GEOMETRIC INVARIANT THEORY AND SYMPLECTIC QUOTIENTS

VICTORIA HOSKINS

1. INTRODUCTION

In this course we study methods for constructing quotients of group actions in algebraic
and symplectic geometry and the links between these areas. Often the spaces we want to
take a quotient of are a parameter space for some sort of geometric objects and the group
orbits correspond to equivalence classes of objects; the desired quotient should give a geometric
description of the set of equivalence classes of objects so that we can understand how these
objects may vary continuously. These types of spaces are known as moduli spaces and this is
one of the motivations for constructing such quotients.

For an action of a group G on a topological space X, we endow the set X/G := {G-x : z € X}
of G-orbits with the quotient topology; that is, the weakest topology for which the quotient map
m: X — X/G is continuous. Then the orbit space X/G is also a topological space which we call
the topological quotient. If X has some property (for example, X is connected or Hausdorff),
then we may ask if the orbit space X/G also has this property. Sometimes this is the case: for
example, if X is compact or connected, then so is the orbit space X/G. Unfortunately, it is
not always the case that the orbit space inherits the geometric properties of X; for example,
it is easy to construct actions on a Hausdorff topological space for which the orbit space is
non-Hausdorff. However, if G is a topological group, such as a Lie group, and the graph of the
action

N'GxX-—-XxX

(g,x) - ($,g : .’E)

is proper, then X/G is Hausdorff: given two distinct orbits G- z1 and G - x9 as (z1, z2) is not in
the image of I" (which is closed in X x X)) there is an open neighbourhood U; x Uy C X x X of
(1, x2) preserved by G which is disjoint from the image of I' and 7w (U;) and w(Us) are disjoint
open neighbourhoods of 1 and z3 in X/G. More generally, if we have a smooth action of a
Lie group on a smooth manifold M for which the action is free and proper (i.e. the graph of
the action is proper), then the orbit space M/G is a smooth manifold and 7 : M — M/G is a
smooth submersion. In fact, this is the unique smooth manifold structure on M /G which makes
the quotient map a smooth submersion.

As we saw above, the orbit space can have nice geometric properties for certain types of
group actions. However one could also ask whether we should relax the idea of having an orbit
space, in order to get a quotient with better geometrical properties. The idea of this course is:
given a group G acting on some space X in a geometric category (for example, the category
of topological spaces, smooth manifolds, algebraic varieties or symplectic manifolds), to find
a categorical quotient; that is, a G-invariant morphism 7 : X — Y in this category which is
universal so that every other G-invariant morphism X — Z factors uniquely through 7. With
this definition it is not necessary for Y to be an orbit space and so it may be the case that
7 identifies some orbits. Of course, if the topological quotient 7 : X — X/G exists in the
geometric category we are working in, then it will be a categorical quotient.

In the algebraic setting, given the action of a linear algebraic group GG on a algebraic variety
X the aim of Geometric Invariant Theory (GIT) is to construct a quotient for this action which
is an algebraic variety. The topological quotient X /G in general will not have the structure of
an algebraic variety. For example, it may no longer be separated (this is an algebraic notion
of Hausdorffness) as in the Zariski topology the orbits of G in X are not always closed; there-
fore, a lower dimensional orbit might be contained in the closure of another orbit and so we
cannot separate these orbits in the quotient X/G. Geometric Invariant theory, as developed by
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Mumford in [31], shows for a certain class of groups that one can construct an open subvariety
U C X and a categorical quotient of the G-action on U which is a quasi-projective variety. In
general the quotient will not be an orbit space but it contains an open subvariety V/G which
is the orbit space for an open subset V C U. In the case when X is affine, we shall see that
U = X and the categorical quotient is also an affine variety. Whereas in the case when X is
a projective variety in P, we see that the categorical quotient is a projective variety; however
in general this is only a categorical quotient of an open subset of X. We briefly summarise the
main results in affine and projective GIT below.

If X C A™ is an affine variety over an algebraically closed field k which is cut out by the
polynomials fi,..., fs € k[z1,...,xy,], then its coordinate ring

AX) Zklz, .. xn)/(fiye oy fs)

is a finitely generated k-algebra of regular functions on X. If there is an action of an algebraic
group G on X, then there is an induced action of G on the coordinate ring A(X) of regular
functions on X. For any G-invariant morphism f : X — Z of affine varieties, the image of the
associated morphism of coordinate rings f* : A(Z) — A(X) is contained in the ring A(X)“ of
G-invariant regular functions. If A(X)% is a finitely generated k-algebra, then it corresponds to
an affine variety Y = Spec A(X)® (the idea is to use a set of generators fi, ..., f,, to construct
Y as an algebraic subvariety of A™). In this case, the morphism ¢ : X — Y corresponding to
the inclusion A(X)% < A(X) is universal as every other G-invariant morphism X — Z of affine
varieties factors uniquely through ¢ and so ¢ is a categorical quotient. The categorical quotient
is constant on orbits and also on their closures; hence, the categorical quotient identifies orbits
whose closures meet. In particular, it is not necessarily an orbit space; although, we will prove
that it contains an open subvariety X*/G which is an orbit space of a open subvariety X* C X
of so-called stable points.

Of course, in the above discussion we assumed that A(X)® was finitely generated so that
we were able to realise Y as an algebraic subset of A™ for some finite m. We now turn our
attention to the question of whether the ring of G-invariant functions is finitely generated. This
classical problem in Invariant theory was studied by Hilbert who built much of the foundations
for the modern theory of GIT. For G = GL,(C) and SL,(C), Hilbert showed the answer is
yes. This problem, known as Hilbert’s 14th problem, has now been answered in the negative
by Nagata who gave an action of the additive group C* for which the ring of invariants is not
finitely generated. However there are a large number of groups for which the ring of invariants
is always finitely generated. Nagata also showed that if a reductive linear algebraic group G
acts on an affine variety X, then the invariant subalgebra is finitely generated [33]. Fortunately,
many of the algebraic groups we are interested in are reductive (for example, the groups GL,
and SL,, are reductive). However, more recently there has been work on non-reductive GIT by
Doran and Kirwan [12].

The affine GIT quotient serves as a guide for the general approach: as every algebraic variety
is constructed by gluing affine algebraic varieties, the general theory is obtained by gluing the
affine theory. However, we need to cover X by certain nice G-invariant open affine sets to be
able to glue the affine GIT quotients and so in general we can only cover an open subset X*° of
X of so-called semistable points. Then GIT provides a categorical quotient 7 : X% — Y where
Y is a quasi-projective variety. In fact it also provides an open subset X*/G C Y which is an
orbit space for an open set X* C X*° of stable points.

Suppose we have an action of a reductive group G on a projective variety X C P™ which is
linearised; that is, G acts via a representation p : G — GL(n + 1) and so the action lifts to
the affine cone A"*! over P". As X is a complete variety (i.e. compact), we would like to have
a complete quotient or at least a quotient with a natural completion. In this case we use the
homogeneous graded coordinate ring of X and the inclusion R(X)% < R(X) which induces a
rational morphism of projective varieties X --» Y'; that is, this is only a well defined morphism
on an open subset of X which we call the semistable locus and denote by X*®. More explicitly,
given homogeneous generators Ay, ..., A, of R(X)Y of the same degree, we define a rational



GEOMETRIC INVARIANT THEORY AND SYMPLECTIC QUOTIENTS 3

map
p: X -—»P7"

x> [ho(x) o+t ()]

whose image Y C P™ is a projective variety. Then ¢ is undefined on points x for which all non-
constant G-invariant homogeneous functions vanish at x. The induced morphism ¢ : X% — Y
is a categorical quotient of the G-action on the semistable locus. There is an open set X° C X**
of stable points and an open subset X*/G of Y which is an orbit space of the stable locus X*.
The nicest case is when X% = X*® and so Y is a projective quotient which is also an orbit space.

The techniques of GIT have been used to construct many moduli spaces in algebraic geometry
and we briefly mention a few examples here to give some idea of the importance of GIT in alge-
braic geometry today. There is still no better introduction to the theory of moduli in algebraic
geometry than the excellent notes of Peter Newstead [36]. In fact, in the final chapter of this
book, there is an overview of Seshadri’s construction of the moduli space of (semi)stable (alge-
braic) vector bundles on a smooth projective curve as a GIT quotient of a subscheme of a Quot
scheme by a projective linear group. Since then, this result has been generalised in two different
directions. Firstly, one can consider higher dimensional base schemes and this generalisation
was made by Simpson [45]. Secondly, one can give the bundle some additional structure and
this generalisation was made by Schmitt [41]. Classically, Mumford was motivated in studying
moduli spaces of both vector bundles and curves and this motivated his development of GIT.
Today moduli spaces of (marked) curves have GIT constructions. An important example, is the
moduli space of elliptic curves (i.e. genus 1 curves with 1 marked point) which is constructed
as a quotient of an open subset in P? by SL3; this quotient, is shown to be the affine line A®.
More generally, the moduli space of genus g curves is constructed as a quotient of a subscheme
of a Hilbert scheme by the action of a projective general linear group.

In the symplectic setting, suppose we have a Lie group K acting smoothly on a symplectic
manifold (X,w) where X is a real manifold and w is a the symplectic form on X (that is; a
closed non-degenerate 2-form on X). The symplectic form gives a duality between vector fields
and 1-forms by sending Z € Vect(X) to the 1-form w(Z,—) € QY(X). We say the action is
symplectic if the image of the map K — Diff(X) given by k +— (o} : © + ¢ - x) is contained in
the subset of symplectomorphisms i.e. ojw = w. We can also consider the ‘infinitesimal action’
which is a Lie algebra homomorphism & — Vect(X) given by

A Axy = %exp(tA) “xli=o € Tp X

where R = Lie K. We say the action is Hamiltonian if we can lift the infinitesimal action to a
Lie algebra homomorphism
C>(X)
7
e

e
Ve

RZ—=Vect(X)

where the vertical map is the composition of the exterior derivative d : C*°(X) — Q!(X) with
the isomorphism Q!'(X) = Vect(X) given by w. The lift ¢ : & — C>°(X) is called a comoment
map, although often one works with the associated moment map p : X — & which is defined
by u(x) - A= ¢(A)(x) for x € X and A € R. If g : X — R is given by x — pu(x) - A, then by
construction the 1-form du 4 corresponds under the duality defined by w to the vector field Ax
given by the infinitesimal action of A. As ¢ is a Lie algebra homomorphism, the moment map
is K-equivariant where K acts on 8* by the coadjoint representation.

In general, the topological quotient X /K is not a manifold, let alone a symplectic manifold. In
fact, even if it is a manifold it may have odd dimension over R and so cannot admit a symplectic
structure. To have a hope of finding a quotient which will admit a symplectic structure we need
to ensure the quotient is even dimensional.

When a Lie group K acts on X with moment map p : X — K, the equivariance of y implies
that the preimage p~!(0) is invariant under the action of K. We consider the symplectic
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reduction
p(0)/K

of Marsden and Weinstein [26] and Meyer [28]. If 0 is a regular value of p, then the preimage
1~ 1(0) is a closed submanifold of X of dimension dim X — dim &. If the action of K on p~1(0)
is free and proper, then the symplectic reduction is a smooth manifold of dimension dim X —
2dim 8. Furthermore, there is a unique symplectic form w™? on p~'(0)/K such that i*w =
m*w'd where i : p~(0) < X is the inclusion and 7 : p~*(0) — p~(0)/K the quotient. The
symplectic reduction has a universal property (in a suitable category of symplectic manifolds)
and so can be considered as a categorical quotient.

So far it may seem that there is not much similarity between the symplectic reduction and
the GIT quotient. However, one of the key results we shall see in this course is the Kempf-Ness
Theorem which states that they give the same quotient when a complex reductive group G acts
linearly on a smooth complex projective variety X C P¢. A group G is complex reductive if
and only if it is the complexification of its maximal compact subgroup K; that is, g = R Qr C
where g and K denote the Lie algebras of G and K respectively. Complex projective space has
a natural Kahler, and hence also symplectic, structure; therefore we can restrict the symplectic
form to X to make X a symplectic manifold. One can explicitly write down a moment map
X — K" which shows that the action is Hamiltonian. Then the Kempf-Ness theorem states
that there is an inclusion x~1(0) C X* which induces a homeomorphism

o (0)/K = X//G.

Moreover, 0 is a regular value of p if and only if X® = X®°. In this case, the GIT quotient is a
projective variety which is an orbit space for the action of G on X*.

There is a further generalisation of this result which gives a correspondence between an
algebraic and symplectic stratification of X. The Kempf-Ness Theorem and the agreement of
these stratifications can be seen as a ‘finite-dimensional version’ of many of the classical results
in gauge theory (where an infinite-dimensional set up is used); for example, the Narasimhan—
Seshadri correspondence [34] can be seen as an analogous type of result. These results show
there is a rich interplay between the fields of algebraic and symplectic geometry. Another famous
link between these fields is Kontsevich’s homological mirror symmetry conjecture, although we
will not be covering this in this course!

Notation and conventions. Throughout we fix an algebraically closed field k. On a few
occasions, we will assume the characteristic of k is zero to simplify the proofs (for example, we
only provide a proof of Nagata’s theorem in characteristic zero) and we provide references for
those interested in the proofs in positive characteristic. We work with varieties over k rather
than schemes. From a technical point of view, there is no difference between the theory for
schemes and the theory for varieties for GIT; however, we state everything in the language of
varieties as this avoids introducing the full machinery of schemes and, after all, the Kempf—Ness
theorem is a result about (smooth complex projective) varieties rather than schemes.

2. TYPES OF ALGEBRAIC QUOTIENTS

In this section we consider group actions on algebraic varieties and also describe what type of
quotients we would like to have for such group actions. Since the groups we will be interested will
also have the structure of an affine variety, we start with a review of affine algebraic geometry.

2.1. Affine algebraic geometry. In this section we shall briefly review some of the terminol-
ogy from algebraic geometry. For a good introduction to the basics of algebraic geometry see
[21, 14, 16, 42]; for further reading see also [17, 30, 43].

We fix an algebraically closed field k and let A" = A7’ denote affine n-space over k:

A" ={(a1,...,an) : a; € k}.
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Every polynomial f € k[zi,...x,] can be viewed as a function f : A" — k which sends
(a1,...,an) to f(ai,...,an). An algebraic subset of the affine space A™ = k™ is a subset

V(fi,- fm) ={p=(ar,...,an) € A" : fi(p) = 0 for i =1,...,m}

defined as the set of zeros of finitely many polynomials fi,..., fi, € k[z1,...,2,]. As the
k-algebra k[xi,...,xz,] is Noetherian, every ideal I C k[xi,...x,] is finitely generated, say
I=(f1,...,fm), and we write V(I) := V(f1,..., fm). The Zariski topology on A" is given by
defining the algebraic subsets to be the closed sets.

For any subset X C A", we let

I(X):={f €klr1,....,z,): f(p)=0forall pe X}

denote the ideal in k[x1,...,z,] of polynomials which vanish on X.
We have defined operators

V : {ideals of k[x1, ..., ky|} «— {subsets of A"} : I

but these operators are not inverse to each other. Hilbert’s Nullstellensatz gives the relationship
between V and I:

e X C V(I(X)) with equality if and only if X is a closed subset.
o [ C I(V(I)) with equality if and only if I is a radical ideal.

Definition 2.1. An affine variety X over k is an algebraic subset of A" (= A}).

Often varieties are assumed to be irreducible; that is, they cannot be written as the union
of two proper closed subsets. However we shall refer to reducible (i.e. not irreducible) varieties
also as varieties. In particular, an affine variety is a topological space with its topology induced
from the Zariski topology on A".

Exercise 2.2. (1) Show V(fg) =V (f)UV(g).
(2) Let X = Al — {0} C Al; then what is V(I(X))?
(3) Let I = (%) € k[z]; then what is I(V (I))?
(4) Let f(z) € k[z] and X = V(f) be the associated affine variety in the affine line Al
When is X irreducible?

For an affine variety X, we define the (affine) coordinate ring of X as

and we view elements of A(X) as functions X — k. Since we can add and multiply these
functions and scale by elements in k, we see that A(X) is a k-algebra and, moreover, that A(X)
is a finitely generated k-algebra (the functions z; provide a finite set of generators). In fact,
A(X) is a reduced k-algebra (that is, there are no nilpotents) and, if X is irreducible, then
A(X) is an integral domain (that is, there are no zero divisors). The coordinate ring of A" is
k[xl, NN ,xn].

Definition 2.3. Let X C A" be an affine variety and U C X be an open subset. A function
f:U — kisregular at a point p € U if there is an open neighbourhood V' C U containing p on
which f = g/h where g,h € A = k[z1,...,z,] and h(p) # 0. We say f : U — k is regular on U
if it is regular at every point p € U.

For any open set U C X, we let Ox(U) := {f : U — k : f is regular on U} denote the
k-algebra of regular functions on U. For V C U C X, there is a natural morphism

Ox(U) — Ox(V)

given by restricting a regular function on U to the smaller set V. For those familiar with the
terminology from category theory, Ox(—) is a contravariant functor from the category of open
subsets of X to the category of k-algebras and is in fact a sheaf called the structure sheaf (we
shall not need this fact, but for those who are interested see [17] II §1 for a precise definition).

The following theorem summarises some of the results about Ox which we shall use without
proof (for details of the proofs, see [17] I Theorem 3.2 and II Proposition 2.2).
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Theorem 2.4. Let X C A" be an irreducible affine variety. Then:

i) The ring O(X) := Ox(X) of regular functions on X is isomorphic to the coordinate
ring A(X) = klz1,...,z,)/I(X) of X.
ii) There is a one-to-one correspondence between the points p in X and mazimal ideals my,
in A(X) where my, is the ideal of functions which vanish at p.
iii) For f € A(X), we define Xy :={x e X : f(x) #0} =X —V(f) and let A(X)s denote
the ring obtained by localising A(X) by the multiplicative set {f™ : n > 0}. Then

Ox(Xy) = A(X)y.
iv) The open affine sets Xy for f € A(X) form a basis for the Zariski topology on X.

Example 2.5. Let X = A! and f(z) = 2 € k[z] = A(X). Then Xy = A! — {0} is an affine
variety with coordinate ring A(Xs) = A(X) = k[z,27]. We refer to A' —{0} as the punctured
line. For n > 2, we note that A™ — {0} is no longer an affine variety.

Given an affine variety X C A", we can associate to X a finitely generated k-algebra, namely
its coordinate ring A(X) which is equal to the ring of regular functions on X. If X is irreducible,
then its coordinate ring A(X) is an integral domain (i.e. it has no zero divisors). Conversely
given a finitely generated k-algebra A, we can associate to A an affine variety Spec A (called
the spectrum of A) as follows. As A is a finitely generated k-algebra, we can take generators
Z1,...,T, of A which define a surjection

klxy,...,zpn] = A

with finitely generated kernel I = (f1,..., fm). Then Spec A := V(f1,..., fm) = V(I). One
can also define the spectrum Spec A without making a choice of generating set for A: we define
Spec A to be the set of prime ideals in A and we can also define a Zariski topology on Spec A
(for example, see [17] II §2). We use the term point to mean closed point; that is, a point
corresponding to a maximal ideal.

Definition 2.6. A morphism of varieties ¢ : X — Y is a continuous map of topological
spaces such that for every open set V' C Y and regular function f : V — k the morphism
fop:o Y (V) — k is regular.

Exercise 2.7. Let X be an affine variety, then show the morphisms from X to Al are precisely
the regular functions on X.

Given a morphism of affine varieties ¢ : X — Y, there is an associated k-algebra homomor-
phism
" AY) — A(X)

(f:Y =k~ (fop: X —k).

Conversely given a k-algebra homomorphism ¢* : A — B, we can define a morphism of varieties
¢ : Spec B — Spec A by ¢(p) = ¢ where m; = (¢*)"*(m,) (recall that by Theorem 2.4 ii), the
points p of an affine variety correspond to maximal ideals m, in the coordinate ring).

Formally, the coordinate ring operator A(—) is a contravariant functor from the category of
affine varieties to the category of k-algebra homomorphisms and the maximal spectrum oper-
ator Spec(—) is a contravariant functor in the opposite direction. These define an equivalence
between the category of (irreducible) affine varieties over k£ and finitely generated reduced k-
algebras (without zero divisors).

Exercise 2.8. (1) Which affine variety X corresponds to the k-algebra A(X) = k?
(2) The inclusion k[z1,...,zn—1] < k[x1,...,2,] of k-algebras corresponds to which mor-
phism of varieties.
(3) Show V(zy) C A? is isomorphic to the affine variety A —{0} by showing an isomorphism
of their k-algebras. Equivalently, one could explicitly write down morphisms V (zy) —
Al — {0} and A! — {0} — V(xy) which are inverse to each other.
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2.2. Algebraic groups.

Definition 2.9. An affine algebraic group over k is an affine variety G (not necessarily ir-
reducible) over k whose set of points has a group structure such that group multiplication
m: G x G — G and inversion i : G — G are morphisms of affine varieties.

It is a classical result that every affine algebraic group over k is isomorphic to a linear algebraic
group over k; that is, a Zariski closed subset of a general linear group GL, (k) which is also
a subgroup of GLy (k) (for example, see [4] 1.10). In particular, we will use the terms affine
algebraic group over k and linear algebraic group over k interchangeably.

Remark 2.10. Let A(G) denote the k-algebra of regular functions on G. Then the above
morphisms of affine varieties correspond to k-algebra homomorphisms m* : A(G) — A(G) ®
A(G) (comultiplication) and i* : A(G) — A(G) (coinversion). In fact we can write down the
co-group operations to define the group structure on G.

Example 2.11. Many of the groups that we are already familiar with are algebraic groups.

(1) The additive group G, = Spec k[t] over k is the algebraic group whose underlying variety
is the affine line A! over k and whose group structure is given by addition:

m(t)=t®1+1®t and i*(t)=—t.
(2) The multiplicative group G,,, = Spec k[t,t~!] over k is the algebraic group whose under-
lying variety is the A! — {0} and whose group action is given by multiplication:
m*(t) =t®t and i*(t)=t""1.
(3) The general linear group GL, (k) over k is an open subvariety of A™ cut out by the

condition that the determinant is nonzero. It is an affine variety with coordinate ring
klzij 0 1 <4, < nldet(a,;)- The co-group operations are defined by:

n
m*(x”) = Zfﬂis ®xs; and Z*(l‘”) = (SUZ]);]l
s=1
where (mzj);]l is the regular function on GL,, (k) given by taking the (¢, 7)th entry of the
inverse of a matrix.

Exercise 2.12. Show that any finite group G is an affine algebraic group over any field k. For
example, write down the coordinate ring of G = {id} and p, :={c € k: " = 1}.

Exercise 2.13. Show that an affine algebraic group is smooth.

2.3. Linear algebraic groups. In this section, we state a few important results about the
structure of linear algebraic groups over an algebraically closed field; for further details and
proofs, see [4, 19, 46]. As above, we continue to let G denote a linear algebraic group over the
algebraically closed field k. Our starting point is to recall the Jordan decomposition for linear
algebraic groups over (the algebraically closed field) k.

Definition 2.14. Let G be a linear algebraic group over k.
(1) An element g is semisimple (resp. unipotent) if there is a faithful linear representation
p : G — GL,, such that p(g) is diagonalizable (resp. unipotent).
(2) A unipotent subgroup is a subgroup of unipotent elements.

Theorem 2.15 (Jordan decomposition). Let G be a linear algebraic group over k. For every
g € G, there exists a unique semisimple element gss and a unique unipotent element g, such
that

9 = 9ssGu = GuYss-
Furthermore, this decomposition is functorial with respect to morphisms of linear algebraic
groups.

Definition 2.16. A Borel subgroup of GG is a maximal connected solvable linear algebraic
subgroup of G.
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Theorem 2.17 ([4] 11.2). All Borel subgroups in G are conjugate.

Proof. If we fix a Borel B, then we can view the quotient G/B as the set of Borel subgroups.
As B is a Borel subgroup, this quotient G/B is a projective variety (cf. [4] 11.1). Then we
apply Borel’s fixed point theorem: a solvable group action on a projective variety has a fixed
point. O

~

Definition 2.18. An algebraic k-torus is an affine algebraic group over k isomorphic to GJ}, =
(k7)™

Alternatively, as we are working over an algebraically closed field, a torus is a connected
abelian semisimple group (cf. [4] 11.5). Furthermore, if G admits no nontrivial tori then it is
unipotent (this is also proved in [4] 11.5).

Often one makes use of the lattices of (co)characters of a torus. More precisely, for a torus
T, we define commutative groups

X*(T) :=Hom(T,G,,) X.(T):=Hom(G,,,T)

called the character and cocharacter group respectively, where we consider homomorphisms of
linear algebraic groups over k between T and the multiplicative group Gy,,. As the automorphism
group of G, can be identified with the integers Z by ¢ — t", we see that the (co)character groups
are finite free Z-modules of rank dim 7. There is a perfect pairing between these lattices given
by composition
<> XN (T) x Xu(T) = Z

where < y, A >:= y o A.

An important fact about tori is that their linear representations are completely reducible.
We will often use this result to diagonalise a torus action. More precisely, we state this result
as a weight space decomposition.

Proposition 2.19. For a finite dimensional linear representation of a torus p : T — GL(V),
there is a weight space decomposition
ve @ v

XEX*(T)
where VX ={v eV :t-v=x(t)vVteT}.

Alternatively, there is an equivalence between the category of linear representations of T' and
X*(T)-graded k-vector spaces. We refer to the collection of characters x for which V,, # 0 as
the weights for the T-action.

Any torus in G is contained in a maximal torus by dimension considerations. Moreover, as

every torus is contained in a Borel, it follows from Theorem 2.17 that all maximal tori are
conjugate.

Proposition 2.20 ([4], 11.3). All mazimal tori in a linear algebraic group G over k are conju-
gate.

2.4. Group actions.

Definition 2.21. An action of an affine algebraic group G on a variety X is an action of G on
X which is given by a morphism of varieties o : G x X — X.

Remark 2.22. If X is an affine variety over k and A(X) denotes its algebra of regular functions,
then an action of G on X gives rise to a coaction homomorphism of k-algebras:

ot AX) = A(G) @ A(X)
Fe> hi®fi

This gives rise to an action G — Aut(A(X)) where the automorphism of A(X) corresponding
to g € GG is given by

fr=Y hilg)fi € A(X)
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where f € A(X) and o*(f) = >_ h; ® fi. The actions G — Aut(A(X)) which arise from actions
on affine varieties are called rational actions.

Lemma 2.23. For any f € A(X), the linear space spanned by the translates g - f for g € G is
finite dimensional.

Proof. If we write o*(f) = > | hi ® f; for the coaction homomorphism o* as above, then
g-f=>,hi(g9)fi and so fi,..., f, are a basis. O

Definition 2.24. Let G be an affine algebraic group acting on a variety X. We define the orbit
G -z of = to be the image of the morphism o, = o(—,z) : G — X given by g — ¢-z. We define
the stabiliser G, of = to be the fibre of o, over x.

The stabiliser G, of x is a closed subvariety of G (as it is the preimage of a closed subvariety
of X under the continuous map o, : G — X). In fact it is also a subgroup of G. The orbit G - =
is a locally closed subvariety of X (this follows from a theorem of Chevalley which states that
the image of morphisms of varieties is a constructible subset; for example, see [17] II Exercise
3.19).

Lemma 2.25. Let G be a linear algebraic group acting on a variety X .
i) If Y and Z are subvarieties of X such that Z is closed, then

{9eG:g9Y C Z}

1s closed.
i) For any subgroup, H C G the fized point locus

X ={zeX H-zx=2z}
is closed in X.

Proof. For i) we write
{9eG:gY C Z} = ﬂay_l(Z)
yey
where 0y : G — X is given by g — g -y. As Z is closed, its preimage under the morphism

oy : G = X is closed which proves i). For ii) and any h € H we may consider the graph
'y, : X = X x X of the action given by = +— (z,0(h,x)), then

Xt = {1, (Ax)
heH

where Ay is the diagonal in X x X. As Ax C X x X is closed we see that X is also closed. [

Proposition 2.26. The boundary of an orbit G - x — G- x is a union of orbits of strictly smaller
dimension. In particular, each orbit closure contains a closed orbit (of minimal dimension).

Proof. The boundary of an orbit G - x is invariant under the action of G and so is a union of
G-orbits. As the orbit is a locally closed subvariety of (G, it contains a subset U which is open
and dense in its closure G - x. The orbit G - z is the union over g of the translates gU of U
and so is open and dense in its closure G - z. Thus the boundary G -z — G - x is closed and of
strictly lower dimension than G- z. It is clear that orbits of minimum dimension are closed and
so each orbit closure contains a closed orbit. (]

Proposition 2.27. Let G be an affine algebraic group acting on a variety X. Then the dimen-
sion of the stabiliser subgroup viewed as a function dimG_ : X — N is upper semi-continuous;
that is, for every m, the set

{r € X :dimG, > n}
s closed in X. Equivalently,

{r e X :dimG -z <n}

1s closed in X for all n.
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Proof. Consider the graph of the action
NGxX-—-XxX

(9,2) = (2,0(g,2))
and the fibre product P

P X

-

Gx X——X x X,

where A : X — X x X is the diagonal morphism; then the fibre product P consists of pairs
(g, ) such that g € G,. The function on P given by sending p = (g,x) € P to the dimension
of P,y := ¢ (¢(p)) = (G, x) is upper semi-continuous; that is, for all n

{p € P:dim P, > n}

is closed in P. By restricting to the closed set X = {(id,z) : z € X} C P, we see that the
dimension of the stabiliser of x is upper semi-continuous; that is,

{r € X :dimG, > n}
is closed in X for all n. Then by the orbit stabiliser theorem
dimG = dim G, +dim G - z,
which gives the second statement. ([

Example 2.28. Consider the action of G,, on A% by ¢ - (z,y) = (tz,t y). The orbits of this
action are

e Conics {zy = a} for a € k*,

e The punctured z-axis,

e The punctured y-axis.

e The origin.

The origin and the conic orbits are closed whereas the punctured axes both contain the origin
in their orbit closures. The dimension of the orbit of the origin is strictly smaller than the
dimension of G,,, indicating that its stabiliser has positive dimension.

Example 2.29. Let G,, act on A" by scalar multiplication: ¢- (ay,...,a,) = (tai,...,ta,). In
this case there are two types of orbits:

e punctured lines through the origin.
e the origin.

In this case the origin is the only closed orbit and there are no closed orbits of dimension equal
to that of G,,. In fact, every orbit contains the origin in its closure.

Exercise 2.30. For Examples 2.28 and 2.29, write down the coaction homomorphism.

2.5. First notions of quotients. Let G be an affine algebraic group acting on a variety X
over k. In this section and the following section (§2.6) we discuss types of quotients for the
action of G on X; the main references for these sections are [10], [31] and [36].

The orbit space X/G = {G -z : x € X} for the action of G on X unfortunately does not
always admit the structure of a variety. For example, often the orbit space is not separated
(this is an algebraic notion of Hausdorff topological space) as we saw in Examples 2.28-2.29.
Instead, we can look for a universal quotient in the category of varieties:

Definition 2.31. A categorical quotient for the action of G on X is a G-invariant morphism
@ : X — Y of varieties which is universal; that is, every other G-invariant morphism f : X — Z
factors uniquely through ¢ so that there exists a unique morphism h : Y — Z such that

f=yoh.
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As @ is continuous and constant on orbits, it is also constant on orbit closures. Hence, a
categorical quotient is an orbit space only if the action of G on X is closed; that is, all the
orbits G - x are closed.

Remark 2.32. The categorical quotient has nice functorial properties in the following sense:
if ¢ : X — Y is G-invariant and we have an open cover U; of Y such that | : =5 (U;) — U; is
a categorical quotient for each ¢, then ¢ is a categorical quotient.

Exercise 2.33. Let ¢ : X — Y be a categorical quotient of the G action on X. If X is either
connected, reduced or irreducible, then show that Y is too.

Example 2.34. We consider the action of G,, on A? as in Example 2.28. As the origin is in
the closure of the punctured axes {(z,0) : x # 0} and {(0,y) : y # 0}, all three orbits will be
identified by the categorical quotient. The conic orbits {xy = a} for a € k* are closed and
clearly parametrised by the parameter a € k*. Hence the categorical quotient ¢ : A2 — Al is
given by (z,y) — xy.

Example 2.35. We consider the action of G,, on A" as in Example 2.29. As the origin is in
the closure of every single orbit, all orbits will be identified by the categorical quotient and so
the categorical quotient is the structure map ¢ : A> — Speck to the point Spec k.

We now see the sort of problems that may occur when we have non-closed orbits. In Example
2.29 our geometric intuition tells us that we would ideally like to remove the origin and then
take the quotient of G,, acting on A" — {0}. In fact, we already know what we want this
quotient to be: the projective space P"~! = (A" — {0})/G,, which is an orbit space for this
action. However, in general just removing lower dimensional orbits does not suffice in creating
an orbit space. In fact in Example 2.28, if we remove the origin the orbit space is still not
separated and so is a scheme rather than a variety (it is the affine line with a double origin
obtained from gluing two copies of Al along Al — {0}).

2.6. Second notions of quotient. Let G be an affine algebraic group acting on a variety X
over k. The group G acts on the k-algebra Ox (X) of regular functions on X by

g-f(x)=flg~" )
and we denote the subalgebra of invariant functions by
Ox(X)¢:={feOx(X):g-f=fforall geG}.

Similarly if U C X is a subset which is invariant under the action of G (that is, g-u € U for all
u € U and g € G), then G acts on Ox (U) and we write Ox (U)¢ for the subalgebra of invariant
functions.

Ideally we want our quotient to have nice geometric properties and so we give a new definition
of a good quotient:

Definition 2.36. A morphism ¢ : X — Y is a good quotient for the action of G on X if
i) ¢ is constant on orbits.
ii) ¢ is surjective.
iii) If U C Y is an open subset, the morphism Oy (U) — Ox(¢~1(U)) is an isomorphism
onto the G-invariant functions Ox (=1 (U))%.
iv) If W C X is a G-invariant closed subset of X, its image ¢(W) is closed in Y.
v) If W, and W» are disjoint G-invariant closed subsets, then (W) and ¢(Ws) are disjoint.
vi) ¢ is affine (i.e. the preimage of every affine open is affine).

If moreover, the preimage of each point is a single orbit then we say ¢ is a geometric quotient.
Remark 2.37. We note that the two conditions iv) and v) together are equivalent to:

v)! If Wy and Wy are disjoint G-invariant closed subsets, then the closures of ¢(W;) and
©(W3) are disjoint.

Proposition 2.38. If p : X — Y is a good quotient for the action of G on X, then it is a
categorical quotient.
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Proof. Part i) of the definition of a good quotient shows that ¢ is G-invariant and so we need
only prove that it is universal. Let f : X — Z be a G-invariant morphism; then we may pick
a finite affine open cover U; of Z. As W; := X — f~1(U;) is closed and G-invariant, its image
©(W;) C Y is closed by iv). Let V; := Y — o(W;); then we have an inclusion o~ 1(V;) C f~1(U;).
As U; are a cover of Z, the intersection NW; is empty and so by v) we have Ng(W;) = ¢; that is,
V; are also an open cover of Y. As f is G-invariant the homomorphism Oz (U;) — Ox (f~1(U;))
has image in Ox (f~5(U;))¢. We consider the composition

Oz(Ui) = Ox (1 (Ui))% = Ox (¢ 1 (V)© = Oy (V)

where the second homomorphism is the restriction map associated to the inclusion p~1(V;) C
f~1(U;) and the final isomorphism is given by property iii) of good quotients. As Uj is affine,
the algebra homomorphism Oz(U;) — Oy (V;) defines a morphism h; : V; — U; (see [17] I
Proposition 3.5). Moreover, we have that

fl=hiog|: ¢ (Vi) = Ui

Therefore we can glue the morphisms h; to obtain a morphism h : Y — Z such that f = ho .
One can check that this morphism is independent of the choice of affine open cover of Z. [

Corollary 2.39. Let ¢ : X — Y be a good quotient; then:

1) G-21NG - 29 # ¢ if and only if (1) = p(x2).
ii) For each y € Y, the preimage o~ 1(y) contains a unique closed orbit. In particular, if
the action is closed (i.e. all orbits are closed), then ¢ is a geometric quotient.

Proof. For i) we know that ¢ is continuous and constant on orbit closures which shows that
o(r1) = p(x2) if G- 21 NG - 29 # ¢ and by property v) of ¢ being a good quotient we get the
converse. For ii), suppose we have two distinct closed orbits W; and Wa in ¢~ 1(y), then the
fact that their images under ¢ are both equal to y contradicts property v) of ¢ being a good
quotient. U

Corollary 2.40. If ¢ : X — Y is a good (resp. geometric) quotient, then for every open

U CY the restriction ¢| : ¢ 1(U) — U is also a good (resp. geometric) quotient of G acting
~1

on o~ (U).

Proof. Tt is clear that conditions i)-iii) and vi) in the definition of the good quotient hold also
for the restriction. For iv), if W C ¢~ 1(U) is closed and G-invariant and we suppose y belongs
in the closure (W) of ¢(W) in U. Then if W denotes the closure of W in X, we have that
y € p(W)Ce(W). As ¢ : X — Y is a good quotient, we see ¢ 1(y) N W # ¢ (for example,
apply v) to the unique closed orbit in ¢ ~!(y) and W). But as ¢~ !(y) C ¢~ 1(U), this implies
o Y y) NW # ¢ and so y € (W) which proves this set is closed.

For v), let Wi and W> be disjoint G-invariant closed subset of ¢~1(U); we denote their
closures in X by W7 and Wa. If there is a point y € o(W1) N@(Ws) C U, then as ¢ is a good
quotient,

o ) NWL N, # ¢.
However ¢~ 1(y) C ¢~ 1(U) and as Wy and Wy are both closed in ¢~ 1(U), we have
e HU)NWINWy =W, N Wy = ¢.

Therefore, the restriction ¢| : o~ 1(U) — U is also a good quotient. If ¢ is a geometric quotient
then it is clear that o|: ¢~ 1(U) — U is too. O

Remark 2.41. The definition of good and geometric quotients are local; thus if ¢ : X — Y is
G-invariant and we have a cover of Y by open sets U; such that | : ~1(U;) — U; are all good
(respectively geometric) quotients, then so is ¢ : X — Y.
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3. AFFINE GEOMETRIC INVARIANT THEORY

In this section we consider an action of an affine algebraic group G on an affine variety X
over k. The main references for this section are [31] and [36] (for further reading, see also [5],
[10] and [37]).

Let A(X) denote the coordinate ring of an affine variety X; then A(X) is a finitely generated
k-algebra. In the opposite direction, the maximal spectrum operator associates to a finitely
generated k-algebra A an affine variety Spec A.

The action of G on X induces an action of G on A(X) by g- f(z) = f(g~! - z). Of course
any G-invariant morphism f : X — Z of affine varieties induces a morphism f*: A(Z) — A(X)
given by h — h o f whose image is contained in

AX)C ={feAX):g-f=fforallg e G}

the subalgebra of G-invariant regular functions on X. Therefore, if A(X)% is also a finitely
generated k-algebra, the categorical quotient is the morphism ¢ : X — Y := Spec A(X)“
induced by the inclusion A(X)® < A(X) of finitely generated k-algebras. This leads us to an
interesting problem in invariant theory which was first considered by Hilbert:

3.1. Hilbert’s 14th problem. Given a rational action of an affine algebraic group G on a
finitely generated k-algebra A, is the algebra of G-invariants A% finitely generated?

Unfortunately the answer to Hilbert’s 14th problem is not always yes, but for a very large
class of groups we can answer in the affirmative (see [33] and also Nagata’s Theorem below). In
the 19th century, Hilbert showed that for G = GL,,(C), the answer is always yes. The techniques
of Hilbert were then used by many others to prove that for a very large class of groups (known
as reductive groups), the answer is yes.

3.2. Reductive groups. As mentioned above, Hilbert’s 14th problem has a positive answer for
a large class of groups known as reductive groups. In order to define reductive groups we need
to introduce the unipotent radical of a linear algebraic group G over k. A unipotent group is
isomorphic to an algebraic subgroup of the unipotent U, C GL,, consisting of upper triangular
matrices with diagonal entries equal to 1. We also see that subgroups, quotients and extensions
of unipotents groups are also unipotent. Given two connected unipotent normal linear algebraic
subgroups U, U’ C G, the normal closed subgroup U - U’ that they generate is also unipotent.
Therefore, due to dimension reasons, there is a unique maximal connected unipotent normal
linear algebraic subgroup, called the unipotent radical. In particular, we need to impose the
term normal to get a unique unipotent radical.

Definition 3.1. Let GG be a linear algebraic group over k.

(1) The unipotent radical of G, denoted R,,(G) is the maximal connected unipotent normal
linear algebraic subgroup of G.

(2) The radical of G, denoted R(G) is the maximal connected solvable normal linear alge-
braic subgroup of G.

(3) G is semisimple if it has trivial radical R(G) = {1}.

(4) G is reductive if it has trivial unipotent radical R, (G) = {1}.

Every unipotent linear algebraic subgroup is solvable; this is a consequence of the Lie—Kolchin
Theorem (for example, see [4] 10.5): for a connected solvable linear algebraic group G over an
algebraically closed field &, any linear representation p : G — GL,, can be conjugated to have
image in the upper triangular matrices. Furthermore, any unipotent linear algebraic group can
be realised as a closed subgroup of the strictly upper triangular matrices in GL,. In particular,
we have that R, (G) C R(G) and every semisimple group is reductive.

Example 3.2. The general linear group GL, has radical consisting of the scalar matrices
R(GL,,) = G,, and trivial unipotent radical. In particular, this is reductive but not semisimple.
The special linear group and projective linear group are both semisimple (and thus reductive).
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Remark 3.3. If G is connected and reductive, then R(G) is solvable and connected; hence, as
its reductive, the radical R(G) must be a torus GJ',. As this is a normal torus in a connected
linear algebraic group, it must in fact be central. In particular, connected reductive groups are
central extensions of connected semisimple groups by a torus.

We should mention a few further notions that are closely related to reductivity.

Definition 3.4. A linear algebraic group G is

(1) reductive if it has trivial unipotent radical R, (G) = {1}.

(2) linearly reductive if for every finite dimensional linear representation p : G — GL,, (k)
decomposes as a direct sum of irreducibles.

(3) geometrically reductive if for every representation p : G — GL,, (k) and every non-zero
G-invariant point v € A", there is a G-invariant non-constant homogeneous polynomial
f € k[z1,...,x,] such that f(v) # 0.

Remark 3.5. An alternative and often used definition of linear reductivity is that for every
finite dimensional linear representation p : G — GL, (k) and every non-zero G-invariant point
v € A", there is a G-invariant homogeneous polynomial f € k[z1,...,x,] of degree 1 such that
f(v) # 0. The equivalence is seen as follows. If we have a representation p : G — GL, (k)
decomposes as a direct sum of irreducibles, then for v # 0 fixed by G, there is a projection
f: A" — Al onto the line spanned by v. This is clearly G-invariant and linear; i.e. corresponds
to a degree 1 homogeneous G-invariant polynomial and f(v) = v # 0. Conversely, if for every
v # 0 fixed by G, there is a projection f : A" — Al such that f(v) # 0, then we have a direct
sum decomposition A} = span(v) @ ker(v). This allows us to decompose the representation into
a direct sum of irreducibles.

It is clear from the above remark that a linearly reductive group is also geometrically reduc-
tive. Nagata showed that every geometrically reductive group is reductive [33]. In characteristic
zero we have that all three notions coincide as a Theorem of Weyl shows that every reductive
group is linearly reductive. In positive characteristic, the different notions of reductivity are
related as follows:

linearly reductive = geometrically reductive <= reductive

where the implication that every reductive group is geometrically reductive is the most recent
result (this was conjectured by Mumford and then proved by Haboush [15]).

Example 3.6. Every torus (G,,)" and finite group is reductive. Also the groups GL,,(k), SLy, (k)
and PGL(n, k) are all reductive. The additive group G, of k under addition is not reductive.
In positive characteristic, the groups GLy,(k), SL, (k) and PGL,, (k) are not linearly reductive
for n > 1.

Exercise 3.7. Show that the additive group G, is not geometrically reductive by giving a
representation p : G, — GLa(k) and a G-invariant point v € A? such that every non-constant
G-invariant homogeneous polynomial in two variables vanishes at v.

Lemma 3.8. Suppose G is geometrically reductive and acts on an affine variety X. If W1 and
Wy are disjoint G-invariant closed subsets of X, then there is an invariant function f € A(X)%
which separates these sets i.e.

fW1) =0 and f(W2)=1.
Proof. As W; are disjoint and closed
(1) = I(¢) = I(W1 N Wa) = I(W7) + I(Ws)

and so we can write 1 = f; + fo. Then f1(WW;) = 0 and fi;(W2) = 1. The linear subspace V'
of A(X) spanned by g - f; is finite dimensional by Lemma 2.23 and so we can choose a basis
h1,...,hy,. This basis defines a morphism h : X — k™ by

h(z) = (hi(z),...,hn(z)).
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For each i, we have that h; = > a;(g)g - fi and so hi(z) = >_, ai(9)fi(g~ ' - x). As W; are
G-invariant, we have h(W;) = 0 and h(W3) = v # 0. The functions ¢ - h; also belong to V' and
so we can write them in terms of our given basis as

[ hz‘ = Zaij(g)hj.
J

This defines a representation G — GL,, (k) given by g — (a;;(g)). We note that h: X — A" is
then G-equivariant with respect to the action of G on X and GL,, (k) on A"; therefore v = h(W3)
is a G-invariant point. As G is geometrically reductive, there is a non-constant homogeneous
polynomial fy € k[x1,...,x,]% such that fy(v) # 0 and fo(0) = 0. Then f = cfyo h is the
desired invariant function where ¢ = 1/ fy(v). O

3.3. Nagata’s theorem. We recall that an action of G on a k-algebra A is rational if A = A(X)
for some affine variety X and this action comes from an (algebraic) action of G on X.

Theorem 3.9 (Nagata). Let G be a geometrically reductive group acting rationally on a finitely
generated k-algebra A. Then the G-invariant subalgebra AC is finitely generated.

As every reductive group is geometrically reductive, we can use Nagata’s theorem for reductive
groups. In the following section, we will prove this result for linearly reductive groups using
Reynolds operators (so in characteristic zero this also proves Nagata’s theorem). Nagata also
gave a counterexample of a non-reductive group action for which the ring of invariants is not
finitely generated (see [32] and [33]). The problem of constructing quotients for non-reductive
groups is very interesting and already there is progress in this direction; for example, see the
foundational paper on non-reductive GIT by Doran and Kirwan [12].

3.4. Reynolds operators. Given a linearly reductive group G, for any finite dimensional linear
representation p : G — GL(V), we can write V = V& @ W where W is the direct sum of all
non-trivial irreducible sub-representations. In particular, there is a projection p : V. — V.
This motivates the following definition.

Definition 3.10. For a group G acting rationally on a k-algebra A. A linear map R4 : A — A®
is called a Reynolds operator if if it a projection onto A and for a € A and b € B we have
Ra(ab) = aR4(b).

Proposition 3.11. Let G be a linearly reductive group acting rationally on a k-algebra A; then
there exists a Reynolds operator and AC is finitely generated.

Proof. As the action is rational, there is an affine variety X such that A(X) = A and the action
comes from an algebraic action on X. There is a natural homogeneous grading of A(X) and
so we write A = ®,>0A, with Ag = k. As each graded piece A, is a finite dimensional vector
space and G is linearly reductive, there is a Reynold’s operator R, : A, — A,Cf . This allows us
to define a Reynold’s operator R4 on A. In particular, A¢ = @nzoAg is a graded k-algebra: if
we take f € A® and write f = fo +--- + f4 with f; homogeneous of degree m, then

f=Ra(f) = Ralfo+ -+ fa) = Ro(fo) + - + Ra(fa)

with Rz(fz) S AZG

By Hilbert’s basis theorem, A is a Noetherian ring and so the ideal I = @T>0ATG is finitely
generated; that is, we have I =< f1,..., fin > for f; of degree d;. We claim that the elements
fis-.., fm generate AC as a k-algebra. The proof is by induction on degree. The degree zero
case is trivial as we have AOG = 0. We fix d > 0 and assume that all elements of degree strictly
less than d can be written as a polynomial in the f; with coefficients in k. Now take f € AS:
then we can write

f=afo+ - +amfm

for a; € A. If we replace a; by its homogeneous piece of degree d — d; then the same equation
still holds and so we can assume each a; is homogeneous of degree d—d;. We apply the Reynolds
operator R4 to the above expression for f to obtain

f=Ra(f) = Ralao)fo+ -+ Ralam)fm
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as a; is homogeneous of degree d — d;, we have that R4(a;) € A% is also homogeneous of degree
d — d;. Hence each Ry(a;) is homogeneous of degree strictly less than d and so we deduce by
induction that they are polynomials in the f; with coefficients in k. In particular, f is also a
polynomial in the f; with coefficients in k. O

3.5. Construction of the affine GIT quotient. Let G be a reductive group acting on an
affine variety X. We have seen that this induces an action of G on the affine coordinate ring
A(X) which is a finitely generated k-algebra without zero-divisors. By Nagata’s Theorem the
subalgebra of invariants A(X)% is finitely generated.

Definition 3.12. The affine GIT quotient is the morphism ¢ : X — X//G := Spec A(X)% of
varieties associated to the inclusion ¢* : A(X)Y — A(X).

Remark 3.13. The double slash notation X//G used for the GIT quotient is a reminder that
this quotient is not necessarily an orbit space and so it may identify some orbits. In nice cases,
the GIT quotient is also a geometric quotient and in this case we shall often write X /G instead
to emphasise the fact that it is an orbit space.

Theorem 3.14. Let G be a reductive group acting on an affine variety X. Then the affine
GIT quotient ¢ : X —'Y := X//G is a good quotient and in particular Y is an affine variety.
Moreover if the action of G is closed on X, then it is a geometric quotient.

Proof. As G is reductive and so also geometrically reductive, it follows from Nagata’s Theorem
that the algebra of G-invariant regular functions on X is a finitely generated reduced k-algebra.
Hence Y := Spec A(X)@ is an affine variety. The affine GIT quotient is defined by the inclusion
A(X)¢ < A(X) and so is G-invariant and affine: this gives part i) and vi) in the definition of
good quotient.

To prove ii), we take y € Y and want to construct x € X whose image under ¢ : X — Y
is y. Let m, be the maximal idea in A(Y) = A(X)% corresponding to the point y. We choose
generators fi,..., f,, of my and, as G is reductive, we claim that

Y LA(X) # A(X).
=1

In general, this claim can be deduced by using [36] Lemma 3.4.2. Here we provide a quick and
simple proof of this statement for linearly reductive groups (and so, at least in characteristic
zero, this proves the result). It suffices to prove that

(Z fiA<X>) 1A% = 3 FAX)C
i=1

as the ideal m, in A(X ) generated by the f; is a proper maximal ideal. The right hand side
of this expression is contained in the left hand side and to prove the opposite containment we
use the Reynold’s operator R4 : A(X) — A(X)Y (which exists as G is linearly reductive). We
write f = fia; € A(X)® with a; € A(X) and apply the Reynold’s operator; then

f=Ra(f) =) Ra(a)f;

with R4(a;) € A(X)Y which proves the result. Then, as > 1", f;A(X) is not equal to A(X),
it is contained in some maximal idea m, C A(X) corresponding to a closed point z € X. In
particular, we have that f;(z) =0 fori=1,...,m and so p(x) = y as required.

As the open sets of the form U = Yy := {y € Y : f(y) # 0} for non-zero f € A(X)Y form
a basis for the open sets of Y it suffices to verify iii) for these open sets. If U = Y}, then
Oy (U) = (A(X)%); is the localisation of A(X)% with respect to f and

Ox(p™1(U))" = Ox (X)) = (A(X);)" = (A(X)); = Oy (V)

as localisation commutes with taking G-invariants. Hence the image of the inclusion homomor-
phism Oy (U) = (A(X)%); — Ox(p1(U)) = A(X); is Ox (¢ HU))Y = (A(X)f)“ and this

homomorphism is an isomorphism onto its image.
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By Remark 2.37 iv) and v) are equivalent to v)’ and so it suffices to prove v)’. For this, we
use the fact that G is geometrically reductive: by Lemma 3.8 for any two disjoint closed subsets
W; and Wy in X there is a function f € A(X)Y such that f is zero on W; and equal to 1 on
Ws. We may view f as a regular function on Y and as f(o(W7)) = 0 and f(o(W2)) = 1, we
must have

e(W1) N (W) = ¢.
The final statement follows immediately from Corollary 2.39. (]

Example 3.15. Consider the action of G = G,, on X = A? by t - (z,y) = (tz,t 'y) as in
Example 2.28. In this case A(X) = k[z,y] and A(X)Y = k[zy] = k[z] so that Y = A! and the
GIT quotient ¢ : X — Y is given by (z,y) — xy. The three orbits consisting of the punctured
axes and the origin are all identified and so the quotient is not a geometric quotient.

Example 3.16. Consider the action of G = G,, on A" by ¢ - (z1,...,2,) = (tz1,...,tx,) as
in Example 2.29. Then A(X) = k[zy,...,z,] and A(X)Y = k so that Y = Speck is a point
and the GIT quotient ¢ : X — Y = Speck is given by the structure morphism. In this case all
orbits are identified and so this good quotient is not a geometric quotient.

Remark 3.17. We note that the fact that G is reductive was used several times in the proof,
not just to show the ring of invariants is finitely generated. In particular, there are non-reductive
group actions which have finitely generated invariant rings but for which other properties listed
in the definition of good quotient fail. For example, consider the additive group G, acting on
X = A* by the linear representation p : G, — GLy4

Even though G, is non-reductive, the invariant ring is finitely generated:
(C[-rb €2,T3, x4]Ga - (C[x27 T4, X174 — 1'2.’1)3].

However the GIT ‘quotient’ map X — X//G, = A3 is not surjective; its image misses the
punctured line {(0,0, ) : A € k*} C A3. For further differences, see [12].

3.6. Geometric quotients on open subsets. As we saw above, when a reductive group G
acts on an affine variety X in general a geometric quotient (i.e. orbit space) does not exist
because in general the action is not closed. For finite groups G, every good quotient is a
geometric quotient as the action of a finite group is always closed (every orbit is a finite number
of points which is a closed subset). For general G, we ask if there is an open subset of X for
which there is a geometric quotient.

Definition 3.18. We say x € X is stable if its orbit is closed in X and dimG, = 0 (or
equivalently, dim G - z = dim G). We let X* denote the set of stable points.

Proposition 3.19. Suppose a reductive group G acts on an affine variety X andlet p: X —Y
be the associated good quotient. Then Y* := p(X?*) is an open subset of Y and X°* = ¢~ 1(Y?)
is also open. Moreover, p : X° — Y? is a geometric quotient.

Proof. We first show that X* is open by showing for every x € X?® there is an open neighbour-
hood of z in X*. By Lemma 2.27, the set X} := {z € X : dim G, > 0} of points with positive
dimensional stabilisers is a closed subset of X. If x € X*, then by Lemma 3.8 there is a function
f € A(X)Y such that
f(Xy)=0, f(G-2)=1

It is clear that  belongs to the open subset Xy, but in fact we claim that Xy C X* so it is an
open neighbourhood of z. It is clear that all points in X; must have stabilisers of dimension
zero but we must also check that their orbits are closed. Suppose z € X has a non closed orbit
so w ¢ G - z belongs to the orbit closure of z; then w € X too as f is G-invariant and so w
must have stabiliser of dimension zero. However, by Proposition 2.26 the boundary of the orbit
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G - z is a union of orbits of strictly lower dimension and so the orbit of w must be of dimension
strictly less than that of z which contradicts the orbit stabiliser theorem. Hence X* is open and
is covered by sets of the form Xj.

Since ¢(Xf) = Yy is also open in Y and X; = ¢ 1(Y), we see that Y* is open and also
X3 = p Hp(X®)). Then ¢ : X* — Y* is a good quotient and the action of G on X* is closed;
thus ¢ : X* — Y is a geometric quotient by Corollary 2.39. U

Example 3.20. We can now calculate the stable set for the action of G = G,, on X = A? as
in Examples 2.28 and 3.15. The closed orbits are the conics {zy = a} for a € k* and the origin,
however the origin has a positive dimensional stabiliser and so

X ={(z,y) € A? : 2y # 0} = X,y

In this example, it is clear why we need to insist that dim G, = 0 in the definition of stability:
so that the stable set is open. In fact this requirement should also be clear from the proof of
Proposition 3.19.

Example 3.21. We may also consider which points are stable for the action of G = G, on A"
as in Examples 2.29 and 3.16. In this case the only closed orbit is the origin whose stabiliser is
positive dimensional and so X® = ¢. In particular, this example shows that the stable set may
be empty.

Example 3.22. Consider G = GLay(k) acting on the space of 2 x 2 matrices Maxa(k) by
conjugation. The characteristic polynomial of a matrix A is given by

char 4 (t) = det(x] — A) = 2% + ¢1(A)z + c2(A)

where ¢1(A) = —Tr(A) and c2(A) = det(A) and is well defined on the conjugacy class of a
matrix. The Jordan canonical form of a matrix is obtained by conjugation and so lies in the
same orbit of the matrix. The theory of Jordan canonical forms says there are three types of
orbits:
e matrices with characteristic polynomial with distinct roots «, 3. These matrices are
diagonalisable with Jordan canonical form

a 0
0 B /)
These orbits are closed and have dimension 2 - the stabiliser of the above matrix is the
subgroup of diagonal matrices which is 2 dimensional.
e matrices with characteristic polynomial with repeated root « for which the minimum

polynomial is equal to the characteristic polynomial. These matrices are not diagonal-
isable - their Jordan canonical form is

(5 a)

These orbits are also 2 dimensional but are not closed - for example

im( O a 1 tt 0\ [ a O
o\ 0 ¢t 0 « o t/) \0 «a)

e matrices with characteristic polynomial with repeated root « for which the minimum
polynomial is z — a. These matrices have Jordan canonical form

a 0
0 «
and as scalar multiples of the identity commute with everything, their stabilisers are

full dimensional. Hence these orbits are closed and have dimension zero.

We note that every orbit of the second type contains an orbit of the third type and so will be
identified in the quotient. There are only two G-invariant functions: the trace and determinant
which define the GIT quotient

@ = (Tr,det) : Mayo(k) — A%
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The subgroup G,, I3 fixes every point and so there are no stable points for this action.

Example 3.23. More generally, we can consider G = GL,, (k) acting on M, «, (k) by conjuga-
tion. If A is an n X n matrix, then the coefficients of its characteristic polynomial

char(t) = det(t] — A) = t" + ¢ (A" + - + ¢, (A)
are all G-invariant functions. In fact, these functions generate the invariant ring
A(Mysn)® 2 ke, ..., e
(for example, see [10] §1) and the affine GIT quotient is given by
0 My, — A"
A (c1(A),...,cn(A)).
As in Example 3.22 above, we can use the theory of Jordan canonical forms as above to describe

the different orbits. The closed orbits correspond to diagonalisable matrices and as every orbit
contains k*I, in its stabiliser, there are no stable points.

Remark 3.24. In situations where there is a non-finite subgroup H C G which is contained in
the stabiliser subgroup of every point for a given action of G on X, the stable set is automatically
empty. Hence, for the purposes of GIT, it is better to work with the induced action of the group
G/H. In the above example, this would be equivalent to considering the action of the special
linear group on the space of n X n matrices by conjugation.

Example 3.25 (Kleinian surface singularities). The Kleinian surface singularities (also know as
the du Val singularities) are isolated complex surface singularities that are classified by A-D-E
Dynkin diagrams:

Ap: 0=a24y>+ 21!

D,: 0=2a2+y?z+ 271!

Eeg: 0=a2*+y°+2"

Er: 0=2%+9°+y3

Eg: 0=a2+y3+ 25
They can all be constructed as GIT quotients C?//I" for I' C SL2(C) a finite subgroup; thus
they are all geometric quotients. In fact, the finite subgroups I' of SLo(C) have a corresponding
A-D-E classification. The classification of finite subgroups in SO3(R) can be used to provide a
classification of finite groups in SLy(C) up to conjugation. This classification is as follows: a
finite subgroup I' of SLy(C) is, up to conjugation:

0 .ont+l
671 L€ —1}

0 0 € _
1 a( PRSI > ;2 2):1}

Eg¢: T adouble cover of A4 C SO3(R)

A,: T'=

D,: T'=

O O™

E;: T adouble cover of Sy C SO3(R)

Eg: T adouble cover of A5 C SO3(R).

The invariant ring for each I' were calculated by Klein and in particular he showed that the
singularity of a given type occurs as the quotient C//T" for the corresponding group.

4. PROJECTIVE GIT QUOTIENTS

In this section we extend the theory of affine GIT developed in the previous section to
construct GIT quotients for reductive group actions on projective varieties. The approach we
will take is to try and cover as much of X as possible by G-invariant affine open subvarieties
and then use the theory of affine GIT to construct a good quotient ¢ : X** — Y of an open
subvariety X*° of X (known as the GIT semistable set). As X is projective we would also like
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our quotient Y to be projective (and in fact it turns out this is the case). As in the affine
case, we can restrict our attention to an open subvariety X of stable points for which there
is a geometric quotient X* — Y¥ where Y? is an open subvariety of Y. The main reference
for the construction of the projective GIT quotient is Mumford’s book [31] and other excellent
references are [10], [29], [36], [37] and [48]. We start this section by recalling some definitions
and results about projective varieties from algebraic geometry.

4.1. Projective algebraic geometry. Let k be an algebraically closed field and let P" = [P}
denote projective n-space over k:

P = (A" —{0})/ ~

where (ag,...,an) ~ (bo,...,b,) if and only if there exists A € k* such that (ag,---,a,) =
(Abo, . .., Ab,). Thus two points in A"+ — {0} are equivalent if and only if they lie on the same
line through the origin. One way to think of P" is as the space of punctured lines through
the origin in A"*!. Or in terms of group actions, P" is the orbit space for the action of the
multiplicative group G,, on A"*! — {0} by scalar multiplication. There is a natural projection
map A"t — {0} — P" sending a point to its equivalence and we refer to A"*! as the affine cone
over P". For any point p of projective space we can choose a point (aq,...,a,) € A"t — {0}
which is a representative of the equivalence class p (we say (ag,...,a,) lies over p). We shall
often write p = [ag : - - - : a,] and say the tuple (ay,...,a,) are homogeneous coordinates for p.

Projective n-space P™ is a variety as it can be covered by open affine varieties U; =2 A" for
1 =0,...,n where

Ui={[xo: 1 xy) €P":z; # 0}
and the isomorphism A™ — U is given by (a1,...,a,) — [L:1ay: - - ap).
A polynomial f(xg,...,z,) in the (affine) coordinate ring A(A"™!) = k[xo, ..., z,] is homo-

geneous of degree r if for every A € k* we have

f(Azo, ..., \xn) = N f(zo,...,2n);

that is, f is a linear combination of monomials z(’z}" ...z}" of degree r (ie. > 7 = 7).
Moreover, as any polynomial can be written as a sum of homogeneous polynomials we have a

decomposition
k[.ﬁo, . ,iL'n] = @on[xo, ce ,xn]r
into a graded k-algebra (a k-algebra R is graded if we can write R = @, R, where each R, is

a k-vector space and R,Rs; C Rys). If (ag,...,ay) € A" lies over a point p € P”, then for a
homogeneous polynomial f we have

flag,...,an) =0 <= f(Aaog,...,Aa,) =0

for all nonzero A € k. Hence whether f is zero or not at a point p € P" is a well defined notion
(it is independent of the choice of representative of the equivalence class of p). We can see a
homogeneous polynomial f as a two valued function on P": it is either zero or non-zero. Given

homogeneous polynomials f1,..., fi, € klzo,...,zy], we define the associated algebraic subset
V(fi,.. s fm)={peP": filp) =0fori=1,...m} C P".
An ideal I C k[zo,...,zy] is a homogeneous ideal if I = @©,>¢I N k[xg,...,zy],. In this case

(as k[zg, ..., x| is Noetherian), the ideal is finitely generated I = (fi,..., fin) by homogeneous
polynomials f;. Then we write V(I) = V(fi,..., fm). The Zariski topology on P" is given by
letting the algebraic subsets V(fi,..., fm) be the closed sets.
Given X C P, we let I(X) denote the ideal in k[zo, ..., z,] of homogeneous polynomials
which vanish on X. The projective Nullstellensatz describes the relationship between I and V:
e For a subset X C P, we have X C V(I(X)) with equality if and only if X is a closed
subset.

e For a homogeneous ideal I, we have I C I(V(I)) with equality if and only if I is a
radical ideal.
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Definition 4.1. A projective variety X C P" is an algebraic subset of P with the induced
topology.

If X is a projective subvariety of P™; then we may consider the affine cone X over X which
is an affine subvariety of the affine cone A"+ over P™:

X ={0}U{(z0,...,2n) € A" — {0} : [zg:--:z,) € X}

Thus X = (X —{0})/ ~. If X is the projective variety cut out as the zero locus of homogeneous
polynomials f1,..., f € k[zo,...,x,], then X = V(f1,..., fm) C A" is the affine variety cut
out as the zero locus of the regular functions fi, ..., f, on A"+,

For a projective variety X C P", we define the homogeneous coordinate ring of X by

R(X) = k[zo, ..., zn]/1(X).

We may also write R(X) = @;>0R; as a graded k-algebra and we call R(X); := @;>0R; the
irrelevant ideal (the name comes from the fact that in P" the irrelevant ideal is (xq,...,2y,)
which corresponds to 0 € A™"! and so does not project to a point in P?). The homogeneous
coordinate ring R(P") of P" is equal to the affine coordinate ring A(A™!) on its affine cone
An—l—l

R(Pn) = @lzok[l'o, RN :L‘n]l = k‘[l’o, ceey l‘n] = A(An—H)
and similarly R := R(X) = R(P")/I(X) = A(A"1)/I(X) = A(X).

Remark 4.2. We note that the definition of R(X) depends on how we realise X as a subset of
P" (as this choice defines the affine cone X) and so a different embedding X € P™ will lead to
a different homogeneous graded k-algebra. Thus strictly speaking we should write R(X C P™)
rather than just R(X) to emphasise this dependence.

A non-constant polynomial f € k[zo,...,x,| does not define a well defined function on P",
however the quotient f/g of two homogeneous polynomials of degree d is a rational morphism
on PP" (that is, it is only a well defined on the open subset P — V(g) where g is non-zero) as

for A\# 0 and [ag:---: ay] € P" — V(g) we check that
I f(Aag, ...\ ap) )\df(ao,...,an) f
L (hao, ... Aay) = - = Lao, .. ay).
g( @0, +> Atn) g(Xag, ..., Aan)  Nig(ag,...,an) g(a0 an)

Definition 4.3. Let X C P" be a projective variety and U an open subset of X; then a function
f:U — k is regular at p € U, if there is an open neighbourhood V' of p such that f = g/h on
U and g(p) # 0 where f, g are homogeneous polynomials of the same degree k[zo, ..., z,]. We
say f is regular if it is regular at all point in U and denote the k-algebra of regular functions
by Ox(U).

We summarise some properties of projective varieties in the following theorem (see also [17]
I Theorem 3.4 and II Proposition 2.5).

Theorem 4.4. Let X be an irreducible projective variety over k. Then

i) The ring Ox(X) of regular functions on X is isomorphic to k.

ii) There is a one-to-one correspondence between the points p in X and homogeneous mazxi-
mal ideals my, in R(X) which do not contain R(X ) where my, is the ideal of homogeneous
polynomials which vanish at p.

iii) For homogeneous f € R(X)4, we define Xy :={x € X : f(x) #0} = X -V (f) and let
(R(X)¢)o denote the degree zero piece of the localised graded k-algebra R(X)s. Then

Xy = Spec(R(X)¢)o
and
Ox (Xy) = (R(X))o-

iv) The open sets Xy for homogeneous f € R(X )y form a basis for the Zariski topology of
X.
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The structure sheaf Ox on a projective variety X C P" is an invertible sheaf (i.e. line
bundle) over X and there are two other important invertible sheaves on X: the tautological
sheaf Ox(—1) = Opn(—1)|x and the Serre twisting sheaf Ox (1) = Opn(1)|x, which is dual to
Ox(—1). The fibre of the tautological line bundle on P" over a point z is the line in A”*! which
defines this point = € P™ and so the total space of the tautological line bundle is the blow up
of A"t at the origin.

Example 4.5. Let X = P" and f(xo,...,2n) = xo. Then Xy = {[zg : - 1 2] : 20 # 0} =
Up = A" and the regular functions on Xy are

x1 In
7’.--

] = kly1,. .., Yn)-

X =
Ox(Xy) kLO 20

The operator R(—) sends a projective variety X to its homogeneous coordinate ring R(X).
Given a reduced finitely generated graded k-algebra R = @, R,, we can construct an associated
projective variety X = Proj R (called the projective spectrum) which comes with a specified
embedding in projective space as follows. A finite set of homogeneous generators of R of the
same degree define a surjection of graded k-algebras

klxo,...,zn] = R

and we let I be the homogeneous ideal equal to the kernel of this surjection. Then Proj R is the
projective variety V(I) C P". If R cannot be generated by homogeneous elements of the same
degree, then instead one realises X as a subvariety of a weighted projective space. Alternatively,
if one is willing to work abstractly without taking generators, then Proj R as a set is the set of
prime homogeneous ideals in R which do not contain the irrelevant ideal R, and one can also
define the Zariski topology in this abstract setting (for example, see [17] II §2).

Given any finitely generated graded subalgebra S of R, the inclusion S — R of finitely
generated graded k-algebras induces a rational morphism (i.e. a morphism that is only well
defined on an open subset of X) of projective varieties

¢: X :=ProjR--»Y :=ProjS
which is undefined on the nullcone:
N5<X) = {JZ e X: f(.%') =0Vf e S+ = @l>osl} cX

which is a closed subvariety of X. We note the following:

¢ is a well defined morphism on Xg := Uyreg, X5 = X — Ng(X).

Y = Uf€S+Yf and (pfl(Yf) = Xy.

Moreover, A(Yy) = (S¢)o where (Sf)o denotes the degree zero homogeneous piece of the
graded homogeneous algebra Sy obtained by localising S at f.

The morphism ¢ : Xg — Y is obtained by gluing the morphisms of affine algebraic
varieties ¢y : Xy — Yy for f € S; corresponding to the inclusions

A(Yy) = (Sf)o C (Ry)o = A(Xy).

In the remainder of this section we recall some important properties of abstract algebraic
varieties; this can be happily ignored by those who are not interested in constructing GIT
quotients for abstract projective varieties. An abstract projective variety does not come with
a specified embedding into projective space, but if we choose a very ample line bundle L on X
then (by definition of L being very ample) we can pick global sections so,...,s, € HY(X,L)
such that the rational map X --+ P™ given by

x> [so(x) -t sp(2)]

is a closed embedding. In fact we can write this embedding in a coordinate free way: there is
an embedding X <« P(H°(X, L)*) given by

z—evy : H(X,L) —» L, = C

where ev,(s) = s(x). If i : X < P™ is the inclusion of a closed subvariety, then L = i*Opn(1) is
a very ample line bundle on X and the associated closed embedding is equal to i.
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We say a line bundle L is ample if some tensor power of itself L&" for n > 0 is very ample
(this being ample is a slightly weaker notion than being very ample line). Given an ample line
bundle L on X, we can consider the associated graded k-algebra

R=R(X,L) = @&>0H(X,L?).

Then the (maximal) “Proj construction” for graded rings allows us to recover the pair (X, L);
we recall that the points of the Proj R correspond to maximal homogeneous ideals in this
graded ring R which do not contain the irrelevant ideal R,. We can also define a topology and
structure sheaf over Proj R using R (see [17] Chapter II § 2). We note that if we replace L by
the associated very ample line bundle L™ for n > 0, then R(X, L") will be generated in degree
1.

4.2. Construction of the projective GIT quotient.

Definition 4.6. An action of a reductive group G on a projective variety X C P" is said to be
linear if G acts via a homomorphism G — GLj41.

If we have a linear action of a reductive group G on a projective variety X C P, then G
acts on the affine cones A"*! and X over P" and X. In particular G acts on R := A(X) and
preserves the graded pieces so that R = A(f( )¢ is a homogeneous graded subalgebra of R. By
Nagata’s theorem this is also finitely generated and so we can consider the associated projective
variety Proj(R%).

Definition 4.7. For a linear action of a reductive group G on a projective variety X C P",
we let X//G denote the projective variety Proj(R%) associated to the finitely generated graded
k-algebra RY of G-invariant functions where R = R(X) is the homogeneous coordinate ring of
X. The inclusion R < R defines a rational map

v: X --» X//G
which is undefined on the null cone
Npe(X) :={r € X: f(x) =0Vf € R{}.

We define the semistable locus X** := X — Npe(X) to be the complement to the nullcone.
Then the projective GIT quotient for the linear action of G on X C P" is the morphism
p: X% — X//G.

Proposition 4.8. The projective GIT quotient for a linear action of a reductive group G on a
projective variety X C P™ is a good quotient of the action of G on X*°.

Proof. We let ¢ : X*° — Y := X//G denote the projective GIT quotient. For f € Rf, we have
that

A(Yy) = ((R%) 5)o = (Ryp)o)¥ = A(Xp)®
and so the corresponding morphism of affine varieties ¢y : Xy — Yy is a good quotient by
Theorem 3.14. The open subsets X; cover X*° and the open subsets Y; cover Y. Moreover,
the morphism ¢ : X* — Y is obtained by gluing the good quotients ¢y : Xy — Yy and so is
also a good quotient. O

We can now ask if there is an open subset X* of X*° on which this quotient becomes a
geometric quotient. For this we want the action to be closed on X?®, or at least the action is
closed on some affine open G-invariant subsets which cover X®. This motivates the definition
of stability (see also Definition 3.18):

Definition 4.9. Consider a linear action of a reductive group G on a closed subvariety X C P”.
Then a point z € X is

(1) semistable if there is a G-invariant homogeneous polynomial f € R(X)¥ such that
f(z) #0.

(2) stable if dimG, = 0 and there is a G-invariant homogeneous polynomial f € R(X )S_;
such that x € X; and the action of G on X is closed.
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(3) unstable if it is not semistable.
We denote the set of stable points by X® and the set of semistable points by X*%°.

Remark 4.10. The semistable set X** is the complement of the null cone Npe(X) and so is
open in X. The stable locus X is open in X (and also in X*%): let X, := UX; where the union
is taken over f € R(X)g such that the action of G on X is closed; then X, is open in X and it
remains to show X° is open in X.. By Proposition 2.27, the function x +— dim G, is an upper
semi-continuous function on X and so the set of points with zero dimensional stabiliser is open.
Therefore, we have open inclusions X* C X, C X.

Theorem 4.11. For a linear action of a reductive group G on a closed subvariety X C P", we
have:
i) The GIT quotient ¢ : X% =Y := X//G is a good quotient and a categorical quotient.
Moreover, Y is a projective variety.
i) G-x1 NG 22N X% #£0 if and only if p(x1) = p(2).
iii) There is an open subset Y C Y such that =2 (Y®) = X% and ¢ : X° — Y® is a
geometric quotient.

Proof. Part i) is covered by Proposition 4.8 above and part ii) is given by Corollary 2.39 for
good quotients. For iii), we let Y, be the union of Y} for f € R(X){ such that the G action
on X is closed and let X, be the union of Xy over the same index set so that X. = ¢~ 1(Y,).
Then ¢ : X, — Y. is constructed by gluing ¢; : Xy — Y; for f € R(X)Y such that the G
action on Xy is closed. Each ¢y is a good quotient and as the action on Xy is closed, ¢y is
also a geometric quotient (cf. Corollary 2.39). Therefore ¢ : X, — Y. is a geometric quotient.
By definition X* is the open subset of X. consisting of points with zero dimensional stabilisers
and we let Y5 := o(X?®) C Y.. As ¢ : X. — Y, is a geometric quotient and X* is a G-invariant
subset of X, ¢ 1(Y*) = X% and also Y. — Y*¥ = p(X. — X*). As X, — X is closed in X,
property iv) of good quotient states that p(X.— X*) = Y. —Y* is closed in Y, and so Y* is open
in Y. Since Y, is open in Y, the subset Y* C Y is open and the geometric quotient ¢ : X, — Y,
restricts to a geometric quotient ¢ : X* — Y. O

Remark 4.12. We see from the proof of this theorem that to get a geometric quotient we do
not have to impose the condition dim G, = 0 and in fact in Mumford’s original definition of
stability this condition was omitted. However, the modern definition of stability, which asks for
zero dimensional stabilisers, is now widely accepted. One advantage of the modern definition is
that if the semistable set is nonempty, then the dimension of the geometric quotient equals its
expected dimension.

Example 4.13. Consider the linear action of G = G,, on X = P"™ by

tolzo:my - my] = [t o sty c - sty
In this case R(X) = k[xo, ..., zy] which is graded into homogeneous pieces by degree. It is easy
to see that the invariant functions xgzq, ..., zox, generate the G-invariant subalgebra R(X )G,

SO

R(X)Y = kwoz1, ..., Toxn] = kYo, -, Yn_1]
corresponds to the projective variety X//G = P"~!. The explicit choice of generators for R(X)%
allows us to write down the rational morphism

0: X =P" - X//G=P""!
[Xo @yt iap] = [Tomy - Towy)]
and its clear from this description that the nullcone
Npxye(X)={[zo: - :1an] €P":29=00rz; - 7 =0}

is the projective variety defined by the homogeneous ideal I = (zoz1,- - ,zoxy,). In particular,

XSS:UX;WCZ.:{[:co:---:a;n]EIP’”:xo#Oand(a:l,...,a:n)%O}%’A”—{O}
i=1
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where we are identifying the affine chart on which xg # 0 in P with A™. Therefore
@: X% =A" - {0} - X//G =P"!

is a good quotient of the action on X*. As the preimage of each point in X //G is a single orbit,
this is also a geometric quotient. Moreover, every semistable point is stable as all orbits are
closed in A" — {0} and have zero dimensional stabilisers.

In general it can be difficult to determine which points are semistable and stable as it is
necessary to have a good description of the graded k-algebra of invariant functions. The ideal
situation is as above where we have an explicit set of generators for the invariant algebra which
allows us to write down the quotient map. However, finding generators for the invariant algebra
in general can be hard. We will soon see that there are other criteria that we can use to
determine (semi)stability of points.

Lemma 4.14. A point x is stable if and only if x is semistable and its orbit G - x is closed in
X% and has zero dimensional stabiliser.

Proof. Suppose z is stable and y € G -z N X*%; then p(y) = ¢(z) and so y € o1 (p(z)) C
¢ 1(Y*) = X*. As the action of G on X? is closed, y € G - z and so the orbit G - z is closed in
X8,

Conversely, we suppose z is semistable with closed orbit in X%% of top dimension. As z is
semistable, there is a homogeneous f € R(X )f such that x € Xy. As G-z is closed in X*%, it
is also closed in the open affine set Xy C X*°. By Proposition 2.27, the G-invariant set

Z:={z¢€ X;:dimG -z <dimG}

is closed in Xy. Since Z is disjoint from G - x, by Lemma 3.8, there exists h € A(Xf)G such
that
hZ)=0 and h(G-z)=1.

It is a (non-trivial) consequence of G being geometrically reductive, that there is a homogeneous
G-invariant polynomial h’ such that h® = h'/f" for positive integers r, s (we do not give a proof
of this fact but instead reference [36] Lemma 3.4.1). Then x € Xy and as Xy is disjoint
from Z, every orbit G -y in Xy has dimension dim G. It follows from Proposition 2.26 that
the action of G on Xy is closed and so this completes the proof that x is stable. O

Definition 4.15. A semistable point z is said to be polystable if its orbit is closed in X*. We
say two semistable points are S-equivalent if their orbit closures meet in X%%.

By Lemma 4.14 above, every stable point is polystable.

Lemma 4.16. Let = be a semistable point; then its orbit closure G -x contains a unique
polystable orbit. Moreover, if x is semistable but not stable, then this unique polystable orbit is
also not stable.

Proof. The first statement follows from Corollary 2.39. For the second statement we note that
if a semistable orbit G - x is not closed, then the unique closed orbit in G -z has dimension
strictly less than G -z and so cannot be stable. O

Corollary 4.17. Let x and ' be semistable points; then ¢(x) = p(2') if and only if x and x’
are S-equivalent. Moreover, there is a bijection of sets

X//G = XP/G
where XP® C X% is the set of polystable points.

4.3. Linearisations. An abstract projective variety X does not come with a specified embed-
ding in projective space. However, an ample line bundle L on X (or more precisely some power
of L) determines an embedding of X into a projective space. In order to construct a GIT
quotient of an abstract projective variety X we need the extra data of a lift of the G-action to
a line bundle on X; such a choice is called a linearisation of the action.
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Definition 4.18. Let w : L — X be a line bundle on X. A linearisation of the action of G
with respect to L is an action of G on L such that

i) For all g € G and | € L, we have 7w(g-1) = g - (1),
ii) For all z € X and g € G the map of fibres L, — Lg.; is a linear map.

The linearisation is often also denoted by L. We say a linearisation L is (very) ample if the
invertible sheaf associated to L is (very) ample.

Remark 4.19. Let £ denote the invertible sheaf associated to the line bundle L; then the
notion of a linearisation of an action ¢ : G x X — X can be stated in terms of sheaves as
follows. Let mx : G x X — X denote the projection onto the second factor and 4 : G x G - G
denote the group action. A linearisation of the action with respect to £ is an isomorphism

O:0"L > L
which satisfies the cocycle condition:
(b xidx)*® = m33P o (idg x 0)* P
where 73 : G X G x X — G x X is the projection onto the last two factors.

Example 4.20. Let L = X x k be the trivial line bundle on a variety X over k; then a
linearisation of a G-action on X with respect to L corresponds to a character x : G — G,;,. The
character x defines a lift of the action to L by

g-(z,2)=(g9-7,x(9)2)

where (z,z) € X x k. More generally, we can use a character x : G — G,, to modify any given
linearisation L of a G-action on X by defining

g-(x,2) =(g9-2,x(9)9 - 2)
forxr e X and z € L,.

Example 4.21. There is a natural linearisation of the SL(n + 1,k) action on P* = P(k"*1)
with respect to £ = Opn (1) such that the induced action of G on

HO(B", Opn (1)) = (K" *)*
is dual to the natural action of SL(n + 1,k) on k"T1,

Remark 4.22. Suppose that X is a projective variety and L is a very ample linearisation.
There is an induced action of G on H%(X, L) such that the natural evaluation map

HY(X,L)®, Ox — L
is G-equivariant. Moreover, the embedding
X — P(H(X,L)")

given by = — ev, is G-equivariant. Hence in this case, we are in the same situation of §4.2
where we have a linear representation of G on HY(X, L)* and the action of G on X is induced
by the linear action of G on P(HY(X, L)*).

Exercise 4.23. The set of line bundles on X is a group Pic(X) with multiplication given by
tensor product and inverse given by taking the dual line bundle. Show that the set of G-
linearised line bundles PicG(X ) is also a group. In particular, what is the identity element and
how do we define the product of linearisations or the inverse linearisation?
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4.4. GIT for projective varieties with ample linearisations. Suppose a reductive group
G acts on a projective variety X with respect to an ample linearisation L. Let

R:=R(X,L):=@HX,L¥)
r>0
denote the associated graded algebra of sections of powers of L. There is an induced action
of G on the space of sections H(X,L®") and we denote the graded subalgebra of G-invariant

sections by
G _ @HO(X? L®T)G
r>0

As Ry = k and the constant functions are G-invariant we also have Rg = k and so Proj R is
a projective variety over k by Nagata’s theorem.

Definition 4.24. We define the GIT quotient (for this G-action on X with respect to L) to be
the projective variety
X//1G := Proj R,

The inclusion of the subalgebra of invariant sections induces a rational map X --+ X//pG which
is a morphism on the semistable locus X**(L) := X —Npc(X). The morphism ¢ : X** — X//1G
is the GIT quotient with respect to L. We define notions of (semi)stability with respect to L
as follows:

1) A point x € X is semistable (with respect to L) if there is an invariant section o €
HO(X, L®")Y for some r > 0 such that o(z) # 0.

2) A point z € X is stable (with respect to L) if dim G-z = dim G and there is an invariant
section ¢ € HY(X, L®" )% for some r > 0 such that o(z) # 0 and the action of G on
Xo:={zr € X :0(zx) # 0} is closed.

3) The points which are not semistable are called unstable.

The open subsets of stable and semistable points with respect to L will be denoted by X*(L)
and X*%(L) respectively.

Exercise 4.25. We have already defined notions of semistability and stability when we have a
linear action of G on X C P". In this case the line bundle which is used for the linearisation is
Opn (1) with the natural lift of the GL,,41 action corresponding to the natural action of GL, 1
on k™1, In this case, show that the two notions of semistability agree; that is,

X5 = XE3(Opn(1)x).

Theorem 4.26. Let G be a reductive group acting on a projective variety X and L be an ample
linearisation of this action. Then the GIT quotient

: X**(L) = X//.G = Proj @ HO(X, L®")¢
r>0

is a good quotient and hence also a categorical quotient. The GIT quotient X//LG is also a
projective variety. Furthermore, there is an open subset Y° C X//1G such that ¢~ 1(Y®) =
X*(L) and ¢ : X*(L) = Y? is a geometric quotient for the G-action on X°(L).

Proof. As L is ample, the open sets X, are affine and so we can use the affine theory to construct
the quotient (we omit the proof as it is very similar to that of Theorem 4.11). O

Remark 4.27 (Variation of geometric invariant theory quotient). It is important to remember
that in the case of projective GIT we have a choice to make (that of a linearisation) and so
the quotient will depend on this choice. Once can study how the semistable locus X**(L) and
the GIT quotient X//;G vary with the linearisation L; this area is known as variation of GIT.
A key result in this area is that there are only finitely many distinct GIT quotients produced
by varying the ample linearisation of a fixed G-action on a projective normal variety X (for
example, see [11] and [47]).
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Remark 4.28. For an ample linearisation L, we know that some power of L is very ample. Since
X*5(L) = X*5(L®") and X*(L) = X5(L®"), we will often assume without loss of generality
that L is very ample and so X C P" and G acts linearly.

Definition 4.29. We say two semistable points x and 2’ are S-equivalent if the orbit closures
of  and 2’ meet in the semistable subset X*$(L). We say a semistable point is polystable if its
orbit is closed in the semistable locus X**(L).

Corollary 4.30. Let x and ' be points in X*(L); then p(x) = ¢(2') if and only if x and x’
are S-equivalent. Moreover, we have a bijection of sets between the points of the GIT quotient

X/G = XP(L)/G
and the G-orbits in the polystable locus XP*(L).

4.5. GIT for general varieties with linearisations. In this section we state the most general
theorem of Mumford for constructing GIT quotients of G-actions on varieties with respect to a
(not necessarily ample) linearisation. First we give notions of (semi)stability:

Definition 4.31. Let X be a variety with an action by a reductive group G and L be a
linearisation of this action.

1) A point x € X is semistable (with respect to L) if there is an invariant section o €
HO(X, L®")% for some r > 0 such that o(z) # 0 and X, = {z € X : o(x) # 0} is affine.

2) A point x € X is stable (with respect to L) if dim G-z = dim G and there is an invariant
section o € HO(X,L®" )% for some r > 0 such that o(x) # 0 and X, is affine and the
action of G on X, is closed.

The open subsets of stable and semistable points with respect to L are denoted X*(L) and
X*5(L) respectively.

Remark 4.32. If X is projective and L is ample, then this agrees with Definition 4.24 as X,
is affine for any non-constant section o.

In this case the GIT quotient is constructed by covering X®° by affine G-invariant open
subvarieties X, and gluing the GIT quotients of these affine varieties.

Theorem 4.33. (Mumford) Let G be a reductive group acting on a variety X and L be a
linearisation of this action. Then there is a quasi-projective variety X//1G and a good quotient
¢ : X**(L) = X//LG of the G-action on X**(L). Furthermore, there is an open subset Y* C
X//LG such that p=1(Y*) = X*(L) and ¢ : X*(L) — Y* is a geometric quotient for the G-action
on X*(L).

4.6. Linearisations for affine varieties. Often when a reductive group G acts on an affine
variety X, the affine GIT quotient X//G collapses too many orbits as no unstable points are
removed. As we saw in Example 2.28, if the origin is contained in the closure of every orbit then
the affine GIT quotient collapses to a point. We can instead consider the trivial line bundle
L = X x k with linearisation L, given by a character x : G — G, so that

g9-(@,¢)=(g9-z,x(9)c)
for (z,¢) € L = X x k and g € G; then the associated GIT quotient X//1, G often provides
a better quotient of an open subset of X of ‘y-semistable points’. An application of this
construction is King’s construction of moduli spaces of y-semistable quiver representations [24].
More generally, toric varieties are constructed as a linearised GIT quotient of an affine space
by a torus action where the linearisation is given by a character of a torus.

5. CRITERIA FOR (SEMI)STABILITY

If a reductive group G acts on a projective variety X with respect to an ample linearisation L,
then the definitions of (semi)stability with respect to L require us to calculate the G-invariant
sections of all powers of L. In fact since the notions of (semi)stability with respect to L
and L®" agree, we can assume without loss of generality that L is very ample and so defines
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an embedding X < P". For a linear action of a reductive group G on a projective variety
X C P", we know by Nagata’s theorem that the invariant graded k-subalgebra R(X)% C R(X)
is finitely generated. However, this result does not give a method for finding a set of generators.
The original definitions of (semi)stability require us to know this subalgebra of G-invariant
homogeneous polynomials. In this section we give some alternative criteria for (semi)stability
which do not require us to calculate R(X)“. The main references for the material covered in
this section are [10], [31], [36] and [48].

5.1. A topological criterion. If G is a reductive group which acts linearly on a projective
variety X C P”, then there is an action of G on the affine cone X C A™"!. By definition
X% = X — Np(x)e(X) where Np(xyo(X) is the nullcone consisting of points z € X such that

every non-constant invariant function f € R(X)% = A(f( )& vanishes on .

Proposition 5.1. Let & € X be a point lying over x. Then:

i) x is semistable if and only if 0 ¢ G - 7. )
ii) x is stable if and if dim Gz =0 and G - T is closed in X.

Proof. i) If = is semistable, then there is a G-invariant homogeneous polynomial f € R(X)%
which is nonzero on z. We can view f as a G-invariant function on X such that f(Z) # 0. As
invariant functions are constant on orbits and also their closures we see that f(G - ) # 0 and
so there is a function which separates the closed subvarieties G - & and 0; that is, these closed
subvarieties are disjoint.

For the converse, if G- Z and 0 are disjoint G-invariant closed subsets, then there exists a
G-invariant polynomial f € R(X)% such that

f(G-2)=1, f(0)=0

by Lemma 3.8. The polynomial f is a sum of G-invariant homogeneous polynomials f,. and so
there must be a homogeneous piece f, of f which does not vanish on G - &; therefore f,(z) =
fr(Z) # 0 for f, a homogeneous G-invariant polynomial which proves that z is semistable.

ii) If « is stable, then dimG, = 0 and there is a G-invariant homogeneous polynomial
f € R(X)Y such that v € X; and G -z is closed in X;. As G; C Gy, the stabiliser of 7 is also

zero dimensional. We can view f as a function on X and consider the closed subvariety
Zi={€X: f(z) = f(B)}

of X. Then it suffices to show that G- is a closed subset of Z. The projection map X —{0} — X
restricts to a surjective finite morphism 7 : Z — X;. The preimage of the closed orbit G - x
in Xy under this morphism 7 : Z — Xy is closed and G-invariant; since 7 is also finite, the
preimage 7~ 1(G-z) is a finite number of G-orbits. The finite number of G-orbits in the preimage
all lie over G - x and so all have dimension equal to dim G. In particular, these orbits must
all be closed as otherwise they would contain lower dimensional orbits in their closure and so
G-iCn YG-x)is closed in Z.

Conversely suppose that dimGz = 0 and G - T is closed in X: then 0 ¢G-7=G-7and
so x is semistable by i). As z is semistable there is a non-constant G-invariant homogeneous
polynomial f such that f(z) # 0. As above, we consider

Z:={z€X: f(2) = f(2)}

and the finite surjective morphism 7 : Z — Xy. As n(G - ) = G - =, we see that x must have
finite dimensional stabiliser and G - x must be closed in Xy too. This is true for all f such that
f(z) # 0 and so G -z is closed in X* = UyXy. Hence x is stable by Lemma 4.14. O

Exercise 5.2. Let C* act on P! by ¢ - [z : y] = [tz : t~'y]. By studying the orbits and their
closures in the affine cone A2 over P! determine which points are (semi)stable (see also Examples
2.28 and 4.13).



30 VICTORIA HOSKINS

5.2. The Hilbert—Mumford criterion. Suppose we have a linear action of a reductive group
G on a projective variety X C P". In this section we describe a numerical criterion which can
be used to determine (semi)stability of a point x. Following the topological criterion above, we
see that it is important to understand the orbit closure of a point lying over x. The test objects
for studying the orbit closure are 1-parameter subgroups:

Definition 5.3. A 1-parameter subgroup (1-PS) of G is a nontrivial group homomorphism
A:Gy — G

We have an embedding G,,, < P! given by sending a € G,,, = k* to [1 : a] € P! and we refer
to the points [1: 0] and [0 : 1] in P! as zero and infinity respectively. For any 1-PS X of G and
x € X we can define a morphism

A=) z2:Gp = X
induced by the action of A. As X is a complete variety, this morphism extends to a unique
morphism P! — X and we let lim;_,o A(¢) -  and lim; oo A(t) - # denote the images of zero and
infinity under this morphism. We may also lift z to a point Z lying over z in the affine cone X
and consider the morphism
0z =AN=)-7:G,p, = X

which may no longer extend to P!. We can study the closure 0;(G,,) of the image of oz and its
boundary 0z (Gy,) —0z(G,y, ), or equivalently, the closure of the orbit A(G,,) - and its boundary.
We note that if the boundary is nonempty then any point in the boundary is equal to either
lim¢ 0 A(¢) - @ or limy_yoo A(f) - . In particular, if o is non-constant (i.e. A(Gy,) € Gz), then
the image is closed if and only if neither limit exists.

The 1-PS X : G,, — G induces an action of G,, on A" which is diagonalisable; that is,
there is a basis ey, ..., e, of A" such that

At)-e;=t"e; for r; € Z.

We call the r; the A-weights of this action on A"™!. For z € X we can pick & € X lying above
this point and write & = )" ; a;e; with respect to this basis; then

t) ST = Zt”aiei .
i=0
Definition 5.4. We define the Hilbert-Mumford function p of x at A by
p(z, X) == —min{r; : a; # 0}.

Remark 5.5. It is easy to check that the Hilbert—Mumford function is independent of the
choices we made (such as the lift £ and the basis ¢;).

Exercise 5.6. Check the Hilbert—Mumford function has the following properties:
(1) p(x,N) is the unique integer p such that lim; o t*\(¢) - Z exists and is nonzero.

(2) p(x, \") = np(x, \) for positive n.
(3) u(g-z,9 g7 %) = u(z, \) for all g € G.
(4) p(z,A) = p(xo, A) where xg = limy_0 A() -

We note that:
o 4(z,\) <0 if and only if
T = Z a;T;
r;i>0
if and only if the limit limy_,g A(¢) - Z exists and is equal to zero.
e /(z,\) =0 if and only if 7, = 0 for some iy and

T = Qiy€iy + E a;r;
r; >0

where a;, # 0. This is if and only if the limit lim; o A(¢) - Z exists and is equal to
Qi Cig 7£ 0.
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o 4(z,A) > 0 if and only if lim; ,o A(¢) - Z does not exist.
We can use A~! to study limy_,o0 A(t) - & as
o1 - -
%51(1))\ (t)- 2= tliglo A(t) - Z.
Then:
e u(z, A7) < 0 if and only if
T = Z a;T;
;<0
if and only if the limit lim;_ oo A(t) - & = lim; o A™1(¢) - 7 exists and is equal to zero.
o (2, A7) = 0 if and only if r;, = 0 for some iy and
T = A4 €4 + Z a;r;
r; <0
where a;, # 0. This is if and only if the limit lim; oo A(t) - & = limy_,o A™1(¢) - & exists
and is equal to a;,e;, # 0.
o pu(z, A7) > 0if and only if lim; oo A(t) - & = lim;_,o A1 (#) - & does not exist.
Following the discussion above and the topological criterion (see Proposition 5.1), we have
the following results for (semi)stability with respect to the action of the subgroup A(G,,) C G:

Lemma 5.7. Let G be a reductive group acting linearly on a projective variety X C P". Suppose
r € X and ¥ € X is a point lying over x; then

i) x is semistable for the action of \(Gy,) if and only if p(x, ) > 0 and p(z, A\71) > 0.

ii) @ is stable for the action of N(G,) if and only if u(x,\) > 0 and p(z, A\71) > 0.
Exercise 5.8. Let C* act on P2 by t- [z :y : 2] = [tz : y : t~12]. For every point 2 € P? and the

1-PS A(t) = t, calculate p(x, A*!) and then by using Lemma 5.7 above or otherwise, determine
X% and X*%.

If z is (semi)stable for G, then it is (semi)stable for all subgroups H of G as every G-invariant
function is also H-invariant. Hence

x is semistable = p(z,A) >0V 1-PS X of G,

x is stable = pu(x,\) >0V 1-PS X of G.
The Hilbert-Mumford criterion gives the converse to these statements; the idea is that because
G is reductive it has enough 1-PSs to detect semistability (see also Theorem 5.10 below).
Theorem 5.9. (Hilbert-Mumford Criterion) Let G be a reductive group acting linearly on a
projective variety X C P™. Then

x € X% <= pu(x,\) >0 for all 1-PSs X of G,
r € X°® < p(z,\) >0 for all 1-PSs X of G.

It follows from the topological criterion given in Proposition 5.1 and also from Lemma 5.7,
that the Hilbert—Mumford criterion is equivalent to the following fundamental theorem in GIT.

Theorem 5.10. Let G be a reductive group acting on an affine space A", If x € A" and
y € G -z, then there is a 1-PS X\ of G such that lim;_,o A(t) - x = y.

Remark 5.11. The proof of the above fundamental theorem relies on a theorem of Iwahori
about the abundance of 1-PSs of reductive groups [20] and was given by Mumford in [31] §2.1.

Example 5.12. We consider the action of G = G, on X = P" as in Example 4.13. As the
group is a 1-dimensional torus, we need only calculate p(z, \) and p(x, A1) for A\(t) =t as was

the case in Lemma 5.7. Suppose & = (zg,...,Z,) lies over z = [zg : -+ : xp] € P". Then
lim A(t) - & = (t txg, tzy ..., txy,)
t—0

exists if and only if g = 0. If g = 0, then u(x, \) = —1 and otherwise p(z, A) > 0. Similarly

Hm AL () - & = (two,t oy ...t )
t—0
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exists if and only if ; = --- =2, =0. If 2y = --- =z, = 0, then u(x,\) = —1 and otherwise
w(z, A) > 0. Therefore, the GIT semistable set and stable coincide:

X¥=X={[zo: - :1axp] 20 #0and (x1,...,2,) # 0} C P™.

5.3. Hilbert—Mumford for ample linearisations. In this section we consider the following
more general set up: suppose X is a projective variety with a G-action and ample linearisation
L. If Ais a 1-PS of G and = € X, then the limit

xo = }1_1)%)\@) T

exists in X as X is complete. The limit zg is fixed by the G,,-action induced by A and so G,
acts on the fibre L, by a character ¢ — ¢". We call this the weight of the A\-action on L, and
define

pr(z, ) =7

Remark 5.13. We should check that when X C P" and the action of GG is linear that this
definition is consistent with the old definition; that is,

O DI (2, 0) = pa(, \).

Let us assume we have chosen a basis eq,...,e, of A™ such that A(t) - e; = t"e;. If we let
T =), ase; be a point lying over = [ag : - - - : ay], then by definition
p(z, A) == —min{r; : a; # 0}.
Let xg = limy_,0 A(t) - ; then we may write zo = [bg : - - - : b,] and note that
po— L oai if r; = —p(x,\)
10 otherwise.
Then if g = (b, ..., by) lies over xy we have

)\(t) - Ty = tiu(w’)\) - Tg.

As Opn(—1) is the tautological line bundle over P", the fibre over a given point x( is the line
consisting of points Zo € A" lying over zg. In particular A(G,,) acts on the fibre of Opn(—1)
over the fixed point o by a character t — t=#(*})_ Since Opn(1) is the dual line bundle, the
subgroup A(G,,) acts on the fibre of Opn (1) over the fixed point zo by a character t — t#(®)
and so

O I (2, 0) = pa(, A).

Exercise 5.14. Fix z € X and a 1-PS X of G; then show u*(z,\) : Pic®(X) — Z is a group
homomorphism where Pic(X) is the group of G-linearised line bundles on X.

Theorem 5.15. (Hilbert—-Mumford Criterion for ample linearisations) Let G be a reductive
group acting on a projective variety X and L be an ample linearisation of this action. Then

r € X%(L) <= p’(x,\) >0 for all 1-PSs X of G,
r € X5(L) <= pk(z,)\) > 0 for all 1-PSs \ of G.

Proof. (Assuming Theorem 5.9) As L is ample, there is n > 0 such that L®" is very ample.
Then since

pE (@A) = npk (2, \)

it suffices to prove the statement for L very ample. If L is very ample then it induces a G-
equivariant embedding i : X < P" such that L = i*Opn(1). Then we can just apply the first
version of the Hilbert-Mumford criterion (cf. Theorem 5.9 and Remark 5.13). 0
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5.4. Weight polytopes for torus actions. In this section we restate the Hilbert—Mumford
criterion in terms of a geometrical condition for weight polytopes for points with respect to
a maximal torus 7' of G. We use some basic notions from representation theory; see [13] for
further details.

We start with the case when G = G,, is a one-dimensional torus which acts linearly on a
projective variety X C P". The action of G = G,, on V := A"*! gives us a weight decomposition

V =&rezVr
where
Vi={veV:t-v=1tv}.
We let X*(G) = Hom(G, G,,) denote the set of characters of G. As G is a one-dimensional
torus, X*(G) = Z where an integer r defines a character x, : G — Gy, given by t — t".

Therefore we can see this decomposition as being indexed by a finite number of characters .
of G. We refer to the set {x, : V; # 0} as the G,,-weights of this action.

Definition 5.16. If € X then we can choose Z € V' lying over z and write £ = ), v,, then
we define the G,,-weight set of x to be

wtg,, () := {xr € X*(Gp,) : v # 0}.
We define the weight polytope of z to be the convex hull in R =2 X*(G,,) ®z R of its weights
and denote this by wtg,, ().

We let X,(G) = Hom(G,,, G) denote the set of cocharacters of G, which is also isomorphic
to Z. Let X\ denote the 1-PS corresponding to 1 € Z. For n > 0 we have
w(x, \") = nu(z, A),
and so the Hilbert—-Mumford criterion for G = G, is simply:
T € X% <= p(x,\) >0 and p(z, A7) > 0.
T € X® < p(x,\) >0 and pu(z,A71) > 0.
By definition

pw(z,\) = —min{r: v, #0} and p(z,\"') = —min{—7: v, # 0}.

Hence
(1) p(z,A) > 0=z # Zr>0 L.
(2) p(@,A) > 0= T # 3 50T
B) ple, A >0=z#>,

(4) wl@, A7) 2 0= T #3, gz
In conclusion:

x is semistable <= there exist r; <0 < ry such that z,, # 0 for ¢ =1, 2.

x is stable <= there exist 11 < 0 < rg such that z,, # 0 for ¢ =1, 2.

We summarise the above by using the weight polytope of z.

Proposition 5.17. (Hilbert—-Mumford criterion for G, ) Let G = Gy, act linearly on a projective
variety X CP" and let x € X and T lie over x. Then:

i) x € X*% <=0 € wtg,, (2).

ii) z € X* <= 0 € Int(wtg,, (x)).
Exercise 5.18. Consider the linear action of G = G,,, on P2 corresponding to the representation
Gy, — GL3(k) given by

t— diag(t, 1,¢71).

Write down the weights x for this action and by drawing the possible weight polytopes or

otherwise determine which points are stable, semistable and unstable. What is the GIT quotient
for this action?



34 VICTORIA HOSKINS

We now assume G =T = (G,,)" is an r-dimensional torus which acts linearly on a projective
variety X C P". In this case the character lattice is X*(T') := Hom(T,G,,) = Z". As T is
commutative, the action of T on V = A" gives a weight decomposition

V= Oyex=(1)Vx
where
Vy={veV:t-v=x(t)vforallteT}.

Definition 5.19. If z € X and £ € V lies over z, then we may write T = Zx vy. We define
the T-weight set of z to be

wtr(z) == {x € X*(T) : v, # 0}

and the T-weight polytope of x to be the convex hull of its weights in R" = X*(T') ®7 R which
we denote by wtp(x).

Since X*(T) = Z" = X.(T) := Hom(G,,,T), we can use the dot product on Z" as an
inner product which allows us to identify characters and cocharaters and define a norm for
characters and cocharacters. There are other choices of inner products that we could use, but
for (semi)stability we are only interested in the sign of pu(z, A) and so we will see that the choice
of inner product is not important for determining (semi)stability.

For any 1-PS A of T' we have that A(¢) acts on Z by

M) o= xo Aty

and we let < A, x > denote the integer r such that y o A(¢) =¢". Then
p(z, A) = —min{< A\, x >: x € wtp(z)}.

Since we are interested in only the sign of this quantity we can divide by ||A|| > 0 and consider
the quantity u(xz, A)/||A||. We have that

<A x >= [Ix][ [Al] cos 0

where 6 € [0, 7] is the angle between the two vectors. If we let py(x) denote the orthogonal
projection of x onto the line spanned by A, then:

e For 6 € [0,7/2), we have dist(0, px(x)) = [lpa()|| = ||x|| cos 6:

A
pa(x)
0 X
Therefore,
<A x> .
S — dist(0, pa(X).
[l
e For § = 7/2, we have py(x) = 0 and so
<A x> .
0= ﬁ = dist(0, px(x))-

e For 0 € (r/2,7], we have dist(0, pa(x)) = Ipa(x)|| = IIx|| cos(r — 6):
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A

- oa(x)

Therefore,
<A x> .
SAXZ —dist(0, px(x))-
[l
Hence,
<Ax> { dist(0,pa(x)) if 6 € [0,7/2]
Y —dist(0,pa(x)) if 6 € [7/2, 7]
Remark 5.20. We note that if we chose a different norm, then the quantity

<A x>
[l

may change, but for the moment we are only interested in the sign of this quantity which will
not change and so we see that the choice of norm is not important for (semi)stability.

Let A —wtr(x) :== {pr(x) : x € wtr(x)} = pr(wtr(x)); then these points all lie on the line
spanned by A\ and we have

i) p(x,A) >0 and p(z,A7H) >0<=0¢€ X —wtr(z).

i) w(x,\) >0 and p(z, A1) >0<+=0¢c Int(\ — wtp(z)).
Therefore:
Proposition 5.21. (Hilbert-Mumford criterion for tori) Let T = (G,,)" act linearly on a
projective variety X C P". Suppose x € X and pick T lying over x. Then:

i) z € X% < 0 € wtp(x).

ii) z € X* <=0 € Int(wtp(x)).

Example 5.22. We suppose T is a two dimensional torus and draw some pictures of weight
polytopes for x:

A y

N LN DN
/ N

In the first picture x is stable, in the second picture x is semistable but not stable and in the
third picture x is unstable.

Exercise 5.23. Consider the linear action of G = G2, on P3 corresponding to the representation
G2, — GL4(k) given by

(s,t) — diag(st,s 't,s 1t st71).

Write down the weights x for this action and by drawing the possible weight polytopes or
otherwise determine which points are stable, semistable and unstable. Finally, give the GIT
quotient for this action (perhaps by explicitly calculating the invariant functions).
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Finally, let G be a reductive group which acts linearly on a projective variety X C P". The
image of any 1-PS of G is a commutative subgroup of G and so is contained in a maximal torus
of GG; hence

X.(@) = |J x.(1)
TCG
where the union is over all maximal tori T of G. By the Hilbert—Mumford criterion we have

XG—(s)s — m XT—(s)s.
TCG
As any two maximal tori are conjugate we can fix a maximal torus 7" of G and if A is a 1-PS
of G, then gAg~! is a 1-PS of T for some g € G. Since

p, A) = ulg-x,grg™")
and the second quantity can be evaluated by looking at the T-weight polytope of g - z, we see
that x is (semi)stable for the action of G if and only if ¢ - z is (semi)stable for the action of T’
for all g € G.

Theorem 5.24. (Hilbert-Mumford criterion) If G is a reductive group which acts linearly on a
projective variety X C P" and T is a maximal torus of G, then

i) z€ X*(L) <= 0ewtp(g-z)forallg € G,
i) 2 € X5(L) < 0 € Intwtp(g-x)forallg € G.

5.5. Instability in GIT. Let G be a reductive group acting on a projective variety X and
suppose L is an ample linearisation of this action. If x € X — X*¢(L) is unstable, then, by the
Hilbert-Mumford criterion, there exists a 1-PS A such that u*(z,\) < 0. We would ideally like
to see which 1-parameter subgroups(s) are most responsible for the instability of =, but

p (@, A7) = np®(z, A)

and so the quantity u”(z,—) is unbounded. However if we pick a norm for 1-PSs such that
7] = nl[Al], then
b)) p(e )
B 2]

and so we may instead try to work with this normalised version of the Hilbert—Mumford function.

As we are now interested in the value of this function, rather than just the sign, we see that
the choice of norm is important (cf. Remark 5.20). We turn to the question of how to choose
such a norm which is invariant under the conjugation action of G. As the conjugacy classes of
G are equal to the Weyl group orbits in a maximal torus 7', we can instead pick a norm on the
set of 1-PSs of a fixed maximal torus T" which is invariant under the action of the Weyl group
W = Ng(T')/T. In particular, given any norm on X,(7') = Z", we can produce a norm which
is W-invariant by averaging this norm over the finite group W.

Example 5.25. If G = GL,,, then we can take the maximal torus 7T consisting of diagonal
matrices with respect to the standard basis of k™. Then under the natural identification Z™ =
X.(T) given by
(m1,...,my) — A(t) = diag(ty’, ..., t0"),

we claim that the dot product on Z" gives an inner product on X, (7) (and hence also a norm)
which is W-invariant. The Weyl group W is the symmetric group on n elements and its action
(by conjugation) on T' corresponds to permuting the diagonal entries. Hence the norm of a 1-PS
A and o - A for a permutation ¢ € W agree.

Remark 5.26. If G is a Lie group over k, then we can take the derivative of a 1I-PS A : G,,, = G
to get an element dX : k — g where g is the Lie algebra of G and k is the Lie algebra of Gy,.
Then to find a G-invariant inner product on the set of 1-PSs of G, it suffices to give a G-invariant
inner product on g, where G acts on its Lie algebra by the adjoint representation. The Killing
form k(—, —) is a G-invariant inner product on the Lie algebra g and is given by

k(A,B) = Tr(ad4 o adp)
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where Tr denotes the trace of an endomorphism and ad4 is the adjoint endomorphism of g
defined by ada(C) = [A, C].

For the rest of this section we fix a G-invariant norm || — || on the set of conjugacy classes of
1-PSs of G.

Definition 5.27. For all z € X, we define
Mi(z):= i M
20X (G) A
Then the Hilbert—Mumford criterion can be rephrased as
r e X*%(L) — M=) >0,
z € X5(L) «— MF(z)>o.

Proposition 5.28. Let G be a reductive group acting on a projective variety X and suppose L
is an ample linearisation. The function M*(—) on X is bounded.

Proof. We can assume without loss of generality that G acts linearly on a projective variety
X C P (for example, see Remark 4.28). Fix a maximal torus 7" of G; then the action of T'
on A" has a finite number of weights x € X*(T). As all maximal tori are conjugate we have

that .
Sx, A
MY (z) = inf  inf O]
9EG A0 X (T) [|All
However, it follows form Section 5.4 that

. L x . -~
‘ infyoex, (1) H(,\|’|A) ‘: dist (0,0 wtr(g - x))

where dwtp (g - ) denotes the boundary of the T-weight polytope. Since there are only finitely
many T-weights, there are only finitely many possible T-weight polytopes (which are by defini-
tion the convex hull of some non-empty subset of the T-weights) and so we see there are only
finitely many possible values for |[M*(z)|. O

If z is unstable with respect to L, then M*(z) < 0. We know this quantity is bounded below
(in fact the above proposition really shows that M* takes only finitely many values) and so we
can ask which one parameter subgroups achieve the value of M (z). This leads to Kempf’s
notion of adapted 1-PSs [23]:

Definition 5.29. A 1-PS X for which
p(a, A)

=M@

is said to be an adapted to x. We let AF(z) denote the set of non-divisible 1-PSs which are
adapted to x.

Lemma 5.30. For g € G, we have A*(g.x) = g AV (2)g™! and so MY () is G-invariant.

Proof. This follows from the fact that the norm || — || is invariant under the conjugation action
of G and pu(x,\) = u(g -z, grg™1). O

Definition 5.31. For any 1-PS X of G we define a parabolic subgroup
P(\) = {g €eG: %gr(l) AB)gA(t™!) exists in G}
of G.
We state without proof some properties of adapted 1-PSs due to Kempf [23] (see also [39)]):

Theorem 5.32. Let G be a reductive group acting on a projective variety X and suppose L is
an ample linearisation. If x € X — X*5(L) is an unstable point, then

1) AE(z) is nonempty.
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2) There is a parabolic subgroup PF such that PL = P(\) for all X € AE().

3) All elements of AP(x) are conjugate to each other by elements of PL.

4) Let T C PL be a mazimal torus of G, then there is a unique 1-PS of T which belongs
to N(x).

5) If A € AE(z) and xo = limy_o A(t) - x, then A € AF(xg) and M*(x) = M*(xg).

Example 5.33. Suppose G is a two dimensional torus, then we may draw in R? & X*(G) ®zR
the weight polytope wt(z) of an unstable point . The Hilbert—-Mumford criterion (cf. Propo-
sition 5.21) states that as x is unstable, the origin is disjoint from the weight polytope. Then

A <A X >
M (z) = i1}f M’(;’H ) = iI)l\f (—min{m DX € W‘u(;t)}) <0

where the infimum is taken over all 1-PSs of G. If p)(x) denotes the orthogonal projection of
x onto the line spanned by A and 6 denotes the angle between A and y, then

<A x>
[l

where 6(x,A) =11if 6 € [0,7/2] and §(x, A\) = —1 otherwise. Therefore
M () = — sup dist(0, p (wi(@)))
A

= [|x|| cos § = §(x, A)dist (0, px(x)

where the supremum is taken over 1-PSs A such that the projection py(wt(z)) of the weight
polytope onto the line spanned by A is contained in the positive ray spanned by A. In particular
we see that the A which achieves this value (i.e. is adapted to z) must be an integral point on
the unique ray p through the origin which meets the weight polytope orthogonally.

A

X1 /p s X3
B

X2

As the vertices of the weight polytope are integral, the closest point 5 in d wt(x) to the origin
is actually a rational weight. In particular some positive multiple of g is integral and is thus
corresponds to an adapted 1-PS to .

5.6. Hesselink’s stratification of the null cone. Following the work of Kempf on adapted
1-PSs, Hesselink considered a stratification of the null cone X** := X — X% by (conjugacy
classes) of adapted 1-PSs [18] (see also the stratifications considered by Bilaynicki-Birula [3]).
By a stratification we mean a finite decomposition of X“® for which there is a strict partial
ordering < on the index set such that the boundary of a given stratum is a union of higher
strata (i.e. strata with larger indices). As we can have points = and y with M*(z) < M*(y),
and the same 1-PS X being adapted to both z and y, we must also use the quantity M (x) to
index the stratification.
Let < A > be a conjugacy class of a 1-PS and d > 0, then we define

Si<xs i={r € X : M¥(2) = —d and gA\g~ ' € A (2)}

and can write

X = || Sqars.
d, <>

There is a partial order < on the indices where (d,< A >) < (d/,< X >) if d < d'.
If we fix a maximal torus T of GG, then there is a representative from the conjugacy class
< A > which is a 1-PS of T'. We denote this 1-PS by A and define

Sax:={r € X : M (z) = —d and X € AF(2)}.

Then S4 <y~ = G54\ and Hesselink refers to the subsets Sy ) as “blades”.
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By Theorem 5.32 v), these blades can be described by their limit sets
Zyx:={r € X: M(z)=—dand A € AF(z) and \(G,,) C G}
and there is a retraction
Pdx : Sax — Zd

given by taking the limit of x under the action of A(¢) as t — 0. The limit set of Sy <»> is then
Zy<x> = GZg,.

The conjugacy classes in G correspond to the Weyl group orbits in T; hence we can fix a
representative A\ € X, (T) for each Weyl group orbit and write

X" =] |GSqn
d,\

where the union is over d > 0 and A € X, (T)/W.

Remark 5.34. If we are working with a Lie group G, then we can fix a positive Weyl chamber
t; in the Lie algebra of a maximal torus 7" and only consider 1-PS A of T" which correspond to
points in this positive Weyl chamber (see also Remark 5.26). As the Weyl group W permutes
the positive Weyl chambers this is the same as fixing a representative in each Weyl group orbit.

Lemma 5.35. There are only finitely many strata Sq < > = GSqx which are nonempty.

Proof. It suffices to show there are only finitely many limit sets Z; y which are nonempty. Since
we have fixed a maximal torus 7', there are only finitely many 7" weights and hence only finitely
many possible T-weight polytopes for points (these are given by taking the convex hull of a
subset of the T-weights). As the T-weight polytope uniquely determines the ray of 1-PSs which
are adapted to a given point (for example, see Example 5.33), we see that there are only finitely
many possible non-divisible 1-PSs A of T" which can be 1-PSs which are adapted to unstable
points. In particular, there are only finitely many possible Zg . O

Theorem 5.36. (Hesselink) There is a stratification
X - X% =| |Sq<r>
d,\

into G-invariant locally closed subvarieties such that

Sd,<x> — Sd,<x> C |_| Sar,<x'>
(d'N)>(d,\)

Example 5.37. (3 points on P!) The group G' = SL(2) acts on P! by
a b
<c d)-[m.y}-[ax—}—by.cx—}—dy].

In this example we consider the action of G on X = (P!)3 by

g (p1,p2,p3) = (9-p1,9-DP2,9 - p3)

where G acts on P! as above. The Segre embedding (P!)3 < P7 allows us to realise X = (P')3
as a closed subvariety of projective space and with respect to this embedding the action is linear
((in fact the linearisation on X is given by the exterior product Op:(1)¥3). We fix a maximal

torus
t 0 *
r-{(§ % )sec)co

and note that any 1-PS of T is conjugate to a 1-PS of T. Moreover, as

At) = ( 8 t91 ) and A\7'(t) = ( t; (t) >

are conjugate, we see that any 1-PS of G is conjugate to \" for r > 1. In particular, there
is only one conjugacy class of non-divisible 1-PSs given by < A >. To calculate Hesselink’s
stratification, we can therefore find which values of d give non-empty Zg x. As Zg ) is contained
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in the fixed point locus of A(G,y,), we see that p = (p1, p2,p3) is in Zy <»> only if each p; is fixed
by \; that is, p; is either [1: 0] or [0 : 1]. This gives 23 possible choices and we list the points p
for which pu(p, A) < 0:

(1) fp=([1:0],[1:0],[1:0]), then pu(p,\) = —3.

(2) If p=([1:0],[1:0],[0:1])or ([1:0],]0:1],[1:0]) or ([0:1],[1:0],[1:0]), then
We use the natural norm, so that ||[A|| = 1. Then there are two unstable strata indexed by
(L<A>) < (3, < A>):

S1,<x> = {(p1,p2,p3) : exactly 2 of the 3 p; agree}

and
S3,.<x> = {(p:p,p) :p €P'}.
Hence the semistable locus consists of mutually distinct points (p1, p2, p3).

Exercise 5.38. Consider the linear action of G = G,, on P? given by the representation
Gm — GLg(k)
t > diag(t, 1,¢71).

as in Exercise 5.18. By considering the weight polytopes of points, write down the adapted 1-
PSs for all unstable points and write down Hesselink’s stratification by adapted 1-PSs. We note
that as the group is commutative, the conjugacy class of a 1-PS consists of that single 1-PS and
the blades of a stratum are equal to the whole stratum. Finally note that the different unstable
strata correspond to the different possible unstable weight polytopes in R = X*(C*) @z R.

Exercise 5.39. Write down Hesselink’s stratification for the linear action of G = G2, on P3
given in Exercise 5.23.

6. EXAMPLES

6.1. Projective hypersurfaces. Given a homogeneous degree d polynomial F' in n + 1 vari-
ables xg,...,T,, We associate to F' a projective degree d hypersurface in P" as follows. If F
is irreducible then the associated (irreducible) hypersurface is the set of zeros of F' which is
an irreducible closed subvariety of P" of codimension 1. If F' is reducible, then the associated
(reducible) hypersurface is a union of irreducible subvarieties of P™ of codimension 1 (whose
points are equal to the zeros of F') counted with multiplicities. For example, we can consider
the d-fold point in P! as a degree d reducible hypersurface defined by F(zg, 1) = SL‘%.

The space k[zg, ..., xy]|q of such polynomials is an affine space of dimension (”gd). As any
nonzero scalar multiple of F' defines the same hypersurface, we are really interested in the
projectivisation of this space

Xan =P(k[zo,...,2n]q)
To avoid some difficulties associated with fields of positive characteristic we assume that the
characteristic of k is coprime to d.

Definition 6.1. A point p in P" is a singular point of a projective hypersurface defined by a
polynomial F' € klxg,...,zy]q if

F
F(p) =0 and g (p) =0 fori=0,...,n.

Ty
We say a hypersurface is non-singular or smooth if it has no singular points.

By using the Euler formula
n

oF
Z i — dF
1=0
and the fact that d is coprime to the characteristic of k, we see that p € P" is a singular point
of F' if and only if all partial derivatives 0F/0x; vanish at p.
We recall that the resultant polynomial of a collection of polynomials is a function in the

coefficients of these polynomials which vanishes if and only if these polynomials all have a
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common root. Given F € k[xg,...,2zn|q, we define the discriminant A(F) of F to be the
resultant of the polynomials 0F/dz;. In fact A is a homogeneous polynomial on X,, 4 and is
non-zero at F' if and only if F' defines a smooth hypersurface.

The natural action of SL(n+1) on P" corresponding to a change of homogeneous coordinates,
gives an action of SL(n+ 1) on the space of hypersurfaces X, ,, = P(k[zo,...,zn]q) by g- F(z) =
F(g~'2t) where x = (w0, ...,7,). We say two hypersurfaces are projectively equivalent if they
are in the same orbit for this action. We want to construct a ‘moduli space’ for degree d
hypersurfaces in P™ up to projective equivalence as a quotient for this action of SL(n + 1)
on Xg,, using GIT. We use the natural linearisation Ox, (1) on Xg, and consider the GIT
quotient

Xi5 = Xan//SL(n + 1)
which is a good quotient and is a compactification of the geometric quotient
X® — X°/SL(n+1).

We want to determine the semistable and stable locus for this action using the tools we’ve
developed above. For small values of (d,n) we shall see that this is possible, although as both
values get larger the problem becomes increasingly difficult. We’ve already seen that there is
one SL(n + 1)-invariant homogeneous polynomial on X ,,: the discriminant A.

Example 6.2. If d = 1, then X;, = P" and as the only SL(n + 1)-invariant homogeneous
polynomials are the constants:

klzo, ... xSt ) = &

I

there are no semistable points for the action of SL(n+1) on X ,. In particular, the discriminant
A is constant on X ,. Alternatively, as the action of SL(n + 1) on P" is transitive to show

inp(P")* = ¢, it suffices to show a single point z = [1:0:---: 0] € P" is unstable. For this,
one can use the Hilbert-Mumford criterion: it is easy to check that if A(¢) = diag(¢,t~1,1,...,1),
then p(x, \) < 0.

For d > 1, the discriminant is a non-constant SL(n + 1)-invariant homogeneous polynomials
on X4, and as its nonzero for all smooth hypersurfaces we have:

Proposition 6.3. For d > 1, every smooth degree d hypersurface in P™ is semistable for the
action of SL(n+1) on Xg .

To determine whether a semistable point is stable we can check whether its stabiliser subgroup
is finite.

Example 6.4. If d = 2, then we are considering the space X3, of quadric hypersurfaces in P".
Given F' = 3, s ajjzix; € k[zo, ..., xy]2, we can associate to I a symmetric (n +1) x (n+ 1)
matrix B = (bij) where b;; = bj; = a;; and b;; = 2a;;. This procedure defines an isomorphism
between Xz, and the space P(Sym(,,; 1) (n41)(k)) Where Sym, 1)y (n41)(k) denotes the space
of symmetric (n 4+ 1) x (n + 1) matrices. The discriminant A on X,, 4 corresponds to the
determinant on P(Sym, 1)y (n+1)(k)); thus F' is smooth if and only if its associated matrix is
invertible. In fact if ' corresponds to a matrix B of rank 7+ 1, then F' is projectively equivalent

to the quadratic form

2 2
xo‘f’""i‘xr.

As all non-singular quadratic forms F(xo,...,z,) are equivalent to 22 + ... 22 (after a change
2

of coordinates), we see that these points cannot be stable: the stabiliser of x(% +...x; is equal to
the special orthogonal group §0(n+1) which is positive dimensional. Moreover, the discriminant
generates the ring of invariants (for example, see [36] Example 4.2) and so the semistable locus
is just the set of non-singular quadratic forms. In this case, the GIT quotient consists of a
single point and this represents the fact that all non-singular quadratic forms are projectively

equivalent to a3 + ... 22.
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The projective automorphism group of a hypersurface is the subgroup of the automorphism
group PGL(n + 1) of P" which leaves this hypersurface invariant. For d > 2, it is a well-known
fact that the projective automorphism group of any irreducible degree d hypersurface is finite.
As PGL(n+1) is a quotient of SL(n+1) by a finite subgroup, this implies the stabiliser subgroup
of a point in Xg,, corresponding to an irreducible hypersurface is finite dimensional. For smooth
hypersurfaces, we have the following result (cf. [31] §4.3):

Proposition 6.5. For d > 2, every degree d smooth hypersurface is stable.

To determine the (semi)stable points for the action of SL(n + 1) on Xg,, we can use the
Hilbert—Mumford criterion. Any 1-PS of SL(n + 1) is conjugate to a 1-PS of the form

tro
1
At) =
t'n
where r; are integers such that Z?:O r;=0and rg >r; >--->r,. Then given F' =) ajxs €
klxo,...,zn] where I = (myg,...,my) is a tuple of non-negative integers which sum to d and
xp=xzy" ...z, we have

u(EFyN) = —min{—ani : I = (mg,...,my) and ay # 0}
= max{z rimi : I = (mo,...,my) and ay # 0}.

For general (d,n), there is not always a nice description of the semistable locus. However for
certain small values, we shall see that this has a nice description. In Section 6.2 below we discuss
the case when n = 1; in this case, a degree d hypersurface corresponds to d unordered points
(counted with multiplicity) on P'. Then in Section 6.3 we discuss the case when (d,n) = (3,2);
that is, cubic curves in the projective plane P2. Both of these classical examples were studied
by Hilbert and can also be found in [31] and [36].

6.2. Binary forms of degree d. A binary form of degree d is a degree d homogeneous poly-
nomial in 2 variables x,y. The set of zeros of a binary form F' determine d points (counted with
multiplicity) in P!. In this section we study the action of SL(2) on

Xg1 = P(k[z,ylq) = P4 = Sym P

Our aim is to describe the (semi)stable locus and the GIT quotient. One method to determine
the semistable and stable locus is to compute the ring of invariants R(Xd,l)SL(Q) for this action.
For general d, the ring of invariants is still unknown today, which shows how difficult it can be
in general to produce generators for the ring of invariants. However, for some low values of d
the ring of invariants is known and the computations of the generators goes back to the work
of Hilbert.

Remark 6.6. If d = 1, then this corresponds to the action of SL(2) on P!, for which there are
no semistable points as the only invariant functions are constant (see also Example 6.2).

Therefore, we assume d > 2 and use the Hilbert—-Mumford criterion for semistability. We
consider the maximal torus 7" C SL(2) given by

r{(5 5 )eec)

By the Hilbert-Mumford criterion, F' € X4 is semistable if and only if p(F, X) > 0 for all 1-PSs
A. A 1-PS of G is conjugate to a 1-PS of T of the form

A(t) = ( vl )

for an integer r > 1. If F(x,y) = 3, a;2¢y’, then

At) - F(z,y) = Zt’"(%*d)aiwdﬂyz.
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Therefore
w(EF, ) = min{r(d — 2i) : a; # 0} = r(d — 2ip)
where g is the largest integer for which a; # 0. Hence
(1) p(F,A) >0 if and only if ig < d/2 if and only if [0 : 1] occurs with multiplicity at most
d/2.
(2) ,u{F ,A) > 0 if and only if ip < d/2 if and only if [0 : 1] occurs as a root with multiplicity
strictly less than n/2.

For a general 1-PS ) we can write A = g~!'\g, then

1(F, )‘/) =p(g- F,A).
If F has roots py,...,pq € P!, then g - F has roots g - p1,...,g - pa. As SL(2) acts transitively
on P!, we deduce the following result.

Proposition 6.7. Let F' € Xg1; then:

i) F is semistable if and only if all its roots have multiplicity less than or equal to d/2.
i) F is stable if and only if all its roots have multiplicity strictly less than d/2. In particular,
if d is odd then X3% = X;, and the GIT quotient is a projective variety which is a

geometric quotient of the space of stable degree d hypersurfaces in P'.

Remark 6.8. In particular, this example shows how the Hilbert—-Mumford criterion allows us
to calculate the semistable set even though the ring of invariants is unknown. It is also possible
to calculate Hesselink’s stratification for this GIT problem. As we saw in Example 5.37, every
(non-divisible) 1-PS of SL(2) is conjugate to

() = ( I )

and hence the stratification is indexed by pairs (e, \) for positive numbers e and the 1-PS A
above.

Example 6.9. If d = 2, then the semistable locus corresponds to forms F' with two distinct
roots and the stable locus is empty. Given any two distinct points (p1,p2) on P!, there is a
mobius transformation taking these points to any other two distinct points (q1,¢2). However
this mobius transformation is far from unique; in fact given points ps distinct from (p1, p2) and
g3 distinct from (q1,q2), there is a unique mobius transformation taking p; to ¢;. Hence all
semistable points have positive dimensional stabilisers and so can never be stable (cf. Example
??). As the action on the semistable locus is transitive, the GIT quotient is just the point
Speck.

Example 6.10. If d = 3, then the stable locus (which coincides with the stable locus) consists
of forms with 3 distinct roots (cf. Example 5.37). We recall that given any 3 distinct points
(p1,p2,p3) on P, there is a unique mobius transformation taking these points to any other 3
distinct points. Hence the GIT quotient is the projective variety P® = Speck. In fact, the
SL(2)-invariants have a single generator: the discriminant

A(Z a;x" " 'y") 1= 27ata3 — ata3 — 18apayazaz + 4agas + 4aias
which is zero if and only if there is a repeated root.

Example 6.11. If d = 4, then we are considering binary quartics. In this case the semistable
locus is the set of forms F' with at most 2 repeated roots and the stable locus is the set of points
in which all 4 roots are distinct. The strictly semistable points have either one or two double
roots and correspond to two orbits. The orbit consisting of one double root is not closed and its
closure contains the orbit of points with two double roots (imagine choosing a family of mobius
transformations h; that sends (p,p, q,r) to (1,1,0,¢), then as t — 0 we see the point (1,1,0,0)
lies in this orbit closure). There are two independent generators for the SL(2)-invariants of
binary quartics (called the I and J invariants - for example, see [36] or [10] where they are
called S and T') and the good quotient is ¢ : i P'. The two strictly semistable orbits
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both represent the point at infinity in the GIT quotient so that the map X i1~ Al is a good
quotient.

Remark 6.12. For d = 5,6 and 8, the ring of invariants is also known. The case for d = 5 and
6 are classical results from invariant theory, whereas for d = 8, the result is more recent and
due to [44]. For all other values of d, the rings of invariants is still today unknown. However,
thanks to the Hilbert—Mumford criterion, it is still possible for us to calculate the semistable
and stable locus as above.

6.3. Plane cubics. We now consider the case of degree 3 hypersurfaces in P?; that is, plane
cubic curves. We write a degree 3 homogeneous polynomial F' in variables xg, 1, x2 as

3 3—i
F= Z Z aijxgﬂfjxix%.
i=0 j=0
We want to describe all irreducible and reducible plane cubic curves up to projective equivalence;
that is, describe the quotient for the action of SL(3) on X32. For simplicity we assume that the
characteristic of k is not equal to 2 or 3.

If F' is reducible, then it is either the union of an irreducible conic with a line or a union
of three lines. In the first case the line can either meet the conic at two distinct points or a
single point (so that the line is tangent to the conic). In fact as any irreducible conic in P?
is projectively equivalent to xozs + 27 = 0 and the projective automorphism of this conic act
transitively on the set of tangents to this conic and also on the set of lines meeting the conic at
two distinct points, we have that a reducible cubic of this form is either defined by

(woxa + x2)z1 (the line meets the conic in two distinct points), or

(roz2 + 23)z2 (the line meets the conic tangentially).

In the second case of three lines, there are four possibilities: one line occurring with multiplicity
three; a union of a double line with another distinct line; a union of three lines meeting in a
single point; a union of three lines with no common intersection. In these cases the plane cubic
conic is projectively equivalent to

le% or x%(xl—i—xg) or xixo(xy+m2) Or TOT1T2

respectively.

Definition 6.13. A singular point at p of cubic curved defined by F'(xg,x1,x2) is a triple point
if all second order partial derivatives 9%F/ Ox;0x; vanish at p; otherwise we say p is a double
point.

As we saw above all reducible cubics contain a singular point: the cubics defined by 3,
22(x1 + z2) and x179(71 + 72) all contain a triple point at p = [1 : 0 : 0]; the cubic defined by
xor1re contains three double points; the cubic defined by (zoze + x%)xl contains two double
points and the cubic defined by (zox2 + 22)xo contains a double point (with a single tangent
direction).

There are two possible types of double points on an irreducible plane cubic:

e nodes (or ordinary double points); that is, a double point where the curve intersects
itself in two branches which have distinct tangents.

e cusps; that is, a double point which is not given by a self intersection point of the curve
(so there is a single tangent direction at this point).

Example 6.14. Let F(xg, 21, 72) = 2073 + 23 + 2220 and Fy(wo, 21, 72) = 2ox3 + 23. Then

these cubics are irreducible and have a singular point at p = [1: 0 : 0]. The point p is a double
point which is a node of the first cubic corresponding to F} and a cusp of the second cubic
corresponding to Fb.

Exercise 6.15. Let F be as above and consider the point p = [1: 0 : 0] € P2. Then p is a point
of the curve C defined by F' if and only if agg = 0. In addition to this verify that:

i) p is a singular point of F' if and only if agg = a19 = ap1 = 0.
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ii) p is a triple point of F if and only if agy = a10 = ap1 = a11 = ago = ap2 = 0.
Finally, recall that if p = [p; : p2 : p3] is a double point of F', then its tangent lines are defined
by the equation

O*F
27-]
Show is p=[1:0: 0] is a double point of F', then its tangent lines are defined by

ax0x? + a1 21T 4 agari = 0.

Then write down the tangent planes for the cubics defined by F; and F» in Example 6.14 and
verify that for the node there are two distinct tangent lines whereas for the cusp the two lines
coincide.

Remark 6.16. If p is a singular point of F', then g - p is a singular point of g - F. Moreover, p
is a double (resp. triple) point of F if and only if g - p is a double (resp. triple) point of g - F'.

We use the Hilbert-Mumford criterion to give a complete description of the (semi)stable
locus. Any 1-PS of SL(3, k) is conjugate to a 1-PS of the form

o

A(t) = n

tr2

where r; are integers such that Z?:o r; =0 and rg > r1 > 9. It is easy to calculate that
p(F,A) =max{(3 — i — j)ro +ir1 + jra : a;; # 0}.

Lemma 6.17. A plane cubic curve C' defined by F' is semistable if and only if it has no triple
point and no double point with a unique tangent. A plane cubic curve C' is stable if and only if
it 15 smooth.

Proof. If F is unstable (that is, not semistable), then by the Hilbert—Mumford criterion there
is a 1-PS X of SL(3) such that u(F,\) < 0. For some g € G, the 1-PS X := g\g~" is of the form
A(t) = diag(t™,¢™,t"2) for integers 19 > r; > ro which satisfy > r; = 0. Then

(g - FLN) = p(F,0) <0

and if we write I/ := gF = Z” a;jxg_i_jxﬁxg, then the relations between the r; imply that
apy = ahy = ahy = a}; = 0. Thus p = [1:0: 0] is a singular point of F’ by Exercise 6.15 and
g~ ! -pis asingular point of F = ¢~ - F’. Moreover, if ags = 0 also then this point p is a triple

point and if age # 0 then this is a double point with a single tangent.

Conversely if F' =) aijxg_i_j x’la:% has a double point with a unique tangent or triple point,

then we can assume without loss of generality (by using the action of SL(3)) that this point is
p=1[1:0:0] and that agy = aip = ag1 = ago = a1; = 0. Then if A\(¢) = diag(t3,t71,t72), we
see

p(F,A) < max{—-3,—4,—-5,—6,—1} < 0.
Therefore F' is semistable if and only if it has no triple point or double point with a unique
tangent.

If F' has a singular point p, then we can assume without loss of generality that p = [1: 0 : 0]
and so agy = aip = ag; = 0. Then if A(¢) = diag(t?,t1,¢+~!) we have

w(F, ) <max{-3,0} <0
and so F' is not stable.

Thus it remains to show that if F' is not stable then F' is not smooth. Without loss of
generality, using the Hilbert—-Mumford criterion and the action of SL(3) we can assume that
w(F,\) <0 for A(t) = diag(",¢™,t") where ro > r; > r9 and ) r; = 0. It follows from this
relation and inequalities that agg = a19 = 0. If also ag; = 0, then p = [1: 0 : 0] is a singular
point as required. If ag; # 0, then

(1) 0> p(F,\) > 2rg + ra.
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The inequalities between the r; imply that we must have equality in (1) and so r1 = 79 and
ro = —2r9. Then

p(F,A) =max{(3 —3j)rog : aj; =0} <0
where ry > 0 and so this implies asg = agzg = 0. In particular, zo divides F' and so F is a
reducible, and hence singular, cubic. O

Hence there are three strictly semistable orbits: nodal cubics, cubics which are a union of
a conic and a (non-tangential) line, cubics which are the union of three distinct lines with no
common intersection. The orbit consisting of nodal cubics contains in its closure the other
two orbits. In particular the compactification of the geometric quotient X3, — X3 ,/SL(3) of
smooth cubics is given by adding a single point corresponding to these three orbits. In fact, the
geometric quotient is A! and its compactification, which is a good quotient of 35, 1s P! (for
example, see [10] Chapter 10). The unstable orbits can also be listed: cuspidal cubics, cubics
which are the union of a conic and a tangent line, cubics which are the union of three lines
with a common intersection, cubics which are the union of a double line with a distinct line and
cubics which are given by a single line with multiplicity three.

7. SYMPLECTIC GEOMETRY

In this section we cover the basics that we need from symplectic geometry. Good references
for the material in this section are [8], [27], [40] and [49].

7.1. Symplectic vector spaces.

Definition 7.1. A symplectic form w on a real vector space V is a skew-symmetric bilinear
form w : V x V — R which is non-degenerate (that is, if v € V and for all u € V we have
w(v,u) = 0 then v = 0). We call (V,w) a symplectic vector space.

Exercise 7.2. Show that the form w defines an isomorphism V = V*,

Remark 7.3. The notion of a skew-symmetric bilinear form on V' agrees with the notion of a
2-form on V (that is, a section of A?2(T*V)) where we identify the cotangent space TV at v
with V.

Exercise 7.4. Show that a real vector space admits a symplectic form only if it is even di-
mensional. It may help to consider the determinant of the n x n real matrix A = (w(e;, e;))
associated to w with respect to a basis ey, ..., e, of V.

Example 7.5. The standard symplectic vector space is the pair (R?",wy) where wq is the
standard symplectic form whose associated matrix with respect to a basis x1,...,Zn, Y1, .-, Yn

is
0 I,
a=( 50

n
wo = Zdl’z A dy;.
=1

As a 2-form we may write this as

Example 7.6. Any complex vector space V with Hermitian inner product H : V. x V — C
can be viewed as a symplectic vector space by taking the imaginary part of the Hermitian inner
product as a symplectic form on V. In particular if V = C” then we can use the standard
Hermitian inner product on C"

n
k=1

which has imaginary part

n

w(z,w) = Z Re(wg)Im(zx) — Re(z)Im(wy).
k=1
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Let z1,...,2, be a basis of C™ and write zp = x + iyx; then this basis gives a natural identifi-
cation of C™ with R?”. With respect to this basis we have that

n n

1 _

w = Zdyk/\dmk = 2—Z,Zd,zk A dZy,
k=1 k=1

We note that this ‘natural’ symplectic form on C" is equal to minus the standard symplectic

form on R?" (although we can also identify C" with R?" so that the symplectic forms on C"

and R?" agree).

Definition 7.7. Let W be a subspace of a symplectic vector space (V,w); then we define the
symplectic orthogonal of W to be

W« :={veV:wlw) =0 for all w e W}.
We say W is

i) symplectic if w|y is non-degenerate.
ii) isotropic if w|y = 0.
iii) coisotropic if W« C W.
iv) Lagrangian if W« = W.

Example 7.8. Let x1,x2,¥y1,y2 denote the standard basis of the standard symplectic vector
space (R* w) of dimension 4. Then

i
ii

) W = Span(z1,y1) is symplectic.
) W
) W

= Span(x1) is isotropic.
= Span(x1,x2,y1) is coisotropic.
= Span(z1, z9) is Lagrangian.

111

1v

Exercise 7.9. Let W be a subspace of a symplectic vector space (V,w); then show
i) dim W + dim W = dim V.
ii) W is symplectic if and only if W NW = {0} if and only if V = W¥ ¢ W.
iii) W is isotropic if and only if W C W¥.
iv) W is Lagrangian if and only if W is both isotropic and coisotropic if and only if W is
isotropic and dim W = dim V//2.

7.2. Symplectic manifolds.

Definition 7.10. A symplectic manifold is a pair (X,w) where X is a real manifold and w is
a closed non-degenerate 2-form on X which we call the symplectic form.

A 2-form is a smooth section of the second exterior power of the cotangent bundle of X; or
equivalently, skew-symmetric bilinear forms w, : T, X x T, X — R which vary smoothly with
x € X. If we take local coordinates (x1,...,2,) on X, then we can locally write w as

w = E f@j dz; A d.?Uj.
1<i,j<n

The exterior derivative of a 2-form w is a 3-form dw given locally by

d Z f@j dx; N dl’j = Zn: Z % dxp N\dz; N dJIj

ox
1<i,j<n k=11<ij<n %

and we say that w is a closed form if dw = 0. A 2-form w is non-degenerate if and only if
the bilinear forms w, are non-degenerate for all z € X. In particular w, allows us to identify
T,X =2 T¢X by sending (¢ to w, (¢, —) and combining these isomorphisms over all z in X we get
an isomorphism

Vect(X) :=T(TX) 2T(T*X) =: Q}(X)

between the spaces of smooth sections of the tangent and cotangent bundles.
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Remark 7.11. There is an associated n x n skew-symmetric matrix A = (f;;) of smooth

functions f; ; : X — R associated to w where f; ; = —f;; are locally determined by expressing
w with respect to local coordinates (z1,...,x,) as
w = Z fi,j dx; N dl‘j.
1<J

As w is non-degenerate, its associated matrix A is invertible and so it follows that n = dimg X
is even (cf. Exercise 7.4).

Example 7.12. Any symplectic vector space is trivially a symplectic manifold: the symplec-
tic form w : V x V. — R corresponds to a ‘constant’ two form where we make the natural
identification T,V =2 V and define w, :=w:V xV — R.

(1) If we take coordinates 1, ...,%n, Y1, ...y, on R?" then the standard symplectic form
wp on this vector space can be expressed as a 2-form as

n
wo = Zdwz A dy;.
=1

We evaluate this 2-form at u,v € V by
wo(u,v) = Z dx;(u)dy;(v) — da;(v)dy; (u)
i=1

and one can check that wo(x;,x;) = 0, wo(x;,y;) = 6;; and so on.

(2) For the symplectic form w = ImH on C" where H denotes the standard Hermitian inner
product on C", with respect to the standard coordinates zx = xp + iy for k=1,...,n
we have

n n n

1 1 .= 9

w = Zdyk Ndxy = ZZde ANdzZ = Z@E)Z |Zk|
k=1 k=1 k=1

where 0 and O are the dolbeault operators defined by the splitting of the exterior deriva-

tive d = 0+ 0 into a holomorphic and antiholomorphic part (coming from the additional
complex structure we have on C").

Example 7.13. Let Y be an n-dimensional real manifold, then its cotangent space X = T*Y
is a real manifold of dimension 2n and we may equip it with a symplectic form w as follows.
We can take local coordinates (y1,...,y,) at a point y in Y and induced local coordinates
(Y1, +Yn;C1y---,Cn) at a point z = (y,¢) in X = T*Y. There is a universal 1-form « on X
where oy : T, X — R is the composition

ap =Codym: T, X =T, Y - R

1= ¢(dem(n))
where d,m : T, X — T,Y is the derivative of the projection 7 : X =T*Y — Y at x € X. With
respect to the local coordinates given above we have

a=>" Cdy.
k=1

We define a 2-form w := —da on X which is given locally by

n n
w=Y —dG Adyy =) dyi A dG.
k=1 k=1
The 2-form is closed and non-degenerate and so defines a symplectic from on the cotangent
bundle of Y. We note that the appearance of the minus sign is so that when ¥ = R"”, the
symplectic form on X = T*Y = R?" is equal to the standard symplectic form on this vector
space.
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Example 7.14. Complex projective space P* = P(C"*!) is a smooth complex (and so also a
smooth real) manifold. In this exercise we shall describe an atlas for P". Later on we shall see
that P™ is symplectic (in fact it is actually a K&hler manifold) by giving it a symplectic form
wrg called the Fubini-Study form. The open sets U; = {[z¢ : -+ : 2] : z; # 0} cover P" and we
define charts ; : U; — C™ by

20 Zi Zn
gDi[Z(]:--':Zn]: Ty ey Ty ey T

where the notation hat signifies that we omit this entry. It is easy to see that ¢; is a homeomor-
phism and so it remains to check that the transition functions v;; = ¢; o gp;l cpi(UsnUj) —
©;(U; NUj) are smooth. Without loss of generality we assume ¢ < j and so

tpi(UiﬂUj):{(ao,...,cii,...,aj,...,an) EC”:CL]'#O}
and

R ag 1 a; an
¢ij(a0,...,ai7...,Clj,...,an): 74,...77,...7;,...,7.

is smooth.

Example 7.15. We now construct a symplectic form wrg, the ‘Fubini-Study’ form, on complex
projective space P" = P(C"*!) which comes from the standard Hermitian inner product H on
C™*L. Let S = {p = (20,...,2n) € C""1 ¢ ||p||? := H(p,p) = 1} denote the sphere of (real)
dimension 2n + 1 in C™*!; then we have two constructions of P™:

P" — (Cn+1 o {0})/C* — S2n+1/Sl_

The idea is that we want to use the imaginary part of H (which is a symplectic form on C**1) to
obtain a symplectic form on the quotient. In fact this will be our first example of the Marsden—
Weinstein—Meyer theorem which allows us to construct symplectic forms on manifolds realised
as such quotients. In order for our symplectic form to descend to the quotient we need it to be
invariant under the group action with respect to which we are quotienting. Unfortunately, the
Hermitian inner product is not invariant under the natural scaling action of C* on C"*!; that
is, it is not the case that
H(cu,cv) = H(u,v) for all ¢ € C*.

However, this is true if we replace C* by S' = U(1); that is, H is Sl-invariant (or in terms
of the language we shall introduce later on, the action of S! on (C"*!,ImH) is ‘symplectic’).
Therefore we use the construction P* = §271 /851 We let wgan+1 denote the restriction of the
symplectic form ImH on C" to S?"*! C C" (we note that the sphere S?"*! is not symplectic
as it has odd (real) dimension but we can still restrict the symplectic form nevertheless). For
p € §?"*1 the tangent space T ip)P" fits into a short exact sequence

(2) 0= Tp(S" - p) = Tp(S** ) = T P" — 0

where the final map is the derivative d,m of the projection = : S2ntl 5 PP We want to define
the Fubini-Study form wprg on P so that m*wrg = wg2n+1; i.e.

(3) T wps,p (65 €) = wrs,p) (dpm(C), dpm(§)) = wgant1 p((, §)-

To check that this is well-defined, using the short exact sequence (2), it remains to check that
wgznt1(¢, &) = 0 if either ¢ or € are tangent vectors in T,(S* - p). However as T,(S! - p) = 2mipR
and (T,S?" 1)@ = 2mipR, we see that this is the case. Therefore (3) defines a 2-form wrg on
P™. The fact that this 2-form is closed and non-degenerate follows from the fact that ImH is
closed and non-degenerate (we shall see a proof of this when we give the proof of the Marsden—
Weinstein—Meyer theorem).

Finally we describe the Fubini-Study form on a chart ¢q : Uy = C". We factor the inverse of
this homeomorphism via the sphere §27+1:

4,051 . Ch — S,
1

2= (21, y2n) > ———= (1,21, ...
VT

yZn) Loz oot zy)



50 VICTORIA HOSKINS

and let f = (fo,..., fn) : C* — §?7+1  C"*! denote the first map in this factorisation. Then
(9061)*WFS‘U0 = (mo f)'wrs|u, = f*w52n+1‘ﬂ71(U0); that is,

1y 1 ¢ -
(0o ) wrslu, = % > dfi A dfy
k=0

which after carefully writing down dfy, and dfy, in terms of the coordinates z; on C" becomes

—1\* — —=
=—|——5) dzpAd —_ dzi) N dZ;
(¢o ) wrslu, 2 \ 1+ 2|12 kz 2k N\ AZg + (1+ ||2][2)2 (sz 2k) (ZZJ Z;)
=1 k=1 j=1
or, with respect to the Dolbeault operators,
1k 1 .=
(v0 ) *wrslu, = 5;00log(1+ 1211%).
Therefore at [p] =[1:0:0---: 0] € P" we have
1 n
WES,[p] = 271 Z dzp N\ dzy
k=1
with respect to the local coordinates (21,...,2,) — [1: 21 -+ 2] at [p].

Remark 7.16. One can alternatively ‘glue’ the Fubini—Study on P" by pulling back ‘the Fubini—
Study form’ on C" via the charts ¢ : U; =2 C™. Of course one must check that on the overlaps
we get the same form and it is for this reason that we must use the Fubini-Study form on C"
rather than the standard symplectic form on C" (which is equal to the imaginary part of the
standard Hermitian inner product on C"). For a description of the Fubini-Study form on P”
and how this gluing procedure works, see for example [8].

It follows from this example that any smooth closed complex subvariety of P™ is symplectic
with symplectic form obtained by pulling back the Fubini—Study form on P”.

Example 7.17. Let be G be a compact and connected real Lie group; its Lie algebra g is a
vector space that is by definition the tangent space to GG at the identity. The adjoint action of
G is a representation of G on its Lie algebra g which we write as Ad : G — GL(g) where Ad, is
the derivative at the identity of the map G — G corresponding to conjugation by g. We can also
consider the coadjoint representation Ad* : G — GL(g*) which is the dual representation to the
adjoint representation. We note that in order to get a left action we define (Ad*), = (Ad,-1)*
so that (Ad*),(Ad*)y = (Ad")s,. Let Der(g) denote the Lie algebra of GL(g) which is equal to
the derivation algebra of g; then the infinitesimal version of the adjoint representation of G is
a representation of the Lie algebra ad : g — Der(g) given by taking the derivative of Ad. More
precisely, for A, B € g we have

d
adAB = %Adexp(tA)(B”t:U = [A,B]
We call the representation ad : g — Der(g) the adjoint representation of g and the coadjoint
representation of g is the dual of this representation, which we denote by ad*.
Let n € g* and O C g* denote the coadjoint orbit of n for the action of G on g*; thus O is

the image of G under the map

Ad“(n): G —g" g+ Adj(n)
and the kernel of this map is the stabiliser G, of 1 for this action. The tangent space T;,0 is
then the image of g under the map

ad*(n):g—g° A adi(n)

and the kernel is the isotropy group g, := {4 € g: ad(n) - B =0V B € g}. In particular, we
have a short exact sequence
0—g,—9g—1,0—0.
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We use the Lie bracket [—, —] to define a symplectic form w on the coadjoint orbit O of n by
wy(adiyn, adpn) =n - [A, B]

where - : g* x g — R is the natural evaluation map. To check this is well-defined we must
check that w,(ad’n,adpn) = 0 if either A or B belong to the isotropy group g,; this follows
immediately as if say A € g,), then 0 =ad}(n) - B=1n-ad_a(B) = —n-[A,B] for all B € g. It
is easy to see from this description that w is non-degenerate.

Exercise 7.18. Prove that the form defined above on the coadjoint orbit O is closed.

Corollary 7.19. Fvery coadjoint orbit associated to a compact and connected Lie group is even
dimensional.

7.3. Morphisms in symplectic geometry. We need a notion of morphisms between sym-
plectic manifolds so that we can construct a symplectic category. The initial notion is given by
symplectomorphisms:

Definition 7.20. A symplectomorphism f : (M,w) — (M’ ') of symplectic manifolds is a
diffeomorphism f : M — M’ such that f*w' = w.

Theorem 7.21. (Darbouz) Any symplectic manifold of dimension 2n is locally symplectomor-
phic to R®™ equipped with the standard symplectic form.

As a symplectomorphism is a diffeomorphism, there are only symplectomorphisms between
manifolds of the same dimension. In particular, this notion of morphism is rather restrictive.
As we are interested in construction symplectic quotients we want to allow morphisms be-
tween manifolds of different dimensions. A more general notion of morphisms is given by using
Lagrangian correspondences.

Definition 7.22. A submanifold L of a symplectic manifold X is Lagrangian if 2dim L = dim X
and ¢*w = 0 where i : L — X is the inclusion. Equivalently, L is Lagrangian if for all x € L the
vector space T, L is a Lagrangian subspace of T, X; that is,

(ToL)“r = {n € TyX : wy(n, () =0V ¢ € ToL} = T, L.

A Lagrangian correspondence between symplectic manifolds (X7,w;) and (Xo,ws) is a La-
grangian submanifold Lia of (X7 X X9, —w; Hwsy) where —w; Bwsy := —mjw + miw.

Example 7.23. We view Lagrangian correspondences as morphisms in the symplectic category.
(1) The identity morphism on (X,w) is given by the diagonal Ay C (X x X, —w Hw).
(2) Given any symplectomorphism ¢ : (X7,w1) — (X2,wsz), the graph T'(¢) C (X3 X
X9, —wi Buwe) is a Lagrangian submanifold. Therefore, the notion of symplectic corre-
spondence generalises that of symplectomorphisms.

As we want to view Lagrangian correspondences as morphisms between symplectic manifold
we need to define the composition of two Lagrangian correspondence. Given Lagrangian sub-
manifolds Ly C (X7 X Xy, —wi Bws) and Leg C (X2 X X3, —woHws), we define the composition
L3 = Lago Lis to be the Lagrangian submanifold L3 := m13L12 X x, La3 of (X x X3, —w; Bws)
given by

Lis = {(z1,23) € X1 x X3 : Jxg € Xy such that (z1,22) € Li2 and (ze,z3) € Los}.
Then, following [49], we define morphisms in the symplectic category to consist of chains of

symplectic correspondences.

7.4. Hamiltonian vector fields. Let X be a smooth manifold of dimension n. We denote
the (infinite dimensional) Lie algebra of smooth vector fields on X by Vect(X), where the Lie
bracket [—,—] on Vect(X) is given by the commutator, and we denote the differential graded
algebra of smooth forms on X by

V(X) = Br20f (X)
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where Q" (X) = I'(A"T*X) and the differential d : Q"(X) — Q"*1(X) is given by the exterior

derivative:
d > frday :izﬁdmmm.
; . : d-Tj !
I=(i1,...,ir) =1 1
We recall that for a vector field { we have the Lie derivative Ly : Q"(X) — Q7(X) defined by

Le=douw +1icod
where ¢ : 27(X) — Q"71(X) is given by contracting with (:
LGy Gro1) = Gy - Gn)-
For f € QY(X) = C>(X) and a vector field ( on X, this satisfies

Le(f) = df ()

Now suppose (X,w) is a symplectic manifold. Given a smooth function H : X — R, we can
construct an associated vector field (r using the duality defined by the symplectic form w: recall
that there is (i € Vect(X) which corresponds under the duality defined by w to dH € Q'(X);
that is,

Leyw = dH.

Definition 7.24. A vector field ¢ on a symplectic manifold (X, w) is Hamiltonian if { = (p for
some smooth function H : X — R (or equivalently, tcw is exact). A vector field ¢ is symplectic
if Lew = 0 (or equivalently, tcw is closed).

As exact forms are closed, every Hamiltonian vector field is a symplectic vector field.

8. ACTIONS IN SYMPLECTIC GEOMETRY

In this section we consider actions of Lie groups on symplectic manifolds. We shall assume
basic familiarity with Lie groups and Lie algebras (for example, see [6], [9] and [13]). Good
references for the results in this section on actions in symplectic geometry are [2],[8], [27], [48]
and [50].

8.1. Symplectic actions. Let K be a real Lie group and X be a real smooth manifold. A
smooth action of K on X is an action K x X — X which is smooth. In particular this gives a
group homomorphism from K to the group of diffeomorphisms of X

K — Diff(X)
k= (x—k-x)
which we call the action homomorphism.

Definition 8.1. Let (X,w) be a symplectic manifold and let K be a lie group which acts
smoothly on X. We say the action is symplectic if K acts by symplectomorphisms i.e. the
image of the action map K — Diff(X) is contained in the subgroup Sympl(X,w) of symplecto-
morphisms of X.

8.2. Hamiltonian actions. The infinitesimal version of the Lie group K is its Lie algebra £
which is by definition the tangent space at the identity of G. For A in K, we may consider
the associated real 1-PS exp(—A) : R — K which induces an diffeomorphism X — X given by
x> exp(tA) -z. If we fix x € X and A € R then we can take the derivative of the smooth map
exp(—A) -z :R— X at 0 € R to get a linear map dgexp(—A) -z : R — T, X whose evaluation
at 1 € R we refer to as the infinitesimal action of A on x:

Ay = (doexp(—A4)-x) (1) = %exp(tA) cxlp=o € TpX.

Letting = vary, we get a vector field Ax on X such that Ay, is the infinitesimal action A, as
above. The resulting Lie algebra homomorphism

R — Vect(X)
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A'—)AX

obtained by differentiating the action homomorphism is referred to as the infinitesimal action
homomorphism.

Definition 8.2. Let K be a Lie group acting on a symplectic manifold (X,w). The action is

i) infinitesimally symplectic if Ay is a symplectic vector field for all A € K.
ii) weakly Hamiltonian if Ay is a Hamiltonian vector field for all A € R.

Given a symplectic action of K on X for which the exponential map & — K is surjective
(for example, this is the case if K is compact and connected), we have for all £ € K the map
k: X — X given by z — k -z is a symplectomorphism i.e. k*w = w. On differentiating the
condition exp(tA)*w = w, we get La,w = 0 (or equivalently dva,w = 0). Hence in this case,
the symplectic action is infinitesimally symplectic.

For a weakly Hamiltonian action the infinitesimal action & — Vect(X) can be pointwise
lifted to a map 8 — C°°(X) as a Hamiltonian vector field corresponds (under w) to the exterior
derivative of a smooth function on X. Of course in general, this lift is non-unique as there may
be several smooth functions with the same exterior derivative. We can define a Lie algebra
structure on C*°(X) using w by

{F7 H}(x) = Wx(CF,zaCH,:p)

where (r is the vector field which corresponds under the duality defined by w to the 1-form dF'.
Then we can ask if there is a way to lift the infinitesimal action so that the lift is a Lie algebra
homomorphism.

Definition 8.3. If we have a symplectic action of a Lie group K on (X,w) such that the
infinitesimal action 8 — Vect(X) can be lifted to a Lie algebra homomorphism £ — C*(X),
then we say the action is Hamiltonian. The map ¢ : 8 — C*°(X) is called the comoment map.

8.3. Moment map. Hamiltonian actions can also be described by using a moment (or mo-
mentum) map. As the name suggest the moment(um) map first arose in classical mechanics

(for a description of the moment map from the viewpoint of classical mechanics see the notes
of Butterfield [7]).

Definition 8.4. A smooth map p: X — K" is called a moment map if it is K-equivariant with
respect to the action of the given K on X and the coadjoint action of K on £ and in addition

(4) d,uz(C) A= W:B(Aza ()
forallz € X, (€T, X and A € R.

Remark 8.5. There is still no consistent choice of sign conventions for the moment map and
so often a minus sign may appear in the condition (4) used to define a moment map.

A comoment map ¢ defines a moment map u by pu(x) - A = ¢(A)(z) for z € X and A € R.

Remark 8.6. The moment map is not necessarily unique (see Example 8.7 below), although
for certain groups we will see that it is unique (cf. part (1) of Example 8.8 ).

8.4. Examples of moment maps.

Example 8.7. Let K = U(n) be the unitary group of n x n matrices and consider its standard
representation on C”. The infinitesimal action is given by

d
Ay = —exp(tA) - z|i—o = Ax
dt
for x € C" and A a skew-Hermitian matrix in u(n). Let H : C" x C" — C denote the standard
Hermitian inner product on C™: if we write z € C" as a row vector (z1, ... 2,), then

H(z,v) = 20" = 2" = Tr(2'7) = Tr(v'2)
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where v! denotes the transpose of a matrix. We take the symplectic inner product w : C* x C* —
R equal to the imaginary part of this Hermitian inner product:

w(z,v) = 2% (Hzv) - H(0) = 2% (H(0) — H(v, 2)).

The Hermitian inner product is U(n)-invariant (that is, H(Az, Av) = H(z,v) for all unitary
matrices A € U(n)) and so it follows that the action of U(n) on (C",w) is symplectic. In fact
this action is Hamiltonian and there is a canonical choice of moment map p : C* — u(n)* which
is defined by

u(z) - A= %w(Az,z) = %H(Az,z)
for A € u(n). The second equality follows from the fact that
(5) H(Az,v) + H(z, Av) = Tr(2' A'D) + Tr(z' A7) = Tr(2" (A" + A)v) = Tr(0) = 0
for all z,v € C" and A € u(n). We shall now carefully check that this is a moment map. Firstly
it is U(n)-equivariant:
wk-z)- A= %w(Ak: sz k- z) = %w(kflAk‘ cz,2) = p(z) - kT Ak = (Ad*)pu(z) - A

where A € u(n), z € C" and k € U(n). To verify condition (4), we may identify 7,C" = C"
and then this condition becomes

dp,(v) - A=w(Az,v)
for v € C" = T,C" and A € u(n). We can verify that

d
dp,(v) - A= —p(z + tv) - Ali=o

dt
— %%w(A(z + 1), 2 + tv)|i—o = % [w(Az,v) + w(Av, 2)]
= 4% [H(Az,v) — H(v,Az) + H(Av, z) — H(z, Av)]

1

=5 [H(Az,v) — H(v, Az)] =: w(Az,v)

where the equality on the final line comes from the relation given at (5). We note that the
moment map for this symplectic action is not unique, although it is unique up to addition by
an element 7 of u(n)* which is fixed by the coadjoint action U(n) — GL(u(n)) (we call such n a
central element). Every character of U(n) is a power of the determinant det : U(n) — S! whose
derivative is give by the trace Tr : u(n) — Lie S! = 27miR. Hence such a central element 7 of
u(n)* must be equal to ciTr for some ¢ € R and the associated moment map is
1
pn(z) - A= ZH(AZ,Z) +n - A.
Example 8.8. In fact if K is a Lie group which acts on C™ by a representation p : K — U(n),
then we can write down the moment map px for the action of K on C" using p and the moment
map fiy(n) : C* — u(n)* for the U(n)-action on C" constructed in Example 8.7. The moment
map for the action of K is given by
Bi = P IU(n)
where p* : u(n)* — 8 is the dual to the inclusion p : & — u(n). We consider the following
special cases:
(1) If K = SU(n) acts on C" by the standard inclusion into U(n), then its moment map is
given by
1 1
w(z) A= §w(Az,z) = iH(Az,z)
i
for A € su(n). However, there are no non-zero central elements of su(n) which we can
use to shift the moment map by and so this moment map is unique.
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(2) If K = (S1)™ acts on C" via the representation
(tl, R ,tn) — diag(tl, - ,tn),

then the moment map is given by
L ..
w(z) - (A, ..., Ap) = iw(dlag(Al, ey Ap)zy 2)

for Ay € LieS' = 2miR. If we write z = (21,...,2,) € C" and A;, = 2miay, for real
numbers a then

n
w(z) - (2miaq, . .., 2miay,) = Wzak|2k|2-
k=1

Of course the group K = (S1)" is commutative and so every element in central and so it
follows that all elements in K = (27iR)™ are central. We can shift the standard moment
map by any n-tuple (c1,...,¢,) of real numbers to get

n
w(z) - (2miay, ..., 2mwia,) =7 Z(ak’ZkP + ck)-
k=1

(3) We may also consider K = (S1)" acting on C" via the representation
(t1,...,t,) — diag(t', ..., t;")

for integers 7. In this case the moment map (shifted by real numbers ¢;) is given by

n
w(z) - (2wiaq, ..., 2wia,) = Z(akrk]sz + k).
k=1

Exercise 8.9. Consider the action of K = U(m) on the space of | x m-matrices over the
complex numbers M;y,,(C) = C™ given by k- M = Mk~" where we take the natural symplectic
structure given by the imaginary part of the standard Hermitian inner product on C"™. Then
if M € My, and A € u(m) show

W(M) - A= %Tr(MAM*)
is a moment map for this action.

So far the only examples of moment maps that we have seen are for affine spaces. As we
will eventually be interested in comparing projective GIT quotients with symplectic quotients,
we should of course verify that these sorts of actions are Hamiltonian. Often we will be in
the situation of a Lie group K acting on a smooth complex projective variety X C P™ via a
representation K — U(n+1). In order to construct a moment map for such an action it suffices
to construct a moment map for the standard action of U(n + 1) on P".

Example 8.10. Consider U(n + 1) acting on complex projective space P™ by acting on its
affine cone C"*! in the standard way. The symplectic form on P" is the Fubini-Study form wpg
constructed in Example 7.15 from the standard Hermitian inner product H on C"*1. It is easy to
see this from is U(n—+1)-invariant (that is, the action is symplectic). As the Fubini-Study form is
preserved by the action of U(n+ 1) and the unitary group is compact and connected, the action
is infinitesimally symplectic so that dia, wrs = 0. Moreover, as H!(P") = 0, every closed 1-form
is exact and so the action is weakly Hamiltonian. It turns out that this action is Hamiltonian
and we can write down a moment map explicitly as follows. Let p = (po, . ..,pn) € C**1 — {0},

then we claim that Teo* A
Ip-Ap
u(lpl) - A= —
2i||p|[?

defines a moment map where [p] € P" and A € u(n + 1) and p* denotes the complex conjugate
transpose. We leave the U(n + 1)-equivariance of p for the reader to check. As the action of
U(n+1) on P" is transitive, we need only verify the condition (4) at a single point [p] =[1:0:
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.-+ : 0] € P". Following Example 7.15, we can identify 11y P" with the orthogonal space to p in
C"*+1 with respect to the standard Hermitian product on C"t1:

T P" = T,5*" /T, (S" - p) = {(0,21,...,2,) €CT} = C™.

With respect to the coordinates (z1,...,25) = [1: 21 : -+ : 2] at [p], the Fubini-Study form
can be expressed locally as

T
WFS,[p] = % Z dzp N\ dzZy;
k=1

that is, for v, w € Tj,P", we have

wrg,[p) (v, w) = ImH (v, w) = %[H(v, w) — H(w,v)].

Let v € Tj,)P" and A € u(n + 1); then
L d Tr((p +tv)"A(p + tv))

d
dpp(v) - A= %,u(p +tv) - Aly=o = lt=0

2 dt ||p + tv| |2
_ 1 Te(v*Ap + p*Av)||pl|* — (pv* + vp*) Tr(p* Ap)
% ||pl[*
1
(@) Q—i[H(Ap, v) — H(v, Ap)]
= wrs, [y (Ap, v)

where (a) follows as H(p,v) = p*v = 0 for v € T}, P".

Exercise 8.11. Let K be a compact and connected Lie group; then a coadjoint orbit O C K*
for the action of K on &% has a symplectic form w by Example 7.17. Describe the infinitesimal
action for the natural action of K on O and show that the inclusion g : O — K* is a moment
map for this action.

9. SYMPLECTIC QUOTIENTS

Given an action of a Lie group K on (X,w) we can ask whether a quotient exists. The
topological quotient always exists, but it will only be a manifold if the action is free and proper.
Even if the action is free and proper, the resulting quotient manifold may have odd dimension
over R and so will not admit a symplectic form. Hence, the topological quotient X/K does not
in general provide a suitable quotient in symplectic geometry.

In this section we define the symplectic reduction associated to a Hamiltonian action and
show that in nice cases it is a symplectic manifold and also has a universal property amongst all
symplectic quotients. The central theorem in this section is a result of Marsden and Weinstein
[27] and Meyer [27] on the symplectic reduction; although other good references are [8], [27]
and [50].

9.1. Properties of moment maps. Suppose K is a Lie group acting on a symplectic manifold
(X,w). For x € X, we let K -z := {kx : k € K} denote the orbit of z and K, = {k: k-2 =z}
denote the stabiliser of . Then &, := {4 € R: A, = 0} is the Lie algebra of K.

If the action is Hamiltonian, then there is an associated moment map u : X — & and one
can naturally ask what other properties of the action are encoded by the moment map.

Lemma 9.1. Suppose we have a Hamiltonian action of a Lie group K on a symplectic manifold
(X, w) with associated moment map p: X — R* . Then for all x € X:

i) kerdu, = (Tx(K ’ x))wz = {C €T X 1 wye(n, () =0Vn € Tp(K - 1‘)}7

ii) Imdp, = AnnR, :={ne 8 :n- A=0VA € &, }.

Proof. i) The tangent space T, (K - x) to the orbit K -z at x consists of tangent vectors 7/(0)
where v : R — K - x is a smooth curve such that y(0) = z. We recall for each A € R, we can
define a smooth curve y4(t) = exp(tA) - = such that y4(0) = x and whose associated tangent
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vector 7/(0) = A, is the infinitesimal of A on z; therefore T,,(K - z) = {A, : A € K}. A tangent
vector ¢ € T, X is in the kernel of d,p if and only if for all A € 8 we have

0= dz/ﬁ(g) CA = Wx(A:m C)a

that is, if and only if ( € T,(K - 2)** :={C € T, X 1 we(¢,n) =0Vn € T(K - x)}.

ii) By definition, an element A € K belongs to &, if and only if the infinitesimal action of A
at z is trivial i.e. A, =0€ T, X. If n = dypu(¢) € Imd,pu where ¢ € T, X, then for all A € R we
have that

n- A= da:M(C) A= wa:(Awa C)

In particular, if A € K;, then A, = 0 and so we see that » € Annf,. Hence we have an
inclusion Imd,p C Annf, and we count dimensions to verify these vector spaces are equal.
Suppose the kernel of d,u has dimension n and T, X has dimension d, so that the image Imd,p
has dimension d — n. By i), the kernel is equal to T, (K - x)¥* and so its symplectic orthogonal
T,(K - x) has dimension d — n. By the orbit stabiliser theorem:

(6) dim R = dim &, + dim T, (K - x).
The inclusion Annf, C K* induces a short exact sequence
0— AmnR, - 8 — R, =0

and so
dim Annf, = dim & — dim &,

which in turn is equal to dim T, (K - x) = d —n by (6). Therefore, the inclusion of vector spaces
Imd,p C AnnR, of the same dimension must be an equality. O

We recall that the action of K on X is free if all stabilisers K, are trivial. We say an action
is locally free at x if the stabiliser K, is finite.

Corollary 9.2. Suppose we have a Hamiltonian action of a Lie group K on a symplectic
manifold (X,w) with associated moment map p: X — K*. Then:

i) The action is locally free at x € X if and only if Ry = 0, or equivalently, if and only if
dp, 1s onto i.e. x is a regular point of .
ii) Let n be an element in R* which is fized by the coadjoint action of K. Then at every
point of p=1(n) the K-action is locally free if and only if n is a regular value of u.
iii) If n is a regular value of p, then u=1(n) C X is a closed submanifold of codimension
equal to the dimension of & and Tyu~'(n) = kerdu, for all x € u='(n). Moreover,
Tept(n) and Ty (K - x) are orthogonal with respect to the symplectic form w, on Ty X .

Proof. i) The stabiliser K, of a point z is finite if and only if its Lie algebra &, = 0 is zero. By
Lemma 9.1 ii), we have that Imd, = AnnK, which is equal to K if and only if &, = 0. Hence
the action is locally free at x if and only if d,u is surjective i.e. x is a regular point of y. Then
ii) follows from i) and the definition of regular value. For iii), we use the preimage theorem for
smooth manifolds: if p: X — K* is a smooth map of smooth manifolds, then the preimage of a
regular value is a closed submanifold of dimension dimX — dim&*. As p|,-1(,; = 7 is constant,
dept = 0 on Tpp~t(n) for all z € p=1(n). Therefore T,u~1(n) C kerd,p. Since 7 is a regular
value, d,u is surjective and so

dimkerd,p = dim T, X — dim & = dimX — dim&* = dim 1 (5);
thus T,p~1(n) = kerd,p. The final statement of iii) follows from Lemma 9.1. O
9.2. Symplectic reduction. We suppose as above that we have a Hamiltonian action of a Lie
group K on a symplectic manifold (X,w) with associated moment map p : X — K£*. We want

to construct a quotient of the K-action on X (or a submanifold of X on which the action is
free) in the symplectic category.
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Given 1 € K" which is fixed by the coadjoint action, equivariance of p implies that the
preimage 1~ 1(n) is preserved by the action of K. We define the symplectic reduction at 7 to
be the orbit space

Xped = (n) /K.

This orbit space was considered by Marsden and Weinstein [26] and Meyer [28] as a possible
symplectic quotient. In general this quotient is just a topological space: its topology is the
weakest topology for which the quotient map p='(n) — p~'(n)/K is continuous. If 7 is a
regular value of p, then the preimage p~'(n) is a submanifold of X of dimension equal to
dim X —dim(K). However, the action of K on x~!(n) may not be free and hence the symplectic
reduction will be an orbifold rather than a manifold (recall that if n is a regular value we know
the action of K is locally free at each point and so the stabilisers are all finite). If n is a regular
value and the action of K on p~!(n) is free and proper, then the symplectic reduction is a
manifold of dimension dim X — 2dim K. In this situation, we shall shortly see that there is a
natural symplectic form on p~!(n)/K (this is a theorem of Marsden and Weinstein [26] and
Meyer [28]).

Remark 9.3. If n is a regular value of u, but is not necessarily fixed by the coadjoint action,
then we can instead consider the symplectic reduction

X =p~(n)/K,
where K, = {k € K : Ad*kn = n} is the stabiliser group of n for the coadjoint action.
There is one point of particular interest which is always fixed by the coadjoint action, namely
the origin 0 € 8" and so we may consider the symplectic reduction
Xt = 1 (0)/K.

We shall often write simply X™9 for the reduction at 0 and refer to this as the symplectic
reduction. If 0 is a regular value of x4 and the action of K on p~'(0) is free and proper, then
this is a manifold whose dimension is dim X — 2 dim(K).

9.3. Marsden-Weinstein-Meyer Theorem.

Theorem 9.4. Given a Hamiltonian action of a Lie group K on a symplectic manifold (X, w)
with moment map p: X — R* and a reqular value n € K* of the moment map p which is fixed
by the coadjoint action. If the action of K on u~'(n) is free and proper, then
i) The symplectic reduction Xffd = p~Y(n)/K is a smooth manifold of dimension dim X —
2dim K.
ii) There is a unique symplectic form w'™
p~1(n) < X denotes the inclusion and 7 : p=1(n) — p=1(n)/K the quotient map.

d on X};ed such that m™*w'™ = i*w where i :

Remark 9.5. The assumption that the action of K on u~!(n) is free and proper is only
required so that the quotient is a manifold. In Section 10, we will consider symplectic quotients
constructed by actions of compact Lie groups in which case the action is always proper. Of
course, if n is a regular value, we already know that the action is locally free and so the
topological quotient is at least an orbifold.

Before we prove this result we need a few lemmas:

Lemma 9.6. With the assumptions of the above theorem, for all x € p~'(n), the subspace
T.(K -x) of T, X is an isotropic subspace.

Proof. We recall that T, (K -z) is an isotropic subspace of the symplectic vector space (T X, w)
if w|7, (k.2 = 0 or, equivalently, if T,,(K - z) C T, (K - x)*». The subspaces ker dypu = Tpp ™ ()
and T (K - z) of T, X are symplectic orthogonal complements with respect to w, for x € u=*(n)
by Corollary 9.2. As 7 is fixed by the coadjoint action, this implies u~1(n) is K-invariant and
so K -z C u~(n). Therefore

To(K -z) C Twﬂ_l(n) =Tp(K - )™
which completes the proof that T, (K - x) is an isotropic subspace of (T, X, w,). O
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Lemma 9.7. Let I be an isotropic subspace of a symplectic vector space (V,w). Then w induces
a unique symplectic form w' on the quotient I* /1.

Proof. We define
W'([v], [w]) = w(v, w)
and check this definition is well defined:
(i w+j) = wlv,w) + wi,w) +wv,j) + w(i,j)
=w(v,w)+0+0+0

for i,j € I. The non-degeneracy of w’ follows from that of w: if [u] € I/I and w'([u],[v]) =0
for all v € I¥/I, then w(u,v) =0 for all v € I and so u € (I¥)¥ =TI i.e. [u] =0. O

Proof. (Marsden-Weinstein-Meyer Theorem) The preimage theorem shows that p=1(n) is a
closed smooth submanifold of X of dimension dim X —dim K. Furthermore, as K acts on p~1(n)
freely and properly, the quotient X,rfd is a smooth manifold of dimension dim X —2dim K. We
shall construct a non-degenerate 2-form w9 on X,r]ed such that 7*w™d = i*w, by constructing
symmetric forms w;ed on Tpr]ed for all p € Xf]ed. Let p = m(z) where 7 : u=1(n) — X;ed; then
we have a short exact sequence of vector spaces

0— To(K -2) = Top ' (n) = T,X504 = 0.

By Lemma 9.6, the subspace T, (K - z) is isotropic whose symplectic orthogonal complement
(with respect to w,) is Tp(u~1(n)). It then follows from Lemma 9.7 that there is a canonical

symplectic form wzrfd on

To(K - 2)° [ To(K - 2) = Top™ ' () To(K - 7) = T, X7
By construction this is a non-degenerate 2-form such that 7*w™ = i*w and so it remains to
check that this symplectic form is closed. As the exterior derivative d commutes with pullback
we have that
m*dw™d = dr*w'd = di*w = i*dw = 0.
The pullback map on 3-forms

n (X = 03 (u ()

is injective as 7 is surjective and hence dw™? = 0. (]
Example 9.8. Consider the action of U(1) = S' on C" by multiplication s - (ai,...,a,) =
(sai,...,sa,). We can take the standard symplectic form on C™ and use the Killing form on

u(1) to identify u(1)* = u(1) = R and write the moment map for this action as

1 n
M($177xn):2<§ |$k|2—C>
k=1

where C' is any real number. If we take C' = 1, then

pH0) =8 = {1, wn) Y |k = 1)

and the symplectic reduction is p~'(0)/S! = §?7=1/81 = P*"~1 The canonical symplectic
form w induced from the standard symplectic form on C" (by which we mean the imaginary
part of the standard Hermitian inner product H on C") is then the Fubini-Study form that
we constructed in Example 7.15. In fact, if you revisit our construction of the Fubini—Study
form given in Example 7.15, then you will now see that it was actually constructed using the
Marsden—Weinstein—-Meyer theorem.

Example 9.9. Consider the action of K = U(m) on the space of [ x m-matrices over the
complex numbers My, (C) = C!™ as in Example 8.9 where | > m. We recall that the moment
map is given by

1

w(M) - A= 5Tr(MAM*)
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for M € My, and A € u(m). If we use the Killing form on u(m) then we can identify
u(m)* =2 u(m) and view the moment map as a morphism p : Mjyx,,, — u(m) given by

(M) = %M*M.

Let n = il,,/2 denote the skew-Hermitian matrix which is an (imaginary) scalar multiple of
the identity matrix I,,; then clearly n is fixed by the adjoint action of U(m) on u(m). The
preimage p~'(n) = {M € My, : M*M = I,,} consists of [ x m matrices whose m columns
are linearly independent and define a length m unitary frame of C'. The symplectic reduction
p~t(n)/U(m) is the grassmannian Gr(m,[) of m-planes in C'.

There is a more general version of the Marsden-Weinstein-Meyer Theorem which allows us
to take reductions at points which are not fixed by the coadjoint action:

Proposition 9.10. Given a Hamiltonian action of a Lie group K on a symplectic manifold
(X, w) with moment map p : X — & and an orbit O for the coadjoint action of K on K*. If the
orbit consists of reqular values of p and the action of K on u='(O) is free and proper, then the
symplectic reduction Xé)ed = YO)/K is a symplectic manifold of dimension dim X +dim O —
2dim K.

Proof. The assumption that every point of O is a regular value of the moment map means that
the preimage ;1= 1(O) is a closed submanifold of X of dimension dim X +dim O —dim K. Recall
from Example 7.17, that the coadjoint orbit has a natural symplectic form which we denote by
we. Consider the natural action of K on the product (X x O, —wHwe), for which the moment
map p' : X x O — K* is given by

i (z,n) = —p(z) + 1.

The proposition follows by applying the original version of the Marsden-Weinstein-Meyer The-
orem to the regular value 0 of i/ and the fact that p=1(0) = (1/)~1(0). O

Remark 9.11. If n € R* is not fixed by the coadjoint action of K on K*, then
K, ={ke K : Adin=n}

acts on u~%(n). Then the symplectic reduction X(rg‘i(]i constructed above for the coadjoint orbit

O, of 1 is equal to the quotient u=1(n)/K,.

Remark 9.12. Suppose X is a Kéhler manifold (i.e. it has a complex structure which is
compatible with the symplectic structure) and the action of the Lie group K preserves this
complex structure (as well as preserving the symplectic structure). If the action is Hamiltonian
with moment map p and K acts freely and properly on p~1(0) where 0 is a regular value of
the moment map, then the symplectic reduction p~1(0)/X also has a Kihler structure (i.e. the
almost complex structure induced on the quotient is integrable and compatible with the induced
symplectic form).

9.4. Universality of the symplectic reduction. We recall that the notion of morphism in
the symplectic category is given by chains of Lagrangian correspondences (see Definition 7.22
and [49]). Given a Hamiltonian action of a Lie group K on a symplectic manifold (X,w) with
moment map g : X — £, the aim of this section is to show (under the assumptions of the
Marsden-Weinstein-Meyer theorem) that the symplectic reduction (X5d = p=1(0)/K,w"™?) is
a universal quotient of the K-action on (X,w) in the symplectic category. We recall that the
symplectic form w™ is the unique symplectic form such that 7*w™d = i*w where i : p=1(0) — X
denotes the inclusion and 7 : p~!(n) — p~'(n)/K the quotient map. First of all we need to

construct a morphism between (X,w) and (Xged, wred).

Lemma 9.13. Under the set up of the Marsden- Weinstein-Meyer Theorem with regular value
n = 0, if L, denotes the image of the map i x m : p~1(0) — X x u~1(0)/K, then L, is a
Lagrangian submanifold of (X x p~1(0)/K, —w B w™?).
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Proof. As L, is diffeomorphic to x~1(0) we have
1
dim [, = dim X — dim K =  dim X x pH0)/K.

If j: L, — X x p~1(0)/K, then j*w = 0 if and only if —i*w + m*w™d = 0 which holds by the
Marsden-Weinstein-Meyer theorem. O

In particular, this lemma gives a morphism in the symplectic category (X, w) and (Xg4, wred).
However, we want this morphism to be K-equivariant and so we should define what it means
for a Lagrangian correspondence to be K-invariant (or in fact more generally K-equivariant):

Definition 9.14. A Lagrangian correspondence between symplectic manifold with Hamiltonian
K-actions which is given by a Lagrangian submanifold L C (X x Xy, —w; Bws) is said to be K-
equivariant if L is a K-invariant submanifold and if p12(L) = 0 where p12 denotes the moment
map for the K-action on (X; X X3, —w; Bwy). A K-invariant Lagrangian correspondence
between a symplectic manifold (X7,w;) with Hamiltonian K-action and a symplectic manifold
(X2,ws) is then a K-equivariant Lagrangian correspondence when we give (Xa,ws) the trivial
K-action.

It is immediate that:
Lemma 9.15. The Lagrangian correspondence defined by L, in Lemma 9.13 is K-invariant.

Proposition 9.16. Given a Hamiltonian action of a Lie group K on a symplectic manifold
(X,w) for which the assumptions of the Marsden-Weinstein-Meyer Theorem hold for n = 0,
we let L, denote the K-invariant Lagrangian correspondence between (X,w) and (XEed,wrd)
given above. Then every other K-invariant symplectic morphism from (X,w) to a symplectic
manifold (Y,w') with trivial K-action factors through the morphism corresponding to the K-
invariant Lagrangian L.

Proof. Tt suffices to prove the result when the morphism from (X, w) to (Y, w’) is given by a single
K-invariant Lagrangian correspondence i.e. a Lagrangian submanifold L' C (X x Y, —w Hw')
which is preserved by the action of K and on which puxy : X XY — 8" is zero. As the K-action
on Y is trivial, so is the moment map py and so pyxy is the projection X x Y followed by
p=px : X — &*. In particular L' C p~1(0) x Y. To show L’ factors through L,, it suffices
to produce a Lagrangian correspondence L” between = 1(0)/K and Y such that L' = L” o L,,.
One checks that L” := L'/K C p—1(0)/K x Y is the Lagrangian submanifold we require for
this correspondence. U

10. KEMPF-NESS THEOREM

If K is a real compact Lie group, we recall that its complexification G := K¢ is a complex Lie
group which contains K and the Lie algebra g of GG is the complexification of the Lie algebra &
of K (g = ARrC = K®iR). We shall make use of the following standard result about complex
reductive groups (for a proof see, for example, [38] Theorem 2.7):

Theorem 10.1. The operation of complexification defines a one-to-one correspondence between
isomorphism classes of compact real Lie groups and complex reductive groups.

Example 10.2. We list a few examples of pairs (G, K) consisting of a complex reductive group
G and its maximal compact torus: ((C*)",(S1)"), (GL,(C),U(n)) and (SL(n,C),SU(n)) .

Suppose G is a complex reductive group acting on a smooth complex projective variety
X C P via a representation p : G — GL;,4+1(C). Let K be the maximal compact subgroup of
G, so that G is the complexification of K. Then K also acts on P” and as K is compact, we
can choose coordinates on P" so p restricts to a unitary representation p : K — U(n + 1) of
K; that is, the associated Fubini-Study form w for this choice of coordinates is the preserved
by the action of K. Therefore the action of K on both X and P" is symplectic. In this
case we know that the action is Hamiltonian and we can explicitly write down a moment map
w: X — K (by restricting to X the U(n)-moment map constructed on P” in Example 8.10 and
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then composing with the projection p* : u(n)* — £*). In nice cases (cf. the Marsden—Weinstein—
Meyer theorem), the symplectic reduction p~1(0)/K at 0 € & is a symplectic manifold of
dimension dim X — 2dim K = dim X — dim G.

Alternatively, one can consider the geometric invariant theory (GIT) quotient X //G which in
nice cases is an orbit space for the G-action on a (Zariski) open subset of X and has dimension
dim X — dim G. In this section our aim is to compare the symplectic reduction with the GIT
quotient and in particular to prove the Kempf-Ness Theorem [22] below (see also [31] §8, [48]
and [50]). We recall that a semistable point is polystable if and only if its orbit is closed in X*¢
and we denote the polystable locus by X?°. We have inclusions X°® C XP* C X*° and in nice
cases all three subsets coincide and the GIT quotient is a geometric quotient of the G-action on
X% = X°.

Theorem 10.3 (Kempf-Ness theorem). Let G = K¢ be a complex reductive group acting
linearly on a smooth complex projective variety X C P" and suppose its mazximal compact
subgroup K is connected and acts symplectically on X (where the restriction of the Fubini—
Study form on P" is used to give X its symplectic structure). Let p : X — 8K denote the
associated moment map, then:

i) Gu=1(0) = XPs.

ii) If x € X is polystable, then its orbit G - x meets p=1(0) in a single K-orbit.

iii) z € X is semistable if and only if its orbit closure G - x meets u~1(0).

Before giving the proof we give a corollary:

Corollary 10.4. The inclusion = 1(0) C X* induces a homeomorphism
pH0)/K — X//G.

Proof. We first show as sets these are isomorphic. The GIT quotient X//G as a set is the
semistable set X** modulo S-equivalence where z; and x5 are S-equivalent if and only if their
orbit closures meet in X*° (cf. Corollary 4.30). By Lemma 4.16, the closure of every semistable
orbit contains a unique polystable orbit, and so the GIT quotient as a set is isomorphic to the
set of G-orbits in XP%. By part i) of the Kempf-Ness theorem, every polystable orbit meets the
level set ~%(0) in a unique K-orbit and so we get the required bijection of sets. As u~1(0) is
a closed subset of a compact space, it is compact and so is the symplectic reduction x~1(0)/K.
The inclusion ~1(0) € X** induces a continuous bijection from a compact space to a Hausdorff
space and so is a homeomorphism. O

Remark 10.5. In fact one can construct a continuous inverse to the map p~1(0)/K — X//G
by using the gradient flow of the norm square of the moment map. For more details on the
norm square of the moment map and the Morse-type stratifications induced by the gradient
flow see [25] and [35].

Example 10.6. Consider the linear action of G = C* on complex projective space X = P" by
te[xo:xy - xy) :[t_lxoztxl HERRI 2

as in Example 4.13. In Example 4.13 we saw that the semistable locus and stable locus coincide
and are given by

X =X*={[xgg: - 1xp] €P" 1 29 #0and (x1,...,2,) # 0} = A" — {0}

and the GIT quotient
©: X% =A" — {0} --» X//G = P!

is a geometric quotient. As G is a complex reductive group it is equal to the complexification
of its maximal compact subgroup K = U(1) = S'. We use the Fubini-Study form to consider
X = P" as a symplectic manifold (X,w) as in Example 7.15. The action is Hamiltonian with
moment map p : X — K" formed from the natural representation U (1) — U(n+1) associated to
this action and the standard moment map for the action of U(n+ 1) given in Example 8.10. By
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using the Killing form to identify £ 2 & and using the natural identification £ = LieS! = 2miR,
we can instead consider the induced map i : X — 2mtR given by

i([zo: - :mn) = —lxo|? 4 |z1)? + - - - |2nl?
' 2i2?:0|$i|

Then 1~ 1(0) = 2~1(0) which is equal to
n

n
(oot wa) fmol = S Jwil} = {(@r, o ymn) € CP 2 PY Lo S fagf2 = 1) 22 520,
=1 i=1

In particular we see that p~(0) C X*®°. The symplectic reduction
pH0)/K =85St e prl > X /G
agrees with the GIT quotient for the action of the complexified group G.

10.1. The proof of the Kempf-Ness theorem. For the proof of the theorem, we shall
assume for simplicity that X = P" as the version for general X follows from the version for P".
We let H : C*™! x C"*! — C be the K-invariant Hermitian inner product on C**! such that
the Fubini-Study form w on P" is constructed via the projection C**1 — {0} — P" from the
imaginary part of H; that is, if v € C"*! — {0} and we identify 17, P™ with the orthogonal space
to v in C"*!, then

wen+1 (U, w) 1
wrs o] (U, W) = I[v]2 = 2| [v[ |2 [H (u,w) — H(w,u)].
Then the moment map p : P — K* is given by
TrotAv 1
p([v]) - A= Sl Swrs [u] (Av, v).
We let || — || denote the norm associated to the Hermitian inner product. Then as in [22], we
consider the non-negative function
Py :G—=R
g llg -l

We recall that a point g € G is a critical point of p, if the derivative dyp, of p, at g is zero.
The relationship between this function and the moment map is given by the following lemma.

Lemma 10.7. Let v € C"*1 — {0} and p, : G — R be as above; then

i) py is constant on K.
ii) Let e denote the identity of G; then py(g) = pg.v(€) and so dgp, = depg.o - g — R.
iii) If A € &, then dep,(iA) = —4||v||*u([v]) - A and so dep, = 0 (that is, e is a critical point
of pu) if and only if p([v]) = 0.
iv) Moreover, g € G is a critical point of p, if and only if u(g - [v]) = 0.
v) The second derivatives of p, are non-negative and so p, is convex. In particular every
critical point of p, is a minimum.

Proof. 1) holds as the Hermitian inner product is K-invariant and ii) is immediate. As g = K@ik
and p, is constant on K, to study the first order derivatives of p, we need only calculate dep,(iA)
for A € K. In this case we have

) d )
depy(iA) := £|| exp(itA) - v|]2|t:0

d d
= H(ﬁ exp(itA) - v|i=o,v) + H (v, % exp(itA) - v]i=o)

= H(iAv,v) + H(v,iAv) = i[H(Av,v) — H(v, Av)]
() 2iH (Av,v)

= —Av|Pu(le]) - A.
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Therefore e is a critical point of p, if and only if x([v]) = 0 and more generally ¢ is a critical
point of p, if and only if e is a critical point of pg., which is if and only if p(g - [v]) = 0. For v),
the second derivative of p, at e is given by:

2
%pv(exp(itfl))\t:o = %H(zA exp(itA) - v,exp(itA) - v) + H(exp(itA) - v,iAexp(itA) - v)|i=o

= H((iA)*v,v) + H(iAv,iAv) + H(iAv,iAv) + H(v, (iA4)%v)
= 2H (Av, Av) — [H(A?v,v) + H (v, A%v))
) 2H (Av, Av) > 0.

It follows from this calculation and part ii) that all second derivatives of p, are non-negative.
Hence p, is convex and every critical point is a minimum. U

Lemma 10.8. The norm function || —||? : C"*! — R is proper. Furthermore, if G-v is a closed
orbit where v € C"*1 — {0}, then p, achieves its minimum at some g € G and pu([g - v]) = 0.

Proof. The norm is continuous and the preimage of a bounded set is bounded so it is proper. If
G -v is a closed orbit, then ||G-v||? is also closed as the norm is a proper function on a manifold.
If ¢ = inf, py(g), then

cellG-v[?P = |G- vl]?

and so there is g € G for which ||g - v||> = ¢. Finally by Lemma 10.7 above, this minimum g is
a critical point of p, and so u(g - [v]) =0. O

Remark 10.9. As G is the complexification of K, every element g € G has a Cartan decom-
position g = kexp(iA) for k € K and A € R (for example every invertible matrix M € GL,(C)
has a decomposition A = UH as a product of a unitary matrix U and a Hermitian matrix H).

Lemma 10.10. Let v € C**! — {0}. If G - v is not closed, then p, : G — R does not attain a
MANUMUM.

Proof. Firstly, if the orbit closure of v in C™! contains zero then 0 = inf, p,(g) and p, does
not attain its minimum. Hence we suppose the orbit closure does not contain zero. Since
Pv(9) = pgw(e) and the action of U(n + 1) on P" is transitive, it suffices to show that e is not
a minimum of p,. As the orbit is not closed, there is a nonzero point w € G -v — G - v. It is
a fundamental result of GIT (see Theorem 5.10) that there is a 1-PS A(¢) : C* — G such that
u = lim_,0 A(t) - v and moreover we can assume (by conjugating \) that A\(S') C K.

We can diagonalise the action of A to get a decomposition

Vi=C"" = @,ezVi

into weight spaces V, := {v € V : A(t) - v = t"v} and this decomposition is orthogonal with
respect to the Hermitian inner product H on V = C"*! by the assumption that the image of
S! under X is contained in K. We can write v = ), v, with respect to the above orthogonal
decomposition and the assumption that lim;_,o A(¢) - v exists means that v, = 0 for r < 0. If
vy = 0 for all 7 > 0, then limy_,g A\(t) -v = v € G- v. Hence, there is at least one r > 0 for which
vr # 0. Let

A= %)\(exp(%ﬁt))h:o € R;

then the infinitesimal action is given by Av, = 2wirv, and

H(Av,v) 1 .
u(fv]) - A=— = — H(2mirv,, vs)
STl Bl 2 7T s
= T 5 ZTH(UT,/UT) > 0.
P 2

By part ii) of Lemma 10.7, we conclude that e is not a critical value of p, and p, does not
obtain a minimum at e. O
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Proof. (Kempf-Ness Theorem) i) If z € P, then we let v € C"*! — {0} be a point lying over
x. We recall that x is semistable if the origin is not contained in the closure of G - v and = is
polystable if G - v is closed. By Lemma 10.7, g -z € u~'(0) if and only if p, attains a minimum
at ¢ and this is if and only if G - v is closed by Lemmas 10.8 and 10.10); that is « is polystable.

ii) Clearly if x is polystable and u(x) = 0, then u(K - z) = 0 by equivariance of p. If x
and y are both points in the same polystable G-orbit for which u(z) = u(y) = 0, then for ii)
it remains to show that x and y belong to the same K-orbit. We can write x = gy and let
v,u € C""! be points such that [v] = z and [u] = y; then p, and p, both attain their minimum
at e and py(e) = py(e) = pu(g). We use a Cartan decomposition and write g = kexp(iA). As
the Hermitian inner product is K-invariant, we have

pu(9) = llg - ull* = |lexp(iA) - ul|* = pu(exp(iA)).

By Lemma 10.7 iii), p,, is convex and so p,(exp(itA)) < py(exp(iA)) = py(e) for t € [0,1]. But
pu(€) is the unique global minimum of the convex function p, and so this must be an equality;
that is, p,, is not strictly convex along exp(itA) or, equivalently,
0= & pulexplit Ao = o H(Au, Au)
= —pu(exp(i 0= > u, Au).
Therefore the infinitesimal action A, = Aw is zero and ¢A € 1], C g, = Lie G. In particular =
and y belong to the same K-orbit:

r=g-y=kexp(iAd) -y==k-y.

For iii), we note that for every semistable orbit G -z, there is a unique polystable orbit G - y
in G -z which is closed in X** by Lemma 4.16. By part i) of the Kempf-Ness theorem, this
polystable orbit meets ~1(0). Conversely, if G -  meets the level set x~1(0) in a point y, then
G -y is polystable by i). Hence x is also semistable by the openness of the GIT semistable set
X% C X. O

Remark 10.11. Many gauge theoretic moduli spaces also have an algebraic description; for
example, the gauge theoretic moduli space of flat unitary connections on a rank n degree zero
vector bundle on a compact Riemann surface can be seen as the moduli space of semistable alge-
braic rank n degree zero vector bundles on the associated smooth projective complex algebraic
curve by a theorem of Narasimhan—Seshadri and Donaldson. The gauge theoretic constructions
often arise as (infinite dimensional) symplectic reductions, whereas the algebraic description
appear as a GIT quotients. In this case, we can view such correspondences as infinite dimen-
sional analogues of the Kempf-Ness theorem. For a brief overview of this area, see [31] §8 and
for further details, see [1].

Corollary 10.12. The origin is a reqular value of p if and only if X% = X?°.

Proof. The origin is not a regular value of p if and only if there is 2 € p=1(0) for which
dyp : T X — K" is not surjective. The derivative d u : T, X — K* is not surjective if and only
if there is nonzero A € R such that 0 = dypu - A = w,(A,, —) and this is if and only if A, = 0;
that is, A € &,. Hence the origin is not a regular value of u if and only if exp(tA) C G, for
some z € 1~ 1(0) and nonzero A € K.

If 0 is not a regular value of the moment map pu, then by above there is x € p~1(0) with
positive dimensional stabiliser. By the Kempf-Ness theorem x is polystable, but x is not stable
as its stabiliser is positive dimensional.

Conversely, if x is semistable but not stable, then we can assume without loss of generality
that x is polystable but not stable (cf. Lemma 4.16). In this case x has positive dimensional
stabiliser. By the Kempf-Ness theorem, we can also assume without loss of generality that
x € p~1(0). As z has positive dimensional stabiliser, the argument above shows 0 is not a
regular value of the moment map. O
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