3.1 and 3.2)

1.1 Algebraic groups

Definition 1.1.1. An algebraic group is a group G together with a structure
of a variety such that the maps

GxG—d

(9.9') — g9’
G—d

g— g !

are morphisms of varieties. A homomorphism of algebraic groups is a map
which is both a group homomorphism and a morphism of varieties.

Definition 1.1.2. An action of an algebraic group G on a variety X is a
morphism

Gx X —=X

such that g(¢'z) = (g9¢')x and 1z = x for any ¢,¢’ € G and for any = € X.
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Remark. Just a matter of notation: if x is any point in the variety X, we
denote by O(z) the orbit of the point z, where O(z) = {gx : g € G}.
Moreover, we denote by G, the stabiliser of x.

G, ={g9 € G: gxr =z} is a closed subgroup of G, since G, = o, !(z), where
0, is the following morphism

0, :G— X
0.(9) = gz

We recall that a point x (subset W) of X is invariant under G if gz = «
(gW =W) for all g € G.

Definition 1.1.3. If GG is an algebraic group acting on the varieties X and Y,
then we say that a morphism ¢ : X — Y is a G-morphism if ¢(gr) = gp(x)
forallg e G, z € X.

In the particular case when G acts trivially on Y, the morphism ¢ is said to
be G-invariant. Equivalently, we can say that a morphism is G-invariant if
and only if it is constant on orbits.

Examples. e GL(n) is the standard example of an algebraic group.
Indeed, GL(n) = {(z;;,t) € k™ : det(z; ;)t — 1 = 0}.
Hence, GL(n) = V(f) where f = det(z; ;)t — 1 and it is an affine vari-
ety.
Moreover, the group operation GL(n) x GL(n) — GL(n) and the in-
verse map GL(n) — GL(n) are polynomial maps.
In fact, if (X,Y) € GL(n) x GL(n) then (XY'),; ; = Ypxu yr; and this
is a polynomial. The case of the inverse is analogous, just recall the
formula for the inverse of a matrix using the cofactor matrix.

Hence these maps are morphisms of affine varieties, as desired.
The group GL(1) = k* is usually denoted by G,,.

e SL(n) is of course a closed subgroup of GL(n), hence it is an algebraic
group.
In general, we say that an algebraic group isomorphic to a closed sub-
group of GL(n) for some n is a linear algebraic group.

e The additive group k is an algebraic group, since the underlying variety
is the affine line and the operations of sum and opposite are clearly
polynomial maps. This group is usually denoted by G,.

It is a linear algebraic group, since we have the following embedding in

GL(2)
o (5 9)-



CHAPTER 1. ACTIONS OF ALGEBRAIC GROUPS 7

Definition 1.1.4. Let G be an algebraic group acting on a variety X. The
pair (Y, ¢) is a categorical quotient for the action of G on X if Y is a variety
and ¢ : X — Y is a G-invariant morphism which is universal, that is, any
G-invariant morphism f : X — Z factors uniquely through ¢, i.e. there
exists a unique morphism h : Y — Z such that f = h o ¢, where Z is any
variety.

Moreover, if the preimage of each point y € Y is a single orbit, we say that
(Y, @) is an orbit space.

Remark. GL(n) acts in a natural way on k™. Hence, if we are given an
homomorphism of algebraic groups p : G — GL(n) we obtain an action of G
on k™ given by gv = p(g)v for any v € k™. The homomorphism p is called
a rational representation of GG, and the corresponding action on k™ a linear
action.

Assume that G is an algebraic group acting on a variety X. Then we get
an induced action of G on A(X), where A(X) is the ring of regular functions
on X, in the following way: if f € A(X) we define f9 by

fi(x) = f(gz)

It is immediate to see that the properties of an action are satisfied, hence in
particular f — f9 is a k-algebra automorphism for any g € G.

Lemma 1.1.1. Let G be an algebraic group acting on a variety X, let W
be a finite-dimensional vector subspace of A(X)(let us recall that A(X) is a
k-algebra, hence in particular a vector space over k). Then

a) if W is invariant, the action of G on W is given by a rational repre-
sentation,

b) Wis contained in a finite-dimensional invariant subspace of A(X).

Proof. a) Let fi,..., fn be a basis of W. Since W is invariant, f/ € W.

Hence we can write in a unique way

fg pr(g)f (*)

=1

where p;;(g) € k. The map g — (p;j(g)) defines a group homomor-
phism p : G — GL(n).
Moreover, the action of G on W is given by

M:

(S Af) =3

=1 =17

zng( )f

1
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We have to show that p is a morphism. Since the f; are linearly in-
dependent, there exist xy,...,x, € X such that det(f;(xy)) # 0. Let
A = (aj) = (fj(xy)). Then by the equation (x) we get

(pir(9), -y pin(9)) = (filgz1), ..o, filgzn)) AT

This implies that for any 7, j the function p;; is regular on G.

Again, let fi, ..., f, be a basis of W. Let W’ be the subspace of A(X)
generated by the f7, for any i« = 1,...,n and for any ¢ € G. Since
W C W’ and W' is invariant by construction, it is enough to show that
W' is finite dimensional.

Let us define F; € A(G x X) by Fi(g,z) = fi(gx).

Since A(G x X) = A(G) ®; A(X), we can write each F; as a finite sum

k
Fy= %" Gy ® Hy

Jj=1

for suitable G;; € A(G), H;j € A(X). Let W” be the subspace of A(X)
generated by the H;;. Then W" is finite-dimensional.
Since

F9(a) = Fi(g,z) = iamg)b@j ()

we have f7 € W’ for any i and g. Hence W/ C W” and so W’ is
finite-dimensional.

]

The previous lemma may suggest the following definition.

Definition 1.1.5. Let G be an algebraic group and R a k-algebra. A rational
action of G on R is a map

RxG =R
(fig) — f7

such that

)
2)

fgg' — (fg)gl and fl = f for all f S R).g)g/ €G

the map f —— f9 is a k-algebra automorphism of R for all g € G



CHAPTER 1. ACTIONS OF ALGEBRAIC GROUPS 9

3) every element of R is contained in a finite-dimensional invariant sub-
space on which G acts by a rational representation.

Remark. Given a rational action of G' on a finitely generated k-algebra R,
it makes sense to ask if the subalgebra

RE={feR:fI=fVgeG}

is finitely generated too. The answer is negative in general as shown by
Nagata (see [14]), but it is true if we make a stronger assumption on the
group G, as we will see soon.

This question also has a geometrical meaning: assume that X is an affine
variety and that (Y, ¢) is a categorical quotient for the action of G on X.
By definition of a categorical quotient, a morphism X — k factors uniquely
trough ¢ if and only if it is constant on orbits. This is equivalent to require
that

o AYY) = A(X)

is an isomorphism between A(Y) and A(X)®. Thus, if Y is affine, then
A(X)® must be finitely generated.

By Lemma 1.1.1, given an action of an algebraic group on k"™ we have an
induced rational action of G' on k[z1, ..., x,]. In this sense, we can speak of
invariant polynomaials.

Definition 1.1.6. A linear algebraic group G is geometrically reductive (resp.
linearly reductive) if, for every linear action of G on k™ and every invariant
point v of k™, v # 0, there exists an invariant homogeneous polynomial f of
degree > 1(resp. = 1) such that f(v) # 0.

There is another definition of reductivity, which is given in algebraic
terms.

Definition 1.1.7. A linear algebraic group G is unipotent if every non-trivial
linear representation p : G — G L,, has a non zero G-invariant point.

A linear algebraic group is reductive if the unipotent radical of G (which is
the maximal connected unipotent normal subgroup of G) is trivial.

Let us summarise the main results relating these three notions of re-
ductivity in the following theorem, whose proof is beyond the scope of this
thesis.
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Theorem 1.1.1. (Weyl, Nagata, Mumford, Haboush)
i) Every linearly reductive group is geometrically reductive.
i1) In characteristic zero, every reductive group is linearly reductive.

i11) A linear algebraic group is reductive if and only if it is geometrically
reductive.

In particular, all three notions coincide in characteristic 0.

Remark. This general results are due to the work of different mathemati-
cians: part i7) was proved by Weyl, Nagata proved that every geometrically
reductive group is reductive and the converse was first conjectured by Mum-
ford and finally proved by Haboush.

By part #ii), from now on we will always deal with geometrically reductive
groups.

Let us start with a geometrical property.

Lemma 1.1.2. Let G be a geometrically reductive group acting on an affine
variety X. Let Wy, Wy be disjoint closed invariant subsets of X.
Then there exists f € A(X)Y such that f(Wy) =0 and f(Wy) =1

Proof. Let h € A(X) be such that h(W;) = 0 and h(WWy) = 1.

By Lemma 1.1.1, the subspace of A(X) generated by h? for any g € G is
invariant and finite dimensional. Let hq,..., h, be a basis of this subspace.
Then

hi = Yai;(g)h;

where the map g — (a;j(g)) is a rational representation for every i, j = 1...n.
Hence we get a linear action of G on k™. Let us define the following morphism

Y X = k" (x) = (hi(x), ..., hp(x))

Since

Y(gx) = (hi(gz), ..., hn(gz)) =
(h(2), ..., Wi (x)) = (Baii(g)hi(z), ..., Ban;(g)h;(r)) = g (x)

v is a G-morphism. Moreover, since W; and W, are invariant, we get
Y(Wy) = (0,...,0) and ¥ (Ws) is just a single point v # (0, ..., 0).

By assumption, the group G is geometrically reductive, hence there exists
I € k[Xy,..., X,,]¢ such that f'(v) # 0 and f(0) = 0 (since f’ is homoge-
neous). Up to multiply f" by 1/f'(v), we may assume f'(v) = 1.

Let us define f = f' o).

For any g € G and =z € X,
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fo(x) = flgz) = f'((gz)) = f(gv(2)) = f'(¢(x)) = f(x)
where the third and the fourth equality hold since ¢ is a G-morphism and
f' is invariant.
Hence f € A(X)Y. Moreover, f(W;) = f/(0) = 0 and f(Wy) = f'(v) = 1 as
desired. O]

Remark. It can be shown that GL(n), SL(n) and PGL(n) are all geomet-
rically reductive groups. These are the geometrically reductive groups that
most often appear in practice.

However, even “nice” groups such as G, are not geometrically reductive.

In fact, let us consider the rational representation of G,

|_>1a
“ 01

and the corresponding linear action on k2.

We notice that the point v = (1,0) is invariant under this action.

Consider p = (x,y) € k*. Then O(p) = {(x + ay,y) : a € k}.

Hence in this case the invariant polynomials are the ones which are constant
on the lines parallel to the x-axis, so that they must be of the form f(y).
This implies that any homogeneous invariant polynomial of positive degree
must vanish at v, hence G, is not geometrically reductive.

1.2 Nagata’s Theorem

Geometrically reductive groups will play a fundamental role for our purpose,
mainly due to the following result.

Theorem 1.2.1. (Nagata) Let G be a geometrically reductive group and let
R be a finitely generated k-algebra on which G acts rationally.
Then RC is a finitely generated k-algebra.

In order to give the proof of this theorem, we need some preliminary
results.
The first step is to state and prove two lemmas, both due to Nagata.

Lemma 1.2.1. Let G be a geometrically reductive group acting rationally on
a finitely generated k-algebra R. Let J be an invariant ideal of R.
If f € (R/J)Y, then f' € RY/JN R for some positive integer t.
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Proof. If f = 0 the result is trivial, so we may assume f # 0. Let h € R be
an element whose image in R/.J is f. We claim that there exist hy € R and
a suitable integer ¢ such that hy — ht € J.

Since GG acts rationally on R, the subspace M generated by h9(g € G) is
finite dimensional. Let us consider N = M NJ. By assumption f # 0, hence
h ¢ Jandso h ¢ N, but h9 —h € N for any g € G, since f is invariant.

M is generated by h? and we can write h? = (h9 —h) +h € N& < h >, it
follows that we have dim M=dim N + 1.

Hence we can write any element of M in a unique way as a sum

ah + b’ (a € k,h € N)
Therefore, we can define a linear map [ : M — k by
l(ah+ 1) =a
We notice that [ is G-invariant since
(ah 4+ h')9 =ah+a(h9 —h)+ h"9 € ah + N

where we used that N is G-invariant, since so are M and J. Hence we have
I9(ah + h') =1((ah + R')?) = a.

Let M* be the dual space of M. We choose a basis hs, ..., h, of N, then
h,ho, ..., h, is a basis of M, and we may identify M* with k" by the dual
basis. Under this identification, I = (1,0,...,0) and it is invariant, as we
noticed before.

By assumption G is geometrically reductive, so there exists an invariant
homogeneous polynomial F' € k[zy, ..., z,] of degree t > 1 such that F'(I) # 0.
This condition implies that the coefficient of 2! in F' is non-zero; up to scalar
multiplication we may assume that this coefficient is 1.

Let us now consider the k-algebra homomorphism

a:klry, ..,z = R
ri—>h,z;— h; i =2,...,r

Since the action on k" is induced by the action on M, it follows that this
homomorphism commutes with the action of G. In particular, since F' is
invariant, hg = a(F) € RC.

Finally, since the coefficient of z} in F' is 1, the polynomial hy belongs to
ht 4+ S where S is the ideal of R generated by ha, ..., h,.

Then hg — ht € S C J, as desired. O

Lemma 1.2.2. Let G be a geometrically reductive group acting rationally on
a finitely generated k-algebra R.

If fi,....fs € RY and f € (3. f;R) N RY, then f' € fiRY for somet € N.
i=1
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Proof. The proof will be by induction on s. For s = 1, let f € RN R%;

then f = fif and (fif")9 = f{f'9 = f1f" since fi € R®. Hence
[(f7=f)=0 (%)

Let us consider the ideal J = {h € R : fih = 0}, the annihilator of f;: it is

invariant under G because f; is invariant, moreover the image of f" on R/J

is invariant by (). Hence we can apply Lemma 1.2.1, obtaining f” € R and

t € N such that the image of f” and f"* in R/J coincide, which is equivalent

to f"— fteJ.

It follows that fi(f” — f"*) = 0, which implies

fr=ff"=hHf"€ LR
Now assume s > 1. In order to simplify notation, let R = R/fiR and f be
the image of fin R for any f € R

If f e (Z f;R)NRE, then f € (Z fi R)NR", so we can apply the inductive
hypothesm to get a positive mteger t such that
T e TR
i=2

So ft=S fh; with h; € R, T3, ... Tos € RC.

i=1
— —G
The ideal J = fiR is invariant and hy € R/J . Hence we can apply Lemma
1.2.1 to get a positive integer u and &/, € RS such that i, = h" . It follows
that

fo— fn e (3 fiR) N RE.
=1

We can apply again the inductive hypothesis and we get a positive integer v
such that

s—1
(f* = fehy)” € ; fiR.

This implies f € Y fiRY, as required. O
i=1
Now we state a proposition containing some results of commutative al-
gebra and field theory, which will be needed in the proof of the theorem of
Nagata. Since they are not directly linked to invariant theory we won’t give
a full proof of them, for part (4) we refer to [8]. For this proposition, we
mainly refer to well-known commutative algebra texts, such as [2] and [7].
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Proposition 1.2.1. 1) Let R = @®;>0R; be a graded k-algebra, where

Ry = k. Then R is a finitely generated k-algebra if and only if
R, = ®;>1R; is a finitely generated ideal of R.

2) Let R be a finitely generated k-algebra, integral over a subalgebra S.

Then S is a finitely generated k-algebra.

3) Let R be a k-algebra, integral over a subalgebra S. Assume that R is a

domain, and that its field of fractions L is a finitely generated extension
of k. If S is a finitely generated k-algebra, then R is a finite S-module,
and so it is finitely generated as a k-algebra.

4) Let L' be a finitely generated extension of k, and L a subfield of L'

containing k. Then L is a finitely generated extension of k.

Proof. 1) =) Clear, since R is Noetherian by Hilbert’s basis theorem.

<) Coversely, assume Ry is generated by fi, ..., f, where the f; are ho-
mogeneous of positive degree. We prove that for any i R; C k[f1, ..., ful,
by induction on 7 € N.

If © = 0 there is nothing to prove, since Ry = k.

Assume f € R;,1; by assumption we can write f = hyf) + ...h, f, for
suitable h; € R, where the h; are homogeneous of degree < i. By the
induction hypothesis h; € k[f1, ..., f,] and so f € k[f1, ..., fn] too.

Let f1,..., f. generate R. Since R is integral over S, each f; satisfies an
equation of the form

fi” + aﬂfi”’l + ...+ Ay, = 0 (*)

with a;; € S, wheret =1,...,nand j =1, ...,7;. Let Sy be the subalge-
bra of S generated by the a;;. By construction Sy is finitely generated,
hence Noetherian.

By equation (), we notice that R is generated as an Sp-module by the
products

D fir (0<s, <1 —1)

and so R is a finitely generated Sy-module. Since Sy is a Noetherian
ring, this implies that R is a Noetherian Sy-module, so that S is a
finitely generated Sp-module. Hence S is a finitely generated k-algebra,
as desired.
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3) Let L’ be the field of fractions of S. Then L' is a finitely generated
extension of k£ and L is an algebraic extension of L'. By assumption L is
a finitely generated extension of k, hence L is indeed a finite extension of
L', being algebraic and finitely generated. So by [8] [Corollary 5.49] the
integral closure S’ of S in L is a finite S-module. But S is Noetherian
since it is a finitely generated k-algebra, and R C S’ hence R is also a
finite S-module.

4) See [8] [Lemma 2.25].
[

Now we are able to give the proof of Theorem 1.2.1.
Since R is finitely generated and G acts rationally on R, there exist linearly
independent elements f1, ..., f,, € R that generate R and such that the sub-
space of R generated by them is invariant under GG. Moreover, the action of
G on this subspace is given by

where g — (a;;(g)) is a rational representation.
Let S = K[z, ...,x,]. We notice that there exists a unique rational action of
G on S such that

xd = Zl aij(g)x;
j:

fori=1,...,nand g € G.

Now consider the k-algebra homomorphism S — R sending x; to f;. Clearly
it commutes with the actions of G on S and R, so it suffices to prove the
following result.

Theorem 1.2.2. Let GG be a geometrically reductive group acting rationally
on S = klxy,...,z,] in such a way that it preserves the degree of any homo-
geneous element, let Q be an ideal in S which is invariant under G. Then
we have an induced action of G on R := S/Q and RY is a finitely generated
k-algebra.

Proof. The proof will be by contradiction. First, we assume that there exists
a homogeneous ideal @ of S such that R is not finitely generated.

Since S is Noetherian, we may assume that () is maximal among such ideals.
Notice that since () is homogeneous, R is a graded algebra.

Moreover, by the maximality of @), if J is any non-zero homogeneous ideal
of R, then (R/J)Y is finitely generated.

By Lemma 1.2.1 (R/J)% is integral over (R%/J N RY) so we can apply 2) of
Proposition 1.2.1 and we have that
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(RY/J N RY) is finitely generated. (A)
Moreover, by the proof of 2) of Proposition 1.2.1, we get that
(R/J)% is a finite (RY/J N RY)-module. (B)

Clearly (RY), # 0 since R“ is not finitely generated, so let f be a non-zero
homogeneous element of R® of positive degree. If f is not a zero-divisor, we
claim that we have

fRN RS = fRC

In fact, let @ € fRN RY. Then a = fh and af = a for any g € G. This
implies fh = (fh)? = f9h9 = fh9 for all g € G, so that f(h? — h) = 0 and
h9 = h. Hence h € R® and a € fRC, as desired.

We get the equality since the other inclusion is trivial as we have f € R®.
By (A) for J = (f), the k-algebra RY/fR" is finitely generated, hence by
part 1) of Proposition 1.2.1 (RY/fR%); = RY/fRC is a finitely generated
ideal of R¢/fRY. This implies that Rf is a finitely generated ideal of R®,
so that RY is a finitely generated k-algebra by part (1) again, which is a
contradiction.

Otherwise, if f is a zero-divisor, let us consider the annihilator of f, the ideal
I'={h € R: fh=0}. Since f is homogeneous, I is homogeneous too; hence
by (A) the algebras R/fRNRY and RY/INR" are both finitely generated.
Hence there exists a finitely generated subalgebra R; of R® such that the
natural homomorphisms from R; to these algebras are both surjective.

By (B) the k-algebra (R/I)% is a finite (RY/INR%)-module; let ¢y, ..., ¢, € R
be the lifts of the generators of this module.

Let g € G. We have

(fei)? = focf = fcl = fe
where the last equality holds because ¢/ — ¢; € I. It follows that fe; € RY
for any i = 1,...,7, hence R,[fcy, ..., fc,] € RE.
We claim that actually R® = R;[fcy, ..., fc.], so that RY is finitely generated
and we get the required contradiction.
Indeed, let h € RY. Since the natural map from R; to R¢/fR N RY is

surjective, we get the existence of ' € R; such that h — h' = fb for some
b € R. Hence fb € R and we get

0=(fb)? = fb=f(b?—b)

which implies b — b € I, so that the image of b in R/I belongs to (R/I).
Recalling that (R/I)Y is generated as an RY/I N R%module by the ¢;, there
exist fi,..., fr € RY such that
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b—Zchl el
i=1

Since the f; € RY and the natural map from R; to RY/I N RY is surjective,
we get the existence of f] € Ry such that f; — f/ € I for any . This implies

b—Zfl-/CZ'EI.
=1

Hence we have

h=W+fb=N+ 3 ffii € Rilfer, .. fo.

Now we consider the general case, where () is a maximal invariant ideal in S
such that RY is not finitely generated.
If R® contains a zero-divisor, we get a contradiction exactly as in the homo-
geneous case. Hence we may assume that R is a domain.
Now @ is not homogeneous, hence R = S/Q) is not a graded k-algebra, so
the proof before doesn’t work anymore and we have to find another way.
First, we notice that by the homogeneous case S is finitely generated. more-
over by Lemma 1.2.1 the k-algebra R = (S/Q)¢ is integral over S¢/QNSC.
It is therefore sufficient to show that the field of fractions L of R is a finitely
generated extension of k, by part 3) of Proposition 1.2.1.
Let T be the set of non-zero divisors of R, let T"'R denote the correspond-
ing ring of fractions. Clearly R C TR since the natural map from R into
the localization is injective. Moreover, if m is a proper ideal of T7'R, then
m N RY = 0 since RY is a domain. In particular, if m is a maximal ideal
(T™'R)/m is a field and L is a subfield, up to isomorphism.
By part 4) of Proposition 1.2.1, it suffices to show that (T"'R)/m is a finitely
generated extension of k. This is clear, since (T~'R)/m is the field of frac-
tions of the finitely generated k-algebra R/m N R.

O



Chapter 2

Construction of quotients

Let us consider the action of an algebraic group G on a variety X. One might
hope that the orbit set X/G endowed with the quotient topology could be
made into a variety in such a way that the natural projection is a morphism.
Unfortunately, this is not the case, even if we consider very simple actions.
For instance, assume that G,, acts on A! by multiplication. Then there are
exactly 2 orbits, namely the origin and A'\ {0}. However, the origin belongs
to the closure of the set of non-zero elements, so that X/G consists of 2 points
and one of them is in the closure of the other. Hence it cannot be structured
as a variety, since any finite algebraic set has the discrete topology.
However, we could ask if we can relax the idea of having an orbit space, in
order to get quotients with better geometrical properties, such as categorical
quotients.

In this chapter, we will use Nagata’s Theorem in order to construct quotients
in both the affine and projective case. As we will see, the situation in the
affine case is quite straightforward, since there always exists a global quotient
which is itself affine. Unlike the affine case, the projective one will require
more attention, and the result which we will state are not global in general.
Finally, we will state the Hilbert-Mumford criterion, which will play a central
role in the last chapter.

We will follow the exposition of [11] (Chapter 4) and of [15] (Sections 3.3, 3.4, 4.1,
4.2).

18
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2.1 Affine quotients

Let us start with the simpler case, where a geometrically reductive group
acts on an affine variety. The main result is the following theorem.

Theorem 2.1.1. Let G be a geometrically reductive group which acts linearly
on an affine variety X. Then there exists an affine variety Y and a morphism
¢: X =Y such that

i) ¢ is G-invariant
i) ¢ is surjective
i11) if U is open in Y then
¢* A(U) = A(¢71(V))

is an isomorphism of A(U) onto A(¢~1(U))%
i) if W is a closed invariant subset of X, then ¢(W) is closed

v) if Wi, Wy are disjoint closed invariant subsets of X, then

d(Wr) Np(Wa) =0

Proof. By the theorem of Nagata, A(X)“ is a finitely generated k-algebra.
Since it is a subalgebra of A(X), it is reduced. Hence there exists an affine
variety Y whose coordinate ring is A(X)%. Let ¢ : X — Y be the morphism
induced by the natural inclusion A(Y) = A(X)“ C A(X).

i) By contradiction, let us assume there exists € X, g € G such that
o(gx) # ¢(x). Let f € A(Y) such that

f(¢(gx)) # f(o(x))

but this implies that ¢*f(gx) # ¢*f(z), contradicting the fact that
¢"f € AX)°.

ii) Let y € Y, let fi,..., f. generate the maximal ideal in A(X)% corre-
sponding to the point .
First, we notice that the f; generate a proper ideal in A(X). By con-

tradiction, if > f;A(X) = A(X), then by Lemma 1.2.2
i=1

1 €Y fiA(X)Y, contradicting the fact that Y f;A(X)% is a maximal
=1 =

=1
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iii)

iv)

ideal.
Hence there exists a maximal ideal of A(X) containing Z fiA(X).

Let x be the point of X corresponding to this maximal 1deal Then
x € V(Z fiA(X)) so that fi(z) = 0 for any ¢ = 1,...,7. Since the f;
=1

are elements of A(Y), it follows that

filo(z)) = ¢"(fi(x)) = fi(z) =0
which implies ¢(x) =

It suffices to prove the claim for distinguished open subsets in Y, so
we may assume that U = Y; for some f € A(Y). In this case,
¢ 1(U) = X;. Hence we have to prove that (A(X)9); = (A(X);)“
for any f € A(X)C.

Let h/f" € (A(X);)¢. Then, for any g € G, (h/f")? = h/f". Let
r e X.

(h/f")(gx) = h(gx)/f"(g) = h(gz)/ f" () since f € A(X)C
This must be equal to h(x)/f™(z). But this implies that

f*(z)(h(gx) — h(z)) = 0 in k.

Then necessarily h(gz) = h(z) and h € A(X)%.
Hence we get (A(X))¢ C (A(X ) )¢ Since the other inclusion is triv-
ial, we get (A(X)9); = (A(X);)Y as desired.

Follows immediately by (v). If W is a closed invariant subset of X and
y € o(W) \ (W), we can apply (v) to Wy = W and W, = ¢~ '(y) to
get y & ¢(W), which is a contradiction.

Notice that W5 is indeed an invariant subset of X, since ¢ is G-invariant

by (i).

Let W, and W5 be disjoint closed invariant subsets of X. By Lemma
1.1.2 there exists f € A(X)% such that f(W;) = 0 and f(W,) = 1.
Since A(X)® = A(Y), we may consider f as an element of A(Y) in
order to get f(¢(W1)) =0, f(6(W2)) = 1.

This implies that ¢(W;) ﬂqb(WQ) = (), since f is constant on both ¢(17)
and ¢(Ws), so it is constant on the respective closures.

]
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Corollary 2.1.1. Let x1,290 € X and let Y and ¢ : X — Y be as above.
Then

¢(r1) = d(22) & O(x1) N O(x2) # 0

Proof. =) Take W; = O(xz;). By contradiction, assume WiNWy = (). Then,
by part v) of Theorem 2.1.1

o(W1) N p(Wa) = 0.

But ¢(W;) = ¢(x;) since ¢ is G-invariant, hence we get ¢(x1) # ¢(x3), con-
tradicting the assumption.

<) This is clear, since ¢ is constant on orbits and so it is constant on
their closures. O

Now, we are going to prove that the variety Y constructed in Theorem
2.1.1 is a categorical quotient for the action of G on X. Actually, an even
stronger result is true. In order to state this result, we need the following
lemma.

Lemma 2.1.1. Let X, G,Y be as in Theorem 2.1.1, and let U be an open
subset of Y. If Wi, Wy are closed disjoint invariant subsets of ¢~ *(U), then
o(W1) N (W) = 0.

Proof. Let W; be the closure of W, in X. Assume that there exists y €

(W) N G(Wa). -
Let us consider the closed subsets ¢~ *(y) N W, and W, whose images under
¢ both contain the point y. Hence, by part (v) again we get

¢ y) NN Wy #0
However, by assumption W; and W, are closed in ¢~!(U). Hence
GHU)NWINWy =W NWy =10
and this leads to a contradiction, since clearly
o (y) "W NW, C ¢~ (U) N W, N W,
O
Corollary 2.1.2. Let X,G,Y be as in Theorem 2.1.1. Let U be an open

subset of Y.
Then (U, ¢y, ) is a categorical quotient of ¢~ (U) by G.
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Proof. Let Z be any variety, and ¢ : $~}(U) — Z be a G-invariant morphism.
We have to show that there exists a unique morphism x : U — Z such that
x © ¢ = 1. Uniqueness immediately follows from the fact that ¢ is surjective,
so we have only to prove existence.

We first prove that there exists a map x such that y o ¢ = ). The claim is
that 1(¢~(y)) consists of one point for any y € U. So, let 21, 25 € V(¢ (y)),
21 # 2. If we take W; = ¢~ 1(z;), we get two disjoint closed invariant subsets
of $~1(U) such that ¢(Wy) N ¢(Ws) # 0, contradicting lemma 2.1.1. Notice
that to conclude that the W, are invariant we used the fact that ¢ is G-
invariant.

Hence we can define y : U — Z in the following way:

X() = (o (y))

This is well defined and clearly satisfies x o ¢ = .
Let V' be an open subset of Z. Since ¢ is surjective by part i) of Thereom
2.1.1, we get

XHV) =Y\ X\ o (X (V)] =Y\ ¢[X \ v (V)]
The set ) ~1 (V) is open since ) is a morphism, so that X \ v ~1(V) is closed
in X. Moreover, it is invariant since v is G-invariant. Applying (iv) we get
that ¢(X \ v 1(V)) is closed, hence y (V) is open.
Therefore, in order to prove that y is a morphism, it is enough to prove that
X |y-1(v) is a morphism when V' is an affine open subset of Z. Since 1 is
G-invariant, the image of
Pt AV) = AWTH(V))
is contained in A(¢~1(V))“. By part (iii) of Theorem 2.1.1
¢* A THV)) = Al (V) = A (V)©

is an isomorphism, so we can consider its inverse (¢*)!.

k-algebra homomorphism
(") o™t A(V) = AXH(V))

which determines a morphism Y’ : x (V) — V since V is affine. By con-
struction of x’, we have

Hence we get a

X 0 (¢ ly=10r)) =¥ ly-1(v)
Since x o ¢ = 1, we also have
(X [x—107)) @ (@ [y—1v) =¥ ly—1(v)

By the surjectivity of ¢, this implies x |,-1v)= X, so that x |-y is a
morphism. O
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Corollary 2.1.3. Assume we are in the same setting as Theorem 2.1.1.
Moreover, let U be an open subset of Y such that the action of G on ¢~ (U)
is closed. Then U is an orbit space for this action.

Proof. We have already shown that U is a categorical quotient.
Let z1, 79 € $~1(U) be points belonging to different orbits. We have to show
¢(x1) # d(22).
By Corollary 2.1.1, it suffices to show that O(z1) N O(x3) = 0.
This follows by Lemma 2.1.1, by simply taking W; = O(x;), where this choice
makes sense since the action of G on ¢~(U) is closed.

O

Examples. Construction of affine quotients

e Let G, acts on A" by scalar multiplication: ¢(x1, ..., z,) = (txq, ..., tx,).
There are two types of orbits: punctured lines through the origin and
the origin itself. We notice that in this case the origin is the only closed
orbit, moreover, it belongs to the closure of every orbit.

It follows that the invariant polynomials are indeed constant, since they
must be constant on orbit closures, hence A(A")®m = k. By Corollary
2.1.2, the affine variety corresponding to k, which is a single point, is
a categorical quotient for this action.

However, this quotient is not an orbit space, since the action is not
closed. Even worse, by Corollary 2.1.1 all the orbits are identified in
the categorical quotient, since their closures contain the origin.

o Let G, acts on A% by t(z,y) = (tz,t 'y). There are four types of
orbits:

i) conics of the form {(x,y) : xy = a} for any o € k*,

the punctured z-axis {(z,0) : z # 0},

the punctured y-axis {(0,y) : y # 0},

11

111

1v

)
)
) the origin.

Again, in order to construct a categorical quotient for the action, we
have to determine the ring of invariants.
Let us consider the following k-algebra homomorphism.

o klz] = kla,y]
z > xy
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We claim that this is an isomorphism onto the ring of G,,- invariant
functions.
First, it is clear from the form of the orbits that k[zy] C A(A2)®m.

Conversely, assume that Y a;;z'y’ is invariant. Since the action of G,,
i?j

on klx,y] is given by

t(> aga'y’) = Yot agaty’

i?j i?]

it follows that >t 7a;x'y! = 3" a;;a'y’ for any t € G,y,.

This is true onl; if a;; =0 wheri]ever i 7.

This is equivalent to say that the given polynomial belongs to k[zy], as
desired.

Since we have shown that the ring of invariants is k[z], we are able to
conclude that the pair (A!, ¢) is a categorical quotient, where

¢ : A> — Al is the morphism sending (z,y) — @y, induced by the
inclusion klzy| C klz,y].

e Let G, acts on the affine variety A'\ {0} by multiplication. In this
simple case, we have only one orbit which is the whole A\ {0}. Then
any G,,-invariant morphism A'\ {0} — Z must be constant, hence we
have a single point as a categorical quotient.

In this case the categorical quotient is an orbit space, since the action
is trivially closed.

2.2 Projective quotients

In this section we are going to construct quotients for the actions of geomet-
rically reductive groups on projective varieties. The idea is the following one:
we would like to cover our projective variety X by affine open subsets invari-
ant under the action of the group and glue the respective affine quotients.
However, in general it is not possible to cover all of X in such a way, so we
will actually construct quotients for a suitable open invariant subset of X.
We start by giving the following general definitions.

Definition 2.2.1. Let GG be an algebraic group acting on a variety X.

A good quotient of X by G is a pair (Y, ¢) where Y is a variety and ¢ : X — Y
is an affine morphism, satisfying the properties (i) — (v) of Theorem 2.1.1.
A geometric quotient is a good quotient which is also an orbit space.



CHAPTER 2. CONSTRUCTION OF QUOTIENTS 25

Proposition 2.2.1. The concepts of good and geometric quotients are local
with respect to Y, that s,

1) if (Y, ) is a good (geometric) quotient of X by G and U is open in'Y,
then (U, ¢ir) is a good (geometric) quotient of ¢~ (U) by G;

2) if¢p: X =Y is a morphism and {U;} is an open covering of Y such that
for any i the pair (U, ¢u,) is a good (geometric) quotient of ¢~ (U;) by
G, then (Y, ¢) is a good (resp. geometric) quotient of X by G.

Proof. 1) Parts (i) — (i7i) are clear, so we have only to show (v), since we
recall that (iv) follows by (v). But (v) is just Lemma 2.1.1.

2) Parts (i) and (i7) are clear.
For (iii), let U be an open subset of Y. Notice that {U N U;} is an
open covering of U.
For any i, let us consider the following commutative diagram

AUy —9 s A w))©

|

AU NU) Ao (U 0 Uy))E

where the vertical maps are the restrictions. If f € A(¢~'(U))Y, then
fonw: € A(p~H(U N U;))¢, and since ¢*(U N U;) is an isomorphism by
assumption, we get h; € A(U N U;) whose image is fiuny,-

Since the h; are compatible on the restrictions, i.e hyjunv,nu; = hjjunvnu;
and the regular functions form a sheaf, we get the existence of a unique
element h € A(U) such that hjyny, = h;. By the commutativity of the
diagram, ¢*(U)(h) = f and it is an isomorphism, as desired.

For (v), let Wi, Wy be disjoint closed invariant subsets of X and by
contradiction assume there exists y € ¢(Wy) N ¢(Ws). Hence there
exist wy; € Wy and wy € Wy, such that ¢(w,) = ¢(wq) = y. Moreover,
since the U; cover Y, there exists an index j such that y € U;. Let us
consider W{ = Wi N ¢~ (U;) and Wi = Wy N ¢~ 1 (U;): since w; € W/
for + = 1,2 and ¢ is G-invariant, it follows that they are non-empty
disjoint closed invariant subsets of ¢~1(U;). But y € ¢(W/) N p(W3),
contradicting that (Uj, ¢jp,) is a good quotient of ¢~ (U;) by G.

]



CHAPTER 2. CONSTRUCTION OF QUOTIENTS 26

Proposition 2.2.2. Let (Y, ¢) be a good quotient of X by G. Then
1) (Y, 9) is a categorical quotient of X by G
2) ¢(x1) = ¢(x2) & O(x1) N O(x2) # 0
3) if the action of G on X s closed, then (Y, ®) is a geometric quotient.

Proof. The result follows from the proofs of Corollaries 2.1.1, 2.1.2, 2.1.3,
since there we never used that our varieties were affine, but only the fact
that we had a good quotient. O]

Now, let us assume that X is a projective variety. In order to consider
the action of a geometrically reductive group GG on X, we need to talk about
invariant polynomials. However, in the context of projective varieties, the
action of G on X does not induce an action on k[z, ..., x,] or any quotient
of this ring, since polynomials are not functions on P". We therefore make
the following definition.

Definition 2.2.2. A linearisation of an action of an algebraic group GG on a
projective variety X is a linear action of G on k"*! which induces the given
action on X.

A linear action of G on X is an action of G together with a linearisation.

Clearly, a linear action of G on X induces an action on k[xy, ..., z,]. Hence
the following definition makes sense.

Definition 2.2.3. Let X be a projective variety in P". For any linear action
of a geometrically reductive group GG on X, a point z € X is called

o semi-stable if there exists an invariant homogeneous polynomial f of
positive degree such that f(x) # 0;

e stable if dim O(z) = dim G and there exists an invariant homogeneous
polynomial f of positive degree such that f(x) # 0 and the action of
G on Xy is closed.

Remark. We denote by X*%(resp. X') the set of semi-stable (resp. stable)
points of X. These sets do not depend only on the action of G on X,
but also on the embedding of X in P™ and the chosen linearisation of the
action. Notice that a point is not semi-stable if all non-constant invariant
homogeneous polynomial vanish at the point. The set of non-semi-stable
points is called the nullcone, denoted by N, and it is closed, since N =
V(S(X)$) where S(X) is the homogeneous coordinate ring of X.

Our goal now is to show that X5 and X% are open in X. In order to do
this, we need some general results.
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Proposition 2.2.3. Let f : X — Y be a surjective morphism of varieties, let
n=dim X andm = dim Y. Then the sets Yy :={y € Y : dim f~'(y) > k}
are closed in'Y for all integers k.

Proof. The proof will be by induction on m. If m = 0 the result is trivial, so
we may assume m > 0.
By the Theorem on the dimension of a fibre, Y,,_,, = Y and there exists a
dense open subset U of Y such that dim f~!(y) =n —m for any y € U.
Let Y’ be the complement of U. Then Y, C Y'if &k > n —m and Y’ is a
proper closed subset of Y. Let Z; denote the irreducible components of Y,
then dim Z; < m, so if we consider the restriction f; : f~1(Z;) — Z;, we
can conclude that Y} is closed in Z; by the inductive hypothesis. Hence Y}
is closed in Y, as desired.

O

Lemma 2.2.1. Let G be an algebraic group acting on a variety X .
i) For any x € X, dim O(x) = dim G — dim Gy;

ii) For any integer n, the set {x € X : dim O(x) > n} is open, that is,
dim O(x) is a lower semi-continuous function of x.

Proof. i) Observe that O(z) is the image of the morphism

0, :G— X
0.(9) = gz

and the fibres of o, are cosets of GG, so that they all have dimension
equal to dim G;.. By a well-known result in dimension theory, it follows

that dim G = dim O(z) + dim G,.

ii) By ¢) it suffices to show that dim G, is an upper semi-continuous func-
tion of x. Let us consider the following morphism

o GxX > XxX
(g, 2) — (g9, 2).

By the previous proposition, it follows that the function

GxX—=N
P +— dim ¢~ 1(¢(P))
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is upper semi-continuous.

By restricting to {(1,x) : € X}, which is clearly isomorphic to X, it
follows that the set {x € X: dim ¢~'(z,z) > n} is closed in X.

We are done, since the fibre ¢~ '(z,7) is G, x {z} ~ G,.

Lemma 2.2.2. The sets X% and Xj are open in X.

Proof. For X9 it is clear from the remark after Definition 2.2.3, since it is
the complement of the nullcone.

For X5, we first observe that the set L = {x € X : dim O(z) = dim G} is
open in X by part ii) of the previous Lemma.

Let X? := [JX; where the union is taken over all invariant polynomials f
such that the action of G' on X7y is closed.

It follows that X5 = L N X is open in X°, which is open in X, thus the
stable set is open. O

We are now ready to state the main result of this section.

Theorem 2.2.1. Let X be a projective variety in P". Then, for any linear
action of a geometrically reductive group G on X,

i) there exists a good quotient (Y, $) of X°° by G, and Y is projective;

ii) there exists an open subset Y5 of Y such that ¢~1(Y®) = X5 and
(Y5, ¢ixgs) is a geometric quotient of Xy,

’L’L’l) if.%l,.rg S XSS,

¢(11) = d(x2) & O(x1) NO(w9) N X5 #£ 0.

Proof. i) Let X be the affine cone over X, so that A(X) = k[zo, ..., 2] /I(X).
By the theorem of Nagata, A(X' )¢ is a finitely generated k-algebra.
Moreover, since the action of G on k"*! is linear, the induced action on
A(X) preserves the degree of any homogeneous element. Hence A(X )¢

is a k-algebra graded by degree, generated by the homogeneous ele-

ments f1,..., fr.
Let Y be the projective variety whose homogeneous coordinate ring is
A(X)C.

If the f; are not of the same degree, say f; has degree d;, let d :=d; - - - d,
and let us consider

(AX)N)D = @50 A(X)G,



CHAPTER 2. CONSTRUCTION OF QUOTIENTS 29

i)

which is finitely generated as a k-algebra by (A(X )G)gd), and the cor-
responding projective variety Y.

Notice that the varieties Y and Y’ are naturally isomorphic, simply by
taking the degree d-Veronese embedding.

Hence we have that the inclusion A(X)% ¢ A(X) induces a well-defined
rational map of projective varieties

p:X -2 Y
Pr— [fl(P)vafr(P)]

whose indeterminacy locus is given by the points of X for which any
invariant homogeneous polynomial of positive degree vanish at them,
which is precisely the nullcone. Hence we get a morphism

b XS Y.

For f € A(X), the affine open subsets Y cover Y and by construction
of ¢ we have ¢~1(Y;) = X;. Moreover, notice that the X; cover X%
by definition.

Let X ¢ and Yf denote the affine cones over X, and Y} respectively. We
recall that if R is a graded k-algebra, Ry denotes the subring of R given
by elements of degree 0. Then we have

A(Yy) = A(Yp)o = (A(X)) )0 = ((A(X)1)o) = (A(Xf)o)® =

and so by Theorem 2.1.1 the pair (Y}, ¢ |x,) is a good quotient of X
by G.

Finally, we apply part (2) of Proposition 2.2.1 to get that (Y, ¢) is a
good quotient of X% by G.

Put Y9 = ¢(X) and define Y to be the union of those Y} for which
the action of G on X7 is closed.

Clearly X5 C ¢~ 1(Y?) and so Y¥ C YO. Let X° = ¢~ 1(Y?); it follows
from part 1) of Proposition 2.2.1 that (Y, ¢ |xo) is a good quotient of
XY but it is indeed a geometric quotient since the action of G on X°
is closed.

We claim that we have X3 = ¢~ 1(Y¥).

Indeed, if € ¢~1(Y¥), then ¢(z) € Y so that ¢(z) = ¢(2') for a
suitable 2/ € X5 This implies that O(x) N O(z') # 0 since (Y°, ¢ |xo0)
is a geometric quotient, hence z = ga’ € X, since the stable set is
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invariant.
Moreover, again using that (Y, ¢ |xo) is a geometric quotient and the
fact that the stable set is invariant, we get that

YONYS = 00X\ X).

Notice that X\ X' is a closed invariant subset of X, hence by property
(iv) of a geometric quotient, ¢(X°\ X7) is closed in Y, so that V¥ is
open in Y and so it is open in Y.

Finally, we apply part 1) of Proposition 2.2.1 once again, to get that
(Y5, ¢ | xs) 1s a geometric quotient of Xy, as desired.

iii) follows immediately from Proposition 2.2.2.
O

Remark. The quotient Y is usually denoted by X//G, in order to remind
that it is not necessarily an orbit space.

Example. Consider the linear action of G,, on X = P" by
tlwg, @1, oy 0] = [t o, Ly, ooyt

In order to construct a quotient, we have to determine the ring of invariants
k[zo, ..., 1,)®m. Clearly, the polynomials zox1, 2oTs, ..., ToT, are invariants.
We claim that these polynomials generate the ring of invariants.

If feklxg, ..z, f= > a(m)xy®x™ - a, then

m=(mo,v..;mn)

t.f = > a(m)gmat T ma o g o gL e

m=(mo,...,mn)
n
Hence f is invariant if and only if a(m) = 0 for all m such that mg # > m,.
i=1
n
Notice that, if m satisfies mg = >_ m;, then
i=1
xy0xt L = (zoxy) ™ (Toxn) ",
that is, if f is invariant then f € k[xgzy, ..., xox,].
It follows that the ring of invariants is k[xgxy, ..., ox,], which is isomorphic
to k[yo, ..., Yn_1]. Hence in this case the quotient Y is P!,

Moreover, since we know the generators of the ring of invariants, we have an
explicit expression of the rational map

¢ P ——s P!

[0, ooy Tn] ¥ [ToT1, .oy ToTy).
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From the expression we immediately get that the nullcone is the projective
variety defined by the homogeneous ideal (xox1, ..., zox,). It follows that

X5 =, Xage: = {[T0, oy xn) €P" 1 2g # 0 and (24, ..., 2,) # 0}

and X% ~ A"\ {0}, where we are identifying X,, with A" in the natural
way.
Therefore we have that

¢: A"\ {0} — P!

is a good quotient for the action on X*“°. Moreover, the action of G,, on
A™\ {0} is closed, since the orbits are exactly punctured lines through the
origin, hence (P"1, ¢) is indeed a geometric quotient of X9,

In general, the computation of the ring of invariants is difficult, so we
would like to have other criterion to determine the (semi-)stability of a point.
We will need the following general result. For the proof we refer to [4].

Lemma 2.2.3. Let G be an algebraic group acting linearly on a variety
X. For any v € X, O(x) is an open subset of O(x), hence the boundary
O(z) \ O(z) is a union of orbits of G, all of which have dimension strictly
less than dim O(x).

In particular, the orbits having minimum dimension are closed.

Proof. See [4] (1.8). O

Proposition 2.2.4. Let G be a geometrically reductive group acting linearly
on the projective variety X. A point x is stable if and only if it is semistable,
O(xz) is closed in X5 and dim O(z) =dim G.

Proof. =) Assume 1z is stable and let 2’ € O(x) N X% then ¢(z) = ¢(z)
and so 2/ € ¢ Ho(x)) C ¢ 1(Y®) = X, Since the action of G on X} is
closed, 2’ € O(x) and hence O(x) is closed in X%,

<) Conversely, since x is semistable, there exists an invariant homogeneous
polynomial f of positive degree such that x € X;. Since O(z) is closed in
X% by assumption, it is also closed in the affine open subset X f-

By Lemma 2.2.1 the set Z = {z € X; : dim O(z) < dim G } is closed
in Xy. Hence Z and O(x) are closed disjoint invariant subsets of the affine
variety X;. By Lemma 1.1.2 there exists h € A(X ;)% such that h(Z) = 0,
h(O(z)) = 1.

Since A(Xy) is a quotient of (k[xzo,...,2,]r)o, by Lemma 1.2.1 there exist
positive integers ¢, and a homogeneous invariant polynomial A’ such that
Rt =n'/fr.
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Clearly x € Xy and Xy is disjoint from Z, hence dim O(y) =dim G for

any y < th/.
It now follows from Lemma 2.2.3 that the action of G on Xy is closed, since
all the orbits have the same dimension, hence x is stable. O

We are now ready to give a topological criterion for stability. From now
on we will always assume that G is a geometrically reductive group acting
linearly on a projective variety X.

Proposition 2.2.5. Let v € X and let & € k"' be a non-zero point lying
over x. Then:

i) x is semi-stable if and only if 0 ¢ O(Z);
i) x is stable if and only if dim Gz = 0 and O(Z) is closed in X.

Proof. i) If z is semi-stable, there exists a G-invariant homogeneous poly-
nomial f such that f (x) # 0. We may view f as an invariant polynomial

on X with f(Z) # 0. It follows that f(O(Z)) # 0 and so 0 ¢ O(Z).

Conversely, if 0 ¢ O(Z), by Lemma 1.1.2 there exists an invariant
polynomial f such that f(0) =0 and f(O(z)) = 1.

We may take f to be homogeneous: in fact, if we decompose f =
fo+ ... + f» into the homogeneous components, then each f; must be
G-invariant since the action is linear, hence at least one of them does

not vanish on z. It follows that x is semi-stable, as desired.

ii) If z is stable, then dim G, = 0 and there exists f homogeneous invariant
polynomial such that € Xy and O(x) is closed in X}.
First, we notice that G; C G, hence the stabiliser of Z is also zero
dimensional. As before, we view f as a function on X and we consider
the closed subset

Z:={zeX: f(z) = f(2)}

of X. Hence it suffices to show that O(Z) is closed in Z. The natural
projection X \ {0} — X restricts to a finite morphism 7 : Z — X.
The preimage 7 !(O(z)) is closed and G-invariant, and it is the union
of a finite number of orbits as 7 is finite. Moreover, since 7 is finite,
every such orbit has dimension equal to dim G, and so it is closed in
the preimage by Lemma 2.2.3. In particular, we get that O(Z) is closed
in 7.
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Conversely, assume that dim Gz = 0 and O(Z) is closed in X. Then,
since the action is linear, 0 ¢ O(#) = O(Z), and thus z is semi-stable
by part 7). Hence there exists a non-constant homogeneous invariant
polynomial f such that z € X;. As before, we consider the finite mor-
phism 7 : Z — Xj.
Since 7(O(Z)) = O(z) and 7 is finite (hence closed), we have that O(z)
is closed in X;. Moreover, dim O(z) = dim G and hence z has zero
dimensional stabiliser. Since O(z) is closed in X for every f such that
z € Xy, it follows that O(x) is closed in X®9 = U;X;. Hence z is
stable by Proposition 2.2.4.

O

2.3 Hilbert-Mumford criterion

Now we are going to give a numerical criterion which can be used to determine
(semi)-stability of a point.

Definition 2.3.1. A 1l-parameter subgroup (1—PS) of G is a non-trivial
group homomorphism \ : G,, — G.

Fora 1-PS A, let A, : G,;, — X to be the morphism given by A\, (t) = A\(t)z.
There is a natural embedding of G,, into P!, namely,

t— [1:¢].
Next, since X is a projective variety, the morphism A, extends uniquely to
Az 1 P — X, and we use a particular notation for this extension:
limy 0 A(t)2 == A,([1,0])

limy 00 A(£)z == A, ([0, 1])
Now, let = € X be a non-zero lift of z. Then we consider the morphism
Az : G, — X given by t — A(t)Z. However, X is not projective, hence this
morphism may or may not extend to P!. If it does, as before we denote the
limits by

Since P! is complete, Az(P') is closed in X, hence A, (G,,) C A;(P'), so that
any point in the boundary A\,(G,,) \ Az(G,,) must be one of the two limit
points.

Since the action of G,, on k™! is linear, it is diagonalisable; therefore there
exists a basis e, ..., e, of K"*! such that for any i
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A (t) €; — tr €;

where r; € Z. With respect to this basis, T = ) Z;e; and therefore
i=0

=0

1=

We let the A\-weights of z to be the integers r; such that x; # 0. We notice
that these integers do not depend on the choice of the lift . In fact, by
taking az for any a € k* we get

A(t)az = > triaz,e;
i=0

and ax; # 0 & x; # 0.
Definition 2.3.2. The Hilbert-Mumford weight of x at A is
p(z, A) == max {—r; : 2; # 0}

Remark. The Hilbert-Mumford weight p(x, A) is the unique integer p such
that lim; o t*A(t)Z exists and it is non-zero.
In fact, let £ be a non-zero lift and assume as before that we have chosen a
basis such that the action of A\(¢) is given by

AB)E = AE) (@0, ooy 0) = (F00, ooy 7).

By definition of u(z, \), we get pu(xz, A) +r; > 0 for any ¢ such that z; # 0,
with equality for at least one index 7. It follows that

g = hmtﬁo tlt(x’A)A(t><% = <y07 ) yn)

where y; = x; if 7, = —p(x,\) and 0 otherwise. Hence 7 exists and it is
NON-Zero.

Lemma 2.3.1. Let A\ be a 1-parameter subgroup and x € X. The Hilbert-
Mumgford weight has the following properties:

i) plz,A) <0< lim_o A(t)Z = 0;
i) p(x,\) =0 < limy_o A(t)T exists and it is non-zero;
iii) p(x,A) >0 < limg,o A\(1)T does not ezist.

Proof. 1) p(x,\) < 0 if and only if r; > 0 for any i.
Since A\(t)Z = (t"°xy, ..., t"™x,,), this is equivalent to lim; o A(£)Z = 0.
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ii) This is just the previous remark.

iii) p(x, A) > 0 if and only if there exists r; < 0 such that z; # 0, which is
equivalent to say that lim; ,o A(¢)Z does not exist.

[]

We notice that lim; o A(¢)Z = lim;_0 A71(¢)Z, where A71(t) = \(¢) 7L
In particular, from the previous lemma we get:

1) p(z, A1) <0 & limyo A(t)Z = 0;
i) p(z, A7) =0 < lim;_,o A\(£)7 exists and it is non-zero;

i) p(z, A7) > 0 & limy_o A(f)Z does not exist.

Following the discussion above and the topological criterion (Proposition
2.2.5) we get the following result for (semi-)stability with respect to the
action of \(G,,,) on X.

Proposition 2.3.1. Let G be a geometrically reductive group acting linearly
on the projective variety X and let x € X. Assume that X is a 1-parameter
subgroup of G. Then:

i) = is semi-stable for the action of N(G,,) if and only if p(x, \) > 0 and
pla, A7) = 0;

it) x is stable for the action of NGy,) if and only if u(x,\) > 0 and
pu(, A7) > 0;

Proof. i) By the topological criterion, x is semi-stable if and only if
0 ¢ X\:(G,,). As we already noticed, any point in the boundary Az (G,,,)\
Ai(G,,) is either

limy o A(£)Z or limy o A(£)7 = limy o A™1(¢) 7.

Hence 0 ¢ A\z(G,,) if and only if the limits do not exist or they exist and
they are non-zero. By Lemma 2.3.1 this is equivalent to p(z, ) > 0
and p(z, A7) > 0.

ii) By the topological criterion, z is stable if and only if dim A(G,,)z =0
and A\;(G,,) is closed. The orbit is closed if and only if the boundary
is empty, that is, if and only if both limits

limy o A(#)Z or limy_0o A(£)T = lim;_,o A™1() T
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do not exist, which by Lemma 2.3.1 is equivalent to p(z, ) > 0 and
(e, A7) > 0.
Moreover, if these inequalities hold, then A\(G,,) cannot stabilise Z (oth-
erwise the limits would both exist) and so A(G,,)z is a proper closed
subset of A\(G,,). Hence, we must have dim \(G,,)z = 0.

[l

Remark. If z is (semi-)stable for G, then it is (semi-)stable for all subgroups
H of G, as every G-invariant function is clearly H-invariant.
Hence, by Proposition 2.3.1 we get

x is semi-stable = p(z, A) > 0 V l-parameter subgroup \ of G;
x is stable = p(x, \) > 0 V 1-parameter subgroup A of G.

Theorem 2.3.1 (Hilbert-Mumford Criterion). Let G' be a geometrically re-
ductive group acting on a projective variety X, let x € X. Then

1. x is semi-stable < p(x, \) > 0V 1-parameter subgroup \ of G;
2. x is stable < p(x, A) > 0V 1-parameter subgroup \ of G.

This is equivalent to say that if x is not stable, then there exists a 1-
parameter subgroup A such that pu(z, A) < 0 and analogously if x is not semi-
stable. These statements are at least plausible if G has enough 1-parameter
subgroups; in fact this is the case if G is geometrically reductive.

We will give the proof in the particular case where G = SL(n). In order to
achieve this goal, we need some preliminary results.
First we recall a general definition:

Definition 2.3.3. A morphism of varieties f : X — Y is called proper if,
for every variety Z, the morphism

fxlz: X xZ—=>YXxZ
is closed.

It is well-known that a finite morphism is proper.
Notice that a variety X is complete if and only if the morphism X — {pt}
is proper. In particular, this implies that the preimage of a complete variety
under a proper morphism is again complete.
In the proof of the criterion we will use the following result.

Lemma 2.3.2. Let G be a linear algebraic group(not necessarily geometri-
cally reductive) acting on arbitrary variety X. Then the morphism
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0y G— X
0.(9) = gz

is proper if and only if O(x) is closed in X and G, is finite.

Proof. =) If o, is proper, then O(z) is clearly closed, being the image of .
Moreover, as we already noticed G, = o, !(z) is both complete and affine, so
it must be finite.

<) Conversely, assume O(z) is closed and G, is finite. In order to prove that
o, is proper, it suffices to show that the induced morphism o/, : G — O(x)
is finite.

By assumption, o/, has finite fibres, but being finite is a much stronger prop-
erty.

Actually, it suffices to find a non-empty open subset U in O(x) such that the
restriction o7, [,1-1 is finite; since in this case we can use the action of G
to cover O(z) by similar open subsets.

Hence the proof follows from this more general fact. m

Proposition 2.3.2. Let f : X — Y be a dominant morphism of varieties
such that f has finite fibres. Then there exists a non-empty open subset U in
Y such that

oy f7HU) = U
is finite.

Proof. Let V, V' be non empty open affine subsets of X, Y respectively, such
that f(V) C V" and consider the induced homomorphism

AV = A(V).
Since f is dominant, f* is injective. Moreover f has finite fibres, so we have

dim V' = dim V’. It follows that every element g of A(V') satisfies an equation
of the form

g+ ffla)g" + ...+ f*(a,) =0

for some ay, ..., a, belonging to the quotient field of A(V’). Notice that f*(a;)
is well defined since f* is injective.

We can apply this to a finite set of generators of A(V'). Let h be an element
of A(V') such that ha; € A(V’) for every a; of any of the finite number of
equations (for instance, we can just take the product of all the denominators
of a;). Tt follows that A(V) s+ is integral over A(V’),, which is equivalent
to say that the restriction

f:Vhof—>V,{
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is finite. Since X \ (Vjor) is a proper closed subset of X, it follows that
dim X \ (Vhos) < dim X = dim Y
the desired result follows by taking U =V, N (Y \ f(X \ Vios))- O

Now we can go back to our situation of a geometrically reductive group
G acting linearly on a projective variety X.

Corollary 2.3.1. Let x € X and & be a non-zero point lying over x. Then
x s stable if and only if the morphism

oz G — kntt
0z(g9) = g7

1S proper.

Proof. This result follows immediately from the previous lemma and the
topological criterion for stability. O]

In the proof of the Hilbert-Mumford criterion we will use the valuative
criterion for properness, that we now state in a form which is suitable for our
purpose.

Let us denote by R the ring of formal power series k[[T]] and let K = k((T))
be the field of fractions of R. For any variety X, we can consider R-valued
and K-valued points of X. In particular, if X is affine, we can just consider
generators of I(X) and then take common zeroes of these polynomials in R™
and K™ (this makes sense since k C R). We denote these sets of points by
Xgr and X respectively.

Notice that there is a natural map Xz — X obtained by substituting 0 for
the indeterminate 7'

Theorem 2.3.2 (Valuative criterion for properness). Let f : X — Y be a
morphism of varieties. Then

i) ify € f(X) there erists T € Xg such that fi(T) € Yr, (fx(T))r=0 = v;

ii) if f is not proper, there exists T € Xk such that fx(T) € Yr and
T ¢ XR.

The geometric idea behind this result is the following one: a morphism
f X — Y is proper if given any smooth curve C'in X and any point p € C,
any morphism C'\ {p} — X can be extended uniquely to a morphism C' — X
in such a way that the following diagram commutes:
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C\{p}—/;X

| )
C— Y
Then our version can be obtained by localising the construction above. Full

details, in a more general setting, can be found in [9] [Chapter 2, Theorem
7.3.8).

Lemma 2.3.3. Let R and K be as in the valuative criterion and let M be
any n X n-matriz with entries in K. Then there exist A, B € SL(n, R) such
that M = ADB where D = diag(ay, ..., a,) and a; divides a;1 for any i.

Proof. Clearly we may assume M # 0 and let m;; be the entry with mini-
mum valuation. After multiplying on left and right by permutation matrices,
we may assume that this entry is exactly mq;. We can write

1 0 0 0 0 1 29 23 2z Zn mq; 0O

p 1 00 0 01 0 0 0 0«

ys 01 0 olalo o 1 o0 0l o0 =«

Yn 0O 0 1 0 0 1 0 =
where y; = —m;1/my and z; = —mqj/my;.

Notice that by the way we choose m;;, both y; and z; belongs to R. Thus
both of the matrices on the left hand side belong to SL(n, R).

Now we just repeat the same procedure on the (n—1) x (n—1) submatrix on
the right hand side, until we obtain a diagonal matrix D = diag(my, ..., m,)
where for any ¢ the valuation of m; is at most the valuation of m;,q, as
desired. O

Now we are ready to give the proof of the Hilbert-Mumford criterion.

Proof. (Theorem 2.3.1, G = SL(m)) Assume that = is not stable. Then, by
Corollary 2.3.1 o; is not proper, so we can apply part i) of the valuative
criterion for properness to get § € SL(m, K) such that gz € R"" and
g ¢ SL(m, R).

By Lemma 2.3.3 we get

9= gihg,
where 71,52 € SL(m, R) and h = diag(ay, ..., am_1) where a; € K. Since

R is a DV R with maximal ideal (7'), then for any i we have a; = u;T™,
where u; is a unit of R and r; is a suitable integer. Let us consider the
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matrix D = diag(ug ', ...,u;," ;). Notice that D € SL(m, R) since det h = 1,
moreover

g=mD " (Dh)g:
and we may assume h = diag(T",...,T"=1) up to multiplying by D and
D~! as above.
Since det h = 1, then it follows that rq + ... + 7,1 = 0. Moreover, not all
r; = 0, since otherwise g would belong to SL(m, R).

Let g be the element of SL(m) obtained by substituting 7" = 0 in g3, and
define a 1-parameter subgroup of SL(m) in the following way:

At) = g tdiag(t™, ..., t7m=1)gy.
Let eg, ..., e, be a basis of k"*! diagonalising \; so that there exist [y, ...,l,, € Z
such that \(t)e; = tlie;.
So & =Y Z;e; and we have to prove that u(xz, \) <0, that is, if Z; # 0 then
i=0
I; > 0.

Notice that we may regard e; as a basis of K™*!; by definition of \ then we
get

g;lﬁggei = Tlie;.

Now we have

95 9197 = g5 ' (g1hg2)7 = (95 'hga) g5 ' Ga,

and so

(92 '71'g2); = T" (g '2).
Finally we get

(95 '@i); = T"(g; g1 'g2); € T 4R, (%)

Notice that in order to conclude that (g, g1 'g#); € R, we used the assump-
tion gz € R,

The left hand side of (%) belongs to R and has constant term &; by definition
of gs.

Now assume that z; # 0. Then by (x) it necessarily follows [; > 0, as desired.

Now assume x is not semi-stable. Then we argue exactly as before to get
equation (*). Moreover, by the topological criterion x is not semi-stable if
and only if 0 € O(x), so by part i) of the valuative criterion for properness
we may further assume that (gz)r—o = 0.

Hence in this case the right hand side of (x) belongs to T-%“*1 R, so we deduce

that if #; # 0 then [; > 0, which is equivalent to pu(z, A) < 0. ]
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Now we give a simple application of the Hilbert-Mumford criterion.

Example. We consider again the action of G,, on X = P" given by t[z, ..., x,] =
[t~'zg, tzy, ..., tx,). Since G = G,,, by Proposition 2.3.1 it suffices to compute
p(z, \) and pu(z, \7') where X is just the identity of G,,.

Assume 7 = (zg, ..., z,) lies over € P". Then

limy o A(1)Z = (t g, tay, ..., tx,)

exists if and only if zp = 0. In such a case, u(x,A) = —1 and otherwise
p(x, A) = 1. Similarly

limy o A1 (8)T = (txo, t ™y, .t lay,)

exists if and only if #; = ... = 2, = 0. In this case, u(z,\"!) = —1 and
otherwise p(x, A\71) = 1.

Therefore, we get that a point « € P" is stable if and only if it is semi-stable
and we have

X5 = X5 ={[xg, ..., wn] 1 19 # 0 and (11, ..., z,) # (0,...,0)},

which agrees with what we have already computed using the invariants.



Chapter 3

Projective hypersurfaces

In this chapter we will consider the problem of classifying projective hyper-
surfaces of a fixed degree d up to a linear change of coordinates.
More precisely, let G = SL,_.; acts on A" in the natural way. This action
induces an action on the subspace k[xy, ..., z,]4 of homogeneous polynomials
of degree d for any positive integer d. This space has dimension

n+d
N —
(")
and thus it can be identified with A",
A non-zero homogeneous polynomial F' of degree d defines a projective hy-
persurface in P" given by V (F'). If F is irreducible, then this will be a variety
(irreducible).

Since any non-zero scalar multiple of a homogeneous polynomial define the
same hypersurface, we consider the following projective space:

Hypa(n) := P(k[zo, ..., v,)q) =~ PVL.

A point of this space is called a hypersurface of degree d.
Clearly, the action of SL, . on k[xg, ..., x,]s induces a linear action of SL, ;
on Hypgy(n) given by

(9-F)(p) = F(g~" - p) for any g € SL,+1, F €Hypq(n).

Now we are going to study this action, and we will try to describe the semi-
stable and stable points.

For this chapter, we mainly refer to [5] (Chapter 10), [11] (Chapter 7) and
[13] (Section 4.2) .

42



CHAPTER 3. PROJECTIVE HYPERSURFACES 43

3.1 Smooth Hypersurfaces

Definition 3.1.1. e Let p € P" and F € klxg, ..., z,)a- The point p is
singular for the hypersurface V(F) if

OF

X

F(p) =0 and

(p) =0 for any i =0, ..., n.

e The hypersurface is smooth or non-singular if it has no singular points.

Remark. By the Euler formula we get

no OF
i— = dF.
;)ac Ox;

So if we assume that char(k) is coprime to d, we see that p is singular if and

only if (p) = 0 for any i.

&xi

oF
Let A be the resultant of the polynomials . As usual, we will call A the
T
discriminant of F'. Then A is a homogeneous polynomial in the coefficients of

F
F,and A(F) = 0 if and only if the polynomials 5

i

have a root in common,

that is, if and only if V(F) is singular.

Moreover, since the property of being singular is independent from the choice
of coordinates, it follows that A is SL,,i-invariant.

Hence we obtained the following result.

Theorem 3.1.1. Let us assume char(k) and d are coprime. FEvery smooth
hypersuface is a semi-stable point of Hypy(n).

Proof. Let I be the polynomial corresponding to the hypersurface. From
the previous observation, A is an invariant homogeneous polynomial and
A(F) # 0, since the hypersurface is smooth. O

The projective automorphism group of a hypersurface is the subgroup of
PGL, 1 which leaves this hypersurface invariant.
It is known that for d > 3 the projective automorphism group of any smooth
hypersurface of degree d is finite; this is a classical but non-trivial result. For
a proof, see [12] Theorem 5.23.
Hence we get the following stronger result.

Theorem 3.1.2. Let d > 3. Any smooth hypersurface is a stable point of
Hypy(n).
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Example. We assume char(k) # 2. Let us consider Hyps(n), i.e the space of
quadric hypersurfaces in P". The space k[xy, ..., 2,2 is the space of quadratic
forms

F= 3% ajzrzxj,
0<ij<n

where a;; = aj;, or equivalently, the space of symmetric (n 4+ 1) x (n + 1)
matrices, identifying F' with the matrix A = (a;;). In this particular case,
the discriminant A corresponds to the determinant of the matrix A, thus a
quadric is smooth if and only if the rank of the associated matrix is n + 1.
By Theorem 3.1.1, we get that a smooth quadric is semi-stable.

From the theory of quadratic forms, every quadric whose associated matrix
has rank r 4 1 is projectively equivalent to

w% + ...+ xf,

which implies that there are exactly n orbits, each one determined by the
rank.

Notice that we are considering the action of SL, .1, hence we are allowed
to consider only linear transformations of determinant 1, but since we are
considering polynomials up to a non-zero scalar multiple, the result is the
same.

Let us consider the non-degenerate form

F=azl+. +2%
and let us look to its stabilizer. If g € SL,.1, then F(z) = 272 and we have
gF(z) = F(g 'z) =27 (g7") g 'a.
Hence g stabilizes F' if and only if
()" = Lo

It follows that the stabilizer is the special orthogonal group SO, 1, which is
positive-dimensional. This implies that a smooth quadric cannot be stable.
Moreover, we claim that the only semi-stable points are the smooth quadrics.
Let h be an invariant homogeneous polynomial of degree s in the variables
a;j, and let F' be a non singular quadratic form. Then there exists a p € k
such that the homogeneous polynomial

h™tl — uAS takes the value 0 at F.
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Since this polynomial is invariant and we have a unique orbit containing all
the non singular quadratic forms, we have (" — pA®*)(O(F)) = 0. We no-
tice that this orbit is open, since it is exactly Hypa(n)a, so we must have
h" — uA® = 0 because the orbit is dense.

Finally, since A is irreducible, we get h = AA” for suitable A € k and integer
r.

In particular, for points outside Hypy(n)a every invariant is zero, hence these
points are not semi-stable.

Thus we obtained that a quadric is never stable and it is semi-stable if and
only if it is smooth.

Hence Hypy(n)//S L, is a single point: this geometrically means that ev-
ery non-degenerate quadratic form is equivalent to 3 + ... + 22, as already
observed.

3.2 Hilbert-Mumford criterion for hypersur-
faces

In order to determine the (semi)-stable locus for the action of SL,.; on
Hypg(n) we can use the Hilbert-Mumford criterion.

Remark 3.2.1. It follows from the definition of the Hilbert-Mumford weight
that

(g, A) = p(x, g~ Ag) for any g € G.

This allows us to replace A by a suitable conjugate in calculations. This

is particularly convenient in our case where G = SL,: in fact, since any

1-parameter subgroup is diagonalisable, it is conjugate to one of the form
n

A(t) =diag(t™, ...,t™) where the r; are integers such that > r; =0 and ro >

1=0
r1 > ... > r,. Then the action of A is diagonal with respect to the standard

basis of k[zg, ..., x,]q given by monomials. Furthemore, given I = (ig, ..., 4,),

the weight of the monomial
= xlwlt..xn

n

is precisely — )  r;1;, where the negative sign arises since we act by the
7=0

inverse of A(t).

Thus, given F' = > a;x; € Hypg(n), we get that

p(F,N) =max{)_ rji; : I = (ig,...,4,) and a; # 0}.
j=0
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For general values of d and n it is very difficult to give a complete de-
scription of the semi-stable locus. However, we will see that for certain small
values, such a description can be given.

Example. Let us start with the easiest case, when d = 1. In this case,
Hypi(n), the space of hyperplanes in P, is isomorphic to P".

We claim that (P?)%% = (). Since the action of SL,,; on P" is transi-
tive, i.e there is only one orbit, it suffices to show that the point x =
[1,0,...,0] is not semi-stable. Let us consider the 1—parameter subgroup
A(t) = (¢, t71,1,...,1): it is clear that p(x,\) = —1 < 0, thus x is not semi-
stable.

We already considered the case d = 2. It is worth noting that the cases
d = 1,2 are "special”, in the sense that their behaviour is known for any n.

3.3 Binary forms of degree d

Now we are going to study the case of binary forms of degree d.

Definition 3.3.1. A binary form of degree d is a degree d homogeneous
polynomial in two variables, so it is just an element of k[zq, z1]q4.

The set of zeroes of a binary form F' is given by d points counted with
multiplicity. Of course, this is strictly related to the (ir)reducibility of the
polynomial: for istance, the reducible form F'(zg,z1) = z¢ has the point [0, 1]
of multiplicity d.

Going back to our notation, we are going to study the action of SLs on
Hypa(1).

We may assume d > 3. From the remark, any 1-PS of SL, is conjugate

! A#) = (é t(‘)1> |

~ d o
Assume F' = 3 azl sl € k[zg, 21]q \ {0} lies over F' € Hypgy(1): then we
i=0
have

~ d . . .
ANOF =S 12 gzl it
i=0
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We notice that ¢ has weight —d, 20~ 'z, has weight —d + 2 and so on. The
following picture shows the weight set:

-d -d+2 -d+4 d4 d-2 d
° . o s o . .

According to the picture, we notice the symmetry of the weight set with
respect to the monomial xg/ Qxil/ 2, which has weight 0.
Let us compute the Hilbert-Mumford weight: we have

p(Fy\) =max{—(2i — d) : a; # 0} =max{d — 2i : a; # 0} = d — 2,

where i is the smallest index for which a; # 0.
Hence we get

L. pu(F,A) > 0 if and only if 79 < d/2, which is equivalent to say that the
point [1, 0] occurs as a root with multiplicity at most d/2;

2. p(F,X) > 0if and only if iy < d/2, which is equivalent to say that the
point [1,0] occurs as a root with multiplicity strictly less than d/2.

From this we easily deduce the following result.

Theorem 3.3.1. Hyp,(1)%°(resp. Hyp,(1)5) is equal to the set of hypersur-

faces with roots of multiplicity less than or equal to (resp. strictly less than)
/2.

Proof. We will prove the statement for semi-stability, the one for stability is
exactly the same.

(=) By contradiction, assume F' is semi-stable and has a root [pg,p1] of
multiplicity > d/2. Since the action of SLy on P! is transitive, there exists
g such that g[po,p1] = [1,0]. Then F’ = gF has the point [1,0] has a root of
multiplicity > d/2, since
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F'([1,0]) = gF'([1,0]) = F(g7'[1,0]) = F([po, p1]) = 0.
From the observation above, this implies that p(F’,\) < 0. But

W(F' N) = p(gF, ) = p(F,g ' \g),

hence F' is not semi-stable by the Hilbert-Mumford criterion.

(<) Conversely, assume F' has no roots of multiplicity > d/2 and F is not
semi-stable. Then there exists a 1-PS X such that u(F,\') < 0. Let g € SLy
be such that g7'Ng = A. Then pu(gF, \) = u(F, X') < 0 and hence gF has the
point [1,0] as root of multiplicity > d/2, but then F has the point g~'[1, 0]
as a root of multiplicity > d/2, contradicting the assumption. O]

Corollary 3.3.1. Assume d is odd. Then Hyp,(1)°® = Hyp,(1); and
Hyp,(1)//SLy is a geometric quotient of the space of stable binary forms
of degree d.

Now assume d is even and let F' €Hyp,(1)°%\ Hypy(1);. This precisely
means that F' has a root of multiplicity d/2 and no roots of multiplicity
greater than d/2. Let us consider the fibre of the morphism

¢ : Hypq(1)®® — Hypa(1)//SLy

containing F'. Since the quotient is a good quotient, this fibre contains a
unique closed orbit. Assume that I’ belongs to this orbit; then its stabilizer
must be positive dimensional, otherwise F' would be stable. Since any element
stabilizing F also stabilizes its set of roots and any subset of P! consisting
of at least 3 points is only stabilized by the identity, it follows that F' must
have exactly 2 roots. Since one has multiplicity d/2, the only possibility is
that the other one is of multiplicity d/2 too.

This tells us that

(Hypa(1)//SL2)\ (Hypa(1)®/SLs) = {po}
/2 _d/2

where the single point py represents the orbit of the polynomial Fy = ;' "z}
Here of course by Hypy(1)®/S L, we mean the geometric quotient of the sta-
ble locus.

Summarizing, we get that in the quotient all the semi-stable but not stable
orbits are identified with the unique closed one, namely the one of binary
forms having exactly two roots, each one of multiplicity d/2.

Let us consider some special cases for small values of d.
If d = 3, then the semi-stable and the stable locus coincide. This locus con-
sists of forms with 3 distinct roots. Given any three points pq, ps, p3 € P!,
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there is a unique automorphism of P! mapping these points to any other
three distinct points qi, ¢2, ¢3. This implies that there is only orbit, hence in
this case the quotient Hyps(1)//SLs is a single point. This agrees with the
fact that the ring of invariants is k[A], as one can show.

If d = 4, then the stable locus is the set of forms with 4 distinct roots,
while the semi-stable locus is the set of forms with at most double roots. A
binary quartic is given by

ATy + a1riTy + asxdzt + azrord + agrt.

Lemma 3.3.1. The ring of invariants S(Hyp,(1))°L2 is generated by the two
following invariants:

I = apay — 4araz + 3a3,
2 3

J = apasay + 2a1a0a3 — a0a§ —a’ay — ay.

Proof. The discriminant A is a homogeneous polynomial of degree 6 and we
have precisely A = I3 — 27.J2.

Given any 4 distinct ordered points in P!, there exists a unique automorphism
of P! mapping these points to (0,1, 00, A) for some A # 0,1. The number A
is called the cross ratio of the four points in the given order. However, in our
case the 4 roots of a stable binary form do not have a natural ordering. Let us
consider the following action of the symmetric group Sy on k£\{0,1}: given A,
permute 0, 1, 00, A according to a € Sy, then apply the linear transformation
mapping the first three back to 0,1,00 and let a - A be the image of the
fourth. The orbit of A consists of

AL 1A (A= 1)/ A (A—1), 1/(1— ).

The number

(2 — 1)(A = 2)(A + 1)\ 2
P= ( AA—1) >

is symmetric in the six different values of A\, hence we have a well-defined
morphism

p Hyps(1)§ — A
A p(A)

which is S Ls-invariant.
We notice that A corresponds to the polynomial

zor1(To — 1) (T — AT1) = 2jTy — (1 4+ N)2da? + Azoxs.
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whose roots are precisely [1,0], [0, 1],[1,1], [\, 1]. Thus we can express the
coefficents ay, ..., a4 in terms of A through the following k-algebra homomor-
phism

k[ao,al,ag,ag,a4] — k?[)\]
ag — 0
a; —— 1
a9 ——> —(1 + )\)
as —— A
as — 0.

Moreover, it can be shown that p = 3%J2/A.

For each value of p € A'\ {0, —27}, there are six possible choices for A, which
corresponds to a unique stable orbit. For the value 0 there are three possible
choices for A, namely —1,2,1/2, which again corresponds to a unique stable
orbit. Finally, for the value —27, there are two possible values for A, namely
—w, —w?, where w® = 1 and w # 1, and these points correspond again to a
unique orbit.

Hence the morphism p is SLs-invariant and separates the orbits, so Al is
indeed the geometric quotient of the action on the stable locus and the mor-
phism p is the quotient morphism.

We are now ready to complete our proof. If f is any homogeneous invariant
polynomial in the coefficients aq, ..., a4, then its zero set in P* consists of a
finite union of closures of 3-dimensional orbits. These are easy to classify:
for each o € k there exists a single stable orbit for which J?/A = «, from
what we have observed before. We will denote the closure of these orbits
by X,. Moreover, there is another one 3-dimensional orbit, the one consist-
ing of quartics with a unique double root, whose closure we denote by X.
Each X, is irreducible, so it is the zero locus of an irreducible homogeneous
polynomial f,. Moreover, we may assume f is irreducible, so that f actually
coincides with some f,.

By checking the respective zero sets, we see that we can take f, to be:

foo = A,
fO = J7
Jo1por =1,
fo=J?—aA for a # 00,0, —1/27.
It follows that each f, € k[I, J], as desired. ]

Hence Hyp4(1)//SLy is isomorphic to P! and the quotient map is given by

Hypa(1)>% — P!
[ag, ..., ag] — [ — 272 J?].
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3.4 Plane cubics

Now we will study degree 3 hypersurfaces in P2, i.e plane cubic curves. Every
homogeneous polynomial of degree 3 in xg, z1, x5 is of the form

3 3—i o

F(xo,x1,29) = > > aywg ~ aiad, for suitable a;; € k.

i=0 j=0
First, we want to describe all plane cubics up to projective equivalence; that
is, we will give a complete description of the quotient for the action of SLj
on Hyps(2).
Let us start with the classification of reducible curves. They are of the
following types:

1) the union of an irreducible conic and a line intersecting it at two distinct
points;

£
N

2) the union of an irreducible conic and a line tangent to it;
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3) the union of three non-concurrent lines;

4) the union of three concurrent lines;

5) the union of two lines, one of them double;

6) one triple line.

52
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From the theory of quadratic forms we know that every non-singular conic in
P? is projectively equivalent to the conic C': xgxs + 23 = 0. Moreover, since
the projective automorphism group of C' acts transitively on the set of lines
tangent to it and on the set of lines intersecting it in two distinct points, we
get that every reducible curve of type 1) and 2) is projectively equivalent to
the curve:

1) (zoze + 23)21 = 0;

2) (xol’g + L’L’%)ﬁo =0
respectively.

Since the group of projective automorphisms acts transitively on the set
of 3 lines, any reducible cubic of type 3) —6) is projectively equivalent to the
curve
3) ToX1T = 0,

4) l’olL‘l(ZEO + 1'1) = O7
5) .’I%(ﬂ?o + 5131) = 0;

6) 23 =0

respectively.

Let us stop for a while our classification, in order to recall some properties of
singular points and tangent lines, which will be fundamental for our purpose.

Definition 3.4.1. A singular point p of a cubic defined by F'(zg,x1,22) =0
is called a double point if at least one second order partial derivatives of F
at p is non-zero.

It is called a triple point if all second order partial derivatives of I’ vanish at

p-

Let p = [po, p1, p2] be a point of the curve C': F (g, x1,x9) = 0.

e [f p is non-singular, then the tangent line to C' at p is given by the
equation

oF OF OF

o (p)xo + $_1<p)xl + x—Q(p)lb =0.

e If p is a double point, then the tangent cone to C' at p is given by the
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following homogeneous polynomial of degree 2

FANE T )
o7 | 2 (p) i—;z:(p) 2E(p)|z=0
) ) D)

where x = (ZE() — Po,T1 — P1, T2 —PQ)'

Notice that the 3 x 3 matrix in the equation has not full rank, since p is a
double point. Hence the polynomial factorises into a product of two linear
polynomials, which may be distinct or not. According to this observation,
we have two different types of double points:

1. A node is a double point with two distinct lines in the tangent cone.

2. A cusp is a double point with a single line of multiplicity 2 in the
tangent cone.

Lemma 3.4.1. Let C' be the plane cubic defined by the polynomial
3 3—i NI
F(xg,x1,m) = > Y ajxg ' atad,
i=0 j=0
Then for the point p = [1,0,0] we have:
i) p € C if and only if ago = 0;
i) p is a singular point of C' if and only if agy = a10 = ag = 0;

iii) p is a triple point of C if and only if agy = a10 = am = a1 = azyy =
ap2 = 07'

i) if p is a double point of C, then its limit tangent lines are defined by

2 2
a20T] + a112122 + agary = 0.

Proof. i) is immediate. For parts ii) and iii) the proof is just a computation
of the derivatives (first and second order) of F' at p, while part iv) follows
immediately by the formula for the tangent lines at a double point that we
recalled before. O

Let us continue our classification of cubics. Now assume that the curve is
irreducible. We have two possibilities: either the cubic is smooth or singular.
First, let us consider the case of a smooth curve.

We can choose a system of coordinates such that [0, 0, 1] is an inflection point
with tangent line £y = 0. Then we can write the equation as follows:
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iU%l’o + x9Lo(x0, 1) + L3(xg, 1) = 0,

where L, is a form of degree 2 and Lj is a form of degree 3. By assumption,
the line 2y = 0 intersects the cubic in the single point [0, 0, 1] with multiplicity
3, this implies that the coefficient of % in Ly must be zero. Thus in affine
coordinates = 1/ and y = x9/xy the equation has the form

y? + axy + by + da® + ex® + fx + g = 0.

Clearly d # 0, so after scaling we may assume d = 1.

Assume char(k) # 2. Replacing y with y + a/2z + b/2, we may assume
a =0b=0. If char(k) # 3, after a linear change of variables x — x + ¢/3,
we may assume e = 0.

Thus, we obtain the Weierstrass equation of a non-singular plane cubic:

v +2d+ar+b=0, char(k) # 2,3
v +axy +by+ 2 +cr+d=0, char(k) = 2
v+ +ar® + b +c=0, char(k) = 3.

The condition that the curve is non-singular is expressed by A # 0, where A
is the discriminant defined by

A = 4a® + 270, char(k) # 2,3
A = a®b® + b* + a'(abe + ¢ + ad), char(k) =2
A =0+ (b* — ac)a?, char(k) = 3.

Now let us assume that the cubic is singular. We may choose the point
[0,0, 1] to be the singular point.

Then the equation cannot does not involve the monomials 3, zox3 and x23,
since otherwise [0, 0, 1] would not belong to the curve or it would be a non
singular point. Hence the equation has the form

w9 Lo(x0, 1) + L3(xo, z1) = 0.

By a linear transformation of xy,x; we can reduce Ly to be one of the two
forms:

2. Lg = Xol1.

Let us consider the first case, which corresponds to a cuspidal cubic,as we
will se soon. The equation is

Toxd + axy + badry + cxoxi + dat = 0.
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Replacing x, with x5 4+ axg + bx; we may assume a = b = 0; moreover since
the curve is irreducible then d # 0, so we may further assume d = 1 after
scaling. Finally, the coefficient ¢ may be either 0 or 1.
Let char(k) # 3. From a direct computation we get that the Hessian of the
curve is

cxy + 3riz; =0,

hence we have a unique inflection point(the intersection of the curve and the
Hessian) given by [1, —¢/3, —2¢®/27]. If we change the coordinates in such a
way that the inflection point becomes [1, 0, 0] with tangent xo = 0, we finally
get that the equation becomes

Toxf + 2% = 0.

Given in this form, it is immediate to see that [0, 0, 1] is a cusp, with double
tangent line xy = 0.

If instead char(k) = 3, the Hessian is just cz = 0; hence there are 2 orbits
of cuspidal cubics given by ¢ = 0 or ¢ = 1, represented by the equations

2219 + 23 = 0 and 2229 + 1o2? + 23 = 0.

In the first case the Hessian is identically zero, hence all non singular points
of the curve are inflection points. The second curve does not have non sin-
gular inflection points.

Let us now consider the case when the quadratic form Ly reduces to zox, = 0,
which corresponds to the case of nodal cubics.
The equation is of the form

ToT1To + axd + brdzy + cror? 4 da? = 0.

By replacing x5 with x9 — bxg — cr; we may assume b = ¢ = 0. Now, since
the curve is irreducible we must have a, d # 0, after scaling we may assume
that they are both 1. Hence we get the equation

3 3
ToT12T2 + x5 + 2] = 0,

which shows that [0,0,1] is indeed a node with tangent lines o = 0 and
Ty = 0.

Summarizing, we get the following list of irreducible plane cubics(up to pro-
jective equivalence), which completes our classification:

char(k) # 2,3 :

7) non singular cubic

Ty + 1) + avgzy + brg = 0, 4a® + 27b* # 0;
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8) nodal cubic
Tox 1Ty + xf 4+ 25 = 0;

9) cuspidal cubic
Ty + 75 = 0.

char(k) = 3:
7) non-singular cubic

ToT5 + T3 + avor + brgr, + cxfy = 0, b’ + (b* — ac)a® # 0;

8) nodal cubic
ToX1To + 933 + a::{’ =0;

9) cuspidal cubic
3T + 23 =0 or 3o + 1ot + 23 =0

char(k) =2

7) non singular cubic
ToT3+T+azor To+bri T Ferin +day = 0, a*b*+b*+a* (abe+c*+a*d) # 0;

8) nodal cubic

3 3
ToT1To + i + €Ty = 0,
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9) cuspidal cubic
zoxs + 27 = 0.

This classification does not tell us anything about which ones are stable or
semi-stable. In order to have a complete description of the (semi)stable locus,
we will use the Hilbert-Mumford criterion.

Theorem 3.4.1. A plane cubic curve C is stable if and only if it is non-
singular, while it s semi-stable if and only if it has no triple point and no
double point with a unique limit tangent (i.e. it has no cusps).

Proof. Let C be defined by the vanishing of the polynomial

3 3—i S

F(xg,z1,22) = ) aijxgﬂﬂxllxé-
i=0 j=0

We have already observed that any 1-PS of S L3 is conjugate to A\(t) =diag (¢}, t7, )
where rg > ry > ry and rg + 11 + 19 = 0.
Moreover, we have already computed the Hilbert-Mumford weight for general
hypersurfaces (see Remark 3.2.1): in this particular case we get

p(F,N) =max{(3 —i — j)ro +iry + jry s aj; # 0}

Finally, since pu(gx, ) = p(x,g ' Ng) for any 1-PS X, we will only consider
the diagonal parameter subgroup .

Let us first consider the case of stability. Assume that C' has a singular
point p, by a change of coordinates p = [1,0,0]. Hence by Lemma 3.4.1 we
have agy = a9 = agy = 0. For \(t) =diag(t?,¢t~1,¢t7!) we have u(F,\) <0
since 7 + j > 2. Hence F' is not stable.

Conversely, assume F' is not stable. Then p(F,\) < 0; this implies agy =
aip = 0 since the monomials z} and x3z; have weights —3ry and —(2rq + )
respectively, which are strictly negative. If we also have ag; = 0, then [1, 0, 0]
is a singular point by Lemma 3.4.1. If ag; # 0, then

0> p(F,\) > 2rg+ .

Since ry = —(r9+71), we have 1o —r1 < 0. But 79 > r; by assumption, hence
we must have r; = ry and ro = —ry. For these values of r;, we get

p(F, N) =max{(3 — 3j)ro: a;; =0} <O0.

Since ry > 0, we must have a;y = 0 for any ¢, which is equivalent to say that
x9 divides F. It follows that F' = xof’ for some f’ of degree 2; hence C' is
singular at every point for which xy = " = 0.

Let us now consider the case of semi-stability. If F' is not semi-stable, then
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pu(F, X)) < 0, that is, all weights of F' must be positive. Since rq > r; > ry, the
monomials with non-positive weights are a3, z2x1, zo2?, 2215, vo1179. This
implies that aggy = a19 = asg = apgr = a1 = 0. We conclude from Lemma
3.4.1 that [1,0,0] is a singular point for C', which is a triple point if agy = 0
or a cusp if agy # 0.

Conversely, let us assume that C' has a triple point or a double point with
a unique tangent. Again, we assume that this point is [1,0, 0] and it follows
from Lemma 3.4.1 that agg = a19 = a0 = ag1 = a11 = 0. Let us consider the
1-PS A(t) =diag(t?, ¢, t7%): a direct computation gives u(F,\) < 0, thus F
is not semi-stable. O]

From the classification of cubics, it is immediate to see that the singular
points of the following cubics are nodes. Hence we conclude that there are
three semi-stable but not stable orbits:

1) nodal irreducible cubics;

2) the union of an irreducible conic and a line not tangent to it;

N
N
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3) the union of three non-concurrent lines.

Finally, we list the non semi-stable orbits:

1) irreducible cuspidal cubics (two orbits if char(k) = 3);

2) the union of an irreducible conic and its tangent line;
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3) the union of three concurrent lines;

4) the union of two lines, one of them double;

5) a triple line.

Again, this follows from the classification up to equivalence: cubics of the
form 1),2) have a cusp, while the ones of the form 3),4),5) have a triple
point.

Let us consider the three semistable orbits: they are given by equations

1) zorim9 + 25 + 23 = 0,
2) xow1To + 25 = 0,

3) Tol1To = 0.
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From the equations we see that A\(t) = diag(t,1,¢7!) stabilizes the second
curve, while \(t) = diag(t?,t=*,17") stabilizes the third curve. Hence these
two orbits have positive dimensional stabilizer, so they are of dimension < 7,
because dim SL3 = 8. More precisely, it can be shown that their dimension
are 7 and 6, respectively. Let us consider the fibre of the projection

Hyps(2)5® —Hyps(2)//SLs

containing any semi-stable but not stable points. The unique closed orbit
contained in this fibre must be the one corresponding to three non-concurrent
lines, since it is the one of minimal dimension. Moreover, from Lemma 2.2.3
we get that this orbit is contained in the closure of the one of dimension
7. Finally, it can be shown that the orbit of nodal irreducible cubics has
dimension 8, thus its closure must contain both the other strictly semi-stable
orbits. In particular, these orbits correspond to just one point in the quotient.
The geometric quotient of the stable locus classifies smooth cubics up to
isomorphism. From the theory of elliptic curves, it is known that two such
cubics are isomorphic if and only if they have the same j-invariant, where

4a3
4a? + 27b2

and we are referring to the Weierstrass equation

j=1728

v 4+ 23 +ar+b=0.

Thus we get that the geometric quotient Hyps(2)/SLs is isomorphic to A,
because any element of k occurs as the j-invariant of some elliptic curve.
(See [10] IV Theorem 4.1).

Finally, the good quotient Hyps(2)//S L is just the compactification of the
geometric quotient, where we add the single point corresponding to the
strictly semi-stable orbits. Thus this quotient is isomorphic to P!

3.5 Plane quartics

Let us now consider Hypy(2), the space of plane quartics. Every quartic is
defined by an homogeneous polynomial of degree 4 of the following form
4 4-i o
F(xo,21,19) = 3. 3 ayjwy  ata}, for suitable a;; € k.
i=0j=0
As usual, let A be a 1-PS defined by A(t) = diag(t™,t"™,t™) where ro + 1 +
ro =0 and rg > r1 > ro.
From Remark 3.2.1 it follows that
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p(F, N) =max {(4 —i — j)ro +iry + jry : a;; # 0}.

In order to state the result about stability of a quartic, we need to recall a
definition.

Definition 3.5.1. Let C be any curve defined by the vanishing locus of the
polynomial F, let p € C.

We say that p is a tacnode if p is a double point with a unique tangent line,
such that the intersection multiplicity between the curve and this line at p
is at least 4.

Example. Let us consider the curve given by y?> — 2* = 0 in A2. This curve
has a tacnode in the origin, with the z-axis as tangent line. Geometrically,
this means that two branches of the curve have the same tangent line at the
origin, as we can see from the following picture.

Remark. Let C' be a plane quartic defined by the polynomial

4 44— .

F(xg,x1,m2) = > >, aijxé_i_jxlﬁjr
i=0 j=0

We notice that the results in Lemma 3.4.1 are still true, in exactly the same
form.

Theorem 3.5.1. A plane quartic C is stable if and only if C' has no triple
points and no tacnodes.

Proof. <) Let F be the polynomial defining the curve C. By contradiction,
assume C' is not stable. From the Hilbert-Mumford criterion, there exists
a 1-PS X such that u(F,\) < 0. As usual, up to a suitable conjugate, we
assume that \(t) = diag(t"°,t™,t"?) with rq > 1 > ry. Thus we get

p(F,\) =max {(4 —i — j)ro +iry + jra : a;; # 0} <0.

We notice that this inequality implies
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ago = a9 = Ag1 = a1 = agg = 0.
Moreover, if azg # 0 and age # 0, then we must have
02T0+37’1+27’0+27’2:7’0+T1,

which implies 5 > 0, contradicting our assumption on the r;. Now, if agy = 0,
we get that C' has a triple point at [1,0,0] from the previous remark. Other-
wise, if ags # 0, the double point [1,0, 0] has the unique tangent line x5 = 0.
Since we must have azy = 0, the intersection multiplicity of the point is at
least 4, thus it is a tacnode.

=) Conversely, by contradiction let us assume that C' has a triple point;
without loss of generality we may assume that this point is [1,0,0]. Thus we
must have app = A10 = Qp1 = A11 = A0 = Ap2 = 0.

Let us consider the 1-PS defined by A\(¢) = diag(t*,t',¢!). Hence we get

p(F,\) =max {8 — 3i — 35 : a;; # 0},

which implies pu(F,\) < —1 because either ¢ > 3 ori > 2 and j > 1 (and
viceversa, exchanging the roles of i and j). Here we remark that p(F, \) <0,
hence we actually proved that a quartic with a triple point is not semi-stable.
Now, let us assume that C has a tacnode at [1, 0, 0], with tangent line 25 = 0.
It follows that app = A1p0 = Qp1 = A11 = Qo9 = A3p = 0.

If we consider \(t) = diag(t,1,t™1), then we get

p(F,\) =max {4 —i— 27 : a;; # 0}.
From a direct computation, we easily get pu(F,\) < 0 and C is not stable. [J

3.6 Cubic surfaces

Let us now consider Hyps(3), the space of cubic surfaces in P3. We are going
to study (semi)-stability of cubic surfaces under the action of SL, using the
Hilbert-Mumford criterion. For this section, we refer to [3] and [1].

In this case, we will consider 1-PS of the form

A(t) = diag(t™, t™ "2, 1), ro+ ... +rg=0and ro <1y <1y <13 (%)

We notice that here we reversed the inequalities between the r;, because
we are considering the inverse of our "typical” 1-PS. This choice is due to
simplicity, since it allows us to avoid negative signs in the action.

Let us recall that an ordinary double point of a surface is a double point
whose singularity is locally anatically equivalent to that one of the origin in
22 +1y? + 22 = 0, i.e. a singular point whose tangent cone is given by an
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irreducible degree 2 polynomial.

An ordinary cusp is a double point whose singularity is locally analitically
equivalent to the origin in 2% +y?+23 = 0, i.e. a singular point whose tangent
cone consists of two distinct planes and the intersection multiplicity of the
surface and the planes is exactly 3.

The main result is the following one.

Theorem 3.6.1. A cubic surface is stable if and only if it is smooth or it
has only ordinary double points.

A cubic surface is semi-stable if and only if its singular points are ordinary
cusps (and perhaps some ordinary double points).

Moreover, there is only one closed orbit of semi-stable not stable cubic sur-
faces, namely that of x3 = v x913.

Graphic of the surface 3 = xyx9x3 in a neighborhood of the point [0,0,0, 1]

Proof. The proof will be divided into the following steps:

a) Cubic surfaces with only ordinary double points or cusps are semi-
stable.

b) Cubic surfaces with only ordinary double points are stable.

c¢) Cubic surfaces with a singularity which is worse than an ordinary cusp
are not semi-stable. This is the case of double points whose tangent
cone consists of a unique plane of multiplicity 2, not ordinary cusps
(i.e cusps where the intersection multiplicity at the point is of higher
order) or triple points.



CHAPTER 3. PROJECTIVE HYPERSURFACES 66

d)

Cubic surfaces with at least an ordinary cusp are semi-stable but not
stable; they all contain in their orbit closure the orbit of the surface
l’g = T1X2T3.

Let S be a cubic surface defined by F(xg,z1, 22, 23) = 0. Assume that
S is not semi-stable: then we have p(F, X) < 0 for the 1-PS of the form
(*). More precisely, if

F =3 o insinis) arz! ig + i1 + iy + i3 = 0 and z = (9, 11, T2, T3),
we have
ANt F = ZI:(io,il,iz,is) tlarxt  rl = roig + ... + r3i3.
Since pu(F,\) < 0 all the weights must be positive. Thus we get
Tolo + ... + r3iz > 0 whenever a; # 0. (A)

If S is reducible, then S is either the union of three planes (counted
with multiplicities) or a union of a plane and an irreducible quadric. In
the first case, it is clear that such a surface has at least a triple point,
which is the intersection of the planes. Let us consider the second case:
up to a change of coordinates we may assume that the equation is of
the form

$0L2($0, Zy, T2, $3),

where Ly is irreducible. Since Ls is a non-degenerate quadratic form,
another change of coordinates leads to the form

zo(xd + 2% + 23 + 13).

It is clear that [0,1,7,0] is a double point, which is a cusp since its
tangent cone is xo(z1 + izy) = 0. Since the plane zy = 0 is contained
in the surface, the point is not an ordinary cusp.

Thus we may assume S to be irreducible.

In this case, then ro > 0: otherwise every monomial appearing in F
would be divisible by 3 from inequality (A). Then F' cannot contain
a monomial divisible by 2 or zox; because their weights are 2ry + r;
and rqg + 1 + r; respectively, and we have
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27“04‘7’1'§T0+T1+7’i<7“0+7’1+7”3:—7”2<0.

Hence the equation will be of the form
woLo(xo, 23) + L3(x1, T2, 73).

It follows that S has a double point at [1,0,0,0]. Moreover, the tangent
cone Ly has rank < 2. If this rank is stricly less than 2, we would have
a unique plane of multiplicity 2. Otherwise, if the rank is exactly 2,
we may assume Lg(x9, r3) = xowg and the point is a cusp: moreover
we must have rg + 79 + 73 > 0 from inequality (A), because the first
monomial is zgxexs. However, this implies r; < 0, thus the monomial
o3 cannot appear in the equation of F. Hence the point [1,0,0,0]
cannot be an ordinary cusp, because the intersection multiplicity of

the surface and both the planes x5 = 0 and x3 = 0 is of higher order.

Now assume S is not stable. In this case, the inequality (A) becomes
rolo+...4+1r3i3 > 0. If ro > 0, we proceed in the same way as before to get
that S cannot have an ordinary double point at [1,0,0,0]. However,
we may now have ro = 0. If ro < 71, the only change is that F
can contain the monomial zozix3, but we see from (A) that it cannot
contain xozr3. Thus the tangent cone has rank < 2 and we get again
that [1,0,0,0] cannot be an ordinary double point. Finally, if rq = ry,
we have \(t) = diag(t™", 7', 1,#*) and we can check that S has at least
one cusp.

Thus we get that cubic surfaces with at most ordinary double points
are stable, as desired.

Let us assume that [1,0,0, 0] is a singular point which is worse than an

ordinary cusp. For an appropriate choice of coordinates, the equation
of F will be of the form

xoLo(z1, 22, x3) + L3(xq, 2, 73).

By assumption, the tangent cone Lg(xq, 29, x3) = 0 has rank < 2. If
this rank is 1, then we may assume Ly = az? for some a € k*. Let us
consider the 1-PS defined by \(t) = diag(t=>,1,t,t3): we get that S is
not semi-stable by (A).

If Ly has rank 2, we may assume Ly = xox3. Let us now consider
At) = diag(t™2,1,,1).

We have
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hmt*)() )\(t)F = ToT2T3 + CiL‘il)),

where c¢ is the coefficient of 2 in Lz. Since the point [1,0,0,0] is not
an ordinary cusp, we must have ¢ = 0. Hence the limit is the union of
three planes, which is not semi-stable. To see this, it suffices to consider
the 1-PS A\(t) = diag(t™',t7 1, ¢, ¢).

Assume S has an ordinary cusp at [1,0,0,0], which means ¢ # 0 in the
notation of part ¢). We have

lim;_ o AN(t)F := Fy = zoxox3 + T3,

Let Sy be the surface corresponding to the polynomial Fj: this surface
has three ordinary cusps, which are [1,0,0,0],[0,0,0,1] and [0,0, 1, 0]
(and no other singularities), hence it is semi-stable. Since every orbit
closure of a cuspidal surface contains Sy, it follows that this orbit is
closed.

Finally, Sy is not stable because its stabilizer contains the matrices
of the form diag(a,1,b,c), where a,b,c € k* and abc = 1. Thus the
stabilizer is positive-dimensional.

[]

The algebra of invariants S := A(Hyp,(3))°L* was computed by G.
Salmon and A.Clebsch ([16]). It is generated by the invariants Ig, I16, 24, I32,
149, [100, where the subscript indicates the degree. The invariant I35 is the
discriminant.

We have a basic relation between the invariants: the square of Ijgg is ex-
pressed as a polynomial in the first five invariants, i.e.

[1200 - F(1871167[24a1327[40)-

Hence we have the following isomorphism of graded k-algebras

S~ k[t07t17t27t37t4>t5]/<tg - F(t07t17t27t37t4)
IS — 1o
Il6 — 1
Loy — 1o
]32 — 13
]40 — 1y
Lo — t5,

where k[to, t1, 12,3, t4, t5] is graded by setting
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deg to = 8, deg t; = 16, deg ty, = 24, deg t3 = 32, deg t4 = 40, deg t5 = 50,

so that F' is a weighted homogeneous polynomial. We notice that the sub-
algebra of S generated by elements of even degree is just k[to,t1,to,t3, t4]
because we have t2 = F(to,t1, s, t3,t4). It follows that Hyp,(3) is the projec-
tive variety associated to the algebra of invariants k[to, 1, to, t3, 4], which is
the weighted projective space P(8, 16,24, 32,40) ~ (1,2, 3, 4,5), a projective
variety of dimension 4.



Bibliography

1]

2]

3]

[4]
[5]

(6]

[10]

[11]

[12]

D. Allock, J.A. Carlson and D. Toledo, The complex hyperbolic geometry
of the moduli space of cubic surfaces, 2000.

M.F. Atiyah, 1.G. MacDonald, Introduction to commutative algebra,
Addison-Wesley Series in Mathematics, 1969.

A. Beauville, Moduli of cubic surfaces and Hodge theory, Meeting of the
research group ”"Complex algebraic geometry”, Luminy, 2005.

A. Borel, Linear algebraic groups, Benjamin, New York 1969.

I. Dolgachev, Lectures on invariant theory, Cambridge University Press,
2003.

I. Dolgachev, Classical algebraic geometry, Cambridge University Press,
2012.

D. Eisenbud, Commutative algebra with a view toward algebraic geome-
try, Graduate Texts in Mathematics, Springer 1995.

J. Fogarty, Invariant theory Benjamin, New York 1969.

A. Grothendieck and J.A. Dieudonne, Elements de geometrie algebrique,
Inst. Hautes Etudes Sci. 1960 — 1967.

R. Hartshorne, Algebraic Geometry, Graduate Texts in Mathematics,
Springer 1977.

V. Hoskins, Moduli problems and geometric invariant theory, Lec-
ture notes, University of Berlin. https://userpage.fu-berlin.de/
hoskins/M15_Lecture_notes.pdf

S. Mukai, An introduction to invariants and moduli, Cambridge studies
in Advanced Mathematics 81, 2003.

70



BIBLIOGRAPHY 71

[13] D. Mumford, J. Fogarty and F. Kirwan, Geometric invariant theory,
third edition, Springer, 1993.

[14] M. Nagata, On the 14th problem of Hilbert, Amer. J. Math 81 (1959),
766 — 772.

[15] P.E. Newstead, Introduction to moduli problems and orbit spaces,
T.I.LF.R. Lecture Notes, Springer-Verlag 1978.

[16] G. Salmon, A treatise on the analytic geometry of three dimensions,
Longmans and Green, 1912 — 1915, reprinted by Chelsea Publ. Co.,
1965.



